CVvD SI NGLE CRYSTAL DI AMOND MATERI AL This invention relates to single
crystal dianond material produced using chem cal vapour deposition (CVD),
and i n pawoieulmsicio di anond mat eri al having properti espPETapRaialob@7f or use
in optical applications such as |asers. Background Chem cal vapour
deposition (CVD) is an established technique for depositing material 10
onto a substrate. The techni que has been extensively described in patent
and other literature. For deposition of dianond, the CVD process typically
i nvol ves providing a gaspuINGITFEECRIRITAIODIAVIENIS VA TRRIALAN provi de carbon
and hydrogen. The dissocratron of the source gas mxture is brought about
by an energy source, such as mcrowaves, radio frequency energy, a flane, a
hot filamenipQrini&kioRasetst&H leqé@stal-r&gmroﬁ@?ﬁa&%lr?alip B3 uBhg chemith| oved to
deposit onto a suitable substrate, "typically held at between 700 C and 1200
C, to form diranoachoslva (VP riasdin partiohlat lredipmesd mesderefl hdefrgatrepasiithi n CVD
di anond i : | r : veral __applications. There are
different§t§%%§%§¥§%% ggggagﬁégm%%%ﬁ§8V§I%ﬁmCVD di anond. Poi nt defects can
occur when inpurities in the growth atnosphere are incorporated into the

di anond | at i ge. A%Pther type of defect is a dislocation. Dislocations form
within the §3§§¥gﬁ¥-possibly due to the formation of pits on the di anond
grow h surface, and can further nmultiply during growh. Such pits may al so

be responsible for the jnclusi f. other defects.and inpurities. 25 The

i ncr easi ng glﬂi‘é%ﬁlc@pwfr #a%%%%@éf)ﬁ% a7 5l oiErngteor g RsEEs ¢ os
of the CMP &M@%Qﬁ@uﬁﬁéermﬁ%cmﬁ@uém&ﬂ&%ﬁb@@nﬁk@@ﬂﬂ@&ﬂ&%iﬁbh&%y9&§om&rdefeCtS
affects certain properties, for exanple, decreasing the thernal

conduct i vi t §iteraare g lsprsitipneofsleamandy QW)C.VENPéOCﬁéﬁ_ frpicaldr svplycnpoyidig ect

absor ption ofs PRAKOMS:, B8R disd Patfol SR TR gd BRI Sl BP0k F0e BRIJERbn of
transparency. Dislocations result in |ocal birefringence due to their

ani sot r opi cthdisgurapgisanixpyie tsheoughbibousiyanedneigyspurchesungsimisewvenes, saliar e al so

detri nent al i r i 3 Lany i al . S been
found thar Sr@iehatrl S PRaRERLSR o el GATHNG TREIEHIR poddy e
nucl eat elat almwedetar ddphst bbb es Facdlewsubkirdtd etiypicallybbeld att ebctweenhEY) AT siod been

found that disl.ocations. generally have |line directions that are close to
perpendicuIggﬁtg’gﬁén?g%angromﬁh surface and that, as a result, the

strain-related birefringence shows a 5 characteristic anisotropy, being
much nore ohvious. for . a view ng direction parall to.the growh direction.
V650047 046435 RSt ek R S TBHAEF BREGT e B EVEhitaar By e aoha
materi al" VingottafccQYPsdeRe eF8icondt Thérs hRJdiffefNtyped bebfedtOWMat ¥R iOf

nitrogen_ to control e. ) .
20 CVD diamond. Point defects can occur when impurities in the growth atmosphere are

incorporated into the diamond lattice. Another type of defect is a dislocation.
Dislocations form within the crystal, possibly due to the formation of pits on the
diamond growth surface, and can further multiply during growth. Such pits may also be
responsible for the inclusion of other defects and impurities.
25
The increasing presence of these defects is detrimental to several properties of the CVD
diamond material. An increasing presence of all types of defects affects certain
properties, for example, decreasing the thermal conductivity (as phonons are scattered).
The point defects also affect absorption of photons and are therefore deleterious to
30 optical transparency. Dislocations result in local birefringence due to their anisotropic
disruption of the cubic symmetry of the lattice and so are also detrimental to the optical

properties of the diamond material.



10 devel opnment of the crystal defects. It is described how nitrogen present
in the CVD dianond material nust be sufficient to prevent or reduce | ocal
strai n gewenatiosgiedef ect s whil st being | ow enough to precemran/oseduce

del eteri ous absorptions and crystal quality degradation. 15 US6096129
describes a nethod of grow ng dianond material on a substrate surface such
that the grown dianond naterial has a |arger area than the starting
substrate. The reference describes providing an initial single crystalline
di amond basg HBLGEH dbunPibe®dMYcERorSi iR Hotndehistial Civmedidhdn®nd PRl kal s
honoepi taxi al | y vapour deposited to provide a resulting dianond materi al
that is cutnl&‘rln‘?:ldtﬁ)é{) PEh t %Hﬁ?rcfwed\éﬂtg HeiE sepsiige 126%&%@ beat dfpred theht o

whi ch_si ng! g LKA LLIAMY TBLE ekt &R ol QU ! AR [PIITRga ST ndl e
crystalline di anond” mat efial  havi ng a large area. est exenplified in

Fi gures 4A- 20©voth 3860964120 thathes ianiresilel thyastramatleteld abir¢fyngonbstshows ad | y
square with 001. si de. a i . nr ] on an
upper {001} C%al%arc? %lcsgi,% gﬁﬁ%?gp f%ﬁ%mt%glﬁ%ge %%%%Q?IQJ( glggﬁlrp%/(ﬁgeg%mlgﬁy{&%% tOnor mal |y
from t he uptergrdvdddiresionf ace so that the grown 25 surface has enl arged

| at eral di mensions conpared to those of the initial base material. The
successive base material that is cut fromthe grown dianond material is
Sﬂuar edi n CWIf $2$K)8/®4(642(70A|,1 g&s&il&kd&:sprﬁdulcﬁhleoﬁ‘mﬁﬁéa& qadliy ﬂﬁhlghema%iﬁr’aﬁati vefto
the sides of the initia ase materia n ve <110> edges. The area o
the square B¥ds¥DPsRiEcFsnbpit lﬁlélgwgérQQF@e%BVag ehﬁ%@’rtf%ﬁenitg qoéléré’?lﬂﬁean twice
t he areaj®f d&R&PEAUASELE OSBRI 886EKL 0N dALABePhow Rittdd8n ipRdsthidih tha&& D
material, due to the encroachnent of {111} faces in the grown di anond
nmateri al . THPBOBYBEEER| st ha seffiggpieoipagvepiortpiige insalptipy opgivtingdefettow h,
this furthep,gs@whh i RebRBch (PMIAC QR ERESSus TREpRER! HllAdInaMh rate
ratio a is said to be at Feast 3 : 1.  The growth rate ratio, a, is a

par anmet er t #egradetien.be nonitored in a CVD single crystal dianond materi al
process, and is well understood in the art of dianond material synthesis by
CVD. The paranmeter a is proportional to the ratio of the growh rate (GR) 5
in the <0D1ESA96¢2? doorifeRa@B:ihod df gravhes dgrowbidmatatig onra subgraselsiififzcediuctect i on
(R<111,), apd,i.s Jx 'ceol> defin as; a_ =, 11 .b. In.kno rocesses
the ' par amdib P aSundfiingu ORI ByRT lasbrestiim oo b ARSI RY e

val ue of a dépendidegribenp@ividihd @ intinl biagleseystdfinsyininbad bsec eandid,icans i n

pl ace, 10 including the pressure, the t rature and the s flo

Pondi i ons. it s hBeeRlies hose mpetiabemos fat 6y APRUC S el Been
conpl et ed byroRRiciGsUTRAS Ui AR hiut@N tHaeisast %&Wisﬂk@f@;ﬁdvi@@h@h&@kﬁv@nd
using sinple geonetric relationships _and crystallography to calculate a. It

i s al so Khobcmteieoriprvhieh viale oantallmemanieind isteaitagiowas therchufarméng ar
synthesi s pgiREESS sBYindRASMnd P ATRAR: MBEES 418l SA OF QWK HIPABEA B IFighge Of
pressure, 4A-4C of US6096129, the initial base material is substantially square with {100} side
surfaces, growth taking place predominantly on an upper {001} surface, that growth
taking place laterally as well as normally from the upper {001} surface so that the grown
25 surface has enlarged lateral dimensions compared to those of the initial base material.
The successive base material that is cut from the grown diamond material is square in
cross-section. The sides of the square are rotated 45° relative to the sides of the initial
base material, and have <110> edges. The area of the square cross section of the
successive base material is less than twice the arca of the square cross-sectional arca of
30 the initial base material, due to the encroachment of {111} faces in the grown diamond
material. This successive base material is then used for further growth, this further
growth being from the <110> edges. The preferred growth rate ratio a is said to be at
least 3: 1.



15 tenperature and gas conposition conbi nations - again by post facto
nmeasur enents. The net hodol ogy of characterising the a paraneter for a given
set of comOi2vilossichs reported wi dely, however a parti culparippP2ugesulr?
reference is Silva et al., Dianond & Related Materials (2009), doi:10.1016/
J . di anond. 2009. 01. 038. Silva et al describes how to select the tenperature,
gas pressure, power, and the process chemstry (e.g. the anount 20 of

nmet hane, oxygen, nitrogen, hydrogen and argon gas etc) in order to achieve
predet erm ned val ues of the a paraneter. The exact val ues of each of these
properties are specific to the process used by Silva, but the skilled man
can readi | yTehaoash et o amyis sPREMCHT frabs2n bamaniser@ita Q¥ By vRgle atyétalal ues
for each of [ n or der
to achi ove PROCARTNEIRABEEY B M9 QRuiab EPEDIRR P HayShaditial

potenti al amnthe&aﬂaymm Tﬁelparaﬁaztmrm ik @s@bmonalsO dleesatio bethe ignovidb réle(DGRD163169.

Such an pl| aces re.re enent the dj.a d nater.ial that
can be ut g ‘%ﬁ @e fothg §> ftﬁ81%?0&£:>58¥“ nggﬂbéﬂﬁﬁﬂ%ring.
Spontaneous Ranan scat ng occurs when a photon incident on a materi al
results in &aﬁw@é§h$§LLﬁﬁiﬂﬁﬂa vibrational node fromits initial energy

| evel to an excited, viRtyal state. This virtual state can then return to
an energy level different to the original |evel, producing a photon of
different energy (and frequency) to that of the incident photon. For the

maj ority 0fhﬁﬂﬁw%ﬁ?ﬂ@?ﬂﬁ9ﬂ&hﬂe %ﬁﬁm&?%&%@%ﬁ@)ﬂﬂ?&ﬂﬂ&ﬂﬁﬂ%mﬁh@%&g@mﬁfgy
| evel is higher than the initial level, the scattered photon therefore has

a | ower enebgfictiehis afhe depradibanintgshdisonn theise efssypthesis erridgnskiasplace,
scatteripg. ; Iﬂﬂl 1%¥ssgllef Eg@%&ﬁlﬁ%ﬁ?%ﬂ\%@ 555%& BsHaeRaL. ﬂ@g llﬁﬁé%e} glad

phot ons results |nt uction o non (a quantised lattice
vi brati on) . bd calallﬂacﬂraﬂieﬂ sygeesis hes lsasatCDelp@@bdd’nomgkmfg sicasurtne@sion thestst nul at e

further re t ti Ranan
scatterlngnggﬁ% Fgggggg% .é?é %6&539 aM@ﬁ%hpﬁgl %‘ﬁﬂﬁﬁbéﬁg? on back
into the Ramamkmmﬁimehnm@mmMManlmomnmmhuk®m1ke@mmmgmhha>Eﬁaqmﬂ&cmttering
nmediumw thin, an a i ate tlcal resonator, as d tics

Brpr 055, 2008 FOFSY i et P atEE R e TRy Grens o bpsisa. pages
2811- 28185 tmpkanspaiitap eausosRRARBmSmatidre - 43ginity post fadts tepASShddtse ThO
observe second St okes photons due to the Raman scattering of the first

St okes phot Bfthode{pgy ‘ﬁfr%‘é@%@“@%thﬁ& PEpaLEREr £ @itHart fisonditiontis gpeiietessi on

of higher ogpdeiy $Qkes: @ﬁ%@ﬁﬂ%ﬂ?f‘eﬁ%&ér‘é ngeefé‘§1f3«afe'% GAUBDGISHY ERUpled O the

punp photon frequency m hus an t eger r of the characteristic phonon
frequency. NhuawﬂdﬂﬁW%LégeK)Nﬂnésewhmgﬁé60%95638Sﬁ@%e@%QOGMMWeSEM@ﬂhS can

N princi pl ¢, be NG NESLED, L, RS, KNG 1 fhaGHl BSEQD MEYEL-POGL ol e devi ce

by sinply designing fe op€tiI y to res sire kes
wavel engt(h ofl metlﬁanamxy@semtt@emhhy@fogee anapegm]egnfetchmn@dngtd hehitvyequency

of the input 25 advant ageousl oduci n beamw th a
Frequency | HeSeaviedoRIERET B aL praTE ol e 6 SELFUR| THACT diS: BPBVHBual y
unat t ai nabl greWhdchticcio megitbdcaN@ked bRSEVa, benh@gilwmarﬁsaﬁg&aeﬂy cfhadrisdagyrond is
a promsing material for use as the Raman scattering nmedl um

other process, and select appropriate values for each of the above properties using the

teaching of Silva et al in order to achicve the desired o parameter.

25
Single crystal diamond finds a potential application within Raman lasers, as described in

US 2005/0163169. Such an application places severe requirements on the diamond

material that can be utilised.

30 Raman lasers rely on the process of Raman scattering. Spontancous Raman scattering
occurs when a photon incident on a material results in the excitation of a vibrational

mode from its initial energy level to an excited, virtual state. This virtual state can then

3



30 within the Raman laser. It has a high Raman gain coefficient, possesses
| ow absorbance in a w de range of the el ectronmagnetic spectrum (all ow ng
versatil iwg 20n/ashmw4choi ce of input, internedi ate and ouPpWIEPROI@QYSENATI €S),

it is a good dissipater of thermal energy which is generated in the form of
phonons as an integral part of the process, and possesses a |ow thernal
expansi on coefficient (mnimsing tenperature related distortions). The
Raman gain coefficient, gR is defined as 5 T2 gR = const x - A's where T2

is the opti galm RO e A BAEA 1§ tHBrighS] [Sell PRIVIAKEPh&BA bt &dkeRME put
wavel ength and const is a material dependent constant of proportionality.

There are seVégalanddiziugasatipdhat whiy iBptdent shatpndi Eavol waicehi af tior use
as the 10 ﬁn@cﬁﬁ?tﬁﬁaﬂ%cméﬁgﬂ&&Sthﬁﬁ@@nér@??ervel ﬂ:s)(ﬁli%hter fieh gt ididayst  be

mnimsed in order to mnimse absorption (and”so potential efficiency

reducti on) . le@plsthe seatticrsd photos thapeforsihab ailayed chergp thdathet incidemiphptoa, this is
birefringenge fz@@%k% QLM S AGEE BREAL (ELLGELS (pNER 4L NG TRE S de Is
utilisedn ep%l ari sa?foneég%zﬁei ve ggppﬁ%cafl ons). % I g‘e%ectns must  be | ow
t o mai nt ai nplatdisgésutthmrtheprodwamido of a phonyn Goquahidsed fatdceRémsngcat t eri ng nmedi um
is able to 15 handl e high input powers while mnimsing tenperature rel ated
distortion of the material. The material nust al so have a | ong internal
pat h | engt hidf ®Raibe ldsexCihd 8edttctddgitiotonss ililisdrte dtiaektd faghédRasdmalcaktwéd t he
I r [ h i ni mum i n rr ir f [
| g:gr ) _deVI Cgho(ténseof rtrllle slanrrllé walvefglliléth.p sot%l\nlleulate(? ﬂgélanegcattg”{ngt(gﬁsge"}"llllig 1es z;[c iegec as a
10 by feeding the scattered photon back into the Raman scattering medium, commonly by
keeping the Raman scattering medium within an appropriate optical resonator, as
described in Optics Express, 2008 16 (23), pages 18950-18955 and Optics Letters, 2009

34, pages 2811-2813.

15 In spontancous Raman scattering it is also possible to observe second Stokes photons
due to the Raman scattering of the first Stokes photon. This process can be repeated
further such that a succession of higher order Stokes photons are observed with
frequencies equal to the pump photon frequency minus an integer number of the
characteristic phonon frequency. In a Raman laser, these higher order Stokes

20 wavelengths can in principle be engineered to be the main emission wavelength of the
device by simply designing the optical cavity to resonate at the desired Stokes

wavelength.

The Raman laser is therefore capable of changing the frequency of the input light,
25 advantageously producing an output beam with a frequency in a part of the
clectromagnetic spectrum that was previously unattainable with conventional laser

technology.

Single crystal diamond is a promising material for use as the Raman scattering medium
30 within the Raman laser. It has a high Raman gain coefficient, possesses low absorbance
in a wide range of the electromagnetic spectrum (allowing versatility in the choice of
input, intermediate and output frequencies), it is a good dissipater of thermal energy

which is generated in the form of phonons as an integral part of the process, and



20 In addition to the crystalline quality of the Raman scattering nmedi um
the polarisation of the punp beamw th respect to the symmetry axes of the
crystal iwoOanatdsers4par anet er whi ch affects the Raman gaiPoTmepedifiiosisent . For
a linearly polarised punp beamw th pol ari sation vector along a <110>
direction, the Stokes beamis polarised parallel to the punp beam For a
punp beam pol ari sed al ong a <100> direction the Stokes beamis 25 polarised
per pendi cular to the punp beam This suggests a particularly conveni ent

crystal | ogr ggdssesC @Nidve Uhatda®Ne@hindidhe db@oRAd (BdliRistley S¢dorathid WMED a
rectangul ar block with two pairs of {110} faces and one pair of {100} faces
i s manuf act@lﬁt@monsy punpi ng the di anond Ranan scattering nedi um crystal
through a {110} face at the Brewster angle with p-polarised |ight,
reflections at the incident and exit faces are elimnated for 30 both the
punp and St bheBarhaagen coafficeansigrbetitfercdeonf i gurati on entails processing
Brewster facets on the incident/exit faces,.such that the punp beam w thin
the crystsal proceeds along the <11@>-dioh@cti2on. This then ensures that
there is no component of the punp beam direéltion perpendicular to the

| ength of the cayity . and so there js also no risk of t punp beam exiting
one side of YPHE ‘e {Psthalorsial RiRontdEolSTRRSS H8m i ’éstL%c%‘ﬁiﬁéflg‘Bﬁéj SHhe <110>

direction. RaBYer@MnBeEAs: RG thil6risd uaiERMht LohsBHEST pRopdiondtyt © accommdate
Brewster angle punping, the requirenent for anti-reflection coatings, which

add cost and conplication, is avoided. D anond Ramen | asers can operate in
a number of Tﬁ&@fa'rgyerv%}eﬂQaﬁsid&gﬁoﬁ@\%f161§6ﬁ%ﬁiﬂgsdi%0nd material for use as the

10 Raman scattering medium in a Raman laser. Point defects must be minimised in order to
minimise absorption (and so potential efficiency reduction). Dislocations must be
minimised in order to minimise birefringence (and so minimise detrimental effects when
the material is utilised in polarisation sensitive applications). All defects must be low to
maintain a high thermal conductivity so that the Raman scattering medium is able to

15 handle high input powers while minimising temperature related distortion of the
material. The material must also have a long internal path length for the incident light as
this reduces the threshold of the laser device (the minimum input power required for the

device to act as a laser).

20 In addition to the crystalline quality of the Raman scattering medium, the polarisation of
the pump beam with respect to the symmetry axes of the crystal is another parameter
which affects the Raman gain coefficient. For a linearly polarised pump beam with
polarisation vector along a <110> direction, the Stokes beam is polarised parallel to the
pump beam. For a pump beam polarised along a <100> direction the Stokes beam is

25 polarised perpendicular to the pump beam. This suggests a particularly convenient
crystallographic configuration of the diamond gain crystal, in which a rectangular block
with two pairs of {110} faces and one pair of {100} faces is manufactured. By pumping
the diamond Raman scattering medium crystal through a {110} face at the Brewster
angle with p-polarised light, reflections at the incident and exit faces are eliminated for

30 Dboth the pump and Stokes beams. An even better configuration entails processing
Brewster facets on the incident/exit faces, such that the pump beam within the crystal

proceeds along the <110> direction. This then ensures that there is no component of the



a Raman generator, in which a high intensity pul sed punp laser 2 is focused
onto the 10 di anond Raman gain crystal 4, resulting in conversion of the
punp wavewengtimstw4rul ti pl e St okes orders which constit eCe/mPh@1084put beam
6 of the laser (Figure 1). Although this is a relatively sinple design

whi ch does not require an optical cavity, in practice such a configuration
is of little use due to the limted control of the output spectrum 15 A
second type of configuration is as an external Ranman resonator. Here the

Raman cryst glm@ftbdagn da{e@ﬁ&fipeff)énmcmam tBPLhEBlof RTNBLAN s6 HERY ik 8isHdo &bk | nput
mrror 8 and an outgut mrror 10 in order to reduce the SRS threshol d,

i ncrease t hef BORVEP 8P cEfing encevrtoofabrrrydiliasd thanBicoumpbeamdigerengidy 14
(Figure 2). | fthie gRRfihguration the cavity is punped 20 externally with
ei ther a continuous wave (cw) or pul sed | aser source 12. Due to dianond's
hi gh Ranan gain coefficient the Raman crystal can be kept short conpared to

ot her ”EB”B%h% V\éleégﬁlgﬁﬂeadleﬁnonﬁliﬁ Qudh: &@i afg%@%ﬁu?o@@‘%r@?ﬁé%éﬁﬁﬁ&@ gl can

t heref ore be’ vi S a sinple, conpdc on enablrng f

conver si on fhercquirgnecie faraaniiatfiecobn taasegs, szhuh@értcosﬂﬁld/botﬂphcmon,omﬁvogdudat| on is
an intracavity Raman resonator, in which both the punp | aser nedium 16 and
the Raman crystal 4 are placed within a cavity, conprising input mrror 8
and out put Didnfont Rifhan 1860 0@ndpeddte Mot funihenpf @nflghidee SThaNE: singldis a{ Fi gur e

3). This configuration takes. advanta e of the high intracavit field
whi ch | eadsaFﬂl%% SEMHHAC H™ lﬁﬁ nﬁlé‘/ PHERITHUIEsYea fa?)us#ﬂgtogg‘?n ty may
al so i nciudgiaglboheRagRhigaal c@h@m%m&ﬁgm asnRrsdS¥f thehpuhth Hovelpibises node
operation. There is therefore a need to produce a dianpnd material wth

f ewer poi nt Mgl Pokanerdeisvishicliconyitats B Ui beatdi ¢t thf hssh (Bigienb-

internal di RRASINhis USTR ¥R snhﬂl\é%@}slgf? Wh%h%e@%t%@&uugfantolﬂﬁcﬂ rc%%n fn
invention is to provide a single cr dianond material wth a

decreased pplgticedutlee confegnsptign ISdJédﬁéageqjdlm to|the Hmiigd cdefgli afythe adtpah
increased ipfernal dinmension, suitable for demanding applications such as
the Raman scattering nediun1mﬁthin a Raman | aser. Further, a nethod for
pr oduci ntp such a single crystal 10 dianond is required. The invention
relates to ]

mator i 2l hab PRSP bk dioads 37 LEr FBM K REGRPEE FOBREE
tenperatur6myadhﬂﬁgﬁﬁédWﬁMﬁaﬁopth%mﬁhﬁﬂb@ﬁ@ﬁhﬁﬁmgm@ﬂhﬁﬁoﬁ&ﬁﬂiﬁ(ﬂ@iﬂ15a
birefri ngencerroorflobnello? r%ox 1;'e91u05e t%etSﬁ n}lrese{1 Snllcrllrgasgtllel C pl;[fel‘lsjigl?‘ g}flllgie}ngy (a:url(? SS-
tailor the output wavelength 14 (Figure 2). In this configuration the cavity is pumped
20 externally with either a continuous wave (cw) or pulsed laser source 12. Due to
diamond’s high Raman gain coefficient the Raman crystal can be kept short compared to
other Raman gain materials. Such an external diamond Raman resonator can therefore be
viewed as a simple, compact add-on enabling frequency conversion for a wide variety of
laser sources.
25
A third configuration is an intracavity Raman resonator, in which both the pump laser
medium 16 and the Raman crystal 4 are placed within a cavity, comprising input mirror
8 and output mirror 10, resonant at both pump and Stokes wavelengths (Figure 3). This
configuration takes advantage of the high intracavity pump field which leads to
30 enhanced conversion to the output beam 20. The cavity may also include other optical

elements such as a Q-switch 18 for pulsed mode operation.



sectional area greater than 0.01 mm2 and al ong an internal path greater
than 7 mm and an absorption coefficient below 0.010 cm1 determ ned at a
wavel engtwoah111864nm 20 The term "room t enperat ure" defPCmaEP201h®50477
tenperature between 20 C and 25 C, nore specifically 20 C. The CVD single
crystal dianond material nmay have a | ongest linear internal dinension
greater than 7 mm preferably greater than 7 5 nm preferably greater than
8 mMmm 25 preferably greater than 10 nm preferably greater than 12 nm
preferably grgatehelchA8 ahecd® prod Rt &rddthoh dh St 8wt &Rvel BoMicBEe hRS abl y
greater than 20 mm preferably greater than 25 mm The increased | ength of
the CVD si nfmst diskpstigns whidgwspigtaingngd lopg intgrpal slagesign. appl i cati ons, namely as
the Raman scattering nediumw thin a Raman | aser, wherein the increased

|l ength |l eads to a reduced | asing threshold. The Raman scattering nmediumis

30 the nat ebummayy phinyentfom Ranan | aser within which stinul ated Raman
scatteri is induced. The term"longest |inear internal dinension"

relates to the | ongest straight line distance that |lies conpletely within
t he body of AtlgjcO\u thé prgbaat ocwvyisitcalis ti @ooided a smikerdradtagl AP dexenpheferiahe body

di agonal of cupe. 5 The ingl e crystal, di anon terial .further
exhibis o BRPHRFRaRHce T Aesl B el g dr BPREHG R Rl e

pL ef elr3 abl ]Y bﬁér@Wdiﬁﬁelﬂsﬁb_IﬁBSuigin F aah%nd@[eg awlidatiob@siuch Jartaé Rﬁlﬁﬁﬂl ycaaetiow | x 10*
This birefringence pay be deternm.ned over an area greater than 0.01 MR, an
area greatef® Wﬁhwﬁgl?} W{la%ﬁseép%‘ém@efe%%?logﬁ%rnpr?d  Sugh ainele gveal er t han
5 M2, orp agaRbeRisYRat@r than 25 mP; and over a path length of at least 7
nm 10 preferably at least 7.5 nm preferably at least 8 nm preferably at
| east 10 nm preferably at least 12 mm preferably at |east 15 nmm

preferabl Y fhe ln%@ﬁﬁon]@la%@to Qr(/e\ff lgrsﬁll%le)’cr%tall @b 2RafdFal \pﬁé%éiﬁrt@é)&i)(m@ﬁd l east
25 mm This decreased birefringence results in a decrease in depolarisation

of any |i ghmaisasldiangicdpliciing etheacCuBsicsi vitnenensyrsd all roeth ereireetirat eri al , and so
a decrease in d1e189 e@(lﬁ%@?ﬁl%ﬂlall 2556S0n %%at'éﬁgﬁ)l] ali sation | osses" refers to
es due d cha

optical energy |o0s to uninten nges i'n the polarisation of the
punp or £ okes dbeagratsRbihelaxCcieasi’Vattyrmlihd@hudihg af ighgeasewith drbis-

di anond. An exanple of such a loss is the specific case in which the

di anond Raman gaiSRctivgdl 4ifA gsatputipe § 04 handgrengstreinteging Perh suceter bt 7 t he
punp and Stokes hganggare

an absorption cocfficient below 0.010 cm™ determined at a wavelength of 1064 nm

20 The term “room temperature” defines the temperature between 20 °C and 25 °C, more

specifically 20 °C.

The CVD single crystal diamond material may have a longest linear internal dimension
greater than 7 mm, preferably greater than 7.5 mm, preferably greater than 8 mm,
25 preferably greater than 10 mm, preferably greater than 12 mm, preferably greater than 15
mm, preferably greater than 18 mm, preferably greater than 20 mm, preferably greater
than 25 mm. The increased length of the CVD single crystal diamond is of use in several
applications, namely as the Raman scattering medium within a Raman laser, wherein the
increased length leads to a reduced lasing threshold. The Raman scattering medium is
30 the material within the Raman laser within which stimulated Raman scattering is

induced.



20 both p-polarised. Any birefringence in the dianond will cause a rotation
of the polarisation of both beans such that a fraction of the beans will be
refl ect edwatotimsewnyst al boundari es and subsequent|y | o®CTRPoMIBE7DPt i cal
cavity. Birefringence can be determined by a technique outlined by d azer
et al. Proc. R Soc. 25 Lond. A Decenber 8, 1996 452:2751-2765. A
commercial system which inplenents this technique is available, called
Metripol. Metripol nmeasures the sine of the phase retardation 6 between two

or t hogonal | yhPRbAriongeht Rf@RTt@haldliSaiRIne raxbi ia,l thé Mgt rs@etlgmnﬁ@ 'Elfsﬂbncé’\her e
6=27r (An)d/ k, and d 1s the sanple thickness, IS tﬁe wavel ength of |ight

used for t hBahbessqameeinky, Wlﬁéﬁ@%@mymﬁth%\’? samﬁie grysiabdizRens mateiag far | ows An

to be 30 calGula g-bod fiG I&@ggl&m measures 6 along the entire length of
the sanple In & gi ven direction, is calculated An represents an average

val ue of birefringence al ong t he dlrection of nmeasurenent and over an area

that is they Thie¥D ﬁﬁfeeic%i&él Rertiéh atteh?lr_lm%u CRMERL 'B‘?Qﬁ?ng}:ﬁ‘ce o'}'b%lo‘wrk 't

i s under st oo neasure € aver age va

di rection of x1eggufeaBRtbeRiv dx WaY glredably wiowdD0100M) fyfetads MM l3p@b*7
instrument. The CVD single crystal dianmond al so exhi bits an absorptlon
coef fi ci ent pisfergdy below. D410 - -Thisbigefiingengy akpe r’oatﬂewb@p@\@/v@ QO eg greater

preferably 91%!1 AV Qnrgi,) gn &ldh %reat@f: t%tu? 6.@91'11){2, Qt? Ll%X"g%a{%P t?han 1 mm’, an arca greater

than 5 mm’, or an area greater than 25 mm’; and over a path length of at least 7 mm,
10 preferably at least 7.5 mm, preferably at least 8 mm, preferably at least 10 mm,
preferably at least 12 mm, preferably at least 15 mm, preferably at least 18 mm,
preferably at least 20 mm, preferably at least 25 mm. This decreased birefringence
results in a decrease in depolarisation of any light passing within the CVD single crystal
diamond material, and so a decrease in depolarisation losses.
15
“Depolarisation losses™ refers to optical energy losses due to unintended changes in the
polarisation of the pump or Stokes beam caused by excessively high birefringence in the
diamond. An example of such a loss is the specific case in which the diamond Raman
gain medium is pumped at the Brewster angle such that the pump and Stokes beams are
20 both p-polarised. Any birefringence in the diamond will cause a rotation of the
polarisation of both beams such that a fraction of the beams will be reflected at the

crystal boundaries and subsequently lost from the optical cavity.

Birefringence can be determined by a technique outlined by Glazer ef al. Proc. R. Soc.
25 Lond. A December 8§, 1996 452:2751-2765. A commercial system which implements
this technique is available, called Metripol. Metripol measures the sine of the phase
retardation & between two orthogonally polarised beams of a sample exhibiting
birefringence, where d=2n(An)d/A, and d is the sample thickness, A is the wavelength of
light used for the measurement, here 550 nm. As A and d are known, this allows An to be
30 calculated. Since Metripol measures 6 along the entire length of the sample in a given
direction, this calculated An represents an average value of birefringence along the
direction of measurement and over an arca that is the cross-sectional areca of the

measurement beam. In this work it is understood that the An measured is the average



cml, preferably below 0.001 cm 1, determned for light at a wavel ength of
1064 nm A decreasing absorption coefficient will decrease |osses for |ight
passi hg wohonyasbe4CVD si ngl e crystal di anond materi al , pcespRatiing47n a hi gh
optical transparency. Such a high optical transparency results in |ow
absorption | osses when the CVD single crystal 10 dianond nmaterial is used
as the Raman scattering nediumin Raman | aser applications. Fundanentally,
the absorption coefficient that is nmost inportant is the absorption

coef fi ci ent viiRaSIHAE thealiRBGO1 HEmBRATMRAL £ Uw8&1dnBtht d¥e550PRh b akd MRtripdl Whi ch
the material is used. In practice, the absorption coefficient is nore

generally nEsELPEY al ong the beam path used by the neasurenent instrunent.
In practice the absorption coefficient nay be 15 nmeasured over
substantially the whole material. The absorption coefficient is nmeasured by
usi ng IaserTbaCMFi$m£¢ywmﬁi@mm@mkﬁ@w@@ﬂ@@pﬁ@baﬁmﬁmhedﬁkﬁntMEWka%DH)under

t tt f th
(oot o reast LRy 26, Dok PIRCTALALS L b B! AILANS RRRSPOReT | he
materi al magm? ,Lmbihﬁblyl bwdﬂvud@Ohcmdn@es’mmadrfelahgm pta wabdlmgslccféﬁ)éﬂ lire A

di f t 7 bl th 7 bl
or ot ot nafeBasik St B sby Pop B LR R R0 NS Rnent P Srdiry ke SOE 1 han
12 mm pref aﬁ@llalcyysgan dain®mndtoaérial Srefitting red Elrgabbycag nﬁaiﬁrenfcin aBuchl m@h

preferably greater than 20 2 f er abl re er t 25
i ncreased ofRHCAFPYSTAEVEESFBY tém%gﬁg%%ﬂﬂ‘?%%é nftBF S’@& CrYStal

appl i cat | @NgiamSHE Matksiat @ sddaiTare BeAdd @ﬁﬁé}mgmlﬁmmarﬁaﬁ@@m |&886ns. The
i ncreased optically accessi bl e di mensi on reduces the Ia5|ng reshol d of
£

the Raman | Bswdamerfidly: therigearptipn aeeifictspt thehis| osldeweshy & tHE ABISPIMN refers
to the | onggskr Sl felitted didh B0 SN &Rd M &Bhﬁblﬁc%nﬁg%&fthé ReFMR single

crystal dianond nateri al along which light can travel when entering at one
surface andusssi Inipnestiae, tandspetionpraificient Idmaremederalt sxchaied aongthe besmtled by

air with a ﬁ&ﬁ]fl l[lge(&tﬂyvtﬁe hlggs%%(enﬂtn’t: indtrurh @t 1@ phic%@é th@ gmﬂtgn%&ftﬁcfenﬁmay be

15 measured over substantially the whole material.

The absorption cocfficient is measured by using laser calorimetry, with a thermocouple
attached to the sample under test to measure the rise in temperature resulting from the
passage of the laser beam of the required wavelength.
20
The CVD single crystal diamond material may further include a longest linear optically
accessible dimension of greater than 7 mm, preferably greater than 7.5 mm, preferably
greater than 8 mm, preferably greater than 10 mm, preferably greater than 12 mm,
preferably greater than 15 mm, preferably greater than 18 mm, preferably greater than 20
25 mm, preferably greater than 25 mm. An increased optically accessible dimension is of
use for optical applications, such as the Raman scattering medium of a Raman laser. The

increased optically accessible dimension reduces the lasing threshold of the Raman laser.

The “longest linear optically accessible dimension” refers to the longest straight line
30 distance within the body of the CVD single crystal diamond material along which light
can travel when entering at one surface and exiting at another when the diamond
material is surrounded by air with a refractive index n = 1. For a light beam to exit the

CVD single crystal diamond material it must be incident on an internal surface of the



CVD single crystal dianond material it nmust be incident on an internal
surface of the CVD single crystal dianond naterial at an angle that is

| ess t harwoheliasstéscal angl e neasured rel ative to the secrareonosoat . | f
the angle is greater than the critical angle the light beamw || not exit
the CVD single crystal dianond material and will undergo total internal
reflection. Therefore, the |ongest |linear optically accessible dinension of
the 5 C/D single crystal dianond material is the |ongest straight |ine that

extends wit oivib §iRglc QR RghenEhdetidl atdinddndinaBtsatdsahabalewerRat wy1f aces of
the material, wherein the line is incident on each of two opposing surfaces

at an angl emgpiuEs relgtivatodhe yuggec narmal. Ifithe anale iseateahgndhamidivamalaihed
relative t0jibn@edh LeFhbQRiMA €8 diid ?@&talsdﬁrfl@}faemat%r@alzﬁﬁw@l[ hﬁdgﬁ@'ﬁﬁ?ﬁ'ee IS

dependent on"the refractive indices of "the material either sic

i nterface uptnnsiheiddstionelharghre, ihs lpmgssidlensar ofealle reaepiible diroenszm cfithe di anond
interface: |} - |1 L | Nt J . | nci dent
at an angl cCaPuitieSial Mt CHMELATPOR R Bt Sl QR A
surface nor @¥D dimglocggal diondd rha¢rall bstwieat wworfades pf the idagritag dvher®ini the biné t i cal
angle is purely.illustratjve as refractive indices. are 15 depepdent on the
tavel engt b Broviersab A" GuPote itk that ehEr LT s df SHERGHACES a1 mmy
further exhtdiichl fglcofpticheadasipbdRGmveROONHGIFRIGEndriaEto tHad sunffeen nmeasured at
roomtenperature, determned to be greater than 4 ps, preferably greater
than 6 ps, preferably greater than 8 ps preferably greater 20 than 10 ps,

preferabiy @reaitRbl &nBRMNs d&pchGont Ir tHeSePLAPOMUicONSH the Matchig] JRABBIIIIN the
coefficient and so |ncrea3|ng T2 will result in an increase in the
g

per f or manceinéf facpapavphiahibe Beltriy stcidenyiFamsrmptat BF iaglair Hagorbimigiaras er
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power. 25 The equation show ng this proportionality between The Raman gain

coef fi ci ent appg@Rimatety 7249 segsiRed relaimeg toxthe Forfpcosnaghet en qzler & bhtotdpt i cal
phonon deco i 18 -Shi . th and
onat i s a MErplSgehidt, This oficD it RSRe S LA B4S Rte IRY B A 1T

"i nput pbWwedépendsheorstht ovatdengtoedighobeingwesegpunpi ng |1 ght beam i nci dent on the

The CVD single crystal diamond material may further exhibit an optical phonon
decoherence time, 7>, when measured at room temperature, determined to be greater
than 4 ps, preferably greater than 6 ps, preferably greater than 8 ps preferably greater
20 than 10 ps, preferably greater than 15 ps. 75 is proportional to the Raman gain coefficient
and so increasing 7, will result in an increase in the performance of the CVD single
crystal diamond material in a Raman laser application, as a greater output power will

result from a given input power.

25 The equation showing this proportionality between the Raman gain coefficient, gz, and
Ty 1s
g, = constx L
s
where 73 is the optical phonon decoherence time, Ay is the Stokes-shifted output
wavelength and const 1s a material dependent constant of proportionality.
30
The term “input power” refers to the power of the pumping light beam incident on the

Raman scattering medium. The pumping light beam is the light beam utilised to cause

10



Raman scattering nmedium The punping |ight beamis the |light beamutilised
to cause Raman scattering within the Raman scattering nedium The term
"out put pavoenil/esefeers to t he power of the stinulated Ramram/Ere@tiinsried beam
emtted fromthe Raman scattering nedium 5 The optical phonon decoherence
time is the lifetime of the optical phonon produced during Stokes Raman
scattering. The upper Iimt of T2 is set by the subsequent decay of the
optical phonon into two acoustic phonons. However, the inventors have

real ised t hREmJ@sthéngwlmlﬁfHé']@nﬁa‘ﬁ@E@ieﬁh%ﬁlegﬁfﬂaﬂl@ tdr$ “OEPUGRAVFeletdi Ve to
this upper Iimt, due to scattering of the optical phonons off the defects.
These def ectoghepesyeroétheatinglserdRameg Spqﬁ@reéé@@n?zlltéﬁﬁffp roxe Hic Ragnag SeatleEr®r Ranan
gai n coeffiglgpt, Such defects include isotopic inpurities (including C13),
poi nt defects, defect conpl exes, extended defects such as dislocations and
ot her sources of strain. T2 can be inferred fromthe first order Raman |ine
wi dth, ass dgh eom PR Ak RaTEATMTE TR reinc 1, FRSEh LTpLy { e
material .> Howe r, Tor high quality S|ng e crysta |anD t|ng in a
| ong T2 anddltrmgc%okwlRtaomn Raatreing. i Theuppedﬂlhgn ofguamsenbzaﬁmrsebmqmmt danay bé

limted b t | ut d t dth of .th
sour co. ay IRBEFTRPRGn LB AR HruSoohoBor e bt b 0tV BRE O
t hat of Tramswahin Gahedd B(Bntﬁhingaiefea&t is PBOnen r8paed toodsompef IIIﬁihﬂ?S)le to

descri bed in 20 \Wal nn e eV 8 155201 (2008). This

t echni que i Wﬁ?r\}%%ogﬁé Oé%ﬁ?ltpgﬂf’ ‘H{‘] ¥4%€§ﬂ§%€56%9?§8“%‘bﬁ(‘§ Bair of
consecut i (¥ eingRAG BNind RUhisRSa greiteMRifdh daecddiSant]! |REUBS @ ﬁ&hﬁﬂa%&olﬁ@ npar ed
to T2. The first pulse Raman scatters off the crystal, creating a Stokes

phot on and HBHUSHES eaqlu%%)ﬁ?oa pomfedf'é”@éiaﬁsfeﬁhww?@ﬁe%zﬂ%nqeﬁéie&%c%g% as The two
St okes pul sggioWMibhs B hassreQheient if they are separated by a tinme 25

| ess than T2 for the optical phonon. This can be detected as interference
fringes in a spectroneter Thus, by neasuring the anplitude decay of the
interferenc e o] f,the

pul se separg%f%%%g can (%Hﬁ%$g¥%2@#§tﬁﬁﬁﬁ @NEﬁ%?ﬁ ng%ﬁﬂé%glﬁo i armond

mat er i al 1 mampeausmeonof the iRamas eptcenin @fths magkiak H()v@uebs fqrthughl @naly smdle ogen in

t he neutr al rge st thin the D si nal e 8% i ria
esurod by TR AfpShE kgl iy 0f TR ha%e S Rh¥ ok LA TR Lo
bel ow | X 10msasatediBtsCétn3be pﬁﬁé«erb@bdpycthﬁh@w 153’011&'1041 aidotte mmandtﬁr lo€ the

decreasing nitrogen con resul t | ower |nt def t CO tration
Within the COBEITGRES & QL var R WaERrHr e Sy 4 d SO BonEry
reduces t heopbs@isRint 00cKet f Uttt @ﬂ@ndnncsp@@ﬁﬁ&pp (T@@PS)eaééth%eﬁh@n | osses

and increasing the Raman gain coef i ci ent respect

si ngl e- sthhst¥ ?@f@%ﬁﬁa?’ ét tggeRey-nBt He lﬁé%lqlrglooghérﬁ‘@%teﬁh@ﬂée Wﬁﬂ‘@ﬁtth‘? s

measured by 4ghig & ﬁetf(mn%ﬁmaﬁw By LERANGNEREERR) coniiint Eﬁlsésh@n met hod
is well-known in the art, for conpleteness, it is summarised here. In

measur ement ¥hieh ﬁmmﬂ@dengéhswge SRR, copiparcd i hd Ahe Srshpulse Baman gagtters off the
paramagneti g Qtﬁf %Pe%nﬁg? @tok%{‘ﬁhd?&%{ﬂn e@@l HiongP Sﬁﬂetslé#dn‘a%lse Eééﬁegﬁ%ﬁ@

defect) is p opértlon I'ntegra i'ntensity o
absor pti on process. The two Stokes pulses will be phase coherent if they are separated by a time

25 less than T, for the optical phonon. This can be detected as interference fringes in a
spectrometer. Thus, by measuring the amplitude decay of the interference fringes

between the two Stokes pulses as a function of the pulse separation, 7> can be inferred.

The CVD single crystal diamond material may also contain a content of single-

30 substitutional nitrogen in the neutral charge state within the CVD single crystal diamond
material, measured by EPR, of less than or equal to 5x10” atoms cm™, preferably

below 1x10° atoms cm™, preferably below 5x10™ atoms cm”. The decreasing

nitrogen content results in a lower point defect concentration within the CVD single

11



10 resonance tines originating fromthat centre. This permts the
concentration of the defect to be determ ned by conparing the integrated

i nt ensi t ywoaotihgtiewhi ch i s observed from a reference sampir&P2@nosidded care
is taken to prevent or correct for the effects of mcrowave power
saturation, Since continuous wave EPR spectra are recorded using field
nodul ation, double integration is required to determne the EPR intensity
and 15 hence the defect concentration. To mnimse the errors associ ated
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(J. A Neldgg 2. Mead, The Conputer Journal, 7 (1965), 308)) is
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further contdpphala'sy efea“ﬁlﬁwﬂdeﬁe‘uwfqdegeazsm’% ‘wa tie:@@ai@ﬁ&é’& wsﬁgd cm 2,
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The dislocation density is nmeasured by assessing the nunber of dislocations
in a given volunme sanpled by x-ray topography using the nethod described in
"X-ray topogoapisyiest udi es of di slocations in single crysgcalepahiosidanond”,
Gaukroger et al., Dianond and Related Materials, Volunme 17, |Issue 3, March
2008, Pages 262-269. X-ray topographs are recorded using a Lang canera
fitted to a rotating anode X-ray generator. To provide information about

t he di sl ocations throughout a sanple, projection topographs are recorded by

transl ati ngThh&nsafintien bIiRMgusHRLBRAM tidRcPIMABE ntRra@ YNOSEstatt PrS&HIRl et e 5
vol une. For Burgers vector analysis, projection topographs are recorded for

four differBasyrthateLYRmingloeraryid digjopd sesderiabakihp pregrimmisatigenar e §e have
<110> Bur geﬁl%aé{f%ﬁ& %i-nth_Bg 250 % ! b%{\}}?ﬁ%ﬁ% A 31d hﬁs%%tiofﬂ%e@t}go%g&g\éggh@y the

| i nes al ong which two different nes 10 I ntersect:

appr oxi mat i ahniguedif $Nowabicabsorgtionmpedidstayiinwell-§nareninybheary t opograph if its
Burgers vector lies parallel to the atomc |ayers responsible for
diffraction. This nmeans that for a set of four topographs, each generated
usi ng a di f Thr emcentthtider of efnigbetuibenitutianadinitexgen irs thecatuiti@hclvir gdhstate<dd ke

B t N b - t t ab t f h
other two tOBOTASRS ShEFERG werge SRSar R SRRty S5NFRbe rRR L
i nt ersect i oibsofptioh@ecalisfd hactiunghepd GMs32kear' dddelddatcher W & opogoaphs. A

conputer programe is then used to identify the pairs of coordipates
corr espondi W&Ltad NI Ik SMWHEF EOPGERR %&éfs trﬁit‘ﬁgﬁ? t[i? BXRRNRE CApthEehnd

| ower suif a¢f8esah cinlGoSBEPERs al B30 RIS AV 344 &hS af thh bR cRRFIoh ONEnAnd
contrast strength can be built up for each of the 20 recorded topographs.

Mat chi ng of NiEBsHUR Metresigsly sharaccpmdmenieH states FORTCHBHE aifi X hith Calgernes| er ance
I's taken asgan pidi 6sHdeAIMARRL 16 (RoSRER71-614) BafuDagsl, d iR GGH.st CoRRas | ng
these four inmages gives an |nd|cat|oq of the total nunber of dislocations
i n the sanpthetthg valumeerived fipmeh A 2gimgicek sopbtaalupdérdmhd mat eri al may
further exhibit a thermal conductivity,
15 Alternatively, the total concentration of nitrogen may be determined using secondary ion
mass spectroscopy (SIMS). SIMS has a lower detection limit for nitrogen in diamond of
approximately 0.1 ppm and its use is well-known in the art. For synthetic diamond
produced by a CVD method, the vast majority of nitrogen present in the solid i8 in the
form of neutral single substitutional nitrogen, and therefore, whilst SIMS measurements
20 of the total nitrogen concentration inevitably provide an upper limit to the concentration

of single-substitutional nitrogen in the neutral charge state, they typically also provide a

reasonable estimate of i1ts actual concentration.

The CVD single crystal diamond material may further contain a dislocation density less
25 than 10" dislocations cm?, preferably less than 3x10° dislocations cm?, preferably less
than 10° dislocations cm™, preferably less than 107 dislocations cm?, preferably less than
10 dislocations cm™. The decreased dislocation density results in the diamond material
exhibiting a lower birefringence. A reduced birefringence is advantageous as it results in
reduced depolarisation losses.
30
The dislocation density is measured by assessing the number of dislocations in a given
volume sampled by x-ray topography using the method described in “X-ray topography

studies of dislocations in single crystal CVD diamond”, Gaukroger et al., Diamond and
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nmeasured at roomtenperature, greater than 2000 Wn 1K-1, preferably greater
than 2100 Wn 1K-1, preferably greater than 2300 Wn 1K-1, preferably greater
t han 2500w@repik08d164An i ncreasi ng thernmal conductivity ascamrageosst’y
reduces tenperature-related distortions of the CVD single crystal dianond
material. Such distortions can be 30 detrinental to the optical properties
of the CVD single crystal dianond material, increasing thermal |ensing for
exanpl e. Wien the CVD single crystal dianmond naterial is used as the Raman

scattering REgicdMdidliad, RoMBRe | BIQe 32R0aldACI008. S8 gk N2 4NBIITRI-raly @8} RPhs Woul d
di stort the beam A higher thermal conductivity would al low t he Raman | aser

to operate #E r¢folsd using geng eieets fitipd teguotaging ﬁ@deﬁ&ratyrﬁegeaf@éﬂq mHevida

distortions I I hni que,
O oner e TR RO AL o SBORM St PR RPN LEEDL 0

731. For t hecpriséby fianshtingibhnimple thiceghitharhsme inredéar to expose étsiwountased i n a
cryostat fo gnsure the tenperature of the sanple is known precisely. A
short, hlgh energy |aser pulse (approxinmately 8 ns in duration) is used and
i mpi nges on one face of the di anond plate. The tenperature rise on the

ite f i f f
o ver 1 aFE tyedE TR ShyvES riicP b ter e msiist B I G B e, the
thermal di f foflettiditsy Désdidrakion Cial disthat®genckinigiang <t he> Ragers apaot. tTheaind
density of H@é di ampnd. . materi al .the thermal con ilq(1;1\t|V|t t hen be

cal cul at ed Tt 9~ (EFHARP 26 YU Rg §rsy aloge v éwﬁ%}(%?“ﬁ Heatapst al

di anond et Rkdradlct. TBY dobld LfRExiREti&H, @‘M&lc@ﬁﬂ&ﬂ@ iISegeBch @Flv%XW%amm st age
of a nU|t|-Staqﬁ1 grow h process., The stages of the nulti-sta rowt h

process mayifide Biraers ﬁ@ﬁprslhed)awleé Hpalhg atonig laysys reﬁpmﬁbleéwhfféaéepeﬂhls
condi tions QRO .Y fGPQtsprfﬁfhrdféE)bé}gplﬁr QM genokiedd (YR T8GR CQpMi tions

i nclude, but are not limted to gas pressure gas tenperature,
chemni cal corgplestian; agiveh dtlﬁecaglae V\(lihrPc‘F UdPrigpreere veaacewtdabd pigsaf imiwe ogen) ,

and the subg %5?'%,@’ sTRMRRLAL A ¢ eTOLI'ﬁ ¢t twl B%@Blas'é@vitﬁ\(f% §9r§&%§f%£t8¥ %Gﬁﬂg%“ ons

can influenc propertles 0 dra posite uring eac t hese
stages. 131 thasinbefintedicstoomvod itleedliffactinpeplaney énttior Isttdr aid tdpygreplangi ng t he CVD
reactor conditions during growh it is possible to alter certain properties
of the deposited dianond that is subsequently deposited, whilst retaining
ot her cert aAroppopepbi@mnefis the upydey ideusfy theepe sf t@ﬁdldhtesmmﬂspoﬁbmg to

Che. depos 1 08 PAAHES T A 18Fage o LB ROV Rt Bt &F 1 SRRTC. S &
this way lists of line positions and contrast strength can be built up for each of the
20 recorded topographs. Matching of coordinate pairs in different topographs within a set
tolerance is taken as an indication that the same line had been imaged. Comparing these
four images gives an indication of the total number of dislocations in the sampled

volume.

25 The CVD single crystal diamond material may further exhibit a thermal conductivity,
measured at room temperature, greater than 2000 Wm 'K, preferably greater than 2100
Wm 'K, preferably greater than 2300 Wm™ 'K, preferably greater than 2500 Wm 'K
An increasing thermal conductivity advantageously reduces temperature-related
distortions of the CVD single crystal diamond material. Such distortions can be
30 detrimental to the optical properties of the CVD single crystal diamond material,
increasing thermal lensing for example. When the CVD single crystal diamond material

is used as the Raman scattering medium in a Raman laser, an increase in thermal lensing
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To further illustrate the advantage of this insight the follow ng situation
is illustrated. It is known from W2004/046427 Al that in order to mnimse
t he presewmoeonfosdics| ocati ons within CVD single crystal acampaa1io50473
important to have, typically, 300 30 parts per billion of nitrogen present
in the gas used during CVD production of the dianond. This presence of
nitrogen al so reduces the formation of pits on the growh surface of the

di anond, the reduction in dislocation density may be related to the

reduced for g8 Akt tHehesB. Rint dgiher thBEnd? oSl ubBYity W& d RBow SsPRNSIDL&r kor t he
i nclusion of other defects an urities into the material. Whilst adding

control | ed PROVEE & bé&heh1npwd@@ﬁr8cvalﬁlow}éwé%va&thﬁﬁé@ﬂ’§nwatl ﬁl%@%ﬁds to control 5
of dislocations in CVD dianond, for certain applications it is desirable to
reduce | evels of nitrogen whilst nmaintaining a | ow di slocation density.

This is therrasgl d@ﬂ@ﬁbtl’#ﬁif Bgn&é@e@ anﬁhle%s&r f¥a3h %Chﬁh@@dq&sme@'b ghyi@fent he
Raman scatterlggl medi umw thin a Raman |aser. In such an application the

reduced nit #adg amﬁ@b?'ﬁd?eé%tﬁ?waqe@%l&smd%@%b aﬂ Yor the ls¢rdlael tegld@iephd on, and
hence r educ@iﬁm@ﬁ’@@{d@ Qs &gh@&?ﬂ oL@YdstaY td & ?he t @erétﬁ‘:l@%?ﬁ@ sgnﬂ}c)) ij$l ocation

densities can ower birefringence-re ate epol ari sat | Thus a
reduction i knawntpregety. andoitrhighencdiydhsocatlscppmenisiately § ms inhiera@viD isi ngl e

crystal materlal used as the.Ra cat t r|n dium.can.lead to a Raman
[aser wi th o SubI TS Bl adc ‘gﬂﬁ. Hidend e T YPCRBI e R ag‘ebeen f ound
that it is pgesidiae ik medepaisiii a st (awmﬂsl fac-atftaeml pzb&m$h¢ty-vditacmﬂstebudur| ng one

Gur g b B iGHeTdR R b e on e By P aT PIRORLS TiadSionkfisth at i on of

ni t rogen MﬂKhbﬂmgh%lﬁmngbﬂm§%ﬂ@ﬂ@kmﬂﬁﬁﬁ@mﬂmﬂﬁiﬁﬁkﬁﬁiﬁ@%mﬁﬁahnﬁhagﬂy
Surprisingly it is found that the red on in mtrogen content within the
gas used du?qnﬁbe“(ﬁ?lﬁai%@ff&éfoi“bﬁl?lsdherfnﬁ gf% stage 20 does not lead to
a corresponding increase in pit formation and di sl ocation density. The CVD
single crystal dianmond material deposited during this subsequent stage

t her ef or e berRetivirs sihgRMrbah hdiambad weeeki dimsd orathcpBe densh by thanstchedueed
nitrogen ncorporatl on. This nmakes this material ideal for demanding

appl i cat FonEbs&iyey sipge ha nuliingiass aepil Prodgss bl SaehPt WFﬂ“‘é“ﬁé%&mlwé%er 25
The i ncor popafek Mm@ vRidiSAURA I Phdnldes depep bt @m@&t&%ﬁaﬂnahs can be

altered by altering the concentration of nitrogen within the gas phase used
during the ovmnpilpceweplled during growth. Such CVD reactor conditions 1nclude but are not
limited to, the gas pressure, gas temperature, chemical composition of the gas (including
the concentration of nitrogen), and the substrate temperature. These changes in CVD
20 reactor conditions can influence the properties of the diamond deposited during each of
these stages. It has been discovered by the inventors that by changing the CVD reactor
conditions during growth it is possible to alter certain properties of the deposited
diamond that is subsequently deposited, whilst retaining other certain propertics of the

previously deposited diamond. This surprising observation gives increased control over

25 the properties of the deposited diamond in each stage of the growth process.

To further illustrate the advantage of this insight the following situation is illustrated. It
is known from W02004/046427 A1l that in order to minimise the presence of
dislocations within CVD single crystal diamond it is important to have, typically, 300
30 parts per billion of nitrogen present in the gas used during CVD production of the
diamond. This presence of nitrogen also reduces the formation of pits on the growth

surface of the diamond, the reduction in dislocation density may be related to the

15



In particular, the incorporation of nitrogen can be reduced by reducing the
nitrogen content of the gas phase within the CVD reactor. O her CVD reactor
condi t i onsOrma/dse1630 varied to alter the incorporation ®CTmPReI0HEN7TW t hin

t he di anond material being deposited. Were parts per billion (ppb) of
nitrogen and parts per mllion (ppm of nitrogen in the gas phase are
quoted, these are always calculated for nolecular nitrogen. The "growh
surface" of the dianond corresponds to the surface onto which deposition of

di amond  occrigced Ubiniioh RE tKVOp RS, 0GR Tits nay TR bEFdpondivil BE Aldl @BsibS oBiSed t o
refer to the famly of |ine defects, including edge dislocations, screw

di sl ocat i ongtherrdefests agil neiics Bisthawtedirsl ocati ons wit hin di sl ocation

bundl es. Incorporation of nitrogen refers to nitrogen being contained
within the CVD single 10 crystal dianond material as it grows. Such

i ncor por at eWhilstaddgervontaellcidevatsofingedgey cimordyartageeds with higards ecdrdiot i ce,
substi tutd opalili¥c ol NGy BRI, 0P Lorfitn FELRGL GOSN dLdLaGRrAor ati on
rate of nitrogen refers 1o a neasure o € anmount of nitrogen 1ncorporated
for a gi venofthisbgercehitst naiieaming aloewtiklopaiopelkoliituTars it thetchee whlystisiag e over
a fixed are 15 A further property that_can be controlled. upilising a
mul £ st ageC yPaied b ae R CRR A 1 BT REn SRR AlE R R T el ot ve
growt h r at emsdrnlifchanenplicdtivattat ratykcaphitogel mestpobaition 1&de Bereedlft fove gr owt h

rates can be chajacterisedq by a paraneter, a. The parapeter a is defined as
a =x R<001>F°Wi§211 %PW’\R;HE#SX‘F? 1CS %bSPWé‘O‘Q;'F%}ﬁFﬁ Cﬁélﬁ}ém%ﬁest ARd Lesiy g

di recti oy amdidRsddnldedsiidsR@n Gsa@wh ow et @rdfAng iR e Fdidibd ddpsiahEdtRA. THRE:
paranmeter a can_be controlled by specific D reactor conditions, such as

the gas preiduftion ipasrasspped i hF dislociéns ¢aritebnpo S saclsrristie myesial
(i ncludi ng QHREGRMR ARAGENMFERS kRBnARY 1L480 SURSIMmalLr WRNRASBLUNRholder ef or e

by knowi ng the crystall ographic orientation of the single crystal dianond
that is bei tny elposificede25 (commonly dictated by the crystall ographic
orientation of the substrate) and by varying one of the CVD reactor
conditions that influence a, it is possible to exert some control over the
evol ut i oiS oft hnhiecegdoureltthat ik podsébldioatrpodt 4 loat dislscatiep dsisitgdiambng daripar anet er

Lo 2L, SRl Ol IS R BLR953 P gl SNl o1 T
preferably CVD frodittidn ofd @besqabitytage & educdtheZnrp@ttidnasfalitoged withinah@. 1.
single crystal diamond material for that stage. Surprisingly it is found that the reduction
in nitrogen content within the gas used during CVD production of the subsequent stage
20 does not lead to a corresponding increase in pit formation and dislocation density. The
CVD single crystal diamond material deposited during this subsequent stage therefore
benefits from both a reduced dislocation density and reduced nitrogen incorporation.
This makes this material ideal for demanding applications, such as the Raman scattering
medium within a Raman laser.
25
The incorporation of nitrogen within the deposited diamond material can be altered by
altering the concentration of nitrogen within the gas phase used during the CVD process.
In particular, the incorporation of nitrogen can be reduced by reducing the nitrogen
content of the gas phase within the CVD reactor. Other CVD reactor conditions may be

30 varied to alter the incorporation of nitrogen within the diamond material being deposited.

Where parts per billion (ppb) of nitrogen and parts per million (ppm) of nitrogen in the

gas phase are quoted, these are always calculated for molecular nitrogen.
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It has been found that by tailoring the CVD synthesis conditions, for
exanpl e by growi ng CvD di anond material with a in the above nenti oned

pr ef err edwoanpgeisétshe growm h rate in the [001] directionPC3/EPasiti/obi4gh enough
conpared with the growth rate in the <111> direction substantially to
prevent the formation of {111} facets i mediately 5 bel ow and adj acent to
the main (001) growth surface, and just | ow enough substantially to prevent
the main (001) growmh surface itself becom ng unstable and form ng hill ocks
and/ or other damaging features. It has been found that, all other things
being equal, if a is above the preferred limts then {111} facets form and
may twin suGhe faaawthsyeageriof sheahupendcaerisrponpstorths wrfaop anto gt deppsiten and

t her eby h'n@ﬁhmﬁ1u§£9@sﬁ&¥%ﬁﬂéEbﬁﬁmbﬁﬁéease 10 in the lateral dinensions of
the grown crysta Simlarly 1t has been found that, all other things being
equal, if ais belowthe preferred limts then |ateral growh is limted
and the S Q s 001) rfac be
utilised $ﬁ?%%ﬁ%&n£@$ﬁ%ﬂ%}p' g(pélef?téaFgagﬁl()m%ﬁ(%?%%éggﬁ%ggg ?lbed
earlier, \Ahélslecmlohhescmmdlsig@mmommdt diglb¢adinng mndt dhelomlon@wshlgahslwatlbn n the
CvD reactor reduced for a gromh stage after the first stage of growth
to give a CWﬁ’ |ngle crystal dianond material that had, advantageously, a

| ow di sl ocation density and a Iom1nitrogen content. The nitrogen cont ent

al so |nfluences t he paraneter Dur.in | east on rowth prior
to the stag&cPHgrat JEBREHE eé%/iﬂ%lfrﬂ ?Ibb?}’i‘%?%ﬁmégwd‘ith&hﬁ’ﬁ Wgtsg‘r\%ﬁ of an
enbodi mend  eystaN@iaRoRs @lcridIUe MdroRs. JRE iRdoRsRARE n@tfrogyntora@%mdngcmw m se
the formation of dislocations also_ _pronptes growh along the <100>

di r ect i ons. Inpprgpiated Mathithidp l%tsqen@lbaltgmkly at igtopitiehy. &1 aag defeqt tooplegriot h f ace
and {100} SinggrpBﬁ‘Ei@ératé c‘ifdn%og%{?%ét‘e&lt&a mehGR @tf?é"érﬂ&n@@ﬂ“iﬁ@@éeﬁﬁ?fdo@ﬂdr%ed for the
deposited dianond to grow so that the major growh face 1's |arger than that
of the substorateenWytance dfalismand sgerthpemeedieulafto 4 subiraigasend fidednareehe CVD
reactor is decreased, although the lateral growh rate is decreased,

further deposition occurs onto this enlarged growth surface. This neans
that a slﬂ:)sAcfulelmr psma@ethtaham biesomt&éldd bpudl{eqn@ai muttikmamvsthmgicessowiyﬁ;n al

di anrond mat g & ggb ge hl [ %ﬁ nt |Q¥ ntlon hq? nS|ons
whi ch are not &R ‘E%lémr? HYE rés) 5‘nﬁe$o°“’[ 0 B e UB et %?tr%p “The
transition ﬂfrréuﬁda@asﬁhagﬁnbe gkdiethnexk camBe bRardbeEibaSBN a trHERd aMien t he
stages of growh prior to the stage of gromh that produces the CVD single
crystal di aptspactiied 8rdcinedsP an enbodi ment of the present invention have
achieved the desired increase in the gsowh surface area. This ability to
increase the growth surface area b@tgﬁgjﬁﬂmmiting the CVD single crystal

di anmond material results in the CVD sinljle crystal dianond materi al
possessi ng a reduced dislocation density, reduced nitrogen content and an

i ncr easet! dMigRdi-on iEBEEMER "o BT 3#1r§9tzeﬂmaa5|1énsub§1@@aw§ ratmnlt ®f these
are advantag naterl as the

s..when 5 the single t al
e vant PP heh RL PRer b et oGl T e b BB Shh fliefeas et he

bi ref ri ngenggn agletfergaaqaeesgbéoga@umram LRGieASBmbHiRRs Mthé engtidtiviadi n t he
CVWD single crystal dianond material, decreasing the threshold power

required foRitiogEN FRRESN{TALOR banscihe s8byrate sapperatgre. dihsuatare: kit krowiggdhe to t he
rate at whi &Qsttahg %c%‘rl@gﬂaﬁoﬁ'byg{ealsmgle Q hénﬁ%@ttﬂ?aﬁslssﬁéiné 85 ogfth’m)

defined as the dlstance noved h surface in a |rect|on nor mal
ﬁﬁ@ER%ﬂe

to that Surfcameopsrdigaicd bvltlitﬁecrysmb)g hiegemphthe syivtrate) o hytviaryivged
herein is t(h&t ﬁt {32? r}[é%cté hc{éﬁ? Y}nl;J\/lth%I 1Sfluén@g%Lxlt%ss?o\'gfts]ﬁfeeco{ehg%lqrﬁeeé gmr%l to a

set of planes re

refers to aowetheGfoktiysdfthd @@fnwalsrio@tlmdﬁeeﬁdﬂdom iy dbadied. THe d paravhetbryfot he
symmetry of the crystal. "Honoepi taxi al™ when referring to the deposited

di anond” neafidedst O‘PFa%f theareyions Stﬂee%‘%%f: A gfegsRn of Beistg agvaal damepk
substrate ORLRrMIYGheictt is$n dﬁ%@geto@q 4 thhee ag&mbﬂyem@tdﬁz 4 Wit RiaBIyt NE (VD

single crystal diampnd material iIs herein fined
30 2.2, preferably 1.9 to 2.1.
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be the distance over which the light which is incident on the materi al
travels within the material w thout being reflected. It therefore depends
on t he diwensiiassisaf the CVD 25 single crystal dianond matrare@ah/osndyt he
relative direction of the light within the material. During the nulti-stage
growt h process, when using the nitrogen content of the gas within the CVD
reactor to alter the deposited dianond naterial's properties, it has been
described herein that during initial stages the nitrogen content will be

relatively higlejeedGo@aditbh8P thiRAE ele fOVD SYRSEAY 8H1diTInBI RS- exhpRt by €ast
one grow h stage of the nulti-stage growh process prior to the stage t hat

produces t hgo®Vs SVRgfliamend, swaigriabivithond thatddpyamesionsn reresdi iwest: Y the
present inveatippd ﬁ%ﬂo{oﬁ?&?&n%ﬁt ﬁﬁthléhrEnBE%n&ﬁ%a%dt\k}ftﬂlthE@?Qvﬂ(ipgc'% gactor is

| ess than 5 parts per I1on, maybe |ess t parts per on, maybe
| ess than 1ths <gait dirgesion siltstangally Pinecvent the famatbompehitl Iwifdckisnmisdia@iD
react or S n f . 400

parts pe?sa P%l ‘ivg}l’?]& gd%e rg%i mﬁ)ﬁé )gﬁormg 2{08 I%d%ﬁ 1§x§/%9+11\éh S%Etulttlpref erably
nore than 6®@0prpant 'élepn@nn @ion ) growtlpsuefaesr a@llﬁ}oemmmgmhaabla@mi ﬁ»amhlg hpldrcki 117 on,

Der bi 111 ononidtateh B R O b oo dt o VRS iR e p
react or i ncfsedsastht pecférfddl Ibhitd ten @f 1 1}hRcdto forht dndinHf twdih Sﬂdh&ﬁzttlt@eﬂﬁmns’l.o I n at
e e SR S b RS Sl o oA sk 1 20°
present (MVANhé Rferdligniston9 8LMe CRIMEM stdl nsﬁﬁlmryai ied veéd ufd thbe aplepesi t ed
single crystal dianmond nmaterial, as neasured by EPR, is |ess than 5 x1017

atoms cm 3, thirgyBeing eeualahais bolowitha preforisrbimisrsn latpral gipythgy bmitedrndehe

i ncor por at eg, Yt Qﬂog,tﬁgypthg@(m?ggrpage siingl e crystal dianond material, 15 as
nmeasured by EPR, "is greater than | x 1016 atons cm 3, maybe greater than 5

x1016 atoms cml3. In at least one growth stage of the nulti-stage growh
process pri ‘Pflistc%nwa? &l %g%tlthgg‘& in combination with the multi-stage growth process

15 described earlier, wherein the nitrogen concentration in the process gas within the CVD
reactor was reduced for a growth stage after the first stage of growth to give a CVD
single crystal diamond material that had, advantageously, a low dislocation density and a
low nitrogen content. The nitrogen content also influences the parameter a. During at
least one stage of growth prior to the stage that produces the CVD single crystal

20 diamond material of an embodiment of the present invention, the presence of nitrogen to
minimise the formation of dislocations also promotes growth along the <100> directions.
Therefore when using a substrate with a major {100} growth face and {100} side faces,
it is possible, when growing homoepitaxially, for the deposited diamond to grow so that
the major growth face is larger than that of the substrate. When the nitrogen content of

25 the gas within the CVD reactor is decreased, although the lateral growth rate is
decreased, further deposition occurs onto this enlarged growth surface. This means that a
subsequent stage that is used to deposit the CVD single crystal diamond material of an
embodiment of the present invention has dimensions which are not constrained to
correspond to those of the substrate. The transition from one stage to the next can be

30 chosen to occur when the stages of growth prior to the stage of growth that produces the
CVD single crystal diamond material of an embodiment of the present invention have

achieved the desired increase in the growth surface area.
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produces the CVD single crystal dianond of an enbodi nent of the present

i nvention the 20 thickness of the deposited material is greater than 30 gm
maybe gresoeniitdsers40. 1 mm maybe greater than 0.2 mm megbErPgrieasEr7 t han
0.5 mm maybe greater than 1 mm maybe greater than 1.6 nm naybe greater
than 1.9 mm maybe greater than 2 nm The thickness of the deposited |ayer
may be | ess than 20 mm naybe | ess than 10 mm maybe I ess than 5 mm naybe
|l ess than 3 mMm 25 During the stage of growth that produces the CVD single
crystal di amRRdbilBt6hitddas®ihe 2ol BRGL beford Jfb%oﬁﬁﬁfgsﬁ@ CVIViBRE cBBtat he
nitrogen content in the gas within the CVD reactor is less than 250 parts

per bi || i ondiapyaf @paeyia) rp%%@ ip fnC ¥ Oosipele sy sid [diggnond yaterigh passpwBI&A | ess
than 150 pay Cfdﬁgéb%sf&'c&ﬂl&f)@ens%eﬁeﬁﬁﬂ@Mtrb&énsci éﬁa%@%n?ﬁ‘ér‘e%e@%‘i@ﬁ&&ﬁ on. The

30 decreased nitrogen content”in t as"within th D reactor results in
a decreas edcmnavr@igte r@omnwmb'rﬁvamhlwubsnrﬁes AV isherglace atdwytst@ﬁlouslwhm)wng

mat eri al , r I r s

Content. v ¢ e efe e ot oy PP LB KBl Bl S DRI RBHRF,

maybe nore tahanTlﬁhsajzropamﬂes dq:mefas@thleIbiimfringmwy:mcmaseeatismanomarﬂd inp@pteshper

oi 115 on. Dubt R e pRgs G ELonll hrtkbetoAPaa TR e Gome s R B

di anond mat gewdlreq@iredfor theatadlil eeatt a0d laddie present |nventi on the nitrogen
content incorporated within the deposited single crystal dianond material,
as neasured by EPR, is |less than 5x 1015

10 “Growth rate” refers to the rate at which the CVD single crystal diamond is synthesised
(or grown), defined as the distance moved by the growth surface in a direction normal to

that surface per unit time.

The crystallographic notation utilised hercin is that of the well-known Miller index
15 where {hkl} refers to a set of planes related to (hkl) by the symmetry of the crystal and
<uvw> refers to a set of crystallographic directions related to [#vw] by the symmetry of

the crystal.

“Homoepitaxial” when referring to the deposited diamond means it has the same

20 crystallographic orientation as the substrate onto which it is deposited.

The “path length” within the CVD single crystal diamond material is herein defined to
be the distance over which the light which is incident on the material travels within the
material without being reflected. It therefore depends on the dimensions of the CVD

25 single crystal diamond material and the relative direction of the light within the material.

During the multi-stage growth process, when using the nitrogen content of the gas within
the CVD reactor to alter the deposited diamond material’s properties, it has been
described herein that during initial stages the nitrogen content will be relatively higher

30 and then reduced for subsequent stages.

In at lecast one growth stage of the multi-stage growth process prior to the stage that

produces the CVD single crystal diamond material of an embodiment of the present
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atoms cm 3, preferably less than | x 1015 atonms c¢cm 3, preferably less than 5
x 1014 atonms cm 3. This reducing nitrogen content advantageously decreases
t he absorwOi2zon/@sessfif i ci ent. The nitrogen content i ncorpecatedomiosdarn t he
deposited single crystal 10 dianond naterial, as nmeasured by EPR, is
greater than |Ix 1010 atonms cm 3, nmaybe greater than 1 x 1011 atons cm 3,
maybe greater than | x 1012 atons cm 3, naybe greater than 1 x 1013 atons
cm 3, maybe greater than 5 x 1013 atoms cm 3. During the stage of growth
that producgsedtfon tkMBRrsiRGbBteht M HhOdas HidMPIRd OWBD Bkt isQfssamanldp LRl ment

of the present invention the thickness of the deposited material is greater
than 30 ! AnfnilhanHeayge das Ban 2rpars ocrmibhan. raybrlesybar £F peraperonifiopmlhémybe
greater t haﬁ'itlQ)'g%n BhtAR%EG i JHRAE €D &Q@%r%aﬂm mgw&%n%r@%a?{scﬂelf'%ﬂli%nG mm
maybe greater than 1.9 nm maybe greater than 2 nm The thickness of the
deposi t ed npictrdbdy miose thes 404 harts 1120 brdign, magtheablyeserettham’ 0Dpantmpentilive. | ess
than 5 P i i.al;; deposited
at eachnzaag%¥%$ﬂ¥§§)%ﬁ%ﬁ?ﬂ§ggg%%%gﬂﬁ§§pgg%ﬁﬁ%ﬁﬁggéﬁﬁgggdgggﬁg%ﬁpﬁg’gromﬂh
di recti on oprehetbleernrShan) AN aspeRbilliom piefribly ayer thas 106 pred prmbiftoai ni ng

i 17 ogen. | b BBFAEN BITORRL NI AP ouTVCle CIERraP PSR ER G SHUESH e

deposi ti on sttagesmatdn dfliglotktisregen | evel s within the di anond material are
mai ntained within 50%of the required nitrogen content |evel, preferably
30% of the required nitrogen level, preferably 20% of the required

ni t rogenig emelt, lediPble PFRHELABE ¥f thbOYaBifstdcb e réRAUIbQEs Plidr ©ABH s@antRnt
|l evel . 30 The tine taken to effect the char]l_a)e in the CVD reactor condition

that is bei igdetsargddv P ninglegaystal diamand phaneenzbodgns phe Pesseng aitipn the e, t he

time to varyihp& EHnTtern@Qf’c@rp%%&ﬁ%ﬁiﬂtthé)&bpioﬁtédfb‘ﬁlgﬁe\@y£t§13<ﬁ5196nc9ﬁ§tef1519_‘a@ one
| evel to anothér, Is not inportant. The layer that forns the CVD single

crystal di anoadredelydiPRalis los thses d S atoos cne cmsgarledsyhana¥el A oatoms the. | ast
stage, it c roduced at. any stage.,of .growmh fallow ng the first stage. 5
The term  cubs BlRgira ek pa Rkt e drraeb gl b Liaperd BRERE: v
singl e crysjaheALRATIIEPRL €kdter aBandBf 107 diolY &P aedLmnt il §heypresent
invention. After the 'nulti-stage growth process has been conpl eted the

di anond mat @t@mapmaeposi ted in the stages before or after the stage that
deposited the CVD single crystal dianond 10 material of use can be
separated fromthe CVD single crystal dianond nmaterial of use by nechanical
or | aser salu sideamhdn¢ pewth graghef thermdéessed growih modess prioeiquhe edgd tat t he
application i ter ivel t he .ot her ers ai ned,

L ached © o DA THB G giles T i Grd e b R T PR B RGBT
| ayers ney eveiedsof fcfdepedite® madterRaist GeatSUbin 36 um, SlAPPOgkatboOthat ba kMD si ngl e
crystal mat r?l;)ilbaél grgzltell:l tsh%h Olzurﬂlgrlr}%dybg ré?ea%é\r/[t)han 0.5 mm, maybe greater than 1 mm,
maybe greater than 1.6 mm, maybe greater than 1.9 mm, maybe greater than 2 mm. The
thickness of the deposited layer may be less than 20 mm, maybe less than 10 mm, maybe
less than 5 mm, maybe less than 3 mm.
25
During the stage of growth that produces the CVD single crystal diamond material of an
embodiment of the present invention the nitrogen content in the gas within the CVD
reactor is less than 250 parts per billion, preferably less than 200 parts per billion,
preferably less than 150 parts per billion, preferably less than 120 parts per billion. The
30 decreased nitrogen content in the gas within the CVD reactor results in a decreased
nitrogen content within the CVD single crystal diamond material, and therefore a lower

absorption coefficient. The nitrogen content within the CVD reactor gas is more than

0.001 parts per billion, maybe more than 0.01 parts per billion, maybe more than 0.1
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15 single crystal dianond material of use may itself have been grown over
mul tiple stages, producing a CVD single crystal dianond material consisting
of nultipve 2baymssd providing all |ayers exhibit the prepemre@s/osaquired of
an enbodi ment of the present invention. 20 The nulti-stage growh process
used to produce the CVD single crystal dianond material may consist of two
stages. Al enbodi nents described regarding the nulti-stage grow h process
can equally apply to the two stage growt h process. The di anond deposited at
the previ ougart RGNS, hdiBe FRAWIMNPT PE@$Ss bIMidOmalyBe hidge BaAd® pdsPePduci ng
the CVD single crystal dianond material of use, may possess an absorption
at a wavel e?tigtof- of 1064 nmgreater than 0.010 cm1l. This is due to the
stages of growmh, prior to the stage producing the CVD single crystal

di anond materi al of use, not possessing the required properties. 30 The

di anond depBsiingthc atage dlegrpwinthgppsodsicesgbs CYPD dirgde gyssok hampersicesterial pf ior t o

the stages praduglng, thg. GRS AYLSIST YRt AlrodlAIRRG TRLEFd AledRi T Ghe ™Y
Cﬂ an mm |

possess a | onges I near "I nterna nmensi on~less S is again
due to the gipagies wiglgtg¥tahdiapoh®matcdial, Re mcaliagE bPEPRYGE NGs thae CVID'SI ngl e
crystal diamond mgterial of use, not possessjng the required properties.

The | ower bitpesp cinngpigteeably pwethampbs &9 peioow cand proferdzdess thdh rperldi oniemdf t he

CVD single 5 aryst. i ri it 1 deal u i .1 ca

appl i cati ond™ Tha U R oh TS ook o el e MR
Raman | aser cocSjpmait.f Tbamityogen cvatenbeoosmoat@d witen Resrdepostead sagiengystetli um
within the Raman | aser, The Raman | aser setup may take one of ;the forns

al ready Hbstrmeadimaksrial- @s megsunqd by kil gPdircthyedmlBf aipms REmamabser may

be i ncident %ﬁgﬁemgnw al (g[{léamﬁ{y%%%% igﬁels%%ﬂtlrxr%@raitc%g et ge ?%Ft]te{)e Raman

scattering um such that the beam1's subst ant

per pendi cul ten o tOhetathy @ot, inmybogretthethat 5 kd@Statopmendi. s| ocat i on' s
dislocation line within the CVD single crystal dianond material. This has

t he advantage 15 that the birefringence caused by the presence of a

di sl ocat i onDwtifighihe stapeofQfBv i thglpeoducysshal Vih g chy sl dirmald hacligssamhen t he

i ncident_ ]ligh eam travel s perpendi cul.ar to the disl.ocation l.ine of the
di sl ocat }%n?mﬁ%ﬂﬁﬁaaw@é tpramah oy pdion B Hagkner g F&e ‘g“é’aﬁﬁdr%%ﬁ”é ihgreaT el to
the di SI 0CalRB0 |i)hey BYerl &l (0l G BCLERR k] G0 ORI Bredliect | on

perpendi cular to the dislocation lines, the birefringence is reduced, which
| eads to | odSZOmpppdfergiens e ramamerbgperaer ther | -6mm.gsads er@artharl.9 t he

|1 ght beam gl LSS, IRAR mIP R ORIAYPR' A AbbiiBH ML £Q hier@! | east

one di sl ocation sl ocation Tine. islocation l'ine o ocation
i s the |i nemphataybexiesribie Hl romgmayte less thaofS hinemaytterless blainf3-rpinane of at ons for
an edge i slocation, and along the centre of the spiral of a screw 25
di sl ocatton. When referring to the |Iight beam being "substantially
per pendi cul @hé ldyer dhéiashoal acadriabdeposied at bach svagns tht pluwth P0ow@ks has a
erpendicul ar, preferably wthi 00 .of perpendicul ar :

Perp thickness rneasurecl 1>1/1 the growt% c}lrectmn 0 betv‘v)een%o um and 20 mm. Each layer is

formed maintaining consistent CVD reactor conditions. Preferably, when a change in the

nitrogen incorporation within the deposited material distinguishes the deposition stages,

25 the nitrogen levels within the diamond material are maintained within + 50% of the
required nitrogen content level, preferably + 30% of the required nitrogen level,
preferably + 20% of the required nitrogen level, more preferably = 10% of the required

nitrogen content level.
30 The time taken to effect the change in the CVD reactor condition that is being changed

in order to initiate a new stage of growth, i.¢. the time to vary the nitrogen concentration

in the CVD reactor gas from one level to another, is not important.
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preferably within 5, preferably within 2. Dislocation lines are typically
substantially 30 parallel to the gromh direction (perpendicular to the
growt h suwbaor)ossre4a si ngl e crystal dianond material predumpdoibpsishe CVD
met hod, described by Friel et al. Dianond & Related Materials 18 (2009)
808-815. "Substantially parallel” neans within 20 of perpendicul ar,
preferably within 10 of perpendicular to the growh surface, preferably
within 5, preferably within 2. The single crystal dianond material used may

contai n a pirye &lyick Yh A fotth§ kRCMIPE WEGR 2P ddd R0 hRRred TuRstddBt hat |y
parallel to each other and substantially parallel to th%pyghrlowth di rection.

The |ight bessassaEly hercta bséhedpst siagedt cap Pivducadiss emnttagsiof gropdh fdladingdhar to
this plural jiyQf. di sl ocations' lines. Wen considering a plurality of

di slocations it Ts considered that |less than 20 %w !l not lie
substantially parallel to the gromh direction, preferably |less than 10%

prefer abl y *rﬁeist%mﬁ RAY i 3 ?r%%h?c{i}%@@éﬁéﬁal FP&%” fellrs R ¢ E%Rﬁ?g}{%%ggkﬁfs t han

1 % A Ranan |aser conpr single crystal dianon rial of
t he present demyshmatenalas defirfed gian smbodimentrg thegolesam inwentiopossess a great er
efficiency than a Raman |aser utilising an alternative material as the
Raman scattering nmedium This is due to 15 di anond possessing a greater

Raman gai n géefthe Giukhitadchaowbtpiessdan dedabmpreddahd @bsoldmatdSal depositedRaman
| aser, and a Iﬂi h t her mal cQ

nductivity. A co ri son of rel evant properties
for candi dat'ehfaPgrs Baferesag tﬁ]’s‘gleé?g? t%ﬁ?&ﬁg@@lﬁt%isﬂ’él?@éﬁ@nﬁﬁrﬁ%‘? Raman
| aser i s1@i Mm@Rrihblbf Teddad bd sephRedSiie EHe(EVIR@ﬂTgE Bt dRAehd nalegRtofugd by
defi ned wavel ength of incident |ight of 1.064 ).1M and at roomteg&irature)
t. A

and t her mal MegR@ifet Puleeg pwing Hiseihen darther pap entsddnter e fameganiyedinr

further bengfdikafin HHhPRAAMIBRAVA RPLIhEAay AR IRLLANR, ARLhABole Raman
scattering nediumw thin a Raman |aser can %e seén fromthe spectr al

t r anspar enc$y VPamege crybtolediarnend material of use. The other layers may even form functional
parts, such as a support for the CVD single crystal material of use. Further, the CVD

15 single crystal diamond material of use may itself have been grown over multiple stages,
producing a CVD single crystal diamond material consisting of multiple layers,
providing all layers exhibit the properties required of an embodiment of the present

invention.

20 The multi-stage growth process used to produce the CVD single crystal diamond
material may consist of two stages. All embodiments described regarding the multi-stage

growth process can equally apply to the two stage growth process.

The diamond deposited at the previous stages of the growth process, prior to the stage
25 producing the CVD single crystal diamond material of use, may possess an absorption at
a wavelength of 1064 nm greater than 0.010 cm™. This is due to the stages of growth,
prior to the stage producing the CVD single crystal diamond material of use, not

possessing the required properties.
30 The diamond deposited at the previous stages of the growth process, prior to the stage

producing the CVD single crystal diamond material of use, may possess a longest linear

internal dimension less than 7 mm. This is again due to the stages of growth, prior to the
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Table 1. Dianond is optically transparent to a wi der range of the

el ectromagnetic 25 spectrumthan other candidate materials. This all ows
versati |l iwg 20n/as8hw4choi ce of input, internedi ate and outrputEPReiegs®nTi es of
light to be utilised in Raman | aser and ot her applications. A

di rensionl ess thermal figure of nerit can be used to aid conparison of the
different 30 materials. The thermal figure of nerit, FoM is defined as FoM
- kg, L (dn I dT)AA where k is the thermal conductivity of the naterial,

gRis the Rﬁﬁ@“pr@%dh%c%fé‘lf@s%fgﬂe efystah@iaBh& mia@drial bf b, thBe p&dsdssinglthd engt h,
AA, is the Raman wavel ength shiftt of the material and dn/d? is the rate of

change of r EfIpiER NTORETiGdex wit h tenperature. Assumng a crystal 5 | ength of
6 mmfor dianond and 25 mmfor all other materials, it can be seen that
di anond has the highest thermal figure of nmerit. Being able to increase
thi s thermalhd¢ logv@r birgfingeaeé. tlowarabshrpimyrahdwoiutated dipreasgient ofahd GVPHenglé ncr ease

I n perforympg g AR AP D PRILL) f%lus%% tiégﬁqusg lifheipyran | aser

appl i cations: an 1 ncrease can e achi ev Increasing the Ranan gain
coefficient, |ncreasing t he t her mal conduct|V|ty 10 or |ncrea3|ng t he

tal | st t h th t th h
croetal. engt o The, srystal lengih Lo the optieal, path |enath b the
material . 1mafoe uieﬁ%s R NGl &teginy siedlunthivanianice Mﬁﬁzﬁflh@lr THeRdnbariset figure

of nmerit, at 1.064 jima oomte nmay be greater than 600,
preferably HrEBf PEHA gﬁdb”ﬁ% %3§%??‘§$@§F@T t han 2000, preferably

greater {gan 3000, preferably greater than 4000. For the CVD single crystal

di anond material the thermal figure of nmerit, at 1.064 1.1m_ may be |ess
t han 12000. The pumping light beam of the Raman laser may be incident on the CVD single crystal

diamond material, acting as the Raman scattering medium, such that the pumping light
beam is substantially perpendicular to the direction of the at least one dislocation’s
dislocation line within the CVD single crystal diamond material. This has the advantage
15 that the birefringence caused by the presence of a dislocation within the CVD single
crystal diamond material is less when the incident light beam travels perpendicular to the
dislocation line of the dislocation, compared to when the incident light beam travels
parallel to the dislocation line. By directing the incident light beam in a direction
perpendicular to the dislocation lines, the birefringence is reduced, which leads to low
20 birefringence related polarisation losses. Further, the light beam of the Raman laser may

be substantially parallel to the at least one dislocation’s dislocation line.

The dislocation line of a dislocation is the line that extends along the end of the extra
half-plane of atoms for an edge dislocation, and along the centre of the spiral of a screw

25 dislocation.

When referring to the light beam being “substantially perpendicular” to the dislocation
line, this means within 20° of perpendicular, preferably within 10° of perpendicular,
preferably within 5°, preferably within 2°. Dislocation lines are typically substantially
30 parallel to the growth direction (perpendicular to the growth surface) in a single crystal
diamond material produced by the CVD method, described by Friel ef al. Diamond &
Related Materials 18 (2009) 808-815. “Substantially paralle]” means within 20° of
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20 Table 1 Material Di anond KGW YVO4 Ba(NO3) 2 Ramangai n coefficient,gR (cm
G W1), valuesgiven are at a punp wavel engt hof 1. 064l amand MOM t enperat ure
WO 2011/086164 PCT/EP2011/050477

perpendicular, preferably within 10° of perpendicular to the growth surface, preferably
within 5°, preferably within 2°.

The single crystal diamond material used may contain a plurality of dislocations which
5 are oriented substantially parallel to each other and substantially parallel to the growth
direction. The light beam can then be oriented to be substantially perpendicular to this
plurality of dislocations’ lines. When considering a plurality of dislocations it is
considered that less than 20 % will not lie substantially parallel to the growth direction,
preferably less than 10%, preferably less than 5 %, preferably less than 2%, preferably

10 less than 1 %.

A Raman laser comprising the CVD single crystal diamond material of the present
invention as a Raman scattering medium will possess a greater efficiency than a Raman
laser utilising an alternative material as the Raman scattering medium. This is due to
15 diamond possessing a greater Raman gain coefficient than other candidate materials for
use in a Raman laser, and a high thermal conductivity. A comparison of relevant
properties for candidate materials for use as the Raman scattering medium in a Raman
laser is given in Table 1. The superior Raman gain coefficient (at a defined wavelength
of incident light of 1.064 um and at room temperaturc) and thermal conductivity

20 properties of diamond are clearly evident.

A further benefit of using diamond in optical applications, and as the Raman scattering
medium within a Raman laser can be seen from the spectral transparency ranges given in
Table 1. Diamond is optically transparent to a wider range of the electromagnetic
25 spectrum than other candidate materials. This allows versatility in the choice of input,
intermediate and output frequencies of light to be utilised in Raman laser and other

applications.

A dimensionless thermal figure of merit can be used to aid comparison of the different

30 materials. The thermal figure of merit, FoM, is defined as

kg,L
(dn/dT)AL
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-15 -4 5 11 Raman Shift (cm 1) 1332 901 892 1047 Thermal Conductivity, k

WO 2011/086164 PCT/EP2011/050477

where £ is the thermal conductivity of the material, gz is the Raman gain coefficient of
the material, L is the crystal length, A4 is the Raman wavelength shift of the material and
dn/dT is the rate of change of refractive index with temperature. Assuming a crystal
5 length of 6 mm for diamond and 25 mm for all other materials, it can be seen that
diamond has the highest thermal figure of merit. Being able to increase this thermal
figure of merit for diamond would represent a further increase in performance of the
diamond material when used in Raman laser applications. Such an increase can be
achieved by increasing the Raman gain coefficient, increasing the thermal conductivity

10 or increasing the crystal length.

The crystal length is the optical path length in the crystal, the length over which an

incident beam travels within the material.

15 For the CVD single crystal diamond material the thermal figure of merit, at 1.064 pm
and room temperature, may be greater than 600, preferably greater than 1000, preferably
greater than 2000, preferably greater than 3000, preferably greater than 4000. For the
CVD single crystal diamond material the thermal figure of merit, at 1.064 um, may be
less than 12000.

20

Table 1
Material Diamond KGW YVO, Ba(NOs3),

Raman gain

coefficient, gr
(cm GW,

values  given

are at a pump | ~15 ~4 5 11
wavelength  of
1.064 um and
room
temperature
Raman Shift
. 1332 901 892 1047
(cm™)
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2000 -3 5.2 1.2 (WnlK-1)at roomtenp crystal length, L
WO 2011/086164 PCT/EP2011/050477
Thermal
Conductivity, k
W omt KY) at 2000 ~3 5.2 1.2
room temp
crystal length, L 5 05 05 05
(mm)
dn/dT (x10° K™ [ 10 -1to-5 3 -20
at room temp)
Thermal Figure
of Merit at a
pump
wavelength  of 1025 3 20 1
1.064 um and
room temp
Spectral 0.23 to 100 0.3to5 04to05 0.3t01.8
transparency
range (um)

10

15

The intrinsically high gz and wide spectral transparency of diamond compared to other
Raman gain materials, as shown by Table 1, opens up the possibility of producing a
diamond Raman laser which can produce output at wavelengths substantially greater

than 1 micron, where there is currently a dearth of solid state laser sources.

A Raman laser with the CVD single crystal diamond material of the present invention as

the Raman scattering medium may produce light with a wavelength of below 500 um.

A Raman laser with the CVD single crystal diamond material of the present invention as
the Raman scattering medium may produce light with a wavelength greater than 1 um,
alternatively greater than 5 pum, alternatively greater than 10 um, alternatively greater

than 50 um, alternatively greater than 100 um.

A Raman laser with the CVD single crystal diamond material of the present invention as
the Raman scattering medium of the Raman laser may further comprise a pumping light

source, wherein the pumping light source produces a pumping light beam having a
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(nmm 6 25 25 25 dn/dT (x10-6 K1 at roomtenp) 10 -1 to -5 3 -20 Ther mal
Figure of Merit at a punp wavel engt hof
WO 2011/086164 PCT/EP2011/050477

wavelength that is different to an output light beam of the laser by one or more Stokes
shifts of the Raman scattering medium. The utilisation of Stokes Raman scattering to
convert the frequency of the pumping light beam to give an output beam means that it is
possible to change the frequency by one Stokes shift of the Raman scattering medium. It
5 is also possible for Stokes Raman scattered photons to undergo further Stokes Raman
scattering and so produce photons possessing a frequency that is different from the
pumping light beam by multiple Stokes shifts. It is also possible to convert the frequency
of the Stokes scattered photons by other alternative methods to produce an output beam
with a different frequency. Utilising other methods means that the term “one or more

10 Stokes shifts” is not limited to an integer number of Stokes shifts.

The frequency conversion process that occurs within a Raman laser comprising the CVD
single crystal material can be highly efficient and has the additional benefit of providing
improved beam quality via beam clean-up: for a pump beam with higher-order
15 transverse modes, the non-linear nature of SRS ensures that usually only the high
intensity fundamental mode is frequency converted. Similarly, in pulsed mode operation,
frequency conversion only occurs in temporal regions at which the threshold is
exceeded, leading to pulse shortening. In a similar manner a pump beam which is not
purely monochromatic, but possesses a finite spectral width, can be converted to a
20 Stokes beam with a narrower spectral width. Thus diamond Raman lasers offer the
potential for enhanced spatial, temporal and spectral beam properties. In addition to
these benefits in beam quality enhancement, there are no special techniques required for
phase matching of the incident and Stokes beams (such as angular adjustments of the
crystal), unlike in other nonlinear processes, as the momentum mismatch is taken up by
25 the excited optical phonon. This means that pumping can, in principle, be from any angle

or any range of angles.

The beam clean up process results in an output light beam of a higher laser beam quality.
Laser beam quality is a measure of how tightly a laser beam can be focused. A standard

30 parameter used widely to define beam quality is the M factor:

W0
A

M2

2
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1025 3 20 1 1. 064pnand roomtenp Spectral transparency range (pm O0.23
to 100 0.3 to 50.4to50.3to0 1.8
WO 2011/086164 PCT/EP2011/050477

where 4 is the laser beam wavelength, 4 is the half angle beam divergence in the far field
and W, is the beam radius at the beam waist, these quantities being understood to those
skilled in the art. For a diffraction-limited Gaussian beam it is well known that the
5 product of W, and O is equal to A/ (e.g. Ref: B. E. A. Saleh & M. C. Teich,
Fundamentals of Photonics, Wiley 1991, Ch. 3) such that M* equals unity, and this is the
minimum value of M? achievable. For a laser system with a non-Gaussian beam output
M?* will be greater than unity. The closer the value of A is to unity, the higher the beam
quality.
10
High laser output beam quality is a generally desirable property and is influenced by a
number of factors. Factors external to the laser gain medium include the pump beam
quality, resonator design and the quality of optical components used in the laser system
(such as the mirrors). Factors intrinsic to the laser gain medium which enhance output
15 beam quality include the ability to clean up the pump beam, as already described, and a
gain material which exhibits minimal thermal lensing. Diamond Raman lasers therefore

excel at producing Stokes output beams of high beam quality.

M? can be measured according to an ISO standard technique (ISO Standard 11146,
20 “Lasers and laser-related equipment — Test methods for laser beam widths, divergence
angles and beam propagation ratios” (2005) ), in which the evolution of the beam radius
along the direction of beam propagation is measured and analysed. Such a measurement

can be performed using widely available commercial beam profilers.

25 The M factor of the output light beam from the Raman laser comprising the CVD single
crystal diamond material of the present invention is less than 10.0, preferably less than
5.0, preferably less than 2.0, preferably less than 1.5, preferably less than 1.1. The
decreased M* factor represents an increased laser beam quality. This increased laser
beam quality results in a laser with a lower divergence of the laser beam which is of use

30 in laser applications.

A method is also provided for producing a CVD single crystal diamond material with the

properties defined in claim 1. Such a method may consist of multiple growth stages
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The intrinsically high gi? and wi de spectral transparency of dianond
conpared to other Raman gain materials, as shown by Table 1, opens up the
possi bi | iwg 20fr/g8swduci ng a di anond Raman | aser whi ch camrCprErduces@at put at
wavel engt hs substantially greater 5 than 1 micron, where there is currently
a dearth of solid state |aser sources. A Raman |laser with the CVD single
crystal dianond nmaterial of the present invention as the Raman scattering
medi um may produce light with a wavel ength of bel ow 500 gm 10 A Raman
laser with {RgEVR mulplEgrbhisitdlcs dbRANPBHatNBEET btades OfachRE tHRECSERE chhvent i on
as the Raman scattering nmedi um ma roduce light with a wavel ength greater
than 1 ! _j npe didtinguiphed 85(911 ghagee it e VOS5t @adlitian pedgseriodeptficy (Qgtsgeh t han 10
gm al ternag . I i gm 15
A Rarman | noar ey Fi RSB Ry B AT, MG LSl B AR L el o

i nventi on athetchrecRaatmn o§ sistogarin tity mrectsugns ofithirnibe R¥irgadters by parteaplaf ifris her
conpri se I I I r el I i oduces
o porpi ng | ARS8 e ARG EHR drafrot iR b EXD SONE S8Rl CU

| i ght beam dtmbhémiatsielrfobthesage of growtteth8tppkdsesthe CHVD ohglt e sRhdmamond
scattering nedi.um. The. ut.ilisatjon of Stokes man .scatterjing to convert
the frequen{i’;?‘%B?ll e eB‘BH%f“ﬁat ‘ﬁlit fHRreIaRRY 808 Vs G BiE 1ﬁ¥edbbé”gdr%°‘”ﬁ%5é’h% t hat
it is possi mbgoﬁ&nﬁhamgﬂ“nith%eﬁ Eﬁﬂiﬁ@f&%sls@ﬁ? ezﬁtﬁin&‘uh@lztw:];) ©hdthit fobthetstage Ramﬁn
scattering nmedium It 5 i 0 .possi for Stokes man_scattered photons
to undergo FGMHBRL %PW&%%R%SIB@SP% figman mé‘tﬁrlﬁ]rga&ﬁc?@bﬁﬁi‘&e&h%f the
possessi g frefdht GUBRGHH, tRatrabls i K h18K 8RS 1ifit0 MidchBe P WBRINA Lk i @D fgaém by

mul tiple Stokes shifts. It is also possible to convert the frequency of the
St okes scat t@ptelddipRedomatenpl ¢asHed malytbe PrtUcoe ImBE Aivakstias Preseniderfahe out put
beam wi t h amqhif.it@gfei%&mfhrp?&ee%xt mbd plobiSdeGuAbDSy WRENIIRWIRARS thbats t he
term"one or nore Stokes shifts”" is not limted to an I nteger nunber of
St okes shi f stage ofigeowWthequency conver si on process that occurs within a Raman
| aser conmprising the CVD single crystal material can be highly efficient
and has the additional benefit of providing inproved beamquality via beam
cl ean- upl5 f Arfughgyungshdakiaproviddd thipgitkice o C3EY sihBletcrand densad vothes g Civile
non-|inear nature.of SRS ensures.that usuall |y the.high. intensity
Fondanont al FASHESHE 5 Saausn g h SSHORF ™ Srialy e 05 PoPludl a3
operation, fthgguenoydisomnyestsd oy chahyin®dodisopdéh ¢aapattalonrieghogs miassvhi ch
the threshold is e eded, |eading to pulse shortening. |n.a simlar manner
L punp. beantdinah § BT o aRt Rl RIhE SEer B0 ik to s bdale Ehiogft o
spectral W gddten@@tbrdRitBiANKE bhLphdsO 08 gRAtBlRIES éaﬁamovy'obfpaats DRF bIOMEL
spectral w dth, Thus di anond Raman | asers offer the potential for enhanced

spati al , 24 etfpeicebhagigeispden80 meanrphidies tnrefsrabherar thasr Woshese
benefits i n,RAM QAL heRRNRNCAIBALS pdrPali6n, BrEeriifly SRR Blan U6E PHGHES
requi red for phase mat'ching of the incident and Stokes beans (such as
angul ar ad] bisitaventeéergily greeice thpg 88 partsupsr blEon. prefetably mienidrithasal00pmedesses,
as the nome 95 sa%tle%ptﬂaﬁ 55)%??61‘%11&%! (3‘? ﬁengss%ﬁ(aqff qts?)glt Ilnﬁf%n, Bﬁﬁﬂé’ n. This
means that punping can, In principle, be ¥on1any angl e "or any 'range of
angl es. less than 1.5 parts per million), calculated as molecular nitrogen, and at least one other of
25 the at least two growth stages having a nitrogen concentration within the gas phase of

greater than 0.001 parts per billion (maybe greater than 0.01 parts per billion, maybe

greater than 0.1 parts per billion, maybe greater than 1 parts per billion, maybe greater

than 10 parts per billion) and less than 250 parts per billion (preferably less than 200

parts per billion, preferably less than 150 parts per billion, preferably less than 120 parts

30 per billion), calculated as molecular nitrogen.
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The beam cl ean up process results in an output |ight beam of a higher |aser
beam quality. Laser beamquality is a neasure of howtightly a | aser beam
can be fowozed/ssiest andard 30 paraneter used w dely to @efrinreotheamrgual ity
is the M factor: nm _ TcWw 0O where is the | aser beam wavel ength, 0 is
the half angl e beam divergence in the far field and W is the beam radi us
at the beam wai st, these quantities being understood to those skilled in
the art. For a diffraction-limted Gaussian beamit is well known that the
S product ofyri¥ppaeiplon of @eWrhwings/ 1/7/- (e.g. Ref: B. E A Saleh & M C
Tei ch, Fundanmental s of Photonics, Wley 1991, Ch. 3) such that M2 equal s
unity, and this is the ntnrnuntvalue of M2 achi evable. For a |l aser system
Wi th a non- Gaussrlgﬁré)tamheﬁrtt@wnmewcu a RArEACALES i h?enRyIrtlat ol oser
the value of M2 iS to unity, the higher the beamquality. I g aser
out put beanvapdighiatign.i s a generally desirabl e property and |s |nfluenced by
Qe Pt A FARLALS YRR kB AR Bl SRR TEAMRLgbude the
punp beam qual ity resona n an e quali optical conponents
used in theahﬁgemnwystent(such as the mrrors). Factors intrinsic to the

| aser gai n nedi whi,ch enha pu eam g ude the ability
Lol ean up ¢ he I SoERUBSHPR Ryl BRaay R Bttty Ha e tar whi ch

exhi bi ts m ednflratifter mal | ensing. Di anond Ranman | asers therefore excel at
produci ng St okes_out put, hea f high begam gualjty. n be neasured
according to an E@%ﬁ3¥ ﬁ%ﬁ?gﬁt Eﬁﬁﬁgﬁ@ 3§%§%§%ﬁﬂﬂéﬁdmgg%ié“nﬁ5‘”Xﬁ@ rs and
Iaser-rehat@gmgﬂymgﬁﬁa%ﬂmm%&% mg@ﬁmﬁp for | aser beam wi dt hs, divergence

angl es and beam propagation rati os" (2005) in which the evol ution of the
beam r adi us al onfge¥Re ¢apictcthe SnvIdping aﬁw%%lo%aa@cmdu gt of g & dhaihas

anal ysed. SH%Hf§£Q§@§Qﬁgﬁﬁﬂﬁm&ﬁﬂwQ@ performed using wi dely avail able
commercial beamprofilers. 25 T M2 factor of the output |ight beam from

the Raman | aser ldgwpoidspiny thdq@V@\ﬁDlgéet grgstel deamyandanatefish abRiguivet endicatindf t he
pr esent inv§%gmgﬂmr tgﬁ§@ﬁh§pm%%19bT9%£Eﬁﬁa y less than 5.0, preferably

| ess than 2 pre ef ess than preferably less than 1.1. The
decr easetb M2 f adflgmre 7 eippmselm GVRningivorgdd dihnload eratdriebon Higatei %, yndickhng

i ncreased |§1§F1 tn%ﬂa u%%m)e %%gorn a laser with a | ower divergence of
the |aser beam whi CRGSY 8f "H°Taser applications. A method is al so
provi ded for producing a CVD srngle crystal dianond material with the

Examples

20  An exemplary embodiment of the present invention will now be described.

Example 1

A synthetic type 1b HPHT diamond plate with a pair of approximately parallel major

faces within ~5° of (001) was selected. The plate was fabricated into a square substrate
25 suitable for homoepitaxial synthesis of single crystal CVD diamond material by a

process including the following steps:
i) laser cutting of the substrate to produce a plate with all <100> edges;

30 i) lapping and polishing the major surface upon which growth is to occur, the
lapped and polished part having dimensions about 6.0 mm X 6.0 mm by 400 um thick,
with all faces {100}. The defect level at or below the substrate surface is minimised by

careful preparation of the substrate as disclosed in EP 1 292 726 and EP 1 290 251. It is
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properties defined in claim1l. Such a nmethod may consist of nmultiple growth
stages wherein the multiple growh stages consist of at |east 2 stages.
Each of twe=elimisewes can be di stingui shed by a change i RCI/EEYD1/08@®CT Or
condition as described earlier. One such change is the incorporation rate
of nitrogen, which in turn can be affected by changing the concentration of
nitrogen in the process gas within the CVD reactor. In particular it is 5
favourabl e to decrease the incorporation rate of nitrogen within the CvD
singl e cryspadsivlé mRRdalRe 88fcad 17 A5 bEME iBErédR Oy IRRWbLcbiIAL bPLORYCES t he
CVD single crystal dianond material of an embodi nent of the present

i nvention. TFNFAING Rlpska cigBhit oSl reiteelds Prgushwbatsredh tihiahi thhd®sithi t r ogen
in the prOC@{so'fefg&m@a%dmetah%r 9@@53 &% i & ehp&t;&mﬂ%n%@%&rﬁhat
produces the CVD single crysta |arm mat e an enbodi ment of the 10
present i nvewrlibomd ipb@éwabl0y mmy , whd mnnraﬂlm@ellowrﬂl()f gl Sbeswbde teghiass The
CVvD si ngl I i h i nal

st age of ﬁr%ﬁyﬁgé'eqhgﬁgp%?ﬁ?6§aé§%r9 wk%&%f%%%gg?gg&QQH&ﬁgstH%UEé% during
any stage oiubgtr@w\*asaﬁdnenedbtetd |ar®bstsettagerrmf ugingwathiigh ﬂeﬁlpéreftumetdlanomrbt hod is

ided t tal di hi n. t i
Do o has oot s TS Bhh frClghd e TRt die Lt YN SR Uo' M

growt h st agesnidei i@l i St fguireRerckyblt ohaRgtdight feeding pisegentoabnclamiteat i on in
the gas phase within the CVD reactor, at |east one of the at |east two
growt h stag%%foﬁn% Wtng a nitrogen concentrati on within the gas phase of
greater than or equal to 300 parts per billion 20 (preferably greater than
400 parts per billion, preferably greater than 500 parts per billion,
preferably GFéatei HHaMSO0 pbamwtfge asppqrfor@ed apr eFerEnof 239 datietndthan 700
parts per bkdb'sﬂr@c@’ten%e‘?ettﬁtreq}?|7g7 9 eRNIGHed 'E??Q hSAB BRLER og%enbéellﬂg I%Hl’oved
preferably greater than 1000 parts per |on§ and | e5§s than 5 parts per
mllion (maype thegs fdvaat hispiases Ther thmf1r$t|stme gravth erdcessswastiggted by thart s per
mllion), c i f 25

t he at Ieasf@daﬁt\l{;\(})ﬂa%fﬁget e@b?gwnﬁg\t/a:ﬁggtrd%Q§P CF%%%%@:%H?%%%?E?? %ntg{/p\ﬁ? %’ﬁ?n t he
gas phas#&s oaddgdaaacmevt:ladewe@oﬂ&m Mnmhe@ls pbase] Hpdrogemawy el gr pateet intthan 0. 01

parts per billion b ater arts r.Qillion, nmayb reater
Phan’ 1" par ¢ 5o B TR S HEGhRtah SR P bR MG BaG Sskimea 280G "] ess
t han 250 pah#ss perméhidd @ntehpivas ercaéalsc}d ﬂer)SscttlﬁalThBQOgrp&EH SonfdéionBiwtelrd on,
preferably | ssdthan 150 parts %l ,ﬂllon &) ftrag% | ess.than 120 parts
30 per bil | %% R &IVE AN 4PAEGET MHPREUPGrR ET ¢ @’eo a8 |°8ﬁ’re|§épéléﬂsb‘i“%n of
the Draw ngsnd confirmddlr8idsBeckivels he BRislafadhphid@Rtlgios Raman |aser in the
Raman gener ator configuration. 5Figure 2 schematically depicts a Raman

| aser in?he external Raman resonator confi gur ati on. Figure 3
schermt i cal hyed@Risels 1@@%@5&&@&%& @thﬁa&egsrﬁfrzaﬁm e FRRAIBNGHRSIPRAL OF
configuration. Figure 4 depicts the dinensions and orientation of

the CVD si ngar@n@myébmedmnwiha#ﬁmewm althpgasdbassdo bievEbafnpf eptiin the
Figure 5 depj g Ei?ovga{%ﬁ'té}glll%ae% %1%{ glgesgigé‘@)g@&mﬂ%ﬁ tabnddla fIBI:Eof that

has been fa ete for use I'n
1.7 mm.

25
Study of the grown CVD diamond plate revealed that it was free of twins and cracks on
the (001) face, and bounded by <110> sides and post-synthesis dimensions of the twin
free top (001) face were increased to 8.7 mm X 8.7 mm. Examination of the as-grown
surface of the crystal under an optical microscope revealed a complete absence of

30 surface pits.

The stage two layer was separated from the stage one and substrate layers by laser

sawing, and further processed by lapping and polishing to produce a rectangular plate of
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Figure 6 depicts the CVD single crystal dianmond material of Figure 5,
indicating the calculated path length for use in a |l aser application.
15Fi gur e wodepimstw4t he CVD singl e crystal di anond mat er ipalt/Epkoifiosuare 5,
i ndi cating the | ongest optically accessible dinension. Exanples 20 An
exenpl ary enbodi nrent of the present invention will now be descri bed.
Exanple 1 A synthetic type | b HPHT di anond plate with a pair of
approximately parallel nmajor faces within -5 of (001) was sel ected. The

plate was fgbe kyahadx R Andx SBWBME WHPSLE BhFoste paistloh €0 f Blccanmend t axi al
synthesis of single crystal CVD dianond naterial by a process including the

fol | owi ng sPRsitc paynofd d90idfages (Figust)-t he substrate to produce a plate with
al |l <100> edges; 30 ii)lapping and polishing the najor surface upon which
growh is to occur, the |apped and polished part having di nensi ons about
6.0 nm x 6. OppasitbyaidsQd fcasmvetsipokshedipetallelltd withmes0q° 1018} averiige bidedfinganed evel at

or belowih rf i.S.m [l tion. of the
Substrare gl R ppaE R LRG h3sThEhtl B30, Bes SBERROL SARPEOBATL) | LI
reveal the thedsert byeMetipolhepFninwasdekscieah 2y 0T Hits apsopptéssionfficlent efshag a
revealing pla etch. It is possible routi y_ to uce supstrates in
n on thg PR i bR S P Rl ) S BB S TR G S e et
Er: marily omentsiﬂ)ewaahleas;cuﬁﬁd H}rwa-lrzi}f] p&diabhiySo tbelﬁowuﬁ cb‘gslcﬂo@ﬁdsﬁnc'arz. ahe ﬁgﬁﬁam ally

el ow 102mm 2. The surface roughness this stage was | ess an 10 nm
over a measbiosgn Q?‘ié’zer(?’flceatfm‘i’ Elﬁgsflr%ioby[ %ﬁﬁts B’ff‘slsgal?ﬁ %g‘?wéo@ﬁ‘ﬁ?tt?ﬁp SRBE- mount ed
on to a Smb%Etﬁhﬁorﬁﬁﬁiﬁbgén iﬁ$1hdl9:uﬁ:alf’dhﬁlr@e %@W&s&hé&%ﬁe@b@@ﬁ% gasgni gj'° braze.
The substrate and jts carrier were then introduced into a CVD reactor

chanber andatams 0t h Tapdhgmaleandesiits wormenwsd byylarce dashgrlefametesta bt o t he
chanmber as ol Qus! k!

Brewster facets of angle 67.5 © were polished on the {110} faces of size 1.5 mm x 2.0
15 mm (Figure 5) for propagation of the pump and Stokes beams along the <110> direction
parallel to the longest crystal dimension, giving a path length of 7.2 mm (Figure 6). The
longest linear optically accessible dimension can be calculated by considering light beam
incident on the facet at an angle of 90° to the facet normal (such a situation would be
difficult to achieve in practice but gives the maximum optically accessible dimension).
20 This light beam will be refracted so that it propagates within the crystal at the critical
angle to the normal of the facet on which it was incident. The longest optically
accessible dimension can then be calculated by trigonometry to be 7.3 mm (Figure 7),
assuming the crystal is surrounded by air with a refractive index of 1. The diamond
crystal was mounted on a thermo-electric cooled mount and placed inside an optical
25 resonator consisting of an input coupler (94.2% transmitting at 532 nm; highly reflecting
at 560-650 nm) and output coupler (highly reflecting at 532 nm, 25% transmitting at 573
nm and 80% transmitting at 620 nm). Both of these mirror couplers had a radius of
curvature of 20 cm. The output coupler retroreflects the pump to provide a second pass
of the Raman crystal.
30
The diamond Raman resonator was pumped externally by a g-switched Nd:YAG laser of
pulse duration 8 ns, operating at a pulse repetition frequency of 5 kHz, and frequency

doubled from 1064 to 532 nm. The p-polarized pump beam was incident on one of the
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10 First, an in situ oxygen plasma etch was performed at a pressure of 230
Ton and a substrate tenperature of 787 C, followed by a hydrogen etch,
oxygen bewogorieisensed fromthe gas flow at this stage. Tirem/mr@ 1050431 St age
growt h process was started by the addition of nethane at 22 sccm (standard
cubic centinmetre per second). N trogen was 15 added to achieve a | evel of
800 ppb in the gas phase. Hydrogen was al so present in the process gas. The
substrate tenperature at this stage was 827 C. Over the subsequent 24 hours
t he ”EthaneBﬁQﬂ&#@ke@@%ﬂkﬂﬁ&ﬁﬁ&@ﬁgk?ﬂﬁ@eﬁﬁﬁﬁg<Thﬁ5ﬁﬂgﬁgﬂ%hmgQﬂgBkm@§S wer e
selected to give an a paraneter value in the range of 2.00.2, based on
previ ous t eBeamsupiepagiding ghmigrnid @™ retlin sisediempad grisial o patmaenie §enspipt

exam nati on : : : R f 2.5
T he st A A e B Rl T

t he gas phateched the Remai rosdnat@0 Thppummbeadne wgnfocpieddeto Il owsthl wserg ¢ E} ni nat ed
after thecs | ayer reached a thickness of 1.7 nm 25 Study of

t he gromﬁscgﬁgg?gﬁ%%gw%Pate revealed that it was free of twins and cracks
on the (001) face, and bounded by <110> sides and post-synthesis di nensions

of the twin,free t (001) face re increased.to 8.7 nmx 8.7 mm

carn nat | on? B ERS Bk GRRTL PR S Fhe Tty uedeT dfn P RSy Se Bhfo

m croscope #igvednedyel ¢ wiplidtiecahspatied of 0.39 ngyilsaceick Sinpdthad sugge two

| ayer was separ.at ed fron1the,stag ong and substrate |ayers béﬁlaaer

sawi ng, and“FHFEHETC BEBRELSREBFA BT AT @nEIClShIGUUME AR Y Bt BeAfed 83

rect angul@r a Rlndtiéh Sfinit 2€ery, YidlAThXa dr&hBIN r RarPanTBingblafodnd®@ (3RRNSAd € pairs
of {110} faces and one opposite pair of {100} faces gFigure 4). Opposite
pairs of fate&erwifigcirylaf sprsgrsiparfean symp tp $ipledsilightefG8 . The aver age
birefringence 5 along an optical path normal to one of the {110} faces of
size 1.5 MiMm >< 2.0 mm as neasured by Metripol at 550 nm was |ess than
2x10-6. The absorption coefficient of the naterial was neasured by | aser
calorinetry to be 0.007 cm1 at 1064 nm The dislocation density was
measured by X-ray topography to be 2 x 103 dislocations cm 2. The optical
phonon decoherence tinme neasured by TCUPS was 8 ps. The concentration of
single- 10 substitutional nitrogen in the neutral charge state was neasured
by EPR to be 3.5 x 1015 atonms cm 3. The thermal conductivity was neasured
by |l aser flash calorinetry to be 2050 Wm 1 K-1. Brewster facets of angle
67.5 were polished on the {110} faces of size 1.5 mmx 2.0 15 mm (Fi gure
5) for propagation of the punp and Stokes beans al ong the <110> direction
parallel to the |ongest crystal dinension, giving a path length of 7.2 mm
(Figure 6). The longest linear optically accessible dinmension can be

cal cul ated by considering |ight beamincident on the facet at an angl e of
90 to the facet normal (such a situation would be difficult to achieve in
practice but gives the maxi numoptically accessible dinmension). 20 This
light beamw || be refracted so that it propagates within the crystal at
the critical angle to the nornal of the facet on which it was incident. The
| ongest optically accessible dinension can then be cal cul ated by
trigononetry to be 7.3 mm (Figure 7), assuming the crystal is surrounded by
air with a refractive index of 1. The dianond crystal was nounted on a

t herno-el ectric cool ed nount and pl aced i nside an opti cal
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25 resonator consisting of an input coupler (94.2%transmtting at 532 nm
highly reflecting at 560-650 nn) and out put coupler (highly reflecting at
532 nm 2B@oriansswitting at 573 nm and 80% transm tti ngprPat/ER2@ 1080477 Bot h of
these mrror couplers had a radius of curvature of 20 cm The out put
coupler retroreflects the punp to provide a second pass of the Ranman
crystal. 30 The di anond Raman resonator was punped externally by a

g-swi tched Nd: YAG | aser of pulse duration 8 ns, operating at a pul se
repetition gpregyency of 5 kHz, and frequency doubled from 1064 to 532 nm
The p-pol ari zed punp beam was i ncident on one of the Brewster facets at the
Brewster angle, thus ensuring <110> pol ari zed punp and St okes beans

propagati ng; al ong A3 Ol driNedl didifo 'rﬂé‘f@ﬁ*&lvﬁ{ Sh@le difmBRAI ARRLSG! 1%%9@5 at or

pl aced in the punp beam path ensured no resi uaI fundanmental punp |1 ght at
1064 nm r eatohledingivharRetpmstics, edon atcoyuredf eoopuiepmpbetie:was f ocused into the

crystal using,.g.Jdfha %r{lﬁgﬂlltlensﬁﬂ Fe'&%ek%'&f?mﬁH”p to Stokes conversion
|

ef ficiency was~inves powers ‘up to approximtely 2.2 W

whi ch corr espRé&fi@gerico o@béléwnﬂxlptﬂ SRerNRJisBg . a llglwtbbaramdthowbﬂaw-seeMagl es
were measured using a calibrated energy neter. t energy was neasured
as 10 a fun®e 8ia6fthampit mérhépeglonw@ P%rhtgrﬁa@g Pa myaiRanan | asi ng of

around 0. 08arm]osorgﬂgn @o&ﬁ&@@b%&vwmﬁy o@{enﬁfaea/arasav%ehg@mf@mrﬁo St okes
light of 78 % aims: 1. A CVD single crystal dianond material wherein the

di anond material has the foI | ow ng characteristics, when neasured at room

temperatyyes S arfag8%ingld A§@hI di%@ﬁ@ﬁhteﬂhl@%&i&nl,%&?&ﬁ thd GRB sfn i
crystal diamond material has a longest linear optically accessible dimension of greater

than 7 mm.

3. The CVD single crystal diamond material of any preceding claim, wherein the
15 CVD single crystal diamond material has a property 75, and 75, measured at room

temperature, is determined to be greater than 4 ps.

4. The CVD single crystal diamond material of any of the preceding claims,
wherein the CVD single crystal diamond material contains single-substitutional nitrogen
20 in the necutral charge state, wherein the single-substitutional nitrogen in the neutral

charge state content within the CVD single crystal diamond material measured by EPR

is less than or equal to 5x10" atoms cm™.

5. The CVD single crystal diamond material of any of the preceding claims,
25 wherein the CVD single crystal diamond material contains dislocations, wherein the

dislocation density is below 10" dislocations cm™.
6. The CVD single crystal diamond material of any of the preceding claims,

wherein the CVD single crystal diamond material exhibits a thermal conductivity, the

30 thermal conductivity, measured at room temperature, being greater than 2000 Wm 'K
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a birefringence of below | x10 determined using a light beamwth a
cross-sectional area greater than 0 01 nM®2 and along an internal path
great er twerroii/asmeand an absorption coefficient bel ow OPOT@EPeOMAD5@Et er m ned
at a wavel ength of 1064 nm 10 2. The CVD single crystal dianond material of
claim1l1, wherein the CVD single crystal dianond material has a | ongest

| inear optically accessible dinension of greater than 7 mm 3. The CvD
single crystal dianmond naterial of any preceding claim wherein the 15 CVD

single crysyal dT@ﬁ@Vﬂ)ﬁﬁﬁ@&hﬁhwﬂﬁ&n@n@hﬁﬂﬁﬁﬂ%fﬁ%w &Mflc poccamAsu4igd, at room
tenperature, is deternined to be greater than 4 Ps. 4. The CVD 5|ngle

crystal di anBiginghe EMDapingle caynpl gfanang myrterdd dy s1gValaa R mEconiinE sEPRaYHE CVD
single Crys&%%1ﬂbéﬂﬂﬁgm€@%§&hﬁﬁo&£§ta'ns si ngl e-substitutional nitrogen 20

in the neutral charge state erein the single-substitutional nitrogen in
t he neutral charge state content within the CVD single crystal dianond

material Jreasure, g(?‘vﬁ'?gméé mh/gt%is d{aﬂl‘%ﬂd %{at?ef?a‘f%kcfaﬁn@ AR @ %{Iﬁu-%{lg?hs

The CVD single cry eri al any of the preceding C

wher ei n t hegiGvih pooagh eonsisisof abo slagesond mat eri al contai ns di sl ocati ons,
wherein the dislocation density is below 104 dislocations cm 2. 6. The
CVD single crystal dianond material of any of the preceding clains, wherein
the CVD single crigstvab sthighropyihl dbdneint alatexhobildits 8 dridewhakinahhdiuebhdi ty,

the 30 thermal conductijvit asured at room tenperature,  bei reater
o 2000 VPR RE Gl oSt 10r OB B CHeeTFeratss Dot Suihs < ed o ey tBf I

crystal ¢ afmmpd dptardidhoef mattyiaPbf ¢188n PIr eC@AIWAgpEdsadse® an WhRIrpioh hthe CVD
single crystal dianmond material is ﬁ{omm as a second or subsequent stage in

a mul ti-st apavemeiraf 18¢brm gecates tgn PO WD singl e crystal di anond materi al
of claim?7 wherein the nulti-stage growh process consists of two stages.

10. The CVD single crystal diamond material of claims 7, 8 or 9, wherein the
diamond grown during at least one of the previous stages prior to the stage in which the
15 CVD single crystal diamond material of claim 1 is grown possesses a longest linear

internal dimension less than 7 mm.

11.  The CVD single crystal diamond material of any of claims 7 to 10, wherein the
diamond grown during at least one of the previous stages prior to the stage in which the
20 CVD single crystal diamond material of claim 1 is grown contains single substitutional
nitrogen in the neutral charge state, the single substitutional nitrogen in the neutral

charge state content within one of the previous stages measured by EPR being greater

than 1x 10" atoms cm™.

25 12.  Use ofthe CVD single crystal diamond material of any of the preceding claims in

an optical application.
13.  The use of claim 12 wherein the optical application is a Raman laser.

30 14. The use of claim 13 wherein the Raman laser has a Raman scattering medium

comprising the CVD single crystal diamond material.
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9. The CVD single crystal dianond material of clains 7 or 8, wherein the

di anond grown during at | east one of the previous stages prior to the stage
i n which wheouB¢kd® single crystal dianond material of ecaipPedi1ioso4gr own
possesses an absorption at a wavel ength of 1064 nm greater than 0.010 cm 1.
10. The CVD single crystal dianmond nmaterial of clains 7, 8 or 9, wherein

t he di anond grown during at | east one of the previous stages prior to the
stage in which the 15 CVD single crystal dianond material of claiml is

grown possesses hd RBELSHIN | VR BEreinthERNBAN MidTBBSA PinpiBS Bkt (nddBnt 11.
The CVD single cr\}/stal di anond material of any of clains 7 to 10, wherein

the di amondo®yswn’lAsingleerataldemndopgerl \tfl_rf‘éeiﬂﬁ@x@%@gsilglfa@égtab#impnc{ o the
stage in WiinCRabiie 130 SVRisRIcaRl Sl o LBRAL ST Al il bClnBbdihd |

grown contains single substitutional nitrogen in t r charge state,

the single sbsttiallymcmendiculittp dipetirctiont dfhndistoration shamibingha€ ¥ Devrdient

within o Vi st ages neasured by EPR being greater than |x
1016 atog %&%@T}ﬁaﬁ‘@g”@f{l%l'of the CVD single crystal dianond material of

any of the preceding clains in an optical application. 13.The use of claim
12 wherein e tical pljcation js Ranman | r. 3Q 14. The use. of claim
15 whorain the AiRRePLRR | SRhu SRS oSHERG] et sORuAE PR ne D
si ngl e crysb@disledatiomndhedinghd diklocatidd’ 203sldrO 8H3LARMT/pERAGLL/ 050477 15. The

use of claim 14 wherein the Raman | aser has a punping |ight beaminci dent
on the CVD single crystal dianond material, wherein the CVD single crystal

di amond igicludesrityst @adhy ONBaifhk I8 @€ ab,I AR rdIRHEhnfndhset RGopkiaie o 518 t he
punpi ng |ight beam being substantially perpendicular to the direction of
t he di sl ocatt @Hputilight bepmpyith a Wevelcoshdiener 1 BneandS0Bumdi anond mat eri al .

18. A Raman laser containing a Raman scattering medium comprising of a CVD
single crystal diamond material of any of claims 1 to 11.

15
19.  The Raman laser of claim 18 further comprising a pumping light source, wherein
the pumping light source produces a pumping light beam having a wavelength that is
different to an output light beam of the laser by one or more Stokes shifts of the Raman
scattering medium.

20
20. The Raman laser of claim 19, wherein the output light beam has a beam quality

defined by a M” factor, the M factor of the output light beam being less than 10.0.

21. A Raman laser of claims 18, 19 or 20, wherein the CVD single crystal diamond
25 material exhibits a thermal figure of merit, the thermal figure of merit being at 1.064 um

being greater than 600.

22. A method of producing a CVD single crystal diamond within a CVD reactor
using a gas phase with multiple growth stages, at least two of the multiple growth stages
30 Dbeing distinguished by changing the nitrogen concentration in the gas phase within the
CVD reactor, at least one of the at least two growth stages having a nitrogen
concentration within the gas phase of greater than or equal to 300 parts per billion and

less than 5 parts per million, calculated as molecular nitrogen, and at least one other of
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16. The use of claim 15 wherein the CVD single crystal dianond contains a
plurality of dislocations, wherein the dislocations' |lines are

subst ant iabI2g1ipmekl el . 10 17. The use of any of cl ai ns P8TIER2G/05ABT €i N
the Raman | aser is operating to give an output |ight beamw th a wavel ength
between 1 pm and 500 pm 18. A Raman | aser containing a Raman scattering
medi um conpri sing of a CVD single crystal dianond material of any of clains
1to 11. 15 19. The Raman laser of claim 18 further conprising a punping

|'i ght sourcge aph@st@ivd gt RUWIR! RGidd HRtroSOUEGRR RFAWH GRtiRHRYWAPHINGe bf ght
beam havi ng a wavel en%{h that is different to an output |ight beam of the

| aser by ongreater har & -Btlgwets pshbithian g1d lepethmaFan raeareebilieg. adenlded a0  20.
The Raman |H1§[%Eu19[fniﬁ$%m 19, wherein the output |ight beam has a beam
quality defined by a factor, the M2 factor of the output |ight beam
bei ng I ess than 10. 0. 21. A Raman | aser of clains 18, 19 or 20, wherein

the CVD single c i er.i i hi I of
ror i, 1 he fhior rrrrig it eRREE i CRDAM M S bR e BN 21
600. 22. ACWBtthdoiqt ippholdsmmuingleggrdVD ssigagl e crystal di anond within a CvD
reactor using a gas phase with nultiple growth stages, at |east tw of the
mul tiple growh stages 30 being distinguished by changing the nitrogen
conlcent ratiofn i nTﬁeLlﬁetga@opﬂﬁﬁﬁ_zw\m&rﬁptﬂl&ecmaiﬁgeaeﬁy@ml d@hoh&@&ﬁqrﬁﬂlea of the
at least two growt tages having a nitr concentration within the gas
phase of gr@é‘?‘bflstﬂ’i CHIn@Gtige ofgfowfﬁéﬁ’g%?ﬁépg%i) §PBH- and | ess than 5
parts pergmllion, calculated as nolecular nitrogen, and at | east one other
of the at |least two growth stages havin a‘nitrog{e-n concentration within
the gas pha3® of Thyraghed ofickains 82.G8 Pr gérvhergie thepnyliipl grogily steges sonsii AT 250
parts per bjldd@as calcul ated as nolecular nitrogen. 5 23. A nethod of
produci ng the single crystal dianond of claiml1l wherein the

26. The method of claims 23 to 25, wherein the CVD technique utilises a gas phase,
15 the gas phase containing nitrogen which is incorporated into the growing diamond
material, the stages of the growth process being distinguished by a change in the

incorporation rate of nitrogen within the deposited diamond.

27. The method of claim 26 wherein the incorporation rate of nitrogen is decreased
20 relative to at least one of the carlier growth stages for the growth stage that produces the

CVD single crystal diamond of claim 1.

28.  The method of claims 26 or 27 wherein the incorporation rate of nitrogen is
altered by changing the concentration of nitrogen in the process gas.

25
29.  The method of claim 28 wherein the incorporation of nitrogen is decreased by

decreasing the concentration of nitrogen in the process gas.
30.  The method of claims 28 or 29, wherein the nitrogen concentration within the gas

30 phase is between 300 parts per billion and 5 parts per million, calculated as molecular

nitrogen, during at least one stage of growth prior to a final stage of growth.
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CVD technique includes multiple growh stages. 24.The nethod of claim 23
wherein the CVD single crystal dianmond material of claiml is produced in a
st age of woawtinsafstier the first stage of growmh. 10 25PCThP20meiobid7 of
clainms 22, 23 or 24, wherein the nmultiple growh stages consist of two
stages. 26. The nethod of clainms 23 to 25, wherein the CVD techni que
utilises a gas phase, 15 the gas phase containing nitrogen which is

i ncorporated into the growi ng dianond naterial, the stages of the growth

process bei gg d'ﬁ&éﬂgﬁbébﬁgaﬁﬂ3@«&M§a@Qhéﬂnbﬁalhﬂ&&ﬁﬂ@&ﬁﬁd&ﬂwﬁ@i@o@F
nitrogen within the deposited di anond 27. The nethod of claim 26

wher ei n t hePatkaisy bokes pish 23 partopernifipn galsulaicdpscpelsadd Hoogcs) deinget t o at

| east one OitﬁQﬁmﬁ%&l grmgéomﬂh stages for the growth stage that produces
t he CVvD S|ng e crysta nond of claim1l. 28. The nmethod of clains 26 or
27 wherein the incorporation rate of nitrogen is altered by changing the
concentration of nitrogen in the process gas. 25 29. The nethod of claim
28 wherein the incorporation of nitrogen is decreased by decreasing the

concentration of nitrogen in the process gas. 30. The nethod of clains
28 or 29, wherein the nitrogen concentration within the gas 30 phase is
bet ween 300 parts per billion and 5 parts per mllion, calculated as

nol ecul ar nitrogen, during at |east one stage of growh prior to a final
stage of growth. WD 2011/086164PCT/ EP2011/ 050477 31. The nmethod of claim
30, wherein the nitrogen concentration is between 0.001 parts per billion
and 250 parts per billion, calculated as nol ecul ar nitrogen, during a
subsequent growth stage.
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