[2R2 sz

2 H—F UK}

Science Tokyo Research Repository

Od/dodn
Article / Book Information

Citation(English)

Type(English)

gobbobbooggoobboobobodada

OoOoOoooOod
OoOoOoooOod

Degree:Doctor (Engineering),

Conferring organization: Tokyo Institute of Technology,
Report number:[J [0 86521,

Conferred date:2012/3/26,

Degree Type:Course doctor,

Examiner:

Doctoral Thesis

Powered by T2R2 (Science Tokyo Research Repository)



http://t2r2.star.titech.ac.jp/

Origin and Interpretation of
Electro-optic Effect in Ferroelectrics

Kotaro Takeda

Tokyo Institute of Technology
Graduate school of Science and Engineering
Department of Metallurgy and Ceramics Science



Origin and Interpretation of
Electro-optic Effect in Ferroelectrics
by

Kotaro Takeda

Submitted to the Department of Metallurgy and Ceramics Science in
fulfillment of the requirement for the degree of

Doctor of Philosophy in Inorganic Materials
at the
TOKYO INSTITUTE OF TECHNOLOGY

January 2011

© Tokyo Institute of Technology 2011. All right reserved.

YU 1 o Yo o
Kotaro Takeda
Department of Metallurgy and Ceramics Science

Certificated DY ... eeeeeecee e

Professor Takaaki Tsurumi

Professor kazuo Shinozaki

Professor Akira Nakajima

Associate Professor Hiroaki Takeda
Associate Professor Masahiro Miyauchi



Contents

Chapter 1. Introduction......ccccceevvvviiiiiiiiiiiiiiiicccccceeeeeeeee, 1
1.1 Preface 1
1.2 Electro-optic effect 2
1.3 Transparent EO ceramics 7

1.3.1 Lithium niobate 8
1.3.2 Lanthanum added lead zirconate titanate 8
1.3.3 Potassium tantalite niobate 10
1.3.4 Strontium barium niobate 11
1.4 Relaxation of driving efficiency in EO modulator 12
1.5 Pioneer work for origin of EO effect 15
1.6 Objective and organization of thesis 17

Chapter 2. Electro-optic effect and piezoelectric resonance

.......................................................................................... 27
2.1 Introduction 27
2.1.1 Influence of piezoelectric effect to EO effect 27
2.1.2 Objective 29
2.2 Experimental procedure 29
2.2.1 Measurement system for EO effect 29

2.2.2 Measurement of piezoelectric effect around
piezoelectric resonance frequency 31
2.2.3 Evaluation of EO effect 32
2.3 Result and discussion 33
2.3.1 Evaluation of EO coefficient in LN single crystal 33
2.3.2 Contribution to EO effect due to piezoelectric effect 35
2.3.3 Frequency dependence of EO coefficient 35

2.3.4 Analysis on EO effect around piezoelectric resonance 37
2.3.4.1 Retardation caused by the clamped Pockels effect 37
2.3.4.2 Retardation caused by the change of light path length38
2.3.4.3 Retardation caused by the photo-elastic effect 39
2.3.4.4 Contribution to EO effect due to the phase lag 42

2.4  Summary of chapter 2 48



Chapter 3. Electric field dependence of birefringence and

dielectric permittivity ....ccccevvvviiiiiiiii, 51
3.1 Introduction 51
3.1.1 Dielectric tunability and electro-optic effect 51
3.1.2 Objective 53
3.2 Experimental procedure 53
3.2.1 Sample preparation 53
3.2.2 Characterization of BST thin film 53
3.2.3 Formation of micro-sized planar electrodes 55
3.2.4 Measurement of dielectric tunability 56
3.2.5 Measurement system for EO effect 60
3.2.6 Evaluation of EO effect 62
3.3 Result and Discuttion 62
3.3.1 Epitaxy and lattice distortion of BST film 62
3.3.2 Electric property of BST film 64
3.3.3 Dielectric tunability of BST thin film 66
3.3.4 Polarizing direction dependence of EO effect 68
3.3.5 Comparison of electric field dependence of
birefringence and dielectric permittivity 76
3.4 Summary of chapter 3 79
Chapter 4. Relaxation and frequency dependence
electro-optic coefficient ......ccooevveviiieeiiiiiiiee e, 85
4.1 Introduction 85
4.1.1 Relaxation of dielectric permittivity and driving
efficiency in EO modulators 85
4.1.2 Objective 87
4.2 Experimental procedure 87
4.2.1 Measurement of dielectric permittivity
at low frequency 87
4.2.2 Methodology of micro-sized planar electrodes method88
4.2.3 Designing of micro-sized planar electrodes 90
4.3 Result and discussion 94

4.3.1 Determination for dielectric permittivity up to GHz 94
4.3.2 Expansion of equation for EO effect 99

of



4.3.3 Calculation of driving efficiency due to EO effect 102
4.4 Summary of chapter 4 104

Chapter 5. Lattice distortion and variation of birefringence

........................................................................................ 109
5.1 Introduction 109
5.1.1 EO coefficient g in dielectrics 109
5.1.2 Objective 112
5.2 Experimental procedure 112
5.2.1 Measurement of EO effect 112
5.2.2 Measurement of Electrostrictive effect 113
5.2.3 Measurement of polarization 114
5.3 Result and discussion 114
5.3.1 Expectation fororigin of EO effect 114
5.3.2 Expansion of equation for EO coefficient g 115
5.3.3 Verification for expanded equation 117
5.3.3.1 Clausius-Mossotti relation
and photo-elastic coefficient 117
5.3.3.2 Calculation of photo-elastic coefficient
by expanded equation 120
5.3.3.3 Relation between electrostrictive coefficient
and electron density 119

5.4 Origin of EO effect and
principle for development of material with high EO property 124
5.5 Summary of chapter 5 125

Chapter 6. Electro-optic effect of Bi-based relaxor ..... 129

6.1 Introduction 129
6.1.1 Features for high EO property 129
6.1.2 Objective 130
6.2 Experimental procedure 130
6.2.1 Fabrication of 67BNT33BKT 130
6.2.2 Measurement of EO effect 131
6.2.3 Measurement of electrostrictive effect 132

6.2.4 Measurement of polarization 132



6.2.5 Measurement of dielectric dispersion 132

6.3 Result and discussion 133
6.3.1 Characterization of 67BNT33BKT 133
6.3.2 EO coefficient of 67BNT33BKT 137
6.3.3 Photo-elastic coefficients of 67BNT33BKT 139

6.3.4 Frequency dependence of EO coefficient
of 67BNT33BKT 142
6.4 Summary of chapter 6 144
Chapter 7. SUMMAIY ..ooieeiiieeieee e 149
List of Publication 153

Acknowledgement 155



Chapter 1 Introduction

Chapter 1

Introduction

1.1 Preface
The electro-optic (EO) effect, which is the change of refractive index with
an external applied electric field"?, is manifested in certain materials which show
tremendous promise of applications. Compared with other devices, the ceramic
EO components, in general, possess advantages in terms of their response speed
(GHz), low driving voltage®”. Since the 1960s the EO effect of ferroelectrics has

been investigated rather extensively®** and various EO devices have been

3,15-19 4,20,21

developed such as laser beam deflectors , variable focus lenses , and

optical modulators?* 32

. Especially we focused on the optical modulator that is key
device to achieve the next high speed information network. The present driving
method in optical modulators such as DPSK, QPSK and 256QAM require higher EO
coefficient than LN single crystal although conventional optical modulator
employed Lithium niobate (LN) single crystal*>>®. Therefore alternative material
with higher EO coefficient was required to achieve high speed optical modulators.
However, the alternative EO material has not been developed yet because we only
had little experimental rules to develop materials with high EO coefficient. To build
the principle for development of alternative EO materials, elucidation for origin of

EO effect is necessary. This dissertation tried to elucidate the mechanism of EO

effect to build the principle for development of material with high EO property.
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Following section describe present trend and problems of optical modulator and
EO materials, pioneer work for elucidation to origin of EO effect, and motivation of

this study.

1.2 Electro-optic effect

Since light is an alternating electromagnetic wave with electric and
magnetic field variation directions mutually perpendicular to one another, the
electric field induces an electric polarization in a dielectric crystal and the light it
self is influenced by the crystal. The alternative frequency of the light is so high
(PHz = 10" Hz) that only the electronic polarization can follow the electric field
change, and the relative permittivity of an optically transparent crystal is small,
not exceeding 10. The relative permittivity € at this frequency is related to the
refractive index n by the following equation:

e=n’ (1.1)

When an external electric field is applied to the crystal, ion displacement
is induced, deforming the shape of the electron cloud, and consequently the
refractive index is changed. This phenomenon is called the EO effect. Generally,
the refractive index is treated as a symmetrical second-rank tensor quantity and is
represented geometrically by the optical indicatrix as shown in Fig. 1(a) that is

described by

2 2
+

+ o1, (1.2)

2
2
n3

PN| x

3|‘<

NN

where ny, ny, n3 are the principal refractive indices™. With the application of an

electric field, the change in refractive index is given by an expansion expression:
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11
n,(E)*  n,(0)°

=2r,E, +2R,EE,. (1.3)

Here n(E) and n(0) are the refractive indices at E and zero field, respectively, and
ri is the linear EO coefficient called Pockels coefficient and Rjjq is the quadratic EO

coefficient called Kerr coefficient.

Fig. 1.1(a) Model of Optical indicatrix
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Considering the ferroelectric phase of perovskite crystal (4mm) as an example, the
optical indicatrix indicates uniaxial ellipsoid as shown in Fig. 1(b). The refractive
indices along isotropic direction n, and n, are called ordinary refractive indices
described as n, The refractive index along z axis ns is called extraordinary

refractive index described as ne.

Fig. 1.1(b)  Model of Optical indicatrix in uniaxial crystal
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The Pockels coefficients are represented in the following matrix:

0O 0 0 r, 0 O (1.4)

so that the refractive indicatrix under electric field applied the z direction is

expressed as:

2 2 2
X 4y z
> + 5 =1. (2.5)

n n
ncz;(l'?Orlez)z n:(l' ;r33Ez)2

When light is transmitted along the y direction, the variation of birefringence by
EO effect (6(An)) is given by
2 2 3

n n nir
&(An)=6n, -6n, =n, (-?r%Ez)-no(—7°r31Ez)=-%Ez (1.6)

n
ro =rs- (n_0)3 34 (1.7)

Generally, the EO effect is not evaluated by variation of refractive indices but by
variation of birefringence.

The refractive index change under an external electric field is explained
intuitively as follows. When an electric field E, is applied to a cubic perovskite
crystal, the crystal is elongated along the z-axis and contracted along both the x
and y axes. Consequently, the material’s density or compactness will be decreased
along the z axis and densified along the x and y axes, leading to decrease in the
refractive index n,and an increase of the indices ny and n, as shown in Fig. 1.1(c).

(Note that the refractive index is proportional to the electron density or ion
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compactness along the polarized light electric field direction which is

perpendicular to the light propagation direction.)

Fig. 1.1(c) Model of Optical indicatrix in uniaxial crystal. Blue ellipsoid indicates
optical indicatrix without electric field. Red ellipsoid indicates optical indicatrix
with applying external electric field. Red equations indicate the differences of

refractive index caused by EO effect.
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Placing the crystal between crossed polarizer and analyzer arranged at
45° angle with respect to the z axis, the output light intensity is modulated as a
function of applied voltage as shown in Fig. 1.2. This is the principle behind the

operation of a longitudinal optical modulator.

Output light

, o Analyz/eW P
= i

Linear polarizaton
-45°

N\
Incident Iight/)%\\ \
@ Linear pollarizaton @

45°
Random polarization %

Fig. 1.2 Model of modulation by EO effect. A linear polarized light is separated

Elliptical polarizaton

in each crystal directions and modulated by each EO effect. So output light does

not show same polarization from incident light.

1.3 Transparent EO ceramics
Along with the development of various EO devices, various EO materials
have been developed. This section describes the fundamental electro-optic

properties of conventional EO materials.
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1.3.1 Lithium niobate
Lithium niobate (LiNbOs, LN) single crystals are the most popular EO

3740 1t has trigonal crystal

materials and widely applied for optical modulator
system, which lacks inversion symmetry and displays ferroelectricity, Pockels effect,
piezoelectric effect, photo-elasticity. It generally has good transparency in a

d*** and does not exhibit

wavelength range extending from the visible to infrare
chirping that is wavelength shift by passing through the EO materials. They show
relatively high EO coefficient (Pockels coefficient r. = 16 x 1012 m/V). However, as
mentioned above, the present driving method in optical modulators such as DPSK,
QPSK and 256QAM require higher EO coefficient. Therefore the development of

alternative EO materials with more high EO efficiency will be required in more high

speed modulators.

1.3.2 Lanthanum added lead zirconate titanate
Lanthanum added lead zirconate titanate (Pbi.La.Zrq.,Ti,O3, PLZT) are
transparent polycrystalline ceramics and thin films studied as optical, electrical,

mechanical materials because of their attracted properties‘m'51

. The polycrystalline
microstructure of a ferroelectric ceramics can also exhibit the electro-optic effect
if it is sintered to pore-free state to make it transparent. Figure 1.3 shows the
phase diagram of the systemsz, on which is indicated the electro-optic effects
manifested for various phase regions. The electro-optic coefficients of the PLZT

5356 such as

system are much larger than the values in conventional EO crystals
LiNbO_a,‘;’”‘40 and Bal_XerTiO_:,W‘62 as shown in Table 1.1, which means that the

modulator size is shorter for the PLZT. However, they don’t have good
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d 63-GSI and

transparency in a wavelength range extending from the visible to infrare
lead toxicity is a serious matter concern for mass production. Therefore, they have

not been replaced from LN modulator though they indicate high EO properties.

PbZrO, [mol %]PbZrO, PbTiIO,
100 90 8 70 60 50 40 30 20 10 O

Ferro., Rhomb. Ferro., Tet.

[mol %] La

30 1 1 1 1 1 1 1 I 30

Fig. 1.3 Relation between PLZT composition and structure and electro-optic

application.
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Table 1.1 EO coefficient of conventional EO materials. (a) Pockels coefficient, (b)

Kerr coefficient.

(a)

Material r.(x 10 m/V) Ref.
LiINbO, 0.16 37-40
KH,PO, 0.52 106-108
Pb, La,,Zr, T, 505 5.23 53-56,108
(Sr,,Na,,.JNb O 135 76-82,108
(b)
Material R (x 10" m/V) Ref.
Ba,Sr, . TiO, 0.42 57-62
Pb,.La,,Zr, s Ti; 50, 0.8 53-56,108
Pb, 6,18, 06ZM o 65 1103505 3.8 53-56,108
KTa, Nb,,.0, 48 66-69,108

1.3.3 Potassium tantalite niobate
Potassium tantalite niobate (KTaggsNbg 3503, KTN) single crystals exhibit
a large EO effect (R. = 4.8 x 10> m?/V?) around the paraelectric to ferroelectric

6669 The variation in the Ta/Nb ratio enables us to

phase transition temperature T
change T, in a -273 to 435 °C temperature range. The crystal composition was
adjusted to Ta/Nb = 1.85 which yielded a T. of about 35 °C. The crystal
temperature was kept at 5 °C above T, to obtain a large EO effect. Though KTN has

attractive EO property, no KTN-based waveguides had yet been reported because

it is very difficult to grow optical quality KTN single crystals due to their inherent

10
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70-72

characteristics Recently, high-quality and large-size KTN crystals were

prepared by S. Yagi73. This large-size and high quality KTN single crystals were
expected as alternative EO materials. Actually the optical beam deflectors®’*”
and variable focusing lens* using KTN single crystals were reported. However, the
KTN single crystals are not appropriate applying to EO modulator because of their
high dielectric permittivity. KTN single crystals indicates large dielectric
permittivity (€, = 30000) at 5 °C above T. to obtain a large EO effect. A material
with high permittivity is difficult to match the characteristic impedance to signal
generator so that it needs the insulator layer to control the impedance of optical

modulator®?*,

1.3.4 Strontium barium niobate

Strontium barium niobate ((SrxBaix)Nb,Og, SBN) single crystal and thin
film exhibit a large EO effect (r. = 1350 x 10" m/V) in x = 0.75 *®2. The EO
coefficient of SBN is larger than that of PLZT, however no devices were developed
using SBN because it indicate strong hysteresis in birefringence between before

and after applying electric field®.
Thus, all materials introduced in this paper did not achieve requirements

for alternative EO material to LN single crystal therefore the alternative EO

material has not been developed yet.

11
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1.4 Relaxation of driving efficiency in EO modulator
The coplanar waveguide (CPW) electrode is commonly used as a
traveling-wave electrode for LN optical modulators because it provides good

connection to an external coaxial line®®’

. In @ modulator with a traveling-wave
electrode, the modulation bandwidth is limited by the difference between the
velocity of the optical wave and that of a microwave, the characteristic impedance
of the electrode, and the propagation loss of the electrode. To date, obtaining this
velocity matching condition is treated as one of the aims of structure design. A
conventional LN modulator consists of LN substrate, a buffer layer of silicon oxide,

and a CPW gold-plated electrode. Fig. 1.4 shows a top view and a cross section of

a Mach-Zehnder type optical modulator with CPW electrode.

Wave guide CPW Electrodes

NN 4
ATE Y ),

LINbO, substrate - \

(a)

12
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CPW Electrodes
SiO, buffer layer

LINbO, su bstr;te\ Wave guide

(b)
Fig. 1.4 Top view (a) and cross section (b) of the ridged Mach-Zehnder optical

modulator.

A titanium-diffused waveguide is formed in LN substrate. The substrate is coated
with a buffer layer of silicon oxide. A CPW gold electrode is formed on the buffer

28-32 and a

layer. For the velocity matched modulator, half wave voltage is 3to 5.5V
driving efficiency remains constant with varying the frequency of applied electric
field up to 70GHz as shown in Fig. 1.5. Driving efficiency is determined by EO
coefficient therefore the EO coefficient of LN single crystals remain constant with
varying frequency of electric field. However, this modulator required a modulator

length / = 3 cm. It is the minimum length due to lack of EO coefficient in LN single

crystal.

13



Chapter 1 Introduction

Normalized driving efficiency [dB]

0 10 20 30 40 50 60 70
Frequency [GHz]

Fig. 1.5 Frequency dependence of driving efficiency in EO modulators using LN
single crystal and PLZT9 ceramic normalized to driving efficiency at low

frequency.

PLZT transparent ceramics that show higher EO properties than LN single
crystals were also employed to EO modulators. Especially, a modulator length and
half wave voltage of PLZT9 modulator were 10 mm and 11V® in 10 GHz driving.
They need higher half wave voltage but overwhelming miniaturization was
achieved because of their high EO coefficients. However EO coefficient of PLZT9
shows relaxation with varying a frequency of applied electric field®. The driving
efficiency of PLZT9 at 10GHz was 8dB lower than that at low frequency as shown
in Fig. 1.5. PLZT9 shows relaxation though the driving principle is EO effect that is
the same to LN.

Thus, it is indispensable to consider the relaxation of EO coefficient to

developed material. We cannot apply the high EO coefficient at low frequency as

14
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alternative EO material to LN single crystal if it shows large relaxation in driving

frequency

1.5 Pioneer work for origin of EO effect

As mentioned above, the alternative EO materials to LN single crystal
had not been developed yet. And EO materials show different frequency
dependence respectively of EO coefficient. To develop the alternative material for
EO modulators, a material search like a try-and-error is not effective, but a
development based on a principle derived from the origin of EO effect is

indispensable.

Pioneering work analyzing to the origin of EO effect in dielectrics was

reported by several workers®®*

. M. Didomenico and S. Wemple proposed that
the EO coefficient normalized a number of oxygen octahedral (BOg) in unit cell
are all same in materials with oxygen octahedral structure despite the species of

B site ions is different®®?

. This result is derived from phenomenological analysis
for oxygen octahedral. Therefore all cubic dielectrics show the same EO
coefficient. The differences of EO coefficients are caused by the differences of
polarization and other parameters induced by anisotropic crystal structures. They
concluded that the materials with high EO coefficient must be with high
permittivity and spontaneous polarization. However, the analysis cannot be

applied to the cubic relaxor materials and the ferroelectrics with diffuse phase

transition (DPT ferroelectrics). They indicated relatively high EO coefficient

15



Chapter 1 Introduction

although they do not show high dielectric permittivity. In relaxor and DPT
materials, it is believed that the fluctuations of dipole moments in polar
nano-regions (PNRs) derive dipole polarization and it contributes to permittivity

up to GHz region in the paraelectric symmetry®> %

. The PNRs are in paraelectric
phase of relaxor materials and DPT ferroelectrics but they do not show
anisotropy without electric field. The PNRs contribute to dielectric polarization
with applied electric field therefore the relaxor materials and DPT ferroelectrics
indicate high permittivity though their crystal structure is cubic. The change of
polarization may induce the change of refractive index due to lattice distortion.
This is why the relaxor materials and DPT ferroelectrics show exception from the
analysis in Ref 90, 91. The change of polarization caused by PNRs was not
considered in previous work undertaken by M. Didomenico and S. Wemple.
Therefore another principle that can be applied to relaxor materials is necessary.
Moreover, influence of strain to EO effect is not negligible. M. Zgonik and
G. Pauliat reported that the analysis for influence of strain due to piezoelectric
displacement and proposed the novel equation including a contribution of

strain®%3

. They separated influence of strain from EO effect from experimental
result and concluded strain induced not only the change of light path length but

also variation of birefringence. However, this equation did not consider the

frequency dependence therefore it cannot be applied in high frequency. In order

16



Chapter 1 Introduction

to discuss about frequency dependence, formularization of new equation is

indispensable.

In this way, we noted three problems: (i) previous work did not consider
the relaxation in frequency dependence of EO coefficient, (ii) the relaxor
materials show relatively high EO coefficient, and (iii) the influence of strain was

not considered in previous works.

1.6 Objectives and organization of thesis

From the literature survey and the background described in 1.1 to 1.5,
objectives of this study are as follows,
1) Elucidation to the origin of electro-optic effect
2) Development of a novel electro-optic crystal through the results in this

research

In this study, we determined the origin of EO effect phenomenologically
through solving problems (i) to (iii) described above. In order to accomplish the
objective, this thesis was organized and undertaken thorough chapter 1 to 7 as
follows,

In chapter 1, “Introduction”; from a literature survey, the background, the
present problems and objective were described.

In chapter 2, “Electro-optic effect and piezoelectric resonance”; the novel
equation for EO-effect around piezoelectric resonance frequency was

formularized to figure out the influence of strain to EO effect that is problem (iii).

17
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This novel equation explained the whole influences of strain to EO effect and it
was firstly invented. Influences of strain to EO effect were quantified and the
most susceptible influence was discussed.

In chapter 3, “Electric field dependence of birefringence and dielectric
permittivity”; the electric field dependence of dielectric permittivity (dielectric
tunability) and birefringence (electro-optic effect) of barium strontium titanate
(Ba1SryTiO3, BST) thin films were measured and the relation of polarization and
birefringence variation with varying the electric field was discussed to figure out
why the relaxor materials indicated the exceptions in previous work. This chapter
solved the problem (ii).

In chapter 4, “Relaxation and frequency dependence of electro-optic
coefficient”; the frequency dependence of dielectric permittivity in lanthanum
added lead zirconate titanate (PbiLaxZriTiyO3, PLZT) ceramics was measured
and discussed to figure out a relation between the relaxation of dielectric
permittivity and EO coefficient in frequency dependence. An equation for EO
effect including an influence of dielectric permittivity was derived and it
elucidated the parameter determined the frequency dependence and relaxation
of EO coefficient. This chapter solved the problem (i).

In chapter 5, “Variation of birefringence due to Iattice distortion and
polarization”; summarizing the results from chapter 2 to 4, the origin of EO effect
was discussed in order to find out what parameter determines the EO coefficient.
A novel equation for EO effect that can be applied to relaxor materials and
including an influence of lattice distortion was derived. It elucidated the

conditions to develop the EO materials with high EO coefficients.

18
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In chapter 6, “Electro-optic effect of Bi-based relaxor”; EO property of
lead-free Bi-based relaxor single crystal 67BigsNagsTiOs - 33BipsKosTiOs
(67BNT33BKT) was demonstrated. 67BNT33BKT single crystals satisfy all
conditions derived from chapter 2 to 5 for new EO materials with high EO
properties. The EO Property of 67BNT33BKT was discussed with a comparison of
that of conventional EO materials.

In chapter 7, “Summary”; results obtained in this study were all simply

summarized.

19
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Chapter 2

Electro-optic Effect and Piezoelectric Resonance

2.1 Introduction
2.1.1 Influence of piezoelectric effect to EO effect

For designing high-speed EO devices, it is necessary to take into account the
effect of piezoelectric resonance as long as ferroelectric oxides are employed as
EO crystals. The EO coefficients depend on the mechanical constraints imposed
on the crystal. If the crystal is free (unclamped), the stress in the crystal is zero, if
the crystal is rigidly held (clamped), the strain in the crystal is zero. In the free
condition, the EO coefficient value measured will also include a contribution
from the strain in the crystal through the converse piezoelectric effect. This
electrically induced strain then causes a change in the crystal's refractive index
through the photo-elastic effect and the change of light path Iengthl's.

Thus, to an observer who applies the electric field and is measuring the
change in refractive index, this contribution of strain is inseparable from the
unclamped EO effect. The relationship between the clamped EO coefficient and

the unclamped EO coefficient can be written

T S

ry =r; +p,d; (2.1)

ij
where r,./.T is the value measured at constant stress (free crystal), r,.f is the

value measured at constant strain, p, is the photo-elastic coefficient, and d,
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is the piezoelectric coefficient. A measurement made with a static applied
electric field corresponds to the unclamped case. A measurement made with a
high frequency electric field corresponds to the clamped condition and only the
clamped EO effect will be measured”. This is the pioneering work for EO effect
considering the contribution of piezoelectric effect undertaken by R. S. Weis and
co-workers>. And some reports proposed expanding formulae of EO coefficient
from Eq. (2.1) assuming that the EO effect is the result of the change of light path
length and/or photo-elastic effect due to piezoelectric effect™. They determined
the origin of EO effect phenomenologically through analyzing and separating in
influence of strain in this way.

However, these formulae could not explain the change of EO coefficients
around piezoelectric resonance: P. Glinter reported that the EO coefficient of
KNbO3 single crystal indicated maximum and minimum in the frequency
dependence, though the theoretical formula of piezoelectric displacement gives
only maximum at resonance frequency®. These contradictions indicate that
previous formulae of EO effect should be modified to explain experimental
results for realizing more accurate understanding of EO effect.

The lithium niobate (LiNbOs, LN) single crystals have been used for EO
modulators, realizing high-speed (over 10 Gbps) and wide-band optical

7-11

modulations’". This LN single crystal was employed as a sample for this study

because of low frequency dependence of EQ effect.
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2.1.2 Objective

In this chapter, we aimed to analyze the EO effect of an LN single crystal in
order to determine the influence of strain focusing on the behavior of EO
coefficients around piezoelectric resonance frequency. We formularized the exact
formula including the influence of strain to EO effect. It helped to elucidate the

origin of EO effect.

2.2 Experimental procedure
2.2.1 Measurement system for EO effect

A schematic illustration and photograph of the measurement system is
shown in Fig. 2.1. The EO coefficient of a rectangular LN single crystal (NEL
crystal) with sample size of 3.9 x 0.54 x 0.40 mm?® was measured as a function of
frequency and strength of external electric field using Senarmont method with
semi-conductive laser (Amonics Ltd, ALS-I5-B-FA, wavelength: 1.55 um).
Piezoelectric resonance of fundamental 31-mode of this crystal plate was
observed at 758.9 kHz. A polarizer and an analyzer were respectively placed
before and after the sample crystal. Between the polarizer and analyzer, a
compensator was inserted to compensate the initial birefringence of the LN
single crystal. The output light intensity was measured by a photodiode
(Electro-optics Technology, ET-3010). The intensity of transmittance light was
measured with keeping the extinction position of the polarizer and analyzer as a
function of voltage (0—20V). The sample was held at the vibration nodes with two
needles to prevent from clamping of piezoelectric vibration at resonance

frequency as shown in Fig. 2.1.
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Output
Analyze%
Compensater 7
Needle o= /%

Polarizer

/&

Incident light

Fig. 2.1. Schematic illustration and photograph of measurement system for

EO-effect
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2.2.2 Measurement of piezoelectric effect around piezoelectric
resonance frequency

The piezoelectric displacement and its phase lags to the applied electric
field were measured using laser doppler vibrometer (NEOARK corp., MLD-301A)
connected to a lock-in amplifier (NF corp., LI5640) as shown in Fig. 2.2. The
driving voltage was 20V (peak to peak) in the resonance frequency range at 757 -

762 kHz.

Laser doppler vibrometer

& 1 3
31 vibration mode | ok

//

Lock -in amp. B
. mm mm mm g

Signal generater

Fig. 2.2. Schematic illustration of measurement system for piezoelectric

displacement

31



Chapter 2  Electro-optic Effect and Piezoelectric Resonance

2.2.3 Evaluation of EO coefficient

From transmitted light intensity (/) normalized to the reference light
intensity (lp) (I / Io) vs. electric field curves, the EO coefficient was evaluated as
described below: A linear polarizing light does not change its polarizing state
after passing through an optically isotropic medium, giving rise to / / Io = 0 at the
extinction position. Therefore, I / Io measured at the extinction position includes
the information on the degree of birefringence of the sample. The retardation R
could be calculated using the following equation,

!
R=tan™( —Ilosincp) (2.2)

1-—
IO

where ¢ is the analyzer angle4. From the definition of retardation, it can be also
represented by,

_2nlAn
A

R

(2.3)

where [ is the light pass length, A is the wavelength and An is the initial
birefringence. From Egs. (2.2) and (2.3), we obtained the following relation:
/
_—
An=— tan’( —=sinp) (2.4)

/
2nlL 1-4

IO

The EO effect is electrically induced birefringence and normally consists
of the Pockels effect and Kerr effect. The Pockels effect gives a linear change of
birefringence with electric field. The retardation R’ due to the Pockels effect is
represented by

_nnlr El
A

R’ (2.5)
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where n. is the extraordinary refractive index, E is the electric field intensity and

r. is called as the Pockels coefficient defined by,

c

n
r.=r, - (n_0)3 ris (2.6),

where n, is the ordinary refractive index, r,, and r,, are the longitudinal and
transverse Pockels coefficients, respectively. If the electric field induced
birefringence is defined as &(An), An in Eq. (2.3) should be written as 6(An).

Inserting R in Eq. (2.3) into R in Eq. (5), 6(An) can be represented by

3
5(An) ="

E. (2.7)

The electric field dependence of birefringence was fitted to Eq. (2.7) to evaluate

Pockels coefficient r_ .

2.3 Results and discussion
2.3.1 Evaluation of EO coefficient in LN single crystal

Figure 2.3 shows electric field (DC) dependence of transmitted light
intensity (/) normalized to the reference light intensity (/o). Similar curves were
obtained in AC-field dependences. From this result, the electric field dependence
of birefringence was calculated by Eq. (2.4) as shown in Fig. 2.4. The Pockels
effect is dominantly determined the EO effect of the LN single crystal because the
electric field dependence of birefringence shows liner behavior. The Electric field
dependence of birefringence in Fig. 2.4 was fitted to Eq. (2.7) to evaluate Pockels
coefficient r. . The Pockels coefficient was determined as 16.2 x 102 m/V which

. . . 12-1
was almost consistent with some literature values'***.

33



Chapter 2  Electro-optic Effect and Piezoelectric Resonance

0.00006
0.00005 | .
oo
0.00004 | .
~ 0.00003 | g
0.00002 | *

0.00001 | o8°

0

0 5 10 15 20 25
Voltage [V]
Fig. 2.3. Electric field dependence of the intensity of transmitted light (/)

normalized to the intensity of incident light (/o)
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Fig. 2.4. Electric field dependence of observed and calculated birefringence.
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2.3.2 Contribution to EO effect due to piezoelectric effect

The EO effect is defined as the electric field dependence of birefringence.
However, the change of birefringence caused by piezoelectric displacement must
be considered in addition to electric field dependence of birefringence when the
piezoelectric crystals are employed as mentioned in 2.1.1. The light path length
is generally considered as constant when the birefringence is calculated by
retardation. In piezoelectric crystals, the light path length is elongated caused by
piezoelectric effect depending on the electric filed. This elongation gives rise to
the change of retardation with increasing of electric field. However, this
retardation due to piezoelectric displacement must be discriminated from the
retardation due to EO effect. Therefore, the Pockels coefficient calculated by Eq.
(2.7) should be defined as apparent Pockels coefficient because it does not
consider the contribution of piezoelectric displacement. And the piezoelectric
displacement gives rise to photo-elastic effect whose contribution is also
included in apparent Pockels coefficient. Thus the apparent EO effect of
piezoelectric crystals is expressed by summing up three effects: the retardation
change caused by (i) application of electric field, (ii) change of light path length,
(iii) photo-elastic effect. Further, the piezoelectric displacement shows lag from
electric field when the alternative electric field is applied to piezoelectric

crystals.
2.3.3 Frequency dependence of EO coefficient

Figure 2.5 shows the frequency dependence of EO (Pockels) coefficient

r. of an LN single crystal. It was confirmed that the EO coefficient showed a
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maximum (758.9 kHz) and a minimum (760 kHz) around the piezoelectric

resonance frequency as indicated by P. Gunter®.

10*

10°

102 L

101 L

Pockels constant [1022 m/V]

10° . . . .
754 756 758 760 762 764

Frequency [kHz]

Fig. 2.5. The frequency dependence of observed EO coefficient.

The piezoelectric displacement shows relaxation at piezoelectric
resonance frequency. As mentioned above, at frequencies far over the
piezoelectric resonance, the piezoelectric displacement is negligible therefore
the Pockels coefficient observed at this frequency is defined clamped
(constant-stress, strain-free) Pockels coefficient. On the other hands, at
frequencies far below the piezoelectric resonance, the Pockels coefficient
observed at this frequency is defined unclamped (constant-strain, stress-free)
Pockels coefficient because the displacement is observed caused by piezoelectric

effect. This definition is as same as the definition for dielectric permittivity at

36



Chapter 2  Electro-optic Effect and Piezoelectric Resonance

piezoelectric resonance frequency™.

In this paper, the Pockels coefficient measured at 756 kHz (16.2 x 10™
m/V) was defined as unclamped Pockels coefficient rCT, and the Pockels
coefficient measured at 762 kHz (7.7 x 102 m/V) was defined as clamped Pockels
coefficient r’.

The retardation induced by unclamped Pockels effect is calculated by
summing three effects: (i), (ii), and (iii), because the unclamped Pockels effect
includes the contribution of piezoelectric effect. On the other hand, the
retardation induced by clamped Pockels effect is calculated by an effect (i),
because the clamped Pockels effect does not include the contribution of
piezoelectric effect, i.e. the retardation change caused by application of electric
field (effect (i)) is same to the retardation due to clamped Pockels effect.

Afterward, the effect (i) is redefined as the retardation change caused by the

clamped Pockels effect.

2.3.4 Analysis on EO effect around piezoelectric resonance
2.3.4.1 Retardation caused by the clamped Pockels effect
As the first analysis of EO effect, the retardation due to clamped Pockels

effect R. is defined as

R =—ec (2.8)

where rf is clamped Pockels coefficient. This retardation calculated by Eq.

(2.8) is regarded as the retardation caused by effect (i).
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2.3.4.2 Retardation caused by the change of light path length

For the analysis of the effect (ii), we calculated the retardation R, due to
the change of light path length resulted from piezoelectric strain. The retardation
caused by the change of light path length R, can be represented by modifying Eq.

(2.3) as

B 2rtAn
|

Al (2.9)

where Al is the change of light path length. An in Eq. (2.9) is initial birefringence
that does not change by applying electric field. Using Egs. (2.8) and (2.9), the
Pockels coefficient considering the contribution of light path length r' is given

by

- nngE/ [R.+R )= nn}éE/ (’"EQS El+ Z"AA” A). (2.10)

In Fig. 2.6compared frequency dependence of apparent Pockels
coefficient calculated by Eq. (2.10) with that observed, indicating that both
results did not agreed at all. The Pockels coefficients estimated from the change
of optical path length caused by the piezoelectric strain was too small to explain

the result of measurement.
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Fig. 2.6 The frequency dependence of observed EO coefficient and calculated EO
coefficient by Eq. (2.9). Eq (2.9) is formularized from the retardation due to the

clamped Pockels effect and the change of light path length.

2.3.4.3 Retardation caused by the photo-elastic effect

The piezoelectric effect should induce the distortion of crystal lattices,
which gives rise to the change of refractive index through the deformation of
electronic clouds in the crystal lattices. The change of refractive index thus
produced in the crystal is called as the photo-elastic effect™®. For the analysis of
the effect (iii), the contribution of photo elastic effect to the EO effect was
considered. The retardation due to the photo-elastic effect Ry, is described by

following relation®”8,

3
_ ninZ/

ph
A ikl

R ik (2.11)
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where pjji are photo-elastic coefficients and Sy are elastic strain. The retardation

in the above equation can be expanded as

3
/
IR PURYN PN RN IR SR SR

where the transverse and longitudinal coefficients should contribute to the
retardation in a opposite way. The following equation was obtained by adding

the contribution of photo elastic effect to Eq. (2.9),

A A n’r’ _ 2nh n’l
r=—" R +R +R,Je— (e + T g T
nnEl U omnEl A A A

Sk - (2.13)

ijk,l

where rc“ is the Pockels coefficient considering the contribution of light path
length and photo-elastic effect. Figure 2.7shows frequency dependence of
apparent EO coefficient calculated from Eq. (2.13) where photo-elastic

coefficients were taken from literature® as shown in Table 2.1.

Table 2.1 Photo-elastic coefficients at constant electric field.

P P P P P P P P

11 33 44 12 13 14 31 41
0.036 0.066 — 0.072 0.135 — 0.178 0.155
0.025 0.068 0.079 0.132 0.1 0.168 0.158

0.034 0.060 0.30 0.072 0.139 0.066 0.178 0.154
— 0.069 0.152 0.088 0.126 0.080 0.176 0.134
0.045 0.076 0.019 0.096 0.149 0.055 0.138 —
-0.026 0.071 0.146 0.090 0.133 -0.075 0.179 -0.151
-0.02 0.07 0.12 0.08 0.13 -0.08 0.17 -0.15
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Fig. 2.7 The frequency dependence of observed EO coefficient and calculated EO
coefficient by Eq. (2.12). Eq (2.12) is formularized from the retardation due to the
clamped Pockels effect, the photo-elastic effect, and the change of light path

length.

A marked improvement was obtained from Fig. 2.6, indicating that the
retardation due to the photo elastic effect (effect (iii)) was much higher than that
of the change of light path length (effect (ii)) and clamped Pockels effect (effect
(i)). However, notable discrepancy was observed at 757 kHz where
experimentally determined EO coefficient showed a minimum. Figure 2.8 shows
the piezoelectric displacement as well as the phase-lags between electric field
and piezoelectric displacement as a function of frequency. The piezoelectric
displacement shows only maximum at 758.9 kHz which is consistent with the

formula of piezoelectric strain®. It is therefore reasonable that the apparent EO
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coefficient estimated from the change of optical path length and photo elastic

effect showed only maximum at resonance frequency.

500 180

- >
__ 400 | ] _
S o
= i 1120 m
= 300 L _ i
)
£ i | I
9 200 L @
N 160 &
A 100 L .

0 i i 0

754 756 758 760 762 764
Frequency [kHz]

Fig. 2.8. Piezoelectric displacement field and phase lag between electric field and
piezoelectric displacement of LN single crystal as a function of frequency of

applying electric field.

2.3.4.4 Contribution to EO effect due to the phase lag

To explain the minimum in the frequency dependence of apparent EO
coefficient observed in Fig. 2.5, we have considered a phase lag between electric
field and piezoelectric displacement. The phase lag is negligible at frequencies far
below the piezoelectric resonance. It steeply increases near the resonance
frequency from zero to m through m / 2 at the resonance frequency as shown in

Fig. 2.8. The phase lag of piezoelectric displacement should be incorporated into
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Eq. (2.13).
If the alternative electric field applied to EO crystals, the retardation is

replaced as

R=Rcsirwt+(RL+Rph)sin(ut-5)=RCsirwt+Rpsin(ut-tS)

=R, +R, coso‘)sinut-Rpsirﬁcoswt (2.14)
where w is frequency of applying electric field, § is the phase lag between
piezoelectric displacement and electric field shown in Fig. 2.8. R,= R+ Rpnis the
retardation caused by piezoelectric displacement.

The retardation R in the above equation can be calculated as

R=\/(RC+Rpc056)2+(RPsir‘r5)2sin(ut+a) (2.15)
4 R.+R, cosé _ -R,sind
a=cos =sin
JR.+R,cos8)* +(R, sins)’ JR. +R, c0s8)* +(R, sin5)’

The amplitude of retardation |R| is given by

|R|=\/(RC+RP cosb)’ +(R,sins)’ . (2.16)
The retardation in Eq.(12) (Rc + RL+ Rpn) should be substituted to the amplitude

of combined retardation |R|. Thus Eq. (13) is replaced as

A

A
rm _ - .
nnEl

© nn’El

R

\/(RC +R,cos6)’ +(R, sind)’

A nnor €l 2mAn o mngl 2nAn . ninll ‘
= = \/( et +( A +—= Zoijk,sk,)COs(S)2 +( 1 Al + Ae Efpfjk/sk/ sins)’ (2.17)
‘ bkl 1ik

A A A
where r!" is the Pockels coefficient considering the contribution of light path
length and photo-elastic effect and phase lag. Figure 2.9 show calculated result

by Eq. (2.17) and observed values. Good fitting indicated that the minimum in

behavior of apparent Pockels coefficient.
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Fig. 2.9. The frequency dependence of observed EO coefficient and calculated EO
coefficient by Eq. (2.17). Eq (2.17) is formularized from the retardation due to the
clamped Pockels effect, the photo-elastic effect, and the change of light path

length. And Eq. (2.17) is considering the phase lag between R, and R..

The minimum in behavior of apparent Pockels coefficient did not be
explained in previous works. This behavior can be explained as described
following. If the phase lag is negligible, the retardation is calculated as sum of R,
and R as shown in Fig. 2.10 (a). If the phase lag is equal to m, the retardation is
calculated as difference between R, and R. as shown in Fig. 2.10 (b). As
mentioned above, the retardation due to piezoelectric effect R, is much higher
than the retardation due to clamped EO effect R.. Therefore the sum of R, and R
is as same as the difference between R, and R. at piezoelectric resonance

frequency. This is why the apparent Pockels coefficient does not change steeply
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through the piezoelectric resonance frequency. At frequencies far over
piezoelectric resonance, the retardation due to piezoelectric effect is decreasing
with decreasing of piezoelectric displacement. With decreasing piezoelectric
displacement, the retardation due to piezoelectric becomes equal to the
retardation due to clamped Pockels effect at the frequency as shown in Fig. 2.11.
At this frequency, the retardation shows the minimum therefore the apparent
Pockels coefficient shows the minimum. This is why the frequency dependent of
apparent EO coefficient shows the minimum at frequency far over piezoelectric
resonance.

The piezoelectric displacement contributes to EO effect as the change of light
path length and photo-elastic effect. Among them, photo-elastic effect that is
birefringence induction due to strain mainly contributes to EO effect. On the
contrary, the influence of the change of light path length is negligible. Hereafter,
we consider the influence of strain to EO effect is photo-elastic effect dominantly.
Therefore we conclude that the photo-elastic coefficient must be considered as

parameter for material search in order to solve the problem (iii).

45



Chapter 2  Electro-optic Effect and Piezoelectric Resonance

(a) Phase lag is negligible (6 =0) (b) Phase lag is maximum (6= m)
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Fig. 2.10. Physical image of the retardation changed by piezoelectric effect and

by piezoelectic displacement
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clamped EO effect around resonance frequency. (a) Phase lag is negligible (6 = 0),

(b) phase lag is maximum (6 = i)
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Retardation
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Fig. 2.11. Relation among the retardation by piezoelectric displacement, the

retardation by clamped EO effect, and phase lag.

2.4 Summary of chapter 2

In this chapter, the apparent EO coefficient around resonance frequency was
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measured to analyze the contribution of piezoelectric displacement and
formularize an equation. The frequency dependence of apparent EO coefficient
around resonance frequency shows the maximum and minimum. The maximum
was observed at piezoelectric resonance frequency, the minimum was observed
at frequency far over resonance frequency. We conclude that the unclamped EO
coefficient is due to retardation from (i) clamped Pockels effect, (ii) change of
light path length, (iii) photo-elastic effect. The minimum is caused by phase lag
between piezoelectric displacement and applying electric field. It is notable that
the photo-elastic effect that is birefringence induction due to strain mainly
contributed to EO effect in these effects. Therefore we concluded that the

influence of strain to EO effect is photo-elastic effect.
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Chapter 3 Electric field dependence of birefringence and dielectric
permittivity

Chapter 3
Electric field dependence of birefringence and

dielectric permittivity

3.1 Introduction

3.1.1 Dielectric tunability and electro-optic effect

As mentioned in chapter 2, the photo-elastic effect is unmissable factor
to analyze the EO effect. We estimated that the polarization that induced the
lattice distortion gave rise to the photo-elastic effect. The variation of
birefringence caused by polarization is supposed as origin of EO effect. To
elucidate the influence of polarization to EO effect, it is necessary to understand
the microscopic mechanism determining the performance of EO effect in
ferroelectric materials. The polarization is proportional to the dielectric
permittivity in the electrical region. Further the dielectric permittivity was varied
with application of the electric field in some relaxor materials'”’ that is called

(dielectric) tunability. The EO effect is regarded as the tunability of refractive
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index with varying of external electric fields because the refractive index is
dielectric permittivity at high frequency. Therefore, we can expect the tunability
of refractive index (EO effect) shows a similar behavior to the tunability of
permittivity measured at low frequencies. We estimated that the problem (ii):
“the relaxor materials show relatively high EO coefficient” is caused by the
tunability.

However, it is possible to consider in another way, i.e., the polarization
mechanism at low frequencies involves electronic, ionic and dipole polarizations
but that at optical frequencies is only due to the electronic polarization, which
may give different behaviors in the tunability of low frequency permittivity and
refractive index. Dielectric tunability of barium strontium titanate (Ba;,SryTiOs,
BST) thin films have been studied for realizing tunable capacitors and tunable

filters operating at microwave frequencie58'14

. On the other hand, some reports
showed that BST thin films exhibited relatively high EO effects™ % though EO
coefficients reported in literatures were not consistent with each other. We
believe that BST thin films are a suitable sample for understanding the
relationship between the low frequency dielectric tunability and EO effect.
However, a lack of experimental data on simultaneous measurements of

dielectric tunability and EO effect restricted further understanding of the relation

and the microscopic mechanism of EO effect.
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3.1.2 Objective

In this chapter, we measured the electric field dependence of
birefringence and dielectric permittivity in BST thin films to confirm that the
polarization variation contribute to EO effect. High quality BST epitaxial films
were used for a sample of the measurements to elucidate the relation between
the dielectric tunability and the EO effect, and why the relaxor materials show

relatively high EO coefficient in order to solve the problem (ii).

3.2 Experimental procedure

3.2.1 Sample preparation

Epitaxial BST thin films were deposited on (001) STO single crystal
substrates using RF-magnetron sputtering method (SMM3-R, RST Co. Ltd.) at
substrate temperature of 600°C and at RF power of 30 W. The sputtering gas was
a mixture of 80 % Ar and 20 % O,. The gas pressure during the depositions was

30 mTorr.

3.2.2 Characterization of BST thin film

The crystallinity of the films was verified by x-ray diffraction (XRD) and

reflection high-energy electron diffraction (RHEED) analyses. The film thickness
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was determined by a surface profiler (Dektak, Veeco). Polarizations (P) vs.
electric field (E) curves of the films are measured using a ferroelectric tester
(Radiant, RT6000). For the measurements of the EO-effect of the films, planer
electrodes with a dimension of 2.8 x 1.4 mm? separated by 20 um spacing were
formed on the film surfaces using lithography technique. Figure 3.1 shows an
illustration of a sample with a planer electrode which was aligned parallel to the

cubic axis of STO substrates that was defined as the [100] direction.

[100]
STO Substrate
] 001
Electrodes
§\;\>
>
R
[010]
L BST films
Incident light

Fig. 3.1.  Geometric relation of planer electrode with the crystal axes of STO

substrate.
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3.2.3 Formation of micro-sized planer electrodes

Designed planer electrodes were formed on the BST thin films. Lift-off
method, an electric circuit formation technique, was used to form the designed
electrode pattern on the surface of sample. The procedure of this method is
shown in Fig. 3.2. At first, photo resist solution (OFPR-800, Tokyo Ohka) was
coated on the surface of sample. A spin coater (1H-D7, MIKASA) performed the
coating operation under the conditions of 2500 rpm rotation speed and 25
second long. Then, the resist coated sample was put in an electric oven and heat
treatment was performed in 90°C for 10 minutes for the purpose of evaporation
of organic solvent. The adhesive force of resist could also be strengthened by
heat treatment. Coated resist was then exposed using a mask alignment with
ultrahigh pressure mercury lamp (MA-10, MIKASA) for 10 sec. After the exposure,
the development was performed by sinking the sample into alkali developer
(NMD-3, Tokyo Ohka) for 1minute, then the water washing was done. Post
developing bake was done in electric oven at 120°C for 10 minutes. Gold layer
with 60 nm thickness was deposited on the surface of sample by the DC
sputtering. Finally, the sputtered sample was dipped in exfoliation agent. In this
process, unexposed resist dissolved in exfoliation agent, and then the Au film

deposited on these areas was lift-off.
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Fig. 3.2. Procedure for the lift-off method.

3.2.4 Measurement of dielectric tunability

Dielectric tunability of the BST films was determined from electric field
dependence of the permittivity. Figure 3.3 shows a schematic illustration of
measurement system for dielectric tunability. A frequency response analyzer
(5060, NF corporation) was used to measure electric current, voltage and a
phase difference between them. Electric signals applied to the sample were

generated by superimposing dc voltages (0 — 200 V) to ac signals (10 kHz, 10 V,.,
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in amplitude) with a hand-made bias-tee coupler. Here, the complex voltage
measured at clip 1 as shown in Fig. 3.3 is defined as Vl*, the complex voltage
measured at clip 2 is defined as V;, the phase difference between them is
defined as 6, and the complex current flowing in the pure resistance in Fig. 3.3 is

defined I, these parameters are estimated as

V," =V, exp(wt) (1)

V, =V, expli(wt +6)} (2)

A

I'=— (3)
Rpure

(ZSAM* + Rpure)l* = VZ* (4)

where Z,,,, is complex impedance of sample, R, is terminal resistance of pure

pure

resistance R,,. = 500 Q, V; and V, is amplitude of V, and V,, and w is

pure
frequency of applied electric filed. The complex impedance of sample Z;AM is

calculated by substituting Eq (2), (3) to (4) as .

*

V.
Zow = Rpure[vz exp{i(—é)} -1] (5)

Here, the complex admittance of sample Y;W, is derived from Eq. (5) as

\ 1 1
You = 7 - = Vv (6)
sam Rpu,e[VZexp{i(-a)}-ll
1
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On the other hand, the complex admittance of sample Y.,,, and the capacitance

of sample C,,,, have relation described as

*

Yiars = Goans ¥ iBspp, = iwCs,,, =iw(C'-iC'")=C"+iwC'
(7)
where G.,,is conductance of sample, B, is susceptance of sample, C' is real

part of complex capacitance, and C” is imaginary part of complex capacitancezz.

Therefore, the real part of capacitance C' can be calculated by the susceptance of
sample B,,, . Since the dielectric properties were measured with planer

electrodes as shown in Fig. 3.3, the permittivity was not easily evaluated by
capacitance. To solve this problem, an electromagnetic field analysis (MW
STUDIO, AET Inc) was employed. In the analysis, the sample permittivity was
evaluated to obtain the best fitting between the complex admittances calculated
and measured. The electric field dependence of dielectric permittivity was

obtained from this analysis with varying electric field.
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100 Q | response
Clip 1 analyzer
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Clip 2
BIAS-Tee
10V
0-200V T
L

Fig. 3.3. Schematic illustration of measuring system for dielectric tunability

3.2.5 Measurement system for EO-effect

A schematic illustration and a photograph of the system developed for the

measurements of the EO-effect as a function of electric field are shown in Fig. 3.4.
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The films surface was set with the direction perpendicular to the incident light
passing through the 20 um spacing between electrodes. A polarizer and an
analyzer were respectively placed before and after the sample. A lens was placed
between the samples and the polarizer to focus the incident light beam on the
electrode spacing. The intensity of transmittance light was measured with
keeping the extinction position of the polarizer and analyzer as a function of
voltage (0 - 200 V) between the two electrodes. The electric field applied to
samples with the planer electrode was estimated from the simulation using a
finite element method (ANSYS, ANSYSver9.0). In the transmission geometry, the
birefringence of substrates cannot be separated from that of films. Therefore,
we first measured the birefringence induced by the EO-effect of STO substrates
and confirmed that the birefringence of the substrates was negligible in
comparison with that of films. Other constitution is the same to the

measurement system in chapter 2.
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Fig. 3.4. (a) Schematic illustration and (b) a photograph of measuring system for

EO-effect and dielectric tunability
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3.2.6 Evaluation of EO effect

The electric field dependence of birefringence due to EO effect was evaluated by
the same method described in chapter 2. Note that the EO effect of BST thin film
indicates non-liner behavior that is Kerr effect. The birefringence shift in a

quadratic EO effect (Kerr effect) is given by
1 3 2
OAn= > n°R_E (8)

where R. is the quadratic EO coefficient (Kerr coefficient)®®. The electric field

dependence of birefringence was fitted to Eq. (6) to evaluate Kerr coefficient R, .

3.3 Results and Discussion

3.3.1 Epitaxy and lattice distortion of BST film

Figure 3.5 (a) shows an XRD profile and Fig. 3.5 (b) shows an RHEED pattern
of the BST films. Only 00l and 002 diffraction peaks are observed in the XRD
profile and diffraction spots are observed in the RHEED pattern, indicating that
the films were grown epitaxially on STO substrates. From the 002 diffraction
angle of the films, the c-parameter was determined to be about 0.395 nm which
was larger than that of BST bulk ceramics, 0.407 nm with cubic symmetry24. This
results indicated that the BST films epitaxially grown on STO substrates had a

strained lattice with a large lattice parameter along the thickness direction®. A
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spontaneous polarization should be induced in the BST films due to the lattice

distortion.

n
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(a)

(b)

Fig. 3.5. (a) XRD profile and (b) RHEED pattern of epitaxial BST thin film.
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3.3.2 Electric property of BST film

Figure 3.6 (a), (b) shows the result of electrical field analysis using finite
element method. The transverse axis in Fig. 3.6 (b) indicates a position between
the planer electrodes’ gap. From Fig. 3.6 (b), steep change of electric field was
observed at the edge of the planer electrodes’ gap, and the smooth field was
observed at the center of planer electrodes. Averaging this distribution, the

accurate electric field on the BST film was calculated.

AIR

ey —

(a)
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Fig. 3.6. (a) The result of electrical field analysis using finite element method. (b)

The electric field distribution between the planer electrodes on BST thin film.

Figure 3.7 shows a polarization P vs. electric field E curve of a BST film
measured with the electrode shown in Fig. 3.1, where the polarization (P) was
simply calculated as the charge divided by the electrode area. A slim hysteresis
loop seen in the P vs. E curve indicated that the switching of spontaneous
polarization by the application of electric field was negligible. It should be

stressed that the electric field applied using planer electrode was parallel to the

film surface®.
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Fig. 3.7. Polarization vs. electric field curve of BST thin film.

3.3.3 Dielectric tunability of BST thin film

Figure 3.8 shows electric field dependence of capacitance in the BST film and
STO substrate measured at 10 kHz. The capacitance of BST film decreases with
increasing electric field though that of STO substrate is independent of the
electric field, indicating that the electric field dependence of permittivity is
entirely derived from the BST film. Figure 3.9 shows electric field dependence of
dielectric permittivity of BST film. The permittivity of BST films was evaluated
using electromagnetic field analysis as mentioned above. We found that the
change of dielectric permittivity (dielectric tunability) was 53.1 % by application

of electric field from 0 to 10 kV/mm. XRD analysis indicated that lattice
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distortions were induced to the BST films to elongate the c-axis perpendicular to
the film plane. The electric field was applied in the film plane between two
planer electrodes. Nonlinear dependence without hysteresis in Fig. 3.9 may

imply that polarization switching was not remained after removing electric field.

4.9 BST filon STO substrate

<

B

(0]
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T

STO substrate

B

~

(92
T

Capacitance [pF]
D
o0

4.7 1 1 1 1 1
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Fig. 3.8. Electric field dependence of capacitance in BST film on STO substrate

and STO substrate.
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Fig. 3.9. Electric field dependence of relative permittivity in BST film calculated by

electromagnetic field analysis.

3.3.4 Polarizing direction dependence of EO effect

Before the measurements of EO effect of the BST films, the EO effect of STO
substrate was evaluated because it cannot be separated from the EO effect of
films in the transmission geometry used in this study. Figure 3.10 shows the
electric field dependence of birefringence in STO substrate. The initial
birefringence is about 6.0 x 10 that is four times lower than that of BST. And the

change of birefringence is also too small compared with that of BST thin film.
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This result revealed that STO substrates showed the Kerr effect but it is negligible

in comparison with that of BST thin films.
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Fig. 3.10. Electric field dependence of the birefringence (An) in STO substrate.

Figure 3.11 shows the electric field dependence of the intensity of
transmitted light (/) normalized to the intensity of incident light (/) measured for
a BST film of 154 nm thick. Theta & in the Fig. 3.11 is the angle between the
polarizing direction of the incident light and the direction of electric field applied
on the electrode spacing. As mentioned before, the transmitted light intensity
was measured at the extinction position of the polarizer and analyzer at various
electric fields. It should be recalled that a linear polarizing light does not change

its polarizing state after passing through an optically isotropic medium, which
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gives I/l = 0 at the extinction position. Therefore, the I/l measured at the
extinction position shows the degree of birefringence of the sample. The I/l
measured at 3 = 0 and 90° was almost negligible, which means that the
birefringence was not observed even under the electric field. On the other hand,
it was found that the //Io had considerable values at 9 = 45° even without electric
field (E = 0), indicating that the BST film prepared in this study had in-plane
optical anisotropy. The as-deposited film showed a relatively low I/l value, but it
increased after several cycles of electric field before the measurement, which
was shown by an arrow in the Fig. 3.11.

Form the //ly data shown in Fig. 3.11, the birefringence An of the film was
evaluated. The birefringence of the BST film is shown in Fig. 3.12 as a function of
electric field. The arrow in the figure shows the change of birefringence of the

as-deposited film after several cycles of electric field.
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Fig. 3.11. Electric field dependence of the intensity of transmitted light (/)
normalized to the intensity of incident light (/p) in BST thin film. The arrow in the
figure shows the change of intensity of the as-deposited film after several cycles

of electric field.
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Fig. 3.12. Electric field dependence of the birefringence (An) in BST thin film. The
arrow in the figure shows the change of birefringence of the as-deposited film

after several cycles of electric field.
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The birefringence observed at E = 0 will be discussed at first. The
birefringence observed at & = 45° indicates that the film is an optically
anisotropic medium. Nearly zero birefringence at & = 0 and 90° means that the
optical axis of the BST film is in the [100] or [010] directions in Fig. 3.1, because
birefringence should not be observed when the polarizing direction of incident
light is parallel to the optical axis. If the optical axis is parallel to the [100] or
[010] directions, maximum birefringence should be observed at & = 45°, which is
consistent with the experimental results obtained in this study. The anisotropy of
the film is attributable to the existence of lattices with the c-axis aligned in the
film plane. In the transmission geometry shown in Fig. 3.4, the film would behave
as an optically isotropic medium if the c-axes of all lattices aligned along the film
thickness. In the as-deposited film, most of lattices have the c-axis along the film
thickness as shown in Fig. 3.13 (a) but some lattices have the c-axis along the
[100] or [010] direction with different probabilities. This gives rise to the small
birefringence observed in the as-deposited film. By applying electric field along
the [100] direction before the measurement, the c-axis of some lattices rotates
from the [001] to [100] direction to increase the birefringence, which was shown
by the arrow in Fig. 3.12. It should be noted that the portion of lattices with the
c-axis in the film plane is quite small even after the application of electric field

because the birefringence (An) observed was in the order of 107.
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The change of birefringence induced by electric field (EO-effect) will be
discussed in the followings. The EO-effect was not observed at & = 0 and 90°
because the change of refractive index by the electric field cannot be detected as
the change of birefringence when the polarizing direction of the incident light is
along the optical axis as shown in Fig. 3.13 (b). On the other hands, the EO-effect
was observed at & = 45° because the change of refractive index along the light
axis by the electric field affected to the change of birefringence when the
polarizing direction of incident light is aligned at 45° to planer electrode as
shown in Fig. 3.13 (c). This result indicates that the optical axis of the BST film is
not changed by the electric field applied in the measurement. In the case of @ =
45°, the change of birefringence with electric field does not show a clear
hysteresis as shown in Fig. 3.12, indicating that the c-axes aligned in the [100]

direction were not switched by the electric field. This result is consistent with the

slim P vs. E hysteresis curve shown in Fig. 3.7.
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Fig. 3.13. Orientation of BST lattices, direction of electric field and polarizing
direction of incident light (8) in the EO-measurement. (a) as-deposited films
measured at 9 = 45°, (b) films after several cycles of electric field measured at 9 =

0 and 90° and (c) films after several cycles of electric field measured at & = 45°.
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As mentioned above, the birefringence of BST film is caused by the
lattice distortions to elongate the c-axis and the application of electric field to
the as-deposited film increased the birefringence with the switching of c-axis
from the film thickness direction to the electric field direction. On the other hand,
the EO-effect is dominantly determined by the Kerr effect to reduce the
birefringence but the switching of c-axis was hardly observed after several cycles

of electric field.

3.3.5 Comparison of electric field dependence of birefringence and
dielectric permittivity

The electric field dependence of birefringence measured at 9 = 45° in Fig.
3.12 was nearly parabolic, showing that the Kerr effect is dominantly determined
the EO-effect of the BST film. The Kerr coefficient calculated from the change of
birefringence at 9 = 45° was 3.44 x 10" m?/V? which was almost consistent with

the literature values™'®

. The birefringence induced by applying 200 V of bias
voltage (10 kV/mm) is 0.018, giving rise to the &(An) / n = 0.6 %, where n = 2.038
was refractive index at wavelength of 1.55 um?’. This denominator must be the
refractive index because a birefringence is the remainder between crystal

orientations’ refractive indices. The birefringence does not show direct

contribution from electric polarization. On the other hand, we believe difference
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between the birefringence and the refractive index changes due to EO-effect is
little because the birefringence change is mainly contributed by a change of
refractive index in the crystal orientation where electric field was applied.

The dielectric tunability and EO effect of the BST film evaluated in this
study were 53.1 % and 0.6 % from 0 to 10 kV/mm, respectively. This result gives
us an important conclusion that a material exhibiting a high dielectric tunability
does not always exhibit a high EO effect although the lattice distortion induced
variation of birefringence.

Dielectric permittivity of oxide ferroelectric is mainly determined by the
ionic and dipole polarizations, where the ionic polarization is due to phonon
effects while the dipole polarization is due to domain contributions as well as
dipole fluctuations in polar nano-regions (PNRs) in relaxor materials®®. The
dielectric tunability can be regarded as a nonlinear dielectric response to electric
fields. The dipole polarization dominates the dielectric tunability. On the other
hand, refractive index is determined by the electronic polarizations and EO effect
can be regarded as a nonlinear response of electric polarization to external
electric fields. Nonlinear response appearing in the expansion series of
susceptibility with respect to electric fields normally increases with linear
susceptibility, which means that the nonlinear response giving rise to EO effect

increases with refractive index. Therefore the tunability is only one factor to
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realize a high EO effect. It is known that high electron density materials
containing heavy ions exhibit high refractive index?*32,

This speculation explains the experimental facts that dielectric tunability of
lanthanum added lead zirconate-titanate (Pbi.xLaxZr1TiyOs, PLZT) is comparable
to that of BST but EO effect of PLZT is much higher than that of BST>*>?° because
PLZT contains heavy ions such as lead and lanthanum, and also that the dielectric
tunability and EO effect of potassium tantalate(KTaOs, KTO) are almost the same
as BST>” because molar weights of the two materials are comparable. It should
be recalled that the EO effect of bismuth silicate (Bi1,Si0,, BSO) is much lower
that of PLZT though it contains a heavy ion of bismuth®®°.

This implies that the heavy ions are only one factor to realize a high EO
effect. The other important factor is the variation of polarization (tunability) due
to application of electric field. EO effect is defined in another way as electrically
induced changes of birefringence. PNRs are clusters with anisotropic nature
caused by thermally fluctuating spontaneous polarizations. Reorientations of
these spontaneous polarizations by electric fields should produce very high

optical anisotropy in relaxors, which is actually the origin of high EO effect of

relaxor.
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3.4 Summary of chapter 3

BST epitaxial films were grown on STO single crystal substrates using
RF-sputtering method and planer electrodes were formed on the film surfaces
using lithography technique. The BST films had strained lattices to elongate the
c-axis perpendicular to the film surface. Small birefringence observed in the
as-deposited film was enhanced by the application of in-plane electric field
before the measurement, which was interpreted by the switching of c-axis of
some lattices from the [001] to [100] directions. We concluded that this
birefringence was induced by lattice distortion. The birefringence caused by
these lattices had the optical axis along the [001] direction.

The Kerr coefficient of the BST film was determined to be 3.44 x 107
m?/V2. The tunability of dielectric permittivity by applying electric field from 0
to 10 kV/mm was 53.1 %, while the tunability of birefringence (EO effect) was
only 0.6 %. This result indicated that the materials with high tunability didn’t
always exhibit a high EO effect though the reorientation of polarization induced
the variation of birefringence.

By considering the results obtained in this study with literature data, we
concluded that the variation of the polarization by applying of electric field
(tunability) in relaxor materials was not a sufficient condition to obtain high EO

effect but high electric polarization is important to obtain the materials with
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high EO effect, which means that a material exhibiting high EO effect will be
obtained in relaxors containing heavy ions such as PLZT and BST as shown in

problem (ii).
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Chapter 4
Relaxation and frequency dependence of

electro-optic coefficient

4.1 Introduction

4.1.1 Relaxation of dielectric permittivity and driving efficiency in EO

modulators

The dielectric permittivity in dielectrics exhibits relaxation with varying
frequency of the external electric field. Figure 4.1 shows the schematic diagram of the
dielectric dispersion in a wide frequency range in the oxide materials’>. Gradual
depression of permittivity is observed with increasing applying frequency of the
external electric field. Dielectric function can be described as the sum of four
polarizations, namely the interfacial, dipole, ionic, and electronic polarizations, as
shown in Fig. 4.1. In chapter 3, we concluded that the polarization induced
birefringence. Therefore, it is estimated that the frequency dependence of EO effect
show the relaxation with increasing applying frequency of the external electric field

corresponding with the relaxation in dielectric dispersion.
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Fig. 4.1 Schematic diagram of dielectric dispersion in oxide ferroelectrics

Lanthanum added lead zirconate titanate ((Pbg.91Lag.09Zr0.65Ti0.3503, PLZT9) and
lithium niobate (LiNbO3, LN) are major EO materials employed in EO modulators**3.
As mentioned in chapter 1, the driving efficiency of EO modulator using PLZT9
indicate a relaxation of modulation efficiency in high speed driving up to 10GHz,
though that of EO modulator using LN single crystal does not show relaxation until 10

14-16

GHz as shown in Fig. 1.57". PLZT9 shows high dielectric permittivity, and it indicates

gradual depression of permittivity with increasing applying frequency of the external
electric field. On the other hands, LN shows low permittivity, and flat dielectric

17-20

dispersion at any frequencies™" . It is noted that the EO coefficient determine the
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modulation efficiency in EO modulator, and the polarization is determined by
dielectric permittivity. Therefore this result consisted with the estimation as described
below. However the analysis to formularize this relation between EO coefficient and
dielectric permittivity was not reported therefore the contribution of dielectric

permittivity to EO effect is still ambiguous.

4.1.2 Objective

In this chapter, we measured the dielectric dispersion of PLZT9 and LN optical
modulator to elucidate the relation between the EO coefficient and dielectric
permittivity in high speed driving. We aimed to formularize the contribution of

dielectric permittivity to EO effect from analysis of this relation.

4.2 Experimental procedure

4.2.1 Measurement of dielectric permittivity at low frequency

The driving efficiency of each modulators were already measured as shown in
Fig. 1.5. Therefore in this chapter, we measured the frequency dependence of
dielectric permittivity up to GHz region. The transparent PLZT9 (Furuuchi Chemical
Corp.) ceramics and LN single crystal (NEL crystal) was employed as samples. The
dielectric permittivity if these samples in low frequencies, namely kHz region, were

measured by the conventional impedance method. Top and bottom planer electrodes
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were formed on the surfaces by DC gold spattering. The impedance was measured
using impedance analyzer (4294A, Agilent Tech.) up to 1 MHz and was converted to

dielectric permittivity.

4.2.2 Methodology of micro-sized planar electrodes method

In the electric region, namely low frequencies to GHz, several methods have
been proposed to determine the complex permittivity. Typical methods are displayed in
the Fig. 4.2. Plate condenser method that is the conventional impedance method done

in 4.2.1 enables the direct measurement of permittivity continuously as a function of

frequency, w=1/+/LC, suppose the equivalent circuit is a parallel resonant LCR
circuit®. Since capacitance of dielectric specimen mostly determines the w,, we cannot
measure the impedance of the pure sample due to an impedance resonance occurring

in MHz to GHz region if the permittivity of the samples are above hundreds.

DC 1 MHz 1GHz 10 GHz

Plate condenser (Capacitor) Coaxial resonace method
Cavity resoance method
Impedance reosnace Low €

at MHz - GHz Limited the freature sized

Striplinee resonace THz(_l-_g|Sr)ne domain spectroscopy

Low £

Low £

LCR meter THz - TDS
Network analyzer

Impedance analyzer

Fig. 4.2 Typical methods of measurement of permittivity in microwave region.

88



Chapter 4 Relaxation and frequency dependence of electro-optic coefficient

We’ve already proposed the novel dielectric measurement technique in high
frequencies, “Micro-sized planar electrodes method”?*%. In this method, micro-sized
planar metal electrodes with the source and ground ports are formed on the dielectric
specimen surface using photolithography technique. When AC field is applied between
the source and ground ports of electrodes, curved electric fields are generated in

dielectrics as shown in Fig. 4.3.

Micro-sized planar electrode

Ground Source Ground

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

Samples

Fig. 4.3 Generated field inside the dielectrics in the micro-sized planar electrodes

method.

The admittance between the source and ground ports is measured with an impedance
analyzer (4991A, Agilent Tech.) and the dielectric permittivity was determined with the

help of electromagnetic field simulation (Sonnet ver. 11, Sonnet Software Inc.).

S
Capacitance in sample flat electrodes plates model (C;) can be given by C; =83'

Where € is permittivity of sample, S is surface area, and d is distance between

electrodes. We can decrease S by one of hundreds to thousands scale, instead of
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decreasing d. Capacitance of micro-sized planar electrodes can be decreased into the
scale of one of hundreds, compared to that of flat electrodes. As a result, we can
measure dielectric permittivity continuously as a function of frequency up to GHz

without impedance resonance.

4.2.3 Designing of micro-sized planar electrodes

Besides the decreasing the capacitance of sample, we also have to consider

the impedance matching. Since the characteristic impedance (Zp) of output circuit®*%,

namely Zy of an impedance analyzer, is 50 Q, we need to move the impedance of a
measured circuit close to 50 Q at measuring frequencies. Measurement accuracy of

sample impedance E, ., can be described as the following,

tota

E E +E

total = a b

(4.1)

where E, is accuracy derived from power supply of impedance analyzer and E, is
. 26
accuracy due to sample impedance®, namely,

Zs

Eb=ir(Z +Y,|Z

X

) (4.2)

X

where Z;, Y, are stray impedance and stray admittance, respectively. We can obtain
accurate output impedance, adjusting the sample impedance |ZX| into 50 Q at target

frequency. Micro-sized planar electrodes were designed and their impedances were
calculated using the electromagnetic field simulation (Sonnet-em ver. 11). The

sonnet-em solves the Maxwell equation of the planar problems by the moments

90



Chapter 4 Relaxation and frequency dependence of electro-optic coefficient

method as shown in Fig. 4.4.

-

— = |—>
—p — — |—

= = —>| —>

A J

L
li—h—h

Fig. 4.4 Calculation procedure by the moment method.

V4

X

as a function of frequency for

Figure 4.5 (a) - (c) are the calculated impedance
different &, using electromagnetic field simulation for different electrodes which has

different numbers of inter digital fingers (pattern 1 - 3). Semi-transparent band shows
the area of Eia <+5%. Figures of designed planar electrodes and their top-view
photographs are shown in Table 4.1. We can determine the dielectric permittivity of

samples with &, =50-7000 using these electrodes.
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o How
Frequency (Hz)

(c)
Fig. 4.5 Calculated impedance |Z,| as a function of frequency using electromagnetic

field simulation (a)pattern 1, (b) pattern 2, and (c) pattern 3
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Table 4.1 Features of designed planar electrodes and their top-view photographs

Photograph m
Electrode type m

Pattern 1 2
Permittivity of sample 20 - 500 1000 - 20000
Measurement frequency up to 3 GHz up to 3 GHz
Electrode size [um] 267 x 123 280 x 125
Gap width [um] 2.6 20

4.3 Result and discussion

4.3.1 Determination for dielectric permittivity up to GHz
The complex admittance of formed electrodes was measured at 1 MHz — 3 GHz

with an impedance analyzer (E4991A, Agilent Tech.). Although the equivalent circuit

cannot be assumed due to the distributed constant circuit, the capacitive complex
admittance Y, of the total circuit can be described by

Y = jwC =G+ /B (4.3)
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where the C denotes the capacitance of the total circuit, G is conductance, and B is
susceptance27. Suppose the total capacitance of the circuit is constant, we can obtain
the liner relationship between the frequency and susceptance B. Before the
measurement of the sample, open short and 50 Q load calibrations were performed
using an impedance standard substrate kit (Impedance Standard Substrates, Cascade
Microtech). Figure 4.6 shows the schematic diagram of the measurement system of

micro-sized planar electrodes method.

Micro-probe

Impedance analyzer
— (E4991A, Agilent Tech.)

Fig. 4.6 Schematic diagram of the measurement system of micro-sized planar

electrodes method.

Figure 4.7 and 4.8 show susceptance B measured for the electrode on LN single crystal
and PLZT9 ceramics as a function of frequency in the frequency range up to 3GHz
(showed by open circles). The result of simulation at €, = 58 by using electrodes
pattern 1 was also indicated in Fig. 4.7 as solid line. Good fitting between experiment

and simulation indicates that the measuring method developed this study is reliable.
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Dielectric permittivity of LN single crystal was determined by the try-and-error method
at each frequency, with taking different permittivities corresponds to that calculated.

Permittivity of LN single crystal was almost constant with the value of &, =50 up to

3GHz. In the case of PLZT9, although the susceptance B corresponded to the

calculation of &, =3650 at low frequency, B value corresponded to the calculation ¢,

= 1350 near the 3 GHz by using electrodes pattern 2 as shown in Fig. 4.8. This result
indicates the permittivity depression in GHz region in PLZT9 ceramics. The dielectric
permittivity of PLZT9 was also determined by fitting measured susceptance into that

calculated using try-and-error method at each frequency.

» Observed

-1
1x10 — Simulated at =58

1x10?

1x103

susceptance B

1x10*

1x10°

1x10° ' | |
10° 10’ 108 10° 10%
Frequency [Hz]

Fig. 4.7 Observed susceptance (circles) and calculated result (solid lines) of the

planar electrodes at €, = 58 as a function of frequency up to 3 GHz
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Fig. 4.8 Observed susceptance (circles) and calculated result of the planar
electrodes at &, = 3650 (dashed lines) and 1350 (solid lines) as a function of frequency

up to 3 GHz

Figure 4.9 and 4.10 show the dielectric dispersion of LN single crystal and
PLZT9 ceramics. The dielectric permittivity of LN was almost independent from
frequency up to 3GHz as shown in Fig. 4.9. On the other hand, the dielectric dispersion
of PLZT9 shows large relaxation up to 3GHz as shown in Fig. 4.10. These results were

almost consistent with tendency from some literatures®® .
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Fig. 4.9 Dielectric dispersion of LN single crystal up to 3GHz.
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Fig. 4.10 Dielectric dispersion of PLZT9 ceramic up to 3GHz.
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4.3.2 Expansion of equation for EO effect

As mentioned in chapter 2 and 3, the liner and quadratic EO effect is expressed
as

A0/ n2)=r,E, +RELE, (4.4)
where r, is the Pockels coefficient, R, is Kerr coefficient, n is refractive index, and

E is electric field*". Generally, the EO effect is expressed that the change of refractive
indices as a function of electric field. For example if the electric field E; is applied, the
Eq. (4.4) is expressed as

A1/n?)=rE, +R,E? (4.5)

However, in dielectrics, we employed the polarization instead of electric field.
The change of polarization with applying electric field induces the lattice distortion.
This lattice distortion gives rise to the change of refractive index caused by the change
of electron polarization as shown in Fig. 4.11. Therefore, in dielectrics, we have to
consider two contributions to the change of refractive index: the contribution of
applying electric field, and the contribution of lattice distortion due to the change of

polarization.
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Bias field

Lattice distortion give rise to the

variation of electric polarization

—_ e e e e e e

Fig. 4.11 The change of electric polarization due to lattice distortion that gives rise to

the change of refractive index in dielectric materials.

Thus, the polarization is better variable number than electric field to express the EO

effect. Here, the equation for EO effect is redefined as
An/n2)=g,PP (4.6)
where g, is the EO coefficient as defined EO coefficient proportional to

polarization32'33, and P, and P, are the polarization expresses as P(P1, P,, P3 + Ps).
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After that, we called this EO coefficient as “EO coefficient g” to distinguish by the
conventional EO coefficient. The P, is the spontaneous polarization (Ps >> P3). For
example, the polarization is described as following equation if the external electric field
Es is applied.

P, =¢g,(€, -1)E, (4.7)
where gis permittivity of free space, and ¢, is relative permittivity. The Eq. (4.6) was

expanded as described following equation with substituting the polarization P in Eq.
(4.7) into Eq. (4.6).
AL/ 12 )=g,55P? +2G,5:P,P, +G,5P2

=g ;33P} +29,3:8, (€, -1)P,E, +gi1.33(eo(sr -1))2 E: (4.8)

In this equation, the first term in Eq. (4.8) is initial birefringence that is
independent from the electric field. The second term in Eq. (4.8) is Pockels effect that
is proportional to the electric field. The third term in Eq. (4.8) is Kerr effect that is
proportional to the square of electric field. From the comparison of Eq. (4.5) and

(5.8), the Pockels and Kerr coefficient is described as
lis = 20,3360 (€, - 1P, (4.9)
R,33 = 9,358 (€, -1)° (4.10)
The Pockels and Kerr coefficients are products of EO coefficient g, dielectric

permittivity, and spontaneous polarization. Therefore the material with high

permittivity show high EO coefficient because it show high Polarization and
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spontaneous polarization. Moreover, the Pockels effect is the EO effect caused by the
product of spontaneous polarization and polarization induced by external electric
field. This is why the Pockels effect only observed in anisotropic crystals. It is similar

relations in the case of piezoelectric effect and electrostrictive effect®.

4.3.3 Calculation of driving efficiency due to EO effect

As mentioned above in 5.1, the driving efficiency as shown in Fig. 1.5 is
derived from EO effect dominantly. If the expanded equation Eq. (4.8) is reliable, the
Pockels and Kerr coefficient are functions of dielectric permittivity. The frequency
dependence of driving efficiency due to EO effect in LN single crystal and PLZT9
ceramics were calculated with substituting the frequency dependence of dielectric
permittivity as shown in Fig. 4.9 and 4.10. Figure 4.12 show the calculated and
observed results of frequency dependence of driving efficiency in LN single crystal and
PLZT9 ceramic. Good agreement between the calculated and observed results
indicated that the expanded equation in this chapter is reliable. From this result, we
estimated that the EO coefficient g remains constant with varying the frequency of
applied electric field, because if the EO coefficient g indicates relaxation corresponding
to dielectric permittivity, the EO coefficient should show larger decreasing than the
calculated result from Eq. (4.10). Therefore the relaxation of driving efficiency is
determined by that of dielectric permittivity due to polarization P and spontaneous

polarization Ps.
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Fig. 4.12 Calculated result (open circle) and observed result (solid line) of frequency

dependence of Normalized driving efficiency in LN single crystal and PLZT9 ceramic.

The Kerr coefficient in Eqg. (4.10) includes the square of dielectric permittivity.
Therefore the Kerr effect is more susceptible than the Pockels effect to the relaxation
of dielectric permittivity. In the case of the EO modulator employed LN single crystal, it
indicated the Pockels effect as driving principle and the dielectric permittivity of LN
single crystal is independent from frequency up to GHz. On the contrary, the EO
modulator employed PLZT9 ceramic employed the Kerr effect as driving principle ant
the frequency dependence of dielectric permittivity show large relaxation until GHz
region. Thus the PLZT9 ceramic show large relaxation though the driving principle is EO
effect that is the same driving principle in LN single crystal. Therefore we conclude that

the EO coefficient g must be employed as parameter for material search in order to
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except the influence of frequency dependence and solve the problem (i).
The material with high permittivity show large relaxation in frequency

dependence of dielectric permittivity>>>°

. On the other hand, the materials with high
permittivity estimated to show high EO coefficient in this chapter because they show
high polarization and spontaneous polarization. As a result, the materials with high
permittivity cannot keep high EO coefficient in high speed driving because of their large
relaxation of dielectric permittivity that give rise to large relaxation of EO coefficients.

In order to develop the EO devices with good frequency dependence, we should

employ the materials with low permittivity.

4.4 Summary of chapter 4

In this chapter, the dielectric dispersion of PLZT9 and LN optical modulator
were measured by using micro-sized planar electrodes method. We demonstrated the
expanded equation for EO effect including the contribution of dielectric permittivity.
From the comparison of calculated and observed results in the EO coefficient and
dielectric permittivity at high speed driving, we conclude this expanded equation is
reliable. The expanded equation indicated the correlation between dielectric
permittivity and EO coefficient. We conclude that the relaxation of driving efficiency

due to EO effect is mainly cause by the relaxation of dielectric permittivity.
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Chapter 5
Variation of birefringence due to lattice distortion

and polarization

5.1 Introduction

5.1.1 EO coefficient g in dielectrics

In chapter 4, we concluded that the EO coefficient was determined by the
product of EO coefficient g, dielectric permittivity, and spontaneous polarization.
Further, frequency dependence of EO effect was determined by the dielectric
permittivity and spontaneous polarization. Thus, EO coefficient g remains constant
with varying the frequency of applied electric field. In this chapter, we focused on the
EO coefficient g as the key parameter to develop the materials with high EO coefficient.
If the material with high EO coefficient g is developed, it would remain constant in EO
coefficient at high frequency.

Pioneering work analyzing to the EO coefficient g in dielectrics was undertaken
by M. Didomenico and S. Wamplel'2 as described in chapter 1. They indicated that EO

coefficient normalized a number of oxygen octahedral (BOg) in unit cell are all same in
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materials with oxygen octahedral structure despite the species of B site ions is different.
Therefore, all cubic dielectrics show the same EO coefficient g. The differences of EO
coefficients are caused by the differences of polarization and other parameters induced
by anisotropic crystal structures. For example, they indicated the EO coefficient g1,
normalized a number of oxygen octahedral (BOg) in unit cell always shows almost 0.17
m*/C?> in cubic dielectrics. The conventional EO crystals: LiNbOs>®, LiTaO5"”,
KTao.esNbo3s03 % and Ba;NaNbsO1s> > show EO coefficient g1 among 0.14 to 0.17
m?*/C? as shown in Table 5.1, this result indicated that the analysis undertaken by M.
Didomenico and S. Wample is reliable. However, the analysis cannot be applied to the
cubic relaxor materials and the ferroelectrics with diffuse phase transition (DPT
ferroelectrics), namely lanthanum added lead zirconate titanate
(Pbg.91La0.09Zr0.65Ti0.3503, PLZT9)16'20 and barium strontium titanate (BagsSrosTiOs, BST)
223 PLZT9 and BST show EO coefficient gi; = 0.47 m*/C*and 0.22 m*/C* though their
crystal structure are cubic. We estimated this exception is due to the dipole moments

in polar nano-regions (PNRs).
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Table 5.1 The EO coefficient g1; normalized a number of oxygen octahedral (BOg) in

unit cell of conventional EO crystals.

Material g, Ref.
LINbO, 0.16 3-6
LiTaO, 0.17 7-9
KTa, . .Nb, .0, 0.14 10-12
Ba,NaNb.O, 0.17 13-15
Ba, .S, . TiO, 0.22 21-23
Pby oLy 062" cs T 250 0.47 16-20

In relaxor and DPT materials, it is believed that the fluctuations of dipole
moment in PNRs derive dipole polarization and it contributes to permittivity up to GHz

region in the paraelectric symmetryz“'31

. The PNRs are in paraelectric phase of relaxor
materials and DPT ferroelectrics but they do not show anisotropy without electric field.
The PNRs contribute to dielectric polarization with applied electric field therefore the
relaxor materials and DPT ferroelectrics indicate high permittivity though their crystal
structure is cubic. As mentioned in chapter 4, the change of polarization induces the
change of refractive index due to lattice distortion. This is why the relaxor materials
and DPT ferroelectrics show exception from the analysis in Ref 1 and 2. The change of
polarization caused by PNRs was not considered in previous work undertaken by M.
Didomenico and S. Wample.

On the other hands, we estimated the differences of EO coefficient g between

PLZT and BST is caused by differences of ions in crystal lattice. As mentioned in chapter
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3, we proposed that the materials including heavy ions should show high EO coefficient
because of their high refractive indices. Therefore, if the speculation in chapter 3 is
reliable, the weight of ions in EO materials should have concerning with the EO
coefficient g. However the analysis to formularize this relation between the weight of
ions in crystal lattice and EO coefficient g was not reported therefore the contribution
of weight of ions to EO effect is still ambiguous.

In this chapter, we discussed about the case of isotropic EO materials because
the isotropic EO materials PLZT9 and BST indicate the exception from analysis in Ref 1
and 2, and the liner EO effect (Pockels effect) is caused by EO effect proportional to
polarization therefore the result from analysis of quadratic EO effect (Kerr effect) can
be applied to the case of liner EO effect. The transparent PLZT10 ceramic was
employed as samples in this study. It is more isotropic than PLZT9 therefore the Kerr
effect is more dominant in EO effect of PLZT10 and it also show high EO coefficient

32-35

g "". We believe that transparent PLZT10 ceramic is a suitable sample analysis in this

chapter.

5.1.2 Objective

In this chapter, we elucidate the relation among the variation of polarization,
lattice distortion and birefringence. We aimed to elucidate the origin of the EO effect
and derive the principle for development of material with high EO property by

summarizing the results in chapter 2 to 4.
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5.2 Experimental procedure

5.2.1 Measurement of EO effect

The EO coefficient of a rectangular transparent PLZT10 ceramics (Furuuchi
Chemical Corp.) with sample size of 4.0 x 1.0 x 0.9 mm? was measured with varying the
strength of external electric field using the same measurement system described in
chapter 2. The top and bottom gold planer electrodes were formed on the 4.0 x 0.9
mm? surfaces by DC gold spattering. We employed the Senarmont method to measure
the EO effect with semi-conductive laser (Wavelength: 1.55 um). The birefringence of
samples were calculated by Eq. (2.4) with transmitted light intensity (/) normalized to
the reference light intensity (lp) (/ / lp) that is the same evaluation described in chapter
2. The incident light was induced in 4.0 x 1.0 mm? face. Applied voltage was -500 to 500

V that corresponds to the electric field of -5 to 5 kV/cm.

5.2.2 Measurement of electrostrictive effect

The electrostrictive displacement of PLZT10 ceramics were measured using
mechanical strain gage with varying the strength of external electric field (0 to 6 kV/cm)
as shown in Fig. 5.1. The electrostrictive coefficient was calculated by

S=QF? (5.1)
where S is strain, Q is electrostrictive coefficient, and E is electric field. The electric field

dependence of strain was fitted to Eq. (5.1) to evaluate electrostrictive coefficient.
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Fig. 5.1 Measurement system for electrostrictive displacement

5.2.3 Measurement of Polarization

Polarizations (P) vs. electric field (E) curves of the PLZT10 ceramics are
measured using a ferroelectric tester (Radiant, RT6000). Applied voltage was -500 to

500 V that corresponds to the electric field of -6 to 6 kV/cm.

5.3 result and discussion

5.3.1 Expectation for the origin of EO effect

As mentioned in chapter 4, the contribution of lattice distortion due to the
change of polarization must be considered in EO effect. This lattice distortion gives rise
to the change of electric polarization that corresponds to the change of refractive
indices.

On the other hand, as mentioned in chapter 3, refractive index is purely
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determined by the electric polarizations and EO effect can be regarded as a nonlinear
response of electric polarization to external electric fields. Nonlinear response
appearing in the expansion series of susceptibility normally increases with linear
susceptibility, which means that the nonlinear response giving rise to EO effect
increases with refractive index.

Thus, we can estimate the mechanism of EO effect described as following two
steps: (i) the electric field applying gives rise to the change of polarization, the
polarization change induces the lattice distortion, (ii) this lattice distortion gives rise to
change of electric polarization. Furthermore, the susceptibility of electric polarization

with respect to lattice distortion increases with refractive index.

5.3.2 Expansion of equation for EO coefficient g

The lattice distortion caused by polarization described as step (i) is calculated

by the coupled equation defined as

S;= SDUk/Tk/ + dijlekI + Qijk/Dk/2 (5.3)
where Sj is the strain as lattice distortion, sDi,-k| is elastic compliance, Ty is stress, dij is
piezoelectric coefficient, Dy is electric displacement, and Qi is electrostrictive
coefficient. As described above, we focused on the case of isotropic EO materials, so
the piezoelectric coefficients are negligible. And the stress is free because we discussed

about strain inducing case, therefore T =0 and Dy = Py.

Next, we focused on the change of refractive index caused by lattice distortion

115



Chapter 5 Lattice distortion and variation of birefringence

described as step (ii) below. The refractive index change due to strain is called the
photo-elastic effect as discussed in chapter 2. The relation between the change of

birefringence and strain is expressed as

1
A(F) =PiSu (5.2)

Ul

where pj is the photo-elastic coefficient®® ¥’

. The photo-elastic effect is usually
observed when the large strain was applied such as piezoelectric displacement at
piezoelectric resonance as shown in chapter 2. In this analysis, we supposed that the
photo-elastic effect can be applied in micro strain, namely lattice distortion, therefore
the lattice distortion due to polarization should indicate photo-elastic effect.

As a result, the coupled equation is represented by modifying Eq. (5.3) as

Sij = Qijk/PkP/ (5.4)

Using Eqg. (5.3) and (5.4), the change of birefringence due to polarization is given by

1
A(n_z) = P QuinmPaPrn - (5.5)

i
Eqg. (5.5) is represented as

An, =-1/20°p, QPP - (5.6)
From the comparison of Eq. (5.5) and (4.6) in chapter 4, the EO coefficient g is
described as

PiQinm = Dijnm- (5.7)

Therefore, the EO coefficient g is equal to the product of the photo-elastic and
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electrostrictive coefficient. From this equation, we can estimate that the material with
high photo-elastic coefficient and electrostrictive coefficient show high EO coefficient

because they would show high EO coefficient g.

5.3.3 Verification for expanded equation

5.3.3.1 Clausius-Mossotti relation and photo-elastic coefficient

The photo-elastic coefficient indicates a proportionate relation to dielectric
permittivity at high frequency (). The relation between the photo-elastic coefficients
and dielectric permittivity can be derived from the Clausius-Mossotti relation as
described following: The Clausius-Mossotti relation is described as

e.-1 _ drta,
g +2 3v

(5.8)

where €.. is dielectric permittivity at high frequency, a.. is the polarizability, and V is

3741 Differentiation of Eq. (5.8) with respect to

the volume per ion pair, respectively
volume yields

Ldeoo_ (.- +2)
g, dv 3e.,

(5.9)

Equation (5.9) was employed by Burstein and co-workers** to analyze the photo-elastic
data for several alkali haides and MgO. In deriving Eq. (5.9), it was assumed that the
polarizability remains constant when the crystal is compressed. However, this

assumption is not consistent with experimental data on the pressure dependence of
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dielectric constant®. If one considers the variation of polarizability with changing
volume, Eq. (5.9) modified as follows

ldewz_(em—l)(ewZ)(l_/\) (5.10)
g, dv 3e.,

where A is strain polarizability parameter defined as

V daa., R da.,
A=— = (5.112)

a, dv 3a. dR
where R is the inter-ionic separation. On the other hand, the photo-elastic coefficient

indicates the relation as follows
dn=-1/2r’p,,S, (5.12)
where S3 is the strain®. Note that we estimated S3>> 54, Sy, so influence of Sy, S, were

omitted. The volume variation is described as following

XyAz

dv/Vv= =S,. (5.13)

xy(z+Az) -
From Eq. (5.12) and (5.13), the refractive index with changing volume was described as

dn -n’

MNPy (5.14)
av 2V

From Eq. (5.14), the variation of polarizability with changing volume is calculated as

V de
———=-£.p,,. 5.15

e gy EPu (5.15)
Noted that the dielectric permittivity at high frequency is square of refractive index

described as n* = €... Comparing Eq. (5.10) and (5.15), the relation of photo-elastic

coefficients is given by
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i (e.-1)(e.+2)

3e (1-A)=-e.p,, (5.16)

11=%(:‘-'/\)- (5.17)

Figure 5.2 shows a plot of literature values and calculated result by Eq. (5.17) of
photo-elastic coefficients p;; in conventional EO materials vs. electron density in unit
cell. The refractive index indicates a proportional relation to electron density in unit cell
described as n = Bp where p is electron density in unit cell and 8 is proportional
constant. In this chapter, we employed the electron density in unit cell p as the
variables in Eq. (5.17) because of a lack of experimental data in the refractive index of
the materials in Fig. 5.2. Good agreement indicated that the Eq. (5.17) is reliable
therefore the photo-elastic coefficient indicates a proportionate relation to electron

density in unit cell.
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Fig. 5.2 Plots of literature values and calculated result by Eq. (5.14) of photo-elastic
coefficients p;; in conventional EO materials (LiNbOs;, KNbOs, BaTiOs) vs. electron

density in unit cell.

5.3.3.2 Calculation of photo-elastic coefficient by expanded equation

Equation (5.5) indicates the relation between the birefringence, photo-elastic
coefficient, electrostrictive coefficient, and polarization. Therefore the photo-elastic
coefficient can be calculated from Eqg. (5.5) by the birefringence, electrostrictive
coefficient, and polarization. If the calculated photo-elastic coefficient follows to the
calculated result from Eq. (5.17), we can conclude that the expanded equation (5.5) is

reliable.
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Figure 5.3 shows the birefringence of PLZT10 with varying the strength of
electric field -5 to 5 kV/cm. The birefringence of PLZT10 reached to 1.08 x 10 at 5
kV/cm with butterfly-type hysteresis. Figure 5.4 shows the strain with varying the
strength of electric field 0 to 6 kV/cm. The strain of PLZT10 reached to 2.90 x 10 at 5
kV/cm. The electrostrictive coefficient is 3.2 x 10 m?/C? calculated by Eq. 5.1. Figure
5.5 shows a polarization P vs. electric field £ curve of a PLZT10, where the polarization
(P) was simply calculated as the charge divided by the electrode area. The polarization
reached to 3.00 uC/cm?” at 5 kV/cm. A slim hysteresis loop seen in the P vs. E curve.
Although PLZT10 does not show anisotropy at room temperature, a butterfly-type

hysteresis curve is observed. This may be caused by reorientation of PNRs.

0.00012 -
0.000010F % 4
3 - -
3 0.00008F % S
£ .'. LY
‘% 0.00006F %, I
o o '\ s 2
0.00004F o % S .
A ;o
0.00002 } v N S
': : :: : $
0 N

Electric field [kV/mm]

Fig. 5.3 Birefringence of PLZT10 with varying the strength of electric field -5 to 5

kV/cm.
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Fig. 5.4 Strain of PLZT10 with varying the strength of electric field 0 to 6 kV/cm.
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Fig. 5.5 Polarization P vs. electric field E curve of a PLZT10 at electric field -6 to 6

kV/cm.
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The photo-elastic coefficient p;; of PLZT10 is 0.878 calculated by Eq. (5.6)
from substituting the measured values. Note again that we estimated S; >> S, S;, so
influence of S;, S, were omitted. Figure 5.6 shows a plot of literature values, calculated
result by Eq. (5.6), and Eq. (5.17) of photo-elastic coefficients p;; vs. the electron
density in unit cell. The calculated photo-elastic coefficient of PLZT10 is followed to the
calculated result from Eq. (5.17), this means the expanded equation (5.5) is reliable.
Therefore the material with heavy ions, namely PLZT10, indicates high EO coefficient g
because of their high photo-elastic coefficients. Further, the PLZT10 shows high
permittivity, which means they show high polarization. Thus the PLZT10 shows high EO

coefficients because of their high photo-elastic coefficients and high polarization.

0.7
, PLZT10
9 0.6 | ©
5
g 0.5 -
T 04}
(@)
S 03¢
S | KnbO,
§'3 ' O Observation
é 0.1r ~ Calculation
o LiNbO,
0 1 1
1.5 2 2.5 3

Electron density [10'! C/m3]

Fig. 5.6 Plots of literature values, calculated result by Eq. (5.5) and by Eq. (5.17)
(solid line) of photo-elastic coefficients p1;1 vs. the electron density in unit cell. The plot

of PLZT10 was calculated by Eqg. (5.5).
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5.3.3.3 Relation between electrostrictive coefficient and electron density

The electrostrictive coefficients are also important to EO coefficient g. However the
electrostrictive coefficients were already reported that they were almost same in any
materials as shown in Fig. 5.7. Therefore the tendency in photo-elastic effect and
electron density can be applied in relation in EO coefficient g and electron density.

Accordingly, the material including heavy ions indicate high EO coefficient g.

)
>~ 01
£
o 0.08}
€ KTaO. SrTiO
g 006f 7 . PbTiO,
©
o
S 0.04} N s
C
o KNbO PZT
g 0.02¢ ’
2
o 0 . . :
g 1.5 2 2.5 3 3.5
[, Electron density [10' C/m3]

Fig. 5.7 Plots of literature values of electrostrictive coefficients vs. the electron

density in unit cell.

5.4 Origin of EO effect and principle for development of material with
high EO property

Here, the origin of EO effect was interpreted from the equation (5.5) as three

effects: (i) the variation of polarization caused by application of electric field, (ii) the
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lattice distortion induced by polarization, and (iii) the photo-elastic effect due to
lattice distortion. As described in 5.3.3.3, the material including heavy ions indicate
high EO coefficient g. This is the principle for development of material with high EO
property derived from Eqg. (5.5). It was considered the influence of frequency
dependence and can be applied to relaxor materials because it was employed the EO
coefficient g. Further it included the influence of strain because the photo-elastic
coefficient was employed in Eqg. (5.5). We concluded that this is the new principle by

summarizing the results in chapter 2 to 4 and based on the origin of EO effect.

5.5 Summary of chapter 5

In this chapter, we elucidated the relation among the variation of polarization,
lattice distortion and birefringence. We demonstrated the expanded equation for EO
coefficients g including the contribution of the photo-elastic and electrostrictive
coefficient. The Clausius-Mossotti relation indicated the tendency that the materials
with heavy ions indicated high photo-elastic effect. The electrostrictive coefficients
were already reported that they were almost same. Therefore the materials with heavy
ions show high EO coefficients g because of their high photo-elastic effect. And finally,
the origin of EO effect was interpreted as three effects: (i) the variation of polarization
caused by application of electric field, (ii) the lattice distortion induced by polarization,

and (iii) the photo-elastic effect due to lattice distortion.
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Chapter 6

Electro-optic effect of Bi-based relaxors

6.1 Introduction

6.1.1 Features for high EO property

Following is a principle derived in chapter 2 to 5: (i) The EO coefficients
indicate the relaxation in high speed driving because of the relaxation of dielectric
permittivity. The materials with high polarization show high EO coefficient but they
show large relaxation. (ii) The relaxors with heavy ions show high EO coefficients g
because of their high photo-elastic coefficients. The EO coefficients g remains constant
with varying the frequency of applied electric field. Therefore, in order to develop the
new EO materials using for high speed driving EO modulators, they must fulfill the two
features: (i) low permittivity, and (ii) relaxors constituted by heavy ions. Furthermore,
EO materials should be isotropic to prevent chirping that is wavelength shift by passing
through the EO materials'>. And lead-free materials are better because they can
prevent to a pollution of lead toxicity.

In this chapter, we focused on the Bi-based relaxer single crystals

(1-x)BigsNagsTiO3 - xBigsKosTiOs3 (BNT-BKT) as a new EO material. BNT-BKT single
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crystals are studied as lead-free piezoelectric materials because of their attracted
properties at morphotropic phase boundary4'8. They are constituted by heavy ion Bi,
and they are isotropic in several compositions. The dielectric permittivity of BNT-BKT
single crystals are low at all compositions moreover BNT-BKT single crystals show
relaxor behavior. Therefore, BNT-BKT single crystals satisfy all demands for new EO
materials with high EO properties but the EO properties of BNT-BKT single crystals were
not reported yet.

We employed 67BigsNagsTiOs - 33BigsKosTiOs (67BNT33BKT) single crystal as
a sample in this study because they show the smallest spontaneous polarization in
BNT-BKT groqu. This means that the67BNT33BKT single crystal is most isotropic in

BNT-BKT group.

6.1.2 Objective

In this chapter, we aimed to evaluate the EO property of 67BNT33BKT single
crystals. The EO coefficient g and high speed driving property of 67BNT33BKT were

evaluated by using the method described in chapter 4 and 5.

6.2 Experimental procedure

6.2.1 Fabrication of 67BNT33BKT

BNT-BKT powder was synthesized by a solid-state reaction using high-purity
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raw materials of Bi,0s, TiO,, Na,COs, and K,COs. Stoichiometric powder was sintered at
1000°C for 4hours. This heating treatment led to a single phase with perovskite-type
crystal structure. Single crystals of 67BNT33BKT was grown by the top seed solution
growth (TSSG) technique under oxygen atmosphere (Po, = 0.9Mpa) and high
temperature (1070°C). This process provided 67BNT33BKT single crystals with a
maximum 2 x 2 x 1 mm>. The detailed fabrication procedure was described in Ref.9.
Fabricated 67BNT33BKT single crystal was structurally characterized by x-ray diffraction.
The dielectric permittivity was measured at 1kHz, 10kHz, 100kHz, and 1MHz as a
function of temperature (room temperature to 650°C) using an impedance analyzer

(4294A, Agilent Tech.) and a furnace for temperature control.

6.2.2 Measurement of EO effect

The EO coefficient of a rectangular transparent 67BNT33BKT single crystal with
sample size of 1.7 x 1.8 x 0.9 mm? was measured with varying the strength of external
electric field using the same measurement system described in chapter 2. The top and
bottom gold planer electrodes were formed on the 1.7 x 0.9 mm? surfaces by DC gold
spattering. We employed the Senarmont method to measure the EO effect with
semi-conductive laser (Wavelength: 1.55 um). The birefringence of samples were
calculated by Eq. (2.4) with transmitted light intensity (/) normalized to the reference
light intensity (/o) (/ / lp) that is the same evaluation described in chapter 2. The incident

light was induced in 1.7 x 1.8 mm? face. Applied voltage was -800 to 800 V that
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corresponds to the electric field of -4.3 to 4.3 kV/cm.

6.2.3 Measurement of Electrostrictive effect

The electrostrictive displacement of 67BNT33BKT single crystal was measured
using mechanical strain gage with varying the strength of external electric field (0 to 7
kV/cm) as described in chapter 5. The electric field dependence of strain was fitted to

Eq. (5.1) to evaluate electrostrictive coefficient.

6.2.4 Measurement of Polarization

Polarization (P) vs. electric field (E) curves of the 67BNT33BKT single crystal
was measured using a ferroelectric tester (Radiant, RT6000) as described in chapter 5.
Applied voltage was -800 to 800 V that corresponds to the electric field of -4.3 to 4.3

kV/cm. That is the same condition to measurement of EO effect.

6.2.5 Measurement of dielectric dispersion

From kHz to MHz, capacitance of rectangular 67BNT33BKT single crystal was
measured with an impedance analyzer. Measured capacitance was converted to
dielectric permittivity. Dielectric data up to 1GHz was determined using the micro-sized
planar electrode method. Admittance between source and ground ports was measured

with an impedance analyzer (E4991A, Agilent Tech.). The dielectric permittivity of
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67BNT33BKT single crystal in the GHz range was then determined by fitting measured
susceptance into that calculated using try-and-error method. The detailed evaluation

procedure was described in chapter 4.

6.3 Result and discussion

6.3.1 Electric property of 67BNT33BKT

The fabricated 67BNT33BKT single crystal was transparent and yellow colored
as shown in Fig. 6.1. Figure 6.2 (a) shows the x-ray diffraction (XRD) pattern of a
67BNT33BKT that exhibits a single phase crystalline. If 67BNT-33BNT has anisotropy,
the separated peaks are observed in XRD pattern at high angle (57° to 60°). However
the XRD pattern of 67BNT33BKT at high angle (Fig. 6.2 (b)) does not indicate two peaks
clearly. Figure 6.3 shows the calculated and observed I/ / Iy as a function of polarizer
angles. The calculated result is indicated the result without birefringence. The observed
results show good agreement with calculated result. The result from XRD pattern and
measurement of birefringence indicated that the 67BNT33BKT crystal shows negligible
initial birefringence at room temperature therefore the 67BNT33BKT is almost

isotropic.
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Fig. 6.1 Picture of 67BNT-33BKT
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Fig. 6.2. The XRD pattern of 67BNT-33BKT single crystal observed at (a) wide angle

(20° to 50°), (b) high angle (57° to 60°)
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Fig. 6.3. Analyzer angle dependence of transmitted light intensity / normalized to the

incident light intensity /o of 67BNT-33BKT.

The temperature dependence of the dielectric permittivity at different
frequencies is shown in Fig. 6.4. It can be observed that first and second maximum (T,
T,) exhibit a clearly dependency on frequency. T; gradually shifted toward higher
temperature and T, gradually shifted toward lower temperature with increasing the
frequency. & shows a very strong dependence with frequency below T;, the
dependence becomes weaker between T; and T,. However, the dependence becomes
obvious again above T,. The character of the temperature dependence of & shows
behavior of ferroelectric relaxor®®. The dielectric permittivity at room temperature is

about 2000 at 1kHz that is relatively lower than other materials.

136



Chapter 6 Electro-optic effect of Bi-based relaxors

6000

5000

4000

3000

2000

Dielectric permittivity

1000

100 200 300 400 500 600 700
Temperature [°C]

o

Fig. 6.4. The temperature dependence of dielectric permittivity of 67BNT-33BKT single

crystal measured at 30°C to 650°C.

6.3.2 EO coefficients of 67BNT33BKT

Figure 6.5 indicates the change of birefringence as a function of electric field
that is the quadratic EO behavior of the 67BNT33BKT. Although 67BNT33BKT does not
show anisotropy at room temperature, a butterfly-type hysteresis curve is observed,
that is similar to that of PLZT relaxor as described in chapter 4. From Fig. 6.5, the

quadratic EO coefficient was calculated by Eq.(1) that is 1.6 x 10™° V¥/m?.
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Fig. 6.5. The birefiringence of 67BNT-33BKT single crystal as a function of electric field

-4.2 to 4.2 kV/cm.

Table 1 shows the EO coefficient and dielectric permittivity at room
temperature of 67BNT33BKT and other perovskite type dielectrics. This quadratic EO
coefficient is higher than that of other lead-free perovskite type dielectrics'®?* except
for Potassium tantalite niobate (KTagesNbgssOs, KTN) single crystals. However, KTN
single crystal needs high temperature (over 50°C) driving to show the high coefficients
and to prevent from indicating initial birefringence. At high temperature, they indicate
large dielectric permittivity that is disadvantage for high speed modulating. Therefore
we decided the 67BNT-BKT indicated the highest quadratic EO constant in lead-free

dielectrics at room temperature.

138



Chapter 6 Electro-optic effect of Bi-based relaxors

Table 6.1. The quadratic EO coefficients and dielectric permittivity of typical perovskite

type EO crystals.

. EO coeffciient Dielectric Ref
Material [10Y m%/V?] Permittivity et.
KTa,Nb,,.0, 1000 30000 10-12
(Pby,o,La, 0 (Zr o Ti 55 )O, (PLZTO) 32 5000 13-16
678Bi,Na, . TiO, - 33Bi K .TiO, (67BNT-33BKT) 16 2000 This work
(Pb,,La, ,)(Zr, . Ti .. )0, (PLZT10) 10.7 4500 13-16
Ba,Sr, . TiO, (BST) 3.4 1300 17-22

6.3.3 Photo-elastic coefficients of 67BNT33BKT

The birefringence, polarization, and electrostrictive coefficient were measured
in order to calculate the photo-elastic coefficient of 67BNT33BKT single crystal by Eq.
(5.5). Figure 6.6 and 6.7 show the strain and polarization of 67BNT33BKT single crystal
with varying the strength of electric field. 67BNT33BKT single crystal showed larger
strain 6.7 x 10 than PLZT10 at 4.2 kV/mm and looks liner behavior. The electrostrictive
coefficient is 4.7 x 10" m*/C? calculated by Eq. 5.1 in chapter 5. Therefore 67BNT33BKT
single crystal indicated small anisotropy though their birefringence was negligible. A
slim hysteresis loop was observed in the P vs. E curve of 67BNT33BKT single crystal, and

the polarization was reached to 1.2 uC/cm? at 4.2 kV/mm.
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Fig. 6.6. The strain of 67BNT-33BKT single crystal as a function of electric field 0 to 7

kV/cm.
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Fig. 6.7. Polarization P vs. electric field E curve of a 67BNT-33BKT single crystal at

electric field -4 to 4 kV/cm.
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The calculated photo-elastic coefficient p1; of 67BNT33BKT single crystal is
0.399. It is relatively high in EO materials as same as that of BaTiOs but lower than that
of PLZT10. Figure 6.8 shows plots of photo-elastic coefficients pi; vs. the electron
density in unit cell added a plot of 67BNT33BKT single crystal. The photo-elastic
coefficient p;; of 67BNT33BKT indicated relatively low value though it is constituted by
heavy ion Bi. An A site ion in 67BNT33BKT is Bi, Na, and K, so a content of Bi in A site is
1/2. On average the electron density of 67BNT33BKT, a weight of ions is not so heavy as
compared to PLZT because sodium and potassium is not so heavy ions. Therefore the

photo-elastic coefficient p1; of 67BNT33BKT is not show so high.
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Fig. 6.8 Plots of literature values, calculated result by Eqg. (5.5) and by Eq. (5.13)
(solid line) of photo-elastic coefficients p;; vs. the electron density in unit cell where A

is 0.58. The plot of 67BNT-33BKT was calculated by Eq. (5.5).

6.3.4 Frequency dependence of EO coefficients of 67BNT33BKT

Figure 6.9 shows the dielectric dispersion of 67BNT33BKT up to 3GHz. It shows
continuous relaxation until 3GHz, but decrement is smaller than that of PLZT9. The
frequency dependence of EO coefficient R. is calculated by Eq. (4.10) in chapter 4 as
shown in Fig. 6.10. The result of PLZT9 was also plotted in Fig. 6.10 to compare with
that of 67BNT33BKT. From comparison of these results, 67BNT33BKT shows high EO
coefficient R, as same as PLZT9 at 3GHz driving, though the EO coefficient R. of PLZT9 is

two times larger than that of 67BNT33BKT at low frequency. And we can estimate that
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the EO coefficient R. of 67BNT33BKT should get larger than that of PLZT9 in more high
speed driving by extrapolating result shown in Fig 6.10 as broken lines. This result is
due to a smaller relaxation of dielectric permittivity in 67BNT33BKT than that of PLZT9.
Therefore, in high speed driving devices, such as optical modulator, 67BNT33BKT can

be alternative new EO materials to PLZT9.
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Fig. 6.9. Dielectric dispersion of 67BNT33BKT single crystal up to 3GHz.

143



Chapter 6 Electro-optic effect of Bi-based relaxors

35

30

25

20
15

10

67BNT33BKT
5 F R=76 "

Kerr coefficient [107 V¥/m?]

0 : .
0.001 0.01 01 1 10

Frequency [GHz]

Fig. 6.10. Calculated results of frequency dependence of quadratic EO coefficient (Kerr
coefficient) in PLZT9 ceramic and 67BNT-33BKT single crystal. Solid line is calculated

result from observed values, broken line is extrapolated results from calculated result.

6.4 Summary of chapter 6

In this chapter, we demonstrated the EO property of lead-free 67BNT33BKT
single crystal.67BNT33BKT did not have initial birefringence. Relaxor behavior was
observed in thermal dependence of dielectric permittivity. 67BNT33BKT indicated the
highest EO coefficient of up to 1.6 x 10" m?/V? in lead-free materials in room
temperature despite relatively low dielectric permittivity. This high EO coefficient R, of
67BNT33BKT is due to relatively high photo-elastic coefficient. In high speed driving,

67BNT33BKT shows high EO coefficient R, as same as PLZT9 at 3GHz driving, though
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the EO coefficient R, of PLZT9 is two times larger than that of 67BNT33BKT at low
frequency. This result is due to a smaller relaxation of dielectric permittivity in
67BNT33BKT than that of PLZT9. We conclude that 67BNT33BKT can be alternative

new EO materials to PLZT9 in high speed driving devices, such as optical modulators.
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Chapter 7

Summary

An origin of electro-optic effect was elucidated through the solution of three
issues: conventional theory did not consider (i) the influence of strain, (ii) relatively
high EO coefficient in relaxor materials, and (iii) the relaxation in frequency
dependence of EO coefficient. Furthermore, the Bi-based relaxor was developed as
novel EO material based on the principle derived in this study. The results obtained in

this study are summarized as follows for each chapter.

In chapter 1, “Introduction”; from a literature survey, the background, the
present problems and the objective were described.

In chapter 2, “Electro-optic effect and piezoelectric resonance”; the equation
for apparent EO effect around piezoelectric resonance frequency was formularized.
Good agreement was obtained between the observed and calculated results, this result
indicated e formularized equation is reliable. We conclude that the apparent

EO-coefficient is due to retardation from (i) clamped Pockels effect, (ii) change of light
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path length, (iii) Photo-elastic effect, and contribution of phase lag between
piezoelectric displacement and applying electric field. In these effects, the
photo-elastic effect mainly contributed to EO effect that means the change of refractive
index due to lattice distortion is notable contribution. Therefore we conclude that the
photo-elastic coefficient must be considered as parameter for material search in order
to solve the problem (iii).

In chapter 3, “Electric field dependence of birefringence and dielectric
permittivity”; the electric field dependence of dielectric permittivity (dielectric
tunability) and birefringence (electro-optic effect) were measured and the relation of
polarization and birefringence variation with varying the electric field was discussed to
figure out why the relaxor materials indicated relatively high electro-optic effect. We
found out the polarization change gave rise to the change of birefringence from the
different result of birefringence before and after electric field applying. But a material
exhibiting a high dielectric tunability did not always exhibit a high EO effect that
implied that the polarization change was only one factor to realize a high EO effect. We
proposed that a weight of ions constituted EO materials is also one of key factors
because the materials with heavy ions indicate high refractive indices. Nonlinear
response appearing in the expansion series of susceptibility with respect to electric
fields normally increases with linear susceptibility, which means that the nonlinear
response giving rise to EO effect increases with refractive index.

In chapter 4, “Relaxation and frequency dependence of -electro-optic
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coefficient”; an equation for EO effect including an influence of dielectric permittivity
was derived to elucidate the parameter determined the frequency dependence and
relaxation of EO coefficient. The equation derived in chapter 4 indicated that the EO
coefficients are a product of EO coefficient g, dielectric permittivity, and spontaneous
polarization. From the comparison of calculated and observed results in the EO
coefficient and dielectric permittivity at high speed driving, we conclude this expanded
equation is reliable. We conclude that the relaxation of driving efficiency due to EO
effect is mainly cause by the relaxation of dielectric permittivity due to relaxation of
polarization. Thus, frequency dependence of EO effect was determined by the
dielectric permittivity and spontaneous polarization. EO coefficient g remains constant
with varying the frequency of applied electric field. Therefore we conclude that the EO
coefficient g must be employed as parameter for material search in order to except the
influence of frequency dependence and solve the problem (i).

In chapter 5, “Lattice distortion and variation of birefringence”; the EO
coefficient g was determined as a product of the photo-elastic and electrostrictive
coefficient from the equation formularized in this study. And the Clausius-Mossotti
relation indicated the tendency that the materials with heavy ions indicated high
photo-elastic effect. And the electrostrictive coefficients were already reported that
they were almost same in any materials. Therefore the materials with heavy ions show
high EO coefficients g because of their high photo-elastic effect. And finally, the origin

of EO effect was interpreted as three effects: (i) the variation of polarization caused by
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application of electric field, (ii) the lattice distortion induced by polarization, and (iii)
the photo-elastic effect due to lattice distortion.

In chapter 6, “Electro-optic effect of Bi-based relaxor”; we demonstrated the
EO property of lead-free 67BNT33BKT single crystal. As a result of chapter 2 to 5, we
concluded that the EO materials must fulfill the two features: (i) low permittivity, and
(ii) relaxors constituted by heavy atoms. Furthermore, EO materials should be isotropic
to prevent chirping that is wavelength shift by passing through the EO materials. And
lead-free materials are better because they can prevent to a pollution of lead toxicity.
67BNT33BKT single crystal is constituted by heavy ion Bi. The dielectric permittivity of
67BNT33BKT single crystal is low at all compositions. Moreover it shows relaxor
behavior. Therefore, 67BNT33BKT single crystals satisfy all demands for new EO
materials with high EO properties. 67BNT33BKT indicated the highest EO coefficient of
up to 1.6 x 107** m?/V? in lead-free materials in room temperature despite relatively
low dielectric permittivity. This high EO coefficient R, of 67BNT33BKT is due to
relatively high photo-elastic coefficient. In high speed driving, 67BNT33BKT shows high
EO coefficient R, as same as PLZT9 at 3GHz driving, though the EO coefficient R, of
PLZT9 is two times larger than that of 67BNT33BKT at low frequency. This result is due
to a smaller relaxation of dielectric permittivity in 67BNT33BKT than that of PLZT9. We
conclude that 67BNT33BKT can be alternative new EO materials to PLZT9 in high speed

driving devices, such as optical modulators.
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