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General Introduction

1. Objectives of this study

Over the last several decades, inorganic matehal®e been extensively
researched and developed for electronics and piestfih2]. Particular focus has been
placed on applications such as generation [3-Rgriing [8-12], detection [13-17],
amplification [18,19], modulation [20-24], convarri[25-28] and so on. Accordingly,
many oxide single crystals have been investigat@mtjavith other materials.

In general, because oxide single crystals andhuesa[29] are both inorganic
materials, they have been concurrently developeel&xtrical and optical instruments
as they have complementary properties. For elettand optical applications, the
dielectric [30-33], ferroelectric [34-36], piezoelac [37,38], pyroelectric [39-42],
electro-optical [43-48], nonlinear optical [49-52Jnd magnetic [53-55] properties of
these materials have been improved by their madiéin. Conventional methods for
improvements include researching new materialseld@ing new synthetic processes,
partially substituting the existing material witther elements, and so on.

Ceramics offer greater freedom and flexibilitytexms of material design and
modification. Typical examples incorporating cerammaterials include capacitors
[56-58], piezoelectric [37,59,60], and ferrite maks [53]. Most materials for
capacitors and piezoelectrics have the perovskitetsre (Fig. 1), which is known to
be the most versatile ceramic structure [61]. Byprapriately modifying the

composition, the electroceramic dielectric (Baji@nd its relatives) phases can be



turned into metallic conductors and supercondu [62]. Consequently, significal
numbers of studies on the application of these maddeto actuators, sounde
transformers, sensors, resonators, and so on,deereundertaken. Thiomposition of
the perovskite material is expressed by the gerferadula ABCz, where the rsite
cation and Bsite cation are located at the corners and centeth® unit cell,
respectively A schematic illustration of the perovskite Az structure is pisented in

Fig. 1.

Fig. 1Schematic illustration of the perovskite A; structur.
The crystal structure w drawn with VESTA 3 [63].

Members of thegerovskite family such as SrT;, CaTiQs, andBaTiC; readily form a
solid solution witheach othe [61]; thus, in the case dhese oxidesingle crystals,
material modificationis markedly moredifficult than modification of ceramics.
Modification of oxide sinle crystals is more difficult than that of ceramimcause ¢
certain requirementsincluding segregation of impurities, congruent melt and

thermal management of crystal gro.



Crystal growth is a three-dimensional atomic ageanent toward a generation
of a solid substance by a heterogeneous or homogsrehemical process in a solid
phase, a liquid phase, or a gas phase. It is &sergted in their phases individually or
in combination. Various types of crystal growth heicues have been developed,
depending upon the chemical process involved aaegtase equilibriums. All crystal
growth processes can be broadly classified acoptdithe scheme presented in Table 1
[64].

In the growth of a high quality and a large cristahich is suitable for
practical use, the liquid-solid method (shown inbl€al) is advantageous. The
liquid-solid method is roughly classified into mghowth and solution growth. The melt
growth is the process in which a chemical compasitf the melt coincides with that of
the target crystal (Namely the congruently meltognposition). Accordingly, a degree
of supercooling works as a driving force of cryistation in the melt growth. The
control of thermal environment in the growing systé&s much important during a
crystal growth. The melt growth is widely used fmwmmercial single crystals of
semiconductors, metals, oxides, fluorides and soMany crystal growth techniques
[65] such as Czochralski method [66,67], Bridgenmaethod [68,69], and Verneull
method [70-72] have been developed in several @scdthe melt growth is one of the
most popular methods with growing large crystakedatively high growth rate. The
solution growth is also widely used for not onlynooercial single crystals but also
material research, foods, and so on. Solution drosen be used for crystals with
incongruent melt composition. The disadvantagesth&f solution growth, which
compared with the melt growth, are lower growtterahd smaller crystal size. In the

solution growth, a degree of slow cooling and ssairration work as driving forces of



crystallization The solution growttis classified into some solutianethocs such as a
top-seeded solution growtmethod and Kyropoulos method [73-7@] hydrothermal
method [77,78] and a flux methc such as a liquidohase epitax method and a

traveling solvent metho@9-81].

Table 1Classification of crystal growth proces{64]

1. Solid-Solid Solid T Solid

Devitrification

Strain annealing
Polymorphicphase change
Precipitation from solid solution

2. Liquid-Sclid
i) Melt growth Molten material Dec. T Crystal
>
Bridgman-Stockharger
Kyrcpoulos
Czochralski
Zoning
Vernuil
i) Flux Growth Solidis)+ Flux agent{s) Dec.T Crystal(s)
—
iy Solution growth Sold(s)+ Solvent LowT Crystal(s)
—_—
Evaporation
Slow cooling
Boiling solutions
iv) Hydrothermal growth Solid(s)+ Solvent High T Crystal(s)
High p 5 Hydrothemal sintering
Hydrothamal reactions
Normaltemperature gradient
Reversedtemperature gradient
Boiling solutions
Reversedtemperature gradient
Boiling solutions
v) Gel growth Solution + Gel medium Low T Crystal
—_—
Reaction
Somplex decomplex
Chemical Reduction
Solubility reacticn
Counter-flow diffusion
Solution > Crystal(s)
3. Gas-Solid Vapor(s) — > Solid

Sublimation-condensation
Sputtering

Epitaxial processes
lon-implantation




Modification in chemical composition such as sadiolution, cation doping,
and cation substitution is important for singlestay to improve its physical properties.
However, it is more difficult for the melt growtlo tcontrol chemical composition
except for crystal growth from a congruent composit The main problem is
inhomogeneity of cation distribution in a crystdlateika et al. measured the
distribution coefficient,k, for each cation in garnet crystals and perovse&rigstals
[82,83]. The distribution coefficient defined asetmatio (Eq. (1)) of the cation

concentration in the crystal {Qo its concentration in the melt,jC

Cs

ko =
0 C

(1)
They showed that the ionic radii of the guest iasswell as their concentration act an
important role in the optimization of the distritmut coefficient. It is also important for
growing a homogeneous crystal to optimize the wm@thposition, to choice appropriate
guest cations and to choice appropriate growth aaketh

Over the last decades, photoinduction phenomentraimsparent materials
generated by ultrashort laser pulses, such as $ewdod laser pulses, and the
application of these phenomena to microprocessavg Ineceived considerable attention.
When a femtosecond laser pulse is focused insgléultk of a transparent material, the
intensity in the focal volume can become high emotm cause absorption through
nonlinear processes, inducing to modification ia thaterial. Because the absorption is
strongly nonlinear, this modification can be lozall in the focal volume inside the
material. Recently, various three-dimensional gptiuch as waveguides [84], gratings
[85] and couplers [86] have been fabricated insideous transparent materials using

this method. In this way, the modification of inargc materials using ultrashort laser



pulses is also an expectable method to improveigddygroperties without destruction
of crystal structure.

This study focuses on approaches for the chemicalification of inorganic
materials by crystal growth techniques and ultraspolse laser processing to improve

physical properties of inorganic materials.

2. Organization of the dissertation

In Chapter 1, three important technologies thiateeo this thesis are reviewed.
The first two technologies are concerned with @lysgrowth: one is the Czochralski
method, which is one of the most suitable and widabplied methods for the
production of crystalline materials for electrieaid optical components, while the other
is a modified Czochralski method with continuougemal supply. The third technology
involves femtosecond laser pulses. This technoldiffers from the others but is a
powerful tool for the modification of transparenatarials.

In Chapter 2, the substitution of Al into 4@&SiOy4 (langasite) is described.
The development of langasite as a new piezoelectraterial fifteen years ago
represented a significant advancement. For exartatisfied the need fa material
with a larger electromechanical coupling factor aoer temperature coefficient of
frequency for surface acoustic wave (SAW) devi€asgrently, langasite is still used in
a variety of applications [87]. Al-substituted lasge-type crystals recently attracted
attention as a material with significant heat rasise.

In Chapter 3, another approach for the chemicatlification of crystals is

introduced. Lithium tantalate, LiTaDis one of the best ferroelectric crystalline



materials. It is widely used for piezoelectric, ggtectric, electro-optical, and nonlinear
optical applications. Although the LiTa(phase has a wide solid-solution range,
high-quality crystals can only be grown for comnrcise at the congruent melting
composition (i.e., Li: 48.5 mol% and Ta: 51.5 mal%)this chapter, homogeneous and
large crystal growth of LiTa®with non-congruent composition and the resultant
optical properties are described.

Chapter 4 describes the use of a femtosecond tasemnodify transparent
materials such as single crystals. Here, the dweiting of waveguides in LiTagusing
a femtosecond laser is described. Applicationshferwaveguides formed in LiTa@re

also proposed.
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Chapter 1.

Three Key Technologies for Modifying Composition of
Crystals

1.1. Introduction

In this chapter, three important technologies #ratrelated to this dissertation
will be discussed to facilitate future reference d@nsuing chapters. The first two
technologies are concerned with crystal growth:isriee Czochralski method, which is
the one of the most suitable and el applied methods for the production of
crystalline materials for electrical and opticahgmnents, while the other is a modified
Czochralski method with continuous material supflige third technology involves
femtosecond laser pulses. This technology diffemfthe others, but is a powerful tool

for the modification of transparent materials.

14



1.2. Crystal growth technology

1.2.1. Czochralski method

1.2.1.1 Growth technique

The Czochralski method [1] is a technique that iwee crystal pulling from
the melt. Currently, it is used to produce the mjoof commercially available
semi-conductive and oxide single crystals, suclsiassaAs, sapphire, Nd:YAG, and
LiNbOg, for electrical and optical instruments. The pssé based on a liquid-solid
phase transition driven by a seed crystal in cant@b the melt [2].

Fig. 1.1 shows a schematic diagram of the crygtaith apparatus for the
Czochralski method. The furnace comprises a crecibbulators, a heating source, and
a pulling system. For oxide crystals, noble mesaish as platinum or iridium are used
for the crucible depending on the melting pointtbé oxides. The insulators that
surround the crucible are commonly made of alunsihea, pure alumina, or zirconia
ceramics. The design of the hot zone, which is amsag of these insulators, is very
important for the stable growth of crystals becatisietermines the thermal ambience.
In this study, induction heating was chosen ashta source; induction heating uses an
RF generator to produce current in a coil surrongdhe crucible, which acts as a
susceptor. To control the thermal gradient in thedce, a tube made from noble metals
is often used as an additional heater (i.e., ar-&feater, as shown in Fig. 1.1) above the

crucible.

15
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Fig. 1.1 Schemati diagram of the typical apparatus for the Czochr:
technique.
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There are three key process parameters for crystalth: the pulling rate, the
crystal rotation rate, and the thermal gradiente Hulling rate must be accurately
controlled because it determines the growth ratb@idiameter of the crystal, as shown
in Eq. (1-1). Crystal rotation is necessary to prévasymmetry in the temperature
distribution and to control fluid flow in the melt.

Control of the diameter is required to obtain higlality crystals [3]. The
crystal diameter is automatically controlled byipdically monitoring the weight of the
growing crystal using a load cell.

The ideal mass growth rategfgy, is calculated using the following equation:

2
0.25TpMeltPcrystal Dcrucible (1_1)

Ggrow = Gpurl D2 _ D2
PMeltPCrucible ~PCrystalVcrystal

wherepwer andpcrysta@are the melt and the crystal density, respectiaeig Qxrycinie and
Dcrystal @re the diameters of the crystal and cruciblepaesvely. To minimize the
difference between the real mass growth rate ardwikight increment, the heating

power is regulated.
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1.2.1.2 Solid-liquid interface control

All of the components of the crystal growth appasasuch as the crucible and
the insulators, are set up with the axis of symynk&ing the seed axis, as shown Fig.
1.1. Crystal rotation during growth is required gmw a high-quality single crystal
using the Czochralski growth process. The shapbeofrowth interface also influences
the quality of the crystal.

Shape control of the growth interface was firgtoreed by Cockayne et al. in
1968 [4]. They showed that under the proper comuiti the shape of the growth
interface could be controlled via the crystal rotatrate.

Fig. 1.2 shows the schematics of typical flowsesbed in an oxide melt at
various crystal rotation rates. The outer annulea @onsists of fluid flow driven by the
natural convective forces of the heated fluid, wlsrthe main driving force for the
inner area is convection driven by the rotatingstaly Fig. 1.3 shows the flow pattern
that appeared on the melt surface of g3aSiO,4 crystal (described in Chapter 2) as a
result of the conditions shown in Fig. 1.2 (b).

Fig. 1.4 shows the as-grown ¥38SiOy4 (langasite) crystal and its cross
section, which was observed under polarized liglg. 1.4 (b) exhibits an example of
the sudden melt back of the body part of a bouldi¢ated by the red arrow), which

occurs as a result of the reversal of fluid floveda crystal rotatior{5].
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Fig. 1.2Surface and bulk flow observed in water/glycermudations (a) slow
rotation, (b) moderate rotation, (c) fast rota [6].

Flow pattern

~K

Growing crystal

Fig. 1.3 Apparentflow patterr on the melt surfaceduring growtl of
LagGa;SiOy4 crystal Chapter ).
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Fig. 1.4 (a) As-growtangasite crystal and (b) a crasisel image of(2110)
wafer cut from thdody (1) and (2) indicate the position of tvaferssampled
for the X+ay topograp shown in Fig. 1.5. The scale of the ruleFig. 1.4 (a)

is mm.
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At the beginning of the body part of the crystd, indicated by (1) in Fig.
1.4(@) & = 10 rpm), the shape of the growth interface wasvex to the melt. The
resultant (0 0 0 1) wafer had a core dislocatiorcaicentric circles, as shown in the
X-ray topographic image in Fig. 1.5(1). The leakyface acoustic wave (LSAW)
velocity, which was measured using a line-focusean acoustic microscope [7], was
varied for 10 ms on wafer (1); accordingly, the shape of the vejodiistribution
reflected a concentric form of core dislocationg(FiL.6(1)). When theR. was
accelerated to 19 rpm, the growth interface coedetdb concave with a concomitant
decrease in the crystal weight. Subsequently, ritexface gradually transformed into a
flat shape. No core dislocation, and a homogend@misbution of LSAW velocity were
observed in the wafer that grew at a flat growternface (Fig. 1.5(2) and Fig. 1.6(2)). It
is very important for the quality of the crystaktha flat shape be maintained in the

growth interface.
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Fig. 1.5 Xray topographic imas of the (0 0 0 1) wafer: YIcut from the
beginning of the body p: and (2)cut from the end of the body pishown in
Fig. 1.4.
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3120

- (1)
= (2)

3110

LSAW velocity / ms!

3100 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-20 -10 0 10 20

Distance from center of wafer / mm

Fig. 1.6Dependence cthe LSAW velocity on the distance frotime center of
the (0 0 O1) wafers cut from the boule Fig. 1.3.
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1.2.2. Modified Czochralski method

Congruent melting means that the liquidus andleslicurves merge at a single
point of the temperature-composition phase diagrarehown in Fig. 1.7. This point is
very important for the growth of high-quality crgd for commercial applications. If
the composition melt is not congruent (i.e., offt gnuent composition), the composition
of the grown crystal will vary from the top to tkad, as indicated in Fig. 1.7.

Alternatively, in a growing crystal with dopingeshents (or impurities), the
concentration of doping agent in the cryst, is less tharthe concentration in the
adjacent meltC,. The distribution coefficientCs/C., depends on the doping elements.
Crystal growth by the Czochralski method results aim increased or decreased
concentration of doping elements in the melt durihg growth of the crystal. The
concentration of impurities at any point along legth of the growing crystal is given

by the following equation:

C=kCy(1l—g)kt (1-2)

wherek is the segregation coefficier@@yis the initial concentration of impurities in the

melt, andgis the fraction of the total solidified melt. Whé&r 1, the concentration of

impurities in the crystal is heterogeneous. Fom#da, in the case < 1, C in Eq.

(1-2) is approximately inversely proportional te tihaction remaining in the melt.
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Congruent melting

Liquidu

l Off-congruent composition

Temperature ———

Composition

Fig. 1.7Phase diagrarof a binary compound with congruent mel.
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A method for the growth of a homogeneous crystidh van off-congruent
composition has been proposed [8]. The developwieatpractical oxide single crystal
growth process was investigated by Kitamura etiral1992 [9]. They adopted a
double-crucible Czochralski method (DC-CZ) and antemous material charging
technique to grow stoichiometric LINBO

The DC-CZ apparatus shown in Fig. 1.8 consistshofe parts: a double
crucible, an automatic powder supply system, amdQhkochralski growth apparatus.
Their descriptions are as follows:

(1) Double crucible: The crucible has a double dhanstructure, i.e., it is composed of
an inner cylindrical crucible and an outer cruciblée inner crucible is placed on the
bottom of the outer crucible thereby dividing theey crucible into two spaces. During
growth, the melt in the outer crucible flows inteetinner crucible through the bottom of
the inner crucible.

(2) Material supply system: In this system, a gtanumaterial with the same
composition as the crystal is placed in a holdiagtainer known as a hopper at the top
of the apparatus (shown in Fig. 3.4). The granuizaterial in the hopper is
automatically supplied into the outer crucible atge equal to that of the mass growth
rate during crystal growth.

(3) Growth apparatus: The growth apparatus is Hmesas that for the Czochralski

method, as described above in Section 1.2.1.
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Fig. 1.8Schematic of thapparatus for the modifiedzochralsk(DC-CZ)
method with arautomaticpowder supply system.
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1.3. Microstructure fabrication by femtosecond laser

Over the last decade, the construction of locdligteuctural changes within a
transparent material using ultra-short laser pulsss received considerable attention
[10-13]. Due to the required high power densitg thteraction of femtosecond laser
beams with materials is mainly based on nonlineptical processes such as
multiphoton ionization. The multiphoton absorptigmocess is characterized by a
specific laser-power density threshold. For a fedubeam with a Gaussian intensity
profile, the heat-affected volume becomes smahantthe focus size when the laser
fluence is at or just above the threshold valueceOthe free-electron plasma is
generated by multiphoton absorption and ionizati@maches sufficient density,
irreversible material breakdown and ablation begime electrons transfer energy to the
ions and lattice and the material is heated todrigemperatures than it is when long
pulses are used. Due to the very short pulse duratieat diffusion to the surrounding
material is negligible and a large fraction of thaterial in the small interaction volume
rapidly vaporizes through the melt phase. When deettond laser pulses are used, the
thickness of the melt layer is very small becausstrof the heated material reaches the
vaporization temperature and there is rapid cooling to the steep temperature
gradient. Accordingly, a large amount of the abedrlaser energy is removed via direct
vaporization. As a result, ablation and materiatogal is very precise, which contrasts
the results using long pulses, and the ablated igresgnificantly smaller than the
focused beam size. Fig. 1.9 shows the experimesetalip of the femtosecond laser
processing system. The irradiation source employesia regeneratively amplified 800

nm Ti-sapphire laser that emits 1 kHz or 250 kH@exocked pulses [14]. The average
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laserbeam power at the sample location vcontrolled between And 700 mV by
neutraldensity filters inserted between the laser andntieroscope objective lenA
sample was put on akYZ translation stage, which \s controlled by a compute
Using theXYZ stage, the samples were transportea rate of 10—D00um-s* either

parallel or perpendicular to the incident lasemb:

cco | ” _

Shutter  Iris ND filter
Dichroic Mirror M 1 74
&

Objective lens

Controller

N

Samples

5 XYZstage
Personal computer

Fig. 1.9 Schematic diagram of the femtosecond laser praugsyister.
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1.4. Conclusion

In this chapter, three important technologies #ratrelated to this thesis were
outlined to facilitate future reference in subsedusections. This thesis focuses
primarily on the composition control related to stef growth. The first two
technologies, a Czochralski method and the douhletlle Czochralski method with
continuous material charging system, areadjdapplied methods for the production of
crystalline materials. In the Czochralski methoohteol of the solid-liquid interface is
one of the most important factors for growth of Hguality crystals. The high
crystallographic quality and homogeneity of the rabwelocity of a grown crystal
having a flat interface shape was also demonstrafgistals with off-congruent
compositions can be grown by the modified Czockralsethod with continuous
material supply. This method utilizes a continusupply of granular material having a
composition equivalent to the composition of thevgng crystal. The third technology
involves femtosecond laser pulses. This technoldiffers from the others, but is a

powerful tool for the modification of transparenatarials.
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Chapter 2.

Crystal Growth and Electromechanical Properties of
Al-Substituted Langasite (LaGas. AlxSIO14)

2.1. Introduction

The use of mobile communication equipment haslhggxpanded worldwide. The
next generation of advanced digital communicatigstesns will need to operate at
higher frequencies and have wider bandwidths athehni bit rates. To fulfill these
requirements, new materials must be developed|éatrecal devices. As an example,
surface acoustic wave (SAW) devices require a nahterth a large electromechanical
coupling factor and a low temperature coefficiet fiequency, which would be
favorable for miniaturizing the devices and imprayithe flexibility in designing a
SAW device.

Along with Li;B4O;, langasite (LgGasSiO.4; LGS) is one of the most attractive
single crystals of the recognized potential piezckic materials [1,2]. It was
determined that LGS has planes with suitable catearis that exhibit good SAW
performance. For example, the electromechanicablowyfactor of LGS is about three
times larger than that of quartz, and its tempeeatlependence of frequency is also
stable.

The langasite crystal lattice comprises four kinfisublattices that are represented
as {E}3;[A](F);(D),0,4. The most interesting aspect of the material desifj this

structure is improving its piezoelectricity throughbstitution with other metal ions.
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The effective replacement of an E site with an lalkaearth (i.e., Ba or Sr), and of an A
site with a group 5 metal (i.e., Ta or Nb) haveatty been reported [3]. In these studies,
an improvement of the piezoelectricity was predictéa substitution with an element
that enlarges the crystal lattice size. Becausantll Ga are homologous elements, it is
possible to substitute Ga with Al without such cemgation. Al substitution is expected
to elucidate the intrinsic effect of lattice size piezoelectricity. However, there are no
reports on the crystal growth of Al-substituted LES:Ga&.xAl«SiO14, LGAS) and the
effects of Al substitution on the piezoelectric peaties. Accordingly, this chapter
describes the growth of LGAS crystals using a Cealski method and compares the

piezoelectric properties of LGAS with those of LGS.

2.2. CazGa,Ge,0O44type structure

Langasite, LgGaSiOyy, is isostructural with G&aGe014 [4], which was
discovered first. Both of these mixed-oxides beltmghe trigonal system and have a
space group of P321. The langasite crystal latioeomposed of four kinds of cation
sites, which are represented @8;[A](F);(D),0,,. The schematic projections of an
{E}3;[A](F)3(D),0,4-type structure are shown in Fig. 2.1 and Fig. ZRe physical
properties of LgGasSiOy4 are also shown in Table 2.1. In this chemical fdem{E}
and [A] respectively represent a decahedral (i.e., twistédsbmson cube) site
coordinated by eight oxygen atoms, and an octahsdeacoordinated by six oxygen
atoms. Both(F) and (D) represent tetrahedral sites coordinated by foygen atoms,
although the(D) site is slightly smaller than th&) site In the case of langasite, the

(E} site is occupied by 3 the [A] site is occupied by G§ the (F) site is occupied
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by G&", and the(D) siteis occupiecby Ga* and St* as shown irFig. 2.1 [5].

— [0110]

a2
A

o {E}
W (x ow
A ¢ ©

Ao

Fig. 2.1 Schematic illustrations oan {E};[A](F)3(D),0,4 -type structure
viewed along thga) [0001] and (b) [2110] directior The crystal structure
were drawn with VESTA [6].
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(D): Ga3™*, Sit?

Fig. 2.2Schematic coordination polyhedra of O at aroundthe
cationic atom of the {E};[A](F)3(D),0,4-type structure.
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Table 2.1 Physical properties of z8;SiO4

LagGa:,SiOM
crystal system Trigonal
point group 32

_ a=0.8162
lattice constant (nm) [7]

c =0.5087

density (kg-1) 5754
melting point (°C) ~1500
Curie temperature (°C) —
Mohs hardness [8] 6.6
thermal expansion coefficient a;; =6.09
(x10°°Ch) o33 =4.43
piezoelectric constant at 25 °C dy; =—6.06
(x10*% C-NY di, =5.65

dielectric constant at 25 °C

€11/g0 =19.0
g€33/€y =50.3
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2.3. Experimental procedure

2.3.1. Solid-state reaction

The target phase formation in oxide mixtures ofiotgs compositions was
studied using a solid-state reaction technique.hKigure LaOs; (99.99% grade),
Ga0s3 (99.99% grade), AD3 (99.99% grade), and Si©99.995% grade) were used for
the starting materials, which were prepared by ngjxhe respective 99.99% pure oxide
powders at stoichiometric composition and pressiegn into pellets. Polycrystals with
{E}3;[A](F)3(D),0,4-type structures were synthesized using a resistummace with
SiC heating elements. The temperature used for djetheses ranged from
1400-1520 °C depending on the starting materiag Adlding times for the reactions
were 2 h. The phases of the resultant crystals wegatified via powder X-ray
diffraction.

The determination of the solid solubility of Al iIbGS was done using the
solid-state reaction. First, the appropriate am®uot each powder required to
correspond to the chemical formula of;Gas Al SiO4 (With x = 0.0 - 5.0) were
weighed. Each mixed powder sample was then firedsfa at temperatures between
1400 and 1520C. The phase identification and lattice constargasurements for each
sample were done by the x-ray powder diffractionthod. Lattice constants were

calculated by Cohen’s method.

2.3.2. Crystal growth

The LGAS crystals (25 mm diameter) with varioustents of Al were grown
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via the conventional Czochralski method using aor la Pt—Rh (10%) crucible (50 mm
in diameter and height). The pulling direction w&¥1>, the pulling rate was 1-5 mm
h™, and the rotation rate was 10-40 rpm. About 80 wi%he melt was crystallized in

each growth.

2.4. Characterization

2.4.1. Solid-phase reaction

The solid solubility of Al in LGS was determinedava solid-state reaction.
Highly pure LaOs; (99.99% grade), G&3; (99.99% grade), AD; (99.99% grade), and
SiO; (99.995% grade) were used as starting materigiprdpriate amounts of these
powders were weighed out to correspond to the aarformula of LagGas_,AlxSiOy4
(x = 0.0-5.0). Each mixed powder sample was fi@d6f h at temperatures between
1400 and 1520C. The phase identification and lattice constanasueements for each
sample were done via X-ray powder diffraction. Tattice constants were calculated
using Cohen’s method.

The Al content in each grown crystal was deterchin& the fundamental
parameter—group method using an X-ray fluorescaneé/zer (Rigaku SYS3270). Five
1 mm thick sample wafers were cut at intervalsrotiad 20 mm between the top and
bottom of the constant diameter part of the crystéle accuracy of the measured

guantitative values for Al was less than 0.4%.
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2.4.2. Crystal structure analysis

The structures of the grown crystals were examwiadsingle-crystal X-ray
diffraction using a four-circle diffractometer (Riku AFC6) with MoK, radiation § =
0.071069 nm). Single crystals cut from the grownleavere ground into spheres with
0.11-0.14 mm diameters and used for structuralyaisalThe integrated intensity data
was collected up tof2= 90° at a scan speed of 4° ilinThe data were corrected for
Lorentz and polarization effects. Crystal refinetsewere carried out using the full
matrix least-squares program SHELXL93 [Be unit cell parameters were determined
by the least-squares calculation of twenfyvalues in the range of 268°26 < 30°. The
final residual factorR, and weighted factoR, (F%), values for the refinement with

anisotropic temperature factors ranged from 0.038&and 0.074-0.089, respectively.

2.4.3. Dielectric, piezoelectric and elastic properties

The fundamental piezoelectric and elastic equatare expressed as follows:

Si = SII;:T] + dkiEk (2-1)

Diy = dT; + emicExc (2-2)

where the notations represerfs; strain; T, stress;E, electric field; D, electric
displacement;sﬁ, elastic compliance (constant field};, piezoelectric constant
(strain constant); and! ., dielectric constant (stress free).

Langasite belongs to the crystal class 32; thenahtconstants for this crystal

class consist of two independent dielectric coristan and ¢33, two independent
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piezoelectric constant$;; andd;4 and seven independent elastic compliance constants

S11, S12, S13, S14, S33, Sua, ANASss @S Shown Table 2.2.

Table 2.2 Elast-piezo-dielectric matrix for crystédss 32 [10]

S11 S12 S13 S14 0 0 diq 0 0
S12 S11 513 —S12 0 0 —dyq 0 0
S13 S13 Sz3 O 0 0 0 0 O
Sia —S1a 0 Sy 0 0 dqs 0 o0
0 0 0 O Sga 2514 0 —diu O
0 0 0 0 2514 Ses 0 —-2d;; 0
dig —di1 0 dyy O 0 &11 0 o0
0 0 0 0 —dyy —2d441| O &1 O
0 0 0 O 0 0 0 0 &35

These materials constants were determined baséideampedance and phase
characteristics (shown in Fig. 2.3) of certain aibrg elements cut from a crystal [11].
In the case of the langasite crystal, these mateoiastants are determined with this
method by using four oriented elements with thigickness direction along the X-axis,
and with their lengths at orientations ranging freB0° to +60° around the X-axis of
the crystal as shown in Fig. 2.4. In addition testh X-axis measurements, a Y-cut
crystal is also used to measure the resonance m@ndesonance frequencies in the

face-shear and thickness shear modes.
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Fig. 2.3Impedance and phase characteristics of a piezaeleggstal
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Fig. 2.4Shapes and orientations of crystals for the ingattn ofmaterial
constantsNotation of (XYtwl) §°/0°/0° follows the definitionn Ref.[12].
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The vibration modesxcitedusing each element and the constafisinedare listed in

Table 2.3.
Table 2.3Effective elastic and piezoelectric constants
Specumen Vibration mode Congstants
(XYl 070707 bar Length-extensional ko dyg Sy (=585,
(XYl 870707 bar _
o ) 7 Length-extensional Ay Sy 283 F Sy 5y
0= —30° 07 +30° 4607
Face-share Koo gy (= 825 )
Y-cut bar
Thickness-share i
N-cut square plate — 4
Z-cut square plate — £33

The dastic constants and piezoelectric constants wéraireed by measuring the
resonance and antsonance frequencies the vibratingelementsby applying the

formulas (2-3) to (2-5)11].

1

fs = 21\/;1151 (2-3)

sE) = sE cos*6 + sE;cos*6 — sE, cos*6sing + (2sE; + sE,)sind  (2-4)

N R

[—d;1(1 + cos20) + dy,sin26] (2-5)

T
12 —
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Vibrating dementswere cut out of the crystal oriented witt+ 0.1° using an
X-ray technique and we@refully polished. Thdimensions of thelements wer. w =
1-2.5 mm] = 10-30mm, anct = 0.5-2.0 mm. Aluminum electrodesrefabricated by
applying avacuum deposition technique both side®f the cut crystaperpendicular to
the X-axis for theelements (a), (b), (c), and , and perpendiculaio the Y-axis for
elements (e) and (§hownin Fig. 2.4. Resonance and anti-resondneguencie of the
vibrating elementavere measurewith an impedance gain phase analyzer (Agi
4294A). Coaxial probeshown inFig. 2.5 were also applied to redigteay capacitan..

The dielectric constants; andesz were measured at 1 kHz.

-
Coaxial probes

Fig. 2.5 axia probes for measuringhpedance characterist.
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Examples of measured data forGasSiOy4 are listed in Table 2.4 and Table 2.5.

Table 2.4 Measured resonance and anti-resonargqueefteies for length-extensional

mode of vibrating elements cut from3dGesSiOy4as shown in Fig. 2.4

Dimension (mm)
Cut f; (Hz) fa(H2) Qn ki s&' dyy
| w t
(XY twl)-30°/0°/0° 20.010| 2.507 0.523 132019 132240 32297 0.064 6.241 2.135
(XY twl)0°/0°/0° 20.010| 2.501 0.523 111179 112333 13671 0.159 8.800 6.058
(XY twl)30°/0°/0° 20.010| 2.503 0.523 100710 101852 27435 0.166 10.72 6.980
(XY twl)60°/0°/0° 20.012| 2.510 0.523 121645 122293 31622 0.114 7.350 4.013

Table 2.5 Measured resonance and anti-resonargqueefieies for face-shear

and thickness-shear modes of vibrating elementf@omt La;Ga;SiO4as

shown in Fig. 2.4

Dimension (mm)
Cut Mode fr (Hz) fa(Hz) Qn
| w
thickness-shear 20.038 2.525] 1.03( 579110 58073p 43413
Y-cut
face-shear 19.969 2.520 1.037] 1315364 1327087 14584
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2.5. Results ard discussiotl

2.5.1. Solubility limit of Al in Langasite

The LGAS phases produced by s-state reactionat various temperatures ¢
shown in Fig. 2.6No secondary phase was observemole fractions of Al x values)

up to 1.5; however, when> 1.5, an aluminu-gallate, La(GaAl)@, phase appeare

1850 — : i i : i
Bk ¥ ¥ % ¥ ¥ ¥ e

& B f ; ; f ;
~ [ 0 C OO0 0D e e ®
& | : : : : :
E MS0LC-O-C O 0 D @& & @
[as ] . . : : . :
e - : : : : :
g [COoOCcCOoODD0DPee e
E 1400 'C‘OC QJ@.] .. .
1350“ I i i I i
0.0 1.0 2.0 3.0 4.0 = E

X in La Ga_ Al SiO

Fig. 2.6Results of th solid-state reactions of k@a; xAl«SiO14 Where
O: LGS, @: La(GaAlC;, D : mixed phase of LGS ar
La(GaAl)G;, *: molter.
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The dependence of the lattice constants on theitentis showr in Fig. 2.7.
Powder samples synthesized at 1 °C were used for the measurens. Both lattice
constants, i.e., the and c axes, decreased linearly vincreasingx in the range of <
x < 1.5. Botha and c haven inflection pointat around x = 1.5. The variation of t
lattice constants wher > 1.5 agree with the formation of a La(GeO; phase, as
shown in Fig. 2.6Based orthese results, the solgblubility limit of Al in LGS was

determined to be 1.5herefore, rystal growth was performed undek 1.5conditions.

0.818 : 0512
E g
£ 0816 {os10 &
= )
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— -
= =
8 osu} 0508 =
2 =
3 3
8 osnz} 0506 &
8 s
-] -]
3 : 3
0.810 s - - . 110504

00 0.5 1.0 1.5 2.0 25 3.0
X in LagGas_xJ&lelO1 .

Fig. 2.7Dependence of lattice constants on Al content 3Ga.xAlxSiO14.

Thephotograph of an LGAS = 1.0) crystal growrat a pulling rate of 1 m
h™ shown in Fig. 2.8 (ayhows nany cracks and inclusions during initial growth
stage. However, LGAS with a smaller content of(x = 0.9) produce a good quality

crystal under the same growth conditi, as shown in Fig. 2.8). The growth of

46



Al-substituted LGS at x values ranging from 0-0c2wred as easily as that of LGS
regardless of the Al content. The discrepancy enrésults between the solid-solubility
limit of Al in the solid-state reaction and the Abntent of the good quality grown
crystal is likely because the LGS phase was mddisia the range of 1.8 x < 2.0 and

easily decomposed the La(GaA$)énd other phases above the melting point.
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Craks

_ |

Fig. 2.8 Photographs of ~grown crystals: (a) L#5ag0Al1cSiOun, (b)
LazGay 1Al .6Si014. The left side is thénitial stage of crystal growt The scale
of the ruler is mm.
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It is important to evaluate the homogeneity altimg pulling directiorof Al in
a single crystal because the homogeneity of the SAM¥locity and the
electromechanical coupling factor of the substeate dependent on it. Therefore, we

estimated the effective-segregation coeffici&gt, using the following equation:

Cs = keffCO(1 - g)keff_l (2'6)

where C;, Co, and g represent the concentration in the solid phase, itfitial
concentration, and the solidification factor, regpely [13]. Fig. 2.9 shows the
relationship betweeky and the growth rate with various Al contents. Kedecreases
slightly with increased growth rate and Al contefrom these resultdes was

determined to be between 1.03 and 1.07.
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2.5.2. Structural analysis of Al-substituted Langasite

Table 2.6 Lattice constants, site occupancy, meambond distances, and
structural distortion of L#&as.«AlSiO 4cCrystals gives the structural refinement results
for LagGas.xAlxSiO4crystals, which include the lattice constants aibel gccupancies
along with other relevant structural informationotB lattice constants, i.e., a and c,
decrease with increasing Al content in the crystalss result is likely caused by the
difference in the cation sizea( <rgg) [14]. The distributions of Al and Ga in the LGAS
crystals were analyzed via common site—multiplicitgfinement. Although the
distribution of Al into either octahedral (Gal) mtrahedral (Ga2 and Ga3) sites was
examined first, the structural parameters obtaiseggest that Al atoms occupy all
cation sites except for the La sites. Finally, i @AS crystals with x = 0.6 and 1.0, the
distribution model in which the Al atom partiallcaupies the Ga sites produced the
smaller R values, as mentioned in the third pamgraMoreover, the chemical
compositions, which were determined using the @iteupancy data in this model (see
Table 2.6), of LgGay 4:1Al05851014 for LGAS (X = 0.6) and L#5a0Al0.97:S1014 for
LGAS (x = 1.0) agreed well with those determinethghemical analysis. Therefore,
the Al and Ga atoms coexist in one octahedral wodetrahedral sites, as shown in Fig.
2.10. The Al occupancy ratio, Al/(Ga + Al), was Inegt in the Ga3 site (i.e., 0.18 and
0.28 for LGAS (x = 0.6) and (x = 1.0), respectiyglgee Table 2.6). Furthermore, there
is a significant preference for the Gal site oJes Ga2 site. Al also favors the
octahedral site in ¥Gas,AlO1. [15], and G@Gas.,AlxO1, [16], which have similar
coordination polyhedrons. The mean cation—oxygstadces, P(i = 4, 4, 6, and 8),

are summarized in Table 2.6. The ¥alue remains constant at about 0.2592 nm while
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the Dy, Dy, and 3 values clearly decrease with increasing Al contéhé magnitude of
the distance changesADe/AX):(AD4J/AX):(AD4/AX) = 1.7:1:2.7] is consistent with that
of the Al occupancy ratio (1.6:1:1.9) in the copesding sites, as derived from the
site-multiplicity refinement results. This variatian the cation—oxygen distances results
from the displacement of the oxygen anions causethé preference of the smaller
cation (AF") for the tetrahedral Ga3 site. Table 2.6 also shthe structural distortion,
A, [3] of each coordination polyhedron unit, which defined byA= (1/N) Y(R; —
R/R)?, where N is the coordination number (i.e., 8 fw La decahedron, 6 for the Gal
octahedron, and 4 for the Ga2 and Ga3 tetrahedrBnis) the individual bond length,
and R is the average bond length. The La decahedrontaiasna constant; therefore,
its distortion is independent of the Al substitatidcdowever, the distortion of the Ga3
tetrahedron is dependent on the Al content. Becthesstructural distortion of the La
site and mean I’4-O distances did not change, the Al substitutios determined to

only affect the occupied sites (i.e., Gal, Ga2,@n8 sites).
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Table 2.6Lattice constants, site occupancy, mean-bond distances, ar
structural distortion f LazGas.xAlxSiOy4Crystals

Al content (%) 0.0 0.6 1.0

Tt cell (£0.0001 mm)

a D816l 08154 08146
¢ 0.53094 0.5083 053071
V [nm?] (0.2938 0.2927 02914

Site oceupancies {£0.01)

al site Al:Ga — 014086 | 0.24:0.76
(Fal site Al:Ga — 009091 | 0.15:0.85
Jal site? Al:Ga — 009041 | 0.14:0.36

Nean oxa-bond distances, X [nm]
{La—O}ee Dy 0.2590 0.2592 0.2592
{La=O e 1 01994 01939 01980
ave D, 01834 0.1848 01844
{({Fa3—00 e Dy 01741 0.1729 01719

(Ga2—0))

Distortion, A (magnitied by 104)

Lasite 54 34 54
Gal site® 0 0 0
(3a2 site 7.1 8.4 7.5
(3a3 site 02 0.3 0.6

4 0n the basis of the salis of the LGS samples, tioecupancy of the Si atom in the Ga3

was fixed a0.5 during the refinement proce:

® The structural distortion around the Gal site watsdetermined because ale cation —
oxygen interatomic distances were the same. Thedowiing oxygens are placec

anequivalent position ( g).
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Fig. 2.10Schematicof a portion of théangasite crystal lattic
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2.5.3. Effects of Al-substitution on piezoelectric properies of
Langasite

Fig. 2.10 shows the changes in the piezoelectistants as a function of the
mole fraction of Al (x) in LGAS. With increasing Alontent, the absolute piezoelectric
strain modulus,|d,,|, increases by about 1.3% whitk,decreases by 7.7%. The
piezoelectric modulus|d,,|, of LGS decreased with the increasing atomic nunolbe
the rare-earth element occupying the decahedglesiy., when La is replaced by Pr and
Nd [17].In these crystals, theglvalue decreased with decreasing ionic radii ofréine
earth elementr(y > rp; > ryg) [3] while the other distances did not change. iGim
observations were made for f&EaGe,O14 (AE = Ca and Sr) crystals [4]. In the LGAS
crystals, the Pvalue appears to extend relative to the reduaiiotme Dy, Dy, and
value (Table 2.6). Based on these results, it abaile that the piezoelectric modulus,
|di1], of the CaGaGeO,4type crystals would increase with the extensionDef
Because there are few reports aboutdheof these compounds, this tendency was not

realized until now.
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Table 2.7 shows the material constants of the LGi§le crystals compared
with those of LGS, LaNbssGays014 (LNG), and LaTassGays014 (LTG). LNG and
LTG crystals are included because they are suppreaoelectric materials that have
advantages such as ease of growth to a large mizk@erk; [3]. All the factors of the
LGAS with x= 0.6 are greater than those of LGS while excesuBs$titution (x = 1.0)
decreased the factors. In addition, the LGAS clysith x = 0.6 has piezoelectric
properties comparable to those of LNG and LTG afgstAl substitution enables the
use of a lower amount of expensive gallium oxideaasmw material. For the LGAS
crystal with x = 0.6, a large reduction (~20%) bé trequisite amount of @@z as
compared to that for LTG is expected. Thereforeséstitution of LGS is useful for
obtaining preferable piezoelectric materials witlg@a,Ge,O14-type structures for both

bulk and surface acoustic wave applications.
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Table 2.7 Material constants of4Ges. Al SiO14 compared with those of other

CaGaGe0,4-type crystals

LGS &S’é%) &c:;gsg] LNG? LTG?

p 5740 5672 5553 5905 6145
dis —6.06 -6.11 -6.14 -7.41 -7.06
Ci4 5.65 5.48 5.22 6.16 4.32
sk 8.80 8.73 8.68 9.08 9.18
sk, -3.86 —4.41 -3.95 -4.58 -4.53
sk -1.60 -1.48 -1.69 -1.72 -1.84
sk, -3.45 —3.44 -3.39 -3.68 -3.66
sk 5.04 5.00 5.21 5.17 5.23
S5, 20.36 19.77 19.53 22.08 21.45
s&s 25.33 26.11 25.25 27.35 27.37

€11/ 19.0 18.5 18.1 20.7 19.6
£33/ 50.3 48.0 46.7 79.0 76.5

ka2 0.159 0.162 0.162 0.180 | 0.187
kos 0.083 0.088 — 0.080 0.072
kos 0.147 0.152 — 0.140 —

p. density (kg-); d;, piezoelectric moduli (0CN); s, elastic compliances (FAN™);
sg/so, relative dielectric coefficients;, electromechanical coupling factors.

*[18]; ° [19], ° [3].
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2.6. Conclusion

We have grown L#5as.AlSiO4 single crystals without any inclusions and
cracks up to x = 0.9 using a Czochralski method @ffiective segregation coefficient
(ker) Of Al fell between 1.03 and 1.07. The resultdhad single-crystal x-ray structure
analysis indicated that Al atoms occupy both odalleand two tetrahedral sites,
keeping the magnitude of the site preference. Tieeoplectric constantd,,| was
slightly larger, butd,, was smaller than those of LGS. The electromechinaupling
factors ki, kos, andkyg) of LGAS (x = 0.6) were larger than those of LGS. The LGAS
(x = 0.6) crystal is currently the most promisingterial with respect to piezoelectric
properties. On the basis of this researdnvestigations of LGAS for certain

applications are still ongoinf20,21].
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Chapter 3.

Growth and Optical Characterization of Zero-
Birefringence-Controlled LiTaO ; Crystal

3.1. Introduction

Lithium tantalite (LT), LiTaQ, is one of the best ferroelectric crystalline
materials. It is widely used for piezoelectric, @gtectric, electro-optical, and nonlinear
optical applications. Although the LiTa(Qphase has a wide solid-solution range, a
high-quality crystal for commercial applicationsndae grown at the congruent melting
composition (Li: 48.5 mol% and Ta: 51.5 mol%).

The wide range of the solid-solution phase enatilesmodification of the
properties of lithium tantalate by changing the/di] ratio in the crystal. Furukawa et
al. reported the successful growth of an off-corgtucrystal with a stoichiometric
composition using the double-crucible Czochralsketimd, which is described in
Chapter 1 [1]. Excess Li in the composition decesabe number of Ta anti-site defects
and cation vacancies. Such control of the defedstive [Li]/[Ta] ratio in LiTaQ
improves the performance of wavelength conversiod holographic data storage
devices.

The composition ratio in LiTagcan potentially affect other characteristics as
well. LiTaO; has a higher refractive index and transmittancéoutne near-ultraviolet
region than optical glass materials. However, & ¢bngruent melting composition,

LiTaO; is a uniaxial crystal and has a small birefringenthis birefringence depends
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on the [Li]/[Ta] ratio of the crystal compositiomé can be eliminated at an optimum
[Li)/[Ta] ratio [2]. Until now, there have only beea few fundamental reports about the
zero-birefringence properties of LiTaO

In this chapter, the growth of large and homogesewystals and the optical
properties of LiTa@ with zero birefringence are described with a fooaspractical

applications.

63



3.2. LiTaO j;crystal structure

LiTaOs, which is a ferroelectric crystalline material,ldregs to the trigonal
crystal system and has a space group of 3m. ItHeapseudo-ilmenite structure shown
in Fig. 3.1 [3]. The structure of LiTaQromprises planar sheets of oxygen atoms in a
distorted hexagonal close-packed configuration.-tird of the octahedral interstices
formed in this structure are filled with lithiumaams, one-third are filled with niobium
atoms, and one-third are vacant. The charge sémathat results from the shift of the
lithium and niobium ions relative to the oxygen aledra causes LiTaQo exhibit

spontaneous polarization at the Curie temperatt680—700 °C) [4].
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Fig. 3.1Schematic illustration cthe pseudo-ilmenite structure laffTaO3. The
crystal structures were drawn with VEST/[5].
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Table 3.1 Physical properties of LiTaO

LiT&Og
crystal structure Trigonal
point group 3m
lattice constant (nm) [6] a=0.51543

c =1.37835
density (kg-r) 7454
melting point (°C) 1650
Curie temperature (°C) 605
Mohs hardness [7] 6~6.7
thermal expansion coefficient a;; =16.1
(x10°°C™) [6] o33 =4.1
piezoelectric constant dis =26
(xpC-N*) [8] dy, =7

d3; =—2

electrooptic coefficient at 632.8 nm ri3=7
(pm-V?) r33=30.3
dielectric constant [9] €11/g0 =51

€33/€0 =45
refractive index ak = 600 nm [10] No =2.1834

ne=2.1878
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3.3. Phase relation in L,0O-Ta,Os5 system

Phase relation in the vicinity LiTaO3; was first reportetty Miyazawa et <. in
1971 [11]. A wide solidsolution rangeis present in this systeras shown irFig. 3.2.
The LiTaQ phase appesifrom 45.5 to 50.0% in the range 0,0 [12]. The congruent

melting composition wadeterminedto be 49.75 mol% as perJd/(Ta0s + Li,0).

Congruent Stoichiometric

composition ~__ /composition

1650 |- N

I —

1500 -

Temperature / °C

I I I I
45 50 55 60

Li,O / mol%

Fig. 3.2 Phase diagram of 10-Tg0s.
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The variation of efringence il LiTaOz was first investigatedy Ballman et al
in 1967 [2]and was found tdepend on the [Li)/[Ta] ratioln fact, the birefringenc
becomes zero at a neadtoichiometri [Li]/[Ta] ratio, as shown irFig. 3.3. Because
the composition of zerbirefringenceLiTaO; is off-congruentthe general Czochrals
technique could not be appliedthe growth of its crystalas mentioned in Chapter

Therefore, the DAZZ techniquewas employed to grow this crystal.
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composition oiLiNbO3 and LiTaQ [13].
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3.4. Experimental procedure

3.4.1. Crystal growth

To determine the ideal solution composition foe tgrowth of the zero
birefringence crystal, the Czochralski method descr in Chapter 1 was applied
because this method enables faster determinationthef crystal and solution
composition. Accordingly, small crystals (diameters 20 mm) were grown from
various solution compositions @0 ~ 53.0-57.0 mol%). The crystals were sufficient t
measure their basic properties including compasitiefractive indices, transmittance,
and so on. The resultant crystals have a multi-donsructure of ferroelectric
properties; therefore, a polling treatment was sg&®y. An as-grown crystal was placed
in an alumina ceramic container and sandwichedwly flatinum electrodes with the
LiTaO3; powder. After being heated at 700 °C for seveaairk with an electric current
of ~0.1 mA cm?, the entire system were cooled at a rate of 20®CSamples that
were sliced from the crystals were used to detezntive [Li]/[Ta] ratio, measure the
refractive indices, etc.

After determining the solution and crystal comgosi for a zero birefringence
LiTaOs crystal using the small crystals, larger crystaése grown using the DC-CZ
method with an auto supply system (shown in Fig).3To grow the crystals, the
materials for the solution were prepared fromQsi (99.99%) and T#s; (99.99%)
powders by mixing these powders under a dry atmaepand heating them for 8 h at
1300 °C in air. The synthesized material was pokssel loaded in the iridium double

crucible described in Chapter 1. The material obérgto the crucible was melted
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under a nitrogen atmosphere using an RF induceeaitng system.

The material for the supply system was also pegpay weighing and mixing
LioOs (99.99%) and T#&s; (99.99%) powders at the [Li}/[Ta] ratio of the
zero-birefringence crystal. The mixture was plaoce@ rubber mold and pressed at a
hydrostatic pressure of 1.0 ton-éniThe pressed powder was then calcined at 1500 °C
in air and the coarse grains were passed throwgéva (about 20Q0m) to be used as
the feed material.

After the materials were melted and homogenizedafsufficient period of
time, a< 0110 > seed made of congruent LiTa@as placed on the surface of the
melt and pulled up at a speed of 1 mi. Whe seed rotation rate was 5 rpm. The
crucible was also rotated at 1 rpm during growtingishe accelerated crucible rotation
technique (ACRT) [14]. The feed material was cambisly supplied to the solution at
the same rate as the mass growth. An automaticetiensontrol system was used to
define the shape of the crystal. Crystal growth pegormed under the flow of 1 vol%
of oxygen-mixed nitrogen gas. At the end of thecpss, the crystal was quickly
removed from the melt and slowly cooled.

The polling treatment was carried out on the a@swvgrcrystals using the same

procedure as for the small crystals.
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Radio frequency
generator

Fig. 3.4 DC-CZ crystal growth furnace.
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3.4.2. Characterization

The [Li]/[Ta] ratios of the grown crystals weretelenined by measuring the
Curie temperature [2]. Samples cut from the growstals were ground and put into a
differential thermal analysis (DTA) furnace withreference sample (i.ex;alumina).
The increasing and decreasing temperature ratdhéoscan was +20 °C mih The Li
content of each sample was determined via theiopkdtip between the [Li)/[Ta] ratio
of the crystals and their Curie temperature.

The ordinary,n,, and extraordinaryp,, refractive indices of the crystals at
room temperature were measured by the prism-caypdichnique [15] at wavelengths
of 450, 632.8, 1300, and 1550 nm. Y-cut wafers (@rb thick), which were optically
polished on both surfaces, were used for the measmmnt. The standard deviation of the
refractive indices measured using this techniquse #a0001. The obtained data were
used to determine the [Li])/[Ta] ratio for zero Wimegence.

To evaluate the homogeneity and birefringence lod trystals, precise
measurement of the refractive indices was perforogdg the method of minimum
deviation of the prism [10]. Prism samples with 4@ftical angles were cut from large
crystals grown using the DC-CZ method. The accuratythe refractive indices

measured using this method is £0.00001.

3.5. Results and discussion

Fig. 3.5 shows the relationship between the [Ld][ratio and the refractive

indices (ordinaryn,, and extraordinaryje refractive indices) of the crystals measured at
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a wavelength of 632.8 nme is more sensitive to variations in the [Li)/[Tatio thann,

is. The point at whichn, and ne lines intersect is the zero-birefringence pointthod
crystal. We determined that a [Li]/[Ta] ratio of9@9 gives a crystal with zero
birefringence. Fig. 3.6 shows the relationship leetwthe crystal composition in Fig.
3.5 and the corresponding solution compositionnttois data, we determined that the
required composition of the solution to grow a zemefringence crystal is 55.0 mol%

Li»0.
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Fig. 3.7 showszerc birefringence LiTa® boules grownusing the DC-CZ
method The boules werslightly yellow but transparent and craftke with a size of

80 mm indiameter and 80 miin length.

Fig. 3.7 Asgrown zer birefringence LiTa@crystals.The scale othe
ruler is mm.
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Conoscopic observation of uniaxial crystals sugh.idaO; using a polarizing
microscope enables convenient characterizatiorhefdptical quality of the crystal.
Conoscopic figures perpendicular to the opticalsaare shown in Fig. 3.8. The
observation was done using an optical transmittanimeoscope (Axio imager Alm;

Carl Zeiss) with an objective lens of NA = 0.55 eldamples had a thickness of 10 mm.

N

T

Fig. 3.8 Conoscopic interference patterns of LiJafystal plates
perpendicular to the optical axis (2): (a) 48.3 #adl.e., congruent
composition) and (b) 49.5 mol% (i.e., zero birejence composition).

Interference patterns consist of two phenomenayies and isochromates [16]. Both
crystals shown in Fig. 3.8 clearly show isogyre@wdver, isochromates were not
observed for the zero birefringence crystal in th@me field of vision. The
characteristics of interference patterns depenchany factors including birefringence,
refractive index, orientation of the crystal, waargith, sample thickness, and optical
setup. In this case, the smaller birefringencehefdrystal resulted in a decrease of the
stripe patterns of the isochromates. These reshtie/ that the birefringence of LiTgO

with a [Li}/[Ta] ratio of 0.98 is very small compad with that of congruent LiTaO
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Fig. 3.9 showsthe refractive indices r, and ng) of the zrc-birefringence
LiTaOs crystal in thewavelengthrange from 350 nm to 1200m. Both refractive

indices are almost theame an exhibit a decreasing treras the wavelength beconr

longer.

i

il

il

il

i

I

Fig. 3.9Dependence of refractinindiceson wavelengt.
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Fig. 3.10 shows |An| (= |he — no|) of the congruent LiTa; and the
zero-birefringence LiTag@crystal in the wavelength range from 3% to 1201 nm. At

a given wavelengtihn of the zer-birefringence LiTa@is tentimes assmall as that of

the congruent LiTa®

0015
- Zero-birefingence LiTa0,
-t Congruent LiTaOy
I A Quatz
0010
I " U Ay N
c
a
i L A
I.‘_.‘
0.000 . ey |
200 400 600 800 1000
Wavelength / nm

Fig. 3.10Dependence of birefringencAn, on wavelengthAn values of
congruent LiTaQwere based on data from [10].

Fig. 3.11shows the homogeneity of the z-birefringerce crystal caracterized

by the refractive indices. The dributions of refractive indices, and n. along the

growing direction of the boule are within £002.
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Fig. 3.11Homogeneity of threfractive indicesn the boule alonche growing
direction.
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To evaluate the quality of the crystals, straise@ation was carried out under
polarized light. Fig. 3.12 shows wafers cut frome tbody region of the boule
perpendicular to the y-axis. Subgrain lines werseoked on the plate in Fig. 3(82
The crystal shown in Fig. 3.12(a) was grown at ¢laely stage under unoptimized
growth conditions. The quality of the crystal idliilenced by the temperature field
around the growing crystal; stronger fluctuatiohgsemperature in the growth interface
lead to the formation of more subgrains during dghowrig. 3.12(b) shows the crystal

grown under optimized conditions; no subgrain islent.
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Fig. 3.12 CrossHcol images othe zerebirefringence LiTaQwafers cut fror
the body parof the boul: (a) crystal grown at the early stage éogcrystal
grown undepoptimizec conditions.
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Fig. 3.13shows the transmittance of the zbirefringence and congrue
crystals on the{0 11 0} plane samp at wavelengths in the range 200-800 nm,
measured using spectrophotomet. The absorption edges of theystals are 268 ar
273 nm, respectively. Thelativeshift of the spectra is related to themberof defects

in the LiTaQ lattice.
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Fig. 3.13Linear transmittance of the z«birefringence and congruent LiT3
crystals.The samples are 2.0 mhick.
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3.6. Applications

3.6.1. Optics applications for transparent materials with high
refractive indices

In order tominiaturize optical units and realizeptical disk memory with
higher cgacity, optics such as lens i prisms requirenew materials with a hig
refractive index and a high transmittancethe near—ultraviolet regioji7,18]. LiTaQ
also has a highmefractive index and transmittanup to the neaultraviolet regiol,

which are highethan those cglass materials, as shown in Fig. 3.14.

100 =

60

/ /
40 |
20 | /

i

200 300 400 500 600 7C0 8C0

/
\
\_\

Internal transmittance

Wavelength / nm

Fig. 3.14Internal transmittance of the z-birefringence LiTa@single crysta
and optical glass with a high refractive inde-LAH79).
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Fig. 3.15 shows the position of LiTg@ an Abbe diagram, which is produced
by plotting the Abbe numberg, of a material versus its refractive indey, The Abbe
number is a measure of the dispersion of a matgmal the variation of refractive index
with wavelength) with respect to the refractiveardBoth parameters{ andny) are
very important for the design of optics includirgses, prisms, etc.

The Abbe numberyg, of a material is defined as follows:

_ ng-1

(3-1)

<
a
|

ng—nc

whereng, N, andng are the refractive indices of the material atwaelengths of the
Fraunhofer d-, F-, and C- spectral lines, respeltig.e., 587.6, 486.1, and 656.3 nm,
respectively). From this diagram, it is evidenttthi&e flint glasses, LiTa@has optical
characteristics such as a large dispersion and reigactive index. However, no glass
material has a refractive index as high as thatitdOs. Optical materials with higher

refractive indices are used to make miniaturizeticapcomponents.
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Fig. 3.15Abbe diagrar of the Abbe number versus tredractive inde)of a
range of different glasses including other opticdhnsparent materia
S-LAH79 is a highrefractive-index optical glass producéy OHARAINC.
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Zerobirefringence LT isone of the few materials with bothgh transmissiol
and a high refractive inde:Therefore, this material is expecten be useful for th

miniaturization of optical systen(Fig. 3.16).

9 mm

Fig. 3.16Example o an optical application: Optical plarcmnve>
lens andorisms made of ze-birefringence LiTa@.
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3.6.2. Fabrication of optical polarization modulator using zero-
birefringence-controlled LiTaO; crystal

An optical polarization modulator/controller ishasic yet important device in
photonic/quantum electric systems. Optical poldigza modulators based on the
electro-optic (EO) effect are attractive becaussy tban be operated at high-frequency
ranges (>10 GHz) unlike mechanical devices. Seveypes of EO polarization
modulator/controllers have been proposed and imgheed. LiTa@ and LINbQ have
large rs, Pockels coefficients (~30 pm¥), which are applicable for polarization
controller/conversion. A key point for highly efiént polarization control using the;
Pockels coefficient is phase matching between titloogonally polarized modes with
birefringence. Murata et al. proposed a high-spge@dpolarization modulator using a
double periodic poling structure by adopting quaskse matching (QPM) and
quasi-velocity matching (QVM) techniques [19].

Fig. 3.17 shows the basic structure of the tragelvave EO polarization
modulator , which consists of a single-mode wawaguand coplanar traveling-wave
electrodes fabricated on a z-cut LiTa®@r LiNbO; crystal substrate. The light
propagation direction is oriented to the x-axishaf LiTaQ crystal. An electric field for
optical modulation is applied along the y-axis asréhe waveguide, as shown in the
cross-sectional view in Fig. 3.16. With this conifigtion, coupling between the TE and

TM modes propagating in the waveguide is induceolutph ther,, Pockels coefficient.
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electrode | - Polarization
@ /Waveguide N\ modulated light
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Input light | G T Output light
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Doubly periodically poled IL. X
Z-cut LiTaO,

Fig. 3.17Basic structurof the travelingwave EO polarization modulator wi
a double periodic polir structure.

Waveguide
Hot electrode Ground electrode
Z-cut LiTaO, X Y

Fig. 3.18Applied electrical field in icross section of a Zut LiTaC; crystal.
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The polarization reversal period, 2L, for the QPEtween the TE and TM

modes is determined by using the following equation

oL = 2T

"~ |BrE-BTM| (3-2)
wherefre andfrv are the propagation constants for the TE and TMewprespectively.

Eq.(3-2) can be also represented as follows:

2L =—2

EiT—— (3-3)
where Ntg and Nty are the effective indices of the fundamental TH @V modes,
respectively, and is the free space wavelength of the optical sighetording to Eq.
(3-3), a smaller|Nyg — Nty| value, i.e., birefringence, leads to a wider pnktion
reversal period, 2L. For example, 2L is 150-408 for LiTaO; and 7—20um for
LINbO3; in the wavelength range of 600-1500 nm, as shownlable 3.2 The
polarization reversal period, 2L, for various suhst materials. Because the
birefringence of the zero-birefringence LiTa® one tenth that of the congruent LiTa0
as shown in Fig. 3.10 and one hundredth that ofoO}\ the double periodic poling
structure can be fabricated and no phase maitclsingh as is necessary with the

polarization reversal structure, is required.
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Table 3.2The polarization reversal period,, for various substrate materi

An 2L (um)
LiINbO3 0.08 720
CongruenLiTaOg3 0.004 15040C
ZerobirefringenceLiTaO3 <0.0001 >800(

Fig. 3.19Calculated wavelengtdependencef EO polarization modulato
using LiTaQ or LiNbO; with a periodic poling structughows the calculate
wavelength dependence of polarization modulation fiiNbOs- anc LiTaOs-based
devices with geriodic poling structui; the center operational wavelength v1550 nm
and the total electrodength for modulation was mm. lItis clearlyevident that the

bandwidth of modulation broads with smaller birefringence of tlsibstrate

0.0

1300 1350 1400 1450 1500 1550 1600 1650 1700 1750 1800

Wavelength / nm

Fig. 3.19 Calculated wavelengthdependenceof EO polarizatior
modulators using LiTaz or LINbO; with aperiodic poling structur
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3.6.2.1 Experimental procedure

The steps for the fabrication of the designed nmation modulator are as
follows. First, a 20 mm long x-propagating optieaveguide was fabricated on a z-cut
zero birefringence LiTa@crystal substrate using the Ni diffusion metho@][2The
thickness and width of the Ni strip used for wavdguabrication were 35 nm andu,
respectively. The substrate with the Ni strip wasdsviched by two platinum electrodes
with the LiTaQ powder. After being heated at 700 °C for severlrf, they were
cooled at a rate of 20 °Chwith an electrical current of ~0.1 mA ¢ These
conditions were determined from the preliminary exxpental results of the Ni
waveguides to result in a single mode for both Tl &M in the operational
wavelength of 1550 nm. Secondly, a @2 thick SiQ buffer layer was deposited on
the surface of the substrate using the sputterieghod. Finally, 15 mm long Al
coplanar electrodes were formed on the surface 8E29).

The modulation characteristics of the fabricatptical polarization modulators

were tested using linearly polarized light with awslength of 1550 nm.
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Al electrode Waveguide
(t=1pm ) (Ni diffusion)

/

LiTaC,substrate  SiO, buffer layer
(t=200nm )

Fig. 3.20Schematic configuration the polarization modulatc
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3.6.2.2 Results anddiscussiot

Fig. 3.21shows the ne-field patterns for 1550 nm laséight through the
waveguide Laser light was coled into the waveguide usirghemispheric-end fiber.
The output end of the weguide was imaged onto a bearofier using in objective
lens with NA = 0.40The light propgated through the waveguide biyngle mods for
both TE and TM From the intensity data the beam profile, weetermine that the
difference in therefractive index ofthe core of the waveguide and the surroun

material is about 1 x I&for the TE mode and 2.5 x T{for the TM mod [21].

Substrate

Fig. 3.21Neak-field patterns for 155m light of the waveguic.
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The modulationperformance was testeusing theexperiment: arrangement
shown in Fig. 3.22The basic measurement system ithe same athat used fothe
near-field patternsTE polarized input light was coupleto the waveguidethrough a

hemispherical-end fiber.

LD Light source i ati Objective Lens
~1520—1620 nm Polarization .
controller — Iris -
i / Infrared Vidicon
/
000 /
/ /
Sample Polarizer

Fig. 3.22Experimentasetup for thenodulation measuremss.

Fig. 3.23shows n example of thepolarization modulatiorresponse after
loading with AC voltageai a frequency of 200 Hz. The signal wasitched off ancon

by loading the voltageithout the double periodic |ling structure for phase match.

_____ -

Substrate

Output Light

Fig. 3.23 Blarization modulatiorresponse to loading ebltage.
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Fig. 3.24shows the modulator perforince towarddoadingwith AC with a
voltage of £50 Vat a frequency (200 Hz.The signal followed the loading voltage |
gave rise tan asymmetrical curvdue tothe difference between the index ches for

TE and TM that werenenioned above.

(W]

(%]

Fig. 3.24Performance of modulator at a wavelength of 156fh towards the
loading ofAC voltagewith a frequency of 200 Hz.
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Fig. 3.25shows the wavelength dependence of theeasured modulatic
intensity. As shown irFig. 3.19, a wide range of bandwidths wealsserved in thi

modulator using zero lafringence LiTa.

10 + v.‘Q%

0.8 rY
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Intensity/ a.u.
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Wavelength / nm

Fig. 3.25Wavelength dpendence of measured modulation inter
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3.7. Conclusion

Zero-birefringence LiTa@single crystals with 80 mm diameters and 80 mm
lengths were grown by using the DC-CZ method withaaitomatic powder supply
system. The crystals were grown from an off-congtua-rich solution (LpO, 55.0
mol%). The crystal was determined to have a chdntieaposition with a [Li]/[Ta]
ratio of 0.98 based on the Curie temperature aindatéve indices.

An of the zero-birefringence LiTaOsingle crystal is more than ten times
smaller than that of a conventional (congruent)al crystal in the visible to
near—infrared wavelength region. The homogeneithefrefractive indices (i.en, and
Ne) in a boule is within £0.0002.

Two potential applications for zero birefringena@aOs; were proposed. The
first is as an optical material for optics suchlexsses, prisms, etc. Zero-birefringence
LiTaO3 has a high refractive index and transmittance sipgnthe ultra-violet to visible
wavelength range. This is an important characteri$or miniaturizing optical
components. The second application is as a matariadtrate for EO devices such as

the optical polarization modulator.
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Chapter 4.

Local Modification of Optical Properties of LiTaOj;
Crystal by lrradiation with Focused Femtosecond
Laser Pulses

4.1. Introduction

Ferroelectric crystals such as LiTa@re important for producing integrated
optics with various functions because crystals whhnnel waveguides can function as
modulators , switches, and frequency convertorfa®j is particularly appropriate for
electro-optical applications because its birefrimgeis about 20 times less than that of
LiINbOs. This small birefringence enables the fabricambrmodulators with a simple
electrode structure [1]. A well known and commdigiastablished process for the
fabrication of waveguides is the metal diffusioscheique [2]. However, the required
heat treatment process prevents the fabricatiowasfeguides with nonlinear optical
effects in LiTaQ because the temperature required for the diffugibmetal ions
(~1000 °C) exceeds the Curie temperature of tlyistalr (~600 °C); as a result, multiple
ferroelectric domains form in the crystal [3].

The direct writing of waveguides using a femtosetdaser is a potential
method of fabricating waveguides inside a Lifadystal while maintaining the single
ferroelectric domain. Using this method, a regiém evaveguide with a high refractive
index can be created by inducing nonlinear ioniratnside transparent materials only
in the focal volume of the femtosecond laser pulsSesdate, various three-dimensional

optics such as waveguides [4,5], gratings [6], aadplers [7] have been fabricated

100



inside a variety of transparent materials using thethod.

The localized photoexcitation that is induced desa transparent solid by a
focused femtosecond laser pulse allows thermabgrterdiffuse from the photoexcited
region at a much faster rate than the materialisiibin rate. Therefore, it is expected that
the single ferroelectric domain would be preservethe crystal after photoexcitation
by a femtosecond laser pulse. Accordingly, a waikgwith a nonlinear optical effect
may be created inside a LiTa@rystal using the femtosecond laser writing method

In this chapter, the formation of a waveguide wd@mect writing using
femtosecond laser pulses is discussed. Additignalpplications using the formed

waveguides in LiTa@are proposed.

4.2. Experimental procedure

4.2.1. Femtosecond laser writing of waveguides

The experimental setup for femtosecond laser iat@h inside a crystal is
shown in Fig. 4.1. The laser pulses used to inqaresoexcitation inside the crystal
originate from a regeneratively amplified mode-ledk titanium:sapphire laser
(Coherent MIRA and RegA 9000) operating at a réipetirate of 250 kHz. The pulse
duration was controlled in the range of 100-90Byf®perating the pulse compressor in
the laser system. The beam was focused inside am xiTaO; sample (Yamaju
Ceramics) using a x10 objective lens with a nuna¢@aperture of 0.3 (Nikon LU Plan
Fluor). The surface of the sample was opticallyigh&ld before laser irradiation. In all

experiments, the lines of the induced structure,(the waveguides) were formed by
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scanning the sample in the beam axis during expdsuaser pulses. In this experiment,
the beam axis was parallel to the x-axis of thealilcrystal. Scanning in the beam axis
enabled the formation of a circularly symmetric egwide because the transverse
intensity distribution of the laser pulse is cilaly symmetric. The scanning velocity in
these experiments ranged from 10-108 s while the pulse energy ranged from
0.05-2.0uJ. After writing the waveguides, the end surfacehef sample was cut and

polished to expose the waveguide on the surface.
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Half-wave plate
(Control of polarization) ceb

ND filter
(Control of pulse energy) Shutter

Ti:sapphire laser \

Pulse width: 70 - 900 fs %Dichroic Mirror
Wavelength: 800 nm

Repetition rate: 250 kHz

Objective lens
x10 (NA: 0.3)

Scan : 10 - 100um/s

XZZ ! £

X-cut LiTaO4

Fig. 4.1Schematic ofhe experimental setup.
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4.2.2. Analysis of refractive index profiles in waveguides

The refractive index profiles in the waveguidegavdetermined according to
the procedure described by Mansour and Caccavdle I8 this procedure, the
distribution of the refractive index changén (y, 2), is calculated from the near-field
(NF) pattern of the light guided through the wavdgu The field power intensity, (y,
2), of a guided TE-polarized He-Ne laser at the 4fietst was magnified using an
objective lens and imaged on the charge-coupledceeof a laser beam profiler
(Newport LBP-2). The normalized electric field insgty, A (y, ), was calculated using

the following equation:

Iy,
AQy,z) = J Im::(?,@ (4-1)

wherelmax (Y, 2) is the maximum power intensity of the measuredpftern.

According to ref. [8]4n (y, 2) is given by the following equation:

1
k2A(y,z) VEA(}" Z) — Ng (4-2)

tn(y,2) = [nf -

wherek (= 2771) is the propagation constant in a vacuusg the wavelengthandng is
the refractive index of the LiTaOcrystal. The effective index changlns, was

estimated from the peak-to-valley of the plotfed(y, z) values.
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4.3. Results and discussion

Fig. 4.2 shows the NF pattern of the light guidbdough the waveguide
written inside a LiTa®@ crystal at a pulse energy of 1u0, a pulse duration of 200 fs,
and a scanning velocity of 1@m s’ The pattern was almost Gaussian. The 1/e
mode-field diameter along the major axis was aldduim with an ellipticity of 0.75.
Fig. 4.2(b) shows thAn (y, 2) distribution that was reconstructed from the Nftgrn

of Fig. 4.2(a). For this experiment, thag value was determined to be ~7 x*10
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Fig. 4.2(a) NF pattern for light guidedrough a waveguide at a pulse energ
1.0 mJ, pulse duration of 200 fs, and scanning velocityl0 mm s™.
Double-headed@rrows indicate the polarization direction of thedgd light.
(b) 4n (x,y) distribution calculated from the NF patterr(a).
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Fig. 4.3 shows the NF patterns of light guided tigto the waveguide written inside a
LiTaOs3 crystal at various pulse energies and pulse duratiAll the writing experiments
shown in Fig. 4.3 were carried out at a scannintpoiy of 10 pm s*. It was
determined that the guiding performance stronglgetes on the pulse energy and
pulse duration. To determine the optimal irradiaticonditions, we useding as a
parameter. Fig. 4.4 shows a contour mapmf; as a function of the pulse energy and
pulse duration. Accordingly, the optimal irradiatioonditions to obtain maximupmmne
involve a pulse energy between 0.8 andull.2nd a pulse duration of 100-200 fs.

From the results shown in Fig. 4.3 and Fig. 4.4 chssified the beam guiding
performance of the waveguides into three categof&@s(b), and (c), as shown in Fig.
4.3. In category (b), clear NF images were obseivéte optimal pulse duration was
selected. Although NF images could be observedsbaer pulse duration in category
(a), the intensities were much less than thoseiagory (b). In category (c), guiding

light was not clearly observed at any pulse dumatio
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Fig. 4.3NF patterns for various pulse energies and pulsatidns
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Fig. 4.4Contour map oAng; for various pulse energies and pulse dons at
a scanning velocity of 1um s,
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To investigate the relationship between the strectund the guiding performance of the
waveguides, representative transmission microscopages for each category are
shown in Fig. 4.5. In category (a), a void-likeustural change occurred in the center of
the photoexcited region and a surrounding brighgtore was observed. This suggests
that a large thermal expansion occurred in theqehaited region during laser exposure,
which resulted in significant distortion of the sanding region. In contrast, the
structures induced in categories (b) and (c) do hte strong bright regions. In
category (b), the central region is a little darked the surrounding region is a little
brighter than the outer regions while only a dagion was observed in category (c).
Considering that light guiding was observed in gatg (b) and not in category (c), this
difference suggests that the dark and bright reggiare both essential to create a

waveguide.
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cited regron

cited region

cited region

Fig. 4.5Representative transmission microscope imagesafdr
category inFig. 4.3 Dotted circles indicate the photoexci
regions.
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Fig. 4.6 (a) shows thgp-Raman spectrum in th€zz)x configuration measured in the
cross section of the waveguide. In this configoratithe Raman spectrum consists of
four transverse optical (TO) phonon modes [9]. $pectra in red and blue correspond
to the unirradiated and irradiated regions, respelgt as shown in Fig. 4.6 (b). Both
spectra exhibited no appreciable changes in theaRantensity and number of modes.
The Raman shift and the line width of the Rama(ir®,) mode observed at ~598 tm
is focused on, because this mode is isolated fr@other modes, which enables facile
comparison of the unirradiated and irradiated negid he spatial map of the line width
in Fig. 4.6 (c) suggests that there is no noticealelgradation of the crystal lattice and
no change in the crystal orientation after irradiat A maximum shift of 2 cit was
observed in the irradiated region, as shown in ig.(d).

From Fig. 4.7, the maximum compressive residuasstwas estimated to be
600 MPa based on Reference [10]. We believe thatltital compressive stress is

closely related to the increasedn in the irradiated region.
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Fig. 4.6 (a) Raman spectrum of trx(zz)x configuration, (b) transmitte
microscope image, (c) spatial map showing the width, and (d) the Rame
shift for the A(TO,4) mode at the waveguide cross section. The doitcles in
(b), (c), and (d) indicate the position of the wguwiele.
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Fig. 4.7Distribution of strescorresponding to Fig. 4(®).
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Observing the structure with a polarized microscepucidates the origins of
the bright and dark regions in the transmissionrosicope images; the direction of
stress cannot be determined from fdRaman measurements. The images of the
structure formed at a pulse energy of LD and a pulse duration of 200 fs were
observed using a polarized microscope at a wavilerfgh46 nm with a liquid-crystal
universal compensator (LC-PolScope CRi) [11]. Udimg microscope, the retardance
as well as the slow axis azimuth can be obtainedralyzing the images captured at
various settings of the liquid-crystal universaimpensator. Fig. 4.8 (a—c) show the
transmission image, the corresponding retardamae ttee azimuth distributions of the
birefringence of the structure, respectively. 1g.F.8 (c), the color indicates the slow
axis azimuth of the birefringence. Because birgiimce can be generated by loading
stress in the slow axis, the azimuth indicatesdinection of stress. Therefore, Fig. 4.8
(c) indicates that the stress was loaded in th@egction in the central region and that
compression occurred in that direction. Becauseptession in one direction generates
expansion in the corresponding vertical directiibris expected that the surrounding
region was compressed in the z-direction, whichltesn birefringence of the slow axis
in the z-direction. In the transmission image, tlaeker region likely originated from
the material compressed in the y-direction whike Ibhight region likely corresponds to

the material compressed in the z-direction.
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0 Retardance / nm 1366

Fig. 4.8 (a) Transmission microscope image, (b) correspandetardanc
distribution of the biraingence, and (c) distribution sfow axis azimutlof the
birefringence of the structure. The colored spok#e semicircular wheel i
(c) indicates the slow axis azimuth of the birefringe
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The birefringence observed using the polarizedresimope indicated that the
polarization dependence of light guiding in the egwide should be examined. Fig. 4.9
shows the intensity of the guided linearly poladizight through the waveguide plotted
against the polarization directiofl, The light was most intense when the polarization
direction was parallel to the y-axis. The polaiimatdependent intensity was fitted by
locos(2) (i.e., the solid curve in Fig. 4.9), which indiea that only light polarized in
the y-direction can be guided through the waveginde LiTaQ crystal. The origin of
the polarization dependence can be explained bybittedringence in the waveguide.
Observations using the polarized microscope showed the slow axis of the
birefringence in the waveguide was parallel to ykexis; therefore, this birefringence

should select only y-polarized light.
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Fig. 4.9Polarization deperence of waveguide on guided liney polarized
light. Doubleheade arrows indicate the polarization direction of thedgd
light.
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4.4. Applications

4.4.1. SHG light through waveguide

It was discovered that second-harmonic light cangbnerated by guiding a
strong laser beam through the waveguide. We uded: VO, laser operating at 700
mW to directly input incident light at a wavelengih1064 nm directly into the induced
structure of the sample without using a phase-nvajcktructure such as quasi-phase
matching (QPM)(Fig. 4.10). Fig. 4.11 shows the SH&formance of the induced
structures formed at a pulse energy and pulseidarat 1.0uJ and 200 fs, respectively.
This figure confirms that the ferroelectric projpest were preserved after

photoexcitation by femtosecond laser pulses.
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Fig. 4.10SHG obsevation setup for optical waveguides written in L0
using femtosecond laser puls

Fig. 411 SHG performance of induced structure.
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4.4.2. Fabrication of optical polarization modulator using LiTaO 3
with direct writing waveguide

Metal diffusion waveguides are widely used foricgdt modulators, optical
switches, and so on [2]. The waveguide fabricatedrhadiation with femtosecond laser
pulses is also expected to work as a light guid& optical devices.

For EO devices, direct writing of a waveguide gsiemtosecond laser pulses
was performed using a LiTaQvafer, as shown in Fig. 4.12. In this case, ardahbje
lens with an NA of 0.8 was focused 50-108 beneath the surface of the z cut of the
LiTaO3; substrate. The substrate was translated along theection at a speed of
10-500um s*, as shown in Fig. 4.12.

Fig. 4.13 shows the transmission optical microscopage of the cross section
of a LiTaQ; substrate with an induced structure and the nelar pattern for 632.8m
laser light through the waveguide. The inducedcstime acts as a waveguide, and both
TE and TM modes were propagated. The cross-settgirape of the structure is

elliptical, which is due to the incident directiohthe writing beam.
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Objective lens
(x50 , NA = 0.80)

LiTaO, ( Z-cut )

z
Y
Vo

Induced structure

Fig. 4.12Schematic of the writing procedure of a waveguatetie modulato
using a femtosecond laser. The Li; wafer was translated at-4800um s
perpendicular to the incident directi

Fig. 4.13(a) Transmission optical microscopic image of theveguide fron
the crosssectional perspective, and (b) image of the-field output light of
the waveguide for orthogonal lig
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Next, the formed waveguides were examinecdetermine whether they a
suitable for practical use. An optical polarizatiomodulato was fabricated using tt
substrate imprintedvith the waveguide by direct writinlFig. 4.14shows the structur
of the optical polarizatiomodulator. It consists of a waveguide and elecspdgich

formed bothprincipal plane (z cut).

Traveling-wave
electrode

LiTaO, ( Z-cut ) X
~ Polarizer Y&

Fig. 4.14Schematic illustration of the modulator.
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Fig. 4.15 shows the modulation response of the haboluusing a direct writing
waveguide. The loading voltage for the operatios w80 V with a frequency of 150
Hz. The light wavelength was 632.8 nm.

The modulation signal followed the loading AC wagle. From the results
shown in Fig. 4.15, the half-wave voltage, Was estimated to be 55 V; 6 defined
according to Eq. (4-3), which can be used to cateulthe complex electro-optic

constanty..

Ad

n3rel

Vi =

(4-3)

Alternatively, the complex electro-optic constant, can be calculated using the

following equation:

T, =T33 — (E_Z)Tm (4-4)

whererss is 30.3 pm V* andry3is 7.0 pm V* according to literature data [12].
Via Egs. (4-3) and (4-4). and ;. were determined to be 22.2 and 23.3 pm

V71, respectively. Because both values are similannwtveguide worked effectively.
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4.5. Conclusion

An optical waveguide was successfully written desia LiTaQ crystal by
irradiation with focused femtosecond laser pulsése optimal conditions to obtain
maximum refractive index changes were determinedwbying waveguides using
different pulse energies and pulse durations. Tb&argation selectivity of the
waveguide is attributed to the birefringence in tip@iding region due to stress
distribution around the photoexcited region.

A non-linear optical device, i.e., SHG, and anceteoptical device, i.e.,
polarization modulator, incorporating waveguidedri@ated by irradiation with

femtosecond laser pulses were investigated. Botltele were successful.
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Summary

In the present study, the author focused on thaifloation of single crystals to
either improve their electrical and optical chagaistics or increase their functionality.
Initial approaches include the substitution of rhetas into the crystal lattice and
composition control, which is similar to success@proaches for the synthesis of
functional ceramics. However, direct modificatiog femtosecond laser pulses was
eventually employed. Because oxide single crysiestransparent, lasers can be used
as powerful modification tools.

In Chapter 1, the author reviewed three importanhnologies or techniques
related to this thesis. The first two technologies concerned with crystal growth. One
is the Czochralski method, which is one of the magtable and widely applied
techniques for the production of crystal materfalselectrical and optical components.
Another method is the DC-CZ method, which enabledaiobtain an ideal material.
The femtosecond laser is a new tool for the maaliiin of transparent materials such
as single crystals.

In Chapter 2, traditional approaches for substitutinto the crystal were
performed. Piezoelectric properties such as thezopiectric constants and
electromechanical coupling factors were improvedsbigstituting Ga in the langasite
structure with Al. Here, the author defined elemaérgubstitution as one of the
modifications that involved the appropriate selmttiof a substitution element to
improve the piezoelectric properties.

In Chapter 3, the author discussed a new LiTaihgle crystal with
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zero-birefringence indices. LiTaQvith zero birefringence has already been reported,
but no studies concerning the growth of the cry&tapractical applications have been
published. In this study, we grew a large Ligagdystal with zero birefringence using
the DC-CZ method. The author also fabricated anpBl@arization modulator using the
LiTaO3; wafer that had excellent performance.

In Chapter 4, the author applied the femtosecasdrlas a new tool for crystal
modification to fabricate waveguides. The index e of the waveguide fabricated
using this method was a tenth of that of convemtionethods such as metal diffusion.
However, wavelength conversion and polarization wtattbn performance were

successfully demonstrated.
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