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DIAMOND MATERIAL BACKGROUND OF THE INVENTION This
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diamond material, its production and optical devices

and elements arising from this material. There is a
range of optical devices whidhr, as a result of their
unique requirements, place high demands on the
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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 fulfii 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.
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-2- SUMMARY OF THE INVENTION According to the present
invention, a CVD single crystal diamond material
WEO#84627 least one, preferably at least two, BRCEE2003/005281
preferably at least three, and even more preferably
at least four of the following characteristics, when
measured at room temperature 2(nominally 20C): 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
ical wavefront during
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and even more preferably by less than 0.2 fringes, where 1 fringe

corresponds fo a difference in optical path length equal to %2 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 x4 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 um 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 A04/08d2Free 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 2.3964 is based on fHe diamond consisting of
carbon isotopes in their natural abundance ratio, and

that the value of 2.3964 will vary as the isotopic
composit 1 (squation. f definedriaten). Thosecskilled jn thewarpill understand
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least 1.3 mm x 1.3 mm, and preferably at least

x 2.5 mm,VHi®8 more preferably at least 4 mm x 4 mm,

the modulus of the sine of the phase shift, Isin 81,

as measureddiﬁ a Deltascan or similar instrument with
€

similad bwoptiealobirefdnaance. indicative of downsiraimrsyeh sthat in
615 nm an@amﬁlé@@?ﬁ%}ﬁé&‘ﬂé@ﬁn&ngg’s gP?csie 0. @ﬁfﬁ‘?iﬂ’efeﬂably at

certain limits. Specifical hese mlts a
the modullgastdk8 pre apd more @raf@rébbsm leasth.2fmm, measured over

for at 1le
o Coyer® Bpedificd o of A RegBE SRR Y ar(i, 3hd JERFLY &

area of tasts2f8pna xrdfanms and meres preferably at8lea$ieéa Mo tX
exceed irdgn apd tRAkIuS S ihe éng%zsthe?l@{asgx&%ﬁ Asth B, as

and preferably does not excee
preferablfeassed nky afeltadcan. or almilamamﬁrl.pamﬁew&lblg{mllar

does not regﬁﬁﬁ?@rg l%ll'@b ré‘&}guéﬁoﬁﬁe %gr%%@éb%% e651125n A and

exceed 0.2 ination o al prop
such thatprafesably H89:6 i <loes awt ed¢%&nbne?tq1ﬂdjnﬂst316peh&cally,

form of ape&rfHhits tagé é@éﬁ%ﬁ@ﬁ%ﬁ%ﬁgkﬁﬁg %f?] ﬁase shift,

least 0.5 mm, pre mm an
preferabliginat | for ah feast 98%mand more prefesably foruat iafa;t 99% and

laser bea&eﬁ%ﬁ&eaprgf‘%}é%}ye%glf&o% of the analysed area of the sample
remains in first order (5 does not exceed n/2) and that [sin & 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 ym 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° cm™, and preferably by
less than 2 x 10° cm™, and more preferably by less than 5 x 10
cm™, and even more preferably by less than 2 x 10 cm™.



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
WQrwie4edly 2.5 mm x 2.5 mm, and more preferabUKIBR2003/005281

least 4 mm x 4 mm, exhibits a free spectral range

(FSR) which, when measured at different positions

over the plate varies by les#than 5 x 10"3 cm', and

preferably by lesgs than 2 x 10-3 cm'', and more

preferably by lesg than 5 x 10- c¢cm"', and even more

preferably by less than 2 x 10-4 cm'. WO 2004/046427
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value of the etalon transmission at an incident laser
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that is ifeitieRmisdon 148 RiifimaRh value 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 ym 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@E2HWI04642E a specified thickness of at least BCHIB2f3/005281

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 ‘e diameter of 1.2 mm,

over a gpecified are of at 1least 1.3 mm x 1.3 mm, and

preferably at least 2.5 mm x 2.5 mm, and more
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10.6 pm m @BAr 20C of less than 0.04 cm-1, and
preferably less than 0.03 cm-1, and more preferably
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than (B)o2bownand, ugiformewptieal ahsomiion sychithel aseowie obra
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such that for a sample of a specified thickness of at
least 0.5 mm, preferably at least 0.8 mm and more

prefermpblyog tankCafiform: ophthl 2Bfer"SREH 1R ROFST s%mple of a

specified area of at least 1.3 mm x 1.3 mm, an

preferabl§pegifieddhiskness 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 um, 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 um, 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,
waa0d46E22d over a solid angle from 0.3 to 45PEMBR0GHH5281

transmitted beam, is less than 0.2%, and preferably
less than 0.1%, and more preferably less than 0.05%,

and even more preferably legd 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
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even more preferably greater than 150 Jem™.

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™K", preferably greater than 1800
Wm'K™", more preferably greater than 2100 Wm™ 'K, even more
preferably greater than 2300 Wm™K", and even more preferably
greater than 2500 Wm™K™. 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 R, (arithmetic mean of the absolute deviation from the



density that does not cause damage is greater than 35
Jcem2, and preferably greater than 50 Jcm2, and more
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preferably greater than 120 Jcm2, and even more
preferably greater than 150 Jcm2. 13) High thermal
conductivity, with a value fdy material composed of
carbon in its natural isotopic abundance which when
measured at 20C ig greater than 1500 Wm-'K-',
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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
WQ2®40464%7 2 .5 mm, and more preferably at leasRCHEIB200#005281

X 4.0 mm, which igs better than 10 fringes, and
preferably better than 1 fringe, and more preferably
better than 0.3 fringes. 177 8% mechanical design
strength, obtained from measurements made using a

single cantilever beam technique with individual
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applying 4155 umobynstanring therfrequesey ohithedasar beamyiacident 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 ym 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®4tea642referably at least 0.8 mm and more pREETHR26031005281

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 prtferably at least 4 mm x

4 mm, which has a value of 2.39695 to within an

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

accuracy 8£%./2a0d omore, preferablye dessrthana 0. We,vand nepmens more
near 1.55“9Qagwqé£ﬁﬁa4§@5%pe frequency of the laser

beam incident ol the sample in the form of an etalon.
over the frequency range of 197 - 192 THz, recording

the trpnspomdmiheslerddSurmttFRbica emdtionat 514EHMC kd& that

of frequency, and applying the formula for the Free
Spectral thenGamasgnl sed intersitycef eithesr and Therecpreferably

skilled ipgphes gfets75~gﬁ1pgk5m§é§e&céleﬁ5,mean 2%37Thm

2.39695 is based on the diamon consisting of carbon
isotopes Pk lingeis-lasstthan ¥0:190d Rrafesably tess thamd0 andamore

the value,afeapy ?fls(%ftgé’r'}é lang?rﬁfe %%f&lﬁglgirgé%ttﬂm %,

composition of "t lamond variles. Low and

uniform optical scatter, such that for a sample of a

specifjnd) bhicHRarE BirefingénckSardicdlive SiowP SEHRT&RAYINAT in
least 0.8 mm and more preferably at least 1.2 mm
thick, angamplesof aspeeified dhickness df akleast@.5 rym, preferakly at

1.3 mm X joqdt §8 mAMhdIRGEPrafRlaplPlt 4R 9D m@&%é@%g?&d%v@r

mm, and more preferably at least 4 mm x 4
forward sasspesified area ©f atdaashdad ey 13mmmandepratemably at

described 8L 5% fym X5 ST SshPtire apréreﬂaiog AP Ehst AT x

3.5 to 87.5 from the transmitted beam, less than
0.4%, and4pamaftheamaxinugs valgaof Anpw..2a0 4he awrage value of the

Fim 52 D HRRRS botwer o e BRe RS B IGRTATA s e
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 birefrihgence remains in first order (8 does
not exceed 7/2) .and that Anjyerage; does not exceed 1.5 x 10, and
preferably does not exceed 5 x 10°°, and more preferably does not

exceed 2 x 10, and more preferably does not exceed 1 x 107

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 luminegcence under optical excitation at 514
nm, such that the Raman normalised intensity of

W@ 2Hes42and more preferably both, of the 575PERIB2003/005281
photoluminescence (PL) line and the 637 nm PL line,
ig less than 40, and preferably legg than 10 and more
preferably less than 3 and mote preferably less than
1. 22) Low optical birefringence, indicative of low

strain such that in samples of a specified thickness
of at leddt @.secend opheganaklgisraladimensign of d .Mmnpreferably 2

more preferably Rbrelfiarably @ Mﬂmana‘@m@% ﬁrgfe?%{:)l?8 mm,

specified area of at least
preferabl) ata thickpess of 6 1rrmmx pzefgrahly Oénmrrmdm@fe preferably

preferably afy. é-ﬁlﬁ?rané eh Ford pr‘@?érat'flgﬁ gr}ﬁﬁ]lmum value of

An[average], the average value of t difference
between the refractive index for light polarised

parghd eﬂ-lverjf’ci%nt Q?teﬁc]é”i’o RS tcrggfﬁs GV TsiRGh & Frdtelidl Sas

sample thickness, measured by a Deltascan or
51mQ§§ﬁflb§ﬂs%hﬁMﬁléﬁt USﬁtlh ofiasi Janropticak deviea o elemerf. Such

radaé\tfl&@rbrlé}ellﬁgﬁt il Fe EﬁﬁsabTe Ydr-u lr?%dWl(%r ?dcﬁ;g?l g a |cal

nm does not eXxceed certain mltS

theéeplmﬂmﬁs inghuding, Dt Retriraited toa opticas w;nd;m tasee wmdows
1 bl
pre@?%é;af ﬁéﬂg&&sato tll:gla?éfra%?o?s azy eg‘gﬁllh Sam%lcp%?ﬁgﬁsa For

for of the a alysed area of
birapplicatiens: eequising irgfection ratrene o Mare irfacess suglb@s beam

excgﬁﬂteﬁéﬁéta%ﬂg thE Ylanighéay @FB@E%s@Gﬁ&g@%ﬁﬁ%@@%u& c}

preferably does not excee
mor@ p&@m&mryaf@@@ss Advantagegge@s A polished gemstongcinavhich

Prefcﬁﬁﬁ?“éy%%ﬁlt@fﬂp%%ﬁﬁ’@e%daéa Faukh 't ﬁlckéqqg%éjrﬁcaféigohshmg

material i§ preferably formed into a mec ayer
or Hpicaly2i&mm raddnorertypieallysth8antethickeregreaten nRyeperties
pre p c ;
L A
threbaragierislics, thellowweaiter andabsorption, and the rase pf processing

dimgRg fiPqwdity’of e p i%’é@écs@eﬁ%}a?‘f%’cez vﬂ’i’ﬂ:’h ‘Bgﬁfﬁu?ﬁf - Soniration,

mm and even more preferably 8 2004/046427
pCTpravides forcmmors brilliant 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
WO20f0846:27ly 8 mm, c¢) a thickness of 0.1 mm, PRETHR03105281

0.3 mm, more preferably 0.5 mm, and even more

preferably 0.8 mm. The invention extends to a single

crystal CVD diamond materialllz described above for

uge in, or as, an optical device or element. Such

device or element may be suitable for use in a wide

randRimpsratyra: e-ether mepsuringdeyies,, oriketh.udhe dealsauregprovides
limﬁﬁ?@bﬁ@kaEﬁ%Q%%'%ﬁ%%ﬂﬂ&e &aﬁ%roﬁiﬁ@%@ﬁce,gﬁ%%ﬁﬁ}any

reflectors, optical refractors and gratings,
et a lemperaturg-depgpdentreperties, sad thetemperatdresensona means by

O WRIR t8'WdreMisSadin3BreSA%tanR prbige focdba8iE oHtBE ' This

the diamond may be used uncoated on these surfaces

In iREhRigue s Padicylary applicable iordiamonsbecause its high theraal
gemghatRivitenihed: thed Mgt %Eaf“?syd@ﬁibﬁféﬁt&ﬁﬁo]r%hp€&?%@‘§l .
lish typlca ¥

as a much thicker layer prior to polishing,
2.5 Parlicyian  embedimeptsc Hf 1thiss fernmmoft Hhe kinventigne amayr be the

PropREinht ionR)?HEB%HJI]agé%%r ?ﬁagsﬁ%l@og%ﬂgst%lpﬁ as boron to form

application include the uniformity

chaﬂEbﬂ@%ﬂﬁtfﬂ@?eﬁhg ansly @@atﬁ§$eandquboﬁpgﬁaﬁs foid the
Ehe 1RA8GeMenPTSIC#2S 1ifperaiiffe. C NS uBh - edoded . %ﬁu&ﬁ%sn could be

processed surface, which, particularly in combi
proPhcgiisedby-ion implaatatien i by ethesswtase progessing techaiques.
material of the invention can be tailored to specific
.applicationg, and although it may not be endowed with

allThe raﬁt@riabml exhibibthe ibenefigiah propesiiess Aften grewth, after
app ditzblet Sikipe dndisirfabs p?&%é%éjrg%’ a8 feduited SRy pe processed

material to show a substantidl set or particul
comBY ABRealng &xfurther ehwnee spaaifisarepertiesvhich makes its
ugse particularly beneficial. For example, for use as

an etalon, the material may require optical
nom&yapplicajion;] dhe Jpatskigl msty, benfugther Heeated, such treatments

Con -. 1 D - -l 1 -
Cor SRS hAGS (OSIEERS chasts, ERGRY EhuRGuales
st rantireflegtign geatings)setching dhe sufacedera/epasiicytopagiaphy (such
aDPPh4 FH iffBctRE optics) S tRgli: optical access window,
the strength may beé important, as may be the scatter,
the

According to another aspect of the invention, a method of producing a CvVD
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 characterigstics affecting image
quality. An optical device which includes or comprises
WQ2@¥D4diamond material of the invention may PEEHE32003/005281
attached to it or built into it either a heat source
or a WO 2004/046427 PCT/IB20Q3/005281 -11 temperature
or other measuring device, 5#2poth. The heat source
provides the ability to alter the temperature of the
optical device and thus any temperature dependent
pProp S RTIGN. FiN@ansor a means by
which to monitor this and in some instances provide
feedback control. This technique is particularly

appTheinveationwil nowkeidessibed v mere detajiby wayeéexample only,
CON4YiF rdférenide M RPNy trawiigs in whicHLstributed
uniformly very rapidly. Partl ar embodiments of
this form of the invention may be the incorporation
O Fififtd 11 °7° e SEhdratic slde! VigWor i Ba Staltl Sholthd @ Hipital
to form the heater elements, and also further dop
structures fofeflestance.and traasmittenes pattesn ofaheaatineident on
Such doped stgqﬁﬁgﬁﬁ§m§@%&gﬁbe produced by ion
implantation or by other surface processing
techniques. The material may exhibit the beneficial
PIOPRjilrd @S 2fih YrapHide rpr&Entatibn t@lb et jﬂr?)@a‘?etrgﬁé%lssuy
surface proce881ng as requlred or it processe
by annealing @Barﬁﬁtﬁﬂmrof@rﬁﬁéﬂ@@|@pe01flc properties.
In application, the material may be further treated,
such treatments including mountings, metallisations
(sufigwe 3for iraa lg@@hlcabdgglﬁsg@at(@uc@f & typical reflectivity
anti- refleCtlEHar%%ﬁéﬁbgo?)a Gm%g]&% 0'ﬁ.u:face to a
specific topography (such as for dlffractlve optics),
or the like. According to another aspect of the

invepured 2 ®eFl ré?ﬁmBE@Péb?éééﬂta?loﬁ%Pa SRAPRT measuring

material sultable%%or optical ap 1cat1%gs comprises
growing a 81ﬁ8m@|§¥W§ﬁaﬂ1Q@#ﬁUﬂ@”@ﬂd@WﬁMﬂﬁﬂmﬂﬁimuth
low crystal defect density by a CVD method in the
presence of a controlled low level of nitrogen to

conFlgyre Scne g siagranmatic represantationef the €anversien vf vag-
of nitrogen ugmptbnsRnaPgatdbiskd - forfithe SiSemtS MGure 4 into

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
wal2de82bus 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 detdiz, by way of example

only, with reference to the accompanying drawings in

which: Figure 1 is a schematic side view of a solid

etafigure®owini a graphical representationafdhe SR data measured as
transmittance 4pedpgdlin ExahphS 8! Buid Wre shelin 16r dadhSr 11
surface thereof; Figure 2 1s a graphical o
representatiofVbrsingle-whystal platessbewing the standard deviation of
characteristigeOfrgR SpbdsurSiRhRn mdded WUt e l@a{%. and the
graphical representation of a typical reflectivity
characterist iMmaximuyn deviationref any seasytement fromithe average.s
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
the prEERPHON'OR EMBODIMRERRSional data obtained from
the“system of Figure 4 1ncto two-dimensional data;
Figure 6 1s a graphical representation of the .

meaFHE TUD GiafRAG ridteridl OF 1Sinderition & g%‘aui?&i 529 CVJ ietfiod
of the sample thickness for diamond samples as )
desbrthedesance of arcoatralledroywevel of niroger;rdba level of nitrogen
rephfRel i EritkBl Micohtslling e develdphteh 6f gr‘i}sot g&ér@&s and thus

etalon plates of the invention as desc ed 1n Exam

5; aghieNing & digmand;ragteriak haviag rthee key tdharacieristios sofr die
sur#ﬁsﬁuoﬁlﬁfﬁ&@%éewauﬁ%%hafma@ﬁ&%goﬁm&t%@a&aéoPEan&&
bed ple 7; and WO

invention as describe in Exam
200 4how deleterious absorptions; o blighy levels of 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

WE 0484327 of 11 CVD single crystal plates, shPGH/IB2003185281
standard deviation of the FSR measurements made on
the plate and the maximum deviation of any
measurement from the average14'DESCRIPTION OF
EMBODIMENTS The CVD diamond material of the invention
ig produced by a CVD method in the presence of a

congenarabmethod mayde eapable: ebgeawth 1f oplieat<grader diamond on
nltBﬂﬁﬁg e&ﬁf&iﬁﬁﬁebﬁeﬂﬁﬁ&ﬁ?al in controlling the

development of crystal defects and thus achieving a
diamond material having the key characteristics of the

Inven§Ompsdriceas s@ﬁ&@nﬁﬂ%@eﬁnﬁ‘tthgladiﬁrhﬁ&urgrgw the g

high levels of nitrogen shdow deleterious absorptl

HigRrocess pitsdern pa:the d 00 growthssuréasg rareund dm@caimﬁgmm
qua iai‘é:é’x@tﬁn Wsﬁiﬁﬁ@f&%étengp&vﬁ'é %%%Xraté&agte}ﬁé %&bﬁfﬁ?&&owﬂh

under conditions with essentia no nitrogen

1esinterface. 3Whether hesauser elothese ils oraptbemwr@hsiaa@nqns can
hlg]&l%ﬁ/lyl S Qthpl fddrﬁlﬁabrowtﬁa ml'o@J %H%Téﬁﬁlﬁngxt%ﬁlf effﬁg Spro‘@@@sdfs

fect " directly of Indirectly man

pergma@ Mﬂibﬂbalraﬁ@r@bd@lpﬁéhomfnt&ﬂnbcat@ﬂadﬁpﬁmdenﬂq@ the
exa%‘ilsfﬂ?ggllaéélJo‘?élbé%ﬁoﬁ&ér%ﬂi%n&%ﬁa?f& epinderstood, but

owlng observat have“been made. In what
follows the word ~dislocations' is intended to cover

DOt thEpraderide drSmarandaits omﬂo@&g tasie a0t R 18R are

where dislocationg are grouped ether. No materia

can changedanddheserpitsyean bedempved. sWhethet baeausadf thenrhsence
CTYSE Mese fifsSoF Btiehmike, lafgﬁ)%afi%l licdtion S4TBe rbdddsd or

of different properties to such yvstal defects
varidally aveidedxample, the average refractlve index is
relatively insensitive, although local variations of
this are quite gensitive. Engineering optical
propBess pits may@lsy be sespeasibletfor the nelysion o ethes tefects and

preﬁﬁﬁﬁmgsﬁggghﬁﬁg%ﬂappear to be extremely sensitive
to dislocationg. The method of this invention is

primarily applicable to growth on a {100} substrate

; igmﬁ.ﬁﬁ& &fetE hd$ bBETIBRA, WhIH g %&ﬁﬁpcﬁfaﬁ?%ﬁﬂ of the
gh the WO 2004/046427 PCT/IB2003/005281
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
WoadeE2Zions. In the absence of sufficient niRGHERAM031005281
the gas mixture of the growth process, pits form on
the {100} growth surface around dislocations which
pre-exist in the substrate md¥erial or are generated
at the substrate/growth interface. Whether because of
these pits or otherwise, dislocations can slowly
mu 1 8o egsiiuaeeRgbyy mikFescopec and canteiten becsean bynaye. In the
pro . -
a1 P o195 o, FEBE SRS bitboelt Hedyoratiahiahre S e< b da
disisogenerally nenrbnifoFmaam a micraseepienscalan the: coneestratien of
of Rifeden APRHRH TS traRdifidiPgeiirs K 8drktie FaHTEbn B PE-Srowth
rates are changed and these pits can be removed.
Whe eenglitians cingkiding temperatibe @nd presseire; thut és typiesllyaround 1.8
oth ige, S i Jriphicatd: neheare
or PR ;0708 SephoRhTaton, e Leing, Ry 101° i Bféekses
resfesosibed chefejp. ther smalluexcursions abowerthis fimiit somedof the

lmp - .

o Daers & the ricifiod 6TRE riventidn fiay A bo YoclBEY, Peffo ey or

. proexample ike mpggshanical sirengih or tnsurfacernsoeessingubut properties
nit ' ;. Wit Lt
LSRR eSS, Y 3isg RS S oo
subieepeationrwhick easilioseurs wspe <40Q> sieps arginresentst
vigible under a standard optical microscope, although
their presence is generally best confirmed using

Nomd ke lower beund totbe corcentiation afiNIin therpracess ges is thus set by

e (R0 I Bl S ST gERtaung UEES, B e

of HppHef bound e thencongeriration of ategen in the proegssasset by the
th . ' .
eéﬁse%ﬁéféfenggg %Egorgff&ﬁharﬁh&ﬁér 1255? of ?%&%v%?r%@ﬁ’t%%d

uptake of N 1n lamond 18 enera

nit thegele that the qn&ﬂgéérséwaqerﬂe@gmtaéngmm@m has-on these.
TORERGT, ool TRIRAS S0 prois, BURIAGR SHEH Tl fnd) ey var
cen@egasding e dhe preeess 1cvnditions ased,cineliding cthe cactual gasgous
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 N,,
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 N,, 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
WO 2B484d2Easily seen by microscope, and can ofREFIB26803/005281
seen by eye. In the presence of these steps nitrogen
incorporation increases substantially and is
generally non-uniform on a mﬂ%roscopic scale. The
-concentration of nitrogen at which this transition
occurs is a sensitive function of the growth
conglibstitutienal i naitragemg cosegrdiation reasandngasymsurdy belection
typ, " t s gratd
whe ﬁ%énjfggétl@g}éggrﬁntc%e( o) rg’c égc;eg gg §1<]ex S ?:@ibae g@e’ iﬁr{dl@@rre
smatypicalicexcseds 4 a1 ¥ atomsiem®, and eyersinee typicallexceeds 5 x
Dengdié biororht) SFHENAE Tid BhctRTER A hdaig8 Shbdtidonal
realised, particularly for example the mec%anlcai

st raifrogen istypicallydeastthar Sprt!t stomsicmiand mase typicaliyis less
suc{hag% Pwigﬁ%ﬂg@rpt ion are adversely affected by

significant nitrogen incorporation, which easily
occurs once <100> steps are present. The lower bound

-2, BB RSHRRE i ol 'ndf bl FEEEECE Byl 10 o

st rerysfabE¥Brdiarnnd dratesial of theninvention, typisally indayer feon,uith
Con&ﬁﬁﬁﬁ§%$§§°§@f@é@§8ﬁﬁg in the process gas set by

the ons ious absorptions and other types
of defect generation, and the role that the change in
sur £ / : :
Chch T R B e B GaR 0Bl e of B iefon
yarghat gmbddfr@ layer i csingte caystal WA ididraend taked place on a
inchudbiy ddMacdhien 1§ SuB Sl HWEE of %fysgal GREEL SR this
the specific material properties required, and are
beseontext] defectst pdmanly wagarn glistocationse andyRiceoa eragks; ik valgo
in O g i VEE&}? ;
theﬁgﬁggg\g@ngﬁ@@gﬁggif ot e gas L:P)i ta@ﬁﬁ?%g@eﬁszsk,&%g% ‘@E%the
equdepanéhtatoms: fow angledbundariescand anyuetber exeadegodisruption
Proyig F}&?al 4tHce. ﬁ%@%mﬂh&&b@t@ms 35\8\9 H%ﬁﬁ@éﬁ&lﬁjpé la
ppm, an ore preferably 1.5 ppm, an even more

prefialuegh1ip or Hadnighr peessuredighy tanaperatre: Byntheticrdigenend or a
levey i nif&Sised 3 &aﬂﬁﬁﬂoﬁ%’ or the equivalent of

the actual nitrogé&n sdurce used to provide the same
total nitrogen) is greater than 300 ppb, and

PrefREr bty 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@R094/00427 material can also be characterized iRPCEHER20G3/005281
of the typical nitrogen concentration in the solid,
although the relationship between this concentration
and that of the nitrogen in-fhe gas phase is a
sensitive function of the detailed growth conditions.
Typically the single WO 2004/046427 PCT/IB2003/005281
~16 substitut asRmem? withgeore dypicat nalues being 410”/mea’s whilst in
by electron Qﬂﬁﬁ@ﬁ%ﬁﬁB&q0#&ﬁ?Qﬁ§%%k§EPR)' exceeds 3 x
1015 atoms/cm3, and more typicaYly exceeds I x 1016
atoms/cm3, and even more typically exceeds 5 x 1016
atoms/cm3 F?W?ém?éﬁltinbhlf?orﬁo%ﬁ%@%t?Jiﬂ?ﬁ&irﬁ%t}a?slocgtion
single substitutional nItrogen 1s typically 1less than
5 x 1017 atoms$iueturesaaad mMoieeocragks cioIming i ehattes stracka aalong
x 1017 atoms/ 1sd t Lt '§
been possible$%%ﬂ% ogﬁ%é t e&g%ﬁgfgﬂﬂ%%§é§§%né %ﬂﬁﬁwauy
diamond materPder &f samplei rwithdypieal valggsdanging rfronayahout
form, with aqﬁalﬂlwq%usto %Br}eczﬂ“arp%@ﬁrﬁ@%’ o%ﬁglﬁ’olished
important for the production of a diamond optical
layer of the fegiensarsamplesat growth of a layer of
single crystal CVD diamond takes place on a diamond
surface which is substantially free of crystal

de £ dbe preferied lowsdensiiv ebdefecta ésrsuchdhalthendensity ofieanfiace etch
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boundaries, point defects not intrinsically associa
witand more grgferablyipelovot®/mmbw angle boundaries and any
other extended disruption to the crystal lattice.
Preferably the substrate is a low birefringence type

la Thetdefect ,.Ie\mb aband1kelew dhe subsimate sufach obewielr dhei £/D
S oSt gl IREs oy fus DY mRERE By Gort BpEbY BF The
not Sekstate n included Pﬁ@@nd&r prepaatiens isramyi progesteapplied 4o dhe
oo PHANET 1RO RACHEY (s 5 01801 JRACT b St
twifiA the; casgiof 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 R,: 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
worawdasizhs in many of the key properties. ThePCEmR2003/005281

density is most easily characterised by optical
evaluation after wusing a plagma or chemical etch
optimiged to reveal the defad@z (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
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minimised by preparation o substrate.
Included here under preparation is any process applied
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natural diamond) esis (in t
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will ultimately fo Sstrate surrace
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processing stepg {haypdB&tIafR argdh ESHid R o 1186 BBrent 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.

(i) 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 2004046427 and less conventional techniques sucPCHBB2003/005281
laser processing, reactive ion etching, ion beam
milling or ion implantation and lift-off techniques,
chemical /mechanical polishihﬁ%'and both liquid
chemical processing and plasma processing techniques.
In addition, the surface RQ measured by stylus
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whismoather, betterstitfaesfos subsenueatgiowthowth is to occur.
In principle this etch need not be in situ, nor
immediately prior to the growth process, but the
gredhe pimeansifface of theadiamond gubsirate onhgwhieh thet@VD diamond
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conditions to the deposition or amond’ growin
prodesirableasdt adversehhaffeatssespeadusibilifhy carbon containing
gsource gas and generally at a slightly lower
temperature to give better control of the etch rate.
Forltdscalap imsporiant dm thecwathodof die invention thatrtbedmpurity coatent

oot S e pAVOFICHY i ZAACH METCYD g dkd plats i propery
amocentrolled dMore partictitarly othegeiamend igrawthdnustdalke plase in the
Egié?ﬁ%@% &iannlsgt@o‘ééﬂe%oér?@gari{ﬁﬁg s@Bst&rtialy R c8ABminants other
than the giln’centiona%f)?I 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 30 percent
and the balance hydrogen, all percentages being by
Wor2ldies42iwith a substrate temperature 600-110BCT/IBR0G3£005281
typically 800C) and a typical duration of 3-60
minutes. (ii) a hydrogen etch which ig similar to (i)
but where the oxygen is absd8e. (iii) alternative
methods for the etch not solely based on argon,
hydrogen and oxygen may be used, for example, those
ut 1 whishreambe achiened, fafraxamples: by g;@é@@f@atogf@@hbg@spnbed in
Typygg%ﬁxmggg etch congisgts of an oxygen etch followed
by a hydrogen etch and then moving directly into
synthesis by the introduction of the carbon source
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particularly important for this stage that the chamber
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roufinifiseds A RitowareSystent may heauseddo epsuradhatdhs plaama is
etchygehd TP FHmS §I}Vﬁﬂf¥cé’§: ke RECtupieiRCsGfR%n which
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ideapym fﬂﬁﬂ'leE&?d_e?%ldl%d:ﬂaﬁnurﬁnd in some cases up to

10, although this 1s les
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 10°Pa, and preferably 100-450 x 10%Pa).

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

WO W4/daIrity content of the environment in wRGEIB2003£005281
CVD growth takes place ig properly controlled. More
particularly, the diamond growth must take place in
the presence of an atmospheéfé~containing
substantially no contaminants other than the

intentionally added nitrogen. This addition of
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ppm requires sophisficated monitoring equipment such
as €ambewbberefit /046427 PCT/IB2003/005281 -20 which
can be achieved, for example, by gas chromatography

described in WO 01/96634. The source gas may be any
knowdurtherdmporant eleraentiis that aanealingdhe dianwond, aag partioulady
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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
nifrogen-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
Wh200d/84&d2to ensure that the plasma is placed BGHIB2643M05281

all surfaces except the substrate surface on which

diamond growth is to occur and its mount. Examples'of

preferred mount materials 2% 1ude molybdenum,

tungsten, silicon and silicon carbide. Exampleg of

preferred reactor chamber materials include stainless
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Specific properties of diamond may also be erhanced
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near atmospheric pressure or at high
prefibdamentalilinifpically 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™, illustrating that even in natural
diamond selected for low absorption there is a significant extrinsic

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

Calorimetric measurements of diamond at 1.064 nm are less well reported
than those at 10.6 um, but a typical value for optical grade polycrystalline
diamond is absorption coefficient a = 0.119 cm™. In contrast, diamond
made by the method of this invention has achieved values of a = 0.0071
cm™. 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
WQ2WHOudR? 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 ab&diption centres in
diamond, enhancing optical transmission, as described
in co-pending international application
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diamond is used to modify a light beam by diffraction.
e etalons.
e ornamental use, such as in watch glasses, or as gemstones.
e 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

W@ 2048464275 temperatures. By way of example, iRCHEB2003/005281
been found that high pressure high temperature
annealing at 1800C and 75 kBars for 24 hours can
substantially reduce the luddnescence at 575 nm and
637 nm. Optical absorption at low levels is best
measured by calorimetric means. Previous calorimetric
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makes this diamond particularly suited to high power

laser applications and the like. This is particularly
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St L R intdmidhtia "GRG T8thlon Sciiat SQeristic, known as the free spectral
range FSR, which for normally incident light is given below in terms of
frequency,

c
FSR = 1
2nd M

where ¢ 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
waaW4/sZhtion, where performance is enabled BGA/HB2063405281
unique material properties, include but are not
limited to: optical windows - for example where very
high image quality is requi%@d. The congistently high
mechanical strength of the material assists . in
designing for applications where the window is

predeihe etalon sudaees anchdsedhe Fyaenet raflegiviiyh obthsl tincoated
beargﬁrfgc%gq)fﬁ% SHARA. undisturbed through a window
providing a degree of isolation. It is particularly
important that the laser beam does not interact with
the i j s Whi .
xR ot WERETISHION aliVe SHORE Siork PeakS s 110 be
st rgharactegsed: hy dhe Sinesse; ilndefivad rapythet eatip cofatheofileguaency)

for ohhgnd befdEn E@c&%sigu??ﬁ%e&}—e]r -‘t’laéjﬁfﬁi'lﬁ@g—half%m ?gr; of the

reflectors - where a ace needs to extreme
£1apeaks. Farkigh yakies of thedeflectivity,ansrahandosses duerté absorption
shage samthrf tﬁé%@k?n or %P'fﬁé:?ekleEﬁ#gr SGFRES MHACdVMBRS from
where one or both surfaces of an -~ optical transmission
comflatness and-pargfielisanefithe eflesting awfaces ese 80 gmadithey can be
pla%@@eaﬁdqﬂgﬁﬁéﬁﬁﬁégéenB@t must be manufactured to
great precision. 1ffractive optical elements - e.g.
where a structure in or the diamond is used to
modify a light beam poy ZYffraction. etalons. )
ornamental use, such agliR)watch glasses, or as
gemstones. anvils for high pressure high temperature
experimephgre RigthehéfectidBidf Heeétalon sufaceliamond may
preferably be annealed. For convenience, and by way of
an example, the application of the diamond material
of piernative.t when tearkhissisis peakd e AGtsSeaiioskarp one can
detail, but %Pose L. . .
characterise the etalon transmission curve by specifying the contrast ratio,
C. This is given by the ratio of the maximum and minimum transmission

values,
T

C=—T~ 3)

where T, (T,) is the transmission of the etalon at a frequency equal
o 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

Oty AR 2:(1+RJ @)
(1-R> \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 the etalon at the peaks,



skilled in the art will recognigse the general
importance of the optical propertieg of the CVD
Wlihosd2material 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 reflectih% gurfaces that has been
fabricated in such a way as to have a high degree of
flatness and parallelism between the two reflectlng
surfaces is called a Fabry- Perg alon yc 11y
the etalon can be made H&—aﬂ@ wo4@ r
partially reflective mirrors such that thei

reflectiMfieruhfandd aiethes transmitted and @ég_damiams}ﬂrp$ at a
for sbRedity CEquattio Sorfe. OF tﬁé’rlbregi?sl g Q%gﬁssibﬁgtmegé}ﬂus

or a vacuum separatlon A ternatlvely t on can
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ont‘Praﬁerl%%Bﬁ af'élgoﬁoraéh f&@&ﬁé\&&%ﬁﬁ& g&%g%ﬂ'& g\ﬁfﬂ%ﬁﬁhtely flat

material a solid etalon,

schamg E’@E?é@ls}ﬂrf@ﬁﬁsﬁ‘ theuneertionlpss MI@U|dab§cQ>mpany1ng
drawings. A beam incident on the first surface of the
etalon ig partially transmitted and reflected

accd¥henndeviations fomcfiairessiar ipgpallelismnesfragtiveaindex variations or
trapudd E5thdP B heglebRECHRS eac’pspﬁ'&gm‘é{:eaétgﬁgg@ésgzg Td (4) are no

subsequently at the setond ace 1

tratonder valig andiingeartion dassy(5) vill tandate Iber@RSQMIhﬂeléhef tontrast
Surﬁﬂﬁ%éﬁ@%ﬁ?mﬂﬂ&}ﬁwepartlal transmission and

reflection take place. As a result interference takes
place between transmitted and reflected parallel beams

emeﬁgﬁﬂ%nfﬁpﬂmtﬁﬁxy%%ﬁﬁqgmoﬁ|§%&§%ﬁtsﬁﬁaﬁﬁm§§5kﬁ hmggﬁ

characterlstlc from an etalon 18 shown grap 1cal
Figeseentiallyradabrr-Brict eialoF used ir refiestion withrisflectivity of the
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characterlstlc Enown as the spectra§ range %@gys
wm&ﬁo%@@dg@ﬁm@mtl@f thewavelength p@ﬂne ingorgjng dghtrhut the phase of

terg refiectéd fgM 988 Peribdi€ fincfion of Freliflcoming 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 § is defined as

5= 47:——f 2wt
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 ¢ is the speed of light in vacuum, d is the
thickness of the etalon, and n is the refractive

WA 2deR4@Z7 the etalon material. The shape of thRCT/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 -8€alon surfaces. Different
values of the reflectivity may be obtained by

applying partially reflecting optical coatings to the
etallon refractive drdexaef the efalom matedainarich vatigtioas tin it (including

Altes ' . . { cal:
oo TSRO, | R o g 0BG o b ano
et a prapagaticnediesstiomin the material)Fantnel reflectivity of

the du—nft’a?ﬁéfs‘édandi}é}fdﬁl%ﬁﬁﬁ oPﬁme?Eﬁecﬁﬁ@é@ﬁace@hen the etalon

transmission curve shows sharp p this may be
characteriged by the finesse, F, defined as the ratio

f & i i
e DL & ither 5P 8dvethoRt wlERlsB 38 efion Giared
higwithothes materialsdncludingect ivity and when losses due to

absorption or scatter in the etalon or at the
reflecting surfaces and deviations from flatness and
paral 18)1 adighoefrasliverndexcwhithdrapsiatesdrie axpereompastithinner
they can .neglected, the finesse is given by: F -
(2) (1—§?ﬁﬁhere R is the reflectivity of the etalon
surfady . aftresnshesflectivity whichdn semeapplicationmishigikenongh so

e ransmi b2 1 oke OBftaF Edin g BRI 1  ase ratio,
C. Thig) adowyiewnetaiure icoeffigietioofarefratiiverindenamd ardew thermal
T SEPRRREC e G el Tng, Bghoha cbaor s
f requencgersiivgithan 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@2a0aWd@27 sm, refractive index variations andPCT/IB2003/005281

absorption or scatter logsses can be neglected, C is

given by C=1+ 4R - 1+R 2 4 (I - R) 2 1-R) ( ) Another

useful parameter to charactz?8se the etalon

performance is the insertion loss, L, expressed in

decibel (dB), which ig determined by the transmission

of refkactivenindex yariations hetnesn naiurab stones €anbe as high as 1%.
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the padibs Htiéi%?oc‘éEéiﬂ@Wé%Fak%H gié%é.v €. Thus defined the
insertion loss can vary between 0 (no loss) and
infinite (no transmission at all). For an ideal

eta i i -] i ni .
ez A8 S Sahtbnd HtGR 8 heliNentoR broides Smaefal, lor to
devother diamandoand vthendnatetals pas-ablefalopnmateddlr suchws in a
ind ariat] 108 - be neglected, the
appgggc r?aétj:rgt %@ggggér?ége%?;%%?ﬁ?%@ﬁare no longer valid
and insertion loss (5) will tend to increase while the
con j W : . Vard

Ehe  HE X YD 5oy o SEF ioh fhatereCor R Thveriof&¢ WSorbed.
whibas ore oemerrkeycharaciergtics:ySarae of these tharaciedsticsand the
ref ] j ivit
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alwedescribed.0%, independent of the wavelength of the
incoming light but the phase of the reflected light
ig a periodic function of the incoming light freguency
with a periods equal to that of the FSR, as defined

TCALCHARAC FERISTICS AND MEXSUREMENTTE CHRIQUE

T £ where £ 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 approximatély 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
WQRAH/046427 range, insertion loss, contrast ratRCI/EB2003005281

finesse, are thus: R - surface reflectance (either

intrinsic when uncoated or of the coating); a -

absorption losses in the bul?@ of the etalon material

or at the surface; as, - scatter losses in the bulk

of the etalon material or at the surface; WO
200af/tbe surfacescand sptivab riombamegensity of the diemend tmaterial. By
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with other materialg, including: a) a high refractive
index, which translates into a more compact/thinner

et aEffective Refractivedndax reflectivity which in some
applications is high enough so as to make optical
coatings unnecessary; c¢) a low temperature coefficient
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pervious scratching uncoated) it also
mlndﬁferses@ghﬂyefrgmfél&g'efﬁctugyindex 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 R, 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
wWQ 100404632 n has been the availability of materRGI/IB063005281

suitable propertieg, particularly those properties

that are sensitive to the diamond quality, and in
suitable sizes. For example73Qhe most abundant natural
diamond is type Ia. Type Ia natural diamonds are
generally limited in size, and their price determined
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polished surfaces. Measurements were ma
translational and rotational capability along two mutually perpendlcular 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 gplitter and combining the
reflected beam from this beam splitter with the
WO 28462t ed beam after dual passage through tREI/IB2003/005281
diamond plate with an intermediate reflection off a
10% reflective flat mirror. Both the beam splitter
and the reflective mirror we@&-of interferometric
quality with flatness better than approximately 30 nm
over their diameters of 100 mm. The resulting
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where A 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 A = 589.6 nm, then:
when sin § =1 and An L = A /4, it can be deduced that An = 2.45 x 10™ .
when sin § = 0.5 and An L = A/ 12, it can be deduced that An = 0.819 x 10,

The Deltascan produces three colour-coded images showing the spatial
variations of a) the “slow axis”, b) sin § and c) the absorbance at the

wavelength of operation.



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

WA WH4ER e dispersion present in the diamondhCEHHR0GH 5281
fact that the method used here for the effective
refractive index is a form of average obtained from
the range of frequencies used?2in the measurement.
Free Spectral Range (FSR) FSR was measured for a plate
suitably processed in the form of an etalon (e.g. 1.5
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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 § 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 & 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, Anjverage].



software of the Zygo-NewView interferometer, and
parallelism of the polished surfaces better than 10
W@ 2004046421d surface roughness Ra better than RCEHIB2003/005281
These plates were mounted on an optical stage with
translational and rotational capability along two
mutually perpendicular axes-33n the plane of the
diamond etalon. The plate was then positioned
perpendicular to and centered with respect to a
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infpregigelon on how the refractive index at a given
wavelength depends on polarization direction in the
plane perpendicular to the viewing direction. An
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M. GIRATH, Sfhdtbh otfleFwSFelenythe® Rch B87653 fim are possible. A

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

A 1.06 ym 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 serieg of images
captured for a range of different relative

WordnaELZions of a pair of plane polarising fiRCEIB2003195281
Deltascan determineg the direction of the "slow
axis", the polarization direction in the plane
perpendicular to the viewing3#lirection for which the
refractive index is a maximum. It also measures Igin
81 where 8 is the phase shift given by 8=(2it/X)An L
whe geniimeter tstagevfordhe rdiarhond: saimplel 22 tatlows, iti to baeaccurately
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o ale B RS SERE SR ARE dotedi o AP ha T Th drsEifered
sinbeéam id indicdteribylreferehcg numeral 32an be deduced that An
= 2.45 x 10-4. when sin 8 = 0.5 and 2n L = ? / 12, it
can be deduced that An = 0.819 x 10-. The Deltascan
prodhe ehtat]fmmethecﬂeteatercisomihdmdgres setteeimfgdisﬂndesgtapsiaﬁd
var axig" sin 8.an the

S(%)hr? re reé{at_[e%%ts aehlst% %’% tlf”tﬁ’% scaeerra%s a funﬁgon of angle,
2 00 mé@sﬁpemomﬁhe Bmemat,édosdisll angle 2ofsﬁmpdletecmreTh|s data is
pre 1 Know kn a
ana?@rﬁ gteaﬁroﬂpgss%ﬁg‘ q:I ag?ﬁé mensmr@?fﬁ E%vej{‘i?@ %é}?%from a
and hemésphersb linto2 . twordimensiosalmndata axdveninge hands$ e andning 4a
mm D g m
co ehisBRere” il 8 1 RAcR I P E'S e 34 15 YA ScatereciREh
eachs ma_sﬂmdaand 36 ivdhectenvetind datasin pive the tofdlintehsity scatter
fra £ analyses 640 x 480
[Sﬁthls ;@Ig%%%%géé@%d cgjli'eﬁ]@%e}analysed at very fine

scale The array of Deltascan Isin 81 images is then
ana ' T S
a1 BE Sl qitngiB i QU A6t fHcuBidiSoiterdd Bofier it T goi
in anglk al angle:d (FSP{gitn frame over the whole of the
analysis area and use these values to characterise
the maximum value of t @owgpﬂgta E&he area analysed.
Where the array of 1 mmp® 75 m frames does not

where P is the measured power at the detector at angle 6, P; is the

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

Light scattered by angle & goes into a band with circumference 2zRsiné,
height RA8 and therefore area, A, = 27zRsin0.RA6.

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

AQ

r

% =27 sin GAO

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

wl2

TSP= [FSP(6).AQ,
0



exactly match the area under analysis, the frames are

arranged to obtain the minimum total number of frames
WO 20060468421y cover the area, and centred so aRCHIB20G3065281

utilisation of edge frames as symmetric as practical.

That part of the data in any frame which is from

outside the boundary of the- g@ under analysis is

then excluded from the analysig of that frame.

Alternatively, each 1 mm x 0.75 mm frame can be
ana Hpweyert the daia is rda'szﬁatmatherlthan centinuoiiagodbe ISP must be

eXCJ:BI%&@ {1 mr‘ﬁg Q'ES %é?‘naiﬁt%gi“é]tﬁﬁ%ﬁeﬂaﬁgothat

lies w1t e ana yse ample ar obtain
the maximum value overZ. &pﬁhﬁ?99 regpectively of
the material of thd A% analys ar mnﬁ@ s may be
relevant where the applfc tion ‘4an tolerate a few
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The (e PanesOBE ngf‘l 2w Snglés SRE5PIPRAGIEY nYre 3han 5° . from the
particular g e of material, constTained here

plaHBgcatier . thickness by application of a minimum
thickness. A more fundamental property of the material

can be obtained bé converting the sine 8 information
back?a € aged over the thickness of the
sample of the difference between the refractive index

for_ light polarised parallel to the slow and fast
axedhe dﬁf’%@gﬂ‘@gé thrgshald isameasured by diring pulses of @Jaser at the

- 33 safpleliiitr RREIRE ‘éﬁé’r’éc@ﬁ&ﬁ&% FORROF PR as! the Tk dighe

by laser calorlmetry, with a” thermocouple attached to

t he lowash insidgntipeak: enargy thath causescdanageranck therhighesh incident
t empeze s @flif%?blééslﬁ%ﬂ cgaﬁaéﬁﬁ%éassage through the

sample of e laser Dbeam of the required wavelength.
Such techniques are well known in the art. In

Parﬂi‘é‘-ﬂé‘i@le‘h?& BRidiotm 2T, IB@é?ewé’soﬁ’é;é?PWi Ha p?llf’r?ary spike of

Internatio Standard ISO 11551:1997 (E) and were

nadtheserder 9520510 As containingntypicali 1/3aaf tbeatet@épuha@@a@my,
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obtained was normalised to a 100 ym 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 ym 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 um 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
walteosd2pieces 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 scat8r precisely. The new
technique has been developed for measurement primarily
at 1.06 pm, although other wavelengths such as 633 nm
are ppdksand £JH Wart @f radm Disaorde andRelated nMaterialst 3u1994)
for Wﬂgamethod is shown in Figure 4. A 1.06 pm Nd-YAG
lasgr 8'illuminates the sample 22 and the scattered
beam 24 is detected through a defined aperture 26 with
a hij H&eaé& ss wide dynamic range detector 28. The
sam%%e—%z—aﬁgﬁgétector 28 are mounted on separate
goniometer stages (not shown) allowing precise
mov . o ig,in c 100.
v Sunae RuaRfEch wad Treksied (S 2405 NelAfloi 5838 sosfining
atmwbipaclight dinterferameéterhclhel daterferometert adilisesi sa  micrascope

e CAEBE8Y ih HbRriEIGshic bBREN GFfhe WidnaiSeh BF s fajeau
in typetMagnifieationp of bgm:eghé xte§xarecpassiblecwith this systemgBy
bealﬂ\e‘ﬁg@ﬁ%t SFARERGIL AR akl)gfat}mepd?%rﬁgﬁd gwee%%ﬁﬁng et tfSce

made wil e 1ncom1nc_:§B eam polarils either
hor teughness] varied bydessi thah 190% @ver the aded afithéd platef if ittweas fully

det . 3840 . . Th Q 46427

S D BT Se o AR iy, Suflhe MEA U e rqughness was
diainferdedsfiom eeasprendndwveri a representativeares: of gppraxd. 0336:thm
wit ct 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

B dieds oo or P lng 00 . The vnpcarteres
from the detector is gathered in a ;eries of discrete
BRI o SRS A EBRE 6900 o7 B WAL, B0 m
restaserkizggaustype dntarferpmetef in asetivp identical torthe sneasueenient 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 simuitaneously
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
wae4dmehsional data covering bands around a PCT/IB2003/005281
hemigphere. This is illustrated in Figure 5, where 34
is the scattered beam as measured and 36 is the
converted data to give the t3tal intensity scatter at
this angle, ag described more fully below. The data
gathered is defined as the fractional scattered power
perSudade fiabicgsd angle at angle O ("FSP(O) ): P'"!'(r)
Sr' at angle 0 PO where P,,,,B is the measured power
at the detector at angle 0, P; is the incident beam
powSurfacedfldiness wae nsasa@dausingea Zygo IGPIdsHase shifting-.6831hm
scagter 0 0,2 band wit .
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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
waadd462st, and characterising the point of fRAT/AR2603AH5281
the mean of the lowest incident peak energy that
causes damage and the highest incident peak energy
that does not cause damage.-3&-a wavelength of 10.6 pm
a CO2 laser was used with a primary spike of the
order of 50 -100 ns containing typically 1/3 of the
tot pieferablyat daast§§% ofeytivalentisamplesaf npaterial pested-using the
rel ' lse of the order of 2 ps. Data obtained
wasgﬁggég%fgg "to a 100 pm 1/e spot size. The
relaxation pulse can be neglected because this test
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Mat 1.994) 1%58). Surface Roughness Surface
by The &xgr

roudhe 3u8tat ons dven. ¢

§S@9§o NewView 5000
scanning white light interferometer. The
interferometer utilises a microscope equipped with an
interferometric objectife”dPVEYOIN: chelson or the
Mireau type. Magnifications of between 1x to 50x are
possible with this s§stem. By measurin%gover the full
a

reWhefe Mg theibiraling oad and #ds the disfangehetwaen ffiedoading 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 um. 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 photomuiltiplier. The



roughness varied by less than 10% over the area of the
plate if it was fully fine-polished. Therefore in the
w82 measurement s the roughness was inferREHIB20¢X005281

measurement over a representative area of approx. 0.36
mm x 0.27 mm. Surface parallelism Surface parallelism
wag measured using a Zygo GP&gphase shifting 633 nm

laser Fizeau-type interferometer in a set-up identical
to the measurement of the transmitted wavefront. By

comgataisgoregoted tocallow forspecivakrespense functian of thespeetrameter
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the change in direction of and distance between
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surfier-tmiting examplesalon was determined. These two
fringe patterns were measured simultaneously by
passing part of the light through the etalon while at
somExamwper! position the light was directly incident
on the 10% reflective flat mirror and was again

reflected back towards the detector without passing
thrSubgiratés: suifablendordsyntheasising singles crystat G)\4d>uliamond of the

meaﬁH@%ﬁﬁﬂﬁ%@%%Eﬂ%%m%ﬂﬁfg. er accuracy than if the

two measure ere perrormed one after the other.
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splitter was partially reflected by the polished
surface of a diamond optical component manufactured
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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 10%/mm?,
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 pum thick, with all faces {100}. The surface roughness Rq at
this stage was less than 1 nm. The substrate was mounted on é 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
WQpwvesE27Zion 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 stréﬁgth 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
assumptigns why enpLn ' i o}
Conversell, tHLCARRCGHEEREREE wat ool D HOM: of use
material avaibutfiess,ireddcine unibtentional contaminarthaspesiesgn the
fracture test : ermore,
fracture streEg%ﬁmgggﬁfﬁggﬁﬁggggggggéggive test. Since
each piece of natural diamond is unique, once its
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diamond of th#&30¥rention is a well characterised and
consistent material such that the fracture strength
of a particular element can be reasonably predicted
based on3fraciThisememediithotitistesrfiptioniihtesd bydrogemetch with the
The design st i ed in this
specificationﬁﬁﬁékiggﬁeg%igﬁg%ﬁq%éﬂé@'is exhibited by
at least 70%, preferably 80%, and more WO 2004/046427
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equivalent samples of materi tefte
procedure belearbomriseurce {ivribisicase £hhd apd depantgases.a In this
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the <110> direction (so5 ! ess 18 a
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 beamg with an
WEH84d27 ength of 4 mm (i.e. 1 mm inside thePCI/EB2{03/005281

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-%he breaking load and s is

the distance between the loading line and the

clamping line. Test samples were cut from

homeedétinadi byl thevequitethiresi spacirakbranga@nd dateaded wavelength of
pre i £8.: Ry : egoively finer
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0.1 pm. Poor surface finish can limit the measured

it 408 Dt i Her i TolEtied Bt S8 off & dabf Foff Hiahfbh pajishing
to y:::heeldhatﬁﬁdlbmmgfuﬁy pmamqedea'herhm ugrdbwas veryirigid and
1umﬁ8@§t§$ﬁ%ﬁmd%§a§§§%%§?ef‘é@%é %E?@Ec?e ﬁ%?ga%‘ie@laé&%?@%e scai
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thesuddoevant luminescence lines or bands relative to
the integrated intensity of the diamond Raman
gscattering collection under the same conditions. The
meadhe dinmond plate wasdbien turneti/aver anththe atber sitie wag palished to
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CVD élamon
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 um

parallelism-: £ 5 arcsec

surface Ra:- 0.5 nm

and had a FSR of 1.6678x2x10™cm™.

Another diamond plate from the above synthesis process was used to
further characterise the achievable surface R,. The surface was carefully



invention may be prepared as follows: i) Selection of
stock material (type la natural stones and type 1lb
WOIZT/04@d2bnes) 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 sawddy, lapping and polishing
to minimise subsurface defects using a method of a
revealing plasma etch to determine the defect 1levels
beipdjished mcb@thasidesjas Hesgribed @bemgnd fheh)madsused for surface

onoRE A B, Zhad NS "SI Eolinill® yhes AdhE R4 G ometer
af tMeawremeetsMerg takenteach sidﬁspfetheleamppreadlrmbgswemem@n
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higha§ gmBS%?e‘aunﬁ(ehrﬁgas&erﬁﬁs%ﬁesld%YR%%tolgs EXPE o]d% nm, and

diamendowas grow Ssure press
subemsdeé3wa&ﬁ@4the+ﬁéﬁhwd described above to
minimise substrate defects to form a polished plate 5
mm X 5 mm square by 500 pm thick, with all faces
{10BExample=2 surface roughness RQ at this stage was
less than 1 nm. The substrate was mounted on a
tungsten substrate using a high temperature diamond
brafeset T Bemwax 6 mmradlidadm plates of honwepitaxialrCVRE diamarid

o M S e S IBEG e BT Gl rE B e TG sFrom
- 4 0these Tiaies, .a SeGafzrectamgular test sapiplest Btmeav xval trim ]gmiaheral
oF UifensBHE St 857 027 A IHCRER" B BholiHeL FREHAL but

ecles gas stream
2) mecamwer:eu‘neaﬂqrggmvmaeatar kouridariess performed using
15/75/600 sccm (standard cubic centimetre per second)
of 02/Ar/H2 at 263 x 102 Pa and a substrate
tempbe setiob sarfiples was polished on a scaife using a range of diamond

powders down to 0.1 pym. 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 R, value,
was determined using a non-contact, optical surface roughness
measurement instrument (Micromap'). Two series of 200 um long scans
were made in perpendicular directions and the resulting R, values were
averaged yielding a mean R, value of less than 0.25 nm. This compares
with typical R, 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
W@ 2084/046427 This moved into the growth process DRCEIB2003/005281
addition of the carbon source (in this case CH4) and
dopant gases. In this instance was CH4 flowing at 36

sccem and 1 ppm N2 was preseﬁ%'in the process gas,

provided from a calibrated source of 100 ppm N2 in H2
to simplify control. The substrate temperature at

t hiAn@gddijenal stagecd dorsheanm etebing wasiapplied ta-the syifaee: of some
er iR EMOY :
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Thebetocherieallydhin ihe-sargplesprierdo finalpolishirg. suf ficiently
large to produce at least one and preferably several

diamond etalons (in a two dimensional array)

dep&qist@ngtb @heth%imaeaﬂmamen@aaureﬂimoﬁngleamilmq helam
r e drhdiig. S?ﬁglﬁéivitaﬁgl %ﬁ@i@ﬂs\éﬂﬂé% T4t %lgéie%’Fllﬁr\}%hs]a%les

to prepare at east one a erab Yy more
diaRppraxipeialy .2 ;mm ghick wvarenith GPee#t.50B3 12.56:00:26h3.30,
sub a t L 20 i

s Dk 20, 483 5 F2ORRINGY 6FnE S b SARRSE olgestS Mt e
andtvex dowesd valussdarel fiem aadifferedls popuationy tpdhe ather seven,
jus i i . .l i
bt Flching Wl st i8R s 5 Mgl Ll
200in/thisdastancedo aveidcny influepee on the measuted stredpth:Evemawith
reg A sl .
o S8 tuo BhEpett Sl ot TG 7794 S SHiled A Biteking
artstrength pfl atdeast25 GRenand the data suggestsihe stredgthds agtually
casﬁ1éﬁ§g§gﬁﬁgpgq polishing wheel that had been

carefully prepared. The tang used was very rigid and
held the diamond against a reference surface that ran

parpbl edmpsisbhenire blfig it &d@vent 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 Ib 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@200d/0d6e27 sm on the same scaife, taking care akRCEIB2803/005281

stage to bring the thickness to that required for the

final etalon. Parallelism was measured using a

commercial Zygo GPI interferéfhetric 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

rangepfidiar ligatmlhi ngﬁgnd’fﬂ?%ﬁﬁ‘ron%ii@% o@ﬁ%@@{d?vs for

was achleye Oy measur the llngar remo ate
whigns Baalysis by dirared speplrasdopy. Fepartieularwindaw,1whighs isv&ryn

CONgE et "Ras P ERaPIeHRe BE5 itk ahli R braasPSIand the,outer 1
predicted time. Other methods of etching or materia
rem&a lof ongvfatbewrfacashas ta withatanda presspeeadiffetartianef, 200
pla Rﬁ@ ' ion etching. The plate was
theéwgﬁg%ép §1§§T§§§%a%§§%&discrete units. The side
faces were then polished, although this is not always

req%a%sﬂeék}ﬁg&%nam& ?aﬁaaf&glg fﬁﬂaﬁqeesﬁuggﬁant diamond

etalon was 5mm° square, mm thid made to the
following tolerances: thickness:- 0.25 pm
parallelism-: 5 arcsec ;S a:- 0.5 nm and had a
FSR of 1.66782x10—4cm—1t. %§P$E§g' diamond plate from
the above synthesis process was used to further

oA SR8 ST PRSIt e AR S8 ana

pol ksdednstraifitofabtos wikich, for diamondbird3.4lforvancondtrained at the

m red T, ace R i the o NewView 5000

s oa 8d8.and d .67 Rl Gonstieinachat e sdde (Fodolng, Heissans gati for
diansdreintochave aivaue Of ). sBepduse deteimining stheedegnée of

‘gir :51 Jt mrrtl .oiéﬂﬁ.malari? wjttg ts';.h 9 :rea: fwgf;tjhng d’;\ 3 mrg

% 3°9Q0s Eﬂl’}_ ds "E@e we take the 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
WG d/0864%Bs 0.53 nm 0.04 nm, and on side B wBET/[B26653/005281
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 destHbed 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
thiErch/Bekasean sinendimage;was analysed fon the maxiswen yalue of [sin
£ 8 R 8 0 S b I PREE TS R 8 ShEARH B
wag polrlshed on a gCaife using a range O 1amon
powfdard) noaperbetaw.0.1 pm. Care was taken to ensure that,
as far as possible, all sub-surface damage was

removed from the samples. The final olishing stage
wi LA Deltascan man o sample £4. shoying the haimumyplieafisin o
finplestH Fraatecof 1Tk 6.78eni iSsholiiimbesdiatdly pelowshe 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 intlerferencdg contrasf and 'mi¢romapped] to
check the surface roughnesgs. Npmarski microscopy at a
magnificatign o 200 re led| t there fhere no
visible deflects™in tlhe surfaceg. e surface
roughngss, as dgfined by the R. value, was|determingd
using 4 non-contlact, optipkal surfag¢e roughnegss
measurememptg instryment ('Migyomap') . gbwo serig of 2Q0

pm lond scans ere made fin perpendicular directjions
and the resylting Ra [values wefe averaged yielding a
mean Ra valye of %ess than 0.2b nqlzThis COQQares 03
with typical Ra Qalues of tween 1°nm and ®» nm for™
digmends—pedished—uging-the shme technigue oo igused
for polishing natural] diamonds| in the Jjewellery
trad@f;WO 2004./046427 BL /IB20036@05281 -43 An

ilord- 1 s Qop1i 0.2
addlitional gtage of ion'beam efching wag plied|toVY-
the—surface o some

0.3 04 0.9 0.4 0.2 0.2

0.7 0.3 0.9 0.6 0.6

0.8 0.8 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 |sin 3| is 0.3
over an area of 3.0 mm x 4.0 mm the maximum value for |sin §| is 0.6

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



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

WG ged2prior to final polishing. The strengtPCHB2008405281
plates was measured by single cantilever beam
bending. The individual strength values for a set of
nine samples approximately‘ﬁ.z 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 Theﬁeﬂasmlmmofampﬁerﬁmbsm’\ﬂm@ﬂ'@mampml@hmf |%im 8]
b CERFT R 61 moPR 675 1S BRI GSER beldhe, Samote
preparatlon was no icient care In thi
instance to avoid any 1nfluence on the measured
strength. Even with thesge two suspect data |points
included, 77% of| samples have a bre¢aking sftrength of
at least 2.5 GPal, arff¥the|da®d suggesBd the |strength
is actually in lexcess of|3 GPa. For comparison, there
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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 §] is 0.3

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

over an area of 4.0 mm x 4.5 mm the maximum value for |sin 3] is 0.7




distinct and higher than that of either the natural or
HPHT diamond. WO 2004/046427 PCT/IB2003/005281 -44 A
W@pao#/046428r application of high strength diamcPEI/ER2063005281
optical windows for gas analysis by infrared
spectroscopy. A particular window, which is 7 mm in
diameter, has a clear aperture of 5 mm and is brazed
around the outer 1 mm of one flat surface, has to
withstand a pressure differential of 200 atmosphere

witithe Deligscan nrapefsample B4.3Tshowing the maxirsumaraiperof {sin )
et fni 6 T8 78 Tm s s imeniatdly BRRH.° (D)
where v e clear aperture, P, the ssure,

the breaking strength and k a constraint factor
which, for diamond, is 3[.1 for unconstraingd at the
edge and 1.1 fgr fully cpnstrained at the g¢dge
(assuming Poissonggratio| fgy diapopd to have a value
of 0.1). Becauge determiping the flegree of | constraint
is diflficult, we take thp worst-cése scenario of theq
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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 §| is 0.2

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

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



Each Deltascan sine 8 image was analysed for the
maximum value of [gin 81 using 100% of the data and
wWa st ximum values are shown in the Isin BAT/B2063/005281
below. The Deltascan map of sample E4.1, showing the
maximum value of gin 51 in each frame of 1 mm x 0.75
mm is shown immediately belo®8-0.5 0.4 0.5 0.6 0.6
0.2 0.1 0.20.2 0.6 0.40.20.20.30.30.30.30.1
0.3 0.50.2 0.3 0.40.90.40.20.2 0.70.30.920.6
0.cExampled 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 Igin 81 is 0.3 over an area of 3.0
mm & sets®f hemeapitaxiak Cilhdiemond layers weresysthesisedagrording to
N heRefibd Veschitly if Exafhpid™ e EVBIGEMoNE ters"Ray s
81 1s 0.9 WO 2004/046427 PCT/IB2003/005281 "-46 The
Deldimensionsmapup fo §nmpmeamhthicknesses of ¢iptin 3. 2napn diiem these
val Ot ' j j
hoceDHiah8d ilpre A30fF OF 4575ER Wors pffbfed o ptdflh biates
0 . 4with datecal odimegsions df . typigally @.G x @.smm. ;and . thickngsses4 of

- Snpotch, 78 i’ [ fidodos b fod o g ndafi o

t hemicsdrheter tooaroaeenracy of betterdiiare+Q 2 umx 3 .75 mm the

maximum value for Igin 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:

neﬁ,av = 2.39695

with a standard deviation of

on = 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
Wnaeedam2iralue for Isin 81 is 0.7 WO 2004/0464RUT/1B2003/005281
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 “¥wn immediately below.
0.4 0.6 0.9 0.9 0.50.6 0.90.8 0.90.40.20.520.9
0.3 0.2 0.2 0.1 0.50.50.490.20.20.10.6 0.5 0.4
0 . 2The magimumydeviatiop from Wlerveragewas. s 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 Igin 51 is 0.2
over an area of 3.75 mMxF.H0ME0%%he 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
PCTThsmagirnn rdative mepsuregbdeviation is therefore faund to be:
homoepitaxial CVD diamond layers were synthesised
according to the method described in Example 1. The
CVD diamond layers had Bakerals,  gamensions of up to
6.5 mm and thicknesses @f4p 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 . OThis mdastifededeviaiibn (K des & Measureiebl SEcr8dn tHicknkse d and
The thickness of each plate wag measured with a

i CESR &nd dug Jo The variation in the refiactive index drom, samplg fo sample

avedgsn materialinttnteyeRéRy Angysr the C-band
(197200-192200 GHz) was determined by measuring the

frequencies of the peak position of the

Angay =(&) +(Aninhom]
Hefr av B Jpeas n

Error analysis shows that the maximum relative measurement error in n

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

= +4.0x10~*

n “d | FSR 1255mm 50GHz

(éﬁ) _Ad AFSR _ 025pm  10MHz
The maximum relative deviation Anpanerrav i 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, Anighom/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

WQ 2094046427 1 mm diameter beam was used. These PEHKB2003/005281
positions could be determined to an accuracy better
than 0.5GHz. The effective FSR ig calculated by
dividing the frequency intet98I between the two
extreme peaks by the number of periods in the
transmission spectrum (For this etalon thickness and
f redifBnigierals dimensigps cof1 typicathy 44% i 4l mmrand; thisknesses, of
in EBﬁDQﬁEﬁawqqﬁﬁﬂﬁn of the FSR is Dbetter than 10MHz.
Figure 6 shows the measured FSR as a function of the
inverse of the sample thickness for each of the

pla c:oﬁﬂféjé? r e]a%ﬁ%t i’}é fe &E@E&a@%@{%s d%gg % e%rlier

line 1t t ta an ective re ive 1n

caland almesdbauﬁ&rage pmgtedtuicﬁtgure \Whe@trms@ldahneamdmatésﬁhe

the e 1 be il

S yEBESiRA Rl B IG2EN el SER 16t injBf g Blyfpee
200&%@@@%@78@ﬂEWﬂBE@byﬂ&ﬂﬁﬁadweﬂxEXThe maximum
deviation from the average was: Anmax = 0.00092 The
maximum relative measured deviation is therefore found
to be: 3.84x10-4 neff, aj;ghhis @a ared deviation 1is
due to measurement erg@rg_qg’t 1IK_§SS d and FSR and
due to the variation in the refractive index from
sample to sample due to material inhomogeneity,

Anlli@(g BRse t@@ﬁe&ﬁﬁé“m‘ﬂa@twe indei i Y]OTlﬁ‘T% corrett Value to use,

analysis shows that the maximum re atlve measurement
errbdut that the 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:

Cn=1.967

The average measured contrast ratio is:
Crmeas.a=1.89

with a standard deviation:

oc = +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
Wn2Wd/0¢64FER 1 .255mm 50GHz The maximum relativePCT/IB2003/005281
deviation Anmax'neff,av is largely determined by the
measurement error in thicknegs (Ad) and FSR (AFSR). An
upper limit on the wvariaticr’'inm the wvalue of the
refractive index, Aninhom/n, 1s therefore at least
better than 4x10-4. Example 5 8 sets of homoepitaxial
cvDExamplerl layers were synthesised according to the
method described in Example 1. The CVD diamond layers

had8%@EQﬁﬁamoQ&Eﬁﬁﬁéﬂ%ﬁmﬁﬁoﬁPlggs@w§@@yﬁﬂ@ﬂ§§95§%ﬁﬁﬁ?

of up to 3 From these diamond ﬁfrs a total

of the methed deseribeddn&xample hsThecQYBrdigmand laygrs had lateral
2004infAhEidAd oFG@é&%Zé}%/ m%&nesség o‘f’hBl'ioli’lirﬁl‘ﬁajFrom these

dimensions of ically .0 mm and thicknesses

of Cyppﬁammd&wys a tgtahmf 43?[119’(%%14@@9&3@5&91@5 stalen, plates
etagmp Iﬁljle?é?edlf‘iﬁ%ﬁ3|gﬁsteo‘fnﬂrﬁ’i@§ll¥a§ ORSEBIhAT R thickhesstadof

the results are plotted igure 7, where the solid
1inapproximatehe£26M8. theoretically maximum value for an
ideal etalon, for which the surface reflectivity is
determined by the refractive index Cr, =(1+R12 R-Cn
112The panallelism. ot etalonplates were measwed disingca Zygo GPI phase

refﬁﬁﬁﬁgv%ﬁl?ﬂ?xlaéér NBredilyps O nt&iferomatere Jé?nglsfﬁe drigle

hat t actual refractive 1ndex at the considered
f regpprlicajoniipcludedia the seftware oftherygoGRI irterferemeter. g5,
as can be determined from the Sellmeier equation,
describing the dispersion of the refractive index.

ThiBarallelisnrisicaleulaied fromtherngle ofitke irasksguares/fittegd-plae to
theth%f\ﬁg\%?ljo‘ﬁ? of fHe” E‘é‘é?ﬁ‘ﬁ%nsrﬁﬂgﬁ}fhrbuiﬁ%é: Befrewie Fespect to

value of the contrast ratio is
the plane wavefront of the unperturbed beam. This deflnes a wedge angle

between the front and backside of the etalon

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

average value of:
O = 9.2 arcsec
and a standard deviation of:
o, = 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=1.89
with a standard deviation: 6¢ _ 0.04 Any imperfection

WA 200404642 material properties (inhomogeneitieRCHIB2008405281
volume) and etalon preparation (imperfect parallelism,
flatness, roughness of the gsurfaces) reduces the
contrast ratio. The consistéﬁ%ly high value of the
contrast ratio demonstrateg the homogeneity of the
material propertieg and the accuracy of the etalon
preWiklaters . digensions /of stynieallypd®) xa48o mmo cangss thicknesses  of
Exagﬁﬂv‘%xﬁaﬁelf ¢bg8nfpf homoepitaxial CVD diamond layers
were synthegised according to the method described in
Example 1. The CVD diamond layers had lateral

‘ ‘;lmgﬂﬁé@ﬁafﬁgsé%v&ooﬁe RGPS EhdiT RIS A8 chlo‘ﬁppljéfés was

2mm. From these CVD diamond layers a total of
plamegswred cUsing s Z¥a0 &Pk phaseh shiftinge 633 pn: laser tFéae@y-type

dimpRsdrbifiet u‘_s}fﬁltﬁ@héﬁﬁeés %%ﬁlCétl&l mg]uaé’c‘fllnttﬂégsﬁ\ﬁ&%eo? the

of approx1mately e parallelism of 9 etalon
plaf¥go- G@t@t%f%@n@*@a using a Zygo GPI phase shifting
633 nm laser Fizeau-type interferometer, using the
angle application included in the software of the

zyglh-dhis applieation: dhes flatness sisa defined sas itheclargast spesk-valley
frogitbrincaare fi&%ghél@plér%at%tthémﬁenﬁérﬁtcﬁ% Eﬁ@&‘é & Shows

the wavefront of e beam transmitted through™ t
etalhermeasured-eurfase flatness valdeplane wavefront of the
unperturbed beam. This defines a wedge angle between
the front and backside of the etalon The average wedge
angThe average sufacedlangss £ is: 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
orF =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
Wn2oeh4Zescribed in Example 1. The CVD diamornPCT/EBRe43405281

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 platesd%gre prepared as etalon

plates WO 2004/046427 PCT/IB2003/005281 -52 with

lateral dimensions of typically 4.0 x 4.0 mm and

t hiandhibe daterab resoltipr wasnih®@ mjcran.o Angeftware-bandpass fiterwas
OVEIsed it Chiof Spaial fraqubrides 128 4G iRdshhfS BoRast

measurgﬁ using ﬁ)Zygo PI phase shifting 633 nm laser
Fi zequaresyfiido thensuriace psofile svas madein whieh rthe mistens tilt, power

?PP&H&Q&@%@;H%%%G&?% fo@@raﬂ%ﬁﬁyaefsogiﬁormﬁgu@yaﬁeﬁ%n

interfercdmeter. In this application the flatness is

de fand:forms weree raraaveds t The aemaining: devigtionscfremdhe reference
F1td hiide Ghid ﬁ%e@g@%eﬁ 88 Wi Chatribass FitsFdrl the root-
shows the measured surface flatness values. The
avemeagr-sguare yekie f ke deviationswasrcalcuated. rfhe reughness thus
fri . iQE ] ' :

o oRgeingd e Rn 16 Paly pogiest o5 5361 Sl beficentidtes it
diaamaverage valde Wk 2925y snd stasdarddeviationof Ocld nranladividual
met o) ' ; |

had e TR I tuth, SRS <farkierd Wgvighich, Of fE38 art B im
thiwker measutirg @ S differentmandenalynchosesr positions evemdhes full

layg.ﬁg(f}oﬁﬁﬁg ok & ap}ates.were prepa.red as etalon
plates wit ateral dimensions of typically 4.0 x4.0

mm and thicknesses of 1.2510 0.00025 mm. Surface
rou hnesF ;or 15 of these plates was measured with a
Zyggxamp e

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, | Dimensions, | Process (based on that
Number | ID pm mm of Example 1)
1 SM1 1352 461x4.28 | 5ppm N,
2 SM2 1471 574x5.56 |5ppmN, 210x 10°Pa
3 SM3 428 496 x 3.34 1 ppm Ny,
4 SM4 912 6.60x6.09 | 0 N (< 300 ppb)

|5 AM1 942 5.17 x3.36 | 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
WO1200d/84642% pe and the Zygo MetroPro software pRCHEB603/005281

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 WO 2004/046427 P B2003/005281 -53 and

the lateral resolution was 0.56 micron. A software

bandpass filter was used with cutoff spatial

f re8tracesof surface eonfapination. YAftes sleaning great sare was,iakerto
fitafhid CREcoHIGMMSEhdP IRE 1dupfates Wt Sanything RSt ©B8Id cause

piston, tilt, power and astigmatism related to the
ove?@ﬁWeQH%§@8§%&§@¥Hf@ﬁdsangular orientation and
form were removed. The remaining deviations from the
reference surface thus defined were filtered with the

bandpe ipfal scatieringpewer (SR 1 -06444m wagmeasured and caleulatad
devéé‘cro%&iﬂg t¥Re "ﬁ?e]tﬁ'dﬂl 8éSibed %%rl?é?%ﬁr%své?@ébg are_ shown in
determined was found to vary between 0.5 and 1.
betwallg Zolates 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.oTabla 2:WT§E1VM§@5119§4£E‘ forthe ﬁ!%éﬁmpi%ﬁi@@ﬂﬁ!y chosen
posﬁﬁ&@ﬂgamﬁgr the full 4.0 x 4.0 mm surface area
Example A set of five samples was measured, of which
four were gingle crystal CVD gsamples and one was a
Ila|natural diamond sampl é‘otalr&ca!@tesi Pewer; % he

samp% ke givemr—TomTable—1 Sampies
used ﬂﬁscatter measurements ggm%f i@lckness
Dimg¢nsions, Pro¢@dd -88H3ed on35ﬁa875Number45D-§m5mm ofi

EXa gL J. J. Oll 3 4 . UJ. A 28 5 [ 1y 2 h“’lrz 1471
5.74 L"X 5. I56 5 ppm 0%11?374121 X lg97§68.8%] J::’)”:J.Sl\/l:’) %9%0% 96 x
3.3421 ppm N2, 4031985362 6.6D0AGE0TE O N2| 0403446 ppb)

3 0.144404 0.129007 0.118031
4 0.651108 0.517491 0.251997
5 0.672936 0.445124 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 siress 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 Ila diamond. The

samples were all carefully prepared with an optical
W@2a/8¥427i th their major faces as close to [0BAT/IB26G3/005281

ig possible, typically within 1.50. Prior to

measurement, all the samples were cleaned in a

strongly oxidising mixture” 8¥ hot concentrated

sulphuric acid and potassium nitrate to remove WO

2004/046427 PCT/IB2003/005281 -54 any traces of
surfabemeepiiaxiak $MD; giamone: layer wasnsidhesised racegiding, 4o; the

takafetidd dESERBEH FEELARNIeN I Rakdd thehiResatéd 28 %h Sptich! plate,

anything that could cause extraneous surface scatter
ef £E304, with sixpelished{18@}fasasrndiwiledimensions gf4.00 mm X365
waspipsR9usamnd calculated according to the method
described earlier, and the values are shown in Table
2. Table 2: TSP wvalues at 1.064 pm for the five

samBLRsyfRsEEcan mages Jhiklety # m S0 FERiR W&¥GEcorded
5 0

Sample Angular Range 2.50-87. 3.50-87.50 4.60-87.5
1 oata M@leogtbwqfe@%-ﬁ) nsfer gach of thestbress mutually perpendicular

0100t drbelorkditi 19 BT of erklSiiide. Ealy BN sin 5

.51749T 0.251997 5 0.672936 0.445
datinageowas tanatysed thor thé nyaximumw valhes: tof 1Sikl &l irb ¢hes tresinper

added g.a_substantiadl ﬁ% %gr cagFe .t&g material
o8 SaliE SaE 150 % o e S on il Wi e
with observations that the stress level (as revealed

by irefringence) ig higher. In comparigon t e . .
o6 i VAlELergn /0 The sin' FAp 7asartsd wihe vipwing
thedirdotion pasalipliothg 1O mmidimeridion of tietpldte wab0.¢ L Likewise,
nitrogen . in the procegs and different procegs

prem%éi"&‘ftﬂél&{&?f S ¢ for the sip 9, map recorded with the viewing

direction parallel to the 3.65 mm dimension of the plate was 0.1. A
maximum value of Anpyersge), 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°.

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 3 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 §|

in each frame of 1 mm x 0.75 mm is shown immediately below.
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nitrogen and the natural type Ila
WQE2008846@2bws the particular benefit of CVD diR@EBIR2003/005281
synthesised by the method revealed here,
diamond is _known to contain stress
and dislocations the scatter

and as

y by a

similar mechanism. Example 10 WO 2004/046427

PCT/IB2003/005281 -55 A homoepitaxial CVD diamond
layer was synthesised|according|to the mgthod
described in Exaﬁp L. It was fhen prepan s an
optical plate wifr six [polfshed {100§]faces
and with dlucng+u“g © 4.00 RS2 65—mmn - R
Sets of Delltascan images, each ¢overing 1 |mm x O 75
mm, were rejcord at velength Qf 589 6 nm for
each of the three mutuall@jgerpendlg vie ihg
directions [ormar to fhie faces gL the bdMLle. Eacir
Deltascan gjin 8 imagg was analysed for tHe maximum
values of gjin 80%? the ma desc ;Ped earlbq;
using 100% jof thé data obtdined|{within thg frame. The
maximum vallue of gin for the ¢in 8 map yecorded w1th
the viewingl directioh parallel to the 4.00 mm
dimension of thg plate wagP.l.|Likgwise, hgj\-:nmumum
value of sin 8 for the sin 8 map recorded [wit

viewing dijrection pakrallel to the 3.65 mn dimension
of the platle was 0.1.|A maximunp value of [Onl[average| ,
the average valQ& of the Qifferg¢nce(bktwegn Ole
refractive lindex for Jlight polatised parallel to the
slow and fast axes, was then calculated flor each of
these two viiewing orientations and found to
approximately 30d 1076, THA lvalyes aingd §éh the
viewing direetion—perpendiceutar—teo—the—twe—Ilargest

dimensions and parallel to the 1.31 mm dimension are

shown in th

diamond layer,

e

R[j_ver?? C! ffOﬁ%ﬁ(éﬁ:

Yt@lme |n

ominant

sin 8 map below. This viewing direction

COT FRERINSSpdridirtg Fakirlith lvaligs St A

and thus 1is paralle

this

dirsiewingrdirettion can be calculated based on the corresponding sin & value

and the sample thickness, with the values given below:

Sin 8

0.

10

0.20

0.30

An

7.

2x10°

14x10°

2.2x1

0-5

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



WQ2W4/046327 mm dimension of the plate,

dislocations in the material.
sample E10.1,

The Deltascan map of
with the viewing direction parallel to

maximum value of Isin 81 1in each frame of 1 mm x 0.75
mm is shown immediately below. WO 2004/046427
PCT/IB2003/005281 -56 0.1 022-0.1 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 [ Quartifgiive lminessence measuements: welg dadeqor arangecef as
can ghfnanahiebRd Siednetl EVD FahsreRanpPitEgrow adtording
valle and the sample thickness, with the values gilven
be1wthegmathad dn exaroplgol. dn s@ach case thexmeasyrements weregmade
2 - 2 afferthe Ferhbval BReh& 100} syRthitc @@m@oﬁme sample

appllcatlons the presencé of randomly scattered
ponoveg ortgma&yregﬁoun sm@ggrqyﬁhrg@ndtbgnsﬁ@&@ézedsﬂpe@mw of
gfjejo‘Bh y Lhae dorbath USSERST AiEtond ahateRdSdth  uniform
measured across the Sample, shows thati material grown
usmgnlﬁef@emnweft@smejus!g%miwnm@a@er@@nmag@g Any small
eXtE&B]ﬁ&%él @Mﬁvé%]cﬁrgf at tié 8y Be%f"ttﬁél ?drﬁﬁérMHeHﬁ@rent
both generally across the samg le and also local
Exalllh{ﬂll@esﬁﬁn% praneatiess were; reraqvers befors/ @Iﬁsmsuremﬁnts were
Quapigigative luminescence measurements were made on a
range of as grown and annealed single crystal CVD
to the method in

showing tPET/IB2003/005281

diamond samples grown according

exagRd eiuﬂnne&&er?cécﬂﬂeé&ﬁ@mé

after the removal of the
on wegcribed nearligimend were normalised relative to the 1332 diamond

100

SMEEE' S 7 K7 GSiRg TR nethod

synthetic 1lb sUbstrate

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 | Raman normalised | Annealing treatment
intensity of 575 nm | intensity of 637 nm
PL line PL line
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
WQilhosd2material with uniform luminescence pRCHHR20G3495281

as judged by luminescence imaging. Any small

additional growth sectors at the edge of the sample

with different luminescemﬁ?%ﬂoperties were removed

before the measurements were made. The luminescence

measurements were made at 77K using the method

desthei aksolute value of thenuppee levehof GiSnmsand 6374 amiRlcintensity is
133g shirdeedthindtPBiPihe nitfégencontertitiof Wf{ﬁ@mﬁ?ﬁ%&&%; but

The results obtained are shown in Tab below:

Tabaan thus beagiantagesusly Feduced by qopeling asiemonsizated hre.
Sample Raman normalised Raman normalised Annealing
treatment - intensity of 575 nm intensity of 637 nm PL
linExampleitZe 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 . 03 sets o6 homoepitaxial &¥Didiamend platesyyete synthesjsedhaceording to

hougpg n?é’th&o"éé’s%rigecg E‘ EBftplé 1 OFrbrh Rese séts ﬂPtéi%}ﬁ; 481b|a§ésg\9§r§e

80 kBar 7 0.16 24_hours at 2100C, 80 kBar
0 . crepareHAsretalon plateswith aterabdimensions of dypically 3:8x3:8mm

at gtPPicknest®s SBproximately 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

Ane PV(ﬁir;ge)x %

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 637 nm PL

WA A0ee6H#27 is 1in part determined by the nitrdE&FIB2003/005281
concentration in the growth process, but can thus be
advantageously reduced by annealing as demonstrated
here. Example 12 8 sets of'ﬁ%moepitaxial CVD diamond
plates were synthegised according to the method
described in Example 1. From these sets in total 48

platlég effeelive qptisglinhemegeneity Noroven thecplates: Hetermined in this
appﬁ%z§%§%§?§@€¥§%§%$é%@%%aﬁTﬁgwﬁg¥€ca[Eﬁ%ﬁogeﬁ% é?18f
6 etalon plates, originating from 4 different sets,
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Tabh085&F1below Ot measufBIPV vallues éBe tabhulatdB for
theoggse thatgapply the gigdt 1s yemovgq and|for the
cage—tlhrat—ati—shapefagtors—areremoved: Fhre—Fower—PV
val §8§2'12 th=0£§gnd g §e1 S comg ared’fo the firf?
indlaverage that there gre some sgale E&fape e¢ffecthsB due

to|gRpdirptness of the [plate 0.7 1.4
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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 I, 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 I, 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)

wWoraiasizh of the refractive index is filteredPCLiBB2063/005281
this way. WO 2004/046427 PCT/IB2003/005281 -59 The
effective optical 1nhomogene1ty An over the plates,
determined in this way, 1is” Qss than approximately
8x10-5 and more than approximately 4x10-5. The
variation between plates from different growth sets is

abotike felative-differenes in tiansmitigeh light irepsities:is dgfinedhin terms of
homggaRsEHioh MBS aHd MNeaIEHated HBRARING to %ﬁéﬁ&?ﬁ and set out in
(x10"5) Tilt removed Tilt, Tilt removed Til
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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 . 2Bhe insgrtiondossy ok reap etalopis reduced gompared to dhatoofian ideal
0. 2&loh, %Eh% 4 inseRiBR18SE o 0 %BS b%ca&%%*dé“égmglngtlén of

dev1atlon Example 13 2 sets of homoepitaxial

diafRyeral fagterssthpdpest dpiperiand being the abserption ef;mcv@lnet light in
metipadofie %iﬁfé@@%céﬁbr%?é“&l ﬁ’np]erfeEF ‘ﬁmsl’:r 1'6? %ﬁe §Gﬁ‘§bego(surface

uncoated etalons were Eare with lateral

dimkoyghrass) ard B9@>~Pé@i|§ljﬁn10 the outer faers. Itrgandendedusgd from
aPPEHSEREARASUrdmERIEYA thE @BntFask Fati st foF hedd &EdnEARe non-

loss was determined by measuring the maximum
traPﬁ!ﬁllq{lﬁ@darpl@f@%r?@aE{%hw lapgelyrexniain the-messured iasertion
spephdagn 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@Eawied@Ed centered on the etalon front facePCIIB2603/005281
separate measurement the transmitted light intensity
to was measured at the same frequencies, without the
etalon , but with the pinhc1® +in place. WO 2004/046427
PCT/IB2003/005281 -60 The relative difference in
transmitted light intensities ig defined in termg of
t heTahle 6+ Savaples ysed fior ahsorptionmeasuremesding to
equation 5, and set out in Table 5. The insertion
logs of real etalon is reduced compared to that of an
ide8amplet al Fhicknessh Diameter [iN2eohcon ]@&ommeénts dB,
berause of lﬁPmblnd j of Q¢mgﬂ&l factors the ~most
impexrtant betng—theapb3orp tten—of —ineitdent—1 Ot T
tthﬁﬁik sU3%ce scéﬁ%%rydue5to 1mperf Qxffﬁf@h of
thegs2facego8surfags.0groughnegss) and non- parallellsm
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cthEdhd thd 1395 - par®Melism 28d surfad@-8%SHer can
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5:| Samples |used for|insertiopn loss meagyeBaRtatine
Etplon Numbper Insertion loss| (dB) @ 197HEmédtkz @
192200 GHz I —=0739 -0.38 2 -0.324 -0.32 3 -0.23
-0.23 4 -0.29 -0.34 5 -0.29 -0.28 6 -0.25 -0.23
ExaMeasurement of abgerption was fiade @syepertedensiesranddheapesulis
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Table 7: Samples used for absorption coefficient measurements

Sample Absorption Coeff.
(cm-1)
At 10.6 pm At 1.064 uym
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 um. Over each plate no thickness variations



W20t Hed2E these samples were prepared as

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

plates by careful surface polishing, resulting in the
dimensions given. For comparison, optical grade
polycrystalline diamond withV4h optical polish was
also included in subsequent measurements. WO
2004/046427 PCT/IB2003/005281 -61 Table 6: Samples
useWers found yithin: thishaerusasyr chhenlateral dimgnsions, ot-theplates are
Diaggderinttagieogc . Comments (pm) (mm) (ppm, N2) E14.1
1352 4.12 5 330 x 102 Pa El14.2 606 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
OPt ¥aBfe 817SAIRpIeRUSEATFFIR MERurerhRis shGRiHE; igla?élg of
absorption was made as reported earlier, and t

results are shown in Table 7 below: Table 7: Samples

PO T i T . R YO
E1411 - 0.0483 |EhB52 0.0262 |[A.8D71 E14.3|0.0264
0.0§77 ETF 4 = [Gpgfct EIT+ 5 9362 0-119| Example 15

3 473 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 5.9 5.9

10 5.8 5.8

11 6.34 6.4

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 specirum (For this etalon thickness and
frequency band typically 100 periods).

OPtRCEEHIB2003/005281



3 sets of homoepitaxial CVD diamond layers were
synthesised according to the method described in
WE2Hdd27. . 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‘@%th thicknesses varying
between 1.250 mm and 1.258 mm. The thickness of each
plate was measured at several positions with a
micThamaverage & Sihovercallpesitions forcene: platec was calcylajed fopeagh

eac ate ' j s WO 0

2 BolE S B R RIS 0200 4 1444 m e
acchAE8Ry.. The lateral dimensions of the plates are
shown in Table 8. Table 8: Sampleg used for FSR
measurements shown in Figure 9 ID number Length (mm)

WidThis fraximdmaerrob isdddlihed as4 .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 95.95.9 10 5.8 5.8 11 6.34 6.4 The FSR over
the C-band (197200-192200 @HpFSRasn[mrjermined on
several positions (QvﬁkﬁFfmﬁtt;pﬁs—w1th average of
6.7) on each of the etalon plates by measuring the
frequencies of the peak position of the etalon

poo WBrEHAg HeRT SandE R gtk Bodiong bn Hblater o
light. The distances from each measurement
The FSR of these plates was approximately 1.66 cm™. Figure 9 shows the
standard deviation and the maximum error of the FSR for the different
etalon plates. The average standard deviation is opsra=1.37x10* cm™.
The largest maximum error that was found is 3.5x10* cm™, whereas the

smallest error is as low as 6.7x10° cm™.
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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 flathess 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 % of the measurement

wavelength of 633 nm;

i) 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 §|, for at least 98% of
the analysed area of the sample remains in first order (6 does not exceed

7/2) and the [sin & | 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 (6
does not exceed n/2), and the maximum value of ANpyeragg, 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 1.5 x 10™;

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 ym 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 5x 10° cm™;

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 um 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 ym 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 8|, for at least 98% of the analysed area remains in first order and

does not exceed 0.4.

S. 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

ANfayerage does not exceed 5 x 10°°.

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 2x 10° ecm™.
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9. A CVD single crystal diamond material according to claim 8,

wherein the free spectral range varies by less than 5x 10 cm™”.

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 um 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.



-68-

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 pm,
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%;

i) 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 pm of less than 0.09 cm™;

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 um of less than 0.04 cm™.

17. A CVD single crystal diamond material according to claim 16,
wherein the forward scatter at a wavelength of 1.064 ym 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 um 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 pm is

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

wherein the optical absorption coefficient at 1.06 um is less than 0.02 crm
]

21. A CVD single crystal diamond material according to any one of
claims 16 to 20, wherein the optical absorption coefficient at 10.6 pm is

less than 0.03 cm™.

22. A CVD single crystal diamond material according to claim 21,
wherein the optical absorption coefficient at 10.6 ym is less than
0.027 cm",

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 (hominally 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;

i) an ability to be processed to show a high flatness, with a flathess
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 R, 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 R, 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 4 x 4 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'K™".

45. A CVD single crystal diamond material according to claim 44,
wherein the thermal conductivity measured at 20°C is greater than 2300
Wm 'K,

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 10" atoms/cm® 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 10"" atoms/cm® 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 10" atoms/cm® N in

single substitutional form as measured by EPR.

60. A CVD single crystal diamond material according to claim 39,
which contains more than 1 x 10'® atoms/cm® 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 10'"® atoms/cm® 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 10%/mm?,

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 10¥mm?.

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.
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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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