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20  Intrinsic diamond material has an indirect band gap of 5.5 eV and is transparent in
the visible part of the spectrum. Introducing defects or colour centres, as they will be
called hereinafter, which have associated energy levels within the band gap gives the
diamond a characteristic colour that is dependent on the type and concentration of
the colour centres. This colour can result from either absorption or

25 photoluminescence or some combination of these two. Generally absorption is the
dominant factor. One example of a common colour centre present in synthetic
diamond material is nitrogen which, when on a substitutional lattice site in the neutral
charge state, has an associated energy level 1.7 eV below the conduction band
which causes absorption at the blue end of the visible spectrum, which by itself

30 causes the diamond to have a characteristic yellow/brown colour. Such a nitrogen
atom when on a substitutional lattice site in the neutral charge state is known as a

N, defect, the concentration of which is denoted by [N"].

Examples of fancy coloured synthetic and natural diamonds made by introducing
35 colour centres into the diamond are known in the prior art. For example,
EP0615954A and EP0316856A describe irradiation of synthetic diamond material

with an electron beam or a neutron beam to form lattice defects (interstitials and
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than 8x10" atoms/cm® of type 1b nitrogen, and not more than 5x10"" atoms/cm?® of
boron. The prepared diamond is then irradiated and annealed under prescribed
20  conditions. The irradiation forms lattice defects in the crystal, and the subsequent
anneal causes nitrogen atoms to bond with the lattice defects to form NV colour

centres.

Another publication describing the formation of fancy coloured diamonds is “Optical
25  Absorption and Luminescence” by John Walker in “Reports on Progress in Physics”,
Volume 42, 1979. That publication similarly describes the steps of forming lattice
defects in crystals by electron beam irradiation, and if necessary annealing to cause

the lattice defects to combine with nitrogen atoms contained in the crystals.

30 US 2004/0175499 (Twitchen et al) describes a method starting with a coloured CVD
diamond, usually brown, and applying a prescribed heat treatment to produce
another and desirable colour in the diamond. The prior art reference notes that the
relative strengths of the absorption bands in the visible region of the spectrum of
brown single crystal CVD diamond can be altered by annealing, with concurrent

35 changes in the Raman spectrum, and that changes in the absorption spectrum are
observed at much lower temperatures than are required to alter the colour of brown

natural diamond. Significant colour changes are said to be achieved by annealing at



Absorption and Lum nescence" by John Wal ker in "Reports on Progress in
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intensely coloured CVD synthetic d| anond raded as Fancy Intense to Fancy
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absorption spectra show strong absorptions from vacancy related defects GR1 and
ND1 at 741.1 nm and 393.5 nm respectively.
20
US 2010/0028556 (Apollo) describes a CVD process in which layers of pink coloured
diamonds are formed by doping with nitrogen. In certain embodiments one or more
pink layers are modified by annealing or by irradiation such as by electrons.
Irradiation is said to create vacancies, which can be moved to nitrogen centres by
25 annealing. It is noted that the colour of a layer may be altered by changing the

number of nitrogen vacancy centres.

The spin state of a particle e.g. a photon, electron, atomic nucleus, atomic defect,
etc, with discrete spin states can be manipulated using a number of methods and the
30 spin state can be detected and/or controllably altered, using an energy source or
detector. This technology where it is the spin property of the defect or electron which
is used is referred to in this specification as spintronics. An electron, photon, atomic
nucleus or atomic defect with discrete spin states is analogous to a “bit” in a
traditional computer and is termed a “quantum bit” (or “qubit”). However, due to the
35 quantum nature of the spin states, a qubit can exist in not just one of two spin states,
but also in a superposition of these spin states. It is this superposition of spin states

which would make it possible for qubit based computers to compute certain problems
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dlamond the NV centre has been |dent|f|e |n both the neutral and negative charge
states (“NV* and “NV™ respectively). The NV centre in its negative charge state
(NV°) has a zero phonon line (“ZPL”) at 637 nm compared with 575 nm for an NV

20  centre in the neutral state (NV°).

One problem in producing materials suitable for spintronic applications is preventing
the qubits from decohering, or at least lengthening the time a system takes to
decohere. Decoherence is commonly understood to be the process by which
25 quantum becomes classical; the process by which the determinism of the
macroscopic world arises out of the superpositions and entanglements that describe
the quantum one. Decoherence times may be quantified and compared using the
transverse relaxation time T2. A long T2 time is desirable in applications such as
guantum computing as it allows more time for the operation of an array of quantum
30 gates and thus allows more complex quantum computations to be performed. A long
T2 is desirable in spintronic applications such as magnetometry as it relates to

improved magnetic field sensitivity.

In certain embodiments, especially for spintronic applications, when incorporated into
35 the material, the T2 value for the NV™ quantum spin defects is as high as possible. In
order to achieve this it is desirable to have a material which contains only NV™ spin

defects and substantially no others, or at least minimised or reduced other defects.



applications at roomtenperature (about 300 K). The NV centre in dianond
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beneficial for some applications, for others it is desirable to optimize the formation of
NV" through conversion of nitrogen already in the material to NV" centres. The

20  invention described herein is tailored towards that goal.

We have discovered that methods comprising irradiating and annealing CVD
diamond material comprising single substitutional nitrogen defects results in diamond
material with advantageous properties. In particular we have discovered a method
25  which maximises the production of NV centres, while minimizing other undesirable
defects. Material made using this method can be used in spintronic and colour
related applications, e.g. for fancy pale pink synthetic gemstones or for coloured filter

applications.

30  This method is different from the method described in EP0615954A for making pink
diamonds from HPHT synthetic diamonds described, and also different from the
methods described in US 2004/0175499 and US 2010/0028556 for making coloured
diamonds. We have also found that diamond material made by the method of this
invention advantageously combine high densities of NV centres while simultaneously

35 having a low density of other defects.



publication explains that CVD di anond grows under conditions where NV , NVO
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The CVD diamond material provided in step (i) of the method according to the first
20  aspect of the invention shall be referred to in this specification as “the provided CVD
diamond material”. The step of actually growing the CVD diamond material may or
may not form part of the method of embodiments of the invention. Providing a CVD
diamond material may simply mean, for example, selecting a pre-grown CVD
diamond material. The diamond material after the irradiation step (ii) shall be
25 referred to in this specification as the irradiated diamond material. The irradiated
diamond material after the annealing step (iii) shall be referred to in this specification

as the treated diamond material, or as the irradiated and annealed diamond material.

It will be appreciated that the irradiation may be applied to only part of the provided
30 diamond material, or to the whole of the diamond material. For example the
penetration of the irradiation may be such that only part of the provided diamond
material is irradiated, or part of the provided diamond material may be shielded from
irradiation. The treated diamond material, being that part of the provided diamond
material that has been both irradiated and annealed may be coterminous with the

35 provided diamond material, or may be only a proportion of it.



1) providing a single crystal dianond material that has been grown by
chem cal vapour deposition ("CVD') and contains single substitutional
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material. It will be appreciated that the irradiation may be applied to
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provi ded @prligatian hsathétr plaqa terdjohp eongentsatinag afy Nam Wirigh i eduged iMREder eat ed
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For CVD diamond material the |ssue to be addressed is how much NS

advantageously to be incorporated in to the diamond material and how that can be

done, rather than how to reduce the [N,’] concentration to low enough levels.

20  Unlike the HPHT diamond material described in EP0615954A, there are unique
features in CVD diamond that has been grown in the presence of nitrogen that
usually result in a brown colour being present. These are described in detail later in
this specification. Briefly there is a yellow/brown colouration, which has been
mentioned earlier, due to the N, defects themselves, and further brown colouration

25 due to other defects in the diamond material that arise during the CVD growth
process as a result of the presence of the N,° defects. As colour is a combination of
the colour of the starting material and the colour introduced from defects formed by
post growth treatments, it is desirable for some embodiments of our invention to
reduce the brownness in the CVD diamond whilst maintaining sufficient NS that NV

30 centres can be created on irradiation and annealing so as to achieve the desired final
pink colour. For other embodiments it is desirable to maintain sufficient N° in the
provided diamond so that a sufficient proportion of NV centres relative to
unconverted N’ defects result in the irradiated and annealed sample, in order to
provide advantageous spintronic properties.

35
Using CVD synthetic diamond material rather than HPHT synthetic diamond material

provides not only an alternative means of producing attractive pink diamond material



provi ded di anond material, or may be only a proportion of it.The annealing
step (ii1) of the nethod shall be referred to in this specification as the
"NV- f or niwg20evmeati ng step. The m ni num val ue of 10% ofctrier20whsegrat ed

absorption that is attributable to sinpgle substitution of nitrogen inposes
a maxi mum val ue of 90% of the |ntegrated absorption that is attributable to

ot her def geis bidsdBgy 4 @PRBYSIRAC bl Anay | disd Bo IS RGLARIOAS! R tdFal are

t hought to be responsib ouration in dianond materi al
grown by @a@omﬁro igmerd imateia drraduaed l#ﬁ"’ﬂg dyﬁ’érhT syntheris denhniswieg exhibddd hence

the maxi ﬁ&ént%@%p@éket ke Hl[ﬁ% FO" hGdinr s 's%ﬂ‘a&&at\lehs d%?én‘tbm abl e

to those ot ects limts rownness’ of the provid di anond
mat eri al . cwgtaﬂmr@ﬂllgbﬂwatl%ﬁMMEmAt@%é@fa%womwdmdﬁ dtﬂen@g gkowih armonds

startiag n i i sed in
Che Ep%wé%ﬂ%’ﬁpﬁﬁ R e e 4 PR (R pelelent® (TSR i ch 1

reduced i Ronssdeitht odiffereiu caplaus. atresuiing vfeonm e cdffesing. Mitregens dmeurity
di fferentgf en%n@'.@eﬁ@%rﬁgm&thglecto!%orm%\daneham%r@%@adtfa\ tHehgpipsue to

be addressed 1s how nuch Is advantageously to be i1ncorporated in to the
di anond néiegond| maietiahewnthesis rraeessesfaeientlyr ia roive ehanifdiewand desdede t he

[ Ns] conc I dRlne ST terial
descri bedﬁlﬁhé%Pg@%ghg%@wpﬁjgjr@g&]grég@ﬁﬁlS§ng| ?'leat urS%és]&l \ﬁmaﬂ-/tr@ di am)ﬁgg'?hat has
A

been Ht owdiamend meatpiials Eneberatorsi ip ritiehdiamend iaafanialypypiasgsisit isiyricaitown
col our beggg .mbﬁﬁt%@t resuﬁ efrémeth@%;%th@é?@ dré‘cééetéﬁd th@t&ftalyé‘t’s td%'ea —

A
speC|f|cat|on Bri ef Igrels a yel brown col ouration, which has been
ment i onedewwle%would@@ Itw@usvw wnmfr@cmalﬁ Remgis! végatuwsdhat@ﬁﬂ tiesultdn own

col ourati pRo g 4n |m3ﬁ%geq§$@§§t§alrﬂ fha& Bg%rghém}qeéﬁnﬁ{a'l %Iptléah?é 8al;|ér‘ﬁ?8dur I'ng

the CVD growth process as resul resence
col our i s9@dedmrisi mst@mﬁ)@mdtth@m@,%lpmnerw ifhéoﬂi'taétr tG\HY dram%m rateg@ldst he

col oufs i nhfeAURGd Lﬁ.fwﬂndﬁf@&tp%ae%&egndwr)m VO KERA! WRAtRetallit 1S

desirabl e for sone enbodi nents of our iInvention to ?e%uce t he brownness in
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A synthetic CVD diamond material may be unequivocally distinguished from a
synthetic diamond material synthesized using HPHT techniques by the dislocation
20  structure. In synthetic CVD diamond, dislocations generally thread in a direction that
is roughly perpendicular to the initial growth surface of the substrate, i.e. where the
substrate is a (001) substrate, the dislocations are approximately aligned parallel to
the [001] direction. In synthetic diamond material synthesized using HPHT
techniques' dislocations that nucleate on surface of the seed crystal (often a surface
25 close to {001}) typically grow in <110> directions. Thus the two types of material can
be distinguished by their different dislocation structures observed, for example, in an

X-ray topograph.

Another method by which a synthetic CVD diamond material may be positively
30 distinguished from a synthetic diamond material synthesized using HPHT techniques
is by detecting the presence of metallic inclusions, such inclusions being
incorporated into HPHT-synthesized material as a result of the synthesis process, the
metallic inclusions originating from metals used as the solvent catalyst metal, e.g.
iron, cobalt, or nickel etc. These inclusions can vary in size, typically from less than
35 1 um to more than 100 um. Larger inclusions within that size range may be

observed using a stereo-microscope (e.g. a Zeiss DV4); whilst smaller inclusions
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of the present invention on the colour of the treated diamond material, it is relevant to

discuss the background to what is known about the CVD diamonds and their colour.
20
It is known that the presence of the low concentrations of nitrogen in a CVD growth
environment can affect the nature and concentration of the defects that are
incorporated in a CVD synthetic diamond material as the diamond material grows,
and that at least some of these defects provide colour centres which contribute to the
25 colour of brown CVD diamond. It is also known that these colour centres that
contribute to the brown colouration of CVD diamond grown in the presence of low
concentrations of nitrogen are unique 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
30 from those contributing to any brown colouration observed in natural diamond
because the defects in the CVD diamond 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
35 (e.g. 785 nm or 1064 nm) which is not observed for brown natural diamond. Further,
it is known that these colour centres in natural diamond material anneal at a different

temperature to those in CVD diamond material.
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background of the form ¢ x A has been observed, where ¢ is a constant and A is the

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

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

The contribution by the N’ defect in the visible part of the absorption spectrum
25  affects the colour of any diamond material that the defects are present in, and is
believed to be responsible for the yellow colouration of HPHT synthesised type Ib

diamond material, which typically comprises 100-250 ppm N°.

It is the combination of features evident in the visible part of the absorption spectrum
30 of the CVD diamond material, i.e. (a) the N° contribution in the visible part of the
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 at 510 nm are not seen in the
35 absorption spectra of natural diamonds, nor in the absorption spectra of other
synthetic diamonds, for example synthetic HPHT diamonds of the type described in

EP615954A. For the purposes of this specification, all defects other than the N°
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somewrt . pd NG, RfRIFNHish-Bndehfurd fd-pgem. i n the grown CVD synthetic di anond
mat eri al can be e\s/bi%/deénhced by Fookiang at absorption spectra for the grown

CVvD di anond material, and analysis of these spectra gives sone indication
of the re|abl¥eelt AROBELR Run@lthsl the §r&die WHREANQhoSBEFH the$eeim of typi cal
spectrum for grown CVD synthetic dianond material grown wth
the characteristic absorption bands for the different defects in the CVD diamond
material can vary. The position of peak maxima is most easily ascertained by using
20 the second differential of the spectrum. It has been found that absorption spectra
can generally be deconstructed into a number of approximate components, and it is
useful to carry out this deconstruction, since when the well understood components
are subtracted from any recorded spectrum, the contribution of other, less well
understood, components can more easily be seen. For example, it is known to
25  subtract the spectral component of standard synthetic diamond material from any
observed spectrum. In the present case, for diamond material referred to in the
present invention, we have used the spectral decomposition set out in the numbered
paragraphs below and shown in Figure 1 (which is a spectral decomposition of the
UV/visible absorption spectrum for a brown CVD synthetic diamond material).
30
1)  Single substitutional nitrogen component with an absorption coefficient at 270

nm.

2)  An absorption band centred at 3.54 eV (350 nm) £0.2 eV with a full width at half
35 maximum (FWHM) of approximately 1 eV.
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described In EP615954A For the purposes of this specification, ? defects
ot her t hahatenan RbgePten SPeHHM @@rm@&noném@ twut)ﬁfén@ailym%@ itye bp@@tnpn@ln in the

vi Si bjg pafif n8flm¥>£m%/%?%%fﬂerctén€%th<¥\‘\h§ﬁ tltﬁhérpall‘%ﬁ 9e@mvfc&ﬁrlﬁdﬁ§%35o nm

510 nmand ra at ur es rre to col Ively as "X fects".
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defects) mtroduced into the diamond in the CVD process to be more distinguishable.
The residual spectrum is then be deconvoluted into a ¢ x A~ component (curve C)
20  and two overlapping bands, one centred at 350 nm and the other centred at 510 nm
of the kind described above in numbered paragraphs (2) and (3) above. The two

overlapping bands are shown as curve D in Figure 1.

It is known that the form of UV/visible optical absorption spectra of CVD synthetic
25 diamond material grown using a range of different processes can be specified by
sums of the components described above, with different weighting factors for the

components in different cases.

The colour of a diamond coloured by using post growth colour centre formation
30  methods is the colour of the rough diamond prior to post growth treatment combined
with the effect on colour of the one or more colour centres modified or produced
during the post growth treatment. In order to obtain the ornamental value desired,
and thus achieve a combination of high transparency and desirable colour it has
been usual practice, for example as described in application EP0615954 A1, to use
35 diamonds that are initially either colourless or pale yellow. The method described in

EP0615954 is therefore not readily applicable to brown single crystal CVD diamond.



way, it is thought that the nature of the defects responsible for the brown
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(each cl wsoenidmadpTrg made up of tens of vacancies e.g. 3@CuEPIDOMBDANCI €S OF
nore) that are grown-in under large gggwth rates, conconmitant with the
addition of nitrogen to the plasma to a hydrogen / nethane (H2/ CH4) source

gas. Suchpygl r e e I I
degr ee, byghttrb? & a%rir)f)éergﬁegr gﬁ?rf etg? ﬁ%ﬂh@? &Cenﬁndnrg% tﬁﬁg? gﬁdcwgegﬁt t hat

smal | er va@wﬁmgaél 41 sifgigetresinlsdiamonth r@éer@'l M\ﬁqh@mbteebwmau&ﬁ@ﬁp rogen)
defects t B&hp@des df s&B%tlﬁjftloﬁ‘éltnrt%%H (ﬁ”’?ﬁﬂa ﬁs&aﬁ%beﬁgt.aq &%ﬁh&%.ﬁ% bon

atom may e parti y responsi bl e for brown col our t hese defects
may al so E%alrl@tﬁﬁﬂ?’é@ PYBOMtiPR-in dhgp eisikteureage feat Aethnm fon/ 8 rrotsuck that ahas been

found 4 haFeaEﬂ”'ﬁ)‘}%PfFub%e%\‘g o t%BFbtlBﬁ’% eE]tlrFB[]ta’bfé brgo,spectrum of the

characteristic absorpti for the different defects in the CVD
di anond material can vary. The position of peak maxima is nost easily

ascer t ai naobys HobAULbIE 1REFARFHA {4165 Bnd-alor Ble IhABrARPESHMon! hatngs been
1% heedaes

found that absorption ectra can ?enera nstructed I nto a nunber
of appr ox B radifiauta ﬁﬂ@ﬁ esSUb&ﬁtﬂ't'Pfﬂ of Bitrggert meS©S@aﬂa>9mmvalwﬁ §f 90% of

deconst r uggl |Ht'égra‘iéd1§l?sd%t% tF]Qﬁs ‘éﬁhﬂ)ut%’!g% %Ih%P%fé@@ﬂﬁ”ﬂ?é"fﬂén%h& ndidiact ed

fromany recorded spectrum the contribution o ess wel

under ¥ oodand b@iﬁ?dm*gttbe b nReseofdhe proyided dedianmpd né%é%ﬁf?dl e, it is known to
subtract the spectral conponent of standard synthetic dianond material from
any observed spectrum In the present case, for dianmond material referred

to in theFpr @depgmplegersadonn thes tsaodficpiien. tlmégrgtﬁélctabaquhl@tdm;@@ Bndn set
out in the,oybe f&%k%\‘gfr%%f aﬁhéd Fheth%‘%p%&ﬂcaiiéﬂ‘@?e h%aEbr%Hfd%mSg éw’vy\ﬁé‘olés a

spectral deconposition "of /visib absorption spectrumfor a brown
CVD synt hebsatpiginaspndrummt @ ithg )syntiptlic; %De dmﬁ mﬁt@reﬂhalakﬁn t alo gegmn
conpofent (I fafy, absorption coefficient at 270 nm 2) An absorption band
centred at 54 eV (350 nm 0.2 eV with a full width at half maxi nrum (FWHM
of appr oxi mately 1 eV.3) An absorption band centred at 2.43 eV (510 nm 0.4

eV with aAﬁ'WS'MQEmperature 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

20  proportion of the measured absorption in the range 350 to 750 nm that could be
attributed to N¢° and the proportion of that measured absorption that can be attributed

to other defects.

a. A reflection loss spectrum was created using tabulated refractive index data
25 and standard expressions for the reflection loss for a parallel-sided plate. The
refractive index was determined according to Peter’s equation [(1923) Z. Phys. 15,
358-368)] and subsequent reflection loss derived using the standard Fresnel

equation.

30 b. The reflection loss spectrum was subtracted from the measured absorbance
data and an absorption coefficient spectrum for the sample is created from the

resulting spectrum.

C. In order to determine the component of the measured spectrum that was
35 attributable to N.°, an absorption spectrum for type Ib HPHT synthetic diamond (for

which the absorption is attributed solely to N.°) was scaled until it is substantially



approximately 1 eV. 4) A small residual wavel ength dependent conponent of
t he nmeasured absorption coefficient (in cm1) that is found to have a
wavel engtwoadependesce of the foll owi ng approxi mate fornmpce/Er2¢romsebengt h,
|, in Mm~3 (ranp factor). Figure 1 shpws the absorption spectrum of a
typi cal CVD synthetic dianond |ayer (curve B) which has been renpved from
1S growt bt ha!70 A beb frof PHRORRAL el oBcitith Glhdr! siHBcRA fisiRanYo! ut ed.
The first_step int spectral deconposition is the suf)tractlon of the
spect r um bhisgcalipgealipyys fiegrpnserisdion of Ritrghen brsededemtieed. HPHT) synt het i ¢

di anond material (curve A), scaled so that the residual shows no 270 nm
feature. This subtraction is nade since HPHT dianond is generally

under st ool t o HaWg tha pblSr pYIasn ok Hiec SPRAUED B e Fsbeiin th rofo 380 p8t é’l’ﬁl ally
pure typesbB8eemRs0th Ql émI ST ﬂ‘le%tegl%i&cét%o%tllaﬁrm tARsile84ien
substitutional nitrogen (N'0) contributing room tenperature

spect r um WIhdletgranined fos tBQltﬁ‘ﬂEPa&éfqdoﬁafﬂW@nﬁﬁeﬁEU@rQﬂ%f@\lbe seagnentsfeitt r um

al | ows_t gkl RULIORS M Gel@nldd JFRRSRIREFaAN aBldiafondREES bitrifiiie X

def ects) |ntroduced Into the diano process to be nore

di sti ngui B’n'&bﬁ@feCtFmé'Cﬂ@éﬁdﬂual spectrumis then be deconvoluted into a ¢ x |
3 conponent (curve C) and two overl appi ng bands, one centred at 350 nm and
the other centred at 510 nm of the kind descri bed above in nunber ed

par agt@phs. ( 2) Inapraciic®) refleetips losee arqugensielly aissiaighamgstheeretieayaieas curve
Din Fi gu?ﬁ’d Jinis! Fna'kﬁ 'ﬁ{‘QijﬂcLch%th&herefs%thPOfo %é(v&feﬁ%;t‘ﬂ' Sp&uid Q:Qllorlﬁ‘lléﬁ’?r ption
spectra o synthetic dianond material” _grown us a range of different
processes rr@éhodﬁéo spteeminecabsplptes abpgorptiont apeflicemp valees. sInderder ioeadregb®re, with
di f7erent Ygic iakded At Aol Foidtdie 1 aBRAARAL el BidHifd FofAL wASESed. The

col our of a dianond col oured by using post growth colour centre rmation
met hods | $owards dovesanesdies i avasiggraraly diroerpepghaiobelew agpsticutar eRerayttheat ment
combi fied megs'urteb%b%rbﬁ&& n&ibngeJ %we%fs.émaﬂﬂ@ar%&.owtﬁ eqa@}gc} IASSBIAIGRS

modi fied or produced durin post grow h treatnment er to obtain
t he or nanteg |en;;§j|at§agN@r§§|h|f@d SO that absorptlon coefficient was zero at 800 nm.

The provided CVD diamond material used in the method according to the present
invention has a total integrated absorption in the range from 350 nm to 750 nm such
20 that atleast 10 %, or at least 12%, or at least 14%, or at least 16%, or at least 18%,
of the integrated absorption (in eV.cm™) is attributable to N,°. For certain
embodiments of method according to the present invention it is preferred that, for the
provided CVD diamond material, the percentage of the total integrated absorption
that is attributable to N.° in the visible range of the absorption spectrum, is as high as

25  possible, for example at least 20%, or at least 30%, or at least 40%, or at least 50%.

For some embodiments the provided CVD diamond has the following characteristic in
its room temperature absorption spectrum (absorption coefficient data is shifted so

that absorption coefficient is zero at 800 nm):

30
Table 1
Designation Starts Ends Peak | Absorption coefficient at
(nm) (nm) (nm) peak. (cm™)
270 nm 220 325 270 <4
N’




and thus achi eve a conbi nation of high transparency and desirable colour it
has been usual practice, for exanple as described in application EP0615954
A l, to we dicammmrds that are initially either col ourl epsT@mP20@l0s90y®! | Ow.
The net hod descri bed in EP0615954 is_g?prefore not readily applicable to
brown single crystal CVD dianmond. As noted above, step (i) of the method

accor di gyt Gafifien 11 YRAki ARAART ERBRIRS thelslbalaCWRre! BabE Iy Sdrh di anond

mat eri al at has een grown by CVD and conprises single substitutional
nitrogen $¢ENg4he sn%@ruah agersdingttp dfrre gesadolngyvibiode analohave thet fetevdned
absor Pt OBndBoibfdicy 581 8t FARI9 if ROMSIRRIARABELOGRO nm such that at | east
10% of the integrated absorption is attributable to N3s 0O Al so, as noted
above, this mninmum val ue of 10% of the integrated absorption that is a
attriQytabg@ o single substitution of nitrogen inposes a maxi mum val ue of
90% of the Inifegrated absorption that is attributable to other defects in
t he di anpndDesigeatial anhd Btasise |]i mi EBds he bPsakinedbserlioneogffidenidéd CvD
di anond material. For all (8@ples uéwa) in |t HP®) speci f ipeaki GM )i nt egr at ed
absor pti pn 3 nedaathd abso?f i on peaibOhei ght3B0quot ed in €Ri7s speci fli cati on
are nmeasyredPasphd’a Uv/ vi si bl e |absorption spectfum of the synthetijc CVD
di anond pat & ah baadken| at 42fbm tlenpeédft ure. A foom t enp€r3at ure absor ption
spectra pentPabheld™*hereln were callected using a Perkin El ner Lanbda- 19
spectroneter. The data recorded in the spectra ("the measured spectruni)
wer e proc t i ortion
of the nedlc pe B SRR BEB A aettr 8 S5t Re AGrRkRE
at t ri but edodffici¢htCat 276 rtrinearepraspdﬂstcnbard pfevtdually aevsasuet obP&Yr i dartingat can
be attrlb t her def I | t reated
usi ng tabdﬁ$%3ggw%#?gct?vgggggefﬁgaaﬁgdiéﬁgka daggﬁﬁﬁiregsﬁ%ns %Pgth
ref | et i oacdoodisg ftotheainpantsinl whicls ireledt ipl aatreatedhiblameid enatariak tham dee fanegs
determ neﬁal@éﬁ%ﬁj .09, 0 Peter's equation [(1923) Z. Phys. 15, 358-368)] and
subsequen ection | oss derived usi ng the standard Fresnel

For any given provided CVD diamond material, the irradiation introduces isolated
vacancies and the annealing process converts at least some of these to NV centres,

15 and it is the NV centres that are responsible for the desirable colour, and/or spin
properties in the treated diamond, which are an advantageous result of the method of
the present invention. The so-called “target [N,’] concentration” desired to achieve
any given desired resultant [NV] concentration can thus be determined working
backwards from the desired [NV] concentration. Once the target [N,’] concentration

20 is known, in repeat production of the provided CVD diamond material, the
concentration of [N’] is preferably controlled to within 50%, more preferably 20% of
the target [N,’] concentration. Control of the target [N:"] concentration is particularly
advantageous in methods according to the invention that result in a treated diamond
with a fancy pale pink colour.

25
The concentration of [N’] present in the synthetic CVD diamond material of the
present invention may be measured using EPR for levels <5x10"° cm™ and using UV

visible optical absorption techniques for higher concentrations.

30 [N%] in the neutral charge state content can be measured by using electron
paramagnetic resonance (EPR). Whilst the method is well-known in the art, for
completeness it is summarised here. in measuremenis conducted using EPR, the

abundance of a particular paramagnetic defect {e.g. the neutral single-substitutional
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zero at 8 e provi di anond terial use in the net
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range fr 0%?&8@’%&9‘&5’35& D e r&?éseﬁf nla eiﬁét ?élrggﬁf@ o RerhBasy #2% or at

| east 14% or at least 16% or at I east e I ntegrated absorption
(i n eV.cnmniggrated dbtensityugiaasice fram N\msmﬁﬁhoaer&}@ﬁﬂmé%&witn@@bg«ewd et hod

accor fB ngnm& e PERSEN G @‘éﬁ&ér@iﬂw’ dha ?§ PESERTS ggo& fab ihd 0% etn%neﬁ ovi ded

CVvD di anond material, the percentage he total 1nteg rate absorption
that is aEPR $eckpl Berdoms ffﬁaiiifhﬁmﬂi@i 51 eserdpgaodtcet he ?ﬁbgiéwﬁt%@ﬁ”@pect rum

I's as hi gfp 8SHowarth, J.A. Weil, Z. Zimpel, J. Magn. Res., 161 (2003), 215). 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 1o achisve a

20 good signalnoise ratio (enabling accurate concentration determination within a
reasonable lime frame). Hence pseudo-modulation is employed, with the Tsallis line

shape in order to produce a good fit {0 the recorded EPR spectra (J.5. Hyde, M.
Pasenkiewicz-Gierula, A. Jesmanowicz, W.E. Antholing, Appl. Magn. Reson, 1

{1990), 483). Using this method the concentration in ppm can be determined with a

25  reproducibility of better than 5%

It should be noted that the minimum [NV] concentration in the treated diamond
material that can be used for spintronic applications is lower than the minimum [NV]
concentration in the treated diamond material that can be used for fancy pale pink
30  coloured diamonds. The treated diamond material for spintronic applications may be
fancy pale pink in colouration or may be colourless, or shades between colourless
and fancy pale pink, depending on the number of NV centres present in the treated

diamond material (more NV centres leading to a pinker colour).

35 The technique of UV visible spectroscopy is well known in the art and involves

measuring the 270 nm peak of the absorption spectrum of the diamond material.
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CVD diamond material used in the method of the present invention.

According to one method according to the invention the provided CVD diamond
material may be grown by a CVD process which results in a CVD diamond material
20  sample comprising the target [N:’] concentration and preferably having an absorption
spectrum with a total integrated absorption in the visible range from 350 nm to 750
nm such that greater than 10% of the integrated absorption is attributable to N .
This embodiment may be achieved by using as the source gas in the CVD process a
gas mixture containing carbon, hydrogen, nitrogen and oxygen, rather than the more
25 usual carbon hydrogen and nitrogen. 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 61/289,282, the entire disclosures of which are
incorporated herein by reference. Specifically the method involves providing a
30 substrate; providing a source gas; dissociating the source gas; and allowing
homoepitaxial diamond synthesis on the substrate; wherein the 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, Hs, from about 0.40 to about 0.75; b) an atomic fraction of carbon, Cs, from
35 about 0.15 to about 0.30; c¢) an atomic fraction of oxygen, Oy, from about 0.13 to
about 0.40; wherein Hy + Cs + Of = 1; wherein the ratio of atomic fraction of carbon to

the atomic fraction of oxygen, C::Oy, satisfies the ratio of about 0.45:1 < C:Or < about



visible optical absorption techniques for higher concentrations. [Ns] in
the neutral charge state content can be neasured by using el ectron
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recorded EPR spectra Pasenki ewm cz- QG er ul A. Jesmanow cz,
W E. Ant hessulint gagyn dlamﬁ mﬂgg@jmasless than 10% of the mtegrated absorption in

the visible spectrum from 350 nm to 750 nm attributable to N defects. Such
20  provided diamond material could then be treated by a subsequent anneal as
described hereinafter. Tailoring the added oxygen CVD growth process so as to
produce the desired diamond material defect concentration, and consequent
absorption spectrum, will be a matter of simple experimentation for the person skilled
in the art.
25
The CVD diamond material grown by the added oxygen CVD growth process, when
it results in a provided diamond in which greater than 10% of the integrated
absorption in the visible range from 350 nm to 750 nm is attributable to NS defects,
may be used directly as the provided CVD diamond material in the method according
30 to the invention, this provided diamond being irradiated to form the irradiated
diamond material, and then subjected to an anneal at a temperature of at least 700°C
and at most 900°C for at least 0.1 hour to form the treated diamond material
containing NV centres (“the NV-forming anneal”). This route from CVD growth stage
to formation of treated diamond is illustrated as “route A’ in Figure 2 of the
35 accompanying drawings. Our investigations have shown that there does not appear
to be a maximum annealing time. For practical reasons, the maximum anneal time is

optionally at most 100 hours or at most 50 hours, or at most 24 hours.



(1990), 483). Using this nethod the concentration in ppmcan be determ ned
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di anonds. The treated dianond material for spintronic applications nay be
fancy pale pink in colouration or nay be col ourl ess, or shades between
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CVD di anbnd materi al are bel |eved toresult in a material with an
absor f i ohe spieted dehgrainafier e6tthe “pretimdieat Bghdbpeiturerannaalingeripreihl e range
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90% Si ncg hbagethet é'&feddﬁ{yﬁéﬁ SC\?}IB YréRVEoE&ss! &R0t § c?éaafoa%eﬁl gtic

brown col ourati'on of ifanond containing nitro ese nown prior art
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one nethod accordin i nvention the provided CVD di anond material may
be grown B?S%pt@v@p@ﬁtﬁé@g@tmlt@ﬁl integrated apspratiaovip tae yistiri rangedrana B0

nm to 750 nm such that more than 10% of the integrated absorption is attributable to
N . This route to the provided CVD diamond material is illustrated as “route B” in
Figure 2. When this route is followed, both the added-oxygen-CVD-grown precursor-
20  diamond-material and the provided diamond material have a total integrated
absorption in the visible range from 350 nm to 750 nm such that more than 10% of
the integrated absorption would be attributable to N’ defects. It is thought that the
preliminary high temperature annealing process may reduce still further any X
defects in the grown CVD diamond material, which may be advantageous for certain

25 embodiments.

Another possibility is for CVD diamond material to be grown using a more
conventional CVD process, for example of the type disclosed in WO 03/052177.
Such a process, as noted above may result in a diamond material with an absorption
30  spectrum with a total integrated absorption in the visible range from 350 nm to 750
nm such that less than 10% of the integrated absorption would be attributable to N,°
defects. In other words the contribution of other defects to the visible part of the
spectrum would be greater than 90%. We shall refer to this diamond material as the
“traditional-CVD-grown precursor diamond material” in this specification, the word
35  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



sanpl e conprising the target [Ns] concentration and preferably having an
absorption spectrumwith a total integrated absorption in the visible range
from 350 won2bm/idd0snm such that greater than 10% of thepcmiErgeansm7s
absorption is attributable to Ns . Thhg enbodi ment may be achi eved by using
as the source gas in the CVD process a gas m xture containing carbon,

hydrogen, yfi ﬁréé’egﬁrhvﬁﬂﬁjorpxﬂ%e\ﬂordrt?éoh%rnaF%&ﬁj {3i&in §|'éﬁlthé3t%ru'930f6 tHé!drOge”
and nitrogen. In particular rovid

di anon terial 1n step (i)
of the me N@ograwe@rqﬁur@rmtqrr%fromrta@t dgsprined forfroptedB am»@ntu on may be grown
directly by the process described in GB application GB0922449.4 and US
provisional application USSN 61/289,282, the entire disclosures of which
are i ncor P avedound wphif pgleeted dpditioeal- %ﬂé@rw\im@rpwwmwﬁe@mmatquﬁ{/(ﬂrves

provi d{? NOindesd RSID afa%onerrﬁé(tgﬁ%l:%o@n Hyuh %dﬂ@éoxﬂ%eﬁi&@ §§s' R%Jche gayrce gas;

and all owm n onoepi t axi al synthesi s on strate; wherein the

synt hesi stha ﬂlrﬁﬁﬂtﬁémdw@m’fﬁrmmfhieﬁ dpent G oA iheaintngrated ghesptlionaini b of fr om
about 0. 4,epM Faﬂg?ﬁ@h‘]%%%rﬁ@é“{_?@ﬂﬂ YRR téblé*ft?Ns)%‘é?efc@sB%aéj lo3gs: @) an

atom c fraction , fromabout 0.40 to about 0.75, b) an
atomi c fré\'@Q\leomecﬁfl%ed#b , tenpperatumaapealing oprpsesso then seaultois3e; diggnogé at oni c

fraction plmy @R ’anqbsoﬂ;pﬁl&'insﬁ@&f‘thrrn Qitd 3 bRl ﬁ'@é&‘éteg #horp fneth \)'glb| ct + O

= 1; wherein the ratio of atomc fraction of carbon to t e atonic action
of ox{Qenrangg from 33Q hetodS0trme syt ihet BPreathent! 0tk afsthe Ir&e@ﬁte@fabso%@m 1.25:1

, wher ei njgt hieiRie & &Iasdéf@{:‘fgr |.§ 6P r&\ﬁ‘ﬂ% ‘?:9% ?F&fﬁ%daégﬁddué‘ﬁ?ﬁk%%d&

mol ecul es, H2, at an atom ¢ fraction o otal nunber
oxygen andceesding o ahe REesgn keantiant Eé@tw@'@wded oo ohafoial gan ﬂwme @| n the

atom ¢ frRacl e bl C?uﬁfectaﬂfithg firfHll fo@ﬁngoﬁ%e%fmé BRocked ak susraer Tk

hydrogen, oxygen and carbon atons present” in the source gas. This nethod of
gr owi ng Cvmielisshond imbigere 28s SAAE|C be referred to in the specification as
the "pglded oxygen CVD growth process”. Depending on the exact process
paraneters used (for exanple substrate t enperature, pressure, power, the
amount of Watherlotyaiting rihe rvestien de agayvay. ithie hipegh thald '@Qﬁvd@ﬁp@vmrgr ow h

process ”ﬁb(néa‘iﬁ bFocQéi@é‘dsw tH@afBFéPNérﬁﬁbH&d %o‘é‘f&'@t’&dre!?@ﬁfﬁhnle% ey h
greater than 10% of the 1 ntegrated absorption in the visible range
so that they contribute less to the visible range of the absorption spectrum.

20 Routes A, B and C described above each produce the provided CVD diamond as
used in the method according to the invention, and advantageously results in a CVD
diamond comprising N¢°, but having an absorption spectrum with a total integrated
absorption in the visible range from 350 nm to 750 nm such that greater than 10% of
the integrated absorption is attributable to N°. In practice it is thought desirable, at

25 least for some applications, for this ratio to be as high as possible. This means that
the preliminary process, e.g. of routes A, B and C, resultin a CVD diamond that does
not contain, or contains at a minimal or reduced level, the X defects described
hereinbefore as being responsible for the 350 nm, 510 nm, and ramp feature seen in
the absorption spectrum of CVD diamond containing nitrogen, where X defects are

30  thought to be responsible for the brown colouration.

Where route C is followed to form the provided CVD diamond, then the X defects are
removed by the preliminary high temperature annealing process, or substantially
minimised, or at least reduced. Where route A is followed i.e. the added oxygen
35 CVD growth process under conditions where it results in diamond in which greater
than 10% of the integrated absorption in the visible range from 350 nm to 750 nm is

attributable to N’ defects) is used, then the said X defects are not formed, or are



from350 nmto 750 nmis attributable to Ns defects, or not. In general the
added oxygen CVD growth process allows a skilled worker to introduce higher
per cent agee 20fo/mptrsogen t han woul d be possible with staprdamp2@VDs@rocesses,
whil e reducing the nunber of other defects |leading to the brown

col ouration. Thus, the present invention al so envisages using the added
oxygen CVBgLaW i rRRER 88 rddfch bk RIS BBe SROGAALAGHL ARG i t rogen
that the number of o@ﬁagr r_e ect s |83 al so mgﬂ?@?%ant andu_t_ e relsluajtant
grown di arsreennithere aputads i.eeths added ROUEDIPrdees i(widajrapneorthybefst iton i n
the visi bld uﬁ@‘?r%ra%nh?iﬂlrﬂ/@é@ gﬁtﬁgwgﬁqm/ﬁno@:ﬁ% 'irﬁé’érgié'de BdrpiRHehaRs s Such

provi ded di anond material coul 1 be trea Ry a subsequent anneal as
descr i bedViR@leeiange frem 35NMILi 19§ s aldthadrlin jgbin delrty cemdnegrwideds so as
to pragucpdif e pidghe nteraRd a Afeafhg Hro@RE Gfibn GRDGERL K34dio&s A8 il _
consequent absorption spectrum wll“be a matter of sinple experinmentation
for the péirbenredkeed. E@nywergitormed in tirgravtb pieeesdnd mat eri al grown by the
added oxygen CVD growt h process, when it results in a provided dianond in
which greater than 10% of the integrated absorption in the visible range
from 350 Rhe 880 PowYidesh G¥D dhamansuwhishds pistatigy aemisteddy Taltepingonseidheli rect | y
as the proybAeshsEid gg%’h@! Ef@#%,%cﬁﬁkeddénﬁl?ﬁgé‘%%@;@tr gﬂ/ﬁ]&ﬂﬁé’h&%&nﬂnéteé

i nventi on, thissprow di'anond being irradiate ormthe irradiated
di anoHYd nhY &ravyl defgpld thatedp BeibgastaR Aittogean llamaede avelpw by dhattaglasrof at

| east  700Q6n g e iHatdPBy tHROFES AR ordindiE &g ts;[]igﬂi%lr\%lﬁi)’tl:o A r\fISQ’BP?t"nf}E/)BeY gated

di anond mat e?iiag_l contalning NV centres ("1 Jformng anneal ™). This

rout e froﬁw@mt'gﬂbwwrkﬁﬁ&g’getedowm@ﬁﬂCB@tfﬁt@ﬂSpf Matasel peeisaitond is il | ustrated
as "route A" in Figure 2 of the acconpanying drawi ngs. Qur investigations
have shown that there does not appear to be a maxi mum annealing tinme. For
practi cal ltrie®ossible tondiffergriiaianiralneassurements snagr odriae If'jﬁahtre@iﬁgtC\@)O hour s
or at Sk o] 0r Sty u ngt ead i dipectly as
t he p1rfg€i gg?ﬂ%?a%ﬁlaﬁr&?g&%égﬁ {dlr?%foﬁlggn@t%‘ﬁédBgcgopﬁcﬁgﬁt@%ﬁi&%v@%ﬁi on, the

CVD di amofemngsaturd amnegl GaHiesyB ene GainiBigUtxgend those grasia by proses atwnen | t
resul ts i Bods RSt Ao bR IEPRsLratlreMH el @' E0RE AliRRRYure 2).

CVD diamond material which has undergone the high temperature annealing process
20  can be distinguished from that which has not, since CVD diamond material which has
undergone the high temperature annealing process will contain one or more of the

spectroscopic characteristics set out in Table 2A:

Table 2A

Feature Limit Experimental Comment

3107 cm’ Present Measured by room temperature FTIR
(>0.1 cm™) with 1 cm™ wavenumber resolution

3123 cm’ Low or absent Measured by room temperature FTIR
(<0.1 cm™) with 1 cm™ wavenumber resolution

1405 cm” Present Measured by room temperature FTIR
(>0.05 cm™) with 1 cm™ wavenumber resolution

1453 nm Present Measured by room temperature FTIR
(>0.05 cm™) with 1 cm™ wavenumber resolution

1359 nm Low or absent Measured at room temperature using
(<0.1 cm™) a Perkin Elmer lambda 19

spectrometer or equivalent with slit




10% of the integrated absorption in the visible range from350 nmto 750 nm
is attributable to N O defects, may be considered to be a

added- oxywenrefdvidgsown precursor di anond material that ipeT@EPR@BIsT7RL a
tenperature of at |east 1600C, preferghly about 1800C, nore preferably
about 2000C in order to formthe provi ded CVD di anond material. This first

AN~ A~

anneal i ng at a tenperatur € of —at—teast 13ijtﬁjbf ?Ht‘ﬁ'dnd %aﬁgbé‘éd&(bolo
hereinafter as the "prelimnary high tenperature annealing process" |where

such nonencl ature is desitable for claril ym(fblndl sti ngw sh it fromthe
subsequep T dllll | ter—the Trradiationm stage. A CVD
di anond Tgh%\é\bl-hg Sdéﬂc‘ibg‘!a bsé’rggtbig'ﬁ ggm CVvD growt h process and thegn
subj ected to the hi gh tema@rmmdé/lea\nneal ng process will formthe P ovi ded
C\/D d|a LII'l 1 U olL,L,UIU I I L VVIIIL,II
provi ded g%ﬁr?ﬁ (Q?’m%‘r%décl‘?a 15P§§Hgbsor pti o1b§8éer¥ Er)lgm S\Hl‘%bl 4%80}1 i nt egrat ed
absorptipn in the visible| tdi0geofthem 350 ﬂmltatbor%ﬂ)easmesimiﬂ?tmat nor e than
10% of the integrated absp butable to Ns . This route|to the
provi ded| CvD di anond mat er F\&Irﬂa?gec# FF@%H ated as "route B" in Figure|2. Wen
this route is followed, both the added-oxygen-CVD- grown precursordi anond-
mat eri al @hel abbee ppantiodeupic peaperies it @ol &k dnessat in bdtemted GVEgdiamedd
absorptio u e than
Too of ¢ naeide BB Nag ha FudeRRPE hE MBI ReB B Pl Bk R R0 1T
t hought tﬁatprohéeq)EVDldrammq/mbieghl.terrper ature anneal i ng process may reduce
still further any X defects in the grown CVD di anond material, which may be
advantageous for certain enbodi ments. Another possibility is for CVD
di anond it erfirall sétoofbembodimeniss oingnethatsraccoming i ttenadvedidd fheotrested f or
exanple o t i / { I ot ed
above n1ay5'ra é@ﬁpﬂ@%maﬁ (%@arﬁr%&gaﬁn@ta\ga Q? fgrﬁﬁrﬁ;g Znne%lgﬁ@r\ﬁw?@g&?ﬁégtr ?rﬁ%gvm th a
total int eghhatoedraatmietiqstsieonui in Ticvée A .s Sotle ardiangend rrneterlaaﬁ)lllrgﬂnenaIIWEQ nm such
t hat Iess f i tLrl le to Ns
def ects. %ﬁer a&egé@ﬁﬂg&%@%ﬁ Eﬁtt?ﬁ)g%@rg%ﬁgw%& r&fesg 5 taﬂébtfﬁlgm bl e
part i thletory.

{

In a second set of embodiments of methods according to the invention the treated
diamond material (after irradiation and NV-forming annealing) will have absorption
characteristics falling outside one or more of those set out in Table 2A; for example
15  the treated diamond material may have an absorption coefficient at 3107 cm™ that is
absent or less than or equal to 0.1 cm™. Such a diamond material will generally be
one which has not been subjected to a high temperature annealing process as part of

its history.

20  While there may be some overlap between the first and second set of embodiments,
generally materials that have been subjected to a high temperature annealing
process will have all of the characteristics set out in Table 2A, whereas those that
have not been subjected to the high temperature annealing process will have
characteristics falling outside all of those set out in Table 2A.

25
For certain embodiments, it is desirable that the absolute value of Ng’contin) iS
controlled for the provided diamond. It has been found that there is an advantageous
minimum concentration of N’ defects in the provided diamond such that sufficient
NV colour centres are created on subsequent irradiation and annealing to generate

30 the desired colour and/or spintronic properties. On the other hand, it has been found
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B and C descri bed above each uch t he provided CVD di anond as used in
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or contai Rayde A niBsh5BRm, Wr 4188 8Ghne\Rlat moBE2 BpMebest modtasgsrh Rt
most 0.6 ppm, or at most 0.4 ppm, or at most 0.25 ppm, or at most 0.1 ppm, and or
at most 0.05 ppm). This preferred maximum concentration for spintronic applications
20 is set because at higher concentrations it is difficult or even impossible to resolve

single defect centres.

Those skilled in the art will recognize that while controlling the [N,°] concentration in
the provided diamond it is also advantageous to control the total acceptor
25  concentration [A], which for example might be associated with substitutional boron
concentration [B’]. In diamond containing both boron and nitrogen the following

charge transfer is known to happen:

N’ + B > Ns* + Bs.
30
The effect of this is to offer competing defect processes for the formation of NV

defect centres.

Further, the presence of B’ in sufficient concentrations can introduce blue colour to
35 the provided diamond which can obscure any produced pink colour that is desired for

the above mentioned ornamental applications.



her ei nbef ore as being responsible for the 350 nm 510 nm and ranp feature
seen in the absorption spectrum of CVD di anond contai ning nitrogen, where X
def ects awe 20fvwmugits t o be responsible for the brown col egratreenosdher e
route Cis followed to formthe proviggd CVD di anond, then the X defects
are renoved by the prelimnary high tenperature annealing process, or
substantially mnimsed, or at |east reduced. Wiere route Ais followed

i.e. the added oxygen CVD growth process under conditions where it results
in di amn&uﬂwrmem@n@%pfeg ©enatheigwprsting gbariga tiegsiar e@cessesitmanskive n t he
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then the said X defects are not forned, or areforned to a mnimal or
reduced e%%mledbm@arréduq% b[@ihotf@sér%svamet Bodtalsthéhen gaeetiad rdabildx yedhe Wher e

route &8 i ﬁo\,\ﬂh%&ggﬁ% X%05RJRNRG ?Nv(algfg&_r conditions where it results in
0

di anond in ich greater than 10% the integrated absorption in the
visible range from 350 nmto 750 nmis attributable to N O defects)

combi ned ppt Ebr?aur%ﬁm'bb&h%fsya@oﬁhné mr.ﬁéaﬁ@n %rgeaéé.ﬂas|e%%f§s§roms@ the

said X defects are still further Teduced, 1f any were forne he growth
process. YA@osd; i@ ba\fﬂnadédalcwe@mmenwwoah(q@ et @#@Bl%‘om'omr@@d by

f ol | owi ng e, ek fghexéﬁﬁg%sﬂgf%meex& I Seioi FedsurdRIRE RHGAA Ly has

col our which 1s not dom nat efects that do not contain

ni t r obfen. those sisifedin the pal) Iqswthme5x1t0ha<tm Gdrreferabhelesy theorixi 8 sm hynaree
presence Qs bﬁ?'l?ss’s%ﬁti’bh‘é“‘“ Ghal e\)&htr‘h&%eﬁls rBbif"leds! th%ﬂy5>9@ gppubggantially

col ourl ess ere lower concentyations of are” present. is possible to
d|fferentFﬁﬁbﬂeﬁ¥@ﬂyHﬁaﬁﬁméﬁéﬂ{§"hade on the final treated CVD di anond

mat eri al, between di anonds made by a process involving a high tenperature
anneal (routes B and Cin Figure 2) and those nade b rocess that does not
i nvol ve aAli¢rgativednbis dgsirabledanthgl prowdde diamanddo Aave apNg réA]z;atlo Breli anond

mat ery@l phingoniiass oner, %é\‘@raibﬁﬁld”“l ghorwm@ra%&;rﬁ Anngal é?&aB{y%@sﬁ can be

di sti ngw shed”from that as not, since di armn mat eri al whi ch has
under gone”lofféprQjﬁblyéﬂr%ﬂdﬂ%@@‘ﬁ@@hﬂ?WQOﬁr ocess will contain one or nore
of the spectroscopic characteristics set out in Table 2A:

It is known that if there is uncompensated boron in a diamond material this may be
compensated for by irradiating to introduce isolated vacancies, the isolated
20 vacancies combining with the boron. So in some embodiments according to the
invention, if the diamond material does contain uncompensated boron (for example in
a concentration >5x10" cm™) then the irradiation step may be carried out to
introduce sufficient isolated vacancies to compensate the boron and to provide
excess that will then form NV centres on annealing. The level of additional irradiation
25 needed for boron compensation could be determined empirically by the person
skilled in the art. Total boron in the material may be quantified using techniques
known to the skilled person. Secondary ion mass spectroscopy (SIMS) may be used
for example to ascertain the total boron concentration. The uncompensated boron
may be ascertained using either the induced absorption measured in the infrared part
30  of the diamond spectrum, or through Hall or electrical transport measurements, in a

manner known to the skilled person.

Since diamond is a wide band gap semiconductor, diamond material, and in
particular diamond material containing defects, does not necessarily have a well
35 defined Fermi level. At room temperature (i.e. about 300 K), charge that is initially
trapped at a defect having an energy level that is relatively shallow compared with

either the valence band maximum or the conduction band minimum, will reach an



Tabl e 2AThe above spectroscopic properties will not be present in a treated
CVD di anond material that has not undergone the high tenperature anneal in
t he procewe 2bm/fsor7n t he provi ded CVD di anond materi al . PoTEPRét®s903€t Of
enbodi nents of nethods according to the invention the treated di anond
material (after irradiation and NV-form ng annealing) wll have one or nore
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and NV-form ng annealin have absorption characteristics falling
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absent o ess than or equa dianond material wll
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between the first and second set nbodi nment s Oﬁener mat eri al s that
have beentf‘@ugﬁ)@@t agsergtiep Iﬁrwﬂteénﬁfel‘*@t maéer@hﬁéam @npﬁhéc@s?ég%state fhve all
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been Subj ect enmper ature anneal | ng process w have
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b) is controlled for ovid I ano been ound that there is

an advant atg@dmgffrhﬁrﬁaml?ﬂﬁ @@ﬁw&@fﬁf@r@ttﬁ@@rqﬁom@ efdhedatal 9 nﬂcwreé)sgrrp@onér@d di anmond
such t hat sstifibi,Gbenb tr%/n&maq’%feﬁﬁml LRD RHENEbE HesBR Gl

irradiation and annealing to generate the desired colour and/ or spintronic
properties. On the other hand, it has been foundthat if the concentration

of NS1sief F6t the §vc§|@é?1c@'<9’hddd%tt\nﬁerpﬁr%vhgﬁﬁy Qﬂ%éilsame .sr%teédealf.edtth n

followmng 1rradiation and ormn? anneal i n ianond materia
properties of the material descrlbed in this invention s ouId be taken to be properties
that can be measured with no additional excitation of the sample during the

measurement other than that required in making the measurement.

20  Preferably the properties are measured after the sample has been irradiated with
light from a deuterium lamp under the following conditions:
(a) distance between the sample and the lamp of about 10 cm or less;
(b) lamp operating electrical power of at least 10 Watts; and
(¢) aduration of between about 5 minutes and about 60 minutes.
25
In particular, the properties are measured after the sample has been irradiated with
light from a deuterium lamp under the following conditions:
(@) distance between the sample and the lamp of 8 cm;
(b) lamp operating electrical power of 10 Watts; and

30 (¢) a duration of 10 minutes.

Deuterium lamps (also known as “deuterium arc lamps”) are widely used in
spectroscopy where a continuous output is required between wavelengths of about
180 nm and about 370 nm.

35
The provided CVD diamond material used in the method according to the first aspect

of the present invention preferably has at least about 50%, alternatively at least about



wi || have a darker col our, which may be undesirable in ornanental
applications and/or lead to a reduced decoherence tine T2 in spintronic
appl i cat iwo10Aap776ert ai n enbodi nents accordi ng to the iPOYAPRI10/059078
particularly for embodiments for makipg fancy pink col oured di anond
material, the provided CVD di anond material may have a maxi num

concentr aéb%nal‘t”érnétN%]g éﬁéa%%ﬁomﬂ‘bo% arfgﬁltatl\ﬁal;gefneaétoafboﬁf 95"%% the \Rﬂl%e or at
most 1 ppm or m or at nost 25 ppm or

at nost oofltfppwntfma/%VDrﬁb@ﬂmi/@aéerﬁi mrm@ﬁwfm@eﬁnglatgr@wtfmseqt%]Tbjs 0.1
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application e provi ded CVD have a m ni num

concent r athieoingle gRth eector ooHerphlt Ragpdls’ Isivelsi within p@QY oA\ theygan fas) _
concery r abiafrfh AHuk 604 o"f'?ﬁe { Qime R He" FBiveh SRRy &I?etrr'\émél»\a/ g?éeﬂ&reth'érher e1s

not a need to introduce sufficient NV centres to provid anc | e pink
col our at i aboyttRGughthayolis af the @rewh| sestor, cﬁ'@ﬁﬁ'&lelm@r’f@%ﬂhawabﬁu%ﬁ P nk

col ourat i gn RYo0feUSehe ﬁro%f?ﬁ“%eﬁt%%esu&% & RFideant ! CVB%@&%M For
spintronic applications e maxi mum [ Ns|~concentration in provi ded CVD

di anond nivetariehihakbgs b rearoWD oSS BipEte qr@wtha&eCF%ﬁacyammﬁow “surfagest 2 ppm
or at nosfyd cﬂﬁé?enprcr}%bll[}&%gh@ eré?ﬁéﬂongreﬁ%blfr%%%n&y (ﬂ]ﬁ@r@htlé?ru&ékmt 0.25

ppm or at nost O. m an at nost O. I's preferred nmaxi num
conceHl r anitrogen dmplsrﬁy ramdoanszzntaptm Cy& d@m@nd smgf@tlalb@szwgamorﬁ greayth

concent rag%&&g fh%re%f?redlé(ntjb%l Ehd% rﬁéfr%”uhcfﬂ%%élbbh%e%owrﬂ‘?scﬂﬂfé’réntsbBIBL:e def ect

centres ose ski he art wll recognize that l'e control'ling the
[N 0] conteasuttipgfroaythe ﬁlfbr@tp@m;einérétuorwaﬁbnla differery garvvstb S&@I‘@Eﬁnt ageous to
control the total acceptor concentration [A], which for exanple m ght be
associated wi th substitutional boron concentration [B O] . In dianond

cont ai ni n§neibenh adantgoeapidhaming eprided HeVP gliarponth fornhaiegdeminagils fesingle  known

t o happeng dign ‘Ee&? r fhaferdeereW%r&X/tRchthi tﬁé?é%’néﬁ bé%lﬁréﬁrq%ﬂf?&t I ng
def ect prgcesses or the tormation of centres
distributions and types of defects other than Ns | e dn‘ferent N.’:X defect ratios. The
optimum irradiation and anneal treatment will therefore be different for different
sectors, which would not be practically possible.

20  The provided CVD diamond material used in the method according to the present
invention, and also the treated CVD diamond material resulting from the method of
the present invention may form part of a larger piece of diamond material. For
example, a CVD diamond layer may be grown with no nitrogen in the source gas, so
that that layer contains substantially no N’ defects. Then the source gas could be

25 adjusted to incorporate nitrogen and a subsequent layer may be grown containing
nitrogen, and having immediately (if the growth process is appropriate), or after a
preliminary high temperature annealing process, an absorption spectrum where the
limits defined by the main method claim for contribution to the total integrated
absorption spectrum by the N, defects are satisfied. Then if the whole diamond (or

30 only the new growth if masking is used) is irradiated and then subject to the NV
forming anneal then NV centres will form in the said subsequent layer only of the
grown and treated CVD diamond material. As would be apparent to the person
skilled in the art multiple layers could also be grown with the appropriate nitrogen and
[N,%] defect concentrations, so that the provided CVD diamond material used in the

35 method according to the invention forms part, e.g. one or multiple layers of a larger
piece of diamond material. As another possibility control of the irradiation may be

used such that the treated CVD diamond material used in the method of the present
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bl ue colour to the provided di anond which can obscure any produced pink
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irradiating to introduce 1solate canci es, the 1solated vacancies

combi H ngdigmonditederiabr on. So in sonme embodi ments according to the
invention, if the dianond material does contain unconpensated boron (for
exanple in a concentration >5x10 15 cm 3) then the irradiation step may be
carri ed oWtherg thenpioyidged £\doi fdiaraonshinatesie| Brovigles Kobne3reof adagenpiessafe t he
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The | evel of additi on I rradi ati on need on conpensation could be
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Secondary 1 on nass spectroscopy (SIM5) nay be used for exanple to ascertain

the total obafasge eisee Oh VAR dl@moncr_ﬁréatarﬂﬁ@myeh@/&_twalscwr&ncqﬁwam Yéwset ai ned
using eithgy ofde noRPARESNnRRSRFPhIOSIERATHILELIbINISEGhé RbIoBF BfltHeAatger

piece of diamond material is dominated by the pale pink layer(s). Similarly a top, or
embedded layer or layers of a large piece of CVD diamond material may have

20  improved spintronic properties.

In some embodiments according to the invention at least 50% or 60% or 70% or 80%

or 90% or substantially the whole diamond stone may have substantially the same

colour and/or substantially uniform [NV] concentration (by which we mean the same
25  [NV] concentration £ 20%).

In other embodiments according to the invention of diamond stone may comprise
layers or pockets of diamond material of the same colour and/or substantially uniform
[NV] concentration.
30
Thus as can be seen, the source gas during the growth process can be controlled to
produce a provided CVD diamond material forming part of a larger piece of diamond
material; also the irradiation energy can be controlled to produce a provided CVD
diamond material forming part of a larger piece of diamond material. The NV forming
35 annealing process can only be applied to the bulk of any larger piece of diamond

material; that is you cannot easily anneal only part of a whole stone.



of the dianond spectrum or through Hall or electrical transport
measurenents, in a manner known to the skilled person. Since dianond is a
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attributable to I's neutral de?ect W | so depend on the history of the
sanpl e. For the avoi dance of doubt, vvhen the history of the sanple is not
speci fi edythengm eRertid €6 xqfi.°f he material described in this invention should
be taken to be ropert| es that can be measured with no additi onal
excitation of the sanpl e during the neasurenent other than that required in

maki ngs t @ BARYRIR FateoP ﬁﬁ%ﬁ%%eﬁt‘?& ioRTOPGE g!véﬁ b e %‘F‘ [efladd fer the

sanpl e has been |rra I ate from'a deuterium under t he
fol | owi ngl:c¥PRIEL Mohis: ”(eayor(tﬁe@traﬁ*ﬂfeObé‘teWé@nlsﬁlﬁteds)a@ﬁﬂné'e&némﬂ H¥1liaripe of about
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and [V7] concentrations are determined from the GR1 and ND1 absorption features of

the absorption spectrum of the irradiated diamond in a manner described hereinafter.
20 It is possible that the irradiation might introduce vacancies in other forms, e.g. as
pairs or in possible isolated positively charged vacancies [V']. However, the inventors
did not observe any features in the irradiated diamond material that could be

associated with such vacancy pairs or positive vacancies.

25  Electron, neutron or gamma radiation can be used. Electron irradiation is preferable
over neutron irradiation as the higher energy neutrons can cause cascade damage
which is undesirable as the formed vacancy chains can be more difficult to anneal

out and lead to detrimental colour effects and reduced T2.

30  Electron irradiation is typically carried out with a beam source in the energy range 0.8
MeV to 12 MeV. The preferred energy is that which introduces a near uniform
concentration of isolated vacancies in the N doped diamond, while minimizing the
formation of cascade damage e.g. vacancy chains. For the optimum results reported
here it was found that 4.5 MeV provided a good compromise between these two

35 factors.



(c) a duration of between about 5 m nutes and about 60 mnutes. In
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(a) distance between the sanple and thg |amp of 8 cm (b) lanmp operating
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therefore be different different sectors,

pract i cal P§ngspkatian| ietroduced will form part of the skilled person’s responsibilities before
carrying out the method of the present invention. Such calibration techniques are

routine for the person skilled in the art.

20  Advantageously the proportion of NV defects compared to all other defects, now
described as Z is as high as possible. Specifically, at least for some embodiments, it
is desirable for NV":Z to be as high as possible for spintronic applications, whereas
for the fancy pale pink colour it is desirable for the total NV ([NV] + [NV?)
concentration to Z to be as high as possible. Once conversion of N’ defects to NV

25 centres has taken place, the remaining defects, Z, include: (i) the previously identified
“X defects” previously noted as responsible for the 350 nm, the 510 nm peak, and the
ramp factor in the absorption spectrum; (ii) excess isolated vacancies; (iii) excess
vacancy chains Vnains - (iv) interstitial defects that have not annealed out, and (v) any
un-converted N’ defects. For gem or other coloured diamond material applications

30 this is because Z defects introduce other colours into the diamond which would mask
the pink colour or simply reduce the lightness. For spintronic applications it is
because these Z defects can lead to a reduction in T2 or reduced spectral stability of

the NV’ zero phonon line..

35  For both coloured diamond material and/or spintronic applications, it is advantageous
to have an [NV] concentration above a certain minimum level but below a certain

maximum level. For the spintronic applications the [NV'] concentration is preferably



The provided CVD di anond material used in the nmethod according to the
present invention, and also the treated CVD dianond material resulting from
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mat et il ’aﬁé‘flgfé?ébcx‘?acfahéés REMBI IR pikitoaliln bRANGILAIAIBPE MARKIAl woul d

be the "provi dianmond material™ used In of t he present

i nvent i onF’hﬂﬁﬁi@a Blf27é’r27t4dé9§9;bb§%§§eﬁﬁdﬁrwleldd'ﬁ reblg 3haie%l i ng process NV centres
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di anrond materi al .

Table 3
Defect [label] Calibration (meV cm™)
V' [ND1] Anpt = (4.8 £ 0.2) x 10V
V' [GR1] Acri = (1.2 0.3) x 10V
NV Anv' = (1.4 £0.35) x 10°[NV]
NV Aw’ = (1.4 £ 0.35) x 10 [NV7]

20
In Table 3, “A” is the integrated absorption (meV cm™) in the zero phonon line of the
transition, measured at 77 K, with the absorption coefficient in cm™ and the photon

energy in meV. The concentration is in cm™.

25  Control of the irradiation and anneal treatment is therefore advantageous in order to
achieve the desired high NV:Z ratio in the treated diamond. Table 4 sets out the

matrix to be considered when selecting appropriate irradiation periods and annealing

times.
30 Table 4
Irradiation dose Anneal time Result
Lower than Any Insufficient NV formed — material
optimum remains colourless and NV:Z ratio
is too low for spintronic
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The optimum irradiation dose for a given material can be empirically determined by
irradiating the CVD diamond for longer than ideal, annealing in steps and measuring
the concentration of NV defects formed and V defects remaining. The concentration
of NV centres formed will saturate out, the concentration of isolated vacancies
consumed to reach this point is the optimum concentration of isolated vacancies (the
target vacancy concentration) to introduce into the material. The target vacancy
concentration is preferably controlled to within £ 10% preferably to within £ 8% most
preferably to within + 5%. A description of determination of target vacancy

concentration is given later in this specification with reference to the examples.

In general the greater the irradiation dose, the greater the number of isolated
vacancies created. The exact position of the curve for different provided diamond
materials will vary and is empirically determined for any particular sample. Curves

for two different starting diamond materials (labelled A and B) are shown in figure 3.

The number of isolated vacancies created can depend not only on the period of the
irradiation dose, but also on the number and nature of defects in the provided CVD

diamond. Therefore to calculate the desired dose of electron irradiation the vacancy
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the step of irradiating the provided CVD di anond material introduces into
the material a isolated vacancy concentration [Vt ] in parts per mllion
(ppm whiwb20m/gomater than 0.1 x [Ns] concentration i npopmeeevoiobm7provi ded
CVD diamond material, and is less thag,0.9 x [N O] concentration in ppmin
the provided CVD dianond material i.e.7 0.1 x [Ns] < [VT] < 0.9 X [Ng]

General | y rotaPa.dn t@ﬁseflssww & RO Aadlatby loohiishs! 58 Wi BE sum of
[ VO] and EV , ere ?le concentration of neutral 1solated
vacanci esknewto[toge skdl eplh@ theoaré e hibip RIqcedurstfomesypart ofthg calitiaiippdofidose at ed

vacanci ®Sap @%H%gbmsﬂ%bteawc%é% ;Lré/&’dcefaﬂgfeﬁ dko EQRGeNt rati ons are

det er m ne romthe GR1 and sorption features of the absorption
spectrumof the irradiated dianond in a manner described hereinafter. It is

possi f e TRALdEthd Fdshbnd! 'tr%‘clmlg Bhn 88%&@% tHé?r?'ﬂgr fon ddo@e%(!ﬂﬁr’edfté’r s,

e.g. as palrs or 1n possible isolate ositivel vacanci es [V+]
However, Progduce e topfigugy Mawyd}wéemﬁ@tlanycemeaem@gpplﬁte@hé?or rd-advleY ed

di amond MgjeefbA th%hﬁ&en@&k"f&r@eelé&&%clkr%H%ﬁorY‘hB&sSMCthe YRERNS % R LS QF

positive vacanci es. Eleciron, neutron or ganma radiation can be used.
El ectron 1197 & emi mesi @esﬁﬁbipeﬁqfﬂs@oﬁd/@g theagapey (V r+ ¥dicanseniradiens pesthi gher

ener gy Net{isn 6R0 (UGS (s RGN FETRIGe MboLD 9b 9, h SN Pabhfe asihge formed

vacancy chains can be nore difficult to anneal out and lead to detfimental
col out0 ef metarial and reduced T2. Electron irradiation is typically carried
out with a beamsource in the energy range 0.8 MeV to 12 MeV. The preferred
energy is that which introduces a near uniform concentration of isolated
vacanci esAp notedabrvel gyl utdry mothdesrast fodabledi the NVhigrmine anoeatagireeresd cascade

damage e. Hyllowﬁﬁalﬁﬁd‘aﬁd}ﬁb&ﬁgrt? Qf | E?s&ﬂé'o”ﬁ‘t‘rﬁ@ fs%%‘tl%ot §ac,raﬁ9|%§tnﬁ%dlﬁ§é@ byt was

found that 4. provid rom se between these two factors. For
| ar ger safhgligadiation proress OfNY ﬁ@ntée&nﬂpé canysrieg isolatedivacansies ey remiat ed

rotat{gon Blehehéﬁ‘Qolé’t d VhEdHiicaldr Ay, 588 @s’iﬁt'o?tthé NV?&W r‘?@’%rﬁﬁbaﬁl RGptdRbdLOr m ty of

the created 150l ated vacancies t I‘OUg hout the volune © or_le Factors
such as drestemerateipestharuicelomesarralie rgys:ama%amsl;qund!a@@é@ﬁ it a

higher than optimum V concentration, after the desired anneal to maximize the
formation of NV it was found that the absorption spectrum contained very few
isolated vacancies characterized by low levels of V° and V- defects, but a
20  characteristic rise in absorption from 450 nm. Without being bound by theory this is
thought to be associated with the formation of vacancy chains. The strength of this
feature was characterized by the measured increase in the absorption coefficient
after the irradiation and annealing stages in the 200-450 nm region, with a maximum
value at 250 nm of <20 cm™, preferably <15 cm™, more preferably <10 cm™, most
25 preferably <5 cm™. Figure 4 shows how the absorption coefficient at 250 nm
increases as the formation of vacancy chains increases. Their presence affects both
the optical and spintronic properties of any diamond material containing them,

generally in a disadvantageous manner.

30  Preferably the irradiated diamond material is subjected to a NV forming anneal at a
temperature of at least 700°C, more preferably at least 750°C in a stabilizing
atmosphere (e.g. vacuum <10° mTorr). The maximum annealing temperature is
preferably less than 900°C, more preferably less than 850°C, preferably done at
800°C The annealing period may be at least 0.1 hours, or may be at least 2, 3 or 6

35 hours. We have found that prolonging the anneal is not disadvantageous in terms of
affecting the properties of the diamond material, but beyond a certain period of

anneal, does not change the properties of the diamond any further. Therefore for
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For both

col oured di anmond materi al and

/or spintronic applications, i
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Tabl e0§3 té“#ran?p%téﬂhgr%@é ?BF%@%%%PS(W?V cm1l) in the zero phonon

l'ine neas red t he absorption coefficient
in cm1 and the photon energy in nmeV. The concentration is in cm 3. Control

of the ir r.e I n order
Fo achi evert pon oo Be ARB PR 5 HdE ecl Sy bRIFR N2 BRAMAIEBRN L 2 ot
out the nasingHahn exﬁlocmmeﬁ\éaioteme@ cmcaikytde’nq:tappmametuatr@qnan@jltae| on
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for | thgemidrhsave pldsds. Hmmieal puﬂge |sm®p@pstomdver'eﬁ@mnlmgcho phenomenon

into populations, measurable by fluorescence detection. Prior to performing the
Hahn echo decay measurement a single NV centre is selected using a confocal
microscope system with 532 nm excitation. This allows bulk samples to be scanned
and individual NV centres selected. After selecting a NV centre a Hanbury Brown-
The

results of the Hanbury Brown-Twiss experiment show a characteristic anti-bunching

15  Twiss experiment is performed to determine that the centre truly is singular.
signature in the coincidence rate when there is only one NV centre. Upon selection
of a NV centre the centre is excited optically then a series of microwave pulses are

used to observe the electron spin precession.

20
The main decoherence mechanism is spectral diffusion, that happens when the
electron spins that generate the echo pulse are subject to fluctuating dipolar or
hyperfine fields generated by nuclear spins. A stochastic theory of this effect can be
derived by considering the electron spin Larmor frequency as a random variable. The
25 amplitude of the echo pulse can be calculated using an ensemble average,

equivalent to time averaging in a single-spin experiment. The result is

2

A1) = exp[—é?— Qe

m

} where 1 is the time interval between the 11/2 and 11 pulses,

A is the parameter characterizing the local field relaxation, and where T,, is the phase

memory time.



t he concentration of NV defects fornmed and V defects remaining. The
concentration of NV centres formed wll saturate out, the concentration of

i sol at ed weeaneisessconsuned to reach this point is the epriprenw059078
concentration of isolated vacancies (fhe target vacancy concentration) to
introduce into the material. The target vacancy concentration is preferably
controlled to within 10% preferably to within 8% nost preferably to
within 5% A description of determ nation of target vacancy concentration
i s given Inagrpethenwistirerfepledinmpradatige which anbf egndzige atlewtdeacendetipned. | n
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to cal cul g‘?(gjutsﬁg%dg@%@eegpgri%@@oa?&gﬁ]gcqypgﬁﬁf&?gglgngﬁﬁ%%t@héﬁev canéy@?oducti on
rate is also calculated for the given irradiation conditiopns g’s_ Aoul d be
known to tdspset wkihlel sn ibath. HEheatécouplings rqdine &d Us eyienr by é‘paEBS }the
calibration of dose applied against isolated vacancies producéd]referred to
earlier. Therefore the I]oosit_i on of the curve can be found and the

i rradiati WACE0S &S NERIBGOA SPE PR QUMBET: Gp BNFinPReba R (PRANEER A8 i on can
be exig apef akewon BRI nficleaMBding| et £ A8 Shé Beeraby @lRbRISS nERHPELIredepaktion
irradiation doses in the range 3 x 1016 - 3 x 1017 e / cnR nost desirable,
cor r esponbetHgen HuGaR=SREE- (VO + V ) concentrations post irradiation of 0.04
- 0.3 ppm and in the range 10% >90 % of the Ns in the starting material As
noted above, particularly with respect to table 4 the NV form ng anneal ing
process f blethorplegy iandaliehenshitsceniedpeing die | agticlgaidpinfconpentialion sred

vacanci es 4bdiibed e ARV 01018353 LAd IvabLOID/P0238S STHOMMKriSER th@Snvention
Non-converted isol ated vacancies nay remain gs single isolated vacancies or

may, 5 acowd betinedrreiaed\Nta BirrioRg Valinad¥ighes robe@do thayylyeieat Agleral oget her

to form sgpadahed "vacancy chains". For dianmonds with a

In a preferred method according to the present invention the CVD processes carried
out so that the diamond material that results is carbon 12 [**C] enriched. As well
20  known in the art, carbon exists in two isotopic forms: carbon 12 ['?C], and carbon 13
['3C]. In naturally occurring diamond the percentage [°C] concentration is typically
1.1%. For some applications, for example the spintronic applications of interest in the
present specification, [*C] nuclei act as additional spin defects. Therefore for
preferred processes according to the present invention the provided diamond
25  material comprises less than 0.9 percent, preferably less than 0.6 percent, preferably
less than 0.4 percent, preferably less than 0.2 percent, preferably less than 0.1
percent, preferably less than 0.01 percent, ['*C]. This [°C] remains through
irradiation and the NV-forming annealing process. Therefore in one embodiment of
method according to the invention the treated (irradiated and NV-forming annealed)

30 diamond material also comprises less than 0.9 percent [**C].

The present invention also provides a diamond material made by a method according

to the first aspect of the invention.



hi gher than opti mnum V concentration, after the desired anneal to maxim ze
the formation of NV it was found that the absorption spectrum contai ned
very fewweebaiadr7sacanci es characterized by | ow | evel s poi/E¥do1ansbovs
defects, but a characteristic rise inyabsorption from450 nm Wthout being
bound by theory this is thought to be associated with the formation of
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preferably <5 cm1 . F'gure 4 shows how the absorption coefficient at 250
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properties of the dianond any further. Therefore forconveni ence and cost
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Characteristic Range

Hue angle a 0°-60°

preferably 10 - 55
more preferably 15 - 52
c* 2-20

preferably 3 - 15

more preferably 3 - 10
L* >65

more preferably >70

more preferably >75

most preferably >80

and also has the following absorption characteristic measured at room temperature:

Feature Limit Experimental Comment

3107 cm” Absent or <0.1 cm” | Measured by room temperature
FTIR with 1 cm™ wavenumber

resolution




di anond material, after the irradiation and NV-form ng anneal steps, has
one or nore, and preferably all of the follow ng characteristics as set out
i n Tabl e WO 2080l42775The treated di anond material, after the/mpreé@dsmrs on and
NV-form ng anneal steps preferably hags-,a T2 rreasured at room tenperature
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equi ved enfpt r% Zécgn@@ cMes %gih'%g)b‘sé'rvér §4ayr&' ereRtIR Lem%hm.c.tﬁ %réuﬁaﬁ%&t i's

A(l x) =exp wher e S time interval between t

P
pul ses, D(GlnﬁI tf‘ﬁ@f%arf&'ﬁe@f@#esé Mép@dtf@ﬁﬂﬂm@getménlfi%wd in ﬁledN@BeﬁQS@é'bB@m and
where Tm pgolheyfh@Sestandard D65 illumination spectrum and standard (red, green and

blue) response curves of the eye (G. Wyszecki and W. S. Stiles, John Wiley, New
York-London-Sydney, 1967) CIE L*a*b* chromaticity coordinates of a parallel-sided
20 plate of diamond have been derived from its transmittance spectrum using the

relationships below, between 350 nm and 800 nm with a data interval of 1 nm:

S;. = transmittance at wavelength A

L,, = spectral power distribution of the illumination
25  x,=red response function of the eye

Y, = green response function of the eye

2, = blue response function of the eye

X=5 [Sax L]/ Yo
30 Y=L [SwyaLil/ Yo
Z=%,[S.2.Li] /Yo

Where Yo = Z)\ Ya L)\



menory tine.ln an otherw se perfect dianond |attice which only contains a

| ow concentration of NV (<101 1 cm 3) centres, it is found that coupling to
t he 13C rwol2eswi4spsn S=1/2 remains a factor which |imtecrhEraohssesnce
time. The el ectron spin feels a changggin the local field if a pair of

nucl ei changes its mutual spin configuration. Flip-flop processes are then

strongly BupRREPEeT)WhER ﬂ%rqhgscse. proxi ghty/vh 9 0 disshl) centre, because the

nucl ei experience a strong hyperfine coupling induced energy shift with

respect tg*t_.lggo[@p/b(gy/ba(\by%)fﬁ?e decoygl /g >Petdsse dy s >.oRs8y d a , where S

is the electron spi'’n quantum nunber, ge and yn are the gyronagnetic ratios
of el ectrgn=§6g[(@/%)h/ea{2/gd§ni/3ps, and a i shhezaver@ggseear est nei ghbour

separation between ‘nucl ear spins. Mthodol ogy and the benefits of reducing
the 13C n@elzggﬂ Sy cQpeefihat i on are described in W201 0/01 0352 and
WO20 10/ 0 10344. The material of this invention could be incorporated into

di anorngl wht b ﬁc%h%@eﬂa*}zﬁhé%ﬁgléati o than typical natural abundance. In a
preferred method according to"the present invention the CVD processes

carried out so that the dianond material that results is carbon 12 [12(C]
enriched. As well known in the art, carbon exists in two isotopic forns:
car bon 12Mpdiiey vesiansce{rtbese equatiosTmust ke nigedoatside thedimitsi ¢fgY/dp.a¥dnd t he
per cent aggnd 35| ¢RAGERTA I@bohs ol BIvER!ih Ya fechiifbaliRbot GREpABPILYGAE T NS,
for exanple the spintronic applications of interest in the present

speci f i cafpomisgiamioferpafionale agdt EelairaggdiColosimatrysp9dP)def ects. Therefore for
prefe{yed processes according to the present invention the provided di anond
material conprises |less than 0.9 percent, preferably |less than 0.6 percent,
pr ef er abl | is gigsdarfde POt 3" pee bepeordippies NahdipPrh edll &' warresPdingrte dirg X

pref erabl y,ik 3% bNag&pbn@Rf 48Nthe PhREE! IaQéii{i’vr?'egs%nH oy fuddl chieéspeny . [13C] .

This [13C] renmins through irradidtion and NV-form ng anneali ng
process. THepelvelyeloirad e Yellpwdiompenes tadhabde.adNegptiveng” ebd bhealuggent i on

the treat ggrddobh@spbeflefng & MHIBIRY canpSAned) TIH S0ENE JtBERht 8 the! SO
conprises less than 0.9 percent [13(C].
15  graph then covers hues ranging from yellow through orange to red, with saturations

(C*) given by the distance from the origin.

It is possible to predict how the a*b* coordinates of diamond with a given absorption
coefficient spectrum will change as the optical path length is varied. In order to do
20 this, the reflection loss must first be subtracted from the measured absorbance
spectrum. The absorbance is then scaled to allow for a different path length and
then the reflection loss is added back on. The absorbance spectrum can then be
converted to a transmittance spectrum which is used to derive the CIE L*a*b*
coordinates for the new thickness. In this way the dependence of the hue, saturation
25 and lightness on optical path length can be modelled to give an understanding of how
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
30 useful to understand the way in which the lightness and saturation vary as the 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.
35



The present invention also provides a dianond materi al nmade by a net hod
according to the first aspect of the invention. A second aspect of the
present iwoentoapprovi des a CVD di anond materi al whi chpelrap0mw/085dves f or m of
a 0.5 carat RBC (Round Brilliant Cut)sgs graded fancy pale pink and has the
foll ow ng absorption characteristic neasured at roomtenperature: The

term nol o I LAnmNglyi i i i di,a whi ch
have a cIgg?Eﬁﬂ%¥%?g$ﬁﬁ@bmﬁrﬂfﬂholoﬂ?géEﬁ%%%%ﬁﬁaﬁgﬁ?ﬁgglgsz @Eﬁﬂﬁﬁal, by
Ver ena Pag¥figneidedeseintiviRigims ag Baw. Bel gium 9th Edition, 2001 , Page 67). A
third aspect of the present invention provides a pink CVD synthetic single
crystal dianond having the followi ng colour characteristics, as set out in
Tabl e 6, Bd8sured f¥ealkan equivalent 0.5 ct Round Brilliant Cut (RBC)

di amorgl. Tgbbhe 6 ang.alsRqJBas. the follow ng absorption characteristic
measured at roomtenperature: Preferred dianond nmaterials according to the
second and08fi rd aspwdestaf the present invention have characteristics
falling oygsphde all ; ut in Table 2A. The col our of the irradiated
and annea?gabdiannngkggﬁﬁﬁgﬁg§gntified in a well established manner using
"Cl E L*a*#8-5Chr omat B¥9ndy Coor di nates". The use of CIE L*a*b* Chromaticity
Coor di nat pn di angRdd | bed in WO 2004/022821 , the entire
disclosurgégp whi ch isg%ﬁﬁggﬁﬁﬁgted herein by reference a* and b* are

pl ot t Y a80x0and y ¥&w@stremga graph and the hue angle is neasured fromthe
positive ajqgxis to ositive b* axis. Thus a hue angle of greater
t han 90 aZQS?ess thgﬁ&?ggg?ﬁg in the upper |eft quadrant of the a*b*
graph. In this schene for describing colour L* is the |ightness and a
fourth cogpfiAghe G ndn%éré‘@ar?@%bhm%a%B-intynghtﬂééscﬁ%hg@éj §%HI@H£: of an obj ect
depends on the transmttance/ absorbance spectrumo t%e obj ect, the
spectral power distribution of the illum nation source and the response
curvess of siae obserygr'\gnayee. The CIE L*a*b* chromaticity coordinates (and
t herefore hue angles§&quoted herei n have been derived in the way descri bed
bel ow. UsilPgda st an¥eiv@ames il |l um nati on spectrum and standard (red, green
and bl ue) ogggponse giyives of the eye (G Wszecki and W S. Stiles, John
Wl ey, New

35-45 medium/dark
45-55 medium

20 55-65 light/medium
65-75 light
75-85 very light
85-95 very very light

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

and saturation:

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

30
The preferred hue angle, and a*, b*, C* and L* values provide a quantitative measure
the quality and colour of synthetic CVD diamond material of the present invention.
These colour properties are advantageous because they give the diamond a pink
colour and can be used for ornamental purposed such as gemstones for jewellery, or

35 for coloured filters or the like.



Yor k- London- Sydney, 1967) CIE L*a*b* chromaticity coordi nates of a

paral |l el -sided plate of di anond have been derived fromits transmttance
spect rumweiogy/ubresr el ati onshi ps bel ow, between 350 nm aod/EP@ons0r8 t h a
data interval of 1 nm S = transnttapge at wavelength | LI = spectral
power distribution of the illum nation xI = red response function of the

%Z Be”ye Xﬁﬁ%ﬁ hra% Q@cnéfe h}a“;;}%%érﬁrln\‘}gntuﬁﬁfpéﬁéf@efsz l(]‘,\/? %tﬁeﬁé%@q&fsﬁ}é ti_f)]n ?f

Yo Were ¥i@meng ngﬁteuhawnqlf@fem g_hegactetlsilc& Li ght ness (for Y/ Yo >
0.008856) a* = 50 (X/ X0)1/3 - (Y/Yo)1 3] (for X/ Xo > 0.008856, Y/ Yo >
0.008856) b* = 20 (Y/Yo)1/3 - (7/70)1' 3] (for Z/Zo > 0.008856) C* = (a*2 +
b*2)1'2 = saturation hab -[\é}@Rén (b* /<Qa3|09m— hue angl e Modified versions
of these equations nust be joutsidedd rmts—of Y/ Yo, X/ Xo and Z/ Zo.
The nodified versions are []U en in a te<cc'3 DIOrlnI report prepared by the

Commi ssi on | nternational e| eIL’ EcI ai r 4g&-3 Eomnor i rretry 1986)). It is
standard to plot a* and b or-difates UJ|I01QlcrHJ3ap|| wi-tH a* corresponding to
the x axis and b* correspp [‘ldl ng to the y axr's.’” Positive a* and b* val ues
correspond respectively to red and yel| apiooalyotEhts tp the hue. Negative
a* and b* val ues correspond respectivelé/tlgﬁ) %regdu and bl ue conponents. The
positive quadrant of the graph then cagv VTS es rdangi ng fromyell ow t hrough
orange to red, with saturations (C* ) g)ptlenalwmi% di sfance fromthe
origin. It is possible to-predict—howthe—a*—b*—~coordinates of dianond with
a given absorption coefficient spectrumw Il change as the optical path

| engt 6 i sThadiaetnd Inmaterial eptidrallgbas the following additional characteristic:

[V chains] absorption <20 cm™ at 250 nm

Such a diamond material may find application for fancy pale pink coloured
applications, or for spintronic applications. For spintronic applications [NV is
10  optionally =10">cm™®, optionally 210" cm™, optionally 210" cm™, optionally

>10" cm™,

The diamond material optionally also, or alternatively, has the following additional
characteristic:
15

T2 > 100 us

Such a diamond material finds particular application for spintronics.

Preferably T2 is >200 us, preferably >300 us, preferably >400 us, preferably >500
20  us, preferably >600 ps, preferably >800 ps.

CVD synthetic single crystal diamond material having the above characteristics is

particularly preferred for spintronic applications.

25 In some embodiments according to the present invention the ratio ([NVI+[NV°])/[N,]

in the synthetic CVD diamond material is greater than 0.16.



this, the reflection loss nust first be subtracted fromthe nmeasured
absorbance spectrum The absorbance is then scaled to allow for a different
pat h | engwb 2anhadbiven the reflection |l oss is added back eoI/EPb@oabmos bance
spectrum can then be converted to a tpansmttance spectrumwhich is used to
derive the CIE L*a* b* coordinates for the new thickness. In this way the

dependenceg, gimd %%%Hﬁnerﬁégb’&%h%? Wpr‘e%ﬁr‘?’ttiﬂ ioFm é’@\)lf?yn&ﬁ@tkr%'rbj@é'gt h can

be nodelled to give an understa ng of how,_t our I anon

gi ven abseiyptel diamend peatetial soplams.atileast Hpckmeé‘ﬁl wemreasl@ﬁém apmoshé0 \émpt i cal
path | engphs - ’ceﬁtP& |THH%%: P%?errefdo‘(/gﬁeé her ttﬁ%]rrﬁim?ﬂema&s NOA C%Btr%lg'earg E L*a*

b* col our space. IS use t o under st and e way in which the |1 ghtness
and saturQﬁm@WaWb@WWQ@N@RESQ@HPWQBDBHBHOW%ngth i s changed for dianond with
particqll ar optical absorption properties. The nethod described in the
precedi ng _paragraph can al so be used to predict how the L*C* coordi nates of
di anond wFeh ofheyi srappdiperte prpdiauladef hoogke Mot sxelsivallh @ejarey ealet piekopt i cal

path | engEh'%mBh@ n%daﬁ%@@\?d) @Wth&&'@ﬁ’élé chRMI RNt rﬁ&l‘énél%% é(%té'iﬁaatt' on

ranges of nits and assi descriptive ternms as 10 weak
10- 20 meakﬁﬁb@@@aﬂﬁn NVBGﬂW%dE bC@ﬁEmOeﬁﬁ@§W&@éﬂ§W?wﬁgf4@ BHnsNang 50- 60

strong- vegé/ntgsra%g)rgqng)@myﬁraf 1§t8rm\700&@r4e-svery very strong Sinmlarly the

L* nunbers can be divided up into |ghtness ranges as follows: 5-15 very
very Hark 15-25 very dark 25-35 dark

For other embodiments according to the invention the CVD synthetic single crystal
diamond material contains at least 10’ cm™ NV centres, and/or at most 10" cm™ NV-
centres. These preferred numbers of NV™ centres are particularly preferred for CVD
diamond material according to the invention for spintronic applications.

15
In some embodiments according to the invention the CVD synthetic crystal diamond

material according to the invention contains less than 0.9 percent "*C.

A preferred application of CVD synthetic single crystal diamond material according to
20 the invention is a gemstone for ornamental use, or any other industrial use making

use of the pink colouration of the diamond material, for example filters or the like.

Another preferred application of CVD synthetic single crystal diamond material

according to the invention is a spintronic device.

25
As noted above, the diamond material may be a gemstone for ornamental purposes
and preferably has pale tonal characteristics. As an alternative the diamond material
may be a spintronic device. Other applications for the diamond material would be
apparent to the person skilled in the art.

30

The present invention also provides use of a CVD synthetic single crystal diamond
material according to the invention as a gemstone, and use of a CVD synthetic single

crystal diamond material according to the invention as a spintronic device

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

reference to the accompanying drawings, wherein:



35-45 nedi um dark 45-55 nmedi um 55-65 |ight/nmedi um 65-75 |ight 75-85 very

| i ght 85-95 very very light There are four basic col our tones defined by

t he fol | ombongicaptsnati ons of |ightness and saturati on: pBrirpbdro/okdoght and
hi gh saturation, Pale: Light and | ow gaturation, Deep: Hi gh saturation and
dark, Dull: LOM/saturation and dark. e preferred hue angle, and a* , b* ,
& and L* FidieSyRER YRS Bedn RiBLd Iabbole, TRaRIE Spbhifal GBbhbasidforpb our  of
synthetic di anmond materi a e present invention ese our
properti ebJVéw%bla@bmfpwtrb@dgweomhwbwecméy@thamananqblaw col our and
can be used for ornamental purposed such as genstones for jewellery, or for
coloured filters or the like. A fourth aspect of the present invention

provi des higona2.swhiehbees eeen raiereectioyahork. @iatmaharhthet showsh epkitesgtotthe
fol I ow ngp, &Q@%@C&%lﬁﬁd Insterial NRed] .ﬁrmeolném&@rdf%e %ge%wem@a%na hﬁe

fol | owm ng additiona haracteristic: Such di anond mater|

appl i cat i Bpseavertairgimeni(igagipien el HMTf@m'@@ﬁmﬁ@@tStQﬂ% or for spi nt ron| C
applications. For spintronic applications [NV ] is optionally 1012 cm 3,
optionaILé 1013 cm 3, optionally 1014 cm 3, optionally 1015 cm 3. The

di arond nBlgerd als @thpbﬁbﬁltl%h%’ﬁéhﬁ méreaaeﬂrevmpwwgﬁenﬁatpntlntéodt@pdmﬁp ng

addi ti onab\ef\iR6hFHriafdraroy sy HraBd e al finds particul ar
application for spintronics. Preféerably T2 is >200 ns, preferably >300 ns,
pref et@bly >400 ms, preferably >500 s, preferably >600 ns, preferably >800
s, VD SppuRed ica SERSY & BEHBIiAH sSLATRMCHTBIRY 13! indhadd A dbBSrRBPWRn

characteri stics .
increasing formatlon of vacancy chains;

Figure 5 shows the absorption spectrum for the provided CVD diamonds of one
15  comparative sample of diamond material, and one provided CVD diamond material

according to the invention;

Figures 6a-6d show colour model plots for the samples of Figure 5 after irradiation

and NV-forming annealing treatments; and

20
Figure 7 shows the absorption spectrum for the provided CVD diamond material
sample according to the invention of Figure 5 after the irradiation and NV-forming
annealing treatment.

25 Examples

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

growing reactor.

35 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.



particularly preferred for spintronic applications. In some enbodi nents
according to the present invention the ratio ([NV ]J+[NV])/[NS] in the

synt het i cwO\vDrodisgarvend material is greater than 0.16. | n orErenboshorent s
according to the present invention thg,CVvD synthetic single crystal dianond
material contains at |east 107 cm 3 centres, and/or at nost 1013 cm 3 NV

centres. Theseapr gf eff gg(]yy&{ lb?a%nfaoretéhh%/aguﬁfm%rm% an%%’(‘)‘/éf(ﬁﬁo rgﬁ%odl ments.

particul arly "appl i cabl ntroni c applications

particul arly, tsRgr maticeeniimeiel per seconthc ol (Al rﬂ(‘ddlaarfﬁyh%ira’fﬁt erial,
the CVD synt heFén@pe?ét[]Qa' 7ebystal dianond material may contain at |east ox1
015 cm 3 NVT ( (? centres, especially a mninmmof 1014 cm 3 NVT
centres and/?ar Talsmeﬁuw@ﬂt EreIiptan Staghydegen edch wish thet iestovehefdbie ment s
according to tbgfrbmﬁ[ﬁ?gbg)ﬂo\;,he CVD synthetic single crystal dianond
material contains at ast 107 cm 3 NV centres, and/or at nost 1013 cm 3 NV
centres. TheleThisaneveddatorfhengeqvath grogeys byribe additior optet ¢atpragoufcerfief er r ed
for CVD di amongydeeida)) Ag Gohsitaste Frob%se\eﬁ%h%e thOCHE RbNIGRRkES
applications. I'n some enbodi nents accord e invention

synt heti c cryssedm.dniEagsd Wesit Rieseit '@db@rﬂﬂ@mstgﬁst alediffargahievels tortbai ns | ess
than 0.9 perceeﬁfreﬁe%csarﬁ?legﬁsegét%qt APRILIE RS RGN rloHPa SibRliseurbng! ©
crystal dianond material accord Invention I's a genstone for

or nantht al usefor gxamplg 190 HeP Nzrﬂlitlglt as far mlﬁf@rﬁhm Hy. argEfoppome exanplrs

col ouration of [ exanple filters or the Iike.

Anot her pref erPtég%S%E%@%”gﬁ’t@? p?g/cgsi%st hetic single crystal dianond
material according to the invention is a spintronic device. As noted above,
the di anofgygeterial nmay be a genstone for ornamental purposes and
preferably has pale tonal characteristics. As an alternative the dianond
mat eri al may be a spint roni c device. O her appl i cations for the di anond

mat erial woul d be RRIEM PNt G Lo EhiiB bﬁlﬁ Atesen® Present
i nvention al so pn ode S use F Se ?) nP%’gt?cl gi *(} Fe ccr) g%sle aprond
mat eri al according to the |nvtéﬁuormsaga%1(r@m%storéhe ameas@asdpp@)cm
synthetic singlef5 0.7 0
2and 7 1.8 0
3-6 1.0 13740
15

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

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

20
This grown CVD diamond is the "provided diamond" defined by the claims of the

present specification.

The electron irradiation was carried out with a 4.5 MeV electron beam source to a
25 dose of 2.6 x 10" e/ocm? (equivalent to 15 minutes on 50% scan-width and 20 mA
beam current). Diamond samples to be irradiated are mounted in indium on a water

cooled copper block to prevent the samples being heated above 350 K.

All NV forming anneals described in the examples were done in an Elite tube furnace
30 (model TSH 16/50/180-2416CG and 27160/T). The annealing was done under in a
vacuum of <1x10®° mbar, by ramping the temperature between room temperature

and the dwell temperature at 3°C min™.



crystal dianond material according to the invention as a spintronic device
Enbodi nents of the invention will now be described, by way of exanple, wth
r ef er encewdD@oton@omsconpanyi ng draw ngs, wherein: Fi gure pcTamreal/obass been
referred to above, shows a spectral dggonposition of the UV/ visible
absorption spectrum for an orange/ brown CVD synthetic dianond | ayer; Figure
2, which has been referred to above, is a flow chart that shows routes to
the provided dianond material used in the method of the present invention
and t he shdtlegtishows ribathermoncentradignsitin apranand\ithe eereenigoansfeie) total eps;
Figure 3 | | PHefRserd W Lon

i nt roduce@?gﬁ?tgaga\/%%o%gﬁmaﬁﬂ%n%?%piea’}ls g{? I nc];déggél!ng t he ﬁ?%ﬁpg{"ﬁ%ﬂﬁgdose;

Fi gure 4 provided @siabgveflhgialle peqosds iHpconseught edous iobthetdiemonttmatesial. i n

absor pg i BortlchfatdhE/F AV N { 07 B ORI Ohnd/ ABAMGN ch2bfim (Rlotbatife & fBOws t he
absorption spectrumfor the provided CVD di anonds of one conparative sanple
of di anonecnegntation of vagancy seaips bafied & icetiatioraaishenneating ireatmgdtor ding to the
i nvention; Figures 6a-6d show col our nodel plots for the sanples of Figure
5 after irradiation and NV-form ng annealing treatnents; and Figure 7 shows
t he absorption spectrumfor the provided CVD di anond nmaterial sanple
according to the invention of Figure 5 after the irradiation and NV-form ng
anneal ing treatnment. Exanples HPHT di anond substrates suitable for

synt hesi sing single crystal CVD di anond of the invention were | aser sawn,

| apped into substrates, polished to m nimse subsurface defects such that
the density of defects is below 5 x 103 /mm®2, and generally is bel ow 102
/rm2. Polished HPHT plates 3.6 nmx 3.6 mmsquare by 500 nmthick, with all
faces {100} having a surface roughness RQ at this stage of |less than 1 nm
were nmounted on a refractory netal disk, and introduced into a CvD di anond
growi ng reactor.



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

reduci ng uni ntenti onal

contam nant species in the incomng gas streamto

bel ow 80 wphoR)1461y5i n situ oxygen plasma etch was perf oroedpaGiong07s
50/ 40/ 3000 seem (standard cubic centi4setre per second) of Q2/Ar/H 2 and a

substrate terrper ature of 7600C. 3) Thi s noved WIthOUt

interruption into a

hydr oggmetctewtiytiheTemova—of—tihe—Sfromthegas +ow ) This noved
into the glg’cxvﬁh prlocess |by the addijti on of the darbon|sourcle (in this case
CH4) and dépsamt g seg fFor=these: exanpl es tie CH4 &1 ow ng 165 seem
ni t roggn V\éﬁg)res ntin{the process gas at diffgrent |evels| for the
di ffergnt Tangpl es (as set out |[in Table 7), provilded f oma cal i brat ed
source |of far exa I%l 0 p,pb N2 eltner as air Ijn_Ar in H, , and for
some efanpkas 2 §9I ,oc}gre>®8 in Sthe | progess g@s T&BI 7 5) On
conpl etfi onSGfE t he [gricimt i P&ri od vt he erSubst rafe wag wemoved [from the reactor
and t he C\/Dodl ano d>|>aye=r>|>em)\75ed flr 6 t he shbst|r at%e by> Pasler sawi ng and
nechanijcal” pol'ishijng fec¢hni ques. ©) ThisTproduced a CVD sa | e which had
. ~, (9] n H
t ypi cal| di r@nsracm =81 558 nmmS Zhils & own gg}?/D di &¥%ond &8 tlhe "provi ded
pli arm_nc c@gﬁn yot%e ch&i ‘b"ﬁ thé"ﬁprcse‘i’nD spe6ist i ,a‘fFo The el ectron
irradi gti oncWa&’i: r >ed ogt W thza 4% MV;Lectrgr‘; bedpgsdurce to a dose
of 2.6 |x 1017 éVc (equi valept” to [15 "mi nut'es on 50% f>can- dth and 20 mA
beam cyrrent). D gnmond sanples to be irradiated jare mmlﬁe i ndiumon a
wat er dook&d coppdg B Blfocfk i@ @ évent Ehe| safpRessbeing ted above 350 K.
Al NV fogrg’l ng- an @alns.. descri b J f.?n;uthe‘i?(,xanrphesllvxkr.e %l e [in an Elite tube
furnacqd (mgdel TSH"18/ 50 10 8‘0--24’1 6EeC3 and -2 P1L60/|T) o %?@ eal i ng was done
under ifjp—a—vacuum ofl <105 rhar by raming the tes Jeratyre between room
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and the dwell tenperature at 3C mn 1 .Table 8 shows the N O concentrations
in ppm and the percentage of the total integrated absorption attributable
to Ns defwotsidfap77she di anond material sanpl es provi dedpas/Erbaxd@sooihie tabl e
records the consequent col our of the dianond material, concentrations of
NVO, NV , VO and V , Ns and absorption at 250 nn1(|nd|cat|ve of the

concent r aff o Qgha«ﬁ&m%ssﬁbﬂmégeﬁuwormaeeprb\r/.p@aib@b R GARRHd 29

treat nent. nmeans conparative test sanpl eFigure

absorpti ofe speperabiie foemin prod vl damdyd-di dakieds aﬁs whﬁh@ e;bse@ptlon

conpar ati ySteHiBLed7enfl @hsAsmit f A7) JPbEssd HALAASHE hiCuABARRY ON
coefficients at 0 nm (attri butable’ Ns) nm and

(attri but Bt ©f tthﬁ iﬁaf#eefe@s atnldethwgiéft@dlesreéﬁ@DSM@u@h‘thetQ)"OWE qowpaﬂ@gn B‘ﬁe for
the browngelifey BehiRf). FhelesclidiBeoRBeliRb in B GRIGDIRIES GABGRB! rati on
in ppm of ects ‘and per centage contribution to the total

i nt egr at eaer&%t@g@tqqaiflhutiom H@ hestiotaleinfegirjed ahgpmiipat iadthgs Vg mamaed

earl i er. 8o dUisth o RIALEIRGEES fo bl EiBheRd a8ARSIA sof
|nfornat|on from Tabl : Fromfigure 5 and the data i'n tables 8
and 9, itotlanimempdien fomataied. sanple 2 (conparative) where 0.4 ppmNs is
present, and which has been nmade using a conventional CVD process,
|ntegrat|ng the spectrumin the manner described earlier, the Ns

cont ribut fakledo t he visible part of the spectrun1of sanple 2 is found to be

8.4% and sco pquUi I es
the.pr oviERg D o ST 1 navis TN

5or pti on

inthe visible ra i m&ooado@ AL rjast as |a
simlarly| suitabl qﬁ€g§1concentraﬁn%n off gal ducgﬁﬁgbsorpalg

associ at eg—wirt X delE54's. Thebe1_b gure gl % am Ns—Tg r4L rit ) ) t he

vi sible P t—of—trhe—s =t U|"| for—the Pt \'a ¢h (Jl.llui"l_l San“pl e—5—of 28. 49
AN A AR A

I . e. W thl T I.IIC rcope UI I.II \ll (J.I IID UI I.Ile resenl I rVCIII.I Un, Ue: g great er

than 10% Figures 6a-6d show col our nodel plots for conparative sanple 2

and sanpl Erdm d@ftier 5 tdneli uheidaﬁadrh asblesn Saarel AN hemni by steaiateot Sampleglire 6a is
?2 :;b;*b ob]p%({)artlfvgf% ﬁe r%ul}llglsts?)relssezn aLn’;ijkvhlgh asft())erensr%a le%s%g figure 6c
conventional CVD process, mtegratlng the spectrum in the manner described earlier,
15  the N.° contribution to the visible part of the spectrum of sample 2 is found to be
8.4%, and hence outside the scope of the present invention which requires the
provided CVD diamond to have a N, contribution to the total absorption in the visible

range to be at least 10%.

20  In contrast, sample 5 has a similarly suitable high concentration of Nég but reduced
absorption associated with X defects. These figures give an N¢° contribution to the
visible part of the spectrum for the provided diamond of sample 5 of 28.4%, i.e. within

the scope of the claims of the present invention, being greater than 10%.

25  Figures 6a-6d show colour model plots for comparative sample 2 and sample 5 after
their irradiation and annealing treatments; Figure 6a is an a*b* plot for sample 2,
Figure 6b is a L*C* plot for sample 2, Figure 6¢ is an a*b* plot for sample 5, and

Figure 6b is a L*C* plot for sample 5.

30 Table 10 sets out the values of the colour model parameters for these samples.



Figure 6b is a L*C* plot for sanple 5. Table 10 sets out the values of the

col our nodel paraneters for these sanples. Table 10 From Fi gures 6a-6d and

Tabl e 10 wvezomvmsxae that sanple 5 has a higher L* val uep(CirEreeassd7s

lightness), i.e. within the scope of yhe clains of the present invention,

bei ng >70, V\/nereas sanpl es 2 does not. As can be seen, sanples 5 and 7

achi eve atpgabqppi nk colour, which in the gemtrade is considered nore
_F%a

desirabl e n the dull pi nk col our for sanples 1 and 2. Fromthese results
it is deduced that, at |east for ornamental appl i cations, the per cent age

i ntegrated at I T &1 ST 3 o) CvD di anond
attri but abl e%%gnl&TQ?agefe i{é}ﬁm%lgéstﬂ{, Ul elﬁigtg}p @g}sﬁ; E’}gb‘repgef \5‘? at | east
12% and for Laaurre EMDOUT NS at Feast—159%Fi qlqur 7shows Lrlc absor ption
spectrum f or aaaourpl e 5 oll tErgt I ach—ation arlu ouun%cﬂzr ng treat rn;-ru and Tabl e
11 shows t he gatcutated ,\.tj;?glltlaLl ons—of—vart U‘ﬁ:()f'":' ects—+r—thel sanple in
ppm Tabl e -Q*Fromfi gt 12,754.“.(} tablte—11—+t 037'4 seen—that—GRY and ND1
peaks (i ndi C%fi e Pf exeessfsolatedvacanctes Vg apnd—V+espeetivel y are

| ess than 0L5YSANgS ng o 578% g respectively |PAdcat i ng—a total
concentration of isolated vacancies (VO + V conbined) of 0.095 ppm and the

absor pt i OAront FRfufesfa-66 andrade 10 wercam ddei thatsgagdle Bnhdshe higYec0nogingr at i on

f or med. wa alsofondt be> 03 p .inc es a number . of

conparit | JETEsRT Y wifin B Sitne Fribe st rhe ReSssPLIRRR Fhvent i on
for the fbé|hQW09Nm@mpl@ﬁﬁibé§hotng for exanple the nmethod cl ai ns,
sanples 1 and 2 have integrated absorption in the visible spectrumof the
provi ded CVD di anond attributable to Ns of <10% Irradiation and NV-form ng
anneal i ngAsicepdersesnl dampled 5 aad dchicagarpdiampihecolalr, whidh ihtiee gergltr@ge t hat

fall outsjide the referred -6 or sample 1, and L* vaﬁru s that fall
bt si o ¢ leoseepe Bt G5eb R Sa distul BinkSBBY Torgsardih Gandir ot ag |
fal | s1@ut gede rédidts nteis rdedmdmottlar;laaiemisafs)r sthabfend mpplicationd, ahe gercantagei es wer e
I nt rOduced‘tegarmtceidtQt?sc}rpr)t%%t (rand tﬂgt \%ilbﬁel spectrum of the provided CVD diamond
attributable to N,° defects should be at least 10%, preferably at least 12%, and for

some embodiments at least 15%.

15  Figure 7 shows the absorption spectrum for sample 5 after irradiation and annealing
treatment and Table 11 shows the calculated concentrations of various defects in the

sample in ppm.

Table 11

20
Defect Concentration in ppm
INVY] 0.061 ppm
[NV] 0.0057 ppm
[NV] total 0.0667 ppm
V'] (GR1) 0.068 ppm
[V] (ND1) 0.027 ppm
[V] total 0.095 ppm
Absorption at 250 nm (indicative of | 12 cm™
vacancy chains)

From figure 7 and table 11 it can be seen that GR1 and ND1 peaks (indicative of

excess isolated vacancies V°and V" respectively are less than 0.3 cm™ and 0.3.cm™

respectively, indicating a total concentration of isolated vacancies (V° + V" combined)
25  0of 0.095 ppm and the absorption at 250 nm is <20 cm™.



has an [NVO + NV ] : [Ns] concentration |less than the preferred
concentration of <0.16 ppm and a hue angle which falls outside the

pr ef er r edwoange1407760. The overirradi ated di anond, sanpl ecd/Eradiiooonres
anneal ed for a short duration to mnigise the formati on of vacancy chains
falls outside the main nmethod claimas the irradi ati on dose introduced > 1

ppm of | Spfal b é’pﬁ%‘&ﬂ'ﬂﬁ&ﬁé N\ﬁ&%cérﬁt%@ibﬁ‘ﬁo ﬁieﬂr\RPal%dalQPl%hn M&abo happm, L* val ue

| ess than the preferred val ues, ue greater than the pre erred
val ues, and a hue angl e outsi de the pref erred range of 0-60. Sanple 6 which

was over *rétBIQ%' |ﬂEIQS‘e§‘£‘%ﬁ1‘BBPé\‘ &ﬂnﬁé?étn% éﬁﬂﬂ)lé&mkh @aﬂl &Jt§19e bl éc%p@lbffs' de the

mai n net hod cl ai m as I rradi at1on se I ntroduced > ppm of i sol at ed

vacanci esthe|presrad Ira/enuél f@h@ee‘ouﬂm@g resoRs-t hensidaiine for e@lmxbe Hednethed
absor pf i ogpts, %é%pﬂa@ @%ﬁ?cﬁ ﬁé\f‘éjlnﬁgtré}eaaa%@%ﬁoﬁhﬁmeswélﬁle cFinlof-thé simlar

anal ysi s can [B or the conparative exanples with respect to the
article cp@VWﬁd ;] c@ﬁ@@ﬂ%@ttﬂh@ab@tﬁonhlsn eloRt@ht r Hfadiationfands bVdeedngacanci es

Lo | ntrodyaRdind QdbsSBETH f Widkdl e.amﬁdnﬁémald«ﬁﬁqcméo%é@tﬁa@@al%a g8 i s

advant ageous where it 1s desired produce the o col oured
di armond niedreigrredmanasr 0t fpeampled: and hf valdes Hipi fall oy fé%ﬁpﬂrﬁ%f@ﬁ@ﬁions A

met hod t hat,q648r Bmpeed éQmB%' S gt forlifddiated, it %IIE%J&%uf&%earHQuh%étﬁB&a y 6

sanpl es of the provi ded dianond and irradiate themall for significantly
| ongetO t halaim @& &10,05srPraof isglatast yasgneies wete myeduged. 61 dhetiesigd maiedd into

the materjad angﬂ“?/h Phege w° ]t&F\Cer‘itFa’-{%hqe&dtr%'nafﬂgr&efeﬁregrdoﬁberﬁ?a'ﬁoﬁ hgn be

anneal ed at 800 C for an increasin uration he concentrations of VO, V ,

NVO and NvO.d&mpimand a)euere@@emewhdgl s tsite thegrplerred sange b edhpioder- An
opti mum cppgemd %H&Hd%amae'4aw%hv\%@aﬁﬁé%§eo( MO 5 sh\ért)dl}ré‘ndnﬂtfofrﬂﬁwﬁ.@e(t he

target vacancy concent rati on) is the concentration consuned to reach the
poi nt whethe formeation of saeangy cornefalljouisisetthe sraimmiethed )qlzim asshelitpsliadiani al | y

constant oy Wf?b&n:e% "B df%oﬂ?&y\@aéa‘ﬁﬁ%stth@rt‘reﬁte%l%rﬁ&gﬁgﬁ%an &hilhgs 12 sets

out the neasured results achi eved for one exa rent anneal
ti mes. TabBd-"1®lym lesshhan é&er@rﬂferr@dwéapmau% @'ﬁ%@ﬁaﬁ@ V‘aﬁdhgwﬁfﬁrraﬁter 2

hrs dvel | ale 88U a2 Mle Y€ Butside the preferred range of 0°-60°. Sample 6 which was
over irradiated and annealed for a long duration also falls outside the main method

claim as the irradiation dose introduced > 1 ppm of isolated vacancies. It has a hue

20  angle outside of the range of 0°-60° and the absorption at 250 nm associated with
vacancy chains is >20 cm™. A similar analysis can be applied for the comparative

examples with respect to the article claims.

Calculating the optimum concentration of isolated vacancies to introduce into a
25 sample within the range described in the claims is advantageous where it is desired
to produce the optimum pale pink coloured diamond material and/or the ideal
material for spintronic applications. A method that can be used to calculate this is to
take the approximately 6 samples of the provided diamond and irradiate them all for
significantly longer than ideal, so as to introduce > 1 ppm of isolated vacancies into
30 the material. Each piece of the irradiated diamond material can then be annealed at
800°C for an increasing duration. The concentrations of V°, V', NV® and NV can then
be measured using the method described earlier. An optimum concentration of
isolated vacancies (V° + V') to introduce (the target vacancy concentration) is the
concentration consumed to reach the point where the concentration of NV centres
35 (NV® + NV') is substantially constant (by which we mean it shows less than a 10%
change). Table 12 sets out the measured results achieved for one example for

different anneal times.
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For this example the [NV] is effectively constant after 2 hrs dwell at 800°C, at which

point 0.41 ppm of isolated vacancies have been consumed therefore this would have

been the ideal concentration to introduce.

If we introduce less than this the

maximum concentration of NV centres will not be achieved, if we introduce more than

this the remaining isolated vacancies will either remain as isolated vacancies if a

short anneal is applied or be converted to vacancy chains if a longer anneal is

applied, both of which are detrimental to the final diamond material properties. The

irradiation dose required to introduce the calculated concentration of isolated

vacancies will be specific to the diamond material used. For this example the curve

of vacancy concentration with irradiation dose is shown as figure 3 (diamond material

A).

irradiation dose of 6 x 10" e /cm?.

For this example introducing 0.4 ppm of isolated vacancies would require an



concentration [M] in parts per mllion which is greater than 0.1 x [N 0]
concentration in ppmin the provided CVD dianond material, and is |ess than
0.9 x [ Nswoeorgamt7sati on in ppm [ n t he provided CVD di aromgrowim@sdoas . 3. A
met hod according to claim1l or 2, nF g1 sing providing a substrate and a
source gas; and allow ng honpepitaxia di anond synthesis on the substrate
to wherei pifiie synthesis environnent conprises nitrogen at an atomc
concentrat‘llWof fromabout 0.4 ppmto about 50 ppm and wherein the source
gas conprises: (a) an atom c fraction of hydrogen Hf, fromabout 0.4 to
about 0.7%; (b) rﬁu&h?(g eSthgridif@ction of carbon, Cf, from about 0.15 to about
0.3; (c) an atomc fraction of oxygen, O, from about 0.13 to about O0.4;
wherein Hf + &f + O = 1; wherein the ratio of atomc fraction of carbon to

the atgm c fraﬁtdr&ﬂdlﬂé mﬂb{élélrbrr];%{t glamér?& ke8P tHl fiak FekR Q%W@IBX%VIQ-A'S: 1<

Cf: O < about source gas cofmprises n atons
added as hydr ogeh qeplainsyisisgle [spbstisgtionnl attwere (Nsalc@nd)maéf arﬂ @SPmtlam nunber

of hydrogen, 0X¥&§cﬂu%ﬂ9utf?§i&?§lﬁﬁ§%&@ é;tfnsgﬁﬁg% iPihe RIS RIhd8 nfdd; and

wherein the atomc fraction , : arefractlons of e total
number of hydr 6g&AM iehdbat %Idﬂa%éroﬁﬂoﬂf@?dﬂtﬁg@*%@ﬁormtr@nt'ﬁ@ttﬁ@#}ﬁ@'@ tgas, the
di anond synt hegioss process produci ng the said CVD di anond nmaterial provided
in step (i) of the method of claim1 or 2, or providing an

addedl@®xygen- CVD- gr ownpr ecur sor- di anond-nmaterial that can be treated to

produce the Sagj w%tﬂbfmé’ﬂﬂwll&ﬁﬁ%\y@ldlﬂd?\w rﬁ@t@rlgysoséseﬁ |(1fr(3le:t9 |§ch§e8mt hod of

claim1 or net hod~according t laim3, wherein di anond synt hesi s
process produc¥acaaciep &cintosaileast B Atthewrasdes CV@I@'@?”‘GQ@' fﬁ%ﬁeﬁdwuébﬁhﬂtl ses

treating the pfr%%ééﬁtra%ﬁ‘Wﬁglaf&tﬁ%bﬁéle@l}ﬁ tﬁé‘l?f%@a‘tébgdlér%nﬁh%‘f@naﬁ\e"%td' amond

material at a tenperature of at |east C to produce the said
di anond provi d€gst}0spep qnﬁ)atﬁfosthép'ﬂﬂeﬁm)d A met hod according to claim1
or 2,qgonprising providing a traditional - CvDgr own-

precursor-di amond-materi al conprising single substitutional nitrogen
(iii) annealing the irradiated diamond material so as to form NV centres in at

least part of the provided CVD diamond material from at least some of the
single substitutional nitrogen (N.°) defects and the introduced isolated
vacancies.
20

2. A method according to claim 1, wherein the step of irradiating the provided
CVD diamond material introduces into the material a total isolated vacancy
concentration [Vr] in parts per million which is greater than 0.1 x [N°]
concentration in ppm in the provided CVD diamond material, and is less than

25 0.9 x [Ns"] concentration in ppm in the provided CVD diamond material.

3. A method according to claim 1 or 2, comprising providing a substrate and a
source gas; and allowing homoepitaxial diamond synthesis on the substrate
to wherein the synthesis environment comprises nitrogen at an atomic

30 concentration of from about 0.4 ppm to about 50 ppm; and wherein the
source gas comprises: (a) an atomic fraction of hydrogen Hs, 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 Hy + Cs+ Of = 1; wherein the ratio of atomic fraction of carbon to the

35 atomic fraction of oxygen CrOy, satisfies the ratio of about 0.45:1 < Cr:Os <
about 1.25:1; wherein the source gas comprises hydrogen atoms added as

hydrogen molecules, H,, at an atomic fraction of the total number of



(Ns) and having an absorption spectrumw th a total integrated absorption
in the visible range from 350 nmto 750 nm such that |ess than 10% of the
i nt egr at eslo2brompt7son is attributable to N O, and then aomEzkéwgsdohe gr own
CVD diamond material at a tenperaturegpf at |least 1600 C to produce the
said CVD di anond material provided by step (i) of the nmethod. A nethod

acoording 1o PSUIoRYS ShaLMnURSHERVSILAE (RARRRbr blieeh 9 ANBRPD 4 anj cach 2

st age whereby a u sequent anneal at the sane tenperatur eads to |ess
t han 10 %chang@erein thecatewitcieantions Horfr end Qf/a@efmqﬂ@es ofthgeetabrerraler®fdi ng to

any preceding ‘ﬁlyénl V\?@gg&u gaa gﬁggp%}qngsﬁere%aw% %&Jg@é tHEthQFn hg the

irradi ati on has haracteristic rreasure at room
t enper at ur e: 8. sx«nth@@ﬁ@tpcaé%gﬁoewﬁgg the saig CyPedienpig metesiahprovided &1 sfeat | east

50% ofg t he pro‘(%@?ﬁ\eq}@hgbl JFeReh rfvar%r 'oabrd@%gbsﬁadé&r as%eﬂr Wﬁro%\’nngl e

growth sect or accord to any preceding cllaim erein the
provi ded CVD mmmprﬁmndanaieﬁalsth@b cen)behﬁgatadngmﬁdl@@n&@nw@tq\éﬁh [ B]

that is |ess t%%%&%ﬁal%\ﬁdé@b éeﬂg? Bﬂﬁeﬁre@rgfodaf%m @y preceding

claim wherein the i1rradiated and "anneal ed CVD di anond material has a room
tenperature neasured T2 that is greater than 100 ms. 11. A nmethod according

to any prgcedi nO ehidsbheaRh ot AP WHRth GHD SATRNGTRES idockg St ep

(i) of the nethod is part of "a |arger piece of dianond materlal 12. A

met hotD accor di MipdusesgyPrpeweerdiiagord- mautﬁrla%mudethﬁ nﬂeibochp@pprcﬁea trqaliag at | ng
the provided CYR djaqpasgd gBhBShHY %afeﬁa%&r h@'d?&m”c\%e&.%hﬁaﬂd beam

13. A nethod according to any precedin ?alm erein after

i rradi ati on andaienaaat @g}e@P@"ﬁ@"@l of) atate@sy i1699°G ke W@@&?eﬂie@ﬂm d?'\éﬁ}mnd

materi al has a ol i oreWi§sy b&kp(h of Reti@ndPrmof a 0.5 ct RBC it would be
graded fancy pale pi an<

15 5. A method according to claim 1 or 2, comprising providing a traditional-CVD-
grown-precursor-diamond-material comprising single substitutional nitrogen
(N,%) and having an absorption spectrum with a total integrated absorption in
the visible range from 350 nm to 750 nm such that less than 10% of the
integrated absorption is attributable to N°, and then annealing the grown
20 CVD diamond material at a temperature of at least 1600°C to produce the

said CVD diamond material provided by step (i) of the method.

6. A method according to previous claims whereby the anneal time is chosen to
reach a stage whereby any subsequent anneal at the same temperature

25 leads to less than 10 % change in the concentration of NV centres.

7. A method according to any preceding claim, wherein the provided diamond
material prior to the irradiation has the following absorption characteristics

measured at room temperature:

30
Designation Starts Ends Peak Absorption coefficient
(nm) (nm) (nm) at peak (cm™)
270 (r)lm 220 325 270 <4
N
350 nm band 270 450 350 <0.7
Part of “X” 10
510 nm band 420 640 510 <0.3
Part of “X” 150




14. A method according to any preceding claim wherein after the
irradiation and annealing steps (ii) and (iii) the treated CVD di anond

mat eri al wiowbol/14pf75in the formof a 0.5 ct RBC have t hepColHEpPovsongoeo! our
characteristics measured for an equivghent 0.5 ct RBC: 15. A method
according to any preceding claim wherein after the irradiation and
anneal i nggst ep i ik : : j n e£doal t he

fol |l ow ng&char Z\cﬁg}rl}os(j??é(}g?dll%é )t%taﬂgt%%%%i@g8I%n\gh%§mc%a|?%t1§q% fgrﬂii n after
t he irradi ati olreMigedafy®adiampnst egterial inps dhaen( formed tfrn raasingle prowth
1+[NV])/[NS] inctiap treated CVD dianmond naterial is greater than 0.16. 17.
A nethod according to any preceding claim wherein after the irradiation
and annealing steps (ii) and (iii) the nunber of NV centres in the treated
CVD diganogd matseri ' ; t ; ; i o claim
17, vm%r elg'n af tA(_arrﬂ ﬂloed ???cgglhgft? o%ﬁgéﬁ&gyl'ﬁga%iﬁﬁg%éﬁ%@%??‘?’?gﬁg‘” Et?\ll Iii()) t he
nunber of NVT éémengsmpierighia ster &) 6as evvran gapeadtraieneBldhatiis legs he’t 1013
cm3. 19. A neté-,i;ngs%pordi ng to any of clainms 1 to 16, wherein after the
irradiation and annealing steps (ii) and (iii) the nunber of NV centres in
the treated CVD di anond material is at |least 1014 cm 3. 20. A nethod
accordi ng clagi al r Al fadi abh QRina i st eps
(ii) and 2(?| i) A?H‘fﬁ%ﬁ@’?@? bWi@ﬁﬁ%@'”?nélfg'ﬂ{e’qﬁ"lr'égg'tneg@d@%e o

mat eriGl is at anpesled @MD digimend materigh hag ehoaMaieawethtug epsarsd p? &wddi ng
claim wher ei njaflef i@ 1goradi ati on and annealing steps (ii) and (iii) the
treated CVD di anbnd naterial has the foll owi ng absorption characteristic
measured at roomtenperature: 22. A CVD dianond naterial when made by a

met hod aceggr di ' il 23 ' teymal which
when in the for e a gograPbting etftetink %ém}ﬁ%%?ﬂ@eﬁﬁﬁw%h has
the fol | owi ng digseenstmetgrieliasteet(8of ejraethod is part of a larger piece of diamond

15 material.

12. A method according to any preceding claim, wherein the step of irradiating

the provided CVD diamond material is carried out using an electron beam.

20 13. A method according to any preceding claim, wherein after the irradiation and
annealing steps (ii) and (iii) the treated CVD diamond material has a colour

such that if in the form of a 0.5 ¢t RBC it would be graded fancy pale pink.

14. A method according to any preceding claim, wherein after the irradiation and
25 annealing steps (ii) and (iii) the treated CVD diamond material would, if in the
form of a 0.5 ¢t RBC have the following colour characteristics measured for

an equivalent 0.5 ct RBC :

Characteristic Range
Hue angle a 0°-60°
cr 3.0-20
L* >65
30 15. A method according to any preceding claim, wherein after the irradiation and

annealing steps (ii) and (iii) the treated CVD diamond material has the

following characteristics:



measured at roomtenperature: 24. A CVD synthetic single crystal dianond
mat eri al having the followi ng col our characteristics neasured for an

equi val envoQoftw/abp77RBC. and whi ch has the foll ow ng absorpiriEePr010/059078
characteristic nmeasured at roomtenpegature: 25. A CVD synthetic single
crystal dianond material according to any of clains 22 to 24, having the
foll owi ng charact erfgigss 26 A CvD syéﬁilﬁ‘b‘bljnc singte crystal di anond

mat eri al having the ‘?(ll owi ng characteristics:27. A CVD synthetic single
crystal dianond accoVdiMyl to cl ai m 26 |3 ppma Vcha n absorption at 250 nm
that is less than 20 purt——28A CvDsynth E) c—singte—crystal dianond
according to claim@26°or claim 27, havjing g &?2 value thatl is greater than
100 ms. 29. A CVD spMdheirist singl e crylst28l cndi ar@fifchraccor di ng to any of
clainms 22 to 28, whetreirnthe—+atto(HNVTHNHHNSHs—-greater than 0. 16.
30 A CVD synthetic single crystal dianond material according to any of
clainms 2216.0 23 methodl scond2f, tocataimal 4)iwtgreih dfteaie idBdiation 3nd\shieetihges. 3 1.

A CVWD synthetic,single crystal dia beni al. cqordi ng ny of clains
2200 25" cont ariPhg hentl i EeoRe P2 da HE IR ELRYD, Akl gt e
crystal di anondnatetiais gteatarcloardd.ng. to any of clains 2 1 to 29 containing at
| east 9x 1015 cm 3 NVT centres. 33. A CVD synthetic single crystal dianond

mat erial according to any of clains 22 to 30, or claim 32, containing at
nost 10181¢m 3 A\M&thodracceding3d .an padedimgrddi@t wbersimaftes tios iysdaltiodibadond

material according to any of clai. 22 to 3 r.claim.32 or 33 ichis a
genst one. 35. A" : %e{')'}j E”Q?Hgﬁ‘ee E?'p@?raﬁ% @Ya rgsﬁ%t%é ?rg?tegcco ding to
any of clains 2Zanand3naterisiis ahleast 1@ spi*nt r oni ¢ devi ce. 36. Use of a CVD
synthetic single crystal dianond material according to any of

10 18. A method according to claim 17, wherein after the irradiation and annealing
steps (ii) and (iii) the number of NV centres in the treated CVD diamond

material is at most 10" cm™.

19. A method according to any of claims 1 to 16, wherein after the irradiation and
15 annealing steps (i) and (iii) the number of NV" centres in the treated CVD

diamond material is at least 10" cm™.

20. A method according to claim 19, wherein after the irradiation and annealing
steps (ii) and (iii) the number of NVt centres in the treated CVD diamond

20 material is at most 10'® cm™.

21. A method according to any preceding claim, wherein after the irradiation and
annealing steps (ii) and (iii) the treated CVD diamond material has the
following absorption characteristic measured at room temperature:

25

Feature Limit Experimental Comment
3107 cm’™ Absent or 0.1 cm™ Measured by room
temperature FTIR with 1 cm™
wavenumber resolution

22. A CVD diamond material when made by a method according to any of claims
1to 21.



claims 22 to 30 or claim32 or 33, as a genstone. 37. Use of a CVWD
synthetic single crystal dianond material according to any of clains 22 to
3 1, as awepbmwmemnsc device PCT/EP2010/059078

-54-
23. A CVD diamond material which when in the form of a 0.5 ¢t RBC is graded
fancy pale pink and which has the following absorption characteristic

measured at room temperature:

Feature Limit Experimental Comment
3107 cm™ Absent or 0.1 cm™ | Measured by room
temperature FTIR with 1 cm™
wavenumber resolution

5
24. A CVD synthetic single crystal diamond material having the following colour
characteristics measured for an equivalent 0.5 ct RBC:
Characteristic Range
Hue angle a 0°-60°
cr 3.0-20
L* >70
10 and which has the following absorption characteristic measured at room
temperature:
Feature Limit Experimental Comment
3107 cm™ Absent or <0.1 cm™ Measured by room
temperature FTIR with 1
cm™ wavenumber
resolution
25. A CVD synthetic single crystal diamond material according to any of claims
15 22 to 24, having the following characteristics:
[V’] GR1 <0.3 ppm
[V ND1 <0.3 ppm
[NS’] <0.5 ppm
[V chains] peak <20 cm™ at 250 nm
concentration
26. A CVD synthetic single crystal diamond material having the following
characteristics:
20

[V'] GR1 <0.3 ppm
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27.

28

29.

30

31.

32

33.

34.

35.

36.

37.

-55-
[VIND1 <0.3 ppm
[NS’] <0.5 ppm
[INV] 210" cm™

A CVD synthetic single crystal diamond according to claim 26 having a Vchain

absorption at 250 nm that is less than 20 cm™.

A CVD synthetic single crystal diamond according to claim 26 or claim 27,

having a T2 value that is greater than 100 pys.

A CVD synthetic single crystal diamond according to any of claims 22 to 28,
wherein the ratio ([NV]+[NV°])[N] is greater than 0.16.

A CVD synthetic single crystal diamond material according to any of claims

22 to 25, or claim 29, containing at least 10’ cm™ NV centres.

A CVD synthetic single crystal diamond material according to any of claims

22 to 28 containing at most 10" cm™ NV centres.

A CVD synthetic single crystal diamond material according to any of claims

21 to 29 containing at least 9x 10" cm™ NV centres.

A CVD synthetic single crystal diamond material according to any of claims

22 to 30, or claim 32, containing at most 10"® cm™ NV centres.

A CVD synthetic single crystal diamond material according to any of claims

22 to 30 or claim 32 or 33, which is a gemstone.

A CVD synthetic single crystal diamond material according to any of claims

22 to 31, which is a spintronic device.

Use of a CVD synthetic single crystal diamond material according to any of

claims 22 to 30 or claim 32 or 33, as a gemstone.

Use of a CVD synthetic single crystal diamond material according to any of

claims 22 to 31, as a spintronic device



