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1 Introduction

Solid state reactions in ceramic materials are investibgitecee many years under both fundamental
and technological points of vieW* Under working conditions, many devices consisting of multi
phase or multilayered ceramics are often subjected to leigipératures. As a result, interfacial
solid state reactions may occur between the components$ r8actions occurring on the nano-
meter scale may affect the desired properties of the devi@esiuse chemical and physical pro-
perties of interfaces are changed. Thus, in order to optithis properties of the existing materials
as well as to produce new materials with desired propedhgnced knowledge of thin film solid
state reactions is required.

Model experiments are well suited to study various aspectomplex solid state reactions.
In this approach, instead of using polycrystalline matsriane reactant is a bulk single crys-
tal. In such model experiments, the formation and orienmatif the reaction products can well
be characterised by several structural techniques suchrag diffractometry (XRD) and trans-
mission electron microscopy (TEM). This approach has sssfaly been used by several research
groups to study interfacial reaction mechanisms and @aginetics in oxides ! In the present
work, solid state reactions in different oxide systems, \BaCGQ;-TiO,, BaO-TiO;,, SrO-TiO,,
CaO-TiO, and MgO-TiQ, are investigated.

In the first two systems, BaGAliO, and BaO-TiQ, the solid state reaction of solid BagO
and BaO vapour with TiQsubstrates of different crystallographic structure (asatand rutile)
are studied in a thin film geometry. In particular, phase fation, phase sequence and orientation
of the reaction phases are analysed. The main goal of thi®ptre Ph.D. work was to study the
mechanism of BaTi@Qformation in vacuum and in air. The solid state reaction leetwBaCQ
and TiO, raw materials is still one of the main industrial ways for Bajproduction. The BaTi@
forming process usually occurs via an intermediatgTBa, compound. There are many experi-
mental works which describe the formation of BaTi@t the beginning of the 1990s, Niepce and
Thomas? have proposed a model based on spherical, Ti@rticles surrounded by BaGOFor
this arrangement, they have predicted that it is possibjgagent the formation of the B&iO,
phase by controlling the grain sizes of the initial powd&nsch core-shell structured BagGQiO,
substances were prepared by Gablenal.’®* (BaCGQ; (shell)-TiO, (core), with diameters of the
core-shell grains up to severat) in the year 2001 and by Buscaggéital.}* (BaCGQ; (core)-TiO,
(shell), with sizes of the core-shell grains100 nm-500 nm in length arrd 50 nm in diameter) in
the year 2007. Heating of the powders prepared by Galgeak'® showed a modified sequence
of phased?1>18|n addition to the intermediate B&O, phase, different Ti-rich barium titanates
were observed depending on the annealing temperature.e@uhtar hand, heating of the powders
prepared by Buscagliet al.1* showed a formation of only the BaTi@ompound. The effect of the
particle size of the initial reactants and of the gas pressaithe solid state synthesis of barium tita-
nate was given by Henningg al.!” and by Buscagliat al.,'8 respectively. Henningst al. found



that the formation of the BaiO, compound in air can be suppressed in a reaction between submi
crometer BaC@(0.17,m) and fine TiQ (0.2m). Buscagliaet al. reported that the calcination of
nanocrystalline BaCQand TiO, powders performed in flowing air at 1 bar (100 kPa) completely
suppresses the formation of the.Ba&, secondary phase. However, the decrease of pressure to
40 mbar induced the formation of BEO, at a reaction temperature of 740. Hence, the selec-
tion of this rather complex system for a phase formationystndnodel experiments should be a
way to gain a better understanding of the processes. The eotrahTiO, powder usually contains

a mixture of TiQ rutile and TiQ anatase. Thus, in the present work Titile single crystals

as well as epitaxial TiQanatase single crystalline thin films are used as subst@i@®vide a
model system. In this Ph.D. work, the phase formation secpgeand orientation relationships
during BaTiQ growth from BaCQ (solid film with a thickness ot 50 nm) or BaO (vapour
equivalent to a nominal BaO thickness uptd0 nm) and TiQ (substrate) are investigated using

a combined application of XRD, TEM and high-resolution TENRTEM).

In the next three systems, SrO-TLi@CaO-TiG, and MgO-TiG, the solid state reaction between
TiO, (rutile) single crystals and SrO, CaO or MgO vapour was sildirhe primary aims of this
part of the Ph.D. thesis are: (1) To compare the orientagtetionships found for the BaTiO
perovskite grown on Ti® (rutile) substrates with those for SrTj@nd CaTiQ perovskites as
well as for the rhombohedral MgTiQ(2) To determine possible topotaxial orientation relatio
ships between tetragonal TiQutile) and the rhombohedral MgTipbhase. As has been shown
recently on the example of the non-cubic, corundum-typsehdigTa,Oy and Mg,Nb,O, grow-
ing topotaxially on cubic MgO single-crystal substrategpsising topotaxial orientation relation-
ships and corresponding reaction mechanisms can be fowaseof non-cubic reactants and/or
reaction product$?2° (3) To study the role of crystallography in topotaxial firstase formation
in the MgO-TiQ, system, taking into account previous results of invesitgat of vapour-solid
reactions obtained using MgO substrate3he question which phase forms first in a thin-film
solid state reaction, if the corresponding phase diagramipethe formation of several phases, is
of considerable scientific and technological significartdewever, the role of crystallography in
topotaxial first-phase selection has not been sufficiemthsitlered so far.

In thin film diffusion couples not all of the equilibrium phesmay be observed which are stable
in bulk. Various reasons have been given in the literaturae 3elective formation of phases
has been attributed to thermodynamic factdr& nucleation barrier§ and kinetic factorg+-2’
The main statements of these models are present&hapter 2. This chapter also gives an
introduction to the crystal structure and some propertfeh® investigated compounds such as
TiO,, BaTiO;, BaCQ;, Ba, TiO, and Ti-rich barium titanates. Experimental results ondsstate
reactions in the systems Bag®iO,, BaO-TiO,, SrO-Ti0,, CaO-TiG, and MgO-TiG are also
presented irChapter 2. The experimental set-up and investigation techniques umsthe present
study are given in details i@hapter 3. The results of the experiments are presentéchiapter 4.
The findings on the solid state reactions in the systems Ball@, (rutile) and BaO-TiQ (rutile)
are given inSection 4.1. A study of solid state reactions in the systems BadiD, (anatase) and
BaO-TiO, (anatase) is presented $ection 4.2. In the last two systems, epitaxial TiQanatase)



films were used as substrates. The growth of epitaxial &idatase films on SrTiCand LaAlO;
substrates is described 8ubsection 4.2.1. Section 4.3 describes vapour-solid reactions of SrO
vapour, CaO vapour and MgO vapour with the Ti@utile) substratesChapter 5 is dedicated to
the discussion of the experimental results obtained intbigk. A summary is given iChapter 6.



2 Literature review

2.1 Thin film solid state reactions

A solid state chemical reaction in the classical sense scadnen local transport of matter is
observed in crystalline phases and new phases are fotrifibs definition does not mean that
gaseous or liquid phases may not take part in the solid statdions. However, it does mean
that the reaction product occurs as a solid phase. Thusathishing of metals during dry or
wet oxidation is also considered to be a solid state reacti@ammonly, the solid state reac-
tions are heterogeneous reactions. If after reaction ofsmastances one or more solid product
phases are formed, then a heterogeneous solid state reacsiaid to have occurred. Spinel- and
pyrochlore-forming reactions are well-known examples afdsstate reactions where a ternary
oxide forms>!*In this Ph.D. thesis, heterogeneous solid state reactiensoasidered.

Extended crystal defects as high mobility paths for atorasasential in the reactivity of solids.
Furthermore, interfaces play an important role in the sslade reactions because during hetero-
geneous reactions interfaces move and mass transporsamass them. The interfaces can be
coherent, semicoherent or incoheréhiit the interface, chemical reactions take place between
species and defects; they are often associated with stalittansformations and volume changes.

The characteristics of thin film solid state reactions ragnon the nanometer scale are con-
siderably different from solid state reactions proceedimthe bulk. During bulk reactions, the
diffusion process is rate limiting and controls the growththis case, the thickness of the reaction
layer (<) usually increases as a function of the square root of tipenhich is the well-known
parabolic law of reaction kinetics and is characteristia diffusion controlled reaction:

X ~ V1. (2.1)

During thin film solid state reactions, the diffusion patHstlee reacting species are short and
consequently the kinetics are determined by interfacettiens. In this case, the thickness of the
reaction layer typically increases linearly with time, winis known as linear reaction kinetics and
is characteristic of an interface controlled reaction:

X ~ t. (2.2)

Moreover, in thin film diffusion couples compared to bulkfdgion couples not all of the com-
pound phases predicted by the equilibrium phase diagrambean observed to be preséhEor
example, nickel films deposited on silicon form an interrageliNL,Si compound at temperatures
between 200C and 350°C with no indication of the presence of other equilibrium g¢sas long
as both unreacted nickel and silicon are still availa&8Marious reasons have been given in the lit-
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erature as to why not all of the equilibrium phases may bergbddn thin film diffusion couples.
The selective formation of phases has been attributed tontsdynamic factorg!?2 nucleation
barrierg® and kinetic factor€4-2’ The main ideas of the major models presented in the litezatur
are given below.

2.1.1 Thermodynamic model

In several silicide systems it was well established thatyarlaf the most thermodynamically
stable compound is the first phase to nucleate and grow. rRietd al.?!?? have proposed the
so-called effective heat of formation (EHF) model and hawas that thermodynamic data could
be directly used to predict first phase formation and phagedton sequence in thin film reac-
tion couples. According to this model an effective heat ofrfation AH’ is proposed, which is
dependent on the concentrations of the reacting elemedts given by:

effective concentration limiting element ec’

AH' = AT x — AH° x (2.3)
eC

compound concentration limiting element

where AH® is the standard heat of formation expressed in kJ/mole ohstolf a compound
A,_..Be is to be formed for an effective concentratioti of element B, then element B will
be the limiting element itc’ < ec, the effective heat of formation being linearly dependemt o
the effective concentration of the limiting element. By choosing the effective concentration
of the interacting species at the growth interface durirggblid phase reaction to be that of the
liquidus minimum, the model correctly predicts first phas@fation during formation of silicides,
germanides, aluminides, and other metal-metal binaryesyst The EHF model has also been
used to describe amorphous and metastable phase formatizgllas the effect of impurities and
diffusion barriers on phase formation.

2.1.2 Nucleation-controlled model

The basic statements of a nucleation-controlled modelifieide formation have been given by
d’Heurleet al..?3 Although in most cases there is a lack of knowledge of the rizdtgarameters
which does not allow a quantitative description, it was shtvat the classical theory of nucleation
allows for a good qualitative description of the processeslved. In this theory, a phase AB
that is formed at the interface between two phases A and Brisidered. The driving force
for the reaction between A and B is the difference in free gnexG, between A+B and AB.
However, because of the formation of AB, the system evolk@® fa situation with one interface
A/B into a system with two interfaces A/AB and AB/B. This wilsually result in an increase of
the interfacial energyho. For such a system, there is a competition between two mesrhanon
the one hand, the transformation of a volume of A+B into a @uslAB with radius results in an
energy gaim\G, ~ r3AG,. On the other hand the additional interfaces result in aasarénergy
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costAo ~ r?0. The free energy change of the nucleus is thus given by:
AGy(1) = a;r?o — agr® AG,, (2.4)

wherea; anda, are geometrical terms that take into account the fact tiheihucleus is a crystal,
it will generally not be spherical because of its anisottagiaractera; will then represent some
averaged coefficient for different values of the surfaceiatetface energies.

The scheme of the relation between the free energy changeumieus and its radiusis shown

in Fig. 2.1. As can be seen from this figureGy (r) passes through a maximum that corresponds

/
/
/
/
surface term /

a,r’o /

Fig. 2.1. The free energy change of a nu-
cleus as a function of its radius (r), showing
r the surface and the volume contributions,
and their sunt3

Free energy change (AG,)

\
volume term
a,r*AG, \

to the critical size™ of the nucleus. Only the population of nuclei bigger tihawill tend to grow.
Thus,AGx(r) has a maximum valuAGy, for a critical radiug™:

2a10
* = 2.5
LT 3mAG, (2:5)
4a3q3
AGQH = 17 2.
N 27a3AG?2 (2.6)

AG} can be regarded as the activation energy necessary for theation of AB. From the for-
mula, it is clear that nucleation phenomena will only be imaot if AG,, the free energy of
formation of AB, is small.

The rate of nucleatiop* is given by the product of the concentration of nuclei withriical
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size and some kinetic terf), taking into account the local atomic rearrangement neé&alémm
the nucleus:
—AGN —Q
p* ~ e?eﬁ’ (27)
wherek is the Boltzmann constant and T is the temperature. One dhetdin the great signi-
ficance of the relative magnitudes of either the surfaceggner the Gibbs energy change, since
AGY ~ o3/AG? Because the surface energy term is usually small, theadictivenergy for

nucleation becomes significant only when the free energggdnés also small.

2.1.3 Kinetic model

The concept based on a kinetic model is particularly aitradiecause it allows to discuss the
general nature of thin film solid state reactions, viz. kiteeind phase formation sequence. The
mostly adopted kinetic model was proposed by Gosele antl Tuthis model, reaction barriers
are generally introduced as purely phenomenological gigs)twhich limit the flux of atomic
species through the interface or which otherwise resthietrate of the interfacial reaction. The
influence of such interfacial reaction barriers on the ghokitetics of single compound layers is
shown in Fig. 2.2. A compound layersB of thickness % grows between two saturated phases

L)

1
eq !
c Cap i
A without interfoce reaction
with ] barriers

Fig. 2.2. Schematic of concentration pro-
file of atoms A across an /8/AgB/A,B
diffusion couple with and without interface

~ reaction barriers’
]
AgB | AgB C;?,) A,B
ce
| B
; 8
*ag "By X

A,B and A B where the subscripts > 3 > characterise the composition of the compounds. The
diffusion flux jg‘ of A atoms in the AB phase is given by:

i = ACHKS /(14 xpk /Dy), (2.8)

whereAC’;Ol is the concentration difference of component A betweendftahd right sides of the
reaction front of phase M in equilibrium stateDj is the chemical interdiffusion coefficient for
the A;B layer and gf ! is an effective interfacial reaction barrier for theB\layer composed of
the two interfacial reaction barriergd and k;y according to:

1/k = 1/kgo + 1/kg. (2.9)
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The change of the layer thicknessig given by:
s /dt = [1/(C3% — Cga) +1/(Cy — S (2.10)
By combining Eq. (2.9) with Eq. (2.10), the following equatican be written:
dxg/dt = GaACTKS /(1 + x5k /Dy), (2.11)

where G is a constant determined by the composition of the threegshasB, AzB and AyB.
The growth kinetics described by the last equation are réiffebelow and above a change-over
thickness %, defined by:

x5 = Dg/K3. (2.12)
From Eq. (2.12) it follows that
Xg ~ V't for Xg > X3, (2.13)
and
xg ~ 1t for x5 < xjp. (2.14)

Egs. (2.13) and (2.14) are identical to Egs. (2.1) and (h#&)show again the well-known result
that interface controlled growth kinetics will change oteediffusion controlled growth kinetics if
the layer has grown to a sufficiently thick thickness> xj.

If A 3B grows in competition to other phases, certain of theseqshadl formally have negative
growth rates, so that they are kinetically not stable.

2.2 Synthesis of BaTiO 3 ceramics

2.2.1 Crystal structure and some properties of TIO 5

There are at least five TiGtructures®® The naturally occurring Ti@polymorphs are rutile (tetra-
gonal), anatase (tetragonal), brookite (orthorhombic) &@®, (B) (monoclinic). Among these
structural modifications, rutile and anatase are the mésh@&ncountered and technically utilised
forms. Anatase Ti@has the same stoichiometry as rutile Tiqut a different crystal structure (see
Figs. 2.3-2.4). The relevant crystallographic parameigrgtile and anatase are listed in Table 2.1.
In the rutile and anatase structures, the titanium catiosursounded by six oxygen anions
in more or less distorted octahedral configuration (Fig3(l3-2.4(b)). These octahedra are the
basic building blocks of the various polymorphic structuoé TiO, (rutile, anatase, brookite, TiO
(B)) that differ from each other by the distortion within tbetahedra and by their coordination
as well as by their linkage. The bond lengths for rutile andtase are similar, but the anatase
octahedra exhibit a greater distortion in bond angles (sd¢x#eT2.1). Consequently, the anatase
structure has a somehow more open structure (higher mdlaneg lower density). There are open
channels in the two lattices. The channels in the rutile éigjel to the ¢ axis (perpendicular to
the (001) plane) as shown in Fig. 2.3(b). In contrast, thephk in the anatase run perpendicular
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TiO, (rutile)
@ o e @ o ©

[001]
e @ O 2 oo
[100] ‘

[010] [100]
@o> et

Fig. 2.3. (a) Unit cell of rutile TiG, (a=b= 0.459 nm, c= 0.295 nm; space group/Rhm). (b) Repre-
sentation of TiQ octahedra of rutile.

TiO, (anatase)

(a) g Q (b)
QO
(&9 £ QD
(& @ ©

[001] ‘
‘I ‘ [001]
[100] g 6‘ ﬁ ‘ [100]

© o> oTi*

[010]

Fig. 2.4. a) Unit cell of anatase Tig(a=b= 0.378 nm, c=0.951 nm; space groupdnd). b) Representation
of TiOg octahedra of anatase.
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Table 2.1. Crystallographic parameters for rutile and anatése.

Rutile Unique Ti coordinates (0,0,0) and (1/2,1/2,1/2)

Unique O coordinatest{u,+u,0) and {(1/2+u);+(1/2-u),1/2c) where u= 0.3048
Ti-O bond lengths: 0.195 nm (4 per octahedra) and 0.198 nre(®gtahedra)
O-Ti-O bond angles: 90 81.2F and 98.79

Molar volume: 18.80 crh

Density: 4.25 g/crh

a=b=0.459 nm, c=0.295 nm

Anatase| Unique Ti coordinates (0,0,0), (1/2,1/2,1/2), (1/2,0)HAd (0,1/2,3/4)

Unique O coordinates (0,8y), (1/2,1/2,(1/2:u)), (1/2,0,(1/4-u))

and (0,1/2,(3/4u) where u=0.2081

Ti-O bond lengths: 0.1934 nm (4 per octahedra) and 0.198 nmer(®ctahedra)
O-Ti-O bond angles: 90 78.2° and 101.9

Molar volume: 20.52 crh

Density: 3.894 g/crh

a=b=0.378 nm, c=0.951 nm

to the c axis (Fig. 2.4(b)).

Rutile is the most stable form of TiQvhereas anatase and brookite are metastable and transform
to the rutile phase on heating. There is no well-defined teatpee for these transformations.
However, the anatase-rutile transition was observed gi¢emtures between 40C and 1000C,
depending on many factors such as presence of dopants andfsibrresponding precipitates,
deviations from stoichiometry, surface area, particle simd surrounding atmosphete3®

The two polymorphs rutile and anatase have also quite distiiystal morphologies. Whereas
rutile forms slender prismatic crystaildanatase usually occurs in a bipyramidal sh&jf€.The
surface energy of periodic TiQutile slabs was calculated by Ramamoorétyal.*! using a self-
consistent ab-initio method. The (110) surface has the dowerface energy while the (001)
surface has the highest. The thermodynamic stability of(10€) surface was also considered,
and it was found to be stable with respect to forming (110¢tcThe surface energies of TiO
anatase were estimated by Lazzsral.*?> using an ab-initio density functional method. The (001)
and (101) faces of anatase were found as the most stable Tdeesalculations indicated that the
average surface energy of an anatase crystal is lower thanfth crystal in the rutile phase.

2.2.2 Crystal structure of BaCO 3, BaTiO3 and Ba,TiOy4
A. BaCO;

There are three modifications of BagG.(@rystallographic data for the room and high temperature
forms of barium carbonate are listed in Table 2.2.

The aragonite-type modification is the only stable form umagmal conditions at room tempe-
rature. Two other modifications of BaG{®f the calcite-type and of the NaCl-type, are reversibly
formed above 830C and 960°C, respectively.

The structure of aragonite-type Bag@nineral name is witherite) is illustrated in Fig. 2.5.
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Table 2.2. Crystallographic data for different modifications of BagC#5

T,°C Space group Symmetry a,nm b,nm c¢,nm,° 3,° ~,° Type

20 Pmcn orthorhombic 053 0.888 0.642 90 90 90 aragonite

830 R3m rhombohedral 0.52 052 1.055 90 90 120 calcite

960 Fm3m cubic 0.696 0.696 0696 90 90 90 NaCl
(a) (b)

00 © o)
.‘0“ O‘ .O .‘0“ oo .O gO .20

t O‘ .0 “co. O‘ .0 “ce Og‘

0
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oc @o> Ba>
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Fig. 2.5. lllustration of aragonite-type BaGQO(a) Top and (b) side view. Different colours for oxygen and
barium ions used in (a) and (b) show different height levéthe ions in the projections.

In aragonite, each CP ion is surrounded by six Ba ions and each Ba ion has nine rteags
gen neighbours. The Ba ions in Bag@re approximately hexagonally close-packed, alternating
with layers of C@~ ions perpendicular to the c-axis. The €0on deviates very slightly from
planarity, but the O-Ba-O angles do not differ from 120

B. BaTiO

Several ferroelectrics crystallise in a perovskite sticetvith a general chemical formula ABO
where A and B are cations and O is an anion. Perovskite (calttanium oxide, CaTi@) is a
relatively rare mineral occurring in orthorhombic crystaPerovskite was discovered in the Ural
mountains of Russia by Gustav Rose in the year 1839 and naiteedree Russian mineralogist,
L. A. Perovski#

Barium titanate (BaTig) is well-known to have several phase transitions, depgnalirtemper-
ature. Above the Curie temperature (20°C), it has the cubic perovskite structure (with’Ba
as A and Ti* as B, a~ 0.4 nm, space group Pm3m). This is a centrosymmetric cuhictste
with Ba at the corners, Ti at the center and the oxygens atiteedenters (Fig.2.6). The ions are
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in the following positions: Ba at (0,0,0), Ti at (1/2,1/2)&and three oxygen ions at (1/2,1/2,0),
(1/2,0,1/2), (0,1/2,1/2). The titanium ion is surroundedsix oxygen ions in octahedral confi-
guration (Fig. 2.6) and lies in octahedral holes of the Baa®kng. Each barium ion has twelve
oxygen neighbours.

Fig. 2.6. Cubic unit cell of BaTiQ.

However, there are two high temperature forms of BaTibic and hexagonal (a= 0.57 nm and
c= 1.405 nm, space group C6/mmc). At temperatures above A43Pe cubic form of BaTiQ
transforms into the hexagonal forth#6 These two modifications are built from close-packed (111)
layers of composition Bag In cubic BaTiQ there is repetition after every third layer ABC...;
in the hexagonal form repetition occurs along the ¢ axig aftery sixth layer adBCACB....4’

As the temperature is lowered, cubic Bafi@oes through phase transitions to three different
ferroelectric phases: cubic to tetragonal at 393 K, tetnagjto orthorhombic at 278 K, and or-
thorhombic to rhombohedral at 183 K. These three phasel/amgmall distortions from the cubic
symmetry?® At room temperature, BaTi{ds usually considered as tetragonal with a= 0.3994 nm
and c= 0.4038 nm (space group P4mm). It should be noted tsa&RHthD. thesis is mainly focused
on phase formation sequences during BaTePnthesis. As shown below, the reaction experi-
ments were performed at temperatures betweerf&7&and 1000C, where BaTiQ is cubic and
the question of phase transitions of BaTi®ill be not considered in detail. Consequently, the
pseudocubic indexing for BaTiwill be used (a= 0.4 nm).

C. BagTiO4

Ba,TiO, (barium orthotitanate) is the most Ba-rich compound in thetesn BaO-TiQ. It is
formed as an intermediate phase during the synthesis of@BaJy solid state reaction between
BaCQ, and Ti0,. Ba,TiO, exists in monoclinié®*° and orthorhombig!->* modifications. The
orthorhombic form is stable at high temperatures while tlfmaclinic phase is stable at room
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temperaturé®>* The orthorhombic BaTiO, was observed to be a chemically unstable compound
and it decomposed when exposed to*an?

Monoclinic BaTiO, has a($-CaSiO, type structure. Its unit cell has the dimensions:
a=0.612 nm, b=0.77 nm, c= 1.05 nm ard 92.99. The orthorhombic modification of B&iO,
has a distorted-K,SO, structure. Its unit cell has the dimensions: a= 0.765 nm, B53.nm,
c= 0.61 nm (space group Pnaf?)The orthorhombic structure consists of tetravalent titemi
cations in an unusual tetrahedral coordination (Fig. 2.7).

g8 o 98 T
Setl et

B& Q@ 5& Q@ )
O Ba*
Fig. 2.7. Orthorhombic unit cell of BgliOy4. TiO,4 tetrahedra are shown with lines.

Ooz © Ti+*

2.2.3 Formation of BaTiO 3 from BaCO 3 and TiO 5, by solid state
reactions

During the past decades, compounds in the BaO; §i3tem are of interest because many ternary
barium titanates are used as electronic materials for damaand microwave devices. One of
the most important compounds is BaTiODue to their ferroelectric and dielectric properties,
the perovskite-type BaTi{based materials have many applications in electronic&eg\such

as high-performance multilayer ceramics capacitors (MEC8ensors and thermoresistors. The
industrial way to produce BaTi{s the solid state reaction between BaC&nhd TiO, at tempe-
ratures as high as 120C. This reaction can be described as follows:

A lot of work has been devoted in order to understand detéilsaxction (2.15). The above reac-
tion frequently occurs via an intermediate,B8D, compound. Even a few percent of this phase
unfavourably affect the electrical properties of BaJikased ceramic¥. In recent years a great
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deal of attention has been given to the problem how to expierformation of the two titanates
(BaTiO; and BaTiO,). The main results and assumptions are summarised below.

In the 1950s, the formation of BaTiChas been extensively studied by several group¥.
Tzebiatowskiet al.®8°° and Kuboet al.%-%2 studied the formation of BaTiQfrom BaCQ and
TiO, (mainly rutile) by heating the raw materials at certain tenapures and analysing the reaction
mixtures by using selectively acting acids. They agreedbate BaTiQ forms first according to
reaction (2.15) and then B&iO,, and finally BaTiO, combines with the remaining TiQo form
BaTiO;; but they do not agree on the way of B&, formation. Tzebiatowsket al. indicated
that BgTiO, is formed directly from BaC@and TiO, according to the following reaction:

2Ba003 + T102 — BagTiO4 + 2002 T, (216)

whereas Kubet al. concluded that BaiO,4 can not be formed according to reaction (2.16) and is
produced by reaction between Batiénd BaCQ according to the following reaction:

BaC03 + BaT103 — BagTiO4 + COQ T . (217)

Templetoret al.%® studied the formation of BaTiQin air and CQ by differential thermal ana-
lysis. They found that a small amount of BaTi@3 formed first directly from BaCQand TiG,
(rutile). Then, BaTiO, forms according to the reaction (2.17) and occurs in largesiunts until
all the BaCQ is gone; now experiments confirmed the formation of an inégliste compound
according to the reaction proposed by Kuwi@al.. Ba, TiO, was not at any time observed to form
directly by the reaction (2.16). The authors found also thdt atmosphere (1 bar) of GQas,
the intermediate BA10, step was suppressed up to a temperature of about X1.0But it was
mentioned that Ba1O, reacts fast within an atmosphere of 1 atmosphere of kbw 1100°C
to produce BaTi@and BaCQ. In addition, the authors reported that a high pressure pex
(heating was performed in air) is not necessary foyT8@, formation. The results of Templeton
et al.%° performed with rutile TiQ powder are in agreement with findings of Syaetaal.®® who
studied the formation of BaTiQusing TiO, anatase powder.

Later, the dependence of the reaction kinetics ef, PPy, and R, for the reaction (2.15) with
rutile TiO, have been investigated by Coureil al.®”%8 It was found that the formation rate of
BaTiO; continuously decreases with increasing,Por Py, whereas B, leads to a minimum rate
under a certain condition (P= 112.5 mbar, T= 720C for a given partial pressure of carbon
dioxide between 75 mbar and 112.5 mbar).

The quantitative aspects of the experiments performecedighinning of the 1980s by Beauger
et al.®® have supplemented the data already obtained on the systfeBaTiO; in air and in the
presence of CQ(1 bar). In air, BaTiQ is formed first according to reaction (2.15)..B&, then
forms at the expense of BaTi@ccording to reaction (2.17). When all the Ba{laas been con-
sumed, the reaction (2.17) stops and the final reaction s@aaording to the following equation:
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The authors described also the sequence of forming phastgefeeaction (2.15) that may occur
during heating in vacuum of about 10mbar. Beaugeet al. proposed two schemes.

First scheme:

a) Decomposition of BaC{according to:

BaCO3 — BaO + COs T; (2.19)
b) Formation of BaTiO,4 by reaction between the two oxides:

c) Finally, synthesis of BaTiQaccording to the reaction (2.18).
Second scheme:

a) Decomposition of BaC{according to reaction (2.19);

b) Formation of BaTiQ by direct reaction between the oxides:

BaO + TiOy — BaTiOs; (2.21)
c) Formation of BaTiO, at the expense of BaTiaccording to:
BaTiOg, + BaO — BagTiO4; (222)

d) Finally, BaTiO, reacts with the Ti@ nucleus to form BaTi@ according to the reaction
(2.18).

However, the experimental observations of Beaugeal.t® did not allow to make a choice
between these two schemes.

Beaugeet al.”® have also carried out investigations on planar polycrijstasolid-solid reaction
couples in air such as BaGQi0O,, BaCQ/BaTiOs/TiO, and BaTiO,/BaTiOs/TiOs. In the first
reaction couples, a layer of BaTiQvas found after heat treatment at 78D for less than one
hour inside the Ti@layer. With longer treatment times (24 h) at the same tenpexatwo layers
were observed within Ti@ the inner layer (in contact with Ti§) consists of BaTi@ and the
outer layer consists of B&iO4. In the second reaction couples, a layer o B&, was formed
after heat treatment at 85C for 3 days within the BaTi@pellet. The formation of BaTiQas
well as BaTiO, were explained by diffusion of barium through Ti@nd BaTiQ, respectively. In
the third reaction couples, transformations were obseoveloth sides of the interface and near
it. It was proposed that the conversion of;B8D, into BaTiO; occurred through an unidentified
species of BaO stoichiometry which diffuses towards ;Tifrough the BaTi@ layer. Based on
these experimental results, Mut al.”* proposed a model consisting of Ti@Qrains covered by
BaCO..

At the beginning of the 1990s, Niepet al.'? summarised the main experimental results and
suggested a model based on spherical, p@rticles surrounded by BaGOFrom this arrange-
ment, they deduced that it is possible to prevent the foonatf the BaTiO, phase by controlling
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the grain sizes of the initial powders. They discussed dlsbainterfacial reactions at the various
stages. It has been supposed that BgTi@h be formed according to different processes: directly
by barium and oxygen diffusion into Tikxand by degradation of B&iO,. Such core-shell struc-
tured BaCQ-TiO, substances were prepared by Gableral.'® (BaCQ, (shell)-TiO, (core), with
diameters of core-shell grains up to sevenal) in the year 2001 and by Buscaggital.** (BaCQ;
(core)-TiG, (shell), with sizes of core-shell grairg 100 nm-500 nm in length and 50 nm in
width) in the year 2007. Heating of the core-shell powdeeppred by Gableret al.*® showed a
modified sequence of phas€s:>!®The formation of BaTi@ besides remaining BaG@nd TiO,
was observed after reaction at 8@ (holding time 0 min). Further heating leads to the formatio
of the BaTiO, phase (900C-1100°C, holding time 0 min) and different Ti-rich phases with the
general formula BaTO;,., (Xx= 2, 4, 5) (850°C-1050°C, holding time O min). The formation
of a single BaTiQ phase occurred during heating at 12@for 2 h. On the other hand, heating
of the core-shell powders prepared by Buscagtial.1* showed a complete formation of a single
BaTiO; compound after heating at 60Q for 1 h without formation of any intermediate phases.

The effect of particle size of the initial reactants and puee on the solid state synthesis of
barium titanate was given by Hennings al.}” and by Buscagliet al.,*® respectively. Hen-
ningset al. found that the formation of the B&iO, compound in air can be suppressed in a
reaction between submicrometer BaC@©.17 xm) and fine TiQ (0.2 um). Thus, the predic-
tions made by Niepcet al.}> were confirmed. Buscagliet al. reported that the calcination of
nanocrystalline BaC9and TiO, powders performed in flowing air at 1 bar (100 kPa) completely
suppresses the formation of the,B&, secondary phase. However, the decrease of pressure to
40 mbar induced the formation of BEHO, at a reaction temperature of 740.

There was also one attempt to investigate the BgTa@nation in a thin-film system. Tochitsky
et al.”? have investigated solid state reactions in the multicorepothin film systems Ti@BaO,
TiO,/BaCQ;, TiO,/PbO, and TiQ/Bi,O5. The systems were prepared by a layer-by-layer thermal
evaporation of metals onto alkali halide single crystalsstdies in a vacuum of about 10mbar
followed by annealing at constant temperature in a vacuumafte under a pressure of about
10~* mbar and in air. The authors found that in the F®aCQ; system after annealing between
500°C and 800°C only the BaTiQ compound formed whereas the synthesis of BgTd0Oring
annealing of the TiQZBaO system occurred through an intermediatglBa, compound.

From the above, itis clearly seen that numerous factorsanfle the reaction (2.15), i.e. compo-
sition and pressure of the reaction atmosphere, and sizgesordetrical arrangement of the initial
reactants. However, the mechanism of Basli@mation from BaCQ and TiG; in vacuum is still
open. The results performed with rutile powders are comsistith those conducted with anatase
powders.
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2.2.4 Ti-rich barium titanates
A. Phase diagram

The are many compounds which form by a reaction between Ba@n@ TiO, as well as between
BaO and TiQ. Some of these compounds are of great interest and techoallaggnportance.
Stattor’® has tried first to establish phase relations in the BaO, E@tem. Later, this phase
diagram was restudied and improved by many other wétis.

A high-temperature phase diagram constructed for the sy®8aTiO;-TiO, is shown in
Fig. 2.8 The determination of the phase relations was based on Xiffigadion and micro-
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scopic visual analyses of the samples quenched from highbaeature. In the Ti-rich region, the
results of Kirbyet al.*® are in general agreement with those of Negtal.”” and O’Bryanet al..”®
As can be seen from the phase diagram, the formation of fib&ium titanates is depending on
the ratio of Ba to Ti and temperature.

The stable Ti-rich barium titanates which exist at high temagpures are Bdi,,0,q, Ba;Ti;305,
BaTi;Oy and BaTiyO.* The last two Ti-rich phases are used in microwave induSt@ther
supposedly possible Ti-rich barium titanates such as faTiand BaTi0,3% have not been
observed in these studies. The compound Bajiwas found in a sample with 65 mol% TiO
qguenched from the liquid state. However, heating of thisgarat 1320°C for 64 h resulted in a
mixture of BaTiQ and BgTi7O,4, with no evidence of any remaining BaQOs. It was noted that
these three Ti-rich barium titanates form only through aitigntermediate.

However, Ritteret al.”® obtained BaTiO; and BaTiO,; phases using low-temperature alkoxide
synthesis techniques. Fig. 2.9 shows their phase diagramstroocted from the data obtained
by X-ray diffraction analyses. In this diagram, both B&Jj and BaTiO;; phases crystallise
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at ~ 700°C. BaTi,O5 decomposes into Bai;;0, and BaTiQ at ~1150°C while BaTO;
decomposes to Tif) Ba, TigOyy and/or BaTjOg at ~1200°C. Thus, we can conclude that both
these phases (Bals; and BaTiO,;) are either low-temperature stable phases or metastable
phases obtained by crystallisation of an amorphous precurs

B. Crystal structure

The crystal structures of Ti-rich barium titanates havenbeetensively studied. Baj®, and
BaTi,O5 have structures which can be described as cubic close-ppackangements of Ba and
O atoms. Both these compounds have one short cell constaiioot 0.4 nm. These structures
have often been referred to as Wadsley-Andersson type pltals® called tunnel structure®).
The structures of other Ti-rich barium titanates, i.e. B&Ti, BaTi;O,1, Ba;Ti1303p, BayTigOy,
Ba, Ti;309, and BgTi;70,49, are more complex but can be described as close packing ohda a
O atoms in which some of the octahedra) {terstices are occupied by Ti atorffs®® These
structures can be illustrated as being made up of Ba-O ¢glasked layers with 4, 6, 8 or 10 layers
per unit cell. The unit cell dimensions of Ti-rich bariunatitates as well the number of layers per
unit cell are given in Table 2.3.

The mean thickness of each close-packed layer of the Tibdchum titanates isz 0.234 nm
which is similar to the (111) interplanar spacing of BaJiQ he orientation of the close-packed
layer is usually derived from the morphology of the crys@idrom the diffraction pattern and
gives substantial structural information. For exampléhacase of Bal'i1;0,, the lattice constant
c=1.892 nm4£ 8x0.234 nm) leads to the conclusion that the unit cell conteigist close-packed
layers perpendicular to the ¢ axis. Despite one unit cekkatpg itself after 8 layers, the real
crystallographic identity period of the packing of the cdete structure is 24 layef$. This is
because the direction of packing is [103]. The angle betwkerj103] direction and the (001)



2.3 The system SrO-TiO 19

Table 2.3. Unit cell parameters of Ti-rich barium titanates.

Phase Space Symmetry a,nm b,nm c,nm q,° G, ° ~v,°  Number Ref.
group of layers
Wadsley-Andersson type
BaTiy Os A2/m monoclinic  0.9409 0.393 1.69 90 1035 90 86
BaTi,Oq Pmmn orthorhombic 1.452 0.379 0.629 90 90 90 87

Close-packed type

BaTigO13 P1 triclinic 0.751 0.985 0.746 105.38 118.9 72.58 4 ®
Bay TigOs0 Pl triclinic 0.747 1.408 1.434 89.94 79.43 84.45 6 8889

BaTi; 014 P2/n monoclinic  0.767 1.402 0.752 90 98.33 90 6 9%
Ba,Ti;sO05; Bmab  orthorhombic 1.165 1.410 1.005 90 90 90 6 1
Ba;Ti;s03p Cmca  orthorhombic 1.706 0.986 1.405 90 90 90 6 92
BagTi17049 C2/c monoclinic 0.988 1.708 1.892 90 98.42 90 g =

Ba,Ti;O12 Ammm  orthorhombic  0.99 1.14 2.35 90 90 90 10 949

plane in BaTi 7O, is~ 1.3°. The compositions of other Ti-rich barium titanates can éeved
by analogy to the layers in B&i,704 and BaTi 305, as was shown by Rott al.®® for the phases
BasTi14NbyOsg, Bay, TiygNbyOgg and BagTissNby Oy 55.

Recently, a topotaxial orientation relationship betweaTiB®; and BgTi ;0% 1 as well
as between BaTiQand BaTi;505,%% has been established. Despite the different procedure of
sample preparation (solid state reaction of Bag@@d TiO, at high temperatures in &% or
chemical reaction of SiOfilm with BaTiO; single crystal&®”°9, the Ti-rich phases (TRP) grow
in all cases according to the following orientation relaship:

(001) TRP || (111) BaTiOs; [010] TRP || [110] BaTiOs. (2.23)

Thus, the close-packed planes ofBa;04, and BaTi 303 lie parallel to the close-packed planes
of BaTiO;. Crystallographically, Krgevecet al.®® explained the orientation relationship between
BasTi;7O4 and BaTiQ phases by the similarity of the stacking sequence of (11angd of
BaTiOs; and (001) planes of Bai;O,, if the larger unit cell of the monoclinic Bdi,;0,, phase
was appropriately cut® On the base of the above relationship a model of a topotaotiadary
between BaTli;;04 and BaTiQ phases was constructed.

2.3 The system SrO-TiO ,

In the bulk phase diagram of the system SrO-T{Big. 2.10°}), several compounds are known

such as SITiO,4, SiTi,O; and SrTiQ. There is an eutectic at 144Q between SrTi@and TiO,.
SKTiO, has a tetragonal structure with a=b= 0.388 nm and c= 1.26 patésgroup 14/mmm)

while SiTi,O; has also a tetragonal structure with a=b= 0.39 nm and c= Zh688pace group
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[4/mmm). SrTiQ has a cubic perovskite structure with a= 0.39 nm (space geoom) at room
temperature and higher.

Strontium titanate is commonly produced by a solid statetiea of SrCQ with TiO, at high
temperatures (above 1000):

No intermediate products were observed during STé¢nthesis by Tagawa and Igara$hias
well as by Chang and Lit%® However, recent results suggested that the above reactmnred
via an intermediate $TiO, compound'®4
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SrTiO; is of technical significance. Owing to its high dielectrimmstant and large dielectric
breakdown field, SrTiQis a potential candidate for storage capacitor cells in dyoaandom
access memorie€® SrTiO; single crystals and thin films are extensively used as satiestfor
high-T, superconducting? ferroelectrid®” and multiferroicd® thin films. Suitably doped SrTiQ
single crystals have been considered for non-volatile membased on resistive switchidgf:11°

2.4 The system CaO-TiO ,

Several investigations of the bulk phase diagram of theegys2aO-TiQ (Fig. 2.11) predict the
existence of three stable compounds such agig@,, Ca,TizO;o and CaTiQ. The first two
phases peritectically decompose at 1760and 1840C, respectively, whereas the CaTi®elts
congruently at 1960C. There is also a eutectic at 1480 between CaTi@Qand TiO;.

CaTi,O; has an orthorhombic structure with a= 0.541 nm, b= 1.94 nntar@542 nm (space
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group Ccm21) while CA&i30,, has also an orthorhombic structure with a= 0.54 nm, b=2.M4 n
and c= 0.543 nm (space group Pcab). The mineral perovsk#é®@idg, has an orthorhombic
structure at room temperature with a= 0.538 nm, b= 0.544 ndncan0.7654 nm (space group
Pbnm). The orthorhombic distortion of CaTi@ecreases with increasing temperature. The phase
transitions from the room temperature orthorhombic stmgcto a tetragonal (a=b= 0.549 nm and
c=0.778 nm, space group l4/mcm) polymorph occur at temperabetween 1373 K and 1423 K,
followed by transformation to the cubic phase (a= 0.38 nragemroup Pim) at 1523:10 K.11?

In this Ph.D. work, the pseudocubic indexing for Ca@ll be used (a= 0.38 nm).

CaTiG; is mostly prepared by a solid state reaction of CaO or CGa@@h TiO, at high
temperatures. The undoped CaJi® an incipient ferroelectri¢? with potential application
in microwave-tunable deviced? but on doping with Pb it becomes a true ferroelecttitThe
versatility of calcium titanate extends to its suitabilag a material for the immobilization of
radioactive waste® and a biocompatible coating for medical Ti implants.

2.5 The system MgO-TiO

In the system MgO-Ti@) several compounds are known such as M@1j Mg, TiO, and MgTiO;
(Fig. 2.12). MgTyO5 (armalcolite) has a pseudobrookite structure with a= 0r@7lmw= 1 nm and
c= 0.37 nm (space group Bbmm), while MgO, (quandilite) has either a cubic structure with
a= 0.84 nm at 700C (space group Fd3m, spinel) or a tetragonal structure witB.89 nm and
c= 0.84 nm (space group P22, spinel) at 500C.'7 MgTiO; (geikielite) has a rhombohedral
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ilmenite structure with a= 0.505 nm and c= 1.389 nm (spacemrR3).!’
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Mg, TiO, has attracted attention because of its optical propexibg used in integrated optics
and as a dielectric material. Epitaxial layers of M@, grown by solid-state reaction between
(001) MgO single crystals and Tikhave been used as buffer layers for growing high temperature
superconducting thin film&i812°0n the other hand, MgTiQis known as a dielectric material
which has good dielectric properties at high frequenciesealbas a high thermal stability. Bulk
MgTiOs is used for microwave ceramic capacitors and resonatérg*MgTiO; has a refractive
index of 1.95 which lies between that of LiNg@2.2) and A}O; (1.7).22° Thus, MgTiQ, thin
films can be used as a cladding layer. Mostly, Mgit@as been produced and studied in bulk
ceramic form. However, there have been some reports orcédlomn and properties of MgTiO
thin films 126:127

Spinel-forming topotaxial solid state reactions like:

2AO + B02 — A2B04 or AO + B203 — ABQO4 (225)

are prototypes of chemical reactions in complex oxidesviBusly, a series of topotaxial reac-
tions with (100) MgO single crystals were studied. Differspinels, such as Md@iO,4, Mg,SnQ,,
MgIn,O,, MgAIl,O,, MgCr,O, and MgFgO,, with different values of spinel/MgO lattice misfit
were considere@!! In such cases of cube-on-cube orientation, the structutleeateaction fronts
and the mechanism of the interfacial reaction were detexchby the sign and amount of the lat-
tice misfit. At positive misfit, the Burgers vector of the migfislocations present at the reaction
front points out of the interface, enabling the dislocasiom glide, when coping with the move-
ment of the advancing reaction front. At negative misfit, Baggers vector lies in the interface
plane, so that a climb process is required for the movemetfieodlislocations. At very low mis-
fit (< £0.2%), no misfit (interfacial) dislocations form and the fitis accommodated by point
defects and antiphase boundaries.
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2.6 Modeling of powder reactions

In order to enhance the speed of reaction, solid state ogectire usually performed by mixing
powders of the reactants followed by heating. A reactionvbeh two phases A and B can be
regarded as a reaction between two grains A and B.

Fig. 2.13 shows a schematic drawing of two particles whiehimicontact with each other. The
solid state reaction of these two particles occurs by diffemass transport mechanisms such as
surface diffusion, grain boundary diffusion and volumdudifon. Coupled grain-boundary and
surface diffusion is often the dominant mechanism for trectien of a fine particle compact.
The different mass transport mechanisms occurring duhegéaction can be studied in model
experiments. In this approach, instead of using polychyséamaterials, one reactant is a bulk
single crystal. Surface diffusion is a mass flow along theig@arsurface or along pore walls.
Thus, the surface diffusion can be modeled in the reactitwedsn vapour and single crystals as
shown in Fig. 2.13. The interface between two (crystallipaticles is a grain boundary. Grain
boundary diffusion results in mass flow along the grain b@umpavhile volume diffusion results in
mass flow across the newly formed layer. Thus, to model sudatisn, the solid-solid reaction
between thin films and single crystals can be studied as giveéig. 2.13. Although solid state
reactions involve usually three-dimensional aggregatgmdicles, the pseudo-two-dimensional
problem used in model experiments can give significant frisignto the reaction mechanism.

-» Vapour-solid reaction

A (vapour)

ARIAL

> —p B+ A—

A

B (single crystal)

Solid-solid reaction

A (thin film)

——
- -
p—
—— -
—-——
—-— -
e -

B (single crystal)

Grain boundary and
volume diffusion

Fig. 2.13. Two different solid state reaction geometries which can seduo study the reaction of two
particles in a powder.



3 Experimental and investigation procedures

3.1 Sample preparations

Titanium dioxide (TiQ) with rutile and anatase structures was used. To providedehsystem,
single crystalline materials are usually used as one reactaO, rutile single crystals are com-
mercially available with different surface orientatioBsit anatase single crystals are more difficult
to obtain with appropriate size and purity. This problem basn addressed by growing epitaxial
anatase thin films.

Thus in the case of TiOwith rutile structure, polished (110) and (100) surfacesahmercial
rutile TiO, single crystals (CrysTec GmbH, Berlin, Germany) were usesldstrates. Before the
experiments the rutile crystals were annealed in air at 2@0fr 1 h. After this heat treatment
the (110) rutile surfaces involved terraces of about 450 mmwidth with ordered steps of about
0.26 nm in height as shown by AFM in Fig. 3.1(a). An annealih@¥00°C for 1 h was found
to be optimal for the (110) rutile substrates. The surfacepimalogy of thermally treated (100)
rutile surfaces was significantly different from (110) on@$e surface of (100) rutile substrates
consisted of terraces of 450 nm to 800 nm in width. The heigtiiesteps ranged from 0.6 nm to
0.96 nm (Fig. 3.1(b)). Extensive step bunching was alsorebdeon (100) surfaces.

Fig. 3.1. AFM topography images after thermal treatment in air at 110Gor 1 h: (a) (110) rutile sur-
face (root-mean-square roughness is 0.15 nm) and (b) (LG® surface (root-mean-square roughness is
0.25 nm).

In the case of TiQ with anatase structure, (001) and (012) surfaces of epitd@xD, anatase
thin films were used for the reaction experiments. Epitaki@l, thin films with a good crystalline
quality and microstructure were prepared on (100)-ore&ei0; and LaAlQ; substrates as well
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as on (110)-oriented SrTiGand LaAlQ; substrates. Details on epitaxial thin film growth are given
in Chapter 4 (Section 4.2).

Two reaction geometries were used to study the solid statetioms (Fig. 3.2). Fig. 3.2(a)
shows the so-called solid-solid regime of the solid stadetiens. The solid-solid reaction between
BaCQ; and TiO, was initiated by heating in a high-vacuum environment andiin The second
regime of the solid state reactions, the so-called vapoligl-seaction, was performed between
TiO, and BaO vapour in a high-vacuum environment (Fig. 3.2(bpr éxperiments with other
vapours BaO was replaced by SrO, CaO and MgO.

(@  BaCco; (b)  BaO
VL VL
Tio, TiO, TiO,

Ts =300-500 °C Tr=575-1000 °C Ts =575-1000 °C

Fig. 3.2. Two solid state reaction geometries: (a) solid-solid rieacand (b) vapour-solid reaction. Ts is
the substrate temperature during deposition while Tr isativealing temperature.

A BaCQG; thin film or BaO vapour was obtained in a high-vacuum chamlyeguaporating a
BaCQO; powder target while SrO, CaO or MgO vapour was produced lotrele-beam evaporation
of either a SrC@, a CaCQ or a MgO powder target. Fig. 3.3 gives a schematic drawing of
the evaporation system used in this study. The distanceeeetwvaporator and the sample is
approximately 20 cm, which is quite large. This minimises tieat load on the sample and thus
prevents a rise in sample temperature during depositioa.b&lse pressure of the vacuum system
was less than210-° mbar. During deposition pure oxygen was introduced to éistah pressure
of 1x10~* mbar. The deposition rate and film thickness were in-situitoogd during deposition
by a quartz crystal microbalance (INFICON, gold coated teigs 6 MHz), positioned just a few
centimeters away from the sample. The thickness of the Baki®film was determined by cross-
sectional transmission electron microscopy and it wasddorbe~ 50 nm thick. The substrates
were heated in a tube furnace directly by thermal irradmtaring deposition. They were put
into a holder placed in the middle of the furnace and were imgndpwn with the polished surface
pointing towards the electron-beam evaporator. The teatpess were measured by a Pt/PtRh10
thermocouple installed behind the substrate. After thiel sbhte reactions the samples were kept
in the vacuum chamber or in a laboratory furnace and allow@d ¢l to room temperature.

For the growth of BaC@thin films, the substrate temperature was kept at 300400°C
or 500°C. The solid-solid reactions in vacuum were performed diyeafter deposition (without
cooling down to room temperature) by heating up to tempesatbetween 575C and 1000C for
different length of time (0 min to 180 min holding time). Fietsolid-solid reaction experiments
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Fig. 3.3. Scheme of the electron beam evaporation system.

in air, the substrate with deposited Bag{tin film was taken out from the vacuum chamber and
annealed in a laboratory furnace at temperatures rangamy §75°C to 1000°C for different
length of time (0 min to 30 min holding time).

For the vapour-solid reaction of BaO with TiQhe substrate was heated to the reaction temper-
ature (575 C-1000°C) and kept constant at a desired temperature during thBoead complete
deposition/reaction experiment required about 35 minhdidd be noted that BaGQevaporates
by decomposition, the vapour consists of BaO and.G@view of the high volatility (low sticking
coefficient) of CQ at such high temperatures, the material reacting with thke rsubstrate con-
sists of BaO species. This is in agreement with thermodycaroalculations where the formation
of BaCQ; by a reaction between BaO and €&t temperatures higher than 575 is suppressed
by a positive value of Gibbs energy (Fig. 345.The same conclusion is valid for the formation
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50 4 . ! ; : ; 4

o Fig. 34. The change in Gibbs
free energy AG;) vs T for the
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from I. Barin.1?®
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of SrCQ; or CaCQ on hot TiO, substrates by a reaction between SrO or CaO ang<i@e the
thermodynamic estimations for the reactiéh® + CO, — SrCO5; andCaO + COy — CaCO3
are close to the reactiddaO + CO, — BaCOs.

Several methods have been used to analyse the samples ditestate reactions. These
methods are described in the next two chapters.

3.2 X-ray diffraction

Techniques based on X-ray probes dominate in the field ofmaltescience mainly because of
their simplicity, reliability, quantitative and nondesttive nature. Of these techniques, XRD plays
a leading role, as a fundamental tool for material chareetéon 12°

3.2.1 Basic principles

X-rays are electromagnetic radiation with typical photaergies in the range of 100 eV-100 keV.
For diffraction applications, mainly short wavelength s (hard X-rays) in the range of a few
angstroms to 0.1 A (1 keV-120 keV) are used. Because the wmgth of X-rays is comparable
to the size of atoms, they are ideally suited for probing thecsural arrangement of atoms and
molecules in a wide range of materials. X-rays primarilyemact with electrons in atoms. When
X-ray photons collide with electrons, some photons fromiticedent beam will be deflected away
from the direction of their original travel. If the wavelahgof these scattered X-rays did not
change (meaning that the X-ray photons did not lose any ghettge process is called elastic
scattering in that only momentum has been transferred irs¢h&ering process. These are the
X-rays that we measure in diffraction experiments, as théeed X-rays carry information about
the electron distribution in materials. Diffracted wavesni different atoms can interfere with
each other and the resultant intensity distribution isreghp modulated by this interaction. If the
atoms are arranged in a periodic fashion, as in crystalbtids the diffracted waves will consist
of sharp interference maxima (peaks) with the same symnasttie distribution of atoms. The
angles of peaks in a XRD pattern are directly related to thenat distances. For a given set of
lattice planes with an inter-plane distance of d, the caowlitor diffraction to occur can be simply
written as:
2dsinf = n), (3.1)

which is known as Bragg’s law. In the above equatiois the wavelength of the X-ray, is the
scattering angle and n is an integer representing the ofdlee dliffraction peak.

3.2.2 XRD analysis performed in this work

Powder XRD is perhaps the most widely used XRD technique fatenal characterisation.
Powder diffraction data can be collected using either trassion or reflection geometry. Because
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the particles in the powder sample are randomly orientexhetitwo methods will yield the same
information.

Generally speaking thin film diffraction refers not to a sfie¢echnique but rather a collection
of XRD techniques used to investigate thin film samples growrsingle crystalline substrates.
There are several special considerations for using XRD &vaciterise thin film samples. First, a
reflection geometry is used for these measurements, as listraies are generally too thick for
transmission. Second, high angular resolution is required

A four-circle Material Research Diffractometer was usedha present work (Philips Rert
MRD, type 3050/65, 50 kV and 30 mA, CyKadiation). The axes of a four-circle diffractometer
are shown in Fig. 3.5.

V’ 0 )
" Incident beam

Diffracted beam

Detector

Fig. 3.5. Scheme of a four-circle diffractometer. Thexis is always parallel to the sample surface normal.
Thew axis is always in the plane of diffraction.

A parallel-beam optics geometry was used for the investigai(Fig. 3.6). In this geometry, the
diffracted-beam optics is modified to parallel-beam opteel a flat plate graphite monochromator
is incorporated in front of the detector.

Standard)-20 scans were made for phase analysis and to investigate aguedorientation of
the films. Thel-20 scan is also called-260 scan. In a four-circle diffractometer, an2f scan runs
on two axes of the diffraction system which are driven by twfecent motors ¢ motor: sample
holder and 2 motor: detector). In this Ph.D. work, theaxis is referred to aé one. In Fig. 3.5¢
(the angle of incidence) represents the angle between ¢idemt X-ray beam and the plane of the
sample holder while 2(the angle of reflection) is the angle between the viewingdion of the
detector (or scattered X-ray beam) and the incident X-rayrbdn a normab-20 scan these two
angles are varied simultaneously frékg, to 0,,.. and @,,;, to 20,,.... In this work, the samples
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Fig. 3.6. Scheme of a parallel-beam optics geometry according to #ee Quide for Philips ¥Pert MRD
Systems (1995). ThedZesolution of the parallel plate collimator is 009

were mounted on a (001)-oriented silicon wafer in an opeeiian cradle. After that, the andy
angles were optimised for a weak reflection of the substeate {or a (110)-oriented Tig(rutile)
substrate the reflection (220) was used) in order to recadvidll-oriented contribution from the
film. Fixing these two angles, the sample will then be rotatelg in one direction by the variation
of the # angle. Thusp-26 scans are only scans along one direction in reciprocal splde
therefore a one-dimensional scan in the reciprocal spéedilin that covers the substrate crystal
was grown with a certain orientation (i.e. in the case ofagjitor topotaxy), the diffractogram
of the sample will show the reflections of the single crystddstrate and reflections of those film
planes which are parallel to the sample holder plane (salesturface).

A 26 scan was performed to study the polycrystalline or unoggmneaction products. The24
scan is not useful for the study of polycrystalline thin filovssingle crystalline substrates, because
of the presence of the interfering effect of the strong gabstreflections. A useful geometry is
a grazing-incidence diffraction that is based on a low amglancidence of the X-rays. In this
geometry, X-rays pass through a suitable slit system anshade to fall on the sample at a grazing
angle while the detector on thé 2xis scans the XRD pattern. In this work a fixegalue of 5
was used to attenuate the substrate reflectionsi(tred ) angles were kept as optimised for the
0-260 scan).

Texture measurements are used to determine the orienthsisibution of crystalline grains in
the sample. In materials science, texture is the distobutif crystallographic orientations of a
sample. A sample in which these orientations are fully rami®said to have no texture. If the
crystallographic orientations are not random, but haveespraferred orientation, then the sample
has a weak, moderate or strong texture. The degree is dagem¢he percentage of crystals
that have the preferred orientation. Texture measurencamtgrovide a complete description of
the preferred orientation of a material. This is becausetate scan is a two-dimensional scan
in reciprocal space. The surface of a hemisphere in re@pspace is scanned for the reflections
{hkl} off the sample/film. The possible reflections are selectechmpsing the fixed value of2
A texture measurement is also referred to as a pole figure @efinition is used in the present
work) as it is plotted in polar coordinates consisting of tifteand rotation angles with respect
to a given orientation of the substrate surface. Thus, a figlee is similar to a stereographic
projection. This projection is used to represent graphji¢hk orientation of planes in 3D space.
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The pole figure analysis was performed using an open Euleratie. A pole figure was measured
at a fixed scattering angleg{constant d spacing) and consists of a serieg-etans (in-plane
rotation around the center of the sample) at different/tiingles. )= 0° (center of the plot) in
the pole figures corresponds to the planes of the thin filmgoparallel to the substrate plane
whereag)= 90" (rim of the plot) corresponds to the planes of the thin filnmiggderpendicular to
the substrate plane. The full determination of the textageiires at least the measurements of two
pole figures corresponding to planes that are not paraltkttzat do not have the same diffraction
angle (different interplanar distances). In this work dentify the orientation relationship between
reaction products and the substrate, a series of pole figugesrecorded with differentfvalues.
The Ca.R.Ine Crystallography software was used to drawatgaphic projections and 3D crystal
structures-3°

¢ scans were performed in order to find-out the in plane oriemtaf the thin film with respect
to the substrate. In this scan, thé @1d+ angles are fixed. For example, in the case of a (110)
rutile TiO, substrate @ scan with the TiQ (200) reflection (2= 39.2) at = 45° could be done
to determine the in-plane orientation of the substrate.

The XRD investigations in this work were performed outsige growth chamber at room tem-
perature. The transfers of the samples were made through air

3.3 Transmission electron microscopy

The electron microscopy methods are powerful techniquéginanoscience world. Among them,
cross-sectional TEM is essential for characterising adrfiaces between thin films and substrates.
TEM investigations were a significant part of this work. A gentional TEM CM20 Twin (Philips,
Netherlands) at primary beam energy of 200 keV (point régoi2.7 A) and a HRTEM JEOL
4010 (JEOL, Japan) at primary beam energy of 400 keV (posulution 1.8 A) were used to
study the reactive interfaces.

3.3.1 Basic concepts

A transmission electron microscope works on the same basiciples as a light microscope but
uses electrons instead of light. The main principles ofted&cmicroscopy can be understood by
use of optical ray diagrams as shown in Fig. 8%As in the XRD, electron diffraction is an elastic
scattering phenomenon with electrons being scattereddmysain a regular array (crystal). When
a crystal of lattice spacing d is irradiated with electrohgvavelength), diffracted waves will be
produced at angle®), satisfying the Bragg condition (3.1). The diffracted wa¥erm diffraction
spots on the back focal plane. In an electron microscopeyskeof electron lenses allows the
regular arrangement of the diffraction spots to be progeotea screen and the so-called electron
diffraction pattern can then be observed. If the transiohéted the diffracted beams interfere on the
image plane, a magnified image can be seen. The space whdiffrtietion pattern forms is called
the reciprocal space, while the space at the image planesos@gcimen is called the real space.
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Fig. 3.7. Optical ray diagram with an optical objective lens showing principle of the imaging process in
a transmission electron microscope.

The transformation from the real space to the reciprocatesps mathematically given by the
Fourier transform. By adjusting the electron lenses toiakdaiffraction image and inserting an
aperture (selected area aperture) in a plane of the miguesmantaining an intermediate image, a
specific area can be resolved and a diffraction pattern falexted area (SAED) can be obtained.
Because a SAED pattern can be obtained locally from diftguarts of the investigated material,
crystal structure and mutual crystal orientation relaglops of these parts can be identified.

Several types of observation modes in the electron micpescan be selected using an objective
aperture. The observation mode using only the transmigeadiis called bright-field method and
the image observed is a bright-field image (Fig. 3.8(a)). Mree diffracted beam is selected, it
is called dark-field method, and the image observed is a dalkifnage (Fig. 3.8(b)). It is also
possible to form a TEM image by selecting multiple beams @nlbtiack focal plane using a large
objective aperture. This observation is called high-netsoh electron microscopy, and the image
observed is a high-resolution image (HRTEM image) (Fig(Q)8 HRTEM images can be classi-
fied into five groups: 1. lattice fringes; 2. one-dimensicstalicture images; 3. two-dimensional
lattice images (showing the structural information at weit scale); 4. two-dimensional structure
images (or crystal structure images, showing the strudnftamation at atomic scale) and 5. spe-
cial images!33

3.3.2 TEM sample preparation

A cross-sectional TEM investigation can only be performéd specimen is sufficiently thin
(thinner tharr= 100 nm). The samples for these investigations were prefmrethndard methods
of mechanical polishing and ion millint*

The first step is to cut the substrate with the grown thin filto tmvo parts of the same size using
a diamond wire saw and then glue them face-to-face. In thikWbBond 610 epoxy resin that
has a very low viscosity was used. The glued sample is comgadsy a uniformly distributed
pressure during the curing time (1.5 h at curing temperaitii&s0°C). The glue layer should be
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Fig. 3.8. Three observation modes in electron microscope using attlg aperture. The center of the
objective aperture is on the optical axis. (a) Bright-fielethod, (b) Dark-field method and (c) High-
resolution electron microscopy?

as thin as possible. The glued sample is cut into slices Hdolae interfaces with a thickness of
0.5 mm. Then, this slice was polished manually on grindiny@alishing paper until the thickness
is less than 7Qum. A Gatan Model 656 dimple grinder was used to dimple andspdliom one
side at the center of the slice (the interface region) by peowheel with a radius of 15 mm. Hot
wax was used to mount the slice onto a glass cylinder. Aftaipting, the specimen was glued to
a metallic Cu grid. The wax attached on the slice was cleageatbtone. At the end of this step,
the thickness at the dimpled area is in the range qirh520 um.

The next step was thinning the slice at the center of the dirbplion sputtering until a trans-
parent hole is formed. A Gatan PIPS 691 was used to do the Wavk.Ar" ion guns bombard
the up- and down-side of the specimen alternatively. Thielént angles were set t6.6A varying
ion energy method has been used to quicken the specimenratiepa At the beginning of the
ion milling process, the ion energy was set to 4 keV. Seveavald later when the specimen was
nearly transparent, the ion energy was reduced to 3 keVr ftetransparent hole was formed,
the milling was terminated. After a careful investigatidrtloe sample by an optical microscope,
the last step consisted of a fine polish for several minut@scatent angles of 1015° with res-
pect to the surface using a decreasing accelerating vodfady&V to 2 kV. A Duomill (Dual lon
Mill, Gatan) was used to perform the last step. This step detap the cross-section specimen
preparation for TEM investigations.

3.4 Atomic force microscopy

An atomic force microscope (AFM) was used in this work to ggbimation on the sample to-
pography. AFM is a scanning probe microscope that probesufface of a sample by moving
the sample beneath a tip attached to a weak cantilever wiglép is in contact, or near contact,
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with the surface. An AFM comprises two main components: ttagser and the AFM detection
system. An AFM can operate in two principal modes, viz. taggnon-contact) mode and contact
mode, depending on the interaction between the tip and thplsa

In the contact mode, the tip adheres to the sample surfateanfinite force as it is dragged
across the surface. The finite adhesion forces deform thentipsample so that contact occurs
over a finite area. This area is greatly influenced by the tgrmiess and is increased by any
additional spring force. In the tapping mode, long-range der Waals forces deflect the tip. The
strength of the van der Waals interaction depends on thenpsaess and the amount of spring
deflection is fixed by the spring constant. More informatibow@ AFM can be found in Ref.

In this study, the surfaces of substrates and thin films weidied by a Digital Instruments 5000
microscope working in tapping mode and using ultrasharpSi t



4 Results

4.1 Solid state reactions of BaCO 3 and BaO with TiO 5
(rutile)

4.1.1 Solid-solid reaction of BaCO 3 with TiO 5 (rutile)
A. Some properties of BaCO 5 thin films

It is well-known that the substrate temperature has a pgim@e in controlling structure and com-
position of a growing thin film. Effects of the substrate teargiure appear to be very important in
obtaining a particular crystal structure and orientatiba thin film. A desired temperature should
be below the temperature at which a reaction of the depoSiteavith the substrate occurs. The
optimal temperature for BaGQdeposition was first found by using the (110) TiQutile) sub-
strates. Furthermore, this temperature was used for thesdam of BaCQ on (100) TiQ (rutile)
substrates and Ti{anatase) thin films.

Deposition of BaC@ at temperatures between 300 and 500°C resulted in the growth of a
single BaCQ phase (JCPDS 45-147harium carbonate) as indicated by the XR2¢, 20 and
pole figure measurements. However, the orientation relsitip of the BaC@ with respect to
the (110) rutile substrates was dependent on the substrafetature. BaC{Oilms with a poor
orientation quality were growing at a deposition tempaetf 300°C or 400°C. The optimum
temperature for the BaGQdeposition was found at 500. At this temperature the orientation
relationship between the barium carbonate and the substes well-defined. Fig. 4.1(left) shows
a XRD #-20 scan of a BaC@thin film deposited at a substrate temperature of 8D0The peak
position at 2= 34.3 in Fig. 4.1(left) is from the (202) reflection of BaG@hich means that the
(101) plane of BaCgQis parallel to the (110) substrate plane. The in-plane tatean was deter-
mined by pole figures taken at 23,24.2 and 34.8 (one of them is shown in Fig. 4.1(right)) and
¢ scans of the Ti@(200) reflection taken at= 45°. The¢ positions corresponding to th{e01)
and(001) substrate planes are denoted A and B, respectively. Theaniaintation relationship at
500°C was derived as:

(101) BaCOs || (110) TiOy; [101] BaCOs || [001] TiO,. (4.1)
A second orientation relation was determined as:

(211) BaCOs || (110) TiO; [231] BaCOs || [001] TiO,. (4.2)

fLattice parameters: a= 0.643 nm, b= 0.531 nm, c= 0.89 nmespaip Pnma (62).
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Fig. 4.1. (left) XRD 60-20 scan of a BaC@thin film deposited at 500C on a (110) rutile substrate. The ,
lines are the substrate peaks originating from the remgi@in-K; radiation, and the Wlines are coming
from the tungsten contamination of the X-ray target by thgtien cathode filament. The "artefact” peaks
are substrate-induced artefacts. (right) BaGl 1) (= 23.9) pole figure of a sample deposited on (110)
TiO, at 500°C. The positions of marks A and B correspond to¢healues of thg001) and(001) substrate
planes, respectively.

The crystallite size determined from the broadening of @@2] reflection of BaC® using
Scherrer’s equatidr(see footnote) was: 20 nm.

The BaCQ thin films were found to be unstable and decomposed when &x&dy exposed to
the 200 keV electron beam for a few minutes, most probablyat® Bnd CQ. Recently, a similar
decomposition of BaCQparticles was observed in REE.

The BaCQ thin films deposited on (100) TiCat a substrate temperature of S@formed also
with a defined orientation to the substrate. A XRE2§ scan indicated that the (100) plane of
BaCQ; (20= 27.7) is parallel to the (100) substrate surface (Fig. 4.2(lef)pole figure recorded
at = 23.9 of the sample prepared at a substrate temperature 6i&GR0shown in Fig. 4.2(right).
This figure displays rather broad reflections of Badith in ¢ andt directions. The X-ray
intensity of this phase was also low in Fig. 4.2(left). In didd, some weak peaks were observed
in a 2 scan which means that the film contained unoriented parts.nféman orientation of most
of the BaCQ grains determined by pole figure measurements andsean of the (110) Ti®
reflection ()= 45°, 20= 27.45) was derived as:

(100) BaCOs || (100) TiOq; [001] BaCOs || [001] TiO. (4.3)

The crystallite size determined from the broadening of 1@®] peak of BaCQusing Scherrer’s

‘Dv = 0.9\ /Bcosf, where Dv - crystallite size) - wavelength of radiation, and B - FWHM of diffraction peak (i
radians) and is the diffraction angle. This approach does, however,aaghe effect that strain and defects can
have on the width of the diffraction peaks.
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equation wasz 19 nm.

(200) TiO,

Log Counts (a.u.)

(100) BaCO,
(200) BaCO,

20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
20 (degree)

Fig. 4.2. (left) XRD 6-20 scan of a BaC®thin film deposited at 500C on a (100) rutile substrate. The,
lines are the substrate peaks originating from the rem@iGur-K; radiation, and the \/lines are coming
from the tungsten contamination of the X-ray target by theyiten cathode filament. (right) Bag(11)
(20= 23.9) pole figure of a sample deposited at 5UD on (100) TiQ. The positions of marks A and B
correspond to the values of the001) and(001) substrate planes, respectively.

B. Phase formation

a. Reaction in vacuum (P ¢o,= 107° mbar)

X-ray diffraction

Most of the solid-solid reactions presented in this workeveonducted on (110) TiXrutile)
substrates using BaGQayers grown at 500C.

The presence of BaiO, (JCPDS 38-1481), BaTiD(JCPDS 89-2475) and Ti-rich phases
depending on the reaction temperature was first investigayeXRD. A deposition of BaC®
at 500°C followed by solid-solid reaction at 57&-600°C for 30 min produced a single BEO,
phase (Fig. 4.3(b)). The reaction at temperatures betw2efn(Band 825 C lead to the formation
of both BaTiO, and BaTiQ phases (Figs. 4.3(c)-(d)) while the reaction at 8&0for 30 min
resulted in the formation of BaTiQwithout any evidence of remaining BEO,.

In order to evaluate the rate of the solid-solid reactioe, BaCQ-TiO, system was annealed
at constant temperature (576-600°C and 850°C) for different length of times. The reaction
proceeded from a BaGQayer to a mixture of BaCQand BaTiO,. As soon as all the BaChas
been consumed, the film consists only of, B&®,. Both BaCQ and BaTiO, phases were found
immediately after heating the sample up to 575 (holding time null minutes) while only the
Ba, TiO, phase was observed after annealing at®Dfbr one minute. The effect of a short holding
time is mainly given by the heating during ramp up and ramprd¢svK/min). Increasing the
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Fig. 4.3. XRD 6-20 scans for: (a) virginal (110) rutile substrate and for sas@fter solid-solid reaction
of BaCG; thin film deposited at 500C with the (110) TiQ at (b) 600°C, (c) 700°C, (d) 800°C and (e)
900°C. The)k, lines are the substrate peaks originating from the remgi@in-K’ radiation, and the \WW

lines are coming from the tungsten contamination of the Ktaaget by the tungsten cathode filament. The
peaks marked by "+" characters are substrate-inducecetsgef

reaction time up to 180 min at 60C resulted, together with the BEO, phase, in the formation
of BaTiOs;. After the reaction at 850C for a short time (holding time null minutes), two phases
(Ba,TiO4 and BaTiQ) were identified.

The BaTiO, had an orthorhombic structure as indicated by pole figuréyaes. This phase
was found to be a chemically unstable compound and to deceergdirely after a storage for two
weeks in air, most probably by reaction with®and CQ. This observation is in good agreement
with the data obtained in Ref$:°¢.

After reaction at 900°C, BaTiO; (Fig. 4.3(e)) and Ti-rich phases were observed on the
(110) TiO, substrate (detected by pole figures) while after the reacinl1000°C, only the
BaTi,Oy phase was detected by XRD. It should be noted that afteriomaat 900°C-1000°C
the samples became blue in colour. As was reported eéatfibgating TiQ crystals in vacuum or
under reducing conditions results in oxygen losses aneésponding change of the colour from
yellowish to blue.

The phase sequence during solid-solid reaction on (100 {Fiflile) substrates at temperatures
between 600C and 1000 C showed a process that is similar to the reaction on (110). TAD
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example of a sample prepared by a solid-solid reaction tveeBaCQ film and (100) TiQ
substrate at 1000C for 30 min is shown in Fig. 4.4.

BaTi O

(031) / (121)

Intensity (counts)

(230) / (150)

(231) 1 (151)
(241) 1 (320)

(201) 7 (141)

@11)

(051)

(260)

(002)
8) £ 060)

(132) / (350)

2
34
321)

251
ik
(
(
(270)

20 (degree)

Fig. 4.4. XRD 26 scan of a sample made by a solid-solid reaction in vacuumGi IO for 30 min between
a (100) TiG substrate and a BaG@hin film grown at 500°C. The pattern was indexed according to JCPDS

77-1565. The scan speed was 0.0065

TEM and HRTEM investigations
As was shown above, only the BAO, phase was detected by XRD after solid-solid reaction

at temperatures between 576 and 625°C. To obtain more information about the presence of
possible other phases formed in the films after the reacttona nanometer scale, TEM and
HRTEM were employed.

As was mentioned above, the B#0, phase is a very unstable compound and decomposed
when exposed to air by reaction with,®& and CQ. To protect this phase, a SiGilm was
deposited at room temperature after a solid-solid reacfldms film protected BaliO, from the
influence of air and, thus, induced a stability of,BeD, for several weeks, as shown by repeated
X-ray diffraction measurements in air. Using such protési@mples, cross-sectional samples with
the BaTiO, phase were prepared for TEM investigations several times.

Fig. 4.5 shows a HRTEM image of a typical interface afterdgsablid reaction of BaCOwith
(110) TiO, in vacuum at 600C for 1 min. Small poorly-oriented BaTiOgrains separated from
each other by large distances were observed on the substréaee after the reaction. However,
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Fig. 4.5. Cross-sectional TEM image of the interface after solidesmaction of BaC@ with (110) TiO,
in vacuum at 600C for 1 min. Viewing direction is [001] Ti@.

their density was very low. The B&iO, phase was not found in the sample. Instead, an amorphous
film on the TiG, substrate was observed in TEM. This film was converted inéocttystalline
BaTiO; phase when extensively exposed to the 400 keV electron beaatéw minutes.

Fig. 4.6 shows a HRTEM image of a typical interface afterdsablid reaction of BaCOwith
(110) TiG, in vacuum at 700C for 30 min. A thin layer consisting of oriented BaTi@rains
was observed on the (110) TiGubstrate surface after the reaction. The interface bettiesfilm
and the substrate is rough. In addition, misfit dislocatrese found at the BaTig(110) TiO,
interface (Fig. 4.7).

Fig. 4.6. Cross-sectional TEM image of a thin BaEi@yer grown by a solid-solid reaction in vacuum at
700°C for 30 min between a (110) TiQ(rutile) substrate and a BaGQayer grown at 500C. The rutile
surface is marked by arrows. Viewing directior{130] BaTiOs || [110] TiOx.
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Fig. 4.7. Cross-sectional TEM image of the BaEiDiO-, reaction front. Interfacial dislocations are marked
by arrows. Viewing direction i§110] BaTiOs || [110] TiOs.

b. Reaction in air (P ¢o,= 0.381 mbar)

The phase formation sequence after the solid-solid reacfi®@aCQ with the (110) and (100)
TiO, (rutile) substrates in air is different from the phase fatiorasequence in vacuum. Only the
BaTiO; phase was detected by XRD measurements after solid-salitioa in air on (110) rutile
substrates at substrate temperatures betweetbG@bd 800 C for 30 min. Fig. 4.8 gives an XRD
0-26 scan of a sample made by a solid-solid reaction of a Bafiid film deposited at 500C with
the (110) TiQ substrate at 600C for 30 min, revealing the formation of only BaTjOB&TiO,
was not found in the thin films also by pole figure measuremdéten after the reaction for a short
reaction time (holding time null minutes at 576), BaTiO; and BaCQ phases were observed.

By contrast, BaTiQ and non-reacted BaG(hases were found by XRD measurements after
solid-solid reaction in air on (100) TiKXrutile) at substrate temperatures between 3Z5and
700°C for 30 min. The reaction at 800 on (100) TiQ resulted in the formation of BaTiO
without any evidence of remaining BaGQAfter a reaction at 900C, BaTiO; and Ti-rich barium
titanates were observed on both (110) and (100), B@bstrates while after reaction at 100D,
the BaTi 303, phase was formed on both substrates.
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Fig. 4.8. XRD 6-20 scan of a sample made by a solid-solid reaction in air at®&Dfr 30 min between a
(110) TiO, substrate and a BaG@hnin film deposited at 500C. The)k, lines are the substrate peaks origi-
nating from the remaining Cu-Kradiation, and the Wlines are coming from the tungsten contamination of
the X-ray target by the tungsten cathode filament. The peakked by %" characters are substrate-induced
artefacts.

4.1.2 Vapour-solid reaction of BaO with TIO , (rutile)
A. Phase formation

The vapour-solid experiments on (110) TiQutile) showed a reaction process that is similar to
the solid-solid reaction with a shift of the temperature8afiO; formation.

At a reaction temperature of 57&, only the BaTiO, phase was identified, and between 830
and 850°C two phases (BAi0, and BaTiQ) were formed in contrast to the solid-solid reaction.
But at 600°C the BaTiQ phase was contained in the thin film in a small amount only as/stby
the very weak intensity in the pole figures. As in the soliieseaction, the barium orthotitanate
obtained after vapour-solid reaction was also found to agmse when exposed to air for two
weeks. Experiments at 90C resulted in the formation of BaTiCand Ti-rich grains in the thin
film. Fig. 4.9 shows a cross-section HRTEM image of a typiealction front developed after
vapour-solid reaction of BaO with the (110) TiQurface at 900C. A thin film consisting of
BaTiO; and Ti-rich grains was formed after the reaction. The Timgrains are located at the
interface with the rutile substrate, whereas the BgTg@ains are located on top of the Ti-rich
layer. The reaction interface is rough. In addition, largegs have developed during the reaction,
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at the interface with the (110) Ti&ubstrate. The walls of the pore in Fig. 4.9 are faceted lgelar
{100} and{110} TiO, facets.

Fig. 49. TEM image of a typ-
ical reaction front after vapour-
solid reaction of a BaO vapour
with (110) TiO, at 900°C. The
dashes mark the rutile surface.

The Ti-rich phase BaAi,;04, (marked by a white rectangle in Fig. 4.9) was characterised b
HRTEM investigation shown in Fig. 4.10. In this figure, tf#0) and(002) interplanar distances
of the Ti-rich phase are.0.94 nm and-0.49 nm (respectively), with an angle of 98i8 between
them. Thus, this Ti-rich grain was identified as the;Ba;,O4, phase. This phase was also found
in other parts of the sample.

Fig. 4.10. Lattice plane image of
BasTi;704 and BaTiQ (magni-

fied image of the white box shown
in Fig. 4.9). Viewing direction is

After vapour-solid reaction at 100TC, only Ti-rich grains were found by XRD pole figure
investigations. Fig. 4.11 shows a TEM image of the intertber reaction of BaO with (110) Ti©
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at 1000°C. Several large holes withil00} and {110} TiO, facet walls were formed during the
reaction.

Fig. 4.11. Cross-sectional
TEM image of a typical

reaction front after vapour-
solid reaction of BaO vapour
with (110) rutile substrate at
1000 °C. Large holes with
{100} and {110} TiO, facet

walls are visible in the image.
The arrows mark the rutile
surface.

The phase sequence during vapour-solid reaction on (10Q) Tiutile) substrates at
temperatures between 600 and 1000C showed a process that is similar to the reaction on the
(110) TiG, substrate. A summary of the phase sequences after bothssdikidand vapour-solid
reactions is given in Fig. 4.12.

Solid-solid reaction Vapour-solid reaction
in air in vacuum

(100) TiO, (110) TiO, (100) TiO, (110) TiO,

BaCO;

600 to 700 °C

BaCoO,

| &

(110) TiO,

BaCO,

(100) TiO,

600 to 850 °C

700 to 800 °C

T
1
1
1
1
1
1
1
1
1
1
1
1
1
1
:
1 600 t0 700 °C
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Ba,TiO, Ba,TiO, Ba,TiO,
& & &
BaTiO, BaTiO, BaTiO,
:
BaTiO, | BaTiO, & Ba,Ti,,0,, |

1000 °C

Cm

‘ polycrystalline Ba,Ti,,0;, ‘ ‘ polycrystalline BaTi,O, ‘ ’ well-oriented Ba,Ti,,0,, ‘

Fig. 4.12. Schematic representation of phase sequences after stitidia air and in vacuum) and vapour-
solid (in vacuum) reactions.
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B. Initial stage of vapour-solid reaction at 900 °C

This part of the work was performed to define which phase issaed first during a vapour-solid
reaction at high reaction temperature. A very low amounta®Bvas deposited on a (110) TiO
substrate and on a (100) TiGubstrate, both at 90@. The nominal thickness of BaO was varied
from~ 1 nm to~ 5 nm.

Fig. 4.13(a) shows a typical top-view AFM image and a lin€fig@f Ba-Ti-O islands formed
after vapour-solid reaction of a BaO quantity equivalenataominal film thickness of 1 nm
with the (110) TiQ surface at 900C. The line profile in Fig. 4.13(b) is along the blue line in

Y

300nm 001] T

(b)

0 50 100 150 200 250 300 350 400 450 500 550 600 65()

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

..........................

0 50 100 150 200 250 300 350 400 450 500 550 600 650
X, nm

[110] T

Fig. 4.13. (a) AFM image and (b) line profile of Ba-Ti-O islands formedapour-solid reaction on (110)
TiO, (T) surface at 900C. The height profile is along the blue line in image (a).

Fig. 4.13(a). The islands in Fig. 4.13(a) are elongatedgatha[110] direction of TiO, (the orien-
tation of the substrate was confirmed by X-ray diffractiofipe lateral sizes of the islands are in
the range of 400 nm-600 nm in thel0] direction of TiO, while in the range of 100 nm-200 nm
in the [001] direction of TiQ. Their height varies from 10 nm to 15 nm (Fig. 4.13(b)). Each
big island in Fig. 4.13(a) consists of several small gratiRTEM investigations showed that the
Ba-Ti-O grains consist of Ti-rich barium titanates.

Fig. 4.14 gives a typical cross-section HRTEM image of the@a shown in Fig. 4.13(a) in
the [001] viewing direction of Ti@. The reaction interface is flat. The grain in Fig. 4.14 is
characterised by a large lattice constant and by stackirtsfarhich are typical for Ti-rich phases
formed by solid state reactions. TheB&a-0,, Ti-rich phase was identified by the Fast Fourier
Transformation (FFT) of the corresponding HRTEM image (Fid 4(b)). Similar grains were
observed in other parts of the TEM sample. No Balg@ains or any wetting layer were found on
the (110) TiQ surface.
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(209) . (200
BagTi;,04

Fig. 4.14. HRTEM image of a sample after the reaction of a BaO vapour wi{th10) TiG, substrate at
900 °C. The nominal thickness of BaO was1 nm. (a) Part of a Ti-rich island on the rutile substrate.
The long white line in the image indicaté802) BagTi;7040/|(010) TiO,. The dashes show steps on the
TiO4 surface. (b) FFT image ofBagTi;17049 Ti-rich grain. (c) FFT image of the rutile substrate. Viegin
direction is[010] BagTi17040(|[001] TiO2. Magnified version of this figure see in the appendix, Fig..A.6

Fig. 4.15 gives HRTEM images of the reaction products thaeHarmed on the (100) rutile
substrate after the initial stage of the reaction betweea@ #apour and the (100) TiGubstrate
at 900°C. The nominal thickness of BaO wasl nm. BaTiQ and Ti-rich grains were found on

Fig. 4.15. HRTEM images of a sample after the reaction of a BaO vapour «i100) TiGQ substrate at
900 °C. The nominal thickness of BaO was1 nm. (@) Ti-rich islands on the rutile substrate. (b) FFT
image of a BgTi;704 (6-17) Ti-rich grain. (c) FFT image of the rutile substraf®.(Viewing direction

is [010] BagTi17O49 || [001] TiOs. (d) Ti-rich and BaTiQ grains on the rutile substrate. (e) Computer-
processed lattice plane images of Baji@nhd the rutile substrate (magnified section of image (d))e Th
arrow in image (e) marks a (111) twin boundary in Ba3iO/iewing direction is[110] BaTiO; || [001]
TiO2. Magnified version of the figure see in the appendix, Fig. A.7.

the substrate surface after the reaction. The Ti-rich dddrave an average size of about 10 nm
in height and 25 nm in width. The B&i;;O4 Ti-rich phase was identified by the FFT of the
corresponding HRTEM images (Figs. 4.15(b)-(c)). Bagrgoains were also formed well-oriented
with respect to the rutile substrate (Fig. 4.15(e)). Theswgwith a (111) orientation. However,
their density was much lower than the density of the Ti-richigs. Mainly, the (100) rutile surface
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was covered by Ti-rich islands. No wetting layer was foundt@nsubstrate surface.

Increasing the nominal thickness of BaO uptb nm, the average size of the Ti-rich grains
Is increasing as shown in Fig. 4.16. In addition, cavitiesMeen the Ti-rich grains are formed
(Fig. 4.16).

(a

Fig. 4.16. HRTEM images of a sample made by a vapour-solid reaction @@ (TiO, substrate at 900C.
The nominal thickness of BaO was5 nm. a) Overview and b) lattice plane images ofBa;,O4 and
the rutile substrate (magnified section of image (a)). Vimdirection is|010] BagTi17040(/[001] TiOs.
Magnified version of image (b) see in the appendix, Fig. A.8.

4.1.3 Orientation relationships
A. Orientation of Ba ,TiO4

Solid-solid reaction
The orientation of BaliO, after solid-solid reaction on (110) TiG&ubstrates was dependent on
the orientation quality of BaC A deposition of BaC@at 300°C followed by solid-solid reac-
tion at 575°C-700°C for 30 min produced Bai0O, with a low orientation quality (Fig. 4.17(left)).
On the other hand, a deposition of BaC& 500°C followed by solid-solid reaction at 57%-
850 °C for 30 min produced a well-oriented BEO,. The peaks at®= 43.8 in Figs. 4.3(b)-(d)
are from (330) BaliO,. Several pole figures were recorded at differeéht@ues to find out which
plane of BaTiO, is parallel to the Ti@ substrate. Fig. 4.17(right) shows a pole figure taken at
20=29.24 (Ba, TiO, (031)/(002)) of the sample prepared after solid-solidtieacat 700°C. The
orientation relationship of BdiO, with respect to the (110) rutile surface was found as foltows

(110) BayTiOy || (110) TiO,; [001] BayTiOy || [001] TiO,. (4.4)

This orientation relationship was also observed for thedasprepared after the reaction at tem-
peratures between 57& and 850°C.

The orientation quality of B0, after the solid-solid reaction on (100) rutile substrates w
also dependent on the orientation quality of BaC® deposition of BaC@at 300°C followed by
solid-solid reaction at 700C for 30 min produced Bai0O, with a poor orientation quality while
a deposition of BaC@at 500°C followed by solid-solid reaction at 60@-700°C for 30 min
produced a well-oriented BaiO,.
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Fig. 4.17. Pole figures of samples grown by a solid-solid reaction edwith {103} /{200} BaTiO,4
reflections (2= 29.24). The samples were made by a reaction at 70Gor 30 min between (110) Ti©
substrate and BaGQayer grown at: (left) 300C and (right) 500 C. In the right figure, peaks are situated
aty= 0°, 60° and 90 and thus correspond to a (110) orientation of B®,. Weak peaks situated dt=
34° are from{211} and{211} BaTiO, which correspond to®= 28.78 of Ba,TiO4. They appear in the
figure because the intensity of these peaks are rather sfhoirg82% according to JCPDS 38-1481) and
they are very close togz 29.24 (Int= 100% according to JCPDS 38-1481).

Fig. 4.18 shows a pole figure recorded &t 29.24 (Ba, TiO, (031)/(002)) of the sample made
by solid-solid reaction at 700C for 30 min between (100) Tigsubstrate and BaGQayer grown
at 500°C. The orientation relationship of B&O, with respect to the (100) rutile surface was
found as follows:

(100) BaoTiOy || (100) TiOy; [001] BayTiO, || [001] TiO,. (4.5)

Fig. 4.18. Pole figure of a sample grown
by a solid-solid reaction at 700C for
30 min between a (100) TiOsubstrate
and a BaC@layer grown at 500C. The
figure was recorded wit§031}/{002}
Ba, TiO4 reflections (2= 29.24). Peaks
are situated aty= 0° and 90 and,
thus, correspond to a (100) orientation of
BaTiO,.

Vapour-solid reaction
After vapour-solid reaction on the (110) TiGurface, the orientation relationship of the,BeD
phase is different compared to the solid-solid reactionshé temperature range between 55
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and 700°C, most of the BaliO, grains grew according to the following relation:
(100) BayTiOy || (110) TiOg; [001] BayTiO, || [001] TiO,. (4.6)

At a substrate temperature of 80D no well-defined orientation was deduced because a XRD pole
figure taken at 2= 29.24 showed broad reflections of BHO, both in ¢ and+ directions. On

the other hand, the orientation relationship of the BQ, phase after vapour-solid reaction on
(100) TiG, did not change compared to the solid-solid reactions. Ineimperature range between
575°C and 800C, the BaTiO, grains grew according to the relation (4.5).

B. Orientation of BaTiO ;5

Solid-solid reaction

(110) TiO4, (rutile)

After the solid-solid reaction in vacuum, BaTj@rains were formed with a defined orientation
with respect to the (110) TiOsubstrates. Figs. 4.19(a)-(c) show typical pole figuresnakt 2=
31.# for samples prepared on (110) Ti@t 700°C, 800°C and 900°C, respectively. The figures
display extended reflections of the BaTiQL01} family with a shape like a fin, which means that
the BaTiQ film consists of several kinds of tilted grains with a commidtraiis.

A pole figure after solid-solid reaction at 70Q is shown in Fig. 4.19(a). For this temperature
most of the BaTiQ grains were grown with a mean orientation relationsttipl) BaTiO; ||
(110) TiO, (see also Figs. 4.6-4.7).

Fig. 4.19. Pole figures of samples produced on (110)J#Dbstrates by a solid-solid reaction in vacuum at:
(a) 700°C, (b) 800°C and (c) 900°C. The figures were taken a2 31.4 (BaTiO; {101}). The peaks are
situated at)= 40° to 60° and 90 in all the figures. Additional weak peaks in Figs. 4.16(h)4dre situated
aty=0°, 11° and 82. The values of 40, 50°, 82° and 90 correspond to a (119) orientation of BagiO
while the values of 12, 50°, 70° and 90 correspond to a (441) orientation of BaTi@nd they value of
45° corresponds to a (001) orientation of Ba%iO

With increasing reaction temperature, the number of tigeadns is increasing. After reaction
between 800C and 900°C XRD #-20 scans (Figs. 4.3(d)-(e)) and pole figure measurements
(Figs. 4.19(b)-(c)) revealed additional orientations affBD; such as (110) BaTi©Q|| (110) TiO;,
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(119) BaTiQ || (110) TiO, and (441) BaTiQ|| (110) TiO,. From a series of pole figureg,scans
and HRTEM investigations, the in-plane orientation wasfibto be[110] BaTiO; || [001] TiO,
for all orientations of BaTi@grown by a solid-solid reaction in vacuum on (110) Ti€dbstrates.

In contrast to the formation of B&iO,, BaTiO; formed also with(001) BaTiO; || (110) TiO,
after reaction at 700C for 30 min if a BaCQ film with low orientation quality grown at 300C
was used.

A deposition of BaC@at 500°C followed by the reaction in air produced well-oriented Bagl
Fig. 4.20 shows a X-ray pole figure of a sample made on a (1X0) Jubstrate by a solid-solid
reaction in air at 700C for 30 min. The orientation relationship of BaTi@as identified as:

(110) BaTiOs || (110)TiOy; [110] BaTiOs || [001] TiO,. (4.7)

Fig. 4.20. Pole figure of a sample made on
a (110) TiQ substrate by a solid-solid re-
action in air at 700 C for 30 min. The pole
figure was recorded &= 31.4 (BaTiO3
{101}). The peaks are situated at 0°,
60° and 90 and thus correspond to a (110)
orientation of BaTiQ.

Such an orientation relationship was also observed fordhgptes after solid-solid reaction at
temperatures between 60C and 900°C in air. No tilted grains were found in the thin films.
This is in contrast to the orientation of BaTj@rains grown by solid-solid reaction on (110) rutile
substrates in vacuum.

(100) TiO,, (rutile)
The BaTiQ grains grown on (100) Ti@surfaces are also crystallographically well-oriented.
Fig. 4.21 gives the pole figure taken &=231.4 of the sample prepared on (100) Ti®y a
solid-solid reaction in vacuum at 70C for 30 min. The orientation relationship of BaTi@as
found as:
(111) BaTiO3 || (100) TiOg; [110] BaTiO3 || [001] TiOs. (4.8)

Such an orientation relationship was also observed for dingptes after solid-solid reaction
at temperatures between 600 and 9@0in vacuum and in air. Noticeably, the (111) Ba¥iO
(20=38.8) reflection could not be detected in XRI26 scans because it is completely hidden by
the strong TiQ (200) peak (2= 39.2).
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Fig. 4.21. Pole figure of a sample produced
on a (100) TiQ substrate by a solid-solid
reaction at 700C. The peaks are situated
aty= 35" and 90 and thus correspond to a
(111) orientation of BaTi@.

Vapour-solid reaction

(110) TiO,, (rutile)

After vapour-solid reaction, the BaTi@rains grew with a well-defined orientation with respect
to the (110) TiQ substrates. However, their tilt distribution is sharpempared to the solid-solid
reaction in vacuum.

Figs. 4.22(a)-(b) give typical pole figures taken &t 31.4 for samples prepared on (110) RO
at 800°C and 900 C, respectively. Compared to the reflections of BalitOFigs. 4.19(a)-(c), the
peaks from the BaTi©{101} planes in Figs. 4.22(a)-(b) are stronger and sharper,atidg the
growth of BaTiQ grains with well-defined orientations.
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Fig. 4.22. Pole figures of samples made on (110) I&dbstrates by a vapour-solid reaction at: (a) 800
and (b) 900°C. The figures were taken af2 31.4 (BaTiO; {101}). The peaks are situated @t 11°,
40, 500, 7, 82 and 90 in the Figs. (a)-(b), while there are additional reflectiabg= 45 in Fig. (a).
The values of 40, 50°, 82° and 90 correspond to a (119) orientation of BaTi@hile the values of
11°, 50°, 7¢¢° and 90 correspond to a (441) orientation of Bagi@nd they value of 45 corresponds to a
(001) orientation of BaTi@).

Fig. 4.23 gives a HRTEM image of an interface after vapolidgeaction of BaO with (110)
TiO, in vacuum at 800C. The reaction interface is rough. Looking along the [0Gigation of
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Fig. 4.23. HRTEM images of a sample made on a (110) Ji€ubstrate by a vapour-solid reaction at
800°C: (a) thin film-substrate interface, (b) and (c) latticen@lamages of BaTi@grains and the substrate
(magnified sections of image (a)). Viewing directiorjli$0] BaTiO; || [001] TiOs.

TiO,, (100), (010), (110) and(110) TiO, facets are seen. The orientation relationships of BaTiO
found by HRTEM (Fig. 4.23) as well as by pole figure measurem@tig. 4.22) are(119) BaTiOs

| (110) TiO, (major) and(441) BaTiO; || (110) TiO, (minor). It should be noted that the41)
orientation of BaTiQ is rather close to thé331) orientation of BaTiQ (£(441); (331) BaTiO3=
3.24). HRTEM investigations (Figs. 4.23(b)-(c)) showed thiat9)- and (441)-oriented BaTiQ
grains are located ofi00) and(010) facets of TiQ, respectively. Both orientations can be under-
stood as a result of a systematic tilt around a unique tik atarting from low index orientations
with (001) BaTiO; || (110) TiO, (£ BaTiO; (001);(119)= 8.9, see also Fig. 4.23(b)) and (110)
BaTiO; || (110) TiO, (£ BaTiO; (110);(441)= 10, see also Fig. 4.23(c)), respectively. It is worth
to note that thg119) and (441) orientations of BaTi@ have one of thg 111} BaTiO; planes
almost parallel to one of thgl00} TiO, planes in the viewing directiofi10] BaTiOs || [001] TiO,:

/ BaTiO; (119);(111)= 45.8 and £ BaTiO; (441);(111)= 45.3 while £ TiO, (110);(100)= 45°
andZ TiO, (110);(010)= 45°. This is in agreement with HRTEM observations. The m@irn)



4.1 Solid state reactions of Bag@nd BaO with TiQ (rutile) 52

orientation of BaTiQ deviates from the mingri41) one by a tilt of 72 around th€110] BaTiCs ||
[001] TiO,, tilt axis. In addition, pole figure measurements revealeelcaisd minor orientation of
BaTiO; at 800°C as(001) BaTiO; || (110) TiO..

After vapour-solid reaction at 90, BaTiO; grains were found on top of B&i,;O,, grains.
They formed exactly witli119) BaTiO; || (110) TiO, (major) and441) BaTiO; || (110) TiO4 (mi-
nor) orientations as was found by pole figure measuremeigtsAR22(b)). The in-plane orientation
relationship was found to H&10] BaTiO; || [001] TiO, for all these orientations.

Fig. 4.9 shows a HRTEM image of the interface region afterdéaetion between a BaO vapour
and a (110) TiQ (rutile) substrate of a sample prepared at a substrate tatope of 900°C.
The reaction layer consisted of Baki@nd BaTi;;O, grains. The latter were located between
the TiO, substrate and the BaTi(bhase. The crystallographic orientation relationshiptbby
HRTEM (Fig. 4.10) between the BaTi@nd BaTi;;O,, grains was:

(001) Ba6T117O40 H (111) BaTlO;;, [010] Ba6Til7O40 ” [110] BaT103 (49)

This orientation relationship indicates a topotaxial teascbetween BaTi@and BaTi;;O,, and
IS in agreement to the relation (2.23).

(100) TiO,, (rutile)

Fig. 4.24 shows a HRTEM image of the interface region betveeBaTiO; thin film and a(100)
TiO, substrate of a sample made after vapour-solid reaction@tC0In Fig. 4.24, the interface
between the thin film and the substrate is not flat. Ldigé®) and(110) rutile facets are clearly
visible.

Fig. 4.24. HRTEM micrograph of a sample made after vapour-solid reaatin (100) TiQ at 700°C. Large
(110) and (110) TiO, facets were formed after the reaction (marked by white )inggewing direction is
[110] BaTiO; || [001] TiO2. A TEM image taken from a larger area by conventional TEM aaséden in the
appendix, Fig. A.9.
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Fig. 4.25 shows lattice plane images of BaJi@ains and a Ti@substrate. From Fig. 4.25, it
was found that the BaTigQgrains grew according to the relation (4.8). In additi¢hi1) twins
were found within BaTiQ@ grains.

Fig. 4.25. Lattice plane images of BaTiO
in the [110] viewing direction and the
TiO4 substrate in théd01] viewing direc-
tion (magnified image of the white box
shown in Fig. 4.24). Smal(110) and
(110) TiO, facets are marked by black
lines. (111) twins in BaTiQ; were also
observed.

A XRD 6-20 scan of the sample made on (100) T&dibstrate by vapour-solid reaction at 8@D
showed the appearance of the characteristic reflection 1) (BaTiO; (20= 56.2) beside the
substrate reflections which means that the (112) plane oi@®a$ parallel to the (100) substrate
plane. Fig. 4.26 gives a pole figure for a sample prepared pgpwasolid reaction at 800C
using (100) TiQ substrate. At this temperature two orientation relatiarBaTiO; were found.

Fig. 4.26. Pole figure of a sample grown
on a (100) TiQ substrate by a vapour-solid
reaction at 800C. The figure was recorded
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While the peaks in Fig. 4.26 at= 30°, 55°, 74° and 90 are from the major orientation relationship
(112) BaTiQ || (100) TiO, those at)=0°, 35° and 90 are from the minor orientation relationship
(111) BaTiQ || (100) TiO,. The in-plane orientation relationship is found to[b&0] BaTiO; ||
[001] TiO, for all these orientations. The main (112) orientation off &% deviates from the
minor (111) one by a tilt of 195around th€110] BaTiO; || [001] TiO, tilt axis.

Fig. 4.27(a) shows a cross sectional bright field TEM image ofaction layer prepared by
vapour-solid reaction on a (100) TiGubstrate at 800C. In Fig. 4.27(a), the interface between
the thin film and the substrate is rough and faceted. Wedlrbeid BaTiQ grains were formed after
the reaction. This was confirmed by selected area electfraation (Fig. 4.27(b)). The (112)
orientation relationship of BaTi{found by XRD texture measurements is in agreement with the
one deduced by selected area electron diffraction (Fig.(B)2

Fig. 4.27. (a) Bright-field TEM image
of a reaction layer formed by vapour-
solid reaction on the (100) rutile surface
at 800°C, and (b) electron diffraction

pattern taken from the surface region
' between the rutile substrate (T) and the
(202) BT (112 022) BT reaction layer. Well-oriented BaTiO
(BT) grains were found in the thin film.
101) BT 011) BT 7 L - .
( ( A o : Viewing direction is[111] BaTiO; ||
[010] TiOs.

Fig. 4.28 shows a HRTEM image of the interface region afteréaction between a BaO vapour
and the (100) Ti@(rutile) single crystal of a sample prepared at a substeatg@érature of 900C.
The reaction layer consists of BaTy@nd BaTi;;O4 grains. The latter were again observed
between the TiQ substrate and the BaTi(gphase. The crystallographic orientation relationship
found by HRTEM between the BaTi&and BgTi;;O,4, grains corresponds to the relation (4.9).
The BaTiQ grains have also a well-defined orientation to the (100),T80bstrate. Several
orientations of the BaTiQphase were found by XRD pole figures and HRTEM investigations
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Fig. 4.28. HRTEM cross-section images of reaction products grown eetwBaO vapour and (100) TiO
at 900°C: (a) thin film-substrate interface; (b) lattice plane irea@f BaTiQ and BaTi 7Oy4 grains and
(c) the rutile substrate. The long white lines in image (bykrthe (001) BgTi;17Oy0 || (111) BaTiQ lattice

planes. Viewing direction is [010] Bai;7040 || [110] BaTiO; || [001] TiOs.

at 900°C. Fig. 4.29 gives a pole figure for a sample made at a subsénaeerature of 900C.
The observed orientations of BaTj@re: (223) BaTiQ || (100) TiO, (grain A in Fig. 4.28);

Fig. 4.29. Pole figure of a sample grown
on a (100) TiQ substrate by a vapour-solid
reaction at 900C. The figure was taken at
20= 31.# (BaTiOs {101}). The peaks are
situated at)= 30°, 35, 48, 60, 68, 78
and 90. The values of 30, 48, 78
and 90 correspond to a (223) orientation
of BaTiO3 while the values of 30, 60°,
68> and 90 correspond to a (225) orien-
tation of BaTiQ; and they values of 38
and 90 correspond to a (111) orientation
of BaTiOs.

(335) BaTiQ || (100) TiO;, (grain B in Fig. 4.28); (225) BaTi®|| (100) TiO; (111) BaTiq ||

(100) TiG,. The in-plane orientation relationship is found to[b&)] BaTiO; || [001] TiO, for all

these orientations. The (223) BaTi() (100) TiO, and (335) BaTi@ || (100) TiO, orientations
can be understood as a result of a systematic tilt aroundll 1i¢ BaTiOs || [001] TiO, tilt axis

starting from the low-index orientatiqi11) BaTiO; || (100) TiO2: ZBaTiOs (111); (223)=11.4,

/BaTiO; (111); (335)= 14.4, ZBaTiOs (111); (225)= 25.2.
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Table 4.1 summarises the orientation relationships andnikét values for BaTiQ grown on
the (100) and (110) Ti@substrates by solid-solid reaction in vacuum (ss(v)) dsstilid reaction

in air (ss(a)) and vapour-solid reaction (vs) at differamtsrate temperatures. The misfits were

calculated by using the equation adopted in the near-atencie site lattice theory (NCSE§? 138

F = 2(ndl — md2)/(ndl 4+ md2),

(4.10)

wheredl andd2 are lattice spacings of the two materials in the interfa@a@land n and m are

integers.

Table4.1. Orientation relationships and NCSL misfit values (ia-plane) and E (in-plane rotated by 90)
for BaTiOs; (BTO) thin films grown on (110) and (100) TiQutile (T) substrates at different temperatures.

T,°C

Parallel planes

Parallel direction

F1,%

F2, %

ss(v)700—900&
vs700 — 800

ss(v)800—900&
vs700 — 900

s5(v)800—900&
vs800 — 900

ss(v)800—900&
ss(a)700 — 900

(001) BTO||(110)T

(119) BTOJ|(110) T

(441) BTO||(110) T

(110) BTO||(110) T

(110) TiOz2 (rutile)

[110] BTO||[001] T

[110] BTO||[001] T

[110] BTO||[001] T

[10] BTO||[001] T

2(8d(001)BTO — 7d(110)T)/
(8d(001)BTO +7d(110)T)=-0.2

2(10d(992)BTO — d(110)T)/
(10d(992)BTO +d(110)T)=-4.3

2(7d(118)BTO — d(110)T)/
(7d(118)BTO + d(110)T)=+6.1

2(4d(001)BTO — 5d(110)T)/
(4d(001)BTO +5d(110)T)=-1.2

2(d(110)BTO — d(001)T)/
(d(110)BTO+d(001)T)=-4.1

2(d(110)BTO — d(001)T)/
(d(110)BTO+d(001)T)=-4.1

2(d(110)BTO — d(001)T)/
(d(110)BTO+d(001)T)=-4.1

2(d(110)BTO — d(001)T)/
(d(110)BTO+d(001)T)=-4.1

ss(v&a)&vs
700 — 900

vs800

vs900

(111) BTO||(100) T

(112) BTOJ|(100) T

(223) BTO||(100) T

(335) BTO||(100)T

(225) BTOJ|(100) T

(100) TiO2 (rutile)

[110] BTO||[001] T

[110] BTO||[001] T

[10] BTO||[001] T

[10] BTO||[001] T

[110] BTO||[001] T

2(3d(112)BTO — d(010)T)/
(3d(112)BTO + d(010)T)=+6.9

2(2d(1110)BTO — d(010)T)/
(2d(1110)BTO + d(010)T)=+0.7

2(7d(333)BTO — d(010)T)/
(7d(334)BTO + d(010)T)=+4.7

2(10d(556)BTO — d(010)T)/
(10d(556)BTO + d(010)T)=-6

2(9d(551)BTO — d(010)T)/
(9d(554)BTO + d(010)T)=-3.6

2(d(110)BTO — d(001)T)/
(d(110)BTO+d(001)T)=-4.1

2(d(110)BTO — d(010)T)/
(d(110)BTO+d(010)T)=-4.1

2(d(110)BTO — d(001)T)/
(d(110)BTO+d(001)T)=-4.1

2(d(110)BTO — d(001)T)/
(d(110)BTO+d(001)T)=-4.1

2(d(110)BTO — d(001)T)/
(d(110)BTO+d(001)T)=-4.1

Most remarkably, the relatiofi10] BaTiO; || [001] TiO, holds for all the different orientation
relationships in Table 4.1, independently of the experi@eronditions and substrate orientation.
The various orientation relationships differ from eacheothy a tilt around the110] BaTiOs ||
[001] TiO, axis. The parallel orientation of th@10) plane of BaTiQ to the (001) plane of
TiO, (rutile) seems thus to be the principal orientation retatrothis system.
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C. Orientations of Ti-rich phases

Ti-rich phases were identified after both types of solidestatictions at high reaction temperatures
in vacuum and in air but with quite different textures. At D0C, a polycrystalline BaT,Oy phase
was formed after the solid-solid reaction in vacuum whil@bgrystalline BaTi 303, phase with
fiber texture was grown after the reaction in air at tempeestbetween 900C (see Fig. A.10 in
the appendix) and 100@. The XRD pattern showed all reflections of the,Biga; O3, phase as in
the standard powder diffractogram but the intensity refetiof the peaks were changed due to a
preferred orientation of the B&i 305, phase.

Contrary to the solid-solid reaction, a vapour-solid reacat 900°C and 1000°C produced
well-oriented BaTi;;O, grains on both (110) and (100) Ti@rutile) surfaces. The examples for
900°C are shown in Figs. 4.14-4.16, A.8 and 4.28. The crystadipigic orientation relationship
found by HRTEM between the Tisubstrates and the BE ;0,4 grains can be written as:

(001) BagTi1704 || (010) TiOy; [010] BagTiyzOug || [001] TiO, (4.11)

which is, however, not exactly fulfiled. By analysing manRFEM images, it was found that
the (001) plane of BA'i,70,4, can form an angle betweef Gnd~ 6° with the (010) plane of the
substrate for Ti-rich grains grown on (110) LiCGand betweenOand~ 9° with the (010) plane
of the substrate for Ti-rich grains grown on (100) FiOrhus, a deviation (tilt) from Oto ~ 9°
around the010] BagTi; 7040 || [001] TiO. tilt axis is possible for Bgli,;O,, grains in the above
orientation.

Because of the monoclinic distortion of the B& ;0,4 unit cell, there is no low-index plane
exactly parallel to the substrate surface plang) TiO,. However, from HRTEM and FFT images
it was found that th¢102) plane of BaTi;;O, can approximately be parallel {¢10) TiO,. The
angle between thg 02) and(001) planes of BgTi;;Oy is 47.88 in the[010] viewing direction of
BasTi17O049, Whereas the angle betwegll 0) and(010) planes of TiQ is 45 in the [001] viewing
direction of TiG,. The orientation of th€001) BasTi;7O,, plane parallel to one of thg10} TiO,
planes in the viewing directiof010] BasTi;7O4 || [001] TiO, results in two positions (growth
twins) of the BgaTi;70, grains on thg110) TiO, surface (see Fig. 4.9). Thus, there are two
subsets of Bdli;70,0 grains belonging to two differeri10) and(100) planes of TiQ, any of
which has th€102) plane of BgTi;;Oy4 almost parallel to (110) Ti® In the case of a (100) TiO
surface, it was found that tH&00) plane of BaTi,;O, can approximately be parallel to the rutile
surface.
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4.2 Solid state reactions of BaCO 3 and BaO with TiO 5
(anatase)

4.2.1 Epitaxial growth of TiIO 5 anatase thin films

TiO, (anatase) single crystals are more difficult to obtain withrapriate size than rutil&.40-142
This problem has been addressed by growing epitaxia} T&atase) thin film?® or by using
mineral samples$** Epitaxial TiO, (anatase) films could be prepared by several physical and
chemical deposition techniques. Various substrates witbrent lattice misfits were used. Ya-
mamotoet al. have used pulsed laser deposition (PLD) to grow,Fi@n films on SrTiQ, LaAlO;
and Y-stabilised Zr@substrates?® They found that no epitaxial TiQthin films can be obtained
on (110) SrTiQ and (110) LaAIQ. (001) TiO, (anatase) films can be grown on (100) SrJiO
even at a substrate temperature of 1000¢ Single crystal epitaxial (001) Ti)(anatase) films
were also obtained on (100) LaA{®y PLD.}*" Thus, only the (001) crystallographic surface of
anatase can be grown by PLD with high quality.

The deposition of Ti@ thin films on fused silica and titanium-coated fused siligaréactive
electron beam evaporation has been reported previdtiskhe structure and properties of thin
films under different conditions such as oxygen partial gues and substrate temperature were
investigated. The structure of the obtained film dependfiermxygen partial pressure and on the
substrate used.

In this Ph.D. work, the growth of epitaxial TikQhin films was carried out by reactive electron
beam evaporation of titanium (IV) oxide (TiPpowder tablets (Merck, Germany) as described
in Chapter 3. The influence of substrate orientation and substrate teafpe on formation
and phase contents of Tidilms is investigated. The typical thicknesses of the thimgilwere
~ 100 nm andx 200 nm. The substrates were heated to temperatures bet@@&d dnd 1200C
during deposition. After deposition the samples were keptié vacuum chamber and allowed to
cool to room temperature.

One-side polished (100) and (110) surfaces of commerciEgras well as (100) and (110)
surfaces of LaAlQ@ single crystals were used as substrate materials. Beferexjperiments the
(100) SrTiQ substrates were chemically cleaned in buffered HF sol@ahthermally treated in
air at 950°C. (110) SrTiQ substrates were heated in air at 12@for 60 min while (100) and
(110) LaAIO; were thermally treated in air at 90C for 10 min.

A. TiO,, film growth on (100) SrTiO 3 and (100) LaAIlO 3

Pure TiQ (anatase) thin flms were obtained on (100) Sil'éhd (100) LaAlQ substrates at
substrate temperatures ranging from 5@to 1000°C. XRD #-26 scans (Fig. 4.30) and pole
figure measurements revealed the epitaxial nature of the (Gitatase) films.
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Fig. 4.30. XRD 6#-26 scans of epitaxial Ti@(anatase) thin films grown on (100) Sr@nd (100) LaAIQ
substrates. The films were deposited at 70 The Ak, lines are the substrate and thin film peaks
originating from the remaining Cu-Kradiation, and the \{Y lines are coming from the tungsten conta-
mination of the X-ray target by the tungsten cathode filamértie peaks marked by™ characters are
substrate-induced artefacts.

Fig. 4.31 shows a TEM micrograph of the film made on (100) S§ECa substrate temperature
of 600°C. Columnar grains are clearly seen in the film.

Fig. 4.31. Cross-sectional TEM
micrograph of a Ti@ (anatase)
thin film grown on (100) SrTiQ
at 600°C.

HRTEM images of the TiQ (anatase)/SrTiQinterface are shown in Fig. 4.32. The interface
between substrate and film is sharp. Low angle grain boueslare seen in the film showing
a rather perfect microstructure of the TiQanatase) film (Ti@ (a)). The epitaxial orientation
relationship obtained from TEM and XRD investigations is:

(001) TiO, (a) || (100) SrTiOs; [100] TiO, (a) || [001] SrTiOs. (4.12)
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This orientation relationship was also observed on (10@)0a.

danatase

Fig. 4.32. HRTEM images of an anatase thin
film grown at 600°C: (a) overview of the (001)
TiO, (anatase)/(100) SrTiQinterface and (b)
lattice plane image of the TiD(anatase) and
the substrate. A misfit dislocation is marked by
white lines.

..ooo.ooooo 000[

The crystal quality of the prepared Ti@anatase) thin flms was analysed by rocking curves.
The corresponding full-width at half maximum (FWHM) valuifghe (004) TiQ (anatase) peaks
for the films prepared on (100) SrTi@t substrate temperatures up to 9@ranged from 0.54
to 0.69. The FWHM of theKj line of the (100) SrTi@ substrate was 0.13 At a substrate
temperature of 1000C, a relatively broad peak, split into three peaks, was ofesemn thed
scan which means that the TiQanatase) film consisted of three kinds of tilted domains.tke
thin films deposited on (100) LaAlQthe FWHM values of the rocking curves were about’0.2
showing a better crystallinity of the TiQ(anatase) films grown on (100) LaAl@ompared to
those on (100) SrTiQ It should be noted that LaAlQOsubstrates usually consist of several twin
domains. The rocking curve of the (200) LaAlPeak measured by high-resolution XRD with a
Ge (220) monochromator showed a broad peak and the FWHM wasaésd to be about 021

AFM images of thin films deposited on (100) Srgi@nd (100) LaAlQ at a substrate temper-
ature of 800°C are shown in Figs. 4.33(a)-(b), respectively. The surfacephology shows an
average island diameter of about 180 nm in Fig. 4.33(a), dAabaut 450 nm in Fig. 4.33(b). The
islands in Figs. 4.33(a)-(b) are square-shaped. The suofeeach island consists of spiral terraces
due to a spiral growth mechanism.

To study the stability of Ti@ (anatase) thin films made on (100) Srij@ film deposited on
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Fig. 4.33. AFM images of (001) Ti@ (anatase) thin films grown on (a) (100) Srgi@nd (b) (100) LaAIQ
at a substrate temperature of 8GD.

the SrTiQ at a substrate temperature of 80D was annealed in air or in vacuum at 90D for
60 min. After this postannealing step, XRD analysis showed ho transformation from the
anatase structure to the rutile structure had occurred.

At a substrate temperature of 1100 the films grown on (100) SrTi{xonsisted of a mixture of
(110) TiO, (rutile) and (001) TiQ (anatase) grains. A splitting of the {101} Ti(Janatase) peaks
in pole figures into two peaks occurred, which means that iBe (Enatase) film consisted of two
kinds of tilted domains.

B. TiO, film growth on (110) SrTiO 5 and (110) LaAlO 5

In the case of (110) SrTioand (110) LaAlQ, pure epitaxial TiQ (anatase) flms were obtained
at substrate temperatures between 8D@nd 750 C, and 500C and 900C, respectively.

Fig. 4.34(left) shows XRD¥-20 scans of epitaxial Ti® (anatase) films grown at 70@ on
(110) SITiG and (110) LaAlQ. The peaks at 62:6n Figs. 4.34(a)-(b) correspond to (024) TiO
Fig. 4.34(right) shows a pole figure recorded at fixée 25.3 of the sample grown on (110)
LaAlO; at a substrate temperature of 8@ . The epitaxial orientation relationship between the
thin film and (110) LaAIQ is:

(012) TiO, (a) || (110) LaAlOs; [100] TiO, (a) || [001] LaAlOs. (4.13)

This orientation relationship was also observed on (110)C5r.

In rocking curves of the Ti@(anatase) films grown on (110) Sry@he FWHM values of the
(024) TiO, (anatase) peak varied from 056 0.72. The crystal quality of the films obtained on
(110) LaAIO; was better than on (110) SrTiOThe FWHM values of the (024) Ti(anatase)
peak were 0.4for the films prepared at substrate temperatures up t6CGhd 0.2 for the films
prepared at substrate temperatures higher tharf@08howing the good crystallinity of the thin
films.
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Fig. 4.34. (left) XRD 6-20 scans of epitaxial Ti@ (anatase) thin films grown on (110) Srg@nd (110)
LaAlO3 substrates. The films were deposited at 700 The Ak, lines are the substrate and thin film
peaks originating from the remaining CusKadiation, and the W lines are coming from the tungsten
contamination of the X-ray target by the tungsten cathodenfiéint. The "artefact" peaks are substrate-
induced artefacts. (right) X-ray pole figure recorded @&t 25.3 ({101} TiO2) of the TiO, (anatase) film
deposited on (110) LaAlQat 800°C. Peaks are situated@at 16°, 61° and 75 and correspond to a (012)
orientation of TiQ (anatase). The positions of marks A and B correspond to tredues of thg110) and
(110) substrate planes, respectively.

Fig. 4.35 shows a HRTEM image of the film deposited on (110)@Bubstrate at a substrate
temperature of 700C. The above orientation relationship is in good agreemetfit tive one de-

Fig. 4.35. HRTEM image of an epitaxial Ti®
(anatase) thin film grown on (110) SrTjGubstrate
at 700°C. Magnified version of the image see in the
appendix, Fig. A.11.

duced from HRTEM. Low angle grain boundaries are seen in thedhowing a rather perfect
microstructure of the anatase film.

The anatase film was converted into a cubic phase similarQonfien extensively exposed to
the 400 keV electron beam for a few minutes. Fig. 4.36 show&&EHM micrograph of a place
after exposure of the anatase film under the electron beama few minutes. The film shows
strong black and white contrast indicating the instabibfythe film under the electron beam.
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Fig. 4.36. TEM cross-section micrographs of TiQanatase) film and (110) SrTiGubstrate after extended
exposure to the electron beam: (a) interface between thagkhfilm and (110) SrTiQ) (b) and (c) lattice
plane images of TiO and the SrTjBubstrate, respectively.

Damaged parts (white areas) are clearly seen in Fig. 4.3&{dhe same time, the contrast of the
substrate is uniform showing that no distortions occur. &ig86(b) shows an enlarged image of the
damaged part of Fig. 4.36(a). The angle between the latlaceep of the converted phase is’90
with a spacing of 0.42 nm. This phase can thus be attributedctdoic phase similar to titanium
monoxide (TiO).

An AFM image of the thin film deposited on (110) LaAJ@t a substrate temperature of 8@
is shown in Fig. 4.37. The islands are elongated in[the] direction of LaAlQ; (the orientation

Fig. 4.37. AFM image of a (012)-oriented Ti©
(anatase) thin film grown on a (110) LaAJO
substrate at a substrate temperature of€D0

of the substrate was confirmed by XRD), with an average giias&f about 100 nm200 nm.
The same surface morphology of the anatase islands was/eldsar (110) SrTi@. As shown by
AFM, most of the surface of large (012)-oriented Ti@natase) grains is planar and parallel to the
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substrate surface, so that it could represent a crystalbdgge (012) plane.

A small amount of the Ti@ (rutile) phase was detected after deposition on (110) SraO
temperatures of 800C and 900°C, as shown by one very weak peak in the pole figures recorded
at = 27.4. The amount of TiQ (rutile) grains was about the same at a temperature of 1000
but its orientation quality was improved. The maximum isignof the TiG, (rutile) phase at this
temperature taken from a pole figure with=27.4 was 38 cps. This is a very low value compared
to the intensity of TiQ (anatase) taken from a pole figure with=225.3, which was 9216 cps. The
orientation quality and the amount of the Ti@natase) phase decreased at a substrate temperature
of 1100°C. However, the total intensity obtained from TLi(anatase) was 3516 cps while from
rutile it was 85 cps. At a substrate temperature of 1ZD€he TiO, (anatase) phase was not present
any more in the films. Now the film consisted mainly of tiltedJi(rutile) grains.

C. Origin of the epitaxy between TiO , (anatase) and SrTiO 3/LaAlO

Although the growth of the Ti@(anatase) thin film was not the major aim of this Ph.D. worls it
worth to analyse the results on the epitaxial growth of ;T{@natase) on the SrTiGand LaAIO;
substrates.

As was mentioned above, rutile is the most stable form of, M@ereas anatase and brookite
are metastable and transform to the rutile phase on hedfixgerimental daté® and theoretical
analysig49159show that anatase becomes more stable with respect toatnibey small crystallite
sizes (10 nm - 14 nm). These findings are not directly applcad the results shown above.
The pure TiQ (anatase) films deposited on Sri@nd on LaAlQ have an average grain size
from 100 nm to 600 nm depending on the substrate temperas@ek Uun addition, the stability
of TiO, (anatase) depends strongly on the substrate temperdtersubstrate orientation, and
the kind of substrate used. Previous discussions on thditstalh the TiO, (anatase) phase and
on the epitaxial growth were focused on the similaritiesveein the local atomic arrangements
in the grown layer and the substrate materidfs>* Here, we will apply a fundamental building
block approach in order to better understand the epitagiations between TigXanatase) and the
substrates - an approach that was formerly adopted by Bauefied!.*>? to understand epitaxial
relations among the TiOminerals. TiQ and perovskite structures can be constructed frorg AO
octahedra (in our case A= Ti, Al). Figs. 4.38(a)-(b) show laesaatic representation of building
blocks (TiQ; octahedra) for (001) Ti®(anatase)/(100) SrTiOand (012) TiQ (anatase)/(110)
SrTiO; interfaces, respectively. The similarities between thertations of the Ti@ octahedra of
SrTiO; and TiG, (anatase) are clearly visible.

It should be noted that the (100) surface of Srffdesented in Fig. 4.38(a) is SrO-terminated.
According to the work of Ohnishét al.,'®® the experimental treatment of the (100) SrJi€ub-
strates performed in our work (heating in air and then in vacwf 10> mbar), however, results
in mixed SrO- and Ti@terminated surfaces of SrTiOThe substrate termination is important for
the interface because the Terminated (100) SrTi@surface contains truncated T§Octahedra.
On the other hand, the (100) surface of LaAi®terminated by a La-O layer at high temperatures
(above 523 K}**1>5and thus contains complete AJ@ctahedra. The AQoctahedra (A= Ti,Al)
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Fig. 4.38. Representation of the Tigbctahedra of (a) the (001) TiJanatase) (top)/(100) SrTidbottom)
interface and (b) the (012) TiQ(anatase) (top)/(110) SrTidbottom) interface, respectively. Similarities
can be found in the orientations of Tj@ctahedra of SrTi@and anatase structures.

are assumed to be important in determining the final phasesfton and the epitaxial growth of
the thin films. Moreover, the SrTisurfaces show a good lattice match with the J{@natase)
surfaces. The in-plane lattice mismatch between (100) T@@atase) and (100) SrTi@s -3.04 %
while the lattice mismatch betweetl@) TiO, (d= 0.243 nm) andi(l0) SrTiO; (d= 0.275 nm) is
-11.6 %. It should be noted that the angle between @h&)(and (012) planes of anatase is not
exactly 90. A calculation results in the value of 88.5This means that thé){3) plane of a per-
fectly (012)-oriented anatase grain would deviate from(th®) SrTiO; plane by 1.5, resulting

in a kink by 1.5 at the anatase/SrTiOnterface. In the same scenario the epitaxial formation of
anatase films on (100) LaAlcand (110) LaAlQ surfaces can be explained. The only difference is
the better lattice match of (001)/(012) anatase with (X@QY) LaAlO; surfaces. The lattice mis-
match is -0.01 % between (100) TiQanatase) and (001) LaAk&nd -9.4 % betweerd(3) TiO,

and (110) LaAlO3 (d= 0.268 nm).

It was found that the irradiation of TéXanatase) cross-section TEM specimens by the electron
beam results in a transformation into a cubic phase. A simmdasformation was observed by Hen-
gereret al. %156 py secondary-electron imaging and low energy electromatiffon. The authors
found that sputtering with 508V Ne™ ions of a (001) TiQ (anatase) surface leads to a transfor-
mation from tetragonal TiQ(anatase) to the face-centered cubic titanium monoxid®)(Tour
TEM investigations also showed this phenomenon. The newsfioamed structure is topotaxial
with TiO, (anatase). A comparison of Ti(Janatase) and TiO is shown in Figs. 4.39(a)-(b). The
building blocks of the Ti@ (anatase) structure are distorted Ji&@tahedra in a zig-zag alignment
(Fig. 4.39(a)) whereas the TiQpctahedra in TiO are highly symmetric and without distorsio
(Fig. 4.39(b)). The cubic NaCl type lattice of TiO is knownlie stable with very strong devia-
tions from an ideal 1:1 stoichiometric ratio. Comparing din@, (anatase) unit cell with two TiO
unit cells, the authors of RéP® found that filling interstitial sites in the anatase struetwith
titanium ions would lead to the TiO structure (see Fig. 6 i. R&. Thus, TiQ (anatase) can be
considered as an ordered phase similar tg;di o with missing octahedra. The electron beam
induced disorder in TiQ(anatase) results in a cubic oxide with an intermediate @msitipn in the
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Fig. 4.39. Representation of the Tibctahedra of (a) the Tig(anatase) cell and (b) the TiO cell, respec-
tively.

neighbourhood of Ti;O; o. A transition from TiQ (anatase) to ideal TiO would require a strong
shrinkage since the densities are very differ@pt.(.s.= 3.9¢/cm?, prio= 5.84g/cm?).

4.2.2 Phase formation and orientation relationships

For the reaction experiments anatase thin films grown on(grand LaAlQ; substrates at a sub-
strate temperature of 80C were used.

A. Phase formation

The phase sequences after solid-solid reactions in vacuuhimaair at temperatures between
575°C and 900°C as well as after vapour-solid reaction at temperaturesdset 575°C and
900°C on epitaxial (001)- and (012)-oriented TiCanatase) thin films indicate a process that is
similar to the reaction on the Ti{rutile) substrates. It can be summarised as follows:

-At a substrate temperature of 5800 a single BaC@phase is present, as detected by XRD.

-The formation of BaTiQ is always preceded by an intermediate, B®, compound at tem-
peratures between 57& and 750°C in vacuum. After solid-state reaction in air, the,BeD,
phase was not detected by XRD. Fig. 4.40 shows a HRTEM imatjeohterface region after the
reaction between a BaG@hin film and the epitaxial (012)-oriented anatase thin filna gample
after solid-solid reaction in air at 60@ for 30 min. The reaction layer consists of BaTiénd
BaCQ; grains.

-After solid state reactions at 90C Ti-rich phases were observed by XRD and TEM investi-
gations in both types of the solid state reactions. Fig. 4Rdws a TEM image of the interface
region after the reaction between a BaO vapour and the egif@®01) anatase film of a sample
prepared at a substrate temperature of @D0In Fig. 4.41 the reaction front is similar to the Ti-
rich/(110) TiG, one (see Fig. 4.9). The Ti-rich grains were found at the fater with the anatase
film and pores were formed during the reaction. HRTEM inggdtons revealed the presence of
BasTi17 Oy in this sample.
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Fig. 4.40. Cross-sectional
TEM image of the reaction
front after solid-solid reaction
of BaCQ; with an epitaxial

(012) TiO, (anatase) film. The
reaction was performed in air at
600°C for 30 min.

Fig. 4.41 Cross-sectional
TEM image of the reaction
front after vapour-solid reac-
tion of BaO with an epitaxial
(001) TiO, (anatase) film at
900°C.

B. Orientation relationships

Orientation of Ba ,TiOy4

The orientation quality of BAiO, grains after solid state reactions in vacuum with epitaxial
anatase films is not as good as after the reactions with the substrates. The solid state reactions
with epitaxial anatase films lead to the formation of a pojgtalline BaTiO, phase with fiber
texture. An example for a sample prepared after solid-geldttion of BaC@ with an epitaxial
(001) anatase film is shown in Fig. 4.42.

Fig. 4.42. Pole figure of a sample grown
on an epitaxial (001) Ti@(anatase) film by
a solid-solid reaction in vacuum at 70C
for 30 min. The pole figure was recorded
at %= 29.34 ({031}/{002} Ba,TiOy).




4.2 Solid state reactions of Bag@nd BaO with TiQ (anatase) 68

Orientation of BaTiO ;5

An X-ray pole figure analysis showed that the BaJi@ains grown on epitaxial (001) and
(012) TiO, (anatase) films after both types of the solid state reactwascrystallographically
well-oriented.

Fig. 4.43 shows HRTEM images of the interface region afteréaction between a BaO vapour
and the epitaxial (001) anatase film of a sample preparedudtsarate temperature of 90CG. The
reaction layer consists of BaTind BaTi;O, grains. The latter were observed between the
epitaxial TiG, (anatase) film and the BaTi@rains. The crystallographic orientation relationship
found by HRTEM between the BaTiGand BaTi 7O,y grains corresponds to relation (4.9). The
orientation relationship of BaTi{can be written from Fig. 4.43 as:

(001) BaTiOj || (001) TiO, (a); [110] BaTiOs || [110] TiOs (a). (4.14)

BaTiOs

Fig. 4.43. HRTEM cross-section images of reaction products grown eetwa BaO vapour and an epitaxial
(001) TiG, (anatase) film at 900C: (a) thin film-substrate interface; (b) lattice plane ireagf BaTiQ
and BaTi;704 grains and (c) the Ti@(anatase) film. The long white lines in the image (b) mark the
(001) BagTi17040 || (111) BaTiQ lattice planes. Viewing direction is [010] B&i{7O0y || [110] BaTiOs ||
[110] TiO, (anatase).
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However, BaTiQ grains show a small tilt of Oto 4° around the[110] BaTiO; || [110] TiO,
(anatase) tilt axis in the above orientation as was foundlayyaing many HRTEM images. Such
an orientation relationship was also observed for the sasngiter vapour-solid reaction at tem-
peratures between 60C and 900°C, as well as after solid-solid reaction at temperaturesdoet
600°C and 900°C in vacuum and in air.

Fig. 4.44 shows a HRTEM image of the interface region of a damppepared by a solid-solid
reaction in air at 600C for 30 min between a BaGQilm and the epitaxial (012) TiQ(anatase)
film. The BaTiQ, grains of Fig. 4.44 show the following orientation relasbip:

(110) BaTiOs || (012) TiO, (a); [001] BaTiO3 || [100] TiO, (a). (4.15)

Fig. 4.44. Lattice plane image of
an epitaxial (012) TiQ (anatase) film
and BaTiQ grains. The sample
was prepared by a solid-solid reac-
tion in air at 600°C for 30 min.
Viewing direction is[001] BaTiOs ||
[100] TiO2 (anatase).

HRTEM investigations showed that the BaTi@rains were tilted by Oto 3 around the
[001] BaTiOs || [100] TiO, (anatase) tilt axis in the above orientation. This origatatelationship
was also found for the samples after solid-solid reactioteatperatures between 60C and
900°C in vacuum and in air, as well as after vapour-solid reacitclemperatures between 600
and 900°C.

Table 4.2 summarises the orientation relationships a¢mdifft substrate temperatures and the
misfit values found for BaTi@films grown on epitaxial (001) and (012) Ti@anatase) films by
solid state reactions.
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Table4.2. Orientation relationships and NCSL misfit values (lr-plane) and E (in-plane rotated by 90)
for BaTiO3 (BTO) thin films grown on epitaxial (001) and (012) T@anatase) films (A) after solid state
reactions in vacuum and in air.

T,°C Parallel planes Parallel direction F1,% F2, %

(001) TiO2 (anatase)

2(d(110)BTO  — d(110)A)/ 2(d(110)BTO — d(110)A)/

600 —900  (001) BTOI(001)A  [LIO] BTOI[IO} A 4150)BT0 + d(110)A)=+5.6  (d(110)BTO + d(110)A)=45.6

(012) TiO2 (anatase)

2(5d(110)BTO — 6d(013)A)/  2(d(001)BTO — d(100)A)/

600 —900  (110) BTO[[(012) A [001] BTO[100} A 54 170)BTO + 6d(013)A)=-3  (d(001)BTO +d(100)A)=+5.6

Orientation of Ti-rich phase

Fig. 4.43 shows a cross-section HRTEM image of a typicaldh-phase/BaTi@reaction front.
The interplanar distances of the Ti-rich phase measured Fig. 4.43 are 0.94 nm and 0.49 nm
with an angle of 98.8in between them. They correspond to {260) and (002) planes of the
BasTi1704 phase. In Fig. 4.43, the (002) plane of the;Bia;O,, Ti-rich phase is parallel to the
(111) BaTiQ planes. The crystallographic orientation of theBia; O, follows a relation similar
to (4.8).

Fig. 4.45 shows a HRTEM image of the Ba,;0,0/TiO, (anatase) interface of a sample pre-
pared by vapour-solid reaction at 900. The crystallographic orientation relationship found by

Fig. 4.45. Lattice plane image of an
epitaxial (001) TiQ anatase film and a
BasTii70O49 grain. The long white lines
mark the (001) Bgli 7Oy || (112) TIO;
(anatase) planes. Viewing direction is
[010] BaTi17Oy40 || [110] TiOy (anatase).
The sample was prepared by a vapour-solid
reaction at 900°C. Magnified version of
the image see in the appendix, Fig. A.12.

HRTEM between the TiQ(anatase) and the B&i;70,, grain in Fig. 4.45 can be written as:

HRTEM investigations of other parts of this sample showed the BaTi;O,, grains were tilted
by 0° to 3> around the [010] BaTi;;O,, || [110] TiO, tilt axis in the above orientation.
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4.3 Solid state reactions of other alkaline-earth oxides
with TiO 5 (rutile)

As was shown above, more than one orientation relationship faund for BaTiQ grown on
the rutile substrates, depending on the reaction temperaXuray texture investigations and high-
resolution TEM images showed that all observed orientataiBaTiO; grains on the TiQ(rutile)
substrates have a comm@ini0] BaTiOs || [001] TiO, tilt axis. In this part of the work, the ex-
periments are extended to three other oxide systems, vi2-T8D,, CaO-TiG, and MgO-TiGQ
which involve product phases containingS(rg,2+ ~ 118 pm), C&" (rc.2+ ~ 99 pm) and Mg*"
(rug2+ ~ 75 pm) ions (respectively), the ionic radii (r) of which a@ver than that of B&
(raz+ =~ 138 pm).

4.3.1 Vapour-solid reaction of SrO with TiO , (rutile)

The reaction of SrO vapour with Ti{rutile) substrates was systematically investigated bypXR
as a function of substrate temperature. Only SgWwas found after vapour-solid reaction at tem-
peratures between 70C and 900°C.

Fig. 4.46 gives typical pole figures taken dt 2 32.4 for samples prepared on (100) O
at 700°C, 800°C and 900°C, respectively. Fig. 4.46(a) shows that at 7@ only the peaks

(@) B (b) B © B

A A A

Fig. 4.46. Pole figures taken at§2 32.4, corresponding to SrTi©{101}, for samples made by vapour-
solid reaction between SrO vapour and (100) J{@itile) substrates at three different temperatures (8) 70
°C, (b) 800°C and (c) 900 C. For the full explanation see the text. Peaks situated=di8> are from {101}
TiO,. The positions of marks A and B correspond to thealues of the (001) and (@) substrate planes,
respectively.

at v= 35 and 90 are present. This is due to the first orientation relatignghil1l) SrTiQ ||
(100) TiG,. In Fig. 4.46(b) for a sample made at 800, in addition to the peaks at= 35° and

9, there are peaks at= 8°, 54° and 67 which are from the second orientation relationship
(551) SrTiQ || (100) TiO,. Fig. 4.39(c) shows a pole figure of a sample made at a substrat
temperature of 900C. In Fig. 4.46(c), the strong peaks:@at 35° and 90 are due to the (111)
orientation of SrTiQ, whereas the weak reflectionsyat 30°, 55°, 73° are coming from the third
orientation relationship (112) SrTid} (100) TiO, and those at'= 30°, 48.5, 79.5 are due to the
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fourth orientation relationship (558) SrTiQ} (100) TiO,.

The in-plane orientation was determined by pole figuresroembat 2= 32.4 and 2= 46.5
and ap scan of the Ti@ {110} reflections taken at = 45°. The ¢ positions corresponding to the
(001) and (00) substrate planes are denoted by marks A and B, respectiVklys the in-plane
orientation is alway$110] SrTiO; || [001] TiO, for all the orientations observed on the (100) rutile
substrates. Notably, the (551) orientation of SrId@viates from the (111) one by a tilt of 27.2
around theé110] SrTiO; || [001] TiO, axis, while the (112) and (558) orientations of SrTif2viate
from the (111) one by a tilt of 19%4and 13.2, respectively, around the same axis.

Fig. 4.47 shows typical pole figures taken 8:232.4 for samples prepared on (110) Li@t
700°C, 800°C and 900°C, respectively. Fig. 4.47(a) gives a pole figure for a sammdele at

(b) 5 © 5 |

g
J;—»‘:; 193]

Fig. 4.47. Pole figures taken atyZ 32.4°, corresponding to SrTi©{101}, for samples after vapour-solid
reaction of SrO with (110) Ti@(rutile) substrates made at three different temperatwesd0°C, (b) 800
°C and (c) 900°C. For more details see the text. Peaks situatefi=a67.5 are from {101} TiO,. The
positions of marks A and B correspond to thealues of the (001) and (@) substrate planes, respectively.

a substrate temperature of 700. At this temperature two orientation relations for SrJvere
found. Whereas the peaks in Fig. 4.47(ayat 0°, 60° and 90 are from the first orientation
relationship (110) SrTi®|| (110) TiO,, those at)= 38.8, 52°, 79.4 and 90 are from the second
orientation relationship (118) SrTid} (110) TiO,. For the samples made at temperatures between
800 °C and 900°C, a third orientation relationship for this phase was faufithe weak peaks
situated at)= 45 in Fig. 4.47(b) for the sample made at a substrate temperafu800°C are

due to the third orientation relationship (001) SrTi(D(110) TiO,. The peak intensity from this
orientation becomes stronger at 900D (Fig. 4.47(c)). On the other hand, the peak intensity is
getting much weaker for the first orientation.

From a series of pole figures andpascan of the TiQ {100} reflections taken at)= 45°, the
in-plane orientation was found to Bel0] SrTiO; || [001] TiO, for all the orientations observed
on the (110) rutile substrates. It should be noted that th&)(brientation of SrTi@ deviates
from the (110) one by a tilt of 79°@round thg110] SrTiO; || [001] TiO, axis, whereas the (001)
orientation of SrTiQ deviates from the (110) one by a tilt of 9@round the same axis.

Table 4.3 summarises the orientation relationships anchisi values for SrTi@Q grown on the
(100) and (110) Ti@(rutile) substrates by vapour-solid reaction in vacuumifiegnt substrate
temperatures. As in the case of BaFj@he relatior{110] SrTiO; || [001] TiO, holds independently
of the substrate orientation.



4.3 Solid state reactions of other alkaline-earth oxidek WiO, (rutile) 73

Table 4.3. Orientation relationships and NCSL misfit values (lr-plane) and E (in-plane rotated by 90)
for SrTiO3 (STO) thin films grown on (100) and (110) TiQrutile) substrates (T) at different temperatures.

T,°C Parallel planes Parallel direction F1,% Fa, %
(100) TiOg (rutile)
T-wo ustolom)T U sTojon T AUGISIO_ - oty samiosro - wanyy
o0 Gustolam T mosTojpon T ACHOSTO. - sy suminsro - waoy
o mstoln T osolool T ARONSO o donmy sumeinsro - wanyy
soosTolnT SOl T AT, o oy atwaioeto = ooty
(110) TiO2 (rutile)
T (uosTojuO T pisTolmT 2GIONSTO © ey auigeto sty
mostoln T pstomT 2GIISTO = wnomy auaigeto = ooty
800 — 900  (001) STO||(110) T  [1T0] STO|/[001] T 2(7d(110)STO  — 6d(110)T)/  2(10d(110)STO — 9d(001)T)/

(7d(110)STO + 6d(110)T)=-0.9

(10d(110)STO +9d(001)T)=+3.5

4.3.2 Vapour-solid reaction of CaO with TiO 5 (rutile)

A. Phase formation

Vapour-solid reactions between CaO vapour and (110} Tiile) substrates are different com-
pared to the previous systems BaO-Tiutile) and SrO-TiQ (rutile). CaTiGQ; and non-reacted
CaO phases were found in the thin films after vapour-solidtieas at temperatures between 600
°C and 900°C by XRD investigations. The reaction time was32 min.

Fig. 4.48 shows a XRD-20 scan of a sample prepared by vapour-solid reaction betwaén C
vapour and (110) TiQsubstrate at a substrate temperature of 8D0In Fig. 4.48, beside the

(110) TiO,
(220) TiO,

] Fig. 448. XRD 6-29 scan of a
. sample made by vapour-solid reac-
] tion between CaO vapour and (110)
rutile substrate at 600C. The AK g
lines are the substrate peaks originat-
ing from the remaining Cu-K radi-
ation, and the W lines are coming
from the tungsten contamination of
the X-ray target by the tungsten cath-
ode filament. The "artefact”" peaks are
substrate-induced artefacts.

Log Counts (a.u.)

(111) CaO

(222) CaO

— T 1 1 T 1 17 1
30 35 40 45 50 55 60 65 70
20 (degree)
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substrate reflections, there are peakséat 22.3 and at 2= 67.4. They correspond to (111)
and (222) reflections of CaO (JCPDS 78-0649), respectiVdlg.CaTiQ phase is not seen in the
XRD 6-20 pattern after the reaction at 600 because the phase was contained in the thin filmin a
small amount (I= 25 cps at= 60°) as was shown by the weak intensity in the pole figure taken at
20= 33.T (CaTiG; (110)). With increasing reaction temperature the amouthe®CaTiQ phase
increased while the amount of CaO phase decreased. Fidafgi9es a XRDY-20 pattern of a
sample made by vapour-solid reaction at 80 While the peaks at#z 32.3 and at 2= 67.4

(110) TiO,

(220) TiO,

Fig. 4.49. XRD 0-26 scans of a sam-
ple made by vapour-solid reaction be-
tween CaO vapour and (110) rutile
substrate at 800C: (a) as deposited
and (b) after storage in air for two
days. The\g, lines are the substrate
peaks originating from the remaining
Cu-Kj radiation, and the \l/lines are
coming from the tungsten contamina-
tion of the X-ray target by the tung-
sten cathode filament. The "artefact"
peaks are substrate-induced artefacts.

Log Counts (a.u.)

D Caq

20l25'30'35 40145150'55'60'65I70
26 (degree)

are from (111) and (222) reflections of CaO, thosedat 33.1° and at 2= 69.3 correspond to
(110) and (220) reflections of CaTiOlt is well-known that CaO is an unstable phase in air. In
our work, the CaO phase was also found to be a very unstablpaamd and to react after storage
for two days in air, most probably with4® and CQ. Fig. 4.49(b) gives a XR[D-20 scan which
was taken from the sample shown in Fig. Fig. 4.49(a) afterdews storage in air. The peaks at
20=32.3 and at 2= 67.4 are not present any more in the XRD pattern, indicating tetalility
of the CaO phase in air. A vapour-solid reaction at 90Gesulted in the formation of two phases
(CaO and CaTig).

To define which phase is formed first during a vapour-solidtiea between CaO vapour with
(110) TiO, (rutile) substrates, a low amount of CaO was deposited ort £146) TiO, substrate
at 700°C. The nominal thickness of CaO was3 nm. Only CaTiQ was found in the thin film
after the reaction by XR[B-20 measurements as well as by pole figures. This was also codfirme
by TEM investigations shown in Figs. 4.50-4.51.
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Fig. 4.50. Cross-sectional TEM image of a sample made by the reacti@aGfvapour with (110) Ti®(ru-
tile) substrate at 700C. The dashes mark the rutile substrate. Viewing direcdfoil] TiO-.

Fig. 451. Lattice plane im-
age of the CaTiQTiO, reac-
tion front. Viewing direction is
[110] CaTiG; || [001] TiOs.

. - .
. . . T YT L
o - . .a s> e
e . -k - . -a . -8 . 1 - - - -
- . . e - -
. .- . _— .- - o .- - '
. - » > e T X r nm ’
L B R L8 o B - d il AR AL o R T A AL at LB ol -
e il L A AR A s ke e L A .h

B. Orientation relationships

CaTiO; grew well-oriented with respect to the (110) rutile sultstraFrom Fig. 4.49 it can be
concluded that the (110) plane of CaTif3 parallel to the (110) Ti@surface. The orientation
relationship of CaTi@found by HRTEM (Fig. 4.51) as well as by pole figure measurasemas:

(110) CaTiOs]|(110) TiOy; [110] CaTiO3)|[001] TiOs. (4.17)

This orientation relationship was observed for the sampiade at temperatures between 6Q0
and 900°C. No other orientations of CaTiOwvere found in the samples after the reaction. A
rocking curve measurement with the (110) reflection of CaTi€sulted in a tilting FWHM of
~ 0.7°. The FWHM of the (110) TiQ substrate reflection was 0.1

To analyse the orientation of the CaO thin film, a number okegajures were recorded at
different 2 values (32.2, 37.4 and 53.9). Fig. 4.52 gives a pole figure recorded &at=237.4
(CaO (200)). In the pole figure, six peaks are situated on iftéecat y= 55° (A¢= 60°) and
correspond to the (111) orientation of CaO. For reasonsrahsgtry, these six reflection peaks can
be related to two in-plane domain variants of the (111)radd CaO film, which are rotated in-
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Fig. 4.52. Pole figure recorded with
CaO (200) (2= 37.&) of a sample
made at 600°C. The positions of
marks A and B correspond to thg

values of the(001) and (001) sub-

strate planes, respectively.
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plane by 90 relative to each other. From a series of pole figutesndd-20 scans, the orientation
relationship of CaO with respect to (110) Li@as found to be:

(111) CaO||(110) TiOy; [112] CaO||[001] TiO,. (4.18)

This orientation relationship was observed for the sammlade at temperatures between 600
and 900 C. A rocking curve measurement with the (111) planes of Ca0lted in a tilting FWHM
of ~ 1.7°. The FWHM of the (110) TiQ substrate reflection was 0.1

From Eqs. (4.17) and (4.18), the orientation relationstépMeen CaO and CaTiCcan be
written as follows:

(110) CaTiO3||(111) CaO; [110] CaTiO3]|[112] CaO. (4.19)

Table 4.4 summarises the orientation relationships andLN@iSfit values observed for CaO
and CaTiQ thin films on (110) TiQ substrates.

Table4.4. Orientation relationships and NCSL misfit values (lr-plane) and E (in-plane rotated by 90)
for CaTiO; (CT) and CaO (CO) thin films grown on (110) rutile substraiBks (

T,°C Parallel planes Parallel direction F1,% F2,%
B - 2(6d(001)CT — 5d(110)T)/  2(9d(110)CT —  8d(001)T)/
600 =900 (110) CT(10) T [LIO] CTIOOT 54 001)OT 4 5d(1T0)T)=-1.2  (9d(1T0)CT + 8d(001)T)=+3.3

2(8d(001)CT — 9d(110)CO)/  2(3d(110)CT — 4d(112)CO)/

600 =900 (110) CT(111) €O [LO] CTMIZ]CO 401y O 4 9d(110)C0)=-0.5  (3d(1T0)CT + 4d(112)CO)=-2.7
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4.3.3 Vapour-solid reaction of MgO with TiO 5 (rutile)

Only the phase MgTi@was observed after reaction of MgO vapour with the JT{@itile) sub-
strates at temperatures between 60Gnd 800°C. X-ray diffractometry and pole figure analysis
showed that the MgTi©films grown on (100) and (110) TiGsubstrates were crystallographically
well-oriented.

XRD #-26 scans of the films produced on the (100) Ti€ubstrates showed the appearance of
characteristic reflections of (11.0) MgTi@t 20= 35.5 and (22.0) MgTiQ at 20= 75.T beside
the (200) and (400) substrate reflections. This means tegith0) plane of MgTiQis parallel to
the (100) surface of Ti@Q A rocking curve measurement with the planes (11.0) MgTi€3ulted
in a tilting FWHM of 0.37. The FWHM of the (200) TiQ (rutile) substrate reflection was 0.1

Fig. 4.53(a) shows a cross sectional transmission electiorograph of a MgTi@ thin film
grown by vapour-solid reaction on (100) TiQutile) at a substrate temperature of 7@ The

Glue

Fig. 4.53. (a) Bright field transmission electron micrograph of a MgJitin film produced by vapour-
solid reaction between MgO vapour and (100) 7@ a substrate temperature of 700. (b) Selected area
electron diffraction pattern from the interface regionvibtn the MgTiQ film (M) and the substrate (T).
Viewing direction is[11.0] MgTiOj || [001] TiOs.

interface between the thin film and the substrate is flat. Ehis contrast to the interface after
reaction of BaO vapour with (100) TiQwhere large and small (110) andi.() TiO, facets of the
(100) rutile surface were observed. Fig. 4.53(b) showsectsd area electron diffraction pattern
taken from the substrate/film interface region of Fig. 483The complete orientation relationship
can be derived from Fig. 4.53(b) as:

(11.0) MgTiOs || (100) TiOs; [11.0] MgTiOj || [001] TiOs.

Fig. 4.54 gives a pole figure recorded a:232.9 ({10.4}/{11.4} MgTiO3) for a sample pre-
pared on (110) TiQ at a substrate temperature of 600. In Fig. 4.53, the peaks at= 21°,
56.5 and 80 are due to g422.11) orientation of MgTiQ (cf. ZMgTiO; (22.11);(10.4)= 20.8,
/MgTiO; (22.11); (11.4)= 56.4 and Z MgTiO; (22.11); (01.4)= 80°). The (22.11) orientation
of MgTiOj is rather close to the (11.6) orientation of MgTEiQ~ MgTiO3 (22.11); (11.6)= 2.5,
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Fig. 4.54. X-ray pole figure mea-
sured at 2= 32.9 ({10.4}/{11.4}
MgTiO3) of a sample prepared on
(110) TiG, at a substrate temperature
of 600 °C. Peaks are situated at=
21°, 56.5 and 80. The peak in the
middle of the figure at)= 0° marks
the (110) TiQ substrate surface. The
ﬂ”‘ég%"&;}z positions of labels A and B corre-
WCL SRS spond to theb values of thg001) and
(001) substrate planes, respectively.
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however,/ MgTiO; (11.6); (10.4)=19.8, £ MgTiO3 (11.6); (11.4)=54.8 and/ MgTiO3 (11.6);
(01.4)= 77.7). The peak at the centept 0°) in Fig. 4.54 is the (110) TiQpeak (not fully sup-
pressed) that results from the non-optimum wavelengtltsely of the secondary monochroma-
tor. From a series of pole figures an@ acan of the TiQ {200} reflections taken ap= 45°, the
in-plane orientation was found to Iel.0] MgTiO; || [001] TiO,. It should be noted that the (11.0)
orientation of MgTiQ deviates from th¢22.11) one by a tilt of 45 around thg11.0] MgTiOs ||
[001] TiO, axis.

Table 4.5 summarises the orientation relationships atrdifft substrate temperatures and NCSL
misfit values observed for MgTiJilms on both (100) and (110) Ti3substrates.

Table4.5. Orientation relationships and NCSL misfit values (lr-plane) and E (in-plane rotated by 90)
for MgTiO3 (MTO) thin films grown on (100) and (110) TiQ(rutile) substrates (T).

T,°C Parallel planes Parallel direction F1,% F2,%

(100) TiO2 (rutile)

- 2(d(00.1)MTO — 3d(010)T)/  2(2d(11.0)MTO — 3d(001)T)/
600 —800  (11.0) MTO||(100)T  [11.0] MTOW[001] T 5 (0 1)\TO+3d(010)T)=+0.9 (2(d(1(i.O)Iz/ITO+3d(001()T):)-1.)2

(110) TiO2 (rutile)

- 2(7d(11.5)MTO — 4d(110)T)/  2(2d(11.0)MTO — 3d(001)T)/
600 — 800 (22.11) MTOJ|(110) T [11.0] MTO||[001] T (éd(l(l.S)l)\/[TO+4d(Tl(O)T)):+)1 (2(d(1(i.O)Iz/ITO+3d(001()T):)-1.)2




5 Discussion

5.1 The reaction systems BaCO 3-TiO, and BaO-TiO ,

5.1.1 Phase formation
A. Solid-solid reaction of BaCO 5 with TiO ,

a. Reaction at low temperature (575 °C-800 °C)

The solid-solid reactions in vacuum and in air showed diffierprocesses to occur during
BaTiO; formation. The intermediate B&iO, phase was observed always after reaction in vac-
uum. However, BaliO, was not detected after a reaction in air. The formation ofaiheerved
phases was independent of the nature of, TiQtile or anatase).

In the classical theory of nucleation, the rate of nucleatiba new nucleus is proportional to a
term of the form exp—o3/AGZ?kT). Therefore, the nucleation of a new phase will occur rapid fo
compounds with high (more negative) values\dk, (reaction Gibbs energy). Th&G, is usually
defined as:

AG, = Z G (product) — Z G (reactant), (5.1)

whereG is the standard Gibbs energy of compound formation.

Thermodynamic analysis
The AG, values were calculated for the following reactions:

2BaCO3 + TiO, (r) — BayTiO4 + 2CO; T, (5.2)
BaCOj3 + TiO, (r) — BaTiO3 + COs T, (5.3)
BaCO3; + BaTiO3 — Ba,TiO4 + CO4 T, (5.4)

BaCO3 — BaO + CO- T, (5.5)

where TiQ (r) is referred to the rutile modification of TiO The G values for TiQ(r), BaTiO;,
Ba,TiO4, BaCQ,, and CQ were taken from I. Barit?® It should be noted that the G values
for anatase Ti@ are rather close to those of Tidr) and, thus, the calculations performed for
reactions (5.2)-(5.5) with Ti@(r) can be extrapolated to the anatasesTiBelow, the discussion
will be always referred to TiQ(r).

AG, values for reactions (5.2)-(5.5) are strongly dependemtihempartial pressure of GQin air
Pco, is 0.381 mbar, in vacuumdg, during the experiments was lower thar 10~° mbar) which
is described as®’

P
Gco, = G 4 nRTIn 502, (5.6)

o
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whereG is the standard Gibbs energy of €@as at Ry, = 1 bar, n is the number of GOnolecules
released, R is the gas constant, T is the temperaturg, B a partial pressure of GQas and P
is the standard pressure of 1 bar. The results of the themamdig calculations for reactions
(5.2)-(5.5) are shown in Figs. 5.1(a)-(d).
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Fig. 5.1. Change in Gibbs free energi\(5,) vs T during reactions under different partial pressureS©f:
(@) Pco,= 1 bar, (b) Ro,=0.381 mbar, (c) Bo,=1.2x10~2 mbar and (d) Bo,= 1x 10~ mbar. Calculated
from values given in |. Barif28

As can be seen from Fig. 5.1, the preferred formation of eitieBa TiO, or BaTiO; phase by
reaction between BaGGand TiG,; is a function of R,. The temperatures at which the formation
of Ba,TiO, is more likely compared to the formation of BaEi@re lowered with a decreasing of

P002 .
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A possible mechanism of BaTiO 3 formation in vacuum

During the solid-solid reactions in vacuum the intermealigg, TiO, compound forms at the
beginning of heating by direct reaction between bariumaaabe grains and rutile single crystal.
The time required for the formation of B&EO, observed in this work is low compared to the
decomposition time of BaC{Qreported by Judeét al.'>8 or by L'vov.'*® Thus, a direct reaction of
BaCQ; with TiO, is expected. This is also supported by our thermodynametitztions presented
in Fig. 5.1(d). From these calculations, the decomposiifddaCQO; into BaO and CQ (reaction
(4) in Fig. 5.1(d)) or the formation of BaiO, by a reaction between BaTiCand BaCQ in
vacuum at 575C is relatively unfavourable compared to the formation of B@, or BaTiO;
by a reaction between BaG@nd TiO, (reaction (1) or (2) in Fig. 5.1(d)) due to an only small
decrease in the Gibbs energy. TAé&:, values for the formation of BdiO, (-205.9 kJ/mol) and
BaTiOs (-155.6 kJ/mol) at 575C are distinctly different, with a higher (more negativelunsafor
Ba,TiO,. Thus, the phase B&iO, will always nucleate and grow as the first phase in vacuum.
This reaction will continue up to all BaGQs consumed. The formation of BaTi®y a direct
reaction between BaGQand TiO; in vacuum could be suppressed due to aTB@, diffusion
barrier. Thus, BaTiQis formed by a reaction between HaO, and TiO,.

Different formation mechanisms of B&iO, and BaTiQ can be assumed based on the differ-
ences in the orientations of both phases in dependence ami#mtation of BaC@ grown on the
rutile substrates. The orientation of H&0, is strongly dependent on the orientation of BaCO
while the orientation of BaTi@grains is independent of the orientation of BaC®hus, the for-
mation of BaTiO, might be dominated by diffusion of Ti ions into the BagC@atrix. In contrast,
BaTiOs grains might be formed by in-diffusion of Ba ions into the Til@ttice.

From the above discussion, it is clearly seen that neitleefitst scheme nor the second scheme
proposed by Beauget al.®® to describe the phase formation sequence during Ba3y@thesis
in vacuum is valid. The heating of nanocrystalline BaGd TiO, powders under pressure of
40 mbar at 740C performed by Buscagliat al.'® showed a significant formation of B&O,
phase in the powder after the calcination. This results &k tw the description developed in this
thesis.

A possible mechanism of BaTiO 3 formation in air

During the solid-solid reactions in air the BaEi©ompound forms at the beginning of heating
(575°C) by reaction between barium carbonate grains and rutiglesicrystal. Similar to the
reaction in vacuum, a direct reaction between Ba@@d TiO, has occurred. The formation of
BaTiOs in air by direct reaction between Bag@nd TiO, was also proposed by Beauget al.®®
and by Buscagliaet al.'®. Thermodynamic estimations showed that Bag@€a stable phase in
air until 880°C due to positive values of the Gibbs free energy for the dgomition of BaCQ
(Fig. 5.1(b)).

In air, the AG, value for BaTiQ formation at 575C (-82.9 kJ/mol) is more negative than for
Ba, TiO, formation at 575 C (-60.5 kJ/mol) while at temperatures higher than 667he AG,
values for BaTiO, formation become more negative than for BaJiOrmation. Consequently,
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BaTiO; can be nucleated during heating at 515 as the first phase in air. This description is
supported by the results obtained by Buscagtial.}* Initial formation of BaTiQ was observed
after heating of BaC®(core) - TiG, (shell) powders at temperatures between 80@nd 550C,

in agreement with our observations and thermodynamic tzlons (Fig. 5.1(b)). According to
previous studied?'8%%.7%he formation of a BaTi@layer occurs at the interface BagDiO, by
in-diffusion of Ba ions into TiQ. In our case, the nucleation of BaTj@ight also have occurred
by in-diffusion of Ba into TiQ.

The formation of the BAIiO, compound by direct reaction of BaG@vith TiO, substrates
in air at temperatures higher than 57 may be suppressed due to a diffusion barrier induced by
BaTiO; grains which are nucleated on heating at 3¢5However, the formation of BaiO, in air
is considered possible by a reaction between Ba&td beforehand formed BaTi@t its expense
at temperatures above 80Q. In this work, BaTiO, was not observed to form by the reaction
between BaC@and BaTiQ after heating in air at temperatures between 6@0and 700°C (see
Table 1). From a thermodynamical point of view, the formaiid Ba, TiO, by a reaction between
BaCQ; and BaTiQ up to temperatures 644€ is hindered due to positive valuesAfs,. We used
only a thin layer of BaC® (50 nm) and at a temperature of 680 this layer was reacted rapidly
to BaTiO;.

b. Reaction at high temperature (1000 °C)

Ti-rich barium titanates were observed after solid-sodidation in vacuum and in air at high
temperature. In the bulk phase diagram of the BaO; B{stem, the compounds Ba®l, and
Ba, Ti;303, exist between temperatures of about 98@nd 1400C. The BaTiOy and BaTi; 305,
compounds were observed in our experiments after reactib®C°C.

B. Vapour-solid reaction of BaO vapour with TIO 5

a. Reaction at low temperature (575 °C-800 °C)

During the vapour-solid reaction, a reaction between Ba® E@®, has occurred. As can be
seen from Fig. 5.2, the formation of BaTj®y a reaction between BaO and Ti@t 575°C is
relatively unfavourable compared to the formation o, B®, by a reaction between BaO and
TiO, due to an only small decrease in the valueaof, with increasing temperature.

During the vapour-solid reaction, surface diffusion maypbedominant, and independent nu-
cleation events at surface defects may have occurred. Ehsisnilar nucleation probability of
BaTiO; and BaTiO, during the vapour-solid reaction may have facilitated thgal formation of
both phases at 60 observed in this work.

b. Reaction at high temperature (900 °C-1000 °C)

The BgTi;O4 Ti-rich phase was found after vapour-solid reaction at heghperature. How-
ever, the BaO-TiQ phase diagraff permits the formation of several Ti-rich phases, some of
which should form more easily than BE&;;0,, at low temperatures. The occurrence and rela-
tive contribution of the different Ti-rich phases was intigated by Ritteret al.”® who studied the
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crystallisation of amorphous Ba-Ti-O compounds prepanga@ Inetalorganic chemical precur-
sor method at temperatures between 680Gand 1500C in air. They found that the Bai;303,
phase is obtained most easily even at lower temperaturastieaBaTi;;O4 phase. The latter
crystallised only above: 1100°C and begins to decompose into Badi and BgTi 303, below
~1100°C. In the precursor prepared by Rittral.”® the three elements Ba, Ti and O are already
intermixed on an atomic scale and constraints for the ntiole®f crystalline phases are quite
different from a reaction between crystalline grains. THbs results obtained by Rittet al.”

do not fit directly to reactions between crystalline matsrién this work, the Ti-rich phases were
formed always from crystalline phases. We have found traB@&Ti, Oy and BaTi;304 phases
were formed after a solid-solid reaction in vacuum and in(egspectively) at 1000C for 30
min while BaTi;;O,, was found after a vapour-solid reaction at 9@31000°C. This difference
might be explained by the geometrical nucleation condgiorhe vapour-solid reaction allows a
nucleation on the free surface of H@nd obeys the thermodynamic model (EHF) proposed by
Pretoriuset al.?*?2. The BaTiQ-TiO, phase diagram (Fig. 2.8 or Fig. A.1) shows the existence
of the lowest eutectic at 133Z and an eutectic composition of 68.5 méleTiO,. Two phases
BaTiO; and BgTi 7O, form an eutectic at this temperature. Thus, thgTBaO,, phase will

be the first Ti-rich phase to grow at high temperature acogrth the EHF model. On the other
hand, the reaction conditions during a solid-solid experitrare different. Ti diffuses out rapidly
and nucleation of Ti-rich barium titanates occurred at Ba@fin boundaries or at the surface of
BaCQ,. Unfortunately, the model of Pretories al.?>?? cannot explain the formation of Ba,0,

or Ba; Ti;303 Ti-rich phases observed after solid-solid reaction at kegiperature in vacuum and
in air, respectively.
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5.1.2 Orientation relationships
A. Orientation of Ba ,TiO, on TiO, (rutile)

The BaTiO, phase grew well-oriented with respect to the (110) and (L@ie substrates. How-
ever, the similarity between these two structures is notlsoonis. The fundamental structural
building elements of Ti@rutile are TiQ octahedra which lie along tHeo1] TiO, direction while
the basic building elements of BEHO, are TiQ, tetrahedra which lie along tHe01] Ba,TiO, di-
rection. Thus, there are no common structural elementidit®, rutile and BaTiO, structures.
The projections of the (110) B&iO,/(110) TiO, and (100) BaTiO,/(100) TiG, interfaces based
on their structural elements in the01] Ba,TiO, || [001] TiO, viewing direction are shown in
Fig. 5.3. No features of the two lattices are recognisatdedbincidence in this projection. Thus,
the rutile structure cannot be taken over by the growinglBay,.
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Fig. 5.3. Projections of the (110) BdiO4 (B,T)/(110) TiG, (T) and (100) BaTiO4/(100) TiO, interfaces
based on their structural elements. Viewing directiojdid | Ba TiO, || [001] TiOx.

As was discussed above, Ha0, formed by direct reaction between Ba¢Cénd TiO,. Thus,
Ti ions seem to be diffusing into the Ba@@im. However, a transformation of BaGOnto
Ba,TiO, would require a strong shrinkage since the densities aferelift (o.co,= 4.3 g/cm?,
PBayTiO = D.2g/cm?). The structural transformation could in principle ocdurugh an interme-
diate phase like barium oxycarbon&with a stoichiometry close to B&i,O5(CO;). However,
nothing is known about the crystal structure of the oxycadte phase. In addition, recently it was
suggested that the phase commonly attributed in the litexab (Ba, Ti)-oxycarbonate is a barium
oxycarbonaté?! containing no titanium.

B. Orientations of BaTiO 3 on TiO, (rutile)

It has been well established that the growth of films with @nefd orientation on a substrate
is closely related to surface free energy, film/substratierfiace energy as well as misfit strain
energy:2163 However, during solid state reactions nucleation and siiffn take place so that
the system cannot immediately reach thermodynamic equilibconditions. Thus, the kinetic



5.1 The reaction systems Bag@iO, and BaO-TiQ 85

effect of nucleation of thin films with preferred orientatishould also be taken into account. The
two different solid state reaction geometries used in tlesgmt study may lead to two different
nucleation conditions.

In the case of a solid-solid reaction, the nucleation of BgTmnight have mainly occurred by
diffusion of Ba ions into the Ti@lattice. On the other hand, in the case of a vapour-solidi@ac
the orientations of the product phases are a complex functidhe reaction conditions such as
substrate temperature and deposition rate. Surface igiffsay be dominant in the vapour-solid
reaction, and a direct nucleation of BaEi@rains on the Ti@ surface may occur.

One and the same orientation relation of Bagi@ (100) TiQ was found after solid-state
reactions in vacuum and in air. On the other hand, differei@ntation relations between the
BaTiO; grains and the (100) TigXrutile) substrates were observed after vapour-solidi@acThe
orientations of BaTi@ grains on the (110) TiQafter solid-solid and vapour-solid reaction have
similar features but with different sharpness of the t#tdbutions. After vapour-solid reaction the
orientations of BaTi@on (110) TiQ are sharper than after solid-solid reaction in vacuum. Belo
we will discuss first the orientation relationships of BaJ#dter vapour-solid reaction.

a. Vapour-solid reaction

Growth at low temperatures (575 °C-800 °C)

The BaTiQ grains grew oriented with respect to the (110) and (100), Bidbstrates. Different
orientations were found for BaTiQdepending on the substrate temperature and substrate orien
tation. However, the relatiofi10] BaTiO; || [001] TiO, is ever standing and independent of the
orientation of the substrate surface and substrate tetpenased. This means that the [001] iO
axis is a common tilt axis for BaTi9grown on (110) and (10) Ti©(rutile) surfaces. This is
because the (110) and (100) planes of ;T&@e connected by a tilt of 45around the [001] TiQ
axis. Thus, it is expected that the angles between crysaalesl of BaTiQ grown on (110) and
(100) TiO, substrates will also be close 46°. The results of such a consideration are presented
in Table 5.1. From Table 5.1, it can be seen that there aresmgll deviations from the value
of 45° (+0.8). Thus, the growth of some BaTi@rains occurs with a three-dimensional orienta-
tion relationship with respect to the TiGubstrates, irrespective of the orientation of the sutestra
surface.

Table 5.1. Angles between crystal planes observed for BaTi®n films grown on (100) and (110) TiO
substrates. The major orientations are marked by bold foiiewninors are marked by italic font.

(hkl) BaTiOs (B;) || (110) TiO; | (hkl) BaTiOs (Bz) || (100) TiO; | Z(B1); (B2), (°)

(119) (111) 45.8

(441) (112) 44.7

Below, we describe factors influencing the nucleation of iBgTon TiO,. First, the structural
similarities between TiQ(rutile) and BaTiQ (perovskite) will be considered. The fundamental
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structural building elements of both the Li@nd BaTiQ structures are TiQoctahedra linked in
a three-dimensional network. The octahedra in the, Tilile structure are both corner- and edge-
shared and lie along the [001] TiQ@irection while the octahedra in the perovskite structuee a
only corner-shared and lie along thid0] BaTiO; direction. The structural considerations given
below are based on a surface of the J{@utile) crystals obtained by simple cutting.

Fig. 5.4 shows a schematic projection of the Bafi@O, interfaces constructed from T§O
octahedra for different orientations of Baki@rown on (110) TiQ surfaces looking along the
[110] BaTiO; || [001] TiO, direction. The different types of linkage of Ti®@ctahedra in the two
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(100) T
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Fig. 5.4. Schematic representations of projections based op ddtahedra for (a) (119) BaTi{BT)/(110)
TiOs (T), (b) (441) BaTiQ/(110) TiO;, (c) (001) BaTiQ/(110) TiO,. Viewing direction is[110] BaTiOs ||
[001] TiO, for all projections. The highlighted octahedra are octahagquired for the nucleation of
BaTiOs (for more details see text). Both lattices are repeatedgpelipular to the projection plane and
thus the marked octahedra in 3D space make chains of octapathllel to the viewing direction.

structures are clearly seen in Fig. 5.4, making structusakerations easy. The presence of
(119)- and (441)-oriented BaTi@rains on (110) Ti@substrates can be explained by the fact that
the surface of (110) TiQsubstrates has terraces which are separated by monoatemiedges
running predominantly along [001] TiCand [110] TiO, directions!®* The step edges lying along
the [001] TiG;, direction may favour the nucleation of (119)-oriented Baslgrains as shown

in Fig. 5.4(a) as well as nucleation of (441)-oriented BaTgbains as shown in Fig. 5.4(b). In
both these cases, for the nucleation of (119)- and (44&nted BaTiQ grains only two chains of
substrate octahedra will be required (the octahedra redj@or the nucleation are highlighted and
small octahedra misorientations are ignored). The nuoleatould occur more easily if100}

or {010} TiO, facets would be present on the rutile surface. In this casee than two chains
of substrate octahedra can be taken for the nucleation ofBaTSuch facets were observed
after vapour-solid reaction at 80€ by HRTEM investigations shown in Fig. 4.23. On these
facets, (119)- and (441)-oriented BaTi@rains are found, confirming our suggestions. As was
already pointed out above, (119)- and (441)-orientatidigadiO; have one of thé111} BaTiO;
planes almost parallel to one of th@00} TiO, planes in the viewing directiofi 10] BaTiO; ||
[001] TiO,. The highlighted octahedra of BaTjGn Fig. 5.4(a) show g111) plane of BaTiQ
which is almost parallel to the (100) plane of Ti@hereas the highlighted octahedra of Baji®
Fig. 5.4(b) show 4111) plane of BaTiQ which is almost parallel to the (010) plane of TiOrhus,
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the growth of (119)- and (441)-orientations of Ba¥i{3 obviously determined by the condition
that one of its close-packed 11} planes of BaTiQ is parallel to one of the rather close-packed
{100} planes of the TiQ substrate. The (111) orientation of BaTi®@as observed on (100) TiO
surfaces, details will be discussed below. In addition,adttahedra of a [001] monoatomic step
edge of the (110) Ti@surface are octahedra belonging{t®0} planes of TiQ. Consequently,
the nucleation of (119)- and (441)-orientations of Bag[iah the [001] steps of the (110) TO
surface is plausible. However, the (001)-orientation ofiBg cannot be explained by the reasons
shown above. This case is illustrated in Fig. 5.4(c). Onlg ontahedron of BaTi9matches to
the substrate octahedra. The nucleation of (001)-orieB&ldO; grains will be possible only if
one chain of octahedra of TiQs taken over by the growing BaTi(Qthe octahedra required for
the nucleation are highlighted). The octahedra of BgTi€onging to thé111) plane of BaTiQ
deviate from the octahedra ¢100} planes of TiQ by 9.7 (£ BaTiO; (001); (111)=54.7 while
£ TiOy (110); (100)= 45°). It is worth to mention that the nucleation of BaTion (110) TiG
substrates will occur as line only in ofiel0] BaTiO; ||[001] TiO, direction. This is because TiO
octahedra in TiQ and BaTiQ are connected with different topology. In BaEiQhe columns of
edge-shared TiQoctahedra are missing.

Fig. 5.5 shows a schematic projection of the Bafif@O, interfaces constructed from T§O
octahedra for different orientations of BaEi@rown on (100) TiQ surfaces, looking along the
[110] BaTiO; || [001] TiO, direction. Similarities in the alignment of the Ti@ctahedra can be

[112] BT
[111] BT

[100] T [100] T

‘ [010] T ‘ [010] T

Fig. 5.5. Schematic representations of projections based op ddtahedra for (a) (111) BaTi{BT)/(100)
TiO, (T) and (b) (112) BaTi@ (BT)/(100) TiO, (T). Viewing direction is[110] BaTiOs || [001] TiO, for
all projections. The highlighted octahedra are octahedgaired for the nucleation of BaTiQ(for more
details see text).
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seen in Fig. 5.5(a) for the (111) BaTi100) TiG, interface. Ignoring small misorientations of
the octahedra, the (111)-oriented Ba7Ji€an be nucleated in such a way that the gfg@tahedra

of rutile in the surface layer can be taken over by the grovidagiO; (the octahedra required for
the nucleation are highlighted). It should be noted thatsiheation illustrated in Fig. 5.5(a) is
similar to that shown in Fig. 5.4(a). But compared to Fig(&)5the representation in Fig. 5.4(a)
is rotated around the common [001] Ti@xis by 45, showing the three-dimensional orientation
relationship of BaTiQ with respect to the Ti@substrates in the case of (111)- and (119)-oriented
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BaTiO; grains. The presence of (112)-oriented Baggpains on (100) Ti@ substrates can be
explained by the fact that the surface of (100) Fi®constructs dramatically from (1) to (1x3)
when heated in vacuum. However, the detailed surface gegwigihe reconstruction is not well
known. Two microfacet models are shown in Figs. A%P3A.141%6 (see appendix). In addition,
adsorption of Ba may influence the surface geometry of (100).TThus, one might speculate
that the structural model of the (100) surface of FJ8bown in Fig. 5.5(b) could exist. This surface
structure may favour the nucleation of (112)-oriented BaTgrains as shown in Fig. 5.5(b). It is
worth to mention that the surface structure of the (100}, p€@sented in Fig. 5.5(b) can be simply
obtained from Fig. A.14(b) (see appendix) by removal of tigeadhain of TiQ octahedra.

Thus, based on structural considerations the reasons donubleation of BaTi@ grains on
the TiO, surfaces have been shown. On the other hand, the origin oba#lrved orientations
of BaTiO; seems to be determined by the initial stage of the solid séatetion, where the sur-
face morphology of the TiQsurfaces may influence the nucleation kinetics of the grafksa
model system, the (110) and (100) surfaces of;Ti@tile) are very well investigated. The T;O
surfaces have been shown to exhibit various reconstrigctipon annealing at elevated tempera-
tures. The most commonly observed reconstruction of th@)(Ii®, surface has a (43) structure
along the [001] TiQ direction, which appears by annealing in ultrahigh vacuga0(® mbar) at
temperatures above 75C,*%4167while the most frequently detected reconstruction on tH®)1
TiO, surface has a (42) superstructure with features along the [001] Jfirection, which ap-
pear by annealing in ultrahigh vacuum10~" mbar) at temperatures higher than 78064168
These reconstructed surfaces are nonstoichiometric aygeaxdeficient. Our experiments were
performed using an oxygen pressure of (:4)—* mbar. Thus, we expect that the temperatures
of oxygen losses of the surface are shifted to higher tenyoescompared to heating in ultrahigh
vacuum. The interaction of different metals and metal oxiéh the single crystalline TiQsur-
faces has also been investigatétwhen a Ca overlayer formed by Ca metal vapour deposition
(up to a monolayer (ML) coverage) or by precipitation frone thulk of (110) TiQ crystals is
annealed at-800°C for several hours, well-odered c{@) overlayers are formetf® At a calcium
coverage of1.2 ML, two coexisting structures (the ordered x@ and a "disordered" structure)
were observed. At higher calcium coverage, only a highlgddiered" structure was found and
it completely covered the rutile substraf@ No experimental data on the influence of Sr or Ba on
the reconstruction of rutile surfaces have been reportetb mpow. Since they are alkaline-earth
metals, like Ca, the formation of various surface strudaféer adsorption of Ba or Sr on hot rutile
substrates is expected. The nucleation kinetics and ¢ondibn these changed TiGurfaces may
be different. As a consequence, a nucleation of differemilnted BaTiQ grains may occur with
some of them being favoured during the initial stage of theeation.

Growth at high reaction temperature (900 °C)

After vapour-solid reaction of BaO with (100) TiGubstrates at 900C, BaTiO; of several
different orientations was observed on top of thg BaO,, phase. The investigation of the initial
stage of the vapour-solid reaction of a 1 nm thick BaO laye¢hwie (100) TiQ substrate at this
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temperature showed that both Ba%iénd BaTi;;O,, phases nucleate during the initial stage of
the reaction. However, the density of the Ti-rich grains wash larger than that of the (111)-
oriented BaTiQ grains. Thus, with increasing reaction time (increasingam of BaO), BaTiQ
grains will nucleate on the as-formed 8&;0,, grains, which now play the role of a substrate
for BaTiO; growth. Thus, the orientations of BaTj@rains are mainly given by the orientation of
the BaTi 7Oy grains. The topotaxial relationship of BaTi@ith respect to Bgli;;O, results

in the orientation111) BaTiO; || (001) BaTii;O4. The tilt of the (001) BaTi;;O, plane can
be calculated from the tilt of the (100) BE;O,, plane using the anglé= 98.7 between them.
The result of this calculation is a tilt of the (001) B&;;0,, plane around thé10] BasTi;7O0y ||
[001] TiO, axis by 8.7 to 17.7. Corresponding tilts of BaTiQgrains were indeed observed,
confirming the above discussion.

b. Solid-solid reaction

One orientation of BaTigon (100) TiQ was observed after solid-state reactions in vacuum and
in air. The BaTiQ grew with (111) orientation. It can be explained by the ailsgraphic reasons
shown above.

The orientations of BaTi@grains on the (110) Ti@surface after solid-solid reaction in vacuum
were found to be similar to those observed after vapoudsehction. However, the tilt distribu-
tions of BaTiQ grains in the thin films after the reaction in vacuum were hatp. The number of
(001)-oriented BaTi@grains in the thin films produced by a solid-solid reactiomeMgigher than
after a vapour-solid reaction. After vapour-solid reacti119)- and (441)-oriented BaTi@rains
were observed ofi100} facets of TiQ which favour the nucleation of these two orientations. On
the other hand, the frequently observed facets on the (10B) Surface after solid-solid reaction
are nearly{110} TiO, facets (see Fig. A.15 in the appendix). Thus, the nucleatfoBaTiO;
mainly occurred o110} surfaces of TiQ which favour the nucleation of (001)-oriented BafiO
grains. The structural considerations for the nucleatiq@@1)-oriented BaTi@grains as well as
for the nucleation of (119)- and (441)-oriented BaJi@ains on (110) Ti@ were shown above
(see Fig. 5.4). All observed orientation relationships aTE; on TiO, (rutile) after both types of
the solid state reactions can be explained in terms of a NC&leh(see Table 4.1).

C. Orientations of BaTiO 5 on TiO, (anatase)

The observed orientation relationships between Bg B epitaxial TiQ (anatase) thin films
can be explained in terms of their crystal structures. Aswastioned above, BaTihas a sim-
ilar structure as SrTiQ Epitaxial TiO, (anatase) thin films were obtained on SrJi€ubstrates.
Epitaxial formation of TiQ (anatase) on SrTigs a result of a similar orientation of Tidctahe-
dra at the TiQ/SrTiO; interface (see Subsection 4.2.1c of Section 4.2). The saystattographic
reason is valid for BaTi@produced by solid state reactions on epitaxial JJ{@natase) thin films
since BaTiQ has similar epitaxial orientation relationships with respto TiO, (anatase). The
epitaxial orientation relationship between BaTié@nd (001) TiQ (anatase) thin films observed
in this work is in agreement with the epitaxial relation obéal for BaTiQ grown in alkaline
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agueous solutions using TiQanatase) powdéf° or for BaTiO; produced by solid-solid reaction
between TiQ (anatase) single crystals and a barium $3T he observed orientation relationships
of BaTiO; on TiO, (anatase) can be explained in terms of a NCSL model (see Fdble

D. Orientations of Ti-rich phases on TiO , (rutile)

a. Solid-solid reaction

Ti-rich phases were grown in both types of solid state reastat high reaction temperatures, but
with quite different textures. Oriented BE;0,, grains were formed after vapour-solid reaction
at substrate temperatures between 900and 1000°C. Contrary to the vapour-solid reaction,
polycrystalline BaTjO, and BaTi305, (with fiber texture) phases were found after the solid-
solid reaction at 1000C in vacuum and in air, respectively. These differences avsed by the
reaction conditions changing with reaction geometry. Bgithe vapour-solid reaction, the BaO
vapour directly reacts with the TiQrutile surfaces. In this case, the orientations of the react
products are determined only by the orientation of the satest Thus, the nucleation directly on
the rutile single crystal surface results in well-orientedich grains (details are shown below).
The initial reaction during solid-solid experiments sedmbe dominated by Ti out-diffusion. At
low reaction temperatures, BEHO, with an orientation influenced by the orientation of BaCO
was observed. If this behaviour is extrapolated to high enapires, we can expect a more rapid
Ti out-diffusion that results in a high Ti concentration aa@®@0; grain boundaries and on top of
the BaCQ layer. The nucleation of Ti-rich phases now occurs withodiract interface to the
substrate surface and thus results in a random orientatitve di-rich phases.

b. Vapour-solid reaction

BasTi17O,4 grows well-oriented with respect to the (110) Ti€ubstrate as well as to the (100)
TiO, substrate. This feature can be explained on the basis ofyetattographic similarity of the
two lattices.

A schematic projection of the B&i;0,/TiO, interface for the observed orientation of the Ti-
rich phase on a (110) TiOsubstrate is shown in Fig. 5.6 looking along the [010} Ba O, ||
[001] TiO, direction. Similarities can be found in the arrangementexyfgen sublattices of the
BasTi17O4 and TiO; (rutile) structure. However, small deviations of the oxyg®ositions in
BasTi17O4 (Fig. 5.6(a)) from those in TiQ(Fig. 5.6(b)) are seen. This is due to different types
of linkage of the TiQ octahedra in the two structures. In addition, the (001) a@) planes
of BasTi170,9 are joined by a tilt of 47.88around the [010] Bali,;0,, axis, whereas the (010)
and (110) planes of TiPare aligned by a tilt of 45around the [001] Ti@ axis. Thus, from
these considerations, it is very probable that the growagTi,;O, on TiO, rutile substrates is
topotaxial. The small deviations from perfect orientatésa a result of the monoclinic distortion
of the BaTi;O,, lattice.
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Fig. 5.6. Schematic cross-section representation of the interfateden the Bgl'i17049 phase (BT,7) and
TiO- (rutile) substrate (T) looking along the [010}B,7 || [001] T direction. The orientation relationship
is (001) BTy~ || (010) T and [010] BT~ || [001] T. The dashed line indicates (001) B~ || (010) T.

5.1.3 Reaction of BaO vapour with TiO 5 surfaces at 900 °C
A. Reaction mechanism

Based on TEM investigations and structural consideratitmesfollowing reaction mechanism
between BaO vapour and TiQurfaces at 900C can be considered. The vapour-solid reaction
starts with the surface diffusion of Ba-O species arrivimgtioe hot TiQ surface. The reaction
leads to the nucleation and formation of smalkBia;O, grains. It is reasonable to assume that
steps on the Ti@surface (see the dashes in Fig. 4.14) are preferred siteabdanucleation of
BasTi;7O4. The height of one normal step of the (110) Ji€urface is 0.32 nm while the height
of one step of thel02) BaTi;;O, surface (see Fig. 5.6(a)) is 0.17 nm. The nucleation could
occur more easily if steps with lower heights would be presenthe rutile surface. The pre-
sence of surface defects like crystallographic shear ple@8Ps) or added rows of,0; forming
on the (110) TiQ surface after high-temperature annealing in ultrahigtuuan was reported by
Bennetet al.*’? The height of one CSP ks 0.16 nm which fits well to the height of one step of
the BaTi;0O,4 surface. Thus, the nucleation of Ha,;04, phase might have been favoured due
to surface defects created on the (110) rutile substratémbiing in our high-vacuum chamber.
The Ti-rich phase nucleates by Ba in-diffusion while the fgnowth proceeds mainly by surface
diffusion. With increasing amount of BaO, the Ti-rich istincoalescence and form a nearly con-
tinuous thin film. This film induces a diffusion barrier for @ut-diffusion. Thus, the concentration
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of Ti ions on top of the Bali;;O,, layer decreases. As a consequence, Bafi@ins nucleate on
top of the film consisting of Ti-rich grains. Due to a certaim#arity between the BaTi@and
BasTi17O, lattices, a definite crystallographic orientation of BaJi@sults. As is well-known,
the (001) planes of Bdi,70,4, can be compatibly attached to the (111) planes of Bgfi&ming

a topotactic boundar$® Here, we observed a similar topotaxial orientation refethip as the one
published in Ref?, confirming the above discussion. The topotaxial reactiwolives the trans-
formation of (111) planes of BaTinto (001) planes of the Ti-rich phase by removal of BaO and
insertion of TiG.

B. Void formation

Large pores have been observed after vapour-solid reactianBaO quantity equivalent to a
nominal film thickness of 50 nm at the Ti@rutile)/Ti-rich or TiO, (anatase)/Ti-rich interface at
900°C in this work, as well as after vapour-solid reaction of a Rp@ntity equivalent to a nominal
film thickness of 100 nm at the TiQrutile)/Ti-rich interface at 900C in Ref!”3. The formation
of voids is usually attributed to the Kirkendall effedt:1’> The latter was originally observed in
bulk diffusion couples of Cu and CuZn{pbrass or Cu-30wt% Zn). Mo-wire markers which were
placed at the original Cu/CuZn interface had moved intodHerass, showing that the Zn flux
was greater than that of Cu. Thus, different diffusion ratethe atoms moving in and out of the
interface between two reacting materials caused a net flia@dncies which may subsequently
lead to the formation of voids at the interface of two materidhis phenomenon is completely
general in metallic systems with a simple system of lattitess Recently, the Kirkendall effect was
applied to explain the formation of hollow spherical narystals'’® and monocrystalline ZnAD,
spinel nanotube¥’’ Thermodynamic and kinetic aspects of this effect which magimtribute to
the design, fabrication route, and materials choice ofdwohanostructures were given by Tu and
Goselel’®

Below, we propose a model describing the formation of voidhat interface with the Ti®
(rutile) surfaces. After the initial stage of a vapour-dataction with a BaO quantity equivalent
to a nominal film thickness of 1 nm the formation ofB#&,0,, islands was observed (Fig. 5.7(a),
see also Figs. 4.14-4.15). No voids are formed at the Tiile)/Ti-rich interface at this stage
of the reaction. The Ti-rich phase nucleates by Ba in-difflasvhile the film growth proceeds
mainly by surface diffusion. Thus, with increasing reacttone (amount of BaO), cavities are
formed between neighbouring islands (Fig. 5.7(b), see kigo 4.16). Since surface diffusion
of TiO, species along the TiOsurface is relatively easy and fast, the cavities are prediixy
out-diffusion of the TiQ. Further reaction leads to the coalescence of the Ti-rlainds over the
cavities (Fig. 5.7(c)). Consequently, voids are formed.dMeclude that in our case the pores are
produced mainly by surface diffusion of TiO

When the reaction is continued, Ti is supplied to the surfacgrain boundary diffusion. The
concentration of Ti on the surface decreases and conséyBaiO; is formed (see Fig. 4.9).
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Fig. 5.7. Schematic diagram of void formation.
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5.2 The reaction systems SrO-TiO 4, CaO-TiO, and
MgO'T|02

5.2.1 Orientation of SrTiO 3 on TiO,, (rutile)

The orientations of SrTiQafter vapour-solid reaction on the TiQubstrates were found to be
similar to those observed for BaTiOBy comparing the orientation relationships found for Bagi
with those observed for SrTiQit can be concluded that the [001] Tj@xis is a unique tilt axis
for BaTiO; and SrTiQ grains grown on (100) and (110) Ti@urfaces. The nucleation of SrTJO
on TiO, can be explained by the same scenario as was done above §H¢gs.5) for BaTiQ on
TiO, (rutile). This is because the crystal structures of BaTaDd SrTiQ are very similar. All
observed orientation relationships of Sr{i@n TiO, can be explained in terms of a NCSL model
(see Table 4.3).

5.2.2 Orientation of CaTiO 3 on TiO, (rutile)

One orientation of CaTi9Qon (110) TiG was found after the reaction of CaO (vapour) with JiO
This is in contrast to the results obtained in the previousgystems BaO (vapour)-Tik@and SrO
(vapour)-TiGQ where more than one orientation relationship was identfbe®aTiO; as well as
for SITiO; on (110) TiQ. In addition, an unreacted CaO phase was observed in thdilthm
produced by vapour-solid reaction on (110) Ti€ubstrates at temperatures between €D@nd
900°C. This is a somewhat surprising result. It seems that thetivéigt of CaO with TiG, is
different from the reactivity of SrO or BaO with the rutilelsirates.

Calcium is a common impurity of commercial Ti&ingle crystals. The segregation of Ca
impurities from the bulk to the surface of rutile Ti®110) has been previously studied by sev-
eral groupst89179:1897hanget al.l”® have proposed the formation of a (110)-oriented CaTlike
compound on the (110) Tisurface after annealing of the fresh (110) surface of, {iQtile) at
700°C for several hours. In our work, we observed the growth objddriented CaTi@ on the
(110) TiO, surface. CaTi@was formed as the first phase on (110) J8Dbstrates as was shown
by HRTEM for sample prepared by vapour-solid reaction of ® @Qaantity equivalent to a nomi-
nal film thickness ofx 3 nm. The observed orientation relationship of Caldd the (110) TiQ
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can be explained in terms of a NCSL model (see Table 4.4).

The formation of an unreacted CaO phase can be explainedlawdo Initial stage of the
reaction between CaO vapour and (110) Ji€ads to the formation of a nearly continuous CaliO
thin film. This film induces a diffusion barrier for Ti out-dlifsion and Ca in-diffusion. As a
consequence, an un-reacted CaO film is formed on top of tlowgldate layer.

5.2.3 Orientation of MgTiO 3 on TiO (rutile)

The vapour-solid reaction between MgO vapour and, iQtile) substrates resulted in the nucle-
ation and growth of well-oriented MgTihin films. This feature can be explained on the basis
of crystallographic similarity of the two lattices.

The ilmenite MgTiQ structure is based on a hexagonal close packing of oxygesviatt
cations occupying two thirds of the available octahedrassi This structure results from equal
amounts of di- (Mg) and tetravalent (Ti) cations, which ardeved at the octahedral sites and
alternate along the c axis of the unit cell. A pair of Mgénd TiQ; octahedra share a (001) face.
Each octahedron in the ilmenite structure shares an eddpetheétsame type of octahedron and
three edges with the other octahedra. On the other handutite TiO, structure is based on a
hexagonal close packing of oxygen ions with Ti cations irabetlral interstitials. Each Ti cation
has six octahedral neighbours and each octahedron is dedriedwo neighbouring octahedra via
an edge and 8 octahedra via a corner.

A projection of the MgTiQ-TiO, interface based on the observed orientations of MgTh®
(100) and (110) rutile substrates is shown in Fig. 5.8. Sinties can be found in the arrangements
of oxygen sublattices of the MgTiGand TiG; (rutile) structures. However, small deviations of the
oxygen positions in Ti@from those in MgTiQ (Figs. 5.8(a)-(c)) are seen. This is due to different
types of linkage of TiQ octahedra in the two structures. In addition, the (11.0)@ad 1) planes
of Mg@TiO; are joined by a tilt of 45 around the[11.0] MgTiO3 axis, whereas the (100) and
(110) planes of TiQ are aligned by a tilt also of 45around thg001] TiO, axis. Moreover, the
TiO, rutile surfaces show a good lattice match with the MgT{®ee Table 4.5). Thus, from
these considerations, it can be concluded that the growiihgdiO5; on TiO, rutile substrates is
topotaxial. The formation of MgTi©from MgO vapour and TiQcrystals seems to have occurred
via an in-diffusion of Mg cations into the TiQattice, so that the oxygen sublattice of Ti(utile)
can be taken over by the growing MgTi@eikielite) phase.

Our results can be compared with earlier experiments injtes1 MgO-TiQ 11:118-120.18yhere
a MgO substrate was exposed to Ti@pour. The result was a topotaxial formation of a cubic
Mg, TiO, spinel on the cubic rock-salt substrate. In this case thg@exysublattice is also kept.
Thus, a vapour-solid reaction in the system MgO-Ji€ads to two different phases, depending on
the crystallographic structure of the substrate.
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Fig. 5.8. Schematic cross-section representations of the intelfateeen the MgTi@ phase (MTO) and
TiO,, (rutile) substrates (T). Orientation relationships aed:(p) (11.0) MgTiOs3 || (100) TiO2 and (c)-(d)
(22.11) MgTiO3 || (110) TiO2. Viewing directions are: (a) and (¢)1.0] MgTiO3 || [001] TiO,, (b)
[00.1] MgTiO3 || [010] TiO5 and (d)[11 11.4] MgTiOs3 || [110] TiO2. The dashed line in (c) indicates
(11.0) MgTiOg || (100) TiO,. Different colours for oxygen ions used in (b) and (d) shoffedent height
levels of the ions in the projections.

5.3 Factors influencing the first-phase selection in
complex oxide thin film systems

The prediction of the first phase forming during a thin-filnlidstate reaction is of considerable
interest since many years. Correspondingly, a number okisdthve been put forward, including
kinetic, thermodynamic, and nucleation-controlled medd@ut these models mainly considered
metal (thin film)-Si (substrate) systems. In the nucleationtrolled modeP? it was shown that
nucleation effects are dominant A£G, is small. The estimated limit of nucleation dominance
Ag = AG,/V (V is the molar volume of the compound) is -400 Jfcnractors influencing the
first-phase selection in oxide thin film systems have not Isedficiently considered so far. In this
section, we analyse factors influencing the first-phasecsetein complex oxides like BaCQ
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TiO,, SrO-TiO,, CaO-TiG, and MgO-TiG on the base of experimental results obtained in this
work.

In the system BaCQTiO,, the Ag values for the BaliO, and BaTiQ formation in air (see
Fig. 5.9(a)) and in vacuum (see Fig. 5.9(b)) are beyond thé.liAs was discussed above, the
nucleation of the first phase in the system Bad@D, is determined byAG, values.

(a) 3000 ——————————————————————— 3000 ——————————————————— P ST s
] ; ; : ; i..P__=0.381 mbar.(air)] (b) T = mbar
2500 o, ( )“ 2000 0 ]
2000 — — 1
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Fig. 5.9. a) Ag vs T for the formation of BaliO, and BaTiQ in air and (b)Ag vs T for the formation of
Ba, TiO, and BaTiQ in vacuum. Calculated from values given in |. Batf.

In the systems SrO-TipDand CaO-TiQ, the Ag values for the formation of SrTi{(ranging
from -3805 J/cmito -3875 J/cm at temperatures between 300 K and 1200 K) and Cafiiéhging
from -2491 J/cmto -2690 J/crm at temperatures between 300 K and 1200 K) are beyond the limit
The formation of SrTiQ or CaTiG; as the first compound can be explained according to the EHF
model 21?2 The SrO-TiQ phase diagram (Fig. 2.10 or Fig. A.3) and the CaO-lpBase diagram
(Fig. 2.11 or Fig. A.4) show the existence of the lowest eitemt 1440°C and at 1450C,
respectively. The two phases SrEi@nd TiO, form an eutectic at 1440C (Fig. 2.10 or Fig. A.3)
while CaTiG; and TiG, form an eutectic at 1450C (Fig. 2.11 or Fig. A.4). Thus, the SrTi@nd
CaTiO; phase will be the first phase to grow in the systems SrO; @@ CaO-TiQ, respectively.

For the system MgO-Ti§ AG, was calculated for the following reactions:

MgO + TiO, (r) — MgTiOs, (5.7)
2MgO + TiOy (r) — MgsTiOy, (5.8)

where TiG (r) is referred to the rutile modification of TiO The G values for TiQ(r), MgTiOs,
Mg, TiO, and MgTi,O; were taken from I. Baritf®. The results of the thermodynamic calculations
for reactions (5.7)-(5.9) are given in Fig. 5.10(a). As canseen from Fig. 5.10(a), th&G,
values for compounds in the system MgO-J@e small and close to each other. The formation of
MgTiO; from simple oxides is less likely at temperatures highem 20°C. In this work, MgTiQ
was observed at temperatures between €D@nd 800°C. However, the formation of MJiO,
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Fig. 5.10. a) AG, vs T for the formation of compounds in the system MgO-J#hd (b)Ag vs T for the
formation of compounds in the system MgO-TiCCalculated from values given in |. Bar#3®

at these temperatures is more likely as shown by thermodgahgastimations (Fig. 5.10(a)). The
Ag values for the MgTiQ, Mg, TiO, and MgT,O; are presented in Fig. 5.10(b). They are also
beyond the limit of -400 J/cf

Previous investigations of vapour-solid reactions in ffstem MgO-TiQ using (100) MgO sub-
strates showed topotaxial formation of M@0, on MgQ 11118-120.18Y this Ph.D. thesis, topotax-
ial formation of MgTiQ; on TiO, (rutile) was found. Consequently, the choice in the nuaeat
and growth of the kind of first phase in the system MgO-li©not determined bAG,, but in-
stead is given by the crystallography of the substrate sga$ reactant: For MgO, it is M§iO,,
whereas for TiQ (rutile), it is MgTiO;. Thus, crystallography obviously plays an important, if
not dominant, role in the determination of the first growirigape in some topotaxial solid-state
reactions. We propose the limit &fg for oxides as -850 J/ctn It should be noted that according
to the EHF modef!?2 either MgTiO; or MgTi,O;5 (see phase diagram in Fig. 2.12) should be the
first phase forming in the system MgO-TiOQConsequently, the EHF model is not suitable for the
system MgO-TiQ. The phase MgEO; has a pseudobrookite structure. Thus, we can assume that
MgTi,O5 might be obtained using TiQwith brookite structure as substrate for the reaction.
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In the present work, thin-film solid state reactions in thetegns BaC® (thin film)-TiO, (rutile

or anatase, substrate), BaO (vapour)-[fftile or anatase, substrate), SrO (vapour)-I{fitile,
substrate), CaO (vapour)-TiQrutile, substrate) and MgO (vapour)-TiQutile, substrate) were
experimentally studied. The substrates were one-sidshpdi (110) and (100) surfaces of com-
mercial TiO, (rutile) (from CrysTec GmbH, Berlin, Germany) and (001) g0d2) surfaces of
epitaxial TiQ;, (anatase) thin films grown on SrTi®r LaAlO; substrates. The main findings of
this Ph.D. thesis are summarised below.

e The formation of BaTiQ thin films from BaCQ (thin film) and (110)/(100) Ti@ (rutile)
single crystals as well as from BaG@hin film) and (001)/(012) epitaxial Ti9D(anatase)
thin films by solid-solid reactions has been studied in vacuwand in air at temperatures
between 575C and 1000°C. The phase sequence during the reaction is independent of
the structure of TiQ (i.e. rutile or anatase). The solid-solid reactions in waawand in air
showed different processes to occur during BaTi@mation. The BaTliO, compound is
formed as the first phase after the reaction in vacuum at67%ghile BaTiG; is found as the
first phase after a reaction in air at 57%5. Thermodynamic factors favour the nucleation of
Ba, TiO, in vacuum and of BaTi@in air. A mechanism of BaTiQformation in vacuum is
proposed. This mechanism s in contrast to the model of Berau@l..5° Different formation
mechanisms of BA10, and BaTiQ are assumed. The B&O, is formed mainly by in-
diffusion of Ti ions into BaC@, while BaTiO; is nucleated mainly by in-diffusion of Ba
ions into TiO,.

e Ti-rich barium titanates were formed after solid-solid arapour-solid reactions at high
reaction temperatures, but with quite different textur@siented BaTi;O,, phases were
grown after vapour-solid reaction of BaO with the rutile strhtes at temperatures between
900 °C and 1000°C. Contrary to the vapour-solid reaction, polycrystallB&Ti;Oy and
Ba, Ti;303 (with fiber texture) phases were found after the solid-s@atction at 1000C
in vacuum and in air, respectively. These differences ansex by the reaction conditions
changing with reaction geometry.

e Vapour-solid reactions on the rutile surfaces at 90Qvere investigated at different reaction
stages (using BaO vapour of different nominal thicknesses)

-the initial stage of vapour-solid reaction of a BaO quanéifuivalent to a nominal film
thickness of 1 nm and 5 nm with the TjGubstrates showed the formation of well-oriented
BasTi;17O, islands. A topotaxial orientation relationship betweeg Ba0O,, and TiO, was
found. This topotaxy is facilitated by a certain similanitythe oxygen sublattices of TiO
and BaTi7;O4. The nucleation of the Ti-rich phase most probably occusudice steps
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of the (110) TiQ substrate via in-diffusion of Ba ions while the film growttopeeds mainly
by surface diffusion.

-a thin film consisting of well-oriented BaTiOand BgTi 7O, grains was observed after
vapour-solid reaction of a BaO quantity equivalent to a mahifilm thickness of 50 nm with
the rutile substrates. The Ti-rich grains are located airttezface with the rutile substrates,
whereas the BaTiQgrains are located on top of the Ti-rich layer. Large poreseveund
after the reaction, at the interface with the Ji€ubstrates. The pores have been formed by
surface diffusion of TiQ. The latter is the dominant diffusing species during vagsmiid
reaction. Thus, the formation of the voids at the surfacéhefrutile substrates occurs by
diffusion of one reactant, similar to the Kirkendall voidbigh are frequently observed after
solid-solid reactions in planar reaction couples.

More than one orientation relationship has been found f@iGaand SrTiQ after vapour-
solid reaction of BaO (vapour) or SrO (vapour) with the Ti@utile) substrates depending
on the reaction temperature and substrate orientatioof,\&tich imply, however, acommon
[001] TiO, tilt axis. The crystallographic reason for the tilt axis amains of TiQ octahedra
oriented along the [001] direction of TiQrutile). Dominant orientations of BaTiCas well
as SrTiQ can be explained by common octahedra chains. The growthedB#Ti0; and
SrTiO; grains with the observed various orientations are discussterms of the different
nucleation kinetics and conditions which seem to be dep#ratethe surface structure and
morphology of the TiQ substrates.

Only one orientation relationship has been found for BaTafer vapour-solid reaction of
BaO (vapour) with a Ti@ anatase thin film. This can be explained by a similar oriéorat
of TiO4 octahedra in anatase and perovskite.

Vapour-solid reaction between MgO (vapour) and J{tile) single crystals resulted in the
growth and topotaxial formation of the MgTi@hase. This is facilitated by similar oxygen
sublattices of the MgTi®Qand TiG, (rutile) structures. The nucleation of MgTij@ccurred
via in-diffusion of Mg cations into the Ti@lattice, so that the oxygen sublattice of TiO
(rutile) can be taken over by the growing MgE.O

Factors influencing the first-phase selection in complexi@xhin film systems are dis-
cussed. The nucleation of the first phase in the system Ba@Q, is determined by the
free energy change of the reactidvtz,. The formation of SrTiQ and CaTiQ compounds

in the systems SrO-TiQand CaO-TiQ, can be explained according to the EHF motief

On the other hand, in the system MgO-Tie phase forming first is neither determined
by AG, nor by the EHF modet!?? but instead is determined by the crystallography of
the substrate serving as reactant: For MgO, it iss M@, whereas for TiQ (rutile), it is
MgTiO;. The model by d’Heurl& describes phase formation as a nucleation controlled
process. For silicide formation a limit of nucleation doamece A\g= AG,/V) was proposed

as -400 J/crh?® We propose the limit of\g for oxides as -850 J/cin
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¢ Although, the growth of epitaxial anatase Tifllms on SrTiQ and LaAIO; substrates was
not the main aim of the work, epitaxial (001)- and (012)-otezl TiO, anatase films with a
good microstructure were prepared and used for the solie sgactions. The (012) orienta-
tion of the TiO, was most probably obtained for the first time. The mean catéort of the
surface of (012)-oriented anatase grains is close to (Ol28. question, whether the (012)
surface is stable or whether micro-faceting occurs, regfainfurther work. The similarities
in the orientations of the AE(A= Ti,Al) octahedra of SrTiQ/LaAlO; and anatase structures
determine the final phase formation and the epitaxial graithe thin films. The anatase
films were transformed into a cubic phase similar to TiO whresitu exposed to an electron
beam.

It appears that solid state reactions in electroceramiesysas a rule are complex, and that
their understanding requires the detailed considerafittreomodynamics, crystallographic,
and nucleation-related conditions. As a rule, the oxygdmagtice, in particular the frame
of octahedra of type Ag) plays a dominating role for the crystallographic orieiatatela-
tionships that are found after phase formation by solicest@actions, but it can also have a
considerable impact on the phase formation sequence inglfidst-phase selection.
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(300)

BagTi;,0.4

Fig. A.6. HRTEM image of a sample after the reaction of a BaO vapour a{th10) TiG (rutile) substrate
at 900°C. The nominal thickness of BaO was1 nm. (a) Part of a Ti-rich island on the rutile substrate.
The long white line in the image indicaté802) BagTi;7040((010) TiO2. The dashes show steps on the
TiO4 surface. (b) FFT image of BagTi17049 Ti-rich grain. (c) FFT image of the rutile substrate. Viegin
direction is[010] BagTi;7040]|[001] TiO,.

Fig. A.7. HRTEM images of a sample after the reaction of a BaO vapour a{tL00) TiQ (rutile) substrate

at 900°C. The nominal thickness of BaO was1 nm. (a) Ti-rich islands on the rutile substrate. (b) FFT
image of a BaTi1704 (6-17) Ti-rich grain. (c) FFT image of the rutile substraig.(Viewing direction

is [010] BagTi17049 || [001] TiO,. (d) Ti-rich and BaTiQ grains on the rutile substrate. () Computer-
processed lattice plane images of Baji@nhd the rutile substrate (magnified section of image (d)g Th
arrow inimage (e) marks a (111) twin boundary in BaJi@iewing direction i 110] BaTiOs || [001] TiOs.



Appendix A7

Fig. A.8. HRTEM image of a sample made by a vapour-solid reaction o®@)(TiO, (rutile) substrate at
900°C. The nominal thickness of BaO was5 nm. b) lattice plane images of BE1704 and the rutile
substrate. Viewing direction {§10] BagTi;7040]|[001] TiO.

reaction layer

Fig. A.9. TEM image of a sample made by vapour-solid reaction of a Bgidwawith (100) TiQ (rutile)
surface at 700C. Large (110) and110) TiO, facets have developed after the reaction.
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Fig. A.10. XRD 26 scan of a sample made by a solid-solid reaction in air at°“@@r 30 min between a
(100) TiG; (rutile) substrate and a BaG@hin film grown at 500°C. The pattern was indexed according to
JCPDS 84-2213. The scan speed was 0091
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Fig. A.11. HRTEM image of an epitaxial TiQ(anatase) thin film grown on a (110) SrEQubstrate at
700°C.
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Fig. A.12. Lattice plane image of an epitaxigD01l) TiO, (anatase) film and a B&i;704 grain.
The long white lines mark thé001) BasTii7O40 || (112) TiOy (anatase) planes. Viewing direction
[010] BagTi17049 || [110] TiO4 (anatase).



Appendix All

Ti0; (100)-(1x3)
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volume
structure

interstitial site: A trigonal prismatic
coordination: B

Fig. A.13. Structure model of the rutile (100)-(1x3) surface projdcttong [001]. The origin of the super-
structure cell is indicated by an arrow. The titanium atoailled Til-Ti5 and A, B are coordinated by
oxygen as follows: Til three-fold: Ti2 five-fold; Ti3 bridggte; Ti4 six-fold; Ti5 six-fold; A five-fold (in-
terstitial site): B six-fold (trigonal prismatic). This heily relaxed model was proposed by Zajaizl..15°

Fig. A.14. Octahedra models: schematic representation of (a) theofa@at model and (b) the model pro-
posed by E. Landreet al.1%6 At the center of each octahedron is a titanium atom and oxygems are
positioned at the corners. The darker shade is used to giighilie major differences between (a) and (b).
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Fig. A.15. TEM images of a sample made by a solid-solid reaction betweeBaCQ film and a
(110) TiO; (rutile) surface at 800C for 30 min in vacuum. The BaC{Qayer was grown at a substrate
temperature of 500C.
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