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Abstract

Synthetic single-crystal diamonds grown by microesagsisted chemical vapour
deposition have been investigated using opticalctspgcopy. Absorption,
photoluminescence and cathodoluminescence haveubiéisad to obtain optical
spectra of the diamonds in the ultraviolet, visi@hel infrared regions, in order to
characterise point defects present in the crystésmperature dependence
measurements, isotopic substitution and thermakaimy have been used to
characterise the atomic constituents of defectpliéation of a uniaxial stress to
oriented samples has allowed the symmetries ofngbeu of point defects to be
determined; in particular, defect centres with zgihonon lines (ZPLs) at 466.6
nm (2.657 eV), 467.2 nm (2.654 eV), 496.8 nm (2.49% 532.7 nm (2.327 eV)
and 562.5 nm (2.204 eV) have been determined te Haambic I, rhombic I,
rhombic I, monoclinic | and monoclinic | or rhombdisymmetries, respectively.

The 466.6, 496.8 and 562.5 nm ZPLs demonstrate ederpntial
orientation along the <110> crystallographic axeghich is potentially
characteristic of the growth process. Atomic camfedions are proposed for
these centres. The 467.2 nm transition is propasedriginating from an
atomically perturbed version of the 466.6 nm cemvealibration factor for the
silicon-vacancy defect centre (with ZPL at 736.8 (1682 eV)) has been
determined. Studies of nitrogen-15 doped samplegse hanambiguously
confirmed the direct involvement of nitrogen in@mwber of new and previously
investigated ZPLs.

Chapter one introduces the project and outlinesathjectives. Chapter
two introduces the basic relevant theoretical bemkgd. Chapter three details
the experimental methods utilised. Chapter foucdacerned with the general
optical characterisation of single-crystal CVD d@rds. Chapter five presents
data on the preferentially oriented centres. Chagite discusses a number of
other defect centres investigated and some furtharacterisations. Chapter

seven concludes the work and discusses suggeftiofugure investigation.
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nm, over a number of samples. Full line is the agerof

the values.

Cathodoluminescence spectrum of the 467.2206853 eV) 184
ZPL and associated band at 480.7 nm (2.579 eV)hdé2hs
blue line is the assumed background luminescenusian,

full red line is a Gaussian fitted to the experinaén
spectrum, centred at 2.579 eV with a FWHM of 18 meV
Temperature dependence of the peak energlyeofi67.2 186
nm (2.653 eV) ZPL in CVD diamond, recorded in
cathodoluminescence. See text for details.

Temperature dependence measurements of th@ &in 190
(2429 eV) ZPL in CVD diamond, recorded in
cathodoluminescence. a) shows variation of integrat
intensity of the peak with temperature, b) that tfee peak
energy, and c) that for the FWHM. Data points irfiglres

are the measured data. Lines through the data hee t
theoretical fits, see text for details.

Uniaxial stress splitting data for the 538m (2.327 eV) 198
centre in cathodoluminescence, showing change énggn

of ZPL components as a function of applied stré&ata
points are experimental results, lines are caledlftom the

fit to a rhombic |I symmetry. a) ZPL under <001>
compression §); crosses are for electric vector of
luminescenceE ||'S; unfilled circles are folElS. b) ZPL

under <111> compression; crosses are E¢|iS; unfilled
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6.3.2

6.3.3

6.3.4

6.4.1

6.4.2

6.4.3

circles are forELS. c¢) ZPL under [110] compression;
crosses are foE||S when viewing along; unfilled circles
are for ELS when viewing along [001], filled circles for
E-LS when viewing along [10]. Stick diagrams show
relative intensities of stress-split ZPL componeras
maximum recorded stress, with vertical lines abdive
horizontal line representing||S, and vertical lines below
representinge-LS.

Typical cathodoluminescence spectrum of gleiorystal 201
CVD diamond, showing the 532.7 nm ZPL and the weak
band at ~ 549 nm; a) broad scan of the local redrthe

ZPL and band, corrected for background luminescence
Intensity ratio of the band at ~ 549 nm ®©%82.7 nm ZPL, 203
measured over six samples. Data points are recatdid

full line is the average ratio.

Temperature dependence measurements of the& &8 205
(2.327 eV) ZPL in CVD diamond, recorded in
cathodoluminescence. a) shows variation of integrat
intensity of the peak with temperature, and b) fioatthe
peak energy. Line through the peak energy dataheés t
theoretical fit, see text for details.

Integrated intensities of the GR1 and 737 4iPhs after 216
each annealing stage (data points). Lines show the
theoretical change in absorption after each stage {ext).
Data and fit for the 737 nm doublet are scaled bgctor of

ten for clarity.

Comparison of absorption of the 1.6827 eMreeat liquid 219
nitrogen temperature (77 K, dotted spectrum) anktatd
helium temperature (less than 40 K, full line speutt
displaced vertically).

Absorption spectra of the 1.6827 eV centiggatd helium 220
temperature in a natural abundance silicon-28 sanafler

irradiation and annealing (lower spectrum, scaled ab
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6.4.4

6.4.5

6.4.6

6.4.7

6.4.8

6.4.9

factor of three), and a silicon-29 enriched sam(plgper
spectrum). Spectra are displaced vertically foritaPeak
labels as Clarkt al (1995).

Absorption spectrum of the 1.6827 eV centreliquid 222
helium temperature in a natural abundance silid®n-2
sample, after irradiation and annealing (lower #pec),

and a generated absorption spectrum using bi-Loserd
(upper spectrum). Spectra have been displacedakytior
clarity.

Absorption spectrum of the 1.6827 eV centreiquid 222
helium temperature in a silicon-29 enriched santloeer
spectrum), and a generated absorption spectrung umsin
Lorentzians (upper spectrum). Spectra have beqiadied
vertically for clarity.

Generated spectrum for the Si-29 enriched2l.6eV 223
absorption system. The lower bi-Lorentzian peaksistihe
component transitions, and the upper spectrum shbes
convolution of these. See text for identificatiof o
component patterns. Peak labels as Gbadd (1995).

Uniaxial stress splitting data for the 7368 (1.682 eV) 225
centre in absorption, at LNT, showing change inrgnef

ZPL components as a function of applied stressa Paints

are experimental results, lines are guides (nooréteal
fits). a) ZPL under <001> compressidd);(crosses are for
electric vector of luminescené|| S; unfilled circles are for
E-LS. b) ZPL under <111> compression; crosses are for
E||S; unfilled circles are forELS. ¢) ZPL under [110]
compression; crosses are f5r||S when viewing along;
unfilled circles are forELS when viewing along [001],
filled circles forE--S when viewing along [10].

Variation of relative intensity of the compaits of the 737 227
nm doublet, as a function of stress.

Uniaxial stress effects on the 736.8 nm @.€8) doublet 228
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at liquid helium temperature, under [001] comprasgdata
taken in absorption). a) Splitting pattern obserfadstress
from 0 GPa (top spectrum) to 1.4 GPa (lower speatiru
(not a linear selection of stresses). b) Changenergy of
the components as a function of stress. Crossedoare
electric vector,E parallel to the stress directio; open

circles are for £S. Lines are guides (not theoretical fits).
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Chapter 1

Introduction and objectives

This thesis is a report of optical characterisatiaf point defects in single-

crystal diamonds synthesised by microwave-assidtedical vapour deposition
(CVD). Optical spectroscopy of point defects inrdand is a well established
field, which has its origins in experiments invgating the potential of diamond
as a radiation detector. Systematic studies ofralatliamonds proved fruitful in

advancing the understanding of point defects istatime solids. The innovation

of diamond synthesis by the high pressure high &atpre (HPHT) technique in
the 1950s brought enormous advantages to diamaednehers, as this material
allowed much greater control over the investigatirdefects than in natural
samples. Importantly, it created the opportunitydieeater industrial exploitation

of the outstanding properties of diamond.

The studies of natural and HPHT synthetic samples yielded great
scientific achievements, such as a thorough urmlaisig of the vacancy in
diamond, the kinetics of thermal annealing of radradamage products, and the
first lattice-isotope substitution measurements aofsolid. Insights into the
properties of point defects have led to a bettadewstanding of macroscopic
effects in diamond, such as observed colour, thlecoraductivity and electrical
mobility. This has created the opportunity to gglithe material in a wide range
of industrial and technological fields.

The innovation in the 1980s of using of chemicapour deposition
(CVD) to grow diamond offered extensive control oike growth process,
including the ability to dope the synthetic diamsnalith a variety of impurity
species. The early material was polycrystallineictvinesulted in reduced optical
quality via the introduction of strain within thatlice. Recent developments of

the CVD process in the early 2000s have allowedh-figality, large, single-
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crystal samples to be grown, and have created dha&fapossible new uses for

the material. It has been found that the qualityhef diamonds synthesised by
this new method is comparable to that of the bastiral diamonds. However,

relatively little research has been published am abtical characterisations of
point defects in this material. Therefore, the mation for the present work has
been the need for detailed optical data.

There are ultimately two purposes for studying fi@nt defects of
diamond: the first is that diamond is an ideal matdo investigate fundamental
physical theories about the nature of the solidestdue to its regular lattice
structure, wide optical transparency, and chenaodl temperature hardness; the
second reason is that the microscopic properties siflid — the point defects —
contribute to the macroscopic properties, whickeafthe potential scientific and
industrial uses.

Previous researchers have extensively investiggieitit defects in
polycrystallineCVD diamonds, and whilst many of those defectspaesent in
single-crystal CVD samples, a large number of @pbtgpectrum features of
single-crystal samples appear to be unique to thienal, and hence potentially
the growth method. Most of these have not beeni@dplreported previously,
and none have been investigated in depth. The tlgeben, has been two-fold:
first to comprehensively document the featureshefdptical spectra of a range
of untreated single-crystal CVD diamonds; and sdctm perform detailed
characterisations of as many as possible of tha pefects in the material.

The detailed characterisation has been to deterrthiee symmetry,
nitrogen dependence and vibronic properties ofdéfects. This information,
along with additional data, such as the effectsngdurity elements on defect
concentrations, allows for plausible atomic mod#lslefects to be formulated.
This is important because the presence of defeats ltave beneficial or
detrimental effects on application of the materdgpending on the use. The
properties of certain defects may be crucial fatipalar applications (such as
boron doping to obtain semi-conducting diamondnibrogen-vacancy centres
used for single-photon sources; or in a relatdd fiedoping of silicon to produce
p- and n-type material for use in computer chi@s)d so a comprehensive

understanding of defects in a solid material i®psal.
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It is shown in this work that a group of point dgfe observable
spectroscopically in the visible-light region, appdo be characteristic of the
growth process. Two of the other centres investijat the silicon-vacancy and
the 532.7 nm line — are well-known defects in diath@nd have been studied
previously, although their symmetries had not beéetermined experimentally.
The 532.7 nm line is considered particularly sigaifit as an identifier of
synthetic diamond.

As mentioned above, it is the presence of poinedsfin the lattice
which creates much of the interesting physics aiainds. Impurities play a
large role in this, primarily nitrogen, as it isadgly incorporated into the lattice.
Early research found that natural diamonds coulddparated into two types:
those containing aggregated nitrogen impuritieg] #iose which didn’t. This
categorisation has been sub-divided further asmstateding of the nature of the

defects developed. Table 1.1 shows the acceptssifotation of diamond.

Type Characteristic impurity
la Contains aggregated nitrogen in the A- and Bafor
laA Contains primarily A-form nitrogen
laB Contains primarily B-form nitrogen
Ib Contains single-substitutional, paramagneticogien
impurities
lla Contains very low single-nitrogen concentrasion
lib Negligible nitrogen concentrations. Containgdo
impurities

Table 1.1 — Type classification of diamond.

Approximately 98% of all natural diamonds are opdyla. The high-
quality single-crystal CVD diamonds currently awile are of type lla, showing
nitrogen concentrations in the range of ten tova liendred ppb. As such, it is
useful to be able to characterise this materiaiclvis at the higher end of the
impurity-related quality scale.

HPHT synthesis of diamond takes place in a pressreva capsule of

graphite and a metal solvent-catalyst are mixedpréssure of around 55000
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atmospheres is applied and an electric currenegassough the graphite / metal
mixture in order to heat it to around 1400°C. Thaphite dissolves into the
molten metal and diamond crystals nucleate. Tramsinetals, such as nickel
and cobalt are often used as the solvent-catalystnadvertent consequence of
this is that the metals can often form impurity tces in the diamond crystals
obtained.

An alternative growth technique, still using HPHY the temperature
gradient method, where a layer of graphite or otlaebon source is sandwiched
between solvent-catalyst layers. In this case arlajygraphite around the growth
capsule is heated, after the application of pressand hence a temperature
gradient is created between the carbon source hedotiter graphite; this
stimulates the nucleation of diamond crystals. diaenonds produced by HPHT
synthesis are single-crystals, but are usuallyradlsdimensions (of the order of
a few cubic millimetres or less).

CVD synthesis of diamond can take place in a nurobeifferent ways,
although microwave plasma is one of the dominacttirtgues. This is where a
gas mixture is pumped through a microwave cavigsonator (see figure 1.1).
The mixture is typically > 90% hydrogen and a feergent of methane. A
substrate is at the base of the cavity. The micvewenergy creates a plasma
through dissociation of the gas constituents, amdulsaneously heats the
substrate to around 800°C. The dissociated carbomsf diamond nucleation
points on the substrate. If a non-diamond substsatesed, then polycrystalline
diamonds are formed; if the synthesis is homoejataxthen single-crystal
diamonds are created. These are the types of sasipigied in this work. They
are commonly synthesised with dimensions of a fabicmillimetres. Impurity
doping of the synthesised samples is possible biyding gas-phase chemical
species; this can result in deliberate incorporatd, for example, nitrogen,

silicon and boron.
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Figure 1.1 — Schematic of a microwave cavity resmmased for CVD diamond growth (after
Benndorfet al (1996)).

The growth of diamond during CVD is understoodptoceed by the
interaction of reactive hydrogen: the surface @& #ubstrate / homoepitaxial
diamond is saturated by hydrogen, which is dynallyiexchanged with gas-
phase hydrogen. Occasionally a methane speciespizsided, which allows the
formation of tetrahedrally bonded carbon at thdfama@. Any graphitic carbon
forms are etched away by hydrogen, allowing exekisdevelopment of
diamond.

The presence of gas-phase species other thandggydemd methane can
directly affect the growth process. The incorpanatof oxygen is considered to
form OH species which more effectively etch graphitarbon; whilst the
presence of nitrogen has been found to increasgrtheth rate and crystalline
quality of the samples. As mentioned above, gas@lthemical species, whilst
affecting the growth process of the material, clso &#ecome incorporated into
the material, forming complexes which would notestinse be observed. This
can be utilised for analysis and performance of ihegerial, such as non-
abundant isotope doping to investigate impurityspree in defects.

The CVD process is relatively cheap, compared o rttarket cost of
obtaining reasonably sized natural diamonds fohrimal purposes. Diamond
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can now readily be used for such applications se&rlaindows, heat-spreaders,
p-type semiconductors, radiation detectors and maorng inventive uses.

This work develops the relevant background thearychapter two,
followed in chapter three by details of the expemtal techniques used. Chapter
four presents results of general characterisatbiiise material, and chapter five
reports the discovery of preferentially orientededes. Chapter six discusses the
investigations into the other defect centres stiidend finally chapter seven
draws together the conclusions of the researchgaloth suggestions for further

related investigations.
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Chapter 2

Theoretical background

2.1 Some physical properties of diamond

2.1.1 Lattice physics

The bonding of many atoms to form a regular lattesults in observable effects
which do not have trivial origins. An understandioigthe physics of solids can
provide extraordinary insights into properties afystals via spectroscopic
methods; insights which an optical microscope caanhbieve.

The analysis of the complex nature of a solid cansbnplified by
considering the high symmetry of the system, alaith simplifying treatments
of the nuclei and electrons. These approaches amnde accurate descriptions
of the system and often present surprising impbcat

The starting point, perhaps, and one of the mogiomant physical
effects is the role played by vibrations of thetitgt Many features of the
absorption and luminescence spectra of crystalexgkained by considering the
vibrations of the lattice, and the periodic natofehe electric potential within
the crystal. These give rise to the phenomena ainghs, valence and
conduction bands, and the band gap. The followimpldied discussion can be
found in more detail in many standard solid staté¢ltooks. This work primarily
uses Elliot and Gibson (1976) and Kittel (1986).

The atoms within a diamond lattice are connecteddvalent bonds, and
in a classical description may be considered tmfohains of masses bonded by
springs. At low temperatures, it is possible to eldde motion of the nuclei as

performing normal modes of harmonic oscillation.isTltan be justified as
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follows. The simplifying assumption may be usedattthe motion of heavy
nuclei may be treated independently of that oflitjet electrons. The potential
energy of interactiony, between nuclei varies with distance, and aroured t
equilibrium bonding separation, can be consideredbd parabolic. The force

acting upon each nucleus is then linear with ditaR, as —dV/0R. The

oscillations of the masses (nuclei) can then batdre harmonically, and at low
energies the motion of each mass is independent hasd a characteristic
frequency, i.e. normal modes of vibration.

The motion of one mass will be transmitted via smrings to its
neighbours, so vibrations may propagate throughattiee. Each unit cell of the
lattice will have a distinct amplitude and phased dence normal modes of
vibration will persist throughout the lattice witharacteristic frequencies. This

is analogous to a wave, and a wavevedfomay be assigned. Each vibrational

mode can have its energy quantised, with ener@lslewt(n +%)ha), wherew

is the angular frequency of the mode, anadhe occupation number, will be
either a positive integer or zero. The consequearidhis, as is well known in
guantum mechanics, is that even when there arescibations, i.e.n =0, there

IS a zero-point motion, with an associated energpwn as the zero-point
energy. These quantised lattice vibrations aredghonons, as an analogy with
the quanta of electromagnetic radiation, photonsthérmore, if one mode of
oscillation is in thenth state, it is said that there arggphonons of that mode. If
there is a transition of energy state by a phomn@n,a change of occupation
number by, for example) to (n+1), or (-1), it is said that a phonon has been
created or destroyed, respectively.

Solutions of the equations of motion for a systsoth as masses
connected by springs, with associated spring cotstae.g. F = MX, can be
found, and are known as phonon dispersion relatitinss found that for a
monatomic linear chain, i.e. with one atom in thiengtive cell, the frequency of

a mode of vibrationp, will be

1

o :(iﬂ—CJ(l—cos(Ka)), or a)(K):Z(%jz sin(1 Kaj, 211

2
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whereC is a constant related to the spring force constdnis the mass of an
atom, anda is the lattice constant. Plotting thisas a function oK produces
figure 2.1.1. Certain interesting physical consexges can be drawn from this

. - + L
result. The function repeats eveiztyq, over the range—77 to _n’ which is the
a a a

same region as the Brillouin zone — the regionsreviiee wavevectors of lattice
vibrations have valid values. Furthermore, duehi translational symmetry of
the system, the wavefunctions of particles witlia system, such as electrons,
are periodic and only defined over the BrillouimeoWherK is small, sin(*a)

— YKa, so the frequencies are linearKn At the edge of the Brillouin zone,

when K =7 (and when A =2a), the maximum frequency is found, i.e. no
a

waves of higher frequency can propagate.

o (K{

I T T 1
-2n/a -m/a 0 +n/a +2n/a

K

Figure 2.1.1 — Phonon dispersion relation for a aomic infinite linear chain of atoms, as in

equation 2.1.1.

If the primitive cell of the lattice were to haveed atoms, such as in
diamond, the dispersion relation will have two $olns, each of which is
identified as a branch in the vs.K plot. The lower frequency branch is known
as theacoustic branchbecause the displacements of the atoms in thisenobd
vibration are similar to that of sounds waves (itudjnal). The higher frequency

branch is known as thaptic branch because in these vibrational modes, the two
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atoms in the primitive cell are displaced in oppmsiirections; this, if the atoms
were of opposite charge, would produce oscillatidgpoles and hence
electromagnetic radiation would be able to couplehese modes of vibration.
More generally, for a three-dimensional lattice h#és been shown that for a
primitive cell withn atoms, the dispersion relation hasl@anches: 3 acoustical
branches and (8- 3) optical branches.

With the physics of lattice vibrations in mind, takectronic aspects of a
crystal lattice can be approached. Describing tebabiour of electrons in
covalently bonded crystals is a problem which carelased by considering the
translational symmetry of the system. Before apghiowy this problem, first
consider what happens to the electronic wavefunstiof independent atoms
when bonding.

When an atom is independent of other atoms anehpats, its electrons
occupy discrete, quantised energy levels, as degtrby the solutions (i.e.
wavefunctions) of the atom’s Schrédinger equatids. two similar atoms
approach one another their electron wavefunctiegnbto overlap; the energy
levels of the electrons of both atoms will be pdréal such that no two electrons
in the molecule occupy the same energy state. isf were not so, the total
wavefunction of the system of electrons, whichhe product of each single
electron wavefunction, would equal zero (i.e. tla@lPExclusion Principle). In a
many-atom system, this subtle shifting of energgtest produces almost
continuous regions of valid levels, which can bensas bands.

Within a crystal, the electronic behaviour wilfleet the structure; a first
approximation to this is to treat the electronmas-interacting bodies moving
through a potential which is an average of the mckof all the other valence
electrons, the core electrons and the nuclei. Ehisnown as the independent
electron model. Whilst it ignores the interactioh tbe valence electrons, it
provides a good first approximation. There are ways of approaching this: the
first is to consider the electrons as attachedh¢onuclei, and the wavefunctions
split over these; the second is to consider thetreles as nearly free particles,
existing with plane-wave distributions and movingai periodic potential caused
by the nuclei. Thus, the wavefunction (known asl@B function) of electrom,

with wavevectok, can be expressed as
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v, =(NQ)? U, (r) exdik ), 2.1.2

whereN is the number of unit cellg? is the volume of the unit celt, is the
position vector, andJ is the periodic potential due to the nuclei, aedatibes
the unit cell and its atomic properties. The plamaare function describes the
behaviour of the electron across the crystal.

The approach which emphasises the plane wave paguation 2.1.2 is
called the nearly free electron model. The valillitsons of this model, when a
small atomic potential is applied, correspond te tlange over which the
Brillouin zone exists. The approach which emphasidee atomic nature of
equation 2.3 is known as the tight-binding appration, the results of which
qualitatively produce band characteristics, sucHistortions of degenerate band
structures due to relativistic coupling of the sp@ind orbital motion of the
electrons (spin-orbit coupling).

It can be seen that the electron wavefunctions th&eform of running
waves and obey periodic boundary conditions defingdnteger multiples of

27 . . . e
——, wherea is the lattice constant. This condition is compé&ao that for
a
phonons, above, in an infinite linear chain modeltle Ilattice. Within the
- " . . : +2n
periodic boundary conditions, i.e. between, notred,integer multiples oF—,
a
the wavefunctions are within the allowed Brillowones. At the condition of
. . . : +2n
Bragg reflection of the waves, i.e. at the integeultiples of ——, the
a

Schrddinger equation has no wavelike solutionstead, the wavefunctions
become the sums of two standing waves, denotedyandy(-). Fory(+), the
probability density has maxima at the ion coresl, mmnima equidistant between
them. Fory(-), the probability density has maxima equidistatween the ion
cores, and minima at them.

The band structure of crystal lattices can nowygagned as consisting
of two major bands known as the valence and cormubiands, with a band gap
between them. The valence electrons of the latioens have wavefunctions
valid within the valence band, and for any electtontake part in electrical

conduction, its wavefunction must be made validhimitthe conduction band.
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The band gap is a forbidden zone for valence elestdue to Bragg reflection
causing non-wavelike Schroédinger equation solutidthgwever, around point
defects the electric potential field is distortesgd section 2.1.3), therefore the
wavefunctions are not limited by Bragg reflectiamanay be valid within the
band gap.

Band structure helps to explain the classificatioh metals (i.e.
conductors), semiconductors, and insulators: cawndsichave an overlapping
valence and conduction band, making conductiortiefit; insulators have a
band gap which is too large for electrons to bentladly excited into the
conduction band; semiconductors have a band gaphwiki smaller than an
insulator’s, so that electrons can undergo theewaitation into the conduction
band at high enough temperatures.

At low energies, the band energy states will bledilsequentially until
the valence electrons of the system are exhaubkedhighest energy state which
is filled at low temperature is called the Fernvidk this is useful to know, for if
an impurity atom is present in a crystal, and theber of electrons in the unit
cell changes, then the Fermi level will move tovgatide conduction or valence
band. This is an important phenomenon in the olasienrv of certain defects, for
example, the neutral and negatively charged nitrageeancy [Mita (1996)]; for
further discussion, see Collins (2002), and se@idr3.
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2.1.2 Interaction of light with the diamond lattice

Theoretically perfect diamond is transparent totphs with energies up to ~ 5.5
eV. This is because the crystal is composed ismatlp of covalently bonded
carbon atoms, with a homogeneous electric charggeildition. This leaves no
electric dipole moments with coupling energieshia above range. There is an
exception to this, however: vibrations of the ktican induce electric dipoles
over the range 165 to 495 meV (see figure 2.1.B)s 1S known as lattice or
phonon absorption.

Absorption coefficient (cri™)

0 0‘.1 C".Z (;.3 6.4 6.5 ‘0.6
Energy (eV)
Figure 2.1.2 — Lattice absorption of high-puritygpée Ila CVD diamond at 77 K [this work].

The upper energy limit of the diamond transparenirydow, at 5.48 eV
(at 300 K) [Zaitsev (2001)], is the energy at whitle valence electrons are
excited across the band gap and into the condubtaod. This is observed as a
sharp cut-off in the absorption spectrum, whereohéythis point, the absorption

of photons is very intense (figure 2.1.3).
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Figure 2.1.3 — Upper limit of the absorption windofva type lla natural diamond at room
temperature [this work].

Perfect diamond would display an absorption spettias described
above — featureless except for the intrinsic akigwrp In reality, however,
defects within the crystal can produce opticallysetvable effects such as
electronic transitions with energies below 5.5 eMhich can be seen in
absorption and emission spectra (for example, édut.4). The various types of
defects found in diamond, and their effects, aseused in section 2.1.3. It is
useful to understand how some of the defects camerdduce the effects
observed; of primary interest in this work are palefects (atomic-sized defects)
— what happens when they make transitions to ekatates, and when they
subsequently relax. This will be discussed in secf.2, and will be useful for

an understanding of the data presented in latgrtela
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Figure 2.1.4 — Typical cathodoluminescence specfram an as-grown single-crystal CVD
diamond.

A theoretically pure, homopolar, isotropic covalgnbonded crystal,
such as diamond or silicon, would have no eleclipoles present at low enough
temperature for the nuclei to be considered statignas the electric charge
density would be homogeneously distributed dudecssiymmetry of the lattice.

As discussed in section 2.1.1, however, evenvatdéonperatures thermal
energy causes vibrations of the nuclei, creatingnphs. These can distort the
electric charge distribution allowing photons toupte to the lattice. This
phenomenon can be understood by considering thetrieladipole moments
created by the vibrating lattice. Additionally, sensimplifying assumptions,
known as the shell model, can be used to help geoa qualitative physical
description: under this model, the nuclei in thitida can be treated as masses
bonded by springs to each neighbour. Each nuclense considered to have a
hollow sphere of electrons bound to it by spririggsch sphere of electrons is also
bound to the electron sphere of its neighbouringeus by springs, so that the
lattice can be seen as something like that of &ég2rl.5 [Elliot and Gibson
(1976)]. The assumption is made that the nuclehaewvy relative to the electron
spheres, and that the electrons respond harmoniadl instantaneously to the

motion of the nuclei via the springs.
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Figure 2.1.5 — Schematic depiction of the shell ehad an atomic lattice, after Elliot and Gibson
(1976). Grey-filled circles represent nuclei, amglied circles represent electron spheres. See

text for details.

First, consider the presence of one phonon in @otimetically perfect
diamond lattice: it can be seen via the shell maihelt this produces a
displacement of the electron spheres. Howeverchiaege distribution is merely
translated homogeneously with the movement of tleden More quantitatively,
the expansion of the dipole moments for a modehdiad-like lattice shows that
there are multiple orders of moment, and that thefficients of these are not all
independent due to symmetry considerations, i.enesecoefficients can be
grouped according to symmetry operations. It imtbthat the first order dipole
moments vanish due to the inversion and translatieariance of the unit cell of
diamond [Lax and Burstein (1955)]. This means tha phonon alone cannot
create electric dipoles associated with the lattice

Next, if two phonons are present, the interachetween them can result
in anharmonic oscillations of neighbouring electr@pheres, causing
inhomogeneous charge distributions and hence elatipoles. The mechanism
can be seen as one phonon momentarily inducingaegehby displacing the
electron spheres. Whilst this would normally theanslate homogeneously, as
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mentioned above, if a second phonon is presenarit “catch” the disturbed

charge and cause the electron spheres to oscillaecreating a dipole moment.
In terms of the dipole moment expansion, this ismfibby examining the second
order moments [Lax and Burstein (1955)]: this carsbmmarised compactly as

M =x.Cx,, whereM is the electric dipole moment that is created wtien

mode X induces a charg€, which is subsequently set to vibrate in the mode

X .

It would be reasonable to expect that if there bantwo phonons
interacting to produce dipole moments associatetth wie lattice then there
could be interactions involving three or more. ledlediamond shows phonon
absorption bands over the region 330 to 495 me\¢ravthree phonons would be
expected to interact (165 meV being the maximunnphcenergy in diamond).
These can be considered to occur from third ordements. Silicon shows
absorption due to two and three phonons, and gipeaas to display absorption
due to fourth order moments [Litvinov et al (2000ligher order phonon
absorption in diamond and silicon may not be olestas the multiple phonons
could reduce to combinations of two, three and fthonon interactions.

As may be expected, the combination of modes iratlgan be many
and complex. It is found that selection rules castthe dipole moments to
certain modes — the two phonons involved cannagirate from the same
branch. Furthermore, the second order momentste@thonon transitions, i.e.
the creation and destruction of two phonons (th& forder moments produce
single phonon transitions, but these go to zero usymmetry reasons, as
above). This produces two bands in the lattice gih®m spectrum: a summation
band, and a difference band, of the two phononslwed in the interaction. For
example the induced second order dipole momenesponding to a transverse
optical and transverse acoustic (TO + TA) phonaeraction can be observed in
figure 2.1.6 as the most intense absorption peagedo 600 cf Assignments
for each peak in the phonon absorption spectraiashahd and silicon can be

made, see for example Yu and Cardona (2001).
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Figure 2.1.6 — Lattice absorption bands of silicatryarious temperatures, after Collins and Fan
(1954).

The lattice absorption spectra of diamond and ailican be seen in
figures 2.1.2 and 2.1.6, respectively. These figusbow the two and three
phonon absorption regions. The sample used to medse absorption in figure
2.1.2 is a high-purity CVD synthesised diamondtype lla, and it can be seen
that the one-phonon region (below 165 meV) is frem absorption features, as
predicted. Diamonds of type la, containing aggregjatitrogen impurities, show
absorption features in what is then called the dafeluced one-phonon region.
This is because, in terms of the shell model, teetec charge distribution
around a defect may be different to that aroundoitsl lattice region, so one
phonon alone can perturb the electron spheres anmumduce electric dipoles
localised at the defect. This is demonstrated guré 2.1.7, the absorption

spectrum of a high nitrogen concentration natwyaé taB diamond.
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Figure 2.1.7 — Near-infrared absorption of a higlogen concentration natural type laB
diamond at 300 K. Nitrogen concentration estimatgee 1300 ppm.

Finally, it is worth noting the effects of tempens on the lattice
absorption. Collins and Fan (1954) investigated thi silicon (figure 2.1.6),
germanium and diamond and found that the absorjptiemsity is a function of
the average displacement of the nuclei. Whilst télationship holds in general,
Lax and Burstein (1955) proposed that at tempezatwell below the Debye
temperature,ksT << fiwmax (Where kg is the Boltzmann constan® is the
temperature andwmax is the maximum phonon energy), the average phonon
occupation number becomes much less than one. Mmbkens that at these
temperatures there are no phonons present in theeJaand it is only upon
examination of the crystal by absorption spectrpgdbat phonons are created —
by the absorption of photons. The mechanism far ¢lain be understood as the
presence of the photon’s oscillating electric figlducing a small perturbation in
the electron spheres as it passes through theelattinich changes the charge
distribution and creates dipoles. These in turntyolerthe nuclei and create
further phonons, accentuating the dipole creatifflece (see, for example
Pankove (1971) and Yu and Cardona (2001)).
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2.1.3 Defects

Crystallographic defects are departures from th#unity of the perfect crystal

lattice. These can be grouped into two main categoextended defects, and
localised defects. Extended defects are structinahges in the lattice which can
extend over many orders of magnitude of atomiciggadn one, two and three
dimensions. Examples of one-dimensional defectsligtecations, where a plane
of atoms terminates before the edge of the crystateached; and screw
dislocations, where the lattice is helically rothtaround a dislocation. An
example of a two-dimensional defect is a grain llawmy, where differently

oriented growth sectors meet. An example of a tliliegensional defect is an
inclusion, where intrinsic (comprised of the consnts of the lattice) or

extrinsic (i.e. impurities) point defects precipgtainto three dimensional

structures. Figure 2.1.8 schematically demonstisiete of these.
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Figure 2.1.8 — Schematic representations of twesyyf extended crystallographic defect. In (a),
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a monatomic simple square lattice, with atoms megrted by grey-filled circles, shows a line

dislocation, where the fifth column of atoms extiegdupwards from bottom terminates after

four lattice sites; the lattice deforms and corgsupwards. In (b), a simple two-dimensional
representation of grain boundaries (red lines) sdimg growth sectors of different orientations

(represented by shading direction).
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Extended defects can have a range of effects oprtperties of crystals,
which can be particularly acute for diamond. Suadt changes destroy the
translational symmetry of the lattice. They alsstutib the otherwise uniform
electronic charge distribution of a perfect diamomattice. Immediate
consequences of these two effects are change® ithémmal conductivity and
electrical mobility, due to phonon and carrier smang [Isberget al (2002)].
CVD synthesised single-crystal diamond (of type has been found to have
thermal conductivity and electrical mobility of @ W mK* and 4500 chv™*
(for electrons), respectively.

Structural defects also present a number of imiptina for the optical
properties of diamond. Different growth sectorssynthetic HPHT diamond
often result in inhomogeneous optical absorptiod &minescence, due to
preferential defect incorporation in sectors offatihg orientation. Burngt al
(1990), Collins and Dahwich (2003), and Blagtkal (2007) have studied defect
incorporation in HPHT synthesised diamond; it waisnid that some defects are
more readily incorporated in sectors with certarrerations, such as single-
substitutional nitrogen being favourably incorperhin {111} regions. Single-
crystal CVD synthesised diamond does not involvieedintly oriented growth
sectors; however, it will be seen in chapter fivattpreferential incorporation of
defects is possible due to the growth process.

Dislocations present strain fields (see figure @.for example) in the
lattice which can affect the electronic chargerihstion around point (localised)
defects and hence broaden observed zero-phonaitivas to a Gaussian shape
[Stoneham (1969), and see section 2.2.2.1]. Thainsfields introduced by
dislocations can also split zero-phonon lines (JPlksis is demonstrated in
figure 2.1.10 [data from this work], where the mmge broad-band luminescence
centred at ~ 429 nm (~ 2.89 eV) indicates the m@sef dislocations in this
region of the sample [Yamamott al (1984)]. Inset in figure 2.1.10 is a high
resolution scan of the ZPL at 532.7 nm (2.327 e®)orded from this dislocated
region of the sample; in regions of the sample twido not show dislocation
luminescence this centre is usually unsplit. Thgmitade of the splitting of the
ZPL implies ~ 0.75 £ 0.25 GPa of internal stressngcon the defect (estimated
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using uniaxial stress data for the defect (seem®®e6t3.2.1)). See section 4.1 for

further discussion of dislocation related luminesee

e

Figure 2.1.9 — Calculated strain field of a [118lacation in silicon [Gattinoni (2007)]. Dark

blue regions indicate compressive strain, darkegibns indicate expansive strain.
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Figure 2.1.10 — Cathodoluminescence spectra afgescrystal CVD diamond, in a highly
dislocated region of the sample. Main spectrum shibv 429 nm (2.89 eV) dislocation-related
luminescence band. Inset shows a high resolutieotagm of the 532.7 nm (2.327 eV) ZPL from
the same region of the sample; note the splittintge ZPL. An estimate of the magnitude of the

stress inducing the splitting is given in the boelxt.

A few further effects of extended defects are ptasteformations
introducing optical absorption bands in the visit#gion, which vividly affects
the colour of a diamond, by giving a brown or padtouration (see Field (1992),
and Raal (1958)); and heavy dislocation densities\ye 18° cmi®) changing the
energy separation of the indirect band gap from.5- &/ to ~ 4.13 eV (see
Zaitsev (2001)).

Localised, or point defects in regular crystals é&ighly localised
variations in the perfect lattice, usually of theler of a few atomic spacings. In
diamond, these variations occur in three main fovasancies, interstitials and
substitutions. A vacancy is where an atom is mgséiom a regular lattice site.
An interstitial is where an atom is present inldtéce between the regular lattice
sites. This can be along a bond between two latites, or in another region of
lattice space. An interstitial atom which is of theme species as the host lattice
is called a self-interstitial. A substitution is @rfe an impurity atom replaces an
atom of the host lattice at a regular lattice Siteese main types of point defects
can exist independently, but can often be foundcambinations, which are

known as complexes. All types of point defects also referred to adefect
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centres or simply centres Figure 2.1.11 schematically demonstrates some

typical point defects in a lattice.
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Figure 2.1.11 — Schematic representation of sorai bgpes of point defect in a two-
dimensional, simple square lattice. Grey-fillectles represent the atoms comprising the regular
lattice. The dotted, unfilled circle representsaaancy. The shaded circle embedded between
lattice sites represents a self-interstitial. Tdmgé blue circle represents an impurity atom. Note

the deformations of the local lattice regions isp@nse to the presence of the defects.

As can be expected from the high symmetry of atalylattice, point
defects usually fit into a symmetry group, in tichbosing one spatial position
within the centre, and then performing certain syatrgnoperations around that
position, leaves the defect unchanged. This assagpsint group to a defect
centre, depending on which operations satisfy tralition of invariance; this is
an important step in understanding the atomic &iracof a centre. A powerful
experimental method of determining the symmetra oliefect is inspecting how
the zero-phonon line (ZPL, the purely electronansition) of a defect changes
under the application of a uniaxial stress. Thishoe is utilised extensively in
this work to determine the symmetry of a numberZ&fiLs observed in the
cathodoluminescence of single-crystal CVD diamondee section 2.5 for a
discussion of the theory, and later chapters feretkperimental results.

Point defects disturb the periodicity of the reguhttice, and can disturb
the otherwise uniform electronic charge distribnti€onsequently, similar to the
effects of extended defects, the thermal condugtiand electrical mobility of
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the lattice can be impaired due to phonon and erastattering [Isber@t al
(2002)]. Point defects can also deform the loctiick, which introduces strains.
Strain fields can affect the electronic transitiook neighbouring defects
[Stoneham (1969), Davies (1970), (1971)], by maddy the vibrational
frequencies (i.e. force constants) of the locaidat

Defect centres make significant contributions te thptical absorption
and emission spectra of diamond. Whilst perfecindiad would ordinarily be
transparent to photons (section 2.1.2), point defean present a deformed
electronic potential. The electronic wavefunctiafiglefects are then not limited
by Bragg reflection and their energy states castarithe band gap; within the
lattice the defects provide electric dipoles to efthphotons of the appropriate
frequency can couple. The absorption of photonh@fappropriate frequency at
a defect centre can cause the electrons of thétecenbe promoted to an excited
state. This produces two components in the opébabrption spectrum, which
are characteristic of the absorbing centre, andl @lsts environment: the purely
electronic transition, or zero-phonon line (ZPLpdahe electronic transitions to
vibrational energy levels in the excited state {th®onic band), where phonons
are created during the transition. The relaxatibra aefect centre so that its
electrons return to lower energy states, or mouallis the ground state, results
in photons being emitted which correspond to tlamdition energy, thus the
luminescence spectrum shows a ZPL; and phonontedsislaxation where
photonsand phonons are emitted from the centre (and hendbranic band is
observed). These properties, along with the onestiareed in the following
paragraph, will be discussed in greater detaietion 2.2.

The extent of the modification to the optical alpgimn spectrum, i.e.
changing the observed colour of the diamond, depepdn the properties of the
particular absorbing centres. Some defect centrag absorb light strongly,
potentially over extended energy ranges (i.e. pheassisted absorption), whilst
other defect centres may absorb only weakly, oranail. These features can be
considered as follows: strong absorption at a egstdue to a high concentration
of centres (as the integrated intensity of absomptif a ZPL is proportional to
the concentration of the defect producing that ZRLhigh oscillator strength,
i.e. the efficiency of electronic transition betweenergy states (see, for
example, Birks (1970)), and / or a high Huang-Riagsor (the natural logarithm
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of the ratio of phonon-assisted transitions to g@ronon transitions); a wide
energy range of absorption of a particular poirfiedecorresponds to photon
absorption in the vibronic band region, where thecteons of the defect are
excited to vibrational energy levels; weak or zabsorption at a centre can be
due to a low concentration of absorbing centrefwa oscillator strength, or
simply that the defect possesses no electric dspoléhe appropriate frequency
range, i.e. an optically inactive centre. It is, aofurse, possible that there are
defect centres present in the lattice which arecalby inactive, and may only be
detected by other techniques, such as electrormpaarzetic resonance (EPR)
(see section 3.6 for further discussion of EPR).

Changes in the optical emission spectrum due tectiefcorrespond to
similar phenomena as above, except that the intshratensity of luminescence
is not necessarily proportional to the concentratd centres (see section 3.2).
However, there are important differences betweeniriascence and absorption
measurements. First, some defects are opticallyeact absorption but not in
luminescence measurements (for example, the 59enitne [Davies and Nazare
(1980)]). Second, the vibronic band of defect antrsually appears different in
luminescence than absorption; this is due to viicreaoupling, and sometimes,
Jahn-Teller effects (e.g. the H3 centre; see Daiii®81) for further discussion
of this phenomenon). Despite the less quantitatateire of luminescence than
absorption measurements, it is important to utilieéh methods in order to
characterise point defects.

Particular defect centres can be present in coraténis ranging from a
few parts per billion (ppb) to hundreds of parts pélion (ppm; in diamond one
ppm is 1.76 x 18 cm®). For example, in the single-crystal CVD diamonds

studied in this work, the neutral single-substdnél nitrogen concentration,
[ N2], is of the order of a few hundred ppb (see secti®). Similar, but high-

purity material grown by Element Six displays ertedy high carrier mobilities
[Isberg et al (2002)]. Conversely, synthetic HPHT type Ib sampbtan show
[ N2] of several tens of ppm [Harlow (1998)]. It is tbemulative contribution of
many defect centres of one type — for example, @amnvay, or substitutional
nitrogen atom — which produce the observed op#&babrption or luminescence.

This cumulative effect is demonstrated in the shapiethe ZPLs [Stoneham
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(1969)]: in diamond, the observed ZPL of a type adntre will be
inhomogeneously broadened, where the transitionggn&f each centre of that
type is slightly perturbed, depending upon the ll@revironment in which each

centre is present. This will be discussed furthesaction 2.2.2.1.
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Figure 2.1.12 — Figure 1 from Mita (1996). Demoatgs the change in absorption
spectra of a synthetic type Ib diamond after neuin@diation (concentration values inset).
Spectrum (b) shows the reduction in intensity ef#37 nm ZPL (the (N-V), and the presence
of the 575 nm ((N-\VP)and 594 nm ZPLs after heavy irradiation. Thistig tb a lowering of the

Fermi level causing charge transfer from the (N-Mjaving neutral (N-V) centres.

In diamond, point defects can exist in multipleige states, even within
a single sample. Notable examples include the \@camth neutral charge state
(GR1) ZPL at 741 nm (1.673 eV) [Davies (1974b),rcland Walker (1973)]
and negative charge state (ND1) ZPL at 393 nm (BehNp [Davies (1977)]; the
nitrogen-vacancy, with neutral charge state ZPL53% nm (2.156 eV) and
negative charge state ZPL at 637 nm (1.945 eV) dMt996)] (see figure
2.1.12). A defect charge state can potentially leterthined optically by
photochromism. This is where, under exposure fut lig the frequency range of

a centre’s ZPL and vibronic band (if present), #esorption intensity of the
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centre may change, assuming that the centre pessdbhe photochromic
mechanism, of course. The process generally takesréer of hours, and is
reversible in a similar amount of time, by leavitigg sample in the dark, or
heating it. The change in intensity can be an emxeor decrease, depending on
the properties of the defect and the mechanisnreldére presently two proposed
mechanisms, which occur separately in differenedst first, that charge at the
centre is transferred to a local acceptor defectoisd that the centre undergoes a
lattice distortion causing a change in symmetryl a@nce a change in electronic
energy levels and transition energies.

An example of the first mechanism are the negdfi21) and neutrally
(GR1) charged vacancies, where exposing the NDZXreceto light at its
absorbing frequency (393 nm, 3.150 eV) causes boration intensity to
decrease, and the intensity of the GR1 absorptionctrease; as the ND1 centres
ionise and effectively create GR1 centres [Dyer ahudPreez (1965)]. An
example of the second mechanism is the 2.367 eWecén 524 nm), where
upon illumination with the appropriate frequency absorption intensity reduces
to less than 10 % of its original value; simultamgyg, an absorbing centre at
1.979 eV (~ 626 nm) increases in intensity [Collmsl Rafique (1979)].

Many author’s identification of charge states ofefetts via
photochromism often assumed that the defect’s ibquin charge states, prior

to photochromism studies, were due to the Fernallgwvthe crystal — as defined
by the concentration of donor atoms, i.&J] (see, for example, Mitat al

(1990)). Collins (2002), however, has shown thatstandard mechanism for the
Fermi level varying with the donor concentratiosjiasilicon and germanium, is
not valid in diamond. This is because the nitrodgenor in diamond is only very
weakly ionised at room temperature, unlike the derend acceptors in other
semiconductors. Hence, it is shown that the Feswell in diamond must be
calculated using expressions for the carrier fremgeregion, and that the level
varies very little for nitrogen concentrations &4to 10*° cm® (0.6 to 60 ppm).
Collins thus proceeds to demonstrate how the dujuiin charge states of
defects within diamond are due to their distanoenfa donor.

An appropriate defect example for this work is thi&rogen-vacancy

complex in diamond: this where a vacancy is trapgea substitutional nitrogen
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impurity [Davies and Hamer (1976), Collins and Lawg1989)]. The centre is

found in most nitrogen-containing diamonds. It asirid in untreated samples,
and can also be created in nitrogen-rich sampleasrégiating with electrons or

ions to produce vacancies, and then annealingatimple to cause migration and
capture of the vacancies at single-nitrogen defects

The symmetry of the complex is trigonal, i.e. &rakedrally bonded
substitutional nitrogen atom but with one of thairfdonds elongated and a
vacancy in place of the carbon at end of this bdime. nitrogen-vacancy bond is
extended by a factor of approximately 1.88 relativéhe nitrogen-carbon bonds
of the centre [Butorac (2008)].

The defect has been found to exist in one of tharge states: neutral and
negative. The (N-W)has a zero-phonon transition energy of 2.156 &\ ¢tm),
and the (N-V) has a ZPL at 1.945 eV (637 nm). The concentratibrihe
negative form is determined by the concentration sofgle-substitutional
nitrogen present in the sample, which acts a dombe two forms are also
photochromic (see above).

The nitrogen-vacancy is a dominant optically-actilefect in synthetic
diamond — the ZPL and vibronic band of the negativarge state is frequently
observed in HPHT synthesised samples, using PLa@l absorption spectra.
Both charge states can be seen in CVD synthesaaglss using PL, although
only the (N-VJ is seen using CL (the CL at 1.945 eV in sectighig most likely
due to self-induced PL from the CL of the 2.156 &#RL and band). Absorption
spectra of CVD diamond does not usually show thesZéf either charge state;
however they have been detected in a sample ughdiwork (section 4.4).

A summary of many of the well-understood defecttias in diamond is

presented in section 2.3.
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2.2 Optical properties of defects

2.2.1 Lattice vibrations and electronic transitions

In section 2.1.3 it was discussed how point defecesent a range of effects
upon the properties of crystals. This is partidylagvident in the optical

properties of diamond, where the intrinsic photdasaaption of the lattice is

limited to a relatively short region, which leavagstical transparency over a wide
energy range, allowing electronic transitions asged with point defects to be
easily observed spectroscopically. It was brieflgntioned that a particular
defect can display a signature absorption or lusteece feature in the optical
spectra, generally consisting of two componentsntanse, narrow peak, known
as the zero-phonon line (ZPL); and a broad bantifeaknown as the vibronic
band. These features will be quantitatively defilmdow. First, it will be of

much assistance to utilise a configurational cowmti diagram. Figure 2.2.1
shows a demonstrative configurational coordinadgmim, the features of which

will be expounded in the following text.

Figure 2.2.1 — Demonstrative configurational conatié diagram: a schematic representation of

the vibrational potentials of a defect. See texkidetails.
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A point defect in a crystal bears some compariscemtisolated molecule, in that
it has distinct electronic ground and excited stateposses vibrational modes,
although, usually in diamond, no rotational modBse vibrational modes are
defined by the bonding of the defect to the lajtiwéh the vibrational cut-off
frequency matching that of the lattice (165 meV32&ni' for diamond). The
defect can potentially vibrate at higher frequesdigan the lattice, these being
called local modes, or local vibrational modes (LSM

Each electronic state of a point defect is repriesk by a vibrational
potential, which is populated with equispaced, dgad vibrational energy
levels corresponding to the modes of vibration ret tlefect (similar to the
vibrational energy levels discussed in section1}.IThe vibrational potentials
depend upon the Coulomb interaction of the nuatei alectrons of the defect
and lattice, and hence the atomic separation. litere that the configurational
diagram can be invoked, where each electronic gnetgje of a defect can be
represented by a potential well, the energy of edclihich is a function of the
defect’s nuclear configuration, i.e. the positiaisthe nuclei within the defect
relative to an origin, which for a one-dimensiosgstem could be a separation
distance, and can be generalised to higher dimesiside origin is often defined
as the equilibrium bonding position of the nuclkeithe ground electronic state,
where the potential energy is minimised. In a sifigal picture, the ground
electronic state of defect could be representethbyblue (lowest) parabola in
figure 2.2.1, where energy increases on the vérteoas, and Q is the
configurational coordinate along the horizontakaxi

In different electronic states, the equilibriumnbong position of the
defect can be different. It can be seen that tlopegaties of a defect centre
depend on both the electronic and vibrational douations, along with the
interaction between them. This concept is refetoedariously in the literature,
for obvious reasons, as electron-phonon, electtiicé, or vibronic (from
vibrational-electronic) interactions or coupling.

The essence of vibronic coupling is that a change electron
wavefunction distribution at a defect can affe@ tbrational modes, and that a
change in the vibrational modes can affect theteic distribution. The origin

of the interaction is the mutual Coulomb attractlmetween the electrons and
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nuclei: a point defect covalently bonded to théidathas overlapping electronic
wavefunctions with its neighbours. Under equililbmigonditions, it will bond at
an equilibrium separation, where the potential gpef interaction is minimised.
The nuclei can be modelled as masses joined bygspriwhich perform
oscillations within this potential. If the distribon of the electronic
wavefunction changes between the bonded nuclexbiya¢ion of the electrons
of a defect to an excited state, then the equilfbribonding separation will
change, the interaction potential will change, dhce the frequencies and
modes of oscillation of the nuclei will be affect@different modes of vibration
may take place, potentially creating phonons).tSam be seen that a change in
the bonding of a defect to the lattice can affbettibrational modes.

A change in electronic wavefunction distribution atdefect can be
induced by the optical excitation of its electramsexcited states; it can be
equally induced by a relaxation from an excitedrgpestate. Furthermore, a
number of other mechanisms can cause changes talttational modes and
electronic distribution at a defect, such as temjpee, which through expansion
or contraction of the lattice changes the equilibribonding separation and
hence the electronic wavefunction overlap; isotabianges of impurity defects,
which affect the vibrational frequencies and hegleetronic interaction; strain in
the lattice or applied stress (hydrostatic, i.eifarm in all dimensions, or
uniaxial), which changes the bonding separation @nailefore the electronic
wavefunction overlap.

These effects can be observed in optical spectidiamhond (and most
regular crystals), and manifest themselves in ceamngthe zero-phonon line and
the vibronic bands of point defects. The zero-pmolmes can undergo shifts in
energy, changes in shape, and even splitting dudifttog of electronic
degeneracies. These effects will be discussedeirtdiming sections, as they are
all encountered in this work.

The details of vibronic interactions will now bepésred. It must first be
stated that the Born-Oppenheimer (BO) approximatigh be utilised. To
summarise this: the qualitative manifestation e BO approximation is that the
light electrons can be considered to move instaaasly compared with the
movement of the heavy nuclei. Mathematically thiseams that the

wavefunctions involving electronic and vibrationabntributions can be
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separated into the product of the variables ofrdspective parts (this will be
clarified by example later).

What is required is a quantitative description ofwhthe electrons of a
defect interact with the lattice to produce a cleangthe vibrational potential
(the interaction potential). This discussion ofreiic coupling follows that of
Davies (1981). It is appropriate to describe thaainvibrational potential of a
defect in its ground electronic state, before amgnge in electron wavefunction
takes place as

v, :%manz. 2.2.1

Here, a vibrational potential is defined for atmardar, single, dominant
vibrational mode at the defean is the mass of the mode (for example, at a
vacancy in diamond, the carbons are vibrating, @emcs the mass of a carbon
atom),w is the vibrational frequency of the mode, dds the configurational
coordinate.

Now, if the defect were to be excited such thatvialence electrons
occupy a different orbital, at enerdgyabove the ground electronic state, their
electronic wavefunction distribution changes, am@ tequilibrium bonding
separation of the nuclei changes. This can be itbescby a shift in the nuclear
coordinates, and for simplicity here, a linear @, will be applied. So in the

excited state, the vibrational potential can bedeed as

V, = E+%ma)2Q2 +aQ
2.2.2

1 a ) a
= E+Ema)2(Q+ mwzj o7
In terms of the configurational diagram, if thereres not a change iQ, i.e.
simply an increase in enerdy the excited state would be represented by the
dotted pink parabola in figure 2.2.1. However, ithg a change in nuclear
coordinates produces an excited state as représdntethe full-line pink
parabola in figure 2.2.1: this “corrected” excitstdte potential is shifted along
the Q-axis, and is now slightly lower in energy than gaential without a shift
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in Q. This reduction in energy is the motivation fore tbhange in nuclear
positions upon excitation of the defect. Quantr&ly, equation 2.2.1.2 yields the

energy reduction,

a2

E = , 2.2.3
R 2maf
and new equilibrium position of the vibrations,
-a
=_ =, 224
@ ma?

As suggested above, if the bonding has changed thigevibrational frequencies
will probably also have changed, as the strengtbasfding to the lattice will
probably have changed. In the configurational dciagmodel, the energy levels
of the vibrational modes are equispaced withinpgbtntial wells, thus a change
in frequency of a mode is caused by a changhapeof the potential. This can
be found by including a quadratic shift in nuclezoordinates,bQ? upon

excitation of the defect. The excited state vilomaai potential is now

V,'= E+%ma12Q2 +aQ+bQ?

_ 1 a 2_ a
B E+(§mwz+bj(Q+maf +bj oma? +4b

, 2.2.5

Plotting a representative version of this new wbral potential on the
configurational diagram of figure 2.2.1 produces freen potential, where it is
clear that the sides of the parabola have becoeepsat, relative to the ground
state potential; this has changed the energieheivibrational energy levels,
when taking the bottom of this excited state poétras a relative zero. From
equation 2.2.5, the vibrational frequency of thendwant mode (previously) is

now

Q:((,f +2_bj2, 2.2.6
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With the properties of the vibrational couplingadsished, it is now possible to
explore how these contribute to the observed vdmat spectra. The first
component of the absorption or luminescence spadtra point defect is the
zero-phonon line. This is composed of all of trensitions between the ground
and excited, or sometimes excited and excitedestathich do not involve a
change in vibrational quantum number (the “redhs&igon in figure 2.2.2). A

transition between electronic energy states reguire absorption or emission of

a photon, the energy of which is

hy, = E + %Z(ha)ei ~hayy), 2.2.7

whereE is the energy separation of the electronic stated,the summation is
over the changes in energy of each pair of vibnalidevels bearing the same
vibrational quantum numbei, in each electronic state. This sum would be zero
if the ground and excited state potentials hadstme shape. More properties of

the ZPL will be discussed in section 2.2.2.
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Figure 2.2.2 — Schematic diagrams showing eleatrivansitions between energy states of a

defect. See text for details.

The second component of the absorption or lumerese spectra of a

point defect is the vibronic band. This is composddtransitions between

electronic energy states where the vibrational twrannumber changes (the

“blue” transitions in figure 2.2.2). Again, transis between electronic energy

states require the absorption or emission of agshdtowever, additionally, the

change of vibrational quantum number creates phsmras electrons are excited

to, or relax to vibrational levels, the correspargdimodes of vibration are

initiated, creating phonons in the lattice. Thesngitions are often called

phonon-assisted. Non-radiative transitions cancaafrse, take place within an

electronic state, where electrons are excited,etaxr within the vibrational

potential,

exclusively creating phonons.

transitions would be discrete, as in figure 2.2.2.

The vibronic wavefunction of a defect can be wnitées
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w(r.Q)=2,(r) x.(Q), 22.8

wheregg(r) is the ground electronic state wavefunction, @) is vibrational
wavefunction, or harmonic oscillator, in the lowesbrational level, 0. A
simplification is made here that the electronic @fanction is independent J,
as non-degenerate electronic states in equilibrdinbe sufficiently spaced in
energy as to be non-interacting under nuclear wdora. However, in reality
there may be slight interaction, and under the ieppbn of uniaxial stress,
interaction can occur (see section 2.5). This ditoption will not be explored
more in this section; see Davies (1981) for furtiscussion.

The probability of optical transitions between twibronic states, which
for present purposes will be from the lowest legklthe ground state (as in
equation 2.2.8) to thath vibrational level of the excited electronic stats

proportional to the square of

[[#.(r)x, (@-Q,) D 4,(r) x,(Q) drdQ, 2.2.9

where an asterisk indicates complex conjugatiod, nepresents the electric-
dipole operator. Note that the excited state vibra wavefunction is in terms
of the adjusted nuclear coordinat€s;- Qo. Factorising equation 2.2.9 into the

electronic and vibrational parts yields

[#: () D gy (r)dr [ X, (Q-Qu) xo(Q)dQ. 2.2.10

The electronic part can, in principle, be estimdtedh the radiative decay time
of the transition, and the vibrational part is theerlap integral of the harmonic
wavefunctionsMo,. So, the vibronic band will consist of a seriesdigcrete

energy transitions, equally spaced in the optipattum as a function of phonon

numbern:

hv,, = E-Ez; + nhw. 2211

The intensity of each transition is defined by sindution to the vibrational part
of equation 2.2.10, and takes the form of a Poiskstnibution,
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|2 =SnLd_S) 29212

Mo, ,
the argument, S, known as the Huang-Rhys factdhesneasure of how much
of the total transition probability at the centieslin the ZPL. This can be found
from the experimental spectrum by measuring the ddtthe integrated intensity
of the vibronic band to the integrated intensitytteg ZPL, and taking the natural

logarithm of this. Quantitatively, the Huang-Rhgstor can be expressed as

a’ E
S= =R 2.2.13
2mhe?  how

where the vibronic band shape defined by this $risingle-mode coupling at

the centre, characterised by the frequency of tlhdeyw, the corresponding

mode massm, and the induced lattice distortioa, Single-mode coupling at

centres in diamond is rare, and even then, thewribrband transitions are not
discrete in energy, but broadened in a similar reatimat the zero-phonon line is
not a discrete transition. Multiple-mode couplirsgnnore common than single-
mode, where the above expressions can be easilgrajmed (see Davies

(1981)). The observed vibronic band then becomesdmvolution of the many

modes at the centre. Often, in diamond, vibroniwdisaare observed which show
couplings to a few dominant (usually highly symn@tphonons in the allowed

energy region (0 to 165 meV). So to generate amrggovibronic band, the one-

phonon band spectrum would have to be generateg esjuation 2.2.1.12, and
following the generalised equations for multipledgeaoupling, a convolution of

the many modes would be required.

The above quantitative discussion has been lintdgetkfect centres with
non-degenerate electronic energy states which eowpl totally symmetry
vibrations. This is because degenerate states wuantichave their degeneracy
lifted by symmetric vibrations at the centre (sextion 2.5 for the group
theoretical explanation of this).
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2.2.2 The zero-phonon line

2.2.2.1 Shape of the zero-phonon line

As briefly discussed in section 2.2.1, the zeronamline (ZPL) of a point
defect is defined as the sum of all the electrdéransitions between the ground
and excited states which do not involve a changehrational quantum number;

no phonons are involved in the transitions. It bardefined as

hv0=E+% (heo, ~ ), 2.2.14

whereE is the energy separation of the electronic stated,the summation is
over the changes in energy of each pair of vibnalidevels bearing the same
vibrational quantum numbei, in each electronic state. This sum would be zero
if the ground and excited state potentials hads#me shape.

The ZPL will look the same in optical absorptiondaluminescence
measurements. According to the above definitios, ZRL would theoretically
appear as a discrete absorption or luminescencet,ewdth a well-defined
energy. In practice, however, the ZPL of a defecbhserved as a peak with a
definite width (in the CVD diamond studied in tmsrk the ZPL full widths at
half maximum height (FWHM) were found to be in tteage 0.5 to 1.5 meV
(see section 4.3)). There are a number of contabsitto this broadening from a
discrete transition: the lifetimes of the energgtest of the transition; thermally-
induced broadening; and strain affecting the defébiese will be discussed
below. Additionally, the resolution of the spectreter can artificially broaden a
peak, so it must be ensured that the effectivenstith is much less than the half-
width of the peak observed, in order to obtain ecueate measurement of the
peak.

The finite lifetimes of energy states of a defeidl cause a broadening of
the zero-phonon transition, as the defect will rema any given excited state
for a finite time, which is characteristic of ttetate, until there is a change in the

expectation value of the state (i.e. the energg-tionmulation of the Heisenberg
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uncertainty principle). In diamond, many defecttoes are found experimentally
to have radiative lifetimes of the order of tensxahoseconds, with non-radiative
lifetimes (transitions between vibrational levelghin electronic states) being of
the order of 18 ps (see Zaitsev (2000) for examples). A radidifeéime of r =

10 ns translates into an observed spectroscopisitian with FWHM,I", of

r =L = 41x10™* meV, 2.2.15
re

whereh is Planck’s constant and e is the electronic ahaftpus it can be seen
that lifetime broadening contributes minimally teetbroadening of a ZPL.

Thermal broadening produces very evident changése observed ZPL,
and is discussed in section 2.2.2.2. However, etdgemperatures below liquid
nitrogen temperature (~ 77 K), the ZPL is seendweha very definite width,
which expands with increasing temperature. It eaclthen that to identify the
thermal broadening contribution to the linewidthe tinitial shape of the line
must be first subtracted. The question then, ofldlnetemperature ZPL shape,
remains; it has been shown to be answered by ensidthe strains of the local
environment of the point defect.

Stoneham (1969) approached this issue by consglénat there are two
types of broadening of zero-phonon transitions iattice: homogeneous, where
all of the defect centres of one type in the lattproduce transitions which
possess the same peak energy and width, the wedtly defined by the lifetime
of the states, as above; and inhomogeneous, whehedefect centre of one type
produces a transition with a slightly perturbedkpenergy, yet similar widths —
although the width of each transition is appregidéss than that of the observed
ZPL. The perturbations originate from the local iemwment in which each
centre exists, and are caused by random straitieitattice from neighbouring
defects, and also potentially from electric fields.

In a real diamond crystal, where defects are comitwoughout the
lattice, it is likely that the broadening will prarly be inhomogeneous, with
small homogeneous contributions. Furthermore, mdiamond is a homopolar

crystal, there are no random electric fields (othan those from defects), and so
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the inhomogeneous perturbations will originate preshantly from the strains in
the local lattice environment of a defect.

Stoneham utilised thatatistical method to evaluate the issue. This
involves three assumptions: first, the transitiovergy of the defect centre is
linear in the local strain. This means that thedimape A distribution) can be
calculated explicitly by calculating the distribwti of the strain; second, the
contribution to the broadening by the defect centausing it, add linearly; third,
the defect centres causing the broadening are tagtat@d with each other.

Davies (1970) identified that the perturbation tecwonic transitions
between non-degenerate states of defect centreBamond is linear in the
applied strain. This satisfies the first approximatof the statistical method,
making it a suitable approach to analysing zeroaphdransitions in diamond.

The statistical method yields a number of importamtl experimentally
useful results. Stoneham derived the general zeooiqn lineshape for a general,

uncorrelated defect distribution (as yet undefias@xtended or point defects):

(€)= %Tiexdixg)exr(— pJ(x))dx, 2.2.16

wheree is the strainp is the defect density, andis a variable with no physical
significance. It is acceptable to express the hapsl as a function of the strain

because of the first approximation of the statidtimethod.J(x) is defined as

J(x)= J' p(z)[1-exp(-ixe(2))] dz, 2.2.17

wherep(2) is the probability of a particular defect configtion. The limit of the
observed lineshapes is found, by moment analysignd to Gaussian; however,
they rarely are so, due to odd-parity moment irdksgivanishing, causing
asymmetries in the moments.

Two distinct practical results follow from thesepesssions. First, if the
local lattice of the optically active defect centrader study is populated by
dislocations, then th@(z) function will cause the observed lineshape to be
Gaussian. Second, if the local lattice is populdggboint defects, then thxz)

function will cause the observed lineshape to behtzian.
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These important results were expanded by Davig@g0)] where it was
shown that for natural diamonds, the most commoeshape for zero-phonon
transitions lies between Gaussian and Lorentzi&e: bi-Lorentzian, with

intensity function

1(v)= ('8+(V61V0)2)2 , 2.2.18

wherea scales the entire functiomg is the peak position angl determines the
width of the peak. Thg parameter is related to the FWHN],by

ﬁ:(_jz, 2.2.19

whereC = 2J(\N2 —1).

Whilst dislocations can vary slightly in structuaed nature, there is
greater variation in point defects within a lattid@ifferent species of point
defects will affect the observed lineshapes ofaaiify active defect centres, via
the strains they introduce, by a simple convolutainthe resulting intensity
distributions that would occur separately. This esmfrom the second
approximation of the statistical method, that tleatdbution of defect centres
adds linearly. This is observed in practice in i@y asymmetrical ZPLs seen
in diamond.

These results are important in an experimentadesgparticularly for this
work, in that performing a fit to a zero-phononelirs not simply a peak-fitting
exercise to obtain position and width informatibnt is in fact an investigation
of the local environment in which that defect centesides. The method of peak
fitting used in this work is to perform a least-ages fit to the experimental data
with a Pearson VII function, by varying tpdactor. Ap factor of one produces a
Lorentzian shapgy = 2 produces the bi-Lorentzian shape, pré « produces a

Gaussian shape. The Pearson VII function is [Padk®il6)]
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2.2.2.2 Temperature dependence

The zero-phonon line is highly temperature depetderterms of its intensity,
peak energy, and width. In a hypothetical diamoystesn with a point defect
undergoing single-mode, totally symmetry vibratiooaupling, only the lowest
vibrational level of the ground electronic statg@pulated at zero Kelvin. With
increasing temperature, the vibrational levelscm®upied according to the Bose-

Einstein population term

_( r{th ! 2221
1-ex
kT

wherew is the frequency of the single-mode phonon cogpéihthe centrej is
the reduced Planck’s constark is the Boltzmann constant, and is the
temperature. As the temperature increases andrtevibrational level of the
ground state becomes occupied, the intensity oZte will vary depending on
the ratio of the zeroth and first solutions to twerlap integrals of the harmonic
wavefunction Mo andM; (section 2.2.1) [Davies (1981)]. M}1f* / Moof* < 1,
the ZPL intensity will decrease; Mpi* / Moof = 1, the ZPL intensity will be
independent of temperature; Ms* / Moof* > 1, the ZPL intensity will increase.
These ratios are inherently dependent upon the ¢i#Bduys factor of the defect
centre.

Generally, the zero-phonon intensity(T), will decrease with increasing

temperature, according to

Dex;{ [1:(@)(en(wT)+1)dw|, 2.2.22

where the integral is over the full range of phof@guencies in diamond (0 to
m = 165 meV), and,(w) is the one-phonon vibronic band, which is defined
again, by the solution of the overlap integral bé tharmonic wavefunction

(equation 2.2.10 of section 2.2.1),
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? _S"exp-S) 2.2.23

jln(a))da)=|MOn "

Variations of ZPL intensity are independent of ttype of vibronic
coupling at the defect, i.e. linear or quadrati@wdver, changes in the peak
energy and linewidth require quadratic contribusida the coupling (see section
2.2.1): under the condition that the propagatioton§-wavelength lattice modes
are unaffected by a particular defect, then thedrpie strains at the centre
become proportional to the linear strains, and lmacome evident in the zero-
phonon line upon variation of temperature (see &av{1981) for further
discussion).

Strictly, the contribution to the shift of a ZPL'seak energy with
temperature comes from the lattice-coupling induskdft and the thermal
expansion of the lattice, as a change in latticestant changes the energy of the
band gap, and also the energy of the electrontesstt a defect; this effect is
small yet non-negligible. Thus, the peak energg @PL at a given temperature,
T,is

hv(T)=hv, +u(T)+L(T), 2.2.24

wherehv is the zero-phonon energy at zero Kelvin (equationl12.2f section

2.2.2.1)p(T) is the lattice-coupling contribution, given by

u(T)= cTwzll(w)n(a),T)da), 2.2.25

0

where c is a constant; this expression comes from the gdhan vibrational
frequencies with temperature at the centre (se#éose@.2.2.3 for further

discussion)L(T) is the lattice expansion contribution, given by

L(T)= A(cll+2c12)].a(T)dT, 2.2.26

0
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whereA is the shift rate of the ZPL under hydrostaticsgtee (can be interpreted
for uniaxial stress datag;; andc;, are the elastic moduli of the perfect lattice,
and a(T) is the coefficient of volume expansion of diamoRdr reference, the
values of the elastic moduli of diamond atie = 1079 = 5 GPag;, = 124 £ 5
GPa,c44 = 578 £ 2 GPa [McSkimmin and Andreatch (1972)]e Toefficient of

volume expansion of diamond is [Krishnan (1946)]

C
a(T)=y® v
0

, 2.2.27

wherey is the Grineisen constant of diamond=(1.1 for temperatures below
300 K), X is the compressibility of diamong@,, is the specific heat capacity of
diamond, andv, is the atomic volume of a carbon atom. Krishnaapgroach
was to measure the change in lattice spacing asaidn of temperature, via x-
ray diffraction. Slack and Bartram (1975) have ddteat it is satisfactory to use
(for cubic crystals) the length, of one side of the crystal as a function of
temperature, as the deviation between lattice sgaand crystal length as a
function of temperature is only significant at higimperatures. Thus, Slack and
Bartram define the coefficient of lattice expansasn

d(|n|)_

o(T)="4r

2.2.28

Data fora(T) are fairly coarse in resolution in the availapléblished work, but
are summarised in table 2.2.1. In practice it wobédappropriate to define a
suitable function to fit to the data, of a simifarm to the variation ofi(T) in
Krishnan’s work, in order to interpolate betweere tlata points (see, for

example, figure 2.2.3).
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Temperature (K) a (x 10° K™D

0 0.00
100 0.00
200 0.45
300 1.05
400 1.79

Table 2.2.1 — Variation of the coefficient of ladiexpansion of diamond with temperature, after
Slack and Bartram (1975). Errordrestimated to be £ 15 %.
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Figure 2.2.3 — Example fit of a quadratic functtorthe coefficient of lattice expansion data, in

order to interpolate between data poin(d) = (1.221x10%)T? — (3.332x109T.

The full width at half of the maximum height (FWHM), of a ZPL at a
given temperature is

r(T)=d [l (@h(wT)(newT)+1)do, 2.2.20

0

whered is a constant. This is also a result of quadnationon-coupling at the
defect. The true low-temperature width of a ZPLdetermined by the strain
environment in which the defect exists (see the&ipus section). Zero-phonon
lineshapes change minimally below approximately KBQDavies (1970)]; at

temperatures above this, the contribution of thérbraadening needs to be

accounted for.
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2.2.2.3 Isotopic substitution

Isotopic substitution in a crystal is a powerfulthw of obtaining information
about point defects within the crystal. For thisb effective, control over the
growth process is crucial. In diamond, both higlesgure high temperature
(HPHT) and chemical vapour deposition (CVD) synihiesan incorporate
elemental isotopes other than the most naturaliydént. For example, samples
can be grown using carbon-13 rather than carborwh®;h is known as host
lattice substitution. Additionally, both synthesmethods can include minor
element isotopes, commonly nitrogen-15, boron-1@uterium, and silicon
isotopes — the natural abundance counterparts ofhwhre the dominant
impurity elements in diamond.

Isotopic substitution of the host lattice manigegself in changes in the
energy of zero-phonon lines (ZPLs), vibronic baraig] local vibrational modes
(LVMs) of point defects. Information is revealedoaib the vibrations taking
place at the defect, analysis of which can iderhg/type of atoms vibrating, the
type of bonding, and the vibrational modes takilage.

Impurity element isotopic substitution can be ewdin energy changes
of vibronic bands and LVMs (see, for example, Woaasl Collins (1982),
Collinset al (1987), Collins and Woods (1987), Colliesal (1988), Collins and
Lawson (1989), Collingt al (1993)). Changes in energy of ZPLs due to isotopic
effects may be observed if careful spectroscopiasmeements are made: a ZPL
will undergo a shift in energy if the defect cenpreducing the ZPL involves an
impurity element which has been isotopically sub&d. The origin of the shift
is the change in vibrational frequencies at theéreedue to the change in nuclear
mass; the ZPL is a transition between vibration&irgy levels of the defect,

1
v, =+ 23 (e, = hay ), 2.2.30
wherehy, is the ZPL energyk is the energy separation of the electronic states,
and the summation is over the changes in energgaoh pair of vibrational

levels bearing the same vibrational quantum nuniben, each electronic state.
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Hence a change in vibrational frequencies causdsage in zero-point energy,
thus changing the transition energy.

In host lattice isotopic substitution, the origihthe total shift in energy
of the ZPL is threefold [Collinst al (1988)]; the same contributions are valid for
impurity element isotopic substitution, howevermso can be discounted as
discussed below. This is relevant to the presenkves it is the effects of
impurity element (nitrogen-15), rather than hostida isotopic substitution that
have been investigated.

The first contribution, known as the “static” shii the isotope-induced
change in volume of the lattice, which comes frdm thange in zero-point
energy of the vibrational modes of the lattice. €ivthe low concentrations of
nitrogen impurities in this type of material (siagdubstitutional nitrogen is of
the order of a few hundred ppb), the effect of Netbthe vibrational modes of
the lattice is negligible.

The second contribution, the “dynamic” shift, isetisotope-induced
change in zero-point energy of the electronic stateéhe transition. The effect of
nitrogen-15 on the vibrational modes at the cewitebe non-negligible, as the
vibrating masses at the centre will have differgaguencies; hence the zero-
point energy of the electronic states will be afbelc and so the dynamic aspect
of the shift makes a significant contribution tce tbbserved shift. The same
effect will occur from host lattice isotope subgiibn. Following Collinset al
(1988), an excitation of the electrons of a defeentre will change the
vibrational frequencies in the ground and excitiadlesof the centre; the function
g(w)dw can be used to represent the change in vibratifveglencies in the

ground state betweento w + dw. The change in zero-phonon energy is then

1 Wn Wy
Ahv =2 [gsdw- [g,,dw|, 2.2.31
0 0

whereg;, is the change in vibrational frequencies at th&reeinvolving isotope
"N. The integrals are over the entire frequency eanjthe defectd,), i.e. all
lattice modes and the local vibrational modes (LYM#$e effect upon the lattice
modes can be determined from the temperature depeadf the energy of the
ZPL, as
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Ahv(T):Tg(w)n(w,T)dw, 2.2.32

wheren(w,T) is the Bose-Einstein population term (equatioh. 2L of section
2.2.2.2). This expression can be evaluated as uatem 2.2.25 of section
2.2.2.2, forg(w) may be approximated tow™ |(w), wherec is a constant(w) is
the one-phonon sideband, as defined by equatiomatiequ2.2.23 of section
2.2.2.2, and the indem = 1, 2 or 3 accounts for the extent of quadratttide
coupling at the centre, and provides upper andidwwnits on the shift.

The LVM contribution can be significant, as thedbmodes are unique
to the atomic constituents of the defect, and slb vd highly sensitive to a
change in nuclear mass. However, the defects studiéhis work do not show
any LVM transitions, and so this contribution candiscounted.

The final contribution to the observed shift arisethe uniaxial stress
analysis reveals non-linear splitting of the zehmpon components. Non-linear
splitting comes from an interaction of the elecicostates during applied stress,
and is due to either a Jahn-Teller or pseudo-JatesTeffect at the centre. This
can be accounted for in the isotope-induced shjftrdralculating the stress
analysis fitting of the experimental data (see i@slet al (1988) for further
discussion of this). This effect is not observedha uniaxial stress data of the
ZPLs measured for isotope shifts in this work, andthis contribution will be
zero.

Thus, for nitrogen isotope substitution in diamotiegé sole origin of the
change in energy of the ZPL is the dynamic shife thange in vibrational
frequencies at the defect centre. The change guémcies in the ground and
excited state can be estimated from the temperadependent shift of the ZPL;
however, this does not explicitly incorporate tiamge in mass of the vibrating
components of the centre. Davies (1983) has shbanfor animpurity atom,
the change in vibrational frequencies due to a gean mass at a centre is not
given simply by the square root of the ratio of itbetope masses, as might be
expected. A computer simulation of a linear chaimaarbon atoms, with a
single nitrogen impurity, shows that for a changauclear mass of the nitrogen,

the vibrational frequencies change by
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o og_(m-m) 2.2.33
w, 2nm

where w; and w, are the frequencies of the system with a nitrotérand
nitrogen-15 impurity respectivelyyy, andm, are the masses of nitrogen-14 and
nitrogen-15 atoms respectively amds the mass of a carbon-12 atom. Using this
as the fractional change in frequencies at theregtihe energy shift can be

defined as (from equation 2.2)30

hvt —hu? =%[%j S (hey, —hea, ). 2.2.34

wherehvo' andhve? are the ZPL peak energies of the defect with gémm14 and
nitrogen-15, respectively. The summation can bendotrom the temperature
dependent shift of the ZPL, and if this is to loveeergies, then the sum will be
negative, and hence the isotope shift of a ZPL &l positive, i.e. to higher
energy.

The magnitude of the shift is determined, in pant, the number of
vibrating atomsn. Davies (1983) points out that the vibronic baatidefects in
diamond do not show sharp structure, and henc@hbaons involved must be
closely spaced in energy. Davies utilises the LaxNérayanamurti theorem,
which states that a phonon cannot decay into afsphonons each of whose
phase velocity is higher than that of the initiabpon [Laxet al (1981)]; thus, as
the energy spacing of the phonons will be less thanwidth of the ZPL, then
the 165 meV phonon range in diamond must be spabygihonons of 2 meV
spacing or less. Therefore at least 80 atoms willdguired. As a guide to the
magnitude of the shift expected for a nitrogen+i¥purity substitution, Davies
uses the N3 centre as an example, where the cadwgaift is of the order of ~
0.1 meV.
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2.3 Summary of the major optically active point dedcts

In general, a narrow (FWHM ~ 0.5 to 2.0 meV) tréiosi line observed in the
optical absorption or luminescence spectra of endia is the zero-phonon line
(ZPL) of a point defect within the crystal. Therancbe exceptions, of course,
where some narrow transitions are local vibrationatle (LVM) transitions of a
defect. Around 500 ZPLs from optically active défeentres have been observed
in the optical spectra of diamond [Zaitsev (200dj]which only a few have had
the defects producing them confidently identifiesed, for example, Collins
(1999)).

Some types of defect centres are only preserand fence characteristic
of) certain diamond types, such as the A centqga{nof substitutional nitrogen
atoms) which characterises the laA type; where&erotypes of defect are
present across a number of diamond types, sucheasdcancy. The defects
incorporated from a particular growth process fpnthetic diamonds) or from
specific regions of the world (for natural diamojydsan help to identify a
sample’s origins [Collins (1999)].

Single-crystal diamonds synthesised by chemicgloun deposition
(CVD) show a number of narrow transitions in theticgd absorption and
luminescence spectra over the range 0.165 to ®¥88ome of which are well-
understood centres which also exist in other tygfediamond. However, some
cathodoluminescence transitions, particularly i@ tegion 2 to 3 eV, appear to
be unique to CVD synthesised diamond, yet haveat the defects producing
them characterised until now. The data and analgsesented in chapters five
and six identify the symmetries and nitrogen depectes of some of the major
ZPLs unique to CVD diamond.

Table 2.3.1 presents a summary of some of the rmajell-understood
optically active defect centres in observed in raftHPHT and synthetic CVD
diamond. This compilation of information about thedefects lists the atomic
models (if known) and where possible, provides ghomformation to identify
the defect in an optical spectrum — the transigoergies, Huang-Rhys factor

(vibronic band to ZPL ratio), dominant phonon emesg(peak energies in the
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band) and LVM energies (if present). Comprehensiata and discussion for

these and other centres can be found in, for exampghitsev (2001),
lakoubovskii and Stesmans (2002a), Collins (199@me of the lines produced
by radiation damage (including annealing) may d&ecseen in CVD diamond.

ZPLs associated with defects unique to single-aty€€VD diamond are

discussed in chapter four.

Found Observed in Optical
Transition in untreated method Properties
energy diamond CVvD observed
types samples? under
4.583 eV Ib, lla, Y A (inCVD A pair of carbon atoms in a <100>
(270.5 nm) lIb afterirr. &  split interstitial (the 5RL centre).
ann.), CL (in Rhombic-l symmetry. Huang-Rhys
CVDin factor of 1.6. LVMs at 175, 193 and
untreated 237 meV in CL, 167 and 202 meV in
samples), PL absorption. Collins and Spear (1986),
Collins (1999).
3.188 eV All Y A (excl. A substitutional nitrogen and
(388.9 nm) CVD), CL, interstitial carbon complex (the 3.188
PL eV centre). Can be produced by
irradiation. Couples to 75 and 165
meV phonons. Huang-Rhys factor of
1.82. LVM structure between 2.99
and 3.02 eVCcollins and Lawson (1989).
3.150eV la, Ib, lla N A V, the negatively charged vacancy
(393.6 nm) (ND1). T4 symmetry. Couples to 76
to 80 meV phonons. Huang-Rhys
factor of 3.18. Shows J-T effect
under uniaxial stres®avies (1977).
2.985eV la N A, CL,PL  (N-V)° the N3 centre. Trigonal
(415.3 nm) symmetry. Couples to 93 and 165
meV phonons. Huang-Rhys factor of
3.45.Woods (1986).
2.807 eV Ib, lla N A, CL A substitutional nitrogen and
(441.6 nm) interstitial carbon complex (the 2.807
eV centre). Naturally occurring in
CVD diamond. Can be produced by
irradiation.Collins and Lawson (1989).
2.543 eV la, lla N A (V-V)°, the neutral di-vacancy
(487.5 nm) (TH5). Twitchenet al (1999a).
2.463 eV laA N A, CL,PL  (N-V-Nf, the neutral di-nitrogen-
(503.2 nm) vacancy K3). G, symmetry.
Couples to 41 and 152 meV phonons.
Huang-Rhys factor of 3Davieset al
(1976).
2.462 eV All N A, CL,PL (V-C-C-V)’, the 3H centre, an
(503.6 nm) irradiation product. & symmetry.
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Couples to 67 meV phonons. Huang-
Rhys factor of 0.8Davies (1974b).



2.156 eV
(575.0 nm)

1.945 eV
(637.4 nm)

1.685 eV
(735.8 nm)
1.682 eV
(737.1 nm)

1.673 eV
(741.0 nm)

1.257 eV
(986.3 nm)

All

All

All

CVD

and Si-
doped
HPHT

All

Mixed

type
la/lb

A (excl.
CVD) CL,
PL

A (excl.
CVvD), PL

A, CL, PL

A, CL, PL

A, PL

(N-V)°, the neutral nitrogen-vacancy.
Naturally  occurring in CVD
diamond. Trigonal symmetry.
Couples to 46 meV phonons. Huang-
Rhys factor of 3.3. Shows dynamic J-
T effect under uniaxial stressollins
and Lawson (1989Mita (1996).

(N-V), the negatively charged
nitrogen-vacancy. % symmetry.
Couples to 65 meV phonons. Huang-

Rhys factor of 3.65Davies and Hammer
(1976), Mita (1996).

The singly-split self-interstitial R2).
Huntet al (2000).

(Si-V), the silicon-vacancy centre.
Possibly B4 symmetry. Couples to
33 meV phonons. Huang-Rhys factor
of 0.24. See section 6.4.1 for a
literature review of this centre.

V° the neutral vacancyGR1). Tq

symmetry. Couples to 41 and 96
meV phonons in absorption, and 36
meV phonons in luminescence.
Huang-Rhys factor of 3.7. Shows
dynamic J-T effect under uniaxial
stress. Excited state transitions

between 2.88 and 3.01 eVowther
(1978), Davies (1979c), Collins (1978b).

(N-V-N)Y, the negatively charged di-
nitrogen-vacancy H2). Rhombic-I

symmetry. Couples to 70 meV
phonons. Huang-Rhys factor of 4.

LVM at 167 meV. Mita et al (1990),
(1993).

Table 2.3.1 — Some properties of the major opticadtive defect centres in natural, HPHT and

synthetic CVD diamond. Defects can be observedgomption (A), cathodoluminescence (CL)

or photoluminescence (PL). 'V’ means vacancy, ‘Néans nitrogen, ‘C’ means carbon, ‘Si’

means silicon. Superscript 0, -, and + corresporitié charge state of the defect.
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2.4 Treatment of diamond

2.4.1 Irradiation

The covalent bonding between carbon atoms in thenaind lattice results in
extreme macroscopic hardness. It is also the re&wmothe lack of vacancy
mobility at room temperature, and the radiationdhass of the lattice; electrons
incident on the diamond lattice require kineticrgmes of greater than ~ 150 keV
before lattice damage will be observed [Wotherspebal (2002), Koikeet al
(1992)]

The diamond lattice is susceptible to radiatiomage by sufficiently
energetic electrons, photons, nucleons, ions amel @xotic particles. The nature
of the damage caused is the creation of vacanamsistitials and related
complexes [Clarlet al (1956a), Dyer and du Preez (1965)]; the purposehith
is to create defects for studying scientificallyg(eClark et al (1956b), Davies
(1974b), Steedst al (1999)), changing the observed colour of the diadni@.qg.
Collins (1982)], or the use of ion-implantationitgert non-native impurities into
the sample for scientific and technological purgogféaitsev (2000)]. Often,
irradiation of a sample is followed by the anneglof it, in order to investigate
the creation and evolution of defects. Such anaaar is used in this work to
study the silicon-vacancy defect (section 6.4).

The mechanism of radiation damage in diamond can niostly
intuitively, although Campbelkt al (2002) have shown that most of the lattice
damage is caused by knock-on atoms, rather thamtmgent particles. Their
findings will now be briefly reviewed.

A sufficiently energetic electron incident on aamiiond sample will
transfer energy to electrons within the lattice.eThttice electrons could be
ionised from the atoms, entering the conductiordban being ejected from the
sample; a number of non-lattice damaging mechaniswsving the excited
electrons can then take place (see section 3.3).pfimary electron follows a
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scattered trajectory through the lattice transfgrrienergy to the electrons,
emitting x-rays through scattering, until finallybausting its kinetic energy.

Lattice damage will occur when the energy of thenpry electron is
greater than a threshold energy (which is latticentation dependent [Koiket
al (1992), and see Collins and Dahwich (2003)]). €hergy transferred to the
lattice electrons by the primary electron causesldltice atom to be displaced,
creating an interstitial and a vacancy. There is thossibility of these
recombining if the separation is not large enoughthe irradiate takes place
with the sample held at a sufficient temperaturiee Toncentration of A-form
nitrogen has been found to be important in posdiation recombination of
vacancies and self-interstitials [Kiflawt al (2006)]. The strain fields of A-form
nitrogen traps the radiation products, preventingnt from recombining; the
higher the concentration of A-form nitrogen, thgh@r the concentration of the
vacancies and self-interstitials.

The displaced atom can cause a cascade of fiatberc displacements
as it is displaced; this can result in clustershains of interstitials and vacancies
which may not be spectroscopically or EPR obserjaj@t may act as electron
traps [Campbelket al (2002)]. This is a similar result to the damageasea by
ion-implantation, where nuclear-nuclear interacticauses lattice damage
cascades. Damage caused by photon (gamma rayaimoads primarily due to

the transfer of energy to lattice electrons, inrttener described above.
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2.4.2 Thermal annealing

Heating a crystal can alter its optical properbgsthe modification, creation or
destruction of defects. It can be used to invettigiae evolution of defects (see,
e.g. Chrenkeet al (1977), Davies (1972)) and their kinetic propestiguch as the
thermal activation energy; and help to repair roiladamage through migration
of vacancies and self-interstitials. The mechanisshsdefect annealing are
dependent upon the properties of the defects isideration, and the properties
of the crystal. A brief introduction of the topifitst with a general discussion,
then quantification, follows.

A crystal can be seen as a lattice of atoms ierg@ wells, where the
migration of one requires the input of energy tereome the potential barriers
(representing the energy required to make and kveakis). The presence of a
point defect within a crystal affects the bond gres and spatial locations of its
neighbouring nuclei; different point defects afféoe properties of the crystal in
their vicinity differently. When regarding thermahnealing, three broad groups
of point defect can be considered: individual vaoesy defects consisting of
individual atoms in interstitial or substitutior@sitions, and complexes.

Vacancies can migrate through the Ilattice, anridilavith self-
interstitials, or combine with other defects tonflocomplexes (see, for example,
Davieset al (1992)). An interstitial or substitutional defexdan become mobile
within the crystal and has to navigate throughlaittece without a gap into which
to transfer. These defects can potentially combite other defects to form
complexes, depending upon the properties of bdicteinvolved (for example,
the aggregation of single-substitutional nitrogen diamond [Evans and Qi
(1982))).

Point defect complexesould undergo migration within the lattice;
however, considering that a large amount of energyld be required to break
many bonds, and given the properties of a partiatdaplex, it may be found
that dissociation of the complex will occur durihggh temperature annealing
(for example, the H4 centre in diamond [Colletsal (2005)]).
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The energy required to mobilise a defect is noessarily proportional to
the complexity of the defect: the energy barriershie migration are dependent
on the chemical bonding of the defect in the lattieor example, the vacancy has
an activation energy of 2.3 + 0.3 eV [Davadsal (1992), Lawsoret al (1992b)],
whereas that for the split-<001> self-interstitial 1.6 + 0.2 eV [Huntet al
(2000), Twitcheret al (1999b)].

The quantitative example of the annealing of astaly containing
vacancies and traps can be considered. Annihilatbbnvacancies with
interstitials will first be discussed, followed kye kinetics of vacancy migration
and trapping at centres. The split-<001> integdtith diamond has a LVM at
1.859 eV. In type la diamond, annealing at ~ 400&Stroys this peak and
reduces the intensity of the GR1 absorption by % 2RKiflawi et al (2007)]. In
type la diamond no H3 or H4 absorption is produggdhis annealing, showing
that the vacancy is not mobile at this temperatdree reduction in the
absorption associated with the interstitial is ¢fiere believed to be due to the
interstitial becoming mobile at this temperature.

Heating a crystal imparts energy to the latticevet. The migration of a
vacancy within the lattice takes place by the fiteors of lattice atoms into the
site of the vacancy; because this will only happé¥en the neighbouring lattice
atoms possess enough energy to overcome the p@bteatrier, an activation
energy,E, can be said to be required for migration. Thisug for the migration
of all defects. The average time taken (in secofatsa lattice atom to jump into

a vacancy site;, can be expressed as [Mott and Gurney (1940)],

— 2.4.1
where,v is the lattice frequency] is the temperature (in Kelvin), arkdis the
Boltzmann constant. For the case of the vacandyinvihe trapping region of an
interstitial (above), the average time decreaseth@asvacancy approaches the
interstitial, because the energy barrier decredsesto the deformation of the
lattice. It should be noted here, that the actoratenergy,E, of a particular

defect, whilst apparently characteristic of the ed&f depends upon the
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environment in which it is; hence the descriptidradarrier / activation energy
reduction in the above example.

The possibilities then, for a mobilised vacancye #hat it wanders
through the lattice in a random-walk manner, evalhttannihilating with a self-
interstitial, becoming caught at traps (such ascisfor dislocations), or reaching
the crystal surface. The kinetics of the migratéon trapping of a vacancy in a
lattice are generally first-order: at a given tenapare, the concentration of
vacancies is a function of time (following Colli(998)):

-t
N, = Noex;{Tj, 24.2

where N; is the concentration of vacancies at timeand Ny is the initial
concentration. ¥/is the migration rate of the defect, which is eqlent to the

probability, P, of a vacancy being caught at a trap:

p=| L exp{_—Ej, 2423
n, kT

where,n; is the average number of jumps made before thanegcis caught; for
a simple cubic lattice, this can be defined ms= 1/C, where C is the
concentration of traps.

In diamond, it has been shown [Daviet al (1992)] that the
concentration and type of defects (traps), detezntime vacancy migration
kinetics; and hence the defect constitution aftamealing: for diamonds with
high concentrations of nitrogen-related defectpdty), the annealing kinetics
follow first-order; but for type lla diamonds, wieethe concentration of traps is
low, the vacancies form di-vacancies under anngaliollowing second-order
kinetics. The activation energy of the neutral vagam diamond has been
measured as 2.3 £ 0.3 eV [Davetsal (1992), Lawsoret al (1992b)], regardless
of the diamond type.

The rate of migration of a particular defect, With activation energyg,
is generalised by equation 2.4.1. The relationsbkiveen activation energy and

annealing temperature, in diamond, has been plattéidure 2.4.1. This shows
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the temperature at which a defect with a givenvatibn energy (or vice versa)

will make a guaranteed lattice jump (i.e. when=11).
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Figure 2.4.1 — Generalised relationship betweeinatain energy and annealing temperature.

Thermal annealing usually takes place using aaftenconsisting of a
cylindrical ceramic tube with a heating elementpped around; the temperature
maintained by an electronic controller. In order @woid graphitisation of
diamond surfaces above 500°C, the sample is ofteceg into an evacuated
quartz tube, or alternatively an inert gas, suclargen, is continuously passed
through the tube. Prior to annealing, removingaefcontaminants by cleaning
the sample often takes place; boiling in an appatpracid solution (e.qg.
concentrated nitric-, sulphuric-, for a few minutesommon.

The annealing can take place as a unique eveatseries of anneals can
be made, with monitoring of the changes after estafe. For a series, either the
annealing time can be kept constant, with the teatpee varying at each stage
(isochronal), or the temperature can be constanh whe length of time
increasing at each stage (isothermal). The twocaumbes probe different aspects

of defect kinetics, although both can yield acimatenergies.
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2.5 Uniaxial stress

Determining the symmetry of a point defect is anpamiant part of its
characterisation. Knowledge of the symmetry comnsdrathe atomic
configuration, which, when combined with informatioabout the atomic
constituents, can lead to an atomic model of tidree

The symmetry of a point defect can be determingduiaxial stress
spectroscopy. This is the use of optical spectq@gam a crystal whilst it is
compressed along its major crystallographic axdse Tompression produces
spectroscopically observable effect on the eleatraransitions of the defects.
Analysis of how a ZPL behaves under stress caud yied symmetry of the point
defect it originates from.

The principle of uniaxial stress spectroscopy westablished by
Kaplyanskii (1964a, b), where the effects of criygstmaphic compression were
considered, utilising group theory as applied tgstals and degenerate
perturbation theory. The theoretical results oésiron the ZPL of a variety of
defect symmetries were tabulated. It was found ploait defects fell into two
types, those which demonstrated stress-responses tdu orientational
degeneracy, and those demonstrating that due &mtational and electronic
degeneracy. The only case in which defects shogssiresponses exclusively
due to electronic degeneracy is when the symmetityhe same as that of the
lattice (for diamond, tetrahedral), and the eleutrrbitals are degenerate; this
will be explained below. Kaplyanskii's work treatedost, but not all of the
possible defect symmetries in cubic crystals. Tasstanding symmetries have
been discussed by other authors: Hughes and Rundib®7) and Davies and
Nazaré (1980).

In general, there are two types of stress-respendbose when an
electronic state of the defect couples with a vibrel state; and those where
this doesn’t happen. The former, a Jahn-Tellercgfie more complicated, and
will be discussed later. The latter is discussesd. fi

Stress-responses due to orientational degener&®y faom the isotropy

of defect distribution within the crystal. Each eef of a particular type within
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the crystal has a preferred dipole orientatiorhalgh, assuming isotropy, the
many defects of that type are randomly orientedhiwithe lattice, and hence the
electric dipole is randomly oriented. The net effiscthat when viewing along
any lattice direction while the crystal is unpebed, the absorption or
luminescence of the centre will be equivalent to/ ather direction. The
application of a stress along one of the principlequivalent crystal axes causes
a compressive strain along the axis, which perttilbsenergy of the electronic
states of all of the defects which lie along thasaThe perturbation arises from
the change of electronic wavefunction overlap doe cbvalent bonding.
Considering that the observed shape of the zeraghdine is the contribution
of the ZPLs of many centres of the same type, fferdint strain environments
(section 2.2.2.1), then it is clear that if all the ZPLs of the centres in one
orientation are perturbed, the ZPL will appear piitsinto two (or more,
depending on symmetry) components.

Defects which possess electronically degenerageggrievels can have
the degeneracy lifted by an external stress. Thmpcession of the lattice
deforms the symmetry of the defect and, as sucly defects with certain
symmetries can have the degeneracy removed. Thiaeglifof electronic
degeneracy of a defect by stress can be best wodérby considering group-
theoretical arguments [Joshi (1973)]: considergtiess-induced perturbatidh

to the unstressed Hamiltonidtyg, of the defect:

H' =H, +V, 2.5.1

whereH’ is the Hamiltonian of the stress-perturbed defBloé eigenfunctions of
Ho, of which there ar¢,, can be grouped by degeneracy into invariant $spse
these form the irreducible representation of theupgiG of symmetry operations
on Ho. Each subset corresponds to a degenerate enerjyolethe defect, with
an energy given by the eigenvaldg Now consider the eigenfunctions Idf,
i.e. when the defect’s symmetry is perturbed; tlaeeestilll,, eigenfunctions, but
they belong to the grould (which is a subgroup dB), and are reducible. The
subsets of the eigenfunctions which foKncorrespond to energy levels with
necessarily different eigenvalues than those ofutingtressed Hamiltonian, and

85



hence the degenerate energy levels of the unstrelesect appear to split under
a symmetry perturbation.

The symmetry class of a given point defect in gstal must be a
subgroup of the lattice group, as the rotationadl aeflection symmetry is
constrained by the lattice. The diamond latticefishe cubic clas©y, and has
the subgroups (in order of decreasing symmetryagenal, trigonal, rhombic |
and Il, and monoclinic I and Il. See Kaplyanski®éXia, b) for further discussion
of the symmetry groups in diamond.

Stress-induced strains on point defects are smaltliamond, which
means that the perturbation of the energy levelsa oflefect under lattice
compression is linearly proportional to the strg€avies (1970)]. The
perturbation), to the unstressed Hamiltonidt, of a defect is

av :ZJ: A gy 2.5.2

where A; are the electronic operators aagl the stress tensor, where the
subscripts for both are over the cube axes [1MQ] and [001]. The stress
tensor components are found by considering theegtion of the stress along the
chosen stress axes on to the cube axes [HughdRuamiman (1967)]:

g; = P[Cogp,i) [CoHp, j), 2.5.3

whereP is the magnitude of the strepss the stress vector, angli is the angle
betweerp and the axis. The basis functions of the full cubic symmetry, @re
known [Hughes and Runciman (1967)], and in ordernngpect a particular
symmetry within a cubic lattice, they should beusetl to the point group in
question. This can be achieved by consulting theragpiate character tables to
determine the irreducible representation, as dgamisn detail by Hughes and
Runciman (1967). The result is that the secularimé&br the centre with the
given symmetry is obtained. This describes theupleation to the energy levels
of the centre, and should be treated accordingirtbguivalent stresses to be
applied to the centre. This can be demonstratezbhgidering the secular matrix

obtained for a centre with tetragonal symmetry:
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) 25.4

with

a:Alez + AZ(JXX + Uyy)
B=Blo, -0,) 255
y:Cny,

where the constan;, A;, B andC correspond to the electronic operators. The

eigenvalues of the secular matrix are:

p=ax(p + ). 25.6

Finally, calculating the stress tensor elementsefrh of the inequivalent stress
directions, and substituting into equation 2.5.&lds the perturbation to the
energy levels, i.e. the shift-rate expressionsadsilated in Mohammesét al
(1982), and shown in table 5.2.2 of section 5.2nl.order to assign each
expression for the perturbation to a stress-sphtgonent, the polarisation of the
transition must be considered (see Runciman (1965))

If a Jahn-Teller or pseudo Jahn-Teller effect sakace at the centre, the
electronic energy states can overlap, causing waedbn mixing, which needs
to be accounted for in the secular matrix. The oladde result of this is non-
linear shift-rates of the stress-split componewtsich qualitatively result from
Coulomb repulsion of the energy states. This pheamum has been thoroughly
treated by Davies (1981), and see Davies (1979b).
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Chapter 3

Equipment and methods

3.1 Absorption spectroscopy

Absorption spectroscopy is a simple yet powerfuthod of investigating point
defects in crystals, particularly diamond. As diaghas transparent to photons
with energy below the band gap energy (excluding thttice-absorption
regions), any absorption features are those ddeftxts within the crystal.

Photons incident on the crystal will be absorbgdlulefect centre if the
energies of the photons lie within the vibronic @ipsion band of that centre,
assuming that the concentration of that speciegsoillator strength, is high
enough. The mechanism of absorption at a defedtecénthe incident photon
coupling to the centre’s electric dipole, excititige electrons of the centre to
higher energy states. These can be purely electtoamsitions, or transitions to
vibrational levels, as discussed in section 2.2.1.

Absorption spectroscopy is a quantitative technigquéhat the integrated
intensity of an absorption feature is proportiot@lthe concentration of the
defect producing that absorption feature. Lightdeat at the surface of a sample
will pass through the sample, with a fraction @ thtal initial intensity absorbed
by absorbing features, until the remaining fractonerges at the exit face of the
sample. Strictly, in polished, highly parallel sdeg a portion of the light will
reflect at the internal side of the exit face, again at the internal side of the
incident face, performing multiple passes of théhdangth of the sample. An
absorption spectrum is generated by first recordirtgackground spectrurh,
where there is no sample in place; then recordingm@smission spectrunty,

where the sample is in place, and calculating &lie of the two:
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|
A= |og10(|—°j, 4.1.1

t

where A is the “absorbance” of the sample. The logarithenehis included
because the software of many spectrometers oufiipstrbance in this form. To
guantify the absorbance, the path length of thbtlige. the thickness of the
sample, must be considered: the transmitted irtignisi of the light can be
expressed using a decaying exponential to deshohbethe light is absorbed by

the sample. The quantified absorption, the absmmtoefficienty, is given by,

(% 4.1.2
ol I, )

wherey is in cm* andt is the thickness of the sample in cm. Incorpogatin

equation 4.1.1 gives

41.3

Absorption spectra of the diamonds studied in #isk were recorded
using four different spectrometers. Visible regiqg 400 — 750 nm)
measurements were made on a custom spectromegefigaee 3.1.1a). In this
system, the sample is embedded in indium withireatral hole of a copper
sample holder, such that the incident light carspghsough the sample (figure
3.1.1b). The copper holder is attached via scremhe end of a “cold-finger”
which suspends liquid nitrogen in glass above #mapde; thermal conduction
takes place via the copper end of the cold-finged copper sample mount. The
cold-finger is placed inside an evacuated glasestay with quartz windows
which allows light transmission through the samffigure 3.1.1c), without
condensation of air onto the (cold) sample.

Light from a stabilised tungsten lamp is focussgdabspherical mirror

through the sample. Transmitted light is colledbgda second spherical mirror
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and focussed (through filters if necessary) iIntSREX 1702, 0.75 m, Czerny-
Turner grating monochromator. Light exiting the raolhromator is detected by
an EMI 9558Q photomultiplier, with electrical signaent to a computer for data
collection. The monochromator has entrance and €Xg which can vary
between 0 and 3 mm, with an interval of 2 fih. The monochromator has a
diffraction grating with 1200 grooves minblazed at a wavelength of 500 nm.
The positions of all optical components of the sgstare finely adjustable in
three dimensions, to allow optimisation of the sign
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Figure 3.1.1 — Schematic diagrams of the experiat@guipment used in this work. a)

Schematic representation (plan view) of the visiblgion absorption spectrometer. b)

Representation of the copper sample holder,

widlum to embed the sample. ¢) Representation

of the cryostat used to hold the cold-finger andpsy sample holder. See text for further details

of all diagrams.

Visible to UV region absorption measurements werade using a

PerkinElmer Lambda 800 UV-Vis spectrometer, whi@mn e¢ecord absorption
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spectra over the range 200 to 900 nm. Liquid nérogmperature measurements
using this spectrometer were made by using a @ayastnilar to the one
described above (figure 3.1.1c). The Lambda 80@ idouble-beam system,
which allows measurement of a background spectignsimultaneously with
the transmission spectruma, An additional background spectrum of the cryostat
without the sample in place was recorded beforlb sample measurement. This
style of spectrometer uses a diffraction gratinggbt the primary beam into the
desired wavelength range prior to the light bemgdent on the sample.

Infra-red region measurements were made usinglanBémer Spectrum
GX FTIR spectrometer and a Bruker IFS 66 spectremeThe Fourier
Transform system is based on a Michelson Interfetem It is advantageous to
use this, as recording an entire spectrum ovedéiseed frequency range is fast,
which means that many scans can be made in a sda@eoamount of time,
allowing signal averaging to reduce spectral noisbe PerkinElmer GX
spectrometer has a maximum resolution of 0.T,camd could measure over the
near- and mid-infra-red regions (~ 12000 to 400crThe Bruker is similar,
except that it can support the incorporation ofjaitl helium temperature flow-
cryostat and uniaxial stress cell. The systems wary used for a small
proportion of the experiments and so will be diseasin the section on liquid

helium temperature measurements of the siliconn@caentre.
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3.2 Photoluminescence spectroscopy

Photoluminescence (PL) is the use of optical eioita(often a laser) to excite
optically-active defect centres in a crystal, cagghem to produce characteristic
luminescence. Laser energies above or below the gam energy can be used to
excite defect centres. Above band gap energy pkotwil produce similar
luminescence to that of cathodoluminescence, asxtigation mechanism is the
generation of electron-hole pairs due to electtm#iag ionised from the valence
band.

Below band gap PL uses photons of discrete enghiggh can excite one
or more defects, if the energy of excitation lieshim the vibronic absorption
band energy range of a defect. As the absorptiodd@f many defects can
extend over many multiples of the maximum phonamgeain diamond, and
many defects’ absorption bands can overlap, asiexgtitation energy can excite
many optical centres.

The mechanism of luminescence production is theplatg of the
incident photons to the electric dipole of a defastre’s electron, causing it to
excite to a higher energy state of the centre. rAftecharacteristic time, the
electron will relax to lower energy states, relagsphotons and phonons via
transitions between electronic states and casdhdasgh vibrational levels (see
section 2.2.1).

Below band gap PL has the advantage of being tablexcite defect
centres directly, i.e. without intermediate stepsnaCL and above band gap PL.
Additionally, the ability to polarise the incidenphoton beam allows
investigation of any possible polarisation of deéfexentres [Kaplyanskii
(1964a,b)]. A disadvantage of PL is that defecttresnwith low concentrations,
or low oscillator strengths, cannot efficiently alis the energy of the beam,
resulting in weak or negligible luminescence.

PL is at best only a semi-quantitative technighe: number of photons
emitted by the centre is not necessarily propoaiidno the number of photons
used to excite the centre. Whilst each centre halle a particular efficiency of

luminescence, the lack of proportionality is dueatmumber of reasons: there
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may be an unknown amount of self-absorption; tihesg be non-radiative decay
processes; the concentration of A-form nitrogerth@ sample can quench the
luminescence [Davies and Crossfield (1973)]. Tlohnegue can be described as
semi-quantitative though (provided non-radiativegaisses are not dominant), as
excitation of any crystal with a laser will produ Raman scattered
luminescence line (at 1332 &nin diamond). The intensity of the line will be
approximately proportional to the power of the fdgght incident on the crystal;
hence comparing the integrated intensity of th&@e@PL and vibronic band of
the defect being studied with that of the Ramaa Allows a certain amount of
quantification.

The system used to measure photoluminescenceisnwibrk was a
custom setup (figure 3.2.1). A sample is embeddeshdium within a copper
mount (as for the absorption spectrometer (se@ia}), which is attached to the
end of a cold-finger which can hold liquid nitrogencool the sample. This is
placed inside an evacuated sample chamber. Laggrgdasses through a filter,
and is focused on to the sample by a lens. The lessen and photoluminescence
emerge from the sample and continue along the Epeeter axis to a second
lens, which focuses the photoluminescence througtea(if necessary) into the
monochromator. The laser beam is aligned slightiyawis, so that it does not
enter the monochromator. The lenses can be firdglysted in three dimensions
to optimise the signal. The monochromator used3®BX 1701, 0.75 m Czerny-
Turner grating monochromator, with 1200 grooves hiazed at 500 nm. The
monochromator has entrance and exit slits whichveay between 0 and 3 mm,
with an interval of 2 £ um.

An alternative setup can be to use mirrors tonatlge laser beam on to
the sample perpendicularly to the spectrometer. &kis can help minimise any
scattering of the laser signal into the monochromat

Two lasers were used in this work: the first wasA&’, continuous wave,
514.5 nm laser, which could run up to 3 W, but wasally run at 1 W, with 30
A current. The second was a He-Cd, continuous Wa% nm laser, running at a
fixed 25 mW. These lasers require filters to exglely transmit the primary
frequency beam; a Wratten 18B filter was used f@ He-Cd laser, and a

holographic notch filter was used for the' Aaser.
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Typical operating parameters for experiments usiiregPL spectrometer
in this work are as follows: liquid nitrogen temaene (~ 77 K), monochromator
slits of 60 to 30Qum, reading interval of 0.2 to 5 émand 100 to 2000 signal
readings at each wavelength interval, from whiclaegrage is found in order to

reduce noise.

Cryogenic ce

Sample

Filter Filter l
I = = -
Lase

Monochromatc

To vacuum pum

Figure 3.2.1 — Schematic diagram of the photolusideace spectrometer system used in this

work (side view).
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3.3 Cathodoluminescence spectroscopy

The information in this section is taken from a tn@mof sources [Yacobi and
Holt (1986), Leamy (1982), Davies (1999) and Callin(1992)].
Cathodoluminescence is the generation of luminescéiom a sample using an
incident electron-beam. Electrons are acceleratedrds a sample and incident
on the surface; the primary electrons follow a tecat trajectory through the
material, interacting with the lattice nuclei andlence electrons, imparting
kinetic energy into the sample. Energy is transférprimarily to the valence
electrons of the lattice, as they are lighter ttienuclei. This process results in
a number of detectable signals: backscatteredrefes;tx-rays from the scattered
primary electrons, secondary (Auger) electrons, @matons with energies in the
UV, visible and infrared regions.

As the accelerating energy of the incident eledr@ngenerally much
greater than the energy gap of the material, ancaleelectron excited by a
primary electron is promoted directly to the cortehurt band, leaving a hole in
the valence band; this electron-hole pair is natrgb(a free-exciton), and so free
to travel through the lattice. An electron excitedthe conduction band can
undergo one of two processes: it can relax thrainghband states, releasing
phonons (and possibly photons) until it reachesctirauction band minimum;
or, the energy of excitation can be transferredatmther conduction band
electron, exciting it further and then either djggtt from the sample (the Auger
effect) or relaxing within the conduction band wille emission of phonons (and
possibly photons).

Relaxation of the excited electron from the conatuncband produces the
observed cathodoluminescence. There are a numbenechanisms, which
belong to two broad types: intrinsic, and extrinsietrinsic transitions are
characteristic of the material being studied: thated electron transitions across
the minimum energy gap of the material, from thestrgyobably filled states of
the conduction band minimum to the most probabHRjled states of the valence
band maximum. The recombination of the electron ankole results in the

emission of a photon, and, if the band gap is eulifas for diamond), the
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emission of a momentum-conserving phonon. The enearfgthe phonon
corresponds to the conduction band minima from khe electron transitioned,;
hence luminescence lines from free-exciton recoatlmn can be observed with

energieshv, just below the band gap enery, according to

hv=E,-E,—ha, 4.3.1

where E4 is the binding energy of the exciton, ah@ is the energy of the
phonon. The observation of free-exciton recombamaiuminescence requires
that there are few other traps via which the fregtens may recombine;
because of this, the observation, and strengthfres-exciton recombination
luminescence is a mark of the purity of a sample.

Extrinsic transitions are those which involve siions from, to, or
within defects energy states. These represengthiative and non-radiative traps
for the free-excitons. The roaming free-excitons gaartially recombine to
become bound-excitons; if the bound-exciton recombiat a defect, the energy
of recombination can be transferred to the defextijting the electrons of the
centre, which upon relaxation, can emit photons @imohons, characteristic of
the centre. Cathodoluminescence can efficientlyeggr luminescence from
point defects with very low concentrations (as lasv~ 16 cm® [A. T. Collins,
personal communication (2009)]); this is becauskedalecentres in diamond
generally have short luminescence decay timesco@lyi of the order of a few
tens of nanoseconds).

Along with general point defects, free-excitons erated by electron-
beam excitation can be caught at donor and accepparities which are located
on nearby lattice sites; recombination releasebaom with energy which is a
function of the spacing between the donor-accgpaar This produces the band-
A luminescence (see Collins (1992) and lakoubovashkd Stesmans (2002a) for
further discussion).

Cathodoluminescence is suitable for the investgatf the properties of
diamond as the carbon lattice is resistant to tmsiadamage from incident
electrons with energies below ~ 150 keV [Wotherspetoal (2002), Koikeet al
(1992)]. Typical accelerating energies are of ttaepof tens of keV, with beam

currents of ~ 5 to 1QA. The incident diameter produced is system depande
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the custom system used in this work, it is a fewndnad micrometers. The
electrons penetrate the sample and typically gémelactron-hole (e-h) pairs, at
a rate of ~ 1% pairs per cri per second [Collins (1992)]. The region of the
sample which luminesces is at a depth of 0.010Q08x V"% um, whereV is
the beam voltage, in keV [Davies (1979a)]; for epéema voltage of 40 keV
produces a depth of ~ 8 to 1®n. Due to scattering of the incident electrons
within the crystal, the energy deposition is inagproximately spherical volume
at approximately six tenths of this depth. Heneghadoluminescence is a useful
tool to probe the near-surface region of a sample.

Cathodoluminescence spectroscopy is not a quawgitegchnique, as the
intensity of luminescence from a point defect ipaetedent upon a number of
unknown or ambiguous factors, such as the condemtraf unknown non-
radiative traps, and hence the efficiency of lursgesce production at the
centre. However, iis valid to measure the relative intensity of compuageen a
single CL spectrum, and compare that to similarsueaments in other parts of
the same sample or in other samples, in ordertermee if there is any kind of
relationship between the components — such asey tiriginate at the same
defect.

The cathodoluminescence spectrometer used in tloik ws shown
schematically in figure 3.3.1. The system is custoade. An electron beam is
generated by applying a voltage across a tungsi@ment. The electrons are
accelerated through an evacuated chamber towaedsliittmond sample. The
beam direction and focus can be controlled viateletagnets. The beam passes
through a hole in a spherical mirror and is incidean the sample;
cathodoluminescence is emitted from the excited tddhe sample, collected by
the spherical mirror, and focused beyond the sarmaptecold-finger, through a
window into a monochromator. The entire chambesviacuated to below T0
Torr.

The sample is embedded in indium in the centrad lobla copper mount,
similar to the mount described for absorption meaments (section 3.1);
however the central hole in this copper plate hdsmh of half the thickness of
the plate (rather than passing completely throughg copper mount is attached
to the end of a cold finger which can contain ldjuiitrogen, with thermal

conduction taking place through the metal end efdbld-finger and the copper
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mount. The position of the cold-finger can be amjdsn three dimensions using
screws. Often the excitation face of the samplem@sked using colloidal

graphite, with an aperture etched in the desirgibreof the sample; this can
serve two purposes, first to measure CL from paldicregions of a sample, and
second to avoid charging of the face of large a@aples, which can result in
beam deflection.

Cathodoluminescence is focused into a SPEX 1500 @, Czerny-
Turner grating monochromator. Light exiting the rmolnromator is detected by
a Hamamatsu R636 photomultiplier, with electriagghals sent to a computer for
data collection. The monochromator has entranceeaitdslits which can vary
between 0 and 3 mm, with an interval of 2 fuh. The monochromator has a
diffraction grating with 1200 grooves minblazed at a wavelength of 500 nm.

Typical operating parameters for experiments u#iiegCL spectrometer
in this work are as follows: accelerating voltageld keV, beam current of 6 to
10 pA, liquid nitrogen temperature (~ 77 K); monochraansslit width of 40 to
200um, reading interval of 0.1 to 2.5 A, and speed.afto 2 intervals’s.

Photomultiplie

Focusing \ -T0O compute
Magnets l
Filamen ; [ j'
i b,
Monochromator

Mirror Sample

Figure 3.3.1 — Schematic diagram of the cathodalestence spectrometer system used in this

work (plan view).

99



3.4 Spectroscopic considerations

Supplemental to the details of the spectroscopistesys described in the
previous sections, there are a number of considesato make in experimental
spectroscopy.

In any monochromator, the accuracy of the drivechmaism may
deteriorate over time, due to, among other thisgp, of the thread mechanism
which drives the rotation of the grating. Caliboatiof the monochromator may
be performed by using a vapour lamp placed at titi@ece slits of the detector.
A spectrum of the known discrete transition enexrgiethe lamp can be recorded
across the range of the monochromator, and theureshpeak energies of the
emission lines can be compared to the standardsemignergy values for the
lamp. A plot of the displacement from the exacueal may then be made, with a
trend line fitted to the data. This function can beed to correct recorded
experimental data. Figure 3.4.1 shows the dataamtdion used to calibrate the

CL spectrometer’'s monochromator.

2.00

1.00

0.00 Tt
i 1000 2000 3000 4000

6000 7000 8000 9000
-1.00 7

Error (A)

-2.00 7

y= -8.801E-08% + 2.103E-03x - 8.984E+00

Wavelength (A)

Figure 3.4.1 — Calibration of the CL spectrometenanochromator using calibration lines across
the range of the monochromator. Shows the variatfdhe measured calibration lines in the
spectra compared to the known literature values¢cdishowing the drift of the monochromator.

Uncertainty in the measured values is + 0.025 A.
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It is often useful to know the precise peak eneoflya zero-phonon
transition, and this can be achieved using a simmieethod as above. A
calibration lamp, with a known transition energyngar to that of the ZPL of
interest, is placed in the configuration showniguffe 3.4.2 (as an example for
the cathodoluminescence equipment; similar setwgs lie used in PL and
absorption systems). This includes a beam spitttehe position shown. This
setup allows both the ZPL and calibration line ® recorded in one spectral
measurement. As the energy of the calibration I;mé&nown accurately, the
energy of the ZPL can be corrected for the drifthd spectrometer, giving an
accurate value for the energy of the ZPL. Thisnmlcalibration technique has
been used in this work to measure the shifts (§f) af the ZPLs with nitrogen
isotope substitution (small shifts of ~ 0.1 meV aeticipated (see section

2.2.2.3), and hence accurate readings are required)

™" To computer
Filament Focusing Mirror R J_
Magnets [ j'
[+] Monochromator
Sample Calibration Lamp

Figure 3.4.2- Inline calibration of a cathodoluminescence ayssehematic (plan view).

The diffraction grating of the monochromators usedhis work is of
interest. Diffraction gratings have a band-pass &hakze wavelength: the
wavelength regions of interest in this work arehwitthe band-pass of the
grating, and the blaze wavelength of all of thetiggs is 500 nm, which,
fortunately is around the region of interest foe @PLs in this work (~ 450 to
600 nm). Thus extra considerations do not nee tm&de for these features.

In a number of cases, the luminescence from tnepleais polarised
before it enters the monochromator. This is impurtaecause the diffraction

grating is ruled in the vertical direction. This ams that any luminescence
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polarised parallel to the grating orientation viaé# preferentially diffracted, and
that polarised perpendicular will be less efficigrdiffracted; this varies with
wavelength, particularly near the blaze wavelendib. check the degree of
polarisation of the grating, a stabilised tungstemp can be focused into the
monochromator, with a polariser before the entrastite A scan over a spectral
region can be performed in both polarisations, twedratio found. For example,
the monochromator of the photoluminescence systam d- : | ratio of
approximately 1 : 0.6. Thus, in order to genuingynpare the intensity ratio of
the data in both polarisations, the data of the &cient polarisation should be
scaled to match that of the preferential polarsati

This effect can be problematic in situations whitse signal intensity is
weak, such as in uniaxial stress measurements,ewdy@plying high stresses
causes the ZPL to decrease in intensity, yet brodttee integrated intensity
remains constant). Hence a weak luminescence sigaglbe difficult to detect
in the non-preferential grating polarisation. Ferthore, polarisers (which
ideally reduce the intensity by 50%, but in praetibe reduction can be greater
than this) and filters can reduce the luminescéemessity.

The use of long integration times and signal avampgsee section 3.2)
can minimise the noise of the spectrum and helpdtier resolve the ZPL
components; this does however mean longer timetspereach scan, which
ideally should be avoided due to the risk of diift the applied stress.
Additionally, placing a de-polariser after the padar used to select the
luminescence orientation will redistribute the @éliecvector in all orientations;
this will minimise the effect of the preferentiatatjng orientation — at the

expense of a slight loss of overall signal intgngibwever.
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3.5 Temperature dependence measurements

Investigation of the temperature dependence oétleegy, intensity and shape of
zero-phonon transitions in diamond forms an impdrtgart of the
characterisation of defect centres producing taesitions (see section 2.2.2.2).
Temperature dependence measurements of the ZPdiedstim this work were
performed in cathodoluminescence, as no absorptidhe centres was detected.
Modifications to the CL spectrometer were madectueve this.

The process of obtaining a ZPL measurement atnabau of different
temperatures was to cool the sample to liquid gérotemperature, and then
record a spectrum at regular temperature interaalghe sample temperature
increased to room temperature. The initial liquidrogen was allowed to
completely evaporate, and the sample was alloweredch equilibrium with
room temperature via thermal conduction of the (rempty) cold-finger; no
external heating mechanism was employed.

A thermocouple was attached to the copper platghich the sample is
mounted, and was calibrated to room temperature. CHtibration was checked
by cooling the sample to liquid nitrogen temperatdrthe error in temperature
measurement was + 5 K. Spectral data were recobgethe PC, as in the
standard setup. When reading luminescence sigtelfiden the photomultiplier,
the software also read from the thermocouple, st tthe output for a single
spectrum consisted of three columns of data: theelgagth, the luminescence
signal intensity, and the temperature at each uizitd.

An important requirement of temperature dependaneasurements of
ZPLs is that the time required to perform one schthe ZPL is sufficiently
short that the temperature variation during thenssaminimal. This is so that
temperature-induced ZPL variations are minimisedgesauine ZPL can be
recorded. Recording a high resolution spectrum avégcalised region around
any given ZPL took typically 30 to 60 s; the tengiare variation over this time
period was ~ 1 to 4 K, with the upper end of thsead seen at higher
temperatures. Thus significant temperature-indwteshges in the ZPL were not

encountered during scan time.
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3.6  Other characterisation techniques

This section will briefly review some of the otherain techniques used to
characterise diamond: electron paramagnetic resen&aman spectroscopy and
SIMS.

Point defects in diamond which posses an unpadéledtron can be
studied using electron paramagnetic resonance (EFPRs is a powerful
technigue which allows determination of a numbepperties of a chemical
species such as the electronic structure and $giess orientational properties,
and information about the local environment of species.

The effect comes from the splitting of degeneedéetronic energy levels
in the presence of a magnetic field. An unpairezttebn’s magnetic moment
will align parallel or antiparallel to the directioof the field, i.e. populating one
of the split energy states. If the electron isha tower energy state (parallel to
the field), absorption of electromagnetic radiatmfnthe appropriate frequency
will cause the electron to excite to the otherestdatwill subsequently relax. In
many-body systems, the electrons will predominabtyin the lower energy
state (due to Maxwell-Boltzmann statistics), anddeea net absorption of energy
can occur. A particular system, e.g. a paramagmpeiict defect in diamond, will
have a characteristic resonance which is deperatettie intrinsic properties of
the system, and the environment in which the sysbeists.

The local environment affects the magnetic momanthe unpaired
electron by the influence of local magnetic field@is results in changes of the
resonant absorption spectrum of the system whieh clraracteristic of the
environment. Additionally, the magnetic moment bé telectron can interact
with the nuclear spins of nearby nuclei, which &Botransitions to additional
energy states to be valid, causing extra lineberabsorption spectra.

EPR is frequently used to study point defects iamdnd, such as
nitrogen-related centres (e.g. Newton and BakeBX))9 and transition metal
centres (e.g. Nadolinnyet al (1997)). It is advantageous because it is
quantitative: the concentration of absorbing centgan be determined.

Additionally, a particularly useful feature of ER&the ability to determine the
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symmetry of a centre: the magnetic moment of thgaired electron, and the
hyperfine coupling of local nuclei, are not nece$gsathe same in all
orientations, and hence the symmetry of a defect bgpothetically be
determined.

Probing the crystalline quality of a material cas dchieved via Raman
spectroscopy. This is where monochromatic photoo&glént on a sample are
inelastically scattered by phonons, resulting ime@asurable spectrum which is
characteristic of the properties of the materiile Spectrum generally consists of
a peak with intensity, energy and width parametitermined by the Raman
cross-section of the material, the crystalline fuainternal strains, temperature
and the experimental set up (e.g. the power ofaber).

For diamond, a narrow peak at 1332 cim observed, with widths of 2 to
2.5 cm' in natural diamonds. Recent measurements of sorgktal CVD
samples found widths of ~ 1.65 ¢nfTallaire et al (2006)]; earlier synthetic
material showed widths of 1.7 to 14 ¢fBachmann and Wiechert (1992)]. The
peak position in diamond is relatively insensitiseemperature below about 300
K, yet shifts to lower energy by ~ 15 €rat temperatures up to 1000 K.

The presence of non-diamond regions in a diama@mipke introduces
additional features in the Raman spectrum. Graaiteshow two peaks at 1580
and 1357 crl, with widths greater than that of the diamond pdakreasing
crystallographic disorder broadens the peaks aaskbithe intensity ratio of the
peaks to the “disorder” peak at 1357tm

Raman spectroscopy allows a non-destructive apdrerentally simple
way of determining the crystalline quality of a #ysised diamond, and is
widely used. This very brief review of Raman spestopy followed [Bachmann
and Wiechert (1992)].

Determination of the elemental composition of mawjids, including
diamond, can be determined using secondary ion apesdrometry (SIMS). The
technique is particularly suitable for diamond dscan detect material
constituents with concentrations as low &*16m?® for particular impurities;
although the sensitivity is impurity dependent.

SIMS is a destructive technique in which a primiary beam is focused
on the surface, ejecting secondary ions. Theséeattetected by separating the

ions according to their charge to mass ratio, Veetac and magnetic fields.
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High detection sensitivity can be obtained by usg&lgctron multipliers or
microchannel plates.

SIMS can be used to measure surface or bulk ¢oests, where the
technique is named static or dynamic, respectiveBynamic SIMS
measurements, such as on the diamonds studieds iwaink, use a setup similar
to that described above. Static SIMS measuremeifitseela pulsed primary ion

beam to obtain data.
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Chapter 4

General characterisation of
single-crystal CVD diamond

4.1 Introduction

Early CVD synthesis of diamond produced polycrystalfiims usually of the
order of a few tens of micrometers thick, with deters of a few centimetres.
The method of growth, e.g. hot filament, flame-sigsl, microwave, and the
choice of substrate heavily influenced the obserggdssion and absorption
spectra, by introducing structural and point defettaracteristic of the growth
conditions.

The polycrystalline nature of the material medrat tthe distribution of
defects in a single sample was usually inhomogenéewy. Lang and Meaden
(1991), Kandaet al (2003a)). This was due to grains differing in otaion, and
impurities being incorporated preferentially in fdrient growth sectors. The
impurities incorporated in the synthesised diamomdse found to include
elements from the substrate, such as silicon [Ruiah(1991a)]; elements from
the walls of the reaction chamber, such as silitcom the quartz windows (e.g.
Joeriset al (1996)); elements from the filament (in hot filameyrowth), e.g.
tungsten [Gheeraest al (1992)]; and contamination from the atmosphere, by
nitrogen, for example.

Optical spectra from these samples showed zerogrhtines, vibronic
bands, and local vibrational modes from many ofséhempurities. The
cathodoluminescence and photoluminescence speet@ also often dominated
by an intense broad band, known commonly as band@h&. shape and peak

energy of the band varied in diamonds of differgyges, and also between
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natural and synthetic diamonds; a number of diffefband-A”"s are observed in
polycrystalline CVD diamond. Speculation about tla¢ure of these bands is on-
going. One band at ~ 2.3 eV, the green band |, besn attributed to
recombination within amorphous-carbon phases [Ibkwskii and Adriaenssens
(2000)]. Another broad band at ~ 2.8 eV has beamdoto originate at
dislocations [Yamamotoet al (1984)]; possible explanations are that the
dislocations (and presumably also grain boundaaes)decorated with donor-
acceptor pairs [Kawarada (1990)], or that the b#@dhe strain-broadened
vibronic band of a dislocation related defect [lakovskii and Adriaenssens
(2000)]. A further, much discussed mechanism is od@tceptor pair
recombination, first proposed by Dean (1965). Sd®ubovskii and Stesmans
(2002a) and Collins (1992) for further discussiohband-A phenomena.

Despite the speculation over the mechanisms fosethfeatures, the
cathodoluminescence spectra of early CVD samples wien dominated by a
broad emission band. Additionally, the theoreticadharp zero-phonon lines
were usually broadened, and sometimes split, lyrnat stresses and strains in
the lattice (see, for example, Scharwzbathal (1994), Burtonet al (1995),
Kanda et al (2003a)). This is due to the presence of grainnbaties,
dislocations and other structural defects, and higfect densities (see section
2.2.2.1). It has been found that intrinsic stressgmlycrystalline CVD diamond
films increase with decreasing grain size [Schaderal (1991)]. Extensive
broadening of ZPLs sometimes meant that preciseireEs of a spectrum were
not resolved; a notable example (important for wask) is the 737 nm doublet.
This feature, ascribed to a silicon-related centvkilst having been observed
first in 1980 as a single-broad CL line [Vaviletal (1980)], was not resolved as
a doublet until 1994, from cathodoluminescence grttbtoluminescence
measurements of large grain-size polycrystallineDCfamond [Collinset al
(1994)]. This was crucial for an understanding e hature of the centre (see
section 6.4.1 for a more in-depth discussion ofhiséory of this centre).

This work has investigated single-crystal CVD swsiked diamonds.
Whilst this type of material is not completely frefeom the impurity
contamination issues discussed above, it does affermber of advantages over
the polycrystalline material. First, the cathodoinescence spectra of the

material from Element Six rarely show the band-Aissimon, indicating a low

108



dislocation density. This means that emission frpoint defects, may be

investigated without being obscured by a broad somisfeature. One of the

samples studied in this work was, however, healigjocated around the edges
of the sample, and hence band-A (at ~ 2.8 eV\W@kobserved in the dislocated
regions.

Second, the ZPLs are usually very narrow (rangmgf~ 0.5 to ~ 1.5
meV, see section 4.3), allowing highly resolvedcs@e This suggests lower
internal strains than the polycrystalline materiatwever, the CVD samples
occasionally do show evidence of strain in the ZR&sch as the 532.7 nm
centre, section 4.3). Third, the large size ofdl@monds produced (of the order
of one to six millimetres in this work), and thegle-crystal nature, mean that a
practically-dimensioned diamond may be orienteghriovide a cuboid where a
single face corresponds to a lattice direction.sTddlows uniaxial stress to be
applied to a sample in order to study in detaildjimmetry properties of defects
causing ZPLs.

The cathodoluminescence spectra of the singlealrgsimonds studied
in this work show features which occur regularlydifferent samples. Some of
these features have been observed (and charadjarnisgon-single-crystal CVD
and non-CVD diamond. A large number, however, hay been observed in
this type of material. Figure 4.1.1 shows a typeathodoluminescence spectrum
of a single-crystal CVD diamond, of the type invgated in this work.
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Figure 4.1.1 — Typical cathodoluminescence spectiiansingle-crystal CVD diamond. See text
for explanation of the highlighted features. Reearaith the sample at 77 K.

Various features of figure 4.1.1 have been higditéd. The blue regions
are those features which have been observed in gfhes of diamond, and have
been well investigated: the ZPL at ~ 389 nm (3.8488 and the broader features
up to around 430 nm are the ZPL, vibronic band, landl vibrational modes of
the 389 nm centre, attributed to a substitution@bgen and interstitial carbon
complex [Collins and Lawson (1989), and see Zai{@000)]; the ZPL at ~ 441
nm (2.807 eV) is the 441 nm centre, attributedragheer substitutional nitrogen
and carbon complex [Collins and Lawson (1989)];ZR&. at 575 nm (2.156 eV)
and the band at 586 nm are the ZPL and vibronid lzdrthe neutrally charged
nitrogen-vacancy [Mita (1996), and see Collins hadson (1989)].

With the exception of the ZPL at 533 nm, all oé thther features in the
spectrum of figure 4.1.1 have only been observedsiimgle-crystal CVD
diamond. The 533 nm ZPL has occasionally been weden very high purity
diamonds grown by HPHT synthesis. A. T. Collinsrjmmal communication
(2009)] presented figure 4.1.2 at the 2004 De BB&mond Conference, based
on spectra recorded in 1998 by Sarah Sharp, a Riderd in the Solid State
Physics Group at King’s College London. He repottet the 533 nm emission
was particularly strong from those regions of trerbnd exhibiting free-exciton

emission.
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Figure 4.1.2 — Cathodoluminescence spectrum fraaglapurity HPHT synthetic diamond
recorded with the sample at 77 K. See body texti&ails.

The features highlighted in red are those whichehasen investigated in
this work. All of the defect centres responsible ttte ZPLs (except for the one
at 510 nm) have had their symmetry determined bgxisl stress work. The
highlighted bands have been determined to be threwic bands associated with
some of the highlighted ZPLs. All of the ZPLs halbeen measured for
temperature dependence, and (again, excludingliden® ZPL) been measured
for nitrogen-isotope dependence. A number of ofeatures shown in figure
4.1.1, including the band between ~ 460 and 520armalso discussed later in
this chapter (sections 4.3 and 4.4).

Two other features, not shown on figure 4.1.1,caeasionally observed
in the CL spectra of single-crystal CVD diamond 8RL series of lines, and the
737 nm centre. The well-investigated 5RL centréhwai ZPL at 270.5 nm (4.583
eV), has been assigned to a pair of carbon atonas €400> split interstitial
model [Collins and Spear (1986), and see Colli®®9) for further discussion of

the nature of this centre]. The 737 nm (1.6827 @nitre, as mentioned above, is
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a silicon-related defect, and is investigated witiiaxial stress in this work (see
section 6.4). Additionally, this type of diamonadhdathe samples studied in this
work often show free-exciton emission in CL spectra

The absorption spectra of the diamonds studigldisnwork are generally
featureless (except for the lattice and fundamestdge absorption), although one
sample (DeB #1) had a brown region which exhibiedumber of sharp, yet
weak ZPLs in absorption. Being low nitrogen conteamnples (of the order of a
few hundred ppb, see section 4.2) means that thleinfriared, one-phonon
region absorption is featureless, and that the Emngan be classified as type lla.
There are, however, a few absorption features @27, 1344 ci (both due to
single-substitutional nitrogen), and a clusteriné$ around 7300 ¢ which are
discussed in subsequent sections.

All of the spectral data presented in the follogvsections were recorded
with the samples held at liquid nitrogen tempemiur 77 K, except for some of
the silicon-vacancy spectra, which were measurdidjat helium temperatures
(~ 40 K)), and all quoted values from optical spettave been corrected for the

wavelength dependence of the monochromators, uateeswise stated.
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4.2 Samples studied

Many diamond samples have been studied in this werkmarily CVD
synthesised diamonds, although a couple of HPHTpk=have been measured
for comparison purposes. In total, ten single-aly§1VD samples grown by
Element Six, five single-crystal CVD samples grolnthe diamond research
group at the University of Paris XllII, one singlestal CVD film grown by
Apollo Diamond Inc.,, and two HPHT synthesised sasplhave been
investigated. Table 4.2.1 summarises some of thyeepties of the CVD samples,

and Table 4.2.2 summaries those of the HPHT samples
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Ns

Sample Manuf- Doping  Colouration content Other
acturer (ppb) comments
DeB #1 Clear except for brown layer
S013-02C g!iment None a few hundred micrometers i3157§ (N
0342507-A(i) deep on one face
g8283#221C Element N cl 384 + 45  1001] oriented for
) . Six one ear - stress work.
0342504-K(i)
DeB #3
SASC04-10 g!)e(me”t None  Clear 107 + 12
0442633-B(i)
DeB #4 Element Clear in the centre, severely
A476-151 Six N-15 blackened along edges due
0171424-B(i) to dislocations
DeB #5
S010-01A g:)e(ment N-15 tShrrr(l)(:]kehyot;;own colour NM
0171426-B(jii) 9
88%#5 59 Element N cl NM [111] oriented for
0586';31-0 Fi) Six one ear stress work.
DeB #7 £l ¢ si [001] oriented for
emen llane stress work;
S037-01b o (sizg) Clear NM doped with natural
0572207-A(i) abundance Si-28.
ggfz#fl Element Silane cl ILC Doped with natural
] L SiX (Si-28) ear abundance Si-28.
0572205-A(iii)
2852#]?2 Element Silane cl ILC Doped with natural
0572505 B(Gi) Six (Si-28) ear abundance Si-28.
DeB #10 £l ; [111] oriented for
e emen . stress work;
0642741K Six Si-29 Clear NM enricqﬁdsng 90%
Wi 1-29.
None
Ap4 Apollo Known Clear NM

Table 4.2.1 — Some properties of the CVD sampladiesti. N; means substitutional nitrogen,
measured in parts per billion (ppb)M means not measurdtlC means immeasurably low
concentration. Nitrogen concentrations measuratgusither the absorption at 270 nm or at 1344
cm’* (see discussion below).

Ns Other
Sample Manufacturer Doping Colouration content
comments
(ppb)
De Beers
M4a Diamond None None NM
Research Lab
Studied previously
De Beers Growth sectors coloured by Collins and
R944-02()) Diamond N-15 differently due to nitrogen NM Dahwich (2003);
Research Lab incorporation electron-irradiated

and annealed.

Table 4.2.2 — Some properties of the HPHT sampletes.
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Nitrogen is the dominant impurity in natural andhetic diamond. Its
incorporation in various forms determines the tglassification of diamond (see
chapter one). Hence, determination of its concgatrain diamonds is an
important part of characterising a sample.

The determination of the concentration of disperspdramagnetic,

single-substitutional nitrogen impurities in diandohas been well investigated.
The neutrally charged formN?) of this type of nitrogen impurity, the C-form,

gives rise to an optical absorption peak at 1130 (109 eV) [Charette (1961),
Dyer et al (1965)]. Additionally a broad band at ~ 270 nm4(592 eV), which

shows fine structure when the sample is measurkguad nitrogen temperature
(~ 77 K), is also attributed tdl2 [Chrenkoet al (1971)]. Measuring the electron
paramagnetic resonance (EPR) signal attributed p and comparing with the

1130 cm' and 270 nm absorption features, over many samallesyed Chrenko
et alto determine a relationship between the EPR signa@loptical features:

25
[N(S)]:25ﬂ11so:4_5ﬂ2701 42.1

where the N2] is in ppm (= 1.76 x 16 cm® in diamond) 1130 is the absorption

coefficient at 1130 ch in units of cn, anduzyo is the absorption coefficient at

270 nm, in units of cfh It is clear that the peak at 270 nm has a greater
sensitivity to N2 than the 1130 cthpeak.

Prior to the work of Chrenket al Sobolevet al (1969) derived a
relationship between the\2] and the peak at 1130 ¢inwhere 8 ppm produced
an absorption coefficient of 1 ¢hat 1130 crit. The discrepancy was resolved,
however, by the work of Boydt al (1994), who correlated theN2] with the
absorption coefficient at 1130 ¢nas INg] = (25 + 2) w1136 and Sumiya and

Satoh (1996) who correlated the electron spin r@so®m of N2 with the

absorption coefficient at 270 nm aN{] = 0.5627o.

Lawsonet al (1998) found that the absorption coefficient (m™9 of a

peak at 1344 cthalso correlated with the neutral single-substituai nitrogen
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concentration, asNJ] = 37.5u1344 The absorption coefficient at 1344 tris
found to be proportional to that at 1130 rasu1z4s = 0.572u1130 Lawsonet al
additionally found evidence of the presenceNaf impurities, and were able to

determine a quantitative relationship between ttN ] and the absorption

coefficient (in cnT) of a peak at 1332 ¢ [N ] = (5.5 + 1)u1332 The authors

add the qualification that due to 1332 trbeing a region of high density of
phonon states (1332 ¢hbeing the maximum phonon frequency in diamond, th
absorption at this frequency may also be produgedtber defects; hence this
relationship is only valid if the absorption peak$ 1046 and 950 cfn

(characteristic of\¢ ) are also present.
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4.3 Common optical spectrum features of the CVD draonds
studied

The cathodoluminescence spectra of the singlear3YD diamonds studied in
this work were introduced in section 4.1, where opécal features previously
investigated by other workers, such as the nitregerancy and interstitial
related features, were identified to exist in thigterial. Most of the other optical
features present in CVD samples exist within theiblé and near infra-red
regions, and all, excluding two ZPLs (the 532.7 ¢centre and 737 nm doublet),
appear to be unique to CVD synthesised diamondur€igt.3.1 shows a
cathodoluminescence spectrum with most of the cheniatic features of this
material (transition energies are given in tab&1.

4500
B F
4000
A

35001
5 3000
s
> 2500
= E
c
£ 2000- C
3 D H
O 15001 G

lOOO’QAANAJU

5001

0

455 475 495 515 535 555 575
Wavelength (nm)

Figure 4.3.1 — Cathodoluminescence spectrum obpieal features characteristic of single-
crystal CvD diamond in the visible range. See fexiabel details. Recorded with the sample at
77 K.

Features of figure 4.3.1 have been highlightedsist discussion. All of
the labelled features, except C and G, are zerogohdines. Features C and G

have been determined to be the vibronic bands afsZ® and F, respectively
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(this work, discussed in later sections). (Labealeters to the weak band below
the label, not the sharp feature on top of the hand

All of the ZPLs have been measured for temperategendence; all of
the ZPLs excluding E have been measured for nitrddgeisotope dependence
and have been measured under uniaxial stress, dar do determine the
symmetry of the defect producing the ZPL.

All of the ZPLs, excluding line E, have been obserin single-crystal
CVD diamond previously, and identified in the ldaarre; reviews of each ZPL
will be presented, along with the data obtaineduéleach, later in this chapter. It
has been shown [Tallaiet al (2006)] that the features highlighted in figura.4.
are strongly enhanced in intensity by the addibbnitrogen to the gas phase of
the growth process, and in undoped samples aleofdatures, excluding line F,
are not present in the CL spectra. This phenomapgiies to the samples grown
by University of Paris Xlll, but not to the ElemeBix material, where undoped
samples show the features. This has two implicatifirst, that the features are
nitrogen related, either directly, through nitroggwolvement in the defect
centres, or indirectly, through other mechanisnmg} second, that the Element
Six CVD growth chambers are not entirely free framrogen. This may be
deliberate, however, as it known that the incorponaof a small amount of
nitrogen in the gas phase of CVD synthesis prodhigeer quality material with
faster growth rates [Yan and Vohra (1999), Chayabgaal (2004), Tallaireet al
(2006) and references therein].

The peak wavelength, energy, and full width at nadiximum (FWHM)
of each ZPL highlighted in figure 4.3.1 are listedtable 4.3.1; the values
reported are the statistically averaged positioasmfseven samples; five grown
by Element Six, two by the University of Paris XlIMhese values will be used
throughout this work and should provide referenae dther workers as the
commonly observed peak positions of these ZPLis rmaterial (the FWHM,

however, will most likely be sample dependent).
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ZPL label

corespondng o UGG (Ooogen  YHMmeY
A 466.65 2.6569 1.36 +0.11
B 467.22 2.6536 1.84 £ 0.07
D 496.83 2.4955 1.07 £0.09
E 510.36 2.4293 0.94+0.13
F 532.71 2.3274 1.05+0.05
H 562.57 2.2039 0.80 £0.04

Table 4.3.1 — Statistically averaged peak wavelgrggiergy and FWHM of the ZPLs studied in

this work.

The ZPLs A and B are spaced very close in energyn another, and
could initially be mistaken for a doublet. Howevespection of the CL spectra
from a variety of samples (figure 4.3.2) shows tih&t lines do not appear with

constant relative intensities.

2000 7

—

15001

10007

CL intensity (arb

500 1

463 464 465 466 467 468 469 470 4n 472
Wavelength (nm)

Figure 4.3.2 — Cathodoluminescence spectra of ZPasd B (466.6 and 467.2 nm, respectively)
in four single-crystal CVD samples. The upper speuntis from a sample grown by the
University of Paris XIII, the lower ones recordedrh samples grown by Element Six. Note the
non-constant relative intensities. Spectra have biésplaced and scaled for clarity. Recorded

with the samples at 77 K.

119



The luminescence from ZPLs A, D and H shows an ntaieon
dependence, and it has been found in this workthieatefects responsible for
the ZPLs are preferentially oriented within thegdgacrystal diamonds. This may
be a feature of the growth process of this matefihis will be discussed in
detail in section 5.3.

Line F is considered an important ZPL, as it isesbed in CVD
synthesised diamonds, both single-crystal and pgdyalline, and it is
occasionally seen in HPHT synthesised diamonds;ekiewy it has never been
observed in untreated natural diamonds. Hence itoissidered a potential
spectroscopic marker of synthetic diamonds. The has been investigated in
this work, its temperature and nitrogen dependemeasured, and the symmetry
of the defect causing the line tentatively deteedin(section 6.3). Previous
workers have debated whether the 532.7 nm ZPL figdina doublet (see section
6.3.1); high resolution scans of the ZPL in a wgrad high quality single-crystal
CVD samples in this work show that the line canré®olved as a single peak
(figure 4.3.3a). It can be, and often is, howevbsesved with a “shoulder”
(figure 4.3.3b), or slight splitting (with variableplitting energies), which
presumably led previous workers to suggest the ldoulature of the line. The
fact that it can be resolved as a single narrovk geaws that it is not a doublet;
however the frequent observation of splitting widriable energy implies that
the line is highly susceptible to internal strawighin the crystal, and may even
be indicative of the involvement of a vacancy witthe centre. The nature of the
defect that causes the ZPL at 532.7 nm will beudised further in section 6.3.3.
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Figure 4.3.3 — High resolution cathodoluminescesuamns over line E, the 532.7 nm ZPL. a) the
peak shows minimal splitting. b) the peak demonssréhe often-observed shoulder. Recorded

with the sample at 77 K.

Along with the optical features A through H whibhve been studied in
this work, a feature just-beyond the visible lighggion has also been
investigated: the 737 nm doublet. This silicontedia feature has been
investigated extensively, except for having its Bytry determined
experimentally; this task was undertaken in thigkw&ection 6.4.1 presents a
review of the history of this centre, along withpeximental results. Here it is

included in the summary of defect centres commailyerved in single-crystal
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CVD diamond: it can be observed using absorptie@cspscopy (figure 4.3.4a)

and photoluminescence, but excitation using 40 k&¢trons seems relatively

inefficient. When the concentration of centresighhenough, however, the 737
nm system can be observed in cathodoluminesceigeedg4.3.4Db).
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Figure 4.3.4 — Spectra of the 737 nm doublet ¢iidi nitrogen temperature) in an irradiated and
annealed single-crystal CVD diamond grown withcsiti in the gas phase; spectra recorded in a)

absorption, and b) cathodoluminescence. Bothettrspescorded with the sample at 77 K.

Alon

g with the ZPLs discussed above, the singlestalyCVD diamonds

studied in this work show many minor optical spectrfeatures, which have not

been previously documented. The origins of thessufes have not been
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investigated in further detail in this work, asnggally, they are too weak to
subject to the characterisation approaches utilisethis work (temperature
dependence, isotope effects, uniaxial stress).eTald.2 presents a summary of
the features observed in cathodoluminescence; t&aBI& reports the features
observed in UV-visible absorption. The summary does include the 5RL
centre cathodoluminescence (ZPL at 270.5 nm (4883, or free-exciton
recombination luminescence (234.4 nm (5.289 eVhjclvare often observed in
this material. The features listed in table 4.3 @resent in all of the “DeB #”
samples, except DeB #7, 8, 9 and 10, which weredl@pth isotopes of silicon.
These samples showed only the following feature3lin737 nm, 575 nm, 532.7
nm 441.2 nm, the 389 nm centre with LVMs, and tR& Bentre. The absorption
features exclusive to the brown side of DeB #1 iactuded in table 4.3.3.
References to the known defects centres are onfigegt see section 4.1 for a
review of the known defect centres in this matetraimany of the CVD samples
the concentration of the 736.8 nm centre is too towproduce observable
absorption.
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Wavelength Energy Common name / FWHM FWHM ZPL or

(nm) (eV) defect (if known) (nm) (meV) band?
388.4 3.191 389nm-N&C  0.184 1512 z
398.0 3.114 V'bron'crﬁﬁ”d of 389 ¢ 203 48.331 b
4412 2.810 A41nm-N&C 0243 1,552 z
4471 2772 0.187 1.161 z
466.6 2657 0.169 0.966 z
4672 2.654 0.205 1.167 z
4737 2617 4539 25.051 b
480.7 2,579 V'bm”'cr?ri”d of 467 4 g73 26.193 b
496.8 2.495 0.181 0.909

498.3 2.487 0.167 0.833 z
500.8 2.475 u : z
500.9 2.474 u : z
501.2 2.473 0.221 1.092 z
501.6 2.471 u : z
502.7 2.466 0.301 1.476 z
503.9 2.460 0.177 0.865 z
504.4 2.457 0.159 0.777 z
508.8 2.436 0.170 0.818 z
510.3 2.429 0.174 0.829 z
512.6 2.418 0.216 1.020 z
514.0 2.412 0.157 0.741 z
517.4 2.395 0.185 0.860 z
532.7 2327 532.7 nm 0.162 0.707 z
545.4 2273 0.139 0.580 z
545.9 2.270 0.157 0.653 z
551.4 224g  Vibronicbandof ., 45, 48.304 b

532.7 nm

559.5 2215 0.134 0.531 z
562.6 2.203 0.164 0.645 z
574.7 2157 575 nm (N-9) 0.254 0.955 z
587.1 2111 V'bm”'cr?ri”d of 575 4 246 22,455

600.0 2.066 V'bm”'cr?ri”d of 575 10.380 35.737

636.8 1.946 637 nm (N-V) 0.191 0.586 z
7775 1.594 0.443 0.908 z
885.9 1.399 0.318 0.503 z
894.8 1.385 0.404 0.625 z

Table 4.3.2 — Summary of observed features in aleocloluminescence spectra of the single-
crystal CVD diamonds studied in this work. Erromieasurements of = 0.025 nm, £ 0.108 meV.
‘N’ means nitrogen, ‘€ means interstitial carbon, 'V’ means vacancy, néans un-measurable,
‘Z’ means ZPL, ‘b’ means band. Features highlightedrey indicate a structured group of lines.

Features highlighted in blue have been investigeatdhis work.
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Vel ey v Soneniee] mwemm RN 2L
270.1 4.589 Nrelated peak u - b
271.0 4.573 Nrelated peak 0.735 3.643 z
446.8 2.774 0.195 1.216
467.6 2.651 0.243 1.380 z
482.1 2571 0.430 2.294
575.0 2.156 575 nm (N-V) 0.298 1.119 z
594.1 2.086 0.733 2.576
626.6 1.984 0.848 2.694 z
637.1 1.946 637 nm (N-V) 0.188 0.575 z
736.8 1.682 737 nm doublet - - z

Table 4.3.3 — Summary of all observed featurekéntV-visible absorption spectra of the
single-crystal CVD diamonds studied in this workcdg in measurements of £ 0.025 nm, + 0.108
meV. ‘Ns means substitutional nitrogen, ‘N’ means nitrog&fi means vacancy, ‘U’ means un-
measurable, ‘2’ means ZPL, ‘b’ means band. Theufealighlighted in blue has been
investigated in this work. The features highlighiiegellow have only been observed in a brown

colouration in sample DeB #1 (see section 4.4)ditgg cut off at ~ 800 nm.

The features at 501.2, 508.8, 510.3 (line E), §1217.4, 532.7 (line F),
line F’'s vibronic band, 562.5 (line H) and 575 nana@ll be excited (weakly) by
photoluminescence, using a 325 nm HeCd laser {(gaef4.3.5). The 575 and
637 nm centres can be readily excited in PL wiii4.5 nm Argon ion laser.

The 637 nm (1.945 eV) centre, the negatively ob@dngtrogen-vacancy,
has been observed in CL spectra of undoped, uatteaingle-crystal CVD
synthesised diamond in this work. Previously, olisgrthe centre in CL was
only possible using nitrogen-containing diamondadrated with high energy
ions (see Zaitsev (2001)). The single-crystal C\Wbtlsesised diamonds grown
by Element Six show weak CL from this defect — weakative the neutral
nitrogen-vacancy (ZPL at 575 nm, 2.156 eV), whicls ihighly
cathodoluminescent efficient in this material. dutd be that luminescence from
the 575 nm band is being absorbed in the 637 nnrecerabsorption band,
causing it to produce photoluminescence. The ZRibgerved at 636.90 + 0.08
nm (1.946 £ 0.002 eV), with a FWHM of 0.598 + 0.2V (values statistically

averaged over a number of samples); see figuré.4.3.
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Figure 4.3.5 — Typical photoluminescence spectrimsingle-crystal CVD diamond, excited
using a 325 nm HeCd laser, showing weak luminescé&onm a number of the ZPLs observed in

the CL spectra. Recorded with the sample at 77 K.
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Figure 4.3.6 — Cathodoluminescence spectra of amptes of single-crystal CVD diamond
grown by Element Six, showing the 637 nm (1.945 e&fjtre, along with the 575 nm (2.156 eV)

centre. Recorded with the samples at 77 K.

Finally, a series of weak cathodoluminescence limdsch appear
frequently in this material were omitted from taBl&.2. Figure 4.3.7 shows the

CL spectrum of these features. They appear ditiattove a broad increase in
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luminescence over the range ~ 455 to 485 nm. Theleagths and energies of
the lines are listed in table 4.3.4. Of the manyeptal mechanisms of
production of these features, one possibility & they are due to donor-acceptor
pair recombination (DAPR) considering their eneegyd presence on top of a
broad band. DAPR was suggested to account for Hrel-B luminescence
observed in most types of diamond [Dean (1965)hriaf discussion of the

various “band-A’s observed is given in section 4.1.

470 475 480 485
Wavelength (nm)

Figure 4.3.7 — Cathodoluminescence spectrum ofehies of weak sharp lines between ~ 455
and 485 nm, observed in the single-crystal CVD diads studied in this work. The two intense
ZPLs present are the 466.6 and 467.2 nm lines.r@edawith the sample at 77 K.

Wavelength (= 0.05 nm) Energy (£ 0.0003 eV) Normaked intensity
458.06 2.7067 0.34
458.94 2.7015 1.00
459.56 2.6979 0.23
460.20 2.6942 0.17
461.47 2.6867 0.32
461.94 2.6840 0.34
462.55 2.6805 0.36
462.80 2.6790 0.77
463.53 2.6748 0.31
463.92 2.6725 0.21
464.52 2.6691 0.18
464.97 2.6665 0.86
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465.31 2.6645 0.50

465.70 2.6623 0.11
468.94 2.6439 0.19
469.25 2.6422 0.18
469.56 2.6404 0.18
469.94 2.6383 0.51
470.46 2.6354 0.18
470.78 2.6336 0.66
471.06 2.6320 0.53
471.54 2.6293 0.36
472.16 2.6259 0.20
472.66 2.6231 0.16
473.26 2.6198 0.13
473.60 2.6179 0.35
474.05 2.6154 0.15
474.48 2.6131 0.22
475.00 2.6102 0.10
475.21 2.6090 0.19
475.94 2.6050 0.20
476.74 2.6007 0.77
477.40 2.5971 0.12
478.28 2.5923 0.64
478.79 2.5895 0.15
479.01 2.5883 0.12
479.62 2.5851 0.12
479.96 2.5832 0.68
480.31 2.5813 0.14
481.36 2.5757 0.29
481.84 2.5732 0.76
482.31 2.5706 0.15
482.86 2.5677 0.25

Table 4.3.4 — List of the wavelength, energy andnadised intensity of each line in the series

between ~ 455 and 485 nm in the single-crystal @\éPnonds studied in this work.

This author considers it doubtful that this pattciseries of lines is due
to DAPR for a number of reasons: 1) the small eneagge these lines span; 2)
the highly structured nature of the broad band hastence beneath the lines,
which appears suggestive of a number of overlapgingnic bands (indeed, the
weak band peaking at ~ 480 nm is shown later is Work to be the vibronic
band of the 467.2 nm ZPL); and 3) the lack of réidacof transition intensity to
higher energies. However, for consistency, a fith&f energies of these lines to
the DAPR equation has been performed. The apptfodolws that of Dischleet
al (1994), who performed the analysis on a seridsimafnescence lines seen in
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polycrystalline CVD diamond. The energies of trinss between donor and

acceptor pairs are given by the expression:

e

2
hv(r)=E, —(Ea+Ed)+(;j—Ecorr, 431

whereE, is the energy of the band gdf, is the binding energy of the acceptor,
Eq is the binding energy of the doneris the electronic chargeis the dielectric
constanty is the distance between an acceptor and donorgpds an energy
term which corrects for large pair separations.uffgsg that the acceptor and
donor impurities are on substitutional lattice sitdhen the separation values,
are guantised. Further intricacies of the calcoiatvill not be discussed here —
the reader is referred to Dischigral (1994). The calculation was performed for
this series of luminescence lines listed in tah@44 least-squares fitting the
observed line energies to the separation valughenDAPR equation, 4.3.1,

yields the expression

E, - (E, +E,) = 229. 432

Taking the energy of the diamond band gap to bé BM at 77 K (see Zaitsev
(2001)), and assuming the acceptor is substitutioason, which has a binding
energy of 0.37 eV [Collins and Williams (1971)].etibinding energy of the
donor, Eg, is found to be, from this calculation, 2.80 e\hisT'is similar to the
value of 3.3 eV obtained by Dischlet al (1994), but both values are very
different to the generally accepted value of 1.7feNthe ionisation energy of

the single substitutional nitrogen donor [Farred &fermeulen (1972)].
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Figure 4.3.8 — Comparison of the energies of thetimiense transitions in the 2.56 to 2.71 eV
range with the calculated energies as determingddebpAPR model simulation. The dotted line
shows a 1:1 ratio with the observed transition giest in order to highlight the scatter found at

higher energy.

Furthermore the fit of the data to equation 4.3de(figure 4.3.8) shows
considerable scatter at high energies (larger ag@par values r)), and the
relative intensities of the lines are not as exg@dtom the calculations carried
out by Dischleret al (1994). Utilisation of an appropriaté.., may help to
reduce the scatter at higher energies; howevemibidd not eradicate the other
outstanding issues with this fit. The conclusiomnthis that DAPR can be

excluded from the possible origins of this seriekiminescence lines.
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4.4 Cathodoluminescence of DeB #1

Sample DeB #1 displays a number of unusual featares hence merits a
subsection of its own. The sample is a large, shHogystal CVD synthesised
diamond of dimensions 6.325 x 5.343 x 1.735 mm fgeree 4.4.1). It was not
intentionally doped during growth, and was provided (substrate removed) and
polished. The sample is visually clear, and presenfeatureless visible-UV
absorption spectrum (figure 4.4.2), except forabeorption at the band gap, and
a band centred at ~ 270 nm. This band, along waghfine structure visible on
top of it at liquid nitrogen temperatures, is dwethe presence of neutrally
charged single substitutional nitrogengNmpurities [Chrenkoet al (1971)].
Measurement of this band allows the concentratioNoin the sample to be
estimated as 335 £ 35 ppb.

A
v
-
< B
6.325 mm !
l N
- |<»|Y 5.343 mm
1.735 mm

Figure 4.4.1 — A schematic diagram of the DeB #hda.

Closer inspection of the sample whilst under therasicope revealed a
subtle brown colouration on one of the two largerels. The colouration can only
be observed by looking along an edge of the safdiplection A of figure 4.4.1)
and only slightly affects the observed colour & #ample when looking through
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the large faces (direction B of figure 4.4.1). Tba&louration appears to be

homogeneous across the sample face. Using a mitggna® estimate of the

depth into the sample bulk is ~ 20t at most. It is not known whether this was
the substrate or growth side of the sample.
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Figure 4.4.2 — Absorption spectrum of the DeB #h3e, recorded with the sample at 77 K.

A change in observed colour across a single dianmoptles a change in
the visible absorption spectrum between the regidhss was investigated by
masking the brown edge and measuring an absorgpectrum of the clear
region, along the length of the sample (directionfAigure 4.4.2) to maximise
the quality of the absorption spectrum. Then thlearcckegion was masked, the
brown edge unmasked, and an absorption spectrumewsasied along the same
axis of the sample. The difference in absorptiotwben the regions is striking
(figure 4.4.3), yet not unexpected: the brown ragshows strong broad
absorption over the blue-green region of the wsilgpectrum, leaving it
relatively transparent to light in the yellow talreegion of the visible spectrum.
The absorption spectrum of the clear region ofddwaple is similar to the first
absorption spectrum measured on this sample, howleaemeasurement (figure
4.4.2) was made with the beam incident on the l&age of the sample (direction
B in figure 4.4.1).
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Figure 4.4.3 — Absorption spectra of the DeB #1@amat 77 K. The blue spectrum is the
absorption measured through the clear region o$gneple. The pink spectrum is the absorption

measured through the brown region of the sample.

The first absorption measurements made on the sameie recorded
using a PerkinElmer Lambda 800 UV-Vis absorptioecspmeter. The latter
measurements were made on the custom absorptitems{see chapter three), as
this allowed focusing of the beam on to the narbo@wn region.

The spectrum recorded for the brown region appeabe similar to that
of brown diamonds; broad step-like absorption iasmeg towards higher
energies (see, for example, De Weerdt and Van R@@01), De Weerdt and
Collins (2007)). There are a few sharp, yet weakuies in the spectrum: 446.8
nm (2.774 eV), 467.6 nm (2.651 eV), 482.1 nm (2.8¥), 574.9 nm (2.156
eV), 594.1 nm (2.086 eV), 624.6 nm (1.984 eV), 631.946 eV). The lines at ~
575 and 637 nm are the neutral and negatively eldangtrogen-vacancy,
respectively [Mita (1996)]. The line at ~ 594 nmasnitrogen and vacancy
related complex (Davies and Nazare (1980), andZsdétsev (2001) for further
references). The other lines have not been prelyioegorted.

This is the first reported measurement of absonpbiyg the neutral and
negative nitrogen-vacancy defects in this mateAlihough the peaks are weak,
the concentration of the centres can be determisaty the calibration factor

[Davies (1999)]. The concentration of (N\ij the brown region of this material
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is calculated as (2.00 + 0.65) x'1@m*> (= 11 + 4 ppb); and that of the (N-\}
(0.76 + 0.25) x 18 cm® (= 4 + 1 ppb).

As the brown colouration appears to be limited t@gion very close to
the surface, it is appropriate to investigate ingscathodoluminescence (see
chapter three). The electron beam was run at 4@bk¥he measurements made
in this section, which corresponds to a penetradigpih of approximately (0.018
x (40)-%%) = 15 um. Figure 4.4.4 shows comparative composite spexdtthe

clear and brown sides of DeB #1.
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Figure 4.4.4 — Comparative composite cathodolunciexese spectra of the clear (blue, upper
spectrum), and brown (pink, lower spectrum) sidesample DeB #1. Spectra have been
displaced and scaled for clarity — relative intéasishould not be inferred from this spectrum.

All spectra recorded with the sample at 77 K.

There are a few notable differences in the cathuwdimescence (CL)
spectra of the brown side of DeB #1. First, the gRit 510.3 and 517.5 nm,
present on CL spectra from the clear side, are werny weak (relative to the
spectral noise). A new, strong (relative to thesapemission line is now present
at 514.0 nm (2.411 eV). This line has a full widtalf maximum (FWHM)
comparable to the other lines in the emission spert1.56 A (0.73 meV). A
feature at 514 nm has been previously observed Iin spectra from
polycrystalline CVD diamond films [Yacobet al (1991)] and CL from the
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{111} sectors of a single-crystal CVD diamond filfKanda et al (2003b)].
These authors did not state the widths of the Stpeak in their samples;
however estimations from their published spectrggest that the peaks are
substantially broader than the line measured irptaDeB #1.

Second, the broad increase in structured lumimesckom the clear side
starting at ~ 460 nm and extending to ~ 520 nmitsstd ~ 445 nm in the brown
side, and ends around 500 nm. This entire regidnroinescence appears to be
composed of convoluted vibronic bands associated ainumber of ZPLs, as
indicated by the highly structured form, and polgséven superimposed on top

of a broad band. This region is shown in greatéaitie figure 4.4.5.
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Figure 4.4.5 — Cathodoluminescence spectra ofl&a ¢(blue, upper spectrum) and brown (pink,
lower spectrum) sides of sample DeB #1. Spectra baen displaced for clarity. These are not

composite plots; hence relative intensities mainferred. Recorded with the sample at 77 K.

The start of the increase of luminescence of tlosvbrside at ~ 445 nm
could possibly be explained as the presence ofvibenic band of a ZPL
present in the spectra of the brown side, and hitteoclear side: a new line is at
442.8 nm (2.799 eV). Zaitsev (2001) reports a featat 443 nm (2.80 eV)
observed in CL spectra of CVD diamond films, howewgspection of the

references therein suggests that this is unlikelpe the same feature. The first
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broad peak of the background luminescence in thgon, rising to higher
wavelengths, is at ~ 455.9 nm (2.719 eV). This peaky originate from
overlapping vibronic bands associated with the lats between 440 and 455
nm, which are either very weak or absent in thes@éctrum of the clear side. A
Gaussian peak centred at 455.9 nm, with a FWHMLd® hm was generated and
subtracted from the CL spectrum of the brown sidéeave a modified spectrum
which is qualitatively similar to the CL spectrurh the clear side; see figure
4.4.6.
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Figure 4.4.6 — Comparative CL spectra showing h@ereerated Gaussian peak (orange
spectrum, superimposed on the lowest, black spactrthe unmodified CL spectrum of the

brown side of DeB #1), can produce a modified spattpink, middle) which appears
qualitatively similar to the CL spectrum of thealeide (blue, upper spectrum). Spectra have

been displaced vertically for clarity.

Three further strong lines appear in this parhefspectrum of the brown
side: 447.3 nm (2.771 eV), 451.2 nm (2.747 eV) 468.3 nm (2.740 eV). The
line at ~ 447 nm is frequently observed in the @edra of the samples studied
in this work (see sections 4.1 and 4.3), howeves gubstantially more intense,
relative to the peaks at 466.6 and 467.2 nm, irbtbevn side. The line at 451.2
nm is close to a line reported in Zaitsev (200135 nm (2.748 eV) in CL from
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diamond films; other than the emission line beingmessed by boron doping,
no more information is provided. The final line hrat been previously reported.

A further difference between the CL spectra oftlear and brown sides
will be highlighted. Figure 4.4.7 shows the CL dpaem of the brown side of
DeB #1, between 880 to 904 nm. Two sharp featur88&0 nm (1.399 eV) and
894.8 nm (1.385 eV) are evident, with FWHMSs of 24470.39 meV) and 4.02 A
(0.62 meV) respectively. Considering the low intgnef these peaks, relative to
the spectral noise, the measurement was repeatedaafirmed that these are
genuine features.

880 885 890 895 900 905

Wavelength (nm)

Figure 4.4.7 — Cathodoluminescence spectrum adbtben side of sample DeB #1. Recorded

with the sample at 77 K.

None of the features observed exclusively in thenpor side of sample
DeB #1 was investigated in further detail in thisrkw Beyond the features
discussed above, there was no observed differenite iCL spectra between the
clear and brown sides of DeB #1.

One final feature of the CL spectra of sample DaBigtworth drawing
attention to: a line at 777.5 nm (1.594 eV), witNIfM of 3.20 A (0.65 meV), is
observed in CL spectra of both the clear and brewles (figure 4.4.8). This

feature is close to the reported line at 777.8 miAditsev (2001) (reported from
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Zaitsev’'s own unpublished data), which is appayeoitiserved in CVD diamond
films implanted with B ions and annealed at 1000°C; and in irradiatedpped

CVD diamond films. Sample DeB #1 has undergoneéhaeibf these treatments.

770 772 774 776 778 780 782 784
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Figure 4.4.8 — Cathodoluminescence spectrum of kabgB #1. Recorded with the sample at
77 K.
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4.5 Cathodoluminescence of Ap4

The single-crystal CVD synthesised sample Ap4, fAgmollo Diamond Inc., is a
thin sample, ~ 2 mfnon the large face, a few hundred microns thickd &n
visually clear. This sample presents a cathodolesgance spectrum different
from that of the Element Six and University of BaXlll single-crystal CVD
samples. Ap4 shows a high density of sharp, raBtiintense luminescence
lines, on top of highly structured broad band luesicence in the visible region
(figure 4.5.1). Only a few of the lines can confitlg be ascribed to previously
reported defect centres. the 574.8 nm (2.156 eWi)regthe neutral nitrogen-
vacancy) the 532.7 nm (2.327 eV) centre, and ti9en®8 (3.188 eV) and 441 nm
(2.808) eV centres. Notably, these are all nitregdated centres.
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Figure 4.5.1 — Cathodoluminescence spectrum of kaAmt. Recorded with the sample at 77 K.

The 574.8 nm centre’s vibronic band is present@hith a very weak
637 nm luminescence line (the negatively chargatbgen-vacancy), figure
4.5.2.
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Figure 4.5.2 — Cathodoluminescence spectrum of kafp4, showing the 574.8 nm ZPL and

vibronic band. Recorded with the sample at 77 K.

The sample is inhomogeneous in terms of defectspa® regions of the
sample show relatively strong broad-band luminesegat ~ 387 nm (~ 3.2 eV),
figure 4.5.3; whilst other regions did not showstliand, but instead showed
intense CL from the 389 nm (3.188 eV) centre, aedkvCL from the 441 nm
(2.808 eV) centre, figure 4.5.4.
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Figure 4.5.3 — Cathodoluminescence spectrum of ka4, showing broad-band luminescence
at ~ 387 nm (~ 3.2 eV). Recorded with the samplé&rat.
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Figure 4.5.4 — Cathodoluminescence spectrum of kaAm4, showing the 389 nm (3.188 eV)
and 441 nm (2.808) eV centres. Recorded with thepkaat 77 K.

The CL spectra from sample Ap4 show that it corstad number of the
defect centres common to single-crystal CVD matesach as the nitrogen-
vacancy centres and interstitial-related centrdge many sharp luminescence
lines in the visible region, along with the highdyructured band luminescence
beneath them, are a wealth of zero-phonon linesamtdmpanying vibronic

bands, from some unknown defects. Details of tloavtir process of this sample
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are unknown, but it is likely that these featuree attributable to impurity
contamination during growth, or defect incorporataharacteristic of the growth
process. Notably, however, the electronic trans#ticof the preferentially
oriented defects (466.6 nm (2.6569 eV), 496.8 nM9Z5 eV) and 562.5 nm
(2.2039 eV); see chapter five) were not preserlinspectra of this sample —

although polarisation studies were not conducted.
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Chapter 5

Preferentially oriented defects

5.1 Introduction

Cathodoluminescence spectra of the single-cryst@ @iamonds studied in this
work frequently show ZPLs at 466.6 nm (2.6569 e\96.8 nm (2.4955 eV) and
562.5 nm (2.2039 eV) (see figure 5.1.1). The defeatres responsible for these
ZPLs demonstrate a preferential orientation witie crystal, the properties of
which will be discussed below. These lines havebeein observed in absorption
spectra, most likely because the concentrationeatres is too low. The 562.5
nm ZPL has been observed in photoluminescence tisen§25 nm HeCd laser
used in this study; the other lines were too weagttidy in PL generated by the
325 nm HeCd laser.

Whilst the ZPLs discussed in this section are fealy observed in this
material, little information is known about thermhély have only been reported a
few times in the literature, in cathodoluminescemieasurements of CVD
diamond. The 496.8 and 562.5 nm ZPLs are identifiellist of lines in Collins
et al (1989) from CL studies of polycrystalline microvea€VD diamond.

In separate samples, the ZPLs appear with non-@onstelative
integrated intensities (figure 5.1.2); this indesathat the transitions which give
rise to the observed ZPLs do not originate fronmngle defect centre. However,
it can be seen from figure 5.1.2 that the relaiintensities of the lines vary in a
similar manner for the ratio of integrated intelesitof the 496.8 nm ZPL with
the other two lines: both follow the same trendygasting a relationship of some

kind between the lines, even if they do not origgrfaom the same defect.
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Figure 5.1.1 — Cathodoluminescence spectrum afglesicrystal CVD diamond. Defect centres
with zero-phonon lines highlighted in red show prefitial orientation. Recorded with the

sample at 77 K.
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Figure 5.1.2 — Variation across six single-cry&®ID diamonds of the ratio of integrated
intensities (in CL) of each of the three ZPLs witspect to the other two. a) is for the 466.6 nm
ZPL, and b) is for the 496.8 nm ZPL.

In samples oriented with [001], [110] andip]] crystallographic lattice
directions (figure 5.1.3a), the ZPLs appear prefialy depending upon
orientation: the ZPLs are observed when a samplglased in the CL
spectrometer with its <001> axis vertical (figur&.8b) and the luminescence is
passed through a polariser alignesipendicularto the <001> axis (i.e. a <110>
direction); the ZPLs areot observed from a sample in a similar setup where the
luminescence passes through a polariser aligregdllel to the <001> axis.
Figure 5.1.4 demonstrates the observed luminescpemra.
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Figure 5.1.3 — a) Representation of the crystadipgic axes of an oriented CVD diamond
sample. b) Schematic representation of the sanmalmber of the cathodoluminescence
spectrometer, modified for the incorporation ofréamial stress system: the electron-beam
(dashed line) is incident on the sample. Luminesedollows the paths indicated through a
converging lens and a polariser (thick black lim the monochromator (not shown). The
crystal is initially oriented with its <001> axisgallel to the arrow. The polariser can be aligned

parallel to the arrow, or rotated hy 2 into the page, to align parallel to a <110sax

So, in oriented samples, the three ZPLs are natroed in luminescence
polarised parallel to the <001> direction; if thefetts responsible for the ZPLs
were randomly distributed throughout the crystalyould be expected that the
dipoles producing the luminescence would be rangaménted and there would
be equal luminescence intensity in all polarisatiadowever, the experimental
data shows (figure 5.1.4) that this is not the cadech implies that the dipoles
are preferentially oriented within the crystal, rajothe <110> orientations. To
check for reproducibility of this phenomenon, thigstals were mounted in the
cryostat in a rotated orientation, with a <l110>saxertical: the corresponding

luminescence from the ZPLs was only observed, asiqusly, along <110>
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orientations. This qualitatively supports the imoption that the defect dipoles
are preferentially oriented along the <110> axes.

This conclusion can be verified quantitatively bytaoning the symmetry
of the defects responsible for the ZPLs. This heenlperformed using uniaxial
stress spectroscopy, the results of which, andudsson about the nature of the

centres are found in the following sections.
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Figure 5.1.4 — Cathodoluminescence spectra ofesiagistal CVD diamond oriented with <001>
axis vertical; electron beam incident on a <11Grefdn a) the upper (blue) spectrum shows the
luminescence observed when polarised perpendituthe <001> direction, i.e. along the <110>
direction; the lower (pink) spectrum shows the Inesicence observed when the luminescence is
polarised parallel to the <001> axis. Note the mgpZPLs at 466.6 and 496.8 nm in the lower
spectrum. The spectra in b) have the same expeidinearameters as in a). Note the missing

ZPL at 562.5 nm in the lower spectrum. Spectrandamb with the sample at 77 K.

Only a small number of point defects have beerwshtm demonstrate
preferential orientation in diamond. The H3 cerf#ZPL at 503.4 nm, 2.463 eV)
is a vacancy trapped at an A-form nitrogen ceravjes (1972)], and can be
created in type la diamonds which have been irtadiand annealed. The centre
has been shown to be a <110> electric dipole tiansat a rhombic | centre
[Davieset al (1976)]. This is important for the present workilas symmetries of
the preferentially oriented centres in this chaptershown to be the same as that
of the H3 centre, and possess similar structunesatomic configuration of H3 is
[N-V-N]° along <110> directions. The creation of H3 centiiesirradiation and
annealing of a sample is through trapping of theamaies during annealing. The
centre can also be observed in untreated HPHT esisitd diamond, which is
important for the present work, as the centresudsed in this chapter are
present in untreated CVD synthesised diamond. Avtfranechanism of the H3
centre has been proposed [Dodge (1986)] for layelaper growth on a (001)

plane: single-substitutional nitrogen atoms formcéntres along <110>, with
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each bonding to three neighbouring carbons. Thasedg two excess valence
electrons each, which prevents a carbon atom fromding between the two
nitrogen atoms. Therefore a vacancy is left inrthet growth layer between the
nitrogen pair, forming H3 centres oriented alondl@4 directions. A similar

growth mechanism is proposed in section 5.3 forftmmnation of the centres
studied in this chapter.

Another preferentially oriented impurity-defectdramond is the 1.40 eV
centre, which is observed in absorption and catlhmwioescence of spectra of
synthetic diamonds grown using nickel catalystsllj@g Kanda and Burns
(1990)] or in nickel-implanted samples [Collins aBdear (1983), Gippiust al
(1990)]. The optical spectra consist of a doublghwenergies 1.401 and 1.404
eV, along with fine structure at low temperaturegu{d helium), corresponding
to the isotopes of nickel. The strong polarisatmnthe doublet suggests a
preferential incorporation of the defect [Collir089)], and it has been shown
guantitatively that the defect consists of a <lldrrented interstitial nickel
impurity atom (possibly positively charged) [Nazatél (1991)].

The final preferentially oriented defect obseruediamond is a nitrogen-
related centre with a ZPL at 490.7 nm (2.526 e\énsa optical spectra of type
laB diamonds [Collins and Woods (1982), and sedir@@okt al (2000) and
Zaitsev (2001)]. The defect has monoclinic | symmeind appears to decorate
slip traces in the crystal, which most likely acetau for the preferential

orientation.
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5.2 Results

5.2.1 Uniaxial stress measurements

The 466.6, 496.8 and 562.5 nm ZPLs have been ige¢stl in
cathodoluminescence whilst under uniaxial stres3ego untreated, single-
crystal CVD diamond samples (DeB #2 and DeB #3)ewesed, both of which
had been cut and polished into cuboids such tleafabes corresponded to the
crystallographic lattice directions [001], [110]cafiL10] (for the first sample),
and [111], [110] and [112] (for the second sample). The faces of the samples
onto which the CL beam was incident, and the lusgeace exit face, were
masked using colloidal carbon with a small apertiohed to expose the centre
of the face; this was to avoid the compression igradalong the stress axis. It
also prevented the sample faces becoming chargddnaimised beam drift.

Cathodoluminescence was generated using the custstem described
in section 3.3, modified to incorporate the stresB (as in section 5.1). The
beam was run at 40 kV and ~ {8, with a chamber vacuum of less than®10
Torr. The samples were held at liquid nitrogen terafure (~ 77 K) throughout
the experiment. Pressure was applied using a migneaitrolled oil ram with
pressure gauge, over the range 0 to 2 GPa. For eécthe relevant
crystallographic compression directions, <001>, X41 and <110>,
luminescence spectra were recorded at intervailgeleet 0 and 2 GPa. For each
stress, two spectra were recorded, one where thenéscence was polarised
parallel to the stress direction, and one perperalido it.

As discussed in the previous section, inspectibrihe luminescence
spectra for the parallel and perpendicular poltidea revealed “missing”
components for these three defects, implying aepeetial orientation, along
<110>. If the defects responsible for the ZPLs wesadomly distributed
throughout the crystal, it would be expected the tlipoles producing the
luminescence would be randomly oriented and thereuldv be equal

luminescence intensity in all polarisations. Thepased <110> anisotropy can
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be checked against the above statement of equahdsoence intensity in all
orientations: the principle of latent anisotroplpads quantification of this by the
condition that the intensity of luminescence (os@ption) at zero stress is
proportional to the square of the projection of thlectric vector of the
luminescence on the anisotropic axis (see, for @kanfreofilov and Kaplyanskii
(1962)). The projection of a given vect@ron to vectoiB is%. In this case,

A

the anisotropic vector (the dipole) is [110] orl[a], and the electric vectors of
the luminescence are [001], [110] and [111] in peraand perpendicular
orientations. Table 5.2.1 lists the theoreticalueal of the squares of the
projections, along with the experimental ZPL intdgd intensities of the three
centres at zero stress, in the relevant orientstitircan be seen that there is an
excellent correspondence between the experimemtiaiheeoretical values, which
confirms that the dipoles producing the 466.6, 826d 562.5 nm transitions are
preferentially oriented along [110] and 0], rather than being randomly
distributed.

Experimental ZPL relative intensities

Stress  Viewing,  Dipole Theoretical (-4
direction  E||[...] [...] (Projection)?
466.6 nm 496.8 nm 562.5 nm
<001> 001 110 0
1 0
110 0:1 0:1 0:1
110 110 1
110 0
<111> 111 110 2/3
_ 110 0 0.67:1 0.62:1 0.66:1
110 110
110 1
<110> 110 110 1
110 0
001 1,10 0 1:0.98 1:1.09 1:0.98
110 0
110 110 0
110 1

Table 5.2.1 — Comparison of theoretical and obgkeRRL intensities for the preferentially

oriented centres, showing <110> anisotropies.
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The symmetry of the centres is determined by fjttthe experimental
stress-splitting rates to the theoretical shiftesafor a proposed symmetry.
Inspection of the stress-splitting data for theedef (data points in figures 5.2.1,
5.2.2 and 5.2.3) suggests that the symmetrieshanabic | for the 466.6 and
496.8 nm centres, with <110> dipoles; and monaclinor rhombic | for the
562.5 nm centre, with a <110> dipole. All of thésee suppressed components
to account for the missing transitions in the ddtse perturbation to the energy
of the ZPL for a rhombic | (A to B) symmetry cenise

V=As,+Als,+s,)+2As,, 52.1

where A, A; and A are the shift-rate parameters, and thpaameters are the
components of the stress tensor.

At high stress, the observed stress-splitting spefdr the 466.6 nm
centre consisted of one transition in the [001¢wmtation, two in [111], and two
in [110]. Table 5.2.2 shows the theoretical shift rated eelative intensities of
the components of a rhombic | (A to B) centre [Mainaedet al (1982)] (these
can be calculated as in section 2.5). For thisreetite component with shift-rate
A, in the S||[001] orientation is not observed, nor is the comgud with shift-
rate ¥2(A + A7) in theS||[110] orientation.

s||[oo1] sfr111] sfl[110]
Energy E| :EL Energy E| :EL Energy E”OE: Eoos
110
As 0:1 | %(A+2A+2A)  4:1 A+ Ag 1:0:0
A, 201 | (A +2M—2A)  0:3 | BA+AY 1:2:1
A — Az 0:0:1

Table 5.2.2 — The effects upon the ZPL of a defeatre with rhombic | symmetry undergoing
an A« B transition, as observed in absorption or lumieese spectroscopy. The ‘A’

parameters show how the energy of the ZPL compsney under each stress direction, i.e.

parallel to the [001], [111] or [110] orientatiorEhe ratios show the relative intensities of the

observed components at high stress. After Mohameheat(1982).
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Ay A, As A,

466.6 nm -10.10 7.95 8.05 -

496.8 nm -8.35 2.90 3.00 -

562.5 nm -3.55 1.20 1.65 0.70
-3.75 0.95 1.95 -

Table 5.2.3 — Calculated values of the stresstisgliparameters for the preferentially oriented

centres. The first set for the 562.5 nm centretarse for the fit to a monoclinic | symmetry, and

the second for a rhombic | symmetry. The valuesrareeV GP# with an error oft 0.30meV

GPal.

A least-squares fit of the theoretical shift-rateshe data, using the;A
A, and A parameters as least-squares variables, is showgure 5.2.1 (full
lines). The good fit to the data is evident, witk stress parameters calculated as
in table 5.2.3. Figure 5.2.1 also shows the expamiad relative intensities of the
ZPL components at high stress, which are found e¢oeQuivalent to the
theoretical ratios listed in table 5.2.2. The &td the relative intensity ratios,
confirm that the symmetry of the 466.6 nm centreriembic I, with the
electronic transition being between singly-degeteeground and excited states
(A to B transition); the dipole is oriented alon@1€> (a Kaplyanskiit-dipole
[Kaplyanskii (1964a, b)]).
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Figure 5.2.1 — Uniaxial stress splitting data fo 466.6 nm (2.656 eV) centre in
cathodoluminescence, showing change in energy bfcafponents as a function of applied
stress. Data points are experimental results, hnegalculated from the fit to a rhombic |
symmetry. a) ZPL under <001> compressif)) ¢rosses are for electric vector of luminescence
E||S; unfilled circles are foE-LS. b) ZPL under <111> compression; crosses ar& |
unfilled circles are foE-LS. c) ZPL under [110] compression; crosses areEi]bS when viewing

along; unfilled circles are fd--S when viewing along [001], filled circles f&-LS when

viewing along [11 0]. Stick diagrams show relative intensities oés$-split ZPL components at
maximum recorded stress, with vertical lines atieehorizontal line representirig| S, and

vertical lines below representirig-S.

For the 496.8 nm ZPL at high stress, the strestisglspectra consisted
of one transition in the [001] orientation, two[iil1], and two in [1L 0]. This is
consistent with a rhombic | (A to B) symmetry centftable 5.2.2), with
suppressed components. For this centre, the compariin shift-rate A in the
S|| [001] orientation is not observed, nor is the comgod with shift-rate Y2(A+
A,) in theS||[110] orientation.
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A least-squares fit of the theoretical shift-rateshe data, using the;A
A, and A parameters as least-squares variables, is showviguire 5.2.2 (full
lines). The excellent fit to the data is evidensing the calculated stress
parameters in table 5.2.3. Figure 5.2.2 also shthesexperimental relative
intensities of the ZPL components at high streBspfawvhich are found to be
equivalent to the theoretical ratios listed in &bl.2.2; except for a missing
perpendicular component in the [111] direction kwshift rate’s (A; + 2A; +
2A3)). This component is theoretically the lowest nsi¢y of the three predicted
for this orientation, and it was not observed ie €L spectra. The reason could
be that the peak had broadened and was not oblvenesath other local structure
in the spectrum. This doesn’t change the qualittheffit, however.

The fit, and the relative intensity ratios, confithat the symmetry of the
496.8 nm centre is rhombic I, with the electromansition being between A and

B ground and excited states; the dipole orientedgak110>.
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Figure 5.2.2 — Uniaxial stress splitting data fo 496.8 nm (2.495 eV) centre in
cathodoluminescence, showing change in energy bfcafponents as a function of applied

stress. Data points are experimental results, Anegalculated from the fit to a rhombic |
symmetry. a) ZPL under <001> compressigh b) ZPL under <111> compression. ¢) ZPL
under [110] compression. Data point notation a#gitre 5.2.1. Stick diagrams show relative
intensities of stress-split ZPL components at maximmecorded stress, with vertical lines above

the horizontal line representifig]| S, and vertical lines below representiggS.

Finally, the observed stress-splitting spectratfe 562.5 nm centre, at
high stress, consisted of one transition in thé [@0ientation, three in [111], and
two in [110]. The theoretical shift rates and relative iniées of the
components of a monoclinic | (A” to A’) centre asbown in table 5.2.4. For this
centre, the component with shift-rate; An the S||[001] orientation is not
observed, nor are the components with shift-raté8 4 A, — 2A;) and %2 (A +
A, + 2A) in theS||[110] orientation.
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A — Az 0:0:2

Table 5.2.4 — The effects upon the ZPL of a defeatre with monoclinic | symmetry
undergoing an A"~ A’ transition, as observed in absorption or lunsicence spectroscopy. The
‘A’ parameters show how the energy of the ZPL congs vary under each stress direction, i.e.

parallel to the [001], [111] or [110] orientatiorEhe ratios show the relative intensities of the

observed components at high stress. After Mohameheat(1982).

A least-squares fit of the theoretical shift-ratteshe data, using the;A
A, and A parameters as least-squares variables, is showvigure 5.2.3 (full
lines). Table 5.2.3 presents the calculated spassmeter values. The fit to the
data is very good. Figure 5.2.3 also shows theraxpatal relative intensities of
the ZPL components at high stress, which are fdonde consistent with the
theoretical ratios listed in table 5.2.2. Thetfig relative intensity ratios, and the
missing components confirm that the symmetry of 8&2.5 nm centre is
monoclinic 1, with a <110>-oriented dipole, the atenic transition being
between A” and A’ ground and excited states.

Additionally, however, a similarly good fit can ieund by fitting to the
parameters for a rhombic | symmetry centre with Id.G=>-oriented dipole;
similar to the 466.6 and 496.8 nm centres. A fithte data using the theoretical
expressions for the transitions of a rhombic | syt (table 5.2.2), yields
values of the stress-splitting parameters (tab3%h. The similarities between
the parameters for a fit to monoclinic | and tontmc | symmetry are clear, as
are the physical similarities between the symmstneombic | can have a,
point group, and monoclinic | a; This is suggestive of the 562.5 nm centre
being a perturbed rhombic | symmetry centre. Thineaof this and the other
centres will be discussed further in section 5.3.

Finally, attention is drawn to the high shift-mtef ZPL components in
the various orientations of all three ZPLs; highftsfates identified from

uniaxial stress experiments generally indicate ghesence of vacancies in the
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defect centre [Vavilov (1980)]; for reference, tieutral nitrogen-vacancy centre
(at 575 nm) exhibits shift-rates of ~ 6 meV GPa
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Figure 5.2.3 — Uniaxial stress splitting data fog 562.5 nm (2.204 eV) centre in
cathodoluminescence, showing change in energy bfcafponents as a function of applied
stress. Data points are experimental results, Anegalculated from the fit to a rhombic |
symmetry. a) ZPL under <001> compressigh b) ZPL under <111> compression. ¢) ZPL
under [110] compression. Data point notation afigire 5.2.1. Stick diagrams show relative
intensities of stress-split ZPL components at maximmecorded stress, with vertical lines above

the horizontal line representifig]| S, and vertical lines below representiggS.

159



5.2.2 Temperature dependence

To further characterise the preferentially orientedntres, the effect of
temperature upon the peak intensity, energy andhw{ifWwHM) has been
recorded for temperatures between liquid nitrogemperature (77 K) and room
temperature. All of the transitions, however, beedmmeasurably weak above
200 K. Figures 5.2.4, 52,5 and 5.2.6 show the unoreds temperature
dependencies for the 466.6, 496.8 and 562.5 nnnasgmespectively.
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Figure 5.2.4 — Temperature dependence measureofahts 466.6 nm (2.657 eV) ZPL in CVD

diamond, recorded in cathodoluminescence. a) skaviation of integrated intensity of the peak

with temperature, b) that for the peak energy, @rttiat for the FWHM. Data points in all

figures are the measured data. Lines through tteeata the theoretical fits, see text for details.
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Figure 5.2.5 — Temperature dependence measureofahts 496.8 nm (2.495 eV) ZPL in CVD
diamond, recorded in cathodoluminescence. a) shaviation of integrated intensity of the peak
with temperature, b) that for the peak energy, @rtiat for the FWHM. Data points in all

figures are the measured data. Lines through tteeata the theoretical fits, see text for details.
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Figure 5.2.6 — Temperature dependence measureofahts 562.5 nm (2.204 eV) ZPL in CVD
diamond, recorded in cathodoluminescence. a) skaviation of integrated intensity of the peak
with temperature, b) that for the peak energy, @rttiat for the FWHM. Data points in all
figures are the measured data. Lines through tteeata the theoretical fits, see text for details.

Most defect centres in diamond experience singldenwibronic
coupling, so in principle the measured variation zafro-phonon integrated
intensity with temperature can be described ushey éxpressions of section
2.2.2.2, the only required parameters being theggnef the dominant phonon,
hw, and the Huang-Rhys factor of the centre. Theseusaally be determined
from the optical spectra of the centre. Howeverthe case of the 466.6 nm
centre, along with a number of the other centresstigated in this work (496.8,
510.3, 562.5 nm), the vibronic band cannot be badentified from the optical
spectra.

The approach taken in the first instance, to etalthe variation of ZPL
intensity with temperature, has been to estimatedttminant phonon energy at
the centre, using the change in peak energy witipéeature measurements. The
variation of peak energy with temperature origisafeom the change in
vibrational frequencies at the centre, due to catadrcoupling effects, along
with the thermal expansion of the lattice (see isact2.2.2.2 for further

discussion).
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The procedure for estimating the dominant phonoargy from the
temperature dependence of the ZPL energy requaideslation of the effect of
lattice expansion at the centre, followed by a{fiestetermination of the lattice-
coupling contribution to the shift, where the vateawhich determines the fit is
the dominant phonon energy. The lattice expansambe calculated explicitly:
the elastic moduli of diamond are known [McSkimnaimd Andreatch (1972)];
the coefficient of volume expansion of diamond hasn determined, and whilst
coarse in interval (see section 2.2.2.2), fittifgaosuitable function can allow
interpolation of higher resolution data values; st rateA of the ZPL under
hydrostatic pressure can be determined from thexiali stress data, using the
perturbation to the ZPL energy under stress forgilien symmetry of the point
defect.

This technique is demonstrated by measuring tin@éeature dependence
of the ZPL energy for the 575 nm (2.156 eV) neutitiogen-vacancy defect.
Figure 5.2.7 shows the experimental data recordedhis defect (data points),
along with the contribution of the lattice expamsifblack dashed line). The
lattice expansion is calculated using the pertimbato the ZPL energy under

stress for a centre with trigonal symmetry [Hugaied Runciman (1967)]:

V= A.L(Sxx + Syy + Szz)+ Aj’.(Syz + Szx + Sxy)+ EX (Zszz - Sxx - Syy)

+ \/§EY (Sxx - Syy)+ Ex (sty —-S,,~ szx)+ 3E, (syZ - Szx) ’ 522

wheres; are the components of the stress tensorfand’1, Ex, E’x, Ey andE’y
are the stress parameters determined from unigkiaés measurements; these
are known for the 575 nm centre [Davies (1979b)hyAlrostatic compression
corresponds to a unit stress applied alongsthes,y ands;, orientations; other
orientations apply shear stresses. This transfoomaéduces the perturbation to
V = 3A; and hence the shift due to lattice expansion eatidbermined.
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Figure 5.2.7 — Temperature dependence of the peakye of the 575 nm (2.156 eV) centre in
CVD diamond, measured in cathodoluminescence. paitds show measured values, lines show

theoretical fits — see text for details.

Allowing for the lattice expansion at the centseilftracting these values
from the measured data), two fits to the tempeeatlependence data are then
performed: the first applies the lattice-coupliraptribution (equation 2.2.26p
the shift using the known literature values for theang-Rhys factor (S = 3.3)
and phonon couplingifp = 46 meV) at the centre; this produces the fak lfit
to the data in figure 5.2.7. Then, separately, astlsquares fit to the data is
performed, using the known Huang-Rhys factor, bith View varied over the full
range of allowed phonon energies in diamond (16%)m#his produces the
dotted line fit to the data, with the best#ib = 53.70 £ 0.30 meV.

Within the associated errors of the data, theffiequation 2.2.24 using
the literature values of S arid for the centre is a good match to the data. The
alternative, automated fit produces 7am value that, whilst ~ 18 % different to
the literature value, is a reasonable measureeoptionon coupling at the centre
given the possible range of phonon energies in al@n This conclusion is
justified by the application of the technique toyide anfiw value which is used
to produce the theoretical fit to the temperatepesthdence of the FWHM of the
466.6, 496.8, 510.3 and 562.5 nm centres (see belod the corresponding
sections).
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Returning to the 466.6 nm centre, the full lineotigh the data points of
figure 5.2.4b (the peak energy variation with terapge) is a fit of equation
2.2.24, allowing for the lattice expansion (dashee; equation 2.2.26). The shift
rate of the ZPL under hydrostatic pressure is datexd from the uniaxial stress

perturbation of this rhombic | symmetry centre (e.@wsonet al (1992a)):

\% :Alszz+A2(Sxx+Syy)+2A3 Sxy' 5.2.3

Here, the final term vanishes as the shear coniibs,y, iS not required
for hydrostatic compression. So the perturbatiocobeesV = A; + 2A;, where
the stress parameters have been determined (séc2id).

The fit of equation 2.2.24 (full line) to the datafigure 5.2.4b uses a
sufficiently low Huang-Rhys factor (S = 0.005, & tvibronic band is not
observed) so as to not affect the shape of theaffitt utilises the least-squares
method, varying théw value over the full range of phonon energies andind,
returningo = 122.97 + 0.30 meV. This value is then used a&sdbminant
phonon energy for the centre in the theoreticabffithe variation of the FWHM
with temperature: the FWHMI'(T), of the ZPL changes with temperature
according to

r(1)=d [t (@h(wT)(nwT)+)do, 5.0.4

0

where d is a constant. Usingiw = 122.97 meV, the full line fit to the

experimental data in figure 5.2.4c is obtained, cwhiwithin errors can be

considered a good fit; this in part justifies thee f the automated fit technique
to obtain dominant phonon coupling energies.

Finally, the estimatedw value is used to calculate the theoretical fit of
equation 2.2.22 to the variation of ZPL integrateténsity with temperature.
This fit produces the dashed (red) line in figur@.%&a, which is clearly an
unsatisfactory fit. It will be seen in the 496.8 wentre (below), however, that
this approach of using a calculatd is not the cause of the poor fit, rather, as is
seen below, an additional mechanism taking placthatcentre produces the

decay in intensity.
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An alternative analysis of the change in intensiy a ZPL with
temperature, when investigated in cathodolumineseérather than absorption),
is that utilised by Khong and Collins (1993). Diamdoluminescence generated
by incident electrons is understood to operatehleyproduction of electron-hole
pairs (excitons) within the sample, which are cdwaglilefect centres, resulting in
luminescence (see section 3.3). Khong and Collmslyaed the temperature
dependence of ZPL luminescence by considering #mupce of excitons at
defects, and the thermally-induced detrapping, ¢oabcompetitive process.
Under thermal equilibrium between excitons caughtdefects and the free
excitons, an energy, is required to ionise a defect centre. From tthie, ZPL
integrated intensity)o(T), as a function of temperature can be expressed
[Davies (1989)]:

§ _ )
1+gT? exr{ Ej 5.2.5
KoT

3

where I4(0) is the ZPL integrated intensity at zero Kelvamd gT?2 is the

effective density of band continuum states intochitthe ionisation occurs. The
parametersgy and E can be treated as variables in a least-square® fihe
experimental data. Fitting to the data in figur2.%a produces the full (blue) line
fit, which is in excellent agreement with the dathe values of the parameters of
this fit areg = 0.585 + 0.005 and& = 90.40 £ 0.05 meV. The value of the
ionisation energy is in reasonable agreement Viiéhvialues obtained for other
defect centres analysed by Khong and Collins; hewethe value forg is
significantly different from the values for otheefdct centres — these are all of
the order of ~ 300 to 1000. This corresponds tceasily of band continuum
states of the order of 1@or g from this work, compared with ~ 1or g = 300;
this suggests that there is an additional mechamsoducing the decay of
luminescence intensity with temperature at the ctefentre.

Analyses similar to those presented above ford®6 nm centre were
conducted on the 496.8 nm centre data. A leastreguéd of the peak energy

with temperature was performed to estimatepthenon energy at the centre: the
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contribution due to lattice expansion was founchgsequation 2.2.26 (figure
5.2.5b, dashed black line), then the fit to thergpewas performed using
equations 2.2.24 and 2.2.25, with S = 0.005, angivg over the allowed
phonon energies in diamond; the full line througé tata points shows this fit.
The dominant phonon coupling energy at the 496.&entre is calculated to be
ho = 39.76 = 0.30 meV. This value was used to cateulae FWHM change
with temperature, using equation 2.2.29 (figure.S2 full line). Finally,
equation 2.2.22 was used to describe the temperadependence of the
integrated intensity of the 496.8 nm ZPL; using ésématediw, the full line in
figure 5.2.5a was obtained. These results are aelent agreement with the
experimental data, supporting the calculated estinvalue of the dominant
phonon coupling at the 496.8 nm centre.

The 562.5 nm ZPL peak energy shift with tempegatsrshown in figure
5.2.6b. The dashed black line shows the contributibthe lattice expansion to
the shift. The full red line through the data iguiie 5.2.6b shows the least-
squares fit to the shift, usirgy as the fitting variable, with S = 0.005, over the
allowed phonon energies in diamond. The fit retuttas= 32.84 + 0.30 meV.
This value is used to calculate the variation & FWWHM with temperature,
shown as the full line in figure 5.2.6¢c. The good supports theiw value
estimated from the peak energy shift data.

The change of the 562.5 nm ZPL integrated intgnsith temperature
shows unusual behaviour, in that it increases esettmperature increases up to ~
160 K, after which it rapidly decreases. This betxawvcannot be described using
the general temperature variation of ZPL intensigfined in section 2.2.2.2,
which assumes that the integrated intensity of d ZWIl decrease with
increasing temperature, due to the thermal deptipnlaf the lowest vibrational
level in the ground electronic state of the defétbwever, the temperature
dependence measurements were performed in catmoidescence, and hence
another analysis approach must be taken.

Khong and Collins (1993) found a similar phenonremath the 533 nm
ZPL in CVD diamond for its temperature dependemceathodoluminescence.
The first approximation is to assume that the traptrnal to the 562.5 nm
centre ionise with a single, lower activation ewnerg; than the ionisation

energy,E, of the 562.5 nm centre. Hence an expressionairnal equation 5.2.5
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for the ZPL intensity variation with temperaturetbé 466.6 nm centre can be
used [Khong and Collins (1993)]:

)= 50 ,
(1+fN+gT? ex;{_Ej 5.2.6

KgT

where

= _ ,
1+bT2 exy S-2.1
koT

wherely(0) is the ZPL integrated intensity at zero Kehamd the parametegs

b, ¢, E andE; can be treated as variables in a least-squarsthie experimental
data. Figure 5.2.6a shows the fit obtained (fulli€lp line), which is reasonable
within the errors. The parameters of the fit, hoeredo not correlate well with
the common range of values calculated by Khong@aitins; E = 269.0 + 0.5
meV, E; = -27.0 £ 0.5 meVg = 4965 = 5,c = 450 + 5,b = -0.1 + 0.05. The
values for the activation energy of the 562.5 nmtreg E, and the parameter
are reasonable, and similar to values found by Igheomd Collins. The values of
g and b are somewhat different from the expectddega However, the main
problem with this fit is the value of the activatienergyk;, of the traps separate
from the 562.5 nm centre: a negative energy vaughysically unrealistic for
the concept of a charge trap. Further work is tjeaecessary to understand the

variation of ZPL intensity with temperature for thé2.5 and 466.6 nm lines.
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5.2.3 Nitrogen isotope dependences

Additional characterisation of a point defect isentifying the atomic
constituents. Isotopic impurity substitution calowal this by showing a change in
zero-phonon transition energy if the isotope stilogtd for in the crystal is
present in the defect under inspection. As disalseesection 2.2.2.3, the
magnitude and direction of the observed ZPL shaft be predicted from the
temperature dependent shift in energy of the ZRLtha origin of the isotope
dependent shift is the change in vibrational frexies at the centre.

The peak position of the 466.6 nm ZPL was measureah undoped
single-crystal CVD diamond sample, and a nitrog&redriched (during growth)
sample; simultaneously measuring over the ZPL herd470.253 nm calibration
line from a neon lamp to obtain the precise positd the peak (see section 3.4
for a description of the experimental design). Theasurement was repeated
four times using the same samples in order to mgarthe errors. The peak was
observed to shift by 0.149 + 0.080 meV to higheergy in the nitrogen-15

enriched sample. Isotope-induced ZPL peak energftssim diamond are

expected to be of the order of|6:1] meV [Davies (1983), Collinst al (1988),

and see section 2.2.2.3]; as the observed shilfteoi66.6 nm ZPL is comparable
to this, it can be concluded that the defect centrieh produces the zero-phonon
transition at 466.6 nm directly involves nitrogénnote on the associated error:
recording of high-resolution spectra for this ZPloyed difficult due to strain-
induced splitting, the presence of the 467.2 nm Z&id the structured
background. As such the error is calculated at 8@% of the shift value. This
is not ideal, and whilst the magnitude of the simfakes it appropriate to
conclude isotope involvement, further measurementshe nitrogen isotope-
dependence of this ZPL should be made.

The 496.8 nm ZPL appeared immeasurably weak in f¥ctsa of the
nitrogen-15 enriched sample, which prevented measents from being made,
and hence no data on the nitrogen isotope depepndainthe centre can be
presented.

The 562.5 nm peak was observed to shift by 0.08422 meV to lower

energy in the nitrogen-15 enriched sample. Thift gha factor of three less than
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that expected for a nitrogen-15 isotope inducett.shie direction of the shift is
opposite to that expected for the direction of tdraperature dependent shift of
the ZPL energy (section 2.2.2.3). These two factateng with the large
associated uncertainty in the measurement, meait ttem be concluded that the
defect centre which produces the 562.5 nm ZPL duoasdirectly involve
nitrogen.
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5.3 Discussion

It has been shown that the luminescence from tl&e648m ZPL is an electric
dipole transition, originating from a <110> orieditdefect centre with rhombic |
symmetry. A separate point defect with the samensgtry and dipole properties
is responsible for the luminescence transitiono&.& nm. Both centres have low
Huang-Rhys factors, and demonstrate single-modenghocoupling with
dominant energies 122.97 = 0.30 and 39.76 + 0.3¥,mespectively. A
temperature-dependent luminescence-quenching misamnaakes place at the
466.6 nm centre. Nitrogen isotope measurementhefZPLs show that the
466.6 nm centre directly involves nitrogen; measwaets of the 496.8 nm centre
were not possible, however.

The 562.5 nm ZPL has been found to be due to aotrid dipole
transition at a <110> oriented point defect witthei monoclinic 1 or rhombic |
symmetry. The centre demonstrates single-mode igugb phonons with
energy 32.84 = 0.30 meV,; it has a low Huang-Rhygoia The temperature
dependence of the ZPL intensity of the centre destnates unusual behaviour,
which requires further investigation. Nitrogen @ measurements of the
centre show that it does not directly involve rgea. The 562.5 nm centre, along
with the two others, exhibits high stress-splittmages, which is suggestive of the
presence of vacancies in the defects.

As noted in section 5.2.1, the 562.5 nm centrgisirsetry is either
monoclinic | or rhombic I, which means,;Cor G,, point groups, respectively.
The Gp symbol means that the centre has one reflectianepperpendicular to
the rotation axis, and can be rotated h¥12o return to the same configuration.
The G, symbol means that the centre has one reflectianepparallel to the
rotation axis, and can be rotated ly22to return to the same configuration. With
a <110> constraint on the orientation, the diffeeerbetween these two
symmetries can be as little as a perturbationdaae the /2 rotation to /1. It
could be that the 562.5 nm centre has monoclisigimetry, but is essentially a

perturbed rhombic | centre.
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The three centres have so far been exclusivelerobd in CVD-
synthesised diamond; and have been observed imvtls in material from two
different manufacturers. This suggests that thealsefare unique to the CVD
growth process. Whilst nitrogen is not directly ahxed in the 466.6 and 562.5
nm centres, increasing the concentration of nitmogas for diamond CVD
growth increases the luminescence intensity oftlinee centres [Tallairet al
(2006)]. There is no evidence that the centreslaeetly related, however these
findings are indicative of the centres being thgeuleof a characteristic growth
mechanism. This conclusion is drawn for the follogvreasons: the exclusivity
of observation of the ZPLs in luminescence specotraCVD diamond; the
preferential orientation of the centres perpendictb the growth direction (the
samples used in this work were grown upwards al@@i]); the non-direct
influence of nitrogen on the intensity of the ZPhsd the probable presence of
vacancies in the defects.

It is believed that CVD growth of diamond proceégsthe creation and
annihilation of vacancies, of various charge stata$owing etching and
deposition of atoms on to the growth surface [BarriYyand Moustakas (1989),
Allers and Mainwood (1998)]. It has been establistiat increasing the nitrogen
concentration in the growth-phase gases can iner¢las growth rate and
improve the macroscopic quality of the crystalsdoied [Muller-Seberet al
(1995), Bohret al (1995), Asmusseet al (1999), Tallaireet al (2007)]. The
reason, it is believed, is that nitrogen-complepésy a number of roles in
facilitating the formation of nucleation points thie growth surface [Qet al
(2006)], presumably being involved in the createond destruction of surface
vacancies. An implication is that an increase ie tirowth rate, i.e. more
aggressive chemical interaction at the growth serfanay not allow time for the
removal of created vacancies before the next atdayer is deposited. This
would create growth-process related complexes, saiméhich could be stable
enough to not dissociate under the high growth s¥atpre. Vacancies deeper in
the lattice would migrate with the temperature, arnlder become caught at traps
or annihilate at the surface. The end result of ghocess would be that the bulk
would contain vacancy-complexes of both migratioogpicts and growth-

related complexes. Indeed, there is little evideoicesolated vacancies and di-
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vacancies being observed optically in thdk of single-crystal CVD diamond
(Allers and Mainwood (1998) and this work).

If the three defects discussed here are vacanatedeproducts of the
growth process, then the above situation may expidiy these defects are only
seen in CVD-synthesised material, and why the as®d concentration of
nitrogen during growth results in more intense lesicence from these centres.
The incorporation of vacancies into the growth acef explains the preferential
orientation of these defects, along with the prédatirect involvement of
vacancies in the centres. A possible growth scheowtd be as follows: two
vacancies in the (001) plane become “locked” itite kattice (along a <110>
vector) by the fast deposition of the next growdlyelr. This results in the
bonding of an atom (carbon, or other) in the lat8te an equal distance between
the two vacancies in the next growth layer. Thedeohspecies does not become
incorporated into the vacancies’ as it is bounth&éonext atomic layer, as well as

the vacancies.
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Figure 5.3.1 — a) Schematic diagram of a rhomisierifigured molecule, showing the V-X-V

configuration. b) Schematic diagram of a monoclindonfigured molecule.

The atomic configuration of these defects is aans¢d by the symmetry
and the preferential orientation. The configuragiagifustrated in figures 5.3.1a
and 5.3.1b are examples of rhombic | and monoclinsymmetries. For the
466.6 and 496.8 nm centres, symmetry requirememi@nngenerally that the
defect species occupying the sites in the planallphto the rotation axis can be
rotated by 2/2 into each other, for example afb-c configuration must consist
of a-b-a, i.e. the two atoms straddling the rotation axigsimbe of the same
species. Due to the likely presence of vacancied, ragarding the proposed
growth mechanism above, it is suggested that th&guoation is V-N-V for the
466.6 nm centre, and V-X-V for the 496.8 nm cenivhere X is an unknown
species.

This proposal can be explored: it could be possiifleourse, for any odd
number of atomic sites in this configuration tosexiTwo possibilities then arise:
first, these could consist purely of vacancieshalgh chains of three to eight
vacancies aligned along <110> axes have already ideatified [lakoubovskii
and Stesmans (2002b), Hounsoeteal (2005)]. Second, increasing complexity
in the configuration, e.g. V-X-V-X-V cannot be rdl®ut; however increasing

complexity becomes increasingly unlikely considgrinhat the common
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temperature of CVD growth (~ 800°C) means that meies are mobile during
growth. Finally, the configuration cannot be C-V-& this would simply be a
vacancy, with tetrahedral symmetry. Hence the mposbable configuration is V-
X-V. The 466.6 and 496.8 nm centres have been lettall as distinct point
defects (section 5.1) and not transitions fromgame centre. Both centres then
require different X atoms. For the 466.6 nm centés proposed; for the 496.8
nm centre, another species is required. Givendlaive lack of atomic impurity
species in this type of material, possible caneislatclude C and H.

The atomic configuration of the 562.5 nm centrediasussed, could be
that of a perturbed rhombic | symmetry; for exampex-V-Y, or Z-V-X-V-Y,
where X, Y and Z are all unknown species (not ggrg — although the latter is
unlikely for the vacancy migration-temperature oeasstated above. The
constraints are that the symmetry axis passesghrualong [001], and that the
atoms all lie in the same plane parallel to thatroh axis.

The proposed growth scheme and atomic configursiticould be
investigated by computational calculations (dengityctional theory, etc.), and
experimentally by thermal annealing experimentswinich the creation and
destruction of these centres could be studied;ediem-doped CVD diamonds
could be studied in an attempt to identify if hygkea is directly involved in the

centres.
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Chapter 6

Investigation of other defects

6.1 The 467.2 nm ZPL

6.1.1 Introduction

The 467.2 nm (2.653 eV) ZPL is observed in cathaaiihescence of the single-
crystal CVD synthesised diamonds studied in thiskywim both the Element Six
and University of Paris Xlll samples. The ZPL hast tbeen observed in
photoluminescence, probably because the luminescsntmo weak. It has not
been observed in absorption measurements of tlasples. The ZPL has not
been reported previously. The cathodoluminescepeetisa of the single-crystal
CVD samples used in this work were presented ifaifalet al (2006) and show
the line, but the authors do not draw attentioit.tdhe line is not present in the
non-nitrogen doped samples of that work, but priea&tar doping; this suggests
a nitrogen dependence of some kind. Nitrogen-1fopmmeasurements have not
been made on the ZPL as the peak frequently appsai due to strain in the
samples.

The following sections identify the vibronic band this defect,
determine the symmetry of the centre, and presemipérature dependence
measurements of the ZPL, which are shown to beistens with the Huang-
Rhys factor and dominant phonon-coupling energy erdahed from
measurements of the vibronic band. Additionallyisipproposed that the 467.2

nm centre is a perturbed form of the 466.6 nm eentr
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6.1.2 Results

6.1.2.1 Uniaxial stress measurements

The symmetry properties of the 467.2 nm (2.653 2®1) have been investigated
using cathodoluminescence whilst the diamond sansplender uniaxial stress.
Two untreated, single-crystal CVD diamond samplesencut and polished into
cuboids, such that the faces corresponded to tlystatlographic lattice
directions [001], [110] and [10] (for the first sample), and [111], 0] and
[112] (for the second sample). These were the same s@voples used to
investigate the preferentially oriented defectse Tlose proximity in energy of
the 467.2 nm ZPL to the 466.6 nm ZPL meant thattspeecorded for the 466.6
nm ZPL whilst the sample was under stress inclutdedsplitting and shift of the
467.2 nm ZPL. As such, the experimental detailsewas discussed in section
5.2.1.

Stress-induced shifts and splitting data of thé.2ém ZPL are shown in
figure 6.1.1. Stress applied along a <001> axiseduhe ZPL to split into two
components when the luminescence was polarisecepeiqular to the stress
direction; only a linear shift of the ZPL was obsst when the luminescence
was polarised parallel to the stress direction. in@scence observed when the
sample was compressed along a <111> axis showeddamponents shifting
linearly with increasing stress. Under <110> comspi@n, ten distinct
components were observed under the various vieamagpolarisation directions.
All of the components shifted linearly with stresdthough a number of them
were weak. This is important when considering fmaraetry assignment, below.

Comparing the splitting patterns in the three cogpion orientation to
the standard symmetry tables [Mohammed et al (198&)lyanskii (1964a, b)],
suggests that the symmetry is rhombic |. The pleation to the zero-phonon
energy and the theoretical shift-rates of the camepts are listed in section
5.2.1. A least-squares fit of the experimentaltsfaifes to the theoretical gives
the values of the stress-parameters as 29.20 + 0.30 meV GPa A, = 6.40 +
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0.30 meV GP3, A; = 7.8 + 0.30 meV GPha These values give the theoretical
shift-rates shown in figure 6.1.1 (red lines). Titdo the data for the <001> and
<111> orientations is good, however that for th&G= orientation is less so. The
three theoretical components expected in the <Istfess direction appear as

only two in figure 6.1.1 because two of the compusehave equivalent shift
rates.

N
[)
E
()
= |
[
£ 3.00
>
=
:
[=4
i}
| v
Stress (GPa) ' '
a) | |
20.004
15.004
S 10.001
£
S 5.00-
=
©
5
> 0.00+ |
j=2]
[} 0. 3.00
=
W -5.00 ||
-10.00
H ]
1
1
-15.00- ' oL
Stress (GPa) '
b) !

180



Energy change (meV)

1

3.00

Stress (GPa)

c)
Figure 6.1.1 — Uniaxial stress splitting data fog 467.2 nm (2.653 eV) centre in
cathodoluminescence, showing change in energy bfcafponents as a function of applied
stress. Data points are experimental results, hnegalculated from the fit to a rhombic |
symmetry. a) ZPL under <001> compressif)) ¢rosses are for electric vector of luminescence
E||S; unfilled circles are foE-LS. b) ZPL under <111> compression; crosses ar& [(3;
unfilled circles are foE-LS. c) ZPL under [110] compression; crosses areEi]bS when viewing

along; unfilled circles are fd-LS when viewing along [001], filled circles f&-LS when

viewing along [110]. Stick diagrams show relative intensities oésg-split ZPL components at
maximum recorded stress, with vertical lines atireehorizontal line representifig| S, and

vertical lines below representirgl-S.

Figure 6.1.1 also shows the relative intensitidstlee stress-split
components, where a good comparison to theorysexsteasonable overall fit
to an A to B electric dipole transition at a rhombisymmetry defect centre is
found. A discrepancy exists between the experinhamig theoretical data for the
<110> stress direction, and will be discussed &rrth section 6.1.3.

Similarly to the preferentially oriented centrég stress-splitting rates of
the ZPL components of this centre are high (up4® ImeV GP3), which is
suggestive of the presence of vacancies in thectdéef@is provides an insight

into the atomic constitution of the centre.
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6.1.2.2 Identification of the vibronic band

Observations from a number of CVD diamond samplet the

cathodoluminescence spectra of the region arouadt@?.2 nm ZPL reveals a
weak band peaking at ~ 480 nm, in the highly stm&ct region between 455 to
500 nm, which varies in intensity in a similar manno the 467.2 nm ZPL
(figure 6.1.2). This suggests a relationship betwdke two features. To
investigate this further, the integrated intensitef the ZPL and band were
measured in a number of samples (from both ElerS8enand the University of

Paris XllIl). To measure the intensities, an esteddtuminescence background
was subtracted; however, this was difficult to deiee for the band, as the
region is constructed of a number of overlappingramic bands of various
defects (see section 4.3). Nevertheless, withirmeséd measuring error, the
ratio of the band to ZPL intensity was approximatebnstant over a range of

samples, confirming that the two features are eelat
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Figure 6.1.2 — Cathodoluminescence spectrum ofsingle-crystal CVD diamond samples,
demonstrating the variation of the 467.2 nm ZPEisity with that of the band centred at ~ 480
nm.
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Figure 6.1.3 — Huang-Rhys factor of the 467.2 nrh ZRd band at ~ 480 nm, over a number of

samples. Full line is the average of the values.

Figure 6.1.3 shows the natural logarithm of theraf the band to ZPL
integrated intensity from a number samples. Withirors, this is approximately
constant; the full line shows the average valueiciviwvhen expressed in this
form (natural logarithm) is the Huang-Rhys fact®) (of the defect centre
responsible for the ZPL and band: S = 0.46 + 0&3uming that this is the one-
phonon band associated with the 467.2 nm ZPL, #idow temperature, and
assuming single-mode coupling, it should be possiidl describe it by a
Gaussian function: figure 6.1.4 shows the fit dbaussian peak (full red line)
centred at 480.7 nm (2.579 eV), with FWHM of 33.A {18 meV). The
background luminescence is likely to be very comphait it has been assumed
to be described by a quadratic function (dashed lhe). This gives the energy
of the dominant phonon coupling at the centréas 73.85 + 0.25 meV. These
values for the Huang-Rhys factor and phonon cogpimergy for this centre are

consistent with the temperature dependent eneiifyo$ithe ZPL (next section).
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Figure 6.1.4 — Cathodoluminescence spectrum od@7e2 nm (2.653 eV) ZPL and associated
band at 480.7 nm (2.579 eV). Dashed blue linedsafsumed background luminescence
function, full red line is a Gaussian fitted to #sgerimental spectrum, centred at 2.579 eV with

a FWHM of 18 meV.
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6.1.2.3 Temperature dependence

Further characterisation of the 467.2 nm ZPL hanhwade by measuring the
change in energy of the ZPL with temperature. Mesments were taken
between 77 K and 190 K, above which the ZPL becomaseasurably weak.

Changes in FWHM of the peak could not be measucedrately, as the peak
appeared split due to internal strains; additignahie intensity of the peak could
not be reliably measured as the luminescence bagkdrunder the ZPL was
irregular.

Figure 6.1.5 shows the variation of peak energy wemperature. The
black dashed line is the contribution to the sindt the expansion of the lattice
(section 5.2.2); the symmetry of the 467.2 nm @&htas been determined to be
rhombic | (previous section), and so the contrimutio the lattice expansion is
calculated as equation 2.2.26 using the shift-pieameters found from the
uniaxial stress experiments.

Allowing for the shift of the ZPL due to latticexgansion, the change in
peak energy with temperature can be described hyatieqp 2.2.25; this
expression requires the Huang-Rhys factor, S, amdirthnt phonon coupling
energy,iw, of the centre. These were determined in the pusvisection, S =
0.46 andiw = 73.85 meV. Using these values in equation 2.p@28luces the
full line through the data in figure 6.1.5. Thisaogbfit is consistent with the
assignment of the values of S amd for the defect centre with zero-phonon

transition at 467.2 nm.
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Figure 6.1.5 — Temperature dependence of the pesigy of the 467.2 nm (2.653 eV) ZPL in

CVD diamond, recorded in cathodoluminescence. &daddr details.
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6.1.3 Discussion

The zero-phonon luminescence at 467.2 nm has betmntdned to originate
from an electric dipole transition between A andtBtes at a defect centre with
rhombic | symmetry. The high stress-induced splitiates of the ZPL in
various orientations are suggestive of the incafpon of at least one vacancy
within the centre. The defect centre exhibits ®Aglode phonon coupling to
dominant phonons of energy 73.85 £+ 0.25 meV. ThandeRhys factor of the
centre is determined to be 0.46 £ 0.23. The presehaitrogen in the centre by
analysis of nitrogen-isotope doped samples is iclcsive.

The experimental data for the <110> orientation rm accurately
correlate with theory for the lower shift-rate campnts. The reason for this is,
at present, not known; however, as mentioned inised®.1.2.1, the stress
spectra for this orientation produced ten stresis-spmponents — an unusually
high number for a moderately high-symmetry def€cmnsidering the good fits to
the theory for the <001> and <111> data, it is pible that the <110> data were
slightly erroneous due to experimental issuess known that inhomogeneous
stress and misorientation of the crystal can predudsleading results [Davies
(1975), Davieset al (1976)]. It is not suggested here that the samyds
necessarily misoriented, as the <001> orientati@asurements from the same
sample were acceptable, as were <110> measuremientier defects in the
same sample; but rather, that a misalignment dumoginting of the sample
could produce shear stresses within the sampleedRRapeasurements of the
orientation did not clarify the situation. Howevéhnjs author believes that the
symmetry assignment is appropriate for the dateedeld, given the good fit to
the <001> and <111> data, and despite the slidgfdarence in experimental and
theoretical shift-rates.

The point group of a rhombic | symmetry defect j§. This is the same
as for the 466.6 nm centre, although in this chsedefect is not preferentially
oriented. The zero-phonon transition energies eftito defects are very close;
the defects have similar symmetries, and comparablees of the stress

parameters (see table 6.1.1). Measurements ofntegrated intensities of the
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ZPLs across different samples do not give a cohs#dio, so it is assumed that
the two are not transitions from a common centie Similarities noted above,

however, are suggestive of one of the centres leeperturbed form of the other.

A1 Az Az
466.6 nm -10.10 7.95 8.05
467.2 nm -9.20 6.40 7.80

Table 6.1.1 — Comparison of the stress-parametethé defects centres with ZPL at 466.6 and
467.2 nm. Stress-parameter values are in meV'G&eors have been omitted for clarity — see

the appropriate sections for values.

This situation is comparable to that of the H3 &ddcentres in diamond
(503.2 nm (2.463 eV), and 496.2 nm (2.498 eV), eetipely). The H3 centre
has been determined to be a (N-\V2Npmplex with rhombic | symmetry, .G
with its rotation axis oriented along <001> andeaetion plane in {110} [Davies
et al (1976)], and is formed from an A centre and a magaThe H4 centre is
considered to be a (3N-V-V-N) complex with monowih symmetry, G, with
the reflection plane in {110} [Clark and Norris (2®), de Sa and Davies (1977)],
and is formed from a B centre and a vacancy. vak Wyl Woods (1976) have
determined that the optical (and ESR) propertiethefH3 and H4 centres are
essentially determined by the dangling bonds irfte wacancies of the
complexes; the optically-active electronic tramsis being betweetA; and'B;
singlet states. The implication is that the sligihtnges in symmetries and
transition energies are due to an atomic pertwbatonsidering the similarities
in symmetry and stress-parameters between the 46d.266.6 nm centres, and
the involvement of vacancies, the same may welfueeof these defects.

It may be useful to repeat the stress-analysisaarumber of further
samples to confirm the uniaxial stress results lealed here. Additionally,
annealing studies of the 467.2 and 466.6 nm centrag reveal additional

information about any possible relationship betweentwo defects.
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6.2 The 510.3 nm ZPL

6.2.1 Introduction

The 510.3 nm (2.429 eV) ZPL is observed in cathaahihescence of the single-
crystal CVD synthesised diamonds studied in thiskywim both the Element Six
and University of Paris XlII samples. The ZPL caa tbserved weakly in
photoluminescence, with a 325 nm HeCd laser (secti®). It has not been
observed in absorption measurements of these sanifite ZPL has not been
reported previously. Whilst not explicitly reported being present in Tallaiet

al (2006), the CL spectra of the nitrogen doped samgb in fact show the line
(as the CL data for the Tallaie¢ al work was recorded by this author); the line
IS not present in the non-nitrogen doped samplessiply suggesting a nitrogen
dependence. However, as is seen from the nitrofeisdtope studies of the
other ZPLs in this work, which were also presenthia nitrogen doped samples,
and not in the undoped ones, nitrogen is not dyreawvolved in the defect
centres producing the ZPLs. Nitrogen-15 isotope smesments have not been
made on the 510.3 nm ZPL as the cathodolumineseceas¢oo weak to measure
in the nitrogen-15 enriched samples. Along witls tiGL of the ZPL was also too
weak to study under uniaxial stress. Thus the symynw the centre remains
unknown.

The optical spectra over a number of samples dsinotv any intensity
correlation between the 510.3 nm centre and anth@fother ZPLs or bands
present in the visible region. Hence informationtl@ vibronic coupling at the
centre is limited to estimates from the temperatiependence of the ZPL. The
first reported temperature dependence measureménte 510.3 nm ZPL are

presented in the next section.
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6.2.2 Temperature dependence

The 510.3 nm (2.429 eV) ZPL has been characteligadeasuring the effect of
temperature upon the integrated intensity, peakggrnend FWHM. Figure 6.2.1
shows the recorded data and the theoretical fitdema it. The ZPL becomes

immeasurably weak above ~ 180 K.
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Figure 6.2.1 — Temperature dependence measureofahts 510.3 nm (2.429 eV) ZPL in CVD
diamond, recorded in cathodoluminescence. a) skaviation of integrated intensity of the peak
with temperature, b) that for the peak energy, @rttiat for the FWHM. Data points in all

figures are the measured data. Lines through tteeata the theoretical fits, see text for details.

The variation of the ZPL integrated intensity, be&mergy and FWHM
can generally be described using the expressiossadton 2.2.2.2. These require
the Huang-Rhys factor (S) of, and dominant phormmurpting energyfiw, at the
centre to be known. As with the preferentially atexl centres (section 5.2.2),
the vibronic band of the 510.3 nm centre has nenbabserved in the optical
spectra of the samples studied in this work, heheeinformation required for
the theoretical fits is not available. As describedection 5.2.2, the dominant
phonon coupling energy can be estimated from a-kspsares fit to the peak
energy shift with temperature data, usig as the least-squares variable, over
the allowed range of phonon energies in diamon8 (héV).

The response of the ZPL under hydrostatic pressuret known, and
cannot be derived from the uniaxial stress parammess the ZPL was too weak
to measure under uniaxial stress. Hence the lakpansion contribution cannot
be incorporated into the shift of the ZPL. Howevag the ZPL becomes
immeasurably weak above 200 K, and assuming conwvabares of the stress
parameters for ZPLs in diamond (< 10 meV GpPahe lattice expansion

contribution can be expected to be minimal.
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A least-squares fit to the peak energy variatiothwemperature data,
using equation 2.2.24 was performed; the fit iswshas the full line in figure
6.2.1b. This givediw = 73.97 = 0.30 meV. This value is then used inagiqn
2.2.29 to describe the variation of the FWHM wimperature; the fit is shown
as the full line in figure 6.2.1c. The good fit {lnn errors) supports the
estimated dominant phonon coupling energy at t@3hm centre calculated
from the peak energy shift data.

The change in integrated intensity of the ZPL vi@mperature is shown
in figure 6.2.1a. A fit to this data using the esited/iw value in equation 2.2.22
produces the dashed (red) line in figure 6.2.1ig; gbor fit is not a result of the
hw value being incorrectly estimated, as it was shdovrthe 496.8 nm centre
(section 5.2.2) that an estimatid value can produce a very successful fit to the
temperature dependence of the ZPL intensity. Idsti&@ same approach as used
for the 466.6 nm centre (section 5.2.2) will bedigbe temperature dependence
measurements were made in cathodoluminescence thgre absorption, and
hence an alternative analysis can be performednilamd Collins (1993)]. This
method assumes that the capture of excitons afctdefand the thermally-
induced detrapping, is a competitive process. Egudt.2.5 has been applied in
a least-squares fit to the ZPL integrated intendaya, usingg, the activation
energy of the 510.3 nm centre, and the parantgtas least-squares variables.
The result of this fit is shown as the full (blug)e through the data in figure
6.2.1a. This fit is parameterised By= 34.44 + 0.01 meV angl= 0.046 + 0.001.
The activation energy is similar to the expectetivatton energy values found
by Khong and Collins, however, the valuegas four orders of magnitude lower
than anticipated. As with the temperature depetidenof the preferentially
oriented centres, it appears that an additional han@em of luminescence

guenching is taking place at the 510.3 nm centre.

192



6.3 The 532.7 nm ZPL

6.3.1 Introduction

The 532.7 nm (2.327 eV) ZPL frequently appears inaAd CL spectra of
polycrystalline and single-crystal CVD synthesisgidmonds [Vavilovet al
(1980), Collinset al (1989), Robinst al (1989), Kawaradat al (1990), Khong
and Collins (1993), Kandat al (2003a)], and low nitrogen content HPHT
synthesised diamonds. No absorption has been ddtdtis not yet reported to
have been observed in untreated natural diamonds.

The defect centre which produces the 532.7 nnsitian has not yet
been fully identified. The centre was determineddatain nitrogen by Vavilov
et al (1980), where in that work almost identicahinescence spectra showing
the 532.7 and 575 nm (the neutral nitrogen-vacalwg3$ were produced both by
samples grown with nitrogen, and natural type léemgles implanted with
nitrogen. The authors suggested that the 532.7antrec might also involve one
or more vacancies in order to explain the broadgwinthe line in thick (~ 30
um) polycrystalline samples with large internal sses (~ 1.4 GPa).

Further investigation has identified a number béracteristics of the
centre: whilst the 532.7 nm transition is frequerdbserved with the 575 nm
line, Kandaet al (2003a) suggested it has a different symmetry thah of the
575 nm centre after investigations into grain-baugd stress-splitting of
luminescence lines in polycrystalline samples;382.7 nm line persists up to at
least 1808C and 6 GPa (in polycrystalline samples at lea&in(laet al (2003a)
again); Kandaet al (2003b) found that the centre producing the 5827line is
probably formed in the {100} growth layer; Khongda@ollins (1993) measured
the temperature dependence of the 533 nm line@mdifthat it follows the same
form as that for the “band-A” emission.

Two major questions regarding the nature of th2. 53im centre have
been raised in the literature. The first is whetier centre is boron related; the
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second is whether the ZPL is composed of two soppersed peaks. The boron
related query will be discussed first.

The boron related nature of the centre was fuggssted by Ruaet al
(1992) after CVD samples grown with added boron imcremental
concentrations were characterised by cathodoluroegme®. It was observed that
as the boron concentration increased, the “bandeAfission at 2.83 eV
decreased in intensity, whilst a band at 2.32 eYeaped with increasing
intensity, with the 532.7 nm line on top of thisnda(which also increased in
intensity). The results of Ruaet al (1992) were supported by Gheeraettal
(1994), in so much as the decrease in intensithe@f'band-A” (at 2.9 eV here)
was accompanied by an increase in intensity ofna lappearing at 2.4 eV, as the
boron concentration increases. Correspondingly5827 nm line increases in
intensity as the 2.4 eV band intensity increases.

According to Kawaradat al (1990), boron impurities in diamond do
indeed produce a luminescence band centred inatger2.3 — 2.4 eV, with a
corresponding decrease in intensity of the “bandefviission. However, the
authors of that work make no mention of the 532rvlime being present in any
of their un-doped or boron doped samples. This gmtesvork has not
investigated the possible boron-related naturdn@f>32.7 nm centre, and it will
not be discussed further.

It has been reported a number of times that the758& luminescence
line occurs as a doublet [Collirg al (1989), Ruaret al (1991b), Burtoret al
(1995), Zaitsev (2001)]. Zaitsev lists the centgsecansisting of two peaks at
530.8 and 533.8 nm. The doublet form was obseryeRBumnet al (1991b) in
polycrystalline samples, where the singlet formeigplained as an observed
single broad line, which is in fact due to the gppsition of the two separate
lines. This was suggested after annealing stusibsre before annealing, two
peaks were observed at 532.1 and 534.4 nm, andaymzmled to 135Q, one
broad peak is seen at 532.57 nm.

Kandaet al (2003a) suggested that the apparent doublet faudde
due to two different defects, as mapped cathodaiastence spectra (of single-
crystal samples) produce different spatial distiins and peak widths

depending on orientation: for {111}, the line is raontense, has a greater width,
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and is present with the “band-A”; for {100}, theieeno “band-A”, and the line is
accompanied by its own broad band.

The final piece of evidence for two independent iheacence sources
around 532.7 nm comes from the results of Khehal (1994), who although did
not directly observe a doublet form of the 532.7 rime, found two
luminescence decay times: the sharp 532.7 nm pesak decay time of 9.6 + 0.8
ns, while a broad band underlying the sharp peaklh@ + 0.1us. It is also
mentioned that the decay time of the broad bandtsasilar decay rate to a line
at 2.48 eV (500 nm).

Whilst the doublet nature of the ZPL has been urdiscussion, a
pertinent comment may be made: an observed doubleta diamond
luminescence spectrum could be due to (primarily¢ of two causes, first,
internal strains on a susceptible defect centreh(ss a vacancy-related centre)
can potentially cause a splitting of orientatiopatlegenerate energy levels
resulting in broadened or doublet lines; alterreyiviwo independent defect
centres with very similar transition energies candpce overlapping peaks.
Isotopes can also result in multiple transitiongngeobserved from a single
defect centre, although this is unlikely for thentre, considering the magnitude
of the splitting, the ratio of the peak intensitiaad knowledge of the isotopes of
common impurity centres in diamond (primarily ngem, boron and silicon).

It is established in this work that the single-taysliamonds studied in
this work can show the 532.7 nm ZPL with negligibpditting in one region of
the sample, and with considerable splitting in bBaof(particularly in dislocated
areas, where three convoluted peaks can be sesmkestions 4.3 and 2.1.3 for
example spectra. This unambiguously determinesiieaZPL is not a doublet.

Uniaxial stress-analysis (in the following sectiomjicates that the 532.7
nm centre involves at least one vacancy, which amrgl the strain-induced
splitting of the peak in dislocated regions of Hanples. Indeed, the early CVD
diamond material was polycrystalline in nature, eithinas been established to be
readily susceptible to strain effects (see sectidn. The observation of Ruaat
al (1991b) that the ZPL becomes less split after alinmge may be understood by
considering that annealing removes sources ofnsinaihe lattice, such as point

defects (via migration, combination, dissociatidn).eLess strain on the defect
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would hence improve the bi-Lorentzian (if not Gaas¥ nature of the ZPL (see
section 2.2.2.1).
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6.3.2 Results

6.3.2.1 Uniaxial stress measurements

The defect which produces the 532.7 nm (2.327 &®l) Aas been investigated
using cathodoluminescence whilst the diamond sansplender uniaxial stress.
Two untreated, single-crystal CVD diamond sampléise-same two as used for
the previous defects investigated under uniaxi@sst— were cut and polished
into cuboids, such that the faces correspondechéoctystallographic lattice
directions [001], [110] and [10] (for the first sample), and [111], 10] and
[112] (for the second sample). Cathodoluminescencegeasrated using a 40
keV electron beam, run at ~ 1\. The samples were held at liquid nitrogen
temperature. The other experimental details wedksasissed in section 5.2.1.

Cathodoluminescence of the 532.7 nm ZPL whilsteandhiaxial stress
showed that it splits and shifts in all three coesggion directions (figure 6.3.1).
In the [001] stress direction, the ZPL split intwele components: two when the
luminescence was perpendicular to the stress gireeind one when parallel;
these resolved to two overall components. In [1it1$plit into a total of five
over both luminescence polarisations; these redoteethree. Under <110>
compression the splitting was very complex, shoverigtal of 11 components in
the various stress and polarisation orientations éstimated that these resolve
to four stress-split components.

Comparing these components to the theoretical ocwtibns in the
standard symmetry tables [Mohammed et al (1982)plyeaskii (1964a, b)]
suggests that the symmetry is monoclinic I. Theypkation to the zero-phonon
energy and the theoretical shift-rates of the camepts of a monoclinic |
symmetry centre are given in section 5.2.1. A legsiares fit of the theoretical
shift-rates to the experimental data gives theesabf the stress-parameters as A
= 7.64 + 0.30 meV GPa A; = -4.30 + 0.30 meV GPaA; = 1.51 + 0.30 meV
GPa', and A = 1.03 + 0.30 meV GPa Putting these values into the theoretical

stress-splitting rate equations in table 5.2.4eatisn 5.2.1 yields the theoretical
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change in energy with stress of the componentsystag the (red) lines in figure
6.3.1.
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Figure 6.3.1 — Uniaxial stress splitting data fog 532.7 nm (2.327 eV) centre in
cathodoluminescence, showing change in energy bfcafponents as a function of applied
stress. Data points are experimental results, Anegalculated from the fit to a rhombic |
symmetry. a) ZPL under <001> compressif)) ¢rosses are for electric vector of luminescence
E||S; unfilled circles are foE-LS. b) ZPL under <111> compression; crosses ar& [(3;
unfilled circles are foE-LS. c) ZPL under [110] compression; crosses areEi]bS when viewing

along; unfilled circles are fd-LS when viewing along [001], filled circles f&LS when

viewing along [11 0]. Stick diagrams show relative intensities oéss-split ZPL components at
maximum recorded stress, with vertical lines atireehorizontal line representifig| S, and

vertical lines below representirgl-S.

The fit of the theoretical splitting-rates to ttata is reasonable, which
initially supports the assignment of a monoclinicymmetry to the defect.
However, the relative intensities of the componedts not all match the
theoretically predicted intensities: for componentsler <001> and <110> the
agreement is reasonable, but for <111> there isligieel to be only one
component in the parallel polarisation and thre¢hm perpendicular — the data
shows the inverse of this, with the relative intgnof the perpendicular
component being ~ 21 : 1 relative to the weakesdllgh component. The reason
for this is discrepancy is unknown, despite chexfiibe validity of the data. This
casts doubt on the quantitatively correct assignéthe symmetry, although,
qualitatively the splitting pattern of the ZPL appgto fit that of a monoclinic |
symmetry centre.

Alternatively, it is possible to fit a rhombic ymmetry splitting pattern to
the data, although this is also a flawed fit asdkperimental relative transition
intensities do not correlate with the theoreticalues. This centre proved a
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particularly difficult ZPL to investigate using waxial stress as the observed line
at zero stress split into numerous superimposedpoasnts when under [110]
stress. This contrasts with the relatively simgitting patterns observed under
[001] and [111] stresses. It would be appropriateepeat the measurements on a
large selection of different samples in order tpéfally observe a reproducible
set of splitting patterns.
Finally, as with the previous ZPLs studied underauial stress in this

work, the high stress-splitting rates (~ 7.6 meVaGRt most) of this centre

suggest the involvement of at least one vacancy the defect.
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6.3.2.2 Identification of the vibronic band

Cathodoluminescence spectra of the region aroum&32.7 nm ZPL frequently
show a weak (relative to the 532.7 nm ZPL) broaddbeentred at ~ 549 nm,
with FWHM of ~ 10.1 £ 0.4 nm (44.5 = 1.5 meV). Thand peaks at 548.85 +
0.07 nm, which places it at 68.26 + 0.20 meV bether 532.7 nm (2.327 eV)

ZPL. Figure 6.3.2 shows a typical CL spectrum @f thgion, and a spectrum of
the ZPL and band only.
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Figure 6.3.2 — Typical cathodoluminescence spectiinsingle-crystal CVD diamond, showing
the 532.7 nm ZPL and the weak band at ~ 549 nioragd scan of the local region, b) the ZPL

and band, corrected for background luminescence.

The presence of the band at lower energy tha®32e/ nm ZPL, along
with the observation over a number of samples ef ititensity of the band
varying in a similar manner to the ZPL, suggeséd thcould be the one-phonon
band of the 532.7 nm ZPL. To investigate this,itltensity of the band, and the
integrated intensity of the ZPL were measured @vaumber of samples, from
both Element Six and the University of Paris XtHe intensity ratio of the band
to the ZPL was found to be approximately constamthin experimental

uncertainty (figure 6.3.3). This, at the least,fooms that the band at ~ 549 nm is
related to the 532.7 nm ZPL.
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Figure 6.3.3 — Intensity ratio of the band at ~ 5#®9to the 532.7 nm ZPL, measured over six

samples. Data points are recorded data, full Brtbeé average ratio.

Assuming single-mode phonon coupling at the ceritrhjs is the one-
phonon band, then the energy of the dominant phaoopling to the defect is
the energy separation of the peak of the one-phdama and the ZPL, which
was defined above: 68.26 + 0.20 meV (this valustasistically averaged over a
number of samples). Further characterisation ofciatre is to determine the
Huang-Rhys factor, which is defined as the natlogérithm of the ratio of the
integrated intensities of the vibronic band to ZBection 2.2.1). The intensities
were measured by subtracting an estimated quadeatic background
luminescence from the data; however in many samplhes background was
difficult to estimate accurately. Additionally, trstrict definition of the Huang-
Rhys factor requires that the integrated intensifythe vibronic band be
measured over thentire phonon range in diamond (up to 165 meV); due beot
luminescence features being present within 165 mé\Wthe 532.7 nm ZPL
(including the 575 nm ZPL), and the varying lumicessce background, the
intensity was measured on the one-phonon band t¢inghould be noted here
that it is the intensity of the maxima of the bamlich is used, rather than the
integrated intensity, due to the difficulty in es#iting the background
luminescence. Consequently the defect centre phoglube 532.7 nm ZPL has

an estimated Huang-Rhys factor of ~ 0.76 + 0.30.
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Inspection of the optical spectra (figure 6.3.2)w8s that the band at ~
550 nm is asymmetric, possesses moderate strumtdreannot be described by
a Gaussian peak like many one-phonon bands in didnoan. The narrow
feature on top of the band is most likely a gendéature of the band, rather than
another weak feature unrelated to the centre;ishssiggested because it is still
present when the only features in the CL speceala 532.7 nm and 575 nm
centres.

The band shape has not been investigated furthethism work.
Temperature dependence measurements of the 532 ZPhmndetailed in the
next section, support the calculated phonon cogpdimergy and the suggestion

that this is the one-phonon band.

204



6.3.2.3 Temperature and nitrogen isotope dependence

Along with the determination of the symmetry of thefect producing the 532.7
nm ZPL, and the identification of the vibronic bamarther characterisation can
be made by measuring the temperature dependeiice @gPL. The variations of
peak energy, FWHM and integrated intensity of a £&h be expressed by the
equations in section 2.2.2.2. Along with informaticequired to calculate the
peak energy shift with temperature, the expressafnsection 2.2.2.2 require
knowledge of the Huang-Rhys factor (S) and domimduatinon coupling energy,
hw, at the centre; these were determined in the @uevisection with
identification of the one-phonon band. Measuremeotsthe temperature
dependence of the ZPL will provide additional canfation of the values of S
andzw.

Figure 6.3.4 shows the temperature dependenciasurex for the 532.7
nm ZPL. The data for the variation of the FWHM wikbmperature are not
presented, as the ZPL (as is often found (secti8)),dappeared slightly split at
most temperatures; hence FWHM data would be uibtelia
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Figure 6.3.4 — Temperature dependence measureofahts 532.7 nm (2.327 eV) ZPL in CVD
diamond, recorded in cathodoluminescence. a) skaviation of integrated intensity of the peak
with temperature, and b) that for the peak endrme through the peak energy data is the

theoretical fit, see text for details.

The black dashed line in figure 6.3.4b is the daked contribution to the
shift due to lattice expansion. It is calculatedtiie same way as that for the
562.5 nm ZPL (section 5.2.2). Allowing for thisgetBhift in peak energy of the
ZPL with increasing temperature is defined by egua.2.25. Using this, with
the values determined in the previous section, 676 andiw = 68.26 meV,
produces the full line through the data pointsiguife 6.3.4b. This is in good
agreement with the experimental data, and supplogtsneasured value for the
Huang-Rhys factor and phonon coupling energy. ftaged here, however, that
the measured Huang-Rhys factor has a large unugftaas discussed in the
previous section, and as such should be stated-a& % + 0.30.

The temperature variation of the integrated intgnsf the ZPL (figure
6.3.4a) is similar to that of the 562.5 nm cenimethat it initially increases with
increasing temperature, and then rapidly decreasésgher temperatures. The
temperature dependence of the 532.7 nm ZPL has $tedred previously by
Khong and Collins (1993) in cathodoluminescencee fbalitative form of the
intensity of the ZPL varying with temperature i tame as the previous

measurements, and so has not been investigatéerfurt
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Vavilov et al (1980) suggested that the 532.7 nm centre is g&tro
related. To investigate this, two high-quality dengrystal CVD diamonds, one
grown with normal gas constituents, the other gramva nitrogen-15 enriched
atmosphere, have been studied using cathodoluneinesc If the 532.7 nm
centre directly involves nitrogen, then a shiftanergy of the ZPL should be
observed, as described in section 2.2.2.3.

Cathodoluminescence of the two samples was measoyedlowly
scanning over the 532.7 nm ZPL and the 534.109m&fdlom a neon calibration
lamp, at high resolution and with narrow monochrtimaslits (set-up as

described in section 3.4). As the shift in enerfjg @PL due to isotopic changes
is expected to be small (f0.] meV (section 2.2.2.3)), the experiment was
repeated four times using each sample, in ordemitomise the error in the
measurements. It was found that the 532.7 nm ZKtsdjy 0.20 + 0.05 meV to

higher energy in the nitrogen-15 enriched samples Tonfirms that the centre

directly involves at least one nitrogen atom.
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6.3.3 Discussion

The 532.7 nm (2.327 eV) ZPL qualitatively demortsisathe stress-splitting
pattern of the zero-phonon transition associatett wimonoclinic | symmetry
defect centre. The centre shows single-phonon sayupd dominant phonons of
energy 68.26 = 0.20 meV, with a Huang-Rhys factér~00.76 + 0.30,
determined from temperature dependence and spea@durements. The centre
has been shown to directly involve nitrogen dua tmeasured isotope-induced
shift in the energy of the ZPL. Additionally, thaiaxial stress data suggest the
involvement of at least one vacancy within the m=nt

Debate in the literature (section 6.3.1) about doeblet nature of the
ZPL has been resolved by observations of a singisplit ZPL in high quality
single-crystal CVD diamond samples; it can be catetl that the 532.7 nm ZPL
is an isolated electronic transition from a singtent defect. Previous worker’s
observations of splitting are probably due to ssain the defect in dislocated or
polycrystalline samples.

It would be useful to further investigate the uiaé stress-splitting of the
ZPL in an attempt to quantitatively assign a synmnit the centre.
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6.4 The 736.8 nm ZPL — the silicon-vacancy

6.4.1 Introduction

The 736.8 nm (1.682 eV) centre has been well iny&tstd. It has been
established to directly involve silicon and a vamgralthough the precise atomic
configuration has not yet been experimentally vedlif The ZPL consists of a
doublet centred at 736.80 + 0.05 nm at liquid igéno temperature [Collinst al
(1994)]; at liquid helium temperature it appearsaaet of twelve lines [Clankt

al (1995)], with the most intense pair centred at #3705 nm (1.6822 + 0.0003
eV). The peak separation is 3.96 + 0.05 nm (0.93trfeV) at liquid nitrogen
temperature. It is observed in absorption, photalescence and
cathodoluminescence spectra of synthetic diamomasrgby CVD (microwave
and hot filament methods), and HPHT synthesis [Starulteet al (1994), Sittas
et al (1996), Linet al (1996), Shardat al (1998a)]. The only way it is observed
in natural diamonds is after a sample has beeraimgd with silicon ions. It was
once thought to have been observed in some natypal | diamonds [Solin
(1972)], but the luminescence in that work is ptipadue to the GR1 defect
(neutral vacancy, 741.1 nm (1.673 eV)).

The centre was first reported by Vavilet al (1980), who observed a
single luminescence line at 736 nm (1.684 eV) ahnd crystals grown by
CVD under low pressures and temperatures. Theyumted a study of silicon-
ion implanted natural diamonds and found that ainestence line appeared at
736 nm. They attributed this to a defect contairtimg interstitial silicon atoms.
They calculated that the internal stresses of tiemond films were ~ 1.4 GPa,
and as such observed a broadening of the 575 &hdr&3dines, attributed to the
presence of vacancies. This led to the suggediatrtiie 736 nm centre does not
involve a vacancy as the observed line was notifgigntly broadened.
Additional work showed that the 736 nm centre m#ssup to at least 148D

annealing.
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Ruanet al (1991a) suggested that the 737 nm centre is ds#idon, and
is incorporated into the synthetic diamond prinyatiirough the use of silicon
substrates. This was concluded from inspectiomefintensity of the single 737
nm luminescence line of diamonds grown on silicobss$rates, and those grown
on tungsten ones. The tungsten substrate-grown odidsn showed 737 nm
luminescence more than an order of magnitude wethlear that of the silicon
substrate-grown samples. Their work implies that wWeakly present 737 nm
centre in the tungsten substrate-grown diamondkiésto silicon incorporation
from the quartz windows of the reactor.

Vlasov and Ralchenko (2004) presented evidence uppast the
suggestion by Ruaet al (1991a) that a silicon substrate was the primawyce
of the silicon related impurity, although they alsoted that a homoepitaxial
sample grown by the hot-filament method also predudhe 737 nm
luminescence — this was attributed to contamindtipsilicon from the filament.
Additionally, the authors conducted an integratedkpintensity vs. sample depth
study of the single 737 nm line, and found thatgiieon impurity concentration
was greatest closest to the (silicon) substratd, detreases smoothly over a
depth of ~ 60 pum.

Initially there was speculation that the single 787 ZPL may be due to
one of the zero-phonon components of the GR1 ddbecause under stress the
GR1 luminescence line shifts to higher energy selw 1.682 eV, i.e. internal
crystal stress could induce the shift. Collins, Kaamd Sato (1990) showed by
comparative spectra of the vibronic bands of the defects that their origins are
separate, even though their ZPLs are at similarggse Additionally, Ruart al
(1991a) noted that the 737 nm centre must be dam tmdependent defect for
the following reasons: the GR1 centre anneals b@0&C [Collins (1978a)],
whereas the 737 nm luminescence line persists upt tieast 1351C; the
linewidths of the single 737 nm luminescence lineravfrom 4 to 10 meV
depending on the sample, whereas the stress stuftegbonent of the GR1
centre would have been much wider due to inhomamensplitting.

Collins, Kamo and Sato (1990) implant&i ions into synthetic and
natural diamonds of varying nitrogen concentratidime samples with the
highest single-substitutional nitrogen concentrasbowed the most intense 737

nm luminescence, whilst the ones with the lowedtogen concentrations
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produced the weakest 737 nm luminescence. Thisesfiiat silicon is certainly
involved in the defect, with nitrogen playing aetit or indirect part in the
luminescence of the defect when the sample is eaxcitunder
cathodoluminescence.

Annealing studies of as-grown and electron irr@diaCVD diamond
films suggested that the 737 nm centre is duditmsiand a vacancy: Clark and
Dickerson (1991) observed a significant increasth@integrated luminescence
intensity of the 737 nm peak after annealing a’@Q@llowed by a decrease in
intensity after annealing at 9 because the vacancy is mobile at °@
diamond, this implies that the centre involves onenore vacancies. The authors
explain the decrease in intensity at DMy suggesting that self-interstitials are
released at this temperature. Photoluminescence dibmond film implanted
with %S ions, which previously showed no 737 nm emissiisplayed a 737
nm peak after implantation — suggesting the presensilicon in the centre. The
authors made a significant suggestion about thereaif the defect centre: a
single-substitutional silicon atom in the latticemd not be expected to produce
electronic transitions within the forbidden energgp; but the presence of a
vacancy on a neighbouring lattice site would predemission and absorption at
an energy close to that of the neutral vacancy (QRE73 eV). Additionally, an
annealing study in this paper showed a correldtemveen integrated intensities
of the 1.682 eV (737 nm) luminescence line andethrearby lines, 1.618 eV,
1.558 eV, and 1.527 eV. A further line which wasa}s present at 1.639 eV did
not correlate with the 1.68 eV.

An important development of the understanding ¢ tentre was made
by Collinset al (1994), who repeated the annealing measuremer@$adk and
Dickerson (1991) in absorption; their results agredh Clark and Dickerson’s
with the indication that the 737 nm centre involvedsacancy. Collingt al
(1994)'s measurement of the ZPL in large-grain polstalline CVD samples
showed it to be a doublet for the first time. Lawniperature measurements at 1.7
K in the same work suggested the doublet structuose from a split excited
state.

The symmetry of the 737 nm centre has yet to beraed, although
some uniaxial stress work has been undertakenn&tieulteet al (1994)] on the

(100) orientation of CVD diamond films showing 78 luminescence. Their
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work did not conclude a symmetry due to the physiomensions of the films
limiting them to only the (100) axis to apply ssesdong. Nevertheless, this did
produce a number of important results about théreethe electronic transitions
of the defect appear to originate from both a dgpuldgenerate ground and
excited state — which partly explains the many r(fowajor) zero-phonon lines
often observed by many separate authors in lumemescspectra of unstressed
samples; the defect is apparently (in their sampledeast) under intrinsic
internal stress, due to the large atomic radiushefsilicon atom(s) involved.
This conclusion was drawn from the stress splittitaga which gives a zero
stress splitting location of all the ZPL peaks asteess of ~ -0.06 GPa. The
authors suggested the aforementioned internal ocegspre to explain this
(assuming that the uniaxial stress adds lineartii¢anternal stress).

In a paper extending their previous work, Sternkehat al (1995)
performed Zeeman measurements on the 737 nm cehber work was
quantitatively inconclusive, although the relatsienplicity of the splitting data
for the (magnetic field parallel to the) (111) ori@tion suggests a preferential
(100) oriented symmetry axis of the defect, eigti@gonal or lower symmetry.

Clark et al (1995) investigated HPHT synthesised diamond in
photoluminescence and absorption at liquid heliempgeratures and found that
each component of the 737 nm doublet resolved intm, which led to a
proposed four level transition scheme of doublyethegate ground and excited
states. Furthermore, fine structure was resolvaxhgalwith the four main
components, the ratio of intensities of which clated with the ratio of naturally
abundant silicon isotopes. This unambiguously destmated the presence of one
silicon atom in the centre.

A number of atomic models of the defect which pices the 737 nm
doublet have been suggested. The leading oneti®tlaosset al (1996), who
used cluster modelb initio calculations of a diamond cell with a silicon-vacg
defect present: they found that the defect reléxes atomic arrangement of the
silicon between a split vacancy, with a trigonakdlDsymmetry, possibly in a
negative charge state. They also found that thectiéfas two doubly degenerate
states, which is in agreement with the doubly degse ground and excited
states from the work of Clas al (1995) and Sternschulet al (1994). Moliver
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(2003) modelled the silicon vacancy using anotlmukation method, and also
concluded a By point group for the defect.

An alternative model is that proposed by Gorokhkgwvst al (1995): a
quasi-molecular Sicluster oriented along the (111) axis. This iseldagpon their
observation of a luminescence peak at 767 nm, wimsha vibrational energy of
515 cm', leading to comparisons between the transverseabpmode in
crystalline silicon (522 ci, Si-Si bond in amorphous SiC (508 &nand the
vibration of the free cluster ${509 cm'). The (111) orientation of the defect is
explained by the high activity of the point phonons in the luminescence
spectra. Additionally, the authors used a tunalisapphire laser at 737.3 nm to
excite photoluminescence, and were able to obsadéional luminescence of
(what they identified as) phonon replicas at 754, 797 and 814 nm.

Much additional experimental information has beatalvered about the
centre, as discussed in the following paragraphM® Giamond films doped with
boron (at 500 ppm) showed no 737 nm luminescenae fpositron lifetime
investigations [Dannefaeet al (1993)]. The authors attribute this to boron
doping removing the vacancies present in diamonrus Bupports previous
results that vacancies are involved in the 737 anire. However, an alternative
explanation is that, if the 737 nm defect is a Stantre in the negative charge
state, as now believed [Gossal (2007)], doping with boron would reduce the
concentration of such centres (due to charge eangferhaps to zero.

The radiative efficiency of the 737 nm lumineseenime in plasma-
assisted CVD diamond grown on a silicon substraie astimated to be greater
than 80% [Bilodeaet al (1993)]. This is in contrast to the radiative @#ncy of
the GR1 centre which was estimated to be less 28arjDavieset al (1987)].
Bilodeauet al (1993) also mention that they have detected ahearpt 737 nm
using calorimetric transmission spectroscopy.

Turukhim et al (1996) measured the photoluminescence lifetim¢ghef
737 nm centre to consist of a biexponential dewaty) time constants of 55 ps
and 950 ps. The quantum yield was measured to0ge 0.

A defect centre with an emission line at 1.68 e&svobserved in hot-
filament CVD diamond films by Liret al (1996). The authors state that their
reactor and substrate were silicon free, whichpglwith the poorly resolved

spectra of the 1.68 eV emission, caused them tolwoda that this emission is not
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the same as the 1.682 eV (737 nm) silicon relatefécll This may have
implications on other 1.68 eV emission observatignsh as Freitast al (1990),
as noted by Liret aland Clarket al (1995).

Shardaet al (1998b) concluded that the incorporation of siticmto
diamond films grown by microwave-plasma CVD (indexh by 737 nm
luminescence) is from the formation of volatile Fiat the silicon substrate
surface. This conclusion was drawn from the coti@iabetween the intensity of
the 737 nm luminescence and the microwave powsesityen

An investigation by Joeriget al (1996) gives a mechanism for the
incorporation of silicon into CVD diamond via reiact of hydrogen and the
guartz reactor walls. This study revealed a coti@abetween the 737 nm peak
area and the concentration of atomic hydrogenemtahsma gas.

A wealth of evidence has shown that the 737 nm8@.6V) centre
involves silicon and a vacancy. Experimental anthmatational results conclude
a doubly degenerate ground and excited state fodéfect. The symmetry is
computationally predicted to be trigonal ;0 Experimental measurements of
the behaviour of the zero-phonon doublet under ximliastress have been

undertaken in this work to investigate the symmefrithe defect.
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6.4.2 Results

6.4.2.1 Annealing behaviour

The annealing behaviour of the 737 nm doublet wagstigated in order to
support work undertaken by previous workers [Clarlal (1995), Collinset al
(1994), Clark and Dickerson (1991)]. Isochronal ealimg took place on a
single-crystal CVD diamond, which had previouslghérradiated with 5 x 18
cm? 2-MeV electrons. The sample was annealed from @0@ 900°C at
intervals of 100°C, with a time period of one hoair each temperature.
Absorption spectra were collected before the stadd after each anneal,
allowing the decay of the GR1 and growth of the lBvdoublet to be observed.
It was assumed that the absorption peaks were piofta background,
which was subtracted before the integrated inteissibf the peaks were
measured. Figure 6.4.1 shows the integrated algorpt the GR1 and 737 nm
doublet as a function of annealing temperatureatt be seen that GR1 peak
starts to decay in intensity after the 600°C anasdhe neutral vacancy becomes
mobile and either combines with other defects, latates with self-interstitials
or moves to the sample surface. After annealintD@0°C absorption due to the

neutral vacancy had almost completely disappeared.
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Figure 6.4.1 — Integrated intensities of the GRA @87 nm ZPLs after each annealing stage (data
points). Lines show the theoretical change in gitgmr after each stage (see text). Data and fit

for the 737 nm doublet are scaled by a factor ofde clarity.

In particular, the decay in GR1 intensity betwed&9°® and 600°C is
non-linear and due to annihilation of GR1 with mstéials and vacancies: Allers
et al (1998) found that the GR1 intensity in type llardond drops by ~ 15% in
400 minutes during isothermal annealing measuresman#60°C. Kiflawiet al
(2007) found the intensity lost to be sample depahdAfter 700°C the
absorption intensity of the 737 nm doublet, thecei-vacancy, increases
rapidly. Conducting these measurements in absorpaidows a quantitative
change in intensity to be recorded: after the 9G0%@eal the 737 nm doublet had
increased in intensity by a factor of 12.9 + 2.8\jlst the GR1 had reduced by a
factor of 32.3 £ 3.2. Any absorption of the silieeacancy complex before
annealing at 700°C is due to any centres presetiteiras-grown or irradiated
diamond; after this and at subsequently higher @t temperatures, the
increase in absorption can be attributed to miggatiacancies being captured by
the 737 nm centre’s precursor impurity. Indeedydts observed that all other
irradiation-induced defect centres in this samplhectv were seen in visible-UV
absorption measurements had annealed out by 9QH€reas the 737 nm

doublet persisted. This suggests that the 737 mitree precursor impurity, in
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this type lla CVD sample, was the dominant opticalttive trap for migrating
vacancies. Quantitatively, the loss of 22.0 meV*@fGR1 in absorption gives
a loss of (~ 1.9 + 0.5) x 1bcm® vacancies [Davies (1999)]. Therefore, at most,
this concentration of silicon-vacancy centres heenlcreated.

Along with the integrated intensities of the GRIdaf87 nm doublet,
Figure 6.4.1 shows the theoretical change in alisorgntensity after each
annealing stage. This was calculated for the GRiguke expressions in section
2.4.2. The probability of a vacancy being caugta &xtap is given by

p=| L exp(_—Ej, 7.4.2.11
n; kT

where, the symbols are as defined in section 2¥h&.number of jumps
made before a vacancy is trappexl, can be defined as the inverse of the
concentration of trap€;. The values of the parameters used to produceartée |
through the GR1 data in figure 6.4.1, are the hopfiequency in diamona, =
10" Hz, the activation energy of the vacanEys 2 eV, andC = 4.9 x 10’ =~ 22
ppm. The value used for the activation energy ofvi@ancy is at the boundary
of the experimentally established value: 2.3 + [Davies et al (1992)]. The
concentration of traps in this case is the init@hcentration of silicon-vacancy
centres. This is the first calibration of the cortcation of the silicon-vacancy
centre in diamond: assuming that all of the vaamaeare trapped at the 737 nm
centre’s precursor impurity, then (using the GRIibcation factor from Davies
(1999)) Ars7 nm= (2.2 + 0.3) x 18’ [Si-V], where the absorption coefficient is in
meV cni’, and the Si-V concentration is in ém

The line through the 737 nm data in figure 6.4.1 wafculated by
subtracting the intensity of GR1 at each annealtage from the intensity before
annealing, and scaling to the maximum intensityh&f 737 nm doublet. The
excellent fit to the data shows how the vacanciebilised by the annealing are

caught at the 737 nm precursor impurity.
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6.4.2.2 Liquid helium temperature absorption

Clark et al (1995) determined that the 736.8 nm doublet was tdua silicon-
related defect by measuring the photoluminescepeetsim while the sample
was at liquid helium temperature. This resolvedcbthponents, which, it was
concluded could be separated into three sets of lioes; each group of four
corresponded to four transitions between two douldgenerate states of a
silicon defect, with the three sets shifted in ggeand varying in intensity. Clark
et al measured the integrated intensity ratios of tmeettsets of lines and found
that they corresponded to the ratio of the thremidant isotopes of silicon; 28,
29 and 30.

Current diamond growth methods allow high qualigmgle-crystal,
doped diamonds to be synthesised. As such, itpsogpate to support Clart
al's work by repeating their investigation in absapt on both a natural-
abundance Si-28 sample, and a Si-29 enriched sample

The natural-abundance silicon sample is the sanee used for the
annealing study described in the previous sectiamas grown with silane in the
gas phase, electron irradiated, and annealed isaaly over 400 to 1000°C, for
an hour at each stage. This substantially increabed 736.8 nm doublet
absorption intensity. The Si-29 enriched sample syaghesised with silane in
the gas phase, which producetf%i : °Si enrichment ratio of approximately 1 :
8 (estimated from EPR measurements). Liquid nitnogeemperature
measurements were conducted on the custom absorpggiem described in
section 3.1. Liquid helium temperature (LHT) measoents were conducted on
a Bruker IFS 66 infrared spectrometer (see se@idi), using a custom flow
cryostat and an Oxford Instruments flow pump foolowy; adjusting the flow
rate allowed temperatures between ~ 4 K and 40 lketceached. For the rest of
this section, the 736.8 nm doublet will be referredby its energy, 1.6827 eV, in
order to be consistent with previous workers.

Absorption measurements at LHT were performed enttfo samples.
The change in absorption spectrum of the 1.6827celre between liquid

nitrogen (77 K) and liquid helium (less than 40 t€mperature can be seen in
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figure 6.4.2 for the natural abundance Si-28 samilié. HT the central position
of the transition shifts to lower energy by ~ 05®.08 meV. The four main
components of the transition are resolved, alort satellite structure from the
silicon isotopes.

LHT absorption measurements of the Si-29 enricbaahple distinctly
show the change in relative intensity of the twelkansitions of the centre in
favour of the components assigned to transitioosf6i-29 centres (see figure
6.4.3). This confirms that the satellite structofethe centre in this material is
indeed due to the isotopes of silicon. Relativéhtotransition energies of the Si-
28 data, a small shift to lower energy of 0.067.@18 meV for each component
is detected for the Si-29 data. This is probable do a slight difference of

sample temperature during measurement of the data.
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Figure 6.4.2 — Comparison of absorption of the 2768V centre at liquid nitrogen temperature
(77 K, dotted spectrum) and at liquid helium tenapeare (less than 40 K, full line spectrum,

displaced vertically).
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Figure 6.4.3 — Absorption spectra of the 1.6827cektre at liquid helium temperature in a
natural abundance silicon-28 sample, after irrémticind annealing (lower spectrum, scaled by a
factor of three), and a silicon-29 enriched sanipfmer spectrum). Spectra are displaced

vertically for clarity. Peak labels as Clagkal (1995).

For both the Si-28 and Si-29 data an absorptiorctgge has been
generated using bi-Lorentzian lineshapes (seeose@i2.2.1). These take the
form 1) =a[ b + @ — vg)® ]% wherea scales the height of the pedk,
determines the width, ang is the peak position. THe parameter is related to
the full width half maximumI, by b = ' 2 [2V (¥2 — 1)]% The simulated
spectrum for the Si-28 data (figure 6.4.4) was gated using a measurédof
0.079 meV, with the relative intensities of the kgeleing set to the ratio of the
natural abundance of the isotopes of silicon, 0:92246 : 0.030 for 28 : 29 : 30.
The positions of the peaks were determined by utfiegenergy shift of the
isotopes from the experimental data: it was foumat for each nuclear mass
added, the four line transition scheme shiftedotwelr energy by 0.344 + 0.018
meV. The good fit of the generated spectrum tod&e confirms the work of
Clarket al (1995).

The simulated spectrum for the Si-29 data (figu&3 was generated
using a measured of 0.090 meV, with the relative intensities of theaks this
time being determined by fitting to the experimérdata. The ratio of the
isotopes were found to be 0.137 : 0.748 : 0.114sifiicon 28 : 29 : 30. The
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measured 0.137 : 0.748 ratio is in excellent ages¢mith the EPR estimated
285 : 2%Sj enrichment ratio of 1 : 8.

The positions of the peaks were determined fromettmerimental data,
the decrease in energy per additional nuclear rnasgy 0.344 + 0.016 meV.
Figure 6.4.6 shows the component bi-Lorentzian peeahich are convoluted to
form the complete spectrum. The various line pastef the peaks identify the
different silicon isotope contributions: the fulhé components are for Si-28
transitions, the dashed line components are f&9Sransitions, and the dotted
components are for Si-30 components. This demdestrdaow the four
component system is shifted to lower energy fohesiditional nuclear mass.

An important consequence of the success of thealatbundance Si-28
fit to the experimental data, is that a deconvolutof the 1.6827 eV centre in
samples with silicon isotope enrichment allows ¢bacentration of the isotopes
present in the sample to be determined, as foBH&) sample. If the absorption
coefficient of the centre were large, then thisrapph would only be valid in
absorption spectroscopy, as luminescence measutent@ve the risk of

providing misleading results due to self-absorpabthe centres.
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Figure 6.4.4 — Absorption spectrum of the 1.6827ce¥ftre at liquid helium temperature in a
natural abundance silicon-28 sample, after irrémlieind annealing (lower spectrum), and a
generated absorption spectrum using bi-LorentZiapger spectrum). Spectra have been

displaced vertically for clarity.
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Figure 6.4.5 — Absorption spectrum of the 1.6827ce¥tre at liquid helium temperature in a
silicon-29 enriched sample (lower spectrum), age@erated absorption spectrum using bi-

Lorentzians (upper spectrum). Spectra have begtadid vertically for clarity.
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Figure 6.4.6 — Generated spectrum for the Si-2Rleed 1.6827 eV absorption system. The
lower bi-Lorentzian peaks show the component ttaoms, and the upper spectrum shows the
convolution of these. See text for identificatidrcomponent patterns. Peak labels as Cédird
(1995).
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6.4.2.3 Uniaxial stress measurements

In order to address the lack of information abdw symmetry of the defect
which produces the 736.8 nm (1.682 eV) ZPL doublatjaxial stress
measurements were conducted. Two single-crystal GN¥ddnonds, cut and
polished into cuboids, were investigated using giigmn spectroscopy whilst the
crystals were under uniaxial stress. One of thepgssnwas doped with silane,
irradiated with 5 x 18 cm® 2 MeV electrons, and annealed at 1000°C for one
hour in order to increase the absorption intensitthe doublet; the other sample
was grown with a substantial gas-phase silane cdraten, which resulted in a
usable 737 nm doublet absorption intensity wititbatneed for treatment.

Two sets of measurements were made: one with dhgles held at
liquid nitrogen temperature (LNT); and another wile sample at liquid helium
temperature (LHT). The approach in the first cas®s wo resolve the zero-
phonon doublet, but not the fine structure pres¢ntHT. For the second case,
uniaxial stress effects on the fine structure wevestigated. All of the readings
were made using the Bruker IFS 66 absorption speetter. For the LNT
measurements, uniaxial stress was applied to tlectystals by compressing
opposing faces of the cuboids, in the [001], [1did <110> orientations, using a
push-rod with the force applied by a controllabkes gpressure. For the LHT
measurements, experimental constraints meantehdings were taken with the
sample under [001] compression only. The sample wasnted in an Oxford
Instruments liquid-helium flow-cryostat. The temgieire of the sample was
between 4 and 40 K; the temperature controlledheyflow-rate of the liquid
helium. For both LNT and LHT measurements, absonptspectra were
recorded, with the light polarised parallel and pesdicular to the stress
direction, for a series of applied stresses betvieand 2 GPa.

For the LNT measurements, compressing the sanhhg #001] caused
each component of the doublet to shift non-lineavrith stress; no splitting was
observed in either polarisation, although this ltesuin three independent stress-
split components. Compressing along [111] causezh eapmponent of the

doublet to split in both polarisations, two of whishifted non-linearly; there
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were four independent stress-split components Ove@ompressing along
<110> caused the doublet to split into nine compté total, although these
resolved to five independent components; two ofciishifted non-linearly with
stress. The change in energy of the componentsr watdh stress direction is
shown as data points in figure 6.4.7; the linesupgh the data are guides (not

theoretical fits).
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Figure 6.4.7 — Uniaxial stress splitting data fuz ¥36.8 nm (1.682 eV) centre in absorption, at
LNT, showing change in energy of ZPL componenta asction of applied stress. Data points
are experimental results, lines are guides (nafr#ieal fits). a) ZPL under <001> compression
(S); crosses are for electric vector of Iuminescdﬁﬂés; unfilled circles are foE-LS. b) ZPL
under <111> compression; crosses ar£fﬂ>8; unfilled circles are foE-LS. c) ZPL under [110]

compression; crosses are EJHSwhen viewing along; unfilled circles are f8&S when

viewing along [001], filled circles foE-LS when viewing along [10].

In addition to the non-linear splitting, the compats of the doublet
show complicated relative intensity changes assstie applied. Figure 6.4.8
shows the response under [001] compression: tregriaied intensity of the
higher energy component decreases rapidly as tbgsshcreases; the integrated
intensity of the lower energy component increadightty. At zero stress the
ratio of the integrated intensities of the highdw energy components is 1.24,
and at 1.5 GPa it increases to 18.72; a factobahdrease. Similar responses of

the doublet are found in the other stress direstion
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Figure 6.4.8 — Variation of relative intensity betcomponents of the 737 nm doublet, as a

function of stress.

The non-linear shift rates of the components warltinarily mean that
there is an additional energy level interactingwadhe of the levels of the defect.
The interaction causes a Coulomb repulsion, chandhe energy of the
transition from / to that state, supplemental te@ tbhift caused by the
compression of the lattice. The implication would that there is a dynamic
Jahn-Teller (J-T) distortion taking place at thentoe (see section 2.5). A
dynamic J-T effect can also cause intensity chamgesro-phonon components
[Longuet-Higginset al (1958)]. However, a J-T effect is not proposedthas
origins of these effects, as further insight isngdi by studying the stress-
response of the components of the ZPL at LHT.

As discussed in section 6.4.2.2, the doublet vesointo 12 components
at LHT: three groups of four transitions, one facle isotope of silicon.
Following the stress-splitting of the four mosteinée components is appropriate
to gain an understanding of the centre, as th#isglipattern will be the same for
each isotope. Figure 6.4.9a shows a series ofrgpgemonstrating the response
of the lines to increasing stress. It can be séa ¢ach of the four main
components splits into two, except for the highesérgy component, which

appears to remain unsplit. Figure 6.4.9b shows that shift-rates of the
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components are linear with the applied stress,rapnto the observations made
at LNT. Additionally, intensity changes of the cooments at LHT are

negligible; again contrary to the finding at LNTh& unusual results of uniaxial
stress measurements at LNT can be explained bydesimgy the components of
the doublet at LNT as the envelope of the compaentLHT: as the LHT

components split with stress the intensity of tmwedope changes, and the
differing shift-rates of the LHT components cauke envelopes to appear to
split and shift non-linearly. These results will Biscussed further in the next

section.
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Figure 6.4.9 — Uniaxial stress effects on the 736n8(1.682 eV) doublet at liquid helium
temperature, under [001] compression (data takesorption). a) Splitting pattern observed for
stress from 0 GPa (top spectrum) to 1.4 GPa (Iepectrum) (not a linear selection of stresses).

b) Change in energy of the components as a funofistress. Crosses are for electric vedsor,

parallel to the stress directia®, open circles are f&-LS. Lines are guides (not theoretical fits).
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6.4.3 Discussion

Low temperature investigations of the 736.8 nm&27%eV) doublet have taken
place. Liquid helium temperature (LHT) optical afpgmn measurements of a
single-crystal CVD diamond, enriched with silico;2inambiguously confirm
previous worker’'s [Clarket al (1995), and see section 6.4.1] assignments of
silicon in the centre. This is due to the obseoratof a correlation between
absorption intensity in the transitions ascribediicon-29 and 28, and the EPR-
estimated silicon-29 to 28 concentration ratio. geful consequence of this is
that the silicon-29 to 28 concentration ratio isaanple may be estimated from
LHT absorption measurements of the centre.

An isochronal annealing study of the centre h&srtgplace, which has
allowed the first calibration factor for the centoebe estimated aszéy nm= (2.2
+ 0.3) x 10" [Si-V], where the absorption coefficient is in meri*, and the Si-
V concentration is in cih

It has been shown that it is inadequate to reaaidxial stress spectra at
liquid nitrogen temperature (LNT), as the lack ofef structure results in an
inaccurate representation of the effects of stoesthe defect. The short study in
this work has shown that it is technically possilbtde make uniaxial stress
measurements at LHT and to follow the shift andtspy behaviour of the major
zero-phonon components of the centre.

Calculations by Gosst al (1996) predict a Jahn-Teller (J-T) distortion
taking place at the centre. Experimentally, thisildacorrespond to a dynamic J-
T effect seen in the uniaxial stress splitting & tcomponents of the ZPL:
evidenced by non-linear shift-rates. This was olesr in the LNT
measurements, but subsequently shown to be amacrtefThe preliminary
uniaxial stress measurements at LHT show lineaittisgtrates of the
components. This does not strictly eliminate thesgality of observing J-T
effects at the centre, as a full uniaxial stresgestigation may demonstrate.
Comparison with the uniaxial stress data of th® B¥ interstitial-nickel centre
is drawn (see Nazaet al (1991)).
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6.5 Nitrogen-isotope-induced energy shifts of varies ZPLs

A number of well-studied ZPLs in diamond have bestablished to directly
involve nitrogen in the defect centres which praglticem. The conclusion of
nitrogen involvement for some of them, whilst notdoubt, has been through
indirect measurements. In particular, the 389, 524, and 637 nm centres. High
resolution optical measurements of the ZPLs of éhdefects have been
conducted on undoped synthetic HPHT and CVD samgad nitrogen-15
doped samples, in order to obtain a direct measmeraf the presence of
nitrogen via an energy shift of the ZPL.

Some of the properties of these centres weredated in chapter four,
but they will be discussed further here. The 389aemtre has been established
to be a substitutional nitrogen and interstitiatbcam complex [Collins and
Lawson (1989)]. That work, and other investigatif@sllins and Woods (1987),
Collins et al (1988)], studied the effects of carbon and nitrogmtopes on the
vibronic band and local-vibrational modes of thed 38n centre, but didn'’t
measure the effect on the energy of the ZPL. Howewppiuset al (1982) did
record an energy shift of the 389 nm ZPL in nitrod® ion-implanted natural
diamonds of 0.2 meV to higher energy. That work destrated a curious
dependence of the isotope-induced shift of the fRLthe annealing of the
sample, which was attributed to the location of388 nm centres in disordered
regions of the sample. It would be useful to obtapuantitative confirmation of
the isotope-induced ZPL energy shift in samplesreviggsorder is not a result of
creation of the centres; i.e. in non-ion-implantédogen-15 doped single-crystal
samples.

The 575 and 637 nm centres have been establisheédeasitrogen-
vacancy complex by the irradiation and annealingype Ib diamonds, which
primarily contain single-substitutional nitrogenh€l creation of vacancies by
irradiation, and trapping of those vacancies aglsHmitrogen centres during
annealing forms the complex [Davies and Hamer (J]97&e neutral form of
the centre has a ZPL at 575 nm, and the negatiayelstate has a ZPL at 637

nm. The relationship between the 575 and 637 nnireerwas confidently
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established by Mita (1996) from neutron irradiatiexperiments. Collins and
Lawson (1989) showed that it is a vacancy, rathan tan interstitial, trapped at a
single nitrogen atom for the 575 nm centre, by whglthe strain response of the
ZPL width; and the lack of local-vibrational modespports this. Collingt al
(1987) studied the effects of nitrogen isotope sti®n on the 575 and 637 nm
vibronic bands, although they did not measure ffezeon the ZPL.

The 594 nm centre is a nitrogen and vacancy-ilatanplex, which
shows a ZPL and band in optical absorption measemeraf irradiated, high
nitrogen-concentration diamonds [Dugdale (1953)yvi€aand Nazaré (1980)].
The nitrogen isotopic dependence of the 594 nm E#4 _not yet been reported.

In the present work, two nitrogen-15 doped symthetmples were
studied: one single-crystal HPHT diamond, which baén previously electron
irradiated and subsequently annealed, and oneesangstal CVD diamond. The
use of single-crystal samples allows the line-wgdit be as narrow as possible.
The spectral data from these were compared to widédpPHT and CVD
samples. The samples were investigated in absarptd cathodoluminescence,
at liquid nitrogen temperature, with in-line calkion of the transition energies
using calibration lamps (neon and mercury); seeptenathree for the
experimental setups.

High resolution spectra were recorded over the f6BLs discussed
above. Table 6.5.1 shows the shifts observed. Tiees are the differences
between the energies measured in the nitrogen-¥eddsamples and the

undoped samples. It was explained in section Z2at ZPL shifts due to
isotopic changes in defect centres are expectéeé tf the order of -|—OJJ meV.

It can be seen that all of the measured ZPLs shairagen isotope-induced
energy shift of a similar magnitude to that pregliGtthis provides the first
unambiguous evidence that the 575, 594 and 637 emtras directly involve

nitrogen.
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389 nm 575 nm 594 nm 637 nm
ZPL ?rg‘;(%y shift ) 164+0060  0229+0.037  -0.098 +0.037  0.187087

Table 6.5.1 — ZPL energy shifts of various ceninastrogen-15 doped samples. Values are the
differences between the ZPL energies measurecinittogen-15 doped samples and the

undoped samples.

The direction of the shift of ZPL energy in isoimgubstitution, where
heavier isotopes are used, is expected to be tehignergy, assuming that the
temperature dependent shift of the ZPL energy idotwer energy (section
2.2.2.3). Temperature dependent energy shiftseoB889, 575 and 637 nm ZPLs
have been shown to be to lower energy (Davies amuhdtl (1976), this work
(section 5.2.2), and Hizhnyake¥ al (2003), respectively). The nitrogen isotope-
induced shift of the 594 nm ZPL, however, is to dovenergy; Davies (1974a)
reports that the 594 nm ZPL does not show a terhperalependent shift. This
means that the shape of the vibrational potentralthe excited and ground
electronic states of the defect are the same;essum in equation 2.2.34 will be
unity, and therefore the shift of the ZPL will eelower energy upon increasing

the isotopic mass.
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Chapter 7

Conclusions and further work

Optical data on single-crystal CVD diamonds havenbeollected and analysed
in order to provide a comprehensive optical charédtion of point defects in
this material. The major features of cathodolunieese, absorption and
photoluminescence spectra have been systematicalpected, with additional
experimental techniques employed to probe the ptiegeof the defects further:
uniaxial stress, temperature dependence, isotapstisution, and annealing. The
results have been analysed within the framewosstdblish theory.

A full list of ZPLs and bands observed in the calthluminescence
spectra of the material is presented for the firme. A number of weak ZPLs
have been recorded in the absorption spectra ofobiiee samples, which has
allowed the first measurement of the concentratibnitrogen-vacancy defects
in the material: [(N-VJ] = 11 + 4 ppb, [(N-V)] = 4 + 1 ppb. The concentration of
single-substitutional nitrogen is found to be oé tbrder of a few hundred ppb.
Annealing of the samples has allowed a calibraf@amtor of the silicon-vacancy
centre (737 nm, 1.682 eV) to be determinegh; An= (2.2 + 0.3) x 18’ [Si-V],
where the absorption coefficient, A, is in meV tnand the Si-V concentration
is in cm?,

High-resolution measurements of ZPLs in nitrogérefiriched CVD and
HPHT samples have been made. This has unambigucosfirmed existing
research conclusions that nitrogen is directly ined in the defects with zero-
phonon transitions at 389, 575, 594 and 637 nmuitlidhelium temperature
measurements of a silicon-29 enriched CVD diamoundngtatively confirm
previous research ascribing the fine structure h&f 737 nm system to the

isotopes of silicon.
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Three defect centres with ZPLs at 466.6, 496.85%6®#15 nm have been
found to demonstrate preferential orientation witthe lattice. The defects are
shown to have rhombic I, rhombic | and either mdinaz | or rhombic |
symmetries, respectively; all aligned with dipolleng <110> axes. Isotope
measurements show nitrogen to be directly invoivetthe 466.6 nm centre, and
not directly involved in the 562.5 nm centre. Atomanégurations of the three
centres are suggested to be of the form V-X-V ¢e@ralong <110> directions,
where V is a vacancy, and X is an atomic specibs.tliree centres are proposed
to be products of the CVD growth process, with atdgve incorporation
mechanism proposed. The temperature dependencése afPLs have been
recorded, with proposed phonon-coupling energi¢sragned from the data.

The 532.7 nm ZPL, a transition frequently obsernvethis material, has
been investigated. Uniaxial stress measurements hQaalitatively found the
defect to posses monoclinic | symmetry; with isetapeasurements showing
that the centre directly involves nitrogen. Thergitic band of the centre has
been identified, with the Huang-Rhys factor and mdwcoupling energy
measured (see table 7.1). The temperature dependd#nthe ZPL has been
recorded. Careful measurements of the ZPL showoindt be a doublet
transition, as was stated by previous researchers.

A further prominent ZPL in the CL spectra of thmsterial at 467.2 nm
has been found to originate from a rhombic | symyneiefect. The vibronic
band of the centre has been identified, and thedemure dependence of the
ZPL measured. The Huang-Rhys factor and phononlcoupnergy have been
found. The centre shows similarities to the 46616 aentre, and it is proposed
that the defect producing the transition at 46/h2is a perturbed form of that
defect.

The silicon-vacancy centre (ZPL at 736.8 nm, 1.@82 has been
investigated using uniaxial stress perturbationgs shown that it is technically
possible to perform uniaxial stress measurementh®rcentre at liquid helium
temperature; and that this is preferable to liqumdrogen temperature
measurements, as these produce misleading results.

Table 7.1 summarises the properties of the cemtnesstigated in this

work.
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ZPL

Phonon

ZPL energy (+ Huang- counlin Direct
wavelength gy (= Symmetry Rhys ping nitrogen
0.0003 energy .
(x0.05 nm) factor involvement?
eV) (meV)
466.65 2.6569 Rhombic | <0.1 53.7+10 Yes
467.22 2.6536 Rhombic | 0.46+0.23 73.85+0.25 -
496.83 2.4955 Rhombic | <0.1 39.7+10 -
510.36 2.4293 - <0.1 73.9+10 -
532.71 23274  Qualitatively o0 30 68.26 +0.25 Yes
monoclinic |
562.57 22039  Monoclinic | or <01 32.8+10 No
Rhombic |

Table 7.1 — Summary of the properties the ZPLsstigated in this work. Italicised properties

are tentative.

Taking the work forward, it would be useful to kaw better
understanding of the nature of the preferentiatlgrded centres, their formation
play.
Computational calculations may assist by simulatyngwth environments; a

in the lattice, and the roles nitrogen, and poé&dgti hydrogen,
rigorous study of the effects of gas-phase nitrogsh hydrogen concentrations;
annealing of the centres to investigate any ralatigps between the centres;
deuterium enriched samples to probe isotope-inddéddshifts. Additionally, it
would be desirable to obtain nitrogen-isotope mesamsents of the 466.6 nm
ZPL with a lower associated error, to confirm tleadusion drawn here.

The tentative symmetry assignments of the 532.7 amatd 467.2 nm
centres could be clarified by repeating uniaxiegst measurements on a number
of different samples. Studying a large number ohgas would be useful to
confirm the proposed identification of the vibromiand of the 532.7 nm centre;
along with any investigation into the origin of te¥ucture observed on top of
the band.

A full uniaxial stress study of the silicon vacgncentre is due; this
should be conducted with the samples at liquiduheltemperatures, and as the
linewidths at these temperatures are ~ 0.1 me\ess, lusing a highly stable
spectrometer with a high resolving power would &guired.

Finally, considering the frequent presence of 388 nm centre in this
high-quality material, it would be appropriate t@nduct uniaxial stress

measurements on the ZPL in an attempt to obtaisytihmmetry of the centre.
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