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Abstract

There is a huge interest in construction of solid state lasers capable of reaching petawatt (PW) levels and
beyond. In order to achieve this level of power, Ti:Al,O; amplifiers up to 20 cm in diameter or larger are
required and hence there is the need for the growth of large diameter Ti:Al,O; crystal boules. The
Kyropoulos growth process has been identified by the company RSA le Rubis SA as the most productive
technigue because it allows massive crystals to be grown under a low temperature gradient and hence they

are of good quality.

Growing crystals weighing about 30 kg comes with its share of complications which gravely affect the
crystal morphology and hence crystalline quality. To address the issues of morphology, a detailed study of
the effects of the growth parameters were carried out by analysing the process of crystals grown in the
industrial setup. The factors for the critical issues of a flat plate formation and re-melted zones in the
crystal were identified and an ideal set of parameters for the pulling rate and mass growth rate was
proposed. These led to marked improvements in the productive volume of the crystal and enabled growth

of crystals with predictable morphologies.

To take a step further, a completely autonomous crystal growth system was envisioned which would allow
the operator live monitoring of the crystal shape and give control over its radial growth parameters. This is
based on the simultaneous in situ measurement of crystal weight and remaining liquid level. A
mathematical study is presented to explain the relationship between all the weighing forces acting on the
growing crystal and to study the feasibility of this control system. It is shown that it could be useful for

regulation of the diameter during the Kyropoulos growth process.

Crystals were characterised and checked for defects which would affect their optical properties. One such
defect was the presence of a translucent band in the otherwise transparent crystal, called the “milky
defect”. The crystalline quality in terms of dislocation density due to induced strain was analysed using X-
ray diffraction techniques, along with optical characterisation and chemical analyses. Aided by heat transfer
and thermo-mechanical numerical simulations of the growth system, an explanation for the origin of this

defect in terms of acting thermal stress and associated crystal growth dynamics is proposed.

Titanium doping in the sapphire crystal is needed for the laser application, but there is segregation of the
dopant during growth and this leads to an inhomogeneous distribution in the grown crystals, as shown by
optical characterisation of the distribution of titanium in its Ti** and Ti* states. Ideas in order to improve

the laser sample homogeneities are proposed.
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Nomenclature

B(r) Axisymetric magnetic field at position r B
C Concentration at%
Cijki Components of the elasticity tensor -
(o Concentration in liquid at the solid/liquid interface at%
Co Initial solute concentration at%
Cp Specific heat JK*
Cs Concentration in solid at the solid/liquid interface at%
E Young’s modulus N.m"

FWHM Full width half mean -

H Distance between the seed and the bottom of the crucible m

I Nucleation rate m3s
Ky Modified Bessel function of the second kind at order 0 -

K, Modified Bessel function of the second kind at order 1 -

N Population inversion density -

Qg Radiative heat source J

R Adimensioned radial parameter r.c¥2 -

R, Crucible's radius

R, First radius of curvature of the meniscus

R, Second radius of curvature of the meniscus m
R* Adimensioned boundary radial coordinate -

T Temperature K

To Temperature of objects surrounding the material K
Tref Reference temperature K

Ts Surface temperature of the material K

% Growth velocity m.s

Vexcess Volume of the portion of the meniscus in contact with the crucible m?®

located above hpeniscus 1
Vyas Volume of ambient gas in the crucible located below h,,eniscus1 And M
trapped between the two menisci

Vimotten ~ VOlume occupied by the molten sapphire inside the crucible m



Vsubmergea VOlume occupied by the crystal below hpeniscus 1 LeVel m

Whuoyancy ~ResUltantof pressure forces (divided by g) applied by the molten sapphire kg

Whuoyancyr Component of Wy,,y4nc, Due to molten sapphire kg
Whuoyaneyz  Component of Wy5yancy Due to gas kg
Wemergea  Weight of the crystal's emerged part kg
Wneasurea Weight measured by the seed holder's sensor kg
Whowen  TOtal weight of the molten sapphire (including menisci weight) kg
Wieed Weight of the sapphire seed kg
Wit Vertical component of surface tension force (divided by g) which applies kg

on the crystal

Waubmergea Weight of the crystal's submerged part kg
Weotar Total weight of Al,O5 introduced into the crucible kg

Z Adimensioned vertical parameter z.c"? -

Zy Adimensioned difference of pressure between the air and the molten -

sapphire’s surface

Z* Adimensioned boundary vertical coordinate -
VA Adimensioned parameter Z+Z, -
b Scattering coefficient -
c Integration constant -
f Interface deflection m
fs Volume fraction of solid -
g Gravitational acceleration m.s?
h Heat transfer coefficient W.m*!
hy Latent heat of fusion Ikg™
hmeasurea  LEVEl Of molten sapphire inside the crucible m
Romeniscus 1 Height of the meniscus in contact with the growing crystal m
k Absorption coefficient W.mK*
kess Effective segregation coefficient -
Ks Equilibrium distribution coefficient -

I Characteristic size of the object along the direction of the thermal flow -

n Index of refraction -
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n Normal vector at the interface -

p Pressure N.m"
Po Gas pressure inside the furnace N.m?
Py Pressure at the surface of molten sapphire N.m?

q Heat flux density W.m?

r Radial coordinate for the meniscus study m

re Crystal radius m
() Radius of the crystal at the i-th measurement m

r° Critical nucleation radius m

s Tangential vector to the free surface -

Ug Tangential component of the flow velocity m.s™
u, Unit vector along the direction of the symmetry axis (upwards) -

i Flow velocity vector m.s™

Z Vertical coordinate for the meniscus study m
Z() Distance between the seed and hpeniscus1 = Level at the i-th m

measurement

a Absorption coefficent W.m**!
Br Thermal expansion coefficient K*
Vv Surface tension at sapphire liquid - gas interface N.m™*
Af Fluorescence profile (full width at half maximum) of the fluorescence -

curve

AG Total Gibbs free energy Jmol*
Asg Entropy of fusion per unit volime Im¥t
AT, Undercooling due to curvature K

Ax Distance over which heat is transferred m

€ Emissivity W.m?
k1 Strain tensor components -

n Dynamic viscosity N.s.m™
Og Bragg angle -

04 Dynamic contact angle of liquid Al,O3 -

6, Contact angle of liquid AlL,O3 on sapphire crystal -
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6, Angle between the vertical and the crystal surface at heniscus 1 Level -

A Wavelength m
Aeit Effective heat conductivity coefficient wW.m*K*!
Ap Peak of the fluorescence curve -

Ar Radiation components of thermal conductivity w.m’k*
Ar Heat conductivity coefficient wW.mK?
u Magnetic permeability H.m*

Poisson’s ratio -

Pgas Density of the ambient gas inside the crucible Kg.m?
pi Liquid sapphire density Kg.m*
Ds Solid sapphire density Kg.m*
o} Stimulated emission cross section (or gain cross section) m?
oij Stress tensor components -

Ouises  VOn Mises stress N.m

oy Normal stresses in the radial direction N.m
Oz Shear stress N.m?

gy Solid/liquid interface energy Im?

Ost Stefan-Boltzmann constant wW.m%*
oy Normal stresses in the axial direction N.m
Oy Normal stresses in the azimuthal direction N.m™

T Fluorescence lifetime S

Te Dimensionless interface deflection -

Terss Critical resolved shear stress N.m?
bk Factor dependent on the optical properties and the systems -

configuration

¢(s) Angle between meniscus tangent at s and the horizontal -
¢* Angle between meniscus tangent and the horizontal at (R", Z°) -

0, Liquid sapphire's rotation speed -

wh Intrinsic width of diffraction -



Introduction

The optical properties of lasers have found numerous applications in the fields of medicine, machining or
surface treatment. There has been a dramatic rise in peak powers for lasers in recent years which have
given impetus to new fields of research in light/matter interactions at extreme intensities. Examples of such
research are the new ways of particle and electron acceleration in high energy physics research and

potential future applications in the development of compact proton generators for proton cancer therapy.

Today there are around 200 intense lasers facilities in the world; these lasers cost from 5 to 20M €
according to the target power. These installations need components capable of creating a fast laser effect
and withstanding the power emitted. Among the materials considered for these installations, sapphire
crystal doped with titanium (Ti:Al,O3) constitute 65% as shown in figure 1 and are the material favoured by
the world's specialists due to their very wide emission spectrum and very good thermal conductivity.

*
K%E,F(': F;J:,O -~ Ybglass, 1%
~_——HeF, 1%

OPCPA™
Nd:glass, 3% -

* o
OPCPA, 1% —
*OPCPA: Optical Parameter
Nd:glass‘ =" Chirped Pulse Amplification
26%
0".’ e — .
My ~Ti:Sa, 65%
lodine, 1%~

Figure 1: Share of different materials used for amplifications in CPA (Chirped pulsed Amplification) systems
as of 2006 [Barthalay, 2013].

The TITANSaphir project has been established in this context to develop titanium-doped sapphire crystal
components with high performances and with dimensions greater than 200 mm in diameter which are not

available on the market today. To achieve this ambitious goal the project involves the following partners:

e RSALE RUBIS: Manufacturer for sapphire single crystals.

e CYBERSTAR: Manufacturer of crystallisation furnaces.



e AMPLITUDE TECHNOLOGIES: Manufacturer of high performance laser systems.
o SIMAP-EPM: Research laboratory focussed on processing of materials.

e INSTITUT LUMIERE MATIERE (ILM): Research laboratory focussed on optical materials.

In the context of the TITANSaphir project this PhD thesis work entitled; ‘Kyropoulos Growth and
Characterisation of Titanium Doped Sapphire’ was carried out at the SIMAP-EPM laboratory under the

supervision of Prof. Thierry Duffar from September 2014 to September 2017.
The expectations from this PhD thesis were:

o Development of the Kyropoulos growth system at RSA Le Rubis to improve the productivity of the
established process.

¢ Interaction with the engineer responsible for numerical simulation of the growth processes to
model the various physical phenomena occurring during the growth.

e Analysis of the growth conditions likely to impact the crystal quality.

o Detailed characterisation of the defects inside the crystals, which influence the optical properties.

e Suggestions of growth process improvements to improve the crystal geometry and reproducibility

and to get rid of the optical defects.
The work developed during the thesis is presented in this manuscript divided into four chapters.

The first chapter gives the current state-of-the-art regarding development of sapphire crystals. First, the
sapphire crystal structure is described, followed by a review of the application of titanium doped sapphire
crystals in laser systems. The various growth techniques available for sapphire single crystals are discussed
and the arguments for the choice of the Kyropoulos growth system are validated. A discussion of the

possible defects expected in the crystals is also presented.

The second chapter presents the Kyropoulos growth system used at RSA Le Rubis for this project. An
analysis of the growth system is presented and improvements in the process have been carried out. The
impact of this improved growth process has been observed on the crystal morphology as shown by a crystal
with the desired shape in figure 2, which leads to a better productivity of the crystals. The shape of the
growing crystal at various stages has been studied by numerical simulation and helps explain the profile of

titanium distribution in the crystals.
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Figure 2: 26 kg crystal with the desired shape obtained after improvements in the growth process.

The third chapter presents a study to check the feasibility of a growth system which would allow the
growth of crystals with control over the growing crystal radius, as shown in figure 3. A theoretical analysis
of the forces acting on the seed holder during the growth has been carried out. It was demonstrated that,
with the possibility of measuring the melt level during the crystal growth with sufficient accuracy, the
crystal radius for the major part of the growth can be estimated with good accuracy. Based on this

principle, a completely automatic growth system can be further developed.

Weight/
Pulled length
é ~ Measured Parameters Calculated
- _—
: Feedback Wmeasured Meniscus shape
I L > hmelt and volume
€

Huynd [r1sAs)
Jo uonallg

— Level sensor

Crystal radius at
Growth control solid/liquid/gas interface
Operator/

Automatic control

. Display

unit

==

0000000

Figure 3: Scheme for an automatic crystal growth control and monitoring system.

The fourth chapter describes the investigations into an optical defect found in the crystals, known as the

‘milky defect’, as shown in figure 4. Various characterisation measurementss were carried out for the
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defect region, based on which a fair idea about the nature of this defect was established. Aided by
numerical simulations for the growth process, a hypothesis for the mechanism of formation for this milky

defect is presented.

Figure 4: Milky defect zone aligned horizontally in a disc cut from the crystal.

Finally, in the conclusion the evolved state of the art for the Kyropoulos system and the new knowledge of
possible optical defects in the crystal are summarised. Some suggestions for dealing with the problems of
titanium segregation and the milky defect are presented. The possibilities for further improvement and

automation of the growth system are discussed.

Xiii



Ccontents

AADSTIACT ...ttt ettt bR R e R e Rt eh e R bR et eR e e bbb nre e iii
ACKNOWIBAGEIMEINTS. ...ttt ettt ettt etttk e bt eb e e b et b e s ae e eb e ek esbe e s et e ebe et e nbe e nre e iv
NOMENCIATUIE ...ttt etttk et ee et bt a e st e b e e et b e e e s e e ereenbbe s Vi
TN oTo 001 o] o T T TP OO PSP PR PPUPPTOPR X
SEATE OF TN @I ...t et rb et ettt sreeb e 1
L1 HISEOIY ottt bbb bbb h Rt R b eE et 1
1.2 SAPPNIE CIYSTAL....cuiviiiiiieeecit ettt bbbt sttt bbb eb ettt 1
1.3 LASEI APPIICALIONS. ..otttk eb s s ettt bbb 6
1.4 GrOWEN tECRNIQUES. ..ot bbb e 11
1.5  Crystallisation from the Gaseous (VapoUr) PRASE ..ot 12
1.6 Crystallisation from SOIUTION .......coociiiiiiieccee bbb s 13
1.7 SOlid-Phase CryStal GIOWEN .........ccoociiiiiieirie et 14
1.8  Melt growth tEChNIGUES ..........ceiiiict bbb e 14
181 Crystal Growth from the Melt Not UsSing CrucCibIes..........cocoeiiiinininceeece s 14
18.2 Methods of Crystal Growth from the Meltin Crucible ... 18
1.9  Choice of Kyropoulos METNOM.........cccoiiiiiriiriceieecet et s 29
1.10 Choice of Crucible MAterial............ccccoviiiii e s 29
1.11 . Growth process phenomenon of sapphire from the melt ... 30
1.11.1  Processes accompanying Melting 0f AlOg........coviiiiininiiien e 31
1.11.2  Processes occurring at the crystallisation front............cccccoeininirnceie e 36
L.12  DETECLS ..ttt bbb st h bR R bbb 49
L1.13  POISPECTIVES .....cuitiueiieesii stttk ettt sttt bbbk st b bbb s st b bbbttt 50
Control over crystal MOIPNOIOGY .......oiiieiieiiiie et 53
2.1 INEFOOUCTION ..ottt ettt bbb bbb et b bbb bbbt 53
2.2 KyropouloS GIOWEN SET-UP.......cuiurieiiieeieiiiiiiie sttt et sttt eb s ee s et eb e 53
2.3 Sapphire Crystal groWh PrOCESS ........c.ccuiiiiire et e 56
231 CrUCIDIE PIrEPATATION .......vcveieiet sttt et bbb bbb 56
2.3.2 FUINACE PrEPAIATION ...c.eeitceeite ettt sttt eb b sttt bbbt bt e 57
233 FUINEICE OPEIALION. ....c.iiiiitceeiteet ettt bbb b bttt eb e e 58
2.4 Crystal morphology and qUALTLY ..........cooeiiinii e e 62
241 Growth parameters to De STUIEd ...........co.cciiiniii e 62

Xiv



24.2 Crystal Morphology @NAIYSIS..........coueiiiiiiei e s 63

243 Crystal morphology FEATUIES. ... 75
2.5  Crystal-melt interface SNAPE ........co i e 84
2.6 Titanium diSTHDULION. .....c.oiiiiiiir et bbb b st eb e e e 86
2.7 Laser performance CNAraCTErISTICS ........ccuiiirriri ettt bbb e 87

2.7.1 FIQUIEe OF MEFTE (FOM) ....ooiiiiiiiieitee ittt bbbt 87

2.7.2 SIOPE EFFICIENCY ....oeieeiei bbb 90
2.8 CONCIUSION....c.cuiitieesit ettt sttt bttt b bbb e e bbb bbbt b bbbt eb et e 91

Crystal SNAPE PrEAICTION.......ueeiei ettt ettt ettt sb ettt sreenne e 93
3L INEFOTUCTION ..ottt bbb bbbt b bbbttt 93
3.2 Crystal shape live MONILOriNg SYSTEIM ........ccciiiriirieiiereeie ettt 94
3.3 BACKGIOUNT ...ttt sttt st e bbb ettt eb bbbt 95
34 IMETNOUOIOY ...ttt bbb et bbb e 96
3.5 HYPOTNESES ...ttt b bbb e bbb bbb 97
3.6 Weighing method applied to Kyropoulos crystal growth............ccoveiieeiniennnsesseeeee e 97
3.7 NUMETICAI SEUAY.....ceeieieeiiei ittt bbb st eb bbbttt bbb e 103

3.7.1 EXTEINAI MENISCUS ...ttt s ettt e 103

3.7.2 INTEINAI MENISCUS .......vuveeitt sttt bbb bbb et 108

3.7.3 CaPIlANY DIIAGE ...t bbbt 109

3.74 CIYSEAI SNAPE ...ttt et 112
3.8 Numerical reSults and diSCUSSION .........couiuiiiiriiririricrieee et eb e 113

38.1 MenisCi's ShAPES AN VOIUMES .......c.uiiiiieeiie it 113

3.8.2 Errors associated to thermal heterogeneousness and pulling.........c.ccccvvvvneieieieicnniccnnnn 118

3.8.3 Generate fictive MeasuremMent data............ovreiieniireie e 120

384 Finding the IMPOSEd SNAPE .......c.cviriiic b 120

385 Minimal accuracy required for the melt level measurement...........ccccoevevvrieiivniniisiscnnnnns 123
3.0 CONCIUSION.....et ettt b bttt bbbt b bbbttt b bbb 126
310 POISPECTIVES ...tttk ettt sttt bbb ettt eb e bbb bR r et eb et 127

Investigations iNto the MilKy defeCt ... e 129
A1 INEFOTUCTION ...ttt bbbtk eb e es et b bbbt sttt 129

411 DEfECt OFIENTALION ....c.e.iieeeece ettt bbbt 130
4.2 Diffusion of 1aser in defECE ZONE..........co i s 131

XV



421 Milky defect (Vertically aligned) ..........coueeeiriinres e 131

422 Milky defect (Horizontally @ligned)..........ccocovriirniecceese e 132
423 Influence of defeCt aligNMENT...........cciuiiii i 133
424 ODSEIVALIONS ...ttt et e bbb bbbt eb et e 134
4.3 SAMPIE PIrEPATATION. ....cciiieteeceeteet ettt bbb et b bbb en s 134
4.4  Characterisation of line defects (diSIOCAtIONS)..........ccovvrieirieiciee e 135
441 X-ray roCKing CUIVE GNAIYSIS .......ceruiriiireisesiriei ettt s eb e 135
442 X-ray diffraction tOPOGraPNY ......ceiiiriii i b 136
443 ROCKING CUIVE IMAGING ....ctveetteieteee et se sttt er ettt bttt eb et 147
A5 SEIESS ANAIYSIS ...ovieiiiiiisiisi ettt bbb bbb bbb et nen e 159
451 TeMPErAtUre GradiENT ... ittt eb e st 159
452 TREIMIAL STFESS ...tttk es st eb bbb bbbt e 162
4.6  Characterisation of POiNt defects (VACANCIES)........cccovriirrieiriniceiieeee st 172
46.1 ThermolUMINESCENCE (TSL) ..vvireeiriireeie sttt s eb e 172
46.2 TEM @NAIYSIS ...ttt ettt bbb bbb et bbb 175
4.6.3 SAKS bbb R bR bR e R R b et bbbt bR bt be et 176
46.4 POINt AfECTS FOMMATION ..ottt bbb 177
46.5 Interaction between point defects and diSIOCAtIONS...........cccvviivriineini s 178
A7 DISCUSSION ..evvetetite st st sttt ettt ee et eb kbbb st E e bbb 1 s bbb bbb b eb e st bn et ben s 179
471 ODSEIVALIONS ...ttt et e bbb bbbt eb et e 179
472 BibliOgraphiC rEfEIENCES. ........v et b 180
473 BESE-FIt NYPOTNESIS ... b 182
4.8 CONCIUSION.....uutieitiet ittt eb bbb st b b e s bbb bbb eb e sttt 183
(070] 3Tl 11 1Yo o FO T T TP PPV P TRV UPOPROPRTO 185
Appendix I: Crystal morphology aNaIYSIS.........c.ueiiiiiiiiiie e 191
Appendix II: Milky defect explained as an optical effect by Carmen Stelian ............cccocoev e, 204
Appendix Ill: Numerical modelling of the Kyropoulos growth process (model by Carmen Stelian)......213
Appendix IV: ChEMICAT ANAIYSIS ......ooueiiiiii ettt bbbt sr e en e 217
BIDIIOGIAPNY ...ttt bbb nr et b e e nre e 220

XVi



XVii



1 State of the art

1.1 History

Crystals have always been objects of great interest in the history of mankind because of their visual appeal,
shape, colours and the optical effects produced due to their transparency. Ruby and sapphire are such
crystals found in nature valued as precious gemstones. They are forms of the mineral known as corundum
(chemically: a-Al,O3). White sapphire is the pure Al,O; (aluminium oxide) crystal while ruby is the sapphire
crystal in which there is the presence of small amounts (<0.5%) of Cr** substituting the Al ions in the lattice
giving it an attractive red colour. Similarly, the presence and the combinations of other transition metal
ions in the transparent sapphire crystals such as magnesium, copper, titanium and iron leads to green,

orange, yellow, pink and blue coloured sapphire crystals [Jayaraman, 2000].

Because of their precious value and limited availability, ruby was the first crystal gemstone for which
attempts were made to grow it artificially. The earliest documented efforts are of the French chemist, Marc
A. Gaudin who using a torch, fused alumina to prepare small hexagonal pellets of corundum in the period
1837-1840. Similar attempts were made by other scientists but none of them succeeded in obtaining more
than microscopic crystals until the end of the century [Harris, 2004]. In the last decade of the 19" century,
Auguste Verneuil, a professor of applied chemistry at the Museum of Natural History in Paris, started
working on a process to develop flame fusion growth of ruby. After a series of improvements the process
was finally developed and ready to be able to grow crystals weighing 2-3 grams. These crystals were first
presented to the public at the World Fair in Paris in 1900 and subsequently commercial production began
using this growth technique which is used to this day and known as the Verneuil growth process. Thus
France has been the centre of historical research in the field of synthetic crystal growth and Prof. Verneuil

is regarded as “The father of synthetic ruby” [Nassau, 1972].

1.2 Sapphire Crystal

Sapphire crystals belongs to the trigonal crystal system but are described using hexagonal crystallographic
axes. The crystal structure has been very well explained and visualised in the book entitled ‘Sapphire’
[Pishchik, 2009]. The crystal lattice is composed of AI* and O* ions having ionic radii of 0.57 and 1.40 A
respectively. It takes the form of the closest hexagonal packing of the O ions with the AI** ions lying in the
octahedral sites formed between the closely packed O ions, filling two-thirds of this site, as shown in
figure 1.1. Each octahedral site is surrounded by 6 O ions. The coordination numbers for AI**and O are 6

and 4, respectively.
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Figure 1.1: Schematic arrangement of the AI**, 0% and octahedral empty sites in the basal plane (C plane).

The three upper O ions in the octahedron are turned by about 64.3° with respect to the three lower 0*
ions and lie in parallel planes at a distance of 2.164 A from each other. The spatial arrangement of O ions
forms the corundum motif in the crystal. The interchanging octahedron positions of AI** are replicated in
the structure every three layers. The arrangement of the structural units along the C-axis is replicated every
12.984 A; i.e the structure is replicated in six O layers and six intermediate Al** layers. In the direction of
the C-axis, the three Al-O distances are equal to 1.966 A while the other three are equal to 1.857 A. The Al-
Al'and O-O distances are 2.65 and 2.52 A-2.87 A respectively (figure 1.2).
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Figure 1.2: (a) Schematic arrangement of the AI**ions and O ions layers along the C-axis. (b) Relative

positions of the AI**ions and 0% ions.
Sapphire crystals belongs to the spatial symmetry group R3C and can be considered to be a slightly
distorted close hexagonal packing of oxygen ions. In the crystal lattice of sapphire there are two
distinguishable cells — hexagonal (figure 1.3.a) and rhombohedral (figure 1.3.b).The rhombohedral is a
primitive unit cell and the hexagonal is a multiple cell with 9 times the volume of the unit rhombohedral

cell. The bonding between these two cells is as shown in figure 1.4.
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Figure 1.3: (a) Hexagonal multiple cell. (b) Rhombohedral elementary cell.
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Figure 1.4: Bonding between the hexagonal and rhombohedral cell.



The shape of the sapphire crystal is defined by the following facets: C{0001}, A{1120}, R{1011}, M{1010}

among others as shown in fig 1.5.
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Figure 1.5: Crystallographic diagram of Sapphire (a) View (slightly shifted) from A-axis and (b) view from the

C-axis.

The sapphire crystal structure is often described using either the three axis system or the four axis system
also known as Miller indices and Miller-Bravais indices respectively. The crystallographic directions and the
facets perpendicular to those directions in the C-plane have been described using both indexing system as
shown in fig 1.6. The crystallographic directions are denoted using the square brackets and the
corresponding planes normal to those directions (facets) are denoted inside rounded brackets. For the four
axis systems the crystallographic directions and the corresponding planes normal to those directions have

the same denotations. During the course of this work, we will prefer the use of the four axis system.
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Figure 1.6: Indexing in (a) three-axis system and. (b) four axis system.

1.3 Laser Applications

The first operation of a laser was demonstrated in 1960 by T.R. Maiman using a crystal of synthetically
grown sapphire doped with a small amount of chromium [Maiman, 1960]. Two decades later, in 1982, P.F
Moulton demonstrated for the first time a widely tunable laser at the Lincoln Laboratory by incorporating
titanium instead of chromium as an impurity into sapphire [P. F. Moulton, 1982] [P. F. Moulton, 1986].
Sapphire is an ideal host crystal in both the Cr:Al,O; and the Ti:Al,O3 lasers, since it is transparent from the
ultraviolet to the infrared; also, it is non-hygroscopic and very hard (it has a hardness of 9 on the Mohs
scale, compared to 10 for diamond), which is necessary for producing good optical-quality surfaces that are

not easily scratched.

In titanium-doped sapphire, the titanium ions substitute for the aluminium ions and (under appropriate
growth conditions) exist in only the 3* charge state. The energy levels of the titanium ions are with a single
3d electron in the outermost shell while the remaining 18 electrons have the filled-shell configuration of a
neutral argon atom. When the titanium ions are placed in a host crystal, the electrostatic field of
neighbouring atoms, or the crystal field, removes the five-fold angular momentum degeneracy of the single
3d electron. In Ti:Al,O; the 3d electron electrostatically interacts with the electronic charges of six
surrounding oxygen ions that are positioned at the corners of an octahedron. In three of the five angular
momentum states of the 3d electron (designated as the triplet T), the orbitals do not point directly at the
neighbouring oxygen atoms; these states have lower energy than the two states in which the orbitals point

directly at the oxygen atoms (the doublet designated as E). This difference in energy corresponds to the



energy of a green photon (approximately 500 nm or 19,000 cm™), and absorption of green light causes

transitions from the ground state T to the excited state E, as shown in Figure 1.7.

1900 cm ™= 500 nm
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Figure 1.7: Simplified energy-level diagram of Ti**. The electronic configuration of the free ion is that of an
argon shell plus a single 3d electron. The crystal field of the sapphire lattice removes the fivefold degeneracy
of the ground-state level of the free ion to a triplet T ground state and a doublet E excited state [Wall,
1990].

The electronic energy levels of the Ti** ions in Ti:Al,O3 are further perturbed by the sapphire host lattice.
When the Ti*" ion is in the excited state, the overall energy of the system can be lowered if the position of
the Ti* ion is displaced with respect to the surrounding oxygen atoms (the Jahn-Teller effect) [Macfarlane,
1968]. This displacement removes the degeneracy of the two excited angular momentum states, which
leads to a splitting of the green absorption band. Also, as the Ti* ion moves to its new equilibrium position,
it kicks the surrounding lattice and excites vibrations (or phonons); this phenomenon is why the Ti:Al,O;

laser is called a vibronic laser.

The coupling of the electronic energy levels of the Ti** ions with the vibrational energy levels of the
surrounding sapphire lattice is essential for Ti:Al,O; to operate as a laser. Figure 1.8 shows an energy-level
diagram for Ti:Al,O3 in which the effects of phonon coupling are included. The abscissa represents the
displacement of the Ti** ion. When the Ti*" ion either absorbs or emits a photon, the 3d electron rearranges
its orbital more quickly than the heavier Ti** nucleus can move. Thus optical transitions are represented as
vertical lines in the figure. The Gaussian shaped curves at points A and C in the figure represent the
probability of finding the Ti*" at a particular position in the lowest vibrational state of the T and E levels,

respectively.
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Figure 1.8: The Ti:Al,Ozconfigurational diagram. The energies of the electronic states are plotted with
respect to the displacement of the Ti** ion. Absorption is indicated by the vertical transition from A to B and
occurs in the blue and green region of the spectrum as indicated to the left. The emission of light is indicated

by the transition from C to D and occurs in the red to infrared region of the spectrum as indicated at the
right [Wall, 1990].

Figure 1.8 shows absorption of light as the transition from point A to B. The transition is to either of the
Jahn-Teller split upper states, and it results in a broad blue-green absorption, as shown in Figure 1.9. The
Jahn-Teller splitting is not totally resolved and is manifested as a main peak with a shoulder. At point B in
Figure 1.8 the ion displaces itself and lowers its energy by emitting phonons. The transition from point C to
point D shows the emission of light. Again the ion relaxes quickly to the ground state by emitting phonons.
Two important results can be noted. First, the emission of light following the absorption of green light is at
a longer wavelength (red, or Stokes shifted). A population inversion in the red emission band, necessary for
amplification, is more easily achieved because the emission terminates on high vibrational levels of the
ground state, which are unpopulated because of the fast vibrational relaxation rate. Second, a large
emission bandwidth (and therefore broad tunability), as shown in Figure 1.9, results because the spread in
probability of the Ti** ion position at the bottom of the E potential can connect via vertical transitions to a

large spread of vibrational levels of the T potential.
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Figure 1.9: The emission and absorption bands of Ti:Al,Os. The absorption band, which peaks near 490 nm,

occurs in the blue-green region of the spectrum and allows Ti:Al,O3 to be pumped by argon-ion lasers,
frequency-doubled Nd:YAG lasers, copper-vapour lasers, or flashlamps. The emission band peaks near 790
nm. A weak absorption band that overlaps the emission band is known as the residual absorption [Wall,
1990].

The width of the emission bandwidth depends on the details of the potential curves. A final desirable
feature that the Ti** energy levels exhibit is that further excited levels of the 3d electron lie far above the E
levels. The Ti*" ion exhibits no excited-state absorption (ESA); higher energy levels are far removed so that
green light (pump photons) or red light (laser photons) cannot cause transitions from the E level to higher
levels. The situation with other 3d transition metal ion lasers is more complex and ESA is present to some

degree.

The various lifetimes of the energy levels of a laser strongly influence laser operation by determining the
dynamics of the population inversion. In a four-level laser the lower laser level must quickly relax to the
ground state; otherwise a bottleneck occurs and the signal gain disappears. The spontaneous lifetime of
the population in the upper laser level (the time in which 1/e of the population in the upper laser level
decays to the lower laser level in the absence of a signal) is denoted by t. This quantity determines the
available time for the pump to create and store a population inversion. For Ti:Al,O3; at room temperature t

is 3.2 psec. For comparison, tis 230 p.sec for Nd:YAG and 3 msec for ruby.

Another important parameter in the design and operation of a laser is the stimulated emission cross
section (or gain cross section). This cross section, denoted as o and measured in units of area, determines

how many transitions from the upper to lower level are caused by a particular flux of photons. The gain per



unit length of an amplifier is given by No, where N is the population inversion density. For a high-gain
amplifier and a low-threshold oscillator, a large value of o is desirable. o can be estimated for a material
before laser-quality crystals are grown by performing spectroscopic measurements of the fluorescence

profile Af and the fluorescence lifetime t. The emission cross section is given by:

3 A2
42 n?tAf

Where, A is the peak of the fluorescence curve, n is the index of refraction, and Af is the width (full width at
half maximum) of the fluorescence curve in frequency. From various-signal gain measurements in a Ti:Al,O3

amplifier, the value of o has been determined to be 3.0 = 10" cm?[Peter F. Moulton, 1987].

The broad absorption band of Ti:Al,O; allows it to be pumped by a variety of methods. Since the peak of
the absorption is in the blue-green region of the spectrum, argon-ion lasers (which have strong laser lines
at both 515 nm and 488 nm) can be used to pump continuous-wave Ti:Al,O3 lasers. Frequency-doubled
Nd:YAG lasers, which emit in the green (532 nm), and copper-vapour lasers, which emit in the green (510
nm) and yellow (578 nm), can be used as efficient pumps for pulsed Ti:Al,O3 lasers. Flashlamp pumping of
Ti:AlL,O5 and direct diode pumping of Ti:Al,O3; have also been demonstrated and appear promising in the
near future.[JWall, 1990]

Thus a Ti:Al,O3 laser has the broadest emission bandwidth of any laser gain material, spanning 680-1100
nm with some component in the visible range. This wide emission bandwidth gives rise to one of the
distinguishing features of Ti:Al,Oz lasers: the ability to compress the laser pulses to recently achieved
ultrashort length of less than 10 fs (10™ sec), and thus extremely high peak power. This makes it the prime
laser gain medium for ultrafast, ultrahigh powerful laser systems. This dramatic rise in peak powers for
lasers in recent years has given rise to renewed interest in light-matter interactions at extreme intensities.
Interesting scientific results have been achieved with these lasers in the fields of high order harmonic and
short pulse X-ray generations, high density plasmas, relativistic acceleration, relativistic non-linear optics,
time resolved X-ray diffraction with unprecedented time resolution and others. Potential future

applications include compact generators of protons for proton cancer therapy [Joyce, 2010].

Currently, there are laboratories around the world that are constructing compact, solid state lasers capable
of reaching petawatt (PW) levels and beyond. To reach from TW to PW peak power the pulse energies have
to be scaled from mJ to J levels. Since Ti:ALO; has a saturation fluence of ~1J/cm?, this scale-up in laser

power is directly tied to the scale-up in Ti:Al,O; amplifier area. As an example, a 1PW laser pulse of 30 fs
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duration requires pulse energy of 30 J, necessitating a 30 cm” area of gain medium. Taking into account
beam clipping considerations, it dictates the need for a Ti:Al,O3 crystal of the order of 100 mm diameter.
Thus, large aperture Ti:Al,O; amplifiers are a key requirement for the new PW class of ultrafast,

ultrapowerful lasers.

Petawatt (PW) scale laser operations were first demonstrated in 1996 at Lawrence Livermore National
Laboratory (LLNL) using three large Ti:Al,O; amplifiers of 85 mm to 100 mm diameters. Another system that
approached PW scale operation is the JAERI (Japan Atomic Energy Research Institute) system, which
achieved a peak power of 0.85 PW in a 33 fs pulse. Later, the Hercules laser system at the University of
Michigan reached 0.3 PW peak power operation using a 110 mm diameter Ti:Al,O3 crystal. Another
femtosecond petawatt class laser system was developed as a laser driver of the future LASERIX, a new X-ray
laser facility of the University of Paris-Sud. The power amplification is based on a 100 mm diameter, 20 mm
thick highly doped Ti:Al,O; crystal and the aim is to achieve peak powers in the range of 0.4 PW [Joyce,
2010].

The success of these near-PW scale lasers has led to an interest in scaling to even higher power laser
systems. Next in line is the construction of a single beam line of up to 25 PW constructed by the Institute de
la Lumiere Extreme (ILE) and funded through the French State-Region Project Contract (CPER). This system
will have three power amplifier stages based on Ti:Al,O3; amplifiers, delivering 600 J of energy. In order to
achieve this level of power, Ti:Al,O; amplifiers 20 cm diameter or larger will be required. The most
ambitious system is the proposed 230 PW European Extreme Light Infrastructure, which has the goal of
providing the worldwide scientific community a unique laser-based facility allowing investigations in laser—

matter interactions at 10°° W/cm? and beyond.

The growth of such large diameter Ti:Al,O; boules (more than 20 cm diameter) is technically challenging.
The first challenge is the design and manufacture of a growth system capable of growing crystals with the
required dimensions which is scalable and reproducible. This is to be followed by a detailed
characterisation of the defects in the crystals produced and later addressing the growth system again to get

rid of these defects.

1.4 Growth techniques

Bulk crystal growth, and specifically the growth of single crystals, has been one of the most important
modern technologies for the manufacture of many high-tech products for electronics, photonics,
communication systems, renewable energy technologies, etc. Sapphire crystals have a unique combination

of chemical, mechanical, electrical and optical properties which makes them candidates for a wide range of
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product applications. Thus, there has been a particular interest in sapphire crystal growth and commercial
production of sapphire is more than a century old [Harris, 2004]. The growth method utilized for sapphire
synthesis greatly impacts the quality of crystal produced and hence it is important to make a choice

regarding the growth technique based on the required application.

Crystal growth technigues are classified based on the nature of the phase transition involved during the
growth process [Pamplin, 1977]. But it is important to remember that a classification by the type of phase
transition (from the vapour phase, solution, melt, or solid phase) is somewhat arbitrary, as the process of
crystal formation often proceeds through several phases. Sapphire can be grown from the gaseous, liquid,
and solid phases and the logic to choose the most suitable method is based on the physical-chemical
evolutions of the growth processes, the peculiarities of a particular method, the crystal quality and size

required with respect to the applications and the costs involved [Pishchik, 2009].

1.5 Crystallisation from the Gaseous (Vapour) Phase

Crystallisation from the gaseous (vapour) phase can be through physical and chemical transformations.

The physical transformation methods are based on the effect of condensation, and include the sublimation
method and the molecular beam method. Crystallisation from vapour is especially suitable for those
substances in which a solid—gas transition is not realized via the liquid phase. The sublimation method is
used for crystal growth in closed and open systems in vacuum or in a gas medium, with crystallisation often
carried out in sealed ampoules. In such cases, the initial material is placed in one part of an ampoule. Both
parts of the ampoule are heated to the same temperature, and the pressure of the saturated vapour
corresponding to such a temperature is set. Then one part of the ampoule is cooled until crystal nuclei
arise. Afterward, the temperature is raised again to prevent the formation of new nuclei, and the process

of crystal growth proceeds under constant conditions.

During the growth of crystals by chemical reaction methods (reduction, thermal decomposition, oxidation,
etc.), the gaseous phase composition differs from that of the growing crystal. A solid or liquid substance
interacts with a gaseous transporter by a reversible reaction and decomposes with subsequent
precipitation of a crystalline substance after being transported to another part of the system where
equilibrium conditions change. The common feature of these methods is the transport of material from the
source to the place of crystallisation, since the concentration of the crystallised material in the medium is
low [Schaffer, 1965].
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From the gaseous phase, plate-like crystals, whiskers, and expitaxial films can be grown. Crystallisation
from the gaseous phase has a number of advantages, such as low process temperatures, inessential
supersaturation, easy control of the composition, weak interaction between the container and the
crystallized material, and high perfection of the crystals. However, the size of the crystals grown is not
large. The largest sapphire crystals reported to be grown from the gaseous phase are with a mass of up to
150 g [Pishchik, 2009].

1.6 Crystallisation from Solution
Crystals can be grown from a liquid solution onto a seed, by achieving supersaturation without
spontaneous formation of nuclei in the solution. Supersaturation permits growth rates that provide

controlled crystallisation onto the seed.

The hydrothermal solution method has been demonstrated to be successful in growing crystals of sapphire
and ruby from solutions of K,CO3; and Na,COs. Recently, Ti:Al,O3 laser crystals have been grown from a
solution of TiCl; and HCI using this technique and characterised [B. Wang, 2009]. This method involves
establishing conditions that make it possible to dissolve the substance to be crystallised, to provide the
required supersaturation of the solution, and then its crystallisation. It is achieved by controlling the
parameters of supersaturation in the system by changing the parameters of temperature, pressure, type,
and concentration of the mineralizer and the temperature gradient between the zones of dissolution and
growth. The temperature gradient method in which the temperature is controlled at the crystal growth

zone to create supersaturation has been used to grow rubies and other single crystals.

Another method of crystallisation from solution is the flux method. The crystallisation process takes place
in a crucible via gradual cooling of a melt saturated with the components of the growing crystals, under
isothermal conditions upon evaporation of the melt, or by the temperature gradient method. The
mechanisms of diffusion and convection are responsible for the transport of the material to the
crystallisation front. Rubies weighing up to 100 g have been grown from solution in a lithium molybdate

melt using this method.

Methods of growth from the solution have a number of significant advantages such as relatively low
crystallisation temperatures and the possibility of obtaining crystals unstable at their melting point. Crystals
of higher perfection can be grown from the solution by carrying out sequential growth cycles. But the
growth rates using these methods are very slow (<lmm/day) and the process itself is complicated. Hence
crystallisation techniques from solution have not been implemented for industrial growth of large scale
crystals [Pishchik, 2009].
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1.7 Solid-Phase Crystal Growth

Solid phase crystal growth is the transformation of fine-grained polycrystals into a single crystal. This
process is realized when one crystal grain absorbs the others and it grows at the expense of the
polycrystalline matrix. The crystal surface captures free atoms and molecules from the adjacent layers of
the matrix where all the atoms occupy certain positions and grows owing to the motion of the grain
boundaries. The driving force of such a motion is the decrease of free surface energy due to diminution of

the surface itself.

Sapphire is grown by this method, by fixing fine-grained Al,O; powder around an ingot made of the same
material. Then the ingot is sintered or the powder is melted in a gradient furnace where the process is
accompanied by the growth of a grain. Sapphire crystals of 1cm® size were grown by this method. These

crystals have shown a distribution of defects such as pore channels and aggregates of impurities.

Crystals grown by this method have the advantage that it is possible to synthesise crystals at a temperature
lower than their melting temperature and the shape of the growing crystal can be preset. But the large
concentration of defects and the limited size of crystals obtained have hindered this process from being

accepted for industrial growth of large crystals [Pishchik, 2009].

1.8 Melt growth techniques

The methods of growing sapphire crystals from the melt are most popular, since they allow the production
of large-size crystals at high growth rates. The transition of phase from melt to crystal is the simplest and
best controlled process and hence it has been accepted as the basis for modern methods of commercial
sapphire production. All methods of high temperature growth from the melt are suitable for sapphire
production, but each of these methods has its advantages and disadvantages depending on the application
and required finished product form factor. These techniques are broadly classified into growth without a

crucible and those using a crucible for the melt.
1.8.1 Crystal Growth from the Melt Not Using Crucibles

1.8.1.1 Verneuil Method
The Verneuil method (abbreviated to VT), which is also called as the flame-fusion method is the first

industrial crystal growth technology. A scheme of the growth system is represented in figure 1.10 (a).

The crystals are grown in a shaft furnace from finely-dispersed Al,O; powder (particle size 2-100 um) falling
through a bin, that is fed through a flame of hydrogen-oxygen gas onto a ceramic crystal holder inserted at

the bottom of the shaft. Flying through the flame, alumina particles melt and hit the face of the crystal
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holder upon which a crystal seed is fixed. The top of the forming crystal cone melts and then grows until a
preset diameter is obtained. The crystal grows further from the melt film, whose thickness is defined by the
crystal diameter and the thermal conditions at the crystallisation front. Since the seed is lowered slowly,
the melt film crystallizes at the required rate, being continuously replenished from above by the droplets
melted in the flame. If the consumption of the charge and of hydrogen and oxygen is coordinated along
with the rate at which the seed is lowered, the film thickness is kept practically constant and its position in
the furnace remains unchanged. The standard crystals obtained by this technique have a diameter of 15 —
25 mm and are 50 — 100 mm in length grown at a rate of 10 — 15 mm/hr [Pishchik, 2009] [Tatartchenko,
2005]. Ti:Al,O3 crystals have been grown by this technique at RSA Le Rubis with dimensions of 40mm in
diameter and 130 mm in length as shown in figure 1.10 (b) [G. Alombert-Goget, 2016 -a].

(@) (b)

Figure 1.10: (a) Scheme for a using this technique Verneuil growth system: (1) shaking mechanism; (2)

hammer; (3) bin; (4) vessel with perforated bottom; (5) two nozzle burner; (6) observation window; (7)
growing crystal; (8) seed; (9) refractory crystal holder; (10) mechanism for lowering crystal. (b) Ti doped
sapphire crystal grown at RSA Le Rubis [G. Alombert-Goget, 2016-a].

15



The main advantages of this growth technique are:

Since there is no container, it eliminates problems of physico-chemical interaction between the
melt and the container material. Additionally, it also reduces the problems of residual stress
resulting from the elastic effect of container walls.

Crystallisation takes place in an open muffle and hence it is possible to control the oxidation-
reduction potential of the crystallisation process by varying the H,/O, ratio in the flame.

It is possible to grow crystals with controlled doping gradients.

It is a technically simple process, inexpensive and the growth of crystals can be observed by the

controller.

The disadvantages of this technique are:

A lot of impurities can enter the melt from the working gases, furnace ceramics and the
surrounding air.
High temperature gradients develop in the crystallisation zone (30 — 100 K/mm) which cause high
internal stresses in the crystals (10 — 15 kg/mm? and hence lead to high dislocation densities
[Chernov, 1984].

Hence, the Verneuil method is very cost effective method to produce sapphire crystals, but the limitations

in the diameter of the crystals and the occurrence of various defects due to stress and impurities do not

encourage using it for growth of high optical grade crystals. Verneuil sapphire is suitable for production of

relatively small diameter articles used in jewellery, wristwatch glasses and precision instruments and as a

starting material for other growth processes [Akselrod, 2012].

1.8.1.2 Zone Melting Method

The zone melting method involves successive fusing of a feedstock ingot. It was a method originally

considered for purification of materials. However, zone melting was also adapted for crystal growth since in

the process of purification, single crystals are often formed. The two basic configurations for this method

are Horizontal zone melting and the Floating zone method, also known as the Vertical zone method

represented in the diagram in figure 1.11 (a) and (b) respectively.
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Figure 1.11: Diagram of zone melting configurations: (a) horizontal and (b) floating; (1) seed; (2) crystallized

zone; (3) heater; (4) melt zone; (5) raw material feed.

For the horizontal zone melting method, the seed is placed at one end of the polycrystalline ingot aligned
horizontally and a melting zone is created at this end. Then this melting zone is shifted towards the other
end thus completing the growth of a single crystal. In the floating zone method the melted zone is confined
by surface tension in samples placed vertically. This melted zone moves along the rod upward or
downward, thus forming a single crystal. Between these two methods, vertical displacement is more
convenient in crystallisation without a container because the melt does not spill out from the zone and is
self-sustained due to its surface tension. Radio frequency current direct heating is the most common
melting technique used but the low electrical conductivity of sapphire even at high temperatures requires
very high frequency and preliminary heating to achieve melting. Hence, many unusual heat sources such as
plasma heating, electron beam heating, resistance heating and radiation heating have been used
[Tatartchenko, 2005] [Pishchik, 2009].

The advantages of zone melting are that the multiple recrystallisation of the specimen allows chemical
purification and reduces the disturbance in the stoichiometry by keeping the width of the melt zone to a
minimum. Thus it is possible to create precision clean crystallisation using this method, but the
complexities related to sapphire growth in particular and its inability to grow crystals of greater diameters

do not make it suitable for growth of massive sapphire crystals [Chernov, 1984].
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1.8.2 Methods of Crystal Growth from the Melt in Crucible

1.8.2.1 Shaped crystal growth

Modern engineering applications often require crystals in the form of plates, rods, tubes or other
complicated shapes. The shaped crystal growth technique, as the name suggests, allows growth of crystals
of specified size and shape with controlled defect and impurity structure that allows them to be used as the
final products, with minimal or no additional machining. There are various forms of shaped crystal growth,
such as the Stepanov technique, EFG (edge-defined film fed growth), CAST (capillary-action shaping
technique), the inverted Stepanov technique, p-PD (micropulling-down) method etc. The main principle in
all these techniques is to limit the area and the magnitude of liquid-free surface perturbations, using two

possibilities for shaping; either the edges or walls of a shaper [Tatartchenko, 2005].

The schematic diagram for an EFG growth process used to produce sheets of sapphire crystal is
represented in figure 1.12(a) and figure 1.12(b) shows sheets produced by the EFG furnace at RSA Le Rubis
in Grenoble. In this technigue, the raw feed alumina, molten in a crucible, rises through a capillary channel
and solidifies at the top of this channel, which gives its outer shape to the pulled crystal. The maximum
height of the melt rise in the capillaries above the level of the melt in the crucible is determined by the melt
viscosity, the wetting angle of the melt on the die material and the diameter of the capillary. There are only
two control parameters in this technique: the pulling rate of the crystal and the upper die temperature
which controls the height of liquid meniscus that separates the crystal from the die top [Carroz, 2015]
[Akselrod, 2012].
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Figure 1.12: (a) Schematic diagram for the EFG growth process. (1) Grown crystal, (2) meniscus, (3) thermal
insulation, (4) shaping die, (5) heating arrangement, (6) molten liquid, (7) crucible. (b) EFG sapphire plates,
1.6 cm thick, 10 cm wide and 48 cm long grown at RSA Le Rubis, Grenoble using an EFG furnace [Stelian,
2017-b].

The p-PD (micropulling-down) method is an important technique for growth of high quality single crystal
fibres. The process consists of pulling a crystal under a capillary channel placed at the bottom of a crucible
as shown in figure 1.13 (a). The hanging meniscus in this system leads to a very stable capillary due to the
combination of die anchoring with a positive gravity effect; and good liquid homogeneity because of strong
Marangoni convection. This results in a more uniform distribution of dopants or solutes in the crystal than
in the case of methods involving pulling upward, such as the EFG technique. These characteristics have led
to the application of these technique to grow Ti:Al,O3 optical single crystal fibers for laser applications [A
Nehari, 2014] [D. Zhou, 2015]. The crystals obtained by this technique have a diameter of 0.5 mm -1 mm
and lengths up to 500 mm as shown in figure 1.13 (b).
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Figure 1.13: (a) Schematic diagram for the u-PD growth process. (1) Thermal insulation, (2) crucible, (3)
melt, (4) heating arrangement, (5) meniscus, (6) grown crystal, (7) seed. (b) Ti:Al,O3 single crystal fibres with

varying Ti concentrations [A Nehari, 2014].

Thus, various techniques of shaped crystal growth are applicable for specialized needs of sapphire crystals
and using the u-PD (micropulling-down) method, optical grade crystals for laser applications have been
grown and they have been characterised. But, it is applicable for only thin diameter, fibre-shaped crystals

and not massive crystal dimensions.

1.8.2.2 Directed Crystallisation Methods

The essence of all directed crystallisation methods is that the process of crystallisation takes place in a
temperature gradient field, with the entire volume of the melt placed in a container being crystallised. The
method is technically simple, and crystals of a preassigned diameter are produced by selecting the
appropriate container. Based on this principle, various methods have been developed depending on
whether the container is moved through a melting zone or the temperature is reduced gradually at a

constant temperature gradient and if the crystallisation takes place in the vertical or horizontal direction

[Chernov, 1984].
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The Bridgman-Stockbarger technique, also referred to as the Tammann or Obreimov-Shubnikov method
based on those responsible for developing it, involves the vertical displacement of the container holding
the melt through a temperature gradient in the furnace. When the container is displaced inside the
crystallisation chamber, two zones of different temperature are created. This permits combination of the
crystal growth process with annealing. A schematic representation of the technigue is provided in figure
1.14.
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Figure 1.14: Schematic diagram for the Bridgman-Stockbarger growth process. (1) Crucible translation
mechanism, (2) heating arrangement, (3) hot zone (temperature greater than melting point), (4) melt, (5)
crystallisation front, (6) insulation, (7) growing crystal, (8) crucible, (9) cold zone (temperature lower than

melting point), (10) thermal insulation.

The horizontal modification of the above method, as represented in figure 1.15 (a), was proposed by
Bagdasarov in the 1960’s for the growth of sapphire crystals which successfully combines the elements of
directed crystallisation with zone melting and hence is known as the Bagdasarov method, horizontal
directional crystallisation (HDC) or horizontal Bridgman method. In this technique, the material is melted

within the melt zone created between the seed crystal and the polycrystalline aggregate held in a boat-
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shaped container. During the process of crystal growth, this zone slowly moves along the container
containing the raw material. This method has the advantage that the crystallisation is carried out under

conditions facilitating the evaporation of extraneous impurities. The main idea of this technique is to

produce single crystal sapphire plates of a large surface area for specialized applications, as shown in figure
1.15 (b) [Tatartchenko, 2005] [Pishchik, 2009].

——

Direction of
crucible translation

@) (b)
Figure 1.15: (a) Schematic diagram for the Bagdasarov growth process. (1) Crucible, (2) polycrystalline
material (3) heating arrangement, (4) melt zone, (5) crystallisation front, (6) growing crystal, (7) seed. (b)

Sapphire plate with dimensions of 250 x 170 x 25 mm?® grown by the Bagdasarov method [Harris, 2009].

The temperature gradient technique (TGT) is a further modification of the vertical Bridgman technique. As
represented by the diagram in figure 1.16 (a), the TGT technique consists of a cylindrical crucible, tapered
at the bottom, placed inside a furnace heated by means of resistance heating elements. A vertical
temperature gradient is imposed on the crucible by the heating elements and the cylinder is cooled from
the bottom by the flow of water, where the crystallisation process starts and progresses towards the top of
the crucible. Ti:Al,O3 crystals weighing 3.5 kg and measuring 140mm in diameter have been grown by this
method and characterised for impurities and optical properties as shown in figure 1.16 (b) [Y. Zhou, 1992]
[ianwei, 1998] [G. Zhou, 2006].
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Figure 1.16: (a) Schematic diagram for the TGT growth process. (1) Insulation, (2) crucible cover (3) melt, (4)
crucible, (5) crystallisation front, (6) heating arrangement, (7) growing crystal, (8) seed, (9) cooling water.

(b) Ti:Al,O3 single crystal with 140 mm diameter grown by the TGT technique [G. Zhou, 2006].

The gradient solidification method (GSM), represented in figure 1.17 (a) is a modification of the vertical
Bridgman technique especially suitable for the preparation of sapphire domes. The crystal domes, as shown
in figure 1.17 (b), are grown in a double-walled molybdenum crucible inside a vacuum furnace with
graphite heating elements. The crucible is first loaded with a seed and the raw feed and a partial melting of
the seed is achieved. Thereafter the temperature fields in the furnace are controlled to promote and
progress the crystallisation. Crystals with different orientations and shapes with dimensions of up to 150
mm have been achieved by this technique [Horowitz, 1987] [Biderman, 1991] [Horowitz, 1993] [Biderman,
1987].
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Figure 1.17: (a) Schematic diagram for the GSM growth process. (1) Heating arrangement, (2) crucible
cover, (3) melt, (4) crucible, (5) growing crystal, (6) seed, (7) insulation. (b) Shaped domes of sapphire
produced by the GSM method [Horowitz, 1993].
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The heat exchanger method (HEM), is a modified directional solidification technique developed in the
1970s by Fred Schmid and Dennis Viechnicki for growth of large sapphire crystals from the melt [Schmid,
1970]. In this growth technique, a sapphire seed crystal is placed at the bottom of a molybdenum crucible
which is then loaded with pure alumina crackle. The furnace is evacuated and resistively heated to melt the
crackle while keeping the seed just below its melting point by passing helium gas through the heat
exchanger beneath the centre of the crucible. Heat and vacuum help purify the alumina by vaporising some
impurities. After partial melting of the seed, the helium flow is increased to cool the seed and initiate
crystallisation of alumina onto the seed. The furnace is held at constant temperature during growth of the
crystal, which proceeds out from the seed in three dimensions. After crystallisation is complete, the furnace
temperature and the helium flow are decreased and the boule is slowly annealed. The crystallisation
process is controlled by a programmed reduction of heater power and the whole process may take three
weeks to complete depending on the crystal size. Figure 1.18 provides a schematic representation of this
technique [Harris, 2004].

Growth of very massive sapphire boules weighing 100kg and with dimensions up to 500mm diameter have
been grown using this technique [Schmid, 1999]. Recently, Ti:Al,O3 crystals have been grown by the HEM
method weighing 15 kg and being 208 mm in diameter, as shown in figure 1.18 (b) [Joyce, 2010].

One of the advantageous features of this technique is that throughout much of the growth, the solid-liquid
interface is protected by the surrounding liquid, and thus mechanical and thermal perturbations to the
interface are minimised. Also, since there is no requirement for movement of the crucible or the heat zone
it is a fairly simple process. But it is very challenging to establish and control the process, since there are no
measurable parameters for automatic control such as crystal diameter or weight. Visual control is also not
possible because the growing crystal is submerged in the melt. The fact that the crystal is in contact with
the crucible during growth leads to complexities such as cracking due to stress and the crucible has to be

broken away to extract the crystal [Akselrod, 2012].

A further modification of the HEM method, the controlled heat extraction system (CHES), was developed by
ARC Energy in 2007. It is a variation of the HEM process with a more sophisticated method of controlling
the growth rate by allowing motion of certain hot zone parts, crucible and shaft as in the Bridgman method
[F.J. Bruni, 2013] [Richard Schwerdtfeger, 2014]. In this process, a reusable crucible is employed, which
enables the operating cost to be significantly lowered compared to the traditional HEM technique. It also
features a probe system which detects the position of the solid-liquid interface during the melting, seeding

and growth steps of the process. This allows correlation of process parameters with the probe data to
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achieve optimized crystal growth. The probing step is automated and hence the critical step of seeding can
be performed without operator intervention, thus enabling a more automated process and hence higher
productivity [Khattak, 2015]. The world’s largest ever grown sapphire crystal, weighing 302 kg and with
dimensions of 500 mm diameter and 350 mm height, was grown with this newly-developed technique
[Khattak, 2016].

0400090
PpoOOPOO

H
flIf
(@) (b)

Figure 1.18: (a) Schematic diagram for the HEM growth process. (1) Crucible, (2) melt, (3) heating
arrangement, (4) crystallisation front, (5) growing crystal, (6) seed, (7) insulation, (8) helium gas flow. (b) A
176.5 mm diameter Ti: Al,O; crystal produced from a 208 mm diameter boule using the HEM method

[Joyce, 2010].

1.8.2.3 Czochralski Method

Czochralski (CzT or CZ) is one of the oldest methods of crystal growth accidentally invented by Professor lan
Czochralski in 1916. It has been used for the growth of sapphire crystals since the 1960s [Paladino, 1964]. A
diagram of the process is shown in figure 1.19 (a). In this method, the crucible is loaded with the starting
material and set in a hot zone with a relatively high temperature gradient. Both induction and resistive
heating can be used. In the case of inductive heating, the electromagnetic energy is coupled either directly
to the crucible or to a cylindrical graphite susceptor surrounding the crucible. A rotating seed of the desired
orientation is touched to the surface of the melt and slowly raised. The expansion profile and the final
crystal diameter are controlled by adjusting the heater power based on the weight of the crystal measured
by the load cell [Akselrod, 2012].

The Czochralski growth has many advantages which made it suitable for the growth of good quality
sapphire crystals. There is no direct contact between the crucible walls and the crystal, which helps in
producing unstressed single crystals. The crystals can be extracted from the melt at any stage of the

growth, which helps in investigating the growth conditions, and the shape of the crystal can be changed by
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varying the melt temperature and the growth rate [Chernov, 1984]. But to achieve the desired melt
convection pattern and avoid the rapid drop of melt level, the diameter of the crucible is required to be at
least twice the crystal diameter. This imposes restrictions to the scalability of the process for large diameter
crystals [Akselrod, 2012]. Hence, using this method, the maximum diameter of product wafers has been
limited to 100mm obtained from 150 mm diameter sapphire crystals and with a very low material

utilization during the process leading to increased production costs [F.J. Bruni, 2013].

Growth of very good optical quality Ti:Al,O3 crystals for laser applications weighing up to 400gm and
measuring up to 130 mm in length and 35 mm in diameter have been achieved using the Czochralski
technique, as shown in figure 1.19 (b) and a study of their optical quality and performance has been carried
out in comparison to crystals obtained with other growth techniques [Guillaume Alombert-Goget, 2017] [G.
Alombert-Goget, 2016-(a)] [G. Alombert-Goget, 2016-(b)].
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Figure 1.19: (a) Schematic diagram for the Czochralski growth process. (1) Seed holder, (2) insulation, (3)
seed, (4) graphite susceptor, (5) growing crystal, (6) heating arrangement, (7) melt, (8) crucible. (b) Ti: Al,O3
crystal grown by the Czochralski method at ILM [G. Alombert-Goget, 2016-(a)].

1.8.2.4 Kyropoulos Method

The Kyropoulos method (KY) was developed by the Greek-German physicist Von Spyro Kyropoulos at
Gottingen, Germany in the 1920s for single crystals of alkali halides, with the main goal of avoiding contact
between the crystal and the crucible during solidification [Kyropoulos, 1926]. Many decades later in the

1970s, the method was modified and developed at the S. I. Vavilov State Optical Institute (GOI) in Russia by
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Mikhail Ivanovich Musatov for the growth of sapphire crystals and it is also known as the GOl method or
Musatov method [Musatov, 2009].

A schematic representation of the process is shown in figure 1.20 (a). In this method, a sapphire crystal
seed oriented according to the desired growth axis is held on the end of a metal rod and dipped into the
surface of high purity molten alumina in a molybdenum crucible. Heat is conducted away from the seed
crystal by the metal rod. During seeding, the seed crystal is slowly pulled from the melt in a series of steps
to allow the diameter of the growing crystal to increase. After seeding, the crystal grows with very limited
motion of the boule. The temperature of the hot zone during the growth process decreases very slowly and
is to be very precisely controlled. The key to successful growth of high quality sapphire is to maintain a
precise temperature profile with small axial and radial temperature gradients of the order of 1 to 2 K/cm
[Harris, 2009]. The relation between the cooling and the pulling rates at different stages of the growth

process defines the crystal shape and the quality to a great extent [Perner, 1979].

The first sapphire crystals developed by this technique at the GOI institute in Russia were 40-70 mm in
diameter. Since then, the method has been implemented on industrial scales in the country for mass
production, most notably by Stavropol (now known as Monocrystal) where crystals weighing 50 kg and 500
mm in diameter were obtained in 1982 [Musatov, 2010] [Musatov, 2009]. Kyropoulos growth for sapphire
was later adopted by countries such as the USA, China, Taiwan, Poland, Israel, Ukraine, Uzbekistan,
Armenia and France to cater for the ever-growing demand for sapphire wafers as LED substrates. Among
recent manufacturers, Kyropoulos systems built by Thermal Technology (now a division of GT Advanced
Technologies) have been able to produce sapphire crystal weighing 90 kg [Akselrod, 2012] [F.J. Bruni, 2013]
[Frank J. Bruni, 2015]. In the 2000s Rubicon Technology Inc. has made a lot of progress in scaling up the size
of the sapphire crystal grown by the Kyropoulos technique and in April 2009 they reported on the growth
of a 200 kg boule with a maximum diameter of 420 mm to provide windows and substrates with a diameter
greater than 300 mm [Zharikov, 2012] [Harris, 2009].

In 2011, with the Kyropoulos method, Ti:Al,O3 crystals weighing 5kg and with a diameter of 100 mm for
petawatt laser applications were grown in a molybdenum crucible at LPCML in Lyon, France in co-operation
with the company RSA, as shown in figure 1.20(b) [Abdeldjelil Nehari, 2011] [Boulon, 2012]. There has been
further progress by this group in the collaborative project which will be discussed throughout this

manuscript.

Recently, a new technology was developed on the basis of the Kyropoulos and Czochralski methods at the

Harbin Institute of Technology in China named as sapphire growth technique with micro-pulling and
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shoulder expanding at cooled centre (SAPMAC) [Zharikov, 2012]. As the name suggests, the motive of this
technique is to grow large-sized crystals while maintaining crystal orientation by having shoulder expansion
at the cooled centre, while micro-pulling reduces the disturbance of the temperature field and hence the
temperature tends to be more even. The diameter of the crystal extends to 1-3cm from the crucible, and in
the whole process of growing, the crystal is not removed from the crucible. The small temperature gradient
inside the crystal helps to reduce stress effectively, prevent crystal cracking, and decrease dislocation
density. In the technique, water is the working fluid in the heat exchanger, which allows insitu annealing
and it is claimed, shortens the growth cycle and hence reduces production costs. Sapphire crystals have
been produced by this method with dimensions of 240 mm in diameter and 210 mm in length with a
weight of 27.5 kg [Xu, 2007] [Zhang, 2012] [Zhang, 2011-a]. But, up to now, the crystalline qualities of these
crystals are not on a par with those achieved by the conventional Kyropoulos method, since they show the

appearance of many defects such as dislocations, twins and inclusions [Zhang, 2011-b] [Chenghai, 2007].
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Figure 1.20: (a) Schematic diagram for the Kyropoulos growth process. (1) Seed holder, (2) insulation, (3)
seed, (4) graphite susceptor, (5) growing crystal, (6) heating arrangement, (7) melt, (8) crucible, (9) crucible
support. (b) Ti: Al,O3 crystal grown by the Kyropoulos method at LPCML (UCBLyon1) in co-operation with
RSA Company for petawatt lasers [Boulon, 2012].
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1.9 Choice of Kyropoulos Method

Table 1 below summarises the comparison between the various crystal growth technologies for the
manufacture of LED substrates [Akselrod, 2012], but they are similarly applicable even for the production
of discs. As evident from the table, the Kyropoulos and HEM techniques are the ones capable of producing
massive crystal size which is an absolute necessity for obtaining discs with greater diameters. They are also
very favourable for large scale commercial production due to high productivity at relatively low cost and
low defect density. A comparison in terms of the dislocation density also ranks the Kyropoulos and HEM
techniques with dislocation densities in the range of 10" - 10° cm much better than the other techniques
such as Czochralski with 10* — 10° cm and EFG with 10° cm™[Harris, 2009].

Method C.rystal Temperature Dislo.cation Productivity Yield .Of usable Wafer cost
size gradient density material advantage

Vemeuil . . . eoe ece N/A
Czochralski (CZ) oo .o .o eee coo .o
Kyropoulos (KY) ccce ccce coce eee .o coo

Heat exchanger method (HEM) coce ecee coce . .o coe
Stepanov (EFG) oo . . coe ee .o
Bagdasrov (HDC) . ccee ccee coe .o .o

Table 1: Comparison of major characteristics of sapphire crystal growth methods [Akselrod, 2012].

As explained in the earlier sections, both the HEM and Kyropoulos techniques have their strengths and
shortcomings with respect to the process cost and the eventual quality of the crystals obtained. Industries
and research institutes have been working on both of these technigques to improve the process and modify
them to better suit the demands of productivity and achieve the quality required. The choice between
these techniques is based on the know-how available for the technique at the particular organisation.
Based on this same logic, the Kyropoulos technique has been explored for this project due to the
availability of the state-of-the-art furnace at the company RSA Le Rubis and the availability of technology

and scientific partners committed to the technology.

It is to be taken into account that an A-axis oriented sample is more desirable than the C-axis orientation
for laser applications and hence we are interested in growth of A-axis oriented crystals. This is because the

luminescence yield for Ti:Al,O; is at least 50% greater for the A-axis than the C-axis [McCallum, 2002].

1.10 Choice of crucible material
The choice of the crucible material is limited by the metals and their alloys which can resist high
temperature attack by an Al,O; melt. The commonly used crucibles for growth of sapphire crystals are

made of iridium, tungsten or molybdenum.
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Iridium, with a melting point of 2716 K, interacts less intensely with the than to other materials, but its
maximum operational temperature of 2423 K is not significantly higher than that required by the heating
elements during the growth process. This is a very constraining feature when it is required to scale the
geometry of the crystal and the furnace to larger dimensions. At larger dimensions of diameter, to achieve
the temperature gradient at the centre of crucible which can maintain the appropriate solid-liquid
interface, the temperature at the crucible walls can often exceed the melting point of iridium which is only
400 K higher than melting point of sapphire [F.J. Bruni, 2013]. Also, iridium is a far more costly metal than
the other alternatives and hence affects the economics of the production. Thus, iridium crucibles are very
much used in growth of smaller diameter crystals using Czochralski technique but not for the Kyropoulos

method.

Molybdenum with a melting point of 2896 K and tungsten with a melting point of 3695 K are much more
convenient alternatives in terms of melting issues and metal costs. In the case of a molybdenum crucible,
sapphire crystals grown by the Bridgman method have shown the presence of few cracks while crystals
grown in tungsten crucible are crack-free which is due to their favourable thermal expansion coefficients
[Miyagawa, 2013]. On the other hand, crystals grown in tungsten crucibles have shown the presence of
large bubbles while those in molybdenum crucibles do not have a grave issue with bubbles [Suzuki, 2014].
In the Kyropoulos growth technique, the contact between the crucible and the crystal is prevented, hence
the formation of cracks during the cooling process in a molybdenum crucible is not an issue. Since a
molybdenum crucible helps control the formation of defects in the form of bubbles, it is preferred over a
tungsten crucible for the Kyropoulos growth technique. At RSA, there is much experience of using
molybdenum crucibles for EFG growth of sapphire and hence it has been qualified for the Kyropoulos

growth process, too.

1.11 . Growth process phenomenon of sapphire from the melt

High-temperature crystallisation is characterized by certain peculiarities which make the process
complicated. These peculiarities are due to the fact that crystallisation is quasi-equilibrium since the
process takes place under critical temperature gradients and in complicated physico-chemical conditions.
There are factors of a physical nature (kinetics at the phase boundary and heat and mass exchange) and
also physico-chemical processes such as the high-temperature chemical reaction of dissociation and

synthesis which influence the chemical composition and real structure of crystals.

Some of these aspects are discussed in the following sections:
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1.11.1 Processes accompanying melting of Al>O3

The maintenance of melt composition at high temperature creates a very complex environment wherein a
series of processes develops intensively (thermal dissociation, dissociative evaporation, physico-chemical
reaction between the melt, container material and crystallisation environment). These processes interact
with crystallisation kinetics and influence the resulting crystal structure. Hence these processes are

important for determining the conditions of growth and the crystallisation technique.

1.11.1.1 Thermal dissociation
Thermal dissociation in the melt disturbs the stoichiometric composition and thus leads to the formation of

defects in the crystal. The intensity of these reactions depends on the thermal and temporal regime which
can be established from the phase equilibrium diagrams of the main components of the crystallized
compounds, the regions of solid solution stability, phase transitions, possible changes in the composition
caused by evaporation, and so forth. Aluminium oxide melting under normal pressure is accompanied by
dissociation followed by formation of [AIO], [Al,Q], [AIO], [Al], [O7], and [Al,O,] vapour species governed

by the following reactions [Bagdasarov, 1988]:
AlL,O; ¢ AIO + AlO,
AlL,O3; <> AlL,O +20
AlL,O3; ¢ AlLO,+ 0
AlIO & Al+0

AlO, <> AlO+0
AlO; &> Al+20
AlLO < AIO + Al
AlLO & 2A1+0
AlLO, <> AILO+0
AlLO, <> 2A1+20
AlL,O, &> 2AI0

206 0,
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Due to the relatively high vapour pressure of the thermal dissociation products, the melt is saturated with
gaseous inclusions that accumulate at the crystallisation front and influence the growth kinetics and the
crystal quality. There have been studies carried out regarding the thermodynamic analyses of these
dissociation products, describing their partial pressures as a function of temperature, as presented in figure
1.21 [Bunoiu, 2005]. The thermal dissociation intensity can be lowered by using its dependence on external
pressure, temperature, and the time period during which the substance is in the melted state. Since the use
of elevated pressures is limited due to technical difficulties, it is preferred to carry out the crystallisation
process either under normal pressure or in vacuum. For this purpose, the melt must be overheated only to
such an extent that the thermal dissociation intensity is not too significant. The upper overheating limit is
defined by the intensity of the substance dissociation and evaporation as well as by its chemical interaction
with the container material and the atmosphere. The lower limit depends on the melt viscosity, which if,
too low, can impede its convective mixing, since for aluminium oxide at temperatures ranging between

2,320 and 2,220 K, the viscosity value changes by approximately a factor of two [Pishchik, 2009].
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Figure 1.21: Partial pressure versus temperature for principal gas species in equilibrium with molten

alumina [Bunoiu, 2005].

1.11.1.2 Dissociative evaporation and crystal atmosphere

Thermal dissociation is also one of the main reasons for dissociative evaporation which enhances the
violation of composition of the crystallized substance. This process largely depends on the vapour pressure
of individual components of the substance, on its temperature and on the nature and pressure of the
atmosphere above the melt. Since crystallisation is run both in vacuum and in gaseous atmospheres of

different natures (including neutral, reducing and oxidizing) the influence of the atmosphere on the
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crystallisation process is very important. In vacuum, the dissociative evaporation of aluminium oxide results
in the formation of a chiefly oxidizing atmosphere above the melt, which is evident with the oxidation of
crucible material uncovered by the melt. The most active development of oxidation reactions can even
cause crucible destruction, which occurs at the contact points of the melt and the crucible wall
[Bagdasarov, 1988].

The use of a neutral atmosphere reduces the rate of evaporation very sharply due to the limitation of the
melt interface by the gas atmosphere. The chemical interaction between the crystallisation atmosphere
and the surface of melt can also be used to solve some particular problems of single crystal synthesis. One
of these is the problem of maintaining the valence state of dopants [Guillaume Alombert-Goget, 2017]. In
the case of titanium-doped aluminium oxide, for example, titanium ions maintain their trivalent state under
oxidizing and inert atmospheres, while under a reducing atmosphere of hydrogen, it is not kept, due to the

reaction:
Ti203 + H2 =2Ti+ 3H20

Thus, the crystallisation atmosphere has a great effect upon the rate of high-temperature processes.
Vacuum and inert atmosphere are of practical interest since the former helps to enhance evaporation
which aids chemical purification of the melt, while to reduce evaporation an inert atmosphere is needed
[Bagdasarov, 1988].

1.11.1.3 Interaction of melt with the container material
The interaction between the melt and the container material is one of the important factors for the
selection of the crystallisation method. The container must avoid mutual solubility and chemical interaction

with the substance to be crystallised.
Some of the requirements for the container material are:

e Its chemical binding forces have to differ in nature from those of the crystallizing substance
(dielectric crystals are grown in metallic containers, organic crystals are crystallized in containers
made of inorganic dielectrics).

e Adequate mechanical strength.

¢ High machinability of the material.

o Close values of the thermal expansion coefficients of the container material and the crystallizing
substance.

o High electric conductivity (in case of high-frequency induction heating).
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The interaction between the container and the melt may be caused by the impurities contained in the raw
material or by those adsorbed at the container walls, surface of the crystallisation chamber, furnace
elements, and so forth. Moreover, it may be induced by some substances (such as oxygen or moisture),

which may ingress the melt from the atmosphere [Pishchik, 2009].

Thermal dissociation and dissociative evaporation strongly affect the redox potential of the system which
governs the contact interaction of the melt with the container material. The aluminium oxide melt acquires
reducing properties due to the predominant loss of oxygen ions. In the case of molybdenum crucibles it
leads to the reduction of the molybdenum oxides by the melt of aluminium oxide and thus hinders the
chemical interaction of the melt with the container material in the course of the following reaction
[Bagdasarov, 1988]:

A|203 + Mo & Alzo + MoO,

1.11.1.4 Point defects

Sapphire is an ionic compound where the point defects typical of those in ionic crystals are formed, namely,
anionic and cationic vacancies in various charge states, interstitial ions, ions in cationic and anionic sites,
vacancy pairs and aggregates, and vacancy—impurity complexes. lonic crystals of stoichiometric
composition contain equivalent numbers of anionic and cationic vacancies (Schottky defects), i.e., there are
three oxygen vacancies per two aluminum ones, or there is one interstitial ion of the same sign for each

ionic vacancy (Frenkel defects).

The processes accompanying the melting of Al,O; are one of the main contributors to the presence of point
defects in the crystals. The growth and annealing atmosphere is a factor of primary importance defining the
appearance and disappearance of point defects. The oxygen partial pressure defines the point defect
stoichiometry and the atmosphere-oxidizing potential dictates their charges. The trapping of a melt
dissociation product into the growing crystal under the absence of the complementary component at the
crystallisation front at the instant under consideration gives rise to vacancies in the form of Schottky
defects. Under thermodynamic equilibrium conditions, Schottky defect formation is more favourable in
energy than Frenkel defect formation among electrically neutral defect families; while it is just the single

anionic vacancy that requires the lowest energy of all point defects [Dienes, 1975].

1.11.1.5 Inclusions
Inclusions are volume defects that exist in sapphire crystals in the form of gaseous pores, inclusions of

foreign solid phase, and liquid phase inclusions. Pores are inevitable defects in any growing technique. They
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are formed due to imperfect thermodynamic conditions as well as in equilibrium conditions. The pores
deteriorate the performance characteristics of pieces and the polish quality, as well as increase the light
scattering. The pore size varies from submicron values to 3 to 5 mm. At a high concentration of these

defects (>10° cm®), the material is unsuitable for optical applications.

The pore composition largely depends on the growth atmosphere. The main pore formation factors in
sapphire grown from melt are the melt interaction with impurities in the raw blend, container material, and
atmosphere as well as the melt dissociation. The general condition favouring the pore formation is the melt
supersaturation in dissolved gases. Pore formation in crystals is preceded by the back-driving of the gas
dissolved in the melt from the crystallisation front. A bubble of subcritical size is pushed back from the
crystallisation front as the liquid is mixed weakly, the concentration densification and the bubble size
increase, resulting in its interaction with the crystallisation front and retention due to a complicated
interaction of elastic forces, viscosity, heat transfer and surface tension forces. Since the crystal growth

above the bubble is hindered, a pore is formed in the solid phase.

When aluminium oxide crystals are grown up to a certain critical growth rate no local heterogeneities like
inclusions are formed. But, when the rate goes beyond this critical value these inclusions start to appear.
Their size and density depend greatly on the growth rate: the higher the rate, the larger the density and
smaller the size. Formation of inclusions is accompanied by their partial coalescence and as a result, hollow
channels and individual coarse inclusions can be seen in the crystal. Aluminium oxide itself is the main
source of these inclusions since the specific volume of the melt exceeds that of the crystal by 25%,
therefore, the melt entrapped by the growing crystal, if any, is crystallised with formation of vacuum
cavities. When aluminium oxide is crystallised, thermal dissociation of the substance or gaseous impurities

like H,, N», CO and CO, are the main processes forming gas inclusions.

These reactions of dissociation are accompanied with the absorption of heat and therefore in sites of their
intensive development at the crystallisation front, there are regions which have very large supercooling of
the melt. This promotes local increase of the growth rate and hence traps more inclusions. Thus, the critical
growth rate is much lower for a melt with a lot of impurities than for a pure one and hence it is important
to control the concentration of impurities in the growth environment to achieve a better control over the

crystallisation process [Bagdasarov, 1988].

Solid-phase inclusions result from capture of foreign solid particles by the crystallisation front or from the
phase segregation under the crystal cooling. In crystals grown from melt by crucible methods, there are

inclusions of the metal from which the crucible and other elements of the equipment are made. Such
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inclusions can appear in the crystal due to peeling of particles from the crucible, ingress of particles from
outside of the heaters or screens, or dissolution of metal oxides from the surface of crucibles, due to their
reduction by the products of aluminium oxide dissociation. Another probable contributor to inclusions are
due to reduction of the evaporating metal oxides outside the melt by the components of the growth gas
atmosphere or gaseous products of aluminium oxide dissociation, which is followed by mechanical ingress

of the reduced metal to the melt.

There is pore formation due to vacancies when sapphire is grown at high speeds or in reducing conditions.
This is due to deviation from the critical stoichiometry in the Al,O3 lattice, which leads to second-phase
microparticles being precipitated in the crystal. In reducing conditions, the melt becomes depleted of
oxygen and the composition of dissociation products becomes shifted toward compounds with excess Al
content as compared to stoichiometric Al,Os. In crystals with high vacancy density, the pores may arise
after its formation, during the cooling. That is, the vacancies along with some impurities still remain in
equilibrium during crystallisation and the supersaturation, coagulation, and separation of inclusions occur
in the course of cooling. The high-temperature vacuum annealing of such crystals also favours the

coagulation of vacancies into faceted pores (negative crystals) as shown in figure 1.22.

Figure 1.22: Photomicrograph of vacancy voids in the (0001) plane of sapphire [Borodin, 1990]

1.11.2 Processes occurring at the crystallisation front

Stoichiometric composition and structure of the growing crystals depend a lot on the processes occurring
at the growth front. Kinetics and heat and mass transfer are the main factors responsible for the limiting
stages of the process. Thus, to understand the nature of crystal composition inhomogeneity and crystal

defects, the examination of growth mechanisms and their correlation with real structure is necessary.

1.11.2.1 Growth mechanisms
From a thermodynamic point of view, solidification requires a heat flux from the system to the

surroundings which changes its free energy, and therefore the relative thermodynamic stability of the
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phases present. Hence, thermodynamically stable phases are more likely to be observed, but the
transformation of one phase into another requires rearrangement of the atoms. During the formation of a
new crystal structure, it involves a relatively short-range (atomic) rearrangement. Because of these atomic
movements, solidification always requires some irreversible departure from equilibrium in order to drive

the process.

1.11.2.2 Interface Structure

After seeding, the crystal grows with the addition of further atoms. During this process, the solid/liquid
interface takes on a specific structure at the atomic scale. Its nature depends upon the differences in
structure and bonding between liquid and solid. The growth rate of a crystal depends upon the net
difference between the rates of attachment and detachment of atoms at the interface. The rate of
attachment depends upon the rate of diffusion in the liquid, while the rate of detachment depends on the
number of nearest neighbours binding the atom to the interface. The number of nearest neighbours
depends upon the crystal face considered, i.e. upon the surface roughness at the atomic scale (number of

unsaturated bonds).

An atomically flat interface, as shown in figure 1.23 (a), will maximise the bonding between atoms in the
crystal and those at the interface. Thus, such an interface will expose few bonds to atoms arriving via
diffusion through the liquid. Such a crystal has a tendency to close up any gap in its solid/liquid interface at
the atomic scale. This leads into crystals which are faceted at the microscopic scale and usually exhibit high

undercooling.

An atomically rough interface, as shown in figure 1.23 (b) always exposes a lot of favourable sites for the
attachment of atoms from the liquid. Such an interface tends to remain rough and leads to smooth crystals

which are non-faceted at the microscopic scale and exhibit low kinetic undercooling.

Low index planes with atomically flat, microscopically faceted interface exhibits little tendency to
incorporate newly arriving atoms into the crystal. Hence growth is more difficult and requires an additional
undercooling. High index crystallographic planes tend to be inherently rough and contain many steps. This
leads to a marked anisotropy in growth rates with respect to low index planes and in turn, leads to the
disappearance of the higher index planes, due to their more rapid growth, and leads to a characteristic
crystal form which is bounded by the slowest growing faces. In the case of sapphire crystals, the C-plane
has the lowest growth speed and hence has a tendency to form facets. Thus it is often difficult to grow C-

axis oriented crystals using the Kyropoulos technique [Tatartchenko, 2005].
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Figure 1.23: Form of (a) faceted and (b) non-faceted interfaces [Kurz, 1998].

1.11.2.3 Solute redistribution
During the growth of crystals, if local equilibrium is assumed to hold at the solid-liquid interface, then, at
the interface, the solid concentration is related to the liquid concentration by the equilibrium distribution

coefficient
Cs = ksCy

This compositional difference always leads to concentration variations in the formed crystal, which is

known as segregation and hence the coefficient is also known as the segregation coefficient.

Solute can be transported by diffusion and convection, and the segregation pattern depends upon both the
processes involved. Convection leads to the transport of mass over very large distances, compared to those
involved in diffusional processes, and may result in macrosegregation, that is, compositional differences
over distances equal to the size of the crystal. Microsegregation depends upon solute diffusion in the liquid

and the solid.

In order to understand microsegregation, it is essential to understand the initial and final transients of the
crystal growth process. The first is required in order to establish the steady-state boundary layer, and the
second arises from the interaction of the boundary layer at the solid-liquid interface with the end of the

crystal. The diffusion boundary layer in the liquid ahead of a solid-liquid interface can be considered to be a
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limited region of the system which transports the solute missing from the initial transients in the solid
where the concentration is below C,, and maintains constant the overall composition of the system. This
moving boundary layer disappears at the end of solidification by ‘depositing’ its solute content in the final
transient. Thus, the mean composition of the solid is always the same as that of the liquid from which it is

formed.
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Figure 1.24: Initial and terminal transients at the solid-liquid interface in the case of diffusive transport of

solute in the melt [Kurz, 1998].

As represented in figure 1.24 during solidification with a solid-liquid interface, the establishment of a
steady-state boundary layer requires a distance of growth which corresponds to the length of the initial
transient. This distance increases with decreasing growth rate. Within this transient, the concentration of
the liquid at the interface increases from C, to C,/k,. With respect to the phase diagram, this means that
the first solid to freeze has the composition, ksCy and reaches the composition, C,, and the interface
temperature, T, corresponding to the composition, C,, at the steady state. At the steady state, the flux
due to the interface advance (which arises from the difference in liquid and solid solubilities) is equal to the

diffusional flux due to the concentration gradient at the solid-liquid boundary. In this case, the exponential
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decay described in figure 1.29 is the exact solution. Finally, when the boundary layer becomes equal to the
length of the remaining liquid region, diffusion into the liquid phase is hindered by the system boundary
(the concentration gradient must be zero at the end of the crucible). Thus, the concentration in the liquid at
the solid-liquid interface begins to increase to a value which is greater than C,/k,, and the solid
concentration therefore becomes greater than C, and a terminal transient is created. In order to ensure
mass conservation, the surface area of the grey region below C, must be equal to the grey region above C,.
The lengths of the initial and final transients are unequal. These concentration variations lead to the

phenomenon known as segregation.

Under the conditions of perfect mixing in the melt due to strong convection and slow growth rate of
crystals, the actual concentration profile achieved in the solid depends on details of the melt convection
and the freezing rate. The Gulliver-Scheil segregation distribution for perfect mixing in the melt, as a

function of the fraction of the molten charge solidified f;,is given by
G — — £)s=1)

= k(- £5) :
G

If the growth rate of a crystal is not extremely slow or the convection is not too strong, an effective
segregation coefficient is applied, where k.rr becomes a fitting parameter in the Gulliver-Scheil equation,

namely,

Cs _ _
C_l*_ keff(l_fs)(keff 1)-

The effective segregation coefficient can be measured by conducting a normal crystallisation experiment
and applying the above equation to the segregation data. The measured ks thus includes the

complicated influences of melt convection, interface stability, and freezing speed.

In actual crystallisation conditions, the conditions lie between those with no mixing of the solute in the
melt and perfect mixing due to convection. Thus the actual segregation profiles controlled by convection

fall between those of the two limiting profiles shown in figure 1.25.
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Figure 1.25: Solute distribution axial profile with no-mixing and perfect mixing conditions [Ostrogorsky,
2015].

An important case of solute segregation is observed during growth of crystals with a conical interface.
Sections of crystal show a radial segregation along with the axial segregation along the length of the crystal.
This phenomenon is explained with the help of figure 1.26. The section cut from a growing crystal interface

has the centre growing earlier than the periphery and hence it shows a radial variation in the concentration
of solutes.

Growing crystal —

| Section at growth
interface

C; ks(l - fsl){'ks_l}
Conical growth
interface

C!, ;‘5(1 - fsi) (ks=1)

Radial segregation in the
section at growth interface

Figure 1.26: Radial segregation profile in crystal section with conical growth interface.
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1.11.2.4 Interface instability

During growth, any interface is subjected to random disturbances caused by insoluble particles,
temperature fluctuations, or grain boundaries. A stable interface is distinguished from an unstable
interface by its response to such disturbances. It is imagined that the interface is initially slightly distorted
by a spatially regular disturbance. If the distorted interface is unstable, as shown in figure 1.27 (a), the
projections may find themselves in a more advantageous situation for growth and therefore increase in
prominence. In the case of a stable interface as shown in figure 1.27 (b), the perturbations will be

unfavourably situated and tend to disappear.
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Figure 1.27: Initial evolution of an (a) unstable and (b) stable interface [Kurz, 1998].

During crystal growth, interface stability depends on the direction of heat flow. For a flat interface, as
during directional solidification, the liquid temperature always increases ahead of the interface, as shown
in figure 1.28. Therefore, the heat flow direction is opposite to that of solidification. When a perturbation,
of amplitude g, forms at an initially smooth interface, the temperature gradient in the liquid increases while
the gradient in the solid decreases (compare full and dotted lines along section, A-A). Since the heat flux is
proportional to the gradient, more heat flows into the tip of the perturbation and less flows out of it into

the solid. As a result, the perturbation melts back and the planar interface is stabilised.
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Figure 1.28: Mechanism for stabilisation of an interface [Kurz, 1998].

During crystallisation, the conditions for stable/unstable behaviour is more complicated if there is a solute
(dopant) present in the melt, since it varies the melting point along the solid/liquid interface. As the
interface advances, solute is rejected if the solubility of the solute in the solid is lower than that in the
liquid (ks less than unity). When the interface has been advancing for some time, the concentration
distribution becomes time-independent (steady state). If a planar interface is advancing under steady-state
conditions, then the solute concentration in the solid is same as that of the original melt. Under these
circumstances, the concentration in the liquid decreases exponentially from the maximum composition,
Co/ks , at the interface to the original composition, Co, far from the interface. Thus, the rate of rejection of
solute at the interface is proportional to the growth rate. The rejected solute must be carried away by
diffusion down the interfacial concentration gradient, and this therefore becomes steeper with increasing

growth rate.

The steady state diffusion layer is shown in figure 1.29 (upper diagram) for a given growth rate. As the
liquid concentration, C; , decreases with distance, z, the liquidus temperature, T, (i.e. the melting point), of
the melt will increase as indicated by the phase diagram. This means that, for small volumes of liquid at
various distances ahead of the solid/liquid interface, the equilibrium freezing points vary with position as

described by the curve in figure 1.29 (lower left). However, each volume element finds itself at a
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temperature, Ty, which is imposed by the temperature gradient arising from the heat flow occurring in the
melt. Since, at the solid/liquid interface (z=0), T, must be less than or equal to T, in order to drive the
atomic addition mechanism, there may exist a volume of liquid which is undercooled when the gradient of
Tq is less than the gradient of T, . This region (shaded) is called the zone of constitutional undercooling.
There exists a driving force for the development of perturbations in this volume as shown in the cross-

hatched region of figure 1.29 (lower left).
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Figure 1.29: Undercooling at the boundary layer of solid/liquid interface [Kurz, 1998].

When the temperature gradient due to the heat flux is greater than the liquidus temperature gradient at
the solid/liquid interface, the latter is stable as shown in figure 1.30 (a). On the other hand, there is a
driving force for interface change whenever the slope of the local melting point curve (liquidus
temperature) at the interface is greater than the slope of the actual temperature distribution. This is due to
the fact that the undercooling encountered by the tip of the perturbation advancing into the melt increases

and therefore the planar interface becomes unstable as shown in figure 1.30 (b)
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Figure 1.30: Solid/liquid interface perturbations due to constitutional undercooling [Kurz, 1998].

1.11.2.5 Heat transfer

For the growth of high-quality single crystals, high stability of the process with strict control of the
crystallisation front are required. These conditions are essentially determined by heat transfer processes in
the melt and the crystal. To create optimum temperature conditions for growth, the heat transfer
processes must be rigorously controlled and it depends a lot on the growing method. Heat exchange in

crystallisation can occur by thermal conduction, radiation, and convection in the liquid phase.

The rate of heat transfer due to conduction is governed by Fourier’s Law

q=Ar (AT/AX) Equation 1.1
where, A1 is the heat conductivity coefficient.

Thermal conductivity indicates the ease of heat transfer through a material and is a material dependent

property. The AT term is the driving force for heat transfer.
The rate of heat transfer due to convection is described by
g=haT Equation 1.2

In Egn. 1.2, the heat transfer coefficient replaces the (A;/Ax) term in Eqn. 1.1. The reason this happens is
because convection has a mobile phase, and thickness is no longer an effective way of describing how the

heat is transferred. The heat transfer coefficient can be thought of as the inverse of the resistance to heat
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transfer. Also, because temperature is a function of distance from a surface, the AT term is calculated

between the surface and the bulk temperature of the mobile phase.

The concept for radiation is that all materials are constantly emitting infrared radiation that is absorbed by
other materials, if it is assumed that radiation is emitted directly outward from the surface of objects.
While conduction and convection are driven by a temperature gradient, radiation is only based on the

temperature of the object emitting radiation.

The rate of heat transfer due to radiation can be described by.
Radiation emitted: gy = €05t (Ts¥)

Radiation absorbed:  q;, = a0 (T,*)

Taking into account the transparency of the substance and the reflecting power of the container walls, it is
possible to establish the conditions for achieving temperature control over the crystal cross section and
maintaining its gradient along the crystal axis. With the increase in the substance transparency, the control
of the temperature gradients and their constancy becomes more complicated and therefore, convective
heat transfer in the melt plays a significant role. Thus, depending on the values of material transparency
and reflection ability of the walls, a suitable method of crystallisation for attaining constant temperature
along the section of crystal and constant temperature gradient along the crystal axis can be determined
[Bagdasarov, 2002] [Bagdasarov, 1988] [Pishchik, 2009].

During high-temperature crystallisation, the formation of the crystal structure is not completed with just
the phase transition. Due to high temperature and temperature gradients, several processes continue in
various forms at temperatures close to their melting point. Hence, numerical modelling is applied to
investigate the factors affecting the shape of the crystal-melt interface during the growth of Ti-doped
sapphire crystals by using the Kyropoulos method and also the characteristics of the temperature
distributions during the whole cooling process. During the course of this work, the finite element software
COMSOL Multiphysics has been used for modelling the heat transfer and melt convection during the

Kyropoulos growth of Ti-doped sapphire crystals, as shown in figure 1.31.
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Figure 1.31: Flow pattern of the melt during the Kyropoulos crystallization process: (1) growing crystal; (2)
solid-liquid interface; (3) melt; (4) crucible. The colour map shows the temperature field (left side) and the

velocity field (right side) [Stelian, 2016].

1.11.2.6 Dislocations
Since crystals are grown from melt in the field of temperature gradients, thermoelastic stresses appear.

These stresses, when equal to or exceeding the critical stress for dislocation formation, lead to the
mechanism of dislocation multiplication due to plastic deformation behind the crystallisation front. There
are two kind of residual stresses in the crystal. The first kind is due to temperature field non-linearity. The
second kind is due to defects of the real structure, namely, point defect accumulations, dislocations, block

boundaries, impurities, and foreign inclusions.

During the crystal growth process, a complex temperature distribution along the crystal causes
inhomogeneous thermal expansion of its parts and their elastic interactions, and, as a result, the stresses
appear in the crystal even if its outer surface is free. If the action of temperature-induced stresses is
considered in an already-formed dislocation-free crystal, where there are no points in the crystal volume
where the shear stress exceed the critical one required for dislocation nucleation or the growth of
dislocation microloops, then the crystal remains dislocation-free at the macroscale. However the stress
value near inclusions may exceed the average values and such stress concentrators are the most probable
regions where dislocations may arise, as shown in figure 1.32. If the critical stress is attained somewhere,
the nucleated dislocation loops will start to extend, the dislocation multiplication will set in, and the plastic

strain will extend over the whole crystal. Only the regions where the stresses are insufficient to move the
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dislocation cluster front or even individual dislocations (i.e., where those are lower than the crystal

elasticity limit) remain dislocation free.
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Figure 1.32: Dislocations around a faceted pore [Pishchik, 2009].

Plastic flow is associated not only with dislocation sliding but includes also the viscous flow processes with
dislocation creep and transfer of vacancies and interstitial atoms. At sub-melting temperatures, plastic
straining and diffusion of point defects proceed under much lower stresses. Therefore, the shape and size
of the crystal region where the dislocations are nucleated and extended and the point defects are
redistributed depend on the thermally induced stresses and temperature in that region. Plastic flow tends
to redistribute the crystal material in such a way that the stresses causing the flow will be relaxed and it is

over when the total energy of thermoelastic stresses and dislocations attains a minimum.

Now, when the crystal is allowed to cool down to a temperature that is constant over the entire volume
and sufficiently low to prevent plastic strain, the regions that were compressed prior to the plastic strain
become stretched, and vice versa. The residual internal stresses arising in the crystal in this case are similar
in values to the initial thermal ones that caused the plastic strain, but have the opposite sign. The sources
of residual internal stresses are the residual strains, i.e., distribution of dislocations and point defects that

has been settled as a result of flow.

The formation of dislocations at the growing crystal surface is due to the need to minimize the elastic
energy. In this case, the material does not eliminate the stresses but it accumulates in the unstressed state.
In the course of this process, the crystal moves with respect to the furnace temperature field. Each element

of the surface layer becomes three dimensional and a plastic strain proceeds, thus resulting in relaxation of
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stresses that might exist in the corresponding point when it is within the crystal bulk. Finally, the element
under consideration attains the temperature zone where there is no plasticity and any straining is
impossible. Thus, the grown crystal in each volume element will show a defect structure formed at the
moment it leaves the plasticity zone. After cooling down to a constant temperature, the defects chilled in
such a manner result in the formation of stresses equal in value and opposite in sign to those that were
relaxed by the defects during the growth. If the material is plastic only within a narrow temperature range
around the melting point, as is the case for sapphire, the plasticity boundary will go in parallel to the
crystallisation front at a small distance therefrom. As a result, the crystal will contain the chilled-in stresses
that were at the crystallisation front (with opposite sign). The stresses at the front, in turn, are defined by

the temperature field within the crystal bulk.

Thus, the determination of the residual stresses in the crystal is equivalent to determination of

thermoelastic stresses in the course of growth and cooling.

1.12 Defects

Apart from the point defects, inclusions, segregation and dislocations discussed in the earlier sections there
is also the presence of block boundaries as defects. Block boundaries are caused by disorientations in the
crystal structure during growth and can lead to inter-crystalline damage. In addition, impurity non
uniformities are due to segregation of solutes at the crystallisation front and lead to striations, facets,

cellular structures and impurity inclusions in the crystal.

All defects in the crystals are defined by the phenomena occurring during the melting of Al,Os, at the
crystallisation front and during the cooling process. But these defects are interdependent with respect to
their origin and development during the whole process of crystal growth. Thus a summary of these defects

and their origins is given below in table 2.

Defects Origin

Point defects: e Trapping of melt dissociation products

Vacancies, interstitials, substitution . .
e Interaction with crystal atmosphere

Inclusions: o Thermal dissociation products and gas
Gaseous pores, foreign solid phase, liquid phase impurities
e Interaction with crucible material
o Interface instability

e Aggregation of point defects (vacancies)
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Line defects (dislocations) o Inheritance of dislocations from seed

e Thermoelastic stress during heat transfer
e Aggregation of point defects (vacancy)

e Aggregation of impurities.

Blocks (grain structure) ¢ Inheritance of boundaries from seed

crystals
¢ Alignment of dislocations
o Inclusions of foreign particles

o Nucleation on foreign particles

Impurity non uniformity ¢ Interface instability

e Heat transfer

e Chemical segregation.

Table 2: Crystal defects and their origins.

1.13 Perspectives

Taking into account the quality requirements for the crystal and the technical considerations of
various growth techniques available, the Kyropoulos growth system was selected for the growth of
Ti:Al,O3 crystals at the industry RSA Le Rubis.

There is a need to improve the Kyropoulos growth system from its current state-of-the-art to reach
the demands of the crystal dimensions and quality needed for optical applications in PW laser
systems.

A detailed analysis of the current growth process needs to be carried out for possible
improvements and to demonstrate the impact of the improved growth process on the crystal
productivity.

The grown crystals have to be characterised for defects which would impact the optical
applications. The nature and origin of these defects has to be investigated in order to find solutions

to get rid of them.

Based on these perspectives, work was carried out during the course of this thesis and is presented in this

manuscript in the following 3 chapters:

Chapter 2 - Crystal Morphology control: The current Kyropoulos growth system has been analysed by

studying the growth regimes and the shapes of grown crystals. The morphological features detrimental to
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the crystal quality have been identified. Finally, a set of growth parameters have been defined which has

been demonstrated to improve the crystal morphology.

Chapter 3 - Crystal shape prediction: A theoretical study of all the weight forces acting on the crystal
during its growth has been studied. Based on this, it has been demonstrated that with a set of measured
parameters it is possible to monitor the crystal shape during its growth and hence build up a system that

would enable automatic control of the crystal morphology.

Chapter 4 - Investigation into the milky defect: A peculiar optical defect in the crystals limits the
application of these crystals for laser systems. Characterisation efforts for this defect were carried out
along with simulation of the growth system. Finally a hypothesis is presented based on these efforts to

reveal the nature and the mechanism of formation for this defect.
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2 Control over crystal morphology

2.1 Introduction

One of the main considerations of the project TitanSaphir is to increase the productivity of the Kyropoulos
growth process and the crystals produced. To achieve this goal, the current growth process has to be
studied in order to point out possible areas of improvement and then make feasible changes. Finally, discs
cut from these crystals have to be checked for their laser performance to validate the growth process for

production of crystals for the desired application.

The desired crystal shape for maximum productivity is a cylindrical shape with uniform diameter more than
20 cm which would allow discs to be cut from the length of the cylinder. The crystal should not show the
presence of visual defects like bubbles and cracks. The ideal crystal growth process should allow for stable
control over the crystal dimensions and be repeatable. The discs cut from these crystals should

demonstrate optical homogeneity in terms of titanium concentration, wave transmission, etc.

To this effect, an extensive study of the crystals grown at RSA with respect to their morphology and their
growth operation has been carried out. Based on this study, some correlation between regions of defective
shape and the growth parameters was noticed. Numerical simulations for the growth configurations at RSA
have been carried out by Carmen Stelian. The results of these simulations helped to identify the cause of
the defect structures and physical conditions leading to them. To improve the shape of crystals, a set of
ideal growth parameters is suggested which, if followed, would lead to growth of crystals with more
productive shape and quality. This ideal growth regime has been tested at RSA by Cyril Pezzani under the
supervision of Nicolas Barthalay and the validity of the suggested ideal regime in achieving a more
productive crystal was demonstrated. To make the growth of crystals with good morphology more
reproducible, an automatic growth system has been developed and then implemented by Cyberstar for
their growth furnace. Crystal growth experiments have been carried out at RSA to reveal the shape of the
submerged crystal-melt interface of the growing crystals which helped explain the profile of the titanium
distribution in the crystals. Finally, optical characterisation of the crystal samples was conducted by
Guillaume Alombert-Goget at ILM, Lyon, to check for the suitability of the crystals obtained for the laser

applications envisioned.

2.2 Kyropoulos Growth set-up
During the course of this project sapphire crystals have been grown using the Kyropoulos technique at RSA

Le Rubis using furnaces of three different configurations, all manufactured by Cyberstar. Their
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characteristics have been summarised in table 2.1. The method of crucible heating in these machines is
through transfer of energy to the graphite susceptor by induction heating coils. The basic configuration is
the same in all three furnaces with respect to the parts and the materials used, but they have different
capabilities for the crucible which they can hold and hence the size of crystal that can be grown. The three
configurations with regards to the size of crystals grown and crucible dimensions are as follows: the biggest
machine, (henceforth known as configuration no.7, according to the convention at RSA) is operated with a
crucible with dimensions of 275 mm in diameter and 300 mm height and crystals weighing up to 38 kg were
obtained with this configuration. The next machine (configuration no.4) is operated with a crucible
measuring 220 mm in diameter and 290 mm in height and crystals obtained weighed up to 28 kg. The
smallest machine (configuration no.5) had a crucible with dimensions of 140 mm in diameter and 160 mm
in height enabling production of crystals weighing up to 7 kg. An interesting feature of the Kyropoulos
system at RSA is that it allows remote observation and control of the machine for parameters like seed

movement, temperature and heater power.

Crucible Dimensions

Machine Reference No.

Diameter x Height (mm®)

Weight of crystal (Kg)

7 275x300 38
4 220x290 28
5 140 x 160 7

Table 2.1: Kyropoulos growth systems at RSA Le Rubis.

General schemes of the furnace for the biggest configuration, along with the materials used, are shown in
figure 2.1 and figure 2.2. The materials used for the other two furnaces are the same but the dimensions
are scaled according to the size of furnaces for the three machines. The only noticeable difference in the
construction of the big machine compared with the two smaller versions is the method of opening the
furnace. For the biggest machine, as shown in figure 2.1, there are two parts — the upper hatch and lower
hatch. To load and unload the crucible into the furnace, the lower hatch is unsealed from the upper one
and lowered down to split up the furnace and leave a gap big enough for the crucible. For the two smaller

machines, the crucible is loaded and unloaded in the furnace through a front opening door.
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Figure 2.1: (a) Schematic diagram for the Kyropoulos growth system showing the components, (b)

Kyropoulos installation at RSA Le Rubis. (1) Seed translation mechanism, (2) crystal weight transducer, (3)
observation window, (4) furnace vessel (upper hatch), (5) Furnace vessel opening system, (6) furnace vessel

(lower hatch), (7) gas pump, (8) furnace support.
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Figure 2.2: Schematic cut-away diagram for the Kyropoulos growth furnace showing the components and
the materials used. (1) Seed holder - tungsten, (2) insulation - graphite, (3) seed, (4) melt, (5) crucible -
molybdenum, (6) induction coils - copper, (7) susceptor - graphite, (8) crucible support - tungsten, (9) outer

vessel - steel.

2.3 Sapphire crystal growth process

The whole crystal growth process begins from the preparation of the crucible and finishes with the
extraction of the crystal from the furnace. For a crystal weighing 38 kg grown in the big machine, it takes up
to 30 days from the charging of the crucible with the raw material to the extraction of the crystal. The
process is to be controlled under strict quality conditions with well-established manufacturing guidelines to

ensure that the crystals produced are of the expected nature and are repeatable.

2.3.1 Crucible preparation

The first step in the growth process is the charging of the crucible with raw material. For a crucible which is
being reused, there is always some residue left in the form of polycrystalline sapphire at the bottom from
the earlier crystal growth process after the extraction of the crystal. The crystal is weighed along with this
residue to know exactly the weight of sapphire raw material already present. In the case of Ti:Al,O; crystals
the raw materials are a-Al,03 in the form of pure alumina crakle (stones), which is a by-product of the
Verneuil process and powder along with 1.81 mass% Ti doped Al,O; powder. Alumina used is produced by
RSA Le Rubis company in good agreement with JSPDS file n° 46-1212. The purity is at least 99.99%. The

mass of Ti doped Al,O; powder to be introduced is calculated by doing an estimate of the concentration of
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titanium in the residue left in the crystal taking into account the segregation of titanium during the former

crystal growth. The desired titanium mass concentration in the melt is 0.1%.

The crucible is charged with these raw materials, but it is important to take care that the crucible is not
filled up to the brim with the raw materials because the density of liquid sapphire (3.03 kg/cm?) is less than
that of solid sapphire (3.98 kg/cm®) and hence the melt occupies much more volume than the initial charge.
It is also important to ensure the purity of the raw materials and to protect the contents of the charged
crucible from getting contaminated until the machine is sealed and the heating process begins. A reference
for the typical contributions of the components of the raw material for growing a crystal in configuration

no.4 of 25 kg is presented in table 2.2.

Constituents Weight (g) % weight
Al,O3 craquelé 18000 72

Al,O3 powder 5000 20

Ti doped AlL,O; powder | 500 2
Crucible residue 1500 6

Total 25000 100

Table 2.2: Crucible charge constituents and their typical contributions.

2.3.2 Furnace preparation

It is very important to ensure a clean environment inside the furnace and hence the inside walls of the
furnace are cleaned with a vacuum cleaner before charging the crucible with the raw materials. Once the
crucible is prepared, it is loaded inside the furnace on the crucible support and covered at the top with a
cloth to prevent the contents from getting contaminated The next step is to install a sapphire seed in the
seed holder which promotes nucleation during the crystallisation process. The crystallographic orientation
of the seed dictates the orientation of the growing crystal; since we are interested in A-axis crystals, seeds
are cored out from earlier A-axis crystals along their length. The seeds used are cylindrical with dimensions
of 10 cm in length and 2 cm in diameter. A seed is attached to the seed holder and rotated to check for the
proper alignment of the seed with respect to the crucible. The seed is then retracted to a position 15 cm
above the crucible top to take it away from the hot zone and hence prevent it from melting during the
melting of the contents in the crucible. The cloth covering the crucible is removed and the graphite
insulation packages are placed around the crucible before finally closing and sealing the furnace. This marks

the end of all manual operations and henceforth the control systems take over.
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2.3.3 Furnace operation

The Kyropoulos furnace, once sealed with the crucible inside, is completely closed and does not allow visual

inspection of the growth process. A small exception is the presence of a glass window at the top of the

furnace which allows an observational camera set-up. It has a limited view of the crucible which is

permitted by a hole drilled through the insulation layers surrounding the crucible in the axis of its view.

The operation of the Kyropoulos system is carried out by controlling the growth environment and the seed

movement based on the feedback of measured parameters.

The feedback parameters which can be measured are:

Weight: The weight is measured by a weight transducer at the seed pulling mechanism. It measures
the weight of the seed and that of the growing crystal attached to the seed with a resolution of
0.1g.

Temperature: The temperature is measured using a pyrometer focused on the outer wall of the
crucible. It can measure temperatures only above 1000°C.

Pressure: The pressure sensor reports the gas pressure inside the furnace with a resolution of 10°®

mbar.

The parameters which are controlled during the growth process are:

Seed position: The seed pulling mechanism enables the movement of the seed during the seeding
process and the slow extraction during the crystal growth process. It is an extremely sensitive
mechanism which allows very small increments of displacement and position measurements in
steps of 0.01 mm.

Seed rotation: It is also possible to rotate the seed around its own axis.

Power: The temperature inside the furnace for the melting of the raw materials and maintaining
the crystallisation conditions is controlled by varying the input power to the induction heating coils.
Pressure: The gas pressure inside the furnace is controlled by means of a vacuum pump, valves and

gas injection pumps which can inject air and argon.

The Kyropoulos growth operation carried out using the control system can be described in the following

steps:
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2.3.3.1 Low pressure sanitisation

After sealing the machine, the vacuum pump is started which brings down the air pressure inside the
furnace from atmospheric pressure, 1.013«10° mbar to 3.510* mbar; meanwhile ramping up the heating
power to 10%. This process helps to clean the gas atmosphere inside by flushing out all gases and
particulate already present in the furnace and brings the crucible temperature up to 1000°C. This process

goes on for about 12 hours and also dries up the absorbed moisture from the components of the furnace.

2.3.3.2 Crucible pre-heating

The next step, which goes on for the next 12 hours, is the heating of the crucible up to 1500°C by increasing
the power to 17%. During this stage, argon is pumped into the furnace and a continuous flow is maintained
by opening a valve which allows the flow of these gases. The pressure inside the furnace from this stage
here on is maintained at 1+10° mbar. This gas flow condition is maintained throughout the rest of the
growth process and it helps to main a neutral atmosphere in the furnace and flush out gaseous products

formed during the process.

2.3.3.3 Melting
This step is the steady ramp up of power from 17% to 37% which raises the temperature inside the crucible

to reach slightly more than 2050°C, the melting point of sapphire. The temperature is maintained at these
conditions for 12 hours which ensures that the alumina raw material is completely melted and there is no
solid chunk left. The state of the melt is investigated using the feed from the camera by checking for a
spoke pattern as shown in figure 2.3(a) which indicates a good uniform convective flow. Figure 2.3(b)
shows the simulated temperature distribution at the surface of the melt for the spoke pattern. The bright
parts in the image are regions of higher temperatures while the dark folds are local areas of lower
temperature on the free surface of the melt. When the centre of the spoke pattern is close to the centre of
the free surface on the melt, it is the appropriate moment for the start of the seeding process. Such a flow
structure ensures that seeding can be started exactly in the point of lowest temperature on the free surface

of the melt, providing a stable start to crystal growth and shouldering [Timofeev, 2015].

The reason of the spoke pattern is as follows. Sapphire melt heated from the crucible side wall moves up
via buoyancy and flows over the free surface from the periphery to the center, stimulated by the
Marangoni effect. To conserve mass of the radial flow to the center within the shrinking flow area, the
spokes are formed by downward melt motion. Downward melt motion decreases the total heat flux from
the melt to the free surface and, as a consequence, the *“spoke” temperature decreases due to radiation

from the melt to the surrounding area.
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Figure 2.3: (a) Free surface of the melt observed by the mounted camera and (b) Computed temperature

field of the free surface of the melt [Timofeev, 2015]

2.3.3.4 Seeding

The seeding process is very sensitive since it marks the beginning of the solidification process and hence
the start of crystal growth and determines the quality of the growing crystal. It begins with a gradual
descent of the seed from its position 150 mm away from the crucible top towards the crucible while also
rotating it at a rate of 2-10 rpm. This descent is carried out in slow gradual steps of movement, taking it
closer to the hot zone. The main concern is to make sure that the seed does not melt as it gets closer to the
melt in the crucible and hence approaches the melting temperature. It is very important to check the
weight displayed for indications of the melting of the seed. Thus the approach towards the crucible is done
with great caution and if there is any indication of a decrease in weight the seed is moved back far away
from the hot zone. Then the heating power is decreased by a very small decrement and the descent of the

seed is done again.

This process is repeated many times by the operator until he is convinced that the temperature conditions
are perfect and there is no melting of the seed. Once the seed tip reaches the crucible top, i.e. 150 mm
from the initial position, the final descent to the free surface of the melt takes place and it is bought in
contact with the melt while being visualised in the camera feed. The moment the seed touches the melt,
the liquid sticks to it with a meniscus weighing it down and hence there is a sudden increase in the weight
by 5-10 g sensed by the seed holder, indicating the moment of contact. From here on, the operator tries to
maintain steady state conditions to ensure that the seed and the melt are in equilibrium. The equilibrium
conditions here are maintained by regulating the temperature using the heating power. If there is a sudden

increase in the weight of the seed, it indicates that there is abrupt solidification at the seed instead of
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smooth crystallisation and hence the power is increased to bring up the temperature and shift back to the
equilibrium condition. Conversely, if there is a decrease in weight it indicates melting of the seed and hence
the power is decreased to bring down the temperature slightly and hence get back to the equilibrium

condition.

Thus the process of seeding marks the start of crystal growth and needs expertise on the part of the
operator to respond to the feedback signals and control the parameters with sensitivity in order to achieve
ideal seeding conditions. The seeding process requires constant operator supervision and cannot be

automated as of yet, unlike the other stages, and requires 5-8 hours of constant monitoring.

The evolution of heating power and temperature inside the furnace during the four stages of furnace

operation prior to commencement of the crystal growth is shown in figure 2.4.
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Figure 2.4: Power and temperature regulation in the stages prior to crystal growth: (a) Low pressure

sanitisation, (b) crucible pre-heating, (c) melting, (d) seeding.

2.3.3.5 Crystal growth

The crystal growth process begins after ensuring for 2-3 hours that the seed is in contact with the melt
without any change in the weight measured. Henceforth, there is a controlled decrease in power which
decreases the melt temperature and promotes crystallisation. The seed onto which the crystal is growing is
always rotated at a speed of 2 - 6 rpm and pulled out slowly with a speed of 0.1-0.5 mm/hr. The rotation
and pulling of the seed ensure that the crystal does not stick to the crucible walls. At the end of the
process, which takes up to 500 hours for a 26 kg crystal in machine configuration 4, the crystal is
completely ready, as indicated by its weight, and the furnace temperature is gradually lowered down to

room temperature before opening up the furnace for the extraction of the crystal. The cooling-down period
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is up to 24 hours. The crystal growth process dictates the morphology and the quality of the crystal and

hence will be discussed in detail in the following sections.

2.4 Crystal morphology and quality

One of the primary factors affecting the productive volume of the crystals is the crystal morphology. Since
the objective is to cut discs from the crystal, it is our objective to produce crystals with uniform diameter
and shape. This will enable the cutting and preparation of required diameter discs throughout the length of
the crystal. Any deviation in crystal shape from the ideal cylindrical bottle shape decreases the productivity
but also is an indication of the occurrence of many macroscopic defects in the crystal. Thus, one of the
primary objectives of the project TitanSaphir is to improve the quality of crystals with respect to their shape

and to get rid of visible macroscopic defects.

In the following sections, a detailed study of the growth conditions affecting the crystal morphology will be
presented and ideal growth evolution parameters for production of crystals with good morphology and
repeatability will be presented. For the sake of consistency, only crystals grown in configuration no. 4 will
be compared and studied. But the issues of crystal morphology and factors influencing them are very

similar in the two other configurations as well.

2.4.1 Growth parameters to be studied

As discussed in the earlier sections we have some growth parameters which are monitored throughout the
process and based on those we also derive some more parameters which give us a better sense of the
growth evolution. The growth system records the parameters every minute during the whole growth

process.

The parameters which will be studied are presented in columns from left to right as follows:

Crystal Identity

hr gm hr gm/hr - mm mm mm  mm/hr °C °C °C/hr % % %/hr  °C/power% gm/mm gm/°C gm/power%

time (h): time elapsed since seeding.

mass (g): weight measured at the seed holder. (It is important to note that the mass measured at the seed
holder is only indicative of the growing crystal and not the actual weight of the crystal. This is because of
the fact that a portion of the crystal is submerged in the melt and hence there are buoyancy and capillary
forces which act on it. A detailed study on the resolution of the components of force acting on the crystal

will be carried out in chapter 3).
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time diff (h): time interval between two consecutive weight readings.

growth rate (g/h): mass growth rate between two consecutive weight readings..

z cristal (mm): vertical position of seed between two consecutive weight readings.

seed position (mm): vertical displacement of seed from initial seeding position.

position difference (mm): seed displacement between two consecutive weight readings.

pulling rate (mm/h): average pulling rate of the seed between two consecutive weight readings.
temperature (°C): temperature measured at crucible outer surface by pyrometer.

temperature difference (°C): temperature difference between two consecutive weight readings.

temperature rate (°C/h): rate of change of measured temperature between two consecutive weight

readings.

puissance (%): heating power level.

power difference (%): change in power level between two consecutive weight readings.
power rate (%/h): rate of change of power level between two consecutive weight readings.

temp:power (°C/%): ratio of temperature difference to power level difference between two consecutive

weight readings.

growth:pulling (3/mm): ratio of mass of crystal grown to distance of pulling between two consecutive

weight readings.

growth:temperature (g/°C): ratio of mass of crystal grown to temperature change between two

consecutive weight readings.

growth:power (g/%): ratio of mass of crystal grown to power level difference between two consecutive

weight readings.

2.4.2 Crystal morphology analysis
In the following section, an effort to correlate the various growth parameters and the crystal morphology
obtained as a result of the growth process has been made. Based on the study of all the crystals grown; an

ideal growth regime and its parameters have been decided upon. These ideal growth parameters have
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been used to compare with the growth parameters of the crystals and point out the deviations and their
effects on the crystal morphology. For each crystal studied, first the crystal morphology is discussed and
the distinguishing features are pointed out using the images. The detailed description for four crystals
which are representative of the peculiar crystal morphologies have been presented in this section with

some further examples in Appendix I.

The various growth parameters and derived parameters during the evolution of crystal growth are
presented in the form of a table. Smaller intervals of time of growth and mass of crystal are chosen for the
initial stages after seeding and the intervals progressively increase. This is because the initial growth stages
are much more sensitive to changes in control parameters and affect the quality of the growing crystal.
Some parameters are marked within green or red rectangular boundaries. The ones within green
boundaries indicate the parameters that correspond to or follow the trend of ideal values of growth and

the red ones significantly deviate from the ideal trend.

The plot of growth evolution in time for the two parameters, growth rate (g/hr) and ratio of growth:pulling
(g/mm) is presented for each crystal. A supplementary plot detailing the evolution of these parameters for
the initial growth stage (up to 5 kg) is provided to study the sensitive initial growth stage in detail. The
markers for the ideal growth parameters are provided in both the plots to help compare the deviation of
the growth regime for the crystal from the ideal one. The deviation in the plots for the final part of growth
(final time step) is to be neglected, since it is due to abnormal readings during the extraction of the

completed crystal.

Finally, a written description of the data analysed is provided for the growth parameters. This description
corresponds to the ranges of values marked in the table within the highlighted red and green rectangular
boundaries. Each description is then linked to the features of the crystal morphology using the reference

numbers in green or red corresponding to the boundaries marked in the table of growth parameters.

The ideal growth parameters are presented first, but it is to be kept in mind that they were developed after
studying the growth regimes of all the crystals discussed with non-desirable shapes. The ideal growth
parameters have been presented as a reference in all the growth descriptions to point out the deviations in

the growth regimes which led to the undesired features in the crystal shape.
The crystal growth regime is discussed for the following crystals:

o KO01-04-14: It is an example of a crystal with a very bad morphology. The crystal shape is not axially

symmetrical and there are rapid changes in the radial dimension along the axial length.
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o KO06-04-14: This crystal has an axisymmetrical shape with some variations in radial dimension
during its growth. There is formation of a thick flat plate at the top of the crystal.

o K10-04-14: This crystal has an axisymmetrical shape for most of its axial length except the top
portion. There is the presence of a thin plate formation at the top followed by a large cavity below.

o K12-04-14: This is an example of crystal with an acceptable shape. It is axisymmetric throughout its
axial length. It has no evidence of plate formation at the top. This crystal was grown by following
the ideal growth parameters, which were developed by studying the examples of the three earlier

crystals and similar crystals discussed in Appendix I.
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The ideal crystal growth parameters were developed by studying the growth parameters, pulling rate and
growth mass along with the other derived parameters for all the available crystals. The growth parameter
regimes responsible for the portions of crystals with acceptable morphology were identified. These series
of growth parameters for various acceptable portions from different crystals were stitched together to
form the complete set of growth parameters which would define the pulling rate and the growth mass rate

from the seeding to the complete growth of crystal.
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K01-04-14 (irregular shape)

Crystal Morphology features marked in the images above

Big diameter flat plate. [4] [5]
Plate with small bubbles layer beneath. [4] [5]

Constriction of diameter at 50 mm height from seed. [6]

Increase in diameter at 100 mm height from seed. [1]

Overall uneven crystal shape with changes in diameter throughout the height. [1] [3]
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Figure 2.5: Top view and side view of crystal K01-04-14 weighing 23.7 kg.
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Growth Features
Growth Rate:

Very high growth rate of crystal mass throughout the growth process. (100 g — 20000 g) [1]

Pulling Rate:

Initial higher rates of pulling for seed. (0 g— 100 g)

2]

Too high pulling speed for seed. (300 g — 5000 g) [3]

Temp:Power:
Negative values. (100 g — 500 g) [4]

Growth:Pulling:

Very High initial values. (100 g — 1500 g) [5]

Sudden decrease and lower values. (5000 g — 7500

9) [6]
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2.42.3 KO06-04-14 (Flat top)

Ocm

Figure 2.6: Top view and side view of crystal K06-04-14 weighing 23.5 kg.

Crystal Morphology features marked in the images above

Big Diameter flat plate. [1] [3] [4] [5]

Plate with small bubbles layer beneath. [1] [3] [4] [5]

Overall even crystal shape with uniform diameter throughout the height. [6]

Sudden Increase in Diameter. [2] [7]

hr gm hr gm/hr mm mm mm  mm/hr iC e °¢/hr % %

0.02 5.00 -13.94 0.00 2080.00 35.90

17.70 20.00 -13.77 0.17 0. 17‘ 0.01 2079.00 1.00 0.06 36.06 -0.16
18.25 50.20 -13.66 0.28 0.11] 0.20] 2081.00 -2.00 -3.65 36.06 0.00
18.60 101.60 1359 0.35 0.07 0.20 2083.00 -2.00 -5.74 36.05 0.01
19.03 204.40 {3518 0.43 0.08 0.19 2086.00 -3.00 -6.95 36.05 0.00
19.38  303.20 -13.44 0.50 0.07 0.20 2088.00 -2.00 -5.74 36.05 0.00
20.65 500.40 -13.19 0.75 0.25 0.20 2091.00 -3.00 -2.35 36.03 0.02
2312 1000.60 -11.69 225 1.50 0.20 2089.00 2.00 027 35.96 0.07
34.19 1500.10 -10.48 3.46 iyl 0.20 2089.00 0.00 0.00 35.86 0.10
40.23  2000.10 927 4.67 1.21 0.20 2087.00 2.00 033 35.77 0.09
52.50 3001.60 -6.73 721 254 0.20 2083.00 4.00 0.32 35.58 0.19
71.28 5000.70 -3.05 10.89 3.68 0.20 2078.00 5.00 027 35.21 0.37
96.56 7500.80 25.28 2,01 15.95 5.06 0.20 2066.00 12.00 047 34.70 0.51
120.37 10001.50 23.80 6.78 20.72 477 0.20 2050.00 16.00 0.67 34.18 0.52
141.68 12501.30 21.32 11.05 24.99 4.27 0.20 2035.00 15.00 0.70 33.71 0.47
157.34 15001.70 15.66 159.67 14.19 28.13 3.14 0.20 2014.00 21.00 134 33.36 0.35
169.49 17501.70 111 16.63 30.57 244 0.20 2004.00 10.00 0.82 33.10 0.26
183.16 20001.90 1367 182.91 20.21 34.15 3.58 0.26 1997.00 7.00 0.51 32.85 0.25
195.39 23483.70 12.24 28451 60.11 74.05 39.90 3.26 1993.00 4.00 033 32.64 021

%fhr 'C/power? gm/mm gm/°"C m/powers

1500 -93.75
-15.10” #DIV/0!
2570 514000
-34.27" #DIV/0!
-49.40" 4DIV/0!
78880 -65.73 9860.00
33347] 25010 714571
a12.81 #DIv/0!  4995.00
250.00 5555.56
25038 5271.05
390.82 5402.97
20834 4902.16
156.29 4809.04
166.65 5318.72
119,07 7144.00
250.00 9615.38
357.17 10000.80
870.45 16580.00

1411.43
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Growth Features
Growth Rate:

High growth rate of crystal mass in the growth process. (50 g — 3000 g) [1]
Sudden increase in growth rate. (17500 g) [2]

Pulling Rate:

Low initial rates of pulling for seed. (0 g — 50 g) [3]

Temp:Power:

Negative values. (0 g—500 g) [4]

Growth:Pulling:

Very High initial values. (0 g — 2000 g) [5]

Good values for later stages of growth process. (5000 g — 15000 g) [6]

Sudden increase in value. (17500 g) [7]
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2424

K10-04-14 (Flat plate)

10 cm‘

Figure 2.7: Top view and side view of crystal K10-04-14 weighing 23.4 kg.

Crystal Morphology features marked in the images above

1) Small Diameter flat plate. [1] [4] [6] [7]

2) Big Cavity below plate at 20mm from seed. [2] [6] [8]

3) Overall even crystal shape with uniform diameter throughout the height. [3] [5] [9]

hr
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Growth Features
Growth Rate:

High growth rate of crystal mass in the initial growth process. (50 g — 100 g) [1]

Sudden variations and low growth rate in the later stage of growth process. (200 g — 1000 g) [2]
Good values of growth rate for later stages of growth process. (1500 g — 20000 g) [3]

Pulling Rate:

Low initial rates of pulling for seed. (0 g — 200 g) [4]

Good values of pulling speed for later stages. (3000 g — 17500 g) [5]

Temp:Power:
Negative values. (100 g — 300 g) [6]

Growth:Pulling:
Very High initial values. (0 g — 200 g) [7]
Sudden variations and decrease in values. (300 g — 1000 g) [8]

Good values for later stages of growth process. (1500 g — 17500 g) [9]



2425 K12-04-14 (Desired shape)

| F

10cm
Figure 2.8: Top view and side view of crystal K12-04-14 weighing 26.1 kg.

Crystal Morphology features marked in the images above
1) Small Diameter head without plate formation. [1] [2] [6]
2) Conical head formation without small bubbles layer beneath. [2] [4] [6]

3) Overall even crystal shape with increasing diameter from top to bottom. [3] [6] [7]

hrs gms mm mm mm mm/hr T °C “Cfhr % % %fhr 'C/power% gm/mm gm/C m/power}
0.02 16.70 -30.12 0.00 2028.10 36.32
28.78 20.00 -27.55 2.57 2024.60 3.50 0.12 36.18 014 0.0049 25.00) : | 1.28] 0.94 23.57
35.68 50.00 -25.48 4.64 2027.40 -2.80 -0.41 3631 -0.13  -0.0188p—— 21.54] 1449 -10.71 -230.77
45.27  100.10 -22.60 7.52 2027.80 -0.40 -0.04 36.29 002 00021]> |20.00 17.40| -125.25 2505.00
60.65  200.00 -17.99 12413 2027.10 0.70 0.05 36.22 0.07  0.0045] 4 10.00 21.67) 14271 1427.14
73.24  300.00 -14.24 15.88 2026.90 0.20 0.02 36.13 009 0.0071%= 2.22| 26.67| 500.00 1111.11
03.4964  500.00 20.26 9.87| -8.95 21.17 2024.40 2.50 0.12 35.97 016 0.0079 15.62| 37.81 80.00 1250.00
124.93 1000.10 31.44 15.91 -2.68 27.44 2021.70 2.70 0.09 35.69 028  0.0089 9.64 79.76| 185.22 1786.07
147.83  1500.00 22.89 21.84 116 31.28 2018.90 2.80 0.12 35.48 0.21 0.0092 17854 2380.48
165.48 2000.50 17.65) 28.36 3.73 33.85 2017.00 190 0.11 3547 0.01  0.0006 263.42 50050.00
199.75 3000.10 34.27| 29.17| 7.80 37.92 2011.20 5.80 0.17 35.14 033 0.009 172.34 3029.09
247.71 5000.70 47.96| 41.72| 12.61 42.73 2004.30 6.90 0.14 34.64 0.50  0.0104 289.94 4001.20
288.05 7500.70 16.65 46.77 1996.20 8.10 0.20 34.43 021  0.0052 308.64 11904.76
327.30 10000.40 20.59 50.71 1588.80 7.40 0.19 34.14 029 0.0074 337.80 8619.66
365.09 12501.20 24.37 54.49 1978.40 10.40 0.28 33.97 0.17  0.0045 240.46 14710.59
403.15 15000.30 28.19 58.31 1963.20 15.20 0.40 33.68 029  0.0076 16441 8617.59
439.56 17501.20 3184 61.96 1950.30 12.90 0.35 33.42 026  0.0071 193.87 9618.85
472.50 20000.50 35.75 65.87 1839.70 10.60 0.32 33.01 041 0.0124 235.78 6095.85

522.60 26133.00 50.10 12241 7476  104.88 1927.60 12.10 0.24 32.55 046  0.0092 506.82 13331.52
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Growth Features
Growth Rate:

Good values of growth rate throughout the growth process. (20 g — 20000 g) [1]
Pulling Rate:

High initial rate of pulling for seed. (0 g — 300 g) [2]

Low values of pulling rate for later stages of growth process. (500 g — 17500 g) [3]
Temp:Power:

Positive values throughout the evolution of the crystal. (200 g — 20000 g) [4]
Slight exceptional negative value. (100 g) [5]

Growth:Pulling:

Low initial values. (50 g — 3000 g) [6]

High values for later stages of growth process. (5000 g — 20000 g) [7]
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2.4.3 Crystal morphology features

2.4.3.1 Crystal-meltinterface conditions

One of the main concerns during the growth of crystals was the formation of a flat top or a flat thin plate-
like structure. Associated with this structure is always an occurrence of other macroscopic defects like an
aggregation of small bubbles forming a white diffused zone just below the flat top as observed in crystal
K06-04-14 (figure 2.6) and highlighted in figure 2.9, or in some extreme cases it is associated with big
cavities below the plate as observed in crystal KO1-04-14 (figure 2.5) and crystal K10-04-14 (figure 2.7).
Thus, it is important to get rid of the formation of this flat top to prevent the occurrence of the associated

defects.

Figure 2.9: Bubble layer beneath a flat plate highlighted by external illumination to reveal the white
diffused zone for crystal K06-04-14.

Similar issues with crystal morphology have also been reported by other authors during the Kyropoulos
growth of undoped sapphire crystals during the initial stages of growth. These deformations are as shown
in figure 2.10 and mentioned as zones of remelting, which are similar to the cavities pointed out in the
crystals grown for our project. Numerical simulations have been carried out to simulate heat transfer, melt
convection and thermal stress at the different growth stages to understand the mechanism leading to
these zones of remelting. These studies have reportted the presence of a secondary convective vortex with
a flow direction opposite to the primary larger vortex which changes the crystal shape as in the case of
crystal shown in figure 2.10(a) [Demina, 2008]; while for the crystal in figure 2.10(b) it is a combination of

natural convection and Marangoni convection [Fang, 2013-a].
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(@) (b)
Figure 2.10: Remelting zone in undoped sapphire crystals (a) crystal grown by Monocrystal Inc [Demina,

2008]. (b) crystal grown by Xida New Energy Inc [Fang, 2013-a].

To study the conditions present in the case of Ti doped sapphire crystals, global and local simulations were
carried out for crystals grown in configuration no.7 at RSA company [Stelian, 2016]. A detailed explanation
for the simulation model is presented in appendix Ill. Crystals grown in crucibles of 30 cm in diameter in
this configuration have shown the formation of a plateau during the first stage of crystallization as shown in
figure 2.11 similar to that of crystal K10-04-14 (figure 2.7).

Figure 2.11: Formation of a plateau and temporal concave shape of the crystal observed during the first

stage of growth in crucibles of d = 30 cm in diameter for configuration 7 [Stelian, 2016].

The global simulation is first applied to compute the thermal and the flow field in the furnace at the
beginning of the crystallization process. The computations are performed in conditions which promote the
plateau formation. Fig. 2.12 shows the evolution in time of the velocity field and the solidification isotherm
after the seeding stage. The velocity distribution in the melt is computed at temperatures greater than the
melting point. Fig. 2.12(a) shows that at the moment of seeding the solidification isotherm is nearly parallel
to the free surface of the melt. Since the Marangoni flow is weak at the beginning of the growth process,

the flow pattern consists of two cells with the secondary vortex developed near the melt-gas interface. Fig.
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2.12(b) shows the results obtained after At = 0.15 h since seeding. As the power in the heater is decreased,
the crystallization occurs very quickly in the radial direction, leading to plateau formation. Small solid zones
appearing at the melt-gas interface are remelted by the convection. This generates a very unstable flow at
the top surface of the melt, characterized by small opposite vortices as shown in Fig. 2.12(b). It is concluded
that a thermal field with isotherms nearly parallel to the free surface of the melt is likely to produce the

plateau formation during the first stage of the growth process.

Veloeity (m/s) Velpcity (m's)

n A003 - - T n A 203
] x107 ’ ’ 5 % oy

3 & v o5 o N o B & 34

(@) (b)
Figure 2.12: Evolution in time of the velocity field and solidification isotherm (in red) at the beginning of the
growth process: (a) after seeding; (b) after At = 0.15 h. Results carried out from global modelling of the

Kyropoulos furnace, configuration no.7 with crucible diameter, d = 30 cm [Stelian, 2016].

Local simulation is then applied to study the influence of the Marangoni flow on the crystal shape, after the
plateau formation. The deformed mesh technique is used to compute the evolution in time of the crystal
shape and the growth interface. The computations are started by considering an initial shape of the crystal,
with plateau as indicated by the blue line in Fig. 2.13(a), which corresponds to the final result shown in Fig.
2.12(b). The cases computed with and without Marangoni flow as in Fig. 2.13(a) and (b) respectively, show
that the concave shape of the crystal is not influenced by the Marangoni convection (M, = 5400). The flow
intensity increases near the triple point due to the Marangoni effect, but the convection is not strong
enough to influence the external shape of the crystal. The result plotted in Fig. 2.13(c) is carried out from a
computation which neglects the internal radiative effect in the crystal. The curvature of the crystal-melt
interface decreases significantly as compared to the simulated cases which account for the internal
radiative effect: T = 6.6 cm/7.9 cm = 0.84 (Fig. 2.13(a)) and t = 2cm/7.7cm = 0.26 (Fig. 2.13(c)). The transient
computation shows a remelting of the plateau in this case. The present results show that the formation of a

plateau and the temporal concave shape of the crystal are mainly related to unfavorable heat transfer
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conditions in the furnace. The flow can influence the shape of the growth interface, but cannot change

significantly the external shape of the crystal.

Velocity (m/s) Velocity {m's)
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Figure 2.13: Evolution of the external shape of the crystal and growth interface in the case; (a) with
Marangoni convection; (b) without Marangoni convection; (c) without internal radiative effect in the

crystal. Crucible diameter d = 30 cm [Stelian, 2016].

2.4.3.2 Crystal morphology improvement solutions

Once the conditions for the formation of the flat plate structure and the associated temporal concave
shape of the crystal are determined to be due to the thermal conditions at the beginning of the growth
process; the next step is to make suitable corrections in the growth environment to get rid of this

morphological feature.
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One of the solutions which was suggested and demonstrated to be effective by using numerical simulations
is the modification of the crucible geometry. A cylindrical crucible with an inverted conical shape for the
inner wall and a curved bottom has been demonstrated to improve the quality of sapphire crystal [Lee,
2011] [C. Chen, 2014]. It has also been adopted for our project scaled to the size of the three furnace
configurations. Another possible solution is the possible rearrangement of the heater configuration and
individual control of the heating units in the furnace [C.-H. Chen, 2012] [Liu, 2015]. But, since we are using
induction heating coils for our furnace we do not have independent control over sections of our heating
arrangement (unlike resistive heating systems) and hence this is not applicable to our growth systems. Also,
a rearrangement of the heater configuration is a very time consuming and tedious process since it requires
the alignment of all the furnace components and qualifying them for the ideal growth conditions by doing

various trials of crystal growth.

Hence, an attempt was made to identify the impact of the controllable growth parameters like power input
and pulling speed on the formation of the defect zones and then suggest appropriate corrections by
proposing an ideal growth control cycle parameters evolution which would help to consistently avoid the

formation of those defects.

24321 Growth massrate

As explained by the simulation results in figure 2.12(b) the flat plate at the top is due to very rapid
crystallisation in the radial direction. This is evident in the higher than ideal growth mass rate during the
initial growth stages for the crystals with the flat top as evident for crystal K01-04-14 (figure 2.5), K06-04-14
(figure 2.6) and crystal K10-04-14 (figure 2.7). The thickness of this flat plate region is reflected in the range
of the mass over which this deviation from the ideal growth rate is maintained. Higher than ideal growth
mass rate is carried on for a heavier mass range for crystal K01-04-14 (figure 2.5) and K06-04-14 (figure 2.6)
hence showing the evidence of a thick flat region; than for crystal K10-04-14 (figure 2.7) with a very thin flat
plate. Higher growth mass rate and hence higher crystallisation rate also results into a capture of lot of
bubbles which leads to an aggregation of bubbles and hence a diffused zone in the flat top region as in the
case of crystal K06-04-14 (figure 2.6).

Any constriction in diameter of the crystal after this plate formation, which is the remelting zone as
mentioned in the earlier sections, is reflected with a sudden decrease in the growth mass rate. This is
visible in the case of crystal K10-04-14 (figure 2.7), where a lower than ideal growth mass rate is observed
immediately after a small range of higher growth rate leading to the occurrence of a big cavity due to

remelting just beneath the thin flat plate. After the initial growth mass, a constant growth mass rate is

79



indicative of extended growth of crystal with uniform diameter. A varying growth mass rate which is more
than the ideal indicates an increase in the crystal diameter at that growth stage as evident for the lower
third region of the crystal K06-04-14 (figure 2.6).

g/h i
200
100
_‘_:,o--'
T/‘I«c/l)‘hl 1

Figure 2.14: Plot of growth rate versus crystallisation time for conventional Kyropoulos growth
system.[Pishchik, 2009]

The characteristic curve of crystal weight increment per unit time for conventional Kyropoulos system has
two maxima as shown in figure 2.14 and this is known to increase the density of macro and microdefects
[Pishchik, 2009]. An ideal growth is the one which has a very gradual increase of growth mass rate for the
initial growth stages after seeding, until it reaches a stable value. This progressive increase helps the crystal
head attain a bottle head shape without the formation of a flat head top or plate and also helps prevent
the zones of remelting and bubble aggregations. After forming the head the growth rate is to be
maintained for a constant value which will help it achieve a growth with constant diameter. Crystal K12-04-
14 (figure 2.8) is an excellent example where the growth rate adheres very closely to the ideal evolution

and hence resulting in ideal crystal morphology without any defect zones.

24.3.22 Pullingrate

There is a need to control the rapid crystallisation in the radial direction and hence the higher growth rates
in the moments after the seeding. Since it is very difficult to control precisely the thermal and flow
conditions in the melt using the power controls, the growth is managed at this stage by controlling the
pulling of the crystal. The idea is to pull the crystal faster during the initial stages to limit the growth in the
radial direction by constantly pulling the crystal-melt interface out of the melt before it propagates radially
outwards. This is achieved by having a high rate of pulling for the initial growth stages immediately after

the seeding, which is lowered progressively as the crystal grows until it reaches a stable lower value. Thus
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the crystal achieves a shape for the head which progressively increases in diameter without any abrupt
plate formation at the top. After the formation of the head and reaching a stable diameter, the pulling rate

is maintained at a low stable value which helps grow a crystal with uniform diameter throughout its height.

In the case of crystal K06-04-14 (figure 2.6) and K10-04-14 (figure 2.7), the pulling rate for the initial stages
after seeding was lower than the ideal values suggested and hence there is a flat surface and plate
formation in these crystals respectively; while for crystal K01-04-14 (figure 2.5) when a higher than ideal
pulling rate is employed there is the evidence of crystal growth with non-uniform diameter for the upper
half of the crystal. As evident from the growth of crystal K12-04-14 (figure 2.8), when the ideal pulling
regime is followed the flat top formation is avoided along with the defect zones like cavities and

aggregation of bubbles related to it and a uniform crystal diameter is achieved for the bulk of the crystal.

It is established that higher pulling rates in the case of sapphire crystals grown using the shaped crystal
growth, Czochralski and micro-pulling down techniques leads to an increased density of bubbles; but it is
contradictory to what is observed in our growth conditions [Nicoara, 2006] [Ghezal, 2012] [Li, 2013]. This is
due to the fact that in our case during the initial stages by increasing the pulling rate we actually decrease
the growth rate unlike the other techniques, which helps limit the creation of bubbles. Once we achieve a
stable diameter of the growing crystal, we decrease the pulling rate which also limits the growth rate and

hence the formation of bubbles.

24323 Temperature:Power

The ratio of difference in temperature and the power levels between two consecutive stages is a very
important indicator for the conditions of remelting or unstable crystal-melt interface. An ideal growth
regime should have positive double digit values which indicate that the change in power is reflected
proportionally in the temperature variations. A negative value or an undeterminable value for this ratio
would indicate an increase or constant temperature respectively in the melt in spite of a decrease in the
heating power. This can indicate elevated temperatures in this zone with lower temperatures around and
hence giving rise to distortions of the convection isotherms and the crystal-melt interface. But it is
important to note that the temperature is measured using a pyrometer pointed at the outer surface of the
crucible at a level just below the initial level of the melt, hence it is just an indication of the trend of the

changes in the melt temperature inside the crucible and not an accurate value.

From the analysis of the crystal K01-04-14 (figure 2.5), we notice extreme negative values for the initial half
of the growing crystal which correspond to the extensive zones of bad morphology and cavities in the

upper half of the crystal. Crystal K06-04-14 (figure 2.6) has the evidence of slight negative values linked to
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the flat top formation and aggregation of bubbles. For crystal K10-04-14 (figure 2.7), we observe a narrow
range of abnormal values very close to the seeding stage which corresponds exactly to the formation of the
huge cavity in the crystal. The crystal K12-04-14 (figure 2.8) which follows the ideal growth conditions
hardly shows any negative values and hence is evidently devoid of any zones with cavities or related

defects.

24.3.24 Growth rate:Pulling

The ratio of growth mass rate to pulling rate is the most important value because it determines the shape
of the crystal by controlling the axial as well as radial growth of the crystal. An ideal growth regime should
have low starting values from the seeding stage which increases progressively until it reaches a stable
value. Such values are indicative of a crystal head with an increasing radial size which leads to the desired
bottle head shape. Once it reaches this stable value it should be maintained throughout the growth which

helps the crystal maintain a constant diameter.

This value can be understood as an indicator for the ratio of growth in the radial and axial direction of the
crystal. A higher than ideal value for the initial stages of growth indicates the formation of a flat top and the
range over which this deviation from the ideal values is carried on determines the thickness of the flat
plate. For crystals KO1-04-14 (figure 2.5) and K06-04-14 (figure 2.6) we observe a higher than ideal value for
most of the initial growth stages and hence there is the occurrence of a thick flat top region; while for
crystal K10-04-14(figure 2.7), it is for just a few initial stages and hence there is a very thin plate formation.
This thin plate formation is followed by a big cavity beneath and it is reflected in the values which are much
lower than the ideal just after. During the latter stages of growth, any deviation in the values from the ideal
is reflected in a slight increase or decrease in diameter of the crystal as evident from the values for crystals
K01-04-14 (figure 2.5) and K06-04-14 (figure 2.6). Crystal K12-04-14 (figure 2.8) strictly adheres to the ideal

values and hence achieves the desired ideal crystal morphology.

2.4.3.3 Crystal morphology control system

Once the ideal growth parameters for the pulling regime have been established, the next challenge is to be
able to maintain them during the process. The only controllable parameters during the growth process are
the heating power and the pulling rate of the seed, hence a suitable process has to be designed to be able
to control these two parameters based on the feedback of the measurable parameters. As established in
the earlier section the ratio of growth:pulling is the factor which is largely responsible for governing the

shape of the crystal. The growth rate of the crystal and distance by which it is pulled in the ideal growth
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regime is followed by maintaining a fine balance between the power level and the pulling rate based on the

feedback parameter which is the weight of crystal.

The ideal values of growth rate:pulling is fed into the computer for the control system of the machine. Here
on after seeding, the machine monitors the weight of the growing crystal and pulls the seed accordingly to
maintain the ideal ratio. An ideal power ramp down curve is also fed to the control system based on the
previous pulling experience. Based on this ideal power evolution data for the growth of crystal the system
tries to follow it to balance the growth rate, i.e to increase the growth rate by decreasing the power and
vice versa. After seeding, once the automatic growth system takes over, it follows the pulling rate as in the
ideal curve and checks for the corresponding mass growth. To compensate for the loss or gain of growth
the power levels are automatically adjusted and hence the growth:pulling ratio values are maintained.
Although, in theory the evolution of the crystal from the seeding to the complete growth does not need
any operator supervision with the automatic system, the growth parameters are regularly monitored and
minor adjustments are made by correcting the power evolution and pulling rate data into the control
system. Figure 2.15 represents the control system for the Kyropoulos growth machine to follow the ideal

growth parameters.
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Figure 2.15: Scheme for the feedback and automatic control process of Kyropoulos growth machine.

The ideal growth parameters were established on the basis of the study of the growth parameters and its

influence on the morphology of the following crystals: K01-04-14 (figure 2.5), K06-04-14 (figure 2.6), K10-

83



04-14 (figure 2.7), K04-04-14 (appendix | figure 1.1), KO8-04-14 (appendix | figure 1.2), K09-04-14 (appendix |
figure 1.3) and K11-04-14 (appendix | figure 1.4).

Following our advice, the automatic growth system following the ideal growth parameters have been
implemented by Cyberstar company for the furnace. At RSA for the growth of crystals K12-04-14 (figure
2.8), K01-04-15 (appendix | figure 1.5) and K02-04-14 (appendix | figure 1.6) with this improved ideal growth
parameters the improvement in the morphology of these crystals is very evident. The small diameter flat
top in the case of K01-04-15 (appendix | figure 1.5) and K02-04-14 (appendix | figure 1.6) is due to the
extended duration of seeding stage. Since, the seeding is a very sensitive process, often it is preferred to
have a substantial growth of around 50 g — 100 g without any movement or slower than the ideal
recommended making sure the crystal growth process is stable and substantial enough to continue the rest

of the growth.

2.5 Crystal-melt interface shape

Along with the crystal morphology which describes the outer shape of the final crystal, the progressing
crystal-melt interface is an important consideration for the quality of grown crystals. The shape of the
crystal-melt interface is an important factor for the radial distribution of titanium in the discs cut from
these crystals due to the segregation of the titanium solute at the crystal-melt interface. The curvature of
this interface also has an important influence on the formation of facets which in turn influences the

formation of crystal defects [Frank J. Bruni, 2015].

(@) (b)
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(© (d)
Figure 2.16: Shape of the crystals obtained by interrupting the growth process at various time (t) after
seeding and with different interface deflection (z;) [Stelian, 2017-a] [Stelian, 2016]. The portion of the

crystal above the indication for the crystal radius is the emerged part whereas below it is the submerged
part under the melt level. (@) t =31 hr, .= 1.55; (b) t=67 hr, ;= 2; (c) t =67 hr, ;= 2.56; (d)t=71 hr, r; =
2.20.

Since it is impossible to observe the crystal-melt interface during the growth process, an experiment was
devised to pull out the crystals from the melt at various stages of their growth thus interrupting its growth.
Upon pulling out the crystal suddenly from the melt, the formed crystal shape bounded by the crystal-gas
interface for the part outside the melt and the crystal-melt interface for the submerged part is preserved
and can be studied by taking it out of the furnace while the remaining melt just freezes in the crucible.
These experiments were carried out in configuration no.5 at RSA within crucible of 15 cm diameter. The
crystals in this configuration grow up to a weight of 7 kg and the full crystallisation process takes around
160 hours.

Figure 2.16 shows 4 such crystals obtained in these experiments by pulling out the growing crystal from the
melt at various time (t) after seeding. The shape of these crystals are defined by the dimensionless
interface deflection . = f/r. , where f is the interface deflection, i.e the maximum depth of the crystal-melt
interface from the melt level and r, is the crystal radius. The common feature in all these crystals is the

convex-concave shape with a large curvature for the crystal-melt interface.

The crystal shown in figure 2.16 (a) weighs 0.15 kg and shows the evidence of thin plates of crystallised

solid on the interface unlike the three other crystals. This is because the crystal was obtained as a result of
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an accident which involved the emergency extraction of crystal after a power failure. It resulted in rapid
solidification of the melt while the crystal was being extracted and hence an interface which is not smooth
with solidified melt sticking to it. The crystal depicted in figure 2.16 (b) weighs 0.4 kg and was grown with a
very high rotation of the seed (10 rpm) while the crystals in figure 2.16 (c) and (d) weigh 0.7 kg and 1.2 kg
respectively and are grown with a 2 rpm rotation of the seed. The high rotational speed of the seed results
in a more concave and flat interface shape for the crystal in figure 2.16 (b) unlike the pronounced concave

and convex interface for the crystals in figure 2.16 (c) and (d).

2.6 Titanium distribution

Non-uniformity in the axial and radial distribution of titanium has been experimentally observed in the
discs cut from the grown crystals. Since the absorption coefficient of the crystal is strongly dependent on
titanium concentration, the input laser beam is non-uniformly absorbed in the transversal cross-section,

giving rise to variations in the intensity of emitted laser beam.

The axial variation of titanium concentration is evident from the increasing darkness of the red colour of
the crystal as we go from the top of the crystal axially downwards as evident from figure 2.17. The radial
variation in titanium distribution is evidenced by measurements of the absorption coefficient in two slices
of 10 cm in diameter, cut from the top and the middle part of the ingot as shown in figure 2.17. Very
precise chemical analysis was done to determine the Ti concentration in a disc sample from a similar grown
crystal as presented in Appendix IV. The Ti concentration was found to be around 350 ppm. The radial
variation is not so evident in this analysis because the samples prepared were very close to the crystal head

and hence the effect of solute segregation was not so strong.

This radial variation in the titanium concentration could be explained by segregation of titanium due to the
conical growth profile in the submerged part of the growing crystal as marked in the crystal shown in figure
2.17. This was verified experimentally by checking the profile of the growing crystal as explained in the

earlier section.
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Figure 2.17: Radial variation of the absorption coefficient in two slices cut from the top and the middle part

of the sapphire ingot. The crystal-melt interface is drawn on the figure (yellow color)[Stelian, 2017-a]

2.7 Laser performance characteristics

The first step to prepare the samples for the laser applications is to cut the discs 10 cm in thickness from
the crystals. Since sapphire is a very hard material, it is difficult to cut the crystals compared to other
materials. Diamond wire saws are used at RSA which can be programmed to cut the discs of required
dimensions without fracturing the samples. Once the discs are prepared they are polished at the flat

surface using chemico-mechanical polishing to obtain an optical grade finish which finally makes it suitable

for the optical applications.

2.7.1 Figure Of Merit (FOM)

One of the most common values used to assess the laser potential of titanium doped sapphire is the
absorption ratio at laser pump and laser emission wavelength. This ratio is named “Figure Of Merit”, FOM.
Depending on the final application, different FOM can be evaluated as a function of the wavelength of the
laser pump and the titanium emission wavelength. The second harmonic (532 nm) of a Nd: YAG laser is
used now as common pump for Ti sapphire laser. The 800 nm wavelength correspond more or less to the

center of the emission wavelength range of Ti: sapphire laser. So the FOM is evaluated as the ratio between
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absorption coefficients measured at 532 nm and absorption coefficients measured at 800 nm [Guillaume
Alombert-Goget, 2016-c].

Eighteen Ti-sapphire samples with 10 cm diameter and 3.2 cm of thickness were produced with a titanium
concentration between 0.1 and 0.2 at% from good quality crystals produced in the Kyropoulos
configuration no.5 for determination of their FOM. To compare the samples, arbitrarily a similar position
was chosen on them for transmittance measurements. All measurements were realized at the half of a
radius parallel to the C-axis of the crystal (Figure. 2.18(a)). For each sample, the two points of
measurements symmetrical to the centre of the sample presented the same FOM values (£3). Here, for
each sample the better value of the two is reported. The values of FOM for the eighteen samples with 10
cm diameter and high absorption coefficient at 532 nm are reported on figure. 2.18 (b). The average FOM
of these samples is 77. These results show that high quality crystals can be grown, such as the sample
number 16 which presents a FOM of 142 and sample 9 which presents a FOM of 102. It is commonly
accepted that the sapphires used in a laser cavity must have a FOM greater than 100 [Pishchik, 2009].
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Figure 2.18: (a) Diagram presenting the position of transmittance measurements; (b) FOM values evaluated

on the different samples [Guillaume Alombert-Goget, 2016-c].

The valence of titanium incorporated into aluminium site in the Ti-sapphire crystals is a fundamental factor
for the laser performance. The concentration ratio between the Ti** and Ti** present in the crystal directly
influences the absorption coefficients at 532 nm and 800 nm and therefore the FOM value. The absorption
of the Ti-doped sapphire in the green is due to Ti*" ions and the residual absorption around 800 nm is
attributed to Ti**-Ti** pair.
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The radial distributions of Ti* and Ti** ions in the Ti-doped sapphire crystal were evaluated by
luminescence measurement as shown in figure 2.19. The luminescence intensity of Ti** was evaluated at
730 nm after excitation at 532 nm and the luminescence of Ti** was evaluated at 420 nm after excitation at
256 nm. The luminescence intensities were measured every mm on the crystal diameter. It is assumed that
the variation of titanium concentration is linear with the photoluminescence intensity due to a very low

concentration quenching effect of the titanium dopant in sapphire.

The Ti* radial distribution profile presents a typical behaviour induced by segregation during crystal
growth. The titanium segregation coefficient is evaluated to be 0.2 in Ti-doped sapphire grown by
Kyropoulos [Abdeldjelil Nehari, 2011]. So, the Ti** concentration increases at the periphery of the crystal,
which is the last grown part. The variation observed in Ti** profile is important in comparison to the low
concentration of these ions. The variation of Ti** concentration induces variation of the FOM along the
diameter of the sample. In the worst case, the FOM can be locally divided by three. So, a good
homogeneity of the Ti*" along the crystal diameter is obtained, but the variation of Ti** should be better

controlled in order to obtain a high homogeneity of the FOM value in the samples.
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Figure 2.19: Profiles of the luminescence intensity of the Ti** and Ti*" in Ti-sapphire sample number 16 of
that shown in figure 2.18(b). The emission intensities of the Ti** and Ti** are normalized on their respective
average emission intensities. The measurements were performed on complete sample diameter [Guillaume

Alombert-Goget, 2016-c].

For the potential application of large diameter crystal, the key factor is the homogeneity of the optical

characteristic in the sample, although a minimum value of the FOM is requested by the user. Hence, the
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possibilities to increase the FOM values of samples with homogenous optical characteristic but with low
FOM are very interesting. It is known that after annealing the crystal under reducing atmosphere it is
possible to reach high values of FOM (250) on small diameter components (<1 cm). Hence, 1cm® samples
were taken from a crystal grown in previous growth series presenting a very low FOM (<30), which didn’t
allow them to be used in laser applications. They were annealed in a reducing atmosphere (argon 95%,
hydrogen 5%) for 73 hr at 1300°C. This thermal annealing operation converts the Ti** to Ti*. The values for
the FOM of these samples before and after annealing are shown in figure 2.20 which confirms the

possibility of using annealing to increase the FOM of Kyropoulos samples.
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Figure 2.20: FOM values before and after annealing treatment of Kyropoulos samples [Guillaume Alombert-
Goget, 2016-c].

2.7.2 Slope efficiency

An important property of an optically pumped laser is its slope efficiency (or differential efficiency), defined
as the slope of the curve obtained by plotting the laser output versus the pump power. Above the lasing
threshold, the resulting curve is usually close to a straight line. The slope efficiency is the slope of this line.
Slope efficiency can be plotted in terms of output laser intensity and input absorbed pump intensity

energies.

For various disc samples cut from the crystals with very good quality the appearance of a hazy translucent
white milky band was found as shown in figure 2.21(a). The slope efficiency was calculated for such a
sample in the defect zone and in the non-defect zone to check for the influence of this defect on the laser
properties. The slope efficiency for the part in the non-defect zone was found to be 48.6% as shown in

figure 2.21(b). But, the slope efficiency for the part in the defect zone is reduced drastically to 38%. Thus,
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these measurements have shown that the defect zone reduces the laser efficiency by the order of 10%. A Ti

doped sapphire crystal having such a defect cannot be used to make components for laser applications.

This defect zone is a limiting factor in the exploitation of the crystals for the envisioned laser applications.
Hence, it is really important for the TitanSaphir project to understand the nature of the defect and its
formation mechanism. A detailed investigation into this defect zone has been carried out and is presented

in the fourth chapter.
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Figure 2.21: (a) Disc cut from a crystal with a horizontal defect zone. Slope efficiency curve for the laser in

the (b) non-defect zone and (c) defect zone.

2.8 Conclusion
The Kyropoulos growth process has already been demonstrated to be successful in growing large sized Ti
doped sapphire boules[Abdeldjelil Nehari, 2011][G. Alombert-Goget, 2014]. Using industrial Kyropoulos

furnace developed by Cyberstar an effort to scale up the size of crystals was carried out at RSA. The scaling
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up efforts resulted in crystals with uneven external shape and macroscopic defects which lead to a loss in

the productive volume of the crystals and occurrence of defects such as bubbles and haze.

A detailed study of the crystal shape and the growth process helped to establish a relation between them
and hence point out the process parameters responsible for the undesirable portions of the crystals. The
most pronounced defect feature is a flat top formation and associated zones of remelting have also been
demonstrated by numerical simulations. Based on these studies an ideal growth parameter for the growth
rate and the ratio of growth:pulling rate was suggested. Crystals pulled by adhering to these growth
parameters have demonstrated the possibility of producing crystals of a desired shape as shown in figure
2.8. An automatic growth system which helps maintain these ideal growth parameters has been developed

to make the process repeatable and hence assure growth of crystals with good morphology every time.

Growth experiments carried out to reveal the crystal-melt interface have shown the evidence of a conical
interface below the melt level. This helps in a better understanding of the growth mechanism which leads
to the crystal morphology and fuels further interest in the entire growth mechanism from seeding to the
final crystal shape with respect to the progression of the crystal-melt interface. The crystal-melt interface
shape is also instrumental in explaining the radial titanium distribution profiles in disc samples prepared

from the crystal and the optical phenomenon associated to it.

Finally, the discs obtained from the crystals have been checked for their laser performance characteristics.
The FOM values suggest that some of the samples have acceptable Ti doping and optical characteristics for
development of laser optic components. The FOM values can be further enhanced by annealing of the
samples. But a peculiar defect band observed in the crystal samples reduces the laser efficiency in the zone

and hence is the limiting factor in the application of these crystals.
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3 Crystal shape prediction

3.1 Introduction

As demonstrated in the earlier chapter, the crystal shape is of great importance for the industrial growth of
bulk crystals. We have managed to understand the effect of crystal growth parameters such as pulling rate
and power on the crystal morphology based on experience and used them to create a feedback system to
have a predictable crystal shape. But we still cannot predict the exact crystal shape accurately in real time
during the growth process. The ultimate ambition for industrial crystal growth is to have complete
information of the growing crystal dimension and be able to control it in real time to achieve a growth with

complete control over the crystal morphology.

As of now, in industry, the furnace operators only have access to the weight measured, and the length by
which the seed in contact with the growing crystal is pulled. The objective of this chapter is to show that it
is possible to make a program able to determine the radius of the crystal at the solid-liquid-gas interface for
each growth step if the height of the melt is additionally acquired throughout its pulling. This would provide
the operators with direct information on the shape of the growing crystal (the radius value at each
measurement), and thus help them exercise better control on the growth parameters. Assuming that it is
possible to measure with accuracy the level of the molten sapphire inside the crucible, the weighing
method could be applied to compute the shape of the crystal which is not possible with the current state of
the system. Particular attention is paid to the meniscus effects and to accuracy with which the results are
obtained. Finally the precision needed for height measurement data in such a system is discussed to check

the feasibility of this idea.

The programming work for the computations has been carried out by Huiyan Lu, Yoann Malier and
Wengqing Jia as a part of their Master internship project for 3 months each during 3 consecutive years in the
mentioned order. The work started with Huiyuan developing an Excel code for solving a simplified system
of forces acting on the crystal growth system. It was followed by Yoann who managed to develop a system
of equations to describe the menisci in the system and their interactions and translated them into
computational codes for Matlab software to develop a calculation tool which would relate all the forces
and their interactions. Finally, Wenqing developed the work further to help determine the radius of crystal
at each growth step for a given set of measured data and also determined the range of errors involved for

the tolerance with which the data for the measured parameters can be obtained. Professor Liliana Braescu
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from Quebec University was invited to help with simplifying the system of non-linear equations and was

instrumental in coming up with the mathematical methods to determine the real solutions to the problem.

3.2 Crystal shape live monitoring system

The automatic growth system has been described in the earlier chapter and presented in figure 2.14 which
allowed for a crystal growth with predetermined shape, but did not have any provisions for the system
operator to realise the instantaneous shape of the crystal during the process. Indeed, as will be shown in
the following sections, the weight and the pulling distance of the crystal are not enough for computing the
crystal radius, and hence one additional parameter must be known. Thus, the first step to enable the
determination of instantaneous crystal radius at the solid-liquid-gas interface is to have an additional

measured parameter in the form of minimum melt height.

The scheme for such a system is presented in figure 3.1. The melt level sensor, not yet defined, could be for
example, a laser-based system which could work on the principle of reflection of light by the liquid surface.
The sensor would have to be adapted for the extreme temperature conditions in the furnace and as of now
it has not been experimentally studied. The feedback from this level sensor along with the other measured
parameters would enable the calculation of radius at the solid-liquid-gas interface at each instant as will be
described further. Having the initial value of radius for the seed, the calculated radius at each step along
with the pulling data will enable a live construction of the axisymmetric crystal shape and can be visualised
on a monitor. Based on the current growth status, the operator can act upon the growth parameters and
change the growth parameters and further inspect its effect on the crystal shape as it continues growing.

Ultimately this would allow for the system to be completely automatic.
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Figure 3.1: Scheme for crystal shape monitoring system with melt level sensors.

3.3 Background
There have been a few attempts to explore the influencing factors of the shape evolution of a crystal grown

by the Kyropoulos technique.

A model of the Kyropoulos method was presented in which the solid-liquid interface is assumed to be
spherical or an ellipsoid of rotation to deduce the general shape of the crystal. By using a mass transfer
approach, the relationship between the decrease of the melt and the corresponding increase of the crystal
size was established [Singh, 1981]. However, in the real case, the shape of solid-liquid interface is much
more complicated than what was supposed in the paper and there is no way to get this shape during

growth.

A geometric model with a quasi-stationary approximation for crystal growth was proposed to study the
effects of the growing process on the evolution of crystal shape. It was revealed that the crystal could grow
with a self-stabilized diameter after the shoulder-expanding stage under fixed processing parameters and
decreasing the convexity of solid-liquid interface would increase the growth rate of crystal diameter. In this
model, the crystal growth is considered as layer-by-layer and to be achieved by two processes alternately:
the rising height of the crystal from the melt level and the advancing of crystallization front [Zhang, 2011-

aj.

95



Later, the previous model was applied to design the process for growing a shaped crystal by Kyropoulos
method through integrating a 1-D model representing the kinetics of the crystallization process. It was
stated that reducing pulling rate as well as heater temperature could prevent the decrease of crystal
diameter after shoulder expanding [Zhang, 2012]. Even though the diameter undergoes successive changes
during the crystal growth in this method, it was assumed that the solid-liquid interface was a cone with a
fixed apex angle. In a real crystal growth process in the Kyropoulos furnace, however, it is very hard to get a
model relating the crystal diameter changes to the process parameters such as pulling rate, advancing
speed of crystallization front and heater temperature without considering the changes of crystal-melt
interface [Song, 2015]. Thus a growth control method for Kyropoulos process was proposed by directly
calculating the crystal mass and force changes with a simplified conical interface shape-evolution model. In
this geometric model, the emerged part above the melt was considered as a piling-up of truncated cones
while the submerged part (i.e. the solid-liquid interface) was supposed to keep a conical shape with a
constant cone angle, based on some experimental data. The model was applied to analyze data from the
industry-scale crystal growth experiment. By obtaining the value of radius of growing crystal at the melt
level with examinations of the successfully grown crystal in the test runs, it was possible to obtain the
profile of crystal mass built up during one interval, the melt height and cone angle of solid-liquid interface

from the crystal pulling force [Song, 2015][l. V. Kryvonosov, 2016][l. V. Kryvonosov, 2017].

But in fact, the shape of the crystal front is much more complicated than just a simplified cone shape and
evolves with time. Thus, the measurement of the radius from as-grown crystal is not very accurate and

rigorous with these models.

3.4 Methodology
In this chapter, the following methodology has been adopted to establish the system of equations to
determine the crystal shape using the measured parameters and determine the accuracy associated with

these parameters:

1. Asafirststep, all the physical phenomena related to the mass of the system have been established

2. The mass and volume balance of the Kyropoulos growth system have been established. This
allowed the establishment of a system of equations with the measured parameters and the
geometry of the crystal.

3. Mathematical representation of the internal and external menisci was established based on their

physical description.

96



4. The interaction of both these menisci (capillary bridge) is considered and is described
mathematically.

5. A set of non-linear equations allowing the computation of the crystal radius at the solid-liquid-gas
interface from the measured parameters was developed.

6. Since these equations are non-linear, a computational code was developed to solve these
equations numerically.

7. To check for the validity of the idea, a perfectly cylindrical crystal shape was considered.

8. Since we don’t have physical values for the measured parameters, capillary bridge calculations
were carried out for this crystal shape to obtain the geometry of the menisci and derive the
measurable parameters, most importantly the liquid melt level (simulated data).

9. Based on these available measurable parameters (simulated data) from the earlier step, the system
of differential equations from step 5 was solved using the computational code to check it was
possible to reconstruct the crystal shape and hence validate the computational system.

10. Finally, to be able to suggest an accuracy needed for the measured parameters, an analysis for the
impact of tolerance of measured parameters on the determined crystal shape was carried out by
adding error in the measured parameters. This helped to determine the accuracy needed for a

prospective tool to measure liquid level.

3.5 Hypotheses
To apply the methodology described previously, some hypotheses which help us simplify the problem are

considered as follows:

e The growing crystal is assumed to be axisymmetric and its axis corresponds to the crucible axis.

e |tisconsidered that the melt height values are always obtained at its minimum height.

o The total initial weight of the sapphire (W;,¢4;) introduced in the system is accurately known.

o The emerging crystal shape can be approximated by conical layers with a straight segment joining
the crystal radius known at the earlier step to the current crystal radius.

e The physical properties for the solid and liquid sapphire are assumed to be constant irrespective of

temperature variations.

3.6 Weighing method applied to Kyropoulos crystal growth
The weighing method, which proved to be particularly useful for Czochralski and floating zone crystal shape

control, consists in balancing the different forces that contribute to the weight measured by the seed
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holder's sensor [Duffar, 2010]. To adapt this method to Kyropoulos technique, the axisymmetric system

presented in the Figure 3.2 is studied.

Whmeasured

Meniscus 2

Meniscus 1

Figure 3.2: Scheme for the crystal growth with the balance of forces.

In existing works on control logics, the sapphire geometry was simplified. But it is notable to mention that
in this work, no hypothesis is performed on the crystal shape, since the shape of the submerged crystal

cannot be determined. Consequently, in the forces balance written below, W, pymergea is unknown.
Wmeasured = Wseed + Wemerged + Wsubmerged + Wst + Wbuoyancy Equation 3.1
where, W, is the weight component due to the force exerted by the meniscus surface tension.

In order to remove indetermination, other equations are needed. A mass balance gives the relationship

below.
Wtotal = Wseed + Wemerged + Wsubmerged + Wmolten Equation 3.2

Moreover, it is possible to obtain a geometrical relationship between the volumes of the molten and the

submerged part as shown in figure 3.3.

2 — .
”Rc (hmeasured + hmeniscus 1) - I{gas + Vsubmerged + Vmolten - Vexcess Equatlon 3.3
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VE Xcess

\ hmeniscusl

hmeasured

Rc
Figure 3.3: Geometrical parameters for the crystal growth scheme.

After manipulating and simplifying these three relationships to eliminate Wy,piten and Weypmergea from

one of them, the equation below is obtained [Johansen, 1987]

Do~ DPv +
g

— 2 2
Wmeasured - Wtotal - plch (hmeasured + hmem’scus 1) + Wst + p (Vgas - Vexcess) + TTT‘(i) (

Pihmeniscus 1) - pgas(Vemerged - Vseed) Equation 3.4

To obtain this equality, Wyyoyancy has been replaced by its exact expression in the equation 3.1. A
submerged body inside a fluid is, according to Archimedes' principle, submitted to the force (u, pointing
up, all the terms in bold being vectors):

F = p1gVsubmergea Uz Equation 3.5

But this expression applies only if the body is entirely submerged, which is not the case here. Then, the
buoyancy force must be adapted adequately, as it has been done for Czochralski process [Furlong, 1979].
On the Figure 3.4, it appears that the fluid pressure does not apply on the section S as it would on an

entirely submerged body.

Hence, the force exerted by the molten sapphire on the crystal is the following

F = ffA_s P(M)dSn = #SP(M) dSn+ nr(zi)(pv = Prghmeniscus1 )Wz = fffVVP(M)dV +

¢y Py — Prghmeniscus 1 )z Equation 3.6
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Figure 3.4: Diagram of pressure forces applying to the crystal's submerged part
Finally:
1 e .
Wbuoyancyl = ; Fl('uz) = _prsubmerged - T[% (pv - plghmeniscus 1)- Equatlon 3.7

The gas also applies forces of pressure on the external surface of the emerged part of the crystal. It is

possible, as previously, to demonstrate that the overall gas pressure contribution is:

2
— T .
Whuoyancy2 = Pgas (Vemerged + Vseed) + T[? Po: Equation 3.8

Wbuoyancy = Wbuoyancyl + Wbuoyancyz .

In equation 3.4, Wy, due to surface tension can be evaluated. Indeed, from the Figure 3.5, it is possible to

deduce that:
Wy = %”r(i)ylvcos (6, +6), Equation 3.9

Considering the hypothesis that the crystal shape can be represented by small consecutive conical layers, it

can be written:

tan (6,) = ~2="0=1 Equation 3.10

Z@)-Z(i-1)

100



(r(i-1),2(i-1)) e
|—‘Ur

(r(i),z(i))

1

\

Os1

Figure 3.5: Angle of projection on the vertical axis of the force associated to surface tension. 8, being the
angle between the tangent to the crystal surface and the vertical direction and 8, the static contact angle

between liquid Al,O3 and sapphire (whose value is 17°).
And, at any iteration i, Zg = H(l) — hmeasured(i) — hmeniscusl(i)-

By injecting these expressions in 3.4, the final weighing method's equation 3.11 is obtained.

2 ()= T()—
Wmeasured = pl(Vgas - Vexcess) + ;nr(i)ylv cos (91 + atan(w)) - plnRg(hmeasured +

Z(H-Z(h)—1

Rmeniscus 1) - pgas(Vemerged + Vseed) + TTT(Zl-) (Po;pv + plhmeniscus 1) + Wiotar Equation 311

From these equations, r; can be computed, provided that all the terms related to the geometry of the
menisci (Vyas, Vexcess: Pmeniscus1, 61) can be determined. It is worth noting that the shape of the
submerged crystal need not be known to solve the problem. It is possible because of the additional

measured parameter in the form of the melt height level (hy,eqsurea)-

In the demonstration above, the menisci are assumed to be upwardly concave-shaped. But, in some
extreme cases, it could not be the case. As shown in Figure 3.6, when the crystal surface angle relative to
the vertical is too high (i.e. if growth rate is very high) or lower than -17° (i.e. if remelting phenomenon is

occurring), the shape of the meniscus 1 is strongly affected.
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Gas
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Liquid

Liquid

—-17°< 6, < 73° Oy > 73° Oy < —17°
Figure 3.6: Different possible shapes for the meniscusl depending on the value of 8

The equations 3.1 and 3.2 remain unmodified by this change; but the equation 3.3 and the buoyancy force,

thus equation 3.11, are impacted if the crystal tangent angle value is higher than 73°. In this case, it

becomes as shown in figure 3.7:

Vmenisr.usz
K hmenis:usl Vn:t‘rf:usl
\m ____________________________________ i
hmeasured Vmolten
|
!
!
|

T R —
Rc

Figure 3.7: Geometrical parameters for the crystal growth scheme for 8, > 73°

— 2 2 ;
Vsubmerged + Vmolten - T[Rc hmeasured - T[r(i)hmeniscus 17 Vmeniscus 1+ Vmeniscusz Equatlon 3.12

Hence,
_ 2m
Wmeasured - Wtotal + pl(Vmeniscusl - Vmeniscusz) - pgas(Vemerged + Vseed) + ;r(i)ylv cos (91 +

- T@-1y) _ 2 2 (Po— Py :
atan(m)) PR Rnpasurea + ”r(i)( , ) Equation 3.13
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However, when the crystal tangent angle value is negative, the equations 3.3 and 3.11 remain unchanged

as shown in. figure 3.8.

hmenlstusl (
N
| L

h measured

Vmolten

Re
Figure 3.8: Geometrical parameters for the crystal growth scheme for 8, < —17°

At each instant, to solve the equation 3.11 or 3.13 (i.e. to determine r; value knowing the height of the
melt hmeasurea), the values of V. and Voxcess @nd Rppeniscus 1 Must be calculated. Indeed, hypeqsyrea, H
(directly linked to the pulling rate) and W,cqsurea Would be acquired throughout the crystal growth and
the other terms depend on physical characteristics of the system. The volume of the emerged part of the
crystal is determined by integrating the radius values calculated at previous instants. The following section

is dedicated to the determinations of the menisci shapes and their volumes

3.7 Numerical study
As a first step, mathematical representation for the meniscus at the crystal (external meniscus) and crucible
(internal meniscus) is represented without considering their interaction. Later on, the interaction between

the two menisci is considered and the geometry of the interacting menisci (capillary bridge) is described.

3.7.1 External meniscus
In order to determine the equation characterizing the shape of the external meniscus (i.e. the meniscus in

contact with the crystal), one has to consider its parametric representation as described in figure 3.9.
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Figure 3.9: Parametric representation of an external meniscus

It can be followed using the above scheme:

d

o = cos(¢(s))

o = sin((s))

dp(s) _ 1
ds - Ry

sin (¢(s) _ 1
T - R,

The Young - Laplace equation is obtained from the last two equations as follows:

dps) _ sin(¢®) _ 1, 1 Equation 3.14
ds r Ri R | .

To be solved, this equation must contain only two parameters. Using the chain rule, one obtains:

dz _ dz 1 _ sin(¢) _
dr  ds ¥ cos (¢) - tan(¢)

ds

dp _ dp d d d 1 d 1 d L
d_‘f=d_‘fd—2=d—‘fcos(¢)=d—f 1=d_<f lzd_(f dzy, 2
(cos2(@) + sin? ()2 1+ tan?(¢))? a+G)H?
cos (¢) "
tan(¢) @
- an
sin(¢) = tan(¢) cos(¢) = TE—
(cos?(9) +sin2($)2  (1+(z)?)2
cos (9) "
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a?z _ d dzy _ d —d 1 _d¢ dzyo
dr2 ~ dr (dr) T ar (tan((p)) T dr cos?(¢)  dr (1+(dr) )

So the equation 3.14 can be written as:

d2z dz
d?z 1 dz 1 1 .
dr? _1 dar =1, 1 Equation 3.15

ar@nz T oaezz R R

As such, the equation doesn't contain any physical parameter related to the crystal growth configuration.
To address this, a modified Young-Laplace law is applied. This model was tried and tested for Czochralski
growth technique and presented in the book [Duffar, 2010].

1 1 —Pvt Dot P19Z— %ﬂ%rz

—+ —= Equation 3.16

Ry Ry Yiv

The pressure due to rotation in Kyropoulos system is only a few Pascals and is commonly neglected in this
equation as it is done for the Czochralski system. In Kyropoulos, it is even smaller since the seed'’s rotation
speed and temperature gradient are lowered compared to Czochralski. Moreover, z must be 0 when r
tends to infinity. Indeed in a huge container, the meniscus doesn't affect the level of liquid in its center. So
the internal pressure applied on the liquid po is the same with the pressure of the external gas on the melt py, i.e
pv=Ppo. Hence the equation 3.16 becomes:

d?z dz

a1 ar P9z Equation 3.17
a+@»z T a+@yz T

Since it is second order differential equation, it can split into two first order differential equations. Hence,

in the system written below the following dimensionless coordinates have been introduced:

Z = /%zandRz /wr
Y Y

aGe) _ . a+GM az Az p\2 Az
R E h T ZA+ ()2 G ZR)

az _ 4z . 4z,
drR ~ drR fZ(dR)

This system of non-linear first order differential equations, combined with boundary conditions make
possible the computation of the shape of any external meniscus using numerical methods (the equation
being non linear it has no exact analytical solution). Throughout this work, RK4 (i.e, Runge-Kutta method at

order 4) and RKF45 (i.e, Runge-Kutta-Fehlberg method, which is similar to the RK4 one, but with an
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adaptive step size) codes are developed for solving initial value problem of the meniscus. If RK4 requires
less iterations, hence less computational time, the error is not mastered by this technique. The main

advantage of RKF45 method is the control over the error made at each step, thanks to modifications of the
step size.

As explained above, to solve the equation 3.17, boundary conditions are needed. More precisely, to apply
RK4 or RKF45 methods, both the position of one boundary and the slope at this point must be known. This
condition is only fulfilled at infinite r, where z and the slope are zero. Since it is impossible to start from
infinite, approximations are made on this boundary. Tsivinskii's assumptions are commonly used to
determine an approximate meniscus height with a simplified equation and thus to create fixed boundary
conditions [Duffar, 2010]. In this work, to verify the equation and the RK4 code validity, the model of
Stanley Hartland and Richard W. Hartley is applied instead [Hartland, 1976]. In their study, they started that
far from the contact interface, where the meniscus effect and the angle ¢ are small (¢= 10"). Under these
conditions, the equation 3.16 simplifies into

d?z 1.dz _

e/
dR R dR

Indeed, Z—i (R*,Z*) =tan (¢p*) =~ 10™* « 1. This is a Bessel differential equation (the —ve sign is converted

into +ve due to the used co-ordinate system), and it has an analytical solution:
Ki(R) = =2

ol KO(R*)
K1 (R™)

tan(¢*)

Using these two relationships, for a given ¢ value (constant of integration which depends on the physical
properties of the system), it is possible to determine the boundary conditions. As shown in the Figure 3.10,
from this starting point, the developed Matlab program computes the meniscus shape until the slope
reaches the value of tan (®(s,)) and then stops (with an accuracy of 10°). By varying ¢ between
1.66139.10™ and 169980 (as it is the case in Hartland & Hartley's book), it is possible for each contact angle
d(s,) to obtain the value of the meniscus height and length along with its shape [Hartland, 1976].

ul uz uZ ul ul uL

A A A A A A

' 1 1 1 1 '

1 1 1 1 1 1

] 1 1 1 Z

1 1 1 1 I

Vv
tan(®") | : J | J ‘

1 1 1 1 1
it o U R " <><-Z---.-)n T30 e " ’
(R*,Z*) T o w (so) u, R u; r(i)
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Figure 3.10: Schematic of meniscus creation by the code. The output of the program being R, Z and the
volume V
To compute the meniscus volume, trapezoidal integration is used and the volume below Z" is added, along
with the analytic volume comprised between infinity and R as shown in figure 3.11.
As such, the code is able to create any external meniscus shape. In practice, at the i-th measurement, the
meniscus must reach (¢(s,)) =90° - 6, - 6 for r=r(;y. For this work, the crucible radius is considered to be
sufficiently higher than ;) to consider that the Bessel analytic solution is valid at r = R, (this assumption

will be discussed in section 6). Then, it is possible to use

R* = /’]’/LgRC .and
v

* * _KR* *
7 :ﬂR:R)-%tan(cp)

Trapezoidal
integration

®", 7"

= 0
e Analytic volume Volume below Z"

Figure 3.11: Principle of volume calculation used to compare our values to literature's ones. The errors

visible in the schematic are amplified, since the code creates trapezoids between each successive point.

The adequate Z* is determined using a dichotomy technique on ¢*. If ¢* € [0, 2] is too high (resp. too
small), the meniscus length will be smaller (resp. larger) than R, — 7(;). Moreover, in the weighing method
equation, Vyeniscus1 corresponds to the volume computed through trapezoidal integration minus

nrfi) %. The volume below Z* and the analytic must not be added. At this stage it is also possible to
v

compute Vs + Vineniscus 2 + Vexcess @s shown on the figure 3.12.
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Figure 3.12: lllustration of the relationship linking the volume of the meniscus 1 t0 Vs
But, to obtain the values of V ;s and Vy,eniscus 2, the code should also compute the shape of the meniscus

in contact with the crucible.

3.7.2 Internal meniscus
This internal meniscus (i.e. the meniscus in contact with the crucible) as shown in figure 3.13 is present on
the walls of a large container (in this study R.=11cm, but it could be even larger). So, the capillary rise at the

center of the crucible is neglected.

crucible
crucible

Meniscus

Figure 3.13: Radii of curvature of the internal meniscus.
The parametric representation is similar to the one used for the external menisci and the equations remain
almost identical, with a “sign” difference (i.e. positive radius of curvature) due to the different coordinate
system. Indeed, the origin has to be taken in the center to maintain the following equation valid.

sin (¢(s)) _ 1

r Ry’
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The principle remains the same. At the center, Z* value is determined by dichotomy. The value for which
the meniscus size matches the radius of the crucible is unique, knowing that the slope and the radial
coordinate at this boundary are zero. On the crucible wall, the contact angle for alumina on molybdenum is
known to be 48.2° [Tandjaoui, 2016].

The volume of this meniscus is indirectly calculated using a trapezoidal integration as shown in Figure 3.14.

—_ 2
Vm2 = HRC hm2'Vtrapezoida1

crucible

Figure 3.14: Volume calculations associated to the internal meniscus. The errors visible in the schematic are

amplified, since the code creates trapezoids between each successive point.

The volume of the meniscus 2 remains constant, so it is calculated only once for a given R.. Knowing
Romeniscus 1, t0 obtain V,,...cs an extra trapezoidal integration is done for the points located above

Rimeniscus 1- Using the relationship presented on the figure 3.12 V., value is then calculated.

Rigorously, the meniscus located at the molybdenum crucible's wall, and the one placed at the growing
crystal surface are interacting. Indeed, the combination of the two forces both meniscus shape to reach a
minimum with a horizontal tangent between the crystal and the crucible wall. And this shape must fit the
angle 6s+0, and the contact angle (48.2° for a molybdenum crucible) at its boundary conditions [Tandjaoui,
2016]. However, the fluid elevation associated to meniscus formation becomes negligible in front of
meniscus height at several capillary lengths from the interface (which represent approximately 5mm for
sapphire) [Duffar, 2010]. The way this interaction can be taken into account to construct the exact capillary

bridge is detailed in the next section.

3.7.3 Capillary bridge

When the two menisci interact, it creates a capillary bridge between the crystal and the crucible. At its
minimum point the first radius of curvature is smaller than previously considered as shown in figure 3.15.
According to Young-Laplace law, that means that the pressure at the melt's surface is decreased, so py<po.

Hence, the equation 3.16 becomes:
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d’z dz

darZ —Py+ Dot P19Z .
I A= R P P Equation 3.18
A+ a+E)H? Y
. i . i Capillary
Meniscus 2 i Meniscus 1 ! bridge

without interaction . without interaction

A

¥

Figure 3.15: Minimum point and shape of capillary bridge.
Introducing, Z = z + % ,and then 7= /% , the equation 3.19 is obtained
L: \'4
d2z dz

az 1 dr =7 Equation 3.19

ar@nz R @

To have this equation fulfilled all along the capillary bridge, the origin of the coordinate system must be
taken on the axis of symmetry at Z = 0 (and the scale adimensioned). But the physical model is more
complex than the previous one. Thus, for the computation of the bridge, we use respectively two different
ways as will be described in the following sections; for generating the fictive data (Weasurea: H,

hieasurea) @nd for finding the unknown shape (r(;y, z(;)).

3.7.3.1 Capillary bridge calculation for generating fictive data
In order to test the method we need to generate a set of fictive data for the growth of an a priori known

crystal shape.

In this process, knowing (r(;), z(;).for the considered crystal shape, we can solve separately equations for

meniscusl and for meniscus2.

v

indeed, starting the calculations from R*=R. (2% or from R = gz |2 is not convenient, since there will
v

be problem in the middle point, where one meniscus joins another. One way to solve this problem would
be to start from the joining point (R,, Z,), but both z and r coordinates of this point are unknown. So,

firstly, we carry out a dichotomy on Z(R,), where we have boundary condition for each meniscus.
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dz
=2 = 0
dr

and we use RK4 to compute along the menisci until other boundary conditions are satisfied:

3—i = tan(90 — (6., + 65)) for meniscus 1
2 = tan(90 - 6,) = tan(90 — 48.2) for meniscus 2

Physically, this method consists in testing several differences of pressure p, — p,. If this depression is
overestimated (resp. underestimated), the radius of curvature at each point will also be overestimated
(resp. underestimated). As a result, the capillary bridge will be too short (resp. too long) to connect the
crucible wall and the crystal as shown in the Figure 3.16. Z being an adimensioned parameter depending
both on the height and the value of p, — p, (assumed to be constant along the capillary bridge), the bridge
should be placed in the real space system using A eqsured-

T, U,

Z(Ro ) too Z([Ry) too ! Fitting
large : small :

_—

=" " "“""""""':"'h =TT -"'h
H measured u, H measured measured

r(:i)

Figure 3.16: Influence of Z(R,) value on the shape of the capillary bridge.

Moreover, the shape's equations being slightly different for the two menisci, the code must be adapted to

converge properly.

Using these calculations once the capillary bridge shape is established, every parameter required to
generate the fictive triplet (Wpeasuredr Hy Pmeasurea) €aN be computed all along the simulated growth

process.

3.7.3.2 Capillary bridge calculation for finding the unknown shape

In this case, we use the same method as before, however, now we know the triplet (Wpeasured, H,
Rineasurea) instead of the radius of crystal r(;y and the angle 6;. So, firstly, we compute meniscus2 by
starting from (R, Z,), Where Z, is obtained by dichotomy. Mathematically, these different Z, determine
the curvature of meniscus2 and meniscusl and the point where they join together. And physically, this

method also consists in testing several differences of pressure po — py.-
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As for meniscusl, we start also from (R, Z,) to guarantee the continuity of the capillary bridge. Knowing
previous point (r(;-1), Z-1)), We can do the calculation until finding the (r;, z;). In fact, as shown in figure
3.17, physically, there is always a unique (r;, z;). which corresponds to (r;_1y, Z(;—1),- At each point on
meniscusl, there is a corresponding angle 6;, and there could be only one point who satisfies 6; = 17°. And

that is the next radius we are looking for.

[ N
Uz
(r(i-1), z(i-1))

A
(r(i), z(i)
D
h BL ~__ __—
measured Rg’ 'LT,:

Figure 3.17: Process of finding (r;, z;) from Ry

On one hand, for every Ry, we can find an unigque (r;, z;), and calculate the corresponding weight
Wineasurea'» SO that we can adjust the position of Ry by comparing Wineasurea’ aNd Wieasurea- ON the
other hand, each R, can determine a unique (r;, z;),. Finally, knowing Wy, casurea,» We can find a (r;, z;) and

if the accuracy could be high enough, this (r;, z;) should be the next point, determining the crystal surface.

In both cases, we start the calculation from center (R,, Z,). But we use different methods for the

computation of the capillary bridge because of different starting conditions.

3.7.4 Crystal Shape

To test the equations and the technigue we use for solving the problem, a theoretical crystal shape should
be created. At first, we impose a simple cylindrical shape shown in the Figure 3.18, in order to avoid the
sudden change of radius and to generate only once the capillary bridge as precisely as possible when we

generate the fictive experimental data (Wyeasurea H: Rmeasurea)-
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By applying the equations 3.1, 3.2 and 3.3, fictive experimental data (Wieasured» H: Rmeasured) are
created. In reality, the operators will have access only to these experimental measurements. So, the code
should be able, using only these data, to converge towards the shape initially imposed. Since the
submerged volume is required to create Wy eqsureq, @n elliptic submerged volume was created. The

weighing equation being independent of this volume, it is possible to take any arbitrary shape.

|
|:| L‘ 0l Emerged

submerged

Figure 3.18: Shape tested for growing crystal created in the code

Knowing r(;_1), by applying the technique for the computation of capillary bridge, it is possible to calculate

the unknown parameters in equation 3.11 and find ;.

The results obtained using the models described above, and their limitations, are detailed in the next

section
3.8 Numerical results and discussion

3.8.1 Menisci's shapes and volumes

The equation 3.17 has been tested, and the results checked towards Hartland and Hartley's results
[Hartland, 1976]. The values compare well, since the relative error is lower than 107, except for 90° contact
angle. Indeed, for such an angle, the slope is infinite, so when the R value is increased by DeltaR the Z value
should also be infinite. That is why the values can be computed for up to an angle of 89.9°. The smaller the
step size, the better the accuracy. Hence, the RKF45 (adaptive step size) is more accurate, at this angle

value, than RK4 (constant step size). The code is limited to angles below 90°.

Then, external meniscus corresponding to the physical system is obtained using the code in Matlab, but
could not create the shape of the meniscus if 6, < —17°. This may happen if there is an important

remelting phenomenon. Nevertheless, the code is adapted to the two other possible meniscus shapes
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presented in figure 3.7 and figure 3.8. The relative error between Runge-Kutta calculation at order 4 and at

order 5 is around 107, so the code proved to be accurate.
The curves and values obtained for several (r(;), 65) couples are shown below.

3.8.1.1 External meniscus

38111 6,<73°
The meniscus shape profile for 3 different crystal radius and growth angle combinations: (r;->0.5cm,
05 — 0°), (r@y->3cm, 65 — 45°), (1;)->6cm, 6; — 0°) have been plotted using Matlab as shown in figure

3.19. The meniscus profile corresponds to the scheme presented in figure 3.3.

-3
10
61 T T T T T
— (r@i)=5mm, 6S=0°)
— (r(i)=83cm, 0S=45°)

51 (r(i)=6cm, 8S=0°) 4
~4 -
g
B
Naol .
o3
=
2
)]

Tl .

1F .
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0 i l\\\u-_.v 1 i 1
0 0.02 0.04 0.06 0.08 0.1 0.12

Distance from the axis of symetry r (in m)

Figure 3.19: External meniscus shapes for different crystal radius and growth angle lower than 73°
38112 06,>73°
The meniscus shape profile for 3 different crystal radius and growth angle combinations: (r;->0.5cm,

0s; — 85°), (r(;»->1.5cm, 65 — 85°), (1(;->2.5cm, 65 — 85°) have been plotted using Matlab as shown in

figure 3.20. The meniscus profile corresponds to the scheme presented in figure 3.7.
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Figure 3.20: External meniscus shapes for different crystal radius and growth angle larger than 73°
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3.8.1.2 Internal meniscus
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Distance from the axis of symetry r (in m)
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The meniscus shape profile for crucible radius of R, = 11cm has been plotted using Matlab as shown in

figure 3.21. The meniscus profile with a contact angle of 48.2° to the crucible corresponds to the scheme

presented in figure 3.13.
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Figure 3.21: Internal meniscus shape for R;=11 cm

0.1

0.12

The meniscus shape profile for crucible radius of R, = 20cm,11cm,5cm and 2 cm have been plotted

using Matlab as shown in figure 3.22.
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Figure 3.22: Internal meniscus shape for various crucible radius R values.

In this representation, it can be seen that the meniscus length matches the crucible radius. The crucible
radius is assumed to be constant in this study, if the interactions between the two menisci could be
neglected, its shape would remain the same throughout the crystal growth, thus, the coordinates of each
computed point could be stored in a file and could be reused at any time of the pulling without making all

the calculations again. Moreover, the technique applied works for any crucible size as shown in Figure 3.22.

3.8.1.3 Meniscus interaction

However, if the crucible size is too small or the simulation demands a high accuracy, the hypothesis of no
interaction between the two menisci would be incorrect. It is particularly clear on the curve obtained for R,
= 2 cm as shown in figure 3.21, for which Z'= 5.9. It shows that the crucible size forces the surface of the
liquid to be depressed of po-py=Z"\/Y1,. 9. py, = 8.4 Pa. Each meniscus height becomes negligible in front of
its total height (107 ratio) at 2 cm to 3 cm from the crucible or crystal interface. Thus, the assumption
becomes incorrect when the distance between the crystal radius and the crucible reaches 5 cm or less. To

avoid such inaccuracy, the shape of the capillary bridge should be directly calculated.

To demonstrate this phenomenon two cases have been studied and demonstrated. Figures 3.23 and 3.24
reveal the profile of the menisci with and without considering menisci's interaction (for R, = 11 cm, 7;).=9

cmand R =11 cm, 7(;).=6 cm respectively).
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Figure 3.23: Comparison between menisci shapes obtained without considering any interaction and
capillary bridge's one for r; =9 cmand R, = 11 cm.
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Figure 3.24: Comparison between menisci shapes obtained without considering any interaction and
capillary bridge's one r;y =6 cmand R, =11 cm
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From figure 3.23 it can be observed that when the meniscus length is just 2 cm there is considerable
interaction between the two individual menisci and there is a vertical displacement of about 1 mm. But

when the meniscus length is 5 cm, the vertical displacement is negligible as shown in figure 3.24.

3.8.2 Errors associated to thermal heterogeneousness and pulling
In the weighing method equations 3.11 and 3.13, other assumptions are indirectly introduced. Indeed, so
far py, ps, 01, and Y, has been considered constant. But, due to temperature heterogeneousness, it is not

rigorously the case. The resulting errors are discussed in the next paragraph.

Inside the melt and the crystal, even though the temperature gradient is small its effects on physical
parameters such as the density should be considered, since they may not be negligible. To quantify the
impact of this heterogeneousness, a combination of modeling results and analytical equations have been

used.
The molten sapphire density dependence over temperature is described by the relationship.
o1, =5543.16 — 1.08T [Timofeev, 2015]

On Figure 3.25, the temperature repartition inside the melt at some moment during the crystal growth
after seeding is represented [Stelian, 2016]. Molten sapphire is submitted to temperatures between 2300 K
and 2400 K. Hence, its density could fluctuate in between 3059 kg.m™ and 2951 kg.m™, approximately
3000 kg.m~3 =+ 2%. However, the mean temperature of the melt does not change very much along the
duration of the growth process. Hence, the variation of the liquid density is much lower than its absolute

value.

Solid sapphire temperature interval goes from 2117 K to 2300 K. Since the sapphire's thermal expansion

coefficient is 3.56.10 and the relative error on the density is given by:

Bos _
Ps

o AT

The relative error made by taking an average value is around 3%.
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Figure 3.25: Temperature and liquid velocity repartition during sapphire growth.

Surface tension is also impacted by temperature gradients. Using E6tvos rule, it is possible to calculate a
relative error of 1 to 2 % (the exact temperature gradient at the surface of molten sapphire is not very

accurate when read in the Figure 3.25).

Another approximation is used to develop the model explained so far. Both contact angles on the crucible
wall and the crystal surface are assumed to be constant and equal to the static value. Rigorously, the

dynamic angle value should be used:

n.PullingRate

T - 0a(@a®—0:?)

Where 84 is the dynamic contact angle and n the dynamic viscosity. For sapphire, considering a pulling rate
of 1 mm/hr and a dynamic viscosity of 0.6 Poise, one obtain 84 = 17.0001° for 6 = 17.0000°[Pishchik,
2009]. Thus, they can be considered equal.

Even though neglected in this work, whose aim was to develop a model able to determine the shape of any
crystal pulled using the height measurement in addition to the usual experimental data, these uncertainties
must be considered to maximize the precision of shape measurement. Nevertheless, to build an
experimental set up to verify this model, specification on the height measurement device accuracy is

required.
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3.8.3 Generate fictive measurement data
In practice, presently there is no way to get the measurement data from the experiment. In fact, we have
Wineasurea @nd H, but the exact crystal shape corresponding to it is not known and we do not have the

system to measure heqsurea YEU SO, the only way is to generate numerically the fictive measurement

data (Wmeasuredv H: hmeasured)-

Based on the fictive shape imposed (figure 3.18), we can do a calculation of the capillary bridge at each
point, as well as every parameter in equation 3.11. Finally, we can get a set of measurement data.
However, these data are not the exact value, their accuracy depend on the (error_Bridge), which describes
the error in the calculation of the capillary bridge. (error_Bridge) is the relative error defined as follows:

Length of capillary bridge calculated
Re=7(p)

error_Bridge =

Thus, by controlling the parameter error_Bridge, we can control the error of fictive measurement data
(Wineasured» Hy hmeasurea). FOr €ach step, we have a set of these data, and a corresponding accuracy
associated with it. The maximum working accuracy of error_Bridge taking into consideration the

computation time has been determined to be 1=(107).

Supposing that there is no error when error_Bridge = 1(10™), the propagated error in the measured set of
data (Wieasureds Hs Ameasurea) Was studied by increasing the error_Bridge to 1+(10°), 1«(10®) and 1=(10)

and comparing it to error_Bridge = 1+(10™). The results are as depicted in Table 3.1.

error_Bridge 1+(10) 1=(107) 1=(10°) 1=(107)
Wineasurea (kg) 2.7+(10%) 1.9+(10%) 0 0
H (m) 8+(10F) 0 0 0
Rmeasurea (M) 2.5(10%) 3+(107) 0 0

Table 3.1: Error in Wyeqsurea, H @nd Ry eqsurea With error_Bridge.

From this table, it is clear that as error_Bridge increase, the error of data (Wineasured» Hy Ameasurea) @lso
increase. It has been checked that the error remains invariant as z changes for the crystal shape in

consideration.

3.8.4 Finding the imposed shape
To determine the minimal accuracy required for this measurement, our first step is to figure out how to
find the shape imposed by the fictive measurement data (W,easured, Hs Pmeasureqa) @Nd prove numerically

that this idea can work.
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To find the shape, i.e crystal radius ;) and height z; at each step, it is needed to solve equation 3.11 and
equation 3.13. However, in these two equations, almost every parameter is related to r; and z;, which
are unknown. Thus, we can neither treat these two equations like equation with constant coefficient, nor

plot the relation of r(;), z(;) and Wineasurea b€CAUSE 1(;_1) and z(;_4 also affect the result.

Based on the technique introduced in section 5.3.1, knowing the last point (r(;_1), Z;-1)), a capillary bridge
can be generated starting from the point (R, Z,), where the meniscus is horizontal and a unique (r(;), z(;))
can be found for each R, as well as every parameter in equations. For the simple shape imposed, it is just

needed to solve equation 3.11 and as of now not consider the remelting phenomenon.

As an example, we take

{ T‘(i) = r(i — 1) = 0.5cm = 0.005m for i € [1110]

Az=2z(i)—z(i—1)=1cm =0.01m
On one hand, for every Ry, we can find a (i), Z(»y), and calculate the corresponding weight W, eqsyreq’s SO
that we can adjust the position of Ry by comparing Wieasurea’ @nd Wineasurea- On the other hand, each R
can determine a unique (7, z(;)- Finally, knowing Wi, eqsurea’s We can find a (r;y, z(;)) and if the accuracy

could be high enough, this (r(;, z(;y) should be the next point of the crystal.

By doing the simulation, we find that the middle point of radius of crystal 7(;yand crucible Rc, is always very
close to the minimum point of the capillary bridge. Thus it is important to study how the system evolves
close to this point. By doing the calculation, we find that R, is around 12.05 when 7)=0.005m and

Rc=0.11m.

0.016 4
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radius imposed

0.014 4

0.0124
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0.006

0.004 4

0.002 +

0.000 trereere—Yr——"—""—F—"—T—"—T——7
90 95 100 105 110 115 120 125 130

RO*

Figure 3.26: Plot of r(;y and (Ro)
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Plotting the function r(;, and (Ro) in Figure 3.26, we find that at the neighbourhood of Ry'=12.05, ()
changes rapidly with a slight variation of R,’, which means we need a high accuracy of R, to have an

acceptable 7.

To determine the position of Ry by comparing Wieasurea’ and Wineasureda, it is necessary to know the
relation of Ry and Wyeqsurea - If function W,easurea’ (Ro) is monotonous at the neighbourhood of this

point, then we can carry out a dichotomy.

FiXing Apmeqsurea @Nd H, we plot the function Wi, eqsurea’ (Ro'). Results are shown as below:
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Figure 3.27: Plot of Wyeqsurea’ @nd (Ro)

From Figure 3.27, it can be seen that W,,.qsurea’ (Ro ) is NOt always monotonous. But if figure 3.26 and
figure 3.27 are observed together, it can be seen that Wieasured' IS monotonically increasing when r(;y =
Ti-1) » Which is the case during crystal growth without remelting. In fact, it is monotonous at the

neighborhood of R, =12.05.
AS Wineasurea’ Changes slightly with Ry, itis needed to have a very accurate Wyeqsureq t0 determine Ry .

Numerically, the error of Wi,,.qsureq €qual to 10° was considered as the criterion. To be specific, in every

step to find (7, z(;)), iterations have been carried on until Wieasured’ — Wmeasured < 1075

Different error_Bridge are taken as criterion to generate (Wyeasured: Hr Rmeasurea) With different
accuracy. By using these data, the imposed shape can be found out with the varying accuracies as

demonstrated in figure 3.28.
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Figure 3.28: Error in Ry eqsureq With error_Bridge

From this figure, it can be seen that for error _Bridge < 10, the calculation is stable and the imposed shape
can be traced back within 10 points (0.1m). The maximum relative error of radius is less than 4%, which is
still acceptable. However, when error _Bridge>10", the error propagates rapidly and there is considerable
error in finding the imposed shape. From table 3.1 it can be deduced that the initial shape can be found,

when

error Wpeqsurea < 2.7 % 107%kg
error_ H < 8x107%m
error_hpmeasurea < 2.5 % 1078m

3.8.,5 Minimal accuracy required for the melt level measurement

The aim of the whole exercise was to demonstrate that with a viable system to measure the melt level
hmeasured 1t i pOssible to trace the shape of the growing crystal. Hence, it is important to determine the
accuracy of hpeqsureq Needed to be able to determine r(;y and the impact of error in hyeqeurea ON

determination of r(;) at each step.

To determine the minimal accuracy required for this measurement, different error values are added to
himeasurea Calculated value. As a result, the computed menisci parameters, and finally r(;), are modified.
When using the most accurate Wy, eqsurea @and H values, by adding an error on heqsureqa, the effect of
accuracy needed for hy,eqasureq €aN be studied. The error is added by an arbitrary number. For example,

error_h=10"m means that the error added t0 hpeasured is SMaller than 10°m and may be up to several 10"m.
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First we considered a case where; R, = 0.14 m and ;) = 0.005m as shown in figure 3.32. This would
correspond to the early stages after seeding since the crystal radius considered corresponds to that of the
seed and the meniscus bridge length is very long (0.135 m) where there is negligible interaction between

the two menisci.

From the figure 3.29 it can be seen that an error of measurement upto several 10°m in A,,eqsureq WoUld

be acceptable and would not affect the value of r(;y being determined and hence would be accurate.
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Figure 3.29: Error in ;) With hpeqsureq for R = 0.14 m and r(;y = 0.005m

Then we considered a case where; R, =0.14 m and r(;) = 0.10 m as shown in figure 3.30. This would
correspond to the crystal growth stage after shouldering where it grows with a constant radius. The
meniscus bridge length (0.04 m) is just about the value where the interaction of individual meniscus would

start playing a role.

From the figure 3.30 it can be seen that an error of measurement upto several 10° m in hpeqsurea Would

be acceptable and would not affect the value of r(;y being determined and hence would be accurate.
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Figure 3.30: Error in r(;y With hpeqsyreq for Rc = 0.14 mand r(;) = 0.10m

Finally we considered a case where, R, = 0.14m and r;y = 0.13 m as shown in figure 3.31. This would
correspond to the crystal growth stage after shouldering where it grows with a constant radius and very
close to the crucible. The meniscus bridge length (0.01 m) is the value where there would be definite

interaction of the two individual menisci.

From the figure 3.31, we can see that an error of measurement upto several 10° m in hyeqsurea Would be
acceptable and would not affect the value of r(;) being determined and hence would be accurate. In figure
3.32 we magnify the x-axis to display the range of error which is around 0.002 m for the crystal radius with

an error of measurement up to several 10° min Rypeqsurea-
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Figure 3.31: Error in r;y With hppeqsyreq for Re = 0.14 mand r;y = 0.13m
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Figure 3.32: Error in ;) With hpeqsureq for R = 0.14 m and r(;) = 0.13m with the x-axis zoomed in.

Hence, we can see a trend that as the distance between the growing crystal and crucible decreases from

0.135 mto 0.01 m, the accuracy needed for Apeqsureq alS0 decreases from several 10°m to several 10° m.

3.9 Conclusion
In this chapter a new technigue for crystal radius reconstruction and hence the crystal shape reconstruction
in Kyropoulos growth system has been introduced and studied. It is based on the simultaneous

measurement of the crystal weight and the remaining melt level.
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An important result is that taking into account force balance, weight conservation and volume
transformation, the unknown shape of the submerged part of the crystal can be removed from the
equations. This allowed computing the crystal radius at any moment, through computation of the menisci

shapes.

This method has been tested for fictive data considering a cylindrical crystal shape. It was shown that the
accuracy needed when the crystal radius is very small compared to the crucible radius is beyond the
capabilities of conventional measurement tools. However, when after the initial growth stages the crystal
attains a constant growth diameter and the distance between the crucible and the crystal is bridged by a
small capillary bridge, the accuracy needed for the melt height measurement is lower and a system can be

implemented to monitor this regime of growth.

In the Kyropoulos growth technique, the crystal diameter is generally closer to the crucible diameter than
in Czochralski technique. Therefore, the proposed technique is well fitted to the Kyropoulos growth system
to control the crystal radius variations during the steady state growth but not during the initial stages of

growth after seeding when the distance between the crucible and crystal is much larger.

3.10 Perspectives
At the current stage of the work developed in the context of crystal shape control, it is very prospective and

a lot more remains to be developed to have it ready for adoption in a crystal growth system.

It is needed to check mathematically the stability of the system. The response of a periodic change in the
crystal radius has to be checked. The particular cases and the conditions fulfilling those in which it is

possible to have a unique solution for the value of crystal radius have to be studied.

The accuracy is also limited by the increasing computational time required with increasing accuracy. Hence,
an optimized solution between the computational time required and the maximum accuracy possible has

to be determined.

From this study it follows that the liquid level measurement system must be able to determine the
minimum point of the melt (meniscus bridge) where it is horizontal. It must also be able to determine the
liquid level at this point with accuracy better than 100 um. In addition this system has to be adapted for
service at a very high temperature environment and hence an instrument which can be at a distance from

the melt should be preferred.
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Apparently, a laser based distance measurement tool could be adapted to fulfil these requirements. It
would also need a powerful filtering system to damp out the fluctuations at the liquid surface and give a

corrected value for the liquid level which would be reliable with desired accuracy.
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4 Investigations into the milky defect

4.1 Introduction

Based on the long experience and research initiatives in improving the Kyropoulos growth technique for
Ti:AlLO3, we have achieved a good control over the process which has resulted in growth of crystals with a
good morphology and devoid of any macroscopic defects. But owing to the envisioned application of these
crystals in laser technology, the optical quality and characteristics of the discs cut from the crystal are

under utmost consideration.

In this context, there is one defect in particular which has been observed in the disc samples cut from the
crystals and has been investigated during the course of this project. This defect is observed as a slightly
translucent band of around 1cm in width in the otherwise transparent matrix, passing through the centre
of the disc along the diameter reaching the surface at opposite ends. It is observed much better in thick
disc samples (1 cm thickness) than in thin samples (1 mm thickness) and the apparent contrast of this
region depends on the direction of the incoming light. These disc samples show the evidence of these
defects when they are cut from the vertical mid-section of the crystal, i.e excluding the top shoulder region
of the crystal where often there is the presence of small bubbles and the bottom quarter of the crystal.
Henceforth, this region or defect will be referred to as the milky zone since it is translucent and white in

contrast to the sample. Some images of the mentioned defect are shown in figure 4.1.

It has been already mentioned in Chapter 2, that this defect is detrimental to the laser efficiency.
Understanding the nature of this milky defect and its formation mechanism is of utmost importance
because it is the most evident defect that can be seen by the naked eye in the otherwise defect free discs
cut from the crystals. The visual evidence of this defect makes it difficult for such samples to be sold to
prospective customers. To characterise this milky defect in the crystals a series of analysis were undertaken
on various samples throughout the course of the project with the hope that the results from all these
analyses, when put together, will reveal the nature of the defect and provide some clues into its possible

formation mechanism.

The first intuition regarding this defect was the presence of smaller aggregation of bubbles than those seen
in the top shoulder region of the crystal as shown in figure 2.9, but samples from this milky defect region
were analysed with optical microscope and scanning electron microscope and showed no evidence of such

macro and micro bubbles. Hence, as a first step the defect zone was characterised for its crystalline quality
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by using X-ray topography and Rocking curve imaging analysis at BM-05 of ESRF, Grenoble. It was done in
order to check the hypothesis that the milky defect zone could be linked to dislocations and stresses. The
experiments were carried out with the help of Thu Nhi Tran Caliste and Jose Baruchel assisting in
qualitative and quantitative analysis of the results. Thermal simulations of the Kyropoulos system carried
out by Carmen Stelian helped establish a relation between the growth process and the milky defect zone
regions in the crystals. Thermally stimulated luminescence spectra were obtained for our samples at the
University of Tartu by Vitali Nagirmyi who helped to determine the nature of the defect. Optical
characterisation carried out by Guillaume Alombert-Goget at ILM, Lyon along with Small Angle X-ray
Scattering analysis carried out at Grenable INP-CMTC by Frédéric De Geuser revealed the physical scale and
nature of the constituents in this defect zone. Finally TEM microscopy analyses were carried out by Gilles
Renou and Patricia Donnadieu at CMTC, Grenoble to make an attempt to visualise the constituents of this

defect zone.

(@) (b) ©)
Figure 4.1: (a) Thick disc(10 mm) with milky region (b) the milky region observed with a different direction
of incoming light (c) thin disc(1 mm) with the milky region.

4.1.1 Defect Orientation

The interesting aspect of this milky zone is that it is a very sharp and bounded zone exactly passing through
the centre in all the samples observed in different crystals pulled along the A-axis direction, but never
observed in crystals pulled along the C-axis. This leads to the idea of there being a correlation of this zone
with the crystallographic directions of the sapphire crystal. Hence investigations were carried out to
determine the direction of the milky zone and it was always found to be coincident with the C-plane(0001)
(perpendicular to the C-axis). A representation of the milky defect zone with respect to the crystallographic

orientations is presented in figure 4.2.
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Thus, it is clear that there is an influence of crystallographic orientations on the existence of the defect but
it poses more questions than it answers. Why is the defect only present as a narrow band along the
diameter, while the C-planes are oriented parallel to it on either side throughout the surface? Also, since
the growth process ensures a quasi-perfect axis-symmetric condition it is difficult to explain any effect of
perturbations during the growth since this region is not axisymmetric. Thus, there are further investigations

needed to explain this milky zone formation.

Milky defect
zone

Figure 4.2: Orientation of the milky defect zone along the C-plane passing through the centre.

4.2 Diffusion of laser in defect zone

This defect zone has also been observed to diffuse laser light and an analysis of the behaviour of laser light

in this region has been performed.

The laser light is green in colour in air, but turns red in colour inside the titanium doped sapphire crystal
due to its interaction with the titanium ions. Hence, red colour of the laser in the crystal media indicates

desired laser propagation but green colour inside the crystal indicates the diffusion of the laser light.

4.2.1 Milky defect (Vertically aligned)

As shown in figure 4.3(a), the disc was positioned so as to have the milky defect zone aligned vertically. The
incoming laser passed through the sample and the disc was moved from right to left, so as to have the laser
passing outside the defect, then progressing to the vertical defect zone and then again outside it. We
observe that there is a very sharp diffusion of the laser light inside the defect zone as indicated by the
bright green colour in figure 4.3(d) and 4.3(e). Outside the defect the beam is red in colour as shown in

figure 4.3(b), 4.3(c) and 4.3(f), indicating there is no diffusion at all.
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(d)
Figure 4.3: Diffusion of a thin laser beam by the milky defect. (a) Milky defect vertically aligned. (b) -> (f)

Displacement of the laser beam (shown by the white arrow) from the left to the right of the defect passing

through itin the centre.

4.2.2 Milky defect (Horizontally aligned)

As shown in figure 4.4(a), the disc was positioned so as to have the milky defect zone aligned horizontally.
The incoming laser passed through the sample and the disc was moved from right to left, so as to have the
laser passing through the defect, from its one end to the other end, but throughout passing in the defect
zone. We observe that there is a diffusion of the laser light as indicated by the bright green colour in figure
4.4(d) at the centre of the horizontal defect band. But, as we move towards the either edge of this defect,
we observe that the intensity of the green light slowly decreases and becomes red towards the extreme

edge.
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Figure 4.4: Diffusion of thin laser beam in the milky defect. (a) Milky defect horizontally aligned. (b) — (f)
Displacement of the laser beam (shown by the white arrow) from the left to the right of the defect passing

through it throughout.

4.2.3 Influence of defect alignment

Shown in figure 4.5 is the effect of the orientation of the defect zone on the diffusion of the laser light. In
figure 4.5(a) and 4.5(b) the defect zone was aligned horizontally and the laser light passing through the
centre of the defect. While in figure 4.5(c) and 4.5(d) the defect zone was aligned vertically and the laser
light passing through the centre of the defect. We can observe from these images that the diffused green
light is much brighter when the defect is oriented vertically than when oriented horizontally. The difference
in the intensity of diffused light is highlighted by comparing figure 4.5(a) and 4.5(c), where in spite of

external illumination we can see the diffused green light very clearly in figure 4.5(c).
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(©) (d)
Figure 4.5: Diffusion of thin laser beam in the milky defect. (a),(b) Milky defect horizontally aligned. (c),(d)

Milky defect vertically aligned. (a),(c) The light source revealing the milky defect is ON. (b),(d) The external
light source is switched OFF.

4.2.4 Observations

Thus, from the phenomenon observed in figure 4.3, it can be deduced that the milky defect zone is very
well bound between its lateral edges and there is a sharp transition from the defect zone to the non-defect
zone as expressed by the sharp change in the colour of the laser light when passing through the transition

between the defect and the non-defect zone.

From the phenomenon observed in figure 4.4, it is realised that the defect band has the strongest influence
in its central region and the influence on the diffusion of laser beam decreases as it moves towards the

crystal edge passing through the defect zone.

Finally, from the analysis presented in figure 4.5, we realise that the laser light is diffused much more
strongly in the C-axis direction perpendicular to the defect band, than in the direction of the C-plane

parallel to the defect band.

4.3 Sample preparation
To facilitate all characterisation efforts for analysing the defect it is very important to have a sample which
is a representation of the good quality of the crystals and also has the evidence of the milky zone which we

are interested in. Hence, a crystal grown along the A-axis, weighing around 6 kg with an average diameter
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of 11 cm and devoid of any visual macro and microscopic defects like bubbles or inclusions was selected as
shown in figure 4.6(a). Three pieces were cut in the form of two circular discs and a rectangular plate from
the upper half of the crystal. The circular disc had its face perpendicular to the A-axis. The rectangular plate
had its longer edge perpendicular to the A-axis. The circular discs were with a diameter of 200mm and a
thickness of 0.5mm while the rectangular plate had a dimension of 100mm and 30mm for its edges with
also a thickness of 0.5 mm. All samples used for the analysis discussed in the work were chemo-

mechanically polished.

A-axis
1T
1]
- | o
- = - ~
——————————— ’ S
4 N\
/ N
{ \
_________ e Lttt »
li |
Prepared 41'— Rectangular sample
H J
samples
!F— Disc samples
A-plane — —j— — —, 5

A-axis A-axis

i

(@)

Figure 4.6: (a) Ti doped sapphire crystal grown along the a-axis. Dotted lines indicate the region of the

crystal from where the samples were prepared, (b) Scheme of the prepared samples.
4.4 Characterisation of line defects (dislocations)

4.4.1 X-ray rocking curve analysis

The rocking curve method is an important crystal quality analysis tool since it reflects any variation in the
crystalline structure and quality on the X-ray diffraction profile. For a perfect crystal, the profile is with a
sharp diffraction peak, resulting from the convolution of the ‘intrinsic width of diffraction’ [Authier, 2003]
with the instrumental broadening. On the other hand, structural variations in the form of plastic strain is
reflected on the profile as an increase in the width of the diffraction peak quantified by measuring the full
width at half maximum (FWHM) [G. G. Wang, 2010].
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Rocking curve analysis was performed at CMTC, Grenoble for (1120) reflection of the circular sample and
(000 12) reflection of the rectangular sample, at different locations as described in figure 4.9(b) and 4.10(b)
to check if there was a difference in the FWHM values depending on the location on the sample. The idea
was to look for variation in the crystal quality, if any, between the centres of the samples and the periphery
and peculiarities within the milky defect region. The results are presented in Table 4.1. The analysed
regions in the milky defect zone are denoted by MD and in the non-defect zone as ND and followed by their
radial distance from the centre in mm. From the values of FWHM it can be inferred that, within the
precision of these measurements, the crystal quality is mostly consistent along all the locations on the
sample and the values justify the good crystalline quality of the sample [G. G. Wang, 2010] [W. Chen, 2014].
In order to detect possible small departures from the ideal “perfect crystal”, it is needed to utilise a
technigue more sensitive than the used X-ray generator based rocking curve setup. Synchrotron X-ray

Bragg diffraction imaging was therefore used.

A more comprehensive study using Rocking curve imaging was later carried out at ESRF and will be

discussed later.

Circular Sample (1120) reflection Rectangular Sample (00012) reflection

Reference Position | FWHM(arcseconds) | Reference Position FWHM(arcseconds)
No. No.

4 C-MD-0 14.04+20 15 R-MD-0 31.97+20

8 C-ND-10 | 16.92+20 20 R-MD-0 30.24+20

10 C-ND-30 | 1440x20 16 R-ND-10 29.52+20

3 C-MD-10 | 13.10%x20 18 R-ND-30 31.18+ 20

1 C-MD-30 | 1346%20

5 C-MD-10 | 1843+20

7 C-MD-30 | 13.39+20

Table 4.1: FWHM values for X-ray rocking curve analysis
4.4.2 X-ray diffraction topography

4.42.1 Diffraction Technique
X-ray Bragg diffraction imaging techniques (historically “X-ray topography”) mainly apply to single crystals

and basically consist of mapping the intensity and direction of the locally Bragg diffracted beams. These
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techniques are non-destructive and sensitive to a large range of distortions (typically in the 10°-107®
range). They reveal defects in the bulk of single crystals through the distortion fields associated with the
defects, and the way these distortion fields modify the diffraction behaviour of the underlying perfect

crystal (described by the dynamical theory of diffraction) [Authier, 2003].

Fig. 4.7(a) schematically represents the main idea of all the diffraction imaging methods. The single crystal
sample is set to diffract a fraction of the incoming beam, according to Bragg's law. The diffracted beam is
recorded on a position sensitive detector (usually X-ray films, or, increasingly, CCD cameras equipped with
a high resolution scintillator). If a small volume V within the crystal behaves differently from the matrix,
intensity variations (“contrast”) can be produced on an area S of the two-dimensional image of the
diffracted beam. The features that can be visualized using X-ray diffraction topography include defects like
dislocations, twins, domain walls, inclusions, impurity distribution, and macroscopic deformations, like

bending or acoustic waves, present within the single crystal sample.

/> :

V
Crystal B Cng\ 2D
detector detector
@) (b)

Figure 4.7: Basic principle of the Bragg diffraction imaging methods (a) “projection” (b) “section”

In the low absorption case the predominant contrast mechanism is the so-called direct image process. Let
us consider the actual experimental case, carried out at the beamline BMO5 of the European Synchrotron
Research Facility (ESRF) in Grenoble. A polychromatic (6-100 keV), extended beam impinges on the crystal,
which produces a “Laue pattern” where multiple Bragg diffraction spots are generated as shown in figure
4.8. Each of the diffracted spots can exhibit contrast that reveals the defects. This is because the incident
beam has a very low divergence, the angular width of the beam reaching a given point of the sample being
in the pradians range. Let us now come back to the schematic drawing of Fig. 4.7(a): the small crystal
volume V can be such that it contains a defect (inclusion, dislocation,...) associated with a distortion field,
which decreases with growing distance from the defect core. The dynamical theory of diffraction predicts

that a wavelength range AMA, with typical values in the order of ~10~ range, participates to the diffraction
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by the “perfect” crystal matrix. The dynamical theory provides a simple expression for AA/A=wy/(tan Os),
where wy, is the “intrinsic width of diffraction” [Authier, 2003]. The incident beam being polychromatic,
regions around the defect are at the Bragg position for components of the incoming beam which is outside

this spectral range. The defect thus leads to additional diffracted intensity on the detector.

Diffraction

Polychromatic (“white”)
X-ray beam

Beamlﬁ.’top Sample

{Beam sizes not to scalg)

Figure 4.8: Diagram of white-beam topography [Tran Thi, 2017]

The regions that produce the direct image of a given defect are some distance away from the core of the
defect. This distance depends not only on the nature of the defect, but also on the diffraction process itself,
leading to an image width of a dislocation ranging in the 1- 100 um scale [Authier, 2003]. In addition a
dislocation will be visible if it distorts the lattice planes used to produce the Bragg diffraction. This image is
usually not observed when h.b,. =0, where h is the diffraction vector and b,. is the Burgers vector of the

dislocation.

The recorded diffraction images have a lateral spatial resolution of a few um, but a poor depth resolution:
indeed the images of defects present in the 3D volume of the sample can overlap on a given point of the
detector. A way to overcome this limitation (at the cost of dramatically reducing the investigated volume) is
“section topography”, where, as shown on Fig. 4.7(b), the incident beam is limited by a slit (50 pm
aperture, in our case), in such a way that a “virtual slice” of the sample is, as a first approximation,
projected on the detector. Fig. 4.7(b) also shows that section topography is such that one side of the image

corresponds to the entrance surface of the X-rays, the other side corresponding to the exit surface.

We therefore used both projection and section diffraction topography to obtain results with a higher

sensitivity to small lattice distortions than the ones produced by the above-described rocking curve
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analysis, and more in particular to look for differences in the features observed at the centre of the samples

and the periphery, which also correspond to the central and outer region of the crystal.

4.42.2 Topography analysis

Figs. 4.9(b) and 4.10(b) show the projection X-Ray diffraction topographical images in transmission
obtained for a particular lattice plane reflection from the Bragg diffraction spots marked on Figs. 4.9(a) and
4.10(a) for various regions of the circular and rectangular sample, respectively. Projection X-ray diffraction
topography, in the transmission mode, provides information integrated throughout the sample thickness,
where the spatial resolution is much reduced along the depth direction as shown in Fig. 4.7(a). The
prominent features seen in the images are the cluster of threading dislocations, each of them signifying an
individual dislocation. Straight lines are also observed with a bright contrast as an effect of superficial
scratches on the samples during polishing which is shown as artefact ‘b’ in Fig. 4.11(a). A small spot
showing the presence of precipitates within the samples is shown as artefact ‘c’ in Fig. 4.11(a), but this is

observed just in one instance and hence can be considered to be very rare.

The most striking aspect is the variation of the dislocation attributed features based on the imaged region
of the sample. For the circular sample, an increase in the darkness of the image (which corresponds, with
the usual photographic convention, to more illuminated regions) is observed as moving from the central
part of the sample to the periphery, as observed in Fig. 4.9(b). In the low absorption scenario, as is the case
with our samples, “more illuminated/more diffracting” corresponds to “more distorted”, suggesting an
increased density of dislocations. This is confirmed by the images of the rectangular sample, where it is
possible to clearly see the progressive increase in the number of dislocations on moving from centre (point
15, R-MD-0) to the edge of the sample (point 18, R-ND-30). This is obvious from Fig. 4.10(b). These
qualitative observations lead to a reasonable conclusion that the dislocation density depends on the
position inside the crystal and the number of dislocations increase as we move from the centre to the radial

edge of the crystal.
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Figure 4.9: (a) Laue diffraction pattern and the selected lattice plane diffraction marked with an arrow for

the circular disc sample, (b) with the points of analysis and the projection X-Ray diffraction topographical

images in the transmission mode.
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Figure 4.10: (a) Laue diffraction pattern and the selected lattice plane diffraction marked with an arrow for
the rectangular sample, (b) with the points of analysis and the projection X-Ray diffraction topographical
images in the transmission mode (points: 15 R-MD-0, 16 R-ND-10, 17 R-ND-20 and 18 R-ND-30) along with
section topography images (images with slit, points 15 R-MD-0 and 19 R-ND-40).
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al a2

(b)
Figure 4.11: (a) X-Ray diffraction topography image (15 R-MD-0) with observed features: al and a2 —
dislocations, b — scratch marks, ¢ — precipitate. (b) Enlarged snapshots from topography image and

visualization of dislocations.

4.4.2.3 Quantitative analysis

Fig. 4.10(b) also shows section topographical images obtained for a particular lattice plane reflection on
two different regions of the rectangular sample (point 15 R-MD-0 and point 19 R-ND-40 ), using the special
slit configuration at the beam source as shown in Fig. 4.7(b). In this experiment, very thin 50 pm incident
beams are incident to the sample. These beams get reflected from the lattice planes to reveal the features
within the depth of the sample. Section topography allows the resolution in depth to be recovered and the
origin of the defect images to be located within the sample “nearly -2D” virtual volume, defined by the
intersection of the 50 um wide beam with the crystal. As seen from the magnified snapshots of Fig. 4.10(b),
the dislocations are easily identified with high contrast in the horizontal bands. There is also the presence
of some white vertical bands at regular intervals in the illuminated horizontal bands due to the shadows of
the gold wires holding the slits together. These gold wires are at a distance of 0.05 cm, while the depth of
the sample is 0.05 cm too; hence considering each grid composed within the 2 horizontal bands it signifies
a surface area of 0.05*0.05=0.0025 cm?. By counting the total number of dislocations in the image and
calculating the number of grids captured it is possible to obtain the average dislocation density per unit cm?

at these two locations, namely 1100 cm™ for point 15 R-MD-0 and 6000 cm™ for point 19 R-ND-40.

4.4.2.4 Quantitative estimation of dislocation density variation
As observed from Fig. 4.11(a), it is difficult to count the total number of dislocations in the whole image, so

2 small grid snapshots have been selected from each image and the number of dislocations has been
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counted and averaged to provide a representation for the whole image. Two different approaches have
been implemented to count the individual dislocations in the grid. In the first approach, the total number of
dislocations observed in the grid has been counted while, for the second approach, only the dislocations
completely enclosed within the grid have been counted. This leads to the exclusion of dislocations passing
out of the selected grid and hence a lower count than the first approach. For the point 15 R-MD-0, the
dislocation density per unit cm? using the slit image is available, as explained before, and hence a
conversion factor is calculated by dividing the dislocation density by the number of dislocations as counted
by the two different approaches. This conversion factor is then used to calculate the dislocation density by
multiplying it into the number of dislocations observed by each of the two approaches for the points 16 R-
ND-10, 17 R-ND-20 and 18 R-ND-30. The dislocation density is plotted along the sample radius in figure.
4.12.

There are very few dislocations in the centre of the crystal, less than 10° cm™, and their density increases
almost linearly with the radius of the crystal. However the maximal value, 2 to 4-10" cm™ remains low
enough for optical application as verified by optical analysis of the samples. The values obtained for the
dislocation density at points 16 R-ND-10, 17 R-ND-20 and 18 R-ND-30 measured by the method of counting
completely enclosed dislocations are greater than those of total number of dislocations. This is due to the
fact that the conversion factor obtained is higher for the former method at point 15 R-MD-0 and hence
when multiplied by the enclosed dislocations observed at the following locations it gives a greater value for
the dislocation density than the latter. There is some disparity between the dislocation density values
obtained by section topography for point 19 R-ND-40 and those calculated by measuring the number of
dislocations. This could be due to the fact that in the section topographical image for point 19 R-ND-40 with
a high dislocation density there could be a lot of dislocations that overlap each other in the image and

hence the value of dislocations counted for are much less than those actually present.
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Figure 4.12: Plot of dislocation density at various positions calculated by different approaches compared to

the distance from the centre of the crystal.

4.4.25 Radial distribution of dislocation density

The topography images reveal that dislocations are the predominant kind of crystal defect that is present in
the samples except some rare precipitates as found in 15 R-MD-0. Topographs in Fig. 4.10(b) reveal that
there is the presence of dislocations in the form of clustered knots and tangles for the points 16 R-ND-10,
17 R-ND-20 and 18 R-ND-30 which indicates the influence of strong thermal stresses acting at these
regions. On the contrary, for the centre of the sample at point 15 R-MD-0 the dislocations are individually
resolved and we see very few of curved dislocations but a lot of straight ones due to stress relaxation at the
centre of the crystal as shown in Fig. 4.11(a) [Asadchikov, 2016].

Thus, X-ray topography investigations carried out on Kyropoulos grown sapphire crystals using synchrotron
radiation helped us identify the defect structures. Dislocations were found to be the main type of defect in
the samples and the average dislocation density was in the range of (<10° — (<10° cm™). This value of the
dislocation density shows a crystal of good quality which is suitable for optical applications. The dislocation
density increased from the centre of the crystal to the outside. The possible factors responsible for this

radial increase in the dislocation density will be discussed in the following sections.
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4.42.6 Dislocations in milky defect zone

Although, these studies bought forth the radial variation of the dislocation density, it does little to explain
the occurrence of the milky defect. Hence, we look for the other diffracted planes and we see a very
interesting pattern for the (0001) lattice plane reflection from the Bragg diffraction spots marked on figure
4.13(a). We know that the particular diffraction spot is due to the (0001) lattice plane reflection because
the sample was placed with the C-plane oriented horizontally and the diffracted spot is perpendicular to it,
suggesting a diffraction of the horizontal C-plane. The projection X-Ray diffraction topographical images in
transmission obtained for various regions of the circular sample are presented in figure 4.13(b). From this
image it is clear there is a distinction in the dislocation behaviour in the milky zone region (points: 2 C-MD-
20, 3 C-MD-10, 4 C-MD-0, 5 C-MD-10 and 6 C-MD-20) and the non-defect region (points 8 C-ND-10, 9 C-ND-
20, 10 C-ND-30, 11 C-ND-40, 12 C-ND-25, 13 C-ND-30 and 14 C-ND-40).

For the milky region we observe the dislocations to be very distinct, parallel to each other and oriented
along the C-plane. In this region we also observe the dislocation density gradually increasing from the
centre of the sample to radially outwards. It will be shown in section 4.3.6 that they correspond to the
basal slip system, where there are only three dislocation directions. So that, at a maximum, only one third
of dislocations could not be seen in the figure 4.13(b) in case their Burgers vector would be perpendicular
to the diffraction vector. In conclusion, the dislocation density remains remarkably small in the Milky

Defect zone.

Outside the milky zone reaction, there is a sharp increase in the dislocation density and the dislocations are
entangled and not clearly oriented as in the milky zone, but once again they increase radially outwards and

they are much higher than those in the milky defect region.
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(b)
Figure 4.13: (a) Laue diffraction pattern and the (0001) lattice plane diffraction, (b) the points of analysis

and the projection X-Ray diffraction topographical images in the transmission mode.

The most interesting dislocation pattern is observed for point 8 C-ND-10 as shown in figure 4.13(b) and
magnified in figure 4.14. The point 8 C-ND-10 is very close to the milky zone defect region and hence the
dislocation pattern here shows two distinct behaviours. The lower part which is closer to the milky zone

shows the presence of oriented dislocations parallel to the C-plane, while the upper part shows a mesh of
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entangled dislocations as in the rest of the crystal. This suggests there is a sharp demarcation of this milky

defect region with respect to dislocations in accordance to the sharp boundary seen optically.

Non-defect
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Figure 4.14: Transition of dislocation behaviour between milky zone and non-defective zone observed for
point 8 C-ND-10 as shown in figure 4.13(b).

4.4.3 Rockingcurve imaging

4.43.1 Technique

Rocking curve imaging (RCI) is the quantitative counterpart of monochromatic Bragg diffraction imaging.
RCI enables the local determination of both the effective misorientation, which results from lattice
parameter variation and the local lattice tilt, and the local Bragg position. Maps derived from these
parameters are used to measure the magnitude of the distortions. By using digital cameras together with
sophisticated analysis software, RCI enables the measurement of the spatial distribution of local lattice
distortions. The RCI technique can be used in both reflection (Bragg) and transmission (Laue) geometries.
Developments have been reported using the Laue geometry carried out in both projection [D Libbert,
2000] [Daniel Lubbert, 2005] [Hoszowska, 2001] [Calamiotou, 2007] as shown in figure 4.15(a) and section
[Kluender, 2011] [Pernot, 2010] modes as shown in figure 4.15(b). Information is extracted on a pixel-by-
pixel basis from a series of typically several hundred X-ray diffraction images recorded at small angular
steps of the crystal rotation or rocking angle 6 from one side to the other of a Bragg diffraction peak. Maps
of the integrated intensity, the FWHM and the peak position angle of the diffracted intensity are then
calculated from the ensemble of these rocking curve images, using rocking curve imaging analysis (RCIA)
software which produces two-dimensional maps on a pixel-by-pixel basis as shown in figure 4.15(c). These

maps provide quantitative values related to the local distortion of the crystal lattice. [Tran Thi, 2017].
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Figure 4.15: Rocking curve imaging technique in (a) projection and (b) section modes. (c) Acquisition of an
image series with calculation of integrated intensity, FWHM and diffraction peak position, extracted on a

pixel-by-pixel basis from the local rocking curves.[Tsoutsouva, 2015]

4432 Sample

The rocking curve imaging analysis was carried out at the beamline BM05 of the European Synchrotron
Research Facility (ESRF) in Grenoble. The motive of this analysis was to confirm the peculiarities and
transition of the dislocation behaviour in the milky zone and the non-defect zone as observed during the X-
ray diffraction topography. Hence, it was important to prepare samples which would be representative of
both the regions and also have the exact transition point in between milky zone and non-milky zone within
it.

Initially a thin disc sample was prepared from the crystal region shown in figure 4.6, similar to the one used
for the earlier analysis with X-ray topography so that the results from the X-ray diffraction topography can

be compared to the RCI results. Three rectangular samples with dimensions of 30 mm in length and 10 mm
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in width denoted as sample 3, 4 and 5 along with two square samples with dimensions of 10 mm in length
and 10 mm in width denoted as sample 1 and 2 were cut from this disc as shown in figure 4.16(a). The
three rectangular samples were used for the RCI analysis. The locations of these samples with respect to
the disc are represented in figure 4.16(b). The three samples are selected such that the milky zone passes

through the centre of sample 4 and 5 and the edge of sample 3 as shown in figure 4.16(b).

(@) (b)
Figure 4.16: Sample preparation for Rocking curve imaging (RCI) at ESRF. (&) Thin disc sample (1 mm)

prepared from the region of crystal shown in figure 4.6, used to prepare 5 samples. (b) The location of the

samples from the disc and the milky defect zone passing through them.

4.43.3 Experimental set-up

Bragg diffraction images were acquired on a detector system comprising a scintillator screen equipped with
microscope folded-relay optics to the ESRF-developed 2048 x 2048 pixel FReLoN CCD camera. The optical
demagnification of the CCD sensor pixels in this system resulted in an effective square pixel size of 0.7 mm
at the scintillator screen, so the recorded images had a corresponding field of view of 1.4 x 1.4 mm?. X-ray
topographs of the C-plane (0006) and A-plane (1120) reflection were recorded using the RCI technique, i.e.
multiple images were acquired while rotating the sample with respect to the beam axis, in this case with
angular steps of (10™° through the Bragg diffraction angle. The diffraction plane for (0006) was horizontal
while for (1120) it was vertical, and the distance between the sample and the detector scintillator screen
was 50 mm. Given the very low divergence of the synchrotron beam, and the short sample-to-detector

distances, it can be considered as a sensible first approximation, at least for section images, that there is a
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one-to-one spatial correspondence between one pixel of the camera and a particular ‘voxel’ in the crystal.
This voxel corresponds to the intersection between the sample volume illuminated by the beam and a

geometrical tube obtained by back tracing the pixel of the detector along the diffracted direction.

4.4.3.4 Integrated intensity, full width at half-maximum and peak position maps

The three maps (Integrated Intensity - INT, Full width at half mean - FWHM and Peak position - PPOS) were
extracted routinely from the RCI data (i.e. the intensities recorded in the various pixels of the detector as a
function of the sample angular position) and they provide complementary information. The integrated
intensity map gives features very similar to those obtained by synchrotron radiation white beam
topography techniques. The FWHM map is a quantitative measurement of the local distortion and the
general evolution of its variations over the sample. Under low-absorption conditions, which correspond to
our case, the FWHM map should produce results gqualitatively very similar to those of the integrated
intensity map, and thus higher intensity and FWHM values correspond to an increased gradient of
distortion of the diffracting volume. The peak position map provides information on the local departure
from the nominal Bragg angle. This departure includes contributions mainly from lattice rotations (tilts) but
also from lattice plane spacing variations (strain). By combining the INT, FWHM and PPOS maps, we obtain
extra information with respect to that provided by classical topography techniques, especially in the case of

distorted crystals.

RCI analysis was carried out for sample 4 and 5, but was not possible for sample 3 due to beam time
constraints. Maps were recorded in both projection and section modes for the C-plane (0006) reflection of
samples 4 and 5. Maps were also recorded for the A-plane (1120) reflection of sample 4 in projection
mode. The incident X-ray beam position is marked on the samples with the black square and its dimension
is 1.4 mm x 1.4 mm. Three regions of analysis have been selected which are 5 mm apart, starting from the
centre progressing towards the end of the sample. The selected regions are such that the central analysis
point would be definitely in the milky zone and the outermost in the non-milky zone. The analysed point in
between these two could possibly lie right at the sharp junction between the milky and non-milky zone.
The projection RCI images in the 2D frame overlap the images in the depth of the sample, while with the
section RCI images we have images on the depth of the sample for three sections in the sample volume.
The scheme of the sample, along with the points of analysis and the transformation of the analysed 3D

volume into the 2D images is explained in the scheme presented in figure 4.17.

In the following section from table 4.2 to table 4.10 we present the images of RCI. Here in, the images have

been presented after adjusting the range of values in the colour maps so that the features in the samples
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are clearly visible. This leads to having different ranges of values for the colour maps and hence the

intensity cannot be directly compared with the representation of the colours.
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Figure 4.17: Scheme of the points of analysis on the samples and the RCl imaging scheme in projection and

section method.
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Table 4.3: C-plane (0006) reflection in the transition zone for sample 4. (point 4-TD) (No analysis for

projection mode was carries out due to time constraints)
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Table 4.5: C-plane (0006) reflection in the milky zone for sample 5 (point 5-MD)

Sample Integrated Intensity FWHM \ Peak position (variation)
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Table 4.6: C-plane (0006) reflection in the transition zone for sample 5 (point 4-TD)
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Sample Integrated Intensity FWHM Peak position
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Table 4.7: C-plane (0006) reflection in the non-milky zone for sample 5 (point 5-ND)
Sample Integrated Intensity FWHM Peak position
sampled_pos1_integral 2.00 sampled_posl FWHM sampled_posl_peakpos
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Table 4.8: A-plane (1120) reflection in the milky zone for sample 4 (point 4-MD)
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Sample

Integrated Intensity

FWHM

Peak position
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Table 4.9: A-plane (1120) reflection in the transition zone for sample 4 (point 4-TD)
Sample Integrated Intensity FWHM Peak position
sampled_pos3_integral 2.80 sampled_pos3 FWHM 1.90 sampled pos3 peakpos 3.88
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Table 4.10: A-plane (1120) reflection in the non-milky zone for sample 4 (point 4-ND)
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4.4.3.5 Variation of dislocation density

The most distinguishable feature in all the maps are the dislocations as evident from the integrated
intensity and FWHM maps and it is in accordance with the features observed from the X-ray diffraction
images. Thus below we discuss the dislocation behaviour by analysing the integrated intensity and FWHM

maps.

44351 C-plane (0006) reflection

From table 4.2, 4.3 and 4.4 for sample 4, the integrated intensity and FWHM maps show that there is a
progressive increase in the number of dislocations as we move from the centre of the sample to outside. At
the centre of the milky defect zone as shown in table 4.2 (point 4-MD) we do not see any dislocation in the
section images. The section maps in table 4.3 (point 4-TD) are particularly interesting because in the centre
we do not observe any dislocations for the milky zone and a single dislocation in the upper region of the
transition zone. But there is a sharp increase in the observed dislocations as soon as we progress into the
non-milky zone as shown in the maps in table 4.4 (point 4-ND). For the section images in table 4.2 (point 4-
MD) and table 4.3(point 4-TD) we observe a ripple effect in the images. This is due to the extremely high
crystalline quality at these positions which does not distort the incoming beam and eventually leads to the

interference of the beam which gives rise to the Pendellosung fringes [Tsoutsouva, 2015].

From table 4.5, 4.6 and 4.7 for sample 5, we immediately observe more dislocations than for the
corresponding regions of sample 4. This can be attributed to the fact that the sample 5 is farther away from
the centre than sample 4 as evident from figure 4.16 and hence there is a radial increase in the dislocation
density. We also observe an increase in the dislocation as we progress from the milky zone to the non-milky
zone similar to sample 4. But the most striking feature is observed in the projection images for the
transition zone in table 4.6, where we observe a sharp increase in the dislocation density. This suggests the
presence of a very sharp demarcation between the milky and non-milky zone which leads to the sudden
change in the dislocation density. This phenomenon is in good accordance with that observed during the X-

ray diffraction analysis as observed from figure 4.14.

44352 A-plane (1120) reflection

From table 4.8 (point 4-MD), 4.9 (point 4-TD) and 4.10 (point 4-ND) for sample 4, we see a sharp change in
the direction of the dislocations along with the increase in the number of dislocations as we move from the
milky zone to the non-milky zone. There are very few dislocations in the milky zone and they are horizontal.
But as we move to the transition zone and to the non-milky zone we see a sharp increase in the number of

dislocations and there is change in direction of dislocations from horizontal to a mixture of dislocations in
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all directions forming a mesh with predominantly vertical direction. There is the presence of a distorted
region in the upper end of all the images, but it can be neglected since it can be due to noise occurring

during the recording of the images.

Thus, from the RCl analysis we realise that there is a sharp transition from the milky defect zone to the non-

defect zone which is accompanied by a sharp increase in the dislocation density.

4.4.3.6 Burgers vector

The variation of Bragg angle when going from one side of the dislocation to the other side is given by:

by
rq

00 = [Tsoutsouva, 2015] Equation 4.1

Hence, to calculate the magnitude of the Burgers vector we can use the value of dislocation width and
variation of the Bragg angle from the peak position maps. The peak position map for projection of sample 5
from table 4.6 (point 5-TD) was selected and the calculations were carried out for the dislocation marked in
figure 4.18. Knowing the dimensions of the image as marked and using the colour scale for the angle
variation we can determine the value of r; and 8gto be 0.02 mm and 1.5 arc sec respectively. Thus using
equation 4.1 the Burgers vector for the marked dislocation was determined to be 4.57 A. This value of
Burgers vector is very close to the lattice parameter, a=4.76 A, suggesting that the dislocations are due to
slip of the C-planes in the A-axis direction. Considering that the dislocation analysed belongs in the milky

defect zone, we can consider that the milky zone mainly consists of dislocations formed by the basal slip.

saphia sample5 pos2 proj peakpos corr

1.008+(x)
m
S—— o
= » c
| ’ - - S500:0 S
—- Q
v
Q
—
9,
c
- o
Beam width o : ~ | oo0ew B
— ——— 8
.
1.4 mm o
©
8]
S — . Q
- e
& o
c-'-'---_ = e ‘_! Ilq 3.00e-01 ,g
=
©
— —— '%
| w — >
- - . -— it B .1.09e+00
- . 424926187

Figure 4.18: Peak position map from table 4.6 with a selected dislocation marked to calculate the Burgers

vector.
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4.4.3.7 Dislocation density estimate

From the X-ray diffraction topography as seen in figure 4.14 and in the Rocking curve images as seen in
table 4.6, a sharp transition in the dislocation density is observed at the interface between the milky defect
zone and the non-defect zone. It is interesting to quantify the increase in dislocation density at this

transition zone as we move from the milky defect zone to the non-defect zone.

The Hirsch formula allows a relation to be established between the FWHM values and the dislocation

density at those regions given by:

_ (FWHM)?

552 LGay, 1953] Equation 4.2

Pa

But the FWHM signal contribution from a region of the crystal is not just due to the defect (FWHM,;) in
the form of dislocations but is also due to any possible sample curvature (FWHM,) and the intrinsic value
of the crystal including the convolutions due to the instrumentation(FWHM;). If each term causes a

gaussian broadening in the rocking curve, then the resultant FWHM is given by:

FWHM = \J(FWHM;)? + (FWHM,)? + (FWHM)? [Wie, 1994] Equation 4.3

An attempt was made to quantify the dislocation density using the above relations for the FWHM values
marked on the colour scale at either side of the transition zone in sample 5 (point 5-TD) as shown in figure
4.19(b). To determine the (FWHM,) for figure 4.19(b) it is necessary to determine the contribution due to
(FWHM;) and (FWHM,.). The FWHM map for sample 4 from table 4.2 (point 4-MD) where no dislocations

were observed was selected as shown in figure 4.19(a). The FWHM value for figure 4.19(a).marked in the

colour scale corresponds to the value of \/(FWHM;)? + (FWHM,)2 = 8 « 10~*° . Using this value we can
find the value of (FWHM,) for the two regions of figure 4.19(b) using equation 4.3.

Finally, substituting the value of (FWHM,) for both the regions in equation 4.2 and using the value of
b, = 4.57 A as obtained from the earlier section we obtain values of p; = 6800 200 cm ™2 for the region
outside the milky zone and p; = 4600 = 200 cm ™2 for the region in the milky zone. Thus there is a sharp
increase in the dislocation density by 50% as we cross the transition point from milky to the non-milky
zone. Also these values of dislocation density fit the plot for the quantitative estimate of dislocation density

provided in figure 4.12.
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Figure 4.19: FWHM plots (a) for a region (point 4-MD) with no dislocations (average FWHM value marked in
the colour map) and (b) for a region (point 5-TD) with the transition between milky (average FWHM value

marked in the colour map) and non-milky zone (average FWHM value marked in the colour map).
45 Stress Analysis

45.1 Temperature gradient
The finite element software COMSOL Multiphysics was used for modelling the heat transfer and melt

convection during the Kyropoulos growth of Ti-doped sapphire crystals as explained in Appendix Il1.

Figure 4.20 shows the results obtained at the solidification time t=30 h for an ingot growing in a crucible 15
cm in diameter. The growth interface has a conical shape with a large curvature which corresponds to the
shape of crystals observed in figure 2.16 in chapter 2. The colour map displayed in this figure shows the
temperature field in the solid-liquid sample. Temperature gradients in the solid phase are lower than in the
liquid phase, due to the internal radiative effects in the sapphire crystal. The temperature distribution in
the melt is strongly influenced by the convection, which is driven by buoyancy and Marangoni effects. One
single vortex, with the fluid moving down along the symmetry axis, is obtained (see the right side of the
image shown in Figure. 4.20). The isotherms are plotted in blue on the left side of the image. One can see
that the temperature distribution in the melt is quite homogeneous, except for the region located near the
symmetry axis and in the flow boundary layers at the growth interface, where the density of isotherms
increases significantly. The Marangoni convection, which drives the hot fluid from the crucible wall to the

crystal, invades the triple solid-liquid-gas point, leading to an increased temperature gradient in this region.
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The temperature distribution in the liquid influences the thermal field in the crystal near the growth

interface.

Figure 4.20 shows that the density of isotherms in the crystal is higher near the triple point (crystal
periphery) than in the region located near the symmetry axis (crystal centre). The temperature gradient in
the solid, perpendicular to the solid-liquid interface, has been computed in four reference points located in
the crystal near the growth interface. The radial coordinates of these points are: r=0.1cm, 1 cm, 2 cm and 3
cm. The plot shown in figure 4.21 indicates that the temperature gradient increases significantly near the
triple point region. Therefore, the thermal stresses, which influence the dislocations density, are higher at

the crystal periphery than at the centre [Sen, 2016].

The temperature gradient as calculated from the numerical model in figure 4.20 indicates that the values
are higher at the triple point and decrease towards the centre of the crystal as depicted in figure 4.21. The
plot shown in figure 4.21 indicates that the temperature gradient increases significantly near the triple
point region. The temperature gradient in the solid, perpendicular to the solid-liquid interface has been
computed in four reference points located in the crystal near the growth interface. The radial coordinates
of these points are: r=0.1cm, 1 cm, 2 cm and 3 cm. Although the points analysed in figure 4.20 are not at
the same axial distance, the increasing temperature gradient with the radial distance is an indicator of
higher thermal stress at the periphery of the crystal than at its centre. Further, during the growth
evolution, as the crystal radius increases there is an increased influence of the Marangoni convection on
the thermal field. This increases the temperature gradient towards the triple point from the interface
centre leading to increased thermal stress at the outer region of the growing crystal [Gao, 2015] [Liu, 2015].
Apart from the thermal stress arising in the crystal during the growth process there are also significant
stresses acting on the crystal during the cooling process in the crucible, which are more intense on the

crystal surface near the crucible walls than in the centre [S. Wang, 2016].

Therefore, the thermal stresses which are an effect of the temperature gradients are higher at the crystal
periphery as compared to the centre and influence the dislocation density. Thus the radially increasing
dislocation density shown in figure 4.12 can be connected to the radially increasing thermal gradient
visualised in figure 4.20.[Sen, 2016]
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Figure 4.20: Numerical results obtained at the solidification time t=30 h: isotherms (left side) and flow
velocities (right side). The colour map displays the temperature field in the solid-liquid sample. The

maximum flow velocity is Uma=4 cm/s.
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Figure 4.21: Plot representing the temperature gradient at various radial positions on the solid-liquid
interface. The gradients were calculated in some reference points located in the crystal near the growth

interface.
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45.2 Thermal stress

The software COMSOL Multiphysics has also been used for modelling thermal stresses in the crystal. The
thermal stress in the growing crystal during a particular instant of growth has been obtained using 3D-
modeling for anisotropic properties and 2D-modelling considering isotropic conditions as explained in

Appendix I1l.

4521 von Mises stress

Figure 4.22(a) shows the results carried out from 2D-axisymmetric global modeling of the Kyropoulos
furnace at the growth time t=67 h. The left side of figure 4.22(a) shows the temperature field and the
isotherms, while the right side shows the velocity field in the melt. The plot of isotherms in the crystal
reveals low radial temperature gradients in the internal part of the crystal, except for the region around the

triple crystal-melt-gas line, where the isotherms density increases significantly.

The computed temperatures are used for 3D simulations of thermal stress in the sapphire crystal grown
along the A-axis (Figure 4.22(b)). The simulation domain is limited only to one half part of the crystal, since
(x-z) is a symmetry plane in the present system (x-axis is parallel to a-axis, and z-axis is parallel to c-axis of
sapphire). The plot of von Mises stress in Figure 4.22(b) shows high values along the triple crystal-melt-gas

line.
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Figure 4.22: (a) temperature distribution and isotherms (left side), velocity field (right side) carried out from

IO.5

¥ 293

global 2D axisymmetric computation. (b) von Mises stress distribution on the crystal outer surface carried

out from local 3D computation [Stelian, 2018].

Figure 4.23 shows the von Mises stress distribution in the longitudinal section (x-z plane) and two
transversal sections (y-z plane at x=12 cm and x=14 cm) of the sapphire ingot. Results plotted in the
longitudinal section show that the high thermal stress is located in a thin region near the outer surface of
the crystal, while a much lower stressed region spreads in the internal part of the crystal (Figure 4.23(a)).
Values of the von Mises stress are plotted in some points, showing maximum values along the triple crystal-
melt-gas line (575 MPa). Almost 90% of the longitudinal section of the crystal exhibits very low thermal
stress (values less than 80 MPa). The plot in the transversal section of the crystal reveals differences in

thermal stress distribution over the slices cut at x=12 cm and x=14 cm (Figure 4.23(b)).
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Figure 4.23: (a) von Mises stress distribution in the longitudinal (x, z) section of the crystal (values in some
points are shown on the figure); (b) von Mises stress distribution in two transversal (y, z) sections of the
crystal (x=12 cm and x=14 c¢m) [Stelian, 2018].

The transversal section at x=12 cm corresponds to the submerged ingot part, while the section at x=14 cm
corresponds to the floated ingot part. The cut at x=12 cm reveals the stress distribution, with a maximum
region in the center, then a minimum and a maximum at the crystal periphery. It is very interesting to
notice that the distribution profile is not completely axisymmetric and there is a short bridge of high stress
band between the outer and inner maximum stress regions along the C-axis passing through the centre.
The non axisymmetric distribution is further asserted from figure 4.24 where the von Mises stress
distribution in the longitudinal section of the crystal along the C-plane and C-axis is provided side by side

and the stress regions at x=12 cm are not symmetrical.

The stress distribution in the transversal section at x=14 cm is with a minimum in the centre and a
maximum at the crystal outer surface. It should be pointed that the radial temperature profiles are

completely different in these two sections, exhibiting increasing temperatures from the centre to the

164



crystal periphery at x=12 cm and decreasing temperatures to the crystal periphery for the section at x=14

cm.
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Figure 4.24: von Mises stress distribution in the longitudinal (X, z) section of the crystal. (Left)- section along

the C-axis, (Right)- section along the C-plane [Stelian, 2018].

Numerical analysis were carried out for the comparison between 3D modelling and 2D axisymmetric
computations. There were some variations between the two results, but the stress variation with radial
distance show the same trend and hence the 2D axisymmetric calculations can be reliably used for the

analysis of regions with peculiar stress values in our crystals [Stelian, 2018].

4522 Stress component for Basal slip

For sapphire crystal the basal slip has the lowest critical resolved shear stress at elevated temperatures,
making it the easiest slip system to activate. A schematic of the basal slip mechanism is shown in figure
4.25(a). The critical resolved shear stress at the high-strain yield point is shown in figure 4.25(b) as a
function of temperature, based on data obtained from deformation experiments at elevated temperatures
[Lagerlof, 1994].

As evident from the study of dislocations in the earlier sections a low dislocation density in the milky defect
zone is observed and the measured value of Burgers vector also corresponds to dislocations moving in the
basal slip system [Snow, 1973]. This suggests that the low dislocation density regions in the milky defect

zone would consist of dislocations predominantly due to basal slip. Thus it is important to calculate the
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stress components responsible for the basal slip system and check if the low dislocation density region

corresponds to the low stress component region for the basal slip system.
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Figure 4.25: (a) Schematic diagram of Basal slip system in sapphire (b) Plot of t.,.ss versus temperature(T)

for basal slip and prism plane slip [Lagerlof, 1994].

The von Mises stress computed in the 2D axisymmetric system is presented for the longitudinal section of
the crystal in figure 4.26(a) and a plot of the radial distribution of the stress in two transversal section, x=12

cm and x=14 cm in figure 4.26(b).
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Figure 4.26: (a) von Mises stress distribution in the longitudinal (x, z) section of the crystal in 2D
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axisymmetric system; (b) Radial distribution of von Mises stress in two transversal (y, z) sections of the
crystal (x=12 cm and x=14 cm) [Stelian, 2018].

In an axisymmetric approximation, the stress components are: the normal stress in the radial direction(a;),

the normal stress in the azimuthal direction(a,,), the normal stress in the axial direction(a,) and the shear

stress(a,,). Out of these four components the shear stress has a very small component on the C-plane and

hence does not contribute to the basal slip. Thus it is important to study the other three normal stress

components and calculate their projection on the C-plane along the A-axis which constitutes the basal slip

system. The stress components are visualised on the longitudinal section and the transversal section as

shown in figure 4.27.
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Figure 4.27: The normal stress components o, o, and g, shown on (a) the longitudinal crystal section and

(b) transversal crystal section.

In the following sections the components of the three normal stresses are projected on the C-plane along
the A-axis direction for two transversal sections of the crystal at x=12 cm and x=14 cm. The axisymmetric
radial distribution of the stress values are obtained from the 2D axisymmetric thermal stress modelling.
Based on these results their components are calculated for the A-axis direction in the C-plane for varying

radial distance and radial direction. All stress values displayed on the transversal sections are in MPa.

4.5.2.3 Azimuthal normal stress component (a,)

From figure 4.28 we realise that the azimuthal normal stress component, o, has the highest magnitude and
it acts very heavily in the direction of C-axis. While it's component on the central C-plane is zero. The values
are much higher for the section at x=14 cm reaching upto 191 MPa than for x=12 cm where it reaches a

maximum value of 65 MPa.
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Figure 4.28: Radial distribution of o,,(top) and its component responsible for basal slip (bottom) for (a) x=14

cm and (b) x=12 cm.

45.2.4 Radial normal stress component (a;.)

From figure 4.29 it is realised that the radial normal stress component, g, has much lower magnitude than
g, and a,. Thus it is not a big contributor for basal slip. The radial stress acts on the direction parallel to the
central C-plane while its component on the C-axis direction is zero. The values are much higher for the

section at x=12 cm reaching upto 23 MPa than for x=14 cm where it reaches a maximum value of 7 MPa.
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Figure 4.29: Radial distribution of a,(top) and its component responsible for basal slip(bottom) for (a) x=14

cm and (b) x=12 cm.

4525 Axial normal stress component (o)

From figure 4.30 it is realised that the axial normal stress component, o, is axisymmetrical. The values are

much higher for the section at x=12 c¢cm reaching upto 50 MPa than for x=14 cm where it reaches a

maximum value of 9 MPa. For the section at x=12 cm the values are comparable to those for o,,, while for

the section x=14 cm the values are comparable to those for ;- but much lower than that of g,.
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Figure 4.30: Radial distribution of g, (up) and its component responsible for basal slip(down) for (a) x=14 cm
and (b) x=12 cm.

45.2.6 Resultantstress component for basal slip

From the stress distribution values, we can see that the stress responsible for the basal slip and hence the
dislocations are definitely not axisymmetrical. The maximum stress values on the region along the central
C-axis are much higher than the values on the region around the central C-plane. This could possibly lead to
greater extent of basal slip in the regions along the C-axis radial direction and decreasing towards the
regions in the C-plane radial direction. The dislocation multiplication is activated only in places where the
stress is higher than the critical resolved shear stress. Théodore, in a study on dislocation multiplication
during the EFG sapphire growth, estimated the critical stress to be 28 MPa [Théodore, PhD Thesis]. Where

the stress is below this value, dislocation multiplication does not occur. Hence, suggesting a mechanism
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which could lead to a lower dislocation density along the central C-plane region corresponding to the milky

defect zone as observed in the earlier sections.

It is to be noted that the stress calculations for the basal slip mechanism were carried out here only for the
two transversal section at x=12 cm and x=14 cm. Also, all calculations are for a particular instant during the
crystal growth, t=67 h. To have completely reliable data, it is necessary to have the maximum stress
component values for basal slip for the whole growth process and throughout the crystal volume. If these
calculations reveal a low stress region along the C-plane corresponding to the milky defect zone, it would

confirm the hypothesis of the dislocations being the ones due to basal slip.
4.6 Characterisation of Point defects (Vacancies)

4.6.1 Thermoluminescence (TSL)

4.6.1.1 Experimental set-up
Normalised thermoluminescence (TSL) curves were recorded from 2 disc samples prepared from the milky

and non-milky zones with dimensions of 10 mm in diameter and 1 mm in thickness.

The TSL studies of irradiated samples were performed in a Janis VPF-800 cryostat. An X-ray tube (W anode,
40 kV,10 mA) was used for sample irradiation at room temperature for 5 minutes providing a dose rate of
approximately 20 Gy/s/cm?. TSL curves were recorded using a Hamamatsu H8259 photon counting head in
the temperature interval of 295-700 K at a heating rate of 10 K/min. The TSL spectrum was repeatedly
measured for 60 s using an ARC SpectraPro 300i grating monochromator equipped with a CCD detector
with a spectral sensitivity in the range of 190-1100 nm. Considering the given heating rate, each emission
spectrum was measured within a temperature interval of 10 K. This allowed measuring several spectra in

the temperature range of each TSL peak.

4.6.1.2 TSL glow curves

Figure 4.31 show normalised TSL curves recorded from the two samples. For both samples a prominent TSL
peak at 415 K is registered. Its half-width (FWHM) is 34 K, and according to the accepted classification, it is
a narrow one [Kortov, 2017]. A small high temperature peak is also observed at 515 K for both samples.
High-temperature TSL peaks in the range of 500 K — 850 K appear after high-dose irradiation, when the
luminescence yield of the main peak is saturated and charge carriers undergo efficient trapping by deep
traps in alumina. The most striking feature is that for the milky defect sample the peak intensity at 415 K is

2.5 times higher than that for the non-milky sample.
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Figure 4.31: Normalised TSL curves obtained from milky and non-milky zone sample.

4.6.1.3 Emission spectra in the main TSL peak

For both milky and non-milky samples, various emission spectra were measured during the sample heating
from 357 K to 547 K. The spectra at higher temperatures are not significant due to an increased
contribution from the thermal background of the heater and the sample holder plate. The emission spectra
observed from the temperature range of the maximum of the TSL peak (415 K) features two bands peaking
at 330 nm and 430 nm as shown in figure 4.32 and figure 4.33. The emission peak at 330 nm is related to
the F* centres and the peak at 430 nm is associated with the emission of F centres [Kortov, 2017]. The F and

F* centres are oxygen vacancies with two and one trapped electron respectively [Morofio, 1997].
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Figure 4.32: Emission spectra for different temperature intervals of the main TSL peak from (a) 372 K to 470
Kand (b) 490K to 547 K in 10 K interval width for the milky sample.
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Figure 4.33: Emission spectra for different temperature intervals of the main TSL peak from (a) 394 K to 415

Kand (b) 470K to 505 K in 10 K interval width for the non-milky sample.
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Thus it can be derived from the results of the TSL glow curve and the contributing emission spectra that the
peaks observed at 415 K in figure 4.31 are due to the presence of oxygen vacancies. The higher peak
intensity for the milky sample shows that there is the presence of a higher concentration of oxygen

vacancies in the milky defect zone than in the non-milky zone.

4.6.2 TEM analysis

TEM microscopy analysis was carried out on 3 samples prepared by FIB polishing. Two samples were
prepared from the milky defect zone and one sample from the non-defect zone. Many small pits like
features in the range of 1nm to 5 nm were observed in samples from both the zones. But the nature of
these features could not be determined and did not show any special features in the milky defect sample.
One interesting observation was a faceted shape feature in one of the milky defect samples as shown in
figure 4.34(a). It is comparable in feature with respect to the distinct hexagonal faceted shape of a pore
along the A-plane in an annealed sapphire sample as shown in figure 4.34(b) [Kitayama, 2004] and to the
vacancy void formation as shown in figure 1.22 in chapter 1. But it is to be noted that the scale of

dimensions of the feature we observed are in nm while those in figure 4.34(b) is in um.

Thus we could possibly explore the possibility of formation of voids in the milky defect region in the range
of few nm, but the TEM images do not sufficiently support this hypothesis, since we see only one such
feature in one of the defect samples. It is to be noted that the image width with TEM analysis is only
around 100nm * 100nm and hence it is possible we do not come across more such features in our limited

analysed images.
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Figure 4.34: (a) TEM microscopy image showing a faceted feature in the milky defect sample, and (b) SEM

image of 2um x 2um x 0.37um pore exposed parallel to the a-plane undoped sapphire after 80 h at 1800°C
[Kitayama, 2004].

4.6.3 SAXS
Small-Angle X-ray Scattering is an experimental technique that allows measuring some characteristics of
the fluctuations of the scattering factor due to fluctuations of atomic number. Thus it is used to extract

information on the size and volume fraction of precipitates in the sample.

A preliminary examination was carried out on a sample from the milky defect zone 30 microns in thickness
and with a diameter of 2 mm. The plot of scattering intensity against the scattering vector is presented in
figure 4.35. A first approximation from this plot after applying various fits and estimates gives a rough

approximation of the dimensions of precipitates expected inside the sample [De Geuser, 2012].

The observation of a small angle scattering signal demonstrates the presence of heterogeneities of electron
density. For small scattering vector, the intensity follows a 1/q* behaviour which is known as the Porod law
[Glatter, 1982]. It is characteristic of the contribution of objects which are larger than the maximal

observable features in this configuration, i.e. ~10nm. In addition, there is a comparatively weak
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contribution of objects in the 1.5nm range, which give rise to a deviation from the low q behaviour for g
higher than 0.1A™.

To have a more reliable analysis, it will be needed to have a mapping over a greater area of sample and see

for differences in signals within the milky defect zone and outside it.

Intensity

10"
Scattering vector q(A™)

Figure 4.35: SAXS plot for a sample from the milky defect zone.

4.6.4 Point defects formation

High-temperature growth of sapphire crystals in a crystallisation chamber composed of graphite and
molybdenum elements takes place in a reducing atmosphere. This leads to the surface reduction of
sapphire by carbon oxides and hence gives rise to the generation of oxygen vacancies [Borodin, 1990].
Additionally, in the case of Ti-doped sapphire with low concentration of Ti** there is simultaneous

formation of both aluminium and oxygen vacancies [Rasmussen, 1970].

When alumina is doped with TiO,, Ti ions can be incorporated into the lattice according to either of the

following reactions [Reddy, 1982] [Lagerlof, 1989] [Rasmussen, 1970]:
Al,0 o 00 , . . .. .
Ti0, — Tiy, + 203 + VJ' + V, (simultaneous formation of aluminium and oxygen vacancies)
Al, 05 . " . . .
2Ti0, — 2Ti,, + 30, + 0, (formation of oxygen interstitials)

Al 0 o . .. .
3Ti0, =3 3Ti,, + 605 + V}' (formation of aluminium vacancies)
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Point defects in oxides have a strong columbic binding, due to their generally large charge. Hence, there is

the possibility of formation of clusters and complexes of point defects in Al,O3 [Mitchell, 1979].

4.6.5 Interaction between point defects and dislocations

A dislocation is generally subjected to a climbing force normal to its slip plane when the point defect
concentration in the immediate vicinity of the dislocation is not in local equilibrium with the defect sources
and sinks on the dislocation. Point defects (vacancies or interstitials) may be absorbed at a dislocation, and
the dislocation climbs in an attempt to establish local equilibrium by absorbing the point defect [Thomson,
1962].

In a simple climb process of a pure edge dislocation as shown in the figure 4.36, the dislocation core can be
represented by the edge of an extra edge where point defect (vacancy) may be incorporated. In the climb
process, the point defect move toward the dislocation from the lattice under the effect of the elastic lattice

deformation around the dislocation, diffuse along the core, and are finally absorbed there.

(a) (b)

1

Figure 4.36: (a) Vacancy site in a crystal lattice next to a pure edge dislocation and (b) climb of the

Vacancy -

dislocation by migration and annihilation of the vacancy site [Thierry Duffar, Grenoble-INP course lecture].

In AlLOs, it has been established that oxygen vacancies diffuse 1000 time slower than the aluminium
vacancies in the high-temperature range [Lagerlof, 1989] [Mitchell, 1979] [Pletka, 1977]. In the case of
titanium doped Al,O3, it has been noticed that the oxygen vacancy diffusion decreases further [Lagerlof,
1989] [Haneda, 1989] [Reddy, 1982]. Thus, it can be assumed that aluminium vacancies diffuse much more
easily than oxygen vacancies towards dislocations and get dissipated leaving a surplus of oxygen vacancies
compared to aluminium vacancy in the lattice. In the case of a region with low dislocation density as
observed in our samples with milky defect zone, where there are not many sinks available for diffusion of

the slower diffusing oxygen vacancies they can bind together and form aggregates.
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The phenomenon of aggregation of point defects like oxygen vacancies can be explained with the help of
the image presented in figure 4.37. If a system is considered with ‘N’ number of vacancies of volume V',
with the formation energy of each vacancy being ‘Ey,.’ distributed homogenously as shown in figure 4.37(a)
the total energy of the vacancies in the system is N.E,. But if vacancy concentration in the system
increases beyond a critical value, Neiica, it can be demonstrated that the total energy of the system is
reduced by aggregation of the vacancies into a sphere thus favouring formation of a void as shown in figure
4.37(b).

The critical value for the vacancy concentration for aggregation into a micro-void is given by:

Ncritical = (E%)Ssﬁn(w:ac)z

W-void

()

(@) (b)

Figure 4.37: (a) System with ‘N’ number of vacancies uniformly distributed. (b) System with aggregation of

‘N’ number of vacancies to form a single micro-void [Thierry Duffar, Grenoble-INP course lecture].

4.7 Discussion

Herein, we summarise the results of all the characterisation efforts on the samples and try to link together

a series of hypotheses to explain the nature of the milky defect zone and its origin.

4.7.1 Observations
1. The milky defect-zone is always oriented along the C-plane and passes through the centre.
2. Thereis a directional diffusion of laser light in this milky defect.
3. The dislocation density in this milky defect zone is much lower than the rest of the non-defect zone
and there is a sharp transition between the two regions.

4. The dislocations in the milky defect zone are due to the basal slip of the C-plane.
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5. Stress calculations suggest a low stress zone along the C-plane corresponding to the milky defect
zone for basal slip occurrence (to be confirmed further).

6. The milky-defect zone has a higher concentration of oxygen vacancies than the non-defect zone.

7. There could be the formation of nanometric voids in the milky defect zone (to be confirmed

further).

4.7.2 Bibliographic references

Evidence for sub-micrometer inclusions in titanium doped sapphire crystals grown by Czochralski technique
along the A-axis has been reported earlier and they have been found to form colonies oriented along the C-
plane as shown in figure 4.37(a) [I. V. Kryvonosov, 2012] [Vyshnevskiy, 2006]. Interestingly, evidence for
faceted voids in the range of 20 nm — 30 nm arranged along the C-plane has also been reported for
undoped sapphire crystals grown by the EFG technique as shown in figure 4.38(b) [Borodin, 1990]. In both
these cases, the voids have been determined to be formed due to high concentration of oxygen vacancies

generated by the reducing atmosphere in the furnace formed of carbon containing elements.

In the case of undoped sapphire crystals grown by the HEM technique there are interferogram images for
the A-plane discs which show a linear band of perturbed wave transmission not observed in the C-plane or
M-plane discs as shown in figure 4.39(a) [Smith, 1999]. Interferogram for the titanium doped sapphire
samples prepared during this project also show a similar band of perturbed wave transmission as shown in
figure 4.39(b). Although the orientation of the this linear perturbed band is not mentioned in Smith’s
paper, in these two analyses it passes exactly through the centre and it is possible that it is oriented along

the C-plane and is an effect of a milky defect as observed in our samples.

Another interesting case which is similar to the milky defect in our case has been reported as ‘Haze’ for
undoped sapphire crystals grown by the SAPMAC method as shown in figure 4.40. The haze appears in the
central region of the crystal between the top shoulder and the bottom base and seems to be oriented
along a central plane. In this case the haze has been reported to be constituted by CO, bubbles in the range
of 10-100 um, but no explanation has been provided for the evident alignment of this haze structure
[Zhang, 2011-b]. This suggests that the milky defect zone occurrence may not be exclusive to just titanium

doped sapphire crystals.

Thus even though there is not a very conclusive evidence yet for the presence of voids from the TEM
analysis or the SAXS analysis, the results along with reported references allows to raise the hypothesis for
the presence of colonies of faceted voids with dimensions of few nanometers along the C-plane giving rise

to the milky-defect zone. Since similar phenomenon has also been observed in undoped sapphire crystals,
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it can be deduced that titanium doping is not a factor for this defect regime. But it is possible that titanium
doping enhances the mechanism of oxygen vacancy generation and void formation and also the red colour
it imparts to the crystal just enhances the visibility of this defect. In figure 4.5 the demonstration of the
phenomenon that the diffusion of the laser light observed in the milky defect zone is sensitive to the
sample orientation can be explained by the phenomenon of Tyndall scattering of light from these sub-

micrometer size inclusions which are non-spherical in shape [Vyshnevskiy, 2006].

(@) (b)
Figure 4.38: (a)Striate-like distribution of sub-micron inclusions in Ti-sapphire[Vyshnevskiy, 2006], (b) SEM

micrograph of the transverse section of vacancy void in undoped sapphire.

Figure 4.39: (a) Interferogram of an A-plane disc sample cut and polished from an undoped A-axis grown
sapphire crystal by HEM method. [Smith, 1999] (b) Interferogram showing the wave front propagation after

passing through the bulk of the sample for an A-axis oriented sample from Ti-sapphire crystal.

181



(b)
Figure 4.40: (a) (b): Distribution of haze in sapphire crystals grown by SAPMAC method [Zhang, 2011-b].

4.7.3 Best-fit hypothesis
Thus taking into account all the available data from the characterisation efforts, the thermal stress
simulation and the available literature the following hypotheses for the mechanism of formation of this

milky defect can be proposed:

1. The crystal grows at very high temperature in a furnace composed of many carbon-containing
structures.

2. This creates a reducing atmosphere in the furnace and hence leads to formation of oxygen
vacancies throughout the growing crystal. Ti doping may enhance this production.

3. During the growth of crystal there is thermal stress acting on the crystal which can give rise to
dislocations.

4. The thermal stresses responsible for dislocation generation are lower in a band along the C-plane
passing through the centre than in the rest of the sample.

5. The critical resolved shear stress required for basal slip is not reached in this region along the C-
plane and hence there are very few dislocations in this region compared to the rest of the crystal.

6. The dislocations acts as sinks for the point defects and hence attract most of the oxygen vacancies
in the crystal.

7. But, since there are very few dislocations in the region along the central C-plane there are not
enough sinks for the oxygen vacancies in this region.

8. The oxygen vacancies in this region start to bind together and aggregate to form voids.

9. Thus, the concentration of these voids is inversely proportional to the dislocation density and

hence to the stress.
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10. These voids take the shape of the negative crystal and get faceted and oriented.
11. Tyndall scattering of light from these voids oriented along the central C-plane gives the milky-

defect.

A schematic representation of the proposed hypothesis for the milky-defect formation is presented in
figure 4.41.

Growing crystal

atmosphere

Formation of
Oxygen vacancies

Non-milky zone Milky zone

High stress region Low stress region

High dislocation density Lower G Henon

density
Sink for oxygen Not enough sink for
vacancies oxygen vacancies

Aggregation of vacancies
to form nano-voids

Tyndall scattering of
light from voids

Figure 4.41: Scheme to describe the mechanism for formation of the milky-defect zone.

4.8 Conclusion

At the moment, the succession of the phenomena described is the best fit hypothesis for the explanation of
the milky defect as it aggregates and satisfies most of the observations. However, it is not ascertained at all
and cannot be taken to be the theoretical explanation for the defect formation. Hence there is a need for

further characterisation and analysis for the samples.
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It is required to do a quantitative analysis of the laser light diffusion by the milky defect for the
phenomenon described in figure 4.5. From these measurements, it would be possible to calculate the
dimensions of the features responsible for the diffusion of light and understand their shape factor with
respect to the principle of Tyndall scattering [Vyshnevskiy, 2006]. It is also desired to study the dislocation
structure in a single 3D frame possibly by chemical etching techniques to better understand their

peculiarities in the milky defect and non-defect zone.

It is important to simulate numerically the thermal stress evolution during the complete crystal growth
process and then check for zones with lower than critical resolved shear stress corresponding to the milky
defect zone. To confirm the presence of possible voids in the milky defect zone a much more detailed SAXS
measurement and mapping around the transition zone between the defect and non-defect zone is
required. Also, quantitative data for the Ti* concentration will be important to check for its contribution to

the vacancy formation mechanism.

It should also be noted that Carmen Stelian has proposed a different explanation for the formation of this
milky defect that is presented in Appendix Il. It is based on the variation of refractive index with the Ti
concentration, birefringence and polarization phenomena. While it is not always consistent with the
evident volume phenomenon observed in the light diffusion experiments, and is not applicable to undoped
samples, it is reasonable to believe that such birefringence and polarization effects could be introduced in

the explanation of the milky defect, which is observed much better in Ti doped sapphire samples.
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Conclusion

Summary

Due to the increasing demand for Ti:Al,O5 crystals for high power laser applications the project TITANSaphir
was conceived to supply discs with dimensions of more than 20 cm in diameter. A detailed study of all the
growth processes suitable for bulk crystal growth with their advantages and disadvantages was carried out
and it was evident that the Kyropoulos growth was the most suitable for growth of crystals with large

dimensions and low defect concentration.

As a part of this project, for this thesis, research work was carried out to make improvements in the growth

process and understand the defects affecting the optical quality of the crystals.

At the company RSA le Rubis the Kyropoulos growth system was already established for the growth of
crystals weighing up to 30 kg, but the quality of crystals obtained was not acceptable as the one shown in
figure 5.1 (a). The crystals did not grow with a constant diameter and there were severe deformities which
led to many defects such as bubbles and cavities. So for these crystals, a detailed study for the evolution of
the growth parameters during the whole growth process was carried out and a relation between the crystal
morphology and the growth parameters was established. An ideal set of growth parameters which would
allow growth of crystals with desired shape was suggested. Crystals were grown by following these ideal
parameters and there was an evident improvement in the shape and quality of the crystals as shown in
figure 5.1 (b).

T —

(b)

Figure 5.1: (a) Crystal with severe deformities and (b) crystal with desired shape.
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Discs cut from the grown crystals were checked for optical homogeneity and a radially increasing titanium
concentration from the centre to the edges was revealed using luminescence and absorption profiles.
Experiments were conducted in which crystals were extracted during the early growth stages. This revealed
the conical shape of the solid-liquid growth interface and hence it explains the radial profile of titanium

concentration due to chemical segregation.

The Kyropoulos growth process is very slow and it takes up to 30 days to grow a crystal weighing 30 kg. In
spite of the already existing control system, it requires regular operator supervision to monitor its growth
and detect any variation from desired growth conditions. Up to now there has been no system which can
allow the operator to visualise the growing crystal’s shape during the growth process and hence an attempt
was made to address this problem. A detailed study of all the forces acting on the growing crystal during its
growth which contribute to the measured weight was done and a relation between the crystal radius and
the measured parameters was established. This required the system to have the capability of measuring an
additional parameter, which to our idea, could be the melt height during the crystal growth, which is not
currently available. A mathematical demonstration was presented for a simulated crystal shape which
showed that by knowing the measured parameters including the liquid melt height it is possible to estimate
the crystal radius at the solid-liquid-gas triple point at each time step and hence reconstruct the crystal
shape. This opens up the interesting possibility of building a system which would allow accurate monitoring
of the growing crystal shape and hence automation of the Kyropoulos growth system. However it was

shown that realistic application would be restricted to the cylindrical growth at full crystal diameter.

The discs prepared from crystals of good quality present a defect passing diametrically through the centre,
called the ‘milky defect’. This defect zone diffuses light and affects the laser efficiency in the otherwise
acceptable samples. Thus, it is of great interest to understand the nature and origin of this defect zone.
Samples were prepared which were representative of this defect zone and the non-defect region, and a
series of characterisation measurements were done on these samples starting with white beam topography
and rocking curve imaging at the European Synchrotron Radiation Facility (ESRF). These analyses revealed a
low dislocation density in all the samples suggesting good crystalline quality, but interestingly at the defect
zone there was a very sharp drop in the dislocation density compared to the non-defect zone around.
Thermo-mechanical simulations of the Kyropoulos furnace configuration suggested a low stress region
along the C-plane passing through the centre which corresponds to the defect zone and hence could
explain the low dislocation density in this defect. Thermo luminescence analysis showed an increased
number of oxygen vacancies for the defect zone, and a preliminary Small Angle X-ray Scattering experiment

revealed the presence of some features with dimensions of around 2 nm in the defect zone. TEM images
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from one of the defect zone samples detected a faceted void measuring about 5nm. These results from the
characterisation analyses led to a hypothesis which explains the relation between the low stress region in
the milky zone and formation of nanometric voids by aggregation of oxygen vacancies which leads to the
scattering of the light leading to the visible milky defect. This is just a preliminary guess for the mechanism
of the defect formation and more studies have to be carried out in order to completely justify this

hypothesis.

Perspectives

The Kyropoulos growth process at RSA le Rubis company is well established and has been demonstrated to
be capable of the growth of crystals with dimensions greater than 20 cm. But the phenomenon of
segregation of titanium coupled with the conical interface of the growing crystal leads to a radially varying
profile of the titanium concentration in the discs prepared for laser applications. But, for laser applications

a constant concentration of titanium concentration is desired in the prepared discs.

Up to now, the discs have been cut from the crystal perpendicular to the A-axis which corresponds to the
pulling direction. One solution to improve the Ti segregation profile in the discs would be to cut discs
perpendicular to the two other available A-axis directions as shown in figure 5.2 (b), since, the growing
crystal interface approximately corresponds to the normal direction of these A-axes as shown in figure 5.2
(a). This would change the segregation profile from a radial one as shown in figure 5.2 (c) to the one as
shown in figure 5.2 (d). This proposed solution is yet to be tested, but it could prove to be a very cost-

effective method of improving the Ti segregation problem although it does not completely eliminate it.

187



A-axis
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(© (d)
Figure 5.2: (a) Crystal growth interface during initial growth stages. (b) Proposed idea to cut discs normal to
A-axis other than along the pulling direction. (c) Radial segregation profile of Tiin discs cut perpendicular to
the pulling direction. (d) Expected segregation profile of Ti in discs cut along the A-axis as proposed in figure

5.2 (b). (c), (d) Arrows point to the trend of increasing Ti concentration.

Also, it is very interesting to understand the quantitative values of the titanium ions in its Ti* and Ti*
oxidised states in the crystal, because Ti** ions are detrimental to the laser performance. We currently have
a qualitative estimate of the distribution profile for them from absorption profiles [Guillaume Alombert-
Goget, 2017], but the possibilities of EPR techniques and SQUID magnetometry could be explored to find a
quantitative estimate for Ti*" and Ti* in the samples [Benmessai, 2013] [Farr, 2013]. These values in turn

could be used to calibrate the absorption profiles and use them for quantitative estimates in the future.

A mathematical system has been developed and presented in Chapter 3 which would help us to reconstruct
the shape of the growing crystal. But this method is not restricted to crystals and can be applied to any

system consisting of a solid body submerged in a liquid. Hence, it would be very interesting to build a
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working experiment which would help validate this mathematical model. It would consist of a weighing
balance from which an axisymmetric body with known geometry is submerged in a liquid and a tool
capable of measuring the liquid level which feeds the required input parameters to the mathematical
model. The mathematical model can then give the output for the calculated radius at the melt interface
and it can be compared to the known geometry, thus validating the model as shown in figure 5.3. The
simplest solid-melt system for such an experiment would be water and some equivalent density polymer
like PVC or PMMA which can be fabricated easily. The physical properties for such materials like density,
contact angle etc are easily available and hence can be substituted for the sapphire properties in the
mathematical model already developed. The next step would be to take this configuration inside an
existing Kyropoulos furnace by just retrofitting the melt level measurement tool and checking the
mechanism at ambient temperature conditions. Finally, when the system is proved to be reliable, it could

be adapted for service during the actual crystal growth under high temperature conditions.

Weight/ |
Pulled length

~| Measured Parameters Calculated
Feedback Wmeasured Meniscus shape
> hmelt and volume

Level sensor

i Crystal radius at ‘
' solid/liquid/gas interface
\
1

Submerged body with

known geometry Display
unit

Figure 5.3: A system to validate the mathematical model of reconstruction of an axisymmetric submerged
body.

The milky defect has been studied in great detail by performing various characterisation techniques on the
samples and comparing with available literature. But to better understand the nature of the defect zone,
some of the characterisation techniques have to be carried out again on more samples and much more
extensively to be sure that the results are representative of the actual phenomenon and not some

aberrations that we came across. X-ray white beam topography and Rocking curve imaging have been used
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to study the dislocation patterns in our crystals, which help in obtaining a lot of quantitative data for
comparison. But mostly these allow for a representation of the features corresponding to a few particular
crystallographic planes at once and hence it is difficult to realise the 3D structure and the interacting
features. To get over this problem, it could be possible to carry out chemical etching for the samples using
various combinations of orthophosphoric acid (HsPO4) [Alford, 1963] [Scheuplin, 1960], sulphuric acid
(H,SO,4) [Marasina, 1982], hydrochloric acid (HCI) and nitric acid (HNO3) [Xiao, 2004] and study them under
optical and SEM microscopes which would reveal the dislocation structures on the whole crystal cross
section at once. Similarly, detailed SAXS mapping could be carried out on the samples to look for any sharp
variation at the transition between the milky defect and non-defect zone which would suggest the
presence of nanometric voids. Finally, stress calculations using the simulation model have to be carried out
in time-dependant mode during the whole growth process and for various locations to ascertain the
presence of a low stress zone which would lead to low dislocation density corresponding to the milky
defect regions. All these results together would help prove or improve the proposed hypothesis for the

mechanism of formation of this milky defect.
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Appendix I: Crystal morphology analysis

Herein, we present a detailed analysis for the morphology of all the crystals grown in the configuration no.4

at RSA. The crystals described here have been referenced in Chapter 2.
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K04-04-14

Crystal Morphology
Conical head formation till 15 mm. [1] [4] [7]
Small diameter flat plate. [2] [5] [6] [8]

Plate without milky layer beneath. [2] [5] [6] [8]

Big Cavity below plate at 50mm from seed. [3] [9]

Figure I.1: Top view and side view of crystal K04-04-14 weighing 18.6 kg.

Overall uneven crystal shape with changes in diameter throughout the height. [2] [5] [8] [10]
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Pulling Rate:
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K08-04-14

Figure 1.2: Top view and side view of crystal K08-04-14 weighing 23.7 kg.

Crystal Morphology

Conical head formation till 20 mm. [1] [4] [8]

Small diameter flat plate. [2] [5] [7] [9]

Plate without milky layer beneath. [2] [5] [7] [9]

Overall even crystal shape with uniform diameter throughout the height. [3] [6] [10]
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Growth Features
Growth Rate:

Low initial growth rate values. (Og — 509) [1]

High growth rate of crystal mass. (100g — 5009) [2]
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Pulling Rate:
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Temp:Power:
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K09-04-14

Crystal Morphology
Conical head formation till 40 mm. [1] [4] [7]

Small diameter flat plate. [2] [6] [8]
Plate with milky layer beneath. [2] [6] [8]
Overall even crystal shape with uniform diameter throughout the height. [3] [5] [9]

|

Figure 1.3: Top view and side view of crystal K09-04-14 weighing 23.3 kg.
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K11-04-14

Figure 1.4: Top view and side view of crystal K11-04-14 weighing 26 kg.

Crystal Morphology
1) Big Diameter flat plate. [1] [3] [5] [6]
2) Plate with milky layer beneath. [1] [3] [5] [6]

3) Overall even crystal shape with uniform diameter throughout the height. [2] [4] [7]
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Growth Features
Growth Rate:

High growth rate of crystal mass in the growth process. (50g — 1000g) [1]

Good values of growth rate for later stages of growth process. (2000g — 20000g) [2]

Pulling Rate:

Low initial rates of pulling for seed. (Og — 300g) [3]

Low values of growth rate for later stages of growth process. (5000g — 20000g9) [4]

Temp:Power:

Negative values. (50g — 300g, 1000g) [5]

Growth:Pulling:

Very High initial values. (50g — 1000g) [6]

Good values for later stages of growth process. (3000g — 10000g) [7]
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K01-04-15

Crystal Morphology
1) Small diameter flat plate. [1] [3] [5]

2) Plate without milky layer beneath. [2] [4] [6]
3) Conical head formation. [2] [4] [6]

g
Z

Figure 1.5: Top view and side view of crystal KO1-04-15 weighing 28.3 kg.

4) Overall even crystal shape with uniform diameter throughout the height. [2] [4] [6]
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Growth Features
Growth Rate:

High growth rate of crystal mass. (509) [1]

Good values of growth rate for later stages of growth process. (200g — 25000g) [2]
Pulling Rate:

Too low initial rates of pulling for seed. (0g — 50g) [3]

Low values of growth rate for later stages of growth process. (200g — 25000g) [4]
Growth:Pulling:

Initial high values for initial stages of growth process. (Og — 100g) [5]

Good values for later stages of growth process. (300g — 25000g) [6]
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K02-04-15

Figure 1.6: Top view and side view of crystal K02-04-15 weighing 28.2 kg.

Crystal Morphology

1) Small diameter flat plate. [2] [4] [5]

2) Plate without milky layer beneath. [1] [3]
3) Conical head formation. [1] [3]

4) Overall even crystal shape with uniform diameter throughout the height. [1] [3] [6]

gm/°C m/powery

hr gm hr gm/hr mm mm mm mm/hr
0.02 6.20 -16.93 0.00
11.43 20.00 121  -16.08 0.85 0.85) 0.07]
19.46 50.00 374 -15.28 1.65 0.80] 0.10]
30.84  100.00 439 -13.00 3.93 2.28 0.20]
51.01  200.00 4.9 -6.95 9.98 6.05 0.30
69.39  300.00 5.44] -1.44 15.49 551 0.30
97.45  500.20 7.13] 6.98 2391 8.42 0.30
136.98  1000.20 12.65 17.43 34.36 10.45 0.26
161.45 1500.30 20.44 2213 39.06 4.70 0.19]
186.53  2000.20 19.93 26.28 4321 4.15 0.17]
225.65 3000.20 25.56) 3145 48.38 5.17| 0.13]
279.03  5000.00 37.46) 36.86 53.79 5.41] 0.10]
326.03  7500.80 53.21] 41.57 58.50 4.71 0.10]
364.37 10000.30 65.19) 45.41 62.34 3.84 0.10]
399.43 12501.50 71.34 48.93 65.86 352 0.10]
435,08 15001.30 70.12) 52.50 69.43 3.57| 0.10]
467.98 17500.00 75.95) 55.80 7273 3.30) 0.10]
503.63 20000.10 70.13 59.38 76.31 358 0.10]
543.81 22500.20 62.22) 63.40 80.33 4.02 0.10]
584.02 25001.60 62.21] 67.43 84.36 4.03 0.10]
622.81 28158.20 81.38 96.45 113.38 29.02 0.75

C
2029.90
2029.40
2029.80
2032.20
2032.20
2030.20
2027.20
2027.30
2026.40
2024.40
2020.60
2014.00
2006.10
1998.90
1991.40
1979.70
1962.40
1950.60
1942.50
1933.90
1929.50

°C/hr

0.04
-0.05
-0.21

0.00

0.11

0.11

0.00

0.04

0.08

0.10

0.12

0.17

0.19

021

0.33

0.53

0.33

0.20

021

0.11

%
36.600
36.580
36.620
36.590
36.560
36.460
36.270
36.160
36.180
36.030
35.750
35.450
35.120
34.870
34.590
34.200
34.040
33.730
33.350
33.150
32.820

%

0.02
-0.04
0.03
0.03
0.10
0.19
011
-0.02
0.15
0.28
0.30
0.33
0.25
0.28
0.39
0.16
031
0.38
0.20
0.33

%/hr

0.0018
-0.0050
0.0026)
0.0015
0.0054
0.0068
0.0028]
-0.0008|
0.0060
0.0072
0.0056
0.0070
0.0065
0.0080
0.0109
0.0049
0.0087
0.0095
0.0050
0.0085

‘C/power% gm/mm

25.00 16.24
10.00] 37.50
-80.00 21.93
0.00 16.53
20.00 18.15
15.79 23.78
1] 47.85
-45.00]  106.40
13.33 12046
13.57 19342
22.00  369.65
23.94  530.96
28.80]  650.91]
26.79|  710.57]
30.00|  700.22]
108.12)  757.18]
38.06] 698.39)
21.32]  621.92
43.00] _ 620.69
13.33  108.77

27.60
-75.00
-20.83

#DIV/0!
50.00
66.73

-5000.00

555.67
249.95
263.16
303.00
316.56
347.15
333.49
213.66
144.43
211.87
308.65
290.86
717.41

690.00
-750.00
1666.67
3333.33
1000.00
1053.68
4545.45

-25005.00
3332.67
3571.43
6666.00
7578.18
9998.00
8932.86
6409.74

15616.87
8064.84
6579.21
12507.00
9565.45

202



K02-04-15
100 800
5 80 RIS . m,{; P E
£ 60 /‘:“""_ i T e Growth rate(Ideal)
3 37 - 400
% 40 3 /o \\ ‘g Growth rate
£ 2 / \— 205 -
g 0 0 2 ------ growth:pulling(ideal)
© 0 5000 10000 15000 20000 25000 30000 ¥ growth:pulling
Mass of ingot(gm) 5
K02-04-15(initial)
~ 80 800 g
Eso 600 £  eeeeer Growth rate(Ideal)
> | eeeee =2
T 40 —eepttevennl 400 2 Growth rate
% P I S Doy == o 200 % h:pulling(ideal)
< =t g ececee growth:pulling(idea
g 0 0o % growth:pulling
© 0 1000 2000 3000 4000 5000 8
Mass of ingot(gm)

Growth Features
Growth Rate:

Good values of growth rate throughout the growth process. [1]

Pulling Rate:

Too low initial rates of pulling for seed. (Og — 100g) [2]

Low values of growth rate for later stages of growth process. (1500g — 250000) [3]

Temp:Power
Slight negative Values. (100g, 1000-1500q) [4]

Growth:Pulling:

High values for initial stages of growth process. (0g — 100g) [5]

Good values for later stages of growth process. (10000g — 25000q) [6]
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Appendix Il: Milky defect explained as an

optical effect by Carmen Stelian

Milky defect is observed in Ti-doped sapphire crystals which display a light region of 1-1.5 cm width,
perpendicular to the c-axis (see Fig. 11.1). The diffused light in this region could be explained as an optical

effect, which involves three factors:

Birefringence of the sapphire crystal
Ti-doped sapphire crystal is a uniaxial negative medium having the optic axis parallel to the c-axis of the

crystal. The values of the ordinary and extraordinary refractive indices are n, = 1.768 and ng = 1.760.

Variation of the extraordinary refractive index as function of Ti

concentration

Qualitative measurements of Ti** ion concentration in several slices cut perpendicular to the growth
direction, performed by microluminescence and transmittance analysis, have shown that the concentration
is higher at the periphery of the crystal as compared to the central part of the ingot. Figure 11.2 shows the
measured absorption coefficient on the radial direction in a sample of 10 cm in diameter. The values of the
absorption coefficient, which is proportional to Ti concentration in the crystal, indicate large radial variation
in Ti composition, especially for the slices cut from the middle part of the Kyropoulos ingot. This significant
compositional inhomogeneity was numerically explained by accounting large curvatures of the growth

interface.

The non-uniformity in the radial titanium distribution in the crystal determines variations of the refractive
index. “TROPEL” measurements of the extraordinary refractive index performed by scanning the surface of
a slice cut perpendicular to the growth direction, shows that ng is directly dependent on Ti concentration
(Fig. 11.3). The plot of ng versus the radial coordinate in Fig. 11.3b exhibits the same U-shaped profile as the Ti

distribution shown in Fig. I1.2.
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Fig. 1.1 Milky defect observed in Ti-doped sample of 10 cm in diameter cut perpendicular to the growth

direction.
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Fig. 1.2 Absorption coefficient recorded in a slice of 10 cm in diameter along the direction parallel to c-axis

(black squares) and perpendicular to c-axis (red squares).
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Fig. 1.3 “TROPEL” measurements of the extraordinary refractive index: (a) Color map of obtained by
scanning the surface of a slice cut perpendicular to growth direction; (b) Radial profile of in the sample.
The quantitative measurements are doubtful since the maximum variation of the refractive index is very

small Measurements uncertainties within this technique are also very improbable.

The measurements of the ordinary and extraordinary refractive indices performed by using M-lines
spectroscopy in different regions of the sample (exhibiting or not the milky defect), have shown much
significant variations of the extraordinary refractive index (maximum ), while the ordinary refractive index

is almost unchanged (see Tab. II.1).
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Echamtillon
2 3
longueur d'onde Zone
e R Indice Indi dinai Indice
ol RO i b extraordinaire st extraordinaire
Non perturbée 1,7730 1,7655 1,7730 1,7652
e Perturbée 1,7728 1,7665 1,7731 1,7666
Man perturbde 1,.7700 1,7623 1,7702 1,7620
RSN Perturbée 1,7700 1,7638 1,7700 1,7634
Non perturbée 1,7680 1,7607 1,7680 1,7601
26328 _
nm Perturbée 1,7680 1,7620 1,7679 1,7618

Table I.1: Measurements of the ordinary and extraordinary refractive indices performed by using M-lines

spectroscopy in different regions of the sample, exhibiting or not the milky defect.

In conclusion, the measurements of the refractive index show that the extraordinary refractive index
increases to the crystal periphery following the increasing Ti concentration profile, while the ordinary

refractive index is much less sensitive to the radial chemical inhomogeneity of the crystal.

Reflection and refraction of polarized light described by the Fresnel

equations

When light moves between media of different refractive indices (n, and n,), both reflection and refraction
of the light may occur. The Fresnel equations describe what fraction of the incident light is reflected, and,
respectively refracted (transmitted). The fraction of the incident power which is reflected is given by the
reflectance (R), and the fraction which is transmitted is given by the transmittance (T). The behavior

depends on the polarization of the incident ray:

The reflectance of the polarized light with its electric field perpendicular to the plane of incidence is given

by:

2
R — n,coso, —n, cos o,
* {n,cos®, +n,cosb,

@)
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The reflectance of the polarized light with its electric field parallel to the plane of incidence is given by:

2

R, = n,cos 0, —n, cos o, @)
n, cos 6, + n, cos 6,

In the above equations 8; and 6, are the angles that the incident and the transmitted rays make with the

normal of the interface between the two media.

Huygens’ construction

The light propagation in a cylindrical Ti-doped sapphire sample is analyzed by applying the principle of
wavelets developed by Huygens (Huygens’ construction). In Fig. 114, a cone of unpolarized light strikes the
top surface of the sample. Every incident ray splits in two rays which are linearly polarized in planes
orthogonal to each other: the ordinary (RO) and, respectively the extraordinary (RE) ray. The light
propagation in the crystal will be analyzed in two preferential planes of incidence: A) plane of incidence

perpendicular to the c-axis of the crystal; B) plane of incidence parallel to the c-axis of the crystal.

Fig. 1.4 Cone of unpolarized light which strikes the top surface of the crystal.

4.8.1 Huygens’ construction in the case of the optic axis perpendicular to plane of incidence

The wavefront propagation in anisotropic media is constructed by applying the Huygens’ principle of
wavelets. In uniaxial crystals, the wavelets associated with the ordinary ray have the same velocity in all
directions (spherical wavelets). The wavelets associated with the extraordinary ray are ellipsoids of
revolution which coincide with the spherical wavelets along the optic axis. When the optic axis is

perpendicular to the plane of incidence (Fig. Il.5a), the sections of both ordinary and extraordinary
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wavelets are circles. Since ng < n,, the velocity of the extraordinary wavelets is greater than the velocity of
the ordinary wavelets. Two cases are investigated in Fig. 11.5

The case of small incidence angle, when the incident ray reaches the top surface of the sample in the
central region is shown in Fig. I.5b. The extraordinary ray is more deviated from the normal compared to
the ordinary ray. When reaching the bottom surface of the crystal, the extraordinary ray, which is polarized

perpendicular to the plane of incidence, will be essentially reflected (r = 0.12), while the ordinary ray,
which is polarized parallel to the plane of incidence, will be essentially transmitted (r, =0.039). The values

of the reflectance were estimated by using the Fresnel equations Eqg. (1-2). The incidence angle at the
bottom surface of the crystal ;= 20° corresponds to an incidence angle of the light at the top surface of
the crystal of = 37°. Since only the extraordinary refractive index depends on the titanium distribution in

the crystal, the extraordinary light will be diffused at the bottom surface of the crystal, as will be explained
on the Fig. 11.5c.

=200 R, 012 R =0U39 8, =30° R, =027 R.=0000%
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Fig. 1.5 Huygens’ construction in the case of the optic axis perpendicular to plane of incidence: (a) Sample of

10 cm diameter featuring diffused light in the central plane perpendicular to c-axis; (b) Case of small
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incidence angle at the bottom surface of the crystal 8;= 20°; (c) Case of increased incidence angle at the

bottom surface of the crystal 6;= 30°.

The case of increased incidence angle, when the incoming ray reaches the top surface of the sample near
the crystal periphery is shown in Fig. I1.5¢c. The values of the reflectance estimated for an incidence angle at

the bottom surface of the crystal 6;= 30°. are:R | =0.27 and R =0.0005. It is found that the fraction of the

incident light reflected at the bottom surface of the crystal increases significantly with increasing incidence
angle. The trajectory of a second ray (dashed green line) reaching the top surface of the crystal at an
incidence angle slightly greater than the first ray is drawn on Fig. Il.5c. Only the extraordinary wavelet and
the extraordinary refracted ray are shown for the second incident ray. Since the Ti concentration increases
to the crystal periphery, the extraordinary refractive index increases also, so the rayon of the second
extraordinary wavelet will be smaller (dashed blue circle). The graphical construction shows that both the
refracted extraordinary rays arrive at the same incidence point on the bottom surface of the crystal, and
are reflected upon different angles (since the incidence angles are different). Therefore, an incident conical
beam, centered by the first ray, will be focalized in the same point at the bottom surface of the sample
then diffused in the crystal. The effect is amplified near the crystal periphery, since the reflectance of the
extraordinary light increases with increasing incidence angle. That could explain the diffused light in the
transversal region of the crystal, which is perpendicular to the c-axis. It is also found that the diffused light

is polarized with vibrations parallel to the c-axis.

Huygens’ construction in the case of the optic axis parallel to plane of incidence
The propagation of the incoming light with the incidence plane parallel to the optic axis is investigated in
Fig.Il. 6. In this case the section of the ordinary and extraordinary wavelets gives a circle, and, respectively,

an ellipse. Two cases, at small and increased incidence angle are shown on the figure:

The case of small incidence angle (6;= 20° at the bottom face of the crystal) is shown in Fig.ll.6b. The
extraordinary ray is less deviated from the normal compared to the ordinary ray. When reaching the
bottom surface of the crystal, the extraordinary ray, which is polarized parallel to the plane of incidence,
will be essentially transmitted (R, =0.04), while the ordinary ray, which is polarized perpendicular to the
plane of incidence, will be essentially reflected (R, =0.123). Therefore, less diffused light is observed in the

centre of the crystal, along the direction parallel to c-axis.

The case of increased incidence angle (6;= 30° at the bottom face of the crystal) is shown in Fig. Il.6c. The

estimated values of the reflectance are: R, =0.28 and R, =0.0003. In this case, the incident conical beam,
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centered by the first ray, will be focalized in the same point at the bottom surface of the sample, then
refracted. Therefore, the light is no more diffused near the crystal periphery along the direction parallel to

c-axis.
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Fig. 1.6 Huygens’ construction in the case of the optic axis parallel to plane of incidence: (a) Sample of 10
cm diameter featuring no diffused light near the crystal periphery along the direction parallel to c-axis; (b)
Case of small incidence angle at the bottom surface of the crystal 8;,= 20°; (c) Case of increased incidence

angle at the bottom surface of the crystal 6;= 30°.

Conclusion

In conclusion, the milky defect could be explained as an optical effect caused by the crystal birefringence
and the non-homogeneous distribution of titanium in Kyropoulos ingots. This hypothesis is validated by the

experimental observations such as:

- Milky defect was not observed in white sapphire grown by the Kyropoulos technique.
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- Milky defect is not so obvious in samples cut from the top part of the ingot, where the radial

variation of Ti concentration is very small.

- The diffused light is polarized with vibrations parallel to c-axis, as observed in experiments.
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Appendix Ill: Numerical modelling of the
Kyropoulos growth process (model by

Carmen Stelian)

Heat transfer and melt convection

The finite element software COMSOL Multiphysics is used for modelling the heat transfer and melt
convection during the Kyropoulos growth of Ti-doped sapphire crystal. The simulation is performed in two
steps. First, global modelling is applied to compute the temperature field in the furnace, as well as the
velocity field in the liquid sample. Then, the temperatures carried from the global computations are used as
boundary conditions for an axisymmetric local model which includes the crystal, melt, crucible and the

surrounding gas.

The governing equations of heat transfer and melt convection are:

pC, (% + 1 VT) = 1,V2T + Qp Equation I11.1

p (% + (@ ‘7)17) = —Vp+ 0V — pg(Br(T — Ty)) Equation I11.2

The internal radiative heat transfer in the sapphire crystal is simulated by accounting the radiative heat
source Qg in Equation Illl.4. The P1 approximation model, which relies on the hypothesis that the
participating medium is optically thick, is applied in the present case. The optical thickness varies between
2.4 and 40 as function of the dimension of growing sapphire ingot. The melt has been considered opaque in

the present computations. The radiative heat source in Equation 1.4 is given by:

Qr = a(G — 4n’o,T*) Equation 111.3
The incident radiation G is computed by solving the following equation:

—V(Dp,VG) = a(G — 4n%0,T*) Equation IIl.4

where Dp; is P1 diffusion coefficient defined as
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1

Dpy = ————
P1 ™ 3p+b(3-1,)

Equation I11.5

In the above equation, [; is the linear Legendre coefficient of the scattering phase function and b is the
scattering coefficient (the scattering effect is not considered in the present simulation).
The radiative heat flux at the solid boundaries of the crystal, which are considered opaque, is given by

£
2(2-¢)

¢r = (4n20,T* — G) Equation 111.6
The crystal-melt interface has been considered to be a black wall (¢ = 1).

The release of the latent heat at the crystal-melt interface is given by the following equation:
(Ars)VT(sy = Ar@y VT = ps. he. V Equation 111.7

where (s) and (l) denotes the solid and the liquid phases.

For the global simulation model, we impose the ambient temperature value of 300 K at the furnace outer

walls.

The melt convection is driven by buoyancy and Marangoni effects. The Marangoni flow occurs at the free
surface of the melt, due to the dependence of the interface tension on the temperature. This effect has

been modelled by introducing the following boundary condition at the free surface of the melt:

neE= s Equation II1.8
where,yr = % is the derivative of the surface tension as function of the temperature

yr = —385+1075—-[C.-H. Chen, 2011] [Tandjaoui, 2016]

The boundary conditions used for the flow computations are: (a) No slip condition for the liquid melt in
contact with the crucible inner walls, (G= 0) and (b) Slip conditions at the liquid melt free surface; (us # 0,
u, =0)

The transient modelling of the solidification process is performed by using the deformed mesh technique.
There are three moving interfaces in the present model: the crystal-melt interface which takes the shape of
the solidification isotherm, the crystal-gas interface which gives the external shape of the crystal, and the

melt-gas interface which is moving down during the crystallization process. The mesh used for the local
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simulation has 10,000 triangular elements. The maximum time step in the transient simulations is 0.5 s.
[Stelian, 2016] [Stelian, 2017-a]

Thermal stress

3D calculation

The software COMSOL Multiphysics has also been used for modelling thermal stresses in the crystal
[Stelian, 2018]. The 2D global simulation is performed at a given stage of the growth process. The power in
the heater is adjusted until the temperature in the triple crystal-melt-gas point reaches the melting point.
The temperatures carried out from the global modeling are used for three dimensional modeling of

thermal stress in the crystal. The stress-strain relation is given by the generalized law of Hooke:

0ij = Cijri (Ekz — Bia(T - Tref)) Equation 111.9

The elastic constant matrix for sapphire, which has a trigonal structure, is given by:

o OOoOOo
O OOoOOo

0 0 0 0 Cys Ci4
1
| O 0 0 0 Cia E(Cn — C12))|

The elastic constants C;; determined in the coordinate system xyz (where x-axis is parallel to a-axis, and z-
axis is parallel to c-axis of sapphire) are given by: C;,=497 GPa, C;,=162.66 GPa, C;3=117.26 Gpa,
C14=22.96 GPa, (33=501.8 GPa, C,4=147.2 GPa [Winey, 2001]. The thermal expansion coefficient is

considered constant in the present computations By = 5+ 107°K ! [Demina, 2008].

The von Mises stress in the crystal is given by:

_ (Gxx - ny)z + (ny - Gzz)z + (Gzz - Gxx)z + 6(0-3?_‘)/ + O'ng + O-J?Z)
OMises 2

To calculate the thermal stress, free boundary conditions are applied to all crystal boundaries except for

the top surface of the seed rod, which is considered fixed.
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2D calculation
The axisymmetric thermal strain—stress equations for sapphire are calculated in cylindrical coordinate. The

thermal elastic stress—strain relation is based on Hooke's law. [Fang, 2013-b] [Jin, 2014][Fainberg, 1996]

The isotropic elastic constant matrix is given by:

1-v) v v 0

C. = E v 1-v) v 0

T @a+v@-2v)| v % 1-v) 0
0 0 0 (1-v)

To calculate stress distribution, the following equations are solved:

Sor 4 89rz 4 9r=% _
or 5z r

_60—7’2 + &4_ Orz =0
or 6z r

The von Mises stress is calculated by:

(Gr - GZ)Z + (% — Gr)z + (Gw — GZ)Z + GGrzz
OMises — 2

In this case, the elastic properties of sapphire are considered isotropic. The values of the Young modulud

and Poisson ratio used in these computations are: E = 400 GPa and v = 0.28.
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Appendix IV: Chemical Analysis

Since, we are growing titanium doped sapphire crystal for laser applications, it is really important to
understand the Ti content and its distribution in our crystals. To this effect 1 cm x 1cm samples were
prepared from the rectangular and circular sample presented in figure 4.6. The location of these samples in

the circular and rectangular sample are shown in figure IV.1

(b)

©

Figure IV.1: Samples prepared for chemical analysis from (a) Circular sample, (b) Rectangular sample and

(c) the samples laid out individually.
These samples were sent to Institute of Analytical Sciences in Lyon for chemical quantitative analysis.

The chemical analysis was carried out using Inductively coupled plasma mass spectrometry (ICP-MS), which
is a type of mass spectrometry which is capable of detecting metals and several non-metals at
concentrations as low as one part in 10" (part per quadrillion, ppg) on non-interfered low-background
isotopes. This is achieved by ionizing the sample with inductively coupled plasma and then using a mass

spectrometer to separate and quantify those ions.
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The chemical measurements were carried out for other elements to check for impurity concentrations

along with Ti. The values of concentrations in ppm for the elements analysed are provided in Table IV.1.

From the table it is evident that Ti is the highest constituent as expected due to the doping. But, large
traces of Si are also observed which can be due to the extensive use of silica in the polishing process which

could lead to the contamination of the prepared samples.

The analysis technique has a minimum threshold for some elements below which it cannot resolve the

variations in concentration.

Element |1 2 3 4 5 6 7 8

Ti 398 290 315.5 419 307 317 275 396.5
Mo <10 <10 <10 <10 <10 <10 <10 <10
Mg 15 <10 11.5 <10 211 <10 11 <10
Y <20 <20 <20 <20 <20 <20 <20 <20
Na 92 93 68.5 <50 216 <50 <50 55

S <500 <500 <500 <500 <500 <500 <500 <500
Ca <100 <100 184 <100 161 <100 117 <100
P <200 <200 <200 <200 240 <200 <200 <200
K <50 <50 56.5 <50 77 <50 <50 <50
Cl <15 <15 <15 <15 <15 <15 <15 <15
Si 371 111 292.5 <50 81 81 <50 488

Table IV.1: Elemental concentrations in ppm.
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