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ABSTRACT

K,Li,Nb;0,, (KLN) is a typical compound ferroelectric
material of completely filled tungsten-bronze structure and
belongs to a tetragonal crystallographic system with a point
group symmetry of 4mmf It is well known that the KLN is one of
the most interesting materials for various applications because
of the excellent electro-optic, nonlinear-optic and piezoelectric
properties. 1In this thesis, growth and properties of tungsten—-
bronze crystals and films, belonging to the KLN family, are
studied and discussed from an applicational point of view.

The thesis contains the following studies.

(1) The KLN crystals have been grown from a melt with
excess K,0 and Li,0, using a KLN or K,BiNb,0,, (KBN) crystal
as a seed. Pale-yellow single crystals up to about 8-10 mm
in diameter and 30 mm in length are obtained. The compo~
sition of the grown-crystals is analyzed to be
Kyesll,ssNbs,;,0,,. X-ray, dielectric and chemical etching
measurements have been carried out. The lattice constants
a and c are determined as 12.58 and 4.01 8, respectively,
and the dielectric constants e;E/so and e;g/eo at room

temperature are 306 and 115, respectively.

(2) All the elastic and piezoelectric constants of KLN
have been measured from room temperature to about 120°¢ by
observing resonant and antiresonant frequencies. The
electro-mechanical coupling factors k,s, ky,, k,; and kf
are 0.34, 0.18, 0.52 and 0.53, respectively. The temper-~
ature coefficients of elastic compliances Tsf;, Ts}% and
ngi are considerably small and are -0.98, -1.2 and 0.075
X 10’“/°C, respectively. The above resultsbsuggest that
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(3)

(4)

the KLN crystal can be a suitable material for bulk trans-

ducers as well as for surface acoustic wave (SAW) devices.

3(1_X)N33xL12Nb5015(KNLN) have been

grown by the Czochralski method. The attempted values for

Crystals of K

x are 0, 0.1, 0.2, 0.25 and 0.3. The analyses on the
crystallographic and dielectric properties show that

the structural phase change from the tungsten-bronze to

the perovskite structures occurs at x between 0.2 and 0.25.
The electro-mechanical, linear electro-optic and nonlinear-
optic properties of KNLN (x=0 and 0.1) are measured to
examine the influence of the Na doped in KLN. It is found
that the electro-optical halfwave voltage (v") relating to
the electro-optic coefficient rc for KNLN can be reduced

to such an extent as much smaller than that for KLN, by
adjusting the Na concentration to x=0.1. On the other hand,
one of the nonlinear-optic coefficients, dsi, of KNLN
(x=0.1) is somewhat lafger than that of KLN (x=0) and is
deternined as dayrN(x=0-1)_ 1 & KN 1t is therefore
concluded that although piezoelectricity in KNLN crystals
becomes weaker as the Na concentration increases, the ad-
dition of small amounf of the Na to KLN as a whole results
in more preferable linear-optic and nonlinear-optic be-

haviors than pure KLN.

»Tungsten—bronie KBN crystals have been grown by
the rf heating Czochralski method. Large-size pale-yellow
crystals up to about 35 mm¢ x 40 mm are easily grown.
X-ray, dielectric, chemical etching, conoscopic and
thermal expansion measurements are carried out in order to
assess fundamental properties of KBN. It is found that KBN

is a ferroelectric material with the polar axis parallel
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to the [001] axis. The lattice constants a, b and ¢ are
determined as 17.878, 17.888 and 7.853 R, respectively.
Furthermore, all the elastic constants and four of the
twelve independent photoelastic tensor elements are also

determined for applications to acousto-optic devices.

(5) KLN single-crystal films have been successfully grown
with good epitaxy on KBN substrates by the '"epitaxial
growth by melting" (EGM). For the substrates, KBN single
crystals are used because of the following reasons:

The crystal structures of KLN and KBN are the same tungsten-
bronze type; the melting point of KBN is higher than that
of KLN by about 250°C; and the lattice mismatch between the
KLN film and the KBN substrate is about 0.32 and 2.3 % for
the a and ¢ axes in the KLN coordinate system; The KLN
films obtained are transparent, but their surfaces are
relatively rough. The analyses on these KLN films by X-ray,
reflection electron diffraction (RED) and scanning electron
microscopy (SEM) methods indicate that the films are single

crystals of high quality.

(6) KLN single crystal films have been sputtered on

the KBN substrates. The KLN target is prepared by
sintering pressed powder with potassium and lithium en-
riched composition. Optimum growth conditions for the high
quality single-crystal KLN films are Ar (50%) + O, (50%)
atmosphere, 9 x 1072 Torr, rf power input below 150 W, and
substrate temperatures of 580 to 630 °C. The crystal-
lographic identifications of the KLN films are made by
X-ray, RED and SEM measurements. It is found that single-
crystal films of KLN have been epitaxially grown on KBN

substrates. The lattice constants a and ¢ of the KLN films
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(7)

(8)

are 12.7 and 3.96 X, respectively. Preliminary measure-
ments on the optical waveguides are carried out.
The ordinary refractive index no in the KLN film is

determined as 2.27.

RF diode sputtering is used to fabricate KLN thin
films. The optimum growth conditions are Ar (50%) + O,
(50%) atmosphere, 9.0 x 10°? Torr, about 140 W rf power
and 600 to 650 oC substrate temperature. The X-ray and
electron diffraction results show that an (001) KLN single~-
crystal films is epitaxially grown on an (0112) sapphire
substrate at substrate temperatures above 600 °c by rf
sputtering, and also that the obtained KLN film is of a
single crystal with considerably good quality. On the
other hand, an (00l1)- oriented KLN film sputtered on an
(0001) sapphire substrate is seen to be polycrystalline.
The TE, mode optical propagation loss in the KLN film is
relatively small as 7.8 dB/cm, and the KLN film is a

suitable material for optical waveguides.

Finally, characteristics of surface acoustic wave

(SAW) properties of tungsten-bronze layered structures of
(KLN film)/(substrate) and (Pb,KNb¢ O, (PKN))/(substrate).
combinations have been calculated. The maximum attainable
value of the lst peak for the electro-mechanical coupling
factor Av/v is 0.045 at KH (wave number times film thick-
ness) = 0.9 in the case of the layered structure of
(PKN)/(sapphire). This value is about twice as large as
that of Y-cut, Z-prop., LiNbO,. The preliminary experi-
ment on SAW properties of the layered structure of (KLN)/

(sapphire) is carried out. The SAW propagation on the KLN

film has been successfully observed. The above results
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suggest the potential usefulness of the layered structures
of (KLN)/(substrate) and (PKN)/(substrate) combinations
for SAW applications.
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CHAPTER 1  INTRODUCTION

Sixty years have elapsed since Valasek's discovery of
the peculiar dielectric phenomenon, known today under the name
of ferroelectricity, of Roéhelle salt in 1921 [1]. After this
discovery, it intrigﬁed and stimulated a great deal of research.
In about 1935, a new series of ferroelectric crystals, potassium
dihydrogen phosphate (KDP) and related isomorphous compounds,
was produced by Busch and Scherrer [2] in Zurich. Prior to about
1940 only two types of ferroelectrics were known, RS and some
closely related tartrates, and KDP and its isomorphs described
above. The anomalous dielectric properties of a new ferro-
electrics, barium titanate (BaTiO;), were discovered on ceramic
specimens independently by Wainer and Salomon [3] in 1942, by
Ogawa [4] in 1944, and by Wul [5] in 1945. The ferroelectric
activity of this BaTi0, was reported independently by Von Hippel
and co-workers [6] in 1944 and by Wul [7] in 1946. After this
discovery of BaTiO,, BaTiO, and similar structures have turned
out to be the most useful and interesting ferroelectrics.

So far a large number of ferroelectricvmaterials have been
grown and have attracted considerable interest in their appli-
cations to practical uses. Total numbér of ferroelectrics
discovered from 1921 till about June, 1978 are about 150 (in-
cluding only pure compounds.)[8].

Among various ferroelectric materials, a number of ferro-
electric niobates having tetragonal or related orthorhombic
tungsten-bronze structure have especially attracted much at-
tention for electro-optic, nonlinear optic, bulk wave and
surface acoustic wave (SAW) applications. The term "tungsten-

bronze" derives from the metalic potassium tungsten oxide,
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KxWO3 (x=0.5), which was first found by Magneli [9].

The tungsten-bronze structure is characterized by a framework
of BO¢ octahedra sharing the corners with each other, and is
represented by general chemical formula (A,),(A».C,(B,),(B2s0se
corresponding to the contents of a unit cell with anapproximate
dimension of 12.5x12.5x4.0 A.

The tungsten-bronze ferroelectrics, PbyNb,,0,,= PbNb,O,
was first discovered by Goodman[10] in 1953. However, it was
not until 1958 that Francombe and Lewis[11l] realized that it had.
the same structure as waoa. After the discovery of PbNb,0, a
great deal of work on related materials took place for appli-
cations. in the quantum electronics field at a number of labora-
tories throughout the world. In 1967, at IBM and at Bell
Telephone Laboratories, a new group of tungsten-bronze ferro-
electrics were discovered and extensively investigated. These.
are the alkali alkaline-earth niobates, such as Sr,KNb O, [12-
13}, Ba,NaNb;0,;[12,14], Ba,KNb O, [12], Sr,NaNb,O,.[15],
K,Li,Nb,O,[16-17], KNbO,-PbNb,04[15], K(Sr-Ba),Nb.0,,[15],
K(Ba-Pb),Nb;0,,{15] and K(Sr-Pb),Nb,0,,[15].

K;Li,Nb 0, (KLN) is a typical compound ferroelectric
material of completely filled tungsten-bronze structure and
belongs to a tetragonal crystallographic system with a point
group symmetry of 4mm[18]. Ferroelectricity in crystals grown
from K,Li,NbsO,s composition was reported by Van Uitert et al.
in 1967[17]. It is well known that the KLN is one of the most
interesting materials for various applications because of the
excellent electro-optic, nonlinear optic and piezoelectric
properties[16-21]. However, it is very difficult to obtain
high-quality large-size single crystals because the KLN is not
congruently melting composition. An approach for the solution

of this problem is to grow epitaxial, films of this crystal[22].

—o..



In this thesis, growth and properties of tungsten-bronze
ferroelectric crystals and films are studied and discussed in
detail from an applicational point of view. The first four
chapters (Chapts. 2-5) describe tungsten-bronze bulk crystals
and the second four chapters (Chapts. 6-~9) present thin films.
The thesis_is organized into the follwing chapters: In Chapter
2, experimental results of crystal growth, and dielectric and
ferroelectric properties of KLN are described. Chapter 3 con-
tains the measured results of all the elastic, piezoelectric and
dielectric constants as well as their temperature coefficients.
In Chapter 4, electrical and optical properties of Na-modified
KLN are studied and presented. Chapter 5 is concerned with
studies of the ferroelectric and elastic properties of a
K,BiNb;0,s crystal. Further the photo-elastic properties are
measured by the Dixon-Cohen method for application to an acousto
optic device. In Chapter 6, epitaxial growth of KLN single-
crystal films on KBN substrates by the EGM technique are
investigated. In Chapters 7 and 8, the epitaxial growth of KLN
single-crystal films on KBN and sapphire substrates by an rf
sputtering technique, respectively, are described and applied
to the purpose of fabricating optical waveguides. Chapter 9 is
concerned with calculated SAW characteristics of tungsten-
bronze layered structures of (KLN film)/(substrate) and |
(PKN)/(substrate) combinations. In addition, preliminary
expebiment on SAW properties of the layered structure of KLN
film deposited on sapphire substrate is also described.
Finally, conclusions and suggestions for further study are

summarized in Chapter 10.
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CHAPTER 2 GROWTH OF POTASSIUM LITHIUM NIOBATE (KLN)
CRYSTALS

2.1 INTRODUCTION

Among various ferroelectric materials, a number of ferro—
electric niobates having tetragonal or related orthorhombic
tungsten-bronze structures with general chemical formula
(A,),(A,),C,(B,),(B,),0,, have attracted much attention for
electro-optic, nonlinear-optic, bulk wave and surface acoustic
wave (SAW) applications.

A K,Li,Nbs0,s (KLN) is tetragonal with a point group 4mm
and is a typical compound of completely filled tungsten-bronze
ferroelectrics [1]. It is well known that these filled tungsten-
bronze compounds have a high stability to intense laser radi-
ation [1,2]. So far, crystal growth of KLN have been success—
fully attempted by various people for several different
purposes: those are Bonner et al. [3], Van Uitert et al. [1,2]
and Nagai et al. [4] for electro-optic and nonlinear-optic
applications, Fukuda [5], Scott et al. [6] and Ikeda et al. [7]
for detailed phase equilibrium studies, Abrahams et al. [8] for
investigation of crystal structure, and finally Uematsu et al.
[9] and Adachi et al. [10] for acoustic applications.

In this chapter, experimental results of crystal growth,

dielectric and ferfoelectric properties of KLN are described.



K1) K(2) Nb(7) Nb(2) Li
Q ™ o o
Alsite A2 site 81 site 82 site C site

Fig. 2.1 Representation of KLN structure
along the polar axis. The nearest oxygen
neighbor environment around the C site is
indicated by the apices of the dashed
equatorial triangle and by those of- the
solid lines representing the triangular
faces of a trigonal prism.



2.2 CRYSTAL GROWTH

2.2.1 Crystal Structure of K,Li,Nb 0,

The tungsten-bronze structure was. first found by Magnéli
in KXWO,[ll]. It is characterized by a framework of BO,octahedra
(B=Nb in KLN) sharing the corners with each other, and is rep-
resented by general chemical formula (A,),(A,),C,(B,),(B,),0,,
Eorresponding to the contents of a unit cell with an approximate
dimension of 12.5x12.5x4.0 X. A representation of the over-
all structure is given in Fig. 2.1, showing the interrelation-
ships of A,, A,, B,, B, and C sites. In this figure, the square
A, site is 12 coordinated, the pentagonal A, site is 15 coordi-
nated, both B sites are 6 coordinated, and the triangular C
site is 9 coordinated.

K,Li,Nb;0,; has tetragonal tungsten-bronze structure with
a 4mm point group. All the A, and A, sites are filled with K,
and all the C sites are filled with Li. This was the first
material reported as having a completely filled tetragonal

tungsten-bronze structure [2,8].

2.2.2  Phase Equilibrium in K,0-Li,0-Nb,0, System

Detailed phase equilibrium study of the K,0-Li,0-Nb,0O,
ternary system was carried out by Scott et al. [6], and bj
Ikeda et al. [7], independently. Scott et al. found
the tungsten-bronze type phase in the Nb-rich region where
the Nb,0, concentration is higher than 0.51, and concluded °
that the tungsten-bronze phase does not occur with completely

filled alkali cation sites at the composition K,Li,Nb,0,,.
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. AV4 N AV4 A4 \Va . A4
/ 050 055 050 045 040 035 030 025 0.20 C
K;0 ~——x(K;0) '

ti,0

Fig. 2.2 The system K,0-Li,0-Nb,0,. Hatched area shows the field
of tungsten-bronze solid solution. Short lines indicate the tie
lines. Open circles: composition of samples; full circles:
melt composition to examine tie lines; triangle: eutectic point;
crosses: liquids boundary of the tungsten-bronze field.

The arrows point to different composition of the melt and the
solid crystal. (after Ref. [6].) '

K

Fi?}]ZBB Diagram of K,0-Li,0-Nb,0, ternary system. (after Ref.
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The diagram of the K,0-Li,0-Nb,0; ternary system determined by
Scott et al. is shown in Fig. 2.2, where the hatched area shows
the field of tungsten-bronze type solid solution and several
tie lines .in the field are indicated by lines connecting
the small solid circles. On the other hand, Ikeda et al. found
a wider tungsten-bronze type area spreading toward the Nb-richer
side than the range studied by Scott et al. , and also showed
that the single phase region can be divided into three parts, I,
II and III as shown in Fig. 2.3. The phases I and II are
similar to the result shown by Scott et al., except a little
deviation. Crystals in the phase I are ferroelectric and
the Curie temperature shifts from 540 to 326 °C as the Nb,0s
concentration changes from 0.51 to 0.55. Crystals in the phase
II, with the Nb,0Oiconcentration changing from 0.55 to 0.63, have
pseudo-tetragonal structure and are not ferroelectric. '
The phase III is located in the area where fhe concentration of
K,0 is 0.17 ~0.28 and fhat of Nb,0¢is 0.63~0.73.

In this study, potassium lithium niobate crystals in
the phase I have been grown by rf-heating Czochralski technique
from a melt with the composition, 35 mole % K,CO,,17.3 mole %
Li,CO, and 47.7 mole % Nb,Og.

2.2.3 Sample Preparation

Single crystals of K;Li,Nbs0,s were grown by rf-heating
Czochralski technique from a melt by using KOKUSAI DENKI type
DP-500FM crystal pulling equipment. The starting materials
were K,CO,, Li,CO, of reagent grade, and Nb,0s of 99.9 % purity.
These oxides were mixed in nonstoichiometric proportion with

potassium and lithium enriched composition, 35 mole % K,CO,,
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Fig. 2.5 Tungsten-bronze structure and reference axes. The (0071)
projection of KBN lattice is shown in relation to the KLN cell
shown by dashed square.
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17.3 mole % Li,0 and 47.7 mole % Nb,0;. The mixture was placed
in a 150 ml platinum crucible and melted by rf-heating.
A drawing of the crystal pulling equipment employed in this
work is shown in Fig. 2.4. Both KLN and K,BiNb,0,, (KBN: see
Chapter 5 for this material) crystals were used as seeds
because the crystal structures of KLN and KBN are both of
the tungsten-bronze type as shown in Fig. 2.5 and melting
temperature of KBN is higher by about 250 oC than that of KLN.
The KBN crystal is orthorhombic on the contrary to tetragonal
in KLN. The coordinate systems (x,y,z) for KLN and (x',y',2")
for KBN are compared in Fig. 2.5 in relation to the crystallo-
graphic axes a,, a, and c.

Optimum growth conditions were as follows; pulling rate:
1 mm/h and rotation rate: 40 rpm. The pulling axis was chosen
in parallel to the x' or y' axis in order to minimize cracking

taking place during the crystal growth.

2.3 EXPERIMENTAL PROCEDURES FOR EVALUATION OF KLN CRYSTALS

Analytical determination for the potassium, lithium and
niobium in the crystals was done by chemical analysis. X-ray
diffraction measurements were performed by means of a dif-
fractometer (TOSHIBA ADX-102) using CuKa radiation. Lattice
constants were calculated using reflection peaks in the 26 =20
to 60° range. The dielectric constants e;E and e?s were

measured at 100 KHz by using YHP type 4332A LCR meter.
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Fig. 2.7 Temperature dependence of dielectric
constants of KLN.
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2.4 RESULTS AND DISCUSSION

Single crystals of KLN could be grown with excess K,CO,
and Li,CO, by rf-heating Czochralski method. It has been
experienced that while the rate of crystallization along the c
axis is much less than those along any other attempted di-
rections, great difficulty is often encountered in obtaining
large crystals in this pulling direction, due to the unavoidable
occurrence of cracking. Therefore the pulling axis is chosen
in parallel to [100] or [110] axis in order to minimize
the cracking during the crystal growth. The crystals obtained
are elongated in the lateral direction along the [I10] axis and
are generally prismatic with clearly defined faces, (001) and
(110). Pale~yellow single crystals up to about 8-10 mm in
diameter and 30 mm in length were obtained.

Chemical analysis revealed that the grown crystal
contained 78 wt% of Nb,0;, 3.2 wt% of Li,0 and 18.8 wt% of K,O,
which corresponded to a molar ratio of 33.4 K,0 17.8 Li,0 and
48.8 Nb,0s. Taking account of the Curie temperature (405 °c)
and the lattice constants of this crystal, the composition was
determined as KzasLihssNb&llols.

Figure 2.6 shows the profile of X-ray powder diffraction
patterns. The lattice constants a and ¢ of KLN crystal
obtained by X-ray diffraction measurement were 12.58 and 4.0l 3,
respectively. These values are in good agreement with Bonner;s
data [3]. .

The temperature dependences of dielectric constants at
100 KHz are shown in Fig. 2.7. The dielectric constants efi/eo
and c;i/eo at room temperature were 306 and 115, respectively.
The constant ef; shows a marked anomaly at the transition point

of 405 °C. On the other hand, the dielectric constant e;E does
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(b)

Fig. 2.8 Reflected microscopic photographs
of (a) negative sense plane (-c surface),

and (b) positive sense plane (+c surface)
of the KLN crystal.

Table 2-1 Fundamental properties of KLN and KBN.

. KLN _ KBN
(K;.89Li; s5Nbs,, 1015) (K .93Big.9;Nbs 070, s)
Symmetry Tetragonal Orthorhombic
(Pseudo-tetragonal)

Lattice constant a=12.58A a=17.85A

c=4.01 A c=7.84 A
Curie temperature 405°C 360°C
Dielectric constant el,/60=306 &1, /e0=430

el3/eo=115 €33/60="500
Spontaneous polarization 0.25 C/m? —
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not show any anomaly but decreases gradually with increasing
temperature.

The crystals were poled by the field-cooling method under
a DC field of about 300 V/cm along the c-axis. A spontaneous
polarization in the tetragonal tungsten-bronze type KLN is
parallel to either +c or -c axis direction. Poling completeness
was confirmed by chemical etching. A mixed solution, 1HF:1HNO,
was used as an etchant, in which KLN crystals were boiled for
a few minutes. The etched patterns were observed as shown in
Fig. 2.8 by using a reflection optical microscope. As shown in
Fig. 2.8, the negative side of (00l1) plane was etched faster
than the positive side énd on which square etched patterns were
observed. On the other hand, the positive side was only
slightly etched.

Fundamental properties of the present KLN crystals at
room temperature in Table 2-I, are to be compared to those of

KBN.

2.5 SUMMARY

Crystals of KLN were grown by the Czochralski method from
a melt using a KLN or KBN crystal as the seed. Since the vapor
pressure of K,0 and Li,0 is high at the melting point of KLN,
the starting composition with excess K,0 and Li,0 was mainly
used, which was necessary to obtain crystals of good quality.
Pale-yellow single crystals up to about 8-10 mm in diameter and
30 mm in length were obtained. The composition of grown-crystals
was analyzed as K,g9Li, s5Nbs,; ;0,5

X-ray, dielectric and chemical etching measurements were

carried out in order to investigate crystallographic and
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ferroelectric properties of KLN. From the measured results of
the above properties, the lattice constants a and c were
determined as 12.58 and 4.01 2, respectively, and the dielectric
constants e?i/eo and es'l;/eo at room temperature were 306 and
115, respectively. The constanf e,E shows a marked anomaly

at the transition point of 405°C. On the other hand, the E;E
does not show any anomaly, but decreases gradually with
increasing temperature.

The KLN crystal is a suitable material for applications
to the electro-optic, nonlinear-optic, bulk wave and SAW.
devices. However it has been very difficult to obtain large-
size single crystals of KLN because the KLN is not congruently
melting composition. The solution of this remaining problem

will be needed in the future for device applications.
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CHAPTER 3  ELASTIC AND PIEZOELECTRIC PROPERTIES OF
POTASSIUM LITHIUM NIOBATE CRYSTALS

3.1 INTRODUCTION

Potassium lithium niobate (KLN) is a ferroelectric
material with a Curie temperature of 405 °C [1]. It has a
tetragonal tungsten-bronze structure and belongs to the point
group 4mm at room temperature [2].

For a complete understanding of detailed piezoelectric
behavior, especially for bulk or surface acoustic wave (SAW)
resonator and filter designs, a knowledge of temperature
behavior of the elastic, piezoelectric and dielectric constants
is a necessary adjunct to their room-temperature evalution.
Uematsu and Koide [3] have reported some of the piezoelectric
and elastic properties of KLN. They have shown that KLN has a

large electro-mechanical coupling factor k However, the

mechanical or acoustical properties of thi: crystal have not
been reportéd in detail yet.

In this chapter, the measured results of all the elastic,
piezoelectric and dielectric constants as well as their
temperature coefficients are described. Furthermore, SAW

characteristics of KLN are also described.

3.2 PROCEDURES FOR DETERMINING ELASTIC AND PIEZOELECTRIC
CONSTANTS

The crystal KLN is a tetragonal material at room temper-

ature and belongs to the point group 4mm [2]. Crystals in class
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Table 3-I Elasto-piezo-dielectric matrix for crystals
belonging to the point group 4mm.

Sin S12 S13 0 0 0 0 0 da
S Sn Sis 0 0 0 0 0 da
Si3 Si3 Sas 0 0 0 0 0 das
0 0 0 Sy 0 0 0 dis 0
0 0 0 0 Sy, O dis 0 0
0 0 0 0 0 See 0 0 0
0 0 0 0 dis O en O 0
0 0 0 dis 0 0 0 €11 0
da da das 0 0 0 0 0 € 33
KBN coordinate Sample
system I
2 Oscillator S S Detector
' |
Frequency
counter
(e)

Fig. 3.2 The system for measuring
the resonant and antiresonant
y frequencies.

4?\
( f)’/ (a) ( b§‘;
X X

KLN coordinate
system

Fig. 3.1 Shapes and orientations of specimens. The shaded
portions indicate the electrode with gold thin films.
(a) [100] bar, (b) [110] bar, (c) square z'-plate, (d) y'-
plate, (e) [001] bar and (f) z'-plate in the x'y'z'
coordinates.
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4mm have six elastic, three piezoelectric, and two dielectric
independent elements in its elasto-piezoelectric-dielectric
matrix as shown in Table 3-I.

The crystals were poled by the field-cooling method under
a DC field of about 300 V/cm along the c-axis. The specimens
were cut from the crystals so as to take the shapes and
orientations shown in Fig. 3.1, and were polished with #3000
alumina lapping powder.

In the measurements, x;, y', z' coordinates were used for
convenience as shown in Fig. 3.1, where x' and y' axes are
rotated by 45° around the z axis from x and y axes. In the
following, constants with prime and without prime are used to
specify the reference axes; for example, s' is the elastic
compliance refered to the x' y' z' coordinate system.

The system for measuring the resonant and antiresonant
frequencies (fR and fA) is shown in Fig. 3.2. To minimize
the stray capacitance parallel to the sample, the input and
output circuits were shielded.

The procedures for determining elastic and piezoelectric
constants are the same as those described by Berlincourt and
Jaffe [4] in the case of tetragonal BaTiO, . All values of
elastic constants (s'), piezoelectric constants (d') and
coupling factors (k') were determined, as mentioned below, by

measuring f or fA

The elastlc compllance s;% was obtained from fh of the bar

elongated in the x'direction with thickness along the z' axis

of various specimens shown in Fig. 3.1.

(specimen (a)), using the relation
le, = 1/(ap£ 2 17), (3-1)

where p is the density, 4.26 x10® Kg/m*®, and L is the length.
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t . El
The elastic compliance s}i was obtained from the s,

mentioned above and fR of the square z'-plate (specimen (c)).

The frequency constant (fRZ) for the extensional 'breathing"
mode of the square plate is given by Ekstein [5] as
El

S)2
fRzZZ — E'l = [l + (1_ 8 ) ( = = )]. (3—2)

40(s11 + S12 ) n? S11 - Si12

To obtain the shear compliance sJi', the elastic
compliance sfi was determined from fR of the bar oriented with
length along the [110] direction (specimen (b)). The equation

for this case is

E' 1 _E' ,(1_E' (3-3)

where sfi = 1/(4prZZZ). (3-4)

On the other hand, the shear compliance s}{' was determined
from the antiresonant frequency fA of the y'-plate with thick-
ness along the y' axis (specimen (d)), using the relation

s = 1/(4p%,2a%), (3-5)
where d is the thickness of the plate.

For the specimens (c) and (e) vibrating in piezoelectri-
cally stiffened mode, the electric field is parallel to the
direction of the elastic wave motion. The elastic stiffness
c}y and the elastic compliance s}y are determined from the
antiresonant frequencies of the z'-plate and the [001] bar shown
in Figs. 3.1(c¢) and (e), respectively. However it is not easy
to measure the f, accurately because of the spurious response

A
due to mode couplings in the case of the specimen (c) and also
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because of the very small value of clamped capacitance in
the case of specimen (e). Therefore, their antiresonant

frequencies and coupling factors k,' and ki's , to obtain the

constants 031' and s }? y were de:ermined from the measurement
of fundamental and higher harmonic resonant frequencies by

the overtone method of Onoe, Tiersten and Meitzler [6]. Onoe

et al. found that each resonant frequency of the fundamental and

higher harmonic modes is given as the solution of the following

equation:
tan x = x/k?, (3-6)
X = wd/2v, (3-7)

where x is the normalized frequency, k is the coupling factor,
w is the angular frequency, d is the thickness and v is the
phase velocity of the elastic wave. As is evident from

the above equation (3-6), the ratio of the higher harmonic
resonant frequency to the fundamental one is only dependent on
the coupling factor k. Table 3-II is the relation between

the coupling factor k and the ratio of the higher harmonic
resonant frequency to the fundamental one deduced from

the equation (3-6) given by Onoe [7]. To obtain the value of
the elastic stiffness coefficient c}Z' » the coupling constant
kt' of the specimen (c¢) was first determined from the ratio of
the measured higher harmonic frequencies to the fundamental one
by using the Table 3-II. The antiresonant frequency fA and
the elastic stiffness coefficient c}%' were then obtained
from kt' and the fundamental resonant frequency, using

the relation
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Table 3-1I The relation between the coupling factor k
and the ratio of the higher harmonic resonant frequencies
to the fundamental one. (after Ref. [7].)

K |FyF, |FuF, |Fur | K | Fur | Fur | FuRs

0.00| 3.0000|5.0000 | 7.0000 | 0.50 |  3.3438 5.6142 7.8756
0.01[3.0001|5.0001|7.0002{0.51| 3.3617 | 5.6459 7.9208
© 0.02]3.0004 |5.0007{7.0011|0.52| 3.3803| S.6790| 7.9679
0.03|3.00095.0017|7.0025 | 0.53] 3.3998 | 5.7136 | 8.0171
0.04]3.0017 {5.0031 | 7.0044 | 0.54{ 3.4201 $.7496 | 8.0683
0.05]3.0027 | 5.0048 | 7.0069 | 0.55 | 3.4414 5.7872| 8.1218
0.06(3.0039 | 5.0070(7.0100| 0.56 | 3.4636 5.8265 8.1777
0.07[3.0053 | 5.0095]7.0136 | 0.57 | 3.4868 | 5.8675 8.2360
0.08|3.0069 | 5.0125]7.0178 | 0.58| 3.5110 5.9104 8.2970
0.09|3.0088 |5.0158 | 7.0226 [0.59| 3.5364 | 5.8553 8.3608
0.10]3.0109 |5.0196 | 7.0280}0.60 | 3.5630 | 6.0023 8.4276
0.11]3.0132(5.0237|7.0339 |0.61| 3.5909 6.0516 8.4976
0.12)3.0157 [5.0283 | 7.0404 | 0.62| 3.6202 | 6.1032 8.5709
0.13]3.0185 |5.0333 | 7.0476 | 0.63 | 3.6509 | 6.1573 8.6479
0.143.0215|5.0387 | 7.0553 | 0.64 | 3.6832 ) 6.2142| 8.7287
0.15|3.0247 | 5.0446 | 7.0837 | 0.65| 3.7172 6.2740 | 8.8138
0.16|3.0282 15,0508 | 7.0726 | 0.66 | 3.7529 6.3369 8.9029
0.17 | 3.03205.0575 | 7.0822 | 0.67 | 3.7906 { 6.4032 8.9970
0.18]3.0360 | 5.0647 | 7.0925[0.68{ 3.8304 | 6.4731 9.0963
0.193.0402{5.0723]7.1033]|0.69 | 3.8725 6.5470 | 9.2011
0.20|3.0447 | 5.0804 | 7.114910.70| 5.9169 6.6251 9.3118
0.2113.0495 |5.0890{7.127110.71| 3.9641 6.7077 9.4292
0.223.0545 [ 5.0980 | 7.1400| 0.72 | _4.0141 6.7955 9.5536
0.23]3.05985.1076 | 7.1536 | 0.73 | 4.067¢ 6.8887 | 9.6858
0.24|3.0654 |5.1176 | 7.1680 | 0.74{ 41.240 | 6.9879 9.8265
0.2513.07135.128217.1830 (0.75| 4.1846 7.0938 9.9766
0.26 3.07755.1393 | 7.1989 | 0.76 | 4.2493 7.2069 | 10.1370
0.27[3.0840 | 5.150917.215410.77 | 4.3187 7.3282 | 10.3089
0.28(3.0908 | 5.16317.2328|0.78] 4.3934 | 7.4585| 10.4935
0.29]3,097915.17587.2510| 0.79 | 4.4739 7.5990 | 10.6925
0.30]3.1053 5.1891{7.2700(0.80| 4.5609 | 7.7507 | 10.9075
0.31(3.11315.2031}7.2899[0.81{ 4.6554 7.9154 | 11.1407
0.32]3.1212|5.2176 | 7.3107 | 0.82 | 4.7584 8.0947 | 11.3946
0.33]3,1297(5.23287.3323 | 0.83| 4.8711 8.2908 | 11.6722
0.34]3.13865.248717.354910.84 | 4.9951 8.5062 | 11.9772
0.35]3.14785.2652|7.3785|0.85| 5.1321 8.7443 | 12.3141
0.36(3.1575 | 5.2824 | 7.4031 | 0.86 | §5.2846 9.0090 | 12.6887
" 0.37(3.1675]5.3004 | 7.4287 | 0.87 | 5.4554 9 3054 | 13.1080
0.38]3.1780|5.3191{7.455410.88 | 5.6484 9.6400 | 13.5813
0.39]3.1889 | 5.3386 | 7.4831 {0.89 | 5.8685 | 10.0214 | 14.1207
0.40(3.2003 {5.3589|7.5121|0.90| 6.1225 | 10.4611 | 14.7425
0.41(3.21225.3800|7.5422|0.91| 6.4194 | 10.9750 | 15.4690
0.42|3.2245(5.4020| 7,5735|0.92| 6.7727 | 11.5857 | 16.3323
0.43}3.2374|5.4249(7.6062]10.93| 7.2017 | 12.3270 | 17.3799
0.443.2508 | 5.4488 (7.640210.94] 7.7371] 13.2515 | 18.6862
0.45]3.2647 | 5.47367.6755{0.95| 8.4300 [ 14.4471 ; 20.3755
0.46;3.279215.499517.7124 | 0.96 9.3742 | 16.0753 | 22.6753
047 3.204415.526¢17.7507| 0.97 10.7658 | 18.4732 | 26.0620
0.48 3.3102!5.55(5 7.7907{0.98| 13.1136 | 22.5162 | 31.7709
0.49\3.3266%5.5837 7.832310.99| 18.4432 | 31.6878 | 44.7196
0.5013.3438 i 5.6142| 7.8756
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nf nf

R R
k2?2 = cot( ), (3-8)
t 2fA 2fA
D'
Cayg = 4DfA2d2 N (3—9)

t
The coupling factor k), and the elastic compliance sJi of the
specimen (e) were also determined in a similar way to the pro-
cedure described above in the case of the specimen (c), using

the relationship

ﬂfR ﬂfR
ki =55 cot(—), (3-10)
A A
DI
sys = 1/40f, %1% (3-11)

The coupling factor k', was obtained from the resonant
and antiresonant frequencies of the [100] bar (specimen (a)) by

using the relation

(3-12)

where Af = fA - fR.

The shear coupling factor k) was obtained‘from
the resonant and antiresonant frequencies of the y'-plate
(specimen (d)) by using the relationship
nf nf
K12 = —2 cot( —2). (3-13)

2f, 2f

] '
The constant-field compliances sfz and s?u, and stiff-
' ' ! !
ness c:,E3 were determined from SP, ’ sf& and c?, , respectively,

as

El Dl
sf =82, /(1 -k2), (3-14)
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E! D!

Suyy = Syy /(1 - k153, (3-15)
1] )
cf; = (1 - kg2)031 . (3-16)

1 1
' The constant-charge density compliances s}% and sfl were
1] t
obtained from sfi and SFZ by the relations:

Dl

E! '
s o= (1 -ki2)sy, » (3-17)
D'- El E'
S12 = S;, - kj® s|, . (3-18)

1
The value of cja is given by parallel field excitation measure-

ment [8] on z'-plate of the specimen (f) with the applied field

along the x' axis, using the relation
E! 2 2
Cyy = 4pr a2, (3-19)

which serves as a check for reliability in the measurements
made by the shear mode excitation. The piezoelectric constants
(d') were determined from the respective coupling constants,

compliances and permittivities as

E! T ’
g;l = k;]. (311 /533)’ (3—20)
E! T'
g3s = ki, (8,5 /e3,), (3-21)
E! T!'
gls = kis (544 /€1,), (3-22)
Tl
di, = €353 83, (3-23)
T|
dis; = €33 835 (3-24)
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T
dis = €,, gls . , ' (3-25)
All values in the s' matrix except si{i: were thus determined.

The value of sis; was calculated from the s' matrix and already

determined ci; as follows:

g.t2 o (sy1+ 5/5)(cy'ssy'3~ 1)
13 = 2C3'3

. (3-26)
The dielectric constants e;E' and e}? were measured at
100 KHz by using YHP type 4332A LCR meter or 1 KHz by using
MEGURO DENPA SOKKI universal Bridge.
The elastic, piezoelectric and dielectric constants
without primes in the xyz coordinates are calculated from those
referred to the x' y' z' coordinate system through the

following relations.

2 2 4 ?
Sy2 = 8y, = zil + :{2 - jgs ’
S33 = Sga ’
Syy = Sss5 = Sy ,
See = 2(si, = s{, ), | (3-27)
dyy = dj, , dyy =d3y , d,5 =d}s , (3-28)
€y, = €}, and ey, = €}, . (3-29)
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3.3 RESULTS

All the piezoelectric, elastic and dielectric (See: Chapt.
2) constants of KLN determined above are listed in Table 3-III.

The coupling factors k,;, k;,, ks, and kt are
k,s = 0.34, k,, = 0.18,

ky; = 0.52 and k,_ = 0.53

at room temperature.

It is worthwhile to note that KLN crystal has considerably large
electromechanical coupling for shear mode. For example, the
coupling factor k,; is larger than the value of 0.21 for x cut
and 0.24 for y cut in BNN [9], while k,;; and k_ are somewhat
smaller than those for BNN.

The temperature dependences of the elastic compliances,
the piezoelectric constants and the coupling factors are shown
in Figs. 3.3, .4 and.5 from room temperature to about 120 °c.
Temperature dependences of the elastic compliances are fairly
small. The elastic compliances sfi, sfi and sfi increase with
increasing temperature, but s,E3 ’ s,E3 and s.,E., decrease
monotonically. Piezoelectric constants d;, and d;; , and
the coupling factprs k,, and k,,; is little temperature
dependent, but d,; énd k,s decrease gradually with increasing
temperature. Temperature coefficients of these constants
are given in Table 3-IV, where it is noticed the values Ts:z ’

Ts}i and Ts:z are fairly small.
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Table 3-I1I Physical constants of KLN.

ely/eo
‘}s/'o
st
sty
sty
55
ste
sée
Lt
cha
cis
cSs
cle
css
dis
dy,
dyy

P

306 e$1/e0 27
115 €33/e0 83
5.59x10-'2 m?/N P 5.41x10"'2 m¥/N
-1.24 st —1.42
—-2.37 sy —1.61
11.8 53 8.58
14.7 A 13.0
143 588 14.3
2.20x10'" N/m? ch 2.21 x 10'* N/m?
0.74 ey 0.74
0.59 cDs 0.55
.09 3 1.50
0.68 cds 0.717
0.70 ) cf 0.70
6.8x10-'!' C/N ers 4.6 C/m?
-14 . €31 -0.6
5.7 - €33 55
4.26 X 10° kg/m?

kys=0.34, k,,=0.18,
k33 —_-0.52 and k,=0.53
at room temperature.

o
|
1

Elastic compliance (10%m2/N)
n
1
1

0 50 100 150
Temperature (°C)

Fig. 3.3 Temperature dependence of
elastic compliances of KLN.
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dis
da3

Piezoelectric constant (10"'C/N)

Olllllllllllll

0 50 100 150
‘ Temperature (°C)

Fig. 3.4 Temperature dependence of
piezoelectric constants of KLN.

Coupling factor

[ S
0 50 100 150
Temperature (°C)

Fig. 3.5 Temperaturevdependence of
mechanical coupling factors of KLN.
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Table 3-IV Temperature coefficients
of electro-acoustical constants in
KLN at room temperature.

TsE, 1.6 x10-4/°C Td,s nonlinear

TsE, —34 Tdy, 8.5%x10-¢/°C
TSf:; 5.6 Td33 2.3

Ts%, —0.98

Tska —1.2 . Tk,s nonlinear

Tsée 0.075 Tks, 3.0x10-¢/°C
TeT, —20x10-%/°C Tkia -1.5

Tels 9.4 Tk, —4.4
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3.4 DISCUSSION

In the usual proper ferroelectrics, the temperature
dependences of piezoelectric constants and mechanical coupling
factors are often explained by the electrostrictive argument.
Namely, it is assumed that the piezoelectric effect in the
ferroelectric phase is due to the electrostrictive effect in
the paraelectric phase biased by the spontaneous polarization.

Then we have

T -
dsy = 2Q,,P e, (e,4/e4 = 1), (3-30)
T
d33 = 2Q11Ps€n (833/50 - l)s (3_31)
. T
and d,, = 2({),.,.1:’55o (e;, /ey = 1), (3-32)

where Q,, , Q,, and Q,, are the electrostrictive constants in
the paraelectric phase. Using the value of 0.25 C/m?[10] for
the spontaneous polarization Ps’ the electrostrictive constants
were determined as Q,, = 0.11 m*/C? , Q,, = -0.027 m*/C*? and
Q,, = 0.048 m*/C? at room temperature. These values can be
presumed to be nearly constant in the measured temperature
range. They are comparable to those measured for other oxygen
octahedra ferroelectrics [1,11,12] . Experimentally, the
piezoelectric constants (d,, and d,, ) and the coupling factors
(ky, and k,; ) are almost constant against temperature from
room temperature to about 120 OC, while d,; and k,; decrease
gradually with increasing temperature. These temperature
characteristics are caused by the temperature dependence of
dielectric constants.

In recent years, intensive efforts have been made by many
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people to search for high piezoelectric coupling and temperature
compensated SAW materials [13—16]. Among various materials thus
found to date, tungsten-bronze ferroelectrics have attracted
much attention as promising candidates for the temperature-
stable and high piezoelectric coupling SAW applications.

Recently, the SAW characteristics of the present
K,esLiyssNbs,,0,5 have also been calculated theoretically by
Yamashita et al. [17], using the material constants determined
by this author as thus described in this chapter. They showed
that this material can be temperature-compensated at x-axis
cylinder 45° cut. Figure 3.6 shows the SAW properties of KLN
calculated by them. The values of the power flow angle (PFA),
temperature coefficient of time delay (TCD), SAW coupling
factor ksz(=2Av/v), and SAW velocity v obtained by them are
0.0 deg., 0.0 ppm/°C, 0.92 % and 3114 m/s at the x-axis
cylinder 450 cut, respectively.

The SAW characteristics of various SAW materials given by
0'Connell [15], are shown compared with that of KLN in Table
3-V. Further, Fig. 3.7 shows the TCD versus SAW coupling
factor relation for various promising SAW materials. As can be
seen from this figure, the KLN crystal is one of the most useful

materials for SAW applications.
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Fig. 3.6 The variation

of SAW velocity, TCD,
and 2av/v for x- and
z-axis boule, x- and
z-cut plate, x-axis
cylinder KLN. (after
Ref. [17].)

Fig. 3.7 Temperature

coefficient of time
delay versus piezo-
electric coupling for
various SAW materials.
(after Ref. [15].)



Table 3-V Temperature compensated cuts of various materials.
Power flow Slope of power SAW
Euler angles TCD angle ¢ flow angle Av/v velocity
Material Orientation A " 6  (ppm/°C)  (deg.) (3¢/36) (x10?) (nv/sec)
KsLisNbsOyy X-axis cyl. 45° 0 45 90 0.0 sees cevees 0.46 3114
Pb;KNbsO;s X cut 10,6° 90 90  10.6 0.0 -2.5 sevess 0.84 2493
Z-axis cyl. 24.4° 24.4 90 0 0.0 0.0 0.150 0.033 2516
Z-axis cyl. 74.4° 74.4 90 0 0.0 0.0 -0.268 0.73 2505
Y-axis boule 66.6° 90 66.6 0 0.0 0.0 -0.241 0.94 2525
si0, ST cut 0 132.75 © 0.0 0.0 0.378 0.058 3158
B-LiAlSi0 X cut 69° 90 90 69 0.0 18 ceeens 0.100 3662
Doubly rotated 0 57 62 0.0 0.0 0.32 0.035 3258
T1,VS, (110) cut 70° -45 90 70 0.0  -17 EERRY 1.0 900
(110) cyl. 24° 45 24 90 0.0 0.0 EEERE 0.617 1010
T1,TaSes (110) cyl. s4° 45 54 90 0.0 0.0 EEREE 0.508 879
5i02/LiTa0; Y cut, 2 prop. - 0 30 90 0.0 0.0 seenae 0.7 3455
TeO, X cut 39° 90 90 39 0.0 0.0 EERRR 0.008 1424
X-axis boule 58,2° 0 58.2 0 0.0 0.0 KEALE 0.002 1387




3.5 SUMMARY

All the elastic, piezoelectric and dielectric constants
were determined in this chapter. The electromechanical coupling
factors k,;s , ky; , k;; and kt are 0.34, 0.18, 0.52 and 0.53,
respectively. The temperature coefficients of elastic
compliances Ts:g , Tsfi and Ts:i are considerably small, sug-
gesting that the KLN crystal is potentially suitable for
applications to electromechanical bulk transducers in the thick-
ness shear or longitudinal modes.

For SAW applications, it is shown that the KLN crystal
also possesses a zero-temperature coefficient of time delay and
zero—electromechanical power flow angle at x-axis cylinder 45°
cut. The values of ks2 and v were calculated by Yamashita et al.
to be 0.92 % and 3114 m/s at this cut, respectively.
Accordingly, it is concluded that the KLN crystal is one of

the most promising materials for SAW applications.
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CHAPTER 4  ELECTRICAL AND OPTICAL PROPERTIES OF
NA-MODIFIED POTASSIUM LITHIUM NIOBATE

4.1 INTRODUCTION

Interest in the quantum electronics field has led to many
studies of the optical properties of a ferroelectric family with
the tungsten-bronze structure. For materials to be useful in
the quantum optical electronics field and for the related
purposes with a laser:

1) géod quality material must be growable in reasonable sizes;
2) it must not be éusceptible to optically inducéd inhomo—
geneities(laser damage) which is a very serious problem
in LiNbO,; ‘
3) it should have reasonable coefficients so that excessive
voltages or intensities of laser are not required.
This family with "filled tungsten-bronze structure" such as KLN
and BNN , to a reasonable extent, have all three of the properties
required for useful crystals. Much information has been
accumulated on the tungsten-bronze type ferroelectric materials.
Total number of the ferroelectrics belonging to this family
discovered till 1978 are about 104, including pure and complex
compounds.

It is well-known that the KLN crystal has a completely
filled tungsten-bronze structure and that possesses dseful
properties for electro-mechanical, electro-optic and nonlinear
optic applications, because it is remarkably stable to intense
laser radiation [1-7].

~ In this chapter, the crystal growth, electrical and optical

‘properties of Na-modified KLN crystals are described.
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Table 4-1 Starting compositions of KNLN.

Sample Starting compositions (mole %)
K70 Naz20 Li,0 Nb,Os
KLN 35.0 17.3 47.7
KNLN-10 31.5 - 3.5 17.3 47.7
KNLN-20 28.0 7.0 17.3 47.7
KNLN-25 ’ 26.2 8.8 17.3 47.7
'KNLN-30 24.5 10.5 17.3 47.7
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4.2 EXPERIMENTS AND RESULTS
4.2.1 Crystal Growth

The starting compositions are specified here by the value

3(1—x)Na3xL12Nb5015 (hereafter abbreviated

as KNLN except x=0), which is obtained from the replacement of

of x in a formula K

a part of K by Na in K,Li ,Nb,0,s (KLN). The raw materials were
K,C0,, Li,CO,, Na,CO, of reagent grade, and Nb,05 of 99.9 %
purity. The crystals were grown by the same Czochralski method
as described in Chapter 2. The attempted values for x are O,
0.1, 0.2, 0.25 and 0.3 as shown in Table 4-I. The mixture was
loaded in a\platinum crucible and melted by rf-heating.

Optimum growth conditions are as follows: pulling rate; 1 mm/h
and rotation rate; 40 rpm. The pulling axis was chosen perpen-
dicular to the ¢ axis in order to minimize cracking taking
place during the growth. It is foﬁnd that the melting point
shifts towards higher temperature with Na concentrations, that
is, with the x value. In spite of a number of repeated attempts,
it was not very successful to grow reasonably large and crack-
less crystals. The crystal often contains cracks presumably
due to the thermal stress unavoidably generated when crossing
the Curie temperature. This result should be compared to that
obtained for KLN. This kind of difficulty, as described in
Chapter 2, was not experienced in the attempt to grow KLN
cryétals, for which x =0 and pale-yellow single crystals up to
about 8-10 mm in diameter and 30 mm in length were successfully

obtained.
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4.2.2 Crystal Structure of KNLN

In order to determine the crystal structure and the phase
boundary, X-ray diffraction measurements were carried out with
a diffractometer using Ni filtered CuKa radiation. The obtained
X-ray diffraction spectra were compared with those of another
known tungsten-bronze and perovskite oxides such as KLN,
K,BiNb,0, s and K(Tabel—x)OS'

The X-ray diffraction analyses revealed that the single
phase region could be devided into two parts, namely, the
tungsten-bronze and perovskite structure phases. Figure 4.1
shows the profiles of X-ray powder diffraction patterns of KNLN.
As can be seen from the figures, the diffraction patterns in
Figs. 4.1(a)-(c) are of tungsten-bronze, while those in Fig. 4.1
(d) are of perovskite. Accordingly, the limits of stability for
the tungsten-bronze structure appear to be x=0.2 to 0.25.
Lattice constants (a and c), axial ratio (R) in the perovskite
subunit and Curie temperature of KNLN are shown in Table 4-II
together with the measured compositions of KLN and KNLN-10.

The axial ratio R relates the hight (c) to the length of its
edge (a//10) in tungsten-bronze structure and represents

the tetragonal distortion within the subunits. 1In Table 4-II,
the axial ratio and Curie temperature of KNLN in the tungsten-
bronze phase decrease with increasing x up to 0.2, whereas
those in the perovskite phase increase discontinuously with

increasing x beyond 0.25.

4.2.3 Dielectric Properties

Dielectric constants e?ﬁ and e?ﬂ were measured at 100 KHz

~45~



Table 4-11 Lattice constants, axial ratio and Curie temperature
of KNLN.

K3(1-x)Na3xLi2Nb5°15 -Lattice constants Axial ratio Curie
Starting Composition in crystals a(d) c(d) R temperature
composition T, (°C)
KLN x= 0 Ka2,esLiy.ssNbs, 11015 12.58 4,01 1.01 405
KNIN-10 0.1 K2 ,27Nag,49Lio,79Nbs 24015 12.56 3.96 1.00 350
KNLN=-20 0.2 12.54 ) 3.93 0.99 125
KNLN=25 0.25 3.94 4,00 1.02 500
KNLN-30 0.30 3.91 4,01 1,03 520
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by using YHP type‘4332A LCR meter. The output of the LCR meter
was recorded on the Y‘axis of X-Y recorder, while the specimen
temperature was recorded on the X-axis by means of CA thermo-
couple placed next to the specimen in the furnace. Paradium
silver paste was used as an electrode for high temperature up
to about 650 oC. The temperature dependence of dielectric
constants of KNLN is shown in Figs. 4.2-4.4. 1In Fig. 4.2, two
characteristic features can be seen. One is that the Curie
temperature moves markedly to lower temperature and the peak
of dielectric constant 5;2 broadens with increasing x up to
0.2. The other feature is that the Curie temperature shifts
discontinuously toward the higher temperature of about 500 °c
at x=0.25. The structural phase change from tungsten-bronze
to perovskite structures is found to be around x between 0.20
and 0.25 in KNLN. These results are in agreement with those
obtained from the X-ray measurements shown in the section 4.2.2.
Figure 4.3 shows the dielectric constants efﬁ of KNLN in the
tungsten-bronze region. The constants e;E do not show any
anomaly, but decrease gradually with increasing temperature.

On the other hand, the temperature dependence of dielectric
constant for the KNLN-30 crystal.located in the perovskite
region is shown in Fig. 4.4. Its Curie temperatﬁre was about
520 oC. Further, the reciprocél dielectric constant 1/¢
satisfied the Curie Weiss law and the Curie constant was
determined as 1.8 x10% K. In addition, the phase transition
from the tetragonal to orthorhombic structure was also observed

at temperature of about 300 °c.
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4.2.4 Electro-Mechanical Properties

Electrical poling treatment of KNLN crystals wéré attempted
by the field—cooliﬁg;method. It was found that the crystals
with x value larger than 0.20 could not be effectively poled
because the composition approaches the limits of stability of
tungsten-bronze structure, and presumably the material is no
longer ferroelectric in the vicinity of x=0.2. In the present
section, a part of electro-mechanical constants in KNLN-10 is
determined, as compared with those of KLN described in Chapt. 3,
by the overtone method [8].

A c-cut plate (£t =0.61 mm) of KNLN-10 was poled by the
field-cooling technique under a dc field of about 200-300 V/cm
along the c axis. From fundaméntal, 3rd harmonic and 5th har-
monic resonanse frequencies, 4.312, 13.669 and 22.685 MHz,

respectively, the electro-mechanical coupling factor k_, elastic

t
constants c}i”and cf; , and dielectric constant efi/eo were
caluculated by using the Table 3-II shown in Chapt. 3 and
the following formulae:

i

nf nf f

R R :
k,? = — cot( ), (4-1)
t 2fA 2fA :
D 2
C3;3 = Q(ZfAd) ’ (4-2)
c:z = (1 - ktz) 031 ’ (4-3)
S T
€53/8, = (1 - ktz) €33/€, (4-4)

These constants of KNLN-10 are shown compared with those of KLN
in Table 4-III. 1In KNLN-10, the value of kt is smaller than
that of KLN. It is presumed that piezoelectricity in KNLN
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Table 4-1I1 Dielectric, elastic constants and coupling factors
of KNLN-10 and KLN.

Constants KNLN-10 KLN
eh /e 460 306
€3 /€0 320 115
eh /eq _ 271
3 /eo 279 83
k, 0.36 0.53
C%  (N/m?) 1.23 x 10%  1.09 x 10M
c:  (N/m?) 1.50 x 1o
p (Kg/m3) 4,53 x 10° 4,26 x 103
T, (°C) 350 405
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crystals becomes weaker as Na concentration increases.

4.2.5 Linear Electro-Optic Properties

Linear electro-optic effect is commonly described in terms

of a third-rank r-tensor defined by the expression

2 — -
A(1/n )ij = f{rij,kEk-' (4-5)

In eq. (4-5), the unit of r are m/V, Ek is the kth Cartesian
component of the externally applied electric field, and the pair
of indices (ij) is separated by a comma from the third index k
to emphasize that these indices can be interchanged.
Ferroelectric KLN and KNLN-10 crystals belong to the point
group 4mm. Therefore-there are only three different, non-zero

electro-optic elements:
i3 = Ta3 »
Tyy (4-6)
Tyz = Tsy o

A light incident along the a axis, and linearly polarized at 45°

to the ¢ axis suffers an optical retardation
¢ = 2nl(no - ne)/x , (4-7)

where 1 is the optical path—length,‘nO and n, are ordinary and

extra—-ordinary refractive indices, respectively, and A is
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Table 4-IV Crystal dimensions and values of the half-wave voltage.

Length Thickness Half-wave voltage

7 (mm) d (mm) V}r (v) VTT'(V)
KLN - 3.40 2.95 900 1040
KNLN-10 3.94 1.82 350 750
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the wavelength of the incident light in vacuum. Since z-
directed electric field (E,) changes both n, and n, it gives

rise to a field-induced retardation
- 3 -
Ap = nnlecEc/A 'y (4-8)
where rc has been defined as
r =r,, - (no/ne) Ty, o« (4-9)

A schematic diagram of the electro-optic measurements is shown
in Fig. 4.5. The polarizer and analyzer were crossed at 45°% to
the crystal ¢ axis. A photo-diode was used to detect the maxima
and minima in the transmitted light corresponding to even and
odd multiples of 5 retardations in the crystal. Figures 4.6(a)
and (b) show transmitted light intensities as a function of a
applied voltage for KLN and KNLN-10, respectively. The half-
wave voltages V7r were determined as 900 and 350 V,for KLN and
KNLN-10, respectively, from Figs.‘4.6(a) and (b). The reduced
half-wave voltage v1r is, in general, used for electro-optical
materials comparison and it is defined as the voltage required
to achieve one half-wave of phase retardation in a crystal
having an electrode spacing equal to thé optical path length,

that is, defined as follows:
v =V 1/4 , (4-10)
s ™

where d is electrode spacing.
The obtained half-wave voltage Vﬂ and vTT are given in Table 4-1IV,
together with sample dimensions. The value of v?r of KLN was

1040 V, which is close to that of the KLN crystal reported by
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Van Uitert et al. [3]. On the other hand, the v for KNLN-10
is much smaller than that for KLN. The electro-optic constant

r_ was calculated from the v by the following equation:

A
r =—

1
c nv ° (4—;1)

3

e T

The calculated value of r. for KLN is 6.0 x10°'° m/V using the
value of n_ = 2.163 measured by Van Uitert et al. [3]. While,
the r, for KNLN-10 was not determined in the present study
because of no obtained value of n,. It is found in this section
that the v decreases with doping of Na ions in the KLN crystal

as is evident from Table 4-1IV.

4.2.6 Nonlinear Optic Properties

In this section, the nonlinear optical properties of KLN
and KNLN-10 are described in -order to examine the influence of
Na doped in KLN. It is customary in nonlinear-optics to define

a third rank d tensor by the relations,

Pi(2w) = I

J,ke°d E.(w)Ek(m) , (4-12)

ijkJ

in the rationalized MKSA unit system. Here Pi(2w) is a component
of the second harmonic polarization of frequency 2w generated by
the electrical field of light frequency w, E(w). The commonly
used second harmonic generation (SHG) coefficient dik is defined
by dyy = 45k
class 4mm, such as the KLN and KNLN-10, have three independent

for all combinations of j and k. Crystals in

SHG coefficients, d,s, d;, and d;; .

In general, type I and type II phase matching procésses
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are possible for the nonlinear-optic materials. The phase

matching conditions for the negative uniaxial crystal are given

by
Type I nz = niw (8) , (o +0+e), (4-13)
1
Type II ff[ng (e) + ng] = nim(e) , (o + e+ e), (4-14)

where the subscripts e and o denote extraordinary and ordinary
waves, respectively. For type I, a plot of the normal index
surfaces for the'ordinary and extraordinary rays at ¢ and 2w is
shown in Fig. 4.7. If niw is smaller than ng , the respective
index surfaces intersect and the condition nim (g) = nz is
satisfied at o = em and 8 = 11 - em. In other words, index
matching is obtained if the fundamental beam is an ordinary ray
while the second harmonic beam is an extraordiﬁary beam, both
beams propagate in a direction making an angle em with the optic
axis as shown in Fig. 4.7. The index-matching condition niw (em)

w .
= n0 can be rewritten as

.
1 1

2w = Wy 2
Lne (em) (no)

. {4-15)
On the other hand, nz (em) is expressed by
w _ 0w Weg win2 Wy, 2 /2 -
ne(em) = none/{(no) sin?e  + (ne) cos?o } . (4-16)

~ From egs. (4-15) and (4-16), the index-matching angle is given

by
(n®)2 - (n2¥)2
sin20 = — 2 : (4-17)
" (@22 - (a2
e (o]
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z (optic) axis

Fig. 4.7 The normal (index) surfaces for the ordinary
and extraordinary rays in a negative uniaxial crystal.
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The refractive indices of KLN are: nim = 2,197, n
0.532 pm; and n: = 2.112, ng = 2.208 at 1.064 um, respectively
[3]. On the other hand, those of the commercially available
LiNbO, (UNION CARBIDE INCORPORATED) measured in this section
for comparison are: niw = 2.,2350, nim = 2.3241, ng = 2,15504
and n2 = 2.2309 [9]. By using these refractive indices and

eq. (4-17), the phase matching angles o for KLN and LiNbO,
were calculated as 72.3° and 79.30, respectively. However,

eq. (4-14) for type II was not satisfied by the above-mentioned
refractive indices for KLN and LiNbO, . Therefore, the process
for type II is not considered in this study.

Nonlinear-optic measurements were carried out by observing
the intensity of SHG at the phase matching angles from a éon—
tinuously pumped 1.0642 um YAG/Nd laser. A block diagram of
the experimental arrangement is shown in Fig. 4.8. The laser
beam was chopped at 460 Hz and it was lightly focused into the
crystal by a lens of 5 cm focal length. The sample was mounted
on a rotatable stage, whose rotation axis was perpendicular to
the c-axis. After passing through IRQ-80 (infrared cut-off
filter) filters and a lens of 10 cm focal length, the SH 0.532
um radiation was detected by an RCA-7102 photo-multiplier.
According to the theory [10] for the phase-matched SHG for the
case of optimum focussing, the SH pdwer sz generated by a
single-mode Gaussian beam of power p¥ in this experimental

arrangement, is given by

128n2w%d? __ 1 )
P2w - sz eff Pm , (4—18)
N
n, b

C

where P¥ is the fundamental power, wis the frequency of the

fundamental optical wave, d is the effective nonlinear

eff

coefficient and is given by de = d,, sin em in this experi-

ff
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Fig. 4.8 A schematic diagram of experimental apparatus.
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mental arrangement. Zeff is the effective interaction length

in the crystal, c is the light velocity in vacuum, ng is the
ordinary refractive index at angular frequency w, and b is

the confocal parameter. An example of the dependence of the

SH output intensity on the fundamental input intensity is shown
in Fig. 4.9. The square dependence is in agreement with

the theoretical prediétion of eq. (4-18). Figures 4.10(a), (b)
and (c) show the SH output intensities as a function of the
internal incident angle in the crystals of LiNbO,, KLN and
KNLN-10, respectively. From these figures, the measured values
of the phase matched angle em were determined as 82.30, 75.9o
and'81.l° for LiNbO,, KLN and KNLN-10, respectively. These re-
sults are given in Table 4-V, compared with the values of the
previously calculated phase matched angle em. This discrepancy
between the calculated and the measured values of Gm may be due
to a small difference in the crystal composition. The nonlinear
optic coefficient d,, of the LiNbO; used as a reference
material is 11. 9){d§2p , which was reported by Boyd et al. [1l].
Therefore, from each peak of the SH intensities shown in Fig.
4.10, the d,;, of KLN and KNLN-10 can be determined by comparing
the relative intensities with each other, referring to that of
LiNbOQ. The thus-determlned values of d31 are also given in
Table 4—V As can be seen from the table, the d,;, of KLN is
less than that of LiNbO,. On the other hand, Van Uitert et al.
[3] reported that the d;, of KLN is the same level with that of
LiNbO,. This discrepancy may be caused by optical inhomogeneity
and defect stemming from the crystal growth or by off-stoichio-
metry effect of optical inhomogeneity mainly due to compositional
variation on characteristics for SHG. As compared with the d,,
of KLN and KNLN-10, the d,, of KNLN-10 is somewhat larger than
that of KLN and is determiﬁed as
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inciedent angle in crystals of LiNbO, (a), KLN (b)
and KNLN-10 (c).

SH INTENSITY (ARB. UNITS)

10

50—

KNLN-10

S
o
T

1

w
o
T

1

N
o
T

i

0
85 80
INTERNAL ANGLE

8 (DEGREE)

Table 4-V Values of the phase matched angle o and d;,.

Calculated Measured
Sample 6, G da
LiNbO, 79.3° 82.3° 11.9 x a%F
KLN 72.2° 75.9° 7.7
KNLN-10 81.1° 11.7

-60-



(KNLN-10)

31

KLN
= 1.6 d,, .

d
From this results, it is concluded that the addition of
small amount of Na to KLN results in a more preferable non-

linear optic behavior than that pure KLN.
of

4.3 DISCUSSION

In this section, the influence of Na ions doped in the KLN
crystal is considered. The completely filled tungsten-bronze
KLN is represented by the formula (A,),(A;)4Cs(B;)2(B2)s03s0
as described in Chapt. 2; A structural phase change due to the
replacement of K ions by Na can be explained by considering the
cation-anion distances and the coordination numbers in each
site. The ionic radii of each atom and correction factors for
different coordination numbers are given in Tables 4-VI and VII.
The simplified environments of each site are illustrated with
the interatomic O — 0 distances in Figs. 4.11(a) to (d), where
the square A,, pentagonal A,, octahedral (B,,B,) and triangular
C sites are 12, 15, 6 and 9 coordinated, respectively. Maximum

allowable ion radius (r and rC) of each anion sur-

A, TA,” "B .
rounded. by 0%” ions are also given in these figures, by assuming
that the Nb - O distance in B site is 2.04 X as reported by
Shannon and Prewitt [12]. As can be seen from the figures,
there is a possibility that the Na ions doped in KLN could
occupy either A, or A, site, judging from its ionic radii.

Now, consider the following process. The K ions in the A,

site are first substituted by Na ions. The A, site is fully
occupied by Na ions at x = 0.33. For x larger than 0.33,

the K ions in the A, site are substituted by Na ions.
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[o]
Table 4-VI 1Ionic radii in A.

Li 0.74

Nat 1.02

K" 1.38
5+

Nb 0.64

0% 1.40

Table 4-VII Correction factors for
different coordination numbers.

Ratio of interatomic

Coordination distance to sum of
numberxr standard radii
6 1
9 1.06
12 1.10
15 1.13
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Fig. 4.11 Environments of A, (a), A, (b), B, and B, (c),
and C (d) sites in the tungsten-bronze structure.
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However, as explained by Goldschmidt's packing principle [13],
the A, site becomes progressively less stable as the K ion is
replaced by the Na ion. Because the ionic radii of Na is too
small to sustain the coordination number of 15 for the pentagonal
A, site. Therefore, as shown in Fig. 4.12, a structural change
takes place to adjust the coordination number from 15 to 12.
With this structural change, the C site loses one Li ion and
the B, site loses one Nb ion and three O ions. It is seen that
the resulting new structure has a perovskite form. Thus it is
theoretically expected that the crystal changes its structure
form a tungsten-bronze form to a perovskite form at x =0.33.
However, the experimental results given in section 4.2.2
suggests the possibility that the structural change takes place
at some x value between 0.2 and 0.25. The discrepancy between
the experimentally obtained x value and that theoretically
expected is due to the compositional deviation in the grown

crystal.

4.4 SUMMARY

Crystals of KNLN were grown by the Czochralski method.
The attempted values for x were O, 0.1, 0.2, 0.25 and 0.3.
However, it was not very successful to grown reasonablylarge
and crackless crystals, when x value increased. X-ray and
dielectric measurements were carried out in order to determine
the crystal structure and the phase boundary of KNLN. From
the measured results, the structural phase change from tungsten-
bronze to perovskite structures was found to be around x between
0.20 and 0.25 in KNLN.

Further, it was found that the crystals with x value
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larger than 0.20 could not be effectively poled because the com-
position approaches the limits 6f stability of the tungsten-
bronze structure, and presumably the material was no longer
ferroelectric in the vicinity of x =0.20. Therefore, the electro-
mechanical, linear electro-optic and nonlinear-optic properties
of KLN and KNLN-10 were inyestigated to clarify the influence of
Na doped in KLN. In KNLN-10, the value of kt was smaller than
that of KLN. It is found that piezoelectricity in KNLN crystals
becomes weaker as Na concentration increases. On the other hand,
the v1r for KNLN-10 was much smaller than that for KLN. Further,
the d,, of KNLN-10 was somewhat larger than that of KLN and was
determined as

g{KNLN-10) _ ) o 4(KLN)

From these results, it is concluded that the addition of small
amount of Na to KLN results in more preferable linear optical

and nonlinear-optic behaviors than pure KLN.
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CHAPTER 5  CRYSTAL GROWTH AND FUNDAMENTAL PROPERTIES
OF POTASSIUM BISMUTH NIOBATE (KBN)

5.1 INTRODUCTION

A large number of ferroelectric materials with tungsten-—
bronze structure have been grown and have attracted much
attention for electro-optic, nonlinear optic and piezoelectric
applications. . Among various tungsten-bronze type ferroelectric
materials, 'filled" tungsten-bronze ferroelectrics, where all
‘the A, and A, site are occupied by cations as shown in Fig.2.1
{see Chapt. 2), have a high stability to intense laser radiation
[1, 2] and furthermore have excellent electro-optic and nonlinear
optical properties as exampled by Ba,NaNb,0,, [3].

Pottasium bismuth niobate (hereafter abbreviated as KBN)
is one of the filled tungsten-bronze crystals. KBN has an ortho-
rhombic structure, and its melting point is 1310 °c. So far some
number of studies have been made on the crystal structure,
the crystal growth, and the dielectric and optical properties of
KBN [4-6]. The crystal structure was studied by Ismailzade [4]
and Sugai et al. [6] using ceramics and crystals, respectively.
The phase diagram of the ternary system K,0-Bi,0,-Nb,0; was
investigated in detail by Sugai et al. [6]. The Curie temperaturé
is reported as about 350 OC, and the refractive indices are given
as n = 2.264, n, = ny = 2.227 at 632.8 nm [7]. No additional
detailed study of this material has been reported yet. For
further investigation of KBN, this chapter is concerned with
studies of the ferroelectric and elastic properties of this

material. Further the photo-elastic properties are measured by

—-68—



the Dixon-Cohen method [8] for application to acousto-optic

devices.

5.2 EXPERIMENTS AND RESULTS
5.2.1 Crystal Growth

Single crystals of KBN were grown by rf-heating
Czochralski method from the melt with stoichiometric composition
(a): 25 mole % K,CO,, 12.5 mole % Bi,0, and 62.5 mole % Nb,O,;

and with potassium and bismuth enriched composition (b): 26.5
mole % K,CO,, 13.3 mole % Bi,0, and 60.2 mole % Nb,O,.

The mixture was charged in a platinum crucible (150 cc) and
melted at the temperature of about 1310 °c. The optimum growth

conditions are follows:

Seed orientation [o01] ,

Pulling rate 4 mm/h ,

Seed rotation 10 - 40 rpm ,

Crucible rotétiqn O - 10 rpm ,

Atmosphere 0, (350 cc/m at 1 atm) ,
Cooling rate 60 -~ 80 °C/h .

Large pale-yellow transparent single crystals of KBN up to about
30 mm in diameter and 40 mm in length were easily obtained as
shown in,Fig. 5.1.

The chemical analysis revealed that the compositions in
the grown crystals from the melt with the compositions (a) and
(b) were K,¢3Bigg,Nbs,,0,5 and K,43Bise,Nbs,,0,5, respectively,

as given in Table 5-I. A survey of the phase diagram of
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Fig. 5.1

crystal.

A photograph of an as-grown KBN

Table 5-1 Composition of the melt-pulled crystals.

K,0 Bi, 03, Nb,Os compositions
Sample (wtg)
KBN-a 8.3 16.9 75.8 Ki.63Big.67Nbs.27 O
KBN-b 9.4 22 69.8 Ki1.93Big.91 Nbs g7 0,5
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Fig. 5.2 The K,0-Bi,0,-Nb,0,system with
ternary compounds.

~71



the ternary system K,0-Bi,0,-Nb,0, is shown in Fig. 5.2, which
is the'reSUlt obtained by Sugai et al. [7]. They have revealed
that K,BiNb,0,s is not the congruently melting composition, and
that the composition with highest stability of the tungsten-
bronze phase lies somewhere on the Nb,0s-rich side of the
KNbO,-Bi,,NbO, section of the K,0-Bi,0,-Nb,0, ternary system as
shown in Fig. 5.2. The compositions corresponding to the
present crystals (a) and (b) are also marked in Fig. 5.2. As
can be seen from the figure, the composition of the melt pulled
crystal with the stoichiometric composition (a) was close to

the phase boundary of the tungsten-bronze region. It should be
noted that K,0 and Bi,0, evaporated during the crystal growth,
and that the melt pulled crystals contain excess Nb because

the vapor pressure of both K,0 and Bi,0, is high at the melting
point of KBN (1310 °C). The crystal (a), as judged by the result
of X-ray measurement, had the tungsten—brénze structure.

However the dielectric constants of it did not show ahy anomaly
corresponding to its Curie temperature (ferroelectric phase
transition), but only increase gradually with increasing temper-
ature. Therefore, the crystal (a) seems to be non-ferroelectric. -
On the other hand, the dielectric constants of the crystal (b)
exhibited anomalies at the Curie temperature of about 380 OC,
corresponding to the ferroelectric phase transition.
Accordingly, the starting composition (b) with excess K,0 and
Bi,0, was mainly used for the crystal growth of KBN. This
technique is important to obtain large KBN crystals of good

quality.
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5.2.2 Crystal Structure at Room Temperature

Ismailzade [4] and Krainik et al. [5] reported that KBN
belongs to the orthorhombic system with lattice constants a =
17.75, b = 17.90 and ¢ = 7.84 X. On the other hand, Sugai et al.
[6] has shown that it belongs to the tetragonal system with
lattice constants a = b = 17.85 and ¢ = 7.84 X.

In this section, X-ray diffraction measurements were carried
out in order to determine the class of the crystal system in KBN.
An example of X-ray powder diffraction measurements is shown in
Fig. 5.3, indicating the same tungsten-bronze structure as shown
in KLN fsee Chapt. 2). In the figure, (hkl)-(khl) doublets
produced by the orthorhombic symmetry were not obviously observed
in the present KBN powder. Therefore studies on the crystal
system in KBN wére further carried out, using the crystal sample
instead of the powder by X-ray measurements. Figure 5.4 shows
an example of X-ray diffraction patterns for the (10, O, 0) and
(0, 10, 0) diffractions from the the a- and b~ surface plates to
compare with each other. Thé peaks corresponding to the dif-
fractions from the (10, 0, 0) and (0, 10, 0) KBN plates were -
clearly separated. ' The diffraction angles 28 for the (10, 0, 0)
and (O, 10,. 0) CuKa, diffractions were determined as 51.050° and
51.0130, fespeotively, referring to Si standard. The lattice
constants a, b and ¢ of the KBN crystal obtéined were 17.878,
17.888 and 7.853 X, respectively. An example, of the X-ray back
Laue patterns for fhe surface-normal axis of the (00l) XBN
possesses four-fold symmetry as shown in Fig. 5.5.

From the experimental results obtained by the X-ray
measurements, it is concluded that XBN is an orthorhombic mé—

terial, but its spontaneous deformation b/a is nearlyequal to 1.
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Fig. 5.3 An X-ray diffraction pattern of KBN powder.
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Fig. 5.4 X-ray dif-
fraction patterns
for the (10,0,0)
and (0,10,0) dif-
fractions of the
a- and b-surfaces
of KBN crystal.



Fig. 5.5 An X-ray Laue pattern for
the (001) KBN surface.
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5.2.3 Dielectric Properties

The dielectric constants €1, (or 522) and €,, Were measured
at 100 KHz by the YHP type 4332A LCR meter. The output of the
LCR meter was recorded on the Y axis of an X-Y recorder, while
the specimen temperature was recorded on the X-axis by means of
a CA thermocouple placed next to the specimen in a furnace or
cryostat. Evaporated gold and paradium silver paste were used
as electrodes for low temperature measurements below O oC and
for high temperature up to 550 °C, respectively.

The temperature dependences of dielectric constants of KBN
grown without crucible rotation are shown in Fig. 5.6.

The dielectric constants efﬂ/eo (=e;2/e°) and e;g/eo at room
temperature were 530 and 560, respectively. Both the
dielectric constants exhibit anomalies at the Curie temperature
of about 380 °C. The Curie temperature is found to be strongly
dependent on the crysral composition and therefore the peaks of
the dieiectric constants are broad because of the inhomogeneities
in the composition. The temperature dependences of the
dielectric constants s;g/eo of the KBN grown from the melt with
crucible rotations O and 10 rpm, are shown in Fig. 5.7. It is
found that inhomogeneities in the crystals are improved by

the crucible rotation.

5.2.4 Poling and Chemical Etching Treatments

A ferroelectric crystal is defined as a crystal which
belongs to the pyroelectric family and whose direction of the
spontaneous polarization can be reversed by an electric field.

In General, ferroeletricity in a given material can be most
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Fig. 5.8 Etched patterns of (100) (a), (110) (b) and (001)
(c) plates.

(a) (b)

(c) (d)

Fig. 5.9 Etched figures on an (001) plate.
(a) and (c): negative sense plane;
(b) and (d): positive sense plane.
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simply verified by the existence of D-E hysteresis loop. However,
such a hysteresis loop was not observed in the present KBN
crystals. Therefore, a chemical etching technique was next
employed, as an alternative method as described in Chapt. 2 , to
examine the possible ferroelectric properties. The etchant was

a mixed solution of one part hydrofluoric acid (containing 47 %
HF) and one part nitric acid at its boiling point. The etched
figures of (100), (110) and (001) plates cut from an as-grown
crystal of KBN are shown in Figs.5.8(a), (b) and {(c), respective-
ly. The Ni-Cr electrodes were evaporated on the surfaces of the
plates described above. By means of the field-cooling method
through the Curie temperature under a dc electric field applied
along the [100], [110] and [001] axes, poling treatment was
attempted to obtain a single-domain of KBN crystal. The plate
was then etched to examine the poling effect. Contrary to the
expectation, however, no difference was observed between

the appearance of the positive side surface and that of the
negative surface of the etched plate. This result suggests that
the field-cooling method alone is not good enough to develop a
large single-domain. Accordingly, in order to improve the poling
effect, application of a compressive stress was then incorporated
during the field-cooling treatment. The stress was applied to
the sample in perpendicular to the electric field.

Chemical etching analysis showed that KBN could be poled
only in the case of the (001) plate. The etched figures of the
negative and positive side surfaces of the (00l) plate are shown
in Figs. 5.9 (a) and (b), respectively. The difference in the
etched appearance is clearly seen, suggesting that this sample
was effectively poled. On the other hand, such difference was
not seen either in the (100) or in the (110) plate.

After being poled, the (00l) plate was inserted into the
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(a)

(b)

Fig. 5.10 The shape and orientation (a) of the specimen, and
the interference figure (b).
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furnace kept at a temperature above the Curie point, and then
cooled without applying either the electric field or the
compressive stress. In this case, the difference in the ap-
pearance of the two surfaces of the plate was not observed as
shown in Figs. 5.9 (c¢) and (d).

From these results, it is concluded that the polar axis

of KBN is parallel to the [00l] axis.

5.2.5 Conoscopic Observation

The experimental results described in the pfevious section
showed that in KBN estimated as belonging to the orthorhombic
system, application of uniaxial compressive stress is essential
to developing a single ferroelectric domain. This fact suggests
that KBN is possibly a ferroelastic material. "Ferroelasticity"
is defined on the analogy of "ferroelectricity", mechaniéal
strain and stress in’'the former corresponding to electric
polarization and field in the latter respectively [9].
Exsistence of ferroelasticity, in a material belonging to the
orthorhombic system, can be verified in a direct manner by
viewing conoscopically the switching of the optic axis under
application of uniaxial stress (conoscopic observatioﬁ) [10].

In the conoscopic method, interference figures created by light
diverging through the crystal are examined in a polarizing
microscope.

Consider the case observed in the KBN crystal as shown in
Fig. 5.10. For the light propagated in the c axis di-
rection, the interference figure showed the existence of two
optic axes lying in the a-c plane. Although the angle between

the two optic axes is very small, the above observation suggests
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(a) (b)

Fig. 5.11 Compressive stress directions (a) and (b),
and interference figures (c) and (d).
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that the KBN crystal is positive and biaxial in optical sense.
When a compressive stress along the a axis was applied
through the Curie point, as shown in Fig. 5.11 (a), the inter-
ference figure was observed with the optic axes lying in
the b-c plane as shown in Fig. 5.11 (¢). On the other hand,
when the compressive stress was applied along the b axis by
the same way as described above, the optic axes changed their
directions from in the b -c¢ plane to the a - ¢ plane as shown in
Fig. 5.11 (d).
Thus the optic-axial plane can be rotated through 90° by
changing the direction of uniaxial compressive stress.
Accordingly, it is confirmed that the KBN crystal has a ferro-

elastic character.

5.2.6 Thermal Expansiop

Figure 5.12 shows thermal expansion along the [100], [010]
and [ 001] axes as a function of temperature, measured by a
dilatometer with a straingage. The lengths of each sample were
about 12 mm. The thermal expansion A7/l for the [001] axis
increases abruptly with increaing temperature and slightly
changes its slope in the vicinity of the phase transition
temperature at about 350° C. On the other hand, the thermal
expansion along the [100] and [010] axes increases gradually
with increasing temperature, and their curves are in almost
agreement with each other. An enlarged diagram of thermal ex-
pansion along the [001], [100], [010], [110] and [0l1] axes is
shown in Fig. 5.13. Each curve shows a slight anomaly caused
by the phase transition at the temperature of about 350o C.

. The thermal expansion coefficients for various orientations are
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T(°C)

Fig. 5.12 Thermal expansion
along the [100], [010] and

[001] axes.

T(°C)

Fig. 5.13 Thermal expansion

along the [001], [110],
[010], [011] and [100]axes.

Table 5-II Thermal expansion coefficients of KBN.
The unit is 10-°¢(°C) .

Temperature (°C) 25-100 100-200 200-300 300-400 400-500
[L00] axis 3.67 2.95 1.62 1.46 2.98
[010] axis 4.52 4.44 1.94 0.29 3.72
[001] axis 17.67 21.31 19.51 10.36 6.67
[110] axis 4.89 4.14 4.09 1.87 6.42
[011] axis 4.88 4.43 -0.71 1.13 9.32
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listed in Table 5-II.

5.2.7 Elastic Properties

The KBN crystal is an orthorhombic material and probably
belongs to the point group mm2 at room temperature. The elastic
tensor matrix for crystals in class mm2 has 9 independent
elements. These are shown in Table 5-III. The elastic constants
are mathematically related to the velocity of propagation for
longitudinal and trasverse waves along various crystallographic
directions. So that, by measuring velocities for various orien-
tations of KBN, all the elastic constants can be determined.

The equations relating velocities of propagation and elastic
constants, which are used for the present measurement, are given
in Table 5—IV[11]. Ultrasonic velocity measurements were done
by the pulse echo method using two specimens. One specimén had
three pairs of parallel faces cut normal to the [100], [010]} and
[001] axes, and the other had three pairs of'pafallel faces cut
normal to the [110], [110] and [101] axes, respectively. These
surface orientations were determined with respect to the cleavage
planes (001) and (100), and each pgrallél face was ground and
polished. -

Two 163°- and 36°- rotated y-cut LiNbO, transducers with
fundamental frequencies of 40 and 18 MHz were used as thickness
shear and longitudinal mode transducers, respectively.

The transducers were bonded to the surfaces of the specimens by
phenyle salicylaté to generéte ultasonic acoustic waves in the
crystal. A dc electric pulse with 0.05 usec width was applied
to the transducer. The excited ultrasonic pulse traveled back

and forth between the ends of the specimen and created a slowly
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Table 5-II1 Elastic elements.

-

Cu Cp Cy 0 0 0 |
Ciz Caz2 C23 O 0 0
Ciz3 Cz3 C33 O 0 0
0 0 0 Cyy, O 0
0 0 0 0 Css 0
0 0 0 0 0 Css)

Table 5-IV Velocity-moduli relations for orthorhombic
symmetry.

Mode ' particle motion

Direction of

Formula for ¢lastic moduli

QL
Qs
S

QL
QS
S

QL
QAS'
S

Propagation
along X-axis
X e, =pl?
Y ces = pl7?
Z ey = pl’2
Propagation
along ¥-axis
Y = pl?
X Ces = pI72
Z Co = pl7?
Propagation
along Z-axis
Z c33 = pl
X css = pV72
Y Co = pV72
Propagation along X’ for rotations around Z-axis
1Z €1z = [(C2 €11+ 8% Cog— pV2) (€ Coq+ 82 Cog — p172)[c2 82" — 44
1z (1bid. above)
Z pV? = cleg+5%cy,
Propagation along Y for rotations around X -axis
1X oz = [(02Cp+ 8%y~ pVE) (Pey+8%Caa—pl )2 s?] —cyy
X (Ibid. above) .
X pV? = ctcgy+ 8%y
Propagation along 2’ for rotations around Y -.axis
1Y €13 = [(8%¢yy +c2ces— pV?) (82 Cs5+ 02 Cyy— pVE)/c? 671 —cy
1Y (Ibid. above)
Y pV? = 8tcg+cicy,

1@ I, = longitudinal, S = shear, QL = quasi-longitudinal, @S = quasi-shear.
# 5 = gine and ¢ = cosine of respective rotation angle, p = density,
V = velocity of propagation of respective mode.
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Fig. 5.14 Pulse echo train.
X: 2us/div.

Table 5-V Ultrasonic velocities

in KBN.
Direction Mode Velocity(m/s)
[100] S[001] 3417
S[010] 3477
Table 5-VI Elastic constants
L e of KBN.
[010] S[001] 3425
$1100] 3481 Cis = L.61 x 10* N/m?
1 S Cr = -0.371 + 4.8%
[001] S[010] 3459 Cis = =0.387 £ 0.68
Czp = 1.
S[100] 3455 22 b
Cis = 1.50
L 5345
Cyy = 0.621 + 1.0%
(110] S[001] 3207 =
= Css = 0.619 + 1.1%
s[1I0] 3477 =
Ces = 0.634 + 0.1%
QL 5671 =
[101] s(Ilo1l] 3434
S$[010] 3418
QL 5430

S: shear, L: longitudinal, Q: quasi.
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decaying echo train as shown in Fig. 5.14. The ultrasonic pass
length was 9, 12, 6 and 6 mm in the [100], [010], [001] and
[110] directions, respectively. The transit time for the ultra-
sonic wave propagated in the specimens was longer than 2 psec,
and accuracy of the measured velocity was much better than 3 %.
The velocities measured for various propagation directions at
room temperature are given in Table 5-V. As is evident from
the table, each velocity for the one longitudinal and two shear
waves propagating along the [100] direction in KBN is in
agreement within the experimental erros with that for the waves
propagating along the [010] direction. Furthermore, the
velocities for the shear waves propagating along the [001]
direction with the displacement parallel to the [100] and [010]
axes, respectively, are almost the same. These results suggest
that although the KBN belongs to the orthorhombic system, it has
é tetragonal like (pseudo~tetragonal) character in elastic
properties.

All the elastic constants calculated from the data
presented in the Table 5-V are shown in Table 5-VI. From the
present ultrasonic propagation measurements, it is found that
the velocities of KBN are somewhat smaller than those of LiNbO,
[12]. This result is also expected from the fact that KBN

containes the heavy metél such as Bi.

5.2.8 Acousto-Optic Properties

The experimental results described in the previous section
suggest that KBN is suitable.material for the acousto-optic
application because its ultrasonic velocities are smaller than

those of oxide ferroelectric materials such as LiNbO, and LiTaO, .
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Table 5-VII Elasto-optic constants
in the orthorhombic
system.

P11 P12 pi1s3 O 0 0
P21 P22 Pp23 O 0 0
P31 P32 pasz O 0 0
0 0 0 Psy O 0

0 0 0 0 Pss O

KBN

A =0.6328um 12
~ ﬁ 13
[~

FUSED QUARTZ

X =0.6328um > Il
N

Ly 1s

&

_ Fig. 5.15 Dixon-Cohen method.
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In this section, partial photo-elastic constants and figures of
merit of KBN are determined by the Dixon-Cohen method [8].

Since KBN is orthorhombic, it has 12 independet elasto-
optic constants as shown in Table 5-VII. After surface orien-
tations of an as-grown KBN crystal were determined with respect
to the observation of the X-ray back Laue pattern, the sample
was mechanically cut with a diamond cutter, and ground, and then
polished to be optically flat. The parallelepiped size of the
sample was X X y X 2 =<6.91 x 8.97 x 9,50 mm. Figure 5.15 shows
the schematic illustration of the Dixon-Cohen method [8] empioyed
in the present measurements. A fused quértz bﬁffer rod was used
as a standard reference material. A 36°-rotated y-cut LiNbO,
transducer with fundamental frequency of 39 MHz was bonded to
the buffer rod to generate the longitudinal wave. The acoustic
contact between the KBN sample and the fused quartz was achieved
by phenyle salicylate. A coherent light source was 632.8 nm
He-Ne laser for both the fused quartz and the KBN. According
to the Raman-Nath theory [13], when the ratio of the first-order
diffracted light intensity to that of zeroth-order in the absence
of the acoustic field, I,/I,, is much less than unity, the first-
order diffracted light intensity I,, can be approximated as

I, = I, (w%/2)2) (L/H) MP, , ‘ (5-1)

A
where A, is the wavelength of the incidenf light in vacuum, L
and H are the width and height of the acoustic beam, and M is
the figure of merit of the material. Therefore, the first-order
diffracted intensity I, is proportional to the acoustic power PA’
and hence, to the input electrical power applied to the
transducer. For the geometry shown in Fig. 5.15 under such

conditions, we have equation (5-2) as below, for the figures of
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merit M and MR

M/ = (I,-1,/1,-1,)*, (5-2)
and M = n®p?/pv?, (5-3)

where MR is the figure of merit of the reference material and n
is the refracfive index, p is the photoelastic constant, p is
the density, and v is the acoustic velocity. As shown in Fig.
5.15, I, and I, are the relative first-order diffracted light
intensities for the KBN due to the acoustic pulse outgoing from
the transducer and to the pulse reflected from the free end of
the KBN, respectively. Similarly, I, and I, are the relative
first-order diffracted intensities for the fused quartz due to
the outgoing pulse and due to the reflected pulse, respectively.
The value of (I,-I,/I,-I,)!”? dose not depend on the quality of
the bond at the interface between the KBN and the fused quartz,
nor on the acoustic loss in the materials provided only that
the acoustic transmission through the bond is reciprocal.
Consequently, the figure of merit M for the KBN is determined
from the measurements of I,, I,, I, and I, with the standard
value for MR (= 1.56 x 10°'® sec®/g). Representative examples
of relatioﬁs between relative'intensity of the first-order dif-
fracted light and input electrical power measured by the Dixon-—
Cohen method are shown in Fig. 5.16. The linear dependenqe‘of
I,, I,, I, and I, on the input electrical power applied to the
transducer assures the validity of the application of equation
(6-2). The calculation employing a method of least squares
gives M/MR = 1.04 in the casé shown in Fig. 5.16 (a). The photo-
elastic tensor elements relating to this diffraction geometry

are p,, for the KBN and p,, for the fused quartz. In what
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Fig. 5.16 Relations between relative intensity of the first-
order diffracted Tight and electrical input power applied
to the transducer. _
Longitudinal acoustic waves propagate along the [100] axis
and the incident 632.8 nm light is transmitted in the [010]
direction with polarization parallel to the [001] axis (a),
and along the [001] axis and the incident Tight is transmitted

in the [010] direction with the polarization parallel to
the [100] axis (b).
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follows, the notation Mij is adopted as the relevant figure of
merit corresponding to the photo-elastic element pij'
Accordingly, the figure of merit M,, is determined as 1.62 x 10-!°®
sec®/g. Similarly, M,, was obtained as 1.06 x 10~!® sec?/g from
Fig. 5.16 (b).

Figures of merit M,,, M,,, M,, and M,, are given in Table
5-VIII. Four of the 12 . independent photo-elastic tensor
elements were calculated from the figure of merit Mi' determined

above. The next figure of merit,
M' = n’p2/pv , (5-4)

was introduced by Gordon [14, 15] for the specific device appli-
cations, where the diffraction bandwidth and the diffraction
efficiency are important performance parameters.. The last

figure of merit,
M" = n7p2/pvz , ) (5_5)

was defined by Dixon [16] for the case where the acoustic beam
height is as small as the optical beam diameter. These figure
of merit M' and M" are also listed in Table 5-VIII. Photoelastic
constants are shown in Table 5-IX compared with those of LiNbO,
and LiTa0,.[17,18]. As is evident from Table 5-IX, the photo-
elastic constants p,, and p,, of KBN are greater than those of

LiNbO, and LiTaO,.
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Table 5-VIII Acousto-optic properties of KBN.

Acoustic wave

Optical wave at 632.8 nm,

Figure of merit

Polarization Velocity Incident Polarization Refractive p M M Me?

and propagation v(l0%cm/sec) direction direction index na)

direction

Long.

in[100] 5.54 {010) [100) 2,227 P11 6.46 4.41 7.96

long

in[001) 5.35 folo0} {100) L2.227 |P1s) 1,06 9.79 18.3

Long.

in{100) 5.54 {010) [001] 2.264 |Psa) 1,62 1.14 2.06

Long.

in[001] 5.35 [010) [o01] 2,264 |Pss| 6.41 4.14 7.74

M in 10 sgec’/g, M' in 10*cm?sec/g, M'' in 107! cmsec?/q.

a): Ref. [7].
Table 5-1X Photo-elastic constants of KBN, LiNbO, and LiTa0,.

Sample P P12 Pis Pl P21 P22 P23 Pt P32 P Puw Pss Pss
KB N Jo.217] |o.o084] lo.104] lo.195]

LiNbo,‘) -0,026 0.090 0.133 -0,075 =p;2 =p1y =p1s 0.179 =pmn 0,071 0,146 =pys =-0.058
LiTaogb) -0.,081 0.081 0.093 -0.026 =p;2 =p;1 =pis 0,089 =py; =0.044 0,028 =psy =0,081

a): see Ref. [17], b): Ref. [18].



5.3 DISCUSSION

In this section the crystal system and ferroelectricity in
KBN are discussed based on the results obtained in the previous
section. Ismailzade [4] found that the crystal structure of KBN
ceramics is very similar to that of ferroelectric (orthorhombic)
phase of PbTa,0,, and the lattice constants of KBN are a = 17.75,
b =17.90 and ¢ = 7.84 Z. This PbTa,04 is a ferroelectric
material with Curie temperature of 260 °C and has the ortho-
rhombic tungsten-bronze structure, though its A-sites are only
5/6-filled [19]. From the expectation of the identity of the
structures of KBN and PbTa,0, determined by X-ray powder dif-
fraction measurements, Ismailzade pointed out that KBN is possi-
bly a fgrroelectrics with the orthorhombic tungsten-bronze
structure. On the other hand, Sugai et al. [6] have reported
that KBN has tetragonal tungsten-bronze structure with a = b =
17.85 and ¢ = 7.84 Z. In the present study, it is clear from
the preceding section that KBN is ferroelectric and that it has
the orthorhombic structure with a = 17.878, b = 17.888 and ¢ =
7.853 X. The value of the spontaneous deformation b/a is, however,
nearly equal to 1 and is much smaller than that reported by
Ismailzade [4].

Jamieson et al. [20,21] proposed, based on the detailed
structure analysis, a ferroelectric mechanism in the tungsten-
bronze materials such as BaxSrl_bezo6 and Ba,NaNbsO, .
According to their proposal, all metal atoms are displaced from
their nearest mean planes of oxygen atoms in the ferroelectric
state and move into ongen layers at the Curie temperature.
These displacement of the metal atoms from their nearest mean
planes of oxygen atoms are directly related to the ferroelectric

polarization. The ferroelectric mechanism may also be applicable
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to KBN because KBN shows the isostructure with Ba,NaNb,O, .

In general, many orthorhombic tungsten-bronze niobates have

the polar axis pefpendicular to the [00l] axis, when the axial
ratio R (see Chapt. 4) is less than about 0.997 [22]. However,
in the present KBN, the [00l1] polar axis is retained as shown
in the preceding section 5.2.3, even R calculated from the
values of the lattice constants is 0.982. This fact means that
the displacement of metal atoms along the c axis is the origin

of ferroelectricity in KBN.

5.4  SUMMARY

Since the vapor pressure of K,0 and Bi,0, is high at the
melting point of KBN (1310 OC), the starting composition with
excess K,0 and Bi,0,; was mainly used, which was necessary to
obtain large crystal of good optical quality. Large pale-yellow
transparent single-crystals of KBN up to_about 35 mm in diameter
and 40 mm in length were easily obtained by the Czochralski
method.

X-ray, dielectric, chemical etching, conoscopic and ther-
mal expansion measurements were carried out in order to assess
fundamental properties of KBN. From the experimental results,
it is concluded that KBN is a ferroelectrié materials with the
polar axis parallel to the [001] axis and that it has the ortho-
rhombic tungsten-bronze structure with a = 17.878, b = 17.888
and ¢ = 7.853 X.

However, further étudy would be needed for better under-
standing of the ferroelectricity in this material, because no
hysteresis loop was observed.

Furthermore, all the elastic constants and four of the
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twelve independent photo-elastic constants of KBN were determined

for applications to acousto-optic devices.
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CHAPTER 6 EPITAXIAL GROWTH OF KLN SINGLE-CRYSTAL
FILMS ON KBN SINGLE CRYSTALS BY
THE EGM TECHNIQUE

6.1 INTRODUCTION

In recent studies on integrated optics, ferroelectric
single-crystal thin films have attracted considerable interest
in their applications to active optical IC devices, e.g., wave-
guide light modulators, light deflectors, second harmonic
generators, and directional couplers; and several fabrication
techniques have been investigated for growing single-crystal
thin films of ferroelectric materials. For instance, LiNbQO,
single-crystal thin film has been fabricated by epitaxial growth
by melting (EGM) [1], liquid phase epitaxial growth (LPE) [2],
capillary liquid epitaxial growth (CLE) [3] and rf sputtering
methods [4]. Potassium lithium niobate (KLN) crystal is one of
the most interesting materials for various applications because
of its excellent electro-optic, nonlinear optic and piezoelectric
properties»[5,6]. Accordingly, KLN single-crystal thin films
would be excellent active media for integrated optics. The
typical crystallographic properties and refractive indices of
KLN at room temperature are shown compared with those of KBN
(see Chapt. 5) in Table 6-I.

A single-crystal thin film of KLN also be grown on a KBN
substrate by the same techniques as described above, because
the crystal structures of KLN and KBN are the same tungsten-—
bronze type structure, and because the melting point of KBN is

higher by about 250 0C than that of KLN, as shown in Table 6-I.
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Table 6-1 Crystallographic properties and refractive indices of
KLN and KBN at room temperature.

KBN"
KLN (K1.Bis.oNbs 1 01)
Symmetry Tetragonal® Orthorhombic
(pseudo-tetragonal)
Lattice constant , a=12.58 A® a~b=1185 A
c=4.01 A® c=784 A
Melting temperature 1050°C* 1312°C
Refractive index n,=2.294% n,=2.237
n,==2.156% n.=2.253
(632.8 nm) (450.0 nm)

ol =z !
r‘,‘(\):)n /

AN ‘VA\ ‘ V. X
X I KX
% gdm ‘

"’

O
DE

Fig. 6.1 Tungsten-bronze structure and reference
axes. The (001) projection of KBN lattice is
shown in relation to the KLN cell shown by dashed
square.
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The lattice mismatch between the KLN film and the KBN substrate
is about 0.32 % and 2.3 % at room temperature for the a and c¢
axes in the KLN coordinate system, as shown in Fig. 6.1, because
the KBN crystal is orthorhombic , as opposed to the KLN crystal,
which is tetragonal. Thus, a KBN crystal is a useful substrate
for growing a single-crystal KLN film epitaxially. Furthermore,
it is expected that a single-crystal thin film of KLN grown on
a KBN substrate will act as an optical waveguide, and it can be
also used as an optical waveguide modulator by coupled wave
interaction between the guided and radiation modes [9].

In this chapter, we describe the epitxial growth of KLN
single—-crystal films on KBN substrates by the EGM technique.

6.2 EXPERIMENTAL PROCEDURE

Single-crystals of KBN were grown by an rf heating
Czochralski method. As mentioned in Chapt. 5, optimum growth
conditions were a 4 mm/h pulling rate and a 40 rpm rotation rate.
The pulling axis was chosen to be parallel to the [00l1] axis."

It was found very easy to obtain large crystals under the above
conditions. (001) or (100) KBN substrates were cut from as-grown
crystals, and their top surfaces were lapped and optically
polished. On the other hand, reagent grade carbonates of lithium
and potassium, and 99.9 % pure niobium pentaoxide were used as
starting materials for the fabrication of KLN single-crystal
film. A material with composition 35 mole % X,CO,, 17.3mole %
Li,CO0,, and 47.7 mole % Nb,0O;was mixed well with acetone in a
ball mill, dried, pressed into a disk, and calcined at 800 oC

for three hours. The calcined material of KLN was then ground

thoroughly. This powder of KLN was uniformly laid on the
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polished surface of the KBN substrate with a sprayer.

The substrate, with the powder on its top .surface, was heated
to about 1120 °C in a resistance furnace in order to melt the
KLN crushed powder alone, and was then cooled slowly at a rate
of 10 °C/h through the melting point (1050 °C) of KLN. In this
way, the KLN film crystallized epitaxially onto the KBN

substrate.

6.3 EXPERIMENTAL RESULTS AND DISCUSSION

Figures 6.2 (a) and (b) show microphotographs of a surface
and a cleaved cross-section of the specimens, respectively.
The top surface of the as-grown film was relatively rough, and
the KLN film obtained was about 15 um thick. Figure 6.3 shows
X-ray diffraction patterns of KLN films grown epitaxially on
the (001) and (100) KBN substrates. In the X-ray diffraction
patterns, the peaks corresponding to diffractions from the KLN
films and KBN substrates are clearly separated. Further, the
value obtained for the standard deviation angle o of the X-ray
rocking curve, assuming a Gaussian distribution to good
approximation, is small at 0.20. The lattice constants a and c
of the KLN film obtained by the X-ray diffraction measurement are
12.53 and 3.98 X, respectively. These values agree well with
those of the KLN single crystal, as shown in Table 6-I.
The electron diffraction patterns for both KLN films calculated
and epitaxially grown on KBN substrates are shown in Figs. 6.4
and 6.5, where the clear spots in Fig. 6.5 and also the Kikuchi
pattern in Fig. 6.5 (a) indicate that the films are of a single-
crystal of considerably good quality. These results show that
a single-crystal film of (00l1) KLN is epitaxially grown on an
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Fig: 6.2

(a)

(b)

'KBN Substrate

20um

The microphotographs of the surface (a)
and cleaved cross section of an (001) KBN
substrate with an epitaxially grown KLN film.
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Fig. 6.3 X-ray diffraction patterns of KLN films grown
epitaxially on an (001) KBN substrate (a), and a (100)

KBN substrate (b).
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(CO1)PLANES PARALLEL TO THE SURFACE

L] ° L] L] L] L] L] L] L] L] L[ ] L[] L ] L] L] L]
L[] L] L] L [ ] ° L L L] L] L] L] L ] L] L] L[]
(oonon) (001) (1)
’ (000)010) (000 (110)
(1) electron beam in(100)direction (2)electron beam in (110)direction

(a)

(110)PLANES PARALLEL TO THE SURFACE

L] L] L] L] L] L] L L] L] [ ] L] L ]
El e L ] L] E] [ ]
® [ ] e [ ] - [ ] L] L] L] L] L ] o
[ ] o [ ] [ ] L ] L
L ] L ] L ] L ] L] L J L ] L ] e L] L L ]
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L] L] [ J L L] ° L] L] [ ] L] L]
e o ol0e o 10 m
L] ° L[] .1000 L] L ] L] L] L] L] L]
000 170 000 001
(1) electron beam in (001)direction (2)electron beam in (T10)direction

(b)

Fig. 6.4 RED patterns calculated by using the values of lattice
constants of KLN.

(a) (b)
Fig. 6.5 Reflection electron diffraction patterns of KLN
thin films grown epitaxially on an (001) KBN substrate (a),
and on a (100) KBN substrate (b).
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(001) KBN substrate, and also that of (110) KLN is epitaxially
grown on a (100) KBN substrate by the EGM method.

6.4 SUMMARY

KLN single-crystal films have been successfully grown with good
epitaxy on KBN substrates by the "epitaxial growth by melting"
(EGM) technique. The analyses on these KLN films by X-ray,
reflection electron diffraction (RED) and scanning electron
microscopy (SEM) methods indicated that a single-crystal film of
(001) KLN is epitaxially grown on an (00l) KBN substrate, and
also‘that of (110) KLN is grown on a (100) KBN substrate.

The KLN films obtained are single—cfystals of ﬁigh quality and
also are transparent. However, the top surface of the as-grown
film is relatively rough. Therefore, optical polishing would

be needed for fabricating low loss optical waveguides.
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CHAPTER 7  EPITAXIAL GROWTH OF KLN SINGLE-CRYSTAL

FILMS ON KBN SINGLE CRYSTALS BY
RF SPUTTERING

7.1 INTRODUCTION

Since the proposal of general concept of integrated optics
by Miller [1] in 1969, and the success in feeding a laser beam
into ZnO and ZnS films by Tien [2] in the same year, many
theoretical and experimental results on dielectric thin film
waveguides have been reported and, particularly, LiNbO, ferro-
electric single-crystal thin films [3-8] have attracted special
interest in applications to the active and low loss optical
waveguides. It is well-known that the KLN crystal is one of
the most promising materials for electro-optic and nonlinear-
optic applications because of its high stability to intense
laser radiations (optical damage), and its large linear and
nonlinear optical coefficients [9,10]. A half-wave voltage
relating to the electro-optic coefficient r, is determined to
be about 1040 V (see Chapt. 4), which is about 1/3 times that
of LiNb0O,[11] and the value of nonlinear coefficient d,, of KLN
is equal to that of LiNb0O,[10]. The values of principal
refractive indices ng and ne of the KLN crystal are 2.277 and
2.264 at 632.8 nm, respectively [12]. Those of KBN are 2.227
and 2.264 at 600.0 nm, respectively.[13]. Thus, it is expected
that a single-crystal film of KLN grown on a KBN substrate will
act as a dielectric optical waveguide, and it will be used as
an optical waveguide modulator.

In this chapter, we describe the epitaxial growth of KLN

single-crystal films on KBN substrates by an rf sputtering
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Table 7-1 Crystallographic and optical properties.

d e >
Material KLN KBN o-A1,0, LiNbO, LiTao,e
Lattice , a=12.5§]a =17.85| a=4.758 | a,=5.1483 | ay=5.1543
const. (A) c=4,01" |c =7.84 | =12.991 | c=13.863 | c;;=13.784

Melting 1050°c® |1312°c | 2050°C 1250°C 1670°C
temperature
: T al T S S
Dielectric en=306 |en=430 |€n=9.34 |en=43 € =41
const. L 115" |eh =500 {ex=11.6 [ehe28 |ehi=43
Refractive ng=2.277% ng=2.227| ng=1.766 |n,=2.289 [no=2.176
index ne=2.163"| ne=2.264 | Ne=1.758 |n.=2,201 |n,=2.180
Electro- rga =79b r?, =8.6 rf; =7.9
optic T _4b = S .
ooefficient r,i} =9 c rs% 3.4 rsa 1
rgy (102 mV) | ry =80 r5=30.8 |ra =30.3
rg=28 |r%=20
Nonlinear dn =10.0° dz=4.0 [d==2.6
optic 218.1° dy=7.5 [da=l.6 -
ooefficient dp=18.1 dz =52 dp=25
Fiyy| Ga0°m/)

a: see Ref. [14], b: Ref. [10], c: calculated
from the phenomenological theory in Ref. [15]
by using the value of Pg given in Ref. [16],
d: Ref. [13], and e: Ref. [17].

©

Variable Sub. Holder
Leakvalve s— = ls——= Liq. N, Trap
‘ Mainvalve
Leakva&ve ‘ l % —@
= L | B-A Gauge
Target Holder X 11
I l Diff. Pump
ANELVA FP-21

Q=

Fig. 7.1 Schematic diagram of the rf sputtering
equipment.
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technique for the purpose of fabricating optical waveguides.

7.2 EXPERIMENTAL PROCEDURE
7.2.1 Sample Preparation

The typical crystallographic and optical properties of
KLN and KBN crystais compared with those of some other ferro-
electric materials are shown in Table 7-I. As can be seen from
this table, KLN crystals are optically negative and KBN positive.
The electro-optic coefficient of KLN are significantly larger
than those of LiNb0O, and LiTaO,, indicating the potential
usefulness of this material in an optical waveguide modulator
with waveguiding structure consisting of a KLN film on a KBN
substrate or in the reverse.

In the present study, an rf diode sputtering equipment
(ANELVA FP-21) was used to fabricate the KLN films as shown in
Fig.7.1. This sputtering equipment is composed of a pumping
system, an rf power supply and a substrate—heatihg system.

The substrate holder was positioned above and parallel to the
target, with a spacing variable from 3 to 8 cm. The pumping
system has a 300 l/s oil diffusion pump and gives a pressure of
about 1 x 10°® Torr within one hour. The substrate is held

with metal clamps on the substrate holder and is heated by

the heating system. Its temperature is controllable from 200

to 700 °C. The substrate temperature is measured with a thermo-
couple placed near the substrate. Three targets (a), (b) and
(c) with different compositions used in our experiment were
prepared by sintering pressed powder with potassium and lithium

enriched composition of target (a): 33 mole % K.CO,, 22 mole %
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Table 7-II Sputtering condition.

Input power 70-250 W
Substrate temperature 300-650 °C
Sputtering gas Ar + O2 (1:1)
Gas pressure (0.8-1)x10"! Torr
Target size 85 mm¢ x6mmt

Target-substrate distance 3-4cm

[+
Deposition rate 800 A/h.
Target composition K,CO5: 33 mole?
L12C03:22 mole$%
Nb205: 45 mole%
2500
SUBSTRATE TEMPERATURE 620°C
2000
£
o
~ 1500}
=
<«
1 4
= 1000f
=]
=
(T2}
& 500
a
1 | 1 1
0 50 200 250

100 150
INPUT RF POWER (W)

Fig. 7.2 Deposition rate versus rf
input power.

-110-



Li,CO; and 45 mole % Nb,0s; with potassium enriched composition
of target (b): 35 mole % K,CO;, 17.3 mole % Li,COs and 47.7 mole
% Nb,0s; and with stoichiometric composition of target (c): 30
mole % K,CO,;, 20 mole % Li,CO, and 50 mole % Nb,Os.

Single crystals of KBN were also used as the substrates by
the same reasons as described in Chapt. 6. A substrate of (001)
or (100) KBN was cut from as—grown crystals and their top sur-
faces were lapped and optically polished. Typical growth
conditions of the KLN film by sputtering are shown in Table 7-II.
The deposition rate under these conditions is about 2000 Z/h at
an rf power of 200 W. The relation between the sputtering
deposition rate and rf input power, when fused quartz was used
as the substrate, is shown in Fig. 7.2, where the film-thickness
was determined by measuring the coupling angles of a TiO, prism.
The deposition rate did not depend on the substrate temperature
from 300 to 700 °C.

7.2.2 Measuring Technique

The qualitiés of KLN films grown this way were evaluated
from X-ray diffraction patterns and rocking curves obtained by
a diffractometer using the Ni-filtered CuKa radiation. Further-
more, RED patterns and SEM observations were also used in the
evaluation. The dielectric constant was measured at 100 KHz with
a YHP type 4332A LCR meter. The refractive index n, and the film
thickness of KLN films were determined by measuring coupling
angles at which the light beam was fed into the KLN film through

the prism coupler.
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Fig. 7.4 SEM photographs of the surfaces
of KLN fiTms deposited on an (001) KBN
substrate (a), and on a (100) KBN
substrate (b).
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7.3 EXPERIMENTAL RESULTS
7.3.1 Dielectric Properties of KLN Films

The KLN films obtained were transparent and their surfaces
were smooth. The Curie temperatures, when Pt plates were used
as substrates, were 460, 630 and 600 °c for targets (a), (b) and
(c), respectively. As described in section 7.2, the composition
of KLN films deposited using targets (b) and (c) were probably
out side the tungsten-bronze region. Therefore target (a) was
mainly used. The temperature dependence of the dielectric
constant of an (00l) axis oriented KLN film on a Pt substrate is
shown in Fig. 7.3. The constant showed a marked anomaly at
the transition point of 460 oC and its value at room temperature

was 140.

7.3.2 Evaluation of KLN Films by SEM

Figure 7.4 shows the SEM photographs of the surfaces of
the KLN films deposited on the (001) and (100) KBN substrates.
Both film surfaces were clear and smooth as shown in Fig. 7.4.
The SEM photograph of the cleaved cross-section of the (00l1) KBN
substrate with an epitaxially grown KLN film is also shown in

Fig. 7.5. The film-thickness was determined to be about 1.5 um.

7.3.3 Evaluation of KLN Films by X-ray Diffraction and RED

Figure 7.6 shows X-ray diffraction patterns and rocking

curves for KLN films on the (001) and (100) KBN substrates at
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Fig. 7.6 X-ray diffraction patterns and their rocking curves
of KLN thin films grown epitaxially on an (001) KBN substrate
(a), and on a (100) KBN substrate (b).
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Fig. 7.7 Orientations between a (110) KLN film and a (100)
KBN substrate.
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a substrate temperature of about 620 °C. In the Fig. 7.6 (a),
it is found that the peaks correponding to the diffractions

from the KLN film and the KBN substrate are clearly separated.
Furthermore, the value of the standard deviation angle o of the
‘rocking curve, which is derived from the assumption of Gaussian
distribution of the curve, is a very small angle of 0.140.

On the other hand, in Fig. 7.6 (b), the peaks are not separated
and the peaks from the KLN films are only observed. The value of
o for the (440) diffractions from the KLN film is also as small
as 0.12° . The X-ray rocking measurement in Fig. 7.6 (b)
suggests that the surface-normal axes of the (110) KLN film and
the (100) KBN substrate differ from each other by 4° as shown

in Fig. 7.7. The lattice constants a and ¢ of the KLN film
obtained by the X-ray diffraction measurements are 12.7 and

3.96 X, respectively. These values are in fairly good agreement
with those of the bulk KLN, shown in Table 7-I.

The diagrams of KLN film quality evaluated from the
standard deviation angle ¢ of the X-ray rocking curves are shown
in Fig. 7.8. The value o for a high quality region of (001) and
(110) KLN single-crystal films is defined as less than 0.20.
Evaluation of film quality in termsof this value o is simple and
also consistent with the RED measurement. As can be seen from
Figs. 7.8 (a) and (b), optimum growth conditions for the high
quality single-crystal thin films of KLN on the (001) and (100)
KBN sﬁbstrates are substrate temperatures of 570 to 630 °Cc and
of 580 to 630 oC and rf input power below 150 W and below 250 W,
respectively.

The RED patterns for KLN films epitaxially grown on KBN
substrates are shown in Figs. 7.9 and 7.10. Appearance of the
clear spots and Kikuchi patterns indicate that the films are

of single crystal of considerably good quality.
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Fig. 7.8 Diagrams of the KLN film quality deposited on (001)
KBN substrates (a), and on (100) KBN substrates (b), which
have been evaluated from the standarddeviation angle o of
the X-ray rocking curves.
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Fig. 7 9 Reflection electron diffraction patterns of KLN films
sputtered on (001) KBN substrates.

Fig. 7.10 RED patterns of KLN film sputtered on a (100)
KBN substrate.
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7.3.4 Optical Properties of KLN Films

Figure 7.11 shows the relation between the effective
refractive index and film thickness for several optical wave-
guide modes calculated by using the values of indices in a bulk
KLN as shown in Table 7-I. 1In the present study, the light beam
was successfully fed through the prism coupler into the 2.1 ©m
thick KLN film deposited on the»(OOl) KBN substrate by the
sputtering. By measuring synchronous angles to the prism face,
optical wavegude mode indices B/k, were determined as 2.26, 2.25,
and 2.23 for TE,, TE, and TE,,respectively, as shown with circles
in Fig. 7.11. The refractive index n, in this KLN film was cal-
culated as 2.27 from the mode indices as described above. This
value is somewhat smaller than that of bulk KLN crystal as shown
in Table 7-I. Measurements of propagation optical loss in this
film were not éttempted. However, it is expected that propa-
gation losses of KLN film on KBN substrate can be made less
than that of the KLN film on sapphire [18] by using a smoother
KBN substrate.

28— ————
TE (OO1)KLN ]
x [ onKBN /"_
(-]
¢
2
°Q
£
(]
3
b3
[
%
=
u
1 ! L 1 " 1 1

Thickness (pm)

Fig. 7.11 The relation between the effective refractive
“indices and film thickness.
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7.4 SUMMARY

Analyses with X-ray diffractometer, SEM and RED of the KLN
films depdsited on KBN substrates by the rf sputtering technique
showed that the KLN films obtained were single crystals of
considerably good quality. ' Further, a single-crystal film of
KLN was epitaxially grown on a KBN substrate by the rf sputtering
method. The light beam was successfully fed into the KLN film
deposited on the (001)KBN substrate. More detailed measurements
on the light propagation properties in these epitaxial thin

films will be needed in the future for the optical IC devices.
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CHAPTER 8  GROWTH OF POTASSIUM LITHIUM NIOBATE FILMS
| ON SAPPHIRE BY RF SPUTTERING

8.1 INTRODUCTION

Recently, considerable attention has been centered on
the development of active and low-loss thin film optical wave-
guides. Several attempts have been made to grow single-crystal
films which realize such waveguide, using ferroelectric materials
such as LiNbO, [1-4], PLZT [5], Sr,Nb,0, [6] and KLN [7,8].
The top surfaces of as-grown LiNbO, films fabricated by liquid
phase epitaxial growth, chemical vapor deposition, melting
metod and so on, are relatively rough, so that they must be
optically polished in order to feed the light beam into those
films. On the other hand, the polishing process is not
necessary to the.sputteredthin film, and the light beam can be
easily fed into the film. Therefore, an rf sputtering technique
is used to fabricate the KLN thin-film grown on a sapphire
substrate. The respective values of the principal refractive
indices no and ne are 2.277 and 2.163 at 632.8 nm, respectively
[9]. The corresponding values for sapphire, used as the sub-
strates, are 1.766 and 1.758, respectively [10].

In this chapter, growth of KLN film on sapphire substrates
by an rf sputtering method is described. Further, the optical

propagation loss in the KLN film is also described.
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8.2 EXPERIMENTAL PROCEDURE

An rf diode sputtering equipment (ANELVA FP-21) was used
to fébricate the KLN film. The target used in the present ex-
periment was prepared by sintering a compressed powder with a
potassium- and lithium-enriched compbsition of 33 mole % K,CO,,
22 mole % Li,CO,, and 45 mole % Nb,0;. (000l) and (0112)
sapphire plates were used as substrates. The optimum growth
conditions for KLN films deposited on sapphire substrates were
Ar (50 %) + 0,(50 %)batmosphere, 9.0 x 10~% Torr, about 140 W rf
power, and 600 to 650 OC substrate temperature. The deposition

o
rate under these conditions was about 1400 A/h.

8.3 EXPERIMENTAL RESULTS AND DISCUSSION
8.3.1 Evaluation of KLN Films from X-ray Diffraction Patterns

Figure 8.1 shows typical X-ray diffraction patterns for
KLN thin films sputtered on (01I2) sapphire substrates at sub-
strate temperatures of 550 and 625 °c. KLN polycrystalline
thin films were obtained at substrate temperatures below 580 oC,
as shown in Fig. 8.1 (a), but (00l)-oriented films were obtained
above 600 OC, as shown in Fig. 8.1 (b). Optimum growth con-
ditions evaluated from the standard deviation angle o of the
X-ray rocking curves for the thin films of KLN on the (0112)
sapphire substrates were substrate temperatures of 600 to 650 ° Cc
and rf input power below 150 W, as shown in Figs. 8.2 and 8.3,
respectively. On the other hand, (00l)-oriented KLN films

sputtered on (000l) sapphire substrates were obtained at film-

thicknesses greater than 10 um under the above conditions as
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Fig. 8.6 SEM photograph (a) and RED pattern (b) in the (0071)
KLN film on the (0112) sapphire substrate.
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shown in Fig. 8.4. Thé_lattice constant ¢ in the KLN films was
0 -

3.97 A for both (0112) and (0001) sapphire substrates in average

as shown in Fig. 8.5. This value agrees fairly well with that

of the KLN single crystal [11].

8.3.2 Evaluation of KLN Films by SEM and RED

The (00l)-oriented KLN films on sapphire substrates were
examined by SEM and RED. Figure 8.6 (a) is an SEM photograph for
an (001) KLN film surface on an (0112) sapphire substrate. .

An RED pattern for an (001) KLN film on an (0112) sapphire sub-
strate is shown in Fig. 8.6 (b), where clear diffraction spots
and Kikuchi lines are observed, indicating that the film is of
single crystal with considerably good quality. The (001) KLN
films sputtered on (01i2) sapphire substrates were transparent,
and their surfaces were smoofh. These X-ray and electron dif-
fraction results showed that an (001) KLN single-crystal film
is grown epitaxially on an (0112) sapphire substrate by the rf
sputtering method. On the other hand, the (001) KLN films
sputtered on (0001) sapphire substrates were seen to be poly-
crystalline from the RED measurement and their surfaces were
relatively rough as shown in Fig. 8.7, because the surface-
normal axes of the (001) KLN and the (000l) sapphire possess 4-
fold (tetragonal) and 3-fold (trigonal) properties, respectively.

8.3.3 Optical Properties of KLN Films

A 632.8 nm He-Ne laser beam was successfully fed into
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Fig. 8.7 SEM photograph (a) and RED pattern (b) in the (001)
oriented KLN film on the (0001) sapphire substrate.
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Fig. 8.8 Scattered-
light intensity
versus propagation
distance for a_KLN
film on an (0112)
sapphire substrate.

Fig. 8.9 Attenuation
versus effective
refractive index for
a KLN film on an
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the KLN films deposited on the (0112) sapphire substrates by
sputtering, using a prism coupler and without polishing the sur-
face. The optical loss was measured using the scattered light,
which is collected by a 0.13-mm-diametr optical-glass fiber and
is probed by placing the end of the fiber about 0.025 mm away
from the waveguide and scanning it across the streak of guided
light perpendicular to the propagation direction. Figure 8.8
shows the TE, optical attenuation in a KLN film about 2.7 pm
thick. The value, 7.8 dB/cm, is less than those of LiNbO, films
grown by the rf-sputtering [4] or LPE method [2,12]. Figure 8.9
shows optical attenuation which was measured for several dif-
ferent modes. The refractive index ng in this KLN film was de-
termined as 2.27 by measuring the coupling angles for 11 TE

modes. This value is close to that of the bulk KLN crystal.

8.4 SUMMARY

The X-ray and electron diffraction results showed that
an (001) KLN single-crystal film is epitaxially grown on an
(0112) sapphire substrate at substrate temperatures above 600 °c
by rf sputtering, and also that the KLN film obtained is single-
crystal with considerably good quality. Further, the optical
propagation losses in the KLN film were less than those of
LiNbO, films grown by rf sputtering or LPE methods, though they
were one order magnitude higher than those of LiNbO, films grown
by the EGM method. Therefore, the KLN film is a promising ma-

terial for optical IC devices.
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CHAPTER 9 K4L1,NB5O < AND PB,KNBSO,- TUNGSTEN-BRONZE
FILMS FOR SAW DEVICES

9.1 INTRODUCTION

A ferroelectric crystal may be a useful material for sur-
face acoustic wave (SAW) devices, since it has moderately strong
electromechanical coupling. Among various ferroelectric crystals,
tungsten-bronze ferroelectrics with a general chemical formula
(Ay)(A;)2C2(B;)(B;) 0,5 (where A = Pb, Ba, Na, K, etc. and B =
Nb or Ta ) have attracted much attentions for SAW device appli-
cations [1-4]. High electromechanical coupling has been observed
in ferroelectric phases of a number of tungsten-bronze oxides.
For example, electromechanical coupling factors in K,Li,Nbg0,,
crystal are k,s = 0.34, k,, = 0.18, k, = 0.53 and k;5 = 0.52 (5],
and also those in Pb,KNbsO,s (PKN) are k,s = 0.69 and k,, = 0.73
[6]. Furthermore, both ferroelectrics have zero temperature
coefficients of delay (ZTCD) cut for SAW's [1,7]. Therefore,
these materials are found to be very attractive for high piezo-
electric coupling, temperature compensated SAW devices.

However, it has been very difficultto obtain high-quality
and large-size single crystals of these materials [5,8]. An
approach for the soclution of this serious problem is to grow
epitaxial films of these crystals. A single-crystal film of
KLN can be grown on a K,BiNb,O, substrate by epitaxial growth
of melting (EGM) and/or sputtering method as described in the
previous Chapts. 6 and 7.

In this chapter, SAW characteristics of a layered-structure

consisting of KLN or PKN film on an appropriate substrate are
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Table 9-1 Material constants of KLN, PKN, KBN and Al.0,.

KLN PXN ' KBN Alzogn)
SymmetTy Tetragonal Orthorhombic  Orthorhombic  Trigonal
Lattice a=12,58 a=17,84 a=17,85 ay=4.758
constants (A) c= 4.01 b=18.05 c= 7.84 ci=12.991
c=3,917
Melting . 3 2050
temperature °c 1050 1300 131
Density . .98
(x10°kg/m*) 4.26 6.14 5.24 3.986
Dielectric
constants
e /eq 271 810 430 9.34
€2 /€0 271 680 430 9.34
€3 /€, 83 81 500 11.6
Stiffness ct 2.20 1.66 1.61 4.97
coefficient Cy, 0.74 0.37 -0.371 1.64
(x10" /m?) Cu 0.59 0.45 -0.387 1.11
Cs, 2.20 1.61 1.62 4.97
Cas 0.59 0.41 -0.387 1.11
Cys 1.09 1.24 1.50 4.98
Cus 0.68 0.31 0.621 1.47
Css 0.68 0.30 0.619 1.47
Cee 0.70 0.63 0.634 1.665
Piezoelectric eqs 4.6 14
coefficient ez 4.6 15 —_—
(c/m?) en -0.6 0.4 —_— 0
€32 -0.6 1.4 —_—
e 5.5 6.9 —
~ 6
0
£
o 5
o
3¢
e
4
>
L (OO1)KLN on _
—~05 | (0112) SAPPHIRE i
(@]
% - .
S
> ™ -
S
> B -
| L N
0 1
0 1 2 3

KH

Fig. 9.1 The phase-velocity and electro-mechanical coupling
factor of SAW's on an (001) KLN / (0112) sapphire combination
propagating along the [100] direction on a KLN film.
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calculated. In addition, preliminary experimental results on
SAW properties of the layered structure of the KLN film de-

posited on a sapphire substrate is also described.

9.2 CALCULATION OF SAW CHARACTERISTICS

In order to investigate the SAW properties of the layered
structures of (KLN film)/(substrate) and (PKN film)/( substrate),
a similar theoretical method to that proposed by Farnell and
Adler [9] was used, on conjunction with the experimental data
listed in Table 9-I, to calculate the SAW velocity, electro-
mechanical power flow angle (PFA) and electromechanical coupling
factor (Av/v = k2/2).

Although, four different arrangements of the interdigital
transducer (IDT) and the short electrode can be considered in
the case of the layered structure, an arrangement where the IDT's
are formed on the surface of the layer without the short
electrode, has been considered in this chapter, because only
this arrangement can easily be realized by sputtering method.

In this section, the SAW characteristics are calculated
for the layered structures in the following (film)/(substrate)
combinations, i.e., (1) ((001) KLN £ilm)/((0112) sapphire),

(2) ((oo1) PKN)/((001) KBN), (3) ((001) PKN)/((00l) KLN) and
(4) ((001) PKN)/((0112) sapphire).

Figure 9.1 shows the relationship of the theoretical
results on the phase velocity v and the electromechanical
couplinglfactor AV/Q versus the quantity KH, where K is the
wavenumber and H is the film thickness. 1In Fig. 9.1, the SAW
propagates along the [100] direction on the KLN thin layer.

As KH increases, the v decreases monotonically from 5830 to
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Fig. 9.2 The phase-velocities and electro-
mechanical coupling factors of SAW's on
(PKN)/(substrate) layered structures.

The SAW propagates along the [010] direction
on PKN films.
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3670 m/s, which corresponds to the values of the Rayleigh wave
velocity on the sapphire substrate and on the semi-infinite bulk
of KLN, respectively. The Av/v shows a broad peak at KH = 1,9
and the maximum attainable value for the Av/v is 0.0052.
The value obtained here is 10 times larger than that of ST cut
quartz.
Figure 9.2 shows the calculated results for the v and the
Av/v versus KH for the (00l1) PKN films on the (0112) sapphire,
(001) KLN and (001) KBN substrates, where the SAW propagates
along the [010] direction on the PKN film. From this calculation
for the (PKN)/(substrate) structures, the following features are
obtained.
i) Each curve for the v decreases monotonically from the
value of the Rayleigh wave velocity on each substrate
to that of the semi-infinite bulk of PKN, i.e., 2340 m/s.
ii) The dispersion for the v is small in the layered struture
of (PKN)/(KBN) combination.

iii) For O £ KH < 2, the curves for the Av/v have maximum.
The magnitudes of maximum attainable values for the
layered structures of (PKN)/(sapphire), (PKN)/(KLN) and
(PKN)/(KBN) combinations are 0.045 at KH = 0.9, 0.021 at
KH = 0.8, and O.QQS at KH = 0.5, respectively. It is
noted that the maximum values of these lst peaks depend
on the values of the dielectric constants of the sub-
strates, that is, they increase with decreasing the
dielectric constant of the substrate.

iv) For 2 < KH £ 6, curves for the Av/v increase with
increasing KH.
v) For 6 < KH, curves for the Av/v and the v are almost
close to 0.057 and 2340 m/s respectively, for suf-

ficiently large values of KH.

-133-



N\

*\.*" QTETRAGONAL

C TETRAGONAL
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ClTETRAGONAL
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Fig. 9.3 Tungsten-bronze structure and reference axes.
The -(001) projection of both Pb,KNb,0, and K,BiNb,0,,
lattice is shown by dashed square. The dark crosses
represent NbQe octahedra with Nb ions at their centers

- in the plane of the paper. The polar axes of KLN and PKN

are Ciotragonal and b i orhombic 2X€S» respectively.
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It should be noted that the maximum value of the lst peak
for the Av/v in the layered structure of (PKN)/(sapphire)
combination is about twice as large as that of Y-cut, Z-prop.,

LiNbO,, whose maximum value for the Av/v is 0.0246.

9.3 EXPERIMENTAL PROCEDURE

The typical crystallographic properties of KLN, PKN, KBN

and sapphire crystals are listed in Table 9-I. KLN, PKN and
KBN crystals belong to tungsten-bronze structures. The KLN
crystal is a tetragonal ferroelectrics with a point group 4mm

[5]. On the other hand, PKN [8] and KBN [10] crystals are both
orthorhombic materials with mm2. These tungsten-bronze
structures and their reference axes are shown in Fig. 9.3.
The lattice mismatches between the KLN film and the KBN sub-
strate, and between the PKN film and the KBN substrate are about
0.33, 0.33 and 2.3 %, and about 0.06, 1.1 and 0.08 %,
respectively, for the a, b and ¢ axes in the orthorhombic
coordinate system as shown in Fig. 9.3. Among three different
ferroelectric materials desbribea above, it has been reported
to be very easy to obtain large pale-yellow KBN single crystals
up to about 40 mm in diameter [5]. As a result, it would be
expected that, by using the KBN as a substrate material, good-
quality KLN or PKN epitaxial films can be grown onto KBN sub-
strates. The same rf diode sputtering equipment described in
the previous Chapts. 7 and 8, was used to prepare the KLN films

in this study. Sapphire plates were used as substrate materials.
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9.4 EXPERIMENTAL RESULTS ON SAW CHARACTERISTICS OF THE LAYERED
STRUCTURE OF (KLN FILM)/(SAPPHIRE)

The preliminary experiments on SAW properties of the
layered structure of (KLN)/(sapphire) were carried out. The
sample used in this study was a 9 pm thick KLN film sputtered on
an (0112) sapphire substrate at a substrate temperature of 520 °c
The IDT's are normal electrodes with 25 finger pairs and a 100 um
spatial period, which were evaporated on the film surface. The
center to center propagation path length was12.5 mm. Accordingly,
the value of KH for this sample was 0.6. A synchroscope trace of
the SAW output signal excited by the IDT's is shown in Fig. 9.4.
Since the delay time of the SAW propagation was 2.3 us, the SAW
velocity on this KLN film was determined to be 5430 m/s, which
is in good agreement with the calculated value, 5500 m/s at KH =
0.6, as shown in Fig. 9.1. However, the measurement on the
Av/v has not been attempted because the calculated value for

the Av/v is of as small as about 8 x 10~ at KH = 0.6.

electromagnetic output signal
leakage signal via SAW

Fig. 9.4 A synchroscope
trace of the SAW output
signal excited by the
IDT's on a KLN film/
sapphire layered
structure.

X: 0.5 us/div.,
y: 2 mV/div..
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9.5 SUMMARY

Characteristics of SAW properties of the layered
structures consisting of (KLN film)/(substrate) and (PXN film)/
(substrate) combinations have been calculated. For the layered
structure of a KLN film formed on a sapphire substrate, the
electromechanical coupling factor Av/v showeda broad band with
a peak at KH = 1.9 and its maximum attainable value for the
Av/v was 0.0052. This value is 10 times larger than that of
ST cut quartz. Meanwhile, for the layered structures of (PKN)/
(sapphire), (PKN)/(KLN) and (PKN)/(KBN) coﬁbiﬁations, each Av/v
had maximum athH = 0.9, 0.8 and 0.6, respectively, whose magni-
tudes of maximum attainable values were equal to 0.045, 0.021
and 0.@;5, respectively. The maximum value 0.045 of the lst
peak for the Av/v in the layered structure of (PKN)/(sapphire)
is about twice as large as that of Y-cut, Z-prop., LiNbOQ.

The theoretical results of SAW characteristics on the layered
structures of (PKN)/(substrate) are the most superior as a SAW
device matérial. ‘

Although a study on the epitaxial growth of PKN film on
various substrates is now in progress, it would be expected
that higher-quality epitaxial film of PKN can successfully be
grown on KBN substrates compared with KLN films on KBN sub-
strates, because the lattice mismatch between PKN and KBN is
much smaller than that between KLN and KBN, as shown in Table
9-I. In addition, fhe theoretical results of SAW characteristics
on (PKN)/(substrate) layered structures , as mentioned in the
previous section, showed that PKN is more superior than KLN as
a SAW device material. Therefore,the studies on the hetero-
epitaxial growth of PKN films onto various substrates are now

in progress in order to realize the SAW devices with high coupling.
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Therefore, it is concluded that the layered structures of

(KLN)/ (substrate) and (PKN)/(substrate) combinations are the

most suitable for SAW applications.
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CHAPTER 10  CONCLUSION

In this thesis, growth and properties of tungsten-bronze

crystals and films (mainly K;Li,NbgO,s; ) are studied and dis-~

cussed in detail from an applicational point of view.

The results and conclusions obtained in this study are summarized

as follows. .

Chapter 2:

(1)

(2)

(3)

nystals of KLN have been grown by the Czochralski
method from a melt using a KLN or KBN crystal as the seed.
The starting composition with excess K,0 and Li,0 has been
mainly used, which is necessary to obtain crystals of good
quality. Pale—yéllow single crystals up to about 8 to 10 mm
in diameter and 30 mm in length have‘been obtained. The
composition of the grown-crystals was analyzed chemically

to be K,59Li,ssNbs,;,0,5.

X-ray, dielectric and chemical etching measurements
have beén carried out. The lattice constaﬁts a and c were
determined as 12.58 and 4.0l Z, respectively. The dielectric
constants e;E/eo and e;g/eo at room temperature were 306
and 115, respectively. The constant e;g/eo showed a marked
anomaly at the transition point of 805 °C. On the other
hand, thee;a/eodid not show any anomaly, and decreased

gradually with increasing temperature.

It has been very difficult to obtain higher-quality
large-size single crystals of KLN because the KLN is not
congruently melting composition. It will therefore be

necessary to find an appropriate solution for this problem
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for device applications.

Chapter 3:

(1)

(2)

All the elastic and piezoelectric constants of KLN
have been measured from room temperature to about 120 °c by
observing resonant and antiresonant frequencies. The electro-

mechanical coupling factors k,s, k;,, k;; and k,_ were 0.34,

t
0.18, 0.52 and 0.53, respectively. The temperature coef-
ficients of elastic compliances Tsf;,‘Tsfi and Ts!i were

-0.98, -1.2 and 0.075 x 10'“/°c, respectively.

It is concluded that the KLN crystal can be a suitable
material for applications to the electro-mechanical trans-
ducers in thickness shear or longitudinal mode and also SAW

devices.

Chapter 4:

(1)

(2)

(3)

(4)

Crystals of Ks(l_x)NaSXLlersol5 (KNLN) have. been grown
by the Czochralski method. The attempted values for x were
o, 0.1, 0.2, 0.25 and 0.3. However it was not very success-
ful to grow reasonably large and crackless crystals, when

X value increased.

The analyses on thé crystallographic and dielectric

properties showed that the structural phase change from

the tungsten-bronze to the perovskite structures occurred

at x between 0.2 and 0.25.

It was found that the crystals with x value larger
than 0.2 can not be effectively poled because the compésition
approaches the limits of stability of the tungsten-bronze
structure,‘and presumably the material is no longer ferro-

electric in the vicinity of x = 0.2.

The electro-optical half-wave voltage (v") relating to
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(5)

(6)

the electro-optic constant rc for KNLN could be reduced to
such an extent as much smaller than that for KLN, by ad-

Justing the Na concentration to x = 0.1.

On the other hand, one of the nonlinear-optic coef-
ficients, d;,, of KNLN (x = 0.1) was somewhat larger than
that of KLN (x = 0) and was determined as

d%?LN(x = 0.1) - 1.6 d§%N .

It is therefore concluded that although piezoelectricity

in KNLN crystals becomes weaker as Na concentration
increases, the addition of small amount of Na to KLN as a
whole results in more preferable linear-optic and nonlinear

optic behaviors than pure KLN.

Chapter 5:

(1)

(2)

(3)

Tungsten-bronze KBN crystals have been grown by an rf
heating Czochralski method. Since the vapor pressure of
K,0 and Bi,0O,;was high at the melting point of XBN (1310 oC),
the starting composition with excess K,0 and Bi,0, was used,
which is necessary fo obtain large crystals of good quality.
Large pale-yellow transparent single-crystals of KBN up to

about 35 mm$ x 40 mm in size have been easily grown.

From the experimental results obtained by the X-ray
measuréments, it is concluded that KBN belongs to an ortho-
rhombic system with lattice constants a = 17.878, b =
17.888 and ¢ = 7.853 X, respectively, but its spontaneous

deformation b/a is nearly equal to 1.

The dielectric constants e;E/eo (=e;2/eo) and e;g/eo
at room temperature were 530 and 560, respectively. Both
the dielectric constants exhibited anomalies at the Curie

temperature of about 380 OC. It is to be noted that inhomo-
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geneities in the crystals are clearly improved by the

crucible rotation.

(4) Based on the results obtained from the poling and
chemical etching treatments, it was found that KBN is a
ferroelectric material with the polar axis parallel to

the [001] axis.

(5) All the elastic éonstants at room temperature have
been determined from the ultrasonic velocity measurements.
It was found that the velocities propagated in KBN are
somewhat smaller than those of LiNbO,;. This result is
expected from the fact that KBN confainsa the heavy metal

such as Bi.

(6) Four of the twelve independent photoelastic tensor
elements were measured for applications to acousto-optic
devices. It was found that the photoelastic constants p,,

and pj;s: of KBN are greater than those of LiNbO; and LiTaO,.

Chapter 6:
(1) KLN single-crystal films have been successfully grown

with good epitaxy on KBN substrates by the EGM method.

(2) The results obtained by X-ray, SEM and RED analyses
showed that a single-crystal film of (00l1) KLN is epi-
taxially grown on.an (001) KBN substrate, and also that of
(110) KLN is grown on a (100) KBN substrate.

(3) The KLN films obtained were single-crystals of high
quality and also were transparent. However the top sur-
faces of the as-grown films were relatively rough.
Therefore, optical polishing will be needed for the purpose

of optical waveguides.
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Chapter 7:

(1)

(2)

(3)

(4)

KLN single-crystal films have been sputtered on the
KBN substrates. The KLN target was prepared by sintering
the pressed powder with ﬁotassium and lithium enriched

composition.

Optimum growth conditions for the high-quality single
crystal KLN films were Ar (50 %) + O, (50 %) atmosphere,
9 x 10™? Torr, rf power input below 150 W, and substrate
temperatures of 580 to 630 °C.

The crystallographic identifications of the KLN films
were made by X-ray, SEM and RED measurements. It was found
that single-crystal films have been epitaxially grown on
KBN substrates. Lattice constants a and ¢ of the KLN film
were 12.7 and 3.96 X, respectively.

The laser beam has been successfully fed into the KLN
film sputtered on the (001) KBN substrate. The ordinary
refractive index ng in the KLN film has been determined

as 2.27.

Chapter 8:

(1)

(2)

An rf diode sputtering equipment was used to prepare
KLN films on sapphire substrétes. The optimum growth con-
ditions were Ar (50 %) + 0, (50 %) atmosphere, 9 x 10~?
Torr, about 140 W rf input power and 600 to 650 °C substrate

temperature.

" The X-ray and RED results showed that an (001) KLN
single-crystal film has been epitaxially grown on an (0112)
sapphire substrate at substrate temperatures above 600 °C
and also that the KLN film obtained is of a single-crystal
with considerably good quality. On the other hand, an
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(3)

(001)-oriented KLN film sputtered on an (000l1) sapphire

substrate was seen to be polycrystalline, and its surface
was relatively rough, because the surface-normal axes of
(001) KLN and (0001) sapphire possess 4-fold (tetragonal)

and 3- fold (trigonal) properties, respectively.

The TE, mode optical propagation ldss in the KLN film
was relatively small as 7.8 dB/cm, which is less than that
of the LiNbO, film grown by the rf sputfering or LPE
methods. Accordingly, the KLN film is a suitable material

for optical waveguides.

Chapter 9:

(1)

(2)

(3)

Characteristics of SAW properties of tungsten-bronze
layered structures of(KLN.film)/(substrate)and (PKN film)/
(substrate) combinations have been calculated. For the
layered structure of a KLN film formed on a sapphire sub-
strate, the SAW electro-mechanicai coupling factor Av/v
showed a broad band with a peak at KH (wave number times
film thickness) = 1.9 and its maximum attainable value
for the Av/v was 0.0052 at KH = 1.9. This value is 10
times larger than that of ST cut quartz.

For the layered structures of (PKN)/(sapphire),
(PKN)/(XLN) and (PKN)/(KBN) combinations, each Av/v had
maximum at KH = 0.9, 0.8 and 0.6, respectively, whose
magnitudes of maximum attainable values were 0.045, 0.021
and O.QéS, respectively. The maximum value, 0.045, of
the 1st peak for the Av/v in the layered structure of
(PKN)/(sapphire) is twice as large as that of Y-cut, A
prop., LiNbO,.

KLN single-crystal films have been successfully grown
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(5)

with good epitaxy on sapphire subétrates. By using this
KLN film, the preliminary experiments on the SAW properties
have been carried out. The SAW propagation on the KLN film
has been observed for the first time. The SAW velocity was
determined to be 5430 m/s, which is in good agreement with
the calculated value, 5500 m/s at KH = 0.6. However, the
measurement on the Av/v has not been attempted because

the calculated value for the Av/v are of as small as about

8 x 10°° at KH = 0.6.

Although a study on the epitaxial gfowth of PKN film
on various substrates is now in progress, it would be
expected that higher—duality epitaxial films of PKN can
successfully be grown on KBN substrates compéred with KLN

films on KBN substrates.

It is concluded that the layered structures of
(KLN)/(substrate) and (PKN)/{substrate) combinations are
suitable for SAW applications.
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the Annual Meeting of Phys. Soc. of Japan, No. 4p-P-4,

p. 98, April (1975) Kyoto Univ.

"Single- Crystal Growth of K,Li,Nb 0, and
K3(l—x)Na3xLi2Nb5015 and Their Properties,"

M. Adachi, M. Miyake, and A. Kawabata, o

Annual Report of Study Group on Applied Ferroelectrics in
Japan, 23 (1975) pp. 130-136.

"Dielectric and Piezoelectric Properties of SQdium
Modified KLN Crystals,"

M. Adachi, M. Miyake, and A. Kawabata,

the Fall Meeting of Phys.‘Soc. of Japan, No. l1llp-K-4,

p. 109, October (1975) Nippon Univ.

"Crystal Growth of KLN and Its Electro-Optic Properties,"
M. Adachi, M. Miyake, and A. Kawabata,

the Kansai Meeting of the Institute of Electrical
Engineers of Japan, No. S3-1, p. S14, November (1975)

Kobe Univ.
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8)
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10)
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12)

13)

"Fabrication of Transparent Ceramics in the KNbO,~LiNbO,-
NaNbO, Ternary System,"
T. Toyama, K. Hagihara, M. Adachi, T. Shiosaki, and
A. Kawabata,
the Annual Meeting of Phys. Soc. of Japan, No. 5a-N-4,
p. 22, April'(l976) Nagoya Univ.

"Ferroelectricity of K,BiNb,0,, Single Crystal,"
M. Adachi, and A. Kawabata,
the Annual Meeting of Phys. Soc. of Japan, No. 5a-N-10,
p. 25, April (1976) Nagoya Univ.

"Electrical Properties of (Na, K, Li)NbO3 Piezoelectric
Ceramics and Their Surface Acoustic Wave‘(SAW) Applications,"
T. Kozu, M. Adaéhi, T. Shiosaki, and A. Kawabata,'
the Fall Meeting of Japn. Soc. Appl. Phys.,No. 1lp-N-4,
p. 187, October (1976) Tohoku Univ.

"Ferroelectricity of K,BiNbs0,, Single Crystals : II,"
M. Adachi, and A. KaWabata,
the Fall Meeting of Phys. Soc. of Japan, No. 8p-K-7,

p. 175, October (1976) Tohoku Univ.

"Ferroelectricity (Ferroelasticity) of K,BiNb,O,, Single
Crystals : IIIL," '
M. Adachi, and A. Kawabata,
the Annual Meeting of Phys. Soc. of Japan, No. 4a-J-4,
p. 97, April (1977) Yamaguchi Univ.

"Epitaxial Growth of K;Li,Nbg;0,, Single-~Crystal Films on
K,BiNbs0,5s Single-Crystal Substrates,"
M. Adachi, T. Shiosaki, and A. Kawabata,
Annual Report of Study Gpoup on Applied Ferroelectrics
in Japan, 26 (1977) pp. 8-13.

"Optical Properties of KBN Single Crystal,"
M. Adachi, M. Hori, and A. Kawabata,
the Annual Meeting of Phys. Soc. of Japan, No. 9a-N-5,
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p. 3, October (1977) Science Univ., of Tokyo.
"Single-Crystal Growth of KNb0O;-LiNbO;-NaNbO; Solid
Solutions and Their Electrical Properties," -

M. Adachi, and A. Kawabata, _

the Annual Meeting of Phys. Soc. of Japan, No. 2a-BD-4
p. 94, March (1978) Tohoku Univ.
"Epitaxial Growth of K,Li,Nb O, Deposited on K,BiNb O, ;
by RF Sputtering,"

M. Hori, M. Adachi, T. Shiosaki,.and A. Kawabata,

the Fall Meeting of Japan. Soc. Appl. Phys.,No. 4a-B-6,
p. 41, November (1978) Kinki Univ.
"Fabrication of K,Li,Nb,0,; Thin Films by RF Sputtering
and Their Optical Waveguide Applications,™

M. Hori, M. Adachi, T. Shiosaki, and A. Kawabata,

the Annual Meeting of Japan. Soc. Appl. Phys.,No. 27p-H-5,
p. 555, March (1979) Gakushuin Univ.
"Epitaxial Growth of Potassium Lithium Niobate Single-
Crystal Films for Optical-Waveguides,"

M. Adachi, T. Shiosaki,. and A. Kawabata;

International IEEE 1979 Symposium on Applications of
Ferroelectrics, Symposium Digest, p. 37, June (1979)
Minneapolis. _

"Thermal Expansion of Tungsten-Bronze Type K,BiNb 0,4
Single Crystal,"

M. Adachi, and A. Kawabata, _

the Annual Meeting of Phys. Soc. of Japan, No. 27a-W-10,
p. 53, March (1980) Waseda Univ.

"Fabrication of Sputtered-Ferroelectric K;Li,Nb,0,; Thin
Film and Its Electrical Property,"

M. Adachi, J. Kiyose, A. Kawakatzu, T. Shiosaki, and

A. Kawabata,

the Annual Meeting of Japan. Soc. Appl. Phys., No. 3p-M-5,
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p. 694, April (1980) Yamanashi Univ.
20) "Surface Acoustic Wave (SAW) Properties of Tungsten-Bronze
K;Li,Nbs0,s Thin Films,"
M. Adachi, A. Kawakatzu, T. Shiosaki, and A. Kawabata,
the Fall Meeting_of Japan. Soc. Appl. Phys., No. 19p-N-4,
p. 659, October (1980) Nagoya Institute of Technology.
21) "Fabrication of Tungsten-Bronze K,Li,Nb¢0,; Thin Films and
Its C-Axis Orientation,"
M. Adachi, T. Shiosaki, and A. Kawabata,
the Annual Meeting of Japan. Soc. Appl. Phys., No. 31la-B-6,
p. 724, March (198l1) Musashi Institute of Technology.
22) "Fabrication of Tungsten-Bronze Pb,KNb¢ 0,5 Films and their
Applications to SAW Devices : I,"
M. Adachi, K. Kumagawa, T. Shiosaki, and A. Kawabata,
the Fall Meeting of Japan. Soc. Appl. Phys., No. 8a-W-9,
p. 778, October (1981) Fukui Univ.
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