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in any othefrhd aafond base substrate typically comprises a first major face which is presented to
the growth process and onto which growth occurs. By the term “face” we mean a surface
which is flat or substantially flat. The face onto which growth occurs is called the “growth

30 face” of the base substrate. Typically, although not necessarily, the base substrate is a
plate, which comprises a second major face which is largely parallel to the first major

face and separated from it by a perpendicular distance which is the plate thickness, said

plate thickness typically being smaller, usually substantially smaller, than the lateral
dimensions of the major faces. The second major face provides a convenient means of

35 mounting the base subsirate in order to present the first major face to the growth
process. A major face is one where two orthogonal dimensions lying in the face, a,b
(a=b) can be found which, compared to any two orthogonal dimensions in any other face,
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25  and parallel to the growth direction. The axes x and y are then within the plane of the

growth face of the base substrate, and are generally equivalent by symmetry.

During homoepitaxial single crystal growth, the material formed by growth on any
particular crystallographically oriented surface is generally referred to as the “growth

30 sector” for that surface. For example, material formed by growth on an (001) surface is
referred to as the {(001) growth sector.

During a CVD diamond material process there is homoepitaxial single crystal growth
from the major growth surface (typically the (001) surface). This growth occurs not only
35 normal to the growth surface of the base substrate but may also extend laterally
therefrom. Therefore as the growth process takes place there is both thickening of the
CVD grown diamond layer and aiso lateral extension of the grown diamond layer relative
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be at | east m§ Ad g quare cross section of the successive
30 base material is less than twice the area of the square cross-sectional area of 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 « (as defined by the ratio [V3 x
growth rate in <001>] + [growth rate in <111>]) is said to be at least 3 : 1.
35
WO 2004/027123 (Element Six Ltd) describes an alternative method of producing a plate

of single crystal diamond material from CVD diamond material grown on a substrate,
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1) were typLeald Y vidfitue say the at least one <100> edge exceeds “any” other perpendicular
25  dimension we mean “each and every” other dimension perpendicular to the said at least
one edge. So the at least one edge in the <100 direction is at least 1.3 times as long as
the longest dimension {in the said surface) perpendicular to the at least one <100> edge.

The ratio of the length of the at least one <100> edge (of the substrate surface) to its

30  longest perpendicular dimension is referred to in this specification as the aspect ratio of
the surface. This term is used regardless of the shape of the substrate surface. For a
rectangular substrate surface with side lengths a, b (where a>b) the aspect ratio is a/b.
The aspect ratio of the first substrate used in the method of the invention, being at least
1.3 : 1, is substantially higher than those used in CVD growth processes described

35  hitherto, where square faced substrates (i.e. those having an aspect ratio of 1) were
typically used.
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’ 25  invention includes circumstances where the surfaces of the substraie other than the

major face forming the growth surface do not include a second major face parallel to the
growth surface.

As used herein, the face referred to by phrases such as the term “major (001) surface”
30 or "a major face for growth (the growth surface) which is a {001} surface” may be a
surface which has an orientation which is exactly (001), which is advantageous, but it
may also be a surface wherein the normal to that surface is up to 15° preferably up to
10° more preferably up to 6°, more preferably up to 3° off the [001] direction. Likewise,
reference to the <100 directions lying in the plane of the major (001) surface may not be
35 exacily <100> but the nearest direction to the relevant <100> that does lie within the
plane of the major surface, and which is no more than 15° preferably no more than 10°,



WO 2011/ 076642PCT/ EP2010/ 069825 6 preferably no nore than 6, nore
preferably no nore than 3, off the relevant <100> direction. Wen we
tal k about wgrzolwwisddat eral ly from the maj or growt h surf aRE/ER2050469825
understood that 5 such lateral growth isgassociated with the verti cal
growh fromthe major growh surface (by which we nmean growth nor nal

to the maj ofprge@BlMeSoIAtRN,6°] mBre bRRrdd A6 ahore M b°, off thé‘@ele\ﬂirnPWﬁ 60>
sector of tfg@ggt%hor surface" is associated with the thickeni ng of

that growth The CVD single crystal dianond material grown by
the nethod according to the first aspect of the inventi on is defined,

f ficat 10
i st i not r egier Bk PG BT Rl AR o BRI BRAES Loyt
pl ane of 5t heuslulagralairewib us asroeiated withi tbé veticaltgnovita iresn thk aicagoragnalvth surface

out si de of éﬁﬁ\{fﬁaﬁ bvehﬁéa% M%@ﬁﬁ% t& r%etrﬁaopérb\gfh%lrfmfﬂbset lihaetlgtfe aﬁlﬁrowih of

vi ewed al on e di rectl nor ma
substrate) itke igeaveh seetor of the maps su:f@qee Fedssgeiatad hwith digg thickeniagdf thatgrowth

whi ch ext endgcighope é\tﬂ@ smrglegsrmél d%ﬁ%ﬂrrﬁ‘étgna(l lgrdvn 50RE | 3%&5\%@@%

peri pheral boundar hé original 15 substrate as viewe
direction ndFshapPac Oi W@ Ire BN @rq'sxf/ww fecnugnignge, @db%pfe&?ret)spa@ﬂqawen as

"substrabe Gaawg fvd @gﬂr@ﬂreg:oml és foRIuRE ahe BaRMaNthBEEKsHASs @BBvdRe plane of the

di sti ngui shed fr endj rovvt urri
Cooul £ oot o Syt RaRYe of B ol 10 apf ad P Of e betdVird Bpgndary of
f i r st di anoitt eigired seistratual NRwel alctyEhe tieatiss no@sal td thbirﬁ@oragmwm face of

- h d | defined,b
i orgr ot 1 BsT A et sy AF RGRRSH T Ao Wb s above
growt h ont o theherifinalssubstutst (i.at e:onfmet:iewxmmn tl:leamnpbedl bsurgagr ofwheéC\dbginal
di amond 1gat @ﬂl’)éﬁf’rjilgaﬁ]stwé@é ﬁéﬁgelﬁgﬂﬁéc\ﬂgh )ﬁo%l ‘Eoellégrngaﬁ}% @ﬁro%tﬁ?ac% oggh%%b&}g?e)

di anond st on ent” 1 nvent 1 on
art, and reésdfs §el§stfa§¢ graveh regia”. Thlmtemhgrowmmiwml tfei dlsml;ushed from

synt hesi s cgﬁwa&érg@se@ﬁ'aw@rgwm aceurnﬁg?gg Qel"eéhllddf%%&q d@%ﬁﬁd a&.r \éﬂ} bh the

enhanced | at eral di'nensi ons conpar ed hose start |n strate
can be achi &¢egurasmohthedicd d@iﬂ?@ﬁ{ rsa?%r%w g “éf" QVB\M 9cesR raﬁéid'és abeve (ke

hi gher aspegthé aiowth GifsetiBgtied Paed @i el b HesviomaRnsot@bihgdde. t han has
been USSS hltherto specifically with an 30 aspect ratio of at | east

recogni ses that under appropriate conditions the use of
such a st ar Thagbrubetmed by iI/Mdiatbad nekeérial @Wlalonrmouheﬁrrﬂtﬂueﬁtmté @& herein

H therto nornal. tic en t st startin
substrate adarrial 8 aibun SNe gERebe stk R v TR bh e s
possi bl e subswndi\d giemehd sone.he two | ar gest orthogonal <100>
dinmensions lying in the plane of the major growh surface are simlar

(i.e. their ratiois S|?n|f|cantly 35less than 1.3 : 1. More
typi cal 25} t fiBe pigsettriareatiosish depagiiedromihe privs ageant weegniresdon the first time

square, i.emhaihder PR s%rﬁﬁés‘% Qndilion ngVB%jgé‘ﬁﬁ tdVblolid@ R&iGhoPhSterial
m ssi ng cor ners. WO 2011/ 076642PCT/ EP2010/ 0
with enhanced lateral dimensions compared to those of a starting substrate can be
achieved from a base substrate having a growth surface with a higher aspect ratio (as
hereinbefore discussed and defined) than has been used hitherto, specifically with an
30 aspect ratio of at least 1.3 : 1. It recognises that under appropriate conditions the use of
such a starting substrate is neither detrimental nor problematic. Hitherto normal practice
has been to use the largest starting substrate available, or where a cut is made, to cut
out the largest possible substrate in which the two largest orthogonal <100> dimensions
lying in the plane of the major growth surface are similar (i.e. their ratio is significantly
35 less than 1.3 : 1. More typically the substrate used in prior art has been essentially
square, i.e. with an aspect ratio of 1, sometimes with one or more missing corners.
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In other embodiments according to the invention, the first diamond substrate is
substantially triangular, and preferably presents a (001) major surface. Preferably the
substantially triangular major surface is a right angled triangle which is preferably
bounded by at least one <100> edge and one <110> edge, more preferably by one
35 <100> edge and two <110> edges, or by two <100> edges and one <110 edge.
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In other embodiments according to the invention uneven or irregular or even or regular
shaped substrates e.g. square or rectangular substrates may be cut into any number of
smaller regular shapes, e.g. into n equal rectangles or triangles, where n is greater than

25 1, greater than 2, greater than 3, etc, even as high as 8 or more, thereby generating “first
substrates” as used in the method of the first aspect of the invention. Where these
regular shapes are rectangles these preferably have aspect ratios greater than 2, 3 and
even as high as 8. Where rectangular plates are cut these are preferably <100> edged.
Where triangles are cut these preferably have at least one <100> edge and at least one

30 <110> edge. Any combination of rectangles and triangles meeting these preferred edge
requirements may be cut from a single substrate.

in preferred embodiments where n rectangular substrates are cut from a precursor
substrate (where n>1), the cut rectangular substrates may be the same or different in

35 size. One dimension of the cut substrates may be the same as, or smaller than, one
dimension of the precursor substrate.
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25  An advantage of these embodiments in which a regular substrate is cut into two or more
smaller regular shaped substrates is that it is possible to gain an increase in overall area
of the grown CVD diamond plate compared to the area gain that would be achieved if the
starting uncut substrate were used as the growth substrate.

30 A preferred embodiment according to the present invention comprises (a) cutting a
section of diamond material from the lateral growth region of the grown single crystal
diamond substrate (grown in a first synthesis step) so that the cut diamond material
section provides a (001) surface with a <100> edge, and (b) (in a second synthesis step)
growing diamond material homoepitaxially onto that (001) surface of the cut diamond

35 section.
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for a given<$@l- @fgeconditions is reported wdely, however a
particularly useful reference is Silva et al, D anond & Rel ated
Materials, 18 (2009), 683-697. Silva et al describes how to sel ect

t he t enper aWe bavegtsnghthes saredyl control of the processing parameters is advantageous in

order to achieve full effective rotation from a first substrate having an aspect ratio of at
25 least 1.3 : 1. One parameter that can be monitored in a CVD single crystal diamond
material process, and is well understood in the art of diamond material synthesis by
CVD, is the so called “a parameter”. This parameter a is proportional to the ratio of the
growth rate (GR) in the <001> direction to the growth rate in the <111> direction, and is
defined as: a = V3 x (GR in <001>) = (GR in <1115).
30
In preferred embodiments according to the invention the a parameter desired is
preferably in the range 1.4 to 2.6, more preferably in the range1.6 to 2.4, even more
preferably in the range 1.8 to 2.2, and for some embodiments in the range 1.9 1o 2.1.

35 In known CVD processes the a parameter is known to vary between < 1 and >3, the
value of a depending, inter alia, on the set of synthesis conditions in place, including the
pressure, the temperature and the gas flow conditions and to a lesser extent details of
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35 equal, if ais below the preferred limits the lateral growth is limited and the smooth growth
on the (001) surface is lost.
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CVD process dfrwﬁﬂ,athedai@@) griewfroregiir fagdeprsived crystedinitdilewas retisienabien densdy)

the (001) mpiRrnSsibsRaR gPdwih Agyidi Mblch YDAt cRMARVE HeSsubayag been

bounded by at | east one <100> edge, the length of that said ‘at |east
one <100> edge exceedi ng any di nension (of the surface) that was

or t hogonal ﬂrQadkﬂtohewéaaﬂe @dseh@asﬁatmelatéﬂévaﬁd @ﬂﬁﬁat@gr@mhaé i6hsOdre @bnerally
ljleglsg C;@& Ongepa-l%lggg ;@hgéﬁqrgl% qg%c?agglgs? thgrﬁjl %gcrursatlalsewmere In tﬁe grown crystal.
' It is believed that this higher density of dislocations originate from the edges of the
original substrate. The high density region may be identified by techniques such as
birefringence, characterisation of optical birefringence using instruments such as
“Metripol” (Oxford Cryosystems UK), transmission electron microscopy (TEM) and X-ray

25  topography.

By way of example it has been found that the dislocation density in the CVD diamond
material in the subsirate growth region is typically in the range 10%-10° cm™®, whereas
that in the lateral growth region may be <500 cm™®. In the vicinity of the boundary |

30 between the substrate growth region and the lateral growth region, the dislocation
density is typically in the range 10°10° cm?, and is typically up to about ten to a hundred
times higher than in the adjacent substrate growth region.

A substantially square grown CVD diamond material or indeed any diamond substrate
35  cut from a grown CVD diamond material that has been grown from a first substrate with
a <100> edge and an aspect ratio (as hereinbefore defined) of at least 1.3 : 1
particularly one which incorporates such an array of dislocations in an arrangement
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When we say in this specification that the line or lines (length or Iengths) generated by
joining the points (which are the projections of the rows of dislocations onto a (001)

30 plane) defined the outline of the growth surface, we include the possibility that the lines
do not actually intersect, but are extended to intersect each other. It may be the case,
for example, that there is no row of dislocations propagating up from one or more corners
of the first substrate, and in this case the lines (lengths) are extended to intersect, and
thus define the outline of the corner{s). Typically any line joining the points along any

35 side of the substrate will extend along at least 50%, preferably along at least 60%, or
70% or 80% of the length of the side of the first substrate.
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aspect rati Qofast didcalisHaefa08 gudiseyssed) of at least 1.3 :1 is new
per se. Athird aspect of the present invention provides a grown CVD

di anond material containing a plurality of rows of dislocations, each
row ext @odi myandth@ smbsingdit laadrb\yn a&m(aebabﬂiat@%tdr@rgrowcrbmranmgfdxamond

di sl ocati ons whe cted, ont 01) 0i

the. poi nt s rals BaRh TR o rRpuda e aPe eBlsrsiine rohhenod rigaler siifite
defining a fithst lcheingich< 168+ edagh, nige lengthlve theliPatdédse 6hé @NO@NEHga CEeIND
| engt h extendi in ei r > dir ctlo 110> direction

the ratio 01g H)f ﬁ@ne]n ?IP 'E Fﬁgﬁaﬁ?ﬁcqugtt LECY oqh%?ﬂé %‘F"’W}PES ﬂi@%%‘,’ge by
bei ng at | eagtaticlofat leagt 1.3¢ TJandrthqgmmewndnd&ubsmate ocludez a eliiralitysof rdws of

or exceng 18%30%011’5%595&?@2% Qegten%ﬁ%moii(ﬁﬁg%gct%n Sor within P, FFLEER, Fo of

1, excee exce
2011/ 076642 B@ET direstign.oviie ahsn projectes erip t2ai0A 1 epHBR PIRSENtPOBYS Whidhwif dined

di sl ocati Onérdffﬂé'@llx‘@th&Qﬁt@r@e&% ?bn% 4 B QQﬁ%Ie pth@'?t‘?ar@?ef beiRSa fecBRI &tihe bbStion
poi nts (from re %ﬁctl ve rows of dislocations) when | ol ned definihg
t

four |engt h8' BRi%ieas Ahthedirg darend gibsisate; Hom Vm'ﬂ? ‘Fd@ﬁﬁtm?smﬁ“@r%q'ﬁéoc&“ons

rect angl es have ficlkeategenbodi ments according to the invention each row
of dislaﬁations when projected onto a (001) plane defines a point,
the poi its (fromrespective rows of dislocations) when joined

defi ni ng t was <deR3bribedeagivhs trenposition0dflthel disigtdlion®canne sdddfzinkd gt khown
and two <017> #an ths, these lengths form ng an isoscel es right

angl ed trlangr OWhere reference is made to points joined to define
one or nore lines or |engths, these

A grown CVD diamond including these rows of dislocations which act as a record of the
25  edges of the starting substrate, this record indicating that the starting substrate had an
aspect ratio (as hereinbefore discussed) of at least 1.3 :1 is new per se.

A third aspect of the present invention provides a grown CVD diamond material
containing a plurality of rows of dislocations, each row extending in a substantially
30  <001> direction, each row of dislocations when projected onto a (001) plane defining a
point, and the points (from respective rows of dislocations) when joined defining a first
length extending in the <100> direction and a second length extending in either a <001>
direction or a <110> direction, the ratio of the first length to the second length, or vice
versa, being at least 1.3 : 1, or it may exceed 1.3 : 1, orexceed 1.5 : 1, or exceed 1.7 : 1,
35 orexceed2:1,orexceed25:1,0orexceed3:1,orexceed4:1,0or even exceed5: 1.



are linear straight lines drawn to be a best fit through the said
points. In preferred nethods according to the invention, the

t hi ckness WP 20Hd76642 st substrate is typically in the rAGEERIPAGS2S
mm but it is not restricted to this range 15 In preferred net hods
according to the invention the thickness of the grown di anond

material is (nketiin fbaﬁl:fodtnﬁtﬁhtd eﬁlﬂi Rowobf Hlblﬁcétibﬁgﬁﬁienﬁir@j@ae@%ﬁ) af‘(ObﬂepIane
starting sugjshrate G;q éhat th kness co res Sﬁs to d
rotation, 5567 RBGE a5 BOIBEf "R es VHWErJO'B? Pglining
t hi cknesses fomyergtis@xteadiag i v eah> di@dt[dmamemmbmﬁ@b § egctadQleer t ai n
applications. Preferred nethods according to the invention produce a
single crystal dianond plate, and the preferred nethods conprise the
step of ﬁr odregthbmﬂbddénwmrdimame iOvédtign earh iwentdistbeatione mihah prajeated

a plate. W&b?ﬁﬂélﬁé}c iinkdg p{;lﬂ’?’ edoﬂ‘ﬁs gfoH reQB&ttt?@ro%%?Efsfi’)@%n?ywhen

way of exarrp reference
Figure 1 i s jaineskrafipingt e 100e Ignghsvansga a=0H=f @mgtim am@nei <§Q®ste:natheand two

sui tabl e for<owﬁeh@h@Qﬁ&%h&%s&s&ﬁﬁfwﬁoé&le&h@hﬂ a(h\é%@ltth le. Fi gures
2a-2e are plan views show ng sequen stageS I n D growt h

process fromthe substrate of Figure 1, WO
2011/ 076642 Wr&%?&bﬁé&ﬁ% tb&:oﬁtgjesrr@dfm ldéfm% srieh@MRdredines or Iengths these

representatlon sho p n of ons durlng t he CVI

i Brond  at 218 KEACHARI PSR GEea oSt i Pgan b8 S5eiponts'? ' Bt sa
is an optical m crograph taken in plan vi ew of a grovvn di anond
crystal 5cor ondi t he ta e, of.

are ob 4 BT Ry PRned b e R R oallh of B Ressehe i st
line Z in Fiyitaly i6dhe taage.2i 2 pntmatbulmt iewot rebrieted teetnizvrahgeof the

origi nalgbase substrate; 10Figure 6c is an optical mcrograph, taken

in plan view, of another grown dianond crystal
In preferred methods according to the invention the thickness of the grown diamond

material is about half the length of the longest <100> edge in the starting substrate.

Growth to that thickness corresponds to full rotation, as hereinbefore defined. However

growth to higher or lower thicknesses may also be achieved, and may de desired for
20  certain applications.

Preferred methods according to the invention produce a single crystal diamond plate,
and the preferred methods comprise the step of processing the homoepitaxial CVD
grown diamond material into a plate.

25
Embodiments of the invention will now be described, by way of example, with reference

to the accompanying drawings, wherein:

Figure 1 is a perspective view showing a first diamond substrate suitable for use in

30 methods according to the invention;

Figures 2a-2e are plan views showing sequential stages in the CVD growth process from
the substrate of Figure 1;

35 Figures 3 and 4 are cross-sectional views taken along lines X and Y respectively of
Figure 2d;



corresponding to the stage of growmh shown in Figure 2e; Figure 6d is
an {008} X-ray topograph (XRT image) taken in plan orientation
t hrough t hWogeoviised2 anond crystal of Figure 6c, after rRIRERMGHISEHe
ori gi nal base substrate; 15 Figures 7a tg 7d and 8a to 8d are
schematic representati ons showi ng di fferent methods of increasing the

overal | ar eFigufre rie\aNschemEmd ebpratlepatich shising ploldbyalion P RIIg¥BLds | dking the
growm h nmeth ccording .to th p?rese t invention.  20Referring to the
dr awi ngs, Fi%g)tsﬂ afog 8\?&”5'9“"?‘?'& e ”éﬁ%@f’Fea"‘tr&é‘t;l suitable for use
in methods according to the invention. The dianond substrate 1 is
substantial Iy r | ar,. hayi I th a,  wdth and thickness t
wher e asbot FOHHE S el A Bich ey TR o el s of o Db AR S
5 nmm b=51 emregpendingtathe sizfe hegrodiheaatmowd irskibger’at e 1 has a (001)

maj or surfaces which is bounded by <100> edges 4, and has four side

{010} surfaces 5 (two of which are visible in Figure 1). It is placed
on a surf ac&igpre Bivsr 2 Birefgngance doage driheggetion mearkes byt dasted lise sin iguse e,

described hef@hiPeholitw, FRH rdthAars! thdloryifaY PaseBBRfie;under condi ti ons
descri bed hereinafter wth reference to the exanples, and in

particul ar under conditions where a (as hereinbefore 30defined) is in
the range 1FRutosislandpricd) thidrograbh/Ral@hOivblan RicdE 85 8ndtie gRdver@ambaNErystal

single crystal growh is the 01 r owt ectqQr, i.e. growth from
The (001) " f SEesonig e STl So8R MREe SPhgl & r vet al | or ot h
in the (100), (010) (-100) and (0-10) growh sectors, i.e. onto side
surfaces 5. Fu er ere w || sone eting . .

pol ycrystal I %Ee %ér %ﬁnﬁﬁgﬁi){jf &gqo%appr(gﬁﬂnﬂag%)ﬁ%gtl%Rlagap?rggtéonfﬁrou%he
2011/ 076642 BCWnEiarp@Ir (60 8L bighie 6&saiteanerhevabefaine brigimal Bagpsubstirle;- 2d
and Figyges 3 and 4, the (001) growth sector of the grown di anond

materi al extends not only normal to the (001) surface (i.e. parallel
to the thickigess %a tef7dangertad are sehemabicirepsgsentadonsaghemingsdiarenterrcthods

Fi gures 2a- gflhcRubinghifPole?hiCsih oY grown diamond material using CVD diamond material
growth methods according to the present invention.

20  Referring to the drawings, Figure 1 shows a first diamond substrate 1 suitable for use in
methods according to the invention. The diamond substrate 1 is substantially
rectangular having a length a, width b and thickness t, where a>b>t. The dimensions of
the first diamond substrate 1 are: a= 5 mm, b= 1 mm, t= 0.5 mm.

25  The diamond substrate 1 has a (001) major surface 3 which is bounded by <100> edges
4, and has four side {010} surfaces 5 (two of which are visible in Figure 1). It is placed
on a surface 7 comprising silicon, or any other suitable substrate as described
hereinbefore, and placed in a CVD chamber under conditions described hereinafter with
reference to the examples, and in particular under conditions where a (as hereinbefore

30  defined) is in the range 1.9 to0 2.1

During the CVD growth process the predominant single crystal growth is the (001)
growth sector, i.e. growth from the (001} face 3, but there will also be some single crystal
growth in the (100), (010) (-100) and (0-10) growth sectors, i.e. onto side surfaces 5.

35  Furthermore there will be some compeiing polycrystalline growth originating from the
tungsten surface 7.



5 Gowth of a <100> edge is significantly faster than growth of a
<110> edge, therefore lateral growh continues fromthe <001> edges
until the WPMMAG6ED01) surface presents a <110> edge. PGT/ERI10fU682%
stage as shown in Figure 2a the (001) grfsm h surface 3 has grown

| aterally outwards in the <100> directions so that the growth surface

has an 10 odisaganzl seehan@m iguras @d-2ayanti Rigurssl9Brd @ dge soat) g&i'\)dh Bedtsr of the

<110> edges 6' ere ere are, f ons a

(that port: 6Fo SgmaR Refese! st ey oo bo et rahg ity adfceie Feiallo te
face 3) whi dhiclarees abf stiyshpiez ti atal out rof $I’map@qertaa0naraalnrg Rignees eargd)edge&lso
of the subst ﬁyl (referred to hereinafter as the "a edges") and two
aI ong the short sides of substrate 1 (referred to hereinafter as the

"b edges®). The extent of lateral growh g is 15the sanme from all

edges of t h%rﬁ\%’is&fr Leook. ed(@e %Q@nﬁr@&rﬁv\gq%%%@@gn gr gﬁﬁ 9%@&%6‘9% d r2heref0|'

Figure 2b the rowt surfa i Stanté equ
to bl2 in allqteral Qrewht‘@ﬁgmteefrroartﬁe&Oghmgesyutrlﬁbﬁ:@;rowngmwﬁurf@e presentsa

hexagonal i n.1$f288ge. bﬂyméerﬂsttya eowsh%%% £%a8he A4 rgmm&r%e 3 has
edges 4". At this 20 stage es of e original Substrate f orm

regi ons of  I05WY aterglyoy a‘idﬁa‘f' the é1 PFarSié@CtQE,S rng‘HFt Wegrayth sysee heg an
triangl ¢o boeungeth byaddouatéd by adur LH eslogedgetk 4t BRd foubst Tt @:rg(emr Chherefore
fornms the hilfotenueof .the trian ai r ,of

ber pendi cul ST 205U st o fete R olliat PP arpa eg et b e
t hi s trianglodgihal substrate thcp@) whicbfard hlletrépeedgﬁ in shapetwoldlengpthe tiggedgés of
th i t 25

of 1 ateral GroteRrag g S hE ARSI MRIAR e hupTdBES
edges of t heubksiat ‘r geterredio herelrafer aitje "padaed k| Theoetttnd oblatgahgowth g is

a- edge 3gd Qﬂ'é'e)a LIl Qé es b1 fheedg8sd ﬂat are continuations of the
<110> edges of ater gromh on the b-edges. At this stage in

the growth the area of the grown surface 3" is twice that of the

original gr w&rha Sabh@eigd. of%)Qo@ih%hB\ﬁPftln stga&ezb rhet Hewe QYMdeinas YW out
in Figure 2 rowt h of gnificantly faster

|
t han growt hfa&efallﬁ/m@?%aeeguaktﬁe% i éﬁrdrf-‘qtroas fQ Forrrre% groyti sHifacgr Htkch is
fromthe shaéxagbnaquelzrapeanamdeawa@rmewémrﬁ"caaa&w@uﬂm; S UheAt this

ROEs R N N ST T T
| engt’h of t herightGhgled thyeselet’ iriamglashmunded hyhiha otigisal bezdge Dpthedubgiraiel @dich
caacs ol DR haSKpdenple B L e, W14 ghic 0880, Bl O
2011/ 076642pPcRtiemR0 1oy d6E8LS frem tavighgangachibis riangle ¢ tigemiampirg lobthe b-
'tat eral growgdy g rrea%aggeﬂ %ﬁ\?rﬂéllé b%tYa{?é ?‘!h|systQ%Bﬂﬁrtra &t sha aped
ypically contain tw nnin nne ro sho
in Figuf és regions of lateral growth b/2 in wrdth and bounded by |)t e original <100> edges of the
substrate, (i) a <100> edge parallel to the original a-edge and (iii) a pair of <110 edges
that are continuations of the <110> edges of the lateral growth on the b-edges. At this
stage in the growth the area of the grown surface 3” is twice that of the original growth
surface 3.
30
The next stage in the growth is shown in Figure 2¢. Since growth of <100> edges is
significantly faster than growth of <110> edges, there is little further lateral growth from
the short b edges, and instead the growth continues from the longer a-edges. This
means that the growth surface 3" is still hexagonal with two <100> edges 4™ and four
35 <110> edges 6", but the length of the <100> edges 4" is shorter than the corresponding
<100> edges of the surface 3" of Figure 2b, while the length of the <110> edges 6 is

longer than the <110> edges 6" of Figure 2b.



2c-2e, or in Figures 3-5, but is evident in later mcrographs in
Figure 6 which are 5di scussed later. Gowth continues in this way
with the <WOOSLIH6ES | engt heni ng and the <100> edges shREHERTVHG6LHAT I |
t he <100> edges di sappear altogether, anghthe respective pairs of the
growi ng <110> edges intersect each other. At this stage, the grown
surface presents a 10 square 3" bounded by four <110> edges 6" as
shown in Fi of the 6]." i,.ntersect

other . and Jigoirpasned WS sBgepmpnn TR R hectid0s asGwE Dotatebe
edge 4 of thneorf mdtypsvaﬂ;sd:mﬂnehnﬂmmrﬂg I edp edtneddutiar geowth Ehashdireinsagues

2d, "l T orbast i Filhes S8 o phogfin ABe RSB Sl Bl o

t aken pl &ce.disthssed)aigr. of t he square grovvth surface 31" 15are rotated
45 relative to the axes of the growh surface 3 of the original
substrate 1. After the stage shown in Figure 2d further growh
depends on §FewirEontigasdn 419 Ry ddliehatst ¢Pr pdoesi lgratheningnand the| iy edges

than from a srd@dhn mﬁhelmy.eerdg@é @b SIREr aNeHRRS) aﬁmclﬂ@%édeervé @aﬁr@ of the

optim sed, further | ateral growth, albeit sl ow, ma%| be achieved, wt
20 growt h o&ERG rG Gzt edoRs | rﬂ%{ﬁ%ﬂ ¢l ohpn nitdhis stages s Qé@msw@cewaqseﬂﬁ@
growt h 90rf 3geard'3" beuriced b fout Q1 1R S8 BE as ShawhaR FigleeRd. Fmrsrcmr%eé <110>

th t h f t Wt h
F gure 2a, o858 BoMerbh gt Sl in et b w2 YRGS et Bl e s
condi ti ons g0 bddeey oirthle tuisteeqbeﬁatencm rexpettivh Icorerfefsetﬁ afvige sa0d atouaared@as/ of

be achi eved1h62§r§{:§g%§|{r§@\{§ MYne \%ﬁ %e%tre %ﬁ It/ﬁ %e?tgtl H'of the

2d taken al ong Y respec |ve
si ngl e crysguwiiysodade i§ saichte have GB&N p@methheslees ofrthQBqudre@rnWtheu(fﬂ:bog

grow h §§Ct Qfe r:BEate(J JSB?éI&tR/ 1§ th@eaé&ﬁfe[ﬁe Qro%fth M?r%c?g ?Jﬁfh'é%tn ind)suBSt % hom

the (011) growth sector rom-t rtices o e su strate
Al t hough the different 30 sr ngl e crystal dianmond material growth

sectors are phat ©bethglishd i RHidure bAKurfeAdolwh déﬂreﬁ&eorpérgﬁrﬁr R LIQN& edge
views, inre forma continuous crystal. This single crysta

I
growth 15, 'C‘h é%%@ntbroﬂ%?ry BIfTam@ 9t Q%%e Ao RWeYer Jupvided ﬁmwes's
t he subst ra’t:@'id?tlonsV!aa%ﬁ&ﬁé&@ﬁﬁﬁ@l@ﬂdt&@?@ﬂdﬁ/ﬂ@%ﬁ@ﬁs@&, may be achieved, with

20  growth occurring at the same rate from each <110> edge so that the growth surface 3"
continues to be square in shape (see Figure 2e) with axes coincident with the axes of the
square growth surface 3" of Figure 2d, i.e. no further rotation occurs. Thus with
favourable conditions growth beyond the position of full effective rotation may be
achieved.

25
Figures 3 and 4 are cross-sectional views of Figure 2d taken along X-X and Y-Y
respectively. These show that there is single crystal growth from the (001) growth sector
15, from the (010) growth sector 17 (from the side faces 5 of the substrate 1} and from
the (011) growth sector 19 (from the vertices of the substrate 1). Although the different

30  single crystal diamond material growth sectors are hatched differently for clarity in the
cross-sectional views, in reality they form a continuous crystal. This single crystal growth
15, 17, 19 meets polycrystalline growth 21 which comes from the substrate 7.

Figures 3 and 4 also illustrate the differentiation between the lateral growth region 23 and
35  the vertical growth region 25 as defined in the present invention hereinbefore.



Figure 5 is a schematic representation showi ng the positions where
di sl ocations nucleating at or near the substrate surface 3 and 5 may
general | y WOH/07882 di sl ocati ons position is indi cat edP@YERIBIEEE2S
| ines 27. Such dislocations can be rendeged visible by a nunber of
known techni ques as di scussed hereinbefore. It will be seen that 5
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transparent \gs@wR afpliatiorl wheRes feWLidéanbh PR EcSRIbRs. i al , which has
grown beyond full effective rotation, 15 presents a substantl ally

square growth surface 3" with four <110> edges 6". These four <110>
edges 6"0i f qu@é egiseth clniohl mlatogrdphaaufénan@laﬂfwdvh@r 06 gvmediargbrVnBterial. It

f f th b b d.th
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twi nned gr owejmnd3dll efsacadresmtwam derfiglre Banit: mrbteeetﬂtﬂg]naredmatév is il in place
Figure 6b i An v@fb[ n thggﬁlﬂ({r?evd %ﬁoegﬁptggﬁ?&g'hma&%\?eﬂ&% Itr%nt at' Hro'x_nm cr¥séal

t hrough a rectangurar S ion cu
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are used to I ndicate areas In a cryst aI areas o reat er
contrast 25ih¥iceddend’ H erienird dmwrgpiedhe plage phing orlglﬁalssr@wthéuﬁa@eqfrh@e first

under st ood &RHQIBSRAST, éﬂeﬁdegmné tI‘R—:f cé}h&B% o@"ﬁé ﬂaaéubefaatépr lrphaerre 6a
defect) densit Fi arker |ine whi ch f
rect angul ar pgq’éb@“ﬁ“’ﬂhtpagw'ﬁié%?ﬂféj grgwthp g1 éﬁhélﬁ% eﬁfjeﬁttPéy‘HTq '@Frfdﬂ‘b edges

grow h surfgte of the first substrate 1. These lines 33 are therefore
30 evidgﬁce of planes extending through the thickness of the grown
crystal “tp fromthe position of the edges of the original (but now
renoved) fi Figures@bss raabiesfingente axhagea\mkm ini ghre roridntafiong altroogh  Gorecahddar

def ect) den§é%h¥m td Q[o%'ef ki&gtﬁfé ce% rg F%h%né%%@@&@tﬁ%m? ﬁl@gksntegé of the

35Fi gure 6b SO s regl
rect angul ar QWanylafdlanhmsﬂ&srlaiaQutmﬂee re:mmf elsthe tiirlisubsitateo it édirefringence

regions 37 %ﬁﬁlﬂg& 5436, de8 Gb L@ br s YsrQh ih! L) ??’ ar}g ?Qégtéra&ontrast
region 35 is trate rovvt as herein efore I ne
r epr eseR® edindicating regions o greater strain, this strain being understood to correspond to regions

of higher dislocation (or other defect) density.

Figure 6b shows darker lines 33, which form a rectangular shape that corresponds to the
shape of the original growth surface of the first substrate 1. These lines 33 are therefore

30 evidence of planes extending through the thickness of the grown crystal up from the
position of the edges of the original (but now removed) first substrate 1, which have a
higher dislocation (or other defect) density than the surrounding regions of the grown
crystal.

35 Figure 6b also shows that the central region 35 within the rectangular array of lines 33
has more contrast than the outer regions 37 outside the rectangular array of lines 33.
The central region 35 is “substrate growth” as hereinbefore defined and as represented



WO 2011/ 076642PCT/ EP2010/ 069825 22 by reference nuneral 23 in Figures
3-5, while the outer region 37 is "lateral growh" as hereinbefore
defi ned anWo41YiEgsddsent ed by reference nuneral 25 in RGQRRIEIIBEE2S
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used, {111} surfaces tended to form Such

While the above embodiments shown in Figures 6a-6d show how evidence can be

25  obfained illustrative of the growth history of a CVD grown diamond material it should be
recognised that current or future methods might enable such dislocations or other
defects to be removed. Therefore the absence in any birefringence or XRT image in a
grown CVD diamond material of defects of the type described corresponding to the
edges of the starting diamond substrate and/or to the substrate and lateral growth, does

30  not necessarily mean that the method of the present invention has not been used to grow
the single crystal diamond material.

The present invention is to be contrasted with the prior art reference described
hereinbefore in which, due to the conditions used, {111} surfaces tended to form. Such

35 surfaces have a higher propensity to twin and would limit the extent to which lateral
growth is possible, the {111} surface encroaching on the grown surface.
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extent to which lateral growh is possible, the {111} surface
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2011/ 07664 2¢efneeheEi( /206 g82®angular section 67 of lateral growth shares a hypotenuse with
the triangular “substrate growth” section 68 which overlies the original substrate 66. The
lateral growth section 67 and substrate growth section are in reality continuous single
35  crystal, but the section 67, being all lateral growth will have significantly lower defect (e.g
dislocation) density compared with substrate growth (as hereinbefore described with
reference to Figure 5). In a third stage of synthesis the low defect sections 67 can be cut



24 off and used a starting substrate with a <100> edge from whi ch at
full effective rotation a crystal with a (001) square surface 67 can
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regi ons of Qm?tediegtﬁwﬁ Bfﬁtsdé?l Figyre 8@ | her daderabioyvth Jom part 778 two
2011/ 076642 Pkl i2hbped pA%2 Feferenced 81 and 83 in Figure 8c, and being all lateral growth

parts 81 and 83 each contains significantly fewer dislocations than substrate growth
30 regions. These regions of lower dislocation density are shown hatched in this Figure.
The substrate growth is referenced 77’ in Figure 8¢, and is not shown hatched because it
is not a region of lower dislocation density . In a third synthesis stage parts 81 and 83
may be cut from the grown rectangle 79 and each grown out to full effective rotation,
growing from their <100> edges fo form substrates 84 and 84’ with a square surface,
35  triangular growth sections 85 and 87 being lateral growth from triangular substrates 81
and 83 respectively. Substrates 84 and 84' having started from lateral growth and
generating lateral growth are both regions of lower dislocation density, as indicated by



25 the hatched shading in Figure 8d. The initial triangular substrate
with its substrate overgrowh 77" can then be used to generate two
further trVaWE4gromt h sections 89 and 90 (Fi gure 8cHCTTERZEH/064335
agai n shown hatched since they are regi o;s of | ower dislocation
density. Parts 89 and 90 could be cut off, and the process repeated.
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di rect :
i T oot ogs. "LheomBRARPE A Bitoping oFBEBREHRmGH 1% SREC Tl BB Byious t
the art woults skiigghinbe erhipw daaep difererm examplenmight be apbineghisl give different
pl ates wi thrqaufdg mpﬂ}%iﬂ&tlsy ankil Ooupr é&ﬁtrﬁdregm prabﬁéaaougﬁ@m hge pb%b@@rly

nuneric increase in |lateral are as referre tO w th reference

several of PRENAIEEE Rt RABTAUERY LrERRGRR: ingividualj 3readorbRaricualy enhanced

geo rret ric i aeatalb areasoi38eaublily be iméhedlaat 66 siy bhe smRrslss! hed sibdtdnigly
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[001] growth rate perpendicular to the plane of the paper. In

hi b f
D256, possr Ufie OB bBFeF 36 poleruy bfcn I 47 SeBRER, BBty
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stages shown 1nt ust rat exa ere
t hi ckned® <100> directions might be separated by a component of a second or more directions.

For example a small section of <110>. Those skilled in the art would recognize that

many of these concepts also apply to plates with predominantly <110> oriented edges,

although the precise numeric increase in lateral area, as referred to with reference to

several of the embodiments would be slightly modified by such geometric issues, as
30  could be calculated by the man skilled in the art.

in the embodiments shown in the Figures it is assumed that the <100> growth rates in
the plane of the paper are the same as the [001] growth rate perpendicular to the plane
of the paper. In practice this may not be the case. For example, it has been found to be
35 possible to grow crystals in which the lateral <100> growth rate is faster than the vertical
[001] growth rate. These factors affect the growth time it takes for each of the individual
synthesis stages shown in the illustrated examples. Where in the drawings a thickness



WO 2011/ 076642PCT/ EP2010/ 069825 26 (e.g. al2) needed to grow to get
to the next synthesis stage is indicated above the arrow that shows
progress fWORHAE6MRZage to the next, this thickness assRGHEP2010/069825
conditions where the lateral <100> and vagtical {001} growmh rates
are identical. 5It is also assunmed in the enbodinents illustrated

that the r ot(ageayzpme:adbu tcontvto gestoand yeit@ymthws:aagwmndﬁatéd\@o@é 'rtrg;' airadw

g e
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10l n order to achieve the area increase described preferred process

paraneters are desirable, e.g. tenperature, gas pressure, power,
process €herliis@jsg ﬂsal#m%m ibe embpdimests itistraied dimt theywiaterber owtb(gcgﬁynues only

argon gas ett&lheeéo?ne@%f ﬂb%%?n%@%b?@ét@' PEhesR mé b#&m}i@z‘:&ﬁ@@gsn& B%Joha 7k

parameter. However, for certaln applications,

process par &feNdrOmyF ohdhg é\*ﬁsﬁétet ﬁéom'mrarwoa@ e%ithPH@*‘r gaclefuhigr gigwth
be pref err edoild bd Hinited bptheabMedtiof 8s{1n ewisoper ties of the grown
crystal. The invention will now be described further by way of the
following non-limting exanples. 20 EXAMPLES Exanple 1 - Rectangul ar
Subst r atie wilf fordar| to <ddhive ettlgesea MS@ﬁsbh@éscﬂbetoyp@fdr&@dl-Iﬁbﬂesél ﬁammdters are

plate with appro te ar al maj or.

bt “(001) v SBBPe, ™ HEErTER ook, BiSRie abl s Ess Sp &Rt Jamaent o
substrate sumdthteeenifragenhbydbegent axigan, sgont dussia) e, agtiscissyd herkinbafbre with
di anond mat C

acer cutti recaper i el dpRITebr e HANENR, 100 Telah, BMRRRR SRS opp preferes
edges; 30 |prqce$%p@1amgteémtpr|@@hlewmrf@ pne@rr@djemea pareRse maypwh betdrefarred in
growt h iss t@brﬁh@%wetheﬁ&e%lré@gras&t.ayéf tﬁ@bhﬁ)ﬂ%@sﬁ}ﬁrt having di mensi ons
about 5.0 mMmmx 7. pmthick, wth all faces {100}. The
surface roughness Fla at this stage was | ess than 10 nm over a

nmeasur ed ar @fe ahveition aawtnoﬁﬂbaodmmaéfdmrﬁﬁr (onmy i gremer ARG thdnQinffng
"RA" or "centre 35 line average"” or "c.l.a.")refers to the arithnetic
mean of the®5HWfhite deviation of surface profile fromthe nean |ine
nmeasured by stylus profiloneter, neasured over a length of 0.08 nm
measur egoacgﬁhgfprﬂgsto British Standard BS 1134 Part 1 and Part 2. The

Example 1 — Rectangular Substrate with all <100> edges

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

25  within ~5° of (001) was selected. The plate was fabricated into a rectangular substrate
suitable for homoepitaxial synthesis 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
ii) lapping and polishing the major surface upon which growth is to occur, the lapped
and polished part having dimensions about 5.0 mm x 7.6 mm by 400 pm thick, with all
faces {100}. The surface roughness R, at this stage was less than 10 nm over a
measured area of at least 50x50 pm. The Ra (sometimes referred to as “RA" or “centre
35 line average” or “c.l.a.")refers to the arithmetic mean of the absolute deviation of surface
profile from the mean line measured by stylus profilometer, measured over a length of
0.08 mm, measured according to British Standard BS 1134 Part 1 and Part 2. The



WO 2011/ 076642PCT/ EP2010/ 069825 27 mat hemati cal description of Ra
(from"Tribology", I. M Hutchings, Pub. Edward Arnold (London),

1992, pageWORNDYO7p642 | y(. 4, c)itirc 5(i.e. the arithmeRGIEERRBHACESRS

t he absol ute deviation of surface profil# nmeasured by styl us
profiloneter, generally over 0.08 mmlength). Measurenent of Ra using
a stylus proﬁathmtcerdésenmhlof Iﬂmﬁmw mribiegyar K Nﬁl}djtéfl"iﬂ@’sﬁPaﬂs.el?dmﬂd/r/]\mold
instrurrents n such nmeasurenents; for exanple, the

i nventors h C{? ’2&8%5’%%%[}19% lg-bbson For mral ysurf 50", (Taylor Hobson
Ltd, Leicester, UK). 10 The substrat.,e Wﬁéhq‘ﬁ nted on a tungsten
substrate carrier using a high terrpef‘at Ydanond material braze to
proved a first substrate according to the nmethod of the first aspect

of the invention, as illustrated in Figure 1. The substrate and its
carrier wer di.e fehaithnetitiueariof the absolgvDerigtiat grsudheambiefile anghsareddiycitylus

and growt h %Y&ilcﬁné%&mﬁéﬂ&ﬁﬂ/ Bveﬁ@é@%% Néh SS@éaéu%rﬁeﬁm ﬁ!ﬂgaﬂgr 22Sstylus

follows: First, an in situ oxygen plasnma was perfornme

pressure of PESHME!E, it 3y WWP)‘”atﬁﬁ ait apghdarataee Mmany dpgumestsosuitagle: dor
fol l oned by naakmgdémemegé&émerquwrbxaﬁuég theeiPetRsts FRRELE B a GPIdr HRBEon

t thi t ted by the 20 addition
gf me!t ﬁaﬁea%fe’rrﬁg? e‘rﬁ% é?@’ﬁﬂ%& ro@gcl-e(‘?@ﬁieirm;eeperysecgnd) anI |
dopant gdases. N trogen and hydrogen were aI SO present in the Erocess

. Th t t _thi 827C.. Over. the
dubsequent 31° ey RBS R IRt arthiieh 88518 rattel g “Shiob Kipperatre
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25exam nati o
mtroduced into a CVD reactor chamber and an etch and growth cycle commenced by

15 feeding gasses into the chamber as follows:

First, an in situ oxygen plasma etch was performed at a pressure of 30260 Pa (230 Torr)
and a substrate temperature of 787°C, followed by a hydrogen efch, oxygen being
removed from the gas flow at this stage. Then the growth process was started by the
— 20 addition of methane at 22 sccm (standard cubic centimetre per second) and dopant
gases. Nitrogen and hydrogen were also present in the process gas. The substrate
temperature at this stage was 827°C. Over the subsequent 24 hours the methane
content was increased to 30 sccm. These growth conditions were selected to give an a
parameter value in the range of 2.0+0.2, as measured retrospectively by crystallographic
25  examination.

Study of the grown CVD diamond plate revealed near full rotation of the plate which was
free of twins and cracks on the (001) face. Post-synthesis dimensions of the twin free
top (001) face were 9.4 mm x 9.4 mm and a CVD diamond material layer thickness of 2.3

30 mm. This process gave a plate 1.06 times greater than the expected 8.8 mm x 8.9 mm
which would be achieved at full effective rotation, as described for example with
reference to the embodiment shown in Figure 2d, as calculated from the formula 0.5(a +
b)%. The percentage area increase over the original substrate is 132%, compared with
the predicted 100%, and therefore corresponds to growth beyond full effective rotation, in

35  the manner described with reference to Figure 2e above. Further, the top (001) surface
of the sample was free of all twins and other defects right out to its edge.



Study of the grown CVD dianond plate reveal ed near full rotation of
the plate which was free of twins and cracks on the (001) face.
Post - synt hW& 1d)7AERsi ons of the twin free top (001) f aREE/EROHW/0§9825 mm
X 9.4 mmand a CVD dianond material |ayesgthickness of 2.3 30 mm

This process gave a plate 1.06 tines greater than the expected 8.9 nm
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substrat e walssaribadbeldwon a carrier using one of t he principal {001}
faces. This plate was introduced into the reactor where an etch and
grow h cycle comenced as described below. First, an in situ oxygen
pl asma et ch Nieals apér sibr ewyderaplagra e, wasperionmed by 24 kRg.dolinyed /5 bydrbgen
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t he range offhese growth conditions were selected to give an a parameter value in the range of

20  2.040.2. Growth under these conditions was continued for longer than 100 hours.

On completion of the growth period, the substrate was removed from the reactor and the
CVD diamond plate removed from the substrate.

25  Study of the grown CVD diamond layer revealed a plate which was free of twins and
cracks on the {001} growth face. Post-synthesis dimensions of the twin free top (001)
face were 8.0 mm x 6.4 mm and the CVD diamond layer thickness was 3.1 mm. This
process gave a plate with percentage area increase over the original substrate of 42%,
whereas the predicted increase in area over the original area was 0% (a (001) substrate

30  with {110} side faces does not undergo “rotation” and so would not be expected to
increase in area). The reason for the higher than predicted increase in area is thought to
be because the growth was under conditions near a = 2. Indeed subsequent
calculations of the a parameter from measurement of the grown crystal showed that the
a parameter value was 2.3. Furthermore, the top (001) surface of the sample was

35  unexpectedly free of all twins and other defects right out to its edge; normally (110) edge
faces are prone to twinning which limits the growth in the vertical direction as twins
encroach onto the top growth surface. It is believed that the near a = 2 growth conditions



202.00.2. G owh under these conditions was continued for |onger than
100 hours. On conpletion of the growh period, the substrate was
removed fr¥@2W0RELPact or and the CVD di anmond pl at e r enoRGRHER2PHH6Y8AR
substrate. 25 Study of the grown CVD di apond | ayer reveal ed a plate
whi ch was free of twins and cracks on the (001) growh face.
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t he previous exanp es. Each of the three platés used in‘thi's exanple
had an aspe@®'r@io greater than 3, as follows: 10 Plate 1 had

di nrensions 4.16 nmx 0.88 mm (aspect ratio of 4.73) and a thickness
of 0.51 mm _PIl at had di nensi ons 3.89 x 0.64 nm (aspect ratio of
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condmons were as far as possible identical. Once in the reactor an etch and growth

cycle commenced. The etch conditions were the same as for Example 1. The growth

conditions were the same as for example 1 except that the methane introduction was

increased from 22 sccm to 34 sccm over approximately 70 hours. These growth
25  conditions were selected to give an a parameter value in the range of 2.0+0.2.

After growth, study of the three CVD diamond layer revealed full rotation of the plates
which were free of twins and cracks on the (001) growth face. Post-synthesis
dimensions of the twin free top (001) face for the three plates were:

30
Plate 1 - 6.0mm x 6.0 mm and a CVD diamond layer thickness of 3.19 mm.
Plate 2 - 5.6 mm x 5.6 mm and a CVD diamond layer thickness of 3.13 mm.
Plate 3 - 5.6 mm x 5.6 mm and a CVD diamond layer thickness of 3.08 mm.

35  This process gave plates with dimensions much greater than the expected 3.56 mm x
3.56 mm, 3.20 mm x 3.20 mm, and 3.27 mm x.3.27 mm for plates 1, 2, and 3
respectively, which would be achieved by full rotation of the starting substrates, as



faces and {001} mejor faces, then the cut, [|apped and polished
substrates were nounted 20 onto a suitable carrier and grown on
during a nWRFEH/GFEH]i fferent synthesis runs. The condi t PGHEP§HIEOWAS
far as possible identical. Once in the r@actor an etch and growh

cycl e commenced. The etch conditions were the sane as for Exanple 1.
The growt h makdiatdddrsn Mrfermmm[saera}s Therpeeocatiakbarda inxeasd oddndle drigtal
met hane intr C S ased from 22 sccmto 34 scam over
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whi ch were free s and cracks on the (001) growth face.
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di anond | ayer thickness of 3.13 nm Plate 3 - 5.6 nmx 5.6 nmand a

CVD di anond Thaygbwh mlmma@naﬁmﬁg rAdasurkel er $he°é ﬁ@%ﬁr@ﬂé&@r p&l@éseﬁlere

wi t h di mensi ons he expec

3 20 mm x 30360 'ﬁ%ﬁ n"gé 32aé %%1}52%9&37‘ ?rﬁ\é)ﬁ'?é §1 r&?%%c’“ie é“%h?d tge t0p (001)
respect it0el wurfades aifi aldiukd sheplee weey éde by afl tihs Bad athHep defetistriy@t out to their
starting su%&% lates, as WO 2011/ 076642PCT/ EP2010/ 069825 30

cal cul at ed m'the formla [(a + b)/42]. The percentage area

i ncrease over the original substrate area for each plate was as
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measur ed anéyf!th%i'czﬂemﬂ%tomr arret er values were calculated as 2.3, 2.2
and 2. 3fgr plates 1, 2 and 3, respectively. Further, the top (001)

10surfaces of all three sanpl es were free of all twn ns and ot her
defects ri gﬂ'pe dRsephinverdiop furditps provides any novel feature or any novel combination of

features hereinbefore described that a skilled reader would understand could be selected

in combination.



Plate 1 of this exanple was processed to produce a 0.42 carat round
brilliant cut synthetic gemstone. 15 The present invention further
provi des any novel feature or any novel conbination of features

her ei nbef ore described that a skilled reader woul d understand coul d
be selected in conbination. 31 Cains 131A method of producing a
grown single crystal dianond substrate conprising: 5(a) providing a
first di anondiassbstrate which presents a (001) maj or surface, which
maj or surface is bounded by at |east one <100> edge, the | ength of
the said at | east one <100> edge exceedi ng any di nension of the
surface that is orthogonal to the said at | east one <100> edge by a
ratio of at least 1.3 : 1; and 10(b)_qromﬁn . di anond materi al

honoepi t axi afl y OEH“GEHPPé’O(@’Gi'ﬁc'”ﬁﬁjgf??”"é'ﬂﬁ‘é{éséa'g’f’m?rﬁjé“mra’i‘i’ﬁﬁfﬁprﬁﬁ‘ﬁ'eri al
surface under chem cal vapour deposition (CVvD) synthesis conditions,
the di anond material growi ng both normal to the major (001) surface,
and laterally therefrom 152. A nmethod according to claim1, wherein
the provigded fir gd)paiiakp R brsEdidisdnt adRerE RBENESseAts G QLY mdjBHs Hacs WhicREBjor
whi ch maj or surface is bounded by at |east one <100> edge, and the
met hod conpri ses “YFREWF R IrARTH Fathep e Fi08T edgsribripratiagithg {oif aplgatt pae <100>
(001) major surfage efectifearticinadBion BRhEEr@le thh MBS B SheCRiatat REG ne
in one or nore steps until there is a sufficient thickness of grown
di anond naterial<Fﬁé€*¥ﬁéa5@88@?5?%&3F5F@FaI growt h of the 20di anond
material is sufficiently great that full effective rotation of the
said (001) major surface of the dianond material is achieved. 3. A
nmet hod according to claiml1l or 2, wherein the starting di anond

sub;st r at leo pr esents g@dwind QoA & Erisb kerhdasRadaladn they o6l RS jo At h@lok Me diamond
rect angul ar .

material surface under chemical vapour deposition {CVD) synthesis conditions, the
diamond material growing both normal to the major (001) surface, and laterally

therefrom.

15 2. A method according to claim 1, wherein the provided first diamond substrate presents a
(001) major surface, which major surface is bounded by at least one <100> edge, and the
method comprises growing diamond material homoepitaxially on the (001) major surface
of the diamond material, growth being continued in one or more steps until there is a
sufficient thickness of grown diamond material that the associated lateral growth of the

20 diamond material is sufficiently great that full effective rotation of the said (001) major

surface of the diamond material is achieved,

3. A method according to claim 1 or 2, wherein the starting diamond substrate presents a

(001) major surface that is substantially rectangular.

25

4, A method according to claim 3, wherein the rectangular substrate js bounded by <100>

edges.



25 32 5. A nmethod according to claim3 or 4, conprising the initial
step of providing a precursor dianond substrate having an (001) maj or
surface and cutting an inscribed rectangul ar di anond substrate from
t he precursor dianond substrate, which inscribed rectangul ar
substrate is cut to have <100> edges, tHé cut inscribed rectangul ar
substrate providing 5the said first dianond substrate. 6. A nmethod
accordi ng toscl aim&hom&’rﬁhg’kotch&n g ut 4,lceapramg ke ihial Gtep of Bro@iXd Mbré&irsor
t he val ue of a+b, where g are r spectlvel¥]the | onge d
shorter sides of AR é‘i?fté‘ﬁ@ Pue @d%@f psurfpes and C}t\tt'ﬁ%ﬁmg‘aﬂ'&%@mtaﬂ%wﬁr
to claimb, conprdisgioRd substtdé ngmrthdr @@&mgunblabncsgabﬁﬁafeam@h fredriBed Reangular
precursor substrate where n> hod according to claim?7
wherei n each of fﬂﬁ"ﬁeféﬁfﬁhﬁﬁ?é[m§6%§fFﬁi%@”?%mﬂ§§%3§§bé“T§Wﬁ?B?deg
substratesin a nmeidied finc@iaheHdi@streeany of the preceding clains,
wherein each grown di anond material has a major (001 surface) and
wherein the total area of the said major (001) surfaces of the n
grown dianmond naterials is at |east 120% of the area of a di anond
material grown fromthe precursor substrate if uncut and grown to
full effectite r &t"éFE'i"’(S‘ﬁC‘\F})?[dﬂWtac'ﬁﬁ‘j%wh?’B'OiBe wipftaele s htognaxinisedheigtye of
according to cl aiars, Whefe 2and/\b@rcrietpettiely ke 1Bhger btMENOFeSHRS tof BleErectangular
presents a (001) surface that is substantially triangular. 10.
A net hod accordlﬁgPﬁﬂeclaln19 wherein the substantially triangular
maj or surface is a 25right angled triangle that is bounded by one
<100> ed@e and two <110> edges, or by two <100> edges and one <110>
edge.

7. A method according to claim 5, comprising cutting n rectangular substrates form the

precursor substrate where n>1.

8. A method according to claim 7, wherein each of the n rectangular substrates is used as a

15 first substrate in a method according to any of the preceding claims, wherein each grown
diamond material has a major (001 surface) and wherein the total area of the said major

(001) surfaces of the n grown diamond materials is at least 120% of the area of a

diamond material grown from the precursar substrate if uncut and grown to full effective

rotation with a major (001) surface.

20
9. A method according to claim 1 or 2, wherein the first diamond substrate presents a (001)
major surface that is substantially triangular.
10. A method according to claim 9, wherein the substantially triangular major surface is a
25 right angled triangle that is bounded by one <100> edge and two <110> edges, or by two

<100> edges and one <110> edge.

11. A method according to any preceding ¢laim comprising (a) cutting a section of diamond

material from the lateral growth region of the grown single crystal diamond substrate so



33 that the cut dianond section provides a (001) surface with a <100>
edge, and (b) growi ng dianond material honoepitaxially onto that

(001) surface of the cut dianond section. 12. A nethod according to
claim11l, wherein the cut lateral growmh section provides a
S5substantially rectangular or triangul ad3(001) surface. 13. A nethod
according to any of clainms 3-8, conprising placing two or nore

rect angul ar SubStthatf&&uﬁWﬁbnbaéttlmg)r&xdeQQm)Jl REBiAE wikis £180Ledatdndb) 4roRRE
on <100> edge adhpcené ch of. s to. provide a continuous
<100> edge whi ch X8 peteyy 0%8851*& gt fet W%{}é@%e °{ e s Moyt
either of the said two or nore rectangul ar substrates. 14. A nethod
according to any preceding claimwherein during the CVD process the
value of ais inthe range 1.4 to 2.6 where a = (V3 x Gowth rate in
<001>) G owth raf @ethsd gacarbmg tamﬁn A\l e @ tHa Cee (atHr ) Grdvdh GBbiMbebdides a
wherein a, is in the range 1. 16. A method according to any
pr ecedi ng>cl ai m Y mﬁWﬂHUﬁFWﬁmémgp W@18¢@§F@¢ di anond pl at e,
conprising the step of processing the honpepitaxial CVD grown di anond
material into a plate. 20 17. A grown CVD di anond material containing
a plurality of rows of dislocations, each row extending in a
substanti al | y3. <0@.:|rﬁetﬂtid’£6&ri:hﬂgqto RGN 533G, caMpBEiAe AhdirNeo \6R&Rre rectangular
projected onto a SO Q £ @mF de& qlng a 0|nt and the points when

j oi ned defining &"FIFELFENRYDH? O S Py F%"ﬁagiﬁb‘ﬂ‘ ‘dP‘Pé?éIﬁ Bircens Frag

second |l ength V\Ihlofhlar donds @ 5r8GdcSa dohtnusad Hod ddgd whitH & ceedDRB Engtk LEMRE onkdit
either a_<100> or_a <1l10>direction, the ratio of the first length to

the second | engt ﬁmoﬁng\‘f|°f:%th§re‘?f§"§53'BB'f°rﬁ mofe negiangplansubstratey. 34 18, A
grown CVD di anond material according to claim17, wherein each row of
di sl ocati ons when projected onto a (001) plane intersect defines a
poi nt, the points when joined defining four lengths extending in a

<100> direction, Amm&das@tm th SHyIPrdRedin, dff Wadgh @uiMglihe G/ RSPEGHe VaRE bP
of at least 1.3: 1. 19. ﬁ_‘Agrown CVD di anond material according to
'8

claimi17, wherei & 'Sé%‘ﬁ 1o %t whego it [V §rowth rate in <001>) + Growth rate in <111>.

15 15, A method according to claim 14, wherein o is in the range 1.8 to 2.2.

16. A method according to any preceding claim for producing a single crystal diamond plate,
comprising the step of processing the homoepitaxial CVD grown diamond material into a

plate.
20

17. A grown CVD diamond material containing a plurality of rows of dislocations, each row
extending in a substantially <001> direction, each row of disiocations when projected
onto a {001) plane defining a point, and the points when joined defining a first length
extending in a <100> direction, and a second length which intersects the said first line,

25 and extends in either a <100> or a <110>direction, the ratio of the first length to the

second length, or vice versa, being at least 1.3 : 1.



when projected onto a (001) plane defines a point, the points when
joined defining two <100> | engths and a <011> | ength, or one <100>
| ength and two <011> | engths, these |lengths form ng an isoscel es
right angled triangle.

18.

19.

34

A grown CVD diamond material according to claim 17, wherein each row of dislocations
when projected onto a (001) plane intersect defines a point, the points when joined
defining four lengths extending in a <100> direction, the lengths forming a rectangle with

an aspect ratio of at least 1.3 : 1.

A grown CVD diamond material according to claim 17, wherein each row of dislocations
when projected onto a {001) plane defines a point, the points when joined defining
two <100> lengths and a <011> length, or one <100> length and two <011> lengths,

these lengths forming an isosceles right angied triangle.



