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Abstract

This research focuses on the study of the impurities in low-strain high pres-
sure, high temperature (HPHT) synthetic diamonds. The dominant char-
acterisation methods are synchrotron-based x-ray techniques, supported by
other conventional laboratory techniques. The research identifies the role
of defects in generating long-range strain. A software programme based on
the dynamical theory of x-ray diffraction has specially been developed to
quantify the local changes in the lattice parameter and the local lattice in-
clinations (combined as the “effective misorientation” or local Bragg angle
change). In recent measurements, the strain sensitivity of the (quantitative)
x-ray plane-wave monochromatic topography was increased to the level of
1078, This level of sensitivity was achieved using the double crystal tech-
nique with successively higher order reflections and correspondingly, higher
energy x-rays. This is a level which has never previously been accessed for
diamond.

Preliminary results for this research have already contributed immensely to
driving a technological development of a new range of diamond-based x-ray
optical elements for modern third and fourth-generation x-ray sources like
synchrotron storage rings and Free Electron Lasers (FEL), where industry
(industrial diamond growers) and end-users (the synchrotrons of the world)

participate collaboratively in a research and development programme.
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Chapter 1

Introduction

1.1 Low strain diamond

This study uses x-ray characterisation experiments to understand material
science issues at the current extremes of high purity and low strain in syn-
thetic type Ila HPHT diamond. This type of diamond has impurities below
10ppb and large areas where the effective misorientation (the deviation of
the local Bragg angle in the deformed parts of the crystal from the one in
the perfect region) of the lattice in the region of 1078, The first goal was
therefore to characterise the type I[la HPHT synthetic diamonds in this limit
of high purity and low strain, and understand the nature of the defects and
their contribution to long range strains. It has emerged that this is a non-
trivial task, and will necessitate the deployment of x-ray techniques which are
extremely sensitive. This research offers a unique opportunity to understand
diamond material science in the realm of low strain crystals. It is envisaged
that the essential simplicity of the defects and the purity of the material will
enable reproducible experiments which are tractable to theoretical interpre-

tation. This has long been a goal of diamond physics.



The primary characterisation tools are x-ray analytical methods appropri-
ate for large single crystals using the brilliant x-ray beams available at the
European Synchrotron Radiation Facility (ESRF). The main experimental
technique to be used in this research will be the plane monochromatic wave
(non-dispersive double crystal) x-ray topography. This research shall, how-
ever, employ various other characterisation methods such as the white beam
x-ray topography, rocking curve mapping, surface analytical methods includ-
ing grazing incidence diffraction and specular reflectivity (GID, SAXS, and
GISAXS) coherence preservation measurements. These studies are carried
out together with conventional spectroscopies such as UV fluorescence imag-

ing, ESR analysis and Raman spectroscopy.

The initial characterisation of this material has revealed a strong correlation
of the relative concentration of the impurities with growth sectors. Different
growth sectors have different uptake rates of impurities (mainly nitrogen and
boron). The average growth rates within different growth sectors may be
very uniform but nonetheless different growth sectors proceed at different
rates [1]. As a result, the fastest growing sectors grow out first, leaving the
slowest growing sectors dominating. There is a correlation between dislo-
cations and stacking faults with different sectors, which also have different
(albeit very low) relative concentrations of boron and nitrogen. For the high
quality, high purity diamond, the strain appeared very low and uniform in

the cubic growth sector.



1.2 Synchrotron-generated x-rays

Synchrotron light is the name given to light radiated by an electric charge
moving at a speed close to the speed of light in a curved trajectory. Syn-
chrotron radiation exists in nature (e.g. from the Crab Nebula in which light
was observed about 1000 years ago in China during the supernova explosion),
but was only given a name later after it was discovered in the laboratory. It
is based on the principle that charged particles always emit electromagnetic
radiation whenever they are accelerated. The first synchrotron radiation ob-
served in an accelerator was in 1947 at the General Electric Laboratory (NY),
where the vacuum chamber was made of glass. In this case, synchrotron ra-
diation light due to electrons in a curved trajectory in the dipole bending
magnet was observed. In the late 1960s, a growing number of scientists,
mainly physicists, made parasitic use of synchrotron beams extracted out of

particle accelerators. These facilities were named first-generation sources [2].

The first synchrotron sources fully dedicated to the production of x-rays and
no longer used for particle physics, were called second-generation sources.
These first appeared in the early 1980s. In order to increase the flux of the
emitted radiation, periodic magnetic structures were soon introduced along
the straight sections of the electron or positron storage rings. These insertion
devices were named “wigglers” if their magnetic field was so strong that the
induced excursion of the particles exceeded the natural opening angle of the
synchrotron radiation. For smaller fields and deviations, these devices were
named undulators. Many storage rings were equipped with such devices and

then dedicated to synchrotron radiation production [3].



Third-generation sources that are optimised to use insertion devices, prin-
cipally undulators, arrived in the 1990s. A high energy synchrotron radi-
ation facility is regarded as a facility that has more than 5 GeV electron
(or positron) energy. Table 1.1 shows the four biggest third-generation syn-
chrotron radiation sources in the world today namely; ESRF, APS, SPring
8 and PETRA TII [4].
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Figure 1.1: Trends in x-ray brightness in various synchrotron sources.

The race to develop a new generation of synchrotron radiation sources with
vastly enhanced performance has already begun, even as the third-generation
facilities enter their prime, which takes us past the present into the future;
namely, to the fourth-generation. The candidate with the best scientific case
for a fourth-generation source is the hard x-ray (wavelength less than 1 A)
free-electron laser (FEL) based on a very long undulator in a high-energy elec-
tron linear accelerator. Such a device would have a peak brightness many
orders of magnitude beyond that of third-generation sources, pulse lengths
of 100fs or shorter, and would be fully coherent. Research and develop-

ment on various technical challenges are well under way at many laborato-
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ries around the world. In the United States, efforts are centered around the
multi-institutional “Linac Coherent Light Source” proposal to use 15 GeV

electrons from the SLAC LINAC as the source for a 1.5 A FEL, which, if

successful, would lay the foundation for a later sub-angstrom x-ray FEL.

In Europe, HASYLAB at DESY is hosting the two-phase TTF-FEL project
culminating in a device operating at 6.4 A several years from now (see
progress plan in figure 1.2) [5]. The project will pave the way to a still
more ambitious 0.1 A FEL (TESLA-FEL) further in the future [6].
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Figure 1.2: Milestones of the SCSS.

In Japan SPring-8, a high peak-brilliance soft x-ray free electron laser project
for research and development known as the SPring-8 Compact SASE Source
(SCSS), is currently underway. SCSS will be an angstrom x-ray laser facility
and shall provide six orders of magnitude peak-brilliance (photons/s/mrad?/
mm?/0.1% bandwidth) enhancement compared to the current third-generation

sources at 3~20 nm range.



Name of Facility ESRF APS SPring 8 PETRA III

Constructed by 16 European US Dept. of JAERI& RIKEN German Gov.

Countries Energy & Hamburg
Operated by ESRF ANL JASRI DESY
Location Grenoble Argonne, US  Harima Science Hamburg

France Japan Bahrenfeld

Electron Energy 6 GeV 7 Gev 8 Gev 6 GeV
Number of 56 68 62 14
Beam lines
Storage Ring 844 m 1104 m 1436 m 2304 m
Circumference
Planning 1986-1987 1986-1988 1987-1989 2002-2005
Construction 1988-1994 1989-1994 1991-1997 2007-2008
Operation 1994 1996 1997 2009

Table 1.1: The largest third-generation synchrotron radiation sources present

in the world today.



1.3 X-ray Bragg diffraction topography

X-ray Bragg diffraction topography (XRDT) is an x-ray imaging technique
that provides two dimensional intensity mapping of the beam(s) diffracted by
a crystal. A topograph represents a two-dimensional spatial intensity map-
ping of diffracted x-rays, (i.e. the spatial fine structure of a Bragg spot). The
technique records the distortion fields and/or strain fields associated with a
macroscopic crystal deformation. This intensity mapping reflects the distri-
bution of scattering power inside the crystal revealing the irregularities in a
non-ideal crystal lattice [7]. These variations have their origin in distortions
related to the presence of defects, domains, phases, etc. which can in this
way, be visualized. The basic principle of x-ray diffraction topography is
illustrated in figure 1.3 [8]. Possible extended defects in diamond have been
listed in figure 1.4 below. It should be noted x-ray Bragg diffraction topog-
raphy is not sensitive to individual point defects but the strain fields they

cause on the crystal lattice.

forward diffracted beam

transmitted beam

wide incoming beam -
(radiograph)

intensity

“contrast”

inhomogenous

crystal
Bragg's law Y

2dsind =2 diffracted beam 2.D detector

/

Figure 1.3: Visualization of defects using x-ray diffraction topography.

X-ray diffraction topography is one variant of x-ray imaging, making use of
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Figure 1.4: Possible extended defects in diamond.

diffraction contrast rather than absorption contrast which is usually used in
radiography and computed tomography(CT). XRDT is used for monitoring
crystal quality and visualising defects in many different crystalline materials.
It has proved helpful (e.g. when developing new crystal growth methods,
for monitoring growth and the crystal quality achieved, and for iteratively
optimizing growth conditions). In many cases, topography can be applied
without preparing or otherwise damaging the sample. XRDT is therefore

one variant of non-destructive testing [9].

Modern methods for imaging defects in single crystals using Bragg diffraction
(topographic methods) were pioneered more than a century ago by Andrew
Lang [6] on the basis of laboratory x-ray generators and only gained momen-
tum in the late 1950’s and 1960’s due to the developments in the fields of
electronics, microelectronics, optoelectronics and crystal growth techniques.
Around the 1980’s, two developments resulted in the field of high-resolution
diffractometry. These were the high intensities at the synchrotron radiation
sources and new techniques of x-ray scattering. Silicon (Si) became largely
preferred as a material for x-ray optical elements because of its attainabil-

ity in larger crystals of highest quality. A suitable x-ray optical element for



x-ray Bragg diffraction topography needs to be free from defects such as dis-
locations, grain boundaries, stacking faults, twins, genuine mosaic structure,
near-surface defects and impurity concentration inhomogeneities, which may

cause distortion fields in the crystal lattice.

1.4 X-ray optical elements for third and fourth-
generation synchrotron radiation sources

The trend in synchrotron radiation (x-rays) is towards higher-brilliance. This
may lead to a very high power density, of the order of hundreds of watts per
square millimeter at the x-ray optical elements. These elements are typi-
cally, windows, polarisers, filters, monochromators and beam splitters [10].
The preferred material at present is silicon, which can be grown to very high
crystal perfection and workable size as well as being rather easily processed
to the required surface quality. This allows optical elements to be built with
a sufficient degree of lattice perfection and crystal processing that they may
preserve transversal coherence in the x-ray beam [11]. This is important for
the new techniques which include phase sensitive imaging experiments like
holo-tomography, x-ray photon correlation spectroscopy, coherent diffraction
imaging and nano-focusing. The particular x-ray optical elements that stor-

age rings are equipped with, are briefly described below respectively;

e Windows
An electron beam with a narrow diameter goes through various com-
ponents of the storage ring before x-rays derived from it are directed
to the experimental beam lines. The vacuum in the storage ring has
to be kept very high. Few beam lines work under high vacuum condi-

tions where the low pressure is maintained up to the sample point. In



most cases there have to be transitions from ultra high to low vacuum
and to atmospheric pressure. These transitions can be achieved by two
methods, one being differential pumping and the other being vacuum
windows. The vacuum windows are currently made from beryllium,
which has low absorption and is mechanically stable [12]. Sometimes
a low (ordinary) quality diamond is also used. For the higher quality
x-ray beams, the windows must be homogeneous (bulk) with no voids
or density fluctuations, and have a very good surface. Diamond has a
low atomic number “Z”, like beryllium, and therefore also has a low

x-ray absorption.

Monochromators

Monochromators are generally used for choosing a narrow energy band
of energy wavelengths from the x-ray beam. The monochromation
process is based on the principle of Bragg diffraction. Monochromators
with perfect lattice materials are needed, like silicon and in the near

future, like diamond [13].

Beam Splitters

Beam splitters are used to extract a beam with a narrow energy band
(monochromatic beam) from a white x-ray beam (by Bragg reflection)
to send it to a different experimental station while the transmitted
beam can be re-used. Beam splitters are therefore also monochromators
[14]. It is possible to extract successively several monochromatic beams
(having different wavelengths) from the same white beam. Because the
transmitted beam will be used again down-stream, the absorption in
beam splitter materials should be kept minimal. It is for this reason

that diamond is seen as the best material for this purpose.
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e Phase plates
Perfect single crystals have proven to be effective x-ray retarders. X-ray
birefringence occurs in perfect crystals which are oriented in the vicinity
(though far away compared to the width of the rocking curve) of Bragg
reflection, giving phase shifts between ¢ — 7 polarisation components
of the beam propagating through the crystal [15]. In this way the

polarisation state of the x-ray beam can be modified [16].

e Filters
Filters remove the low energy component of a broad spectrum by energy

differential absorption, so-called beam hardening.
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Figure 1.5: Basic principle of x-ray monochromators.



Chapter 2

X-ray optical elements

Diamonds have been adapted for many uses because of the material’s ex-
ceptional physical characteristics. Most notably, the extreme hardness of
diamond, its high dispersion index and its high thermal conductivity [17].
These considerations lead to diamonds becoming increasingly widely used
in various applications ranging from jewelery to heat spreaders. Diamonds
have many other extreme properties which suggest it for a new range of high
tech applications, like optical windows, electronics, single particle quantum
devices, and x-ray optical elements for third and fourth-generation x-ray
sources (i.e. for synchrotron radiation from storage rings and free electron

lasers-FELS).
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2.1 Diamond x-ray optics

As indicated previously in figure 1.1, the trend in synchrotron radiation (x-
rays) is towards higher brilliance. An appropriate material for optic elements
for the future generation x-ray sources needs to have a higher figure of merit,

which is defined as follows

FOM =100/ pa (2.1)

where p is the linear x-ray absorption coefficient, « is the thermal expansion
coefficient and k is the heat conductivity. Comparative figures of merit for

diamond, silicon and germanium are shown in table 2.1 [18].

Temperature(K) 77 300

Diamond 1200 333
Silicon 20 0.47
Germanium 0.66 0.028

Table 2.1: Comparative Figure of Merit (FoM) for diamond, silicon and

germanium.

Diamond has a lower absorption coefficient than silicon, a better thermal
conductivity and lower thermal expansion coefficient, which would make it
the preferred advantageous material in the x-ray optics field [19]. Up to
now, synthetic HPHT-grown (high pressure, high temperature) type Ib ma-
terial have been used in x-ray optics (e.g. as beam splitter monochromators).
When propagation distances are large, (10 m and more) from the splitter to
the sample (and with other x-ray optical elements on the way), then this
results in a wave with a strongly deformed wave front arriving at the sample

position with considerable losses in the flux density. This material has at
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best a rocking curve broadening of several arc seconds across the crystal face
(measured in Bragg mode with 14 keV x-ray on a 400 reflection). The type
Ib material has therefore only applications in the less demanding roles such
as phase plates. However, in a coherence-preserving beam line, where all el-

ements must be of the same high quality, its quality is far from sufficient [20].

Diamond is still not available with similar dimensions, perfection (bulk and
surface), and quantity as for example, silicon which is the most currently used
x-ray optical element [8]. Despite this fact, diamond is becoming increasingly
used in beam lines of third-generation synchrotron sources as monochroma-

tors, beam splitters, filters or phase plates/polarizers.

Advances in HPHT synthesis methods have allowed the growth of type Ila
diamond crystals of the same size as type Ib, but with substantially lower
nitrogen content. More recently, even higher quality HPHT Ila diamonds
have been synthesised, where the nitrogen and boron content are each below
10 ppb, and where rocking curve broadening is essentially negligible for the

cubic growth sector regions. The thesis addresses itself to this latter material.

2.2 High Pressure High Temperature Synthetic

diamonds

2.2.1 Synthesis

The first commercially successful synthetic High Pressure and High Temper-
ature (HPHT) diamond was achieved in Stockholm, Sweden, in 1953. The

discovery was kept secret [21]. A year later, General Electrics Research Lab-
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oratory reported two other successful synthesis, one of them by H.M. Strong
and the other by H.T. Hall. Their method of growing man-made diamond
was published in Nature [22]. In 1971, R.H Wentorf Jr. showed the possibil-

ity of growing bigger diamond using the so called “thermal gradient method’.

Pressure / GPa

2000 4000 5000

Temperature/K

0 1000

Figure 2.1: A pressure-temperature phase and transformation diagram for

carbon .

Our understandings of the pressure-temperature phase and transformation
diagram (figure 2.1) for carbon has recently undergone very important ad-
vancements [23]. A wide spectrum of complex hybrid forms of carbon and
many metastable forms exist due to the high activation energies for solid-
state transformations and the specific effects of reaction paths. However,
graphite, diamond, liquid and vapour remain the major thermodynamically

stable forms of carbon [24]. The four techniques/regions shown in figure 2.1,
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namely; the Chemical Vapour Deposition (CVD), shock wave, HPHT direct
conversion and HPHT catalyst synthesis of diamond are briefly discussed

below

Chemical Vapour Deposition (CVD) growth technique

The CVD growth technique generally involves the growth of a solid material
from the gas phase using a reactive gas mixture, which supplies the neces-
sary active species (carbon from methane in the case of diamond) onto a
controlled surface (or substrate). The substrate may not necessarily be di-
amond, however, a diamond substrate with high quality surface finishing is
(instead of polycrystalline diamond) required to grow single crystal diamond.
CVD growth is the most widely used technique for depositing many materi-
als in the semiconductor industry, including a wide range of dielectrics and
many metals and metal alloys. The main advantages of this technique are
that equipment used for synthesis is relatively cheap (because it works at
relatively low pressures), bigger diamonds can be grown, and diamonds may
be grown on different substrates. Unfortunately, until now, the quality of
the bulk material does not meet the requirement to be used as x-ray optical

element.

Shock wave synthesis

In the shock wave synthesis, detonation is used to produce very high pres-
sure and temperature enabling CO and CH,; molecules to disproportionate
in to diamond, oxygen, hydrogen and hydrocarbons of other composition.
The shock wave synthesis produces very tiny diamonds, not suitable for the

applications as optical elements [25].
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HPHT direct conversion

Although thermodynamically feasible at low pressure and temperature, the
transformation of graphite to diamond faces a considerable kinetic barrier
since the rate of transformation apparently decreases with increasing pres-
sure [26]. The favourable thermodynamic conditions are superseded by this
kinetic consideration, hence very high pressure and temperature (>139 kb
and >3300 K) are necessary in order for the direct graphite-diamond trans-

formation to proceed at an observable rate [26].

HPHT catalyst synthesis

In order to pass the kinetic barrier, a metal solvent-catalyst bath is used.
This allows the conversion to happen at a lower temperature and pressure,
typically around 1550 -1600 K and 5-6 GPa [27]. This is the method used to
grow high quality diamond and the attention will be focused on this specific

technique.

Alloys of iron and cobalt are used in the solvent-catalyst and additionally,
getter components are introduced to the diamond synthesis process due to
their high affinity for nitrogen [28]. The getters are selected from those ele-
ments which have a stable nitride at high temperatures such as titanium, alu-
minium and zirconium. The presence of getter components reduces the range
of temperatures in which well-formed diamond crystals will grow. When the
temperature is too low, precipitation of carbides competes with the resorp-
tion of the diamond crystals. If the temperature of growth is too high, the
rate of growth is increased to the point where the metal solvent cannot be
excluded and the crystal becomes contaminated by metal inclusions. There

is therefore a very small temperature range in which good crystals can be

17



Carbide Die Solvent Metal (Fe, Ni, Co)

I High Temperature

-

Low Temperature

Pressure Medium
Seed Crystal

Heater Diamond Crystal

Pressure

Figure 2.2: A growth mechanism for High Pressure High Temperature
(HPHT) synthetic diamonds.

grown which necessitates an appropriate system of temperature control. This

growth mechanism has been illustrated in figure 2.2 [29].

The diamond lattice

The diamond crystal is formed by sp3-bonded carbon atoms arranged in
the so-called “diamond lattice”, which consists of two inter-penetrating face-

centered cubic lattices shifted by a vector (a/4, a/4, a/4). One unit cell of

NELEP

the diamond cubic crystal structure has a lattice parameter of a = & ~

3,56683 A and bond length of 1.54 A at room temperature. The unit cell
contains the equivalent of 8 whole C atoms with a packing fraction of ap-
proximately 0,34. KEach atom can be thought of as a sphere with a ra-
dius of 1/8 of the cubic body. The atomic density is therefore 8/ay® =
8/(3,56683 x 1071%m)? = 1,76 x 10* atoms m—3. A conventional diamond

unit cell has been illustrated in figure 2.3 with the lattice parameter ay and
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the bond length clearly indicated. It is worth mentioning that a hexagonal

form (lonsdaleite) is also known, but it is extremely rare.

Figure 2.3: Conventional diamond unit cell.

Nitrogen and boron concentrations dependences in different growth

sectors in diamond

Synthetic HPHT diamonds usually have a yellow colour, shading into brown
in extreme cases because of the presence of a few tens to a few hundreds of
parts per million (ppm) of nitrogen which is thought to be derived from both
the atmospheric air (pore space) in the materials of the synthesis capsule,
and also impurity nitrogen in the solvent catalyst metals. A correlation exists
between the nitrogen and boron concentrations with the different growth
sectors in diamond [8, 30]. The dependences are as follows for boron and
nitrogen, respectively :-

[111] > [110] > [100] = [113] > [115] for boron

[111] > [100] > [113] > [115] > [110] for nitrogen
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Figure 2.4: Growth sectors seen most frequently in the growth of near cubo-
octahedral HPHT diamond crystals of type Ib. The right image is a top view
of an extracted plate at the level shown by the dotted line.

The frequently observed growth sectors in the growth of near cubo-octahedral
HPHT diamond crystals of type IIb has been illustrated in figure 2.4 with
growth face orientations clearly indicated [21]. The image on the right shows
a top view after a cut along the dotted arrow to obtain the slice furthest

from the seed which has proven to be of best quality.

Figure 2.5 shows UV and x-ray white beam topograph on one of the first type
Ib HPHT synthetic diamond samples, which exhibits the nitrogen and boron
concentration dependencies on growth sectors. The nitrogen concentration

is higher in the brown sectors of the optical image.
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Optical image

x-ray white beam topograph

UV image

Figure 2.5: Nitrogen and boron concentration dependencies on growth sectors
observed using UV fluorescence and x-ray white beam topograph on one of

the first type Ib HPHT synthetic diamond samples
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2.2.2 Optical properties

A chemically pure and structurally perfect diamond is perfectly transparent
with no hue, or colour. The colour of a diamond may be affected by chemical
impurities and/or structural defects in the crystal lattice. HPHT Type Ila
diamonds are so far proven to be the lowest strain diamonds. They contain
few extrinsic impurities, and may have their colour modified by structural
dislocations or plastic deformations. Both natural and synthetic diamonds
grown under high pressure and high temperature (HPHT) conditions can be
optically classified into different types Ia, Ib, Ila and IIb, depending on the
impurity content and distribution. In type Ib diamonds the major impurity
is nitrogen, whereas the type Ila diamonds are effectively free of, or very
low in nitrogen. Therefore, type Ib diamond crystals are typically yellow
in colour, and the variations of yellow colouration due to local variations
in nitrogen concentration can be visually discerned in XEOL (x-ray excited

optical luminescence) pictures [15].

Prismatic effect

Diamonds exhibit a high dispersion of visible light. This strong ability to
split white light into its component colours is an important aspect of dia-
mond’s attraction as a gemstone, giving it an impressive prismatic action
that results in the so-called fire in a well-cut stone. The lustre of a dia-
mond, its adamantine brilliance, is a consequence of its high refractive index
of 2.417 (at 589.3 nm), which allows total internal reflection to occur easily
[31]. Some diamonds exhibit fluorescence of various colours (predominately

blue) under long-wave ultraviolet radiation.
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Fluorescence

Any emission of light at temperatures below that required for incandescence
is called luminescence. Fluorescence is a luminescence that is mostly found
as an optical phenomenon in cold bodies, in which the molecular absorption
of a photon triggers the emission of another photon with a longer wavelength.
The energy difference between the absorbed and emitted photons ends up as
molecular vibrations or heat. Usually the absorbed photon is in the ultravio-
let range, and the emitted light is in the visible range, but this depends on the
absorbance curve and stokes shift of the particular luorophore. Fluorescence
is named after the mineral fluorite, composed of calcium fluoride, which of-
ten exhibits this phenomenon. This is typically a fast process in which some
of the original energy is dissipated so that the emitted light photons are of

lower energy than those absorbed.

Fluorescence in diamonds

About a third of natural diamonds fluoresce under the ultra violet (UV)
light. Fluorescence can be faint to very strong, and the most common flu-
orescent colour is blue. As blue is the complementary colour to yellow, the
most common tinted colour in diamonds, blue fluorescence can make yellow-
ish diamonds look white or colourless. Most diamonds show no fluorescence
although coloured diamonds show a wider range of fluorescence than the
blue fluorescence normally observed in clear diamonds. However, nearly all
diamonds fluoresce bluish-white, yellow, or green under shorter x-ray radia-
tion. X-ray screening is used extensively in mining to separate the diamond-
bearing rock with exposed or loose diamonds from the non-fluorescing waste

rock.
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Phosphorescence

Phosphorescence is a specific type of photoluminescence related to fluores-
cence. Unlike fluorescence, however, a phosphorescent material does not
immediately discharge the radiation it absorbs. The slower time scales of
the re-emission of the radiation are associated with quantum mechanically
forbidden energy state transitions. The energy is stored in the substance and
released very slowly and continuously in the form of light. It is the mecha-
nism used for “glow in the dark” materials which need to be charged up by
exposure to light. The probability for the process of emitting light to occur
is very low and almost forbidden by quantum mechanics. Therefore, on a
microscopic level, the rate of energy release is characteristically slow, and

hence the light can glow for several minutes [23].

Phosphorescence in diamonds

When a 222nm ultraviolet light is shone on diamond, excitation occurs. In
principle, light energy can be absorbed or emitted from a band-gap semicon-

ductor if an added substance forms an impurity level within the gap.

During exposure to UV light, diamonds sometimes give off a blue, green, or-
ange, yellow or (rarely) red glow (and sometimes “phosphoresce” for a while
after exposure). These characteristic colours arise due to the type of impu-
rity. Synthetic diamonds are usually inert in long wave UV (~ 350 nm). In
shortwave (~ 250 nm) UV light, some glow yellow or yellowish-green. The
fluorescence is frequently uneven, with different coloured or inert regions.
In addition, colours are usually strongly zoned during fluorescence due to
different incorporation of N and B in the different growth sectors. Like

boron-containing type IIb diamonds, type Ila diamonds transmit in the ul-
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traviolet down to 250 nm. Depending on the type of defect, some defects can
be “healed” and the colour removed by treatment with high temperatures

and high pressures.

In a blue diamond, a few carbon atoms out of a million have been replaced
by boron atoms each containing three valence electrons. The structure of
diamond is not significantly perturbed, and the absence of an electron is rep-
resented by a partially localised acceptor “hole” state just above the valence
band. With the absorption of energy, electrons can be excited from the va-
lence band into the hole acceptor states. The absorption of energy in the
longer wavelength region leads to a blue colouring of the diamond. Similarly,
in a yellow diamond, a few carbon atoms out of a million have been replaced
by nitrogen atoms, each containing five valence electrons. The structure of
the diamond is also not significantly perturbed, but the extra electrons en-
ter a “donor level”, so called because, with the absorption of energy, these
electrons can be donated to the empty conduction band. The resulting ab-
sorption at the blue end of the spectrum leads to a yellow colour seen in both

natural and synthetic nitrogen-containing diamonds [32].

In diamond, the acceptor and the donor levels are too deep (0.37 eV above
the valence band for a boron acceptor and 1.6 eV below the conduction band
for the nitrogen donor) in the gap to be significantly ionised at room tem-
perature (0,27 eV). The donor is especially deep below the conduction band.
Diamond is a wide band gap (5,6 eV or 228 nm wavelength) semiconductor.
Light quanta with any energy above 1.6 eV can excite the extra electrons
into the conduction band from the donor band [33]. Blue phosphorescence

in pure low strain diamond may occur if an acceptor and a donor are close
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to each other physically making it easy for the free electron of the donor to
jump into the hole of the acceptor leaving both of them ionised. An electron

can then be photo-excited to the compensated donor level.
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Figure 2.6: Schematic energy level representation of the (absorption band)

basic model for phosphorescence in type Ila HPHT diamond.

Figure 2.6 shows the excitation in (a), where an electron is photo-excited
to the compensated donor level Np, leaving a hole in the valence band.
Some pairs recombine through donor-acceptor recombination and emit pho-
toluminescence during and shortly after excitation, and others remain apart
between holes in an isolated neutral acceptor N and electrons in a neutral
donor NJ. After excitation (b) holes are ionised thermally from isolated ac-
ceptors in (I), and in (IT) trapped by ionized acceptors N4 accompanied by

neutral donors, then (III) recombination takes place [33].
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Figure 2.7: Cathodoluminiscence images, revealing a non-uniform nitrogen

concentration (Cy) mainly around growth boundaries

The diamonds that are the focus of his work, type Ila HPHT diamonds, typ-
ically phosphoresce in the light blue, with a strong sectoral variation. The
sectoral variations is due to the different relative concentrations of nitrogen
and boron in the different growth sectors as seen for example in figure 2.7.
The donor acceptor recombination mechanism and the blue luminescence ex-
plained above can be used to understand figure 2.7 [29]. In this figure, the
proximity and relative concentrations of the B and N acceptors and donors
respectively are important. The black area does not necessarily imply that
there is no B and N. It could also be due to over-compensation. For example,

the [100] sector has a relatively low B and a relatively high N.

The dependence of the dilatation of the diamond lattice on the P1 nitrogen
impurity content is given by Lang’s dilatation formula

ANa,

Qo

=(0.12+0,03) x Cn (2.2)
where Cpy is the nitrogen impurity concentration expressed as an atomic
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fraction. In this way, a varying concentration of defects would lead to a
varying lattice constant which leads to strain. It is therefore very important

for the defect or impurity concentrations to be uniform and minimal.

2.2.3 Thermal properties

Diamond-based elements provide several very advantageous properties, one
being its low x-ray absorption due to its very low atomic number and with
that its electron density. The low linear x-ray absorption coefficient by com-
parison with silicon, makes it more suitable for transmission of x-rays through
filters, monochromator crystals and beam splitters (the latter used in trans-
mission or Laue geometry) without excessive heating. Diamond is a good
conductor of heat because of the strong covalent bonding within the crystal.
Specially purified synthetic diamond has the highest thermal conductivity
of between 2000 — 2500 W/(mK), five times more than copper and higher
than for any known solid at room temperature. It has the highest thermal

conductivity at room temperature.

Because diamond has such high thermal conductivity (k) it is already used
as a heat spreader in semiconductor manufacture to prevent silicon and other
semi-conducting materials from overheating. Ultra pure diamond single crys-
tals are the only promising materials for x-ray optical elements to sustain high
resolving powers of the future fourth-generation sources [34]. The superior
thermal conductivity of diamond and its small thermal expansion coefficient
(0.8 x 1078 K') allows the energy deposited in the element to be conducted
away to the support mechanism relatively easily without much lattice distor-
tion. This allows for minimal thermal deformation, and so also the resulting

x-ray beam deformations, due to the minimised heat load. In figure 2.8, both
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the height and the broadness of the two rocking curves (containing statistical

intensity I(6p + d6) information on the divergence recorded at a given angle

00 close to the Bragg angle 0p) are not affected during extreme heat loads of

0.5 W/cm? and 1.5W/cm? respectively. Therefore, ultra pure diamonds will

sustain high resolving power under the extreme heat load conditions of the

future synchrotron radiation sources [18].
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Figure 2.8: Two x-ray rocking curves under two heat loads 0. 5 W/cm?(left)

and 1. 5 W/cm?(right). A demonstration of excellent thermal properties of

diamond suitable for x-ray optical elements for third and forth x-ray gener-

ation sources.

2.3 X-ray diffraction(XRD)

2.3.1 Response of a crystal to a plane-wave

When a plane x-ray wave strikes a three-dimensional atomic lattice, it is

both scattered and absorbed. Absorption may be described by the usual

absorption equation
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2=k 2.3

P (23)
which is only applicable to non-Bragg reflecting situations [35]. Here, I7 is
the incident x-ray beam, I7 is the transmitted beam intensity, p is the linear

absorption coefficient and ¢ is the thickness of the specimen in the direction

of the x-ray beam [36].

X-ray scattering may be easily understood by considering an x-ray photon in-
cident on a single atom, where the electrons in that atom will oscillate about
their mean positions thereby re-emitting x-rays. This process of absorption
and re-emission of electromagnetic radiation is known as scattering. Using a
concept of a photon, one may say that an x-ray photon is absorbed by the
atom and another photon is emitted. When there is no change in the en-
ergy between the incident photon and the emitted photon,(no energy transfer
occurs during the scattering process) the radiation is said to be elastically
scattered. However, if the energy of the incident photon differs with the en-
ergy of the emitted photon, the radiation is said to have been inelastically
scattered. Bragg’s law (equation 2.4) provides the condition for a plane-wave

to be diffracted by a family of lattice planes as illustrated in figure 2.9 below

nA = 2dsinfg (2.4)

where A is the x-ray wavelength, d is the inter-planar spacing, 0z is the
(Bragg) angle of incidence and of diffraction of the radiation relative to the
reflecting plane, and n is an integer known as the order of reflection and is

the path difference, in terms of the number of wavelengths, between waves
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Figure 2.9: A schematic illustration of the Bragg law, n\ = 2dsinf. An

incident plane-wave is diffracted off successive crystal planes.

scattered by adjacent planes of atoms. A first-order reflection occurs when
n = 1 diffraction and the scattered and the incident waves have a part
difference of one wavelength, when n > 1, the reflections are called high

order. Therefore, Bragg’s law (equation 2.4) may be written as

d
A= 2; sin 63 = thkl sin @ (25)

where dyi; = d/n is the spacing between the reflecting lattice planes (nhnknl).

The scattering strength of a unit cell for a particular lattice plane reflection,
hkl, is known as the structure factor, which is explained using equation 2.8.
The larger the structure factor, the broader is the rocking curve[37]. The
intensity I* of the x-rays scattered by one electron through an angle 26 rel-
ative to the incident intensity I7 is
x 2,.2
i? = ORZE (2.6)

where R is the distance from the particle and r. = %5, e is the electronic
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charge, m is rest mass of the electron, c is the velocity of light and C' is the

factor dependent on the polarisation [37].
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Figure 2.10: Scattering of x-rays by an atom.
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Figure 2.10 shows an atom containing several electrons as points around the
nucleus [38]. This model is not consistent with the quantum mechanical
definition of the atomic structure, however, it helps with the explanation.
The two electrons A and B scatter the two incident waves in the forward
direction. The forward scattered waves are in phase across the XX wavefront.
The other scattered waves will not be in phase across wavefront YY when
the path difference (CB-AD) is not the integral number of wavelengths [38].
The wave vectors kz) and k; are in the directions of the incident and diffracted
beams, respectively, and |ko| = |ks| = 1/\. The phase difference will be given
by

exp|—2mik.r] = exp[—2mi(hu + kv + lw)] (2.7)

for the hkl reflection, where (uvw) are the fractional coordinates of the vector
r. The waves scattered from each atom may now be added with regards to
the atomic scattering factor of each atom and the phase of the wave from

each atom summed up over the unit cell.
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Fyw = fiexp[—2mi(hu + kv + lw)] (2.8)

with f; being the atomic scattering factors of the atoms of type i. These
depends on both # and A. Generally small-angle elastic scattering is coher-
ent, while inelastic scattering is incoherent. Large-angle elastic scattering

becomes rapidly more incoherent with increasing scattering angle.

Kinematical Theory of x-ray diffraction

Kinematical theory evolved from the geometrical theory to account for diffracted

intensity from a real crystal under the following conditions [39];

e the x-rays scattered by atoms and lattice points of the crystals are

coherent and elastic,

e the interactions between the scattered x-ray photons and the nuclei is

ignored,

e both the incident and the scattered waves are considered to be plane-

waves and

e multiple scattering effects are negligibly small and the scattered waves

are not subject to scattering from other atoms and lattice points.

The kinematical theory assumes that a negligible amount of energy is trans-
fered to the diffracted beam, with the consequence that the re-diffraction
effects may be we ignored . For example, the weakening of the incident wave
by the scattering process (eztinction) is ignored, and every part of the crys-
tal is assumed to be illuminated with the same incident intensity. Although
disregarding extinction obviously violates the law of conservation of energy,

kinematical theory is fairly accurate for the geometry of diffraction in all
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cases, and reasonably enough, it is also fairly accurate for intensities when
the scattering is very weak. When the scattering is strong (e.g. diffracted
intensities and rocking curve widths for near perfect crystals), this assump-

tion is hopeless [37].

2.3.2 Dynamical theory of x-ray diffraction

As mentioned in above in section 2.3.1, the kinematical theory (although very
useful for crystal structure analysis) is unsatisfactory in predicting diffracted
intensities of anything other than very thin or very small crystallites. As
crystal thickness increases, the kinematical theory is unable to explain a
saturation in intensity caused by the presence of strong wave fields from dy-

namical diffraction effects.

A suitable theory to describe the diffracted intensities in all kinds of crys-
tals is dynamical diffraction theory, which will be briefly introduced in this
section. Several versions of the dynamical diffraction theory exist for perfect
and imperfect crystals. The theory for “thin” and much distorted crystals
are rather different. We aim not to derive any such formulations of the dy-
namical diffraction theory, but to mention parts of it which shall be used in
this research, especially, the strong approximation of the dynamical diffrac-

tion theory of perfect crystals for distorted ones.

The interaction of incident waves with the diffraction wave was first consid-
ered by Darwin(1914) [40, 41], and then modified by Prins and Kohler(1930)
by taking crystal absorptions into account. A different dynamical theory

(with a wider scope than Darwin’s) was investigated P.P. Ewald (1916/17)
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dealing with the interactions of electromagnetic fields with three-dimensional
array of dipoles. In 1931, M.Laue reformulated the dynamical theory based
on solutions of the Maxwell’s equation for interactions of x-rays with crys-
tals by treating the crystal as a medium with a periodic complex dielectric
constant[42]. Laue’s treatment of the dynamical theory has been frequently
used in the literature due to its simpler mathematical form [43]. In general,
the dynamical diffraction theory aims to solve the following inhomogeneous

wave equation

o) = polr) + [ [ [ GO 1HVIeEs (2.9)
where ¢,(r) is the solution of the homogeneous equation and [ [ [G(r |
#)V (#)d*# is the solution of the inhomogeneous equation with V (#)p(r)d?#
being the inhomogeneity of the equation. G and V' are the lattice amplitude

factor and the volume of the crystal unit cell respectfully .

Effects of multiple scattering process (diffraction and re-diffraction)

The process of diffraction and re-diffraction of an x-ray beam from a set of
reflecting planes is illustrated in figure 2.11 in Laue case. As the incident
wave propagates down into the crystal, its amplitude diminishes since a small

fraction of the energy is reflected at each atomic plane.

Under both transmission (Laue) and reflection (Bragg) geometries (see sec-
tion 2.5.2), the incoming beam fulfills the Bragg condition and the two
diffracted beams are created. In the reflection geometry, the two wave fields
are strongly damped in depth until extinction is reached and one wave field

may be ignored.
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Figure 2.11: The diffraction and re-diffraction of an x-ray beam from a set

of reflecting planes in Laue case.
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Figure 2.12: Integrated intensity (reflectivity) as a function of thickness as

described for non-absorbing crystals by kinematical and dynamical theories
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1.0 S
0.8
>
£ 0.6 1
> 0
= W,
5 h
[}
=
2 0.4
0.2 -
A8,
0.0 T T '! T T T T 1

! | ! | | !
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5

angle 0 - 0 (arc seconds)

Figure 2.13: An example of a reflectivity curve (known as the Darwin curve)
of a thick non-absorbing silicon crystal [111] Bragg reflection. The region
with R=1 is flat (top had shape) due to interference total reflection and the
maximum of the reflectivity curve is shifted by the refraction correction A#,.

The curve has been calculated using the XOP simulation software package.
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Figure 2.13 shows a reflectivity curve of a 111 reflection of a 10 mm thick
silicon crystal thick plate with a “top hat” (flat top) shaped reflectivity curve
due to interference total reflection—the so called Darwin Plateau. Without
considering any absorption, the reflectivity curve is symmetric, and is equal
to 1 in the range (A8, — wf/2) — (A0, + w}/2). Where Ab, is the angular
displacement of the reflectivity curve “R” with respect to the Bragg angle
O and wf is the full width at half maximum of the reflection curve, which

is given by o
2dniy | Yh
A, cosfp

wl = (2.10)

In Laue geometry, the damping of wave fields in depth is not strong, but
contrary, there may be anomalously weak damping in depth of thick crystals
(ut >> 1)—anomalously strong transmission (Borrman effect). The intensity
of x-rays is shuffled from the forward diffracted beam into the Bragg diffracted
beam. This round-trip period is called the Pendellosung length A, and it can
be used to define how “small” (thin with A << 1) or “large” (thick with

A >> 1) a crystal is, as illustrated by equations 2.11 and 2.12 below;

A=mt/A, (2.11)

A Vel (2.12)
K| P|Xnxa '

where K = 1/) is the wave number in vacuum, P = polarisation factor, x,

and x7 are the Fourier components of the elastic susceptibility and ~, and

vy, are the direction cosines.

Figure 2.12 compares the integrated intensity (reflectivity) defined by equa-

tion 2.13, as a function of thickness as described by kinematical and dynam-
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ical theories. The integrated intensity, R is given by
R = / R (6)d0 (2.13)

For a non-absorbing thin crystal (kinematical limit), kinematical and dynam-
ical values are the same, and both Laue and Bragg case reflectivities are the

same and are given by equation 2.14 below,

™ | P[> K(xgx5)t
Yo sin g

Rf(thm) = ~V [ Fy| (2.14)

It is seen that kinematic theory diverges drastically at larger thickness. In
Laue case, the dynamical theory oscillates about a saturated level after a

thickness of about A, [37]. In Laue case, the integrated intensity R?; is given

by
0 | \/ XhXh
Ry, = ~| B | (2.15)
2,/] b |sinfp

the average of which is half that of Bragg case (i.e. R/g = 2R%).

2.4 Local rocking curve measurements

X-ray rocking curves measurements are commonly used for characterising
the perfection of crystalline samples. Silicon and diamond reflectivity curves
were calculated using the XOP software (obtained from [44]) and presented
in figure 2.14. A double crystal rocking curves is a convolution of the crystal
reflectivity curve with an apparatus or instrumental function (i.e. both angu-

lar and wavelength spread created by the source and all the optical elements).

Often the full width at half maximum (FWHM) of a rocking curve is ex-
tracted as a very compact integral measure of the crystal quality. Crystal

lattice strain can be measured from an increase of the FWHM relative to
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Figure 2.14: Reflectivity curves for silicon and diamond. The full width
at half maximum w{ for the two curves is illustrated in both curves. The

reflectivity curves were calculated using XOP software from ESRF.

the value of a perfect crystal. These variations may, for example, result from
variations of impurity concentration concentrations, dislocation concentra-
tions, temperature fields (e.g. heat bump), or some other sources of strains.
Estimation of the influence of the FWHM is an objective of big practical

importance in the diamond for x-ray optics project.
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2.5 X-ray Bragg diffraction imaging (topog-

raphy)

As previously introduced in chapter 1, x-ray diffraction topography is an
imaging technique that uses x-ray beams that have been Bragg diffracted by
a crystal to provide a two-dimensional intensity mapping (known as a topo-
graph) of the beam(s) diffracted by a crystal. Topography is not sensitive
to individual point defects but to the long range distortion fields and/or the
strain fields associated with macroscopic crystal deformations (e.g. bending,
heat bump,...) and defects (e.g. distributions of impurities - growth sector
boundaries and growth striations which are seen most frequently on the to-
pographs of type Ib diamond samples). Figure 2.15 illustrates several types
of defects [45].
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Figure 2.15: a) Interstitial impurity atom, (b) Edge dislocation, (c) Self inter-
stitial atom, (d) Vacancy, (e) Precipitate of impurity atoms, (f) Vacancy type
dislocation loop, (g) Interstitial type dislocation loop and (h) Substitutional

impurity atom.
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2.5.1 X-ray topography techniques

The classification of the different topographic methods depends on three basic

elements, namely;

e the used source geometry and characteristics, including possible optical

elements (slits, other crystals...),
e the sample properties and geometry, and
e the detector, also including possible optical elements

Only a limited selection of these techniques is of importance today from
the practical point of view. There are two broad categories of the x-ray
techniques, namely, the extended beam techniques and the limited beam tech-
niques. Extended beam (wide area) is such that a beam diffracted by a
perfect crystal plate (and a possible additional integration on the detector)
shows homogeneous intensity, that is, no interference fringes are visible (fig-
ure 2.16). This will form the basis of this research and shall be discussed

further in the next chapter.

Secondly, section topography (limited beam techniques) involves a restricted
width (relative to the inter planar d-spacing) of the incoming beam perpen-
dicular to the scattering plane, to a few micrometers (typically 10 — 20pum).
Inhomogeneous intensity distribution is obtained after diffraction from a per-
fect crystal in the topograph. The rarely applied technique using an incom-
ing beam restricted to several micrometers in two perpendicular directions is
called pinhole topography. Limited beam techniques will not form part of this
research. A scheme of the basic topographical techniques is given in figure

2.17.

42



Incoming beam

«— b

t Perfect Crystal

diffracted heam

Figure 2.16: Schematic “definition” of an extended beam (example for the

symmetrical Laue or transmission case).

2.5.2 Bragg and Laue geometries of x-ray topography

All topographic techniques techniques may be used in the transmission (or
Laue) and the reflection (or Bragg) geometry. In the Bragg case (figure
2.18b), the incoming beam enters the sample and the diffracted beam leaves
the sample through the same (entrance) surface. The forward-diffracted
beam leaves the sample at the exit surface. In the Laue case (figure 2.18a),
the incoming beam enters the sample through the entrance surface, and the
diffracted as well as the forward-diffracted beams leaves the sample through

the exit surface.
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Figure 2.17: A scheme of the basic topographical techniques.
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Figure 2.18: (a)Laue and (b)Bragg geometries of x-ray topography
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Figure 2.19: The different regions that are probed in Laue and Bragg geom-

etry.

Either of the two geometries can be used to study both the near surface and
bulk defects of the crystal. However, the reflection geometry is more sensi-
tive to probe the near surface defects whereas the transmission geometry is
mostly preferred for probing the volume of the crystal since in Laue case, the

entire crystal volume is always visible.

2.5.3 Basic origins of contrast in x-ray diffraction to-
pography

Defects inside a crystal may disturb the perfect lattice structure and produce
long range strain fields. These distortion fields may affect the diffracted
intensity and, so give contrast (non-homogenous intensity distribution) in
the images produced, which are known as topographs. This process has the
result that topography becomes a powerful tool for obtaining information
about the departures from the perfect crystal structure. Origins of contrast

in topography can be classified into structure factor contrast, orientation
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contrast and the extinction contrast as briefly introduced below:

loss loss gain

Figure 2.20: A schematic illustration of the formation of the orientation con-
trast. Note the local differences on the diffracted intensity and consequently
to the image on the detector. In (a), the misorientation is larger than beam
divergence and wavelength spread (e.g. parallel monochromatic beam) and in
(b), the misorientation is smaller than beam divergence (e.g. polychromatic

or divergent beam).

Structure factor contrast

Different materials or even different reflections of the same material have
different structure factors. Similarly, different phases of the same material
(e.g. for materials crystallizing in several different space groups) also have
different structure factors. Structure factor contrast may appear in twinned

crystals.
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Orientation contrast

Orientation contrast arises from a crystal which contains lattice misorien-
tations. For example, consider two perfect regions of the crystal which are
misorientated with respect to one another. If a plane and monochromatic
x-ray beam is used (or a beam with divergence smaller than the misorien-
tation), the misoriented part will not diffract. This is illustrated in figure
2.20b, where the exiting angles of the respective diffracted beams will differ,
leading to overlapping regions of enhanced intensity as well as shadows in
the image, thus again giving rise to contrast [37]. The other region is out-
side the angular range of reflection and thus gives zero reflected intensity
[46]. However, if a white x-ray beam is used, both regions may reflect but
the two diffracted beams emerge at different angles (because the two regions
select two different wavelengths); and separated images can be recorded on

a relatively distant photographic plate.

Extinction contrast

Extinction contrast arises when the scattering power around the defects dif-
fers from that in the rest of the crystal. While structure factor and orienta-
tion contrasts result from simple considerations like Braggs law, the extinc-
tion contrasts can be understood based on dynamical theory as discussed in
section 2.3.2. Interpretation of this contrast requires understanding of the
dynamical diffraction effects occurring in thick, highly perfect crystals [37].
Topographic contrast of dislocations (as well as other defects) consists of di-
rect, dynamic, and intermediary images (see figure 2.21 below), correspond-
ing to the three different parts of an image from a defect showing extinction
contrast. This kind of contrast may appear only when using techniques under

integrated wave conditions (for example, white beam topography).
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Figure 2.21: A schematic illustration of the formation of the diffraction con-

trast, formation of the three types of image around a defect: direct (1),

dynamical (2) and intermediate image (3)

e the direct image, arise from the kinematical diffraction of x-rays that
are not in Bragg condition for the perfect matrix (direct beam) by
the strongly distorted parts of the dislocation (increase in intensity

registered by the detector);

e the dynamical image, is formed from the loss of intensity (is a sort of
screening made by the strongly distorted parts of the defects) of the

wave fields propagating inside the crystal;

e the intermediate image, is due to the interference of the wave fields
created by the defects and the wave fields propagating inside the perfect

matrix.

Depending on the technique and the experimental parameters, but in par-
ticular on the absorption conditions, the relative contribution and contrast
structure of the three image types may change considerably. Absorption
conditions are defined by the product of the linear absorption coefficient pu

and the effective thickness of the crystal ¢, traversed by the x-ray beam (i.e.
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ut). For topographs recorded under low absorption conditions (ut < 1), the
dislocation image is dominated by the direct image contribution, but the two
others may be visible as well. The direct image appears as black double im-
age (in the case of high spatial resolution), with slightly different gray levels.
This difference may turn into black-white under intermediate absorption con-
ditions, (about 5 > p > 1). For high absorption cases (about ut > 6), only
the dynamical contribution (known also as the Borrmann image) exists and

the dislocation images appear on a film as white ones on darker background.

Defining the local dilation (i.e. relative change of the lattice parameter dd/d)
and rotation (i.e. inclination angle of the reflecting lattice planes dp with
respect to the perfect lattice) of the lattice, one parameter that basically
controls the process in all variants of the dynamical diffraction theory for a
deformed crystal is called the effective misorientation §6(r). Effective mis-

orientation may be obtained from equation 2.16, where 5 is the Bragg angle.

00(T) = — tan QB(ZZ(F) + 0p(7) (2.16)
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Chapter 3

Extended beam (wide area)

characterization techniques

In this chapter, a brief introduction of the ID 19 beam line of the Euro-
pean Synchrotron Radiation Facility (ESRF) in Grenoble (France) will be
presented. The chapter will also aim to address in detail the three main to-
pographic techniques which were carried out at this beam line, namely; white
beam topography (WBT), “monochromatic” beam topography (MBT) and
the plane monochromatic wave topography (PMBT). The classification of the
different topographic methods depends on three basic elements, namely; the
used source geometry and characteristics, the sample properties and geome-
try and the detector. The main differences between these three techniques,
such as their strain sensitivity to bulk and/or close-to-surface defects and the

degree of difficulty to extract quantitative information will be highlighted.

Most diamond samples (mainly type Ila HPHT synthetic diamonds) dis-
cussed in this research were supplied by the Element Six (E6) diamond grow-

ers in South Africa.
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ID 19 beam line

The ID19 beam line is installed on a low-beta section of the ESRF storage
ring. There are primarily three insertion devices located in the straight sec-
tion of this beam line. These are the two undulators and one wiggler. Any
of these three insertion devices can be chosen as a source depending on the
experimental requirements. ID19 is one of the longest (145 m) beam lines
at the ESRF. It also has a small source size (30 pm vertical x 120 pm hor-
izontal). The small source size and the long length of the beam line is an
important characteristic of the beam line, especially for the geometrical reso-
lution in x-ray imaging, good coherence properties (phase contrast imaging)
and (not used at ID19 but at other beamlines) the possibility of extreme
focusing. Equation 3.1 indicates how geometrical resolution p depends on
the source size s, source to crystal distance L, and crystal to film or detector
distance D as depicted from figure 3.1. The smaller the value of the angu-

lar source size 6 = s/L,, the higher the geometrical resolution p will be, where

p=sD/L,=4D (3.1)

It is possible to distinguish between orientation and extinction contrast by
recording topographs very close (extinction contrast is pronounced) and very
far from the sample (orientation contrast is pronounced) using the ID 19

beam line.
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Figure 3.1: A schematic diagram showing the geometrical resolution limit

set by the projected source height normal to the incident plane.

3.1 Integrated wave topography

A process in which a divergent and/or non-monochromatic incoming x-ray
beam is used to record a topograph is called “integrated wave topography”.
As such, the integrated wave topography technique does not employ a sin-
gle plane-wave, a monochromatic wave or a cylindrical-monochromatic wave,
but a superposition of such waves. For this integration to take place, the an-
gular source size d has to be greater than the full width at half maximum of
a reflectivity curve (i.e. 6 > wf) and/or the spectral width of the incoming
beam must be greater than the full width at half maximum of a reflectivity
curve (i.e. A\, > wp). The white beam mode satisfies this condition since
A), >> w) and since the beam is always non-monochromatic. Other exam-
ples of integrated wave topography are Lang (projection) topography as well
as the Berg Barrett topography [47, 48, 49].

“Monochromatic” beam topography

Two or more crystals are usually used in topographic set-ups to enhance
strain sensitivity and to suppress the background from the radiation which is

not used in the image formation. There are basically two important settings
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of the possible two- or more crystal systems, namely the non-dispersive (fig.

3.2) and the dispersive settings.

source sample

monochromator

Range of
wavelengths,
Full beam width
reflected
Figure 3.2: Non-dispersive setting (4+n,-n) setting. The two crystals are
identical and the same reflection is used on both. The diffraction vectors are

anti-parallel.

In the non-dispersive set-up, the two crystals used have to be identical and
the same reflections must be used on both the sample and the beam condi-
tioner. Different crystals and/or different reflections may be used in disper-
sive set-ups. The “monochromatic” beam topography can be used in both
the integrated wave technique (with a much narrower energy band or spec-
trum) as well as the plane and monochromatic wave configuration technique
(with d << wy,). The latter (to be discussed further in section 4.3) is a
special variant of the double crystal set-up that the team have used in this
research to obtain strain sensitivity in the low 1078 regime. To achieve this,
a double crystal set-up was used with a monochromatic incident beam inte-
grating over a range bigger than, but comparable to, the reflectivity curve of
the crystal in the energy space. This was achieved by using a silicon beam

conditioner to control the divergence and wavelength spread of the beam.
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A combination of diffracting elements and angular limiting apertures were
used. This way, the spectral width of the beam could also be controlled. The
beam from the beam conditioner was then allowed to fall upon the specimen
(diamond sample) whose orientation could also be adjusted. While using the
technique, the diffracted beam left the sample and entered the detector or

film which accepted all the beams scattered off the diamond sample.

3.2 Plane and monochromatic wave topogra-

phy

Plane-wave topography is special variant of double crystal topographic tech-
nique, which is mainly used to enhance strain sensitivity. There are only few
methods known that are able to measure strain inhomogeneities in nearly per-
fect crystals with strain sensitivity in the low 10~® regime. In this research,
the double crystal (4+n,-m) setup has been used in the non-dispersive mode,
where “n” and “m” indicates that different crystals (i.e. silicon monochro-
mator and the diamond sample) were used and that different reflections may
also be used on both. The “4” and “-” signs indicates the opposite manner in
which they reflect the x-ray beam (see figure 3.2). The non-dispersive mode
was achieved through the local adaptation of Bragg angles, to compensate
either dispersion or a bending of the sample using a bendable highly perfect
silicon monochromator in a versatile instrument allowing the investigation of
all kinds of crystals with high strain sensitivity and without any reduction
in image size. This way, the incident beam on the diamond sample was ap-

proximately a plane x-ray wave in a localized region of space.
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The double crystal rocking curves had a section on each flank that is linear
to a good approximation, and at the same time being the steepest part of
the curve. In cases were the local deformation was so small that the related
effective misorientation shifted the working point on the rocking curve only
within that linear part, then there was also a linear dependence of the local
reflected intensity on the effective misorientation. This relationship was used
to quantify the deformations in the crystal. Films were digitised using an

optical microscope LEICA MZ16 connected to a CCD camera LEICA DC300.

In order to further increase the strain sensitivity of the plane-wave topogra-
phy technique, successive high-order reflections and correspondingly higher
energy x-rays were used. In this way the double crystal rocking curves (the
autocorrelation function of sample and monochromator reflectivity curves)
with extremely steep flanks were obtained. The topographs obtained using
this technique showed much more details (strain sensitivity) compared to
the white beam topographs. The contrasts were also relatively “simple” to

calculate (as shall be performed later in chapter 4).

Experimental conditions for the plane and monochromatic wave

topography

The plane and monochromatic wave topography technique offered a very
difficult setup technique compared to the other topographic techniques. In
order to achieve diffraction conditions, the sample under study must be pre-
cisely aligned because the contrast observed strongly depends on the exact
position of the angular working point on the rocking curve of the sample (i.e.
on the angular distance between the actual sample rotation position and the

theoretical position of the Bragg peak). A sample rotation stage stepping in
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the hundredth of an arc-second range is therefore an essential instrumental

precondition for controlling and varying the contrast conditions [15].

Figure 3.3: Parameters for an asymmetric reflection with Bragg angle 6 on
the diamond sample. All crystal surfaces were along the < 001 > direction.
0.+ is the angle between the scattering crystal-planes and the < 001 >

surface.

In order to locate the desired reflections from the diamond sample and to
cast it on a photographic film or detector, the asymmetry angle must be
taken into consideration. The surfaces of both the silicon monochromator
crystal and the diamond sample were cut along the [001] plane. The sample

and monochromator crystal alignments has been illustrated in figure 3.3
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Sample Bragg/Laue Silicon Diamond Energy Film No. Silicon diamond Asymmetry Angle
hk1 [hkl] keV 0p Op O cut
1 B [444]  [115] 12 06101402 412 48.8 15.79
3 B [444)  [115] 12 06101501 29.6 488 15.79
3 B (444  [115] 12 06101502 29.6 488 15.79
3 B [ 44 4] [115] 16 06101504  29.62 21.8 15.79
1 B [800] [800] 20 06101601  27.2 44.02 0.00
2 B [800] [800] 20 06101602  27.2 44.02 0.00

Table 3.1: A summary of the experimental setup for the plane and monochromatic wave topography



Chapter 4

Results and discussion

Results of the synchrotron based x-ray topography will be discussed in this
chapter. The chapter will start by first addressing itself to the qualitative
techniques (i.e. integrated wave techniques) followed by the quantitative

plane and monochromatic wave topography technique.
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4.1 Local rocking curve broadening in type
IIa HPHT diamond specimens

Figure 4.1 shows the statistical distribution of rocking curve width broaden-
ing for three types of HPHT synthetic diamond material, namely, type Ila
HPHT diamond by Burns et.al [8], type Ila from an earlier batch of ma-
terial and type Ib measured at ESRF by Hoszowska et.al [15]. The points
correspond to the frequency with which different values of the rocking curve
width broadening occur for different points on the crystal, over the whole
crystal. In some cases the data of several crystals are averaged. These re-
sults have been presented in table 4.1 below. The current material show
negligible broadening in the central cubic growth sector region implying that
the method is not sensitive enough to depict defects at this level of quality in
the diamond samples, which necessitates x-ray topographical methods with

high strain sensitivity and local resolution to be used.
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Figure 4.1: Statistical distribution of rocking curve width broadening for

three types of HPHT synthetic diamond material.

Sample Theoretical Exp. width Broadening Exp. width  Broadening
width full beam full beam  100pum center center
1173-001a 1.045" 1.15” 0.48" 1.10” 0.20”
1173-001b 0.986" 1.39” 0.98" 1.03” 0.20"
1173-001d 1.056” 1.30" 0.76" 0.97" 0.0”
1173-001e 1.018" 2.36" 2.13" 1.03” 0.30”
1186-001a 1.021” 1.09” 0.38" 1.04” 0.20”
1186-001¢ 1.021” 1.14" 0.52" 1.09” 0.38"
1186-001d 1.021” 2.47" 2.25" 1.73" 1.40”
1149/13R 1.059” 1.33" 0.80" 1.13” 0.39”

Table 4.1: Rocking curve broadening results for type Ila HPHT diamonds

specimens. The theoretical widths were calculated using the XOP software

package.
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4.2 Integrated wave topography

Typical defects observable through the white beam topography

Figure 4.2 below is an x-ray white beam topograph [220] reflection of a type
[Ta diamond plate. This serves a typical example of which exhibits features
related to various defects. Identifiable defects on figure 4.2 will be discussed

individually in this section

Stacking fault Strain field of inclusion

» * Dislocations

4 mm

Equal
s i e, i thickness
Surface scratch fringes

Figure 4.2: X-ray white beam topograph [220] reflection of a type Ila dia-

mond plate.
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Stacking faults

A stacking fault is a one- or two-layer interruption in the stacking sequence
of layers of atoms in a crystal. Stacking faults may occur in a number of
crystal structures especially in close-packed structures. For example, face-
centered cubic (fcc) and hexagonal close-packed (hep) structures both have
close packed atomic planes with sixfold symmetry (the atoms form equilat-
eral triangles) and differ only in their stacking order. When stacking one
of these layers on top of another, the atoms are not directly on top of one
another. This has been illustrated in figure 4.3, in which the first two layers
are identical for hep and fee, and labeled AB [45]. If the third layer is placed
so that its atoms are directly above those of the first layer, the stacking will
be ABA — this is the hcp structure, and it continues ABABABAB. Several
stacking faults can be identified on figure 4.2, one being around the middle

top part next to the large strain field due to inclusions.

204
PEOQFEOFEO

> e—> >
3904 dOH 224

(a)

z

Figure 4.3: (a) A zoomed image of one of the stacking faults in figure 4.2
along the indicated undistorted reciprocal lattice vector h and (b) a schematic

side view of a dislocation

However, there is another location for the third layer, such that its atoms

are not above the first layer. Instead, the fourth layer is placed so that its

62



atoms are directly above the first layer. This produces the stacking ABCAB-
CABC, and is actually a cubic arrangement of the atoms. Stacking faults
may be identified as gray fringe patterns. Stacking faults in diamond tend
to lie on [111] but, for a given [220] diamond reflection, stacking faults will
only be observed for two of the [111] planes because for the other two the
fault vector lies in the diffraction plane [50]. The fault vectors f of stacking
faults may also be determined by x-ray topography, using the criterion for
invisibility g.f = m, where m is an integer. In diamonds, f is either %[111]
for an intrinsic type of stacking fault or 2[111] for the theoretically possible
extrinsic stacking fault [51]. Stacking faults have been established in almost
all crystals, and they are always situated in [1 1 1] planes, occasionally cross-
ing the whole crystal. In the crystals grown in < 111 > direction stacking

faults are typically localized in the regions containing dislocations.

Metal inclusions

There is a large strain field visible on the top part of figure 4.4 due to the
inclusion inside the material. Inclusions are, under the used absorption con-
ditions, always identified by a dark (black) contrast in topographs. The
inclusion takes at room temperature a different volume than during its in-
corporation and so it is pressing or pulling on the surroundings, creating
compressive or tensile strain and changes the average local lattice parame-
ter. An estimation of the maximum distortion due to the inclusion has been

made using the geometrical sketch in bottom of figure 4.4 [4].

The distance between the core of the inclusion (measured from the middle of
the strain field) and the outermost deformed part of the image, d, has been

used in a simple geometrical calculation together with the sample to film
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distance L and the distance from the beam-stop shadow to the topograph P

to calculate the misorientation angle 06 as illustrated below:

d d 0.9
. 1 TN _ -3
00 = sin (L/) = sin <L2 n P2> = sin (232 n 8.22> =3x10"°rad
(4.1)

Growth sector boundaries and growth striations

The presence of different nitrogen concentrations in different growth sec-
tors results in different average lattice parameters in these different growth
sectors. Therefore, lattice planes between two regions with different N-
concentration are distorted at their boundaries. This leads to strain fields
between growth sectors as illustrated schematically in figure 4.5. Local im-
purity concentration fluctuations within a growth sector are called growth
striations. The dilation of the diamond lattice has been found to depend
upon the P; nitrogen impurity content according to the Lang’s dilatation

formula (equation 2.2)[8].

The lattice parameter of diamond increases with increasing nitrogen content
because of the relaxation of the inter-atomic bonds caused by the additional
electron which is introduced by each nitrogen atom. Nitrogen has one elec-
tron more than carbon being 2s? 2p® where carbon is 25 2p%. The additional

electron occupies an anti-bonding 2s3 orbital.

Figure 4.6 shows a Ib diamond sample topograph with different growth stri-
ations [4]. These are clearly visible in the figure as parallel lines normal to
the growth direction and parallel to the growth surfaces. Their origins are
small fluctuations of growth parameters within the growth sector during the

synthesis.
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Figure 4.4: (a) A zoomed image of the inclusion in figure 4.2, where h is
the undistorted reciprocal lattice vector and (b) is a geometrical method of

estimating distortions due to an inclusion.
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Figure 4.5: A perspective view of growth sector boundaries between two

different growth sectors with different nitrogen(N) concentrations.
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Figure 4.6: Different growth sectors in a Ib type diamond (white beam, Laue

geometry [040] reflection), where h is the undistorted reciprocal lattice vector.
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Equal thickness fringes

Pendellosung or equal thickness fringes in topography occur due to a kind of
“bounce” in energy between the forward diffracted and the diffracted beams.
According to Kato and Lang [7], pendellosung fringes occur when two wave
fields, each associated with a point lying on a different branch of the disper-
sion surface (a three-dimensional plot of the frequency versus planar wave
vectors) interfere. It is also possible to observe these fringes due to the vari-
ation of their periods A, with wavelength. Several pendellosung fringes can
be identified on figure 4.2 (e.g. on the right, left, and bottom parts). Figure
4.7 schematically illustrates the creation of pendellosung fringes in a wedge-

shaped crystal.

Figure 4.7: Schematic illustration of the formation of equal thickness fringes

in a wedge-shaped crystal
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The thickness of the crystal was estimated by multiplying pendellosung dis-
tance A, (see equation 2.12) by the number of fringes counted from the
topograph. The pendellosung distance is amongst others depending on the
structure factor and has been calculated for the experimental conditions of
this topograph using the XOP software package as 96 pym using an energy
of 34 keV and a total of 4.75 fringes as counted from the image (i.e. the
actual number of fringes could not be ascertained since the fifth fringe was

suspected in the left part of the image, where the contrast is weaker). This
gives a thickness of between 456 to 480 pm, which is in perfect agreement

with the value provided by the manufacturer, 480 pum.

distance on image [a.u]

Figure 4.8: (a) A zoom of the equal thickness fringes showed from the top

right corner of figure 4.2 and (b) a profile plot of the different intensities on
the image using the XOP program (right)

An image processing program known as ImagelJ obtainable from [52] was used
to obtain a profile plot (black curve) in figure 4.8(b) of the zoomed image

of the fringes in figure 4.8(a) which was then fitted using several Gaussians

using the Origin spreadsheet|[4].
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Dislocations

Dislocations are linear defects which are mainly comprised of two basic types,
namely; edge dislocation and the screw dislocation. A combination of an edge
dislocation and a screw dislocation is called a mixed dislocation [49]. These
dislocation types can be identified by the orientation of a unit vector in the
direction of the dislocation line [ relative to the magnitude and direction of

the distortion Burgers vector b as indicated below; .
e For a perfect screw dislocation, b || [ and therefore b x [ = 0
e For a pure edge dislocation, b.Ll and so b.l = 0

e For a mixed dislocation, b is at an angle to [ that is greater than 0° but

less than 90° (i.e. b x [ # 0 and b.l # 0).

For the present case of low absorption (u << 1), thick crystal (with A =
7t/Ag “thick” means A >> 1), extended beam and integrated wave topog-
raphy, these dislocations may be identified as black (high intensity) lines, or
double lines (the so-called direct images of dislocations). For thinner (thin-
ner than the Pendellosung length) crystals, no direct images of dislocations

are observable.

Figure 4.9 shows perspective view of a screw and edge dislocations with
the dislocation line { and the dislocation Burgers vector b clearly illustrated
[45]. In figure 4.10, the distance between direct (black line) and dynamical
(brighter shadow) images is bigger on the right hand side of the dislocation
image, implying that the dislocation is closer to the entrance surface of the
x-ray (i.e. towards the source). On the left hand side, the two images are

closer together indicating that the dislocation is close to the exit surface (i.e.
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Figure 4.9: A perspective view of a screw and edge dislocations. The dislo-
cation line [ and the dislocation Burgers vector b have been indicated in each

case.
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Figure 4.10: A zoomed portion of the dislocation image from figure 4.2 right
hand side. The black line is the direct image and the brighter shadow is the

dynamical image.
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towards the detector) [53]. One also notices that the dislocations in figure
4.10 are threading dislocations, passing through the crystal plate, intersect-

ing the entrance and the exit surface.

For crystal deformations by the displacement u from the perfect lattice state,

the electron density becomes

p(*) = p(r +u) = (1/V)EF, exp[—2mig.(r + u)] (4.2)

where 7 is a lattice vector, V' is the volume of the unit cell, F} is the structure
amplitude for reflection g and exp[—2mig.u] is the extra phase factor. The

displacement vector around a mixed dislocation is given by

w=Pb+Qbx1)+R(Ixbxl) (4.3)

The exact forms of expressions P, () and R are unimportant in the present
discussion but they are given here for completeness. They contain the Pois-
son’s ratio o and they are written in cylindrical polar coordinates (r, 6, z),
with 2z measured along the direction [ of the dislocation line and # measured
from the plane containing b and [ [54].

P-t
0= #l(a) e+ 28]
R

[5262%)]

Y

The strain field around a perfect screw dislocation (b || [ or bx [ = 0) is given
by u = Pb= %b and therefore invisible when g.b = 0. The strain field around
a pure edge dislocation (b_Ll or b.l = 0) is given by u = (P + R)b+ Q(b x 1)
and therefore invisible when ¢.b = 0 and when ¢.(b x 1) =0 (i.e g || 1). A

mixed dislocation is never completely invisible since g cannot simultaneously
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satisfy g.b =0, g.(bx 1) =0 and g.(I x b x 1) =0 [45].

Ko Kq
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Figure 4.11: A schematic illustration of the atomic displacement parallel to
the Bragg planes and perpendicular to the diffraction vector g. The Bragg
reflection will not be influenced by displacement of atoms perpendicular to

the diffraction vector.

Figure 4.12: Three white beam topographs of a type Ib diamond plate
with [100] orientation taken in transmission geometry, with a) Growth sector
boundaries, b) dislocations, ¢) surface scratch and d) growth striations. The
arrows indicate the diffraction vector along the direction of the undistorted

reciprocal lattice vector h.

A schematic illustration of the atomic displacement parallel to the Bragg

planes and perpendicular to the diffraction vector ¢ is illustrated in figure
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4.11. The Bragg reflection will not be influenced by displacement of atoms
perpendicular to the diffraction vector (i.e. glu or g.u = 0) [45]. Figure
4.12 shows a (100)-oriented type Ib HPHT diamond [220], [220] and [400]
reflections. All topographs were taken from one film. From the extinction
rule u.g, = 0 we conclude that no displacement field components of growth
sector boundaries perpendicular to the diffraction vector do exist (i.e. the
growth sector boundary labeled a. above has only components in planes per-

pendicular to the direction of the 400 diffraction vector).

With reference to figure 4.11 and 4.12, the effective misorientation equation
previously defined in equation 2.16 may be written in the following form

X Ofha()]
2sinfp  0Osy,

50(F) =

(4.4)

to explain the difference in features observed in the three topographs, where
h is the undistorted reciprocal lattice vector, u(7) is the displacement vector

field and 0/0sy, is the differentiation along reflected beam direction.
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White beam topographs of three diamond samples

Figure 4.13 below shows white beam topographs of the three HPHT synthetic
type Ila diamond samples studied in this research. The [040], [220] and [220]
reflections are labeled (a), (b) and (c) respectively. All three reflections were

recorded on the same film due to a wide range of available wavelengths.

Sample 1 has a metal inclusion close to its center visible on all three re-
flections. There are also stacking faults visible on the top part the sample
mainly visible on the [040] and [220] reflections but not visible on the [220]
reflection implying that the burgers vector of the dislocations bordering the
stacking faults are perpendicular to the [220] but not to the [220]. Several
other defects are visible along the edges away from the central cubic growth

sector region.

Sample 2 has been extensively discussed in section 4.2. One easily identifi-
able defect on this sample is the metal inclusion on the top part of all three
reflections. The white beam topography reveled excellent bulk properties for
this sample especially its central cubic growth sector region which is rela-

tively free from identifiable defects such as stacking faults and dislocations.

Sample 3 is a wedge-edged crystal with several surface scratches visible on the
top right hand corner. All three samples have central regions generally free of
defects detectable through the white beam topography. These samples will
later be analyzed through a more sensitive plane and monochromatic wave

technique to illuminate the strain fields in the cubic growth sector regions.
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Figure 4.13: White beam topographs of sample 1-3 (HPHT synthetic type Ila
diamond samples). The labels (a), (b) and (c) are the [040], [220] and [220]
reflections respectively. All three samples have central cubic regions generally
free of defects detectable through the white beam topography. These samples
will later be analyzed through a more sensitive plane and monochromatic
wave technique to illuminate the strain fields in the cubic growth sector

region

76



“Monochromatic” beam topography

The monochromatic beam topography experiments were performed at the
ID19 beam line of the ESRF. The technique yields relatively more detailed
results (sensitivity) compared to the white beam topography due to its higher
strain sensitivity. The increased strain sensitivity of the monochromatic
beam technique relative to the white beam technique is demonstrated in
figure 4.14 where the surface was left partly incompletely processed. The
lower left part was not fine-polished to completion, showing several scratches.
The rest is nearly defect-free, showing mainly three isolated single disloca-
tions labeled A, B and C. Note that at this low level of strain, the surface
imperfections (scratches not visible under optical examination) contribute
significantly to the extended strain fields in the sample. A few extended

strain fields from the three isolated single dislocations are also visible.

Figure 4.14: A comparison of the three topographs . Figure (a)— (c) left
to right, comparing (a) white beam topograph, (b) and (c) are two double

crystal topographs of the same sample taken with different strain sensitivities.
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In figure 4.14(a), this sample is viewed in white beam conditions, and in
figures 4.14(b) and 4.14(c), in double crystal topography conditions at two
different strain sensitivity settings. Figure 4.14(a) is in Laue geometry and
4.14(b) and (c) are in Bragg reflection geometry. For figure 4.14(b), the set-
tings were E.,=12 keV, with the [444]-reflection of the silicon monochromator
(Darwin width 1.00”) and the 115-reflection of the diamond sample (Darwin
width 1.02”). The theoretical detection limit is about 4 x 1078, The settings
for figure 4.14(c) were £,=20 keV using [800]-higher order reflections on both
the silicon monochromator (Darwin width 0.31”) and the diamond sample
(Darwin width 0.25”). In this case, the theoretical detection limit is about
1.2 x 1078, Therefore, one notes clearly the increase in the strain sensitivity
as higher order reflections and higher energies are used. This is clearly ev-
ident from figure 4.14(c), as opposed to the previous two topographs which
shows clearly the strain field around the defects [55]. This will be explained
further in a subsequent section. One should be able to follow the increase
of the width of the same object (i.e. dislocation A,B or C) from (a)— (c)
topographs. The resulting macroscopic extensions is almost doubled as we

observe from topograph (a)—(c)) [55].
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4.3 Plane and monochromatic wave topogra-

phy

In this section, results of the plane and monochromatic wave topography
technique shall now be presented. The double crystal rocking curves were
recorded while rotating the diamond sample crystal through an angle 6 rel-
ative to the silicon monochromator crystal. These double crystal rocking
curves, presented in figure 4.19-4.22 were very narrow (few arc seconds) and
had a section on their flanks that was linear to a good approximation, at the
same time being the steepest part of each curve. Although topographs were
taken at several working points along each double crystal rocking curve, only
the one taken at the steepest part of the flank was used through the quantifi-
cation procedure. At the steepest linear flank of the rocking curve, a small
variation of the local Bragg angle 6 yields a proportionately large variation
of the reflectivity dR. This has been illustrated in figure 4.15. If 60 << w?
and the angular position of the working point 64 is on the linear part of the
rocking curve, the double crystal reflectivity dR is directly proportional to

the effective misorientation 06 according to equation 4.5,

dR = mdb (4.5)

where m = ‘;—g is the slope at the working point on the steepest linear flank

of the double crystal rocking curve (see figure 4.15).

Quantitative analysis of double crystal topographs using equation 4.5 in the
approximation of the local application of the diffraction theory for perfect
crystals is only applicable for crystals which are approximatively perfect over

dimensions of the “effective area” (see figure 2.19) of the crystal [56].
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00 2

Figure 4.15: A schematic illustration of the slope of the working point on
the steepest linear flank of the rocking curve. The working point has been

indicated as a small dot on the left flank .

Therefore, assuming that each crystal quality was good enough (66 << w?)
to cause very small local variations of the reflectivity 0R, the relative change

in the double crystal reflectivity R‘S—R is related to the relative change of the

I‘i[ ~ according to equation 4.6 below.

ax

measured reflected x-ray intensity

OR orI* mof
= = 4.
Rmaz Imaz Rmam ( 6)

Therefore, normalising the double crystal rocking curve (i.e. Ry = 1),

equation 4.5, may be expressed as

oI
]a:

max

O0R = mdb =
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Extraction of the Bragg reflected intensity from digitised topo-

graphic film images

The higher the intensity of x-rays incident on a film, the darker it became.
In this way, the optical density (darkening) of the film S was assumed to be
proportional to the incident Bragg reflected x-ray intensity I® according to

equation 4.8 below.

S = kI* (4.8)

The films were digitised using transmitted light through the film, and the
transmitted light intensity I* was collected on a CCD camera (see figure
4.16). The darkening of the film S absorbs light according to the Beer-
Lambert law (equation 4.9). Therefore, during the film digitisation process,
the transmitted light intensity through the film can be expressed as

Iy

X-ray film CCD camera

Figure 4.16: The digitisation process of the topographs. An incident light IF
is shone on a film and the transmitted light I through the film is collected
on a CCD camera. The darker the film, the greater the absorption of light
by the film and hence less light will be collected by camera.
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Combining equation 4.8 and 4.9, the incident Bragg reflected x-ray intensity
17 is therefore proportional to the negative logarithm of the transmitted light
intensity I%.

[L
log, [—0 =kI” (4.10)
L

Therefore, the darker the film (due to more reflected x-ray intensity /* ab-
sorbed by the film), the less light was collected on the CCD camera during
the digitisation process. We may therefore express I as follows

1 IE

Considering the average intensity of x-rays I7, reflected by a relatively good

portion of the crystal with no strain field, the relative change of the measured

reflected x-ray intensity Iff ~ may be expressed as follows
max
1 1L 1 Ik 1L
or*  1* 15, glogwit —gloggh  log,, (4.12)
Iz Iz N 1] 1y ] & '
mar. S kOB B0 TL,,

min absorption
max absorption

Where log,, IILi = log| | = logyo[Dr|, and Dg is the dynamic

range. Hence,

orr 1 loglfiﬁ
Iz m'log[Dg]

max

=50 (4.13)

where 660 is the effective misorientation defined previously in equation 4.4.
Equation 4.13 was used to translate the film contrast back to effective mis-

orientation (06) in the crystal lattice. Using the nitrogen concentration of
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10ppb and Lang’s dilatation formula (equation 2.2), the relative change of
the lattice parameter dd/d was obtained in the order of 10®. Assuming that
d0(7) in equation 2.16 is only due to the local dilation, it may therefore be
expressed by equation 4.14 below:

od

00(T) ~ —tan@Bg(F) (4.14)

Since a local adaptation of the dynamical theory for perfect crystals to dis-
torted ones has been applied, it is important to note that this strong ap-
proximation can only be locally applied to deformed crystals when the dis-
placement u(r) is slowly varying such that the effective misorientation 66(r)
is approximately constant within the diffracting volume of the crystal [56].
In most cases, the diffracting volume is much smaller for Bragg cases and
can be estimated by the penetration depth which ranges within good ap-
proximation from the extinction depth to absorption depth. For a working
point on the flank of the rocking curve, it is already considerable-hundreds
of micrometers. In this way, the backside of the crystal or a dislocation in
all the crystal could be visualised. This only works on the wave optical level

of the Takagi theory for deformed crystals [57].

Under the assumption that the dominant source of strain is an inhomoge-
neous impurity distribution, the maximum spatial variation of the lattice
parameter is in the Ad/d ~ 107® range. A software programme based on
the dynamical theory of x-ray diffraction has specially been developed to
quantify the effective misorientation. A portion of this quantification code is

presented in the appendices.
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Determination of the theoretical maximum slopes of the linear

flanks of the double crystal rocking curves

The previous section (equation 4.5 and 4.13) required that a theoretical slope
of each double crystal pair must be established. These were obtained by sim-
ulating the individual reflectivity curves for each (sample and mononochro-
mator) crystal using the XOP software. The two separate reflectivity curves
were then correlated and normalized. A derivative of the correlation function
of the two curves yielded theoretical slopes for each setup. Figure 4.17 shows
the double crystal rocking curves for each experimental setup. The slopes
of each reflectivity curve in figure 4.17 is plotted in figure 4.18 where the
maximum slope is at the steepest flank of the double crystal rocking curve.

The maximum slope for each reflectivity curve is presented in table 4.2.
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Figure 4.17: The normalised double crystal rocking curves for (a) silicon
[444] and diamond [115] at 12 keV, (b) silicon [444] and diamond [115] at
16 keV, and (c) silicon [800] and diamond [800] at 20 keV respectively. These

reflectivity curves were simulated using the XOP software.
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Figure 4.18: The slopes (derivatives) of the rocking curves in figure 4.17
above, namely; (a) silicon [444] and diamond [-115] at 12 keV, (b) Si [444]
and diamond [115] at 16 keV and (c) silicon [800] and diamond [800] at
20 keV respectively.
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Diamond Silicon Energy Slope
hoked]  okd] (keV)  (rad)

[115] [444] 12 1,429
[300] [444] 16 2,737
800] 300 20 3,880

Table 4.2: Maximum slopes of the double crystal rocking curves in figure

4.17 above.

Experimental double crystal rocking curves

Figures 4.19 — 4.22 below show experimental double crystal (figure 3.2 setup)
rocking curves of the three samples under different setups (i.e different ener-
gies and reflections). The selected working point of each rocking curve has
been indicated together with the topographs that will be analyzed in each

case.
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Figure 4.19: Sample 1 — A double crystal rocking curve of the silicon [800]
and diamond [800] reflections at 20 keV. Higher order reflections and energy

has been used to improve the strain sensitivity.
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Figure 4.20: Sample 2 — A double crystal rocking curve of the silicon [800]

and diamond [800] reflections at 20 keV. Higher order reflections and energy

has been used to improve the strain sensitivity.
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Figure 4.21: Sample 3 — A double crystal rocking curve of the [444] reflection
of the silicon monochromator crystal and the [115] reflection of the diamond

sample at 12 keV.

90



300000 - l
250000 .
|
00000 -
z K
N
C 150000 - \ =
m | |
= \
c
= 100000 '\
n
i
L
50000 - "
0 -
1 1 I 1 | | | |
2 4 6 8 10 12 14 16 18
Angle

Figure 4.22: Sample 3 — A double crystal rocking curve of the [444] reflection
of the silicon monochromator crystal and the [115] reflection of the diamond

sample at 16 keV. The energy has been increased from 12 keV in figure 4.21

to 16 keV to improve the sensitivity.
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Plane and monochromatic beam topographs selected at the work-

ing point
Sample PWT Diamond Silicon Energy
number Topograph Re flection Re flection keV

1 300] [800] 20 keV
2 300] [800] 20 keV
3 [115] [444] 12 keV
3 [115] [444] 16 keV
3 300] [800] 20 keV

Table 4.3: Plane and monochromatic wave topographs taken at the working
point on the steepest linear flanks of the double crystal rocking curves in

figure 4.19-4.22.
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The conversion of digitised bitmap images to grey scale values

In order to quantify this local change in Bragg angle (the effective misori-
entation), the digitised films were first converted to gray scale. A command
line utility called “display” was used from the graphics software suite called
“Image magic” obtainable from [58], to convert the digitized bitmap image of
the topograph to a text (.txt) file containing gray scale values (see example
in figure 4.23). The first column is the (x;y) location of the given pixel and
the next group is the gray scale, which is between 28 and 1 for a 1 bit image

and between 2! and 1 for a 2 bit image.

0.0 255,255,255 grey100

1,0: 243,243 243 #FEFETE
2,0 243,243 243 #FEFEFE
3.0 122,122,122 #FEFEFE

Figure 4.23: A portion of the gray scale values obtained by conversion from

the bitmap topographs using the image magic software.

The gray scale values were then read into a 2D histogram (see figure 4.24a).
The physics libraries for further image manipulation were obtained from the

C++ ROOT environment [59].

Correction of the non-uniform background illumination

It has been observed that the background contrasts on the topographs were
not uniform. The team then decided that this was due to a non-uniform illu-
mination during the digitization process and that they needed to correct it.
This was done by modeling the non-uniform illumination over the full area

from the gray scale of the differential illumination of the boundary region
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of the film (where there was no sample). The numerical routine that solved
the Laplace equation with the Dirichlet boundary conditions was taken from
[60]. It required array of input data, and so an additional first step was to

work only with a square section of the image (see figure 4.24a).

A strip of six pixels broad was taken on the boundary edge of the image away
from the topograph and averaged to form the boundary values for each of the
four sides as shown in figure 4.24(b). This thin and almost invisible boundary
was later used to reconstruct the non uniform background shown by figure
4.24(c) by regarding it as the Dirichlet boundary conditions of the Laplace
problem in 2D. The model therefore imagined the problem was represented
by a Poisson equation (with Dirichlet boundary conditions) with no internal
charge where the boundary conditions are the gray scale of the illumination
of the edge of the picture where there is no topograph information from
the diamond. The solution of Poisson equation would then reconstruct the
background illumination as if there was no diamond. The non-uniform back-
ground was then normalised out of the original image by dividing through
and rescaling (figure 4.24d). The highest point in the background histogram

was used as the fixed point in the normalization.
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Figure 4.24: Correction of the non-uniform background illumination. (a)
a 2D histogram of the image from the gray scale values, (b) a strip of six
pixels broad taken on the boundary edge of the image away from the topo-
graph and averaged to form the boundary values for each of the four sides,
(c) a reconstruction of the entire non-uniform background illumination by
solving the Laplace problem for the interior points using the illumination at
the boundary points and (d) a square histogram with corrected background

illumination.
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Figure 4.25: Sample 1 : A quantified topograph of the [800] diamond re-
flection at 20 keV. The [800] silicon monochromator crystal reflection was
used in a double crystal setup. The y-scale in the bottom image was slightly
altered (zoomed in) to focus more on the weaker strain fields. The strain

sensitivity is in the order of 108.
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Figure 4.26: Sample 2 : A calibrated topograph of the diamond [800] re-
flection taken with the silicon [800] reflection at 20 keV. The y-scale of the
bottom image has been slightly altered (zoomed in) to focus more on the

weaker strain fields. The strain sensitivity is in the order of 1075,
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Figure 4.27: Sample 3 : A quantified topograph of a diamond [115] reflection
taken with the silicon monochromator crystal 444-reflection at 12 keV. The
y-scale of the bottom image has been slightly altered (zoomed in) to focus

more on the weaker strain fields.
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Figure 4.28: Sample 3 : A calibrated topograph of the diamond [115] reflec-

tion taken with the [444] reflection of the silicon monochromator crystal in a

double crystal setup at 16 keV. The energy has been increased from 12 keV

to 16 keV to slightly improve the strain sensitivity.

99



Sample 1

Only the [800] reflection of sample 1 (figure 4.25) which has been taken at
20keV using the [800] silicon reflection has been analyzed. On the bottom
image of figure 4.25, the scale is zoomed only between —5x 1078 and 20x 10~%
thereby eliminating the overly strained sections of the topograph pixels and

around the top right hand corner of the topograph.

Sample 2

Figure 4.26 is the [800] reflection of the second sample also taken at 20keV
using the [800] monochromator crystal reflection. The sample is heavily
strained on the bottom right corner and just along the right edge. This
sample has relatively fewer strains on the top left hand corner. The bottom
image of figure 4.26 focuses on this low strain region. The maximum effective

misorientation in this region is around 6,5 x 1075,

Sample 3

The [115] and [800] reflections of sample three have been analyzed. The [115]
reflection (Figure 4.27) was taken at 12keV using the Si[444] reflection and
at 16keV (figure 4.28) using the Si[444] reflection.
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Chapter 5

Conclusion

HPHT synthetic diamonds have been studied using x-ray topography. Type
Ib material with a nitrogen content of a few hundred parts per million and
required size of 4 to 8 mm? is of too low quality. Type Ib materials have for
many years been assumed to be the best candidate for applications in syn-
chrotrons because of their larger size, and because it was hoped that uniform
N incorporation could lead to sufficient lattice quality. Only selected samples

of that type may be used for less demanding applications like phase plates[61].

Advances in HPHT synthesis methods have allowed the growth of type Ila
diamond crystals of almost the same size as the type Ib, but with substan-
tially lower nitrogen content. From the initial characterisation of this new
product, high purity (very low nitrogen content) type Ila diamond crystals,
the researchers are able to report that the crystalline (bulk) perfection of
some of the HPHT grown materials is approaching the quality required for
the more demanding applications such as imaging applications with coher-
ence preservation. However, for a coherence preserving crystal, both the bulk

and the surface quality must be sufficiently high. The material studied so
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far in this work was of high bulk quality and the currently best surface finish
obtained by mechanical polishing was measured on a type Ib sample with a

value of 0.3 nm rms.

The type ITa HPHT diamond quality proved to be too high to be quantified
by rocking curve mapping. Rocking curve measurements carried out with a
high resolution setup showed negligible or only small increases (0.0” to 0.2")
of local rocking curve widths (1”) after extraction of the apparatus function
(width about 0.15”), see table 4.1. The rocking curve maps display essen-
tially the Darwin line width in the central cubic growth sector, which appears

essentially free of extended defects.

The samples exhibit very good bulk properties in the central cubic growth
sector which improve with distance from the seed face. The relationship
of extended defects to growth sectoring has been noted. The more sensi-
tive monochromatic beam topography does not see contrast across growth
sector boundaries of the low strain HPHT type Ila diamonds. This means
that the lattice dilatation due to the nitrogen concentration change across
the boundary is less than the minimum detection limit of the monochro-
matic beam topography for effective misorientation. No strain fields related
to growth sector boundaries are visible in the central region when using the
white beam technique. The central region of each topograph generally shows

no extended defects
Instead, monochromatic beam topography quantitative mapping of the strain

was developed to a high degree of strain sensitivity. Successive high-order

reflections and correspondingly higher energy x-rays were used to increase
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the steepness of the rocking curve at the working point, thereby increasing
the strain sensitivity of the plane and monochromatic wave topography tech-
nique. The strain fields of certain defects had a clearly visible macroscopic
extent. The maximum spatial variation of the lattice parameter is in the

Ad/d ~ 1078 range.
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Appendix A

Analysis software

A quantify (see pg 28 and 210 of Bowen and Tanner)-----—————-———————
Float_t H_average; "/ mverage walue of the bitmap
slope = s'\npe “‘ (3600 ¥ 180 / 3.14159); /ffconvert from 1/arcseconds to 1/radians
INt_t n po'mts = 0;
tamp =
for (i= nb1ns/4 ie=3*nhins/4;34++)

for (j=nbins/4;j<=3*nbins/4;3++) {
temp—temp+hcor2 »GetBincontent(1,3);
n_points = n_points + 1;

¥

H_average = temp / n_points; . . . .
cout << "the average central section of the topograph intensity is "<<H_awvarage<<"\n";

TH2ZF *hcalZz = new THZF("hcalz", "calibrated Histogram (10A-8)",nkins, axis_t(xlowtnbinsx_0)
SA axis_t(xlowrnbinsx_0+nkins-1J,

nbins, Axis_t (ylowtnbinsy_0), Axis_t (yTow+nbinsy_0+nbins-1)0;
for (i1=1;i<=nbins;i++)

for (j=1; j< nbins;j++) {
E 1Dg(hcor2 »Geteincontent (1, i)/H_average) /logldyn_range)/slope¥l. 0es;
hca 2-»setBinContent (1, ], temp);

¥

zout << "yasn brawing image with quantification wn';

MyCanvas->waitPrimitiva(); A% waits untill you click the middle
mouse button in the graphics window */

MyCanvas->pivide(l,1);

MyCanvas->Clear(d;

MyCanvas->cd(l);  //drawing original data on the 1st canvas
grad-»setri htMarg‘m(O 27;

grad->setLeftmargindo. 15),

EPad—>SetEnttDmMarg‘\n(O.lZ);
cal2-»setcontour(255);

set_plot_style();

hcalz- >SetStat5(kFALSE),
hcalz-»cetxaxis()->setTitlel"x-Length (pixels)");
hcalz-»Getyvaxis()-»setTitle("v-length (pixels) "J;
hcalz-»GetzZaxis()->SetTitle( "Eff misorientation (10/\{ 810";
hcalz-sGetxaxis()->CenterTitle();
hcalz-»Getvaxis()->CenterTitle();
hcalz-»Getzaxis()->CenterTitle();

hcalz-s>Getxaxis( setTitleoffser(l.2);

hcalz-»Getraxis( setTitleoffset (1. 5);
hcal2-»GetZaxis()-»SetTitleoffset(1.5);
hcalz->prawCopy("colz");

MyCanvas->Update();

MyCanvas->waitPrimitiva(); A% waits untill you click the middle
mouse buttan in the graphics window */

Figure A.1: A portion of the C++ code used for the quantification of the

plane and monochromatic plane topographs.
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Scholarly research outputs

International Conferences- 2005

1. S.H. Connell, R. K. Setshedi, D. Dube, L. Mkhonza, M. Rebak,. J. Hartwig,
J. Hoszowska, R.C. Burns, J.O. Hansen, High Crystal Quality Diamond stud-
ied by a variety of synchrotron generated X-ray techniquesADC/Nano Car-
bon 8 International Conference on Applications of Diamond and Related

Materials —1%Y NanoCarbon Joint Conference Argonne National Laboratory

May 15-19, 2005.

2. R.K. Setshedi, D. Dube, L. Mkhonza, M. Rebak, S. H. Connell, R. Burns, J.
Hansen, J. Hartwig and J. Hoszowska, High Crystal Quality Diamond studied
with a variety of synchrotron generated X-ray techniques. St. Catherine’s

College Oxford. Diamond Conference 2005, 13-15 July 2005,

3. J. Hartwig, J. Hoszowska, P. Van Vaerenbergh, I. Gierz, S.H. Connell, M.
Rebak, R. Setshedi, D. Dube, L. Mkhonza, R. Burns, J.O. Hansen, Diamond

and the future X-ray optics developmentsOptics & Photonics, San Diego,
California USA, 31st July 4th August 2005,

4. J.O. Hansen, R. Burns, H. Godfried, M. Rebak, S.H. Connell, J. Hartwig,

P. Van Vaerenbergh, 1. Gierz, J. Hoszowska, A. Freund. Performance of
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HPHT grown type Ila diamond as a material for synchrotron beam line

optical elements Diamond at work Conference Barcelona 20-21 October 2005

. R. K. Setshedi, D. Dube, L. Mkhonza, M. Rebak, S. H. Connell, R. Burns,

J. Hansen J. Hartwig, J. Hoszowska Diamond beam optics for high brilliance
X-ray beams from 3" and 4*" generation synchrotrons. US-Africa Advanced
Studies Institute on Photon Interactions with Atoms and Molecules, Novem-

ber 3-12, 2005 in Durban, South Africa.

LOCAL CONFERENCES 2005

1.

L. Mkhonza, S. H. Connell, D. Dube, R. K. Setshedi, J. Hartwig and J. Hos-
zowska Spatial coherence preservation by HPHT synthetic single diamond
crystals using synchrotrons z-ray beam, South African Institute of Physics,

2005

D. Dube, S.H. Conell, L. Mkhonza, R. Setshedi, J.O. Hansen, R.J. Caveney,
J. Hartwig, J. Hoszowska, P. Van Vaerenbergh. Synchrotron surface charac-
terisation of ultra high quality HPHT Type Ila synthetic diamonds., South
African Institute of Physics, 2005

. R Setshedi, D. Dube, L. Mkhonza, S.H. Connell, J. Hansen, R. Burns, J.

Hartwig, J. Howzoska, High Resolution Synchrotron X-ray Rocking Curve
Mapping and various X-ray topographies of very high quality diamond, South
African Institute of Physics, 2005

IN-HOUSE PRESENTATIONS

1.

The theory of Relativity

The history of Synchrotron Radiation Sources

. Free electron lasers (SASE-FEL)

. Applications of diamond beam optic elements in 3rd and 4th generation

synchrotron radiation facilities
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1. Synchrotron radiation and free electron lasers— Brunnen, Switzerland, 2-9

July 2003

116



