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DIAMOND MATERIAL BACKGROUND OF THE INVENTION This 

W&2ft04dfl4f&2>TL relates to chemical vapour depositiEfiir/I!|OU®y005281 
diamond material, its production and optical devices 
and elements arising from this material. There is a 
range of optical devices whi-cb-, as a result of their 
unique requirements, place high demands on the 
material used for them. Examples include laser 
windows, where high intensity beams need to pass 

such as optical reflectors, diffraction gratings and 
etalons. Depending on the particular application, key 
properties that may play a role in the selection or 
manufacturing of an appropriate material include low 
an^BA^fi6Br^6PW1i^ioffli,formrarld high refractive inoisA,—low liiaueea birefringence or 
refractive index variation as a function of strain, 
low_and. uniform optical absorption,, low:, and^uniform optlSii,n^am^taMg!? cffTa ^amond 
threrE^ti^ila|,itshpj^(lkidtibB]ai^loptioaildale5/tees"ita5t element®seising from this 
temoerature variation within the optical element), an 
abiilft:y-l9fo be processed to show a high surface polish 
together with high parallelism and flatness, 
mechanical strength, ..abrasion resistance, chemical . 
inertness,aanS^e rep^ SellbraW ^HhiWiWa?' ̂ e,r uniciue 
parjffliprtrementep ftiieBt hddjti ixferafflifctsaloibethiei rhiterialapgidi-cf©itit&©m. 
Many, materials, fulfil one or more, of these 

one undisMirbeatterouighea wralitemw&icblisJseqiiirEd ta prcmotif)semeS6rm of 
limiting the. final performance... CONFIRMATION COPY WQ 
2 00F^Jg^2^ct8$ffif19§^s/§l6fbi? optical reflectors, diffraction gratings 

and etalons. 

Depending on the particular application, key properties that may play a role 

in the selection or manufacturing of an appropriate material include low and 

uniform birefringence, uniform and high refractive index, low induced 

birefringence or refractive index variation as a function of strain, low and 

uniform optical absorption, low and uniform optical scatter, high optical 

(laser) damage threshold, high thermal conductivity (minimising 

temperature variation within the optical element), an ability to be processed 

to show a high surface polish together with high parallelism and flatness, 

mechanical strength, abrasion resistance, chemical inertness, and 

repeatability in the material parameters so that it is reliable in the 

application. 

Many materials fulfil one or more of these requirements, but most 

applications require more than one, and often the material chosen is a 

compromise, limiting the final performance. 

CONFIRMATION COPY 



-2- SUMMARY OF THE INVENTION According to the present 
invention, a CVD single crystal diamond material 

W(fcMW§4f&£7 least one, preferably at least two, K<£®Bi2003/005281 
preferably at least three, and even more preferably 
at least four of the following characteristics, when 
measured at room temperature 2(nominally 2 0C) : 1) High 
optical homogeneity, with the transmitted wavefront 
(as for example measured by a ZYGO GPI phase shifting 
633 nm Fizeau- type laser interferometer) differing 

^°miM|iMnd1ofWalpec?fiedri?^ckneSS 
of at least 0.5 mm, preferably at least 0.8 mm and 
more preferably at l.east. 1.2 jmtL. processed,, to an . . , 
appl^?SS#4?ifeggVn^ 'Sf®® SB®*181 
areshcwfe atlekefefflte, fcreferafoly>at le^t two, mero^rpfee^pabfeFstathree, 
least ,2.5 mm x 2,5 mm,. and , mo re ̂ preferably atx .Least, 
4 . 0 eXeiJ WWV! <3 ' djgjctonstics, when 
prefrasastnfed dtyoonitemapdr&teire (hoiSiiniaIl$£Q0G|nd more preferably 
by less than 0.5 fringes, and even more preferably by 
less than 0.2 fringes, where I fringe corresponds to 
a diff^reM^i optic^b6ma<|ers^^wteitl^frae^^dt^\&;fr2>nt)(fes for 
the measurement wavelength, .of. 63,3 .nm. 2 L. An„ effective 
refractivfx™l^^u^W^%lY§P§PfefeMiin^SR5?®au-
of at lej^cte lisS- ir®l®rfeEem^©^5flfteFngLifroh¥;ttTete>^)e8tedrtgeDimfetrical 
more preferably .at . least 1.2 mm,, and measured over .a , 
specif iedw^iI^f%tf19lil,^nisTO °In% sPecified 

preferabl$iieknei$©fc&t liaS Ot®inmi,^rSfer®bly atrldastrfitfrffim and more 
preferably 
2.3964 to^wirrrra 
preferabl^ndonesBtitednoveaa ^jecifiediQfeaPdJ at/1edktQIC3LmrraxL<13 mm, 
more preferably, to, within an accuracy of, +/-0.0005L,, 
when Las1!Picfif!%v#riaftAlrmi?-€mfe fKl We BSSHm? 
the f requteas^4cflfmtrtT>e4.Da®B^bjDiCTS tbarc Mein^spiantilrpjefeeartigylby 
in the form of an JStalon .over the frequency ..range. ,of 197 - 192 ™an 1 fringe, and more preferably t)y less than 0.5fringes, 

and even more preferably by less than 0.2 fringes, where 1 fringe 

corresponds to a difference in optical path length equal to Vz of the 

measurement wavelength of 633 nm. 

2) An effective refractive index in samples of a specified thickness of 

at least 0.5 mm, preferably at least 0.8 mm and more preferably at 

least 1.2 mm, and measured over a specified area of at least 

1.3 mm x 1.3 mm, and preferably at least 2.5 mm x 2.5 mm, and 

more preferably at least 4 mm x 4 mm, which has a value of 

2.3964 to within an accuracy of +/-0.002, and preferably to within 

an accuracy of +/-0.001, and more preferably to within an accuracy 

of +/-0.0005, when measured at wavelengths near 1.55 |jm by 

scanning the frequency of the laser beam incident on the sample 

in the form of an etalon over the frequency range of 197 - 192 

THz, recording the transmission of the sample etalon as a function 

of frequency, and applying the formula for the Free Spectral Range 



THz, recording the transmission of the sample etalon 
as a function of frequency, and applying the formula 

W(f2fl04/ei®2Tree Spectral Range WO 2004/046427 PCT/IB2003/005281 
PCT/IB2003/005281 -3 (equation 1 defined later). 
Those skilled in the art will understand that the 
value of 2.3 964 is based on'^tie diamond consisting of 
carbon isotopes in their natural abundance ratio, and 
that the value of 2.3 964 will vary as the isotopic 
composit %QS£e£&iJle3 jr\ Ift^ar&pJUyjlfterstarid 
birefringfM^e WWdiiHfeftdof 
samples of a specified thickness of at least 0.5 mm, 
pref erablSarfeft11 ISP&£>§§ value 
least l^ofn^gg^^Hi^ tfil cfilmond 
least 1.3 mm x 1.3 mm, and preferably at least 2.5 mm 
x 2.5 mm, v«!8S- more preferably at least 4 mm x 4 mm, 
the modulus of the sine of the phase shift, Isin 81, 
as measured by a Deltascan or similar instrument with 
similar t^dTO^'olair^fgqg^ict-aMMyei Qfrlowh^raiai^hstbst in 
615 nm _gb| t 
certain limits. Specifically, these limits are that 
the modulli§istc^8erHaai^]^''t)gr^?f@bl^M^sfeJli.2flB(Ti, measured oyer 
for at a^oFSFfeagFfM^^3to, 
and even more preferably for 100% of the analysea 
area of tlS^s^pTS1 xi%fiaTSP5)s fSGfegrefgrgfely at8le&§te# mttttx 
exceed ir^ajpd fifea&uJWhg 1|', as 
and preferably does not exceed 0.6, and more 1 

preferabli^ea&g@d nfcM: £fe>£2^Mcan. 4Df aindarnciinstrLpraeanffewatol^milar 
does not refgj^Lfelii and 
exceed 0.2. 4) A combination of optical properties 
such thatprgfegaMit^SS^ aMssfiba^^cUtt^siSpfetiically, 
form of shift 
least 0.5 mm, preferably at least 0.8 mm and more 
pref erablj^inag I far<aiifeaastL9&yo]Tiand BBntfe piefesafat^cfbriBtf iea$t S9% and 
laser be^^oo/0 0f the analysed area of the sample 

remains in first order (8 does not exceed it/2) and that Isin 81 does 

not exceed 0.9, and preferably does not exceed 0.6, and more 

preferably does not exceed 0.4, and more preferably does not 

exceed 0.3, and more preferably does not exceed 0.2. 

4) A combination of optical properties such that a suitably prepared 

diamond plate in the form of an etalon of a specified thickness of at 

least 0.5 mm, preferably at least 0.8 mm and more preferably at 

least 1.2 mm, and measured using a laser beam with a wavelength 

near 1.55 pm and a nominal diameter of 1.2 mm, over a specified 

area of at least 1.3 mm x 1.3 mm, and preferably 2.5 mm x 2.5 

mm, and more preferably at least 4 mm x 4 mm, exhibits a free 

spectral range (FSR) which, when measured at different positions 

over the plate varies by less than 5 x 10"3 cm"1, and preferably by 

less than 2 x 10"3 cm"1, and more preferably by less than 5 x 10"4 

cm"1, and even more preferably by less than 2 x 10"4 cm"1. 



near 1.55 pm and a nominal diameter of 1.2 mm, over a 
specified area of at least 1.3 mm x 1.3 mm, and 

W^MM/fi^My 2.5 mm x 2.5 mm, and more prefer8^11/1^603/005281 
least 4 mm x 4 mm, exhibits a free spectral range 
(FSR) which, when measured at different positions 
over the plate varies by les^T:han 5 x 10"3 cm', and 
preferably by less than 2 x 10-3 cm'', and more 
preferably by less than 5 x 10-" cm"', and even more 
preferably by less than 2 x 10-4 cm'. WO 2004/046427 
PCT/1^00^/&f?&3&Jtiond^ic^ prepared 
properties such that a suitably prepared diamond 
plate in ^i^op^rgla^irhtfi^i^fpT-pil^fa^li^rofegatLcbift^l®! a>f a 
specif ieds^jfg^^n^l g^m 
least 0.8 mm and more preferably at least 1.2 mm, and 
measured piM^^ly ^Jtrrama laser 
1.55 pm a^ vm^eii^nkiFlSi Mrr\ afid^orfffifFdigmeter of 
specified area of at least 1.3 mm x 1.3 mm and 
pref erabl^-^'Eirnkd^§t a2sp9cjfj$dxir§a 9f ffltn!ea§h&3niQffl^( 1.3 mm and 
pref erablp^^feas£2jgM S&l Wfefer^bf^t least 
coatings applied to the optically prepared surfaces, 
exhibits Affl Wbicbi±i0S^^5®tipfeaiepili§^io tte^eptically 
the platepfepSj^t^te^^ch1foilS^^iWiasiJre5 afferent positions 
preferably exceeding 1.6 and more preferably 
exceeding°M.e.r7tl^n(Bl3te/^i QQQtf^t I[^@f@!>g&|§giipge&<§e§0!li1^efecsrt)ly 
and most g^8ifi|Wafi9^^er^b^.e)^ic|inCG|i^^tv^^ 
is defined as the ratio of the value of the etalon 
transmissi>ic^pr§fely^cq§5(ingafegtantiere@§t P^^^^^ege^ggL$.9i .Ite 
pm where c<^sf ^fh^rW«f§ We ®on 
value of the etalon transmission at an incident laser 
wavelengtlPBSfflSsign ffeag>ttnGiM^it^seew@VQjti§gtferfiie8fel<§S umsvhgre 
minimum vkfoe^fefklon 
as the ratio of the optical power of a laser beam that 
is transte'TOasitijif^jriqk^t^giDiysv^jgngthL^eifei^i |#Q>#&ere 
that is ifpfe^t^ftfiii^ibn tfstiSa ftMrliQRrvalue and the transmission value 

is defined as the ratio of the optical power of a laser beam that is 

transmitted through the etalon to the laser power that is incident on 

the etalon. 

6) A combination of optical properties such that a suitably prepared 

diamond plate in the form of an etalon of a specified thickness of at 

least 0.5 mm, preferably at least 0.8 mm and more preferably at 

least 1.2 mm, and measured using a laser beam with a wavelength 

near 1.55 |jm and a diameter of 1.2 mm, over a specified are of at 

least 1.3 mm x 1.3 mm, and preferably at least 2.5 mm x 2.5 mm, 

and more preferably at least 4 mm x 4 mm, exhibits an insertion 

loss not exceeding 3 dB and preferably not exceeding 1 dB and 

more preferably not exceeding 0.5 dB and even more preferably 

not exceeding 0.3 dB. 



6) A combination of optical properties such that a 
suitably prepared diamond plate in the form of an 

W(fe£Q®M)#!642>T a specified thickness of at least BCHIBffli()3/005281 
preferably at least 0.8 mm and more preferably at 
least 1.2 mm, and measured using a laser beam with a 
wavelength near 1.55 pm and diameter of 1.2 mm, 
over a specified are of at least 1.3 mm x 1.3 mm, and 
preferably at least 2.5 mm x 2.5 mm, and more 
pref er&)ly0Wtailcfeili§K0,¥l rftflti§al4at^rpt@fth£Mh:Mna i3a§>?fjfe jQfna 
loss not 
dB and more preferably not exceeding 0.5 dB ana even 
more pref Bf©fer<|l^£fe^^1g.mni^.asw3n ©ptic# (^sorption 
PCT/iB2 00^^^t avMenkfTof^ of less 
absorption, such that a sample of a specified 
thickness &-@4i<gis,taiQfl ^rsffirab^rteggzfeSQ^)-^ cjrfea^ndomSJre 
mm and g^eMV rtfe3 pf^erably less 
optical absorption coefficient at a wavelength of 
10.6 pm fflar 20C of less than 0.04 cm-1, and 
preferably less than 0.03 cm-1, and more preferably 
less than 0.027 cm'', and even more preferably less 
than C$02feoYVmari|d ugijforQbvPpM ©gObiM i&ra 
such thatg^^g^s^f mm 
least 0.5 mm, preferably at least 0.8 mm and more 
pref erablfn&tmorecKtfep.b^ ay easfel^afflrrtefhaScSfL ogtfcsabf^fcdrption 
coefficieg^f^e^^e, jgn fflfofl1g^th^^cft9ii gpfcj |ess 
preferably less than 0.05 cm"', and more preferably 
less thanftWc&O^enrr.,, ar^gio^refer^telyr^sgiigarfeQr.aBi;^"1!.even 
than 0.01^-^ef^b^s^^^m optical scatter, 
such that for a sample of a specified thickness of at 
least 0.5 mm, preferably at least 0.8 mm and more 
Prefe^bl^tg^^fi^.^p^ ̂ gffe^gh^ s|mple of a 
specified area of at least 1.3 mm x 1.3 mm, and 
pref erablfP^^syktefene55 of at least 0.5 mm, preferably at least 0.8 mm 

and more preferably at least 1.2 mm, and measured over a 
specified area of at least 1.3 mm x 1.3 mm, and preferably at least 
2.5 mm x 2.5 mm, and more preferably at least 4 mm x 4 mm, the 
forward scatter at a wavelength of 0.63 |jm, integrated over a solid 
angle from 0.3° to 45° from the transmitted beam, is less than 
0.2%, and preferably less than 0.1%, and more preferably less 
than 0.05%, and even more preferably less than 0.03%. 

10) Low and uniform optical scatter, such that for a sample of a 
specified thickness of at least 0.5 mm, preferably at least 0.8 mm 
and more preferably at least 1.2 mm, and measured over a 
specified area of at least 1.3 mm x 1.3 mm, and preferably at least 
2.5 mm x 2.5 mm, and more preferably at least 4 mm x 4 mm, the 
forward scatter at a wavelength of 10.6 pm, integrated over the 
solid angle from 1.1° to 45° from the transmitted beam, is less than 
0.004%, and preferably less than 0.002%, and more preferably 
less than 0.001%, and even more preferably less than 0.0005%. 



2.5 mm x 2.5 mm, and more preferably at least 4 mm x 4 
mm, the forward scatter at a wavelength of 0.63 pm, 

W&2flMftJ4i£&£fed over a solid angle from 0.3 to 45P(EEftB30(KM)95281 
transmitted beam, is less than 0.2%, and preferably 
less than 0.1%, and more preferably less than 0.05%, 
and even more preferably les^than 0.03%. 10) Low and 
uniform optical scatter, such that for a sample of a 
specified thickness of at least 0.5 mm, preferably at 
least 0.8 mm and more preferably at least 1.2 mm, and 
measur^ tM^a V^eMPigih of 
1.3 mm, and preferably at least 2.5 mm x 2.5 mm, and 
more pref priifV§BM3tt!& spike 
scatter afcf fitfrmkfls£i Wa i^eftrt/fee4>d?m, the 
the solid angle from 1.1' to 45 from the transmitted 
beam, is SH®§§ lo$ve§t)W}d^jadP^d^fajbI^n5.i^s^i^l«awses 
0 . 002%, n^gn&gg^^sit/Adoes 
even more preferably less than 0.1)005%. Wu 200¥/046427 
PCT/IB20099*0dam§gtii? greatg^rthai&s'g# d<§fflag§nd preferably 
thresholdgr^^h^^oaWw^^tte^bl/Sreto^^) 
a Gaussian beam profile with a primary pulse spike of 
50 - 100 f^"aiM>WflljaQr§eeP%<ib^g[^e^aa^SOd?rot. size, 
the mean of the lowest incident peak energy density 
that causes damage and the highest incident peak 
energy1 ̂ eAs^'S^ '@?Srtd®03ffi3 tltfgfch^uSkJphdtiM^ 3.awayetesg&rof 
than 12 0 f.^Jjmaa^l^^tem^^itlf^^^pJ^yke 
and more preferably greater than 320 Jcm2, arid even 
more pref^ri%-f>9 M8fer4ifely risiaijidiOOM^feed to a 
laser dam^fth^j^]^ ̂ Re^afthlfev^sYfTfetogl^ ̂ rgy 
1.06 pm using a Gaussian beam profile, with a primary^ 
pulse spi^S'^ih^CpaSIP^na?® aiistiie^hy^tteiE^nfepe^oeri^gy 
and normaa^^trt^cfeesfi8fc^§eVa§i^lB^gfek^'th^i1§5I3^a, Srb 
the lowest incident peak energy density that causes 
damage an0refeC#)l^sp^-tthtOiiQ.tot, fRlfeiBo^rg^ably greater than 

80 Jem"2, and even more preferably greater than 120 Jem"2, and 
even more preferably greater than 150 Jem"2. 

13) High thermal conductivity, with a value for material composed of 
carbon in its natural isotopic abundance which when measured at 
20°C is greater than 1500 Wm"1K"1, preferably greater than 1800 
Wm"1K"1, more preferably greater than 2100 Wm"1K"1, even more 
preferably greater than 2300 Wm"1K"1, and even more preferably 
greater than 2500 Wm"1K"1. Those skilled in the art will understand 
that this is based on the diamond containing carbon isotopes in 
their natural abundance ratio, and that the figures will vary as the 
isotopic composition of the diamond varies. 

14) An ability to be processed to show a high surface polish over a 
specified area of at least 1.3 mm x 1.3 mm, and preferably at least 
2.5 mm x 2.5 mm, and more preferably at least 4.0 mm x 4.0 mm, 
with an Ra (arithmetic mean of the absolute deviation from the 



density that does not cause damage is greater than 35 
Jcm2, and preferably greater than 50 Jcm2, and more 

W<J>M9$§4tf&EftLy greater than 80 Jcm2, and even mcfi(gr/IB2003/005281 
preferably greater than 120 Jcm2, and even more 
preferably greater than 150 Jcm2. 13) High thermal 
conductivity, with a value fcJr material composed of 
carbon in its natural isotopic abundance which when 
measured at 20C is greater than 1500 Wm-'K-', 
preferablTOPJS§|l3foya^liieiBr@fjle) tetten-2 
greater t^ ̂Oa^^-pVefe^ijegg)^ ̂ ^erably 
greater than 2300 Wm'K-', and even more preferably 
greater than 2500 Wm-ll,C-l. Those skilled in the art 
will uf^e^t^y ^i^afelfW^with a 
containing carbon isotopes m their natural abundance 
rat io, aneaiffflSlisntiMer£i*fl§§i§d ^gepiof^3tn\© x IJcMiSplrad 
compositipft^lbi^,^^^^^, ^ a|<feast 
be processed to show a high surface polish over a 
specif ied4tog) isibejtefhthaft 1iarg rrmjte,£arai preferably 
preferabljfefcij. afc-sfecM^ afid^pr^&t^Jlter than ±15 
preferably at least 4.0 mm x 4.0 mm, with an Ra 
(arithmetic® r6@§<?Pd§f eMgfecnDafiee pg^refeiyi&ettSrdJftartl^ Mc 
2 004/0464^co^Q£/IB2003/005281 -7 mean line through 
the profile) less than 2 nm, and preferably less than 
1 nm, and more preferably less than 0.6 nm. 15) An 
ab i 1 i t^) t£n Wf flatness 
with a parallelism over a specified area of at least 
1.3 mm x (pefs^d u§iffl§ 63^!re®gfeipp Qy§r agg§<eifi@d. gretanof^at teast 
mm, and m?B%|fir^^r^M^^ at^t^ ̂  and 
which is better than 1 arc minute, and preferably 
better thffl§r^Br^f§bl^gife^§.fe4.0am Xrrffc&<mrfkr^Wel*ia&afteKJhaneltO 
than 15 frfipf IfftfWre^^bly 
than 5 arc seconds. 16) An ability to be processed to 
show a hi^teflto^i Iring^it h a flatness 

17) A mechanical design strength, obtained from measurements made 
using a single cantilever beam technique with individual sample 
dimensions of 5.0 mm by 3.0 mm by 0.17-0.35 mm (length by 
breadth by thickness), in which at least 70% and preferably at least 
80%, and more preferably at least 90% of samples tested over a 
batch size of at least 8, and preferably at least 10, and more 
preferably at least 15, will only fail at strength values of at least of 
2.5 GPa, and preferably of at least of 3.0 GPa, and more 
preferably of at least 3.5 Gpa. 

18) A variation in refractive index over a volume of interest, said 
volume comprising a layer of a specified thickness of at least 
0.5 mm, preferably at least 0.8 mm and more preferably at least 
1.2 mm, and characterised by fabricating into one or more plates, 
which has a standard deviation in the refractive index which is less 
than 0.002, and preferably less than 0.001, and more preferably 



measured using 633 nm radiation over a specified area 
of at least 1.3 mm x 1.3 mm, and preferably at least 

WCE2(BMM4643£7 2 .5 mm, and more preferably at leasRCWIB20W)tif005281 
x 4.0 mm, which is better than 10 fringes, and 
preferably better than 1 fringe, and more preferably 
better than 0.3 fringes. 17)" mechanical design 
strength, obtained from measurements made using a 
single cantilever beam technique with individual 
sample dteffitiilasLrtofl^QSi, when rmeasyresl.YHftVQi^ngShSLl-§5rwm 
(length alJfWfeast 
70% and preferably at least 80%, and more preferably 
at least ^5rt^niletnct§W%(prQf©r^fcly^t le^c<hmBU>£4 nam, by 
at least sample 
preferably at xeast 15, will only fail at strength 
values ofir^tbetoafeef 2UTfetab)n3)VigPi/regtl®i(^ifilff^:gLfol^7 -©d91tTHz, 
ieast of ?ec&r®theafl^^Qp BFfl4e®)?k £&,?W^fiSfcti3l1 Srf Gpa. 18) A variation m refractive index over a volume 
of interefrtquQM^dand/a^Rlyiag <ife©nfQrfflstei%ir tieiE^®iS|5®tral Range 
specified^jg^g^^least 0.5 mm, preferably at 
least 0.8 lii and more preferably at least 1.2 mm, and 
characterised by fabricating into one or more plates, 
w?ic? ftpAS offfesfefe¥\fWife which is less than 0.002, and preferably less than 
0.001, anQ.5nJO0fie pp^tr©fely^lJfa$tcD.a mm ̂ DidOTQre preferably at least 
PCT/IB2 ̂ 0ir\d m~e^sii^S%v^l:il^pSci^cP^reaWlPleIiiflf.^3ri^ x at wavelengths near 1.55 pm over an area of at least 
1.3 mm x 1.33nmm,anshcpr^e^fe)^r^blJfa^tt25dT9l®itK2.5 rtBrifnrsnd mo£e 
mm, and mftpbrBiSf JfnffixlfftSf ivSltfe 5^.39695 to scanning the frequency of the laser beam incident on 
the samp 1 withiflranta^ufseynflfotf-Qief)%t^iticmoi^via'ef^atdyr^iii^hifiyan 
range of ^0005yW£msttKl rfelr 
the sample etalon as a function of frequency, SndT 
applying \m>feyuSMnraeg:thghfeequeegy tekfl^ificident on 

the sample in the form of an etalon over the frequency range of 

197-192 THz, recording the transmission of the sample etalon as 

a function of frequency, and applying the formula for the Free 

Spectral Range (equation 1 defined later). Those skilled in the art 

will understand that the value of 2.39695 is based on the diamond 

consisting of carbon isotopes in their natural abundance ratio, and 

that the value of 2.39695 will vary as the isotopic composition of 

the diamond varies. 

20) Low and uniform optical scatter, such that for a sample of a 

specified thickness of at least 0.4 mm, preferably at least 0.8 mm 

and more preferably at least 1.2 mm thick, and measured over a 

specified area of at least 1.3 mm x 1.3 mm, and preferably at least 

2.5 mm x 2.5 mm, and more preferably at least 4 mm x 4 mm, the 

forward scatter at 1.064 |jm measured by the method described 

herein, integrated over a solid angle from 3.5° to 87.5° from the 

transmitted beam, is less than 0.4%, and preferably less than 



(equation 1 defined later) . 19) An effective 
refractive index in samples of a thickness of at least 

W(®2©4M46,42f>ref erably at least 0 .8 mm and more pfi©E'ffl2i.(ll3I0p5281 
at least 1.2 mm, and measured over a specified area 
of at least 1.3 mm x 1.3 mm, and preferably at least 
2.5 mm x 2.5 mm, and more p"i%f erably at least 4 mm x 
4 mm, which has a value of 2.3 96 95 to within an 
accuracy of +/-0.001, and more preferably to within an 
accuracy <9^%h/a0d OWEP, R)5?f§E9l%e^^§rS®na@-''^fev@!D'ii^eRsmore 
near 1. 5frequency of the laser 
beam incident on the sample in the form of an etalon 
over the frequency range of 197 - 192 THz, recording 
the ^4f^cg^that 
of frequency, and applying the formula for the Free 
Spectral i^tisi^e^ tiihe&r^nd rafcrgepreferably 
skilled 
2.3 96 95 is based on the diamond consisting of carbon 
isotopes Pt ltilfei%lt?§ttbii§i]4CfeP0^cmafe^Wjfete6@,thiL0idO smbmore 
the value 
composition of the diamond varies. 20) Low and 
uniform optical scatter, such that for a sample of a 
spec i f^d L^i^stfelP f>irgffin§^cfefMceftivi 5Flov^gfr^^r§lfe^thlf in 
least 0.8 mm and more preferably at least 1.2 mm 
thick, anSafflifeg^^R^igd^hiclg^gijfmm, ftneferifelyjiat 
1.3 mm x 
mm, and more preferably at least 4 mm x 4 mm, the 
forward s§aSPte§ifie^tar?a li^mBTb^n^^mfe^bly at 
describedieg^g^L^^^^e^^e^^ x 
3.5 to 87.5 from the transmitted beam, is less than 
0.4%, and4jEirsfttea(B3S^nTumB salti&cQfi 4«*0VeS^p41/60amage value of the 
PCT/ IB2 o 0 aiffifljp WveU°th&WlffiWlfpc feTflirgSfeei^Pallel 
than 0.1%, and even more preferably less tTian 0.05%. 

to the slow and fast axes averaged over the sample thickness, as 

measured by a Deltascan or similar instrument with similar 

resolution using radiation in the range 545 - 615 nm and 

preferably 589.6 nm does not exceed certain limits. Specifically, 

these limits are that for at least 98%, and more preferably for at 

least 99% and even more preferably for 100% of the analysed 

area of the sample , the birefringence remains in first order (8 does 

not exceed 7t/2).and that An[aVerage] does not exceed 1.5 x 10"4, and 

preferably does not exceed 5 x 10"5, and more preferably does not 

exceed 2 x 10"5, and more preferably does not exceed 1 x 10"5. 

The diamond material is preferably formed into a mechanical layer or an 

optical layer or polished gemstone, and more preferably an optical layer, 

and preferably exceeds one, more preferably two, and even more 

preferably three, of the following dimensions: 

a) a lateral dimension of 1 mm, preferably 2 mm, more 

preferably 5 mm and even more preferably 8 mm, 



21) Low luminescence under optical excitation at 514 
nm, such that the Raman normalised intensity of 

W<&l<Ktt$46,421md more preferably both, of the 575P€®(IB2003/005281 
photoluminescence (PL) line and the 637 nm PL line, 
is less than 40, and preferably less than 10 and more 
preferably less than 3 and m&9:e preferably less than 
1. 22) Low optical birefringence, indicative of low 
strain such that in samples of a specified thickness 
of at ledtdt o^l^^gkM^alaqBmeDiiaetofd.ngnrtntpr^aicsbly 2 
more pref era^ fr^ablf 8 mm, 
specified area of at least 1.3 mm x 1.3 mm, and 
preferably at§» thiqk§^s Qf.@.1rrlfflmx REeffr^ly, OJn^niiidWe preferably 
preferably atgetfih .Wp^a^.^^mum value of 
An[average], the average value of the difference 
between the refractive index for light polarised 
Par^erlnve^nt6ae^o^ir^tcrpgsC^]dM^«^cPW^e^eas 
sample thickness, as measured by a Deltascan or 
s im^fim C£ia&Mtropti^fc<§il\d§<lcM el<£ni!©!$. Such 

^ifeibTe f^u^irf^wic^^^Kptical 
589.6 nm does not exceed certain limits. Specifically, 
the§§plip3ft@n€s irM&KliiTfti£>yt B@l:rlinaitecii1®a©etics^%vjncfeM®, itasee windows, 

Pre6Sfi^1^flia&rsf1toptiii3^^ 69ff^di?rlhcP^gi^bl^or 
for 100% of the analysed area of Trie sample , the 
bir@B^iPSi<^^qtJffifi!iie?ie(3ti!5nfad:r<^ ©tcB^Sfe (japta®^ suetefis beam 

x 10- , and preferably does not exceed 5 x 10"5, and 
morfei p^to:t!©lipat§5^dsai,M^nt^eg)§t(9S3 Misbe<£ ge®tet$n®o»d/vhich 
Pre^ff^^ytoSitiififp^ff<^sLa^utftMtfiick^iy^W^polishing, 
material is preferably formed into a mecnanical layer 
or ^gic^fe^anriM^dlorgztygi^llys^idTigtettJfefceregreitefl nfifregerties 
Pre^irf^My^D^tecfb1th^¥^icati(^^cffiftfig^rr^gf^ical 
one, more preferably two, and even more preferably 
thr§feara@tgri%tj^, 3P)d fee^g^Mprocessing 
dimtfl<§ tt^iS^ity^fflfe pfi»e^e^a?f¥c^ 
mm and even more preferably 8 mm, WO 2004/046427 
PCTP^S^gj^TO^Lbrilliant stone. 

The diamond material of the invention can be tailored to specific 

applications, and although it may not be endowed with all of the above 

properties in all cases, in many applications it is the ability of the diamond 

material to show a substantial set or particular combination of the above 

properties which makes its use particularly beneficial. For example, for use 

as an etalon, the material may require optical homogeneity, low absorption, 

high thermal conductivity, and the ability to be processed flat and parallel, 

but laser damage thresholds and mechanical strength may be less 

important. Conversely, in application as a viewing or optical access 

window, the strength may be important, as may be the scatter, the 

absorption, and characteristics affecting image quality. 

An optical device which includes or comprises a CVD diamond material of 

the invention may have attached to it or built into it either a heat source or a 



-10 b) a second orthogonal lateral dimension of 1 mm, 
preferably 2 mm, more preferably 5 mm and even more 

W<J>M9f$4tf&EftLy 8 mm, c) a thickness of 0.1 mm, pB(iMBi2A<l(3I©p5281 
0.3 mm, more preferably 0.5 mm, and even more 
preferably 0.8 mm. The invention extends to a single 
crystal CVD diamond material''is described above for 
use in, or as, an optical device or element. Such 
device or element may be suitable for use in a wide 
ran^i|^fafep:Src@tloer $£ fa.unj&t&MBi., oril^li.uIb&^eab^n?fc|grovides 

SftHfiiffe1 any 
reflectors, optical refractors and gratings, and 
eta gneaosilay 
or mm tgMMS^i^^n^rrfe^^anc^^^fee'aBaa^etof3 'This 
the diamond may be used uncoated on these surfaces. 
in feJ&M©iis tflggiOMteefeiaiKPlicat^ fe jtfe®re®l 
9emgfii9M;tivityneis^M-^1 th^fflflBt ti^afWdfefibife^ij^fcl-^ilyP^^HSgiSiy. 
as a much thicker layer prior to polishing, typically 
2 .5 Ptftfflicalaa 8fSfe^iiiffifpt§c«f lyisj f®rnEhmPltkin«@nt§®eJlt^r .be the 
Pr°B^^MionW0&i^M^r^afeiiS#(fep^tsto as boron to form 
application include the uniformity of optical 
chatet^M^ti^peigge iJ8& t fetftie^ndoi^fe o§tf«cli4rs§ fetid the 
therr^i&eftfenP^^^periffi^.th^uWaddFfea.^uafe could be 
processed surface, which, particularly m combination; 
protf®Ste§e<£&£ic8 ifflefeet^jgaprLfe^atiefeiiMff^e prosssahD&iteelnaiques. 
material of the invention can be tailored to specific 
.applications, and although it may not be endowed with 
all ifo? lea^riabaw ej^jiM&eil^efifiiaklJloRSrt&fc pftifi greii^i, after 
aPPi^feL^e^hd^jrfe^ be processed 
material to show a substantia" set or particular 
comfeiaa^^flg|fff^@r^i^gespE#^|fea^e^hich makes its 
use particularly beneficial. For example, for use as 
an etalon, the material may require optical 
hom<y^<^H<^pn,l$)U3 cffigtgBfJtmay, behftfteetrt^terik such treatments 
contestants r^llii&fWi^ct^s^ 
parallel, but laser damage thresholds and mechanical 
str§ft%E§flef$$Fi ?£atiiogs)s etcktng3te% gy/facectQi^g^grp^pggiaphy (such 
aPPiif»tliff?Sbt»g c^tid^Wli&f optical access window, 
the strength may be important, as may be the scatter, 
the 

According to another aspect of the invention, a method of producing a CVD 

diamond material suitable for optical applications comprises growing a 

single crystal diamond on a substrate with low crystal defect density by a 

CVD method in the presence of a controlled low level of nitrogen to control 

the development of crystal defects. 

The level of nitrogen used in the method is selected to be sufficient to 

prevent or reduce local strain generating defects whilst being low enough to 

prevent or reduce deleterious absorptions and crystal quality degradation. 



absorption, and characteristics affecting image 
quality. An optical device which includes or comprises 

W(&2(fflY/D46il7amond material of the invention may Pi3F/ffi2003/005281 
attached to it or built into it either a heat source 
or a WO 2004/046427 PCT/IB2003/005281 -11 temperature 
or other measuring device, o^Doth. The heat source 
provides the ability to alter the temperature of the 
optical device, and thus any temperature dependent 
pr-ojBRtiF (DESCRIPTION* QFgT^EBRAWING&ri gnr a means by 
which to monitor this and in some instances provide 
feedback control. This technique is particularly 
appTfceaB^<^^i\9Md^«^fe«feSi nutrg cM^(kib^W<ayMixample only, 
con&ftfi yfgte Wm^oi^^fnyH^^wte'fn stributed 
uniformly very rapidly. Particular embodiments of 
this form of the invention may be the incorporation 

to form the heater elements, and also further aoped 
struetures f ofeWanc^ggTir^eMtengff pfcfern toii9fte®ati0ey$nt on 
Such doped stg^^g^^^f-be produced by ion 
implantation or by other surface processing 
techniques. The material may exhibit the beneficial 

by annealing fbaifiteBSfeJiOf AfifiJislStelQrgec i fic properties. 
In application, the material may be further treated, 
such treatments including mountings, metallisations 
(sufiflTO 3for ^rAia^©^pabcr§gi©§§^at((S\ic®f aefe typical reflectivity 
anti-reflectigRa^fj^^^^j^D^goil^^rface to a 
specific topography (such as for diffractive optics), 
or the like. According to another aspect of the 

a measuring 
material suitable for optical applications comprises 
growing a sifi|tlQal §®$§£atLlwith 
low crystal defect density by a CVD method in the 
presence of a controlled low level of nitrogen to 
con£ifflre 5the ife^^H^ftrePPiti^feRft^l^ipnd^d^tesnversign ig-tiiffi-
of nitrogen ^re 4 Mo 
sufficient to 

two-dimensional data; 

Figure 6 is a graphical representation of the measurement made of 

FSR as a function of the inverse of the sample thickness for 

diamond samples as described in Example 4; 

Figure 7 is a graphical representation of the contrast ratios of tested 

etalon plates of the invention as described in Example 5; 

Figure 8 is a graphical representation of measured surface flatness 

values of tested etalon plates of the invention as described 

in Example 7; and 



prevent or reduce local strain generating defects 
whilst being low enough to prevent or reduce 

W(ifiM)£/Mfailt>us absorptions and crystal quality PCT/IB2003/005281 
degradation. WO 2004/046427 PCT/IB2003/005281 -12 
BRIEF DESCRIPTION OF THE DRAWINGS The invention will 
now be described in more deti3.1, by way of example 
only, with reference to the accompanying drawings in 
which: Figure 1 is a schematic side view of a solid 
etaf<HH,p8]Sbwinf 3L g£^L<^reprt^nt^i§>ecafd^e ££$ data measured as 
transmittancedgaJHfegffiinC^a^^ 11 
surface thereof; Figure 2 is a graphical 
representatio6VRESiigle^pfi^pl86®feiSbfiM®gJhi8istandard deviation of 
characteristi^^^.s^^^^n^^iyp.e^ig,^ gnd the 
graphical representation of a typical reflectivity 
characteristi eie&ipiign dfflomiflj&flMewg As 
a diagrammatic representation of a system for 
measuring optical scatter at 1.06 pm in small diamond 
samples; Figure 5 is a diagrammatic representation of 
theD^ef8PfflE5H10<P%«i®8Dl^fc¥ilf§sional data obtained from 
the system ot Figure-5 into two-dimensional data; 
Figure 6 is a graphical representation of the 
meaTH£tWSiaftf^§ .r^eri^f^tH^in^er5?6fi^jbRfluSld dtfffftfetfibd 
of the sample thickness for diamond sample's as 
desMlS^je^ice^iiaj^trQlledFie^Ji^l -pf B&rogei^rJft&iQygLof nitrogen 
repfifflssa^feitffia, ffl^o^llifi^^^lo^togf afstM&f&s and thus 
etalon plates of the invention as described m Example 
5; $ <iwnan<^riagt§£i§lalia¥igpri^e]kg5&t<lilMa<^®-i3tigas(0fr#® 
sur^gftj^lftthiffeiePr^^h^&i^^o^WltR^MoPr^itr^ 
invention as described m Example 7; ancr WO 
2 00 OtyQW: S^feteripe?'0 feMulevel? 3>f nitrogen may also degrade 

the crystal quality of the material. Conversely, material grown under 
conditions with essentially no nitrogen, or less than 300 ppb of nitrogen has 
a comparatively higher level of local strain generating defects, which affect 
directly or indirectly many of the high performance optical properties of the 
diamond. The exact mechanism of this is not well understood, but the 
following observations have been made. In what follows the word 
'dislocations' is intended to cover both isolated dislocations and dislocation 
bundles where dislocations are grouped together. 

No material can be made entirely free of dislocations and other crystal 
defects over large volumes. The sensitivity of different properties to such 
crystal defects varies. For example, the average refractive index is 
relatively insensitive, although local variations of this are quite sensitive. 
Engineering optical properties in CVD diamond, at the high level of 
precision required, appear to be extremely sensitive to dislocations. 

The method of this invention is primarily applicable to growth on a {100} 
substrate face, and this is assumed unless otherwise stated, although the 



Figure 9 is a graphical representation of the FSR data 
measured as described in Example 15. Data are shown 

-wammmw of ll CVD single crystal plates, shftGAffi/IE£0«3Jf'ft§5281 
standard deviation of the FSR measurements made on 
the plate and the maximum deviation of any 
measurement from the average-)^ "DESCRIPTION OF 
EMBODIMENTS The CVD diamond material of the invention 
is produced by a CVD method in the presence of a 
conSfBersfeff elfish QWebg U&ePpii^egra&E diamond on 
nitB^SpedffS<MiiDiA^emteal in controlling the 
development of crystal defects and thus achieving a 
diamond material having the key characteristics of the 
invWte%bs^^01ss^aintEfi^e^1Wtthg1^r^rgr6P{hewii1bWth 
high levels of nitrogen show deleterious absorptions. 
HigBrq|C@§%ifgtScf§niif>0^4J]QQi^FOwttte§jur^§i^[aiaicl $Bl§cstiSF§tM!ich 
^at^xi^n^s^tri^^teri SP6}"W||^rat^P|t«iib^^owth 
under conditions with essentially no nitrogen, or 
lesinttrfoog. 3®#ie|!p3 bggaift^t^tjfiegeipjt§ orsptbemperajiataEsf^ns can 
hi9a^l^^a^lfffdiiffigairc®ff.ailt(i3<a1<c£Mi),ngxgf^<WSsprofecl)s 
affect directly or indirectly many of the high 
per§8B<Ml§fll!3j, <^bitb&ira^©|)^igtofeotb^ultHEicatffiliadep©fl!Cier[lh@n the 
exafe»:fee^M)diMfeit^n0cilfraWi^ier,itnderstood' but 
the following observations have been made. In what 
follows the word "dislocations' is intended to cover 
botlfti th^i&nSe of fliftofe teftfemt are 
where dislocations are grouped together. No material 
can cfe^ig^)cKid4h^Ktg^:aB iseeregipvQci. sW^Siei &&©ai£Sd&f itehafcsence 
crySfft^sed^Sit%tK^i^e,1aMatT(9fmt|3lic^ or 
of different properties to such crystal defects 
varlQtQlly ^<§ide^Kample, the average refractive index is 
relatively insensitive, although local variations of 
this are quite sensitive. Engineering optical 
proJfeS*tei§&3 5n3Y(?ISS> feMEQSibtetfotfhe in$lg&iorig)fr<§ihe5defects and 
PrefttpUrffiesWmW3t&ial.aPPear to be extremely sensitive 
to dislocations. The method of this invention is 
primarily applicable to growth on a {100} substrate 
fac&'fuftR^ £ffe hh§ of the 
although the WO 2004/0464^7 PCT/lB20037005^81 

process. At typical process conditions without nitrogen the epitaxial growth 

takes place with the progression of <110> surface steps moving across the 

substrate surface. These steps are typically just visible under a standard 

optical microscope, although their presence is generally best confirmed 

using Nomarski techniques or other high sensitivity techniques. Under the 

right conditions, increasing the nitrogen within the very low concentration 

levels of this invention, does not affect the morphology of these surface 

steps. With these steps present, the uptake of N into the diamond is 

generally low. 

As the nitrogen level increases, the surface growth mechanism undergoes 

a transition. The surface steps of the diamond become more random and 

more generally centered around the <100> orientation, at least on a 

macroscopic scale, and the steps become larger and rougher. These steps 



-14 general method may be capable of growth of optical 
grade diamond on other specific substrate 

WQ)2QDM14f&£.7Lons. In the absence of sufficient niIttS!Bf§^fl03iQfl5281 
the gas mixture of the growth process, pits form on 
the {100} growth surface around dislocations which 
pre-exist in the substrate Tniffcferial or are generated 
at the substrate/growth interface. Whether because of 
these pits or otherwise, dislocations can slowly 
mul§^®fsi^lfiegf3gb^pw§?P.0Pfoaadd^Bt<^felii fe&tsg&l htfh®£. In the 
Pro6f^§n6#of. lfi§i^§fejf3£ 
multiplication dependent on the existing local 
disifcsenerotty a^saifcymaaia ,%EiHa&§$«®i&i&Qaig:.n "Bifecgo^^afeai of 
of fraR^it(JrP9(!xSirs f fMF^owth 
rates are changed and these pits can be removed. 
Whe§®f¥litiQ5i§c®efeidir>gdeisigtratoe^f3d^re^r%itei|^ ^eteillibaround 1.8 
oth^iP' tc^si^£&he§ntFafiifT,i^hfe<Ra^-fi& RDnf^etriee$Wc^ses 
or totally avoided. These pits may also be 
re s^©5^ifcgd ehef^je- tfi@r £m§»liiJi?<£0F£iQ$l§ gfeQ^rthfeigiSt^offlfdof the 
imPB&yfrtCgf P nttifodPSftfiSWtntiAi teySfffiefaigfiJffifateytor 
noted, which may form an important part of tne 
pro@£qSmRleAI$e e^di&aQal£ir©Qgik <$r (tfeei^irfaDeipfOQ^gBiiguleut properties 
nit£ff6?ieSs tctoSc^^b^SP&ti&rV S^^selV^c^StdS1 1^ligYifffc&nttr'Tlif"ogen progression of <110> surface steps moving across the 
sub Bieeijpegat&azAf &i§l§! eagife^guri mp& <4QQ> ^gSLaeeiRrfsefTi.s t 
visible under a standard optical microscope, although 
their presence is generally best confirmed using 
Nomi^teWetFfb9iiE«itjyth§ CQQCQfltrafeen afil^jn foerRf&se&sjgta^ is thus set by 
tectHfeiiTOsto iMSiftintfWid £M&ftrie°^igR&atirWg^giiiffd the 
the nitrogen within the very low concentration levels 
of BBHSf bpfe!04Mihg[Tqong©igptii96tof sSij3Q@ia irttte Pff©^35cgs§^t the 
the§fedtW§§feferi0a£SBgorof&^r^fiir #<§£§f fP&^ercJtfefr, and 
uptake of N into the diamond is generally low. As the 
nitih§gr<©te thaVihp qh©PS@M§®-faqei^eg;igEG^b^6^h§w§rti 
undfl6«&, t^TOSd^Wpro'Efe 0k^Sfrt, M^ftay vary 
diamond become more random and more generally 
cenieOSBSng^^h® Rf®<?es§iqppgliti@Q^_tffl©tel^inatth®c9*»s§ous 

source of N, and also the specific material properties required, and are best 

illustrated by way of example. Typically however in the method of the 

invention, the upper bound on the nitrogen level in the gas phase (ppm N2, 

or the equivalent of the actual nitrogen source used to provide the same 

total N) is 5 ppm, and preferably 2 ppm, and more preferably 1.5 ppm, and 

even more preferably 1ppm. The lower bound on the nitrogen level in the 

gas phase (ppm N2, or the equivalent of the actual nitrogen source used to 

provide the same total nitrogen) is greater than 300 ppb, and preferably 

greater than 500 ppb, and more preferably greater than 700 ppb, and even 

more preferably greater than 800 ppb. 

The material can also be characterized in terms of the typical nitrogen 

concentration in the solid, although the relationship between this 

concentration and that of the nitrogen in the gas phase is a sensitive 

function of the detailed growth conditions. Typically the single 



macroscopic scale, and the steps become larger and 
rougher. These steps WO 2004/046427 PCT/IB2003/005281 

WGl®4$4i®2^asily seen by microscope, and can o3MSKIB2ft03/005281 
seen by eye. In the presence of these steps nitrogen 
incorporation increases substantially and is 
generally non-uniform on a tnl^foscopic scale. The 
concentration of nitrogen at which this transition 
occurs is a sensitive function of the growth 
conaibslitMterjal inQilrQgSrhg Qoefifjg^iearea^ndCTfasgEastir&y b©l§cti.on 

when using NO for the processes described herein. For 
smatypicaBaeeiaetdSLl >&lfi3v«toBis£i3n\fmdeye%6ifiie typicelistexceeds 5 x 

realised, particularly for example the mecnanical 
stratrggen isdyiasailysleesftege 5^tft1e§teir^/Ti%iaed pK®?)lypicaay;is less 
sucfi1iaS% are adverselY affected by 
significant nitrogen incorporation, which easily 
occurs once <100> steps are present. The lower bound 
to BipgWssBi'sij&haiiSpe# jPhH'b&SfT iS5S66sg> set by the need to limit pitting and control the 
stre^ata^gyEtoii&ittQgd ©f tteiiflv$rtl@n, typ^iUy tadayer feQsn.taailh 
c°nS«fiVi^b8£ofiii1teSgg. ̂  the process gas set by 
the onset of deleterious absorptions and other types 
of defect generation, and the role that the change in 
s"rfi»jffiPt WWfroBgSfoiWmiitan,?Bptef lifer oMirWIfitlon 
these bounds are process dependent, such that they may 
varthat ^cawdfeddfn^ Ityertolesiijgtecse^telc&N^idis!ra©f3fi ite&©S,place on a 
i"cJato8^caS6H841iS^6iHftialfQW¥'of%(#l this 
the specific material properties required, and are 
be s eontaxti dtfeetet pans^y vrafark flisiocstifjiss an<±^$i®a$rE^^d^v*t9o 
^ fitoiap&iffi&atiSg poir6v«tefe>Hpt ftfewsstaafii «i the the nitrogen level in the gas phase (ppm N2, or the 
equdopsnfeifttateflistflflw aogtedffiundsrissgsfflsl ^yuotbtr @gtiagcle£bclisruption 
ProiWll pi la ppm, and Tnore preferably 1.5 ppm, and even more 
preSliBEaiaya ar ^iiiiglTPies$^^h34effl|®r§toretaiffith@tier^§giiSnd or a 
leve^D^nfifeliseg^gtef^altaoi®' or the equivalent of 
the actual nitrogen source used to provide the same 
total nitrogen) is greater than 300 ppb, and 
PreffieF^j?i^¥ty of growth on a substrate which is not substantially free of 

defects rapidly degrades as the layer grows thicker and the defect 
structures multiply, causing general crystal degradation, twinning and 
renucleation. Defects of this type are particularly deleterious to the present 
application, causing local variations in many of the key properties. 

The defect density is most easily characterised by optical evaluation after 
using a plasma or chemical etch optimised to reveal the defects (referred to 
as a revealing plasma etch), using for example a brief plasma etch of the 
type described below. Two types of defects can be revealed: 

1) Those intrinsic to the substrate material quality. In selected 
natural diamond the density of these defects can be as low 



greater than 500 ppb, and more preferably greater than 
700 ppb, and even more preferably greater than 800 

W<g)gj(]®4/0®>4£:7 material can also be characterized iPCt/ffl2i!0i)^/OO528l 
of the typical nitrogen concentration in the solid, 
although the relationship between this concentration 
and that of the nitrogen in'tlKe gas phase is a 
sensitive function of the detailed growth conditions. 
Typically the single WO 2004/046427 PCT/IB2003/005281 
-16 sub s t i tut Mtftdjiagfe dyBKSfteltftiS. being a)£>2/ffiffl&2swbM in 
by electron ' exceeds 3 x 

1015 atoms/cm3, and more typically exceeds I x 1016 
atoms/cm3, and even more typically exceeds 5 x 1016 
atoms/cm^ Fu^m^^^h^^op^t^n .f tljfe|o tion 
single substitutional nitrogen is typically less than 
5 x 1017 atom^yetgresaagd rrtsieg)ct^icfeiniifigighattg£ slracik&aaioQg 
x 1017 atomst-te „ff^j^fjHS,£y®rably 
been possible to produce the single crystal CVD 
diamond materf&fr sgffleleiiWighdjtRi^l iaQ^ng.rf roimyabout 
form, with joBtiyfished 
important for the production of a diamond optical 
layer of the f®@KNi^cLrcSsmp!s§at growth of a layer of 
single crystal CVD diamond takes place on a diamond 
surface which is substantially free of crystal 
def J<b§^ceffffieqbto5flfeden§8yL§fe§tsf9cta^f^bd:h^bienileiigity oftsartfece etch 
aisteeiiseswipft e&gje, ibm?, 
boundaries, point defects not intrinsically associated 
wit0n4H^re(gE^@rafelyilpeteitftii![(il//TirDow angle boundaries and any 
other extended disruption to the crystal lattice. 
Preferably the substrate is a low birefringence type 
la Tft§t<tef4ci ,lev|§!) s&ianslilgglGM^he oeeWi^efrAltai£<yD 

diamond. The quality of growth on a substrate which is 
not syt^r^ntrioydgjl b£f§<ung®" prggtr<atjcy& istaipLpPpe^^ppiig^o ifee 

Mlffifal dfeWtt^UFlftthesis 
multiply, causing general crystal degradation, 
twi$fl:Sh%c§?810f synthetic material) as each stage can influence the defect 

density within the material at the plane which will ultimately form the 

substrate surface when preparation as a substrate is complete. Particular 

processing steps may include conventional diamond processes such as 

mechanical sawing, lapping and polishing (in this application specifically 

optimised for low defect levels), and less conventional techniques such as 

laser processing, reactive ion etching, ion beam milling or ion implantation 

and lift-off techniques, chemical/mechanical polishing, and both liquid 

chemical processing and plasma processing techniques. In addition, the 

surface RQ measured by stylus profilometer, preferably measured over 

0,08 mm length) should be minimised, typical values prior to any plasma 

etch being no more than a few nanometers, i.e. less than 10 nanometers. 

RQ is the root mean square deviation of surface profile from flat (for a 

Gaussian distribution of surface heights, RQ=1.25 Ra: for definitions, see for 

example "Tribology: Friction and Wear of Engineering Materials", IM 

Hutchings, (1992), Publ. Edward Arnold, ISBN 0-340-56184). 



renucleation. Defects of this type are particularly 
deleterious to the present application, causing local 

WQr20fli/ll46M>lis in many of the key properties. ThePOSBSfi(l3/005281 
density is most easily characterised by optical 
evaluation after using a plasma or chemical etch 
optimised to reveal the defel%3 (referred to as a 
revealing plasma etch), using for example a brief 
plasma etch of the type described below. Two types of 
defects can be revealed: 1) Those intrinsic to the 

ttese^c^ag^8ftfii^ibstrate is diamond the density of these defects can be as low wo 
2 o ofcywsliMte ^tohgaiBtbe suofgc^on wbjAMae toQrcflaepitaKial 

polingiJ3S^i§1;elyLi|C®i®Cidan^edSgafldtea|irfie@SS, Ekufrutfcieugeegitestdbenefit is 
iwwteff&ii f:®slai atpm .(pttt^pffysicai lines. The density of these can vary considerably 

o ve isi§ls® ]ganei^by)imDst 
10 2 vA9n WSrA^raAt^ilsb^lBafif Miasma regions or samples. The preferred low density of 
def etebscarfe u§©d^m^aeondifenaet®sttTeydejS)si:i©nf aegliamorid growing 
Jefte^,«Afp^6^lfilte6fanf?ateScfiiMnt^g$0Peand below 5 x 103/mm2, and more preferably Deiow 1027mm2. 
The gt^aliytatL^^liaht^tlowerdteBifSfatunehl© gj\^kettert<®ntrab<6fetfcie etch 

fiid»athus be 
minimised by careful preparation of the substrate. 
Included here under preparation is any process applied 
to the Bfter jal ffflggtf with 
natural diamond) or synthesis (in the case of 
synthetic mat@BtiQI®Py l§mMc?!mcB«£igfeAfc:llKl afeKJUtr#d«eiatlBlount 
defect <Jensitrowiti^g 
will ultimately form the substrate surface when 
preparation aa5&x^iBii1eraBStci\rigrg8^I«rtaioinB2art4>8<S®aieontent 
processing step? a^affltAflW^O fcTOftent and 
processes such as 

the balance hydrogen, all percentages being by volume, with 

a substrate temperature 600-1100°C (more typically 800°C) 

and a typical duration of 3-60 minutes. 

(ii) a hydrogen etch which is similar to (i) but where the oxygen 

is absent. 

(iii) alternative methods for the etch not solely based on argon, 

hydrogen and oxygen may be used, for example, those 

utilising halogens, other inert gases or nitrogen. 

Typically the etch consists of an oxygen etch followed by a hydrogen etch 

and then moving directly into synthesis by the introduction of the carbon 

source gas. The etch time/temperature is selected to enable remaining 

surface damage from processing to be removed, and for any surface 

contaminants to be removed, but without forming a highly roughened 



mechanical sawing, lapping and polishing (in this 
application specifically optimised for low defect 

WQ.8MD#)(?7 and less conventional techniques sudPCB(©2003/005281 
laser processing, reactive ion etching, ion beam 
milling or ion implantation and lift-off techniques, 
chemical/mechanical polishing" and both liquid 
chemical processing and plasma processing techniques. 
In addition, the surface RQ measured by stylus 
pro©irt9M^relrVvitlgQi4^#a!Bafxte©i[i«©!y^lPRg7i>ften4e;cti defeats such as 

tethe any plasma etch being no more than a few nanometers, 
i. eetctoa&iggressiyeiiJ i3i@ai4jei4tr^timportRiJt fsfethissjagfet&gt tfi# chamber 

n^^Vrcftefikl is Gaussian distribution of surface heights, RQ=1.25 Ra: 
f ortraissferffifcfeyjAte, plftigarfcom 'inrteiflb© £<E id 4fre 
andsi5p£tf|uMin^ less (1992), Publ. Edward ArnOld, ISBN 0-340-56184). WO 
2 0 ospt35#i$4teJ7 ce*§W itefecte /oi®5fit®L off-tte @nsul3$i§§ i®iu§efhefeyh4te 

to include an m srcu plasma etch on the surface on 
whisjMo<ethtr,te©tter^)iitfaa&;fea5ub^Efti®Qtgio\6fth3wth is to occur. 
In principle this etch need not be in situ, nor 
immediately prior to the growth process, but the 
grelb^gdffig^/h&fffeieejQf th^iafin@fldc$uhttr^£ ofla/vhteh fttetjQ\/D diamond 
becc 
or 
gen©QJT$lrsifit$iadt3ft; actasli^^^^sBrfaOfewied^ic^rf^tJliff^i'jfefflfe ihss fefeal 
als§ri«iMfiauiP»«fi, aS}1ti less 
conditions to the deposition or diamond growing 
prodtflSwj)l«Sdt adveKSedSi^f^ESfe^egiugibili^fcay carbon containing 
source gas and generally at a slightly lower 
temperature to give better control of the etch rate. 
Forit^5citepii®poii^ntci^ttieci®gttifi^tpfdte ©MtntisF fe^rfeedJfipunty poatent 
oxygfB^ftefi^r(WtfrW Ml?mswj)!cfee is properly 
optionally a small amount of Ar and a required small 
amoQ©ntroll©<£. (MoreTp^tiobiigrlyott^ijamge^igro^hcmt^tdal^ etege in the 

6^r^mdl]3fter§ cbft&irfffilg sffifet^ttfalf/ft& c8ftiminants other 
containing an oxygen content 

than the intentionally added nitrogen. This addition of nitrogen should be 

accurately controlled, with an error of less than 300 parts per billion (as a 

molecular fraction of the total gas volume) or 10% of the target value in the 

gas phase, whichever is the larger, and preferably with an error of less than 

200 parts per billion (as a molecular fraction of the total gas volume) or 6% 

of the target value in the gas phase, whichever is the larger, and more 

preferably with an error of less than 100 parts per billion (as a molecular 

fraction of the total gas volume) or 3% of the target value in the gas phase, 

and even more preferably with an error of less than 50 parts per billion (as 

a molecular fraction of the total gas volume) or 2% of the target value in the 

gas phase, whichever is the larger. Measurement of absolute and relative 

nitrogen concentration in the gas phase at concentrations in the range 300 

ppb - 5 ppm requires sophisticated monitoring equipment such as that 



of 1 to 4 percent, an argon content of 0 to 3 0 percent 
and the balance hydrogen, all percentages being by 

WQr2flDtiM<$6,42'faith a substrate temperature 600 -110BEJ/Ip®90M)05281 
typically 800C) and a typical duration of 3-60 
minutes, (ii) a hydrogen etch which is similar to (i) 
but where the oxygen is absiftt. (iii) alternative 
methods for the etch not solely based on argon, 
hydrogen and oxygen may be used, for example, those 
utiMiip±W^nhl3a§^^d, fofiSXEimpteBijy ^^gDn^ogrepfcy^gspribed in 
Typ^Q^j^g^if etch consists of an oxygen etch followed 
by a hydrogen etch and then moving directly into 
synthesis by the introduction of the carbon source 

M atfW c&ftafrfW^ffeon-
remaming surface damage from processing to be 
remS<?^ininai0iate£j£l whiph ebofeter reactive 
rem^^s.b^e^»u^e)iilgo to 
2004/046427 PCT/IB2003/005281 -19 surface and without 
etcBi^%h»fef!aSV«lf h^iQSf§ i§j«t@03«fefernaesi^bgsscftio?9iofe§itrogen 

the surface and thus 
cause deep pits. As the etcn is aggressive, it is 
particularly important for this stage that the chamber 

froiflii<»BWa\>ft£fa§r<§y iHiftESa§&§, §3^n^ife§fewbightafetl®@wn in the art. 
subfkM&§r, sfA^ftgfisfei^f kfi&ild be 
oxygen etch is less specific to crystal defects 
rouMaifT^se^f ̂  b^ff§ddo©psitm4hat(te^gfeama is 
etc^la^d^W^Seftsiifv^c^:t^6^ fi¥clb^l^c&&f^don which 
providing a smoother, better surface for subsequent 
gro^iMipnithSf0^Mt§at@y0Q^E:^4tsd50itrrteEMriN©&c?f P®f§ifft4filPunt 
on rftijpitfim Mi ^l^rg^le. 
the {100} surface. Due to processing constraints, the 
actifeimgfes^eprgfefrgicrgafg^iigtEWltercfflategalsda^gftersMn^st^gl, 
ide^mifflfii^B5^fef,^b|dJShd:pa#nur#nd in some cases UP to 
10, although this is less 

A high plasma power density should be used, resulting from high 

microwave power (typically 3-60kW, for substrate diameters of 25-300 mm) 

and high gas pressures (50-500 x 102Pa, and preferably 100-450 x 102Pa). 

Specific properties of diamond may also be enhanced by annealing, and 

there is particular advantage in combining the technique of annealing with 

the diamond of the invention, to obtain the widest range of improved 

properties. By annealing is meant any process in which elevated 

temperature is used in a controlled manner to bring about a beneficial 

modification to any of the properties of diamond, either to those properties 

detailed in this specification or to properties which in application are 

complementary to those properties. The heat treatment will vary according 

to the nature of the as-grown CVD diamond and the desired changes to be 

produced. Properties of the diamond that are most sensitive to annealing 

include optical scatter and (low) luminescence, although other properties 



desirable as it adversely affects reproducibility. It 
is also important in the method of the invention that 

W(tEfl®4/M(p2&:ity content of the environment in wP£ffiIB2tiftM)05281 
CVD growth takes place is properly controlled. More 
particularly, the diamond growth must take place in 
the presence of an atmosphelfi" containing 
substantially no contaminants other than the 
intentionally added nitrogen. This addition of 
nitifssfeteeftiggtnce SfetngttneiByaftlso be 
err1iffpr®fecil:eAfin£g^ft§ p^(9c&si)^r£i%s0ifiSbl^^fii]HWT"ecifl^ fecal points of 
molecular fraction of the total gas volume) or 10% of 
theS^Bg'@ttl^]fciqn?i t§!8ewe^a3J3 p^fyingwRM}Sv<§f: nPs§i-c(i?f®ond 
lar<Sfnfctuflnd AH^fitf^Wy ^VieiP at ^ 
parts per billion (as a molecular fraction of the 
tot«B0es§ylr§ ^§lit^?iggllydgteplagff irtfti ttrsgepitur^Mnge £&S>v§rig00°C 
S^aftS^Sre the annealing 
preferably with an error of less than 100 parts per 
billep®grqta^ sai^i^g£(^C-3^$feii§I£e&£ytfe§ ItrgMtongofscurrent 
vol^r«tai% c^bUfeis t-mmkh^ ̂ frci^id P|?^e higher 
and even more preferably with an error of less than^O 
partenp53tu^giii6ifth^or^ aj®!£§lin0Lcfif' @¥gc^i&ffl$n^f intife§th the 

ce the gas phase, whichever is the larger. Measurement of 
abs<§te^gti(Hhc?^i%tav^iarntild;of@hai^iJig^e^iealti^s®i?stCif3e as 
9asdg&H6§d^ c£^9i9FhBrif\y-ff^feniPa^fcatf^P^T^§63/0Pfe, which 
ppm requires sophisticated monitoring equipment such 
as §a&feef»6bgwifa/04 642 7 PCT/IB2003/005281 -20 which 
can be achieved, for example, by gas chromatography 
described in WO 01/96634. The source gas may be any 
knoMufi^rtjpapogteftt ^me^ii^ihgt®Be@g!igg^h^^pg?flfiid, gOfiKparlifiiilady 

reactive species. The gas mixture will also generally 
con^gm9n^aWMfer^ltgfflb5<¥idttt9nsprteVPaiicitlfQrV^e tbe diamond is 
hal6iifl§ uiSd §£§Wl^ti^^^dc^&r^n§§S^S§fr9£i tfi^^ffift^Pcaji mask 
which may be for example N2 or NH3. The dissociation 
of teir^i^og ^i§hi^epw®^gWai§lf't^g^i^)agiy§ta(te§S?i^o. For 
micS£^g, JsPflS&PSs pffitides 
known in the art. 

optical access to the sample under compression testing, luminescence 
from the anvil can be a severe limitation on the ability to study the optical 
characteristics of the material under compression. A particular non-limiting 
example is the luminescence from the 575 nm and 637 nm centres. CVD 
synthetic diamond grown with significant nitrogen concentrations in the 
starting gases or otherwise present in the process will show luminescence 
from nitrogen-vacancy centres. The neutral and negatively charged 
nitrogen-vacancy centres have zero-phonon lines at 575 nm and 637 nm, 
respectively. Luminescence from both of these centres may be excited 
with a 514 nm argon ion laser or other relatively short wavelength radiation 
sources, and if strong would be a significant disadvantage in using such 
single crystal CVD diamond in anvil applications. The intensity of nitrogen-
vacancy luminescence can be significantly reduced by annealing treatment 
that dissociates the nitrogen-vacancy centres, for example by annealing at 



However, the transfer of any impurities from the 
reactor should be minimised. A microwave system may 

WQ)®D(Wtf84fii2'fco ensure that the plasma is placed BfiM5B2ff(i3$lf!5281 
all surfaces except the substrate surface on which 
diamond growth is to occur and its mount. Examples'of 
preferred mount materials "i?felude molybdenum, 
tungsten, silicon and silicon carbide. Examples of 
preferred reactor chamber materials include stainless 
stete!ITlper^g!(aaifl!LQUfl0 <§5fbp§bo,vegdM0°cGid ugir&tbistim pr<?§sar®gifciigh 
P1 a1^9% of 
high microwave power (typically y-60kw, for substrate 
dia©Bg*reftfe ibbaske^fpuffl&Jhatiiigjh annealing 
(5 °a£ 3%n8a75 ai^r&rfof^^rs1 %&n4^sfenli^^duce the 
Specific properties of diamond may also be enhanced by 
annbiairiQ^9n®^^ 57§]t®i:gn(t§3'^)aiBticular advantage in 
combining the technique of annealing with the diamond 
of the invention, to obtain the widest range of 
imp^ptteai abp@r<p|iQit©ttegv. legr^lseiSLibMtL Bn@§siir§d nf^asatoriffi^tric means. 
Pro^^M^^cei^i¥^ent^mpM^forifort1gfft.^rTfhave 
controlled manner to bring about a beneficial 
modfe®artatpLQFtedtfer^M5|yQ!3etallir® ^M^dtapionsl <te^e®i4SfenQ9e et al, 
eitfriifncJrfcl dxte^atiS'Vol.^^)bbf ̂ 7^1 Ind CSJ Pickles 
specification or to properties which m application 
areet ^oiEpm^ei^f^etelechM^i^c^r^ i(i@Q0)TS46^a®)t Typically 
treI^?fttonw^^svitry(lS5^:i"^;'1W| qiS^tyt^ticSiPBlci9i ^ycWfefalline as-grown CVD diamond and the desired changes to be 
prodiam©(9Ci f3HdO$M:i©fi@§ ofcsbg<^iQfliic®(egi§®ntaatP-&:©TimCT^i07 cm"1, 
sen^W^\h§s Mi^bya? OXi^c^.eIVfSili?rg^nfSfMfel ̂ Aond (low) luminescence, although other properties WO 
2 00§9l©<at§4j>qr lpy?^$©ptiQ>rB jSo$l§(2 exported Jo <§iiv§lfi &3Jue of about 0.036 

be improved. Annealing processes presumably further 
reda^^ry^girie todbjeen istftr^|eddtifei^&iila@f: ttofltwo 
as P?<STb^a6!^rj5t^iSft%i§fre0f^,"^iH&nllRQ^ halttiS^<nttyr^idered. as a 
Annealing may be near atmospheric pressure or at high 
pre%®d&@eat®iilinai^pically takes place in the temperature 
range above 1200C and more typically above 1700C. An 
upper limit on the annealing 

It is thus surprising that the diamond of this invention can exhibit a lower 

absorption coefficient of 0.0262 cm"1, illustrating that even in natural 

diamond selected for low absorption there is a significant extrinsic 

absorption remaining at 10.6 pm which has not previously been recognized. 

Calorimetric measurements of diamond at 1.064 nm are less well reported 

than those at 10.6 pm, but a typical value for optical grade polycrystalline 

diamond is absorption coefficient a = 0.119 cm"1. In contrast, diamond 

made by the method of this invention has achieved values of a = 0.0071 

cm"1. Such a low absorption coefficient makes this diamond particularly 

suited to high power laser applications and the like. This is particularly the 

case when the low beam distortion from the low strain in the material is also 

considered. 



temperature range of 2500C-2800C is set by the 
limitation of current experimental capabilities 

W(&lQ0MM6pL7 benefit is anticipated from higher PCT/IB2003/005281 
temperatures. Furthermore, annealing of CVD diamond in 
both the diamond and the graphite stable region has 
been shown to reduce the absorption centres in 
diamond, enhancing optical transmission, as described 
in co-pending international application 
PCT^»BlWWP7^jngWterBlihe cjjgm@ftd B&afBflilef.thft ir^eteWtei/vhere 

are particularly the diamond of the invention, reduces 
thenMfMtence observed from the diamond under 
certain conditions. In particular, where the diamond 
is being used as an optical window, luminescence from 
the wi*nd©RtiQ§kwiiaste®?§ - tfBfe examnJaMhtarert/eiflriihigti trttagetfdittsait^ is 
is inten(^JirSfi, jte'comBlffi^fih n®fianiSWi?!§ih iJfteftatsrial 
diamond is used as an anvil material which provides 
optical i?S!^SsirtcdQ3)£Biin^rr^rLea|0piiStti!onsoriygh£ffi@slIi®i window is 
testing, pjUugiin^acence from the anvil can be a severe 
limitation on the ability to study the optical 
charac?tete$tit jwaedoves th^freffi&etagklinten&ftsr bearpsresffieicbrto £ass 

iS 

diamond 0®&<^ai^iti^Q^gfothStLtheriasafliiean>gdainescmrtcMB[taD&toiibtte 
in the »M»WS iflpfifB£SW«jj^Bv focal process will snow luminescence from nitrogen-vacancy 
centres ,ab3c®ptkffltan£yiieiafflaffly]iM^iafecLsteaips,adTacag8^sufficient energy 
ni t j-t 5 7 5 
nm and 63 7 nm, respectively. Lurrfinescence from both 
of theseopfeatE^lscto^-kvdiCTKcaifiw&cewTdeldseto Ife4extren59fyj<flat or 
ion laser or other relatively short wavelength . . . ,. . . nave a very accurately prescripea surface shape ang be stab e. radiation sources, ana IE strong wouxcrnSe a 
signiMcaptteafineiHBdtcasiiaa^derisasuswhfreBoraii or &bth3 &erfs60g£ stif £^n 
CVD diamond in anvil applications .The . intensity of 
nitrogen^lbM^'imRTO^Pl3^ n0n 

reduced jt^nfflixjTara&papltelfteattiifiiasttbe rttimJfadiined^g^atpr^cfefen. 
nitrogen-r.vacancy centres, for example by annealing at 
WO 20?4/W# PeM^)^(T5f-ilw^a structure in or on the 

diamond is used to modify a light beam by diffraction. 

• etalons. 

• ornamental use, such as in watch glasses, or as gemstones. 

• anvils for high pressure high temperature experiments - in this 

application the diamond may preferably be annealed. 

For convenience, and by way of an example, the application of the diamond 

material of the invention to etalons will be described in detail, but those 

skilled in the art will recognise the general importance of the optical 

properties of the CVD diamond material of this invention to other 

applications such as those indicated above. 



temperatures around and above 1800C, using high 
pressure high temperature annealing for higher 

temperatures. By way of example, UtCrftH33003/005281 
been found that high pressure high temperature 
annealing at 1800C and 75 kBars for 24 hours can 
substantially reduce the lnMnescence at 575 nm and 
637 nm. Optical absorption at low levels is best 
measured by calorimetric means. Previous calorimetric 
mea^Qr^Ertteatsystemo^blcfeMD gBiiall^feftestiiag; sucfgigsspftiatah^ been 
b®eMgflSS^scfeif aP»iKS'!i4^inS dip??# Append (SE (Joe et al, Diamond and Related Materials, vol. 9, 
(2 o paoalleJisBis toedtwosJiefteitogL<§yrfao©s i&iqaWB&ean&a&ry&R&ot 

e^R^Tc^Tbe^^Sjby aj$i^in<| 
absorption values at 10.6 pm m high quality optical 
gra^lepfo^cmi^risaBtlidiidihatlilaaHbicsfl^MQa. slwfaee^ arangaraM and 
abs§i5^Wi9 bcy°fcS'M^i?<^1Bn^'r= gaseous^eififlifn'tfap or a 
typical values being about 0.048 cm"*. Measurement of 
natMaoJLirmi^MDatffin. g^te®aateralyflbe:etetofi Qaffefeorpradeibyipeli^iia^two 
rep9£$S$rA6l aHffie? iH^iW i pSfcfti oPai? &c#1trana&fent solid similar lower limit seen in single crystal natural 
diamRatoi^rtalle^a^M-^tethaiLiaSittepictssI sfchsmsfeilfrdia FSg£te©i 1 of the 
attiiM^y/h8 cfrHnte11 of the two Phonon absorptions 
m this ^region, ana thus- has been considered as a 
fundamental limit. It is thus surprising that the 
d^a^4^nrfifici^&i^rr!^^f(fe^iQ3a(^fflF t^&tkfeh^s BarJtSit^fransmitted and absorption coefficient of 0.0262 cm', illustrating 
thateftected ataondingilodBie r^testMtydDf swrtagg. flcfoe tEtawsmitted beam 
abs^^^i1tl^ifet)niin(f sSB^^ir\^^thWciici)flS:isctirface is partially absorption remaining at 10.6 pm which has not 
pretrsoffirailtfd isj^npartjaJJygfefleeted ba^it©rtbffieftf^iturfas@swb^n©eagain 
of ^i%SRP^WjissWi0li4d f^fleMIri tci^&a^.ys ̂ ^Bft^^rferl&^takes 3e at 10.6 pm, but a typical value for optical those at 10.6 pm, but a typical value for opt: 
graefecp&B^w^cji^rdttesI arsleafteeigd £§rail©lslae^3t3LeJMerging from the 
coe] 

a = goapbi£aUy indrigure 2Such a low absorption coefficient 
makes this diamond particularly suited to high power 
laser applications and the like. This is particularly 
theThea&ickRBtSi ctfhtheicetel&aaePRirDtetdteisepaetistft efiesubsequent 
s rfti^irric^m!r]ifi^arr®Ftffii ̂ l^loTi scl^^eristic, known as the free spectral 

range FSR, which for normally incident light is given below in terms of 
frequency, 

FSR=^~ (1) 
2nd 

where c is the speed of light in vacuum, d is the thickness of the 
etalon, and n is the refractive index of the etalon material. 

The shape of the transmission curve (e.g. the sharpness of the peaks 
and/or the depth of the minima) is further influenced by the reflectivity of the 
etalon surfaces. Different values of the reflectivity may be obtained by 
applying partially reflecting optical coatings to the etalon surfaces, as is well 
known in the art. Alternatively one can choose not to apply optical coatings 



considered. WO 2004/046427 PCT/IB2003/005281 -23 
Applications arising from the CVD diamond material of 

WCfcEfl®4/Mfot£lition, where performance is enabled B§T/IB2fi(^D05281 
unique material properties, include but are not 
limited to: optical windows - for example where very 
high image quality is requi^d. The consistently high 
mechanical strength of the material assists . in 
designing for applications where the window is 
preitefegMon SSMSQQS &riehc$t§&£*he typcoated 
beaiggpfj^gc^fyj^ undisturbed through a window 
providing a degree' of isolation. It is particularly 
important that the laser beam does not interact with 
theWPMf»eMibrf M be 
example by local absorption and thermally induced 
s t rsfcarsptedsecfc c^e tfmzHGb i/arfiefM ngythet Eat©eofatei§o(fi®gaency) 
f of the 
reflectors - where a surface needs to be extremely 
f laf>e§j*s. ckterieSorption 
s^a8f sgS&rlfr tgf^Sr or from 
where one or both surfaces of an optical transmission 
com|9te@^a0(i-ga®ilelig§fee1tthii!Le^fiftg ai^aHgiJmiQ^maBithey can be 
Pla¥iiffleaid,WfiR^1i^§i]?en]BV;t must be manufactured to 
great precision. dirfractive optical elements - e.g. 
where a structure in or cm- the diamond is used to 
modify a light beam^jpy ffiirfraction. etalons. 
ornamental use, such a$l-ifl)watch glasses, or as 
gemstones. anvils for high pressure high temperature 
experime^gre-Ri^thfe^ffectiv«^f4Mt&R)ft stifr§c<£iamond may 
preferably be annealed. For convenience, and by way of 
an example, the application of the diamond material 
of Mmgtti&RttolSn ttpai^Titore pje&y- &§ ^s^bg^a^n one can 
detail, but those 

characterise the etalon transmission curve by specifying the contrast ratio, 

C. This is given by the ratio of the maximum and minimum transmission 

values, 

C = Tf ,3) 
V 

where Tp (Tv) is the transmission of the etalon at a frequency equal 

to one of the peaks (valleys) in the transmission curve. 

For etalons where deviations from flatness or parallelism, refractive index 

variations and absorption or scatter losses can be neglected, C is given by 

4 R C = 1+- '1+ R^2 

1 -R 
(4) 

(1 -R)2 

Another useful parameter to characterise the etalon performance is the 

insertion loss, L, expressed in decibel (dB), which is determined by the 

transmission of the etalon at the peaks, 



skilled in the art will recognise the general 
importance of the optical properties of the CVD 

WGfilQ®fft®#fii27naterial of this invention to other PCT/IB2003/005281 
applications such as those indicated above. WO 
2004/046427 PCT/IB2003/005281 -24 An optical system 
with two partially reflectinggUrfaces that has been 
fabricated in such a way as to have a high degree of 
flatness and parallelism between the two reflecting 
surfaces is called a Fabry-Per^t /Etalon. TyBfj/Ccjlly 
the etalon can be made S§nfeg^ptjwtrl^rj°a3iat 
v\ —» -u-> ^ n —» I I T r -u-> -P I ^ n T T/-\ r"v1 -1 Ci /-ii 1 l»-» 4— l»-» —» 4— 4— l»-» -i -Jp •* fl 

(5) 
partially reflective mirrors such that their. 0/ 
reflect Li^&^iit£9SSkio §Efetl^ifini!in§iiteaiSI)d at a 
f 1mm$c§qu^o 9f tfitP3feif& 
or a vacuum separation. Alternatively the etalon can 
be idif^cblhepig^aii^st^ v§f#r%et^t@f&Dl&D l^a)ffj^ infinity ](Go 
ont»aasiBiiii6fiaWin?iioi^iaiSl«iWSitteffl«^J^avMMitelyflat material, called a solid etalon, as depicted 
schSfi^©a«fl«l]^rfi§P«,fl^JB«pr!!Oij)!ps%iieuld5hed0)mpanying 
drawings. A beam incident on the first surface of the 
etalon is partially transmitted and reflected 
accWSKtt^^ioeftlroB'vsfMi^eiQFip^aHsflsnjhEefrsatpeaiodex variations or 
trJ1B^E94i<*M^eateWWfef^lfestoti8fl^(2),and (4) are no 
subsequently at tne second surface is partially 
traJflf\9ft^{^ Sffifa inpt$@Q tereleto iBfr<g&s«fc«vhtiei<iheE fceraicast 
surto^dtzfe^fifv^Pl^Li6wePartial transmission and 
reflection take place. As a result interference takes 
place between transmitted and reflected parallel beams 
eme^6nf BPfte^ry-f^ikloft i^Y^^s-W^i^Vich is 
characteristic from an etalon is shown graphically m 
Figgf^nJiallyra^^MrPeKi^leJT u§&<| ii& ctiyity; of the 

% £&ft>nefeateyS characteristic, known as the free spectral range FSR, 
whi^fi0°^o|pdeg8n^!Dt?f tij?iws^ai?gttEfi§tte ia&rgasHisWitaiLttie phase of 
ter|j^ i^fject&fWct¥>eri§cfi&fi&c^Ar^ of fh^lflcoming light frequency with 

a periods equal to that of the FSR, as defined in equation, of the Gires-

Tournois etalon. This is shown in Figure 3, where 8 is defined as 

8 = \n—f = 2n- * 
c FSR 

where f is the frequency. 

The important material properties influencing etalon performance, 

expressed by the parameters free spectral range, insertion loss, contrast 

ratio and/or finesse, are thus: 

R - surface reflectance (either intrinsic when uncoated or of the coating); 

a - absorption losses in the bulk of the etalon material or at the surface; 

asc - scatter losses in the bulk of the etalon material or at the surface; 



where c is the speed of light in vacuum, d is the 
thickness of the etalon, and n is the refractive 

Wd2flMfi(i46Sf7 the etalon material. The shape of thECT/IB2003/005281 
transmission curve (e.g. the sharpness of the peaks 
and/or the depth of the minima) is further influenced 
by the reflectivity of the "Etalon surfaces. Different 
values of the reflectivity may be obtained by 
applying partially reflecting optical coatings to the 
etaZ?on t±i§ otitorQ matedaharldivsiMioasrtin it (including 

etapmpagattqfffe^g©ti@rhiffltt)L%eiat9f®l)Fat^fenel reflectivity of 
the etalon 

transmission curve shows sharp peaks this may be 
characterised by the finesse, F, defined as the ratio 

over the full-width-half-maximum of the peaks. For 
higWitt>£>lltfgiria$@"iai8;#icitgiflTC)2ctivity and when losses due to 
absorption or scatter in the etalon or at the 
reflecting surfaces and deviations from flatness and 
parallel fi^rigte®frg£fe/ei}a^<ewbiCh|rassIstescM© asm^e^mptastfttoinner 
they can haj neglected, the finesse is given by: F -
(2) (1-R) where R is the reflectivity of the etalon 
surfad^. aifiesnshesfl^cMt^yvhietodftis®mtiappiliQs4j^Q3iis^tgii<@nQygb so 
not the etalon 
transmission curve by specifying the contrast ratio, 
C. Thio) fi^o«fit©@peoJtireicgefBajeilbofcrefri^6rerriatonaJMJ aiteft/v thermal 
minimum m^ns^hft fiarteta sSrfJWIess 
Tp (Tv) is the transmission of the etalon at a 
f requenc?ei^pi®ithan some other optical materials to temperature changes; 

d) a high thermal conductivity, which means that there is minimal 

variation in the transmission curve caused by temperature variations 

in the environment or absorption by the light beam (further 

increases in thermal conductivity are, however, beneficial for this 

reason); 

e) the high strength and stiffness, relative to other materials, and high 

hardness of diamond, which makes it strong and impervious to 

scratching (if uncoated) - it also minimises the effects of any 

mounting induced stresses. 

However, the use of diamond as an etalon material has been very limited. 

The limitation has been the availability of material with suitable properties, 

particularly those properties that are sensitive to the diamond quality, and in 

suitable sizes. For example, the most abundant natural diamond is type la. 

Type la natural diamonds are generally limited in size, and their price 

determined by their use as gemstones. Material available for commercial 

applications is mostly faint yellow coloured (absorbing), contains inclusions 

(stressed, scattering), and also contains hydrogen, which may give rise to 

further absorptions in the visible and infrared ranges of the spectrum. The 



to one of the peaks (valleys) in the transmission 
curve. For etalons where deviations from flatness or 

W<g)aQfla/D4£S27Lsm, refractive index variations andPCT/IB2003/005281 
absorption or scatter losses can be neglected, C is 
given by C=l+ 4R - 1+R 2 4 (I - R) 2 1-R) ( ) Another 
useful parameter to characterise the etalon 
performance is the insertion loss, L, expressed in 
decibel (dB), which is determined by the transmission 
of mfec&ygaind&x #§ri^k©sjk§3i«geji li^urat)§tp/i©t<P10 tie as high as 1%. 

inte^e^applicki^tQr^SSh^B^ fssufe^FtW V^itly (LP (5) o where Ip and to are the transmittea and 
i nc &ai©rcjn& ]®t taehi ofeeiaferislr^iMriiypictl^u^n <eraJy (bafpedermed 
thea«a^sMi£^<fe5iiRpj|Sk8RpSi5v®- Thus ,defined the 
insertion loss can vary betwefen 0 (no loss) and 
infinite (no transmission at all). For an ideal 
et a^on sS^ior to 
parallel surfaces, the insertion loss would be 0. when 
dev^toelc6liwKffirioSin(f DaieiidB^ecials.piarami^aliJBrrrpateeslr^ochL^ in a 
inaPM-»^a8SoPSGiitS-S%?fhofiaBfitl.be neglected, the 
approximate equations (2) andT (4) are no longer valid 
and insertion loss (5) will tend to increase while the 

the Fabry-Perot etalon is the Gires-Tournois etalon 
whibas 0feisgEaTke^£CtiBfacter'BMsaryScire®:©tthtttiiEb3raQt©a^:iciiand the 

now be being luO%. The reflectivity of such an etalon is 
alwd9®::r'b®<di.0%, independent of the wavelength of the 
incoming light but the phase of the reflected light 
is a periodic function of the incoming light frequency 
with a periods equal to that of the FSR, as defined 

shown in Figure 3, where b la aerinea ay s=4Tcna f =2; 
T f where f is the frequency. 

Optical Homogeneity 

The optical homogeneity was measured using a ZYGO GPI phase shifting 
633 nm laser Fizeau-type interferometer. Samples were typically prepared 
as optical plates 0.8 and 1.25 mm thick and up to 5 mm x 5 mm lateral 
dimensions with flat polished surfaces. Measurements were made using a 
4% reflectivity flat, beam splitter and combining the reflected beam from 
this beam splitter with the transmitted beam after dual passage through the 
diamond plate with an intermediate reflection off a 10% reflective flat mirror. 
Both the beam splitter and the reflective mirror were of interferometric 
quality with flatness better than approximately 30 nm over their diameters 
of 100 mm. The resulting interference pattern was recorded with a charge 
coupled device (CCD) camera and digitally stored. The interference fringes 
were then analysed using the Transmitted Wavefront Measurement 
Application module which is supplied as standard software with the Zygo 
GPI interferometer. Deviations from a perfectly flat wavefront were thus 
recorded. These deviations are a combination of the effects of non-flatness 



The important material properties influencing etalon 
performance, expressed by the parameters free 

W(fcgfiM/64!£&r7 range, insertion loss, contrast ratECT/HiMQ3tfflfl5281 
finesse, are thus: R - surface reflectance (either 
intrinsic when uncoated or of the coating); a -
absorption losses in the bifl??t>f the etalon material 
or at the surface; as, - scatter losses in the bulk 
of the etalon material or at the surface; WO 
2OOQf/tbQ®4itfac®Gar}dEB0(P9l30<0nD-bQr®®gen^ty qjithe $§mie®!d triatrial. By 
\ ndj?3fisRifig 3$ 'rim) the (including birefringence, i.e. dependence of the 
ref®Se^^fethfeiQ®3?heffi!og®Mtyic®ftite}Lba cj^ermirpdo^fe^itetdhan 0.05 
dir#i<Rfi^,oProi8rti&J:^eroal&^fi^fe'vkfe 6fffatfles~s for less 
parallelism of the reflecting surfaces. Diamond has a 
num6<®tirat® rnaaSBUBefTBBijfe when used as an etalon compared 
with other materials, including: a) a high refractive 
index, which translates into a more compact/thinner 
etaEftectivfeReiraefa/igfjndax reflectivity which in some 
applications is high enough so as to make optical 
coatings unnecessary; c) a low temperature coefficient 
of TteSreffective r$fe&Meairode& WaS\? roeassfctredL byeiif8in@n£&$lJring the 
coetf.fckfii®16f aiflifi&l "jMSJrSteSe? efSSi to % sensitive than some other optical materials to 
tem^git^traieK»iT3St«h^'te fe®Jut@nite$]§r thsEir0i5UJr®ca!3diih^ilt7©©^vnng 
whifife THz transmission curve caused by temperature variations 
in •tri^eTHzLutjrigJalttt that Kb|^pfndlQMterlyyinei£lfntio%the ttilm such 
<f w«apP%%Euiifo WI could be however, beneficial fox this reason); e) the hign 
str@tet§taBdalte ©ficiiS'ed'ifegctii/tiiafeicvwa^iheEitlsaBcl rfngmseauslisi? (1) 
anddltiHiS ete^^eftlctlJiW^ive^d^fcJ&ffi^iils MMPcan and impervious to scratching (if uncoated) - it also 
mindiifferseS&gWfye frgfftf!jefctet&&yindex found for example by simple 

application of Snell's law (refraction of light at the interface between two 
optical media), the value obtained here generally being higher. The 
difference arises because of the inevitable dispersion present in the 
diamond, and the fact that the method used here for the effective refractive 
index is a form of average obtained from the range of frequencies used in 
the measurement. 

Free Spectral Range (FSR) 

FSR was measured for a plate suitably processed in the form of an etalon 
(e.g. 1.5 mm x1.5 mm in the lateral dimensions and 1.25 mm thick, with 
peak-to-valley surface flatness better than 40 nm, as measured with a 
Zygo-NewView interferometer, using the flatness application included in the 
software of the Zygo-NewView interferometer, and parallelism of the 
polished surfaces better than 10 arcsec and surface roughness Ra better 
than 1 nm). These plates were mounted on a optical stage with 
translational and rotational capability along two mutually perpendicular axes 



mounting induced stresses. However, the use of diamond 
as an etalon material has been very limited. The 

WQ.Ktfli/6£fi^lt>n has been the availability of materE<aMR2ii(l2W)05281 
suitable properties, particularly those properties 
that are sensitive to the diamond quality, and in 
suitable sizes. For exampl e" 3%he most abundant natural 
diamond is type la. Type la natural diamonds are 
generally limited in size, and their price determined 
by tfh&Q: Rlsne ttjfeirffcJOO&b et^&it.ef fr%ietaloaiW§L$)ltkerf cpositioned 

from a coloured (absorbing), contains inclusions (stressed, 
scates@t^i5^jB,wfe?§® wa^R^feiieiaib§ vanfecbbe^®^n 1.52 
?iv§nSi^ ifift Tlfe1ff3vterSfi6fitSa,tM3ih ilfe Aten^%Wiaic9rehhe infrared ranges of the spectrum. The WO 2004/046427 
PCTfi^sa?n^/>6 ttelsbt was eec©gtegl3apdst<»edKG!Sgjtal-|ariir6ii!)S35£ffiriputer. 
betW®ff Wt¥4ieS£fnafefeflfebie«ge&iS&cSisiii-peaks, inwthe Functionality in the intended application can only be 
as sitre§§mi§§i0B(SBt<S5dm F^ag&wp^tftcWetermined. 
material, which typically can only be performed after 
substantial processing has taken place. The CVD 
di aiGontfaat^rattoramliinegrti^nhtesariven ti on provides a material, 
superior to other diamond and other materials,. as an 
etalon material, such as in a Fabry-Perot etalon or a 
G i r<S©ntra$irR§tiq& a§d allwtiorrtU)sswer§ iR^aturedr^fgit &± plaiensoiJajbly 
mat|^hrfintffte^P^foWtacAsditelferABefls calm Hit W 4.0 
more key characteristics. Some of these 
chafl^i^QsOTci® tlaeitetQraleclime§sjaB&fD(i^.25hn!iahthifi*|f vkrith peafejo-
to «§u£.Srf«£i #Uin^n^sute«b|^ygo-OPTICAL CHARACTERISTICS AND MEASUREMENT TECHNIQUES 'a 

Opt NeM/igW)rt^ieLrfQ!n^emysingpthBcflatn&§»ri^g^K5i!iQjy iwslyded in the 
m?aIBfffiSUu8fL,iffe ^iSmv^^wPhpferditei^Sftl Fizeau-type interferometer. Samples were typically 
prefglfe&Sd Sjy^aGfpt&gfeg; tlpmt&grc^ee astrid&uifae® r^ho&feRaebetter 
UP ftfen5 1mrPirr£ thSSfe ^li:avtered«ftfeif ̂  ̂ Mc^stage with 
polished surfaces. Measurements were made using a 

translationai and rotational capability along two mutually perpendicular axes 
in the plane of the diamond etalon. The plate was then positioned 
perpendicular to and centered with respect to a collimated beam from a 
laser diode whose wavelength can be continuously varied between 1.52 
and 1.62 pm. The power transmitted through the plate as a function of the 
frequency of the light was recorded and stored in digital form in a computer. 
The contrast ratio of each etalon was determined by calculating the ratio of 
the measured maximum and minimum transmission at a frequency of about 
197200 GHz. 

Birefringence 

For an isotropic medium, such as stress-free diamond, the refractive index 
is independent of the direction of the polarization of light. If a diamond 
sample is inhomogeneously stressed, either because of grown-in stress or 
local defects or because of externally applied pressure, the refractive index 



4% reflectivity flat, beam splitter and combining the 
reflected beam from this beam splitter with the 

W(t2QftsM8iMS23;ed beam after dual passage through tJMgr/IB2003/005281 
diamond plate with an intermediate reflection off a 
10% reflective flat mirror. Both the beam splitter 
and the reflective mirror we&fe-of interferometric 
quality with flatness better than approximately 30 nm 
over their diameters of 100 mm. The resulting 
inter©eisetiiqac.p§"beevariaiiaB mfe4hiarciefecsti«&hinde)ch/ai1i^«lirection of 

interference Fringes were then analysed using the 
Traltiatiiiafciteb geiwSlrform (3flaaa8Jiipstij^n9"he^jjf^tenEat±ialj\HeerDdn^-fe/vo 

wavJBiscmay toeiexpitdssusd as^fomclkHh. in¥<W«is§ ttteTefBEtciixzei8nctex®f4he 
combination of the effects .of. nqn-.flatness. WO 
200W?MWM®fe?5^l?P,0-%lco,¥,men&rfaceS and 
optical non-homogeneity of the diamond material. By 
polishing., the surfaces, to hi ghx enough flatness (better 
thaJR?0BWcffie^#Peifeo#effi (SSfflJ16 
be cMitastivieLinddx aba ̂ ©/tetiaaaviehBSigtltid^Sendf Dibrfg^rization direction in 

Ref Dattascae vflotBseis gitoen fef StecM.i©tez©te^traIctni^H)cifi5fSocwfe®id. A 
measj^gd^^2^|'^17gg|easur:'-ng the thickness of an 
optical' pldce processed in the shape of an etalon with 
a digital micrometer with resolution better than 0.5 
lam,-and then measuring, the Free Spectral .Range of .the 
etafg^o^^e^^tncfPfefflKf iWnS$ We 
usiQgerttatgjmB ofla^aairil p^epeiaflstaglitteri^he-Oeltetaati cteterrtnlnes the 

e f f petpei^cuiarE katheiviewirigddjFectiara; farhwhiclfi dbeicfieffiaotrare index is a 
equation (1J . defined earlier. The,, effective . 

slightly from the refractive index found for example 
by simple application of_ Snell' s law (refraction of 
light at the interface oetwiem 

where X is the wavelength of the light, L is the thickness of the specimen 

and An is the difference between the refractive index for light polarized 

parallel to the slow and fast axes. An L is known as the 'optical retardation'. 

For retardation in first order, with L = 0.6 mm and X = 589.6 nm, then: 

when sin 8 = 1 and An L = X14, it can be deduced that An = 2.45 x 10"4 . 

when sin 8 = 0.5 and An L = X! 12, it can be deduced that An = 0.819 x 10"4. 

The Deltascan produces three colour-coded images showing the spatial 

variations of a) the "slow axis", b) sin 8 and c) the absorbance at the 

wavelength of operation. 



optical media), the value obtained here generally 
being higher. The difference arises because of the 

Wd2fl®4/Mf&E>7Le dispersion present in the diamondI?CTffii!iO(KM)95281 
fact that the method used here for the effective 
refractive index is a form of average obtained from 
the range of frequencies use^in the measurement. 
Free Spectral Range (FSR) FSR was measured for a plate 
suitably processed in the form of an etalon (e.g. 1.5 
mm ^3npI§®nar£npr§pared aaseQfiiicalclplatea sf dmowatiMckmess and analysed 
thi<&lfer ilff&fea tfiffmm, 
than 40 nm, as measured with a Zygo-NewView 
int£0#b{ys4flrapn KifemfnLaSets&<§ DteJtf^caoajmagies or 'frames', 
incte3f arlSfi'Wfifx 8&5,iteKp?86afMfef&cl),sample at interferometer, and parallelism of the polished 
sur#aWi^l®ns4tt<§l:589LJirira.0V\Atbirfe^chafnairi@,ijth6£Q^tascaiigh[Kie^dijally 
Ra Steg^#iSftDleSea«i5e£ fine optical stage with transnational and: rotauional ' 
cap£fcate.itTfreaarcaygottfiteltaisrtania|feihyS(praggasdisctafeaiarra^edWfQr the 
2004/046427 PCT/IR2003/0,05.281, -30 in the .plane of the 
diaM^Wa0^ va|ue 

perBPiflic8aih^dfpi )P§.3fcW^r^W«^3/Sfol£<&f fhe analysis 
collimated beam from a laser diode whose wavelength 
can3^ ̂ 4^38^qna^ignun^ufi o^e^.ole 
The oPm^e^- twferfeteafif&/ r^r¥i f^nfe^Rfei9fet 
of the frequency of the light was recorded and stored 
in ?FP%ur?5^^0e&§is. thp^^^-e^r^gg^^ obtain 
dif cb$ertt'Pi§ area, and centred 
transmission spectrum the Free Spectral Range was 
diriSt^°cf®°tSfeIfg0e§njfflgf i3§^§<^1. That 
1 o s ̂ al?<afitW^ta Mn^ra^wfifSR ^SndBff? SWii^rea 
for a plate suitably processed into the form from 
whiyRdSTi#eefe$§ ^^^se^e^efrgot %.§nal^ ofmifh^ fra^e. 
mm Afterttetfvel#1 d^i^s ©gsgs mW^raW ̂ FFb£1fcHaKrked TOf^e 
peak-to- valley surface flatness better than 40 nm, as 
meaglfWn^!Heie^iPS ^Siflfhin it 
thetl^^igi^fflii^ml^ffl^^aWi^^W si^fe2 obtain the maximum 

value over 98%, or 99% respectively of the material of the area analysed. 

This may be relevant where the application can tolerate a few isolated 

points of higher birefringence. However, in all the examples given in this 

specification all datapoints (100%) have been included in the analysis. 

The behaviour of sine 8 is the property of a particular plate of material, 

constrained here to plates of useful thickness by application of a minimum 

thickness. A more fundamental property of the material can be obtained by 

converting the sine 8 information back to a value averaged over the 

thickness of the sample of the difference between the refractive index for 

light polarised parallel to the slow and fast axes, An[average]-



software of the Zygo-NewView interferometer, and 
parallelism of the polished surfaces better than 10 

WQL2Q9A&4642i.Tid surface roughness Ra better than RCTfliB.2003/005281 
These plates were mounted on an optical stage with 
translational and rotational capability along two 
mutually perpendicular axes-3?n the plane of the 
diamond etalon. The plate was then positioned 
perpendicular to and centered with respect to a 
col "Qptteab^jgoFPtionf rom a laser diode whose wavelength 
can be continuously varied between 1.52 and 1.62 pm. 
The power transmitted through the plate as a function 
of tQf^icalfate^cpiifloys (oeasi^dib^feiseiwQ^orireetQard/etfti aiUfermtoo<maple 
in t£°m iMeCMfttt 
each etalon was determined by calculating the ratio or 
the t©repL<§rataM resuttihgufronartHe rpMaagmtlrcfiiglisttiifissample actf the laser 
fre«JiJW tfildpwa watiSSSA. lil, iptena-8n^|l kr&rn iffthe isotropic medium, such as stress-free diamond, tne 
re f Sdc t :Lrv<$>attic9teR th4 Emdthfl^fxiisS&rher©ffioofrarndfarihaet totarnafional 
th® ^ jfSb-efesVii^a vKe MptS'Bk inhomogeneously stressed, either Because 'of grown-in 
stress or local defects or because of externally 
appiigjd [E^easpre, • the refractive index WO 2004/046427 
PCT/TB2 u03/005281 -31 is anisotropic. The variation 
of the refractive index with direction of 

an (txan&plifoBC. l^flsdilffifraiKKhcWinldQWwaBdL ©nryietMaterials", SPIE, 
J11 Wis® ® Htpfajirfisatopsif Sf Mil iisteg. 4 directed along the third. This may be expressed as a 
f un&tAeim i^essrilyHanjI ©flAeiq^lit^craldjeepdsaM®; b^fhisiraethod, it has 

to feie^mf^n^bP^elidrfna scatter coefficients. The Deltascan (Oxford Cryosystemsj 'gives 
inf<P£@S®©JyDn on how the refractive index at a given 
wavelength depends on polarization direction in the 
plane perpendicular to the viewing direction. An 
exp J^eat0^yfciteolTffiiqw©whi3ii)eeDddee/@tepadL fODiflffifflstiEera^eprinit^riliA at 
M- tifhcfiijh dtfei?4&fetei%th#96ch Am are possible. A 

diagram of the experimental set up for the method is shown in Figure 4. 

A 1.06 [jm Nd-YAG laser 20 illuminates the sample 22 and the scattered 
beam 24 is detected through a defined aperture 26 with a highly linear, 
wide dynamic range detector 28. The sample 22 and detector 28 are 
mounted on separate goniometer stages (not shown) allowing precise 
movement of each. The whole system is in a class 100 "clean tent" (not 
shown) to minimise scatter by atmospheric dust and the clean tent itself is 
in a dark room to avoid stray light affecting the results. 

The detector 28 is moved on an arc 30 from -85° to +85° in 5° steps, except 
in the region close to the through beam where movement is in 1° steps. 
Measurements are made with the incoming beam polarised either 
horizontally or vertically. The solid angle of the detector is 0.741 mSr. The 



(1996) 452, 2751-2765. From a series of images 
captured for a range of different relative 

WQ>2QiD4dfl4f6l£7Lons of a pair of plane polarising fififfiBIB30(K8/C®5281 
Deltascan determines the direction of the "slow 
axis", the polarization direction in the plane 
perpendicular to the viewing34lirection for which the 
refractive index is a maximum. It also measures Isin 
81 where 8 is the phase shift given by 8=(2it/X)An L 
whegeniHmitert3t^etffordbeit^am.ora{f sattfflplel2%l^l9WE1 itLto bkeaccurately 

between the refractive index for l.ignt polarized 
parifile!©$etianeoheTl9& diagrams o£E[igGrffi.4<a3not2ta sEalegwktmdheidisLtance 
th;befiteii9pT W dete.fiFb® %6S^lVi?"Tj|g JhiES&red order, witn L =0.6 mm and a, = 585.6 nm, then: when 
sinbQara iainsliMteBlibyireferefic^ rMU|TietaJ 32an be deduced that An 
= 2.45 x 10-4. when sin 8 = 0.5 and An L = ? / 12, it 
can be deduced that An = 0.819 x 10-. The Deltascan 
pro3be<^ta;]fro^theadatect©rciS(3$alhareidcji£ffl sfri^iMgdi$^etes?lieipisiafld 

2 00tt)^0ted7o\K£HJ'i$Br£8tDiBt6elO§c2igllangle 2ofStaapa@tectareThis data is 

^sefitial^11 oBI-cPme^(?rW aFra^ Sove^ifiB asffipfrom a analysed over an area or at least 1.3' mm x x/3 mm, 
andhpmepbffic&liptce .iSvoffntimsnSioffialmrid^ta accSvenbge Ipndfe^MijI 4a 
mm feifiisWsre8^ SllliM&afiffSiui|,|9gSe«I34,il covering an area or 1 mm x (r.75 mm, are recorded for 
eaclas srasagflJEedeand i®ih®ft<aTV§tfed d§ta5t8>9gj\fe tine iotaLtalehsityesicdlter 

analyses 640 x 480 
pixels, ensuring the sample is analysed at very fine 
scale. The array of Deltascan Isin 81 images is then 
ana i"K! 'd^ta^a^here^ is ctefin§cf^ttie f?afctiBAS%cIttere&powi^er^init solid analysis iT= to identify the maximum value or 'sine 8 
in aagfe at angle# (fFSI^^n frame over the whole of the 
analysis area and use these values to characterise 
the maximum value of tl&.ewfep-iL^. ar|Qj^ fche area analysed. 
Where the array of 1 mnj>g$ 0.75 mm frames does not 

where Pmig is the measured power at the detector at angle 0, P, is the 

incident beam power and Q is the solid angle of the detector. 

Light scattered by angle 0 goes into a band with circumference 2nRsind, 

height RAO and therefore area, Ar = 2nRs\n0.RA0. 

The solid angle of the band, AQr, is given by 

AQ„ = ^- = 2?rsin#A0 
r R2 

From this, the total scattered power, TSP, the value we require is given by: 
K12 

TSP = jFSP(0).AQr 
0 



exactly match the area under analysis, the frames are 
arranged to obtain the minimum total number of frames 

WCt2flOM146#2Jfely cover the area, and centred so aEC1/ffi2i!il^©5281 
utilisation of edge frames as symmetric as practical. 
That part of the data in any frame which is from 
outside the boundary of the" a§:ea under analysis is 
then excluded from the analysis of that frame. 
Alternatively, each 1 mm x 0.75 mm frame can be 
anat^a^Merfdhe d&t§ is i^issfetenratto^ntoin ^tittniLioija^odlQe^SP must be 
fxciaS4S6cftfr . lies within the analysed sample area, so as to obtain 
the maximum value ovei^^ai^t-/^ 9 9%. respectively of 
the material of th^^:re^|an^yse3?sm$^:n3 may be 
relevant where the application dan tolerate a few 
iso^ffigh art&AO 
all the examples given in this specification all 
datSpfc§ids# infers ]ra^§Kj% gg^^it^fceriwitl&tfke ^gigt§^§l.as 
Thet^^7e^?Min8f10%tM/ §ngfc§5 Si"ftf5PfcfPaft§feif rfftfe^han 5° from the 
particular plate of material, constrained here to 
playesp^rq^y^n thickness, by application of a minimum 
thickness. A more fundamental property of the material 
can be obtained by converting the sine 8 information 
bacfea?fflc&rc^Siflsrc&TO^aged over the thickness of the 
sample of the difference between the refractive index 
for light polarised parallel to the slow and fast 
axei"hed9§^^§E^f@]thr#gh^^i7i§^§4 at the 
-3 3 saftpfetfi&r 
by laser calorimetry, with a thermocouple attached to 
thelcM|)!reictei:ifee^K:^gifcSi^^au^^i^M^.r^th^iial^g)ir^ident 
temp^&^gyiffieg^^cgj^jJ^ggassage through the 
sample of the laser beam of trie required wavelength. 
Such techniques are well known in the art. In 
PartoM/^lefrfefh pfrilflrfery spike of 
International Standard ISO 11551:1997(E) and were 
madgWdr. @tf°piP^fl§l cpotapi^typiQg^tl/^qf tfegat^gul^^QgoB^, 
f °r afi&§ fflg^M^P^SSk ^SwgPfei^iioif <p§feS^f tFTOd^rW 2^mta 
(see for 

obtained was normalised to a 100 |jm 1/e spot size. The relaxation pulse 

can be neglected because this test operates in the time domain where 

electron avalanche ionisation is the conventional model for damage to 

occur, which is thus dependent on peak power density (i.e. peak electric 

field). 

At a wavelength of 1.06 (jm a Nd:YAG laser was used with a single spike of 

10 - 50 ns duration, and more preferably in the range 20-40 ns, with data 

again normalised to a 100 |jm 1/e spot size. 

Thermal conductivity 

Thermal conductivity is measured by the laser flash technique (see for 

example DJ Twitchen et al., Diamond and Related Materials, 10 (2001) 



example DC Harris, "Infrared Window and 'Dome 
Materials", SPIE, Washington, USA 1992). However, in 

W@ll<H)tfi®!tfi2f>ieces of small size (e.g. 4 x 4 mm PCT/IB2003/005281 
laterally) and of the quality made possible by this 
method, it has been found necessary to develop a new 
technique for measuring scatter precisely. The new 
technique has been developed for measurement primarily 
at 1.06 pm, although other wavelengths such as 633 nm 
are P]53)13s&fflfiL<£.JhKW<aft aBiji^UnDisffnarrttfe aadfRalatednMateriatet 3u£1994) 
for tjae^method is shown in Figure 4. A 1.06 pm Nd-YAG 
laser 20 illuminates the sample 22 and the scattered 
beam 24 is detected through a defined aperture 26 with 

wide dynamic range detector 28. The 
sample 2 2 ann detector 2 8 are mounted on separate 
goniometer stages (not shown) allowing precise 

SffS%i§ signing "clean tent* (not shown) to mrnimise scatter Dy ° 
atm®&$foeti<JlTl M^feratra^tetrheThelaajherferameterta&Il^sisa nbhcroscope 

in fyp©tMp@i?ifieafce§>©f batM/eehdxl@§G!X)ara:|iQssible:witltltBS S^stenigBy 

hortc&tgho@3al.\$ari©£l bydessLttaffl l1j3% fflt&E tb©Srisa (tfitya plate if tittvzas fully 

aushness 
d i aifftfer® cfefeatp nae&B rsmant \xz®eria rapFeififfitativeuareaefLgppreol 
withQi^snect to the incoming beam and then fixed for 
the duration of the experiment. The diagram of Figure 
4 is not to scale, with the distance between the 
sam^^a(^r^tj|lj^s^etector being 400 mm. The unseattered 
beam iy inuicated by reference numeral 32. The data 
from the detector is gathered in a series of discrete 

scatter aB a function or angle, measured over tRe 
res Lfetyp^ cffitac^nene^- intaeselagjfcKteottaal tarBaffian^Btieerrifflit of 

the transmitted wavefront. By comparing the transmitted wavefront fringe 
pattern with the diamond etalon in the beam path with the pattern 
measured without an etalon in the beam path, the change in direction of 
and distance between successive fringes was computed and from this the 
deviation from parallelism between the two polished surfaces of the etalon 
was determined. These two fringe patterns were measured simultaneously 
by passing part of the light through the etalon while at some other position 
the light was directly incident on the 10% reflective flat mirror and was 
again reflected back towards the detector without passing through the 
diamond etalon. The simultaneous measurement allowed for higher 
accuracy than if the two measurements were performed one after the other. 



converted from essentially a one-dimensional array 
covering a strip from a hemisphere into 

W0t2)894/fl4MiiTLsional data covering bands around a PCT/IB2003/005281 
hemisphere. This is illustrated in Figure 5, where 34 
is the scattered beam as measured and 36 is the 
converted data to give the t3ifcal intensity scatter at 
this angle, as described more fully below. The data 
gathered is defined as the fractional scattered power 
perSurfadeangle at angle 0 ("FSP(O) ) : p,M' (r) 
Sr' at angle 0 PO where P,,,,B is the measured power 
at the detector at angle 0, P; is the incident beam 
powSurfaaeiflS&ne® tofc® rrsaidridaawilgeacZ^gdlGPIc^lasetshiftin^SiSitim 
scattered by. angle ,0 goes ixitp-.a band with „ . 
CirWfif8WPfWB0r%s^^«,%rao¥fliy|fti!%htafPia,a 
A, §32 'raftslasgh BMfce Tteas qsattiaJlyaraii^edffrdaheabiogs, reactivity, 
is given by. AO, = R22 = 2 ..rsinOMQ From. this.,, the .total 

by :splittetLa/ai'^jirtiall^r^f|getfea)b.yyfie poflsTOSI 64dJafriond optical 
PCT/IB2003/005281 -35, However, . the da,ta .is disci^te^ 
ratfi^WMi TOMHfSflsfrifB Me^'M^ge'^OTBuJSge^0 

by refte^tiabeaniB ns^feecort^^ ^ditHeejssaittingnfringerpEttterai was 
TS . z/2. VP+...P) -2&sin0A0 .2. e. in which _vp .and. hp are . 
the^p^cMif 993 
i s f he pdMra wastsaitosecjuerill^ aeal^secCWitte tltefetrtsssiapptt<^ti©n which 
with the .data interval as,, this varies, being, 1Q_ at 
low,sal?®#afda»rWi™^ feaTO^M1^0 GPI 

unsinterferaradtebeam. 

Mechanical Strength 

The utility of the material of this invention is clearly illustrated by the 

absence of reported strength data in single crystal diamond which has been 

obtained by actual fracture tests. Data currently reported are based on 

indentation tests, and the approximations and assumptions which are 

inherent in this approach. Conversely, the method of this invention makes 

material available in sufficient quantity that proper fracture tests can be 

completed. 

Furthermore, fracture strength testing is a destructive test. Since each 

piece of natural diamond is unique, once its strength is known then it is no 

longer available for application. Fracture testing can then only be used to 

characterise the spread of strength against some proxy characteristic, and 

the lowest anticipated strength used for application. In contrast, the 

synthetic diamond of the invention is a well characterised and consistent 

material such that the fracture strength of a particular element can be 

reasonably predicted based on fracture statistics of equivalent samples. 

The design strength of diamond, as used in this specification, is the 

strength which is exhibited by at least 70%, preferably 80%, and more 



Laser damage threshold The laser damage threshold is 
measured by firing pulses of a laser at the sample 

W(MflM/&4©£!St, and characterising the point of fBCni/IR2fiOM)95281 
the mean of the lowest incident peak energy that 
causes damage and the highest incident peak energy 
that does not cause damage. - a wavelength of 10.6 pm 
a C02 laser was used with a primary spike of the 
order of 50 -100 ns containing typically 1/3 of the 
tot pflef?rafiil$(at feast §§•% ofaBqfiiivalentisSimp)te®QQf njaieifal Rested: using the 
relaxation jaulse of the order of 2 ps. Data obtained 
was normalised to a 100 pm 1/e spot size. The 
relaxation pulse can be neglected because this test 

fevclUilBS,1«th lonisatiorf is the conventional"model for damage to 
occaspmptedsiie ofs5.(&h\rB 

- 5theden^axiatai0ng;thendia5>]Cfreptio®f(©Dd;hdtithdibhi(tftrffis$'asiiIeng the 

is psffiedurectnilttyitaihteeltffiams vfcilteafaefcpasledi^Tic^h 664®infi^Ke. 1 mm 

SUf #1W e 
- 3 6cjpRt|)l, and CJH Wort et al, Diamond and Related 
Materials, .3 (1.994) pll.58) . Surface Roughness Surface 
rouifelIf1^^tnS5ffim0'fe®§relslg9go NewView 5000 
scanning white light interferometer. The 
interferometer utilises a_microscppe equipped with an 
interferometric objecti$te-<£?y^§KQ?cWichelson or the 
Mireau type. Magnifications of between lx to 50x are 
possible with this system. By measuring over the full 
are£h0F line 

and the clamping line. 

Test samples were cut from homoepitaxial CVD diamond plates and 

carefully prepared by scaife polishing on progressively finer and finer grits 

down to a grit size of approximately 0.1 pm. Poor surface finish can limit 

the measured strength of the material and the ability of this material to take 

a high surface finish may contribute to its overall strength. 

Luminescence 

Quantitative luminescence properties of diamond samples can be obtained 

by normalising the integrated intensities of the relevant luminescence lines 

or bands relative to the integrated intensity of the diamond Raman 

scattering collection under the same conditions. The measurements are 

made at 77K with a 300 mW 514 nm argon ion laser beam and spectra 

recorded using a Spex 1404 spectrometer equipped with a holographic 

grating (1800 grooves/mm) and a Hamamatsu R928 photomultiplier. The 



roughness varied by less than 10% over the area of the 
plate if it was fully fine-polished. Therefore in the 

W(fc2O0itf§ifiB27neasurements the roughness was inferB(gEI3H21MiM)05281 
measurement over a representative area of approx. 0.36 
mm x 0.27 mm. Surface parallelism Surface parallelism 
was measured using a Zygo Gt>39phase shifting 633 nm 
laser Fizeau-type interferometer in a set-up identical 
to the measurement of the transmitted wavefront. By 
c om^ts isigortetfecttoeailswjfoit^® ctFaK/e^ponse ftfttctiagef th^aspeetaiineter 

pattern measured without an etalon m trie beam path, 
the change in direction of and distance between 

WBf t^Jollpwing deviation from parallelism between the two polished 
surfi@rtefe39iti<og e&aisptesalon was determined. These two 
fringe patterns were measured simultaneously by 
passing part of the light through the etalon while at 
somixarepterf position the light was directly incident 
on the 10% reflective flat mirror and was again 
reflected back towards the detector without passing 
thrSu^tratesB suitetto(f®rdsy5Ttl3^siaing stogies crysMiM&ijtfiamond of the 

accuracy than if the 
two measurements were performed one after the other. 
WO 2004/046427 PCT/IB2003/005281 -37- Surface 

ftp i^aspflof^-sai ̂ pi¥SfiPHT GPI phase shifting 633 nm laser Fizeau-type 
interf estont[©s)atfas (spttintrisffihte tl^b^S©f:mfta"QSQDpirhievdsiig&ttDn and 
!irom a biPn^ SSjte^train from a 10% reflectivity, interferometric quality beam 
spli11eanckiraapetrfeeticanfcght transmitted by the beam 
splitter was partially reflected by the polished 
surface of a diamond optical component manufactured 
froit) thbasfi&tsgwir©! l^ingiandLpofefatnScta .minjraisfemjbsurfeeaatefefe 

was recorned with a CCD camera detector and stored 
digitaiteyel^itoerogdoiiajelwietdrby the processing. 

iii) After optimisation it was possible routinely to produce substrates in 
which the density of defects measurable after a revealing etch is 
dependent primarily on the material quality and is below 5 x 103/mm2, 
and generally below 102/mm2. Substrates prepared by this process 
are then used for the subsequent synthesis. 

A high temperature/high pressure synthetic type 1b diamond was grown in 
a high pressure press, and as a substrate using the method described 
above to minimise substrate defects to form a polished plate 5 mm x 5 mm 
square by 500 pm thick, with all faces {100}. The surface roughness RQ at 
this stage was less than 1 nm. The substrate was mounted on a tungsten 
substrate using a high temperature diamond braze. This was introduced 
into a reactor and an etch and growth cycle commenced as described 
above, and more particularly: 



The pattern was subsequently analysed with the 
flatness application which is included as a standard 

W(&gipL/Mfa£7Lon in the software of the Zygo GPI PCT/IB2003/005281 
interferometer. Mechanical Strength The utility of the 
material of this invention is clearly illustrated by 
the absence of reported str^&gth data in single 
crystal diamond which has been obtained by actual 
fracture tests. Data currently reported are based on 
indentation tests, and the approximations and 
assumptions wJhgha.Me-^nl^pjit^i nVfrfefWIfolht of use 
Conversely, the method of this invention makes 
material avaiPHBfiMS.ingdaoi®JiJQi]Dteatioi^|iaCQntfitJVn9ltta5p^ieSE)eihe 
fracture test^^p^^^g^g^^f^^Jiermore, 
fracture strength testing is a destructive test. Since 
each piece of natural diamond is unique, once its 
strengths kpw^ tjjgn \5Sng 
application. Fracture testing can then only ie used to 
characterise £§atim@tte pemse^ond^^f 
characteristic,^ ^tte |flSic of 
used for application, in contrast, the synthetic 
diamond of th?3Q°]^vention is a well characterised and 
consistent material such that the fracture strength 
of a particular element can be reasonably predicted 
based on3)EracTbig^QM^t^'toiyfcieteffBpfe^ulitQaa&ydrog@rm§&hswith the 
The design st^gyp ^^^^s^ed in this 
specification, is the strength imich is exhibited by 
at least 70%, preferably 80%, and more WO 2004/046427 
PCT/lB20^V00^j81mOy^j|^^e£^^^h^^ditiSn of the 
equivalent samples of material tested using the 
procedure bel6arbomsgur®e^®ril^iSh:ast^lTb^a0dL£teeaiiit°gias§s.a In this 
single cantilpe^^p fcffftaifjmfat W^SiSfn W^as 
of 5.0 mm by 3.0 mm by 0.18-0.75 mm (length, r, by 
breadth, b, ©R@s§Rti<frkrtk&sp;ro^ss g®^ psiwipli^sfrewBrt calibrated 
f l°m J ^1°} °r fdcfftj N2Wffc to a&liimr8txtfie lifiBftte 
the <110> direction (so that the thickness is along 
the temperature at this stage was 800°C 

5) On completion of the growth period, the substrate was 

removed from the reactor and the CVD diamond layer 

removed from the substrate. 

The CVD diamond layer grown above can be sufficiently large to produce 

at least one and preferably several diamond etalons (in a two dimensional 

array) depending on the size of the CVD diamond layer and the required 

size of the etalons and sufficiently thick to prepare at least one and 

preferably more CVD diamond plates for processing 

After removal from the substrate the diamond layer grown as described 

above was sawn into a number of diamond plates (if required) and each 

diamond plate was subsequently polished to just above the desired 

thickness of 1.25 mm, which is the thickness of the desired diamond etalon 



<100> and the length and breadth are along the <110>). 
The testing procedure mounted the beams with an 

WG:3a$a/M6i27L eng t h of 4 mm (i.e. 1 mm inside theP(2I]/HJ2prf)3/005281 
and applied the force at a distance of 3.5 mm from the 
clamp. The strength, 6b, is given by the expression: 
Gb = (6Ws)/(bd2) where W is"4lie breaking load and s is 
the distance between the loading line and the 
clamping line. Test samples were cut from 
hom®e^fii^ctLfeiyLthe^qaii®MD©eispc4riaferanga(Snddi^:ea<3tedLtt^velength of 

ively f iner, 
and finer grits down to a grit size or approximately 
0.1 pm. Poor surface finish can limit the measured 
strWgffit^aiterm^&tPa4J&lo|W-<^¥o/?Siat)teha polishing material to take a TLign surface finish may contribute 
to pt&jaatiadeiTibeitarag u^Mfewaa.wanyirigkl and 

Ifif aSSKftfiminW-t feSfen&IWSfls scajfe obtained by normalising the mtegratecr intensities or 
thesui^csvant luminescence lines or bands relative to 
the integrated intensity of the diamond Raman 
scattering collection under the same conditions. The 
meaiThedtaeranel plate wasban &itnetf7avefr£Qdithe cstber side was polhshed to 

at this Spex 14TT4 spectrometer equipped with a holographic 
grastiag§ tdMia®tl^itoh3ta^6ntflii)th3tiraqiaraddtftBth®tfffiial Ktato®. Parallelism 
P^t^i&hBlAPBsiiffW cBftnim/W^Slfent -39 data is corrected to allow Tor spectral response 
funfeaa^oitotfietB^^pama^effle^knas^nstoettips&skillecfeisi toeiaitj Ihe 
staflMs*J W/iiyinfb IfiSW bWM£§rtafeYtpfa gafurement of invention will now be discussed m further^ detaiT by 
waytheffre4isp®stffllranSfig(FSfi^ias]aLfiriaI ̂ t^eed^ac^igisal tttiekrap^ewas 

the CVD diamond'of the a 
quality of the material was very constant, and then polishing for the 

necessary predicted time. Other methods of etching or material removal 

have been used, including ion beam etching, plasma etching or reactive ion 

etching. 

The plate was then cut up by a laser into discrete units. The side faces 

were then polished, although this is not always required by the application. 

The resultant diamond etalon was 1.5mm square, 1.251 mm thick, made to 

the following tolerances: 

thickness:- ± 0.25 pm 

parallelism-: ± 5 arcsec 

surface Ra:- 0.5 nm 

and had a FSR of 1.6678±2x10"4cm"1. 

Another diamond plate from the above synthesis process was used to 

further characterise the achievable surface Ra. The surface was carefully 



teSfeWSEd^j^J^f^^rom 

invention may be prepared as follows: i) Selection of 
stock material (type la natural stones and type lb 

W(ME®H,/04®£jbnes) was optimised on the basis of PCT/IB2003/005281 
microscopic investigation and birefringence imaging 
to identify substrates which were free of strain and 
imperfections, ii) Laser saw42ig, lapping and polishing 
to minimise subsurface defects using a method of a 
revealing plasma etch to determine the defect levels 
bei|^isto&<i©odM>tte^dte^a$;]des<pbed(abe\isi§nd ihiet))m&&u£ed for surface 

substrates m 'which the density or defects measurable 
af tMeaauresieeteMer§ takerfceach siGte^dteeamp^r^aGhtms^suijemeWEDn 

Bflh We 6ltelSn«ini WlSic 3^fflfgrid on the generally below lD2/mm2. Substrates prepared by this 
proc®^® ofaaseht&ttte} aoddderf the sfefetisateieqimefithes^inrtSasBrements 

nm, and diamond was grown m a high pressure press, and as a 
suboittsyefi waisLSb§4trirre±iQ^tSlrrancB. described above to 
minimise substrate defects to form a polished plate 5 
mm x 5 mm square by 500 pm thick, with all faces 
{10E^amptee2surface roughness RQ at this stage was 
less than 1 nm. The substrate was mounted on a 
tungsten substrate using a high temperature diamond 
braAesetiftjBsmwHX 6Lmnr<xdGk4an3m plate® cdi hDeroepitaxidrfa/iaidiattQrid 

- 4 othfe£e :ptaie$ .34 seG^rectetgular tesiisapiptesf StmetixvfiLtrttin jroiataral 

species m the incoming gas stream to below^0 ppb. 
2) pracesiweretfceeiRqrggrDv^Biaecttarteiurildat/i©S3 performed using 
15/75/600 seem (standard cubic centimetre per second) 
of 02/Ar/H2 at 263 x 102 Pa and a substrate 
temffearaBetiofesarfiples was polished on a scaife using a range of diamond 

powders down to 0.1 |jm. Care was taken to ensure that, as far as 

possible, all sub-surface damage was removed from the samples. The final 

polishing stage with the finest grit is vital as this controls the final surface 

flaw size distribution. After the top and bottom surfaces were polished, the 

edges of the samples were prepared to the same standard. After polishing 

was complete, the surfaces were examined by Nomarski interference 

contrast and 'micromapped' to check the surface roughness. Nomarski 

microscopy at a magnification of x200 revealed that there where no visible 

defects in the surface. The surface roughness, as defined by the Ra value, 

was determined using a non-contact, optical surface roughness 

measurement instrument ('Micromap'). Two series of 200 pm long scans 

were made in perpendicular directions and the resulting Ra values were 

averaged yielding a mean Ra value of less than 0.25 nm. This compares 

with typical Ra values of between 1 nm and 5 nm for diamonds polished 

using the same technique as is used for polishing natural diamonds in the 

jewellery trade. 



730C. 3) This moved without interruption into a 
hydrogen etch with the removal of the 02 from the gas 

WGE2ffiW046#?7 This moved into the growth process kJ$C1/B@003/005281 
addition of the carbon source (in this case CH4) and 
dopant gases. In this instance was CH4 flowing at 36 
seem and 1 ppm N2 was pres'fe^" in the process gas, 
provided from a calibrated source of 100 ppm N2 in H2 
to simplify control. The substrate temperature at 
thi^n^^@ng}^ggcolaprBl?eg35®ietebtfig]y^§i?PS)li©cttctt!5@ sgtf&efcaf some 
per6ff?ie 
and the CVD diamond layer removed from the substrate. 
The betJDctgenaeaJbfdhirD £l3S^ra|$©&ari<a]i@># §alcp®lishateg. suf f ic ient ly 
large to produce at least one and preferably several 
diamond etalons (in a two dimensional array) 
depihsistepnstb ©fi4h®i$3ie§fw$&^<?^r<^^o&0gtea§^ile^a bSSffi 
re<5HAWi. stfi£ frl5iv»fl SfrlitefiSviMj fi^liijfIbf1«nf1Wnliples 
to prepare at least one and preferably more CVD 
diaaeer«9xipi@Mife|).3EaTfn^bi§te^^4jigi @P©e^-5fiferflGfifel2.®ioai26hi-30, 
subISSftl9,ttg3,^°^teSfihfiiatfl.tlW^SS^iestl1tl®fSie was sawn into a number of diamond plates (if required) 
andtv^fedowesli^lMgsdapi&ei® seyen, 
J"sBogl5iyftd!^nfi^Tl^saitte5iaafiti6ffwiS ?>&t 
the thickness ox the desired diamond etalon WO 
200 ip/tb^ei^gncpcJJii^etgloaofTy/iafijLKDea on tNeLmgisiffttf MtLtoetfo-yEvsoewith 

art§tr<gng|h gfLifclta^^ 6f?<§nai®ith§ <jtaia SBSSfStSDto# s&£flsihcisi actually 
casjj^ polishing wheel that had been 
carefully prepared. The tang used was very rigid and 
held the diamond against a reference surface that ran 
Par?irLgJm^ist)ft,ethfe'r^fclfig rfcuicfrfN^ent data in the public domain (all 

known strength measurements on natural diamond are based on 
indentation testing, which is an indirect and less reliable method, because 
of the restricted availability of suitable samples), the strength of a batch of 
five type lla natural diamond plates was also measured. These plates were 
carefully selected by examination with an optical microscope at x50 
magnification to be free of inclusions and other flaws which may weaken 
the diamond, and were prepared and tested by the same technique. The 
individual strength values for this set of 5 samples approximately 0.18 mm 
thick were, in GPa, 1.98, 2.08, 2.23, 2.61, 2.94 clearly limited by the 
intrinsic properties of the material. Similarly type lb single crystal diamond 
synthesised by a high pressure-high temperature process were carefully 
selected, processed, and tested using the same techniques. The individual 
strength values for this set of 14 samples approximately 0.35 mm thick 
were, in GPa, 0.94, 1.11, 1.16, 1.3, 1.35, 1.38, 1.46, 1.50, 1.54, 1.6, 1.65, 
1.72, 1.73, 1.98, 2.17. 

The strength population of the CVD diamond of this invention is clearly 
distinct and higher than that of either the natural or HPHT diamond. 



The diamond plate was then turned over and the other 
side was polished to the desired flatness and 

W<g)aQfla/D4£S27Lsm on the same scaife, taking care aKCT/Ifi2903/005281 
stage to bring the thickness to that required for the 
final etalon. Parallelism was measured using a 
commercial Zygo GPI interfet6fhetric instrument based 
on the Fizeau principle, well known to those skilled 
in the art. The thickness was measured initially by a 
micrometer, using measurement of the free spectral 
ranAepa^i®r okttte&s for 
was achieved by measuring the linear removal rate, 
whi<gss P«ti&jiarawie#®«awi5uafe is^e^n 
conMifiiet^n^st^18liaPayiteBf5 Mah&% brifStffrdMifthe. outer 1 
predicted time. Other methods of etching or material 
rem<mmiof <M^Satb%MrfecQSfea§ t&iwjtbstsMga ip^sBi^diffiiEsrttiahgf, 200 
PlaIWfe#lSfeiPl8iafepSEtifr8f4:on etching. The plate was 
then cut up by a laser into discrete units. The side 
faces were then polished, although this is not always 
remi?.ftA¥^nPRi^gira>etifite^,¥ii}:ant diamond 
etalon was r.5mm square, 1.251 mm thick, made to the 
following tolerances: thickness:- 0.25 pm 
parallelism-: 5 arcsec . ̂ ^Kfrace. Ra: - 0.5 nm and had a 
FSR of 1.66782xl0-4cm-l . Another diamond plate from 
the above synthesis process was used to further 
characterise the achievable surface Ra. .The, .surf ace, 
waSWeWH^cfe8r^^l8&PW?B%!?/,Jgi3Msfe-l#and 

polfcE&ednstraitocfebtoewM&i, tor diamond; is Q/I^for unconstrsinei) at the 
measured for, surface Ra using the Zygo NewView 500,0 , 
sca&fef^iW ^atl° for 

werdietafdralntoshaSte ai\&du©fcf sSepsU&e d©tefrtnirote§st!teed&jp£e of 
on a 1 mm .x L.mm area, with the 9 areas forming a 3, mm 
x 3 cMRi ^5ds we worst-case scenario of the edge being 

unconstrained. 

If a natural diamond window (design strength 2.0 MPa) were used in this 
application, the thickness would need to be 0.54 mm. With strong single 
crystal CVD diamond of the invention (design strength 3.0 MPa), the 
thickness could be reduced to 0.44 mm. The reduction in the thickness of 
the material will reduce the cost of the window. 

Example 3 

A set of 3 plates of homoepitaxial CVD diamond were synthesised 
according to the method described in Example 1. These were prepared as 
optical plates of thickness 0.60-0.64 mm and with lateral dimensions of up 
to 6 mm x 6 mm. Sets of Deltascan images, each covering an area of 1 mm 
x 0.75 mm, were recorded for each sample at a wavelength of 589.6 nm. 



centre of each side, and then the statistical mean of 
the 9 measurements was calculated. The measured Ra on 

W(fclflM/0#642/&s 0.53 nm 0.04 nm, and on side B wgtgT/IB2B<S3/005281 
nm 0.05 nm. Example 2 A set of 6 mm x 6 mm x 0.4 mm 
plates of homoepitaxial CVD diamond were synthesised 
according to the method desc4*lbed in Example 1. From 
these plates, a set of rectangular test samples, 3 mm 
x 5 mm in lateral dimensions and 0.17 to 0.22 mm 
thii»clvBefei^9SB^irift&i!!i®^wt9iaBaliisg5l fefithe pegigiugn w^jy^of |sin 
fret 

iea on a scaire using a ranqe or diamond was "polished on a scaite using a range 
powf&ariE^ rrfepsrbetow.0.1 pm. Care was taken to ensure that, 
as far as possible, all sub-surface damage was 
remi 
wi 
ftop 

and bottom surfaces were polished, the edges of the 
samples were prepared to the same standard. After 
polishing was complete, the surfaces were examined by 
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Analysis of the data above shows the following 

over an area of 2.0 mm x 2.25 mm the maximum value for |sin 8| is 0.3 

over an area of 3.0 mm x 4.0 mm the maximum value for |sin 8| is 0.6 

over an area of 5.25 mm x 4.0 mm the maximum value for |sin S| is 0.9 



of the samples prior to final polishing. A further 
optional technique would be to chemically thin the 

W(&aftfl]M)4!&2'£>rior to final polishing. The strengtPCE(ffi2B®M)05281 
plates was measured by single cantilever beam 
bending. The individual strength values for a set of 
nine samples approximately"2 mm thick were, in GPa, 
1.50, 1.63, 2.50, 3.26, 3.30, 4.15, 4.29, 4.83, 5.12. 
Analysis of this and other datasets suggests that the 
two Tb©\J^Qse^]m^o|a9mpte542asta^ii9;theiToa)p)^tm\®tui6cfflf |sao>S| 
the iff&mmspt mnf£0.%5>te i^atet«»yite,bete,samPle 
preparation was not sufficiently caretul' m this 
instance to avoid any influence on the measured 
strength. Even wp ith thess two suspect data 
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Analysis of the data above shows the following 

over an area of 2 .0 mm x 3.75 mm the maximum value for |sin S| is 0.3 

over an area of 3 .0 mm x 3.75 mm the maximum value for |sin 8| is 0.4 

over an area of 4.0 mm x 4.5 mm the maximum value for |sin 8| is 0.7 



distinct and higher than that of either the natural or 
HPHT diamond. WO 2004/046427 PCT/IB2003/005281 -44 A 

W(jb20fl#/MfcH7ar application of high strength diamoWar/Bg0<]iM)05281 
optical windows for gas analysis by infrared 
spectroscopy. A particular window, which is 7 mm in 
diameter, has a clear apertuf^'of 5 mm and is brazed 
around the outer 1 mm of one flat surface, has to 
withstand a pressure differential of 200 atmosphere 

where r is the clear aperture, P, the pressure, 6b, 
the breaking strength and k a constraint factor 
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Analysis of the data above shows the following 

over an area of 3 .0 mm x 2.25 mm the maximum value for |sin 5| is 0.2 

over an area of 3 .75 mm x 3.0 mm the maximum value for |sin 8| is 0.6 

over an area of 4.0 mm x 4.5 mm the maximum value for |sin S| is 0.9 



Each Deltascan sine 8 image was analysed for the 
maximum value of [sin 81 using 100% of the data and 

WGtEfl9&$<ife64£taximum values are shown in the Isin BCLT/^p(^/005281 
below. The Deltascan map of sample E4.1, showing the 
maximum value of sin 51 in each frame of 1 mm x 0.75 
mm is shown immediately belt4A~0.5 0.4 0.5 0.6 0.6 
0.2 0.1 0.2 0.2 0.6 0.4 0.2 0.2 0.3 0.3 0.3 0.3 0.1 
0.3 0.5 0.2 0.3 0.4 0.9 0.4 0.2 0.2 0.7 0.3 0.9 0.6 
0. 6EJ93n9Pte.43 0.7 0.9 Analysis of the data above shows 
the following over an area of 2.0 mm x 2.25 mm the 
maximum value for Isin 81 is 0.3 over an area of 3.0 
mm & setsoDfi)nam©^tax^£MMi8ia®a<& lag^es wiisystbesigecbg^orc^iR®io 

Dei$gns©tiflnai;®f)ue>fo §^TtpfffearElithip|<n©$se®M^ipdeL^-2n0wnkrlnE0fTi these 
l&irs iIfeSf6lP4§1iSfflls<3£nl jfttes 

shown immediately below. 0.4 0.5 0.7 0.8 0.6 0.2 0.3 
0 . 4wiih 4lateoa! 9di(ne0sions of.typisraHy x 6\(fcmoi. snd .ttiiqko§sses4of 
0 ' 6apj$p$m^tely 9.2^ n9m.3Tl9e ftii<9cn^ss 8f ^ac9rp)atS Wa^mia^lir|d WltR a 
0.8 V.5 0.2 0.2 0.3 Analysis of the data above snows 
themfaRMeteittgartoaK^raasto£betterdlfiar£±Qi2£hiprrfc: 3.75 mm the 
maximum value for Isin SJ is 0.3 

The average FSR of each plate over the C-band (197200-192200 GHz) 

was determined by measuring the frequencies of the peak position of the 

etalon transmission peak nearest to the start and end position of the C-

band for perpendicular incident light. A 1 mm diameter beam was used. 

These peak positions could be determined to an accuracy better than 

+0.5GHz. The effective FSR is calculated by dividing the frequency interval 

between the two extreme peaks by the number of periods in the 

transmission spectrum (For this etalon thickness and frequency band 

typically 100 periods). Thus the error in the determination of the FSR is 

better than +10MHz. 

Figure 6 shows the measured FSR as a function of the inverse of the 

sample thickness for each of the plates. From the slope of the least-square 

straight line fit to the data an effective refractive index was calculated using 

equation (1) which gave a value for the average effective refractive index 

of: 

nemav = 2.39695 

with a standard deviation of 

cjn = 0.00045 



over an area of 3.0 mm x 3.75 mm the maximum value for 
Isin 81 is 0.4 over an area of 4.0 mm x 4.5 mm the 

W(3n2fleiM#Ht2Value for Isin 81 is 0.7 WO 2 004/04 64ECT/IB2003/005281 
PCT/IB2003/005281 -47 The Deltascan map of sample 
E4.3, showing the maximum value of Isin 61 in each 
frame of 1 mm x 0.75 mm is "^fibwn immediately below. 
0.4 0.6 0.9 0.9 0.5 0.6 0.9 0.8 0.9 0.4 0.2 0.5 0.9 
0.3 0.2 0.2 0.1 0.5 0.5 0.4 0.2 0.2 0.1 0.6 0.5 0.4 
0 . 2Tfei2ia®inT^n®d^/i$i.QEi frojjn. tie^v^rstge^^; 5 0.6 Analysis of 
the data above shows the following over an area of 3.0 
mm x 2.25 mm the maximum value for Isin 51 is 0.2 
over an area of 3.75 mn^n»ax?.i) OiQi0Ot2ie maximum value for 
Isin 61 is 0.6 over an area of 4.0 mm x 4.5 mm the 
maximum value for Isin 51 is 0.9 WO 2004/046427 
PCT7te®BT&&i£rKJM) messur®bctev^ilien te tber©far© found to be: 
homoepitaxial CVD diamond layers were synthesised 
according to the method described in Example 1. The 
CVD diamond layers had ^imensions of up to 
6.5 mm and thicknesses ®,§>yp_to 3.2 mm. From these 
CVD diamond layers a total of 48 plates were prepared 
as etalon plates with lateral dimensions of typically 
4 • OTMs ft£ freSfure^BP@ft$r©3ft <ftii&knks£ 9 and 
mm. The thickness of each plate was measured with a , 
mic^R#^^s«le 
avetfsgffe the c-band 
(197200-192200 GHz) was determined by measuring the 
frequencies of the peak position of the 

^^max _ f hom 
nejf,av \ n Jmeas V n J 

Error analysis shows that the maximum relative measurement error in n 

due to the measurement errors in thickness d and FSR is: 

An} A d AFSR 0.25,fm 10 MHz — = + = + = ±4.0x10 * 
n Jmeas d FSR 1-255mm 50GHz 

The maximum relative deviation Anmax/neff,av is largely determined by the 

measurement error in thickness (Ad) and FSR (AFSR). 

An upper limit on the variation in the value of the refractive index, An^m/n, 

is therefore at least better than +4x10-4. 

Example 5 

8 sets of homoepitaxial CVD diamond layers were synthesised according to 

the method described in Example 1. The CVD diamond layers had lateral 

dimensions of up to 6.5mm and thicknesses of up to 3.2mm. From these 

CVD diamond layers a total of 48 plates were prepared as etalon plates 



etalon transmission peak nearest to the start and end 
position of the C- band for perpendicular incident 

WQlfflj)M)464A7 1 mm diameter beam was used. These 2003/005281 
positions could be determined to an accuracy better 
than 0.5GHz. The effective FSR is calculated by 
dividing the frequency inter^Sl between the two 
extreme peaks by the number of periods in the 
transmission spectrum (For this etalon thickness and 
fre^ln^rgja^lffien^fc^iiypiciiiao nmTWOffe 
in of the FSR is better than 10MHz. 
Figure 6 shows the measured FSR as a function of the 
inverse of the sample thickness for each of the 

PlaSfif cofffSf di&Sftiaterlier line fit to tne data an effective refractive index was 
caiaaditoSiifleajiitiii^e ptojjtedtiiidjiiguca )7, ^vilneo^t^s^idalineailidieateeihe 

200GtetepfniBed) Jfcheoretraotive-ieictexThe maximum 
deviation from the average was: Anmax = 0.00092 The 
maximum relative measured deviation is therefore found 
to be: 3.84x10-4 nef f, ajVj.^Rhis deviation is 
due to measurement erfefkfj^j 'tfifcc^^Jss d and FSR and 
due to the variation in the refractive index from 
sample to sample due to material inhomogeneity, 
Aniftm tfi&Pj^e ti^ffettl^Wfra&tve in<fex' ilYiof^sco^£P\Falue to use, 
analysis shows that the maximum relative measurement 
err<bMt ttistfthe actual refractive index at the considered frequency is to be 

used which has the value n=2.3856, as can be determined from the 

Sellmeier equation, describing the dispersion of the refractive index. This 

value is consistent with the measured value of the effective refractive 

index.) The theoretical value of the contrast ratio is: 

Cth=1.967 

The average measured contrast ratio is: 

Cmeas.av-1.89 

with a standard deviation: 

ere = +0.04 

Any imperfection in etalon material properties (inhomogeneities in the 

volume) and etalon preparation (imperfect parallelism, flatness, roughness 

of the surfaces) reduces the contrast ratio. The consistently high value of 

the contrast ratio demonstrates the homogeneity of the material properties 

and the accuracy of the etalon preparation. 



due to the measurement errors in thickness d and FSR 
is: (An) Ad + AFSR _ 0.25 fun + 10MHz = +4.0x10-4 n 

W<fti2ft0ii/0<flS4B'ER 1.255mm 50GHz The maximum relativePCT/IB2003/005281 
deviation Anmax'neff,av is largely determined by the 
measurement error in thickness (Ad) and FSR (AFSR). An 
upper limit on the variation^ih the value of the 
refractive index, Aninhom/n, is therefore at least 
better than 4x10-4. Example 5 8 sets of homoepitaxial 
CVDE^Hnifiterfe layers were synthesised according to the 
method described in Example 1. The CVD diamond layers 

of up to 3.2mm. From these CVD diamond layers a total 
of tjng had lateral 

2 0 oFSS 45 df iijb^o ̂ ^ffiPn^rom these 
dimensions of typically 4.0 x 4.0 mm and thicknesses 
of i.tQMiief4tlt^t^)MflejEfe§EepplSc!L§s^l(^gl§tes 
etavlfiff ^lrtofies^dof 
the results are plotted in Figure 7, where the solid 
lintppTS!9ftViit8bfet2iils\gi. theoretically maximum value for an 
ideal etalon, for which the surface reflectivity is 
determined by the refractive index Cr, =(1+R12 R-Cn 
H2ThdpRr)allelisflvgfr9 GPI phase 
refMfipiv%33*xlailr nfi^e^p6:oHlrfyroi¥iifeV,e iMbcpfte dft^te 
that the actual refractive index at the considered 
f re^8$isa1^rui§clB^e<kt§ th%§(g||/vsimfitftei^§oi9f^ iRt§rfef@rrifigr.. 3 856, 
as can be determined from the Sellmeier equation, 
describing the dispersion of the refractive index. 
ThiBara^lteisiQplQtM^S'eirifee^jigte qM^e to 
thet^fv&i^frbYifoFei&re^nlTilnsrfifflSS^hrbu5l1i1%^6M^to^pectto 
value of the contrast ratio is: Ctn=1.967 

the plane wavefront of the unperturbed beam. This defines a wedge angle 

between the front and backside of the etalon 

The average wedge angle a varied between 2.3 and 13.8 arcsec with an 

average value of: 

aav = 9.2 arcsec 

and a standard deviation of: 

oa = 3.5 arcsec 

Example 7 

8 sets of homoepitaxial CVD diamond layers were synthesised according to 

the method described in Example 1. The CVD diamond layers had lateral 

dimensions of up to 6.5 mm and thicknesses of up to 3.2 mm. From these 

CVD diamond layers a total of 48 plates were prepared as etalon plates 



The average measured contrast ratio is: Cmeas,av=l.89 
with a standard deviation: 6c _ 0.04 Any imperfection 

WCL2004/IB^6M2)TL material properties (inhomogeneitieBCT]/IB2B®M)05281 
volume) and etalon preparation (imperfect parallelism, 
flatness, roughness of the surfaces) reduces the 
contrast ratio. The consistently high value of the 
contrast ratio demonstrates the homogeneity of the 
material properties and the accuracy of the etalon 
pre^afe-alilBHl.diw©n§i@o% /tf4&Bte9llyp&£>/ ?B4$0 9]^ cWEfe lhickn§§ses of 
Exag^gxj^1a^|^^^grrj^ homoepitaxial CVD diamond layers 
were synthesised according to the method described in 
Example 1. The CVD diamond layers had lateral 

&SloW?pl&fes was 
3.2mm. From these CVD diamond layers a total of 48 
pla0^§sw@#eU^3Sfe^^§.o iePfe sjjiftffQe §33 ̂ tess&tf&SSy-type 

of approximately 1.25mm. Tne parallelism of 9 etalon 
using a Zygo GPI phase shifting 

633 nm laser Fizeau-type interferometer, using the 
angle application included in the software of the 
Zygif- 4W? aBFttiggfeflrfetfl9ln.es3a®aS!t!B©dsfls i®ecaH§5&-valley 
f ro®fffel^ic#,na:i# £ Shows 
the wavefront of tne beam transmitted through the 
etathSrfn^Syfiefir^B^^flatnSSS ^^efjlane wavefront of the 
unperturbed beam. This defines a wedge angle between 
the front and backside of the etalon The average wedge 
anglfee gv<$f§§§. g^fgt^i^r^s f ,i§: and 13.8 arcsec with an 
average value of: aav = 9.2 arcsec and a standard 
deviation of: 

F = 51.1nm, or 0.16 fringes 

and the standard deviation is 

CJF =18.2nm, or 0.058 fringes 

Example 8 

8 sets of homoepitaxial CVD diamond layers were synthesised according to 

the method described in Example 1. The CVD diamond layers had lateral 

dimensions of up to 6.5 mm and thicknesses of up to 3.2 mm. From these 

CVD diamond layers a total of 48 plates were prepared as etalon plates 

with lateral dimensions of typically 4.0 x4.0 mm and thicknesses of 

1.2510 + 0.00025 mm. 

Surface roughness for 15 of these plates was measured with a Zygo 

NewView 5000 scanning white light interferometer using a 20X 

magnification interferometric objective of the Mireau type and the Zygo 

MetroPro software package. Zoom was set at 1X. Camera resolution was 

640x460 pixels with 20 Hz refresh rate. Field of view was 0.36 x 0.27 mm 



6a = 3.5 arcsec Example 7 8 sets of homoepitaxial CVD 
diamond layers were synthesised according to the 

W<to3fl01Mft«S4afescribed in Example 1. The CVD diamon0CT/^2eQM)O528l 
had lateral dimensions of up to 6.5 mm and 
thicknesses of up to 3.2 mm. From these CVD diamond 
layers a total of 48 plated %re prepared as etalon 
plates WO 2004/046427 PCT/IB2003/005281 -52 with 
lateral dimensions of typically 4.0 x 4.0 mm and 
thiafKhfei £l&§rEtbB3SO&gjgfj-8&f rft$fe!Pjcran-2 
^^eTOtimfeWSfpaflll Kal§ast 
measured using a Zygo GPI phase shifting 633 nm laser 
Fiz^flJSFQSyfpo m&ieifi wiMgh ftbgtfitelQfe tilt, power 

interferometer. In this application the flatness is 
de famfefDreoswerfe rqnaovfsds t T^g^ni^nLri&^eviatiGffTgeft^Hc^e rgfef^Ge 
fitlu^e%i^!lMie1^wlfeefipi<fWiff™tb^iss file root-
shows the measured surface flatness values. The 
avem@§i&s$tgaf£#alsie^dfeei^§\gatrong^a^caici|tete^. Jrfte rgygfaiesf thus 
f r ̂ (Jepifnin fc^nS kfiff 1 :^ni^%efW^n^3fcftes Stfth 
0.058 fringes Example 8 8 sets of homoepitaxial CVD 
diaaifca\®rag^8aJBe $£©<92<jpn§|s^arcfed§^t§0^ 0t1d nna.hl§dividual 

.te^^antiarJ^vi&Yih 3f f^MWcEFfim 
had lateral dimensions of up to 6.5 mm and 
thiwfo^iSasafiUBiS 5t<di%r^trrri0ndQrB^rrPh<K@®6POS(ti^DS dpygfriitemfull 
la^M^0trWrlJrf^a1-§aPlates were Prepared as etalon 
plates with lateral dimensions of typically 4.0 x4.0 
mm and thicknesses of 1.2510 0.00025 mm. Surface 
roughness -for 15 of these plates was measured with a 
Zygo am'5 * 

A set of five samples was measured, of which four were single crystal CVD 
samples and one was a lla natural diamond sample. The details of the 
samples are given in Table 1 below. 

Table 1: Samples used for scatter measurements 

Sample Thickness, 

pm 

Dimensions, 

mm 

Process (based on that 

of Example 1) Number ID 

Thickness, 

pm 

Dimensions, 

mm 

Process (based on that 

of Example 1) 

1 SM1 1352 4.61 x 4.28 5 ppm N2, 

2 SM2 1471 5.74 x 5.56 5 ppm N2, 210 x 102 Pa 

3 SM3 428 4.96 x 3.34 1 ppm N2, 

4 SM4 912 6.60 x 6.09 0 N2 (< 300 ppb) 

5 AM1 942 5.17x3.36 Natural lla diamond. 

The samples were all carefully prepared with an optical polish with their 
major faces as close to [001] as is possible, typically within 1.5°. 

Prior to measurement, all the samples were cleaned in a strongly oxidising 
mixture of hot concentrated sulphuric acid and potassium nitrate to remove 



NewView 5000 scanning white light interferometer using 
a 20X magnification interferometric objective of the 

W(MlQM/&464£ype and the Zygo MetroPro software pBISK^M3/005281 
Zoom was set at IX. Camera resolution was 640x460 
pixels with 20 Hz refresh rate. Field of view was 0.36 
x 0.27 mm WO 2004/046427 PCl74tB2003/005281 -53 and 
the lateral resolution was 0.56 micron. A software 
bandpass filter was used with cutoff spatial 
f relO^fe^fcfgrf^.^n^ogn^. ]A(f^gl^fflng^rq^§§ife wa^§%tp 
fita^dt^fcc^nfiftgffii^^^a^ tfkSid cause 
piston, tilt, power and astigmatism related to the 
ove y^e^§§ti^r^9tsangul ar orientation and 
form were removed. The remaining deviations from the 
reference surface thus defined were filtered with the 
banl^^al^it^ing^^etq§|cu(af§d 
dev4^cfoj=d1Rf <nfeltfititf-§l^?ibe5'^rltleP,uSfe1ftfesv^ffi^are shown in 
determined was found to vary between 0.5 and 1.5 nm 
bet^9^fi%>lates with an average value of 0.92 nm and 
standard deviation of 0.11 nm. Individual plates 
showed a much smaller standard deviation of less than 
0 . ofakte fprdte?chosen 
Posfrtvfe§fiSafi®ifr the ful1 4-° x 4-° mm surface area 
Example 9 A set of five samples was measured, of which 
four were single crystal CVD samples and one was a 

natural diamond samp 1 JptgftgpaifeEeiiPew©6 %he 
e give 

scatte:: 
in in Table 

measurements" 

wti 10 x WW 
30*6201® 0 N2 

0.144404 

0.651108 

0.672936 

lla 
samfl) 
used 
Dimensions, Pro^fidES -8®^5§ed o)i3.6fLa87.5frumbe 
Exarr 
5. 1L.-. 'x 5.56 5 pj)' 
3.3^:21 ppm N2, 4OSJ9«530-2 6.6 

e 1:—Samples 
ickness, 

ppm N 
3 SM3 

0.129007 

0.517491 

0.445124 

r4.5t>- §>7h5ftim of 
1471 

96 x 
0L40WKB ppb) 

0.118031 

0.251997 

0.114724 

This data shows that material grown without N deliberately added has a 

substantially higher scatter than material grown with some nitrogen added. 

This is consistent with observations that the stress level (as revealed by 

birefringence) is higher. In comparison there appears to be relatively little 

difference between the three samples grown with different levels of nitrogen 

in the process and different process pressures although there are small 

variations. The high values of scatter for both the CVD grown without 

nitrogen and the natural type lla stone shows the particular benefit of CVD 

diamond synthesised by the method revealed here, and as natural type lla 

diamond is known to contain stress and dislocations the scatter is 

presumably by a similar mechanism. 

Example 10 



5 AMI 942 5.17 x 3.36 Natural lla diamond. The 
samples were all carefully prepared with an optical 

WQ)2flDi/S#]64a/ZLth their major faces as close to [0BCLT/|B2a.(^/005281 
is possible, typically within 1.50. Prior to 
measurement, all the samples were cleaned in a 
strongly oxidising mixture" hot concentrated 
sulphuric acid and potassium nitrate to remove WO 
2004/046427 PCT/IB2003/005281 -54 any traces of 

the 

df^tfe&l plate, 
anything that could cause extraneous surface scatter 
effi^,§t4.£0dJWl x^5 
waspj^^^ig^j^^nd calculated according to the method 
described eariier, and the values are shown in Table 
2. Table 2: TSP values at 1.064 pm for the five 
sW$, v&H^eor&sd Sample Angular Range 2.50-87.5(1 3.50-87.50 4.60-87.50 

l 0 S leog^qfe^-Q) noiefaB $acfe of)thggtfeiF^gmfiitugfe ©fgpendicular 
0 *1 QifeM-jfr dir^cfiorils^i^ftil filfii o? thk^ft^le. fea&r 6|tUs9;cin sin 8 0.51749? 0.251997 5 0.672936 0.445124 0.114724 This 
datknageoMfflstiradyaedtferith.^. rgaxtrnnrmvaJliesitof iNBirfldl irbibsatrt$alrTpier 
added has .a substantially .higher .scatter .than, material 
g r o wnSCwi § A e§ ® using roge°n m$a °%nie/wws^mnt 
with observations that the stress level (as revealed 
by _birefringence) is higher. .In comparison there . 
appflfejWB® Wfel?w,n9 
thediFiottefl p®mfli[l-1©^h@4gO0iTTimidilfte^iSS©fft1itp|^t©^lsso.<pf Likewise, 
nitrogen in the process and different process 
pre^PISirTOrtitff A^ora^ ̂ ll^P recorded with the viewing 

direction parallel to the 3.65 mm dimension of the plate was 0.1. A 

maximum value of An^verage], the average value of the difference between 

the refractive index for light polarised parallel to the slow and fast axes, was 

then calculated for each of these two viewing orientations and found to be 

approximately 3 x 10"6. 

The values obtained with the viewing direction perpendicular to the two 

largest dimensions and parallel to the 1.31 mm dimension are shown in the 

sin 8 map below. This viewing direction corresponds to the growth direction 

of the CVD diamond layer, and thus is parallel to the dominant direction of 

dislocations in the material. 

The Deltascan map of sample E10.1, with the viewing direction parallel to 

the 1.31 mm dimension of the plate, showing the maximum value of |sin 8| 

in each frame of 1 mm x 0.75 mm is shown immediately below. 



variations. The high values of scatter for both the 
CVD grown without nitrogen and the natural type lla 

W(fc£ftfisM§4®ECbws the particular benefit of CVD disa®fffiJ003/005281 
synthesised by the method revealed here, and as 
natural type lla diamond is known to contain stress 
and dislocations the scatter^fs presumably by a 
similar mechanism. Example 10 WO 2004/046427 
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largest 
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dimensions and parallel to the 1.31 mm dimension are 
shown in the sin 8 map below. This viewing direction 

this 

dirsiewingndiisetion can be calculated based on the corresponding sin 8 value 
and the sample thickness, with the values given below: 

Sin 8 0.10 0.20 0.30 

An 7.2 x 10"B 1.4 x10"5 2.2 x10"5 

In some of the more demanding optical applications, the presence of 
randomly scattered points, or even a single point, of higher stress may be 
limiting. This data, using every data pixel measured across the sample, 
shows that material grown using the method of the invention can achieve 
extremely low levels of strain related birefringence both generally across 
the sample and also locally. 

Example 11 



dislocations in the material. The Deltascan map of 
sample E10.1, with the viewing direction parallel to 

WGtEfl®4/D4(32.7 mm dimension of the plate, showing tHSI7IB2003/005281 
maximum value of Isin 81 in each frame of 1 mm x 0.75 
mm is shown immediately below. WO 2004/046427 
PCT/IB2003/005281 -56 0.1 D^'0.1 0.1 0.1 0.2 0.1 
0.1 0.2 0.2 0.1 0.1 0.3 0.2 0.2 0.2 0.2 0.1 0.1 0.1 
0.1 0.1 0.1 0.1 The corresponding maximum values of 
On [©H§&&§fe/]e femm^@R.ceEf^H@u®ijietnfe^e^^c^oiaar^ng§d?f as 
cang^nc^toi^&fe(a £&© diSffi^g^^iroWrPafeording 
value and the sample thickness, with the values given 
bel&Vthegmthgd an ^aiDplgol-dn^cfe cage th.^mga^emgntg >$fergcm5de 
2 • 2affer1A^rfi0vaWh6)fld(ft%yBffi6fic sample 
applications, the presence of randomly scattered 
poii/veg ^r^in^^fio^n.siH^LSrc^feirfionditjen^f^dEecfethete&irrwiin of 
be <^fcftth "mm 3M^c^ite??<ilXf^th uniform 
measured across the sample, shows thab material grown 
usiJi|niia^:et?^:Be^e^PSt^feju^§^feKi>dmin@§i<fer^@iiiIi§g®g. Any small 
exti§aifctel 1Pwfrf"^for£fats W^gg^f1« ̂ lrMffeatirent 
both generally across the sample and also locally. 
Exaifcpii§espfn<w?) p£QR^j€gs4WSB37 rfrcgv^feb#0GP/ Ite jysgsuregrijents were 
Qua^jjgative luminescence measurements were made on a 
range of as grown and annealed single crystal CVD 
diamond samples grown according to the method in 
exa^ejur^jne&fer^iSfteS^mkfti N^ttW^TWg^g Tfi^fnethod 
after the removal of the {100j synthetic lb substrate 
on $M.Qfifee$ h^r^fmjgDd were normalised relative to the 1332 diamond 

Raman line, also as described earlier. The results obtained are shown in 
Table 3 below: 

Table 3: Samples used for luminescence measurements 

Sample Raman normalised 
intensity of 575 nm 
PL line 

Raman normalised 
intensity of 637 nm 
PL line 

Annealing treatment 

1 126.7 56.57 None (As-grown) 
2 101.3 50.8 None (As-grown) 
3 141.6 67.8 None (As-grown) 
4 1.09 1.26 24 hours at 1800°C, 

75 kBar 
5 1.99 0.76 4 hours at 1950°C, 

75 kBar 
6 0.17 0.22 4 hours at 2400°C, 

80 kBar 
7 0.16 0.63 24 hours at 2100°C, 

80 kBar 
8 1.09 0.68 24 hours at 2250°C, 

80 kBar 
9 0.39 0.70 4 hours at 2400°C, 

80 kBar 



was originally grown. The growth conditions favoured 
the formation of predominantly <100> growth sector 

WGfilQ®fft®#fii27naterial with uniform luminescence pB<3pBi2ti<iM$5281 
as judged by luminescence imaging. Any small 
additional growth sectors at the edge of the sample 
with different luminescenc^^properties were removed 
before the measurements were made. The luminescence 
measurements were made at 77K using the method 
desEhafifeapiida^iisjt^f ^aipiRyn^sjtfcis 
133ifi but 
The results obtained are shown m Table 3 below: 
TabO?© t&us 
Sample Raman normalised Raman normalised Annealing 
treatment intensity of 575 nm intensity of 637 nm PL 
lid§X3*!LP(?i1fe 1 126.7 56.57 None (As-grown) 2 101.3 
50.8 None (As-grown) 3 141.6 67.8 None (As-grown) 4 
1. Onsets®§hQi3pof®ts>*i5»l gyPK&rogrjd sgnttoe^cbacjqprding to 
houtfi§ n^thdtf cj£!&ribecFft 1 ,°Fri>& tfte^ s^ts 40 I 
80 kBar 7 0.16 0.63 24 hours at 2100C, 80 kBar 8 1.09 
0 . 6|?ree^eacassretai9n Bl§^§cvyith ^ergb^ifne$isig)n§ $)f tfypj<gallg 
at ^iPtftfckne^s^j^r&ximately 1.255+0.005mm. 

The optical homogeneity of 6 etalon plates, originating from 4 different sets, 

were measured using a Zygo GPI phase shifting 633nm laser Fizeau-type 

interferometer. The scanned area was typically 3.2x3.2mm. 

An effective optical homogeneity is defined in terms of the largest peak-to-

valley variation (PV) of the wavefront difference of the beam transmitted 

through the etalon and the unperturbed beam, after removal of the 

variations due to long-scale shape. The Zygo GPI interferometer software 

option to remove the tilt from the wavefront difference removes the non-

parallelism of the front and back face of the sample, whereas the power 

and astigmatism software options remove the cumulative effect of the 

curvatures of the surfaces. In this way an effective maximum variation in 

the refractive index over the measured area can be defined by the relation 

PV(fringe)x 
An = 

d 

In Table 4 below the measured PV values are tabulated for the case that 

only the tilt is removed and for the case that all shape factors are removed. 

The lower PV values in the second case as compared to the first indicates 

that there are some scale shape effects due to non flatness of the plate 

surfaces still present, although it can not be excluded that also some of the 

(large scale) variation of the refractive index is filtered out in this way. 



WO 2004/046427 PCT/IB2003/005281 -58 The absolute 
value of the upper level of 575nm and 63 7 nm PL 

WGLMtM/ft'feSM.'y is in part determined by the nitroej(gftIB2003/005281 
concentration in the growth process, but can thus be 
advantageously reduced by annealing as demonstrated 
here. Example 12 8 sets of" fr%moepitaxial CVD diamond 
plates were synthesised according to the method 
described in Example 1. From these sets in total 48 
platTfei eJfe^iye ^^ai0^3Ti§genett^^9rPvprL|f^5^ate§tMetggreei^in this 

approximately 1.2550.005mm. The optical homogeneity of 
6 etalon plates, originating from 4 different sets, 

laser Fizeau-type interferometer. The scanned area 
was typically 3.2x3.2mm. An effective optical 
hc,Tl^6feeA igti&aTOfti<^n6iW nfeSperiients peak-to- valley variation (PV) or the wavefront 
difference of the beam transmitted through the etalon 
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Example 13 

2 sets of homoepitaxial CVD diamond plates were synthesised according to 

the method described in Example 1. From these sets 50 uncoated etalons 

were prepared with lateral dimensions of typically 1.5x1.5mm and 

thicknesses approximately 1.250mm. For 6 etalons the insertion loss was 

determined by measuring the maximum transmitted light intensity lp of the 

transmission spectrum of each etalon at the beginning and at the end of the 

C-band, thus at approximately 192200 GHz and 197200 GHz, using a 

pinhole with a diameter of 1.2 mm positioned centered on the etalon front 

face. 

In a separate measurement the transmitted light intensity l0 was measured 

at the same frequencies, without the etalon , but with the pinhole in place. 



surfaces still present, although it can not be 
excluded that also some of the (large scale) 

WQr2O0i/&46M>li of the refractive index is filteredP<25EflB2ft#S/005281 
this way. WO 2004/046427 PCT/IB2003/005281 -59 The 
effective optical inhomogeneity An over the plates, 
determined in this way, is'fffess than approximately 
8x10-5 and more than approximately 4x10-5. The 
variation between plates from different growth sets is 
aboTfee *tye^.ifferfam® terms of 

[B§£§Htf1^§Mate§«^itnrigHo Mi set out in 
(xl0"5) Tilt removed Tilt, Tilt removed Tilt, 
Curl/^?!?i£e, Curvature, Astigmatism Astigmatism 
removed removed 0005-2 0.262 0.221 6.6 5.6 0044-8 
0.285 7.2 0044-10 0.344 0.141 8.7 3.6 0053-11 0.290 
0 . 2W> iP.s§rt i$>ngjoss^ 9% efolqra i^dgpejd gonpp^retf tO(Jb?teofi®i ideal 
0 • 2§t^loft,- \h/fofeh7bdfe ch- foseftitffR^^oFo blcai&fea61^£$m8in^ti<3n* 6f 
deviation Example 13 2 sets of homoepitaxial CVD 
dia§m&]]M<^sfr$en?@stpgg£§&g 1&§c3&§efP$ifi ifcinciglggt light in 
metfo@3>iffc* s&ffy§^cMfer%&P&L ftifferf^flfflsfr Sfie igftibel0(surface 
uncoated etalons were prepared with lateral 
dim©yg|l'2£§§) §®d g<^j-pggr[l§tyBni o|fti? .QHteff lttfM)cbfh<tefc£§d from 
apPdfiffgrfeW^^ur^mi^Wi -thg£6n#as$ tetitfflftit ffe^e^^cJnk^Re non-
loss was determined by measuring the maximum 
t ra^lMi§^nidiprfac§I§Ggiw'i<?^ Iffg^e^n tl^m^ffMr^ insertion 
spefe§§g#n of each etalon at the beginning and at the 
end of the 

Table 5: Samples used for insertion loss measurements 

Etalon Number Insertion loss (dB) 

@ 197200 GHz @ 192200 GHz 
1 -0.39 -0.38 
2 -0.34 -0.34 
3 -0.23 -0.23 
4 -0.29 -0.34 
5 -0.29 -0.28 
6 -0.25 -0.23 

Example 14 

A range of single crystal diamond samples were synthesised according to 
the general method of Example 1, the variations on this method being given 
in the Table 6 below. After synthesis these samples were prepared as 
optical plates by careful surface polishing, resulting in the dimensions 
given. For comparison, optical grade polycrystalline diamond with an 
optical polish was also included in subsequent measurements. 



C-band, thus at approximately 192200 GHz and 197200 
GHz, using a pinhole with a diameter of 1.2 mm 

W<J>2)Q®i/fl4®2£fed centered on the etalon front faceP.CIPiB2a.03/005281 
separate measurement the transmitted light intensity 
to was measured at the same frequencies, without the 
etalon , but with the pinhol^ "in place. WO 2004/046427 
PCT/IB2003/005281 -60 The relative difference in 
transmitted light intensities is defined in terms of 
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Table 7: Samples used for absorption coefficient measurements 

Sample Absorption Coeff. 

(cm-1) 

At 10.6 |jm At 1.064 |jm 

E14.1 - 0.0483 

E14.2 0.0262 0.0071 

E14.3 0.0264 0.0077 

E14.4 - 0.0464 

E14.5 0.0362 0.119 

Example 15 

3 sets of homoepitaxial CVD diamond layers were synthesised according to 
the method described in Example 1. The CVD diamond layers had lateral 
dimensions of up to 6.5 mm and thicknesses of up to 3.2 mm. From these 
CVD diamond layers a total of 11 etalon plates were prepared with 
thicknesses varying between 1.250 mm and 1.258 mm. The thickness of 
each plate was measured at several positions with a micrometer to an 

accuracy of better than ±0.5 (jm. Over each plate no thickness variations 



the general method of Example 1, the variations on 
this method being given in the Table 6 below. After 

these samples were prepared as opt0iE®IB2OO3/OO5281 
plates by careful surface polishing, resulting in the 
dimensions given. For comparison, optical grade 
polycrystalline diamond within optical polish was 
also included in subsequent measurements. WO 
2004/046427 PCT/IB2003/005281 -61 Table 6: Samples 
useTMi^ralgtR^l^on^stM^es are 
Dia^^^jpiM^y^gLC. Comments (pm) (mm) (ppm, N2) E14.1 
1352 4.12 5 330' x 102 Pa E14.2 606 5.08 1 E14.3 590 
5.06 1 E14.4 1395 5.14 2.5 3.5% CH4 E14.5 608 5.09 0 
°PtTSBlfe of 

absorption was made as reported earlier, and the 
results are shown in Table 7 below: Table 7: Samples 

The FSR over the C-band (197200-192200 GHz) was determined on 
several positions (4 to 9 positions with average of 6.7) on each of the etalon 
plates by measuring the frequencies of the peak position of the etalon 
transmission peak nearest to the start and end position of the C-band for 
perpendicular incident light. The distances from each measurement 
position to the next nearest measurement position was at least 1.6mm. A 
1 mm diameter beam was used, defined by using a metal plate with an 
array of pinholes fixed to the etalon plate. By moving the plate in the beam 
by means of micrometers each of the positions could be illuminated 
separately. The effective FSR of each etalon is calculated by dividing the 
frequency interval between the two extreme peaks by the number of 
periods in the transmission spectrum (For this etalon thickness and 
frequency band typically 100 periods). 



3 sets of homoepitaxial CVD diamond layers were 
synthesised according to the method described in 

W<E2ftfc*i$4£S27L. The CVD diamond layers had lateralPCT/IB2003/005281 
dimensions of up to 6.5 mm and thicknesses of up to 
3.2 mm. From these CVD diamond layers a total of 11 
etalon plates were prepared" thicknesses varying 
between 1.250 mm and 1.258 mm. The thickness of each 
plate was measured at several positions with a 
micfbeifSKtragecFSftiovefc^iutosBipn®® nb^net gtetetwa& cgicgia^j fooeseh 

acc&FSSMax- The lateral dimensions of the plates are 
shown in Table 8. Table 8: Samples used for FSR 
measurements shown in Figure 9 ID number Length (mm) 
widfhis is^deiSied is4 . 64 4.63 3 4.73 4.78 4 
5.2 5.24 5 4.72 4.74 6 4.76 4.79 7 4.7 4.7 8 5.9 
5.9 9 5.95.9 10 5.8 5.8 11 6.34 6.4 The FSR over 
the C-band (197200-192200 ffiii^i?i}\faifo[£l&:tjermined on 

several positions (4Afg§mUi9= p'osit^oAs with average of 
6.7) on each of the etalon plates by measuring the 
frequencies of the peak position of the etalon 

position of che C-5and for perpendicular incident 
light. The distances from each measurement 

The FSR of these plates was approximately 1.66 cm"1. Figure 9 shows the 

standard deviation and the maximum error of the FSR for the different 

etalon plates. The average standard deviation is crFsR,av=1-37x10"4 cm"1. 

The largest maximum error that was found is 3.5x10"4 cm"1, whereas the 

smallest error is as low as 6.7x10"5 cm"1. 
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CLAIMS: 

1. A CVD single crystal diamond material which shows at least one 

of the following characteristics, when measured at room temperature 

(nominally 20°C): 

i) a high optical homogeneity, with the transmitted wavefront 

differing from the expected geometrical wavefront during transmission 

through diamond of a specified thickness of at least 0.5 mm, processed to 

an appropriate flatness and measured over a specified area of at least 1.3 

mm x 1.3 mm, by less than 2 fringes, where 1 fringe corresponds to a 

difference in optical path length equal to 1/£ of the measurement 

wavelength of 633 nm; 

ii) a low optical birefringence, indicative of low strain, such that in a 

sample of a specified thickness of at least 0.5 mm and measured in a 

manner described herein over a specified area of at least 1.3 mm x 1.3 

mm, the modulus of the sine of the phase shift, |sin 8|, for at least 98% of 

the analysed area of the sample remains in first order (5 does not exceed 

7i/2) and the Isin 5 I does not exceed 0.9; 

iii) a low optical birefringence, indicative of low strain, such that in a 

sample of a specified thickness of at least 0.5 mm and measured in a 

manner described herein over a specified area of at least 1.3 mm x 1.3 

mm, for 100% of the area analysed, the sample remains in first order (5 

does not exceed TI/2), and the maximum value of An^verage]. the average 

value of the difference between the refractive index for light polarised 

parallel to the slow and fast axes averaged over the sample thickness, 

does not exceed 1.5x10"4; 

iv) an effective refractive index in a sample of a specified thickness of 

at least 0.5 mm, measured in a manner described herein over a specified 
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area of at least 1.3 mm x 1.3 mm, which has a value of 2.3964 to within 

an accuracy of +/-0.002; 

v) a combination of optical properties such that when the diamond 

material is prepared as a diamond plate in the form of an etalon of a 

specified thickness of at least 0.5 mm and measured using a laser beam 

with a wavelength near 1.55 jjm and a nominal diameter of 1.2 mm over a 

specified area of at least 1.3 mm x 1.3 mm, it exhibits a free spectral 

range (FSR) which, when measured at different positions over the plate, 

varies by less than 5 x 10"3 cm"1; 

vi) a combination of optical properties such that when the diamond 

material is prepared as a diamond plate in the form of a Fabry-Perot solid 

etalon of a specified thickness of at least 0.5 mm, and measured using a 

laser beam with a wavelength near 1.55 jjm and a nominal diameter of 

1.2 mm over a specified area of at least 1.3 mm x 1.3 mm, and which has 

no coatings applied to the optically prepared surfaces, it exhibits when 

measured at different positions over the plate a contrast ratio exceeding 

1.5; 

vii) a combination of optical properties such that when the diamond 

material is prepared as a diamond plate in the form of an etalon of a 

specified thickness of at least 0.5 mm, and measured using a laser beam 

with a wavelength near 1.55 jjm and a diameter of 1.2 mm over a 

specified area of at least 1.3 mm x 1.3 mm, it exhibits an insertion loss not 

exceeding 3 dB; 

viii) a variation in refractive index over a volume of interest, said 

volume comprising a layer of a specified thickness of at least 0.5 mm, 

measured in a manner described herein over a specified area of at least 

1.3 mm x 1.3 mm, which is less than 0.002. 
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2. A CVD single crystal diamond material according to claim 1, 

wherein the transmitted wavefront differs from the expected geometrical 

wavefront by less than 0.5 fringes. 

3. A CVD single crystal diamond material according to claim 2, 

wherein the transmitted wavefront differs from the expected geometrical 

wavefront by less than 0.2 fringes. 

4. A CVD single crystal diamond material according to any one of 

the preceding claims, wherein the modulus of the sine of the phase shift, 

|sin S|, for at least 98% of the analysed area remains in first order and 

does not exceed 0.4. 

5. A CVD single crystal diamond material according to any one of 

the preceding claims, wherein the modulus of the sine of the phase shift, 

|sin 8|, for 100% of the analysed area remains in first order and where 

An[average] does not exceed 5 x 10"5. 

6. A CVD single crystal diamond material according to any one of 

the preceding claims, which has a value of effective refractive index of 

2.3964 to within an accuracy of +/-0.001. 

7. A CVD single crystal diamond material according to claim 6, 

which has a value of effective refractive index of 2.39695 to within an 

accuracy of +/-0.0005. 

8. A CVD single crystal diamond material according to any one of 

the preceding claims, which exhibits a free spectral range (FSR) which, 

when measured at different positions over the material, varies by less 

than 2 x 10"3 cm"1. 
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9. A CVD single crystal diamond material according to claim 8, 

wherein the free spectral range varies by less than 5 x 10"4 cm"1. 

10. A CVD single crystal diamond material according to any one of 

the preceding claims, which has a variation in refractive index over the 

volume defined by the specified thickness and the specified area, 

measured in a manner described herein, which is less than 0.001. 

11. A CVD single crystal diamond material according to claim 10, 

wherein the variation in refractive index is less than 0.0005. 

12. A CVD single crystal diamond material according to any one of 

the preceding claims, which when prepared as a diamond plate in the 

form of a Fabry-Perot solid etalon exhibits when measured over different 

positions over the plate of specified thickness and area a contrast ratio 

exceeding 1.7. 

13. A CVD single crystal diamond material according to claim 12, 

wherein the contrast ratio exceeds 1.8. 

14. A CVD single crystal diamond material according to any one of 

the preceding claims, which when prepared as a diamond plate in the 

form of a Fabry-Perot solid etalon exhibits, when measured using a laser 

beam with a wavelength near 1.55 jjm and a diameter of 1.2 mm over 

different positions over the plate of specified thickness and area, an 

insertion loss not exceeding 1 dB. 

15. A CVD single crystal diamond material according to claim 14, 

wherein the insertion loss does not exceed 0.5 dB. 
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16. A CVD single crystal diamond material according to any one of 

the preceding claims which shows at least one of the following 

characteristics, when measured at room temperature (nominally 20°C): 

i) a low and uniform optical scatter such that for a sample of a 

specified thickness of at least 0.4 mm the forward scatter at 1.064 jjm, 

measured in a manner described herein over a specified area of at least 

1.3 mm x 1.3 mm, integrated over a solid angle from 3.5° to 87.5° from 

the transmitted beam, is less than 0.4%; 

ii) a low and uniform optical absorption such that a sample of a 

specified thickness of at least 0.5 mm has an optical absorption coefficient 

at a wavelength of 1.06 jjm of less than 0.09 cm"1; 

iii) a low and uniform optical absorption such that a sample of a 

specified thickness of at least 0.5 mm has an optical absorption coefficient 

at a wavelength of 10.6 jjm of less than 0.04 cm"1. 

17. A CVD single crystal diamond material according to claim 16, 

wherein the forward scatter at a wavelength of 1.064 jjm measured in 

sample of the specified thickness and area, integrated over a solid angle 

from 3.5° to 87.5° from the transmitted beam, is less than 0.2%. 

18. A CVD single crystal diamond material according to claim 17, 

which exhibits a forward scatter at 1.064 jjm of less than 0.1%. 

19. A CVD single crystal diamond material according to any one of 

claims 16 to 18, wherein the optical absorption coefficient at 1.06 jjm is 

less than 0.05 cm"1. 
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20. A CVD single crystal diamond material according to claim 19, 

wherein the optical absorption coefficient at 1.06 jjm is less than 0.02 cm" 
1 

21. A CVD single crystal diamond material according to any one of 

claims 16 to 20, wherein the optical absorption coefficient at 10.6 jjm is 

less than 0.03 cm"1. 

22. A CVD single crystal diamond material according to claim 21, 

wherein the optical absorption coefficient at 10.6 pm is less than 

0.027 cm"1. 

23. A CVD single crystal diamond material according to any one of 

the preceding claims which shows at least one of the following 

characteristics, when measured at room temperature (nominally 20°C): 

i) an ability to be processed to show a high surface polish with an 

Ra (arithmetic mean of the absolute deviation from the mean line through 

the profile) measured over a specified area of at least 1.3 mm x 1.3 mm 

less than 2 nm; 

ii) an ability to be processed to show a high flatness, with a flatness 

measured using 633 nm radiation and measured over a specified area of 

at least 1.3 mm x 1.3 mm which is better than 10 fringes; 

iii) an ability to be processed to show a high parallelism, with a 

parallelism measured over a specified area of at least 1.3 mm x 1.3 mm 

which is better than 1 arc minute. 

24. A CVD single crystal diamond material according to claim 23, 

which can be processed to show a surface polish with an Ra less than 

1 nm. 
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25. A CVD single crystal diamond material according to claim 24, 

which can be processed to show a surface polish with an Ra less than 

0.6 nm. 

26. A CVD single crystal diamond material according to any one of 

claims 23 to 25, which can be processed to show a flatness better than 1 

fringe. 

27. A CVD single crystal diamond material according to claim 26, 

which can be processed to show a flatness better than 0.3 fringes. 

28. A CVD single crystal diamond material according to any one of 

claims 23 to 27, which can be processed to show a parallelism better than 

+/- 30 arc seconds. 

29. A CVD single crystal diamond material according to claim 28, 

which can be processed to show a parallelism better than +/-15 arc 

seconds. 

30. A CVD single crystal diamond material according to any one of 

the preceding claims, which shows at least two of the given 

characteristics. 

31. A CVD single crystal diamond material according to any one of 

claims 1 to 15, which shows at least three of the given characteristics. 

32. A CVD single crystal diamond material according to claim 31, 

which shows at least four of the given characteristics. 

33. A CVD single crystal diamond material according to any one of 

claims 16 to 22, which shows all three of the given characteristics. 
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34. A CVD single crystal diamond material according to any one of 

claims 23 to 29, which shows all three of the given characteristics. 

35. A CVD single crystal diamond material according to any one of 

the preceding claims, wherein the specified area of the sample in each of 

the satisfied characteristics, if given, is at least 2.5 x 2.5 mm. 

36. A CVD single crystal diamond material according to claim 35, 

wherein the specified area of the sample in each of the satisfied 

characteristics, if given, is at least 4x4 mm. 

37. A CVD single crystal diamond material according to any one of 

the preceding claims, wherein the specified thickness of the sample in 

each of the satisfied characteristics, if given, is at least 0.8 mm. 

38. A CVD single crystal diamond material according to claim 37, 

wherein the specified thickness of the sample in each of the satisfied 

characteristics, if given, is at least 1.2 mm. 

39. A CVD single crystal diamond material according to any one of 

the preceding claims which shows a mechanical design strength, 

measured in a manner described herein, such that at least 70% of 

samples tested over a batch size of at least 8 will only fail at strength 

values of at least 2.5 Gpa. 

40. A CVD single crystal diamond material according to claim 39, 

wherein at least 70% of samples tested over a batch size of at least 8 will 

only fail at strength values of at least 3.0 GPa. 
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41. A CVD single crystal diamond material according to any one of 

the preceding claims, having a Raman normalised luminescence intensity 

of the 575 nm and 637 nm peaks which is less than 40. 

42. A CVD single crystal diamond material according to claim 41, 

having a Raman normalised luminescence intensity of the 575 nm and 

637 nm peaks which is less than 10. 

43. A CVD single crystal diamond material according to claim 42, 

having a Raman normalised luminescence intensity of the 575 nm and 

637 nm peaks which is less than 3. 

44. A CVD single crystal diamond material according to any one of 

the preceding claims, with a thermal conductivity measured at 20°C which 

is greater than 1800 Wm'1K'1. 

45. A CVD single crystal diamond material according to claim 44, 

wherein the thermal conductivity measured at 20°C is greater than 2300 

Wm'1K'1. 

46. A CVD single crystal diamond material according to any one of 

the preceding claims, in the form of a plate having opposed major faces, 

which is prepared for use with an average dislocation direction in the plate 

more than 30° from normal to the major faces. 

47. A CVD single crystal diamond material according any one of the 

preceding claims, which was annealed as part of its preparation. 

48. A CVD single crystal diamond material according any one of the 

preceding claims, which was annealed subsequent to its preparation. 
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49. A CVD single crystal diamond material according to any one of 

the preceding claims, which is formed into a mechanical layer or an 

optical layer or a polished gemstone. 

50. A CVD single crystal diamond material according to claim 49, 

which is formed into a polished gemstone. 

51. A CVD single crystal diamond material according to any one of 

the preceding claims, which exceeds at least one of the following 

dimensions: 

a) a lateral dimension of 1 mm, 

b) a second orthogonal lateral dimension of 1 mm, 

c) a thickness of 0.1 mm. 

52. A CVD single crystal diamond material according to claim 51, 

wherein a lateral dimension exceeds 5 mm. 

53. A CVD single crystal diamond material according to claim 51 or 

claim 52, wherein the thickness dimension exceeds 0.8 mm. 

54. A CVD single crystal diamond material according to any one of 

claims 51 to 53, which exceeds at least two of the dimensions a to c. 

55. A CVD single crystal diamond material according to claim 54, 

which exceeds all three of the dimensions a to c. 

56. A CVD single crystal diamond material according to any one of 

the preceding claims, for use in, or as, an optical device or element. 
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57. A CVD single crystal diamond material according to any one of 

the preceding claims, which contains less than 5 x 1017 atoms/cm3 N in 

single substitutional form as measured by EPR. 

58. A CVD single crystal diamond material according to claim 57, 

which contains less than 2 x 1017 atoms/cm3 N in single substitutional form 

as measured by EPR. 

59. A CVD single crystal diamond material according to any one of 

the preceding claims, which contains more than 3 x 1015 atoms/cm3 N in 

single substitutional form as measured by EPR. 

60. A CVD single crystal diamond material according to claim 59, 

which contains more than 1 x 1016 atoms/cm3 N in single substitutional 

form as measured by EPR. 

61. A CVD single crystal diamond material according to claim 60, 

which contains more than 5 x 1016 atoms/cm3 N in single substitutional 

form as measured by EPR. 

62. A method of producing a CVD diamond material suitable for 

optical applications and according to any one of the preceding claims, 

which method includes the steps of: 

- providing a substrate substantially free of crystal defects, 

- providing a source gas, 

- dissociating the source gas to produce a synthesis atmosphere which 

contains 300 ppb to 5 ppm nitrogen, calculated as molecular nitrogen, and 
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- allowing homoepitaxial diamond growth on the surface which is 

substantially free of crystal defects 

wherein the surface damage of the substrate is minimised by including a 

plasma etch on the surface on which homoepitaxial diamond growth is to 

occur, whereby a density of defects at the surface of the substrate is such 

that surface etch features related to the defects is below 5 x 103/mm2, 

wherein the level of nitrogen is controlled with an error of less than 300 

ppb (as a molecular fraction of the total gas volume) or 10% of the target 

value in the gas phase, whichever is the larger, and 

wherein the level of nitrogen is selected to be sufficient to prevent or 

reduce local strain generating defects whilst being low enough to prevent 

or reduce deleterious absorptions and crystal quality degradation, thereby 

producing a CVD single crystal diamond material meeting the 

requirements of one or more of claims 1 to 61. 

63. A method according to claim 62, wherein the synthesis 

atmosphere contains more than 500 ppb nitrogen, calculated as molecular 

nitrogen. 

64. A method according to claim 63, wherein the synthesis 

atmosphere contains more than 800 ppb nitrogen, calculated as molecular 

nitrogen. 

65. A method according to any one of claims 62 to 64, wherein the 

synthesis atmosphere contains no more than 2 ppm nitrogen, calculated 

as molecular nitrogen. 
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66. A method according to claim 65, wherein the synthesis 

atmosphere contains no more than 1.5 ppm nitrogen, calculated as 

molecular nitrogen. 

67. A method according to any one of claims 62 to 66, wherein the 

density of defects is such that surface etch features related to defects is 

below 102/mm2. 

68. A method according to any one of claims 62 to 67, wherein the 

surface of the diamond substrate on which CVD diamond growth occurs is 

the {100} surface. 

69. A method according to any one of claims 62 to 68, wherein the 

level of nitrogen is controlled with an error of less than 100 ppb (as a 

molecular fraction of the total gas volume) or 3% of the target value in the 

gas phase, whichever is the larger. 

70. A method according to claim 69, wherein the level of nitrogen is 

controlled with an error of less than 50 ppb (as a molecular fraction of the 

total gas volume) or 2% of the target value in the gas phase, whichever is 

the larger. 

71. A method according to any one of claims 62 to 70, wherein the 

properties of the CVD single crystal diamond material produced are 

further enhanced by annealing the diamond material. 

72. A CVD single crystal diamond material produced by a method 

according to any one of claims 62 to 71. 

73. An etalon produced from a CVD single crystal diamond material 

according to any one of claims 1 to 61 and 72. 



-77-

74. An etalon according to claim 73, which is a Fabry-Perot etalon or 

a Gires-Tournois etalon. 

75. A CVD single crystal diamond material according to any one of 

claims 1 to 61 which meets the requirements of any one of claims 1 to 61 

after growth, after suitable shape and surface processing, or after 

processing by annealing. 

76. A CVD single crystal diamond material according to claim 75 

which meets the requirements of any one of claims 1 to 61 after growth. 

77. A CVD single crystal diamond material according to claim 75 

which meets the requirements of any one of claims 1 to 61 after suitable 

shape and surface processing. 

78. A CVD single crystal diamond material according to claim 75 

which meets the requirements of any one of claims 1 to 61 after 

processing by annealing. 
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