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dianond material, its production and optical devices

and elements arising fromthis material. There is a

range of optical devices which; as a result of their

uni que requirenments, place high demands on the

mat eri al used for them Exanples include |aser

wi ndows, where high intensity beans need to pass

undi sturbed th a | L S, A Lred to

provi de somne fé?%" q\ﬁsﬂ.ﬁ%ﬁggh%ﬁ&'lﬁ#h evi ces

such as optical reflectors, diffraction gratings and

et al ons. Depending on the particul ar application, key

properties that may play a role in the selection or

manuf acturing of an approprlate mat eri al include | ow

and i form and high

ref Fat St Te s v e bi refringence or
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uni. f or tjcal absorption, f
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terrperat re variation within the optical elenent), an

abi | a}t?[ ‘0 be processed to show a high surface polish
together with high parallelismand flatness,
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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- SUWARY OF THE | NVENTI ON According to the present

i nvention, a CVD single crystal dianond materi al
WGebowe4@e7 | east one, preferably at | east two, POF/E2003/005281

preferably at |east three, and even nore preferably

at |l east four of the follow ng characteristics, when

nmeasured at roomtenperaturedtnomnally 200 : 1) High

opti cal honopgeneity, with the transmtted wavefront

(as for exanple nmeasured by a ZYGO GPI phase shifting

633 nm Fi zeau- type laser interferoneter) differing

fro exX e jcal wavefront during
tramo ot ?ﬁ?@mnd of a specified thickness

of at least 0.5 nm preferably at |east 0.8 mm and
east. 1.2 ed to an
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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 transm ssion of the sanple etal on
as a function of frequency, and applying the fornula

w0 o042 Fr ee Spectral Range WO 2004/ 046427  PCT/IB2003/005281
PCT/ 1 B2003/ 005281 -3 (equation 1 defined later).
Those skilled in the art will understand that the
val ue of 2.3964 is based on-tfre di amond consi sti ng of
carbon isotopes in their natural abundance ratio, and
that the value of 2.3964 will vary as the isotopic
conposi t i (Auation heelinechigiar). Thaseekilled)in thenard pill wrderstand
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| aser beaéUeW r%greaprg\%ra%llye%gtlgo% of the analysed area of the sample
remains in first order (5 does not exceed 7/2) 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 nom nal dianmeter of 1.2 nmm over a
specified area of at least 1.3 nmx 1.3 nm and
we@hesabiy 2.5 nmx 2.5 nm and nore prefer abtyIB003/005281

least 4 mMmmx 4 mm exhibits a free spectral range

(FSR) whi ch, when neasured at different positions

over the plate varies by lesf#tthan 5 x 10"3 cni, and
preferably by less than 2 x 10-3 cnm', and nore
preferably by less than 5 x 10-° c¢nf', and even nore
preferably by less than 2 x 10-4 cmi. WD 2004/ 046427
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that is i gl feRnicdbn £4%a fidndMh 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 conbi nation of optical properties such that a

suitably prepared dianond plate in the formof an
wee@komiof a specified thickness of at | east BCBIBMY3/005281

preferably at |east 0.8 mmand nore preferably at

least 1.2 mm and neasured using a | aser beamw th a

wavel ength near 1.55 pm and % di ameter of 1.2 mm

over a specified are of at least 1.3 nmx 1.3 nm and

preferably at least 2.5 mnmmx 2.5 mm and nore
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10. 6 pm nt@m-@2b emar 20C of less than 0.04 cm1, and
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t han 0. Olnﬁn‘i’é 6refe%bl QW &'gy Eppm opti cal scatter,
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such t hat ra sa Ieso a specified thickness of at
least 0.5 mm preferably at least 0.8 mm and nore

Drce 9eqLafiale St Solth SR G RHCE Bl of <
pr ef er abl §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 mMmx 2.5 nm and nore preferably at least 4 nmx 4
mm the forward scatter at a wavel ength of 0.63 pm
w0 nicegs@ted over a solid angle fromO0.3 to 45r¢T/BR00IN®5281

transmtted beam is less than 0.2% and preferably
| ess than 0.1% and nore preferably less than 0.05%
and even nore preferably | es$than 0.03% 10) Low and
uni formoptical scatter, such that for a sanple of a
specified thickness of at least 0.5 nm preferably at
| east 0.8 mm and nore preferably at least 1.2 mm and
measur % a iy 0 t
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80 Jem?, and even more preferably greater than 120 Jem™, and
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
Jcn2, and preferably greater than 50 JcnR, and nore
wee@hesabt y greater than 80 JcnR, and even noPEI/IB2003/005281
preferably greater than 120 Jcn2, and even nore
preferably greater than 150 JcnR. 13) Hi gh thermal
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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 nmradi ati on over a specified area

of at least 1.3 mmx 1.3 mm and preferably at |east
wQ@2®40m6427 2.5 nm and nore preferably at | easPCHIE2006M05281

X 4.0 mm which is better than 10 fringes, and

preferably better than 1 fringe, and nore preferably

better than 0.3 fringes. 17) 8 mechanical design
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speci fi ed i ' least 0.5 mm preferably at
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characterised by fabricating into one or nore plates,
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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 sanples of a thickness of at |east
w@2@4m0m42pref erably at | east 0.8 mm and nore prPer/EB2at8/0p5281

at least 1.2 nm and neasured over a specified area

of at least 1.3 nmx 1.3 mm_and preferably at | east

2.5 mx 2.5 mm and nore pr¥ferably at |east 4 nm x

4 mm which has a value of 2.39695 to wthin an

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

accuracy @f2%/ a0d 0008 preferablyedessr §rna0. Wev ehd nejeins more

near 1.5 r&ggagpgléét‘sﬂﬂgh Bysbre frequency of the |aser
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conposi ti anDn var
uni form opt| cal scatter, such that for a sanple of a

speci f4 | - Q. er y )
| east %?8 Lpn‘& gétn %nl@r%mg%e ?@%f%wét gﬁ”ggﬁ%ﬁﬁlﬁz% thal in
thi ck, andamplesof edspegiied dhicliessiof iak thast .4 noh, prefarably at

1.3 mMm x t
o and st BmAMdRh SRt Yt 168832 mfn, indHElaodr
forward s@agpesifiedtarga @64at deastelas mned 1B/mirh eandepmfmably at
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3.5 to 87. romthe transmt ess han
0. 4% and4pnmf tlrreallnﬂayirmlasyaluha:ﬁ mea@pme)amge value of the
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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 n/2) and that Anayerage) 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,
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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 |ateral dinmension of 1 mm
preferably 2 mm nore preferably 5 nm and even nore
wee@ietably 8 mm c¢) a thickness of 0.1 mm prer/EB2at8/0p5281

0.3 mMmm nore preferably 0.5 mm and even nore
preferably 0.8 mm The |nvent|on extends to a single
crystal CVD di anond materi ar 13s described above for
use in, or as, an optical device or elenment. Such
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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 characteristics affecting inmge
gquality. An optical device which includes or conprises
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attached to it or built into it either a heat source
or a WD 2004/ 046427 PCT/1B2003/ 005281 -11 tenperature
or ot her neasuring device, of2phot h. The heat source
provides the ability to alter the tenperature of the
optical device, and thus any tenperature dependent
DESGRIRT i WINGSnsor a neans by
which to nonitor this and in sonme instances provide
feedback control. This technique is particularly
appiThe dmestiorpwill nembbridesssbed in mors detajl by way efiexample only,
congiet Ladl r Ji t-LRi-ql stributed
uni ?}gﬁtr fé%ﬁgﬁ@?]laépl ?@Bsnyf-"rgtf?'itacu A {gﬁnlggdi nments of
this formof the invention may be the incorporation
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structures foreflestancenand drapamiitancd patterntof apweaat incielent on
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i mpl antation or er surface processing

techni ques. The material may exhibit the beneficial

pr o ' af ter : Lt abl e e e
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In application, the material may be further treated,
such treatnments including nountings, netallisations
(sufiguwe 3 or & a@ i gepphicak ogpresgatatigucHdl =& typical reflectivity
anti-reflecti .| )y Ch : rface to a
specific topo%ﬁ%%ﬁ%h%tg%?ﬁ G%sc %d:rg%%?%@gt ive optics),
or the like. According to another aspect of the

i nv , a : ; .
ot S o7 Sop SRPrinRi O Rt dfichofr{Po SY6REPY messuring
growi ng a si eplical seajier at 1.86 amoinémat diansarisksampties; wi t h

| ow crystal defect density by a CVD nethod in the
presence of a controlled |low | evel of nitrogen to
conFiayre 5 he ifed diagsaromatio reresantationdeffthe tconversien |of\osk-

of nitrogen Ugktkdsibnh8atd®pitkd fonthe Sy&mt & M§ure 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 |ocal strain generating defects

whi | st being | ow enough to prevent or reduce
waledoepenedus absorptions and crystal quality PCT/IB2003/005281

degradati on. WD 2004/ 046427 PCT/1B2003/ 005281 -12
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which: Figure 1 is a schematic side view of a solid
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graphi cal representation of a typical reflectivity
char act eri st i &aximum Gevietiorofiany sneasgteanent frofi the meerages
a diagrammatic representation of a system for

measuring optical scatter at 1.06 pmin small dianond
sanples; Figure 5 is a diagrammtic representation of
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theTmm—grg'm'e—?—rnﬁg— t wo- di mensi onal dat a;

Figure 6 is a graphical representation of the
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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
nmeasured as described in Exanple 15. Data are shown
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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
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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
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pr ef‘l’ﬁé a(R,a}fty 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 nore preferably greater than

700 ppb, and even nore preferably greater than 800
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of the typical nitrogen concentration in the solid,

al t hough the relationship between this concentration

and that of the nitrogen in-flhe gas phase is a

sensitive function of the detailed growth conditions.

Typically the single W 2004/046427 PCT/|B2003/ 005281

-16 subst i t ut iasrR/mm’ with geore dynical valuas being 9% /mwals whitst in

by el ectron n%%é?gggzgﬁbbcm‘/ﬁlﬁ?r@'&feeatéﬁpm exceeds 3 x

1015 atons/c nor e cal exceeds | x 1016
atons/cnB, and even nore typically exceeds 5 x 1016

at ons/ Cg%% FUfﬂh'aQé a%&ltlrlgh'ﬁorﬁo%ﬂ |r§/§t IIR{:]IJ&F\?EE@SR%%UOH

S|ngle stitution nrtrogen I's
5 x 1017 at omstrugtgresaaand rimceoora;q@sscblrmmgu shatasstraqkhaaioag

been possr b e PEITTR, TRAERIG I iy

di amond nat er |oaer af sahple, nWlélnttvmcal tla}lpes:aamgmg rirdrayagyout
form with a‘%@/ﬂﬁﬁﬂg%%? .orHHeC?tl\arP rﬁ@ﬁ,{r{]d S &Jo?lgl Sollshed

i mportant for the pf ction of a dianond o

| ayer of the iregieng ¢orgampidsat growt h of a | ayer of
single crystal CVD di anond takes place on a dianond
surface which is substantially free of crystal

def dbePrefered lvsdensiy obsefects éf sushdhatrthendensity afeariace etch

di skagablqasa, s H%@Ft@ %E%%%?nbe*&“&bé\‘)es%r 'bQI%lAPQ%b

boundari es, pol nt S no ntr assaocl a
MAtﬁndhﬁﬁeoﬁﬂaHHYNQMWﬂﬁﬂmm%M/angle boundarles and any
ot her extended disruption to the crystal lattice.
Preferably the substrate is a | ow birefringence type
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t Wi ﬂn.thg casfa of synthetlc 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).
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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
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tenperature to give better control of the etch rate.
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contal ni n
than the lntentlonally added mtrogen 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
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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
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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
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Ann spher pressure or
preﬁmdameatadjllmel cally takes pl ace in the tenperature
range above 1200C and nore typically above 1700C. An

upper limt 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.
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i n 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.
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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
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characterise the etalon transmission curve by specifying the contrast ratio,
C. This is given by the ratio of the maximum and minimum transmission
values,

C—Tp 3
=7 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,
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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;
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f r equenc pensjtingl than some other optlcal 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
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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
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mi ndiffes edightlye frefrf dloe gefsfictivayindex 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
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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
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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.
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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, ANjaverage.
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PCT. 281 -31 is anisotropic. The variation

of the refractive index with direction of

pol gk i i r sur f al | ed
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i nf gremigelyon on how the refractive index at a given
wavel engt h depends on pol arization direction in the

pl ane perpendicular to the viewi ng direction. An

ex plThranéw redfniquenwhas deebdedavabpad fno mkesasiusngent eprinbgrilyA.at

M q"(szﬁﬂ, SﬁhoEth chtHeP 5v8\9ele|%thss%ch lagndeS ﬁ}n 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 series of images
captured for a range of different relative

worediots@ki ons of a pair of plane polarising fiPCHIB00I®5281
Del tascan determ nes the direction of the "slow
axi s", the polarization direction in the plane
per pendi cul ar to the view ng3direction for which the
refractive index is a maximum It also nmeasures Isin
81 where 8 is the phase shift given by 8=(2it/X)An L
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Wiere the array of 1 mpw rames 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 scatiered 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 mninumtotal nunber of franes
WO eooenddseel y cover the area, and centred so aRCT/IB2ek®5281
utilisation of edge frames as symetric as practical .
That part of the data in any frame which is from
out si de the boundary of the-dPea under analysis is
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pl auegcaéterqsgmam- t hi ckness, by application of a m n| mm
t hi ckness. A nore fundanental property of the material
can be obtai ned bE{ converting the sine 8 information
backa e aged over the thickness of the
sanpl e of the difference between the refractive index
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Such techni ques are well known in the art. In
par
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see for
( obtalned was normalised to a 100 pm 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)



exanple DC Harris, "Infrared Wndow and ' Done
Material s", SPIE, Washington, USA 1992). However, in
walec@aonad2pi eces of small size (e.g. 4 x 4 nm PCT/IB2003/005281
|aterally) and of the quality nmade possible by this
method, it has been found necessary to devel op a new
t echni que for neasuring scat88r precisely. The new
t echni que has been devel oped for neasurenent prinmarily
at 1.06 pm although other wavel engths such as 633 nm
ar e ppdtsamd €>JHAWait aralmDigmaerte aad pRelated nMateriatst 31)§1994)
for qm%%nethod is shown in Figure 4. A 1.06 pm Nd- YAG
| as&r “illum nates the sanple 22 and the scattered
beam 24 is detected through a defined aperture 26 with
a hi Lnea. wi de dynam c range detector 28. The
sansgﬂgé%kgﬁ% 3 ector 28 are nounted on separate
goni onet er stages (not shown) allow ng precise
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e DISPIBE R iy i Eurk FOreSLER ] e gqpghness was
di airderdedstionp|needRranhérdvaver & reémesantativelaread ef gpprak.i@skochm
Wi t ct to the incom ng beam and then fixed for

the“duration of the experinent. The diagram of Figure
4 is not to scale, with the distance between the

bonsurall el o0 7ot orence numeral 82, The data
fromthe detector is gathered in a series of discrete
oL RPRCLeanlA DA S ER RS 905 o0 o
r eslasecFigdastype dntarigriometdr in hesetiop Eentical tolthesneksueement 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 fromessentially a one-di nensional array
covering a strip froma hem sphere into

wo e gigrensi onal data covering bands around a PCT/IB2003/005281
hem sphere. This is illustrated in Figure 5 where 34
IS the scattered beam as neasured and 36 is the
converted data to give the t3dfal intensity scatter at
this angle, as described nore fully below. The data
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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 | aser damage threshold is
nmeasured by firing pul ses of a |aser at the sanple
waoir@en4d4est , and characterising the point of fBECT/IB2603®5281

the mean of the |owest incident peak energy that

causes damage and the highest incident peak energy

t hat does not cause damage.-28-a wavel ength of 10.6 pm

a CO2 laser was used with a primary spi ke of the

order of 50 -100 ns containing typically 1/3 of the

t ot atefgrablyeat dewst §0% ofetplivalemt samblearsf npatedial pested using the

rel %;%%%ﬁ%%ib%gol se of the order of 2 ps. Data obtained

was "no sed to a 100 pm 1/ e spot size. The
rel axation pul se can be negl ected because this test
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- 36chrdl, and CIH Wrt et al, Dianond and Rel at ed
Material s 1994 1158). Surface Roughness Surface
roughhéégh%és"(bn'ﬁa@ 'bgy{}f?i%‘areésﬂ)'go NeV\I\/igew 5000
scanning white light interferonmeter. The
interferoneter utilises a njcroscope equipped with an
interferometric objecti 99=6@W§}4@d9l\)l chel son or the

Mreau type. Magnifications of between 1x to 50x are
possible with this system By neasuri nqyover the full

ar ehgre YWiis the irRRe [9ad@Bd\%dS theidiziangripetwgen tedoading 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 |ess than 10% over the area of the
plate if it was fully fine-polished. Therefore in the
w@osen42reasur enent s t he roughness was i nf er PEOIB20@3M05281

measurenent over a representative area of approx. 0.36
mm x 0.27 mm Surface parallelism Surface parallelism
was neasured using a Zygo GPB9phase shifting 633 nm

| aser Fizeau-type interferoneter in a set-up identical

to the neasurenent of the transmtted wavefront. By
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sur hoctmiting examplesal on was determ ned. These two
fringe patterns were neasured sinultaneously by
passing part of the light through the etalon while at
sonExampbr1position the light was directly incident

on the 10% reflective flat mrror and was again

refl ected back towards the detector w thout passing

t hr Subgtratére suithbderdord syritiedsising Simgles crystal BVAD diamond of the

nea f [gher accuracy than if the
tmﬁ&é@ﬁﬂéﬁ@%g%ﬁé’o%eﬁp(&%d one after the other.
WO 2004/ 046427 PCT/ |1 B2003/ 005281 -37- Surface
b= aBid Pirbbehans R IREdaHE Bl Bot80m
i nt er f estonesd)ewas Yptinhisédpbs thenbesié ef ari@bssopichiavéstightion and
froma I . I . rtialbly reflecte .
froma tarneosdiRbmd 0 Iht s pRRaka e Uim R St
spl i t t eancimperfeetiorisght transm tted by the beam
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surface of a dianond optical conponent manufactured
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di gi t al leyelsibengdoingrivced by the processing.

iii) After optimisation it was possible routinely to produce substrates in
which the density of defects measurable after a revealing etch is
dependent primarily on the material quality and is below 5 x 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
wa@ppkieaei on in the software of the Zygo GPl  PCT/IB2003/005281

interferoneter. Mechanical Strength The utility of the

material of this invention is clearly illustrated by

the absence of reported strédfgth data in single

crystal dianond whi ch has been obtained by act ual

fracture tests. Data currently reported are based on

i ndentation tests, and the approxi mati ons and
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strength s k t [ Y

appl i catlku E‘r all u‘lfhg'ntoe(iq gdq%ghét en A ?%@%gg 8?'
characterise t1555m0esn¢rm(staxtdamgubtc agaiimestre permseqmol) \of
characteristi t ici

used for appl ?)émﬁmj at ;%gr:a co ?gast%%tangg&t"%g Eérf”%}g“)e of
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consistent material such that the fracture strength
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The design st ed in this
specificati ong‘gﬂg\wﬁpﬁe% rengﬁ]ﬁ g%%lﬂg is exhibited by
at | east 70% preferably 80% and nore WO 2004/ 046427
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cqui val efl satpiduoist il HeChRb oftos G 27 1m¥ Bbton of the
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t he 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 nounted the beans with an
wezpened2t ength of 4 nm(i.e. 1 mm inside thePCl/mEBep)3/005281

and applied the force at a distance of 3.5 mmfromthe
clanp. The strength, 6b, is given by the expression:

= (6W8)/ (bd2) where Wis-f#he breaking load and s is
the di stance between the loading line and the
clanping line. Test sanples were cut from
homae piefized lay the\feqdirexhives spéczmaéﬁangedanddmeaded ivavelength of
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thesuédaczevant | um nescence lines or bands relative to
the integrated intensity of the dianond Raman
scattering collection under the sane conditions. The
neaJue eivpminsl pate wasehien furnedrevenand tree @BEr sitly wad polished to
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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



i nvention may be prepared as follows: i) Selection of
stock material (type la natural stones and type |Ib
woRidY/04@eDNes) was optim sed on the basis of PCT/1B2003/005281

m croscopi c i nvestigation and birefringence inmaging

to identify substrates which were free of strain and

i nperfections. ii) Laser sawtdg, |apping and polishing

to mnimse subsurface defects wusing a nmethod of a
reveal ing plasma etch to determ ne the defect Ievels
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subeh s was QF4trine+ OiSrod. descri bed above to

m nimse substrate defects to forma polished plate 5
mmx 5 nm square by 500 pmthick, with all faces
{10Bkample=2 sur f ace roughness RQ at this stage was

| ess than 1 nm The substrate was nounted on a

tungsten substrate using a high tenperature di anond
br aAeset WhiGsmvas 6 nim adid adm plates of hoeaepitaxial NGV rdiarhaorkd
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2) pecesweie freedixgmy growth aecter bduridaries per f or med usi ng
15/ 75/ 600 sccm (standard cubic centinetre per second)

of 02/ Ar/H2 at 263 x 102 Pa and a substrate
t enfhbe aetioé sahples 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.
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hydrogen etch with the renoval of the 02 fromthe gas
WO b@wo046427 Thi s noved into the growth process bRCT/B2003/005281

addition of the carbon source (in this case CH4) and

dopant gases. In this instance was CH4 flowi ng at 36

sccmand 1 ppm N2 was presefi®-in the process gas,

provided froma calibrated source of 100 ppm N2 in H2

to sinplify control. The substrate tenperature at

t hi dnsddiienalstage0d @roheadn etobingl was applied ta the syrfeos bf some

er| rat I
bnaef fre taifbisy BSTE Pt Benh G ikt BRtcnaf b8 youa
Theb@VDcmﬁnamjtydhihdb@sargplemrlqﬁo\ﬁealmhsmm sufficiently
| arge to produce at |east one and preferably several

di anond etalons (in a two di nensional array)

depéheli steength hdhei platesf wahenegDrell dyosidgleagantileved heaen

req S S.,.an fi I hj
Blrargcﬁa o LI'ﬁg ﬂ&w{dﬂ% %{rghﬁﬂ vaf'}u Sféfﬂ)l yglﬁtg%tf % éa%les

d| aapprommamlyeﬁ Z oom rihlobefwenty @Paerl 50e &3] 2.50,08:26H8.30,

vas Yoo 2050 AR S n Ui BERSK slEes@atGye

_andtvaadcbwesﬂl \aiussdarel fow aadifferebt popdatidry ipdhé it seven,
| ol g 8 s R T gl
2004 thisgustandedo/avBRICOE/iolEnee on e messuted istrenpthyEvemewith
r eq'tHersg ﬁg{:lsggpecb? %Igfar ﬁélntlgamﬁﬁdnegn?glgné @Qﬂe{\ﬁ&% S{bﬁg{lj%g
art Straﬂwh pf aitleawé’s5 Giranand the dath |ssg@$t83ﬂne stiedgthds aatually

casj £apgd polishing wheel that had been
car er}é){c%]sgfreparged The tang used was very rigid and

hel d the di anond agai nst a reference surface that ran

par ?u %mbé)riston?tr%?éaibraﬁg r?‘ouéatﬂ&aqent 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.
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side was polished to the desired fl atness and
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stage to bring the thickness to that required for the

final etalon. Parallelism was neasured using a

commerci al Zygo GPl interferéfretric instrunent based

on the Fizeau principle, well known to those skilled

in the art. The thickness was neasured initially by a

m cronmeter, using neasurenent of the free spectra
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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.
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Analysis of the data above shows the following

over an area of 2.0 mm x 2.25 mm the maximum value for |sin 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 sanples prior to final polishing. A further

optional technique would be to chemcally thin the
waamplogsi2prior to final polishing. The strengtPCDIB20682005281

pl ates was neasured by single cantilever beam

bendi ng. The individual strength values for a set of

ni ne sanples approximatel y-8%2 mmthick were, in GPa,
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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
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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 i mage was anal ysed for the
maxi mum val ue of [sin 81 using 100% of the data and
W b@smsc4Baxi num val ues are shown in the |sin BAT/IEPE3/005281
bel ow. The Deltascan map of sanple E4.1, show ng the
maxi mum val ue of sin 51 in each frame of 1 mmx 0.75
mmis shown i mediately belo#$-0.5 0.4 0.5 0.6 0.6
0.2 0.10.20.2 0.60.40.20.20.30.30.30.30.1
0.30.50.2 0.30.40.90.40.20.2 0.70.30.90.6
0. 6Ega@p®48 0.7 0.9 Analysis of the data above shows
the followi ng over an area of 2.0 mMm x 2.25 mmthe
maxi mum value for Isin 81 is 0.3 over an area of 3.0
mm 8 sats@f mmokpitaxiat Civilhdiamiboe ldyers werersysthesisedagording to
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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 mmx 3.75 nmthe maxi num val ue for
Isin 81 is 0.4 over an area of 4.0 mrmmx 4.5 mmthe
woreoosiueval ue for Isin 81 is 0.7 WO 2004/ 046407T/1B2003/005281
PCT/ 1 B2003/ 005281 -47 The Del tascan map of sanple
E4. 3, showi ng the maxi mumvalue of Isin 61 in each
frane of 1 nmx 0.75 mmis sHown i mredi ately bel ow.
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over an area of 3.75 mAmngx3F D00009he naxi mum val ue for
Isin 61 is 0.6 over an area of 4.0 mMmmx 4.5 mmthe
maxi mum val ue for Isin 51 is 0.9 WO 2004/ 046427
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honoepi t axi al CVD di anond | ayers were synt hesi sed
according to the nethod described in Exanple 1. The
CVD di anond | ayers had lhaf.eral,, g“mensi ons of up to
6.5 mm and t hi cknesses efzp t0°3.2 nm From t hese
CVvD di anond | ayers a total of 48 plates were prepared
as etalon plates wth lateral dinmensions of typically
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Error analysis shows that the maximum relative measurement error in n
due to the measurement errors in thickness d and FSR is:

= +4.0x10~*

él’l_) _Ad AFSR _ 025um  10MHz
meas d FSR  1.255mm 50GHz

n
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



etal on transm ssion peak nearest to the start and end
position of the C band for perpendicul ar incident
wO 2@h46427 1 nm di anmet er beam was used. These PERKB2003/005281
posi tions could be determ ned to an accuracy better
than 0.5CGHz. The effective ESR is cal cul ated by
di viding the frequency intervdr between the two
extrene peaks by the nunber of periods in the
transm ssion spectrum (For this etal on thickness and

f r eqpitenteieraladimensignr cefl ipicalo 49&ri g mmTand thinknasses rof
in %B&&ﬁ{ﬁégﬂ%rﬁn of the FSRis better than 10MHz.

Figure 6 oWws the neasured FSR as a function of the
i nverse of the sanple thickness for each of the

pl a e ! ight. ..
i ndfpiceRratri o ah Bidon bafs wEESoRRAEY s oBhiRied Sarter
cal end dbedesuits rege plaftedtin digura )7, witiecd trgasaidalineaindieates rthe
t he ve ref X f ayv
g%Qgét%gﬁ‘\{ %Jx?rﬁ@rln V7 Iue féfgw a{f&al n&%l?ﬁ '6%09 wBlcﬁotBﬁ?%ce
20041éfle¢6\41'&7{s E’éﬁrmlﬁédbbwr&(}@ﬁadtlve-mdbﬂhe maxi mum
devi ation fromthe average was: Annmax = 0.00092 The
maxi mum rel ati ve nmeasured deviation is therefore found
to be: 3.84x10-4 neff, ay ghhis ap@ared deviation is
due to measurement erFer 114 ot Bic¢kppss d and  FSR and

due to the variation in the refractive i ndex from
sanpl e to sanple due to material inhonogeneity,

S AR TR Iﬁéf{ecfﬁ&re@ragnve infex |?\f}o coﬁecpval?% o use,

anal ySI's shows imumre I VE measure
er r but 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.
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the plane wavefront of the unperturbed beam. This defines 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
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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
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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 Bpm mm of Example 1)
1 SM1 1352 461x4.28 | 5ppm N,
2 SM2 1471 574x556 |5ppmN, 210x 10°Pa
3 SM3 428 4,96 x 3.34 1 ppm N,
4 SM4 912 6.60 x6.09 | 0 N, (<300 ppb)

|5 AM1 942 5.17 x 3.36 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
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pixels with 20 Hz refresh rate. Field of view was 0.36
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bandpass filter was wused with cutoff spati al
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pi st on, power astlgrratlsmrelate to the
ovef-""ﬁrane@wﬁ%@epﬁfy‘éﬂ@r%fﬁdsangul ar orientation and
formwere renoved. The renai ning deviations fromthe
reference surface thus defined were filtered with the

bandpe tdaliscatteringnewer KESK)ab 1 -06dauim weg inaasured| and cglculatrd
devb@édrﬁ’iﬂ t&‘@ﬁe ?ﬁ’étﬁ ab&Sived I%%rlfe?“&m”gfésvél are_ shown in
determ ne to vary between 5 an .5 nm
bet ablg 2| at es with an average val ue of 0. 92 nm and
standard deviation of 0.11 nm |Individual plates
showed a nmuch snaller standard deviation of |ess than
0. 0Fahle 2: R valugs @t i1 0§4 am Pordhe five samplesdesery chosen
posh{‘)egﬂsaﬁcyﬁr the full 4.0 x 4.0 nmsurface area
Exanpl e A set of five sanples was neasured, of which
four_were single crystal C/D _ sanples and one was a
I'l'a|natural diafond sanpl él'otéﬂlﬁcailtered Pewef %he
sanl e i ven—h—Tabte—t Sanptes
o FEIPIE op Agilir B i

used Scatten neasurenents ckness

D nensi ons, Prog¢ m-(suaased on315ha87 5Nunbe .BD- BT6Tm of
5.74 % 5.56 5 ppMiKE/4010 19’2 E‘Zﬂ vB| %980%8 96 x

3.3421 ppm N2, 403985942 6 6p0X620T® O N2 0.408DB 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
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ef f &d04, with sixipslisheds{d 0} feeeandwiliedimensions af 4.00081 XHH5
was and cal cul ated according to the nethod
desﬁgzgjﬁgr ‘ier, and the values are shown in Table
2. Table 2: TSP values at 1.064 pmfor the five

Samore o dEEcer SHKEEE, SgH GRelR SrupaghrEReH (gGhentea
1 0at axvavelepgth7afe380.® nowips Bact ob theogezs moturplp pegpendicular
0. 5174 sty & ReTust oo ot Daldeinin o
85? imageowgst émil)?seat for ithé lgapmmglhemtof&ima iimematm;r;er
add dsh S48 iubsutant1| ngf L gher cgt e it arn mat eri al
gro RPEA califk Using 19 410t4 : 158 VIR H1Ps!T 4%t
\tl)\“h obs]?rvati ons t hat thﬁ stress level (as rﬁveal ed

2 oTB SO L Sak A i ol GRRTBRURRA B o
t he dirb¢tidn paedlel ©Ihg4DI MM difedlsibh oF fHel plhtewRlss0.9f Likewise,
nitrogen _in the process and different process

pr e thg maxinym NBIHEFPft%?Sefo%\Fr@ SRy 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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and the sample thickness, with the values given below:

Sin 8

0.

10

0.20

0.30

An

7.

2x10°

14x10°

2.2x10°

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
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drserived hearliernsind were normalised relative to the 1332 diamond
Raman line, also as described earlier. The results obtained are shown in
Table 3 below:

Table 3: Samples used for luminescence measurements

Sample | Raman normalised | 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
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measurenents were made at 77K using the nethod

desThe almlléawaiuerof tlmmpnﬁe leyehefr Myl 621 ami Rleintensithis
1334 lHllP@gen%o?ﬁ@erﬂ%tﬂﬁ?rnggb%gggf%H\?vb@gs; but

The results ob al ne are shown

Tabtan tBus baagvantagesasly reguced by esealing@stemnnstsated there.
Sanpl e Raman normal i sed Raman normal i sed Anneal i ng
treatnment .intensity of 575 nmintensity of 637 nm PL
| i nexampleit®% 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 sats 26 hemoppitaxial EVDidaDa)d plaEskBe sgnthegisedacmerding to

g0 BgTbodderibed b Slftld 1 Fibi ot ads ol 4Blialé s
0. 6@reparedoan staion PlaBSQyith BerkbdimepsonSSf dymically H5xEsmm

at grf'oofpncéknesss%s léBBrroximately 1.255+0.005mm.

The optical homogeneity of 6 etalon plates, originating from 4 different sets,
were measured using a Zygo GPI phase shifting 633nm laser Fizeau-type
interferometer. The scanned area was typically 3.2x3.2mm.

An effective optical homogeneity is defined in terms of the largest peak-to-
valley variation (PV) of the wavefront difference of the beam transmitted
through the etalon and the unperturbed beam, after removal of the
variations due to long-scale shape. The Zygo GPI interferometer software
option to remove the tilt from the wavefront difference removes the non-
parallelism of the front and back face of the sample, whereas the power
and astigmatism software options remove the cumulative effect of the
curvatures of the surfaces. In this way an effective maximum variation in
the refractive index over the measured area can be defined by the relation

. PV(ﬁir;ge)x VA
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.
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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.
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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.
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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



t he general nethod of Exanple 1, the variations on
this nmethod being given in the Table 6 below After
W@ ylhes2s these sanpl es were prepared as optPCHIB2003/005281

pl ates by careful surface polishing, resulting in the

di mensi ons given. For conparison, optical grade

pol ycrystal line di anond w t h6an optical polish was

al so included in subsequent neasurenments. WO

2004/ 046427 PCT/1B2003/ 005281 -61 Table 6: Sanpl es

us evefe fouad sdthin thimaeasisaayr ethenlateraldimgneionsh ptiheciates are

D a ; c. Coments (pm (mMM (ppm N2) E14.1

135?%%?%%% x 102 Pa E14.2 606 5.08 1 E14.3 590

5.06 1 E14.4 1395 5.14 2.5 3.5% CH4 E14.5 608 5.09 O
t r . [ j of

absorole & SaRples cLRI TP SR rhioyreinB iR tholt T Re

results are shown in Table 7 below Table 7: Sanples

Ao 0 e ot | oo L TWRERRE T e
E1411 - 0.048 BL45 2 0.0262 |04.8071 E14.3|0.0264
0. 0877 EtA4— 10, gg64 £+ 196?362 6119 Exanple 15
3 4.73 4.78
4 52 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).



3 sets of honoepitaxial CVD dianond | ayers were

synt hesi sed according to the nethod described in
waEx@apha21. The CVD di anond | ayers had | at er al PCT/IB2003/005281

di mensions of up to 6.5 mm and thicknesses of up to

3.2 mm Fromthese CVD dianpond |ayers a total of 11

etal on plates were prepared-@th thicknesses varying

between 1.250 nm and 1.258 mm The thickness of each

pl ate was neasured at several positions with a

m ciTbergwverage d-Sth overcaupesitionsforbene platet was calcBlaas foOgaeh

el o B R R A B8 o

aCCUF8RY.. The | ateral dinensions of the plates are
shown in Table 8. Table 8: Sanpl es used for FSR
nmeasurenents shown in Figure 9 | D nunber Length (nmm
W dtrhis(maRimdmbritb ilddlihed 3s4. 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 95,959 10 5.8 5.8 11 6.34 6.4 The FSR over
the C-band (197200-192200 fadfr)srasn[sst]|er mi ned on
several positions (4ARS&nm9=prs—|—t—|—eﬁs—w—th aver age of
6.7) on each of the etalon pl at’es by nmeasuring the
frequenci es of the peak p03|t| on of the etal on

tra A nd
poe NDPiseiieRd 3R Rl gk Boshiebion 20IREL e
light. The distances from each neasurenent

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™.



position to the next nearest neasurenment position was

at least 1.6mm A 1 nmm di aneter beam was used,
waledosned2by using a netal plate with an arr ayP©f/1B2003/005281

pi nholes fixed to the etalon plate. By noving the

plate in the beam by nmeans of mcroneters each of the

positions could be illum nat &4~ separately. The

ef fective FSR of each etalon is cal culated by dividing

the frequency interval between the two extrene peaks

by ChAIM8hber of periods in the transm ssion spectrum

(For this etalon thickness and frequency band

typically 100 periods). WO 2004/ 046427

PCT/M B2063F Y0 srate crysial dinmond sraigfial mbRhshows t least one of
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error AFSRIARAIYEH"S):maxi num error is defined as

max[ FSR, ]- m n[FSR, AFSRmax =t 2 i where the index

I stands for the different positions on a plate. The

FSR of t Hese aphighesptigalshemegeneityrawith hel trgpsmitted, wavefront

Figure 9 sho ; a [ ab X 4T
error of thewﬁfghngof{%ﬁ@gdlégg%%dn% b@?gﬁgﬁ%\]’%r@. H%@
aver age st and@rangmigeieh ghiogah idianaFeRofag spedifedi thickness of at
The | ar gest } BB Rh S [ Site3-

cm ', wher eas'@té FureﬁJ smal Igéosc{egg%dr\g? ?'{soi@‘j?dg\?\}ezgé%gs and
6. 7x10"5 cm Meapwed0nar 8 spacifedaraladzdEastbsran x 1.84mm,

CLAIMB: 1. Ay |Qs§itH§H % ‘Hré@?&abvh@ré‘qoﬂﬁg@a&@r%sﬁbn&@ k&,
shows at |east one of the“follow ng characteristics,
when neasur edifierenceorin t eptisal apathe lengtioneaisl | o 2BC)of ithe
a hi gh opti caleQRRHR Fabdlength bieddifmt ransni tted
wavef r ont
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 (8 does not exceed n/2) and

the |sin 8| 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 (& does not exceed =n/2), and
the maximum value of Anpyengy, 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,



differing fromthe expected geonetrical wavefront
during transm ssion through dianond of a specified

wo biogkmass of at |east 0.5 mm processed to aPCT/IB2003/005281
appropriate flatness and neasured over a specified
area of at least 1.3 mMmx 1.3 mm by less than 2
fringes, where 1 fringe cor‘r@s‘ponds to a difference
in optical path length equal to '/ of the neasurenent
wavel ength of 633 nm ii) a |low optical birefringence,
i ndi catiive oén|effective aefractvacindexan ai saraple aofplae spécified
specified thy, ‘fé&ﬂ&s‘% ogf ﬁé‘ﬁeés?aéts O, AR d gﬁaaurr%ﬂn
in a manner describe erein over a specl area
at | east 1. 3deswriked hgreimoverha spedmmsre@foftatdeastn@ ofm X
the phase shif m, llvﬁicﬂ ik a Ve 8#2.5@@@%\?@%% a'i:g@racy f
anal ysed area o e sarrpﬁe remarns 1n rirst order (8
does not excee@002/2) and the Isin 6 1 does not
exceed 0.9; iii) a low optical birefringence,
indicative of low strain, such that in a sanple of a
speci fi ed t hackomebkipaiidn af opmskt phoreries such thetiyhesdthe
in a manner r.
L Porannor SERBHH RGNS bboliEl ofta b1 BiAhRe 8t
anal ysed, t bicars atgidreof erspedified thidkiness Obablbasi( @.5domsand

not exceed t d _.the al
An[ aver age], ﬁ%ﬁ%urggeyg}dg %gﬁé ‘mﬁ?a% Mﬁd%ffearv(eelength near
bet ween the d&bnmtanda hordioal dismeter @iit!. 2 olnaoivereal specified

par a0 bl of R0 ) LS T e 3R b

sanpl e thickness, Xcee
2004/ 046427 rROFEI(B3BDBhisbSEBEN megsured pat differeht pesitiong over

refractive i g% %%nv%{g%g)gﬁ%% tﬁén gxs‘@ec(grr“ed t hi ckness

of at | east I'n a manner ' descri bed
herein over a specified area of at least 1.3 mnmx 1.3

g}’ﬂ whi CUi) hag @oﬁ’leilngﬁorpfofzo&%gld' p?@pe‘?fiééqisﬂcﬁnthgp%ﬁeﬂcl’he
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 ym 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;

vi) 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
um 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;



+/-0.002; v) a conbination of optical properties such

that when the dianond naterial is prepared as a
waelc@rond2pl ate in the form of an etal on of a BEEDB22HAWNS281

thi ckness of at least 0.5 nmand neasured using a

| aser beamwi th a wavel ength near 1.55 pmand a

noni nal dianmeter of 1.2 nmo8®r a specified area of

at least 1.3 mMmmx 1.3 mm it exhibits a free spectral

range (FSR) which, when neasured at different

posi ti ongiiipy @r variatien Bl eefractiveaintiess ovsr @ eglymenefringrest, said

10-3 cm; vi 0,
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near 1.55 pmO¥?.a nominal diameter of 1.2 mn over a

specified area of at least 1.3 mmx 1.3 mm and which

has no coatings applied to the optically prepared

sur RacesA iGVD esitgleyi arystalh diamands matetiahtacgprdingr dmtclaim 1,

position e S [ xgeed
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t hat vxhegeometncahmfrqnwlesss then 0 fingemred as a

di anond plate in the form of an etalon of a specified

thi ckness of at least 0.5 nm and neasured using a

| as@r bedmGMD rsinglevsrystain diamandamatereb acgandingd tey claim 2,

di amet er @ 1S 141 ed I

1. 3 . Herpin oK R ® ARotrord (AR Rim Chhe) SRRtcted
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viii) a variation in refractive index over a vol une of

interest, said volune conprising a |ayer of a

spedi f i edh EMPcngle srystal diamoagddgnaterial 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.

5. A CVD single crystal diamond material according to any one of the
preceding claims, wherein the modulus of the sine of the phase
shift, |sin §|, for 100% of the analysed area remains in first order and

where Anjyerage) 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,



0.5 mMm neasured in a manner described herein over a
specified area of at least 1.3 mmx 1.3 mm which is
wo e@sg/osdaan 0. 002. 2. A CVD single crystal di ap@ntB2003/005281
mat eri al according to claim1l, wherein the
transmtted wavefront differs fromthe expected
geonetrical wavefront by | es€’than 0.5 fringes. 3. A
CVD single crystal dianond naterial according to claim
2, wherein the transmtted wavefront differs fromthe
expect edwhgeonegsurashht differsht positidns bwes she heateral2varies by
fringes. Ie% th%nglpﬁb@'g‘he crystal dianond materi al
accordi ng o any one of "the preceding clainms, wherein
t he nodul us of the sine of the phase shift, Isin 51,
forgat | ga a d S
or ddr and GOB S SrdIGERmERa m%k?%bs%@ﬁ&%e“&@%@a}s
di anond wheesin ﬁnlef@ecapedlraigange\mwsbmeseftham@xm cm’
precedi ng cl ai ns, wherein the nodul us of the sine of
t he phase shift, Isin 51, for 100% of the anal ysed
ar ed0r emai @¥¢Disindle crystabdideond mubtendl exceordimgdv enggep of the
goes hot R'a gglﬁg c?au%s]\xl)hgh hg? a’%aﬁgf%nsfnr}%‘krgftﬁ/{axﬁ&& over the
i anond IS o d O any one O €
pr ecedi ngolumai dailnedkhydhe rsaemﬁed/mmlmesé aofi ftee speeafied area,
refracti f |
- 0. oon MepsRE Amaris?dekérby bl WnBH EREF ARG 81
according to claim®6, which has a val ue of effectlve

r ef qctiye 6 a

§75 b0l oY Sl Ao i 0 b Bl Ao oo,
accor di nyhereirating varietiaf in tréfeactipe indexlisigsscthan @00&hi ch
exhibits a free spectral range (FSR) which, WO
2004/ 046427 PCT/1B2003/ 005281 -67 when neasured at
di f flar enA @UBisingimerystabdiatrioad meaterial siccordangi te sangyonel af dise
than 2 Xpﬂe%éginﬁ rElatims, 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 pm 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.

156. A CVD single crystal diamond material according to claim 14,
wherein the insertion loss does not exceed 0.5 dB.



9. ACVYD single crystal dianond material according to
claim8, wherein the free spectral range varies by
wo e@sg/osdaan 5 x 10-4 cn''. 10. A CVD singl e cr yBRCHIB2003/005281
di anond material according to any one of the
precedi ng clainms, which has a variation in refractive
i ndex over the volune defin@%‘by the specified
t hi ckness and the specified area, neasured in a
manner descri bed herein, which is less than 0.001. 11.

A CIB si AigP¥Daingie anysial dintend meaterial avhichcehwomsi 3t deasp one of
claim 10¢pe W%ﬁrﬁg%h’aﬁﬁé@ﬁé@w&h ﬂng?élﬁéé %F?éq\(ﬁ éérﬂgn%ﬁtélre

is less t single crysta

mat eri al (Remibalyi205Clo any one of the precedi ng

cl ai ms, which when prepared as a dianond plate in the
forn1of a Fabry-Perot solid etalon exhibits when

measur ed over a lewfand ugifernpeptical seaitepsugh thatfop pampls of a

specified thi g,k&?@ﬁ Aﬁ%&b&%‘%ﬁ af{‘lea%f’ﬁt4rrﬂﬁ1t tg[e%r'm%rd scatter at

exceeding 1.7 single crysta I anond
mat eri al accofl @Agin.omeasirad 1l2 a maneeredescribrd berein avar a

ratio exceedsg %?&led]ﬁeaéfﬁ\@asﬁﬁ@llnﬁwefﬁ)éﬁﬁﬁﬁl inf |A?‘?‘{!@E]%vera

mat eri al according to any one of t

cl ai ms, whi chseliseangts é'penr%? 335865difrarmﬁh§ tfﬂnamétedrbqama is
form of a Fabjggg ﬁg{nq‘@ol id etal on exhibits, when
nmeasured using a aser beamwi th a wavel ength near
1.55 pmand a diameter of 1.2 nmover different

posi ti 0n~°n oveg Ié\pgn{i’hﬁﬁ&npgptﬁﬁﬁgﬁ }ﬁgntsng@hﬁi%%ag%g a

area, an D nsertion T G o e ad _
si ngl e cryst abpefifigdp thickngser ¢faat d@@&ir @dngnm chasl @nnpptical

wherein the i b 0gS RNGEE

D04y 04640y PROTTELS o%éféi@éiezrg a Hvelchof %/D"?.ﬁg of ks
crystal di amo@n@@%emal whi ch shovvs at Ieast one of
the followi ng characteristics, when nmeasured at room

tenperature (nomnally 20C): i) a |ow and uniform
optical dibatt arowape upiferm erficabakserioa syeh that a sample of a

specified thickness of at least 0.5 mm has an optical
absorption coefficient at a wavelength of 10.6 ym 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 fo claim 17, which
exhibits a forward scatter at 1.064 ym 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 um is less than 0.05 cm™.



speci fied thickness of at least 0.4 mnmthe forward

scatter at 1.064 pm neasured in a manner descri bed
whesogiomsover a specified area of at |east 1. 3ramiBeod3/®5281

mm integrated over a solid angle from3.5 to 87.5

fromthe transmtted beam is_ less than 0.4% ii) a

| ow and uni form opti cal absoﬁBri on such that a sanple

of a specified thickness of at least 0.5 nm has an

optical absorption coefficient at a wavel ength of

1. 080pm df G\d3 ssingley aanystalodiamend ; maierial acwdinan@ claim 19,

uni form I t
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absor pt i &0Zewf fi ci ent at a wavel engt h of 10. 6 pm of

less than 0.04 cm'. 17. A CVD single crystal dianond

materi al according to claim 16, wherein the forward

scatdler #t GYDhginglecnrystal dfamordicmagariahaaeardind toi any one of

sanpl e ofy he J S . :

cver o e FRA 0 Hnaht e GnRar aBLGiBror LoBRERRE

t ransni t t18c6 wodsress thands@3 cmhan 0.2% 18. A CVD single

crystal dianond naterial according to claim 17, which

exhibits a forward scatter at 1.064 pmof |ess than

0.12% 1% QVI\iingle mgysialcdipmond miatenishdcenndiegi tal claim 21,
accordin f

cot el " e B apetllh Pobchfy 1P 10 MIFA 1 ok Vi
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20. A C/D single crystal dianond material according to

claim19, wherein the optical absorption coefficient .
at 2306 gnCVD dirgle cryistahdiapiond reaterial which gha@glatdeanilope of

crystal  ghamBRingeeraridlistes Ul Meburddat ?05m Emperature
(nominally 20°C):

i) an ability to be processed to show a high surface polish with
an R, (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
flatness measured using 633 nm radiation and measured
over a specified area of at least 1.3 mm x 1.3 mm which is
better than 10 fringes;

i)  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.



clainms 16 to 20, wherein the optical absorption
coefficient at 10.6 pmis less than 0.03 cnf'. 22. A
wCYD4mi@agt e crystal dianond material accordi ngp@DIBR0@3/005281
21, wherein the optical absorption coefficient at

10.6 pmis less than 0.027 cnt'. 23. A CVD single
crystal diamond material whi éh-shows at | east one of

the followi ng characteristics, when nmeasured at room
tenperature (nomnally 20C): i) an ability to be

pr oééssed G\D single crystaldiamand a@teriad aécoinding tmcla'umZRaNhich

(ar ok EaRetlsel 16 ABROA Ul kbR G ah9RL o8 than

mean |ine thr I'l'e) neasured ove
speC|f|e66rm1ea of at Ieast 1.3 mmx 1.3 mﬂless t han
2 nm ii) an ability to be processed to show a high
flatness, with a flatness neasured using 633 nm
rade@ti oA eND sipgleucrystal diamond mptedial aeedrding 4o afnyaone of

111 nges; ST 2310 231 VO F] throBed o B afhtnpes better

hi gh par #langl frisgg. with a parallelismnmeasured over a
specified area of at least 1.3 nmx 1.3 nmwhich is
better than 1 arc mnute. 24. A CVD single crystal

di aBbnd AT\ isitigleatrystaldiianond materialae®rding ta tlaint 26, vdch
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A CVD single crystal dianond material according to
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fl at ness

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.



than 1 fringe. 27. A CVD single crystal dianond
materi al according to claim 26, which can be

weemsossed to show a flatness better than 0.3 PCT/IRPEE3/005281
28. A C/D single crystal dianond material according to
any one of clains 23 to 27, which can be processed to
show a parallelism better thhn +/- 30 arc seconds.
29. A CV/D single crystal dianmond material according to
claim 28, which can be processed to show a
par 34l el AsGVDesingle ¢riystal diambBdanasterigleacaoding 30.ani @éDof
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characteristics, if given, is at least 4 x 4 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 which shows a mechanical
design strength, measured in a manner described herein, such that
at least 70% of samples tested over a baich 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.

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.



37. A C/D single crystal dianond material according to
any one of the preceding clains, wherein the

WG pgioddse t hi ckness of the sanmple in each of P€TEB2003/005281

satisfied characteristics, if given, is at |east 0.8
mm 38. A CVD single crystal dianond materi al

according to claim37, wheré2n the specified

t hi ckness of the sanple in each of the satisfied
characteristics, if given, is at least 1.2 nm 39. A
CvD42i nglAe CMDy singlle arysitad ndiammabe rimaterialhacdordingvis elaim 41,
mechani cal . desibgn_strength, measured i.n a.a [

descr i bel YRy & Rethan cfiispd UFiRBscerpe Jsby ol dfis 678 nm
t est ed ownd 637 bat pdaks whichd$ less thamet 8 will only fail
at strength values of at least 2.5 Gpa. 40. A C/D
single crystal dianond nmaterial according to claim 39,
.wheddi n at CMEasingk) %rystal sdiapbed rmatetialdacooeding thatlaim 42,
size of at .leas 8 wll only fail at strength valugs
of at |e§§‘(’“%.ao'&%$3’.‘ "Eima'ﬁeﬁifiﬁn@ﬁﬁcgqnge NS m'*&haﬁéﬁaw
mat er i al and 687 dimpeake whith isiess tiantde precedi ng

cl ai ms, having a Raman normalised | unm nescence
intensity of the 575 nm and 637 nm peaks which is |ess
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CVD single crystal. di anpnd terial according to ¢l a
a1, hav PRGBSV er 08 (A BSREh Iidiuiedn gl 2
of the SWhichris gesater@®ah 1800pak'C"Whi ch is | ess than 10.
43. A CVD single crystal dianond material according to

claim42, having a Ranman nornmalised | um nescence
i nt dBsi t A VD ingle/ Tryshal diamiob@ materigleadcordihg ab ¢claim 44,

| ess thap,3. .44 CVvD single.crystal di d nmateri,al

nccor di ngEteiafie G pAReNY iediieg 2 B SR o
t hermal @ad@WhiKi.ty nmeasured at 20C which is greater

t han 1800 Wir'40. 45. A CVD single crystal dianond

mat eri al according to claim44, wherein the thernmal

condact i W CyDrsirggel cydtah tliaB{dGdirsatgria atceordingan 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.

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.



2300 Wn 40. 46. A CVD single crystal dianond nateri al
according to any one of the preceding clains, in the

wo eoomoafs2a pl at e havi ng opposed maj or faces, RMI/TBR003005281
prepared for use with an average di sl ocation
direction in the plate nore than 30 fromnormal to the
maj or faces. 47. A CVD singté3erystal dianond materi al
according any one of the preceding clains, which was
anneal ed as part of its preparation. 48. A CVD single
crystal dianond material according any one of the

pregedi n Lai ns, which was gnneal ed subsequent to its
Pt oBh at R e, o8 BB E RS ae B AR PP o e
accor di ngrecediagyclaines, ofhith exceadsc atlilesst cdrel 08 thevfolidwing
is for megi ientl% . mechani cal |ayer or an optical |ayer
or a poli M 8 nmstone. 50. A CVD single crystal

di anond material according to claim49, which is

formed into_a polish enstone. WO 2004/ 046427
PCT/ | B2003/ %SZ%Pter?E%"%T.S'OROE\?/B"E’i ngl e crystal
di anond mat by i ah sacanairatthogonhal lateral dimensibntolfié mm,

precedi ng cl.ai ns,,.which eeds at | east one of the
fol lowing O neﬁyf'%ﬁ‘fss E&inl"gt eral dinmension of 1 mm

b) a second orthogonal lateral dinension of 1 mm «c¢)

a thicknes 0.1 mm_, 52. A D singl e crystal .

i ot BabvPl shole, St rdered Pudfi Soctighdy 3p clam 51,
~ lateral dheeirsa taterakdimedsiob erteeds 3. mi. CVD si ngl e

crystal dianond material according to claim51 or

claim5b52, wherein the thickness di nensi on exceeds 0.8

nm 554. A CVD sihglgl @ystalydibmondimaterial asbedinglto claim 51 or

cxcoeds et e2dih B gkl RurbrbR eXceed .6 .

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.

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.

B8. 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.



c. 55. A CVD single crystal dianond material according
to claimb54, which exceeds all three of the
wa@lpemengidons a to c¢c. 56. A CVD single crystal dpemmBrd03/005281
material according to any one of the preceding
clainms, for use in, or as, an optical device or
el enent. 57. A CVD single créktal dianond materi al
according to any one of the preceding clains, which
contains less than 5 x 1017 atons/cn83 Nin single
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2004/ 046427 PCT/1B2003/005281 -74 59. A CVD single
crystal dianond material according to any one of the
pr eéedi nd CVRisingle arystaldiaroondimateriabaceording tosclzim $9, vhich

atons/ c j ' S fl ' f.ar

oy EPR QRS ayBlelfiaf XD pidAAE " dhde SIBaRiidE
accor di nfprincasoheaswébby KARch contains nore than 1 x
1016 atoms/cnB N in single substitutional formas

measured by EPR 61. A CVD single crystal dianond
mat 6 al AAL¢D sihgtegerysialdiaond Matesial adcording teadlaisn 6@ rwehich

than 5 x i | nal e subst i [ :
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applications includes the steps of providing a

substrate substantially free of crystal defects,

pr oBRdi né\ method rof proglasing ci S¥D aliarndnthmatesial suitabtecfoy aptical
to produ t ' i '

opb 1o 5 oppReef T Ao AL REBAT RG2S GO Sbstafidly
ni t r ogenfreanaf crastabvefegtsh pnaxiging sx salircel i gaso dissgciating the

L lé&fn%g egé@h itoC ff.‘:rc&d?;ce 4 %@Eﬁu@giis aéljr%s[)ﬁgrg Rhich" dHidths

def ect s.
300 ppb to 5 ppm nitrogen, calculated as molecular nitrogen, and

allowing homoepitaxial diamond growth on the surface which is
substantially free of crystal defects.

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.



63. A nethod according to claim62, wherein the

synthesi s atnosphere contains nore than 500 ppb
waodonogar] cal cul ated as nol ecul ar  nitrogen. BAT/IB2003/005281

met hod according to claim®63, wherein the synthesis

at nosphere contains nore than 800 ppb nitrogen,

cal cul ated as nol ecul ar nith®ogen. 65. A net hod

according to any one of clainms 62 to 64, wherein the

synt hesi s at nosphere contains no nore than 2 ppm

ni t@GgenA mettaddcadcatding tosclail 6% whereinithe syshesis\@mosphere
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at nospheniteogenont ai ns no nore than 1.5 ppm nitrogen,

cal cul ated as nol ecular nitrogen. 67. A nethod
according to claim62, wherein the |evel of nitrogen
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density S I's*su surface etch features
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70. A method according to any one of claims 62 to 69, wherein the
surface of the diamond substrate on which CVD diamond growth

occurs is the {100} surface.

71. A method according to any one of claims 62 to 70, 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.

72. A method according to claim 71, 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.

73. A method according to claim 72, 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.



value in the gas phase, whichever is the larger. 72. A
nmet hod according to claim 71, wherein the | evel of

woRamogan’is controlled with an error of | essPCTEBROADDS281

ppb (as a nolecular fraction of the total gas vol une)
or 3% of the target value in_the gas phase, whichever
is the larger. 73. A nmethod-4€cording to claim 72,
wherein the level of nitrogen is controlled with an
error of Iess than 50 ppb (as a nol ecular fraction of
the total gas volune) or 2% of the target value in the
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75. A CV/D single crystal dianmond material produced by

a hod o &Pl A to 74.
Ann2§'al oﬁ pr od&g{g%g £ b%%naqgé{ %@%ﬁ%ﬁ%%gc%gﬁéd gY aarmn}]c}ﬁod
mat er i al aceardiog dio angy one efivfaimsdé2dd 74l ains 1 to 61 and
75. 77. An etalon according to claim76, which is a

Fabry-Perot etalon or a G res-Tournois etal on.
76.  An etalon produced from a CVD single crystal diamond material

according to any one of claims 1 to 61 and 75.

77.  An etalon according to claim 76, which is a Fabry-Perot etalon or a
Gires-Tournois etalon.



