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ABSTRACT

The aim of this work was to eveluate the measurement of the optimlmpfmpetﬁeu 28 & means of

obtaining informaticn on the growth history of synthetic diamond. A suite of samples of

known synthesis origin representing the different types of commercially produced synthetic
. diamond was analysed hy photoluminescence,

ﬂéj. I '
The photoliininescence intensity was normalising by using the area of the Raman pesk. This
allowed & semi-quantitative comparison of the defect concentrution.

Three photoluminescent cantres were identified, H3, 575 nm and 1.945 eV (with zero-phonon
lines at 2.463 ¢V, 2.156 eV, and 1.945 eV respectively). Differences between the intenitios af
the huminescence due to these centres wers observed as a fimction of the type of diamond. The
- H3 znd the 1.945 eV uumunymfoundto increase with the proportion of cubic growth -
. ector. In additon the 1945 eV intensity was found to increase with heat trestment and was
A lugherm {100 than in {111} growth sctors.

&?1'5 all thraede&ctsdetwteduwolvcvmcm and nitrogen impurity, anuulymwudmw
quantify say correltion between tl.e luminescent intensities from the different defects in the
same SDA powder sample, The 1.945 eV and 575 mnnnmmﬁ&swmobmedwba
cotrelated.. An additional correlation was found hatween the 5‘?5 nim andd the H3 intemsities in
the case of finer particle size samples, The lmmnmeme mtcni\lty for all thres dafict types was
observed to be a function of the particle size of the Isample. L‘

The shapes and widths of zero-phonon lines were fclatad to the types and concentration of
lattice defects present in a crystal according to line broadening theory.

An attempt was made to explain the results in the context of the kno.wn synthesis origin and
growth conditions. '
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‘\‘he main commercial value of dmn:ond derives in piut ﬁ'om its visual attractiveness as &

g{pmstone This is perhaps a fitting pomtur tos fuscma}mlg field of scientific endesvour in
' th\ sﬂ:udv of diamond - the study of its optical propﬁtm For a considersble number of

yeau‘s th2 main thrust of the work has been to use aptml mamremems of various optical
c&nﬁm 23 a means of following the various aggmgatm;‘; raactions thai occur between

_ theasf mainly nitrogen rféated, defects. At this junctu,m, much is understood of the

'pzmelses which are responmbie for the conversion oﬁ’f“the typmﬂy deep yellow freshly

gﬂ/vm \\dmmond (as wpmmzed today by synthetic fype Iv diamonds) to the perfoctly
) mlouﬂ \\s, but no purer, well annealed gem-type d?,hnmnd (us represented by & natural

1wpe In \nmond) The bulk of this study has been performed on dismonds of natursl

. origin, mah:?ybecaxmﬁthe scurcltyufwmblylt;rge synthetics (& problem which is fast
&mppmmgbﬂseofﬁnmmmmﬂ,pwducﬁmofhrsemmmdbm

of advam?s in instrumentati ). /
it has bpen smd that diamond is "a letter to uaﬁﬁm the depths® (Sir Chasles Frank, quoted
mFidﬂ, 1979) In the same metaphor, the advances in this field have been such that the
opticil properties of the diamond make » large contribution t0 our sbility to read this
lemr One imporiant reason for studymg the DPth-ﬂl properties of a diamond is the
po*mtxai to leamn something of its growth history. This hay iong been appreciated and
apphed 1o natural diamond, but is only now coming of age for synthetic diamond. One
[.‘II&CT.IG&I application of studies of the optical properties of sintered polycrysialline gynthetic
rﬁieunond products in this respect may be found in a paper by Evans et al (1984) where

-photoluminescence was used ta infer temperature gradients which existed during sintering

across the diameter of a sintered compact.

i |
The aim of this work was to evaluste the usefulness of the study of the optical properties -

of synthetic diamond as a means of generating information on the growth history of
various types of commercial synthetic diamond. The starting point was to stucy a set of
samples covering the extremes of the various types of commercially produced synthetic
diamond. The means used to achieve this was specifically photoluminescence.
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L1 The Synthetic Dhmd iﬁdu_ltry

m-symmdmwMWMQfsmdfo;mMm&
dismond for sbrasive uses which natural souroes could not supply (current requirement
_of the "Westora" world market is about 30 tonnes a year (Tomlinson 1952)).
Laborutory synthesis of dismond was first reported in 1955 by a team from Genersl
. Weutric though synthesis hiad been achieved in the iaboratory prior to this in Sweden
o _._.ﬁ@ym(&m«al 1991). Commercia! production has grown rapidly since then,
renching & situation today where 90% of the requirement for industrial diamond is
’imwmmm prodiced i many cifferet oountres around the globe

Wy ‘the major wpplicatiox .orchamndabrmwuforgmdmgofltmi,
:-mawhasum@tmwbldu,mumdglum(ﬂuwh 1979). *ro\hy,
-:'mwmmmmmMuWMMmm

of dimpond, various non-gbrasive applications exist which ufilise other unique
properties of diamond. ﬁmﬁuﬂuﬂe:appﬁcaﬁmummmﬁmm
inscrs, high pressure anvils and surgical blades (Seal 1992),

1
H

chemical vapout deposition (CVD) diamond industry already offers products such s
CVD-diamond coated ceramic cutting tooi inserts , and free-standing polycrystalline
diamond film for thermal mensgement and optical windows (Sussman 1993). An
example of a thermal mansgement application is the use of CVD dishond films as heat
spreaders in laser diode assemblies used in optical communication systems.

The early successful attempts at diamond synthesis were all achieved by "high
pressure, high temparaturs" (HPHT) aynthesis where a carbon source {graphite), in the
presence of a mefallic solvent/catalyst is subjected to pressures and temperatures in the
diamond stable region of the carbon phase diagram. (Severe kinstic barriers prevent

" deilag of stone, mdcmﬁwmmuhmmlm;ﬂmmmdmm”

 While he ultimate goal of diamond-based slectronic chips remains elusive, the infint

LA



- -_:-.fmmm&mwmmmcwmmw

temperstures.) This approsch utill forms the basis of the synthetic dismond sbrasives

* induatry today, with graphite usally in the form of dice and. povders) a8 tha carbon
|NTOS | ﬁ%du&n&muﬂﬁ&dmﬁma&emw

waod solveatictalyst, Other materinis used as solventioatalysts include chromivm wnd

' taakoras woll s various carbidow, carbosates, sulphates end hydroxides (Buras snd

7 Dondies 1992). -Distmonds of up 10 Laun are typically grown by this HPHT graphite

M h%wﬁnmmmwm&wm
wigh: {(xhick are miclexted cu meods arrenged within the copmuls) by &
olve ' motal beth. This spprosch is kmown e the HPHT reconstitution
s, of dimted. growi, Toespits tha fhct that sow growth indes of <5 gt
(vw-cd&mmm mwwwmwammm
;_.__.,_______,_;mwfhwwmmﬁammmﬂwd.mbym
e B, weighing 34.8 carst (Koivala v of 1993). Dismonds groven by shis method are
I -"w&cwm«m@ammmmemm
blades, wire drawing dies and heat ginks. _ o

A method which is becomsing increasingly important ia the synthesis of dsmond at Jow

<pressures under conditions whete greptite and not dismond i the stable form of
carbon, usually by deposition Sosi & vapour (CVD dismond growth). CVD dismond
synthesis can be described as involving the dissocistion of carbon-based gases and
hydrogen at below atmospheric prossure by slectric discharges (plasmas) or heating
elemmts(oﬁmtungsten)todapoat&amndmﬁoambﬁume Dwmmdﬁlmhwe
also been produced umngoxy«watyluwﬂmtechmq:m

-aon:Shis approwch: is o raplace the graplite in the above scheme with
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. 5 _ - thanmodys - mum m“li

%M&MM&M&MWw&mm”M:

muarwﬂtdmmb@w " = |
&

@va o .
' \

whers AG = Go G
here AG = G- Gy, and AV =¥,-V,

Here subscripts d and
' § refec t .
(Beanan 1979). to the dismond or graphite phase reapects




1.2 Disssond Systhesls

-mmmnmotmmm&mmwmw
mmmmmmammmmmm
mmmmmmwmmmmwwm'
- {1979), Muncke (1979), DeVries (1991), snd Vagerali et ol {zm). Burna snd Mu_ ‘
(1992). Anmmdowmofﬂwmyof&nmmﬂwmutﬁ -
G«mﬂmamcumbysw(wsm

123 WMMM“MW e

Dmend end gnp&m are simply differeat uﬂocmpol ogm withm
slightly more thermodynaraically stable st dimospheric presme a4 Gmaond |
the stable form f elevated pronure. The sisbiity of the mastsbip diapend

| mummummmwmmuww -

Bm(lﬁ?)ﬂumﬂmmh%umﬁt&ﬂn%ﬁmm
Qaﬁﬂwh&wxﬂw&&mmﬁumﬁmwmﬁ
changes ap u result of pressure can be expressed 3

where AG =G,-G, and AV = V,-¥,

Hﬂﬁbﬂmd@grﬁwmem«mmm’
{Berman 1979).



W
e

Sm&mﬁmmahdmmmm AV km me., _

IMMstMnmmmmwmum
AG =0); here graphite and diamond are in squilibtium (Becman 1979).

'nwproblemofdnnwndsynthemnnglnﬁmwwbeomofwhmngﬁte
pressures and temperatures at which dismond is the stable form of carbon,
However, the presence of an appreciable kinetic barrier, which is the result of 2
large pusitive activation volume, results in faihure of all attempis at synthesising
diamond by smply applying the appropriste pressure and timpersture for
to achisve the thermiodynantically stuble diamond situstion itself oppases the

tepersiures to oversoms the activation barrisr, which in turn would reuiire
higher pressures) In HPHT dismond synthesis, the sctiviiion energy &
lowered by ‘the use of "solventicstalysts®, usually from the group VIII
transition metals. The effect of the solvent/ontalyst on the kinetic barrier &

represented in figure 1.1 whers "a® and *b* are the high and low energy

intermedinte states betwoen graphite and diamond respectively (De'Viries 1991).

A further thermodymamic constraint is that the sotvent/catalyst is required to be
in the liquid state at tho pressure being used. The melt Line for the
solvent/catalyst in question thug provides a lower limit to the usefil
temperature range for diamond synthesis. As can be seen in figure 1.2 b) the
diamond graphite equilibrium line and the melt line of the solvent/catalyst form
boundaries in pressure temperature space to form & "v* - the so-called v-noich
region for HPHT diamond growth. The shaded areas in figures12 2) snd 1.2
b) Trepresent the temperatures and pressures used for HPHT synthesis
(Wentorf 1965),



2

Mumngammmm )
form of carbon is not the whole story m memd-
mﬂdgmmmmrmnmmmmum

‘_ dmymmmﬁwmmptm:le(&? )Muthembywm

mmmmmmmm(um
tetuperature in question) to achieve & graphite/diamond equiibium (Strong
and Hanneman 1967, Bezrukov et al 1972). The Intter authors noted that

nucleation of new crystals was cssentially cenfined to the initial stages (2

mmiofﬁwmﬂmmmobmhmemﬁrndbyWM(IW}
uﬁmﬂmﬁhmofﬂnmmm(a&gyumm

solution  becomes  saturated with carbon  (Fedosser el

Semenova-Tyao-Shanskays 1986). In the reconstinttion method it is customary
wm&mmmmm@mmmm
SpOLRNEOUS muclestion. However, uniess AP i kqt fow, sportencons
mmmﬂmwmwthmmmfhmmm_wk
and not graphits is the stible phase. Furthermors, Wakeisukd (1984) cbsrved
that diamond nucleation on this re-crystallised griphite was not s efficiast a5
micloation on “fresh” graphite. Uning the ket that it Is possibie, st negative AP,
to mucleate graphite sxclusively, he developed an approach for controfiing the
dizmond tuclestion density by mﬁvm'&amﬁee&gw@mwiﬁa

: m-crystamsedgtp!nte
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Figure 1.2 a) Phase diagram for carbon (Wentorf 1965). The area from
0to 100kb and 8 to 3000K is expanded in figure 1.2 B).
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Figure 1.2 b) Detall from figure 1.2 a). The angle formed by the melting Line of

Jorms the "v-notch" - the area used for HPHT diamond synthesis (shaded area),
J / -. (Wentorf 1965) |
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~ "The sxisionce of visble dismond nusiel sed the correct condidons t5 eorure
mmm@mmwmmmdmm
of HPHT diamond growth us' mwmmmaf
amemm‘;mm&wmhmwmm&
diffusion of carbon throu,h the metal im surrounding the growing Siemond
(Strong and Hannemen 1967). This hes the consequence that the growth rate
per unit area is inversely proportionsl to the thickness of the metal fim '
separting the dismond and graphite. The diffission constast is proportional to
‘the concentration gradient scross the film, which in tumn depends on the
solubility difference in the thermodynamic driving forve for the reaction snd i3
proportionl to AP, for constant temperature (fmplied by equation 1), or 10 AT,
 for comitant pressure. (Here AT, ecquals the amours by which th temperstire

‘axcesds the [Dquidigraphite/diamond eutectic tempersture’ (Stroag - and
Hanneran lﬁn)thRmnmdﬂmwmhmnWGnM}
mm-wmmm&mﬂmmmmmm
mpmmm.mdmestomchmmﬂmmwﬁh
mvmsdmdmmondmnﬂmwmﬂnmphmmuum
tempesature than the growing dismond (Wentorf 1963), Thcdepaameof
growth rote on AP, mybmmcménmgmmmsgh
. htymgjemﬂdmnduﬁwgmwﬂamummvewdmwm
pressure Muchuemuﬂermmgm&deﬂsmthepimmhﬁtyéf
cenventional gathesis systems ﬂ.f:lga:mk: and Takano 1987). The HPHT
reconstitution or "temperature gradient” spproach largaly overcomes this
difficulty & “he driving foroe in this casc is the difference in the solubility of
diamond in the solventfcatalyst meial 15 & function of temperature aa:d thie is
sasentially mdepewient of pressure (provided that the thermodynamic stability
of diamond is mamm?ed) (Wakateuki and Taksno 1987).



1.3 Morphology

‘The morphology of synthatic dinntonds. s & strong fnction of the theeimodynsmic
conditions prevailing during growth (Giardini and Tydings 1962). At growth
mmmwmmmmmqmmmmwﬂmm
wmmmyﬂwmwmmmmwm;u
growth conditions spproach the melt fine - the solvent/catalyst in use as Hustrated in
figre 1.3 (Muncke 1979). In addition to the change in the crystal morphology &s &
m&mmmmmmmumm=
m»mmmmmmmwm '
mmsmmmom (a;wmw mz)

'Fummmminmmmmmm
m:mmmwmmammmmm&mﬁn
mmm&amw:m&mmdammmmmmﬁ
the corresponding growth sactor will be. In the case of diamond, this suggests that the
{lll}mlwdnlMW ﬂhmmmmmm
faces will dominats the morpholcgy of dismond crymels, m;-mmax-
mmids.mmd W&MMQ{&W}WEM&!M
28 u result of dissolution of octaliedral forms. So-called neturat cubic diemosd rarely
hes fist {100} faces and generally oocurs as result of Sbrous growth Synthetss
diamond, on the other and, is generatly found with both cubic and octehedral faces in
the form of cubo-octahodral crystals, although dodecahedral and other low-index faces
malsofomd,gmenllyum&m mmmmmmw
dmﬁmmmdﬁrmmmmmhﬁnmmofﬁmr
. (Sunagaws 1984). |
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temperntsire (Muncke 1978). Tha peritcctic or exsectic Bne i the meiting Rus
of the carbum-saturated metal The 3-4-aquilibrium bﬁtﬂ!ﬁ‘w
aquiﬂﬁrfnm fine.
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In diamond synthesis the rate of growth of the {100} wd {111} sectors depends to

different entents on the growth temperaturs with the rewlt that ditfbeesst morphotogics
dominate at different growth temperutaree. This can bs mxpiained in terms.of the

different wettitig energies of the different surfaces{Yazu 1985, Perevertailo 1992) or
mtamsofﬂnpmodtcbmdchm(PBC]nmddemm j
mmhnmhmmutwwkmuehofﬂwﬁom(ﬁhdﬁdhvl
Sunsgaws 1990, Burns and Davies 1992). The simple PBC mhodet ax _
meobmvedmrphoiosmmﬂmr&umofthed:&mﬁmofm
diamond, but fails for synthetic diamond. Giling and Van Bnckevoort (1985) proposs
differencs in the case of synthetics, while Sunagawa (1990) proposes that growth in
syuthetics ocours by addition of larger growth units than single stomic entities.

1.4 Tuternal Structure of Synthetic Dixmond
141 Lattics Defects

The phrase “lattice defocts” usually encompasses inclusions, stacking fiulke and
&Wmaﬁmmmmwbedﬂm mamm
(Section 1.10),

1.4.2 Inclusions

Inclusions in diamond are well known. In natural dismonds, they serve to
identify the geologienl and physical environments that existed during growth
(Haeris 1992). Similarly, the inclusions in synthetic dismond consist largely of
amounts of the solvent/catalyst entrapped or otherwise included during growth.

In gencral, the visible inclusions are of two types: largs inclusions of up to
several tenths of a millimetre which may ocour at way poirt within the crystal;
and sheets of microscopic inclusicns lying on  planss formed by joining the
nucleation point and the comers of any edges at which two facets with the

4
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seme kind of crystatiographic indices meet (Wakatsuki 1984). The sheats of
microscopic inchuions entmpped between Kka growth zones noted by Kamiys
and Lang (1965) and the “whisker inclusions” reported by Kundadze o al

(1992} are believed to be of this sort. It has been cbserved in dismonds grown *

between metal end graphite discs, that these bands of inclusions extend only
towards the side of the diamond growing into the graphite where the metal fiim
through which the carbon flux rust diffuse is thinner (Kanda et &l 1981). These
asymmietries are not observed in crystals grown by the temperature gradient
method in which the thickness of the metal layer through which the carbon
st diffuse is large. Scanning slectron micrographs of sections through these
inclt_lone showed them to be contained within holes heving the same
morphology as the external crystal, and to be emaller than 10 micrometars
{Wakatwiki 1984).

Xeray diffraction studies of the included metal in both: nickel and cobakt grown
dismond show that metal phases oriented parallel to the diamond matrix can be
detected (Woods 1973), The ocourrence of sub-microscopic metal inchusions
, bas ‘beon detected by low angle X-ray scattering. The prescnce of lamelier
" inclusions 80 Angstroms thick and parallel to {111}, {100} and {113} growth
planes was inforred (Woods 1970).

Nickel is capable of bsing included in the diamond lattice as 2 point defect and
gives rise to oy ' cal absorption, cathodoluminescence and photoluminescence
features (Colling 1991). Some svidence for "Me-X", where Me is a metal stom
and X is either nitrogen or carbon, has also been presented (Malogolovets et al
1978; Malogolovets et ai 1993). .

1.4.3 Dislocations and Stacking Faulis
Bothnamralmdsyntheﬁcdiumondampmmwcmmjndkhtmhmb&t

stacking faults, and steain-producing growih sector boundaries are only
common in synthetic diamonds. Dislocation bundles are often associated with



- the macroscopic seeds used in HPHY recoastituted me "
. dainoads generally grow from mub-microscopic seeds and henoe kave fir fewer
. Mmmwmm\\m) Natural dismonds usually somprise
ow {111} growth sectors, whio}hmﬂuﬁa aiso contsln {100} und, loss
:M {110} and {113} mhnmmofmmum
wiascy S0 comtsin inpurity stoms. This gives fise to slight differsnces in
mhmmmm and hence to strain (Lang ot al

e w«mmidatmﬁadbthmgdnmmdtogmwﬂi
,'ﬁ'fwmwmms Wierzchowaki et al 1991) . Other disfocations
il the <116> dirction were also Observed from cathodohminescent

‘Bsocrations (uminescing pink/onngs ur bhue) by Woods and Lang (1975), snd
v dinlocations paraliel 1o (001) surficss of reconstituted diamond crystels,
mmmmmw reported by Wierzohowski ot i
- (1591).

'mmwhﬁemmmdmmmmmaﬁmmmm
ﬂmmdid(mﬁomwmldappmwbcmm(ﬁmmdmlm;
Kurdadze et al 1992). The dissimilar lattice constans in the &ffereat growth °
sectors give rise to strain, visible in birefringence microscopy as in the case of
diamond grown by HPHT reconstitution,

1.5 Differences between Growth Sectors

The different growth sectors of syntheiic diamond may differ significantly in various
properties ' -

. 1) s.. ! ] - Ia ! -
The concemration of single substitutional nitrogen varies in the sequence {111} >
{100} >> {113} > {110} (Woods and Lang 1975, Burns et al 1990) but the
situation for diamonds grown at low temperatures may alter to {100} having the
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highest nitrugen concentration (Satoh et al 1990). It has also been notad thet “cold
shaped" dismond (more cubic diamond, grown under lowec temperature conditions
than usual) displsyed a murky green colortion in the cublc growth zones. This
was found 10 be associated with a broad absorption band pesking at 1.9 eV that
exhibits thermochromic behsviour, disappearing on cooling to 77 X. This effect,
observed for diamond grown by both HPHT reconmitution and graphite
conversion, .nd-in both cobalt-iron and iron-nicke! solvent/catslysts, was aiso
associlated with very high nitrogen concentrations (sbout 800 ppm) (Collirs and
Lawson 1989),

It should be noted that the growth sectar dependence sbove for nitrogen will sdfect
any other point defects formed by aggregation with nitrogen. For example, the
1.945 eVdeﬁammV]mshownhp}mtohminmmphy
measuremsnis to occur af & much higher concentration in the {111} growth zones
thsn in the {100} and {113} sectors, in accordance with the nitrogen concentration
(Van BEnckevoort and Lochs 1988).

2) Ni-related defects
Tt has boen shown that the nickel relsied, optically active poimt Jefects are confinnd
exclusively to {111} growth sectors {Collins et al 1990: Satoh et sl 1990).
Wakatsuki (1991) reports quantitative measuraments of this substitutional MNi
defect which showed that concentrations in the {111} growth sectors were as high
as 100 ppim, but less than 0.1 ppm in the {100} growth sectors. Iron was also
detected in the {100} growth sectors at levels of up to 1 ppm (Wakatsuld 1991).

3) The H3 Defect .
The bright green cathodoluminescence of the H3 centre, restricted mainly to the
{100} growth sectors, is & major feature of the cathodoluminescence of synthetic
diamonds {(Woods and Lang 1975, Burns et al 1990). This cathodoluminescence
displays marked banding parallel to the {100} crystal faces, and is optically
polarised in each {100} growth sector in the <110> directions parallel to the {100}
face of the sector. A similarity between the luminescence distribution noted by

W
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" Woods and Lang snd that occurring in CVD dizmond is noted by Xawarnds ot o
. {1989), but not identified as FI3. These phenomena, which are not observed when

4)

3)

H3 centres are generated by croating vacancies and allowing them to be trapped

by A centres during snnealing, are explained as the result of these defacts being
grown in for synthetic diamonds (Dodge 1986).

Lattice pargmeter

In their seminal paper, Kaiser and Bond (1959) showed 2 clear correlaiion betwees:
the lattics spacing and the nitrogen content of synthetic diamond and used the
magnituds of this dilation to argue that the aitrogen was presant predoninantly &3
substitutional nitrogen. In general, any point or lattice defocts at high enough
spacing in specific growth seciors, coupled with the guantification of the
concentration of the point defects mpousible, provide valusble data to assist in
verifying models of defect struciure. As an example, messurements ansociaied with
single substitutional nitrogea show that the effective vohume for the rétrogen atom
in dinmond is 1.41:£0.06 times that of the carbon atom displaced (Lang et al 1992).

Precise measurements of the lattics spacing by x-ray diffinction techniques have
detocted differences between the lattice spacing of differest growth sectors in
HPHT reconstiti.ed dismond of the order of 108 of parts per million with an
accuracy of 1.5 ppm (Wierzchowski et al 1991). The lattice apacing dacreased in
the sequence {111}>{100}>{110},{113}, in good sgreement with the sequence
ob:ewedforthewbsﬁﬁlﬁmalrﬁﬁngenmmaﬁmmtedsbom@umdd
19%0).

Other features

Stability of growth sector: the {111} faces are least affocted by fluctuation in
growth parameter, followed by {100}. The presence of the fhces {110} and {113}
are intermittent (they appear and dissppear intermittently during the growth of a
crystal) and are very sensitive to growth conditions (Kands et af 1981),
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anuwmmm«mcﬁmmmm'
ln!mmgmmmnumm(ﬁumetalIM}

medavngemargyformedmwmﬂom?ﬁcplmminﬂwm
v {111}<{1103<{311}<{100)}, and this has & ma_;ot\ influence over the manner n
which diamond fractures, the fevoured cleavage plln?bang {111} (Field 1979).
Abrasion resistance varies with growth sector q}/oods and Lang 1975). In
Mgmmmnmmﬁmumwm“mrlsdimw&ymc
(Wilks and Witks 1965). A -

]
l

Wm&mbymon,muaﬁum\nof direction in & crystal
mmxmhummmmmmmimmMm{m}m
than on the {110} and {100} faces (Brockes 1992). &
‘
1.6 Control Over the Properties of Synthetic Dimmond | )

mmm-ﬂwmcfmmﬁcﬁmnwﬂymﬁ@wmma&
synthesis processes o produco diamond ‘with specifically tallored mechanical
properties (Wedlske 1979, Tomlfinson 1992). While the m\ recipes” for tailoring
the various synthetic dizmond properiies are “closely guardi\pd industrig] secrets”

(Wedlake IQ?Q)&&Hamnﬁmybeglunedﬁmnﬂmhwl\n.mpmbhmaf
growing synthetic diamond in the presence of an sppropriste jolvent/catalyst was
broken down to five components sbove: achieving the thermaiynamic conditions
required for diamond growth; simultaneously achieving conditions for the
solvent/catalyst to be in a molten state; achieving an appropriate degiee of nuclestion;

obtaining 4 suitable growth rate; and mainteining constant growth conditions during
synthesis. We shall ses that the art of tailoring diamond properties sissatially consists
in manipulating these |

Using these variables, the synthetic dismond industry produces a wide variety of
abrasive products, varying mainly in particle size and strength. In this way, it is



poasible, for example, to mass produce fine, mm\m fww
in resin bonded grinding wheels, or reatively cosiee, tougih and theremily stable
; 1 abrasives for sintering into metsl  for use in s

S

L6.1. In HPHT Graphite Conversion

Wedlake {1979) notes that varisbles tised 1o ackisve control over the properties
of diamond produced include: presmire and tanperxture cycles; the nature of
the solveaticatalyst and the carbonaceous maserial, and oven doping with
poisons to schieve poor crystaliity and imperfiction.

nuclestion density is controfied at a sufficiently low level to provest adisoent
crysials interpenctrating 28 they grow, as well &5 low growth res to Sicilitate
pesfectly formed, fint sirfaces end smisiral inchusions. Both the low muclestion
mmmmmmmmwmﬁmam
over-pressure (proamur: in expems of the presmure for grephita/dismo:
equilibritim) as discussed in section 1.2.1. Andmmwowhmm
nuclesting density, by passivating the graphite surface by schieving a degres of
coverage with re-precipitated graphite, has been developed (Wakstwuki 1584).
An important aspect to grasp is that in typical HPHT graphite comversion
&mﬁgﬁhﬁsmwpmﬁaﬁhyxﬁuﬁm&ymmmlﬁ@ﬁ
pressure cell. This has the consequence that crystals growing in differsnt parts
of the cell may welt be growing under different thermodynamic conditions. The
effect of this on the size distribution of crysials grown from a non-ideal kigh
pressurs- cell are considered by Fedoseev and Semenova-Tyan-Shesskays
(1986). The consequences of these distributions of growth enrvironment is that
the properties of the resultant diamond even from a single syithesis run are
distributed over a wide range. The distributions found for some technologically
important crvtal properties are discussed by Nevetruev et sl (1992).

\:3‘
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mwmwum%ﬁur _
mmmmummummm:m
Thpmofwﬂ«m&wmmw&mmmme
Wmhwamﬁam&omﬁwwﬁmdﬁﬁe
WMWMMMWWNMM!&
smount of water available incronsse (Sunagswn 1990). In & tedent review
mmnniugM)mmmmﬁMﬁM'm_
Mmmmmofmm the relasive tack of any
apperant. hermdUi role of hydrogen in the comversion of hydrocerbons. An
mﬁmmmMmWWMIWGMm
&demhww&mMMMm&_ |
Fiasey carbion o8 @ carbon soieor with ecbalt, iroe, aad nickal enlventso |

depends steongly on the kydrogea oonenstrusion, AMMW

for hydrogan is reported to be 2200 pasts per mililon Miyssisoto o Wl 1991).
Tiis samo repoct ilustrates well how variations in the ostbon sourus sof the
solventicatalyst can affect the properties of the dismand produoed. Whes iros
rich scbvent/catlysts were ussd i conjunction with i carboer souros Witk & Bas,
amooth sufacs, irregular, needie-Eke crystals, Highly elongated bt the <100
diroction, oould be grown. The sxme type of crystel was grown from both
authors attribute the phenomenon 1o the enhanced mcletion density which
arisos from the smooth, pore-fres surfiice of the carbons in conjusotion with the
use of iron as the solvent/catalyst, foliowed by 8 process of gas:setric sefoction
23 the crystals simultaneously grow out radially font the site of niviestion.

“



" morphology is octahedral resulty in » reduction of the conventestion
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mmasmrh pressures and mapmm w M&ﬁ"ﬂlru!
' of both
Mmmdmﬂymam«(ﬁiuﬁmmm;mx“
mwgﬂmmwmﬂumadmofﬂwmgmm

(becmass of incransess m nd M dofeots) (Radiwsev aeié
hmmm T

-m&mmmmmm This Wit Ili i !by

Vﬁfm&wtmpu'dmdﬁ'armmmmgmmww

MWW‘MQ&MM%W“MM
puﬁwuon SWSMM(IWI)MM&,MUQWM
mhwhudammmmspmm

Variations in the souros damon much s the fnotope ratio (CC? ), snd
addition ofniﬁog&igm can result in production of & variety of different
diamond types, from motopaullypureormtopamuﬁodtypeﬁamtypﬂﬁ

~ diamond (Anthony et sl 1990)



At & ayvismatic approash ave hosn'  t “&Mﬁlmd o
Wb‘hm mwmmmﬂmu

‘a;&' <

Pavroen um mmazmw), m(ﬂ)kaM

o miin is chosen. No atternpt ia wde 10 adhevere to ¢ single namming scheme or

. emergy enit. This results in some apperent oddities a8 ond) defoct sucourkered (H3)

¥ kheees t0 the nomeaclasurs of Walker (1575), one defigt & kaown 3‘1 2L
wavtdength (573 nm), and one defict is known by its ZPL energy (1.945 oV). For
describing peak positions and spectral fostures, wavetwtriber will be used to allow for
refer 'n~s to the figures. For reference, a list.of some of the nomenclaturs is given
below 1 table 1.1. The *Label® cohumn gives the libel ussd for this defct fu the
spectra.

W ' ;
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Table 1.1
[ Name | Strucrore|  Label | Waveliage

o
H3 IN-V-N 1 503.2
575 nm NV 575 nm 575
1945eV  [N-V 1945¢V 16375
Raman - |Raman 552.4
A, =514.5 nm :
Raman Raman 521.9 238 {19160
A =488 nm :
Lager line 1 <514nm (5145|2410 19436
ho=514.5 nm -
Laser line - |A=488nm (4880 2540 {20491
A, =488 nm

The nomenclature used for the three Ww&mmm and levar
excliation lines encouniered in this work. The the snergies ara sivan in varioss units for
reference. :

An‘xample spectrum showing these vibronic defe 3 and the Raman line is given in
figure 1.4, "

1.8 Physical Properties of Dismond

Dismond is & unique material with many outstanding properties. The extreme hardness
of diamond is its best known characteristic and arises directly out of the extrame
rigidity of the diamond lattice, a8 do most of its unique properties, This rigid lattice
comprises an extended network of carbon-carbon bonds extending tetrahedrally from
each carbon atom, each being in the sp’ hybridisation state. There are two

crystallographic forms of diamond: cubic {most natural and synthetic diamond), and
hexagonal (shock diamond).

Dismond generally contains impurities, the most important being nitrogen which
occurs in & vanety of forms. A classification system based on the nitrogen content
exists and is widely used (table 1.2).



Amquwmuﬂphm 95% of natural

Ia .

I | Single substitutional (C centras) | 0.1% of natural, most synthetics

fs | Virtually no nitrogen | 2% of naturai

b | Virtually no nitrogen but Rare for natural diamond
semiconducting due to boron : o

(IaA) | Predominantly A aggregstes Subgroup of I
(aB) Pmknmmﬂyﬂw Subgroup of fa

Classification of diamonds (after Fleld 1991)

Other important impurities are hydrogen and oxygen, and mirieral or motafc inclusions
ofihegrovﬁhmedm(dapuzhmonwbﬂwﬂwdzm?emuﬂmwmﬁmc)

Mmdmmw&mde&mmwwmmm
(Sellschop 1992),
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Figure 1.4 Example photoliminescance spectra ( R, = 438 nm g), A = 5146 nm b)) of sywshetic

diamond showing the vibronic liminescence spectra of the three nwin defacts thet sre ancountered

intkl:wod(rq'wzamﬂd 1). The Ruman Bre occurs st different wavarnnmber depansding on A,
as it vcours Stokes-skifted by a constant shift from A,




m&mmmndumqofmmﬁhmaiﬁ{mst«mu

mwm;m“mwwmmmmmm |

~ mass of carbon Thermal conductivity is reduced. by the prossuce of inpuritiss sod

diﬂocsuongmdemhywmcmmm&mw.

mﬂrmybuc"mmmnwdddlwmwmh
thermal conductivity - mmnlymmm«vmp:mm
1991,

[ .

Diamond bas & relatively large band gap of 5.48, eV (Field 1991), making it a very

good insulator, transparent to fight right actoss the visible into the UV, Lmpuritios may

_mﬁnmmmswﬁehmwrummm singls
..Wmmmmm mummmm»muv the tall
dMMmmmmmmmmm

g‘mmmnumumwmm nmpﬁbiem
oxidstion st bigh temperntures. Soime asatals such as fungsten, tantahur, and xirecaim

Imﬁwwgdimmﬂmfmntheirm while other nutals such as ron mungances,

mmmmpmmwmmmmmmm

medmmiﬁduﬂnmm(m m
tabia 1.4, and table 1.5).
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 Type! (©01) <o | . saGh

Type 1 (001) <110> $3GPs

Type Qi) <i10> | 55GPa

Typel (111) <ii> 63 GPs

Type B (001) <100> 103 GPa

Typell | (0O) | <ue o1Gh
E T r— a1
Type II Qy | <> | 110GP

N

' Yhe Kevwop bardesa of Bamond. The face for which the havdiness Is quoiil s ghoan it

the column * Face” while tie oriaxtation given iy the drection of the lang exivof the

“indenter. From Brookss (1993, -/

{Young's Modulus {11.41 x 10" Nm® _ _ o
Poisson's Retio  {0.07 ' o e
Bulk Modulus  |4.42 x 10" Nm® o B

The elaytic properties of diumond. Valnas glven are the Isctropic apgregate values,

(Data from the appendlx of Fleld (1993).) - SN
¢
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Cicavage Energy =5.540,15 Im® (111}
Fracture Toughness .

K,=3.410 SOMN (depaﬁingmuuﬁoe)
Teasile Strength : ca. 300 kgmm™
Compressive strength ca. 1000 kgmm* (Synthetic SDA100 grit)

Fractuzre strength values for diamond. (Dita from appendix of Fleid (1992).)

anmmdmwhwofﬂwpmpumofdmmmdmﬁuadmanWm
the books edited by Field (1979; 1992) and in Field (1991).

1‘90nﬂeﬂhwermm- . o o

mmwmﬁuwmmamo{mhwm
mmofﬁﬁmmm%ﬂnmm&thmmmm
increasing its enargy by the energy of the photon sbeorbed . (In an analngous manner,
etmission of light vorresponds o the reisxation of the Inttice, decrewsing its encrgy by
wamofmmmpmlmmmmmwmmmmmm
excitation of iattios viirations, while the wavslsagth of visibio ight i too sort to
excite vibrations and too long to excite valence elootrons from the velenos bsad to the
conduction band G e. mmnmmmm)mmmamw ..
dinmond 548 sV at 77 K means that dismond is transparent well into the UV.
However, mpuﬁﬁumyweﬂhmmwmmﬂwbmdmmmm
abmmuonofhglﬁofmmumﬂmmwmmltmmadym
phmommof‘imlmwmwﬁmm«mopﬁwmofﬁmd
ilchamhﬂehdasimpmﬂuuﬁdmm;xﬁdewofmﬁumwnwm
features in this otherwise featureless energy range.
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Electronic

Electrons can only be excited from the valence band to the conduction band in
combination with phonon absorption and emission. This results in increasing
absorption just below the band edge as tempersture (and hence the phonon
distribution denaity) increases (Collins 1993),

Luminescence ("edge emission”) may occur by recombination of free excitons
resulting from the generation of electron-hole pairs by absorption of UV light
or as cathodoluminescence generated by energetic electrons (Collins 1993),

The major impurity in synthetic diamond is single substitutions! nitrogen. This
defoct can act 2s & donor with a donor level in the band gap. As & result, it is
possible for donor electrons from the nitrogen impuity to be excited to the
conduction band by phﬁii;mm with energy greater than 2.0 &V (Collins 1993),
giving rise 10 &n absor;{ruon contimmm above this level, Tt is this which gives
rise to the characteristic yellow colour of synthetic diamond,

Yibratiozal: One-phonon and Defect Induced IR abserption

Absorption of infrared (IR) wavelength light occurs as result of the sxcitation
of vibrational modes in the lattice. There will be an upper limit to the frequancy
of vibration relaied to the mass of the carbon atoms and the strength of the
carbon-carbon b.nds. This limit has a value of 1332 cm™ which is the Raman
frequency in diamond. The mass dependence means that diamonds grown with
different isotopes of carbon will have their vibrational modes shifted in edergy.
The ability to grow C'? and C® diamond has sllowed a much grester
understanding of localised modes to be established (see for example Collins
1991). The diamond structure has no intrinsic electric moment associated with
it, and hence the absorption of light by 2 phonon ("one phonon sbsorption®) is
forbidden. There are, however, two important ways in which absorption of
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fight bv pure vibrational means can occur: muiti-phonom processes; and
defect-induced one phonon sbsorption. "

Inthecaseafmuhi—phmmnabmpﬁmomvibmﬁomlmo&indmun

temporay electtic moment. Absorption of lighf can cause further vibretion of
these electric moments. This process is known as two-phonon sbsorption. Two
and three-phonon absorption proyide the only mtrmazc vibrationcl absorption
processes that are seen in diamond. They are characteristic of the diamond
lattice and are hence common to all diamond types. |

in defeci-induced one-phonon absorption, an impurity stom gives rise to an
electric moment, sllowing coupling of ome-phonon vibrationsl modes to
radiation. The most important such vibrational modes are those ausociated with
nitrogen and aggregated nitrogen impurities. In fact the analysis of the infiared
absorption spectrum provides the most usefil means of identifying the type to

Mﬁdx“adimmndbdonss(mﬁm 1.5).Inmwhu'etlwmisdm )

atom, a “localised mode® may ocour where the associated vibrational mode
forms a sharp, localised Laad of vibrationsl frequencies, rather than the broad
envelope observed for lattice vibrations,

Wbraﬂhnal: Raman | gt

We have seen that defect free diamond shoul&bemsparmthaﬁwméw
upper limit for the thres-phonon absorption at about 3996 cm? (0.5 eV) and
the absorption edge at about 44630 e’ (3.5 eV) (Davies 1977(s)). The only
optical processes that can occur in this regicit are Raman processes. In these,
incident light may exchange energy with the diamond lattice to be inelasticaily
scattered as Raman scattered light. This light will have gn energy differing from
the incident light by an amount equal to that teansferred - the energy "shift"

which may be the result ™ _3ining energy from (anti-Stokss process) or losing -

energy (Stokes process) to the lattice. The aclection rules and the nature of the

i
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Figure 1.5 IR spectra of type Ib a), laA b), 1aB (with platelct peak) c), TaB (without plaselets) o).
(After Collins (1993).) These nitrogen related absorption systemn are examplas of defect induced,
one-phonon absorpilons and ave the basis of the most important classiflcation of amond
types (see table 1.2). :
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optical modes of diamond are such that the first-order Raman spectrum of
" dismond consists of a single line shifted by 1332 am” ((Davies 1977(s). The
_Smku*mnkmwmdlphmmmmwecmmﬂmm
" sipecinposed on the second phonon replicate of the H3 band for 488 nm
sicistion (see, for example, figure 1.4), and as the single sharp line to the high
y side of the 1.945 6V and 575 nm bands in 514 nm excited spectra. (The

vecssabec st which the Raman line oocurs in this work is 18104 cm wheu
} iy excitation is used and 19160 cm” whien 488 nm excitation is used.) As
daisiod laser, the Raman line is used to normalise the photohuminescence
- to allow semi-quantitative comparisons of luminescence intensities

* A photoe of radiation may be sbsorbed by & defect in the dismond lattice by the
excitation of sn . electron ftom the ground electronic state to an excited
abectronic state, The affect of the electronic excitation is to create & new spatial
djmihmionofﬂmeiectmnsofthédefm.mofﬂﬁnmmiguwm,ﬁm
" nuclei surrounding the defct will have to move to new equilibrium positions to
accommodste the new electron distribution. Weo see that an electronic
excitation results in stomic vibrations - the procsss cannot be considercd a
purely electronic phenomenon, but rather & vibronic phenomenon, Vibronic
transitions can be simply e:q:lmnodbyconﬁgurmonaloo-ordmatedum
{ses figure 1.6). ’

The configurational model summarises the Born-Oppenheimer approximation.

~ Physically, the Born-Oppenheimer approximation considers the light .eléctxm
to respond instantanecusly to vibrations of the nuclei, however the massive
nuciei respond only to the average position of the electeons,

In figure 1.6, the vibrations of the lattice in the ground and excited electronic
 states are approximated by harmonic potentials, each with its own harmenic
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Figure 1.6 Configurational co-ordinate diagram. The parabola represent the ground
znd excited electronic stotes. The equilibrium point in the excited state Is shified to
a new configurational co-ordinate. As a result, vertical electronic transitions resuli

in an excited vibrational state. (From Henderson (1972).)
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' mchmeﬁbmmmdqmmngmmmmmm&fmmbe
mwwmmmmmmwmmmmmm
hthammmalmmmm(awirmek—dm principle) to

the vibretional =ate m>0 of the excited electronic stite . lThxsnmuthstthc

Wmmmg,mmmmwumm
ﬂmmhwhﬁtfmgdmm»mmmﬂm In time, the
--wwmmmmmmmmrmm'
with an-eqalibcium position of O=A. (The sbove exymiple doscribes tie
sitiion wheve the nuciel of the excitsd state are more widely separsted thim
thoso of the ground steis - umnymmummdbsmwbem'
| m&mmm)mmtoﬂmmﬁﬁﬂ}!emmﬂn
._.ibnurpﬁonafuphumafmmE-E+m01mmHewmemm
mmmmﬁwmmmmmmkmnfﬂmmm
mmm%rwmutmywﬂibemmdémmﬁmwyum
phonons until the pr=0 vibrational state is reached. Tkeée&ctwiﬂﬁmdbmj
mmgmme,mamwmt |
E,= E,- nhex The difference botw: en E, and £, is' ', Stokes shift. Clearly, the
higher the number of phorons involved in the absorption tramition, the larger
%Smﬂﬁﬂi.@&emoﬁmﬂmcwpﬁm%mﬂw&mﬁcmd
vibrational energies (the electron-phonon coupling). Also, since the probability
distribution of the configurational co-ordinate for any vibrational encrgy level,
n, is o Geussian centred around Q=0 (Henderson 1973), the 1m the
coupling, the grauier the probability of a transition involving no phomnz {e
mphomnmuon)ﬂwubovemmmumdupmtlwreimpmtha

probability of a transition at 0 X involving the exat&uon of § phonons :

P, e°5%m]



msum«mmmmmmmnmwmm
ma«mws,mwumumma;
mﬁmntmm(ﬂmms the farger the probability). ForkrgaS .
o ummmmwm&ummms-m |

) _"'l&m&mnkum&wdmmmnpﬁmm
T esapersiuie was confined 10 0 K, and coupling 10 only one vibrationl
MWM nneﬁeaofmdtmnpummthuﬂmnw
tmla become increasingly popuiated according to ﬂu: Boltznann
"‘"_mmﬂm.ﬁmmmﬂ-a(sﬁw-ommemzdm)
____wmmmm&um)mfammm
seitnlon) (which is o0e of the reesons for doing moasurements at Tow
). Sirallacty, the widsh of the sbsorption or emission bend, while

mmmmwmm%mmummm

r Y EﬁMWMWmmWﬂwZPLW Yt is this

© fowburs that resuts i the character’stic shape of vityéric fines in dismond
messured at low temperntures whare & sharp ZPL can be seen with a series of
broadcr phonon sidebands. It is this, too, which makes the ZPLs 50 suitable for
using as & probis of the enviromment of the sbsorbing or kuminescing defoct - its
gharpness allows the discenment of spiiiting in uninxial siress fields (p.g.
Davies and Hamer 1976), and analysis of the line shape (¢.g. Davies 1970(s)).

In this work, the 1.945 ¢V centre vres chosen for analysis of the lineghape.
Uniaxisl stress neasurements have been made on the 1.942 ¢V vibronic centre
by Davies and Hamer (1976). They were sble to conclude that the absorption
band due to the contre is the regult of an A, to B trangition at atv'gomiomtm

Small differences betwsen the absorptmn and emissic ; spectra were shown to-
be consistent with a subsntuuonnl nitrogen, wincancy pair {which is mpparted
- the results of annealing studies). ‘
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involved in this conversion, results in & volume of high stress. As the thermal
expansion of diamond is particularly low compared to that of the inchuded
solveat/catalyst materials, the faster rate of thermal expansion of the inclusions also
exacerbates the build up of internal stress during heating of the diamond.

In syntheiic abrasive diamond products, the effects of this process are seen as a
reduction in the grit strength, while in similar heat treatment of natural diamond
(which contain no metallic solvent/cataiyst), an increase in strength occurs, probably
a3 result of sunealing out of inteshal strains (Field 1992). As the end use for such
disnond psoducts usually requires a high tempersture step in the manufacture of
 Zhimsivstools, this "thermxi degradation” is of considerable commercial importance,

1.12 Pastle Deformation of Disrond aud the Creation of Point Defects

 Dlatmond, espite ite extrome hardness, undergoes plastic deformation at temperatures.
in sxoses of about 1000 °C when indented by & conical indenter made bf softer
. maerial than diemond (cubic boron nitride) . The temperature af which plastic flow is
observed depends on the diamond type under scrutiny: 750 °C for synthetic, 950 °C
for . s In and 1100 °C for type Iln (Brookes ot al 1990). Plastic deformation occurs
via dislocation movement, which, in cases of non-conservative dislocation movement
gives rise to the creation of vacascies. It was shown (Brookes et al 1993) that slip
traces crested during plastic deformation onsymhatictypelband.namraltypehﬁ
were decorated by 575 mmn and band A (not to be confised with the A nitrogen
defect), and H3 cathodoluminescence respectively. At the temperstures under which
plastic deformation iz generated using the soft indenter technique, vicancies gmem:ed
during plastic deformation are mobile and will diffuse until they are trapped st
impurities in the laitice giving rise to the luminescent defects observed. The defect
responsible for the 575 nm cathodoluminescence is nitrogen in & split interstitial form
plus a vacency (Zaitsev 1991), band A luminescence is attributed to dislocations, H3
is the resuli of a vacancy plus an A centre (predominant in type laA),
Photoluminescence measurements confirmed the presence of the 1945 eV
luminescence due to the N-V defect that one might expect to be formed a8 a
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dispiayed considerably broadened ZPLs. (Unfortunately, no comment on the breadth
of the 1.945 ¢y’ ZPL was made.)

Barlier, Evans et al (1984) showsd that naiurel diamond compacts sinterod at
temperatures increasing from 1300 °C showed increasing H3 photoluminescence,
while synthetic diamond compacts showeu 1.945 oV and 575 nm photoluminescence
increasing to {about 1500 °C and then decreasing, while the H3 photoluminescence
increased unti’ 18300 °C, when the other two luminescence types had virtually
disappeared. The authors expleined the results in terms of the crestion of vacancies by
the plastio deformation which occurs during sintering, and their subssquent trapping
by the predominant point defects (A centres in the natursl diamond, and substitutional
nitrogen in the synthetic diamond). At temperstures ahave 1300 °C, the single
substitutional nitrogen was believed to diffie by the vacancy enhanced mecharism
(a5 N-V' pairs) and to combine with other nitrogen stoms to form H3.

1.13 Line Broadening

The luminsgcence ZPLs o daflect centres are always observad 1o be broadensd fiom
the ideat single energy transition. The major reasons for this may include lifetime
broadening, quadrstic electron-phonon coupling effects and inhomogeneous
broadening due to strain and electric fields and field gradients due to defects. In the
diamond lattice inhomogeneous strain broadening dominates (Davies 1977(a)). As the
phonon energy distfidution is & function of temperature, any electron-phonon
coupling is expecied to be tempersture dependent. For & variety of colour contres in
diamond, it has been shown that broadening due to electron-phonon coupling is
negligible below 80 K (Davies 1974) |

Inhomogeneous strain broadening of optical ZPLs arises becsuse in each
measurement, very many emitting optical centres contribute to the gverall signal that
gives rise to the optical une, As the lattice site of each of these many centres isin &
different environment determined by the cumulative effect of the surrounding defects

[



The following tsble (table 1.6), extracted Bany Diviss (1981, gives portinert
data concerning the three vibronic systers encountered in this sudy. "‘

185V |G, N-V 373 | 65 meV
}> 2.463 aV C, N-V-N 29 140 meV
3\ 2156eV | Cy° NV |2 |75mev
/
spectra of synthetic diamond (Davies 1981, “Zaltsev et al 1991).
1.10Poiut Defocts in Diamond
1.10.1 Overview ©

A vast amount of rescarch effort in the ares of i optical properties of

 dismond has been spent in unravelling the mechanisms of formation of the
more common point defects found. Central to the origin of many complex
defiects ia aggregation of varicus simpler point defects. Mitrogen was identified
2s eatly as 1959 as being the major source of impurity in type I diamond
(Kaiser and Bond 1959). Consequently the major components in many deivcts
mdmnnnda.remtmgmmdﬂwvacmcy ,

i
W
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A centre (N-N)

H3 (N-V-N)

1,545 eV centre (N-V)
H4

N3

i
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A summary of the model for aggregation taken from Woods (1986) is a»
follows

Nrtrogen 18 incorporsted in single substitutional form (ss in synthetics) - at
sufficiently high temperatures these aggregste to form A centres - at higher
temperstures, B centres and some N3 centres are formed, the vecancres
required for the process being formed simultancously with interstitial carbon
which i; believed to aggregate to form platelets (large defects of the order of
tens of ‘nanomcires to micrometers). Platelet., in tum can degrade by
combining with vacancies, leaving only dislocation loops.

A more detailed discussion of the defects important to this work follows in the

sections below,



1.10.3 Bingle Snbstitutional Nitrogen

Synthetic diamond, unless specific steps are taken to exclude nitrogen (Dyer et
al 1956}, are yellow in colour, due to the pressuce of single subsitutions]
sitrogen (Chrenko o al 1971). This nitrogen is the origin of the C osatre,
which gives fise to s characteristic EPR signsl, an sbsorption in the
one-phonon region of the infrared spectrum, and the blue absorption dus to
electron transitions between the nitrogen donor and the conduction band which
gives rise to the typical yellow colouration mentioned above.

1.10.4 Neatral Vacancy
. 0

The optical centre with ZPL = 1.673 &V (the GRI bend remitieg from
radistion damage) is attributed to the neutral vacency (Walker 1679):
Trradistion is frequently used to generats a high concentration of vacencies.
The catbon interstitisls produced szt the samo time are highly mobie st
relativaly low temperatures (>50 K (Davies ot al 1992)) and remove some of
the vacancies formed by recombination. The vecancy becomes mobile at
approximaiely 500 °C, snd wt tempersiures sbovs this is trappad st verious
forms of ritrogen or precipitates at interal murfaces (ch as dislocations eto.)
or external surfaces. In synthetic dismond with its sbundance of substitutional
mﬁmwinchmmumdmnndm thnprudmdhmef‘thovw
:smthenqgmvulybhmgodfom(opumlmmmlwmhz% 3.510 aV).
Ithubemxhomﬁmwmamuﬂfonnmmmmmomn
onea‘gyfornﬂgrwonofﬂwvmcyulZi:bOB eV (Davies and Colfiny 1993).

Vacancies can slso be thermally created. In the case of diamond, howaver, the
vacancy formation energy of 7.2 eV (Bernholc et al 1992) makes the
temperatures required for vacancy formation very high. In an experiment
designed to svaluate the efficiency of thermal vwmcyauuon, hest treatment
at 1800 °C for 30 minutes failed to creats sny deﬁemblehnmmﬁomﬁn
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centres expocted to have formed if vacencies had bmmdmm et ol
1984). S e

Vacancies are also produced as result of plastic deformation by interction
botween moving dizlocations and by non-conservative dislocation movement,
The numbers involved become appreciable in the case of dismond sintered at
high pressures and temperatures, a8, for example in the manufecture of sintered
polycrystalline diamond products (Davey et al 1984). The photoluminescence
due to vacancy related optical centres was observed 1o increass as a function of
increasing tempersture and pressure, and decressing size of the diamond grains
involved. This obssrvation was explained by the suthors s resulting from en
increased volums fwction of plastically deformed dismond being fhrmed in the
sintariny process. The number of vacancies created by sintering was calculated
at approximately 10" cm® (Dodge 1986).

1.10.5 The u«.( eV Centr»

Tﬁs%ﬁcopﬁalmﬂeiaumﬁyn&tmdwbyﬂmwoﬁum. 14

‘san be observed in absorption and photoluminescence, but not In

cathodoliminsscence. The centre displays trigonal symmetry (Walker 1979).
Davies and Hamer (1976) concluded that the 1.945 &V cantre, which is the
dominant end product of asnealing redistion damage in diamonds contaiging
substitutional  nitrogen, is either substitutional nitrogen phis & vacancy, or
nitrogen pluza interstitisl nitrogen. The nitrogem-vacancy palr model was
confirmed by ESR work of Loubser and van Wyk (1977). The 1.945 eV centre
may be summarised 85 N + V giving rise to N-V.

1.10.6 The H3 Centre

This is vne of the so-called H lines (Walker 1979), vibronic ZPLa that were
first noted &s resulting from heat treatment following irmndistion of dinmonds.
(This ilfustrates some of the problems associated with thix system of systematic



ﬁims_

mnmmmmu&ucmdwminum lymlndom)&m

g amazm V.

o Ttis defact is the end product of nmesding radistion damage in, dismonds

cottaining A centres (Davies 1972). Its properties ‘are reviewed by Davies
(97I(b). It can be observed in absorption, photoluminescence and
uﬁmdehmmmemtﬂnghﬂglﬁgrmhg}nmhmm Uniaxial
mandpolmnnonmdmshowthemetoduphy_cwsymmmda
forbidden transition appears under unisxial stress. This latter factor results in a
mmmmwmmmmumwmm

' %mmﬁamﬁ&mehﬂnAmm

- plnoas with the vecancy when it is trapped at an A cendtre ; Lo, the H3 cenitrs,

formed from N-N + V, rearmanges to become N-V-N,

mmmmmmm&mma

centres, 113 is also found in uniiradisted diamiond, being associsted with lip
tmdmmfmmdphm(ﬂmqauxmmmm
de!bmudtypeludummd(BmokesutailM).mlhumm
(e Sols 1991), - N~

Different mecharisms are proposed for the origin of this defect in natural and
HPHT synthetic diamond. In naturs] dismonds, the defect was shown to arise
from the trapping of rdistion products (vacancies) by A centres (substiutions]
nitrogen pairs) together with the simultaneous formation of Fi4 from B centres
by the same mechsnism (Davies 1972). Nitrogen peirs, however, ate rars in
synthetic diamonds unless they have besn exposed to high temparatures (1600
o 200G °C - requiring the uae of pressures in the diamond stable regicn in
order to prevent graphitisation) for relatively long periods (Chreako et al
1977), or annealed at 1500 °C after radiation damage (Collins 1980). The rate
of aggregation of substitutional nitrogen was calculated to be incroased by
sbout 50 times by the creation ofapprommdySppmofvmﬁu 'ﬂus
enhance.nent was explained in terms of the creation of the N-V centre [1.945
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cV). wm moves rapidly &mush ihe Iattics at m mmau.
emnbmwm mibstitutionsd mitrogea to form N-V-N {§3), which is
Mhﬁh@-mmmmmmmm:wmﬂw
M(Am'e)udavmy.Thevwmiaﬂmeﬂabhwm

. another N-V cantre allowing the process to be repeated ad infinitum, Apart

mWofmmwfocmAmuﬂum«iLAmsmv

-hmdmwgrowﬁgmwdngmmm;hmm(l“h 3
-__'tsao *C) are axperienced. A roport by Vins ot al {1991) noted A = s
M st growth tunpermma sbove 1430 °C.I_nd ncreasing with gmwﬁ _

weagecaure, patil oll itrogen s in the form of A centres at & growth

tomgycnmen of 1740.°C. In tests in which synthetic type Ib dismond was
'.'mewum’mmwwomm
ek sossporatures of 1600 1" They conchude that A canires formed during
= T.Mﬂmwubm.awmmﬂmmwﬁmemm
: m wiile gt temparaturss sbove 1600 °C, aggregation begina to otcur a8
5 vesil, An Arthonis activation ensegy for the incorporation of A cextres during

~ geowth was caleulated 8t 2.840.3 oV (Vins ot o 1991), 'l‘henmmonm«gy

$iven by Chrenko (Chronko el 1977) appears too low to be consistsnt with
the sbove findings, and thom - mguttlutthavalusoﬂ&a\(mby
Klyuevatal (1932)iamuppmprm

Dupiwtheunlikelycandiﬁonsmqlﬁmdforfomﬁngmbyw&onin
synthetic diamond, H3 is ubiquitous in synthetic dmmoniwhm it is usually
confined to the { 100} growth sectors and its luminescence displays polarisstion
parallel to the <110> vectors lying within the growth plane (Burns et al 1590).
This phenomenon has been explained by Dodge (1986) as resulting from the
defect being "grown .,h’. during synthesis.

The presence of H3 thus ei;\her indicates the simultaneous presence of the A
defect and vacancies, or to HPHT synthesis &8 the origin of the diamond. As
vecancies may arise from irradiation or plastic deformation, ths présence of H3
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1.30.7 The 575 nm Centre

Zaitsev vt al (1991) have proposed a structure consisting of a vacancy together
with nitrogen in & spiit interstitial site for this defect, This defect can be created
in all diamonds by irradiation followed by aanealing (Walker 1979), or as result
of plastic deformation. An elegant demonstration of the association of the
formation of the 575 nm defect and slip is seen in the cathodoluminescence
images of type Ib dinmond surbces indested by z soft indenter at high
temperstures (Brookes et al 1990). Very striking photographs of the same
phenomenon in polished Sections of large De Beers synthotic diamonds sppeer
in Ponahlo (1992). These orange red needles oriented in <110> are associated
by the author with a broad qethodoluminescence band a 820 nux, however, the
575 nm ZPL can be clearly seen in the #pectra. Dismond which has undergons
" severe plastic deformation daring sintesing dicplays bigh intensities of 575 nm
®  photoluminescence (Davey et ol 1984).
A frature of this defect is that it is.veadily detacted in cathodoluminescence, but
* far less veadily in photoluminescence.

1.11 Heat Trestment of Synthetic Diamond

In the presence of inchuded salvert/metal catalyst and in the sbsence of high pressures
to stabilise the diamond phase, heat treatment results in the "reverse synthesis”
reaction - the conversion of diamond to gmp}nte This phetsomenon has been studied
by Evans (1992) for metal films on diamond surfaces under UHV and displayed » very
vapid onset at temperatures above 750 °C (whereas un-catalysed graphitisation of
diamond in UHV occurs at much higher temperatures of 1500 to 1900 °C). The
catalytic  graphitisation of diamond in the presence of internal metallic
solvent/catslysts was slso observed by Woods (1971). The Iarge volums xpansion
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consequence of the creation ofmuhthﬁcﬁmﬂ.mmhm?am
displayed considerably broadened ZPLs. (Unfortunately, no cosament on the breadth
of the 1.945 eV ZPL was made.) '

Earfier, Evans et'al (1984) showed that natural dismond compacts sintered t
tanpmxiresbmeaﬁngﬁ'omBDO‘Cshowodhmﬁng}Bphowhmﬁmme,
while synthetic diamond compacts showed 1.945 eV and 575 nm photoluminescence
increasing to about 1500 °C and then decreasing, while the H3 photoluminescence
increasod untt' 18300 °C, when the other two luminescence types had virtually
disappeared. The authors explained the results in torms of the creation of vacancies by
the plastic deformation which occurs during sintering, and thesr subsequent trapping
by the predominant point defiscts (A centres in the natural dizmond, and substitutionsl
mgmmﬂmsymheucdmnm) Axtmnpmabowl?:m}‘c the single
m:bmuzﬁmdniungmmbehevedtod:ﬁmbythemmwymhmwdnm&nm
(asH-Vpam)a:ﬂtomMmmﬂmﬂmnﬂmgmmmswfomm.

- L13Line Broadening

The luminescence ZPLs of defect centres are slways observed to be broadensd from
the idenl single energy transition. The major reazons for this may include lifetime
brondening, quadratic electron-phonon coupling effects and inhomogeneous
broadening due to strain and electric fields and field gradients due to defects. In the
diamond Iattice inhomogensous strain broadening dominates (Davies 1977(z)). As the
phonon energy distribution is 8 function of temperature, any electron-phonon
coupling is expected to be temperature dependent. For a variety of colour centres in
diamond, it has been shown that broadening due to ela:tron-phonon coupling is
negligible below 80 K (Davies 1974)

Inhomogeneous sirain broadening of optical ZPLs arisss because in each
measurement, very many emitting optical centres contribute to the overall signal that
gives rise to the optical line. As the lattice site of each of these many centres is in a
different environment determined by the cumulative effect of the surrounding defects



in the Inttice, the energy of the transition being cbserved ot each of these opticsl
centres is perturbed to a different degree, remulting in & sproad of energics for that
tranaition. In the case of strain broadening, the Iattice at the sito of each of the many
optical centres experiences a sirain. Msisthemafﬁnmmimothé
lattice by all other sources of strain such paimm (primasily substiutiooal
mmmmmamofmthencdw lmerdmvdyshonmgemm
" fields, and dislocations (the strain f ofwhmhdecuymhmdmdymﬁn
disiance), The net result of this statisilad distelbution of strain inducing defects wod

opucalemtrm lsabmademngoftheopmalhm

Smn(lw;mwmﬂyﬁmﬂwwmofMWMm
m\mﬂwwowmmmmmmmwﬁum_
Ww:mwmmmwbymmmmwa
'mmwymmmmmmmmm
mmﬂymmmmwmmmmmmmam
I.,om;ncmmmwm - nhwdupe(admaumbmdmby,.,
dzdomﬁ&m)ufﬂwmphomnhnesmﬂwpumayﬁ(lﬁgbsl%&) In a study of
Mofmp@mhwmmﬂ,mywmmﬁmdwm &
- Lorentzikn : Gavssisn ratio of 0.5 (Davies 1970(x)). mﬁmdmmmplw\edu"
arising out of the strein fisld due to the nitrogen impurity preseat.

‘Stonsham (1969) used a matistical approsch to derive the form of the line
brosdening :

The assumptions for the case of strain broadening used were :
1) Only first order texms of the strain perturbrtion wgré_"' Jdered,

LY

This allows us to write the transiticn energy as-

Fo = Fon + Fne - L2



Rt

\ smmmbasmmﬂwfbl}omgmy

"Moting from equation 2 that,
&= R{o— o, ), | . I 3

“simply the stress digtribution scaled by a constant,

where sirain, 2is - T w0
- \\ ‘} L . \\le ) . '
ey (agy) .3

(e is the strain tensor, Ra,graﬂmmphngmaﬁamtwimtheagmmm
mnly by sy SN

_ Since the lineshape, which is equal to the distribution of J, i§ equivaient to the! |

digtribution of €, the probiem of solving for the lineshupe reduces to one of sdlvin; |
for the distnibution of 2, orrkt«mmgﬂmprobubﬂttyofembum&w

Nmﬁmtﬂth’ideofthebfmontheﬁghthﬁﬂaidanfS)isﬁmplgﬂrhoimE
of the brackets on the left hand side divided by fn,, i.e. the interaity distribution \

Since the 1.945 eV line sphtsundersﬁw(Dmudem 1976), the #}

component has transition eneryy \\ - o “ p
!

fo, =l b e s

and a fraction £(g) of the total intensity.

S

8
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where sfomin, £ i

=, (oo " . -3

el

fh'i}

{e is the strain tonsos, fo,a, is the coupling coelicient where die 8, 15 deiermined

V! Inndly oy SyRmsity).

Sinee the Lneshape, which ts equal to the disuibation of M, is equivalent to the
distdoution of' g, i ¢ problem of golving tor the Hneshiape reduces to ons of solving
For the dizabution of g, or determininy the probability of € lving betweon ¢ and

etele, This can be seen ir the llowing way 7

Moting from equation 2 ihat,

£ = (o -~ 6, Yo, | "
Ldf@- )] = M= (@— o, ] .5

Notp that the inside of the brackets on tie ripht hand side of 5) is simply the inside
of the brackets on the kit hand side divided by Jin,, i.e. the intensity distribution is

sitapiy the sivess distribusion sealed by a constant,

Since the 1.945 o¥ Tine splits under stress (I)i\v‘ies and Hawer, 1976), the i

cotaponent hag trand’ - auergy!
o, =B o fe : v

and a fraction £{2) of the total intenyiiy.



& ) - Yenn 4¢
\-‘ ._ ¥ Y 3
Andd ginoe from cogotion 5,
&= g0 - 1, W, W

the ftensiiy resuiiine srom off componeniz & e i
[

1000 - 09,31 = B - o, Voo, B IE s - oo 3fin 5]

Toe contrdiniions of af! dic defoets fa the sivain, €, 4 fueyvly. io bBnogy

dlasiiciy i assmved, aud (5 i3 penerally true for steaips <jir®

[3

- he. i 2, gives the position and any reluvant variables of the #h dofect, then

3

=St

B, 7 u 2 = 5, B8} .8
The defects which cause broadening are noi coveelated with one anether,

This has the consequence that P(Z,,2....2,), the probability of finding s particular
costguration of defects{Z,.7,,... 4.}, can he factorized :

AR A AN A gt

i

where p(Z,) we the probabilities of findin- the individual defects with position ond
intecnal variables as piven by &,

if



/';/ P;}@B 56

This ean orly be approximately true and liolds in the case of low concantrations of
defects onfy. Xt can be shown from the above that, in the case of g ) symmetric

aboug e =0,

pra)

i!"(s) = ha dx con (z&) expl-pI()] 10
where |
= | A1 - o] x=(Z)}} i

and = Ny, the density of defosts giving rise to the Serain,

; In the case of two defect types, it con bé shown (Stonehams 196Y) that the Bae
shape is simply the convolution of the lineshape’ when species A alone causes
broadening and the lineshape when B alone causes the broadening,

8ince poiat defects and dislocations have different finctions fof heir ﬁti‘ﬁ‘il{_ fickds (2
is propostional to I for dislocations (Stoncham 1969), and £ is propor;imml to
17 for point defects (Hughes 1968)) the resukiant effect oo the lneshape is
different, with dislocations yielding Grussion lineshapos, and point defecis yielding
Loreigzian iineshapes. (')-i;“.‘_cpurse, when both point defects and dislocaiions are
present, the final lineshape is a convolution of Lp:em;ziam ‘and Gaussiaii, i.e. a
Voigt fnction (Posener 1959}, _ o

In physical terms, it is expected that tineshapes of evv..ais with high concentrations
of point defects wonld he Loreatzian, becoming Gaussian ag the concentrailon is
reduced, leaving only the effect of dislocations. This has been experimentally
observed, for example by Hughes (1968) in the case of the ZPL of the N1 colour
centre in Br-doped NaCl crystals. |

In the case of high concentrations of poini defects however, Davies (197§) shows

that account has to be taken of the natwre of crynial Initices. If o defect is closor
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than a minimue distanes, say d, fiom an 2odtting optical centre, the dofoct and ibe
centye will combine o form 2 aew optical conire. Thus the pwh-ab;sw of finding o
defiect ie not the some c-.vcrywhem, siuce, for distoness smalier dae d Hom the
~eanitting optical esatres the prebability becomes zeve. Tiavies {1071 shows that tho
consesuenss of tifs jor  the Heoshape is that 2 Gavdgston contribution o the
lincshiape i obseived, instemd of the Lorembtmon comtribution o the itiesfsapc
sredicted for polis defbots. This effect can be qualitatively ex ga!ﬁmm g follows:
The effect of the absones of dofbets cloger 1o an ewpiting optisal ventis thon o iy

,c;ggﬁ__.g.-;i%wer of the tarye perivrbattors to which such noarby defeois world pive
rige i.e. a decrensed intensity i the wings of the line which resulis in a mwore
Gaugsian fineshape. Aay changes to Hoeshope wilf naturally be fess mm!:e{ ot kow
concenivations of defects, since the probability of tinding a fjefe ot eloser tizan d 16
an eniting optical centre will be ¢ ma!i ONYWaY, 50 the effect i is mﬂy observed & ior
bigh conceatrations of dmecth J)avms (1970{!))) demonsiated this “poar
peighbow® effect i the case of the H3 ccmne in sataral diamond with
conceatratinns of nitropen defocts of the order 0.1 atowic S %, “and ealenlated o
value for o of 0.85:0.2 ma. The effect is prcdmted 10 be moie marked at high
concenirations with defects that bave Jow stress fiekis, and fir cases where the

aptical centro cad defect are such that  would b Taige (Davies (1970:2)).
.~

3,
\‘\I ) L

This "neor neishbour® effect has heen explicitly addressed by Orth et &l (1993} who
d.evel@pui 4 wreatment of inhomogeneous broadening by pomt defects which tukes
the dmre.m iattlce into zeoount, Their work confirms the applicability, in the cage

of low defect dmsmeq, of the Stoncham (1969) elasiic contimmm cnalvsis which

s

predicts Lorentzian lineshapes for inhomogeneous broadening by point defects. In -

the coze of high defect densities, the ﬁndmg_s of Davies (1970(a)) that & Gauosian

fincshape is obtained ase alzo confivmed,

\
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2, EXPERIMENTAL.

21 Apparates

J1.3

2.1.2

213

)
{wesvicw

Lo
The photoluminesesnce apparaius is schemaiically illustrated in fgures 2.7 wrd
2.2 (90° orrangement) and figures 2.5 and 2.4 (180% arvangsivnent),

Laser

A Specira Physics 171 or Spectra Physics 2020 argon-ien lager was operated in
the light intensity controlled wode, ensuring a consistent output power during
an experiment. Nominial power outpuss of 400 to 600 mW were used (ased on
the outpui power gange of the Spectra Physics 2020 faser),

Unwanted plasma lmes were minimised by first passuu; the laser beam throngh
a prism and colleciing the main component onto s‘l:t aud later pas;s:r%} the
beam through an  Asnaspec 300-8 conmmmzﬂly tuneable lasar Lites 4l
monochromator, A quarter wave piate was used to convert the plane yﬁlam;ed

laser light to circularly polarised light. ff

Onptics -
_ .

[’}

The laser beam was guided to the sample situated in a .ciyostat ISIng varions
mirror assemblies. Two ditfent peomeirics were used for.the optical
arrangeient: in the 90° arrangement, the emiited radiation was collected
through the cryestat window at 90° to the incident laser beam, the axis of the
collected light making a low angleﬁ with the font of the sample; in the 180° (or
"backscatter") arrangement, the incident Jaser beam wes guided by means of o
tiny mirror placed beiween the collecting lens and the cryosiat onto the face of
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the samplc through the same front window of the ervosiat theough which the

&

aeptted radintion was coliecied, In clilier sreangemen, the ingident beam could

be focwsad onte the somple, vsing o 100 aua oo Ihgth Jens. The Kght

214

enstited fom the sample was eolicnied by & 120 mun oot lengih fone, situated
sue #irat ihe comaple was positioned at its foeal pobnt, A socond 120 i3m Yoesl
Lanpth feng was weed 1o foous the collected Hight onto the entimes 8t of the
HagrabieAuhs m@imu‘hﬁ’ém&mr {diecumped in detnil #a gection 2.1,5), The coliection
opsien cogutied in o upl msignificaii&é of the sample Minge of the sils. In some
a:;as.-:ass, % plogsing-engle Hlemination of the sample was smployed, rexuliing in 2
Hese: Humination of the sample wother ihan 2 spot In these casss a dove prism
was interposed between she twe 120 rn lonizss in the colfection optics. This
sllowed e image of the Phaminated Hne oa the sample fhce to be rotated
iirough 90° and thus to become sligned with the entranse Ui, increzsing the
soflection efficiency. In cases where the luser fimm ilfuminated 2 spot on she

sample swfuce, fis was ummecessay and was usually not employed.

Cryostat | v

2

An Oxford Instrumenis.continnous flow cryostit was used, Tt consisted of a
CF1204 cryostat, 2 TTL200 transfer tube, a VO30 flow controfler, a gos flow
purap, ond an ITC4 temperature controfler. Vacusa in the vacuum insulation

chamber and vasumninsulation slesve of the transfer tube was maintained ‘iijr a

- turbomolecular pump with & rotary backing pump. As iemperaturss of 77 K

were required, Tiguid nitrogen was used as the coolant, while helium was used

as the exchange gos within the cryostat, to be discussed below.
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The continuens sas flow cryosiat warks as follows: the crvostat has on hmer
ssple ol ;-{!:'*n&éﬁi@h 15 diiled with the exchange gas pnd into which the
sampie it gpanded by 1 samplc-‘ holdec sod. The sample chamber is inssoted

froi the awbiont esvitonvont by 2 vaom space .b:::w sen the sample chainber
il ot e ey cryestnt wall, Fle windows in ifEi\_? iner sanysls chomber wall

oy [ - 2 ] . - o ge q
ares of siles with padium renunting dngs. The ovter silice m{s@w., are sepded y

L1 }

veivh 2 " vismgn. The postion of the sewple chamber wall jins Shove fhe
eipdpvs oaine o heat cxchanger whish is oovled by a flow of lguid
O TR gl which oho comtaims o heater clement and a rhodhuwfiron
rasisiance thomometer, allowing acourate femperatise Pm}trol to be achieved
tiy balancing the heating and cooling actions. The sample okler rod termimates
in o massive copper thermel Hik which contacts the walls of the st
exchanger, und o which the copper sampi holder iiself is attached. The
presence of the exchange gas within the sample chamber assists in beat N
exchango between the beat exchanger Wock and the sample, 25 well 2 to allow
reinovat of radiation induce heat from the sample face. Evacuation of the onter
vacnum chamber and the outer vacoum Sleeve of the liquid nitrogen transfor
anm ensuics good thermal insulation betwesn the cold, inner sample cham‘ber or
ligwid nitrogen Lines and the ambient atmospheze 'I‘ypma!ly, a vacuum of
<5x10" Torr iz used. '
£
. The hquld nitrogen coolant is drawn through the trausf‘el EINT ﬁ'orn & ‘vacuuint
+ dever through the c:*jostaf cooling cireuit by the gas flow pump. The
“temperature of the heal exchanger block is mgintaired by a combination of
conrofling ihe liquid nitrogen flow rate via a needie valve, and by heating the
heat exchanger block via a resistance heater. The ITC4 temperztore controller
is an intelligent microprocessor-based device which, in the configuration used
for thes¢ eﬁﬁeriments, controls the temperature measured at the heat exchanger
block by the Ri/Fe resistance thermometer by gdjusting the current supplied to
the resistance heater located on the heat exchanger block. Best temperature
control was achioved by using the proportional, integral, derivative (PID)
control algorithm.
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Y ;.WQ\ Fom the g;kae"s fine with single fins mmss:«.%u}.ﬁ
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The & mi.ic spes fru‘netax‘ arrangoment  craploys m*p gratings, one per

nmumi‘i.ma ot The gratings have 1180 grasings per ifh!lx.nﬂte‘, resulting in

st m‘def u."mpwm! lmem dispersion of (.32 nw/inm. -

- The mmwc}i‘ﬁ)mamr has bilateral eﬁtrance, exic and intermodiate straight f:di:e'd )
slits, the for'nm two being independently f’@cuvable The dlits are adjuetabie by

meats of micrometer sorews from 3 pgmto 30{30 pr and nmay be Gited for

perfect azmn.ti’a acjustoncus, Typical slit width seitings of 300 and 100 pm thus -

results fu's ,.mmmnal bandpass of 0.24 nm and 0.0;32 i respeatively.

Wavelength scanning between O and 16000 Angstroms (with a precision of 1
" past in 6000) is achieved by a 12 speed electrical linear scanning drive with

manual overdrive. Scanning speeds are selectable ip.a range from 0.5 to 2500
Angstroms per winute. A direet wavelength readout in Angstrons is provided.
A digital encoder was attached to the wavelength drive, allowing for digital
secording of the wavelength driven fiom any selected stariing wave!eaagﬁn.
This digital datn, vogether with the digital output from the photon counting
systein | Section 2.1.6).was fod into an Oliveiti M24 PC for digital storage and
display of récorded spectra.

Sl

Cihe operating conditions vavied and are discussed in seciton 2.3 below,
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iyt NITS

LN e sl m‘ e meane angd hmhh\. The erivctpde of

eprrie. s Tolkawn q photon, on sirieg g window of the PMT, cagees

o

the crgssioat o pdndeclectrong, The anitted eleviron Is aceelerated throngh

she dyneede systoan of the PME, 1 iing an evalsache of dlections which ghves
vige {60 @ SuiTent \\a{i 2 ot the oniput. An anode lead resistor and owipis
c;agmu:: o comeart the ummt pulse o a v—alldbe pulse. Tiis is pre-amphiiied and
passed on to the nelse hoight discriminator, The pulse height diseriminotor

wjecis pukies below a threshold level {or outside a voliage window with a

srininnmt oord 2 masimun threshold) amd passes the others on o the pheion

. : oryster. The f}hmni cotter converts the voltage pulses into wlundirdised
corrpnt palges which are then pessed through an averaging circuit. The count ks
mtégired for o fime interval pre-sat by the operator by mwams of a

({ thash-wheel and then isswed as an output signal.

The PMT used was initily an 8MI 9863Q, low noise, Id-stams,
photor: -idplier tube with aa 820 gpeciral sesponss, later reploced with a Bude
31034452 photomnsltiplior ke with o GeAs phoiocathede  {apeciily
selected vorsion with a dark count of 12 connts por second &t -20 °C with a
GOER -5ps3:§1ral response which is almost constar bafﬂ?!}ﬂ/gﬁ 300 and 830 nm

{33333 and 11768 eni™)). The virtually constant spesiral response between
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Sample Type

Fhig sovnples used in this study werg chosen o represent ihe extreme range of
G " - "

the moperiies of cominercial synthetic dinmopd produced by HFHT

technology:

Large, single crystals of sizos up to a fow min are growa by the reconstitution
techuigue ot slow growlh raies to produce very “igh quality orystals. Three
sueh erysials were hchadod in this sinddy: @ orystd of predossinonily octahedinl
worphology; a cryaial of cubo-octohedval me. phah:sgy;(jtm! a viystol of

sredominanily cubic morphology. These erystais were dhbicviaied Oh, €0, and

Cu and can be seon in Figures 2.5, 2.6 and 2.7 vespectively,

3
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A8 5man

Figare 2.5 Getabedral siugle cryseal, ideriificd as 3% The face measured
is the hetiom face in she Hinsifaion,

i

Figure 2.6 Cubo-octahodeal singic orystal, identiied as €O, The [109) and
{131} faces measuwred are marked as "C aud "7 respectively.
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§.950mm

2. 40nun

Figure 2.7 Cubic single crystal, identified as Cu. The face depicted in the centre

was the face chosen for measurement, Notice the two metal inclusions in the
centre of this face.

Figure 2.8 CDA 140/170 # powder sample.
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Frinble, iregulaly chaped coysinls B sheos o ener‘di.r‘ smalier fap m VS esh
(80 #} arc required for use ia rosin handed geinding wheels. This pmbahi}f
reproserds e apposiie o stroine o the whacst pailectly m;.}t Pine seatovial
montionsd ia the prosedng po aptuph. To reprosont this tyye of materind, o
| eample of CIDA of siue ) 107170 & wan oheson, This  sawple iy degipnaied a8
€A ol oom be seod in o 2.8,
A type of dwmond aitis'zis;ig}c' rcﬁ I uzﬁmw dignpond  gualittes ermediate

batwresn the obove cares is Saw Dismond Abrasive (SIXA) This is wsed

W

primatily for sowing stone and concrote. Tiis iype of dinnmsd &5 usnolly
ipenrporated into o dntered  matal snw segment yelor do e, apd i thas

expoged to high temperabwes pior to vee, A sanple ut SiYA of size 40045 &
v wsatl m-tms sty tnd was e =£§s ated S11. 3t ca be geen in figure 2.9, A
sanple Lo @ shmilar, but not identic :rbalm) was heat Ia‘ca(}ed at 13260 °C for 40
nruntes ender a iic;w of high puriy axgon. This sample is ﬂeasgurlted HTLE and

it illastr 1ted in figure 2,10,

332 Sectioned SDA Seuples S e S (N

. To obtwin pkme surfaces weil oriented with respeck to the external crystal
morphology ond fhe opticel axis of the oxclting radiotion and ‘the
monodhromator, sowme aysials ﬁ'em\_the A saple S11 were meoipointed
inte sintered segreents ade from 8 iy temperature braze aad thien polished
on o seaffe. For ench -sfmpip a a2t was propaved polished on the {100} ard 611
the $111} feess. These ‘1-9!..: wely designaied €11 aad 011 Por the
nicnoorement of photolmiaescence, ihe 'a*l"\t;ﬁ se:g,ma.nh wntmmnz, the
diamond were simply mouafed on the eryostat sample holder,

‘o
[

i+
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Sil

Figure 2.10 SDA 30043 # porwder, heat treated under argon for 40 winutes @ 1120 °C,
This sasple is designated ¢s HT11



Figre 2.1 Sectioned SDA sounted iz a low temperaiare braze motrix with

y§ 1] pulisted faces oxposed. Ketice the erached vrystal {the colonred esystal « cracks
E) J’ ﬁ' '; B .
radiate fron top lefl).

=
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Exominotion af these  cectioned  crvoials  ofter measwvemons of  the
photobmuinasconce, however, revenlud that &?me of the erystals had eracked
{seo Ggave 2.11). As o orysials were o eracked wior to meessroment, 4
sppears that cracking occurred during ;ma:;umaiuné. Ir is quite E‘i%&iy that
sooling to 77 K was a‘esgécnsibie, as diowongd has o relasdively low coefficient of
thevmel expausion wmp‘!né o wost matals (ineor coefficient  of expansion
for dmacnd: 0.8:0.1 X 10° ot 293 K {Fichd, 1992). The dkwnond thos
contracis oty # small amonnt on sooling from 293 K to 77 &, while tie
but‘rmmdﬂt.; metad contracts 1o 2 much greate: extent. This would bave hed the
consequence that the diamonds cooled o 77 X would jgaxinp have been
sufiicienily siveszed 0 result in the cracking of one of the {i*’ "iﬁi".ds ‘

223 Pewder Samples

{L particular problem posed by the study of synthatic diamond abrasive grits is
the inhomogencity of any sample as pardcles may range in size from 1 mm
dowr to a few microns, depending on the product. Even material from a single
synthesis run is highly inllcmogeneuﬁs, containing particles spanning a variety
of sizes and degrees of perfoction. This is a consequence, firstly of the
unaveidable statistical nature of the nucleation of the crystals, and secﬁndljr, of
the inevitable temperature and pressive gradients which ocour in high pressure
cells. I once wishes to relate the photolumisescent propertics to product type,
or even to specific synthesis tuns, single crystal photolumincscence is not very
 helpfid, even though ¥ is quite within the capabilitics of the techuique. Some
means of obtaining an averoge photoluminescence response from 2
Tepresentative  enssmble of erysials is requised. The approach finally adopted
here was to measure photoluminescence over a relatively large area of the
powder sample by using a laser spot size larger than the grain size of the
powder. |
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An alterootive approach i to conffont (e stodsticdl wdwrn of o dimnond

powter sample "kead on®, and to measure sificiint siaple crystals 2o as o ba

able 1o opely statisticsl anafyeis to the resplis. This soprench vields a farthar

. divaemsion of Wformaiion, in thet one opn obtain a meisure of the variation of

resulte within 2 savple typs.

Arge Aren Lisnincseence

in order to measure the pholohminescence over o kuwge aren on the
&
-puwders, a special sample call was devised. It consisted of a flat quartz

celi mode from a stnndard 1 mm pafhelongth quariz cuveite for

__anisiﬁie gpegirometry, As the siendard cuveties ave 10 s wl b, asd -

several 10' of mm kigh, it was necassary 1o saw ihe ouvette dowis ¢

=8

suitable size (5 mm high). Thiz was then fitted info a modifisd holder
for the Oxford Instruments eryosiat, {See fignee 2,12) " '

2.2.3.2 Binall Area Laminescence

Puring the course of vefining and déveloping the application of the
photoluminescence techuique 1o powder samples, spectra wore
collected for & large number of diamond powder samples in which the
phoioluminescence was excited with a laser spot of diameter
comparable with, or smaller than the grain size of the powders. Futther
ditibrences existed betwean the measurement of thewe samples and
those above. These included the quartz .sample cell usad, the encitation
cqn/ditions, and the photomultiplier type.

/
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The cample cell was simply 2 quartz Ussube, wiich s 0008 with the

sample powder and mounted In the sauple holder for the eryostor {see

- figure 2.13). The sisjor disadvantags oy this somple ool was the

presence of o suved, vathes Mien plove quartz surfree Beween the
sample ond the meidont boam aad collocting optics. As # Was #Oi
always possitle to ensurc that the laser beanr was teident on ihe guartz
sueface 2t ou approptiate paple o minimise veflection, this led fo

sditional uncartainties ia the effvctivencss of somple huninatipn.

e

e
b e

1
o

. The excitation conditions difitred in that the lusor powers nsed were

higher than those adopted iater, and the lazev beam was  focueed (as

opposed to an unfocused laser boam: veed Iater). The net vesult was.

probably a higher effective excitation energy per unit volume of the
sample. The major problem with this arrangeineal was, however, in the
use of a focused laser baam. The spot gize was focused down to fess -

65 - . - )
than .02 mm diameter, smaller than the typical gmain size of the
powders. This led to farge sompling probloms, the resulting
specira  being appropricte 1o siugle f.:rystéls gather than to specira

averaged ovor an ensemible of pasticles within the samgle.
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While the sampling problems mentioned nbove pres Iucieé 3 uge of

tizse moasuTements e relate the featuras of the pi;&}t{thmﬁnﬁscem
vpottum of a sample to the snmple orighy they ave still valld dus for

the investicarion of trends if analysed as distrbutions of re«a.aizu obrined

R "Ele amles of ench sample. In addion these data are Q:.uhd

acce;mk-_.m for  ihe investigation of correlotions  batveern

photoluraineseont Ratuies WiTHIN kdividual sub-soraples.
S bt :

The s npiét, examined by this approach were alf of the SDA or CDA
typu ’E‘lh,}r are differentiated on the basis of the perticie size within each

samplr* m US mesh sizes. As mentioned above, sonditions w.ithm oy =

syathesis cell are not homogeneous, the resuliing diamond crystals have

disteibutions of propesties. One of the sost obvious distibutions is the
size disisibution. The sampies chozen here represented the peak of the
size distribution {40745 #) and a fraction well below this peak {S0/60 7).

v

i

Large Crysials

The large dizmond crystals were pressed into a hole driled in 2 brass disc.

where the diammond was held in place with indivm metal. These dises were

simp’r movated 1 in ‘hs same samme holdér ia the c:yosfat Both the {100} and

the {111} faces ob uﬂ? cubo-octabiedral cxystal Lﬂ? were examingd, aizd were

desng;,?aate{l 00 and COC respectively to giii’farentmte the two faces,

b
w

5

o



2.3 Measeremont Condiiiansg

For both the sanll and the larpe oven hoinescones monsuremenis

measaverent condiions we. - applied ¢
For gonal eoang rofor o oble 2.1
for zZera-phaon Hie ceong taisr (o tabie A2,

— e v e S -

N

[{mﬁ sEUfion fise i 5;=amnd

A - [ —

Rosee (A, =408 o) § 2020290 11763 o

Range (2, = 5‘5145&3“) 19231 16 11765 cm*

ey

Shitwidth jy 300 pm (effectively 6 o™ at 637.4 nm)
Seon Rate k\& 25 navmain

| Nontinal lager pnw% 400 W

ol g -
d

\:\

5

Measturenicn wml:tamﬁ ?w? for goneral seans

- ronn T3

fhe following

7
E;‘i;ic.‘-{:};'i'ﬂﬁml e lor & second
Stitwidth .‘ 100 pm (Lﬁectwelyéc,n ' at 637.4 nm)
11:%'111!;;: {n e ‘i;-@ nm} 1‘;:110 to 15564 o o
1??‘;13;;11:12;?.@ “ $.5 or 25 mn/min o
?iu; u;.ﬂ WHEE power 450 nW .‘
SRR

Ronsaroment conditions used for zere-phonon Bue seans
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2.3.2

Cheice of Lasey Lire

0F the severad Hags aval sble from an praen iow loger, both the 485 am md die

= - o ; e p = . " ) .

514 wa fimes wete used As the ihes deloets whin, dosiacte tho

phoroluninozecnes of synthatic dinmond acoeusible with thesy oxclindon

wielensths are the HI, the 575 wug, ond the 19435 oV ceatres, 01 302.2 i,
y

378 o, and 6374 nma vespectively, the 288 sm oncktation s partionfasly

-

wzeiil) av a¥ e oo us are simnblioucously excliod, Da mest coscs, Rowawer,

the 3 laminesconce dominated. Dxelintios. by 514 mm owae aleo wsed o

advaniage as it dogs not excits the 13, bat yiekds more efffciont hueingseense

from the other twe. In genoral, spocire were taken uveder both oxeitation

condiiicns. Specire of the 1.945 ¢V ZPL, specificadly, were takes using 514 o

excitation s this reduced the slone of the baseline which arices from the il of

ihi; F13 fuimninesees: .

In an attempt to veduce all differences in the experimont botween sanples, the
exact shit <vidths and laser powers were retaited as for as possibie, Relaining
constant slit widths ensured tint the degree of broademng of the sharper fines
in the spoctium was kept constant from sample to somple. This allows a direct

ualitazive comparison of the degree of liné broadening between apectra, even

- in the case of the general spectra. Reisining the laser powers constant reduced

the likelihood of different degrees of laser induced warming of the samples,
Temperainye

All spectra were recorded at 77 K controfled fo within the lmits of the Oxford
Instroments 1704 temperature controfler (fypieally 20.1 °C),
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2.4 Neren Hsation of ihe ‘sgs*fesm

W

The imtonsity weeorded for phutohvednescencs b *:‘-'-*ima'i,aw o weh oy these, i

dopendent oo eoveral nosontrolinble Factors such s e vr%*mm vohmieg, ‘933’1““‘0!‘

efticiency, luger beam penctiation depth end the enust peonelry of the ehpmx ot Al
of the sbove ave highly dependest on the savwe of the cample: I he eus of powedsr
gamples, besauss of the sandon esiontation of the pavtinled, verving amounts of Hght
may be reflecied from the unfee and light penctehiing the saaples may b werolly

raflected by the dinmond surfaces (this is esaerbated by the high refinctive ingox for

dizsnond). The luminascens light may be subjest to the some phenomena, In the case of

sugle erystal samples, while surihce reflection may be conivolled fo a degres ©

illuminatiog fat surfaces with dhe laser beam, the unpredictable nature of the excitation
N

and lumipescent light incide the somple 1o amaing the same, To allow even ’

seri-quantitative  compatisor of heminescent in.temsities, the practice of nownwdising
the spestra was adopted in all cascs excent for the ZPL speotra. ‘The approach adopied
was that reported by Fvaos et of (1984). Nozmalisation is achieved by dividing the
intensity recerded at exch wavelength point on the spentrem by the integrated ntensity
of the first order Raman peak measured under identical excitation, cﬂileatiaﬁ and
geometric conditions. As the Ramaa effect is a btk diamond effect excited by the

same incident laser beam, and is subjeci to the same excitation and geometricoal

arrangement as Guving the spectrum measurement, & reasonable compensation for the

uncontrollable fictors can be achieved. Despite this, the tochwique con be ot best

cousitdsred a3 semi-quantitative .

hat
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HESULTS

This chapier is broken up into four puris: the fivst (section 3.1) povk compares e results
obtained in this work with resulis of other alﬁihe:-m; the second {secitons 3.2 to 3.4) deals
with the difierences in the concentration of different point defects in the difitrear types of
synthetic dinmond studied as zeﬁé&ﬁéd by the photoluminescent ntensity; the thind port
{3.5) wrvers the siatistical anblysis of the results, exomining the distribution of ithe
measurad photohuminescencs intensities for the different centres, and also the corraluiias
beivioen the intonsities of the differen centres within the come sample; the fourih scudion
{ezction 3.6) deals with the difference in the lineshapes of the 1.945 oV ZPL, a3 a furction

of the different séxnple wpes.
3.1 Comparison with Previsus Work

Because of the numerous uncontrolied factors influencing the relutionship betwesi the
goncentration of a luminescont defect and iho intens"isy of the photoiuninescence
actually defecied, most published phiotoluminescence speeira pive inc intousity in terms
of "arbitrary units”. The practice adopted in this work, of nonmalising the spectra
(Jescribed in section 2.4 above), helps to compensate for these unknowns o « large
degres, allowing comparizon of infensities from one'spectmm to another. In order to
obigin a quantitative comparizon of the intensities in this work with those in other
works, it is necessary that the other awhors slse used the procedure of normlisation,
Fortunately this practice was followed by Robertson (1984) and Dodge (1985),
allowing quantitative comparison of their photoluminenueace specira with those

detormined in the present work,

A photoluminescence spectrum of polyerystalline digmond (Syndite, manuficinred by
De Beers), measured in this work, at rocom fonperature, shows the sane overall
features as those measured by Robeitson (1984) on comynercial polycrysialling
diamond compacts and on binderless compacts of synthetic diamond, These features
can be seen in figwre 3.10 ilwee peaks indicate the presence of substantial
concentrations of FI3, 575 nm and 1,945 oV defouts.
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Notmelised Photolurmimescence
ST FASCAERI CIE
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Figure 3.1 Ko ;g emperature photoluninescence spectrun: of polyerystalline diomond,
SYNIMIL, fowing il sone fectures s spoctra measuved by Robertsen (1984,
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The work of Dodge (1986) contains notmalisad spestts of SDA crystals .'"n:l MDA
powder (MDA is synthetic diamond abrasive dimilar o SDA, but of tasch swofler
particie sizg). An e::amp!é specttun from, Dodge (1936) §s given as figeee 3.2, In both
gases, the gpesiva conglst of HIR lominesceuce and travee of 1.94% 2V huminescence as -
: -obseﬁ«eﬁ for ke somplos In dhs work. The normalised Inmensition, pivena in sable 3.1
below, ndicate a ressonable agieement dabween the mcasurenonis of Dodge and those

of thiz work.

Tahle 3.1

MDA Dodge 1986 0138 5034

SDA Dadae 1986 0.124 0.005

SDA Dodge 1986 0161 0.014

SD&: Range Dadge 1986 0.1-0.8

Type fa: Range | IJf;Edge 1986 0.01-0.08

Fine SDA  HsWork | 00860376 | 0.003-0.006
(" lCoarse SDA This Work |  0.108-0213 | 0.605-0.031

Reaveneble agresisicrt hesween the normeliscd intensities metsured by
Bodge (1986) and those sacasured ip s work ave Sndicated,
Noie: " Fine” rgfers to 50/56 % "Coarse™ vefers ta +50 £

Suminory: Comparison with previcns work,
> The noiralised photohuninescence spectra of vartous dismond sample types

measured int this work vield intensitics comparable with those measused by

other aghors on similar samples.
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3.2 Intensities dae o Difforent Defocts

In general the scans covering the three expecied luminescent spectra show only the H3
and the 1.945 eV cemires. (The 575 am centve was observed under the standard
measurenent conditions (siven in table 2.1) only in the ease of the specinum from e
$100;} fhcs of the cubo-octahedral large crysial OO, This lunuaescence was aico
ohesrved for the powder sample CDA, buog not under the siandard measuremcsd
coaditions chosen for the comparison. In alf smal wrea huniiescencs weasuremcﬁt;;
made on the SDA and CDA camples, Euminescencé. from ol of H3, 1.945 oV pad 575

am was obssrved. This will be discussed Jater in sections 3.5.1.2 and 3.53.2.4)

A very weak broad lumincscence line cemtred ara;umi R400m (11905 em™) was
detected i those luminescence spectim where the background huminescence from the
1.945 ¢V centre wag sufficiently low in this area to allow this weak peak to be detected
(viz. the 514 nm excited luminescence spectra for 811 |, HT1t, 011, C11, and Oh,
shown in figures 3.10 b), 3.11 B}, 3.12 b), 3.13 b) and 3.14 b} repectively). i should
be noted that the position of this pesk is very close to the Jowest enersy limit of the
detector used in these experiments. The detector sensitivity decays very rapidly to zero
in this region and this might result in distortion of the shape or' this broad peak. The
position piven for this peak is thus open to question. No other reference to this

luminescence system is known to this author,

The spectra from the difitrent samples difitied mainly in the sirenpth and the dopree
of broadening observed for the luminescence detected from the specific centres

discussed above.
3.3 Reproducibility of Measurements on Powder

The success of the approach adopied for the measurement of the powder ‘samples
{powder sample 3 a quariz cell, unfocused faser beam) can be judged fiom ﬁmres 3.3
{CDA), 3.4 (8DA grii, $11), and 3.5 (heat tmatled SIBA grit, HT11) which show thléa
specira plotied on the same praph for each of the three guit types {specisa obtained .
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been reduced by 5x i order to accumodais the Mgh 1,945 eV itensity,

Figure 3.3 b) Repliexte speciva of poveder saiple af CDA. A, =314 na. Nate thes the scale fias
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Figure 3.4 b) Replicate spectra of powder saenple of 8B4, 811,
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from 514 nm and 488 nm excifation ave givéﬁ as a) amd b)Y respectivaly). Whils not
identical, the soatter within the replicate sg:%'.:ira is virtually negligible conmypared to the
diiferiias beiwesn sample types. This T/n_ guenified by g;erf@m{ﬁng am anelysis of
variamé (ANCVA). This test sllows one f.v sompare mcans of scverzii sanples i order
0 asaess whethet any difference between the meons s sienificant @r nut a¢ 2 chosen
confidence fevel. Tt does this by comparing the vaciahility betwesn -ine'wamments on
diffovent  samiphss  ("fhetor  variability”) with the variebility betwesn repest
sacastientents (or "rephicates") on the same sample (Mrafidont” or "error variability").
The test uses the plative size of the fictor and error variebility to celonlate the
pmbabiﬁiy of observing the differences between the means of the different samples {or
"factors”) puwely by change - low probobilitiss for the ANOVA mdwatc, thas the
differences between samples are ualikely to be simply the resalt «. a"’ﬂd!}‘ﬂ scatier it
the resuls. This probability is coloulated by expressing factor and error variability as an
F-ratio and using a knowledge of the disiribution of this ratio, thé; F-digtribution, 1o
read off the probability of observing this rafio purely by chance (Spiezel 1988).

A series of ANGVA's performied on the one-phonon peak mtemties for the H3 and
1.945 ¢V luminescence for the three powder types: Untreated SDA (Sl 1) heat treated
SDA (HT11); and CDA (CDA). A smgle factor, the effect of different sample tvpe was
analysed. {These analyses are termed “one way ANOVAS") Three replicate
measuremments of each sample type were used. The response variables were: the.
nor{tfnalised fuminescence for the 1.945 ¢V one-phonon sideband; the normafised
luminescence for the H3 one-phonon sideband; and the FWHH of the 1.945 eV ZPL.
The resulis are given as tables 3.2, 3.3 and 3.4 respeciively. The analyses show the
differences between the sample means 10 be significant at better than the 99;9 %
confidence level (significance level <0.001) for all three Fesponse variabies, Thz
graphical comparison of the scatter about the means {a ® meens plot") of the 1.945 ¢V
one-phonon sideband intensities in figure 3.6 bas error bars indicating the 95 %
corfidence limits. As these do not overlap, the mean intensities for the 1.945 eV one
phonon side bands of all three sample types can be said o be significantly different af
the 95 % level. A similar interpretation of the means plot of the H3 one-phonon

sideband intensities in figure 3.7 shows that the average intensities of the ore phonon
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by

sidayhands of the H3 contre for CDA difizes significanedy fhom those ai St and }I’i’-fi
ai ihe 95 % wniidum, level. The latter two intensifics, kowever, . can not be

cistinguizhed 2t the 95 % condidence %@‘erei b the case ofthe 1. ‘“fiﬁ e¥ EZRL FWTTHs

flawre 3.8, it can be secn that the 95 % ervor bars Foy CDA 8 i mri B13 do am
\\
sovarkagn with cach other, ndicatiug sianittenntly difitront 1943 eV AL, PUHH %‘ih@
. . . - '(
95 % contidence leval, : ' ¢
d&ﬁi@ 30

Betwoen groups 0800272 0445136 | 1695398 | 0500

3
Within groups 2001575 | & |- .0000263
Total (corvectedy | 0801848 | & |

Ouc way ANGVA for the 1.945 eV one-phonan sideband nermalised laminescence. The
@ hroviasions hove the following meanings: df. = wegvees of freedow, Sig. Level =

significance Igvel, The significance level given here indicates the extremely fow probability .

o ebserving the vatio of fucter veriability to error voriability, as expressed by the Foratio,
purcly by chance, indicating that e‘f:é differences between the imeans of the intensities are
.s:mgﬁmr:t.

T
\
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USRS S

O wey ANOV jor the 3 aszogiﬁwwmﬂ ss's?ﬁfmm’ perpaalived farancsecnon The
ehbseviationg Beave ifie f@fs’ﬂt'";&g wmoanings i = dorees of frodom, Sig, Lovel =
.ee,r*aagﬁ"cev.m fovel, Fiie sigffivanee levd given hore :}.za"icmes the axtremely Ly probabifity
af ahscreing e rosio of jacler mrdfaa;ru's'fy o eiror variability, o5 axpiessod By dhe Forasia,
prcly &y chanes, indicoting thet the differences betwees the meons of the fnkonsitizs are
wiemeifioni, :

Botwecn grongs 80‘37 3867 | o | apasos { 3971 | 0000
Wnﬂ.ﬁnnnﬂ  {roups ¢ .7200 9 101911
J@ml {corrected) 0{31 e h

{0nc way ANQVA for ihe 1.945 oV ZPL FWWHEL The abbreviations bave the folloving
E..‘u'.ﬁ&’fﬁi}% & = dogroos of freedvm, Sig, Lovol = sigrificance level The sipnificance level
wiven here fndivates o extremely ks probability of ebsciving the retie of fucter
variability ta crror variobit, as exprossed by tha Feratlo, puvely by chionco, indicadisie
shat the differences botwees the ricans of the FWEH ar sieificant,
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3.4 Comparisen of Represeniaiive Speetra

' _ _ 4
Fioviag exinblished that the ditfeceares obsery x,al for the memns of the differoa powder

sarmsie nminecence spoeiia ave siznifonnt, the phictolntaineseeng "'1'3{34;:.;&'!' for each of
the powder ganpde tvpes i Ronoofbrth rardessiied By the :were:}: CRECIR olstoivad

by averoping cuch podnt oa the spestnna over the dwen roplisate specire mowrured for
eack puvedor samiple iypo. Representitive speetia of off sample types tio pives as
.s!_i,!u'ﬁ;-.‘.wd below in taﬁe 3.5, Table 3.0 sommaricey the vesults by Buthey #he peok

mtonsitios of the nermalized luminesocnes ypeetna for the various sumple types.

Tabdo 5.5

| CDA Poorly crystalline, highly ciéfective, ﬁne ain I-‘-‘ma\fder 39
;! { %L)A_-wpu watosiad - rrystallme, mediuge gram \{g“_rder 310
i«l?‘.i. i | SDA-type aiter%e.at tregtment at 1120 :t’ b ' me.:;ihc;;* ' 3.11
1’111 T ;SDA {S1 l) seciionad parailol to octabedral face - | Sections "3' «;; |
cu | 'aﬁ:k {8 .‘ai i} sectmmd parailed m *;uhl;: fuce Sections 3._1‘.';
Oh o 1 Uctah{:dral LD m!o;;y ut}’st'll o (faﬁstal 3.14 |
oo Ogtahedral Face of Cubo-oetahediad crystal - Ez;s;;l 3.15
coC { ubm face of cubo-nutahedral crysial ' LCrystal 3;16
i:;r Cubic murp“mingy erystal E‘m .;'tal 3.17

4 v v e g

N

Beferene table for sample laboiling end idenstip. 36a spectra prosensed for poneders are
avcragos of the theoe recovdod, 7}’:& speoiea for sections ape as-reesvded single spovire,

The specira for sgle crystals are as-rocorded single spoctra, The duke Is summeyised in
tabie 3.6 helow, Spoctys tafien wsing 88 e exeitation are baboBéd ), Specirs 10 i m.f:q{ :
513 wm exeitation are Ioholled b, .

{r
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H3 Z9L 0.23 [0.24 19.06 10.14 10.24 00‘3 0.02 1023 {6.60

Huﬂ’h 0.09 016 [0.05 |0.i1 {0.14 003 0.01 (016 |G.47

19‘%59%7??1‘. 0()1 001 009 i 001 |0 0.02 |0.03 [0.03

1.945 oV 1Ph 001 G.01  [0.08 10.01 0.01 |0 001 062 |6.02

575 nm ZPE,

375 nm 1L

1.945 cV ZPL, [0.01 [0.05 1024 1005 {003 [0.0t ]0.05 j0.07 |0.09

1.045 eV 1Pk {0.01 {0.02 0.23 [0.01 l0.01 fo 0.03 [0.04 1008

s,

Tuble sunvaprizing the normalived luminescence peak intensitios for the represcntotive
specira of Wi zliﬁ"erem sainple types lsted in table 3.5 and illustrated in figures 3.9 5 3,17
aid swmmnwrised in figures 3,18 ond 3.19. Fhe table s given for reference to the
rumcrical dety "IPR"™ indicates that the value given fm' the intensily rofors to the
ene-plionon sideband,

The variarion in the intensity of the H3 and 1.945 6V iuminescence is.-‘suimmﬁﬁed
graphically in figure 3.18 {Graph of ZPL and onz-phonon sideband intehsity of HR3)
and fipure 3.19 (Graph of ZPL and one-phonon sifehand in‘teiasitj; of 1.954 ¢V)
respectively. The strength of the luminesesnce is strictly equal to the aren under the
eniire luminescence system, but can be reughly estimated from the height of the one
- phonon band (significant variations in the ZPL height resuliing from strain b?oadenin;g
which varies from sample to sample, as well as the difficultios in obtaining an accurate
spectrum of such a narrow peak, make the height of the broader one phonen line
height 2 Jess unrelinble indicator than the ZPL, helght itself). {Temperature broadening
can be jgnored as all spectra were takenat 77K) 7
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The 3 Contie

The one phonen futonsilies way bo sean 1o vory {fgure 3.08) Cu o 81,

BT €181, O, COC =~ CDA > Oh > GO0, The diwsond ypo (A, SDA-

or the vatious types of slnglhe erysid} appears o play 2 malor 1oie, as doas e
morplology or srowth zone (of course fhese two fHotors am infurclated s fho
difforen: types of Jinmosd ditter sob waly 1a thoir growih bistory, bus aloo ia
their morphology). By compoving thoe iﬂteassités:; ot the i one phonon ine fi

the {109} and the {111} seetions of SDA (T and ©11), for ihe {100} tud
£3589 thces t};i; e cubosostahedrd crysial (COC and COGY, and ¥or the cubic
it the octabiedral crystals (Co and Uh), it is apparent that a higher mtensity is
favoured in the casc of the more cobic growth roaes. The cubls crysial, Cu,
displays o vastly higher intcacity of FI3 huminsscence than any of the other

sample types.
The 1.945 oV Centrd

The mtensities appesy 40 follow the order (lgure 3,19 CDA > Ca > COC,
COQ, HT11 > CU, O11, $11, Oh, |

In a similar fashion to the H3 intensity, the inicasity of the 1.945 oV one
piamaen tine appears si:nm‘.ﬁcr in the case of the more cubic growth xones. Two
wther cages are notdble: the intessity in the case of CDA iy oxceeds thai of iy
of the vitor samples; and the imienstiy w 't*)e gase of the bow teated '*slM
pmvdor, HT1E iy vigdiicontly greater than that of the umeeated SDA pfawder
St

The L9495 ¢V ZPL broadening is discussed in sestion 3.6.2.
Az ail the hunincscence centros observed ave beficved to javolve pitsopen

roms, it might be reusonable to suspect that the variation i intensities of all

(.
cenizes are simply the reonlt of the diffovent overall sliregen eoncentrations in
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the diffa,u,ni seipples. 1 this wore the mwior eficet, both the 1.945 3 eV and G
Fi3 contres would correlide with the nit rogon o merntration, and could ths be
c‘bﬁ)m;ue'i o correlate with gne another, !.'ag,um 2.21 dhiows thes the yotio of the
st ty oi’ the ene-phonos Hies for H2 and 1,945 oV ecentres do not, in et
covielate vary wel, Evidendly ofber fmwab e of work, This Mn cachiation,
howovey, allows ons o epslly idowity cuiromes of infensily types: ibe
actehiedral vrystal, O, displays both extremely tow H3 and 1.945 oV intousity.
The 1A powder sample displays by far the bighes: 1.945 eV intensity but 3
low H3 intenstiy, while the cobic cligle ceysint, Cu, displays a vary high 113

intensity ond a considerable 1,945 oV intensiiy,
343 The 575 nm Contre
In this suvite of samples (fisted in table 3.5) a very snall signal was detected for
this centre in the case of COC (fisure 3.16). An expanded region of the same
spectrem 15 given in figure 3.20 which shows the zero-phonon liic and a fow
sraeshei-goie 2o lings.
Summary: Comparisspof representative specira,
% The Innincscent dofocts ohserved are the H3, the 1.945 oV and in the case of COC
the 375 wm vibronic systoms o well a5 oo unidentified broad band ot shout 240 nin

(11905 cm™),

2 The powder sample measurement icchmqve msultv in roplicate spectra which are

g ropmducxble in terms of the huminesceace of the moin defert centres.

5 The mten ity of the both the H3 and the 1.945 eV onc-phonon band turdq to he higher

for more cubic erystale, or in luminescence from {800} faces.

3 The ubic erystal, Cu, displayed the highest 53 intonsity.
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The COA powder saraple displayed the highest 1,945 gV intensity.

The 1844 ¢V intonsiy foe the hoat troated SDA, WY 11 is sreater than that of il
mzm'a-m pnwér« sample, S11 "

RN
There is 0o clear corvelation betwveen The H3 and 1.945 oV intensliies in the staiples
dieenssad in (s sootion.
The moeasuremont mode o tes cublo fhee of L. » cabo-outahedral crgsie, COL,

sy wabeice o hle cmount of 375 i lamine:. nos.

& Beagstical Analyns

0

- 1
y

3.5.0 Corvelusions beiwoen Differont Defects withis Samples

Al! the phnto!un‘siness*em coitres discussed in this work hove wwo featuxés in
COMRION; nitrogen impuily atoms and vacancies. This might be gro mds, for
CEpeLHng correlations to exisi between the eo acentrations of these centres i
the same crystals - conditions favouring: wmation of oz type of coutre
comprised of sitrogen and vacancies 11115,5&? he expected 1o favour the formation
of a different centre mntaumu., these yome compeient deicx,t., Statisticaily,

such a scepario can be identified by performing correlation analyses.
3.5.1L.1 Large Area Luminescence -

A cosrelation analysis wos performcd on fie intonsity of the one phanun
peck of the two centies aoounthys in those somples: e H3 aed the
1948 eV centres. No stailstically significant correlaticn was found

{figure 3.21).
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3.5.5.2 Small Arvea Liaminescence

5 agrs 17

o]

‘This section addresses the powder samples on wiilch e hincsceice
was collosted Som o tightly focussed laser spot, offbotively sampling
very fow orvoials, These results viclded o wide scotter in the infsnuities
sbserved for the some samaple tvpe {oeo the sestion on distributions of
mtenskics: section 3.5.2). This is attribuied to the foet thet the Jasr
spot size used was ai HI08t {:'gf sidlar size to siﬁ.gle particles i the
powder sanaples. These resulis, therelfore, anprogimasie those ihat mighs
te obfained on single evysials. The following analysi: explores the
correlation beiween the intensities of the differont luminesoant cenires
withinn tieo snme sample. In this contest, the scaiter in luminescent
infensities observed for the same sample iyps is of Hitle coasequence.
O each sample, & measurement was mgde using both 438 nm and 514

i excitation wavelengths, The 1.943 oV luminesconce is detected in

-both cases although it ooours on the tail of the phonon sidebiand of the

H3 hominesconce in the case of 488 nm excitation. As a rough check on

the camparabiliiy of these two measurements, the peak heipght of {he

_«ro-phonon line measured in ¢ach case is compared in figure 3.02.

There is reasonable correlagion as indicatg! by a regression analysis
which gives an #° value of 89.83 %. J‘/,‘e/ ¥ value is the suare of the
coivelation coeffidient explained in the following paragraph, and
indicates the pmndhtage of the variation in the measure of the intensity
trom the 488 nm cxcitation that can be aecoumted for by the proposed
linear coriclation with the intensity from the 514 pm excitagon. The
value of 89.83 9% suggests that no major changes ia the position of the
Jaser spot or @i the experimental peometry have oceursed in changing
from one  excitation wavelength to the other, The different syinbols
used in figure 3.22 indicate different sample typc:s.- The magnitude of

the inteasity of the 1.945 oV amincscence appears (0 vary as a fenction
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using differeni excitation wavelengths. A reasonable correlaiion is indicated (F = 89.83 §4).
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_Luminescence Correlation
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a 08§ sUA + BH/GRE SDA & Gy

FME'};E;’:}TZS Corrclation betvoen the one phoaon sidehand imtensifies of the 575 am and the 3
ceitre, While litthe corrclation is indicated for >50 # DA samples, a significant voveclation vight

exisi for the finer 50/68 § sameples,
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o 180

of mz-u;aie.. fype: face 8DA (SWBHH sopears o disploy 8 higler
lovel of 1,945 oV int mtgr ihen do coavser SDA camples (550 4%, The
single point for the much *mos Ulﬁ iy {14{}‘!‘70 dlaploys a ol

Ezlgg,cki 5'3;.'3115.‘&1}' L

¥ is poible to siotisticolly analyee ih spechin teisured fore to see

whethay ELL e o any eosrctations boiwesn the haninezcent intensition

of th difthiea Sotbors within the same crysts 3 ‘i i done by moans

P

YR ::m’i'ciaifii}?ﬁ anpdysis, oo romalle of wikeh ore piven i table 3.7, The
top S in eoch cslar % af he matix i the table gives the correlation
encificiont for the cor m!at;aﬂ hetween the sauple type for that tow and
the semple tvpe Tor that column. The corrdaiion coefiivient, 7,
defined ag the squars root of the ratio of the explakied variation in the
data E(Y, Y, ), which is the vadation not explained by the model
beng evalusted (Bnear corrclation in this case), to the total variation
BY-Y,,)° (Spiege! 1985). A correlttion coefiicient of 1 in this case
would sugrost tha » positive linear relationship batween the two defbot
tvpes explaing all of *b2 varintien-4 value of -1 would suggest a
negaiive finear ‘corveloiion). (Note that the squere of ihe correlation

eocfficient, which is always positive, is the #° reacmed 1o above.) The

hottom fipure in each block gives the significance level (This is the

pmb%bahty that the correlation observed would ocour purcly by chance.
The p;;menmm conﬂdvnm, level of she corrclation is given by
A= H. 160, w:me P is the signifieraee Iovel. ) The correlation mateis
1% net,essuu!y svinmctrienl shout the diagenal, In whle 5.7, only the
coreclation between the ene-phonen Eiensities-of the 875 wm coptre
and the 1.915 eV cenire asg significony (with a confidesce level of 9,00
Yo}, with a correlation coefficient of 0.8521,

The correlation betwen the height of the one phonon sidebands of the

375 mmt and the H3 centre is shown in fisure 3.23, that between the 5753

[
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 am and e 1.945 eV contros is showa in figure 3. 24, vad that between

the 1.945 ¢V and the HI centres lS shiows o8 ;lyiwe 3.25.

~a @x’z'ﬁhmm% m‘ ;

-
_"“h"-‘;‘\

3 | 1.600 .ogfzézz 1229
- i e amo | oepa | e

| L9450V | 0934 | 1.000 8021 |
,~ | 6432 | 0000 0000
\\ | S7am | | 1259 | a1 1000
) | " 5314 1o, A!f’__ 0000

a | hly #;e éamzé‘:rtz‘an behween the intensity of the 575 nne

' // and ihe 1,945 =V centres Is significant at the 95 % level,

Ir'l . //// //r

/ : The sultiple correlation analysis in ioble 3.7 indicated that the

/  correlation between the 575 nm one-phonon intensity and that of H3

was insiguificant. If one examines the data in the conteri of the sample
type as indicated by the different symbels usad in figure 3.23, it appears
that while there appears to be little corrclation between the 575 nm
lnmincsoence intensity and that of H3 for SDA samples with grit size
coarser than 5J #, there could well be a sigaificant « !‘?“‘“Bﬁ for the
samples of the finer 50/60 # grit size. The correlotion baween 1.945
¢V luminesecnce intensity (a8 measared by the height of the one phonon
tine of the luminescence excited t{y 314 mn lz‘ilser lsmination) and that
of H3 (excited by 488 nm laser ilumination) displays no apparent
conelation, either in table 3.7, or in fioure 3.25. However, the data

appears 1o he grouped by the sample pgiit size, with the finer gt
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(50/50 #) disolaying highef 1.945 eV intensities than the coarser grits.
The grouping of the intensities of the luminescence from the different

huninescent centres as a function of the sampie type and grit size (for

'SDA saraples) will be examined in the following section (section 3.5.2)

it mote detail.

As a means of testing the dpparent correlation between t.he. iatensity 62‘
the one '.phmtm liﬁé for 575 nm luminescence and that of H3 as a
fndtion of the sample type for 50/60 § samples only, a muitiple
correlation analysfs was pezformed on samples of 50/60 # and again on
samples edarser than this. Table 3.8 gives the results for grivs coarser
than 50 #, and table 3.9 for grits of 50/60 #. The correlation between the
intensity of the 575 am cemre”and that of the 1.945 eV centre, which

_was noted above, i again avident for bath grit size groups. However,

“for the 50/60 # grit size only, the correlation between the intensities of

te 575 nm centre and the H3 centre is also significant at the 99 % lovel.
‘ |

H3 4 1000 -,0531 ;190-7
0000 8099 | 4635
1.945 ¢V -0631 1.000 7796
8099 .0000 0002
75 um 1907 | 1196 | 1.000
{ 4635 0002 0000

Gnly the correlation between the intensitiss of the
8375 nm and the 1.945 eV’ centres is significant nt the

95 % level,




b

.Sunmsry : Correlations between Defect Intensities

.Con'elat!on:m nx_ )

<Centre | - H3 | L94SEV | 975nm
[ 1000 | 6172 | .8805
| 0000 | 0766 | 0017
jreasev | 6112 | 1000 | 7766
N or66 | ) 0000 | o138
575 sm 8805 | 7766 ‘| 1.000
o017 | o138 o 0000

Only the correlation between the intensities of the

375 nm and the 1.945 eV and H3 centres is significant

& the 95 % level.

Page 113

2

> A gererst correlation between the intensity of the one phonon lines of the 575 nm
defect and that of the 1,945 eV defect exists where both these defets exist in the
sane sample, irrespective of sample grit size,

»  For 50/60 #, there appéars to be an »dditional correlation between the intensity of

the 575 nm and the H3 one phonon iing intensities.

o
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3.5.2 Frequency Distributions

3.5.2.1 Introduction

in the case of the small arca lumine ndb measuretnents, many
measureigents were made on samples 025 imilar typﬂ In-thi§ section,
these results are analvsed as replicate measurements on two sizes of
SDA grit : SDA 40/45 #, and SDA 50/60 #. Clearly, in view of the
 very smali laser spot size, each mieasurernent can be considgred as the
measurement of a single crvstal or of a sample of very ﬁf?n cr}stals-
One conse.quenﬁy expects to obtaln a distribution of result} for each
sample type. The resuits are plotted as frequency dmmbiiﬁons of the
peak height of the luminescent intensity of the differert lummescent '
| systems. N

The differences observed foi' the distributions of intensities could be of
two types: differences in the range of intensities measured fot a grit size
(i.e. of the variance); or differcnces in the value of the mean value gbout
which the results are scattered. Diffsrences in the variance can be tested
for s:gmﬁcallhce using the F-test. Differences in the mean can be tested
for significance using the "Student's t' test. In the case of unequal
variance in the two means, howeer, an approximate t-test must be
used. This does net pool variances, but adjusts the degrces of freedom
(Underhitl, 1985).

3.5.2.2 The 1.945 eV Centre

U : :
The ‘frequency distribution shown in figure 3.26 shows 2 very sharp
distribution for the 1.945 eV peak heights for the 13 samples of 40/45
# grit, while the distribution for the 8 samples of 50/60 # grit is broad
and shifted to higher intensities, The 1.945 eV luminescence intensities_”"ﬁ:_
for 40/45 # grit are lower vhan that of the 50/60 # grit and scaiter ovef
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% much narrower tange. The distribution for the 1.945 eV
: ) N

luminescence of the 40/45 # grit is displayed in figure 3.27. Both the

differences in the variance and the mean test significant at the 95 %

confidence level.
3.5.2.3 The H3 Centre

There are only small differences in the frequency distribution for the
two grit smes a shight broadening of the distn’buﬁon and a shift to
hiohioy intensities for the 13 samples of 40745 # grit (figure 3.28), The
differences in both the variance and the mean test significant at the 95
% confidesice level.

B

3.5.2.4 The 575 nm Centre

i

Thie frequency distribution for the 575 nm intensities is shown in figures
3.29 and 3.30. The 13 samples of - 40/45 # grit displey. a narrow
“siribution of intensities, generally of lower intenstty %Han that
observed for the 8 samples of 50/60 # grit. Both the ratio of the

variance and the differences between the means test significant at the 35

% confidence level.
Summary : Luntinescence Intensity Frequency Distributions
The data are summarised in table 3.10 below.

» The foregoiny analysis suggests that systematic differences between the intensity
of the luminescence for the two grit sizes are probable for all def&,g centres,

> These differences would be small for H3 (slightly lower and less variable for
50/60 # thaa for 40/45 #), and more pronounced for 1.945 eV and 575 nm defects.
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» The mtens:ry for the 1.945 ¢V lunnneacence in the 50!60 # gnt would be far more

" varisble, and generally higher than that for the 40/45 # grit.

A simiiar situation would exist for the 575 nm luminescence.

Table 3.10
“GritSize | 40/45H | SO/GO# | 40/45# | SO/GOH | AUMS# | S0/6 ¥
. Ceatre | H3. | M3 |1945¢V |1.945eV | S75nm | 575nm.
: 0235 | 0.168 | 00048 | 0.0173 | 0.0004 | 0.0024
0081 | 0035 | 0.0012 | 0.0091 | 0.0003 | 0.0014

Section 3.5,2, an analysis of the

ency distributions of the intensities of the
{uminescence of the different centres, is summarised in this table by piving the average

and stasdard deviction of the luminescence intensity fir the ﬁferem luminescent

centres for botk the >50/66 # and the 40745 # m
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Distribution of 1.945eV Infenaity
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' &DA grit, while the distribution for 50/60 # grit is broader and shified to higher intensities.

\

\\

3.27 An expanded view of the dism‘bua'qn nf the 1.945 eV ZPL intensities of the 30/45 ¥

SDA grit from figure 3.26 above. Differences in both the variance and mean ave significant at

~ Figure 3.26 A very sharp distribution of the 1.945 eV ZPL intensities is indicated for 40/45 #

Figure

95 %.
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Figure 3.28 The distribution of the H3 ZPL intensities of 40/15 # SDA 4& is slightly broadened
and shifted to higher intensities compared to that of the 50/60 # grit. Differences in both the
variance and mean ate significunt at 95 %. '
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Fraquaroy

Distributisn of 57/5nm intensity
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Figure 3.29. The distribution of the 575 nm ZPL inteasities for 40/45% SDA grit is narrow, whiie

that of SO0/60 % grit is broader and shifted to kigher intensities.

Frequency

Distribution of 575nnv Intensiy
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Retuwlived 1Phonon Lumitesconce
d0/ek§

Figure 3.30 An expanded view of the distribution of the 575 nm ZPL intensities of the 40/45 #
SDA grit from figure 3.29 above, These all fll into tie first interval above by virtue of the choice

of interval, Differences in both the variance and meun are significant at 95 %,
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3.6 Lineshape Analysis

3.6.1 Analysis of the Shape of the 1.945 €V ZPL

A lineshape reSulting iffom broadening due to independent Gaussian and

Lorentzian shapes has an intensity digtribution known as a Voigt profite. This

can be expressed as :
o [T exp(-vd)

Kowv) =% [ STy Y

W
Where y = el )| - v-v) Land TG=(In2)” ’1"(3“’“ and T'g == GaussnanFWHH

Ty
T
LY

And where g = —- ", (T, = Lorentzian FWHE).
(Posctzet 1959),
1, - \\

The Voigt profile can be apprommated by the bi-quadrated function :

e :
e
T=FWHH, o=0.5 for a Gaussian profile, and =1 for a Lorentzian profile :}
(Miiller 1980G).

The ratio of the FWHH of the Lorentzian or Gaussian component oceurring in
the convolution to the effective FWHH of the final convoluted fineshape, /T

or I';/T respectively, are refated to the form factor, ¢ in equation 12 above.

The linzshape of the gxperimeﬁt;lly measured 1.945 ¢V zero-phonon lines
were determined by fitting eguation 12 to the suitably scaled spectra. The
resulis are given in table 3.11 below. (Note that the lineshape for Oil, the
SDA sample S11 sectioned parallel to an {111} face was found to be best
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fitted by & superpositién of two such Voigt profiles (gure 3.40), possibly as
result of the presence of a cracked diamond in the saxrip!e {see section 2.2.2).
The fiting paranwtm for the larger of the iwo componwtnz is gwen in this
rable, however, this dstapomt should be ireated circumspectly as regards the
FWHH and’the hneshape The mpnsured 1.945 eV ZPLs are illusirated in

| 7
figures 331 0 3.39. | //

1

[+] 0.970 |1 ﬁ.éil 0.644 |0.706 10.869 |0.746 {0.987 |0.611

T (em™) 115.15 |25.21 |61.94 {4032 {35.83 [45.10 [45.45 [14.42 :38.10

r/r o6z (1 035 [029 {023 [0.39 1026 [|0.73 {0.19

r./r (072 [0 oo |1.06 {104 lo9oz li.0z jos9 [1.08

‘ Lmeshape pamnetm found by fitting the Voigt profile to the L. 945 eV ZFLs using

the approach of Miiler (1930).

It should be noted thi the monochromator slit widths were at an effective
bandpass of 2 cm' . No effort was made to correct for the effect of
instrumental broadening, It has been shown by measurement and calculation
(Cary 17 spectrophotometer manual) that an mstrumcnt‘*bandpasw—thWl—lH
ratio of less than 1:10 results in a deviation from the true peak height of less
than 0.5%. Hughes (1968), in lineshape analysis worlk on ZPLs in alkali halides,
deemed it unnecessary to correct for instrument broadening for an instrument
bandpass-to-FWHH ratio of 1:10. Only two FWHH (that for S11 at 15.15
em’ , and that for Oh at 14.42 cm?) had instrument bandpass-to-FWHHs of
greater than 1:10). In view of this, the lineshapes for these two ZPLs {Oh and
S11) should, perhaps, be treated circumspectly.
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In order-to graphicaliy displa the dlﬂ‘erences in lineshape, Vmgt proﬁles have
‘been drawn with the form! htqrs o, given in the abov& table but with the
"FWHH and the maximsiim intensity, J,, set conmstant at arbitrary
values. The reaultant intensity profiles are given in figures 2.41, 3.42, and 3.43,

- for the powder samples, the sectioned SDA S11 samples and the single crystal

- dsampies mgpectwely Figure 3.44 gives the profiles for a Gaussian (formfactor
o = 0.5) ﬁnd a Lorentzian (formfactor o = 1} &» referent.e The Lorentz:an

fraction (defined as I',/I") and the Gaussian fractson {defined as f‘Gil") are
graphically summarised in figuses 3.45 and 3.46 respectively. "

> For the powder samples it can be seen that the hneshape of the heat treated
« grit, HT11, is Lorentzian while the SDA powder has a lineshape
considerably more Gaussian. That for CDA is almost totally Gaussian.

(!
> For the two sectioned samples of the SDA grit the lineshapes are very

similar but ¢onsiderable more Gaussian than the lmeshapes of the powder
S11 from which the samples were prepared

¥ The single crystals display the whole range of lineshapes, from virtually
Lorentzian in the case of Oh to almost Gaussian for Cu. Apart from the
cube face of the cubo-ociahedral crystal, the lineshapes tend from
considerably Lorentzian to Gaussian as the crystal becomes more cubic in

morphology.
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3.6.2 Linewiiths of the 1.945¢V ZPL

The linewidihs of the 1,945 £V ZPL are such that Cu> CDA > COO COC 11
Ci1 > HT11 > §11 > Oh, (Note, that in the case of O11, the FWHH quoted
here is that fitted to the major component in the two component fit mentioneéd
in section 3.6.1 abave and should be treated with caution.) The FWHH of the
fitted 1.945 eV ZPLs are given in table 3.11 above and are shown graphically -
displayad in figure 3.47. '

# For the powder' samples, the FWHH of the heat ireated SDA powder,
HT1 ¢, is broader than that of the untreated sample, S:’::.

3 The value for CDA is much broader than that for the two SDA pov/ders.

» The velues for the two samples of sectioned SDA crystals embedded in the
metal matrix are very similar but are considerably broadened from the
values of §11 from which the samples were miade.

5 The single crystal samples again show a range of line widths from the
narrowest value in this work for the truncated octahedral crystal, Oh,
through & much higher value for both the cubic and the octahedral face of

. the cubo-ootahedral crystal to the largest value in this work for the cubic
crystal, Cu,

3 These single crystal samples show a trend of broadened FWHH as the
crystal morphology becomes more cubic. '
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4. DISCUSSION
4.1 Intensities due to Different Defects and Comparison with Previous Work

Thé three major luminescent systems observed in this work, H3, 1.945 eV and the 575
nm centres have long been noted in natural diamond,l generally in association with
irradiati(;“t;{_ and aoneafing {Walker, 1979). All three are believe.. fo involve vacancies
associated with nitrogen: H3 a vacancy with a di-nitrogen (Davies 1977(b}); 1.945 eV
- & vacancy “ﬁtﬁ%} single substitutional nitrogen (Davies and Hamer 1976); and Zatisev
{1991 has prop//alsed a model for the 575 nm centre involving a vacancy with a single
nitrogen in 7/ split irterstitial site. As their proposed structures might suggest, the
predonrunant defect formed by irradiation and aunealing of natural diamonds is related
to the initial diamond type: those types containing predominantly single substitutional

- nitrogen (Ib) forming the 1.945 eV defect, while those containing di-nitrogen (‘E‘ype
IaA) vielding predominantly H3. The 575 nm centre is formed in all nitrogen
containing diamond types after irradiation and annealing. |

Az discussed in section 1.12, Evans et al (1984) showed that these defects can be
formed by means other thar irradiation followed by annealing. They showed that the
photoluminescence intensity of all three centres is enhanced during high pressure, high
temperatﬁre sintering of synthetic diamond, the 1.945 ¢V and the 575 nm [uminescence
increasing as sintering temperatures increased to about 1500 °C, with both decreasing
at higher temperatures while the H3 centre intensity increased. The high pressure, high
temperature sintering causes plastic deformation which results in the creation of
vacancies, These are mobile at the temperatures involved, and will be trapped at single
substitutional nitrogen (the major point defect impurity in synthetic diamond) to form
the 1.945 eV centre, and at some more complex defect site involving mitrogen -
(interstitial nitrogen in the Zaitsev model) to form the 575 am centre. At temperatures
above 1300 °C, the N-V (1.945 eV) defect allows nitrogen to migrate by vacancy
enhanced diffusion (Collins 1978) 10 be trapped by single substitutional nitrogen
forming the N-V-iN {(H3) defect. Ten minutes at 1800 °C at a sintering pressure of 9.5
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GPa was sufficient to completely convert all the 1.945 eV and 57 rn. defects to H3
(Evans et al 1984). |

As discussed in section 1.12 vlastic defirmation of diamond can be achieved by fau Tess
radical means than the above. Brouvkes et sl (1993}, using a "soft", conical cubic
boron nitride indenter to create piastic deformation of diamond at 1100 °C, observed
cathodoluminescence decorating the slip fines created. In the case of synthetic type Tb
. diamond, the huninescence is due to the 575 nm centre, in the case of type IaA
diamond it is due to the H3 centre, and in type IaB it is due to the 491 nm centre (a
centre which the authors speculate may ! the result of shear on the B centre which
consists of four nitrogen atoms), szll;billg_ of vacancies by single substitutional
nitrogen to form the 1.945 eV centre is also expected, but while this centre is active in
photoluminescence, it is not active in cathodoluminescence. High photoluminescent
intensities \éere, however, measured by the authors for the synthetic diamond efter
deformation. (The typical mean pressures created by indentatiur.;__l are given by the
authors as 8 to 10 GPa.) |

Luminescence fiom H3 is easily seen in both cathodo- and phomlumhtes;ence and was
noted in as~-grown synthetics by Collins and Stanley (1985). The presence of the H3,
1.945 oV and the 575 am defects in as~grown synthetic diamond were aiso noted in
low temperature photoluminescence spectr: of synihetic diamoﬁd powders by Evans et
al (1734). The powders used in the work of Evans et al were MDA, a material simitar
to the SDA used in this work, but of & mmch finer particle size. Further studies on
similar material were performed by Dodge (1986) and Beard (1987). Examples of
synthetic diamond that Dodge studied included MDA, single crystal and crushed SDA,
Photoluminescence observed for thirty, relatively large (approximately 1 mm) SDA
crystals excited with 488 nm laser irradiation showed H3 luminescence and traces of
1.945 eV luminescence. ”

As synthetic diamond contains, as its major point defect, 'single substifutional nitrogen,
the production of vacancies during synthesis is highly likely to result in the formatic. -
of tﬁe 1.945 eV defect. Synthesis temperatures are approximately 1300 °C and
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pressures are approximately 5.5 GPa. The pressure, moreover] is not isostatic, but
varies throughout the synthesis volume (Fedosee‘f and Semenova-Tyan-Shanskaya
1986), giving rise ;io the probabilityi that individual diamond ¢rystals are subjected to
shear stresses. These conditions during synthesis make it possible for both the
formation of vacancies by the interaction of dislocations, and for their diffusion
through the laitice until they are trapped by single substitutional mitrogen to form the
1.945 €V uentrs,’ and also for vacancy enhanced migration and aggregation of
substitutional nitrogen to form the H3 defect as in the scheme of Evans and
co-workers above. Dodge (1986), however, proposed that the bulk of the H3 defe{& is
grown-in during synthesis, and suggests a mechanism which successfuily explains:
several features of the H3 luminescence in synthetic diamond which cannot be
explained by the vacancy enhanced aggregation scheme: H3 is virtually restricted to
the relatively low nitrogen content {100} growth_sgctors and displays strong linear
polarisation with the electric vector parallel to the <100> directions. Dodge also
showed that A centres (di-nitrogen) are present in as-grown synthetic. diamond by
demonstrating an increase in the concentration of H3 after irradiation and annealing at
800 *C for 60 minutes. He suggests that these A centres could only have been formed
by the dissociatior. of grown-in H3,

Beard (1987) examined the possibility of other centres being "grown-in". He concludes
 that single substitutional nitrogen, or C centres, can be grown in with equal probability
op any of the {100}, {111} or {110} faces (which is not in keeping with the
observations (e.g., in Burns et al { 1990)} that the concentration of C centres depends
on the growth zones). Similarly Beard (1987) shows that di-nitrogen, or A centres, can
grow-in equally easily on any face, but he shows that the concentration of A centres
predicted by a simple statistical argument is too low to be detected by infra red
speciroscopy, while that predicted for C centres is easily detecisabls, in keeping with
observations. The 1.945 ¢V centre is predicted to have a low probability of formation
on the {110} and {100} faces, but a slightly larger probability to grow on the {111}
face, This argument takes no cognisance of the inhomogeneous concentration of single
substitutional nitrogen in the different growth zones of synthetic diamond which results

in a markedly higher nitrogen concentration in the {111} growth sectors in most cases
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which, alone, should give rise to a higher concentration of Il 945 ¢V in iill} growth
zones. A higher concentration of 1.945 eV centres in {111} growth seciprs was
experimentally observed in photolumingscence tomography experiments carriéd out on
synthetic diamonds by Van Enckevoori and Lochs (1988) who found that the areas
with detectable levels of 1.945 ¢V iumines_ceﬁce coincide with arsas of high single
sobstitutional nitrogen (which also cvincided with the {111} growth sector). They
suggested a thermal vacancy formation mechanism which would give rise to vacancies
uniformly distributed throughout the crystal. Such a situation would indeed produce a
distribution of '1.945 eV defects correlated only with the substitutional nitrogen
distfibution as vhserved. However, as the thermal production of vacancies invoked by
the authors is untenable in view of the high energy of formation of vacancies in
diaimond viz. 7.2 eV (Bembolc ot al 1989), this observation might perhaps be evidence
for some growi-in componant for either the 1.945 eV defoct or of vacancies. (It
should be noted that the result from the cubo-octahedral crystai and serctioned SDA in
this work do not cortoborate the observation of Van Enckevoort and Lochs (7988) as
the.intensitﬁilbi\;ghe 1.945 eV luminescence from the {100} faces is greater than that
from {111} faces in both cases).

In cases of localised production of vacancies such as in regions of plastic deformatioa,
Dadge (1986) noted that the ZPLs of the defects produced were considerably
broadened compared to those produced as result of trapping of radiation-induced
vacancies. This suggests that the defects produced by plastic deformation were closely
spatially cosrelated with sources of strain associated with the plastic deformation such

ag dislocations, The observation by Brookes et al {1993) that high levels of 1.945 eV,

photoluminescence (in addition to the 575 am cathodoluminescence) were found in the
vicinity of high temperature indentation induced plastic defor/nation is further evidence
for the spatial corvelation of the distribution of these defects and sources of vacancies

such as areas of dislocation interactinn,

The creation of 575 nm defects during synthesis is expected to ocour in a manner
similar to the formation of the 1.945 &V defects, i.e; by vacancy formation, migration

and trapping, since it apparently also invalves a vacancy trapped at e nitrogen defiect.
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The distribution of the 575 nm defect would again be determined by the l@ist%butinn of
the both the source of vacancies and the distribution of the nitrogen defpct involved.

" As the nitrogen involved in the 575 nm defect is thought to be in a tetrahedral

interstitial site {Zaitsev 1991), the formation of this defect is fikely to be correlated
with the formation of vacancies, provided there is sufficient substitutional nitrogen
present to ensure [™at some of the interstitials formed are nitrogen interstitials. The
taterstitial nitmge:.i is sufficiently stable towards annihilation with vacancies not to
recombine to form substitutional nirogen even dizer annealing at 1300 °C (Lee et al
1978). Instead, Zaitsev {1991) suggests that it combines with the vacancy to form a
stable spiit interstitial, :the 575 nm system.

The above discussion satixfactorily explains the presence of the three major
defect types secen in as-grown synthetic diamond in this work : |

8 The H3 defect appesrs to be grown-in, during synthesis, and is largely
testricted to the {100} growth sectors. The ccaation of the 13 defect will

depend 10 some degiee on the amount of nitrogen available in the g%wth |
mediom (as will the uptake of sipglé ‘substitutional nitrogen in the growing.

diamond). Growth conditions are such that the formation of stgme H3 and
possibly even di-nitrogen A centres by the vacancy enhanced aggregatior;:
mechanism is also possible, but at a much lower concentration,

> The 1.945 eV .ct'mtre' wiit be found in the nitrogen rich areas of the diamend,
ﬁ%obabiy near to sites of vacancy formation and will reflect both the degree of
vacancy formation and nﬁgrﬁtion during synthesis and the Iocal nitrogen
concentration. RS

> The 575 nm defect also requires the formation of vacancies, and the-presence
of nitrogen in the lattice, but the nitrogen in this case is required in the form of
interstitials in tetrahedral sites,

&
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it also predicts thal

b The concentration of H3, sinec it is grown-in during synthesis, will be related
to the wouilable nitrogen in the grovih medium, and hence probably to the
overall nitrogen content of the diamond, but since it is cssentially constrained

10 the {100} growth sectors, it will also depend on the crystal morphology.

b The concentration of both the 1.945 ¢V and 575 nm defects will be related to
_ the nitrogen concentration of the diantond (or growth sector in question), but
also to the amount of vacaney formation during synthesis and its
~ distribution. Either vacancies or the respective nitrogen species mvolved in
these defects may deterinine the concentration of the 1,945 eV and 575 nm
.l defect centres. An excess of single substitutional nitrogen and a deficie;  of
;‘) vacancies, for example, will result in factors that effect the generation of mobile
. vacancies becoming critical, while an excess of vacancies and a deficiency of
\:'I\’single substifutional nitroger will cause the single substitutonal nitrogen
k{\;.oncentration to become eritical.
%
4.1.1 ThJ} Luminescence Intensities from the H3 Defect
4‘,5"
I4i the series of single crystals measured, the intensity of H3 luminescence
increases as the crystal morphology progresses from octabedral to cubic (with
the exception of the octahedral face of the cubo-octahedral crystal, COO,
which has a lower intensity than the octabedral crystal, Oh), This is in keeping
with the predicted correlation batwoen the total conceniration of H3 and the
overall nitrogen up.ake of the growing diamond (as the 13 defect involves two
nitrogen atoms). As discussed in section 1.5, the concentration of single
substitutional nitrogen varins from one growth sector to another in the
sequence {111} > {100} > {113} > {110}, although the {100} growth sector
may have the highest nit.u2en concentration in "cold shaped", cubic diamond.
The overall nitrogen concentration of synthetic diamon' grown from similar

environments (solvent/caralyst, pressure, temperater: ete.) is proportional to
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the growth rate (Yazu 1985). The gromﬁ rate, for situations of similar
surrounding metal film thickness {Sirong and Haneman 1967), is proportional
to the solu ility difference between graphite and diamond, which, in turn, is
pro;tional to the overpressure (an;ount by whi..; the pressure is greater than
the equilibtiurn pressure for the gréphite_fdiamond transition) and inversely
proportional to the abslute temperature {Wakatsuki and Takano 1987). Both
increasing pressure and decreasing temperature within the diamond “able
region - . tesult in a higher growth rate f_bymdving the growth condiiions
deeper mto the region of diamoend thermodynamic stability) as well as a2 more
cubic morphology (Muncke 1979). Thus we might expect. provided that the
synthesis environment (solvent/catalyst systems, nitrog_?n concentration in the
growth environment) was constant, i:hat. the more cubic crystaly grew at a
faster rate, and will, by the argument of Yazu (1984) above, contain a higher
over:” nitrogen concentration, Indeed, Shulshenko et al (1992) have observed
the overall nitrogen concentration to ircrease and thé morphulogy 1o become
more cubic as the growth temperature was decreased for diamond grown from
a particular growth environment. Thus, the fact that the overall uptake of
nitrogen is more efficient for diamond grown under conditions which result in 2
more cubic motphology provides "a further reason to expect a higher H3
intensity for the more cubic crystals.

In both the case of the sectioned crystals, O11 and C11, and single arystals,
COO and COC, where a {100} and a {111} fuce of the same crystal type was
measured, the cubic face displays u bigher H3 luminescence as predicted by the
mode! of Dodge (1986) which suggests that H3 is grown-in preferentially on
{100} faces during synthesis, and which provides the only satisfactory
explanation for the high H3 concentration in the relatively poor nitrogen
concentration {100} growth sectors and the observed pu:arisation of the H3

luminescence.

No change is seen in the H3 luminescence intensicy for the SDA powder heat
treated at 1120 °C for 40 minutes. While tha H3 centre does begin to anneal
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out at temperatures abs ve 1000 °C, the data of Collins (1978) shows an
imperceptible change in the absorption infensity of 3 in diamond heat treated
for 12 howrs at 1000 °C.

The exceptionally kigh H3 concentiation of the cubic crystal may arise from the
high overall nitrogen coucentration found in "cold shaped” diamond (more
cvbic diamond grown at lower synthesiié teipetature conditions than usual)
(Collins and Lawson 1989, Satoh et al 1990 and Shulshenko et af 1992).

The H3 luminescence intensity measured for the CDA powder is one of the
Tfowest measured. The ivregular form of the grains in the CDA powder sample
make it difficult to deduce the crystal morphology £o the low H3 may aiise

_ irom either an exceptionally fow overall nitrogen concentration, or from o

predominantly octahedral morphology (which would imply lese cubic growth

X

sectors with their associated grown-in H3 d=fzcts). v
The Luminescence Intensities from the 1.945 eV Defact

As discussed above, the concentration of 1.945 eV defects is likely ta be
determined by both the nit:'?ogen concentration and the vacancy concentration,
or by one of these should either concentration be far less than the other,

Considering first the concentration of vacancies that are generated under
conditions where they are mobile enough to be irapped z:‘tq.\_the substitutional
nitrogen: as mentioned above in section 4.1, thersoal formation of vacancies is
unlikely in synthetic diamond as the synthesis temperatures are too low for
appreciable vacancy forraation. The iomaatlon of vacancies during growth is
unlikely unless stabilised or traprred by another defect (such as the
substitutional nitrogens in thie case of the grown-in H3 defects). Freshly
grown-in vacancies would, by definition, be formed close to the growth
surface. Synthesis temperatures ate well above the temperature for vacancy
difthsion, making the annihilation of such freshly grown vacancies at the
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growth surface a likely ocourrence, reducing the likelihood of apprecisble
quantitics of grown-in vacancies. It is, however, quite probable that lattice
defects- such as diglocations are incorporated during crystal growth (as
evidenced by the presence of surface growth spirals (Strong and Haneman
1967)). In pasticular, synthetic diamond almost always contains macroscopic
defects in the form of entrapped solvent/catalyst metal inclusions which would
be expected 1o be associated with other lattice defects such as dislocations.

. Deformation of crystals can result in creation of further .islocations by

mechanisms such as muitiple cross glide”and the operation of Frauk-Rezad
sources (Hen&crson 1972). This dislocation-creation provides the mechamsni
for slip during plastic deformation.  Under certain circumstances,
nosi-conservative dislocation movement occnrs which resuits in the creation of
additional vacancies in the wake of the dislocation. The higher the dislocation
concentration, the greater the predisposition for the generation of vacancies by
non-conservative dislocation movemert duc to the interaction ‘of disiocations
and increased probability of cross slip. The ugplication nf shear stress can thus
act both as the source of dislocations and vacancy creation, |

The sources of stress required for plastic deformation of the sort discussed
above 10 occur may be the resuit of factors external to or internal to the
diamond. External factors will include shear stresses occurring in the synthesis
cell as vhe result of the interaction of adjacent crystals {in the case of high
nucleation densities) or by shear stiesses generated during and after
solidification and depressutisation of the :olvent/catalyst. Both of these would
occur ar temperatures far in excess of the 500 °C required for vacancies to be
mobile. They may also be the result of internal eifects in the diamond crystals
such as the effect of heat treatment on solvent/catalyst inclusions. During heat
treatment of synthetic di;:mond crystals, the entrapped solvent/catalyst metal
inclusions catalyse the cc;iwersion of diamond 1o graphite, allowing the reaction
to assume significant levels at relatively Tow temperaturas (800 °C for nickel
inclusions, and 750 “C for nickel and cobalt films op diamond surfaces in UHV
(Evans 1992)). This reaction can b: simply viewed as reverse diamond
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synthesis, the diamond synthesis solvent/catalysts reducing the activation
energy barrier for the conversion of metastable diamond to its
thermodynamically stable form - graphite. In the case of catalysis by internal
inclusions, the very large volume increase on converting diamond to graphite
will result in the build up of large internal strains arcund the inclusion. These
strained regions centred around the inchusions can be seen in birefringence
microscopy of heat treated diamond and, in severe cases, the internal siress can
be sufficient to result in cleavage of the diamond (Dickerson and Fish 1992).
Further work by Dickerson (1993) has shown that 575 nm
cathodoluminescence is observed around these internal inclustons after heat
treatment at 1100 °C. The sbove suggests that internal graphitisation catalysed
by solvent/caialyst inclusions in heat treated synthetic diamond can resplt in
plastic deformation and the associated creation of vacancies which can migrate |
to be trapped at otker point defects such as substitutional nitrogen in a manner
similar o that observed"by-’quokes et al (1993) for indentaticn of diamond at
eievated temperatures, ‘

We now consider the arguments for the effect of the overall nitrogen
concentration on the 1.945 &V defect concentration: for diamonds which are
subjected to the same shear pressures during synthesis and otherwise end up
with siwilar vacancy concentrations, one might expect the 1.945 eV
concentration io increase with the nitrogen c.oncentration, hence, from the
argument given above {section 4.1.1), to increase as the morphology becomes
more cubic. This is indeed observed for the suite of single crystals measured in
this work. In the case where cubic and octahedral faces of the same erystal
were compared, one would expect, on the basis of the observation that the
relative nitrogen concentration in the various growth sectors varies in the
sequence {i111} >=> {100} > {113} > {110} (Woods and Lang 1975 and
Burns et al 1990) , that the 1.945 ¢V concentration should be greater in the
octahedral growth sectors. This is not observed in this case. The 1.945 eV
intensity was found to be kigher in the cubic growth sectors ~F the pairs of

- samples where measurements were taken on both cubic and octahedral faces of
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. the same crystal (COC > COQ, C11 > O11), This might suggest' that a higher
vacancy concentration existed in the cubic growth sectors compared to the

octahedral growth sectors of the ssme crystal,

The observation of increased intensity of the 1.945 eV luminescence in the heat

freated SDA powder (HT1] > 811) can be explained in terms of increased

vacancy formation by the effect of temperature and the presence of internal

inclusions as described above, An enhanced concentration of 575 nm defects
might also be anticipated in terms of this mechanism. The failure to detect 575

nm juminescence in this case might be related to the rather high detection limit

for this ventre in photoluminescence compared te the ease with which it can be

detected by cathodoluminescence.

The high intensity of 1.945 eV luminescence in the CDA powdem may also be

explained in terms of enhanced vacancy creation and trapping, induced in this

vase by the robust growth conditions (high growth and nucleation rates) used

in order to attain the irregular and fiiable crystal characteristics of this material

(Wedlﬁke {979). The high nucleation densities would increase the probabilitj.,'r

of interparticle interactions and shear stresses as a consequence of volume

collapse as graphite converts to diamond, while the l;:gh gro\;rth rates may be

expected to increase the dislocation density, further indlreasing the likelihood of
generating vacancies by non-conservative dislocation movement under the

effect of shear stresses.

4.1.3 The Luminescence Intensities from the 575 nm Defect

i
As the 575 nm defect alsy comprises a vacancy and lattice damage involving
nitrogen, coiiditions favouring the 1.945 eV centre will also favour the 575 nm
centre, While it is not detected in all cases, the intensity of the 575 am
luminescence correiates reasonably well with that of the 1.945 eV centre as

predicted in cases where both centres are observed.
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4.2 Statistical Anslysis

This discussion relates 1o measurements of the luminescence of powder samples
excited by a focused lase:r beam of spot size smalle&».l!;'an or equal to the individual
grain size in a powder sample ("small area Iuminescencé", section 2.2.3.2). The spectra
measured in this faghion yield results which vary considerably for repeat measurements
on the same powder sample as discussed in section 2.2.3.2. The data can, however, be

treated as representing sub-samples of each sample type.
42,1 Correlations between Ditferent Defects within Sampies

Here analysis (segiion 3.5.1.2) of the correlations between photoluminescent
features WITHIN individuel sub-samples is discussed.

Since alf the defects under disCussion, H3, 1.945 eV and 575 nm , involve the
same comgunents, rarely vacancies and nitrogen, a situation favouring the
formation of one of these defects in such a sub-sample is thus highly likely to
also favour the formation of the other, hence correlations between zall of these
within the same sub-sample might have been expected. However, as discussed
abbvc, the concentration of H3 is determined by the overalf nitrogen uptske by
the {100} growth -sectors during growth while the 1.945 eV defect
concentration is likely to be determined by the concentration of mobile
vacancies generated, since the vacancy conc-:entmtion is likely to be the limiting
factor it the formation of the 1.945 eV defect

It is quite probable, on the other hand, that the concentration of the nitrog;en
species required for the formation of 575 nm defects would be related to that
of the single substitutional nitrogen required for the formation of the 1.945 &V
defect, and, since both defects contain a vacancy, one would expect to find a
coirelation between these two defect types. This is indeed observed for all
sub-samples measured (see table 3.8 and figure 3.24).



Page 145

It is possible, given that only a small fraction of the available nitrogen might be
expected to be ibund as interstitials, that an excess of mobile vacancies occurs.

The nitrogen cancentratmn in such a "\uati’on will determine the final
concentration of the 575 nm defect centres as it does for the H3 defect
concentration, Tn such a case, one would expect to find a correlation between
the concentrations of these defect types. This is observed in the case of the fine
50760 # grit sub-samples, but not in the case of the coarser (>50 #) sub-samples
{see table 3.9 and figure 3.23). This suggests that an excess of mo{iai!e yacancies
were presem: in the case of the finer grit, but not for the coarser grit, possibly
because these finer crystals were somehow subjected to higher levels of shear
stresses during the synthesis cycle or were perhaps exposed to them for longer.

The above argumént mgifding the vacancy concentration in the coarser and the
finer grits also suggests that the concentration of 1.945 eV and 575 nm defect
centres should be lower in the case of the coarser (>50 #) grit. This is observed
to be 50 (clearly shown in figure 3.24),

Because the H3 defect is essentially restricted to the {100} growth sectors,
while the 1.945 eV and 575 nm defects may occur in any growth sectors, the
predicted correlation between concentrations of the 1.945 ¢V or the 575 nm
defect and the H3 defect may bs affected by the relative fractions of {100} and
{111} growth sectors probed by the Juminescence technique (or by the
morphology if one oriynare entire crystals are probed}. This argument further
supporis the suggesth that the CDA powder sample crystals contain little
{100} growth sectopy’ (the CDA sample displayed one of the highest 1.945 eV,
intensities {suggesting a history of abundant mobile vacancies) but one of the
lowest H3 intensities).
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4.2.2 Frequency Disivibutions

This discussion covers the analysis (section 3.5.2) of the distribution of the
luminescent intensities measured on many different sub-samples (as opposed to
analysing the trends of relative Juminescent intensities within individoal

sub-samples as discussed in the previous section).

The frequency distribusions for the three types of defect concentrations for the
threé defect types in SDA grit samples, basically reiterate the trends indicated
by the correlation analysis. The H3 intensity varies over a larger range and to
higher Jevels for the coarser grits than for the finer grits; both the 1.945 eV and
the 575 nn intensity varies far more and to far higher levels for the finer grits.
These observations may be satisfactorily explained by the arguments presented
in the preceding discussion: coarser particle size indicates faster growth rate

~ and hence a higher proportion of cubic growth sector and higher overall
nitrogen uptake, both conducive to higher H3 cmicentrations; the higher
intensities from the 575 nm and 1.045 eV luminescence in the finer particles
must, fiom the arguments presented in the preceding section, arise from a
greater availability of vacancies to be trapped at the two types. of
nitrogen-containing sites to produce the 575 nm and 1.945 eV  defects
respectively. The higher vacancy availability probably arose because the finer
grits were subjected to greater shear stresses or were subjecied to these
stregses for greater periods. |

The narrower H3 intensity disicibutions for the finer grit suggest that this grit
is of a more uiiform morphology, or grew in more uniform nitrogen
conceniration environments, The narrower distributions ooserved for the
vacancy related defect intensitics for the coarser grits suggests that the coarser
grits were exposed to a more uniformly stressed environmen than the finer
grits.
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4.3 Lineshape Analysis
4.3.1 Linewidths

In the simplest analysis, the inhomogeneous strain broadening of the ZPL. can
be ascribed to an average strain, lumping all the sources of the strain together,
In this scenario, a larger FWHEH indicates a greater average strain in the
sample. The larger FWHH observed for HT11 compared to S11 suggests that
heat treatment of SDA powder increases the strain in the crystals in Iagreement
with the increased bireftingence and other signs of heat treatment induced
strain and plastic deformation observed by Dickerson and Fish (1992). The
sectioned crystals of the SDA powder sample S11 show increased linewidth
éompared to the powders. The fact that a crystal cracked durin~ cooling (as a
resuit of the greater thermal expansivity of the metal compared to that of the
diamond) is testimony to the stressed state of the sectioned crystals during
measurement which is agﬁin in keeping with the general hypothesis that the
observed line broadening can be attributed to strain in the crystal. The two
broadest ZPLs observed were for CDA powder and the cubic erystal, Cu. An
increased level of lattice .imperfection and/or increased substitutional nitrogen
concentration resulting from a faster growth rate was invoked above to explain
a higher 1,945 ¢V luminescence in these two samples. The former suffices to
explain the observed broad ZPLs in this instance. (It also explains the general
trend of increasing finewidth for increasing cubic growth sector fraction in the
series Oh, COO, COC, Cu, with the exception of COO which does not isplay
a narrower linewidth for this octahedral face compared to the cubic face i ¢his
cubo-octahedral crystal.). Shulshenko (1992) noted a correlation befween
metal inclusion concentration and the cubic rmorphology of the crystals
resulting from growth at lower temperatures (and hence higher overpressures).
Any such increased metal inclusion concentration in the more cubic crystals
would result in increased lattice imperfection such as dislocations. This, in

turn, would give rise to higher vacancy concentrations and hence higher 1.945
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aV con.sentration, all of which would contribute towards increaged ZPL

broadeuing.

This general approach to linewidths can be taken & little further by using the

. following refationship between the observed linewidth of the 1.945 ¢V ZPL and

the average internal stress present in the somple noted by Evans et al (1984),
namely $=W/10 where S is the stress in GPa and W is the finewidth in meV.

Results of the application of this relationship are illustrated in figure 4.1,

These results can be compared with a calculated value of 0.25 for the Ib
d:amond used for the work of Davies and Hamer {1976), 0.7 to 1.8 GPa
inferred from the 575 nm ZPL width for combustion ﬂaj'ae grown single
crystal diamond film by Graham and Ravi (2992), 2 to 6.5 GPa for commercial
SYNDI'{E (sintered polycrystalline} compacts (Evans et al 1984), and 0.42 to
0.73 GPa calculated from the linewidths measured for carbonado {naturally
sintered diamond) by Dodge (1986). The average stresses are seen to compare
favourably with those of the non-sintered dizmond types:measured by the
above authots,

Lineshapes

In the section 1.12 above, Stoneham's (1969) statistical approach to line
broadening was discussed. It predicts that the lineshape of inhomogeneously
broadened ZPLs range from Gaussian to Lorentzian as the predominant source
of strair: ranges from line defects to point defects, As the theory is strictly only
applicabie to single crystals, only spectra of single crystais Oh, COC, COQ, Cu

can be :.onsidered. These crystals dls;..w a wide range of lineshapes but, in

general. & trend of increasing Gaussian fraction is seen for the more cubic
crystals. Apgain the cubic face of the cubo-octahedral crystal (COC) proves an
exception. displaying a lower Gaussian fraction than the octahedral face,

ﬂ;’
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The araument of increasing laitice disorder with the Hk‘aste':' growth oo
chserved for the more cubic morpholdgies again appears to apply, ihe Gaussian .'
lineshape speciﬁcally suggesting increasing dislocation concentration. This is
consistest with the increased vacancy concentration suggested above to explain
the increased 1.945 eV formation; the efficiency of vacancy creation via shear
stress-induced dislocation interaction would be increased by a higher

dislocarion concentration.

Of course, the possible role of the "near neighbour effect" {Davics 1970(b))
discussed in section 1.12 may be a comributing factor to' the Guussian -
component, especiaily in crystals such as Cuﬂ Oich are expected to have a
higher conuentration of single subshtutlonal mtmg,en (The near neighbonr
effect” is the consequence of the existence of a minimom distance from a
luminescing centre, within which no defect centre may.' occur without
combining to form a different, aggregated centre. Davies (1970(b)), using a
contimum approach, showed that this effect gives rise t0 a Gaussian
contribution to the lineshape, and is more Rerked for higher mitrogen
concentrations). These lineshape predictions were recently confirmed by Crth
et al (1993) using an approach which assumed a discrete lattice.

When both line defects and point defects are présent, the longer range stress
fields of the line defécts_are expected to dominate any line broadening, so the
"near neighbour effect” is likely to be less important for samples such as these
synthetic diamonds which would probably contain substantial dislocation
cancentrations, especially crystals such as Cu with its obviols metai inclusions.
The fact that longer range stress fields sro associated with dislocations might
also explain why such effects of the proposed higher point defect concentration
in more cubic crystals are swamped by the proposed increasing distocation

concentsation.
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4.4 Summary

The tatninescence observed ia the suite of diamond types used in this work is in
keeping with that observed by several other authors for synthetic diamond; the defects
indicated are to be expected from the known high sobstitutional mtrogen concentration

in synthetic diamond, fogether with the factors which would give rise to vacancies,

A more cubic morplinlogy is indicative of 2 faster growth rate, which, in lurn has been
correlated with a higher overall uptake of ritrogen from the growth environment, As
all three defects considered here involve nitrogen, the intensity of luminescence
observed for these defects is expected to correlate with the proportion of cubic growth
sector. This is generally observed for all three defect types: H3, 1.545 eV and 575 na,

Correlations are observed in some cases between the luminescence intensity of
different defects measured on the same samples. In pa.t'icular, the 1.945 eV and 575
nm defec intensities are corvelated and the 575 nm and the H3 defect intensities are
cuyrelated in the case of the finer 50/60 # grit, but not in the case of the coarser >50 #
grit. It is possible to argue that this latier case arises from a greater availability of
mobile vacancies in the finer 50/60 # gnt during the synthesis process, possibly as &

_conseguence of exposure 0 greater or more prolonged shear stresses.’

The substitutional nitrogen concentratior is expected to be higher in the octahedral
growth sectors than in the cubic growth sectors, The 1.945 eV intensity is expected to
follow suite. The contrary is observed, suggesting that a larger vavancy concentration
is initially genecated in the cubic growth sectors compared to that in the octahedrat
growth sector; and the trapping of these vacancies at substirutional nitrogen resuits in
the higher 1.945 oV concentration. .!

The CDA powdar sumple showed both extremely low H3 intensity and extremely high
1.945 eV intensity. This suggests a far higher concentration of vacancy generation in

these crystals, conuuensurate with the robust growth conditions used to create this
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type of diamond, It also sdggests a relatively low fraction of {100”} growth seclors

which would be expected to contain H3 centres.

SDA diamond ;mwdel: heat treated for 40 minutes 2t 1320 °C differs fittle from a
similar, untreated powder in the ihtensity of the H3 lumninescence, it the heat treated
sample displays a significanily higher 1.945 eV intensity. This is in keeping with the
large strains and plastic deformation expected as resuli of internal graphitisation

vatalysed by solvent/catalyst inclusions under these conditions.

The argunents concerning v.:cancy concentration Ubﬂd to explain’ 1]1e 1.945 &V
inteusity generally expiain the FWIIH observed in this work: Tn genera!" the linewidth
increases as the crystal morphelogy becomes more cubic, suggestmﬁf & faster and hence
less perfect erystal growth. The heat treated sample of SDA diamond powder has an
increased linewidth compared to the untreated sample, The CDA sample displays an
exceptionally broadened 1.945 eV ZPL, in keeping with the high degres of crystal
imperfection predicted from its high vacancy concentration inferred from its high 1.945
eV intensity, The sectioned crystals-were stressed by thermal contraction of the metal
mutrix in which they were encased to such an extent that some crystals ﬁactured The
linewidths of tl'cse crystals were broadened as expected,

Axnalysis of lineshape for the single crjsta[ samples generally confirm the suggestions
tha! the imperfection of the laitice {manifested as the line defect concentration)
increases for more cubic crystals, possibly as result of a mcs ¢ rapid growth rate.

4.5 Conclusions and Suggestions for Further Work

4.8.1 Couclusions

Th= abm of this study was 1o evaluate the usefulness of photoluminescence as a
means of generating information on the growth history of various types of

synthetic diamond. The following conclusions may be drawn in this regurd
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“The corralation of the luminescent intensity of the H3 defect with the fraction

of cubic growth sector present in the diamond predicted from the observed
restriction of H3 to these growth sectors is confirmed in this work. A general
trend of increasing H3 intensity with cubic morphology and an increased
intensity for Juminescence measured on cubic faces uompared to that meastired
on octahedral faces for the same diamond is observed. As more cubic
morphology is associated with a higher excess pressure, and hence growth rate,
this coirelation means that the H3 int;énsity is indeed an indicator for growth

conditions.

L

‘The Juminescence intensity from the two vacancy related defects, 575 wm and

1.945 €V, correlates with the expected degree of crystal imperfection {as
evidenced in the increase in the intensities for increasing cubic nature of the
single c:ysta!s:) or expected plastic deformation (as in the case of the heat
treat;d SDA). A refative enhancement of the luminescence due t» these two
defects for finer grit samples from the seme svnthesis run suggests thet the iner
grit experienced a greater exposure t% mobile vacancy reneratio: thas -‘R'qe

coarser grit from the same synthesis ran.

The FWHH is broadened by mhmnogenmus strain as anticipated frory smular
factors t¢ those predlcamd for the vacancy related defects.

The ZPL lineshape generally displays an increasing Gaussian fraction for the
more cubic crystals, suggesting an ifiureasing concentratidn of line defects for
the more cubic crystals.

Suggestions meEFuture Work
The three defect types discussed in this work all involve nitrogen in the

diamond lattice. The measarement of nitrogen concentrations in the powders
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and crystals used for photoluminescence measurements would mable a more

conclusive study to be done.

The observation of ZPL broadenirg, changes in lineshape, and clﬁnges in the
1.954 ¢V (and possibly 575 am) intensities for the heat treated SDA powder
sample compared to the uatreated sample suggest that photoluminescence
measurements of single csystals or powders is 2 potentiaily useful means of
monitoring, indirectly, the stresses buill up in the crystal by internal

graphitisation and thermal expansion of the inclusio~~ .

The several observations concerning photoluminescence intéﬁsily_ of the
different dafects and crystal size for powders grown in the same synthesis runs
should be confirmed on & wider range of particle sizes {(mostly on finer samples
as the changes appear to ﬂatten&g\f;f for the coarser sizes). In_particular; the
suggestion that the finer grit samp)\s\have been subjected to greater shear
strez_}ea or subjected for longer, if con\ﬁ‘ﬁ’ﬁsd,@eans that photoluminescence:
could provide a means of monitoring the shpar s

The fact that both the intensity of the é\?s nm and 1,945 eV defects and the
ZPL width are increased by the pres;‘.s'\\g\‘e ‘of dislocations or the vacancies

eszes in synthesis capsules.

associated with them suggest that the defedt intensities should correlate with
the linewidth (in similar crystals). {Ll‘his suggested correlation should be
investignted, l

o
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