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ABSTRACT

　　　　　　　K3Ll2Nb50i5(KLN) is ａ七ypical compound ferroelectric

ｍａ七erial０ｆcompletely filled七ungs七en-bronze structure and

belongs　to a tetragonal　crys七allographic　system with ａ poin七

group　symme七ry of 4mm.　工七is　well known ｔｈａ七七heKLN is one of

the ｍｏｓ七in七eres七ingmaterials　for various applica七ions because

of the excellent electro-optic, nonlinear-optic　and piezoelectric

proper七ies.　工ｎthis　thesis, growth and properties of tungs七ｅｎ一

bronze crys七als　and films, belonging to the KLN family, are

ｓ七udied and discussed from an applicational point of view.

The　七hesls contains　the　following ｓ七udies.

(1)

(２)

　　　　　TheKLN crystals have been grown　from ａ melt with

excess Ｋ２０and LijO,　using ａ KLN or K,BiNb,0,5 (KBN) crys七al

as　ａ seed.　Pale-yellow single　crys七als up　to about 8-10 mm

in diame七er and ３０mm in leng七ｈ are obtained.　The compo-

ｓｉ七ionｏｆ,七he grown-crys七als　is analyzed 七〇be

Ｋ
２･ｅ ９ Li

l.S S Nb^aiO, ｓ．　x-ray.　dielectric and chemical　ｅ七ching

measurements have been carried out.　The lattice　constants

ａ and ｃ are determined as　12.58 and 4.01 A, respec七ively,

and the dielec七ric cons七ants ｃｌ'Ｉ;／ε，ａｎｄｃｊｌ;／ｃｏａ七room

tempera七ure are ３０６and 115, respec七ively。

　　　　　Ａ１１　the　elas七ic and piezoelectric constants of KLN

have been measured from ｒｏｏｍ七emperature to abou七120°C by

observing resonant and ａｎ七iresonan七･frequencies.　The

electro-mechanical coupling factors ｋｌｓ゛ｋ３１゛ｋ３３　andｋ七

are 0.34, 0.18, 0.52 and 0.53, respectively.　The temper-

ａ七ure coefficients of elastic compliances Ｔｓ凡, Ts^^^ and

Ｔｓ毘　are considerably small　and are -0.98, -1.2 and ０.０７５

ｘ 10"゛/ C, respec七ively.　The above results　suggest七hat
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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..

　　　　　　Crystals of Ｋ３（１－ｘ）Ｎ８３ＸＬｉ２Ｎｂ５０１５（ＫＮＬＮ）ｈ８゛ｅbeen

grown by the Czochralski　method.　The attempted values　for

ｘ are 0, 0.1, 0.2, 0.25 and 0.3.　The　analyses on the

crystallographic and dielectric properties show tha七

the structural phase change　from the tungsten-bronze七〇

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＝Ｏ and 0.1) are measured七〇

examine the　influence of the Na doped in KLN.　工七is　found

that the　electro-optical　halfwave voltage (v　) relating to
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　７Ｔ

the electro-op七ic　coefficien七ｒ　for KNLN can be reduced
　　　　　　　　　　　　　　　　　　　　　　　　　　　　Ｃ

七〇 such an ｅｘ七ent as much smaller than that for KLN, by

adjusting七he Na concentration to x=0.1.　０ｎ七he other hand.

one of the nonlinear-optic coefficients, dji, of KNLN

(x=0.1) is somewha七larger than ｔｈａ七〇ｆ ＫＬＮ（ｘ＝○）ａｎｄ is

determined as
，ｄｌｌ?ＬＮＯ　（゜○’１）＝１．６ｄｌｌりＮ．　工七is　therefore

concluded that although piezoelectricity in KNLN crys七als

becomes weaker as 七he Na concen七ration increases,七he ad-

dition of small amount of the Na to KLN as　ａ whole results

in more preferable　linear-optic　and nonlinear-optic be-

haviors than pure KLN.

　　　　　Tungsten-bronze KBN crystals have been grown by

the rf heating Czochralski method.　Large-size pale-yellow

crystals up 七〇 about ３５ ｍｍφｘ ４０ mm are　easily grovm.

X-ray, dielectric, chemical　etching, conoscopic and

thermal expansion measurements　are carried ｏｕ七in order 七〇

assess　fundamental proper七ies of KBN.　工七 is　found 七hat KBN

is　a ferroelec七ric material with 。七he polar axis parallel

-ii-

ｊ

' ｀ 尹

ｊ

－●



輝･

●「

(５)

(6)

to the [001］axis.　The　lattice constants a, b and ｃ are

ｄｅ七erminedas　17.878, 17.888 and 7.853 A, respectively・

Furthermore, all the　elastic　constan七ｓ and four of the

twelve　independent photoelastic tensor elements　are also

determined for applications　to acousto-optic　devices.

　　　　　　KLNsingle-crystal　films have been successfully grown

with good epitaxy on KBN substra七es by the　”epitaxial

growth by ｍｅ１七ｉｎｇ”(EGM).　Forthe substra七es, KBN single

crystals are used because　of the　following reasons：

The crystal ｓ七ructures　of KLN and KBN are the　same tungsten-

bronze type;　the melting point of KBN is higher than ｔｈａ七

〇ｆKLN by about 250°C;　and the ｌａ七七icemismatch between the

KLN film and the KBN subs七rate　is abou七〇．３２and 2.3 % for

the ａ and ｃ axes　in 七he KLN coordina七ｅ system.　The KLN

films　obtained are transparent, bu七七heir 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

crys七als　of high quality.

　　　　　　KLNsingle crys七al films have been sput七ered on

the KBN subs七ｒａ七es.　The KLN targe七is prepared by

sintering pressed powder with potassium and lithium en-

riched composi七ion.　Optimum growth conditions　for the high

quality single-crys七ａ１ KLN films are Ar （５０％）＋０２（５０％）

atmosphere, 9 x lO'^ Torr, rf power inpu七below １５０W, and

substrate七empera七ures of ５８０to ６３００Ｃ．　The　crystal-

lographic　identifications　of the KLN films　are made by

X-ray, RED and SEM measurements.　:［七　is　found that single一

crys七ａ:Ｌ　filmsof KLN have been epitaxially grovm on KBN

subs七ｒａ七es.　The ｌａ七七iceconstants ａ and ｃ of the KLN films

　　●●●-Ill-



(７)

(８)

are 12.7 and 3.96
χ,
respectively.　Preliminary　measure-

ｍｅｎ七ｓ　onthe ｏｐ七ical waveguides are carried ｏｕ七．

The ordinary refractive　index ｎ　in the KLN film is
　　　　　　　　　　　　　　　　　　　　　　　　ｏ

determined as　2.27.

　　　　　RFdiode sput七ering is used to　fabrica七ｅ KLN thin

films.　The optimum growth conditions　are Ａｒ（５０％）＋０２

(50%) atmosphere, 9.0 × １０‘２　Torr,about １４０Ｗ rf power

and 600 to ６５０　°csubstra七ｅ七emperature.　The x-ray and

electron diffraction results show七ｈａｔａｎ（００１）ＫＬＮsingle-

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－crystal films is ｅｐｉ七axially grown on an (0112) sapphire

substrate a七substrate temperatures　above ６００°c by rf

sput七ering, and also that the obtained KLN film is of ａ

single crystal with considerably good quality.　On the

other hand, an (001)- oriented KLN film sputtered on an

(0001) sapphire substrate　is　seen to be polycrヽystalline.

The TEo　mode optical propagation loss　in the KLN film is

relatively ｓｍａ:LIas ７．８dB/cm, and the KLN film is ａ

suitable ｍａ七erial　forｏｐ七ical waveguides.

　　　　　Finally, characteristics　of surface acous七ic wave

(SAW) properties of tungsten-bronze　layered structures　of

（ＫＬＮfilm)/(substrate) and (Pb,KNbsO,s (PKN))/(substrate)

combina七ions have been calculated. The maximum ａ七七ainable

value of the　1st peak for the electro-mechanical coupling

factor△v/v is 0.045 at KH (wave number times　film thick-

ness) = 0.9　ｉｎ七he case　of the layered ｓｔｒμctureof

(PKN)/(sapphire).　This　value　is abou七七wice as large　as

that of Y-cut, Z-prop・, LiNbO, ．　The preliminary experi-

ment on SAW proper七ies　of the layered ｓ七ructure of (KLN)/

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

film has been successfully observed.　The above resul七ｓ

　　　　　　　　　　　　　　　　　　　一iv-
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suggest the poten七ial usefulness of the　layered structures

of (KLN)/(substrate) and (PKN)/(substra七ｅ)・combina七ions

for SAW applications.
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CHAPTER I　INTRODUCTION

　　　　　　Sixtyyears have elapsed　since Valasek's　discovery of

the peculiar dielectric phenomenon, knovm today under the name

of ferroelectricity, of　Rochelle Ｓａ１七in 1921［１１．　After七his

discovery, it　intrigued and stimu:Lated ａ grea七deal of research.

工ｎabout 1935, a new series of　ferroelectric　crystals, po七assium

dihydrogen phosphate (KDP) and related isomorphous compounds,

was produced by Busch and Scherrer［２］in Zurich.　Prior to ａｂｏｕ七

1940 only two types of ferroelectrics were known, RS and some

closely related 七artrates, and KDP and　its　isomorphs　described

above.　The anomalous　dielectric proper七ies of ａ new ferro-

electrics, barium titanate (BaTiO,), were discovered on ceramic

specimens　independen七１ｙ by Wainer and　Salomon［３］in 1942, by

Ogawa［４］in 1944, and by Ｗｕ１［５］in1945.　The ferroelec七ric

ａｃ七ｉｖｉ七ｙof this BaTiO,　was reported independen七１ｙ by Von Hippel

and co-workers［６］in 1944　and by Ｗｕ１［７］in1946.　After七his

discovery of BaTiO, ９　BaTiO,　and similar structures have turned

ｏｕ七七〇be the ｍｏｓ七useful and ｉｎ七eres七ing ferroelectrics.

So　far ａ large number of ferroelec七ric materials have been

grown and have　ａ七七racted　considerable　interest in their appli-

ｃａ七ions　to prac七ical uses.　Total number of ferroelectrics

discovered from 1921 七ill about June, 1978 are about　１５０（ｉｎ－

eluding only pure compounds.)［８］。

　　　　　　Amongvarious　ferroelec七ric ｍａ七erials, a number of ferro-

elec七ric niobates having tetragonal or rela七ed orthorhombic

tungs ten-bronze structure have　especially ａ七七ｒａｃ七edmuch ａｔ一

七ｅｎ七ionfor elec七ｒｏ－ｏｐ七ic,nonlinear ｏｐ七ic,bulk wave and

surface acous七ic wave (SAW) applications.　The　七erm　”tungsten-

bronze”derives　from the metalic potassium tungs七en oxide,

－1－



Ｋχwo, (x゜0.5),　which was　first　found by Magneli[９１．

The tungsten-bronze structure ｉｓ characterized by ａ framework

of BOe　octahedra sharing the corners with each　other, and is

represented by general chemical　ｆｏｒｍｕｌａ(ＡＩ)２(Ａ２)４Ｃ４(ＢＩ)２(Ｂ２)8030

corresponding to the ｃｏｎ七ents of ａ ｕｎｉ七cell with an approximate

dimension of 12.5 X:L2.5×４．０
ａ．

　　　　　Ｔｈｅ七ｕｎｇ‘ｓ七en―bronzeferroelectrics,　ＰｂｓＮｂｌｏＯ３ｏ°PbNbjO.

was　firs七discovered by Ｇｏｏｄｍａｎ[１０]in1953.　Howeverヽ, it was

not until　1958 that Francombe and Lewis[１１]realized that it had

the same　structure as K WO,°　After the　discovery of PbNbjO.　ａ

great deal of work on related materials　七〇〇ｋ place for appli一

cations.in the quantum elec七ronics　field at a number of labora-

tories七hroughou七the world.　　工ｎ 1967, a七工BM and at Bell

Telephone Laboratories, a new group of tungs七en-bronze ferro-

electrics were discovered and extensively investigated.　These

are the alkali　alkaline-earth niobatesタ　such as Ｓｒ２ＫＮｂ５０１５[１２－

13],　Ba2NaNb50115[12,14],　Ｂａ２ＫＮｂ５０１５[12],　Sｒ２ＮａＮｂ５０１５[１５]ｙ

Ｋ３Ｌｉ２Ｎｂ５０１５[16-17]，ＫＮｂ０３－ＰｂＮｂ２０６[１５],K(Sr-Ba),NbsO,5[15],

Ｋ(Ｂａ－Ｐｂ)２ＮｂｓＯ１５[１５]andＫ(Ｓｒ－Ｐｂ)２Ｎｂ５０１５[１５]．

　　　　　Ｋ３Ｌｉ２Ｎｂ５０１５(ＫＬＮ)ｉｓa typical　compound ferroelectric

ｍａ七erial　of completely filled tungsten-bronze structure and

belongs　ｔｏａ七etragonal　crystallographic　system with ａ point

group symmetry of ４ｍｍ[18].　Ferroelectricity in crystals grown

from K.LizNbsOis　composition was reported by Van Uiter七et a1.

１ｎ　1967[17].　:I:ｔ is well known that the KLN is one of the ｍｏｓ七

interesting materials　for various applications because　of the

excellent　electro-optic, nonlinear optic and piezoelectric

properties[１６－２１１．　However, it　is　very difficul七to obtain

high-quality large-size single crystals because the KLN is not

congruently melting composi七ion.　An approach for the solution

of this problem is to grow epitaxial films of this　crystal[２２１。

　　　　　　　　　　　　　　　　　　　　　　　　　　－２－
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　　　　　Inthis　thesis, growth and properties of tungsten-bronze

ferroelectric　crys七als and films are studied and discussed in

detail　from an appllcational　point of view.　The firs七four

chapters (Chap七s. 2-5) describe　tungs七en-bronze bulk crys七als

and the second four chapters (Chapts. 6-9) presen七七hin films.

The　thesis is organized ｉｎ七〇thefollwing chapters：　　工ｎChapter

　2,experimental results　of crystal growth, and dielectric and

ferroelec七ric proper七ies of KLN are　described.　Chap七er ３　Ｃｏｎ一

七ains　the measured results of all　the elas七ic. piezoelectric and

dielectric constants　as well　as　their temperature coefficients.

工ｎChap七er 4, elec七rlcal　and optical proper七ies of Na-modified

KLN are studied and presented.　Chapter ５ is　concerned with

studies of the　ferroelectric and elastic properties of ａ

KzBiNbsOj ｓ　crystal.　Further the photo-elastic properties are

measured by the Dixon-Cohen method for applica七ion to an acousto

optic　device.･　　InChap七er 6, epitaxial growth of KLN single-

crystal　films on KBN substrates　by the EGM technique are

inves七ｉｇａ七ed.　工ｎChapters ７ and 8, the epitaxial growth of KLN

single-crystal　films on KBN and sapphire subs七rates by an rf

Ｓｐｕ七七eringtechnique, respectively, are described and applied

七〇the purpose of fabricating ｏｐ七icalwaveguides.　Chapter ｇ　is

concerned with calculated SAW characteristics of tungsten-

bronze layered structures of（ＫＬＮfilm)/(substrate) and

(PKN)/(substrate) combinations.工ｎ addi七ion, preliminary

experimen七〇ｎ 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．

－3－
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CHAPTER 2　GROWTH OF POTASSIUM LITHIUM NIOBATE（KLN）

　　　　CRYSTALS

２．１　　工ＮＴＲＯＤＵＣＴ工ON

　　　　　Among　various ferroelectric materials, a number of ferro-

elec七ric nioba七es having七etragonal or related orthorhombic

七ungsten-bronze　structures with general　chemical formula

（Ａ１）２（Ａ２）４Ｃ４（ＢＩ）２（Ｂ２）８０３，ｈａｖｅattrac七ed much ａ七七ｅｎ七ion for

elec七ro-optic, nonlinear-optic, bulk wave and surface acoustic

wave (SAW) applications。

　　　　　Ａ Ｋ３Ｌｉ２Ｎｂｓｏｌｓ（ＫＬＮ）ｉｓ　tetragonal with ａ poin七group 4mm

and　is　a typical　compound of completely filled 七ungs七en-bronze

ferroelectrics［１］。　　工七is well knovm that these　filled tungsten-

bronze compounds have ａ high ｓ七ability to intense　laser radi-

at ion［１，２１．　So　far, crystal grow七ｈ of KLN have been success-

fully　ａ七七empted by various people　for several　different

purposes：　　those are Bonner et ａ１．［3], Van Uitert et ａ１．［１，２］

and Nagai　et al.［４］for elec七ro-optic and nonlinear-optic

applications, Fukuda［5], Scott et al.［６］ａｎｄ工keda et al.［７］

for ｄｅ七ailed phase equilibrium studies。Abrahams　et al.［８］for

inves七igation of crystal　struc七ure, and finally Uematsu et al.

［９］and Adachi　et al. [10］for acoustic applications。

　　　　　工ｎ this chapter, experimental resul七ｓ of crys七al growth,

dielec七ric and ferroelectric properties of KLN are described.

－７－
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2.２　　CRYSTAL GROWTH

2.2.1　　Crystal　structure of KjLi^NbsOjs

　　　　　The tungsten-bronze structure was ．first found by Magneli

111 KχＷ０３[ｎ].　ｴ七is　characterized by ａ framework of BOgOctahedra

(Ｂ＝Ｎｂ　inKLN) sharing七he corners ｗｉ七ｈeach other, and is rep-

resented by general chemical　ｆｏｒｍｕｌａ(Ａ１)２(Ａ２)４Ｃ４(Ｂ１)２(Ｂ２)ｅ０３，

●
corresponding七〇the contents of ａ unit cell with an approximate

dimension of 12.5 × 12.5×４．０Ｘ．　Ａ represen七ａ七ion ｏｆ七he over-

all structure　is given ｉｎ･Fig.　2.1, showing the　ｉｎ七errelation-

ships　of " 1 ≫ "2 ≫ "It Bj　and Ｃ sites.　工n this　figure, the square

A,　site　is　１２ coordinated, the ｐｅｎ七agonal Ａ２　site　is　１５coordi-

ｎａ七ed, both B sites are ６ coordina七ed, and七he triangular Ｃ

site　is　ｇ coordina七ed.

　　　　　KjLijNbsO.5　has　七ｅ七ragonal tungs七en-bronze structure with

ａ 4mm point group.　　Ａ１１　the A,　and Ａ２　ｓｉ七es　are　filled with Ｋ，

and all　the Ｃ ｓｉ七es　are filled with Li.　This was　the　first

material repor七ed as　having ａ completely filled tetragonal

七ungsten-bronze　structure[２，８１．

2.2.2　　Phase Equilibrium in KjO-LijO-NbjO,　System

　　　　　Detailed phase equilibrium study of the K^O-LijO-NbjOs

ternary system was　carried out by Ｓｃｏ七七ｅ七ａ１．［6], and by

工keda　et al.［7], independently.　　Ｓｃｏ七七ｅ七al. found

ｔｈｅ七ungs七en-bronze type phase　in 七he Nb-rich region where

七he Nb.O, concentration is higher than 0.51, and concluded ’

that　the tungs七en-bronze phase　does not occur with completely

filled alkali　cation ｓｉ七es　ａ七七he composi七ion Ｋ３Ｌｉ２Ｎｂ５０１ｓ。

　　　　　　　　　　　　　　　　　　　　　　　　　　　－９－
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The diagram of the Kz.O-LizO-NbzOs　ternary system determined by

Scott ｅ七al. is shown in Fig.　2.2, where the hatched area shows

七he　field of tungs七en-bronze type solid solution and several

tie lines .in the field are　indicated by lines connecting

the small　solid circles.　０ｎ the other hand,工keda et al. found

ａ wider 七ungs ten-bronze type area spreading toward 七he Nb-richer

side than the range studied by Ｓｃｏ七七ｅ七al., and also showed

ｔｈａ七七hesingle phase region can be divided ｉｎ七〇　threeparts,工，

工工ａｎｄ工工工　as　shownin Fig.　2.3.　The phases　工　ａｎｄ:I::Ｅare

similar七〇 the result shown by Ｓｃｏ七七ｅ七al.,except ａ little

deviation.　Crystals　ｉｎ七he phase 工are ferroelectric and

the Curie temperature shif七ｓ　from ５４０to 326 °C as the NbzOs

concen七ration changes　from ０.51　to 0.55.　Crystals　in the phase

ｴ:[, with the Nb,OsConcen七ｒａ七ion changing from 0.55 to 0.63, have

pseudo一七etragonal structure and are ｎｏ七　ferroelectric.

The phase　工工工　is　loca七edin the area where the concen七ration of

Ｋ２０is ０.17～0.28 and that of NbzOjis 0.63～0.73。

　　　　　　工nthis　study, potassium　lithium niobate crystals　in

the phase　工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 ％Ｎｂ２０ｓ．

2.2.3　　Sample Preparation

　　　　　　Singlecrystals of K,Li,NbsOis　were grovm by rf-heating

Czochralski　technique　from ａ melt by using ＫＯＫＵＳＡ工DENK工　type

DP-500FM crystal pulling equipment.　The starting materials

were　K,CO,, LijCOa　of reagen七grade, and NbzOj　of 99.9 % purity.

These　oxides were mixed in nonstoichiometric proportion with

potassium and lithium enriched　composition, 35 mole % K,COj。

　　　　　　　　　　　　　　　　　　　　　　　　　　　-11-
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17.3 mole ％Ｌｉ２０　and 47.7 mole ％Ｎｂ２０５．　Themixture was placed

in ａ１５０ml　ｐｌａ七inumcrucible　and ｍｅ１七edby rf-heating･

Ａ drawing ｏｆ七he　crystal pulling equipmen七employed in 七his

work is　shown in Fig.　2.4.　Both KLN and Ｋ２ＢｉＮｂ５０１５（ＫＢＮ：　　see

Chapter 5 for this material) crys七als were used as　seeds

because the crys七al　ｓ七ｒｕｃ七ures　ofKLN and KBN are both of

七he　七ungs七en-bronze type as　shown in Fig.　２．５and ｍｅ１七ing

七empera七ure of KBN is higher by about 250　ｏＣ七ｈａｎ七ｈａ七〇ｆKLN.

The KBN crystal　is orthorhombic　on the ｃｏｎ七rary七〇　七ｅ七ragonal

in KLN.　The coordinate systems (x,y,z) for KLN and (x',y',z')

for KBN are　compared　in Fig. 2.5 in relation七〇　the crystallo-

graphic　axes　ａ１，ａ２　andｃ。

　　　　　　Optimumgrowth 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

七aking place during the crystal growth.

２．３　　EXPER工MENTAL PROCEDURES FOR ＥＶＡＬＵＡＴ工ONOF KLN CRYSTALS

　　　　　Analy七ical　determination　for the potassium, lithium and

niobium in the crystals was done by chemical　analysis.　X-ray

diffrac七ion measurements were performed by means of ａ dif-

frac七〇meter (TOSH工BA ADX-102) using CuKa radia七ion.　Ｌａ七七ice

cons七ants were calcula七ed using reflection peaks　in the ２０＝２０

to ６００　range. The dielectric　constants e：ｊｌ;　and　ｃ７３　were

measured at　１００KHz by using YHP type 4332A LCR meter.

-13-
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２．４　　RESULTS AND Ｄ工scuss工ON

　　　　　Single crystals of KLN could be grown with excess K2CO3

and Li,C03　by rf-heating Czochralski method.　工七has been

experienced that while the rate of crys七allization along the ｃ

axis　is much less than those along any other attempted　di-

rections, great difficul七ｙ is often encoun七ered　in obtaining

large crys七als　in this pulling direc七ion, 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 crys七al grow七ｈ.　The crys七als ｏｂ七ained

are elonga七ed in the　ｌａ七eral　direc七ion along the［ｉ１０］axis and

are generally prisma七ic ｗi七h clearly defined faces, (001) and

(110).　Pale-yellow sing:Le 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 NbjOj, 3.2 wt% of LijO and 18.8 wt% of K,0,

which corresponded to ａ molar ratio of 33.4 Ｋ２０ 17.8 LizO and

48.8 NbjOj ．　Taking accou�Ｆ of the Curie tempera七ure (405
ｏＣ）

and the ｌａ七七ice constants of七his crys七a1，七he composition was

determined as K2.8 9Lil.5sNbs.iiOi5・

　　　　　Figure ２．６ shows the profile of X-ray powder diffraction

ｐａ七七erns.　The lattice ｃｏｎｓ七ants ａ and ｃ of KLN crys七ａ１

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　○obtained by χ-ray diffraction measurement were 12.58 and 4.01 Ａ，

respectively.　These values　are　in good agreemen七with Bonner's

data［３］・

　　　　　Ｔｈｅ七emperature dependences of dielectric　cons七ants at

１００ KHz are shovm in Fig. 2.7.　The dielec七ric cons七ants ｃこ／ｃ，

and ｃ
ｊｌｌ／Ｅｏａｔｒｏｏｍ

temperature were ３０６ and 115, respectively･

The constant e
ｊｌ;　shows

ａ marked anomaly ａ七the transition point

of ４０５ °c. On the other hand,　the dielectric constan七cjl;　does

　　　　　　　　　　　　　　　　　　　　　　　　－15－
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Fig. 2.8 Reflected microscopic photographs

　of
(a) negative sense pi ane （-ｃ surface),

　and
(b) positive sense pi ane （＋ｃsurface)

　of the　KLN crystal ｡

Tabl e　2’I　Fundamental　properti es　of　KLN　and　KBN ｡

-

一一 -

Symmetry

Lattice constant

Ｃぼie temperature

Dielectric constant

-

Spontaneous polarization

　　　　　K.LN

(Ki.ssLii.jjNbj.iiOis)

　　　Tetragonal

　　　ａ　=　＼ｌ､58Å

　　　c=4.01Å

　　　　　405°C

　　　£r,/£o= 306

　　　４３/Ｅｏ＝H5

　　　0.25 C/m^

－16－

　　　　　　KBN

(K,.,3Bi。｡siNb,。tO,,)

Orthorhombic

(Pseudo-tetragona I)

α= 17.85Å

e=7.84Å

　360°Ｃ

εΓ,/eo=430

ej3/≪o= 5OO

　　　－



not show any　anomaly　but decreases gradually with increasing

七emperature 。

　　　　　　Thecrystals were poled by the　field-cooling ｍｅ七hodunder

ａ DC field of about 300 V/cm along the c-axis.　Ａ spontaneous

polarization in the　七etragonal　tunes七en-bronze type KLN is

parallel　to either +c or －ｃ　axisdirec七ion.　Poling completeness

was confirmed by chemical　etching.　Ａ mixed solu七ion, lHF：lHNOa

was used as an etchant, in which KLN crystals were boiled for

ａ　few minu七es.　The etched ｐａ七七emswere observed as shown in

Fig.　２．８by using ａ reflection ｏｐ七icalmicroscope.　As shown in

Fig.　2.8, the negative side of (001) plane was etched ｆａｓ七ｅ『

七han the positive side and on which square ｅ七chedｐａ七七ernswere

observed.　On the other hand,七he positive side was only

sligh七１ｙetched。

　　　　　　Fundamentalproperties　of the present KLN crystals ａ七

room temperature in Table ２-ｴ, are　to be compared to　七hose of

KBN.

2.5　　SUMMARY

　　　　　　Crystalsof KLN were grown by the Czochralski method from

ａ melt using ａ KLN or KBN crys七al as　the seed.　Since the vapor

pressure of Ｋ２０and Li,0 is high ａ七七he melting point of KLN,

the starting composition with excess Ｋ２０and Li^O was mainly

used, which was necessary 七〇〇btain crys七als of good quality･

Pale-yellow single crystals up　七〇abou七８－１０mm in diameter and

３０ mm　in length were obtained. The composition of grown-crystals

was analyzed as K2.89Lil.5 5Nb5.l,O,5.

　　　　　　χ-ray,dielec七ric and chemical　etching measurements were

carried out in order 七〇　inves七igate crystallographic　and

　　　　　　　　　　　　　　　　　　　　　　　　　　　-17-



ferroelectric properties of KLN.　From the measured results of

the above proper七ies, the ｌａ七七ice　cons七ants ａ and ｃ　were
　　　　　　　　　　　　　　　　　　　　　　　　　　　ｏ

determined as　12.58 and 4.01 A, respec七ively, and the　dielectric

cons七ants ｃ;１１／ＥｏａｎｄＥ３?;／Ｅ：ｏ　atroom 七emperature were ３０６and

115, respectively.　The constan七ｃ３｢ｌ;　shows ａ marked anomaly

at the七ransition point of ４０５０Ｃ．On the other hand,七he　ｃλ

does　not show any anomaly, bu七decreases gradually ｗｉ七ｈ

increasing temperature.

　　　　　　TheKLN crys七al　is ａ suitable material　for applications

to the electro-optic, nonlinear-optic, bulk wave and SAW

devices.　However ｉ七has been very difficul七七〇 〇btain large-

size　single crystals of KLN because the KLN is not congruen七１ｙ

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

　　　　　　　POTASSIUMLITHIUM NIOBATE CRYSTALS

３．１　　工ＮＴＲＯＤＵＣＴ工ON

　　　　　　　Potassiumlithium niobate (KLN) is ａ ferroelectric

　material with ａ Curie七emperature of ４０５
ｏＣ［１］．　　工七has　ａ

　七etragonal　tungsten-bronze　ｓ七ructure and belongs　七〇 the point

　group　4mm ａ七ｒｏｏｍ七emperature［２１．

　　　　　　　Forａ complete understanding of ｄｅ七ailed piezoelec七ric

　behavior, especially for bulk or surface acous七ic wave (SAW)

　resona七〇ｒ and filter designs, a knowledge of temperature

　behavior of the　elas七ic, piezoelec七ric and dielec七ric constants

’ｉｓ　ａnecessary adJune七七〇　their ｒｏｏｍ一七empera七ure　evalution.

　Uema七su and Koide［３］have repor七ed some of the piezoelectric

　and　elas七ic properties of KLN.　They have shown that KLN has ａ

　large　electro-mechanical coupling ｆａｃ七〇ｒｋｔ°　However,七he

　mechanical or acous七ical proper七ies　of this crystal have　not

　been repor七ed in ｄｅ七ailyet.

　　　　　　　工nthis chap七er, the measured resul七ｓ of all　the elastic,

　piezoelectric　and dielec七ric　cons七ants　as well　as　their

　七emperature coefficien七ｓ　are described.　Furthermore, SAW

　characteris七ics of KLN are also　described.

3.２　　PROCEDURES FOR DETERMINING ELASTIC AND Ｐ工EZOELECTR工Ｃ

　　　　　　CONSTANTS

　　　　　Thecrys七ａ１KLN is ａ tetragonal ｍａ七erial　at room　temper-

ature　and belongs 七〇the point group ４ｍｍ［２１．　Crystalsin class

　　　　　　　　　　　　　　　　　　　　　　　　　　-21-



Table 3“I　Elasto-piezo‘dielectricmatrix for crystals
l　belonging to the point group 4mm.
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Fig.　3.2　The　systemfor measuring

　the resonant and antiresonant
　frequencies.

　　　　　　　　　　　　　　KLNcoordinate
　　　　　　　　　　　　　　system

Fig. 3.1　Shapes and orientations of specimens.　The shaded

ortions indicate the electrode with 901d thin films･
a) [100］bar, (b)［110］bar, (c) square ｚl-pi ate. （d）yl-

plate, (e) [001】bar and (f) z'-plate in the χ･ y･ ｚ･

coordinates.
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4mm have six elastic, three piezoelectric, and two dielectric

independent elemen七ｓ　in its　elasto-piezoelectric-dielectric

matrix as　shown in Table　３－エ。

　　　　　　Thecrys七als were poled by the　field-cooling method under

ａ DC　field of abou七３００ V/cm along the c-axis.　The specimens

were･ｃｕ七from the crystals　so as　to take the shapes and

orienta七ions　shown in Fig.　3.1, and were polished ｗｉｔｈ#３０００

alumina lapping powder。

　　　　　　工nthe measurements, x≒　y', z' coordina七es 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. ｌｎ七he

following, constants with prime and without prime are used 七〇

specify the reference axes;　for example, s' is　the　elas七ic

compliance refered 七〇七he x' y' z' coordinate system。

　　　　　　Thesystem for measuring　the resonant and antiresonant

ｆｌ｀ｅｑ゛ｅｌｌｃｉｅｓ（ｆＲand ｆＡ）is shov゜　in Ｆｉｇ°3.2.　To minimize

the stray capacitance parallel　to the sample, the　input and

output circuits were shielded。

　　　　　　Theprocedures　for determining elastic　and piezoelectric

constants　are the same as those　described by Berlincourt and

Jaffe［４］in the case of tetragonal BaTiOj　．　Ａ１１ values of

elastic　constants (s'), piezoelectric　constants (d') and

coupling factors (k' ) were determined, as mentioned below, by

measuring ｆＲ or ｆＡ of various ７ｙｃｉｍｅｎｓshown in Ｆｉｇ°３°１°

　　　　　　Theelastic compliance　ｓ ｌ1 was obtained from ｆＲ of the bar

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

(specimen (a)), using the relation

　　Ｅ

Ｓ１１ ＝1/（4pfj･ぴ）， (3-1)

where p is the density, 4.２６×１０３Kg/m' ， and　Ｚ is the length ・

　　　　　　　　　　　　　　　　　　－２３－



The elastic compliance　ｓｌ‘ｉ　wasobtained from 七he Sll

mentioned above andf ｏｆ七he square z'-pla七e (specimen (c))

The　frequency constan七{f I) for the　extensional　"breathing”

mode of the square plate　is given by Ekstein［５］as

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Ｅ’

fR2ぴ
一

一 )･].(３-２)

　　　　Toｏｂ七ainthe shear compliance ｓぷ５　,the elastic

compliance ｓ汽 was　determined ｆｒｏｍｆＲof the bar oriented with

length along ｔｈｅ［１１０］direc七ion(specimen (b)).　The equa七ion

for this case　is

１

－２

凡―
一
２

１

where ｓ凡゜1/（４ｐｆＲ吋２）

Ｅ

(3-3)

(３-４)

On the other hand, the shear compliance ｓぷ　was　determined

from the antiresonan七frequency ｆＡof the y'-pla七ｅｗｉ七ｈ七hick-

ness　along　the y' axis (specimen (d)), using the relation

ｓぎ　゛1/（４ｐｆＡ２ｄ２）’ (3-5)

where ｄ is the thickness　of the plate.

　　　　　Forthe specimens　(c) and (e) vibrating in piezoelec七ri-

cally ｓ七iffened mode, the elec七ric　field is parallel　to the

direc七ion of the elas七ic wave ｍｏ七ion.　The　ｅ:Ｌａｓ七ic　ｓ七iffness

・ぶj and the elas七ic compliance ｓ
Ｊ:ｌｓ゛　are　determined　from

the

antiresonan七frequencies of the 2'-plate and ｔｈｅ［００１］barshown

in Figs.　3.1(c) and (e), respectively.　However it is ｎｏ七　easy

to measure the　ｆＡ　accurately because of the spurious response

due　to mode couplings　in the case of the specimen (c) and also

　　　　　　　　　　　　　　　　　　　　　　　－２４－

旛



・

because of the very small value of clamped capacitance　in

七he　case of specimen (e).　Therefore,七heir ａｎ七iresonant

frequencies and coupling ｆａｃ七〇rsｋ　' and　k,', ，七〇〇btain七he

constan七ｓ ｃ!Ｒｓ’and ｓ只, were determined from the measurement

of fundamental　and higher harmonic　resonant frequencies by

the overtone ｍｅ七hodof Onoe, Tiers七en and Meitzler［６１．　Onoe

et al. found that each resonan七　frequency of the　fundamental and

higher harmonic modes　is given as　the solution of the　following

equa七ｉｏｎ:

tan ｘ ＝ｘ／ｋ２

ｘ＝ωd/2v,

(３-6)

(３-７)

where χ is　七henormalized frequency, k is　the　coupling factor,

ω　is　theangular frequency, d is　the thickness and ｖ is the

phase velocity of the elastic wave.　As　is　eviden七from

the　above equa七ion (3-6), the ｒａ七ioof the higher harmonic

resonan七frequency to七he fundamen七al one　is only dependent on

the　coupling factor ｋ．　Table　３－エエ　is　therela七ion between

the coupling factor ｋ and the ｒａ七ioof the higher harmonic

resonant frequency to the fundamen七al one deduced from

七he equation (3-6) given by ｏｎｏｅ［７］．　Toobtain the value of

the　elastic　stiffness coefficien七心≒the　coupling cons七ａｎ七

ｋ七’ｏｆthe specimen (c)　was　first determined from the ratio of

the measured higher harmonic　frequencies　七〇the　fundamental　one

by using the Table ３－エエ．　Theantiresonant frequency ｆ　and

七he　elastic　stiffness　coefficient c只were七hen ｏｂ七ａ乱ｅｄ

from　ｋ七 a゙nd the　fundamental resonant frequency, using

the rela七ion

－25－



Table 3-II　The relation between the coupli ng factor k
　and the ratio of the higher harmonic resonant frequencies
to the fundamental one. (after Ref. [7].)
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The coupling factor '^
33　and

the　elastic　compliance ｓ３‘;　ofthe

specimen (e) were also determined in ａ similar way to the pro-

cedure described above in the case ｏｆ七he　specimen (c), using

七he rela七ionship

kl,^

･^ 1
　２

５

一

一

-

-

7rｆＲ

-
２ｆＡ

7ｉｆ

Ｒ

-

２ｆ

Ａ

cot(

ｃｏｔ（

），

）．

(3-10)

(3-11)

(3-12)

(3-13)

(3-14)

－27－

ｓぐ3　゛ 1/４ｐｆＡ２ぴ

ｌｉｆ

Ｒ

２ｆ

Ａ

　　　　The coupling factor ｋＳｌ was obtained from the resonant

and ａｎ七iresonan七frequencies of the ［１００］bar (specimen (a)) by

using the relation

ｲ宍ｷ＝ﾐｔａｎ(奇)，

where　△ｆ°ｆＡ‾ｆＲ･

　　　　　Theshear coupling　factor ｋχｓwas obtained from

the resonant and antiresonant frequencies of the y'-plate

(specimen (d)) by using the relationship

IＴｆＲ

-

2ｆ

Ａ

　　　　　　Theconstant-field compliances ｓ７３　　andｓＪ≒, and stiff-

ness　・ｙ,’ｗｅｒｅdetermined from ｓｌ）;，ｓＲ’and Cj, , respectively,

as



　　Ｅ゛

S 1･ t･
一

一

ｃｙ＝（１－ｋぐ）c3［t，

(3-15)

(3-16)

Ｄ'
The cons七ant-charge densi七ｙ compliances　ｓ乙　and ｓＦ２ were

obtained from ｓａ　and Sl2　by the relations：

(3-17)

(3-18)

The　value of Ci,
^　is
given by parallel　field excitation measure-

ment［８］on　z'-plate of the specimen (f) wi七h the applied field

along the ｘ゛axis, using the rela七ion

ｃこ　＝4pfJ d2， (3-１９)

which serves as ａ check for reliability in the measurements

made by the　shear mode excita七ion.　The piezoelectric　constan七ｓ

(d') were ｄｅ七erminedfrom the respective coupling constants,

compliances　and permi七七ivities　as

g'3 = kj3 (S33 ／ｅ;３）

削５＝ｋ１５（ｓこ

ｄｈ＝ｅ３｢Ｉ;

ｄ
３３

一

一

　　Ｔ

Ｃ３３

ｇ
　
　
　
　
ｇ

１

３

/ぷ

(3-２０)

(３-21)

(３-２２)

(3-23)

(３-２４)

－２８－
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di5 = El, gis (3-25)

Ａ１１values　in the ｓ’ matrix except　ｓｈ were thus　determined..

The value of ｓ１３　was　calculated　from the s'　matrix and already

determined ｃｈ　as　follows ：

　　，２　＿(ＳＩ'１十Si2MC33S33~　１)
Ｓ１３　－

２Ｃ３'３　　　　　　　'
(3-26)

　　　　　　Thedielectric　constants　ｃ ３‘;　and　ｃｌ‘ｌ　were measured ａ七

１００KHz by using YHP 七ype 4332A LCR ｍｅ七er or １ KHz by using

MEGURO DENPA ＳＯＫＫ工universal Bridge。

　　　　　　The　elas七ic, piezoelec七ric and dielectric　cons七ａｎ七ｓ

withou七primes　in the xyz coordina七es　are calcula七ed　from七hose

referred to the x' y' z' coordina七ｅ system through the

following relations.

ｓｌ･１　=s,.

，‾妙　＋

Ｓ１２ ’－ Ｓ２１　１

S33　－ Ｓ１３　９

乙

２ 千

＋

-

ＳＩ･ｔ．･= Sss　° Ｓ;≒　９

Ｓ６６　゛ ２（Ｓｈ　－ Ｓ１２　），

ｄ３１　゛ ｄ;１　．　ｄ３３　° ｄ;３･ｙ　d,5

ε

１１

一

一 Ｅ１１　and ｃ３３　 ｃ゙;３

９
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３．３　　RESULTS

　　　　　　Ａ１１the piezoelectric, elastic and dielectric (See：　Chapt.

2) constants of KLN determined above are　listed　in Table ３－エエエ．

The　coupling factors ｋ１５゛ｋ３１゛ｋ３３　andk are

　　　　　k.s　°0.34タ　ｋ３１　０゙.18タ

ｋ３３　°Ｏ°５２and ｋｔ゛○゜５３

　　　　　　　　　　　　　　　　atroom temperature.

　It is worthwhile to note that KLN crystal has considerably large

elec七romechanical　coupling for shear mode.　For example, the

　coupling factor ｋ１５　is　larger than the value of 0.21　for ｘ cut

　and　Ｏ°２４for ｙ cut in ＢりＮ［９］タ　whileｋ３３　and k are　somewhat

　smaller than those for BNN.

　　　　　　The temperature　dependences of the　elastic compliances,

　the piezoelectric constants　and the coupling factors　are shovm

　in Figs. 3.3, .4 and .5 from room temperature to about 120　ｏＣ・

　Temperature dependences　of the elastic　compliances are　fairly

　small.　The　elas七ic compliances　ｓ ｌＥ１　，ｓ
ｙ２　and

ｓｊ６　increase with

　increasing temperature, but s
ｊｌｓ　，
ｓ３Ｅｉｓ　andｓこ　decrease

　monotonically.　Piezoelectric constants ｄ３１　and ｄ３３　,and

　the　coupling factors ｋ３１　and ｋ３３　is　little temperature

　dependent, but di ５　and k. ｓ　decrease gradually with increasing

　temperature.　Temperature coefficients of these　constan七ｓ

　are given in Table 3-ｴV, where　it is noticed the values Ｔｓｙ

　Ts ^ ^ and ･IS. s　are fairly small.

－30－
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Table 3-III　Physical　constants　of KLN.
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Table 3-IV Temperature
　of electro-acoustical

coeffi ci ents

constants i n

KLN at room temperature.

ｊ･)１１

厨

2

戻
3

M
3

戻４

Ｍ

６

珂

1

珂

3

　1.6×10-４/゜Ｃ

-3.4

　5.6

-0.98

－1.2

　0.075

－20×10-４/゜C

　9.4

Td,,

7V/,,

71/33

ｎ15

ｎ31

7-^33

Tk,

-33-

nonlinear

　8.5×10-*/゜C

　2.3

nonlinear

　3.0×10゛４/゜Ｃ

-1.5

-4.4



３．４　　DISCUSSION

　　　　　　]：nthe usual proper ferroelectrics, the temperature

dependences of piezoelec七ric constants and mechanical　coupling

factors　are often explained by the　electrostric七ive　argument.

Namely, it　is　assumed that the piezoelectric　effect in the

ferroelectric phase　is　dueｔｏ七he　electrostric七ive　effect in

the　paraelectric phase biased by the　spontaneous polarization.

Then we have

ｄ３１ ° ２Ｑ１
２Ｐｓｅ°（ｅｊ３／ｅｏ

ｄ３
３ °
２Ｑ１
>V"

（ｅｙ３／ｅｏ

-

-

１），

１)，

and　dis = 2Q≒≒PgEo (eii/eo

(3-３０)

(3-31)

-
１)， (３-32)

where Q11　. Ql2　and Ｑい　are the　electrostrictive constants　in

七he　paraelec七ric phase.　Using七he value of 0.25 Ｃ／ｍ２［１０］for

the　spon七aneous polarization Ｐｓ゛the　electrostric七ive　constants

were determined as　Ｑ１１　=0.11 ｍ｀／Ｃ２　.Ql2　＝－０.０２７ｍ｀／Ｃ２　and

ｉＱい，＝０.０４８ｍ｀／Ｃ２　ａ七roomtemperature.　These values　can be

presumed七〇 be nearly constan七　in the measured 七emperature

range.　They are　comparable to those measured for ｏ七her oxygen

octahedra ferroelectrics［1,11,12] .　Experimen七ally, the

piezoelec七ric　constants (d,,　and　ｄ３３　) and七he coupling factors

（ｋ３１　and ｋ３３　)are almos七constan七agains七七emperature　from

room temperature to about 120 °C,　while　ｄ１５　andｋ１５　decrease

gradually ｗｉ七ｈincreasing tempera七ure.　These temperature

characteristics　are caused by 七he temperature　dependence　of

dielectric　constants.

　　　　　　工ｎrecen七years, in七ensive　efforts have been made by many

　　　　　　　　　　　　　　　　　　　　　　　　　　　　－３４－

-



people to search for high piezoelectric coupling and temperature

compensa七ed SAW materials［13-16] .　Among various ｍａ七erials　thus

ｆｏｕｎｄ七〇date, tungsten-bronze　ferroelectrics have ａ七七racted

much ａ七七ｅｎ七ionas promising Candida七es　ｆｏｒ七he　temperature-

stable and high piezoelectric　coupling SAW applica七ions。

　　　　　　Recen七ly,the SAW charac七eristics　of the presen七

K2.89Lil.5 5Nb5.1lOi5　have also been calcula七ｅｄ七heoretically by

Yamashita e七ａ１．［17], using the ｍａ七erial　constants　ｄｅ七ermined

by this　author as　thus described　ｉｎ七his　chap七er.　　They showed

ｔｈａ七七his material　can be tempera七ure-compensa七ed at　X-axis

cylinder ４５０　ｃｕ七．　　Figure　３．６shows　the SAW proper七ies　of KLN

calculated by them.　The values　of the power flow angle (PFA),

七empera七ure coefficient of time　delay (TCD), SAW coupling

ｆａｃ七〇ｒｋｓ２（゛２△v/v),　andSAW velocity ｖ obtained by them are

０．０ｄｅｇ・，０．０ppm/°C, 0.92 % and 3114 m/s ａ七七he X-axis

cylinder ４５ｏ cut, respec七ively｡

　　　　　　TheSAW charac七eristics of various SAW materials given by

Ｏ゛Connell［15], are shown compared with ｔｈａ七〇ｆKLN in Table

３－Ｖ．　Further, Fig.　３．７shows 七he TCD versus SAW coupling

factor rela七ion for various promising SAW materials.　As can be

seen　from this　figure, the KLN crystal　is one of the most useful

materials　for SAW applica七ions.

－35－
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Fig. 3.6　The variation
　of SAW velocity, TCD,
　and 2△v/v for χ- and
　z-aχis boule.χ- and
　z-cut piate. χ-aχis
　cylinder KLN. (after
　Ref.［17].］
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delay versus
electric coup
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ling for

various SAW materials.
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Table 3-V　Temperature compensated cuts of various materials.

Material Orientation

Euler angles

λ　　　μ　　　ｅ

TCD

ヤ

Power flow Slope of power

angleφ　　　flow angle　　△v/v

(ppnχ/゜Ｃ）　(deg.) （aφ/iSe)　（X10’2）

SAW

velocity

(Vsec)
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TljTaSe.,
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3.5　　SUMMARY

　　　　　　Ａ１１　the　elastic,piezoelectric　and dielectric　constants

were　determined in this chapter.　　The electromechanical coupling

ｆａｃ七〇rski5　゛ｋ３１　゛ｋ３３　and k are 0.34, 0‘18, 0°５２and 0.53,

respec七ively.　The tempera七ure coefficien七ｓ　of elastic

compliances　Ｔｓ３?ｉ　，Ｔｓこ　and
■■■"66　are

considerably small, sue-

ｇｅｓ七ing tha七the KLN crystal　is ｐｏ七ｅｎ七ially suitable　for

applications　七〇　electromechanical bulk transducers　in the thick-

ness　shear or longitudinal modes.

　　　　　　ForSAW applications, it　is　shown tha七the KLN crystal

also　possesses ａ z ero-temp erature coefficien七〇f time delay and

zero―elec七romechanical power flow angle at X-axis　cylinder ４５０

cut.　The values of ｋ ２　and ｖ were calculated by Yamashita et al
　　　　　　　　　　　　　　　　　　　ｓ

七〇be 0.92 % and 3114 m/s at this　cut, respectively.

Accordingly, i七　is　concluded七ｈａ七七he KLN crystal　is　one of

the most promising ｍａ七erials　for SAW applications.
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CHAPTER 4　ELECTRICAL AND OPTICAL PROPERTIES OF

　　　　Na-TOIFIED　POTASSIUM　LITHIUM　NIOBATE

４。１　　INTRODUCTION

　　　　　　工nterest　inthe quantum electronics　field has　led to many

studies of the optical proper七ies　of ａ ferroelectric　family ｗｉ七ｈ

the tungsten-bronze structure.　For materials to be useful　in

the quantum optical　elec七ronics　field and for the related

purposes with ａ laser：

　　　１）　goodquail七ｙ material must be growable　in reasonable sizes;

　　　２）　itmust not be susceptible to optically Induced inhomo-

　　　　　　　geneities(laserdamage) which is ａ very serious problem

　　　　　　　inLiNbO,;

　　　３）　ｉ七shouldhave reasonable coefficients so that excessive

　　　　　　　voltagesor intensities of laser are not required.

This　family with　”filled tungs七en-bronze structure”such as KLN

and BNN　, to ａ reasonable extent･, have all three of the properties

required for useful crystals.　Much informa七ion has been

accumulated on the tungsten-bronze type　ferroelec七ric materials.

Total　number of the ferroelectrics belonging to this　family

discovered till　1978 are about 104, including pure and complex

compounds.

　　　　　　工七iswell―known 七ｈａ七七heKLN crystal has ａ completely

filled tungsten-bronze ｓ七ructure and ｔｈａ七possesses useful

properties　for elec七ro-mechanical, electro-optic and nonlinear

optic applications, because　it　is remarkably stable to intense

laser　radiation［1-7].

　　　　　　工ｎ七hischapter, the crys七al growth, electrical and optical

：proper七ies of Na-modified KLN crys七als are　described。
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Table 4-I　starting　compositions　of KNLN.

－

●

Sample starting　compositions (mole　ｉ）

Ｋ２０ Na20 Li20 Nb2O5

KLN

KNLN-10

KNLN-20

KN】[iN-25

KNLN-30

３５．

３１．

２８

２６．

２４．

０

５

０

２

５

－４２－

３。

７

８

１０

５

．０

．８

５

17.3

17.3

17.3

17.3

17.3

47.7

47.7

47.7

47.7

47.7



４．２　　EXPER工MENTS AND RESULTS

4.2.1　　Crys七ａ１ Grow七ｈ

　　　　　The ｓ七arting compositions　are specified here by the value

of ｘ　in ａ ｆｏｒｍｕｌａＫ３(１－Ｘ)Ｎ３３ＸＬｉ
^Nb^O １５

(hereaf七er abbreviated

as KNLN excep七X = 0), which is　obtained from 七he replacement of

ａ ｐａｒ七〇f K by Na in Ｋ３Ｌｉ２ＮｂｓＯ１５(ＫＬＮ)．　The raw materials were

K2CO3, Li ２Ｃ０３, Na ２Ｃ０３ ０ｆ reagen七grade, and Nb ２０５ ０ｆ ９９。９％

purity.　　The crys七als were grown by the same Czochralski method

as　described in Chapter ２．　The ａ七七ｅｍｐ七ed values　for ｘ are ０，

0.1, 0.2, 0.25 and ０．３ as　shown in Table ４－エ．　The mixture was

loaded in ａ ｐｌａ七inum crucible and melted by rf-heating･

Optimum growth conditions are as　ｆ０１１０ｗｓ：　pulling rate;　１ mm/h

and ｒｏ七ａ七ion ｒａ七ｅ；　４０rpm.　The pulling axis was　chosen perpen-

dicular to the ｃ axis　in order　to minimize cracking taking

place　during the growth.　工七: is　found that the ｍｅ１七ing poin七

shif七ｓ七〇wards higher tempera七ure with Na concentrations, that

is, with the　χ value.　工ｎ ｓｐｉ七ｅof ａ number of repea七ed ａ七七empts,

ｉ七was ｎｏ七very successful　七〇 grow reasonably large　and crack-

less　crystals.　The crystal often ｃｏｎ七ains cracks presumably

due to the　thermal　stress　unavoidably genera七ed when crossing

the Curie temperature.　This result should be compared 七〇ｔｈａ七

〇btalned for KLN.　This kind of difficul七y. as　described in

Chap七er 2, was ｎｏ七experienced　in the attempt to grow KLN

crys七als, for which ｘ＝Ｏ and pale-yellow single　crystals･ up 七〇

abou七８－１０ mm in diameter and ３０ mm in leng七ｈ were successfully

obtained.
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4.2.2　　Crystal structure of KNLN

　　　　　Inorder to determine the　crystal　structure and the phase

boundary, X-ray diffraction measurements were carried ｏｕ七with

ａ diffractometer using Ni　filtered CuKa　radiation.　The obtained

X-ray diffraction spectra were compared ｗｉ七hthose of another

known tungsten-bronze and perovskite oxides　such as KLN,

KzBiNbsOis ゛ｄ Ｋ（Ｔ３ＸＮｂ１－ｘ）０３°

　　　　　TheX-ray diffraction analyses revealed 七ｈａ七七hesingle

phase　region could be devided ｉｎ七〇two ｐａｒ七s,namely, the

七ungs ten-bronze and perovskite structure phases.　Figure ４．１

shows　the profiles of x-ray powder diffrac七ion ｐａ七七erns　ofKNLN.

As　can be seen from the figures, the diffrac七ion ｐａ七七ems　in

Figs.　4.1(a)-(c) are of tungsten-bronze, while those　in Fig.　４．１

(d) are of perovski七ｅ．　Accordingly,七he　limits of s七abili七ｙ for

the tungsten-bronze　structure appear to be ｘ＝０．２to 0.25.

Ｌａｔ七iceconstan七ｓ（ａ and c), axial ｒａ七io (R) in the perovskite

subunit and Curie tempera七ure of KNLN are shown in Table ４-ｴ工

together ｗｉ七hthe measured composi七ions　of KLN and KNLN-10.

The axial ratio Ｒ relates the hight (c) to the length of i七ｓ

edge (a//To) in七ungsten-bronze　structure and represen七ｓ

七ｈｅ七etragonal　ｄｉｓ七〇rtionwithin the subunits.　工ｎ Table ４－エエ，

the axial ratio and Curie 七emperature of KNLN in the　七ungs七en-

bronze phase decrease ｗｉ七ｈincreasing ｘ up to 0.2, whereas

七hose　in the perovski七ｅ phase　increase discontinuously with

increasing ｘ beyond 0.25.

4.2.3　　Dielectric Proper七ies

Dielectric　constants　ｃ 11 and　ｃｉ'３were measured ａ七１００KHz

　　　　　　　　　　　　　　　　　　　　　　-45-
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Table 4-II　Lattice constants, axi al　ratio　and Curi e temperature
　　ofKNLN.

　　　　　　　Ｘ３(１－ｘ)Ｎａ３ＸＬ１２１１ｂ５０１５

starting　　　Composition In crystals

composition

･Lattice constants

　　ａ(又)　　　c(A)

Axial ratio

　　　　Ｒ

Curie

temperature

　　　Ｔｃ（゜Ｃ）

KLH

KNLN-10

KNLN-20

KNLN-25

KNLN-30

Ｘ- ０

　　０

　　０

　　０

　　０

1

2

25

30

K2 .esLii .5sNb5,i lOu

Kj,27Nao .ii≫Lio.7･Nb5.2sOl5

12

12

12

　3

　3

58

56

54

94

91

4

3

3

4

4

01

96

93

00

01

1

1

0

1

1

01

00

99

02

03

405

350

125

500

520
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by using YHP 七ype 4332A LCR meter.　The output of the LCR meter

was recorded on the Ｙ axis of X-Y recorder, while七he specimen

tempera七ure was recorded on the X-axis by means of CA thermo-

couple placed ｎｅｘ七七〇the specimen in the　furnace.　Paradium

silver paste was used as an electrode　for high temperature　up

to　about 650　°c.　The temperature dependence of dielectric

constants　of KNLN is　shown　in Figs.　4.2-4.4.　工ｎ Fig.　4.2,七wo

characteris七ic　ｆｅａ七ures　can be　seen.　One　is　七hat the Curie

七emperature moves markedly to lower temperature and the peak

of dielec七ric ｃｏｎｓｔａｎｔＥλｂｒｏａｄｅｎｓwith increasing ｘ up to

０．２．　The other ｆｅａ七ure is　七ｈａ七七he　Curie 七emperature　shif七ｓ

discon七inuously七〇ward the higher 七emperature of abou七　５００　°c

at X =0.25.　The structural phase change　from tungsten-bronze

to perovskite structures　is　found七〇 be around ｘ between　０.２０

and 0.25 in KNLN.　These results are　in agreement with those

ｏｂ七ained from the x-ray measuremen七ｓ　shown in the section 4.2.2

Figure ４．３shows　the dielectric　constants　ｃｌ¶１１　of KNLN in the

tungs七ｅり-bronze region. The cons七ants　ｃこ　do ｎｏ七show any

anomaly, but decrease gradually with increasing tempera七ure.

On the other hand, the temperature　dependence of dielec七ric

cons七ant for the KNLN-30 crystal　located in 七he perovskite

region is　shovm in Fig.　4.4.　工七ｓ Curie tempera七ure was　abou七

５２０　°c.　Further, the reciprocal dielectric　constant 1/e

ｓａ七isfied the　Curie Weiss　law and the　Curie constan七was

ｄｅ七ermined as　１．８×１０５　Ｋ．　工ｎaddi七ion, the phase 七ransition

from七ｈｅ七etragonal to orthorhombic　structure was also observed

at temperature of about 300 °c.

－４８－

●



4.2.4　　Elec七ro-Mechanical Properties

　　　　　Elec七rical poling treatment of KNLN crystals were attempted

by the field-cooling ｍｅ七hod.　］:ｔwas　found that the crystals

ｗｉ七ｈｘ value larger than 0.20 could ｎｏ七be　effectively poled

because the　composi七iひｎ approaches　the limi七s of stability of

tungs七en-bronze　struc七ure, and presumably the ｍａ七erial　isno

longer ferroelectric　in the vicinity of x=0.2.　工ｎ七he present

ｓｅｃ七ion,a ｐａｒ七〇ｆelec七ro-mechanical　constants　in KNLN-10 is　　ヽ

determined, as compared ｗｉ七ｈthose of KLN described in Chapt. 3,

ｂｙ七he ｏｖｅｒ七〇neｍｅｔｈｏｄ［８１。

　　　　　Ａc-cu七plate (七＝０.６１ｍｍ）ｏｆKNLN-10 was poled by the

field-cooling七echnique under ａ dc　field of abou七２００－３００V/cm

along　七he ｃ ･axis.　From fundamen七al, 3rd harmonic　and 5th har-

monic　resonanse　frequencies, 4.312, 13.669 and 22.685 MHz,

respectively, the electro-mechanical coupling ｆａｃ七〇rk　, elastic

constan七ｓ c
311
and ｃ３Ｅｉ。and dielectric cons七ant e:3yE1/ｃ，七were

calucula七ed by using the Table　３－エエ　shownin Chapt.･３ and

the　following formulae：

ｋｔ２°
2ｆＡ

ｃｏｔ（

c3
[l
.ニｐ(２ｆＡｄ)２

IＴｆＲ

-
２ｆＡ

ｊ
Ｉ
ｔ
ｌ
ｌ
Ｉ
Ｉ
Ｉ

　
　
　
Ｉ

c3lt ° (1 - k七2）c311
’

ejt/eo °（1‾ｋｔ2）ejl;/ｅo

(４-1)

(４-2)

(４-３)

(４-４)

These　constants　of KNLN-10 are　shown compared with those of KLN

in Table ４－エエエ．　工nKNLN-10,七he value of ｋｔis smaller than

七ｈａ七　〇ｆKLN.　工七is presumed 七hat piezoelectricity in KNLN

　　　　　　　　　　　　　　　　　　　　　　　　　　　－４９－



Table 4-III　Dielectric, el astiｃ constants　and coup! i ng factors

　　of KNLN-10 and KLN.

｝

Constants

E:11 /eo

£33 /eo

efi /eo

d3/ＥO

Ｅ
3
3
　
Ｄ
3
3

　
Ｃ
　
Ｃ

kt

(Ｎ/m2)

(Ｎ/m2)

p（Ｋｇ/m3）

Ｔｃ（゜Ｃ）

KNLN-10

460

320

　　　　２７９

　　　0.36

1.23 × 1011

4.53 × １０３

　　　３５０

－50－

Ｋ　L N

　　　３０６

　　　１１５

　　　２７１

　　　８３

　　0.53

1.09　× 1011

1．50　× 1011

4.26　× １０３

　　　４０５



crystals becomes weaker as Na concen七ration increases

4.2.5　　Linear Elec七ro-Optic Properties

　　　　　Linearelectro-optic　effect is　commonly described in terms

of ａ third-rank ｒ一七ensordefined by the　expression

△(1/�)ij °びij,k＼
(４-5)

In eq. (4-5),　the unit of ｒ are m/V, E is the ｋｔｈＣａｒｔｅｓｉａｎ

component of the externally applied electric　field, and the pair

of indices (ij) is‘separa七ed by ａ comma from the　third index ｋ

七〇emphasize　that these　indices can be　ｉｎ七erchanged。

　　　　　Ferroelectric KLN ａりｄKNLN-10 crystals belong to the point

group 4mm.　Therefore･七here are only three different, non-zero

electro-optic　elemen七ｓ：

ｒ１３　゛ ｒ２３　９

ｒ３３　９

^^2　＝ｒＳ１

(４-6)

A ligh七inciden七along the ａ axis, and linearly polarized at 45°

to　the　ｃaxis　suffers an optical　retarda七ion

φ゜２７４(ilｏ ％）/λ’ (４-７)

where　Ｚ　is　theoptical path-length, ｎｏand ｎｅare ordinary and

ｅｘ七ra-ordinary refractive indices, respec七ively, andλ　is

　　　　　　　　　　　　　　　　　　　　　　　　　　　－５１－
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Table　4-IV　Crystal　dimensions　and　values　of the　half-wave　voltage.

K L N

KNLN-10

Length　Thickness　　Half-wave　voltage

Ｚ（ｎ°）　　　d (mm)　　　Ｖ７Ｔ（Ｖ）　　　ｖ７Ｔ（Ｖ）

3.40

3.94

2.95

1.82

900

３５０

1040

750

－５２－



七he　wavelength　ｏｆ七he　incident light in vacuum.　Since ｚ－

dlrec七ed electric　field (E3) changes bo七ｈｎｏａｎｄｎｅ　itgives

rise　七〇ａ field-induced retardation

△φ 一
一 ゛;μ｀ｃＥｃ/λ’

where ｒ　has been defined as
　　　　　　Ｃ

ｒ

Ｃ＝ｒ３３　‾（ｎＯ／ｎｅ）ｒ１３

(４-８)

(4-9)

Ａ schematic　diagram of the electro-optic measurements　is　sho＼vn

in Fig.　4.5.　The polarizer and analyzer were crossed ａ七４５０　七〇

七he　crystal ｃ　axis.　Ａ photo-diode was used to detec七七he maxima

and minima in the 七ransmit七ed　light corresponding七〇 even and

odd multiples　of ７Ｔｒｅ七arda七ions　in the crystal.　Figures　4.6(a)

and (b) show七ransmi七七ed llgh七　intensities as ａ　function of ａ

applied ｖｏ１七age　forKLN and KNLN-10, respectively.　　The half-

wave　voltages ｖ７ｒｗｅｒｅｄｅ七ermined as　９００and　３５０V,for KLN and

KNLN-10。respectively, from Fies. 4.6(a) and (b).　The reduced
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　１　　，

half―wave ｖｏ１七ageｖ７ｒ　is,in general, used for elec七ro-optical

materials comparison and it　is　defined as the ｖｏ１七agerequired

to achieve one half-wave of phase retarda七ion　in ａ crystal

having an electrode spacing equal　ｔｏ七he optical path leng七ｈ，

ｔｈａ七　is,defined as　follows ：

V

　7T

一

一 V Z/d　，

　7T
(４-10)

where ｄ is　electrode spacing・

The　ｏｂ七ained half-wave vol七age V　and ｖ７ＴａｒｅｇｉｖｅｎｉｎTable 4-ｴＶ，

七〇gether with sample dimensions.　The ･value ｏｆｖ７Ｔ　ofKLN was

１０４０　V,which is　close to tha七〇f the KLN crys七al　reported by

　　　　　　　　　　　　　　　　　　　　　　　　　　－５３－



Van Uitert et al.［３］’　Ｏ「ｌthe other hand ’ the ゛ｌｉ　forKNLN-10

1ｓ much smaller than七ｈａ七for KLN.　The elec七ｒｏ－ｏｐ七ic　constant

ｒ　was calculated from the ｖ

　Ｃ　　　　　　　　　　　　　　　　　　　　　賀

『
　Ｃ

一

一

　λ　１

一一ｎ３ Ｖ

　ｅ　７「

by the　following equation：

(4-11)

The　calculated value of ｒ　for KLN is　６．０×１０’ｌｏ　m/V using the
　　　　　　　　　　　　　　　　　　　　　　　　Ｃ

value of ｎｅ °2.163 measured by Van Uitert et al. [3].　While,

ｔｈｅｒｃｆｏｒ KNLN-10 was ｎｏ七determined　in the present study

because of no obtained value of ｎ　。　工七is　found in this section
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ｅ

七ｈａ七　七heｖ７Ｔｄｅｃｒｅａｓｅｓwith doping of Na ions　in the KLN crystal

as　is　eviden七from Table ４-ｴＶ．

4.2.6　　Nonlinear ｏｐ七icProperties

　　　　　Inthis　section, the nonlinear optical properties of KLN

and KNLN-10 are described in order 七〇　examinethe　influence　of

Na doped in KLN.　工七　iscustomary in nonlinear-op七ics　to define

a third rank ｄ tensor by the relations,

p.(2司゜J^k e°d. ., E.(司E (oi) , (4-12)

in the rationalized MKSA unit system.　Here Ｐｉ（２ω）ｉｓ　ａcomponent

of the second harmonic polarization of frequency ２ωgenerated by

the　electrical　field of ligh七　frequencyω，Ｅ（ω）．　The　commonly

used　second harmonic genera七ion (SHG) coefficient d.λ　isdefined

by dλ゛ｄｉｊｋｆｏｒall　combinations　of ｊ　andｋ．　Crystals　in

class 4mm, such as 七he KLN and KNLN-10, have七hree　independent

SHG coefficients, du, dji　and ｄ３３　。

　　　　　　工ｎgeneral,　type　工and type　工工phase matching　processes

　　　　　　　　　　　　　　　　　　　　　　　　　　　－５４－



are possible for the nonlinear-op七ic materials.　The phase

matching conditions　for the nega七ive uniaxial crys七al　are given

by

Type　工

Type　工工

　ωｎ
　ｏ

１

－２

（ｏ＋ｏ・ｅ） (４-13)

［n≫(e)･,･ｎ;］ ＝ｎｙ（ｅ），　（ｏ十　e + e), (4-14)

where the subscripts ｅ and ｏ denote　extraordinary and ordinary

waves, respec七ively.　Ｆｏｒ七ｙｐｅ工，ａplot of the normal　index

surfaces　for the ordinary and extraordinary rays ａ七ω　and　２ωis

shown　in Fig.　4.7.　　If ｎ２ω
　　　　　　　　　　　　　　　　　　　　　　　　ｅ

is smaller than ｎω

index surfaces　intersect and七he condition ｎ

，七he respective
○　’　　　　　　｀

２“）（ｅ）＝ｎ゛ｉｓ
ｅ

○

satisfied at e　＝　Ｏ　andｅ　＝７ｒ－　０　．　　Inother words, index
　　　　　　　　　　　　　　　　ｍ　　　　　　　　　　　ｍ

matching is ｏｂ七ained if the　fundamen七al beam　is an ordinary ray

while　the second harmonic beam is　an extraordinary beam, both

beams propagate　in ａ direction making an angle ｅ　with the ｏｐ七ic

axis　as shown in Fig.　4.7.　The　index-ma七ｃｈｉｎｇｃ;11ditioil“y （eｍl

＝ｎω

　　　○
can be rewrit七en as

一

一 -
ｙω
ｎ
ｏ

　
く

On the other hand,

　
Ｏ
ｍ

　
く

ω
ｎ
ｅ

ぺ:（Om）　is　expressed by

m｝1／2

(4-15)

(4-16)

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

by

ｓｉｎ２Θ　＝
　　　　　ｍ

・
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The refractive indices of KLN ａｒｅ： ｎ：ω＝２．１９７，ｎＭω= 2.326 at

0.532μｍ;　and　ｎ; ゜ 2.112,　ｎ; ゜ 2.208 at 1.064μm, respectively

［３１．　０ｎ七he other hand, those ｏｆ七he commercially available

LiNbO, (UN工ON CARB工DE　工NCORPORATED) measured in this　section

for comparison ａｒｅ：　ｎ２ω= 2.2350, n：:（ｊ＝２．３２４１，ｎ;＝2.１５５０４

and ｎ; = 2.2309［９１．　By using 七hese refrac七ive indices　and

ｅｑ°(4-17), the phase °３七ching angles　ｏｍ for KLN °ｄ LiNbO,

were　calcula七ed as 72.3°　and 79.3 , respectively.　However,

eq. (4-14) for七ype　工工was not　ｓａ七isfied by the above-mentioned

refrac七ive　indices　for KLN and LiNbO,　．　Thereforeタ　the process

for type　工工　is ｎｏ七considered in this　ｓ七ｕｄｙ。

　　　　　Nonlinear-op七ic measurements were carried out by observing

七he　intensi七ｙ of SHG ａ七the phase ｍａ七ching angles　from ａ con-

七inuously pumped 1.0642 μｍ YAG/Nd laser.　Ａ block diagram of

the　experimen七al　arrangement is shown　in Fig.　4.8.　The　laser

beam was chopped at 460 Hz and　ｉ七was　ligh七１ｙ focused into the

crys七al by ａ lens　of ５ cm focal　length.　The　sample was mounted

on ａ rotatable ｓ七age, whose rotation axis was perpendicular to

七he　c-axis.　Ａｆ七er passing through工RQ-80 (infrared ｃｕ七-off

ｆｉ１七er) filters and ａ lens of １０ cm focal length, the SH 0.532

μｍ radiation was　ｄｅ七ected by an RCA-7102 photo-multiplier.

According to 七he theory［１０］for the phase-matched SHG for the

case　of optimum focussing, the SH power Ｐ２ωgenera七ed by ａ

single-mode Gaussian beam of power Ｐω　ｉｎ七his　experimental

arrangement, is given by

2ω　　128Tr2(j°3dﾆff ^eff　ω２
¬

　・吠ｂ

(４-18)

where Ｐω　is　the　fundamentalpower,ωis　the　frequency of the

fundamen七al　optical wave, d is the effective nonlinear

coefficlen七and is given by ^eff ゛ｄ３１sin ｅｍin this　experi―

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　-57-
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囁

mental　arrangement.　^eff is the　effec七ive　interaction length

in the crys七al, c　is　七he　light veloci七ｙ in vacuum, n is　the

ordinary refractive index at angular frequency ω, and ｂ is

the confocal parameter.　An example of the　dependence of 七he

SH outpu七intensity on 七he　fundamen七al　inpu七intensity is shown

in Fig. 4.9.　The square　dependence　is　in agreement with

the theore七ical prediction of eq. (4-18).　Figures 4.10(a), (b)

and (c) show the SH ｏｕ七put intensities as ａ func七ion of the

internal　incident angle　in the crystals of LiNbOj, KLN and

KNLN-10, respectively.　From these figures, the measured values

of the phase matched angle　ｏｍ were ｄｅ七ermined as 82°３ｏ゛７５°９０

and ’81.１０　for　LiNbO, 。KLN and KNLN-10, respec七ively.　These re-

suits　are given in Table 4-V, compared with the values　of the

previously calcula七ed phase ｍａ七ched angle　ｏｍ°　This　discrepancy

between七he calculated and the measured values of ｅ　may be due
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ｍ

七〇ａ small　difference　in 七he crys七al　composition.　The nonlinear

optic　coefficien七　ｄ３ １　of the LiNbO,　used as ａ reference

ｍａ七erial　is 11.9 ｘ ｄ??Ｐ　， which was reported by　Boyd　ｅ七ａ１．［１１］．

Therefore, from each peak of the SH ｉｎ七ensitie！　shown in Ｆｉｇ・

4.10, the ｄ
３１　of

KLN and KNLN-10 can be determined by comparing

七he relative ｌｉｎ七ensities ｗｉ七ｈ each other, referring七〇that of

LiNbO, .　The thus-de七ermined values　of ｄ３１　are also given in

Table ４－Ｖ．　As　can be seen from　the 七able, the ｄ３１　of KLN is

less　than ｔｈａ七〇ｆ LiNbO,.　０ｎ the ｏ七her hand, Van Uiter七et al.

［３］repor七ed that the d,.　of KLN is　七he same level ｗｉ七h that of

LiNbOj.　This discrepancy may be caused by ｏｐ七ical　inhomogeneity

and defect stemming from the crystal growth or by off-stoichio-

ｍｅ七ry　effect of optical inhomogenei七ｙ mainly due　to compositional

varia七ion on characteristics　for SHG.　As compared with the ｄ３１

of KLN and KNLN-10 ９
‘ the ｄ３１　of KNLN-10 is　somewhat larger than

that of KLN and　is　ｄｅ七ermined as

　　　　　　　　　　　　　　　　　　　　　　　　　　－59－
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Sample

LiNbO3

K L N

KNLN-10

Calculated

　　　ｅ
　　　　ｍ

79.3°

72.2°

Measured

　　　ｅ
　　　ｍ

82.3°

75.9°

81.1°

d31

11.9 ｘ ｄｌｉ)Ｐ

　７．7

11.7
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４

ｄ
(ＫＮＬＮ-10)

= 1.6 ｄ?tＮ

　　　　　Fromthis results, it　is concluded that the addition of

small　amount of Na to KLN results　in ａ more preferable non-

linear ｏｐ七icbehavior than that pure KLN.

　　　　　　　　　　　　　　　　　　　　　　　　　　　of

４．３　　Ｄ工scuss工ON

　　　　　　工nthis　section, the　influence of Na ions　doped in the KLN

crys七al　is　considered.　The comple七ely filled 七ungs七en-bronze

KLN is represen七ed by the ｆｏｒｍｕｌａ（Ａ１）２（Ａ２）４Ｃ４（Ｂ１）２（Ｂ２）８０３，

as　described in　Chap七．２．　Ａｓ七ｒｕｃ七ural phase change due　七〇　七he

replacemen七〇ｆ Ｋ ions by Na can be　explained by considering 七he

cation-anion ｄｉｓ七ances and 七he　coordina七ion numbers　in each

ｓｉ七ｅ．　The　ionic radii　of each ａ七〇ｍ and correction factors　for

different coordina七ion numbers　are given in　Tables ４－Ｖ:I:and ｖ工工．

The simplified environments of each site are　illus七rated ｗi七ｈ

the　ｉｎ七eratomic Ｏ － Ｏ　distances　in　Figs.　4.11(a) to (d), where

the square Aい　ｐｅｎ七agonal Ａ２，０ｃｔａｈｅｄｒａ１（Ｂ１，Ｂ２）・ａｎｄ七riangular

Ｃ sites　are　12, 15, 6 and ｇ coordina七ed, respectively.　Maximum

allowable　ion radius （ｒＡ１゛ｒＡ２゛ｒＢａｎｄｒ（?）ｏｆ each anion　sur―

rounded by Ｏ２“ions are also given　in　these　figures, by assuming

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ｏ

that　the Nb － Ｏ ｄｉｓ七ance　in Ｂ ｓｉ七ｅ　is　2.04 Ａ as repor七ed by

Shannon　and Prewitt［12].　As can be　seen from the figures,

七here　is　ａ possibility tha七七he Na　ions　doped in KLN could

occupy either Ai　or Ａ２　ｓｉ七e, judging　from its　ionic radii・

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

site　are　firs七subs七ituted by Na ions.　The A,　ｓｉ七ｅ　is　fully

occupied by Na ions　ａ七X = 0.33.　For ｘ　larger 七han 0.33,

the Ｋ ions　in the Ａ２　site are subs七ituted by Na ions.

　　　　　　　　　　　　　　　　　　　　　　　　　　　　－６１－



Table 4-VI　　Ionic　radii　in

Ｏ
Ａ

j ｉ

Ｌｉ＋

Ｎａ＋

Ｋ＋

Ｎｂ５＋

０２’

４
　
２

７
　
０

Ｏ
　
Ｉ

1.38

0.64

1.40

Table 4-VII　Correction factors　for

　　　　　　　　　　　　　differentcoordination　numbers.

Coordination

number

６
　
９
　
２
　
５

　
　
　
　
　
　
１
　
１

Ratio of interatomic

distance to sum of

standard radii

１
　
１

１

１

06

10

13

－62－
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Fig. 4.12 An illustration of the structural phase transition.
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However, as　explained by Goldschmidt's packing principle［13],

the Ａ２　ｓｉ七ｅbecomes progressively less　stable as　the Ｋ ion　is

replaced by the Na ion.　Because the ionic radii of Na is 七〇〇

small　七〇 sustain the coordination number of １５ for the ｐｅｎ七agonal

Ａ２　site.　Therefore, as　shown in Fig.　A.12, a structural change

takes place　七〇 adjust the coordination number from １５七〇12.

With this　ｓ七ructural　change,七he Ｃ site loses one Li　ion and

the B,　Ｓｉ七ｅ　loses　oneNb　ion and three ｏ　ions.　工七is　seen七hat

the resul七ing new structure has　ａ perovskite　form.　Thus　ｉ七　is

七heore七ically expected tha七七he crys七ａ１　changes　its　ｓ七ructure

form　a tungs七en-bronze form七〇　ａ perovskite　form ａ七Ｘ＝０．３３．

However, the experimental　resu:Lts given in ｓｅＣ七ion4.2.2

suggests　the possibili七y tha七七he structural　change　七akes place

at some ｘ value between ０．２and 0.25.　The discrepancy ｂｅ七ween

七he　experimen七ａ:i-iyｏｂ七ainedｘ value and ｔｈａ七七heore七ically

expected is due to the composi七ional･ devia七ion in 七he grovm

crys七ａ１．

4.４　　SUMMARY

　　　　　　Crystals　of KNLN were grown by the Czochralski　method.

The ａ七七empted values　for ｘ were 0, 0.1, 0.2, 0.25 and 0.3.

However, it　was not very successful　七〇 grown reasonably large

and crackless　crystals, when ｘ value　increased.　x-ray and

dielec七ric measurements were carried ｏｕ七in order to　determine

the crystal　structure and 七he phase boundary of KNLN.　From

the measured results, the structural phase change　from tungs七en-

bronze to perovski七e struc七ures was　found 七〇be around ｘ between

０.２０　and 0.25 in KNLN.

　　　　　　Ｆｕｒ七her,it was　found ｔｈａ七七he crys七als ｗｉ七ｈｘ value

　　　　　　　　　　　　　　　　　　　　　　　　　　　－６５－



］Largerthan 0.20 could not be effectively poled because the com-

position approaches the limits　of stabili七ｙ of the tungsten-

bronze ｓ七ructure, and presumably the material was no longer

ferroelec七ric　in the vicini七ｙｏｆｘ＝０．２０．　Therefore,the electro-

mechanical, linear ｅ:Ｌｅｃｔｒｏ－ｏｐ七icand nonlinear-optic properties

of KLN and KNLN-10 were　investigated to clarify the　influence of

Na doped in KLN.　工n KNLN-10, the value of k. was smaller than

ｔｈａ七〇ｆKLN.　工七is　found that piezoelectricity in　KNLN crys七als

becomes weaker as Na concentra七ion increases 。　０ｎ七heｏ七herhand,

the ｖ　for KNLN-10 was much smaller than that　for KLN.　Ｆｕｒ七ｈｅｒ。
　　　　　７ｉ
七he　ｄ３１　ofKNLN-10 was　somewhat larger than ･that of KLN and was

ｄｅ七erminedas

d!?ＮＬＮ‾10） = 1.6 031

From these results, it is concluded that the addition of small

amoun七〇ｆ Na to KLN resul七ｓ　inmore 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　　工ＮＴＲＯＤＵＣＴ工ON

　　　　　　Ａlarge number of ferroelectric materials with tungsten-

bronze struc七ure have been grown and have ａ七七racted much

ａ七七ｅｎ七ionfor elec七ro-optic, nonlinear ｏｐ七ic　and piezoelec七ric

applications. , Among various tungs七en-bronze　七ype　ferroelectric

materials,”filled”七ungsten-bronze　ferroelec七ricｓ． where ａ１１

the A,　and Ａ２　site are occupied by ｃａ七ions　as　shown in Fig.2.1

(see　Chap七. 2), have ａ high stabili七ｙ七〇　intense　laser radiation

［１，２］and ｆｕｒ七hermore have excellen七electro-op七ic and nonlinear

optical properties as　exampled by Ba,NaNb50i5［３１．

　　　　　　Ｐｏ七七asiumbismu七ｈ niobate (hereaf七er abbreviated as KBN)

is　one of the▽filled tungs七en―bronze crys七als.　KBN has　an ortho-

rhombic　ｓ七ructure, and ｉ七ｓ melting poin七　is　１３１０　°c.　So　far some

number of ｓ七udies have been made on 七he crys七al　ｓ七ｒｕｃ七ure,

the　crys七al growth, and the dielectric　and optical properties of

ＫＢＮ［4-6].　The crys七al ｓ七ructure was　ｓ七udied by 工smai:Lzade［４］

and Sugai　ｅ七ａ１．［６］using ceramics　and crystals,･respec七ively・

The phase　diagram ｏｆ七he ternary system KjO-Bi^Oj-NbzOs　was

investigated　in ｄｅ七ail by Sugai　et ａ１．［6]. The　Curie七emperature

is repor七ed as about　350 °C, and七he refrac七ive　indices are given

as ｎｚ ニ２°２６４゛ｎｘ゙ ｎｙ °2.227 ａ七632.8 nm ［７］．　No addi'七ional

ｄｅ七ailed study ｏｆ七his material has been repor七ed yet.　For

further inves七igation of KBN, this　chapter is　concerned with

ｓ七udies　of the ferroelectric and elastic properties ｏｆ七his

ｍａ七erial.　Further the ｐｈｏ七〇-elas七ic proper七ies　are measured by

　　　　　　　　　　　　　　　　　　　　　　　　　　　　－６８－
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ｊ

the Dixon-Cohen ｍｅｔｈｏｄ［８］for applica七ion to ａｃｏｕｓｔｏ－ｏｐ七ic

devices.

５．２　　EXPER工MENTS AND RESULTS

5.2.1　　Crystal　Grow七ｈ

　　　Sing:Le ｃｒ‘ystalsof KBN were grown by rf-heating

Czochralski ｍｅ七hodfrom 七he ｍｅ１七with stoichiometric　composition

　(ａ)：２５mole ％Ｋ２Ｃ０３，12.５mole % BijOj and 62.5 mole % Nb,O.;

and ｗｉ七ｈpotassium and bismuth enriched composition (ｂ)：26.5

mole % K,C03, 13.3 mole ％Ｂｉ２０３and ６０．２ ｍｏｌｅ％Ｎｂ２０ｓ．

The ｍｉｘ七urewas charged in a platinum crucible (150 cc) and

melted ａ七七he temperature of abou七13100C．　　The optimum growth

condi七ions are follows：

Seed orientation

Pulling rate

Seed rotation

Crucible rotation

Atmosphere

Cooling rate

[001] ,

４ mm/h　，

１０ － ４０ rpm　，

0-10 rpm　，

０２’（３５０cc/m at 1 a七ｍ），

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.

　　　　　　Thechemical analysis revealed ｔｈａ七七he compositions　in

the grovm crys七als　from the ｍｅ１七with the compositions (a) and

（ｂ）ｗｅｒｅKl.6 3Bio.6 7Nb5^70l5　and Kl.9 3Bio,9lNb5.o ７０１５９　respec七ively,

as given in Table ５-ｴ．　Ａ survey of the phase diagram of

　　　　　　　　　　　　　　　　　　　　　　　　　　　　－６９－
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Fig. 5°I　A photograph of an as-grown KBN
　crystal.

Table　5-I　Composition　of　the melt-pulled　crystals

Sample

Ｋ２０　　　B12O3　　　Nb 2 0 5

　　　　　　　(wt%)

ｃｏｍｐｏｓ１七ions

-

-

-

-

-

KBN-a

KBN-b

８．3　　　16.9　　　　75.8　　Kl.63 Bi 0. 6 7 Nb5.2 7 Oi 5

９．４ ２２
69.8　　K 1 .9 3 Bio.9 1 Nbs. 07 Oi 5

- -
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the　ternary system KjO-BijO.-NbjOj　is shown in Fig. 5.2, which

is　the result obtained by Sugai　et ａ１．［７１．　They have revealed

ｔｈａ七KzBiNbsO-s　is ｎｏ七the congruen七１ｙ ｍｅ１七ing composition, and

ｔｈａ七七he composi七ion with highest stability of the tungs七en-

bronze phase　lies somewhere on the Nb,05-rich side of the

ＫＮｂＯ３－Ｂｉ１肖Nb03　seciﾋionｏｆ七he KjO-BijOj-NbjOj　ternary ｓｙｓ七em as

shovm in Fig.　5.2.　The compositions　corresponding七〇 the

present crys七als (a) and (b) are　also marked　in Fig.　5.2.　As

can be seen from the　figure, the composition of the ｍｅ１七pulled ，

crystal with the stoichiome七ric　composition (a) was close to

the phase boundary of the tungsten-bronze region.　工七should be

noted七ｈａ七Ｋ２０ and Bi ２０３　evaporated during the crystal growth,

and tha七七he melt pulled crys七als ｃｏｎ七ain excess Nb because

the vapor pressure of both Ｋ２０and Bi,03　is high ａ七七he melting

point of ＫＢＮ（１３１０
ｏＣ）．　The

crys七al (a), as　judged by the resu!ｔ

of χ-ray measurement, had七he tungsten-bronze structure.

However the　dielec七ric　ｃｏｎｓ七ants　of it did not show any anomaly

corresponding to　ｉ七ｓ　Curie temperature (ferroelectric phase

transition), bu七〇nly　increase gradually with increasing 七emper-

ature.　Therefore, the crystal (a) seems七〇 be non-ferroelectric.

Ｏｎ七he other hand, the　dielec七ric constants of the crystal (b)

exhibited anomalies a七七he　Curie　tempera七ure of abou七３８０ °c.

corresponding to the　ferroelectric phase transi七ion.　　・

Accordingly, the star七ing composition (b) wi七ｈ excess Ｋ２０and

Bi ２０３　was mainly used for the　crystal growth of KBN.　This

technique is　impor七ａｎ七七〇 〇ｂ七ain 。large KBN crys七als of good

quali七ｙ・
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5.2.2　　Crys七ａ１　structure at Room Tempera七ure

　　　　　Ismailzade [4】･and Krainik et ａ１．［５］reported that KBN

belongs　to　the ｏｒ七horhombic　system ｗｉ七ｈlattice constants a =

　　　　　　　　　　　　　　　　　　　　　　　　　　　○17.75, b = 17.90 and ｃ = 7.84 Ａ．　０ｎthe other hand, Sugai　ｅ七ａ１・

［６］has shown that i七belongs to the 七etragonal　ｓｙｓ七emwith

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　○１ａ七七icecons七ants a = b = 17.85 and ｃ = 7.84 Ａ．

　　　　　工nthis　section, X-ray diffraction measuremen七ｓ were carried

out in order to determine七he class of the crys七al ｓｙｓ七emin KBN.

An example of X-ray powder diffraction measurements　is　shown in

Fig.　5.3, indicating the same tungs七en-bronze ｓ七ructure as　shown

in KLN (see Chapt. 2).　In the figure, (hkl)-(khl) doublets

produced by the orthorhombic　symmetry were ｎｏ七〇bviously observed

in the present KBN powder.　Therefore.studies on the crys七al

system in KBN were　further carried out, using七he crys七al　sample

instead of the powder by x-ray measuremen七ｓ．　Figure　５．４ shows

an example of x-ray diffrac七ion patterns　for the (10, 0, 0) and

(0, 10, 0) diffrac七ions　from the the ａ－and ｂ－surface plates　to

compare with each other.　The peaks　corresponding to the　dif-

frac七ions from the (10, 0,･○）ａｎｄ（０，１０，０）ＫＢＮplates were・

clearly separated.　　The diffraction angles　２ｅ　for the (10, 0, 0)

and (O, 10, 0) CuKoi diffractions were determined as 51.050　and

51.013°,　respec七ively,　referring to Si　standard.　The ｌａ七七ice

cons七ａｎ七ｓ　a,b and ｃ of the KBN crystal　ｏｂ七ained were 17.878,

　　　　　　　　　　　　　　　０17.888 and 7.853 A, respectively.　An example, of the X-ray back

Laue ｐａ七七ems　for the surface-normal axis of ｔｈｅ（００１）ＫＢＮ

possesses　four-fold symmetry　as　shown in Fig.　5.5.

　　　　　From七he experimen七al results　obtained by the x-ray

measurements, i七is concluded that KBN is　an orthorhombic ma-

terial,　but its spon七aneous　deformation b/a is nearly equal　to １。
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5.2.3　　Dielectric Properties

　　　　　　The　dielectric　cons七ants　ｃｌｌ（○ｒ　Ｅ２２）ａｎｄ　£3
3
were measured

ａ七１００ KHz by the YHP type 4332A LCR meter.　The ｏｕ七put of七he

LCR meter was recorded on the Ｙ axis of an X-Y recorder, while

the specimen　七emperature was recorded on the χ-axis by means of

ａ CA thermocouple placed ｎｅｘ七七〇　the specimen in ａ furnace or

cryos七ａ七．　Evapora七ed gold and paradium silver ｐａｓ七ｅ were used

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ｏas　electrodes　for ｌｏｗ七emperature measurements below Ｏ　Ｃ and

for high 七empera七ure up　to　５５０　°C, respec七ively･

　　　　　　Ｔｈｅ七emperature dependences of dielectric　constants of KBN

grown without crucible ｒｏ七ａ七ion　are　shovm　in Fig.　5.6.

The dielec七ric　cons七ants　　ごＩ;／Ｅｏ（●ｅλ／Ｅｏ）ａｎｄ ｅｊｌ;／ｃｏ　atroom

tempera七ure　were　５３０ and　560, respec七ively.　Ｂｏ七h the

dielectric　constants　exhibi七anomalies ａ七七he Curie　七empera七ure

of abou七　３８０　°c.　The Curie　七emperature　is　found　to ｂｅｓ七rongly

dependen七〇n the crysral　composition and therefore七he peaks of

the dielec七ric　constan七ｓ　are broad because ｏｆ七he　inhomogenei七ies

in the　composi七ion.　Ｔｈｅ七emperature dependences ｏｆ七he

dielectric constan七ｓ　Ｅ３７; ／ｅ，ｏｆ七he KBN grown from the melt with

crucible rotations ｏ and １０ rpm, are shown　in Fig.　5.7.　１七　is

found　ｔｈａ七inhomogeneities in 七he crystals　are　improved by

the crucible ｒｏ七ａ七ion.

5.2.4　　Poling and Chemical Ｅ七ching Treatmen七ｓ

　　　　　　Ａferroelectric　crystal　is　defined as　ａcrystal　which

belongs　七〇the pyroelectric　family and whose direction of the

spontaneous polarization can be　reversed by an electric　field.

工ｎGeneral, ferroele七rici七ｙ in ａ given ｍａ七erial　can be ｍｏｓ七

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　-77-
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simply verified by the existence　of D-E hysteresis　１００ｐ．　However,

such ａ hysteresis　１００ｐwas not observed　in the present KBN

crystals.　Therefore, a chemical　etching technique was next

employed, as　an alterna七ive method as　described in Chapt. 2　, to

examine the possible　ferroelectric properties.　The　etchan七was

ａ mixed solution of one part hydrofluoric acid (con七aining ４７％

HF) and one part nitric acid at　its boiling poin七．　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), respec七ive-

１ｙ．　TheNi-Cr electrodes were evapora七ed on the surfaces　of the

plates　described above.　By means of 七he　field-cooling method

through the Curie temperature under ａ dc　elec七ric　fieldapplied

along the［100], [110］ａｎｄ［００１］axes,poling trea七ment was

attempted to obtain ａ single-domain of KBN crystal.　The ｐｌａ七ｅ

was　then etched七〇　examine七he poling effec七．　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

七he　field-cooling method alone is not good enough 七〇develop ａ

large　single-domain.　Accordingly, in order 七〇　improvethe poling

effect, applica七ion of ａ compressive stress was　七henincorporated

during the　field-cooling trea七ｍｅｎ七．　Thestress was applied 七〇

the sample　in perpendicular to the elec七ric　field.

　　　　　Chemical　etchinganalysis　showed that KBN could be poled

only　in the case ｏｆ七he (001) plate.　The etched figures　of the

nega七ive and positive side surfaces　of the (001) pla七ｅare shovm

in Figs.　5.9 (a) and (b), respectively.　The difference　ｉｎ七he

etched appearance　is clearly seen, suggesting七ｈａ七this sample

was effec七ively poled.　０ｎ the other hand, such difference was

ｎｏ七seen either in ｔｈｅ（１００）ｏｒ　inthe (110) plate.

　　　　　Afterbeing poled, the (001) plate was inser七ed into the

　　　　　　　　　　　　　　　　　　　　　　　　　　　-79-
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furnace ｋｅｐ七atａ temperature above the Curie point, and then

cooled withou七applying ｅｉ七ｈｅｒ七he　electric　fieldor the

compressive　ｓ七ress.　工n this　case, the difference　in 七he ap-

pearance of the 七wo surfaces　of the plate was ｎｏ七〇bserved as

shown in Figs. 5.9 (c) and (d)。

　　　　　Fromthese resul七ｓ，ｉ七　is　concluded tha七七he polar axis

of KBN is parallel　七〇ｔｈｅ［００１］axis.

5.2.5　　Conoscopic Observation

　　　　　　The　experimentalresults　described in the previous section

showed that in KBN ｅｓ七imated as belonging七〇the　orthorhombic

ｓｙｓ七em,application of uniaxial　compressive　stress　is　essen七ial

七〇developing ａ single ferroelec七ric domain.　This　fact sugges七ｓ

七ｈａ七KBN is possibly ａ　ferroelas七ic material.　”Ferroelas七icity”

is　defined on the analogy of ”ferroelec七ricity”, mechanical

strain and ｓ七ress　ｉｎご七heformer corresponding to　electric

polarization and field in the latter respectively［９１．

Exsistence of ferroelas七ｉｃｉ七y.in ａ ｍａ七erial belonging to the

ｏｒ七horhombic system･, can be verified in ａ direc七manner by

viewing conoscopically the switching of the ｏｐ七ic　axisunder

application of uniaxial　stress (conoscopic observation)［１０１．

工n the conoscopic method, in七erference figures　created by ligh七

diverging七hrough七he crys七al are examined in ａ polarizing

　●microscope・

　　　　　　Consider七hecase observed in the KBN crystal　as shown in

Fig.　５．１０．　Forthe light propagated in the ｃ　axis　ｄｉ‾

ｒｅｃ七ion, the interference　figure showed the existence of two

optic　axes　lying in the a-c plane.　Although the angle between

the　七wo ｏｐ七Ic　axes　isvery small, the above observa七ion suggests

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－81－
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that the KBN crystal　is positive　and biaxial　in optical　sense.

　　　　　Whenａ compressive　stress along the　ａ axis was　applied

through七he Curie poin七, 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 (c).　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

direc七ions　from in 七he b -c plane 七〇　七heａ －ｃ plane as　shown in

Fig. 5.11 （ｄ）．

　　　　　Thus　theｏｐ七ic-axial plane can be rotated through ９０
ｏ
by

changing the direction of uniaxial　compressive stress.

Accordingly, it　is　confirmed tha七七he KBN crys七al has ａ ferro-

elastic　character.

5.2.6　　Thermal Expansion

　　　　　　Figure　5.12 shows　thermal　expansion along the [100], [010］

ａｎｄ［○０１］axes as　ａ function of 七emperature, measured by ａ

dila七〇meter ｗｉ七ｈａｓ七raingage.　　The　lengths　of each sample were

about　１２ min.　　The thermal　expansion　△び乙for the［○０１］axis

increases　abruptly with increaing temperature and slightly

changes　its slope　in the vicinity of the phase transition

七emperature at abou七3500　C. 0n the ｏ七her hand, the七hermal

expansion along 七ｈｅ［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 ［００１１，［１００１，［０１０１，［１１０］ａｎｄ［０１１］axes　is

shown　in Fig.　5.13.　Each curve　shows　ａ sligh七anomaly caused

　by the phase transi七ion ａ七七ｈｅ七empera七ureof about 350°Ｃ・

. The thermal　expansion coefficien七ｓ　forvarious orienta七ions　are

　　　　　　　　　　　　　　　　　　　　　　　　　　　-83-
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Table 5-II Thermal expansion coefficients of KBN･
　　　　The unit is 10’6（oC）’1.

Temperature (゜Ｃ）　25-100

[100] axis

［０１０］axis

【００１】axis

【１１０】axis

［０１１］axis

　3.67

　4.52

17.67

４
　
４
89

88

１００-２００

-

　2.95

　4.44

21.31

　4.14

　4.43

200-300

-

　1.62

　1.94

19.51

　4.09

－0.71

300-400

-

　1.46

　0.29

10.36

　1.87

　1.13

400－500

2.98

3.72

6.67

6.42

9.32

－８４－
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listed in Table　５－エエ．

5.2.7　　Elastic Proper七ies

　　　　　　The KBN crystal　is　an orthbrhombic material and probably

belongs to the point group mm2 at room七emperature.　The elastic

tensor matrix for crys七als　in class mm2 has　ｇ　independen七

elements.　These are shown in Table　５-ｴＩ工．　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 propaga七ion and elas七ic

cons七ants, which are used for the present measurement, are given

in Table　５－エＶ［１１１．　Ultrasonic velocity measurements were done

by the pulse echo ｍｅ七hod using two specimens.　One specimen had

three　pairs of parallel　faces cut normal to ｔｈｅ［１００１，［０１０］and

［００１］axes, and the other had three pairs of parallel　faces　cut

normal to ｔｈｅ［１１０１，［110］ａｎｄ［１０１］axes, respectively.　These

surface orienta七ions were determined with respect to the cleavage

planes　（００１）ａｎｄ（１００），ａｎｄ each parallel face was ｇｉヽound and

polished.　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ヽ．

　　　　　　Two 1630－ and ３６０－ｒｏ七ated 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 salicy:Late to generate ultasonic acoustic waves　in the

crystal.　Ａ dc　electric pulse with 0.05μsec width was applied

to the　七ransducer.　The exci七ed ｕ１七rasonic pulse 七raveled back

and forth ｂｅ七ween the ends of the specimen and created ａ slowly

　　　　　　　　　　　　　　　　　　　　　　　　　　　－８５－



Table 5-III　Elastic elements.
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　　　　C,3 = pn
　　　　css＝戸F2

　　　　c44＝/）Ｆ２

along χ’for rotations around Ｚ･axis

C,j =【{clcll＋∂lc･.一pV*)(c≫c･.＋ｊsc22－ｐＦＩ)lc゛ ８゛]'l-'-C･･

　(Ihid. above)

　/)ｒ2＝c2c55十∂2 ｒ44

　　Propagation along ｙ' for rotations around A'-axis

　　¶--¶y- -w--7r●〃・･---･皿a-■皿aala■I-㎜r■■･-¶y----■a－7● ■---か-　7ふ　ｰ-a･¶'4

C23 =｢(c≫ c,.十∂2C44－ｐＦ２)(C2 C44 十∂2C33－/)1'2)/c2∂211'゛一c44

　(μ･id. above)　　　　　　　　　　　　　　　＼

　戸1'2＝Ｃ２ｃ●6十∂2Css

　　Propagation along Ｚ' for rotations around
y-axis

　　　　　　　　　　　　　　　　　-

C13 ゛ [(∂IC11十c'Cjs一/)F2)(∂2CS5十C2CS3－pF2)/Ｃり≪]''>-c≫

　llbid. above)

　pV^ =∂'c..十c^c,.

・

‘゜'L = longitudinal, Ｓ = shear, Q£= quasi･longitudinal. QS = quasi･shear.

{bj∂= sine　and　c = cosine　of respective　rotation　angle･戸= density･

I' = velocity of propagation of respective mode.

　　　　　　　　　　　　　　　　　　　　－８６－
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Table　5-V　Ultrasonic　velocities
　　in　KBN.

Direction

[1001

[010]

[001]

[110]

[101]

Mode

S[001]

S[010]

L

S【001】

S[100]

L

S[010]

S[100]

L

S[001]

　　－Ｓ[110]

QL

　　－Ｓ[101]

Ｓ[0101

QL

Velocity(m/s)

3417

3477

5542

3425

34 81

5553

3459

3455

5345

3207

3477

5671

34 34

3418

5430

S:　shear, L：　longitudinal ， Q:　quasi

－８７－

Table　5-VI　Elastic　constants
　　of　KBN.

Ｃ１１　＝　1.61

Ｃ１２　= -0.371

C13　＝－0.387

C22　＝　1.62

Ｃ３３　＝　1.50

＋
－

＋
－

４

０

8宅

6i

Ｃ４４　＝　0.621 +1.0%
　　　　　　　　　　　　　－

Ｃ５５　＝　0.619 + 1.1%
　　　　　　　　　　　　　－

Ｃ６６　＝　0.634　＋　0.1%
　　　　　　　　　　　　　－

Ｘ 10"N/m2

- 一 一



decaying echo train as　shown　in Fig.　5.14.　The ultrasonic pass

length was 9, 12, 6 and ６ mm in ｔｈｅ［１００１，［０１０１，［○０１］and

［１１０］direc七ions, respectively.　The transi七time　for the ｕ1七ra-

sonic wave propagated in the specimens was　longer than ２μsec,

and accuracy of the measured velocity was much ｂｅ七七erthan ３％．

The velocities measured for various propagation direc七ions　at

room tempera七ure are given　in Table　５－Ｖ．　As　is　evident from

the table, each velocity for 七he one　longitudinal ａｎｄ七wo　shear

waves propaga七ing along the ［１００］direction　in KBN is　in

aereement within the experimental　erros with that for the waves

propagating along ｔｈｅ［０１０］direc七ion.　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

ａ tetragonal like (pseudo-tetraeonal) character in elastic

properties。

　　　　　　Allthe elastic constants calculated from the data

presented in the Table　５－ｖ　are shown in Table　５－Ｖ工．　Fromthe

present ultrasonic propagation measuremen七s, 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 metal such as Bi.

5.2.8　　Acousto-Optic Properties

　　　　　Theexperimental results described in the previous　section

sugges七七hat KBN°is　suitable.material　for the acousto-optic

application because　its ｕ１七rasonicvelocities are smaller than

七hose of oxide ferroelectric materials　such as LiNbO,　and LiTaOj

　　　　　　　　　　　　　　　　　　　　　　　　　　　－８８－



Table 5-VII　Elasto-optic constants
　in the orthorhombic
　system.

Pu　　ｐ１２　　ｐ１３　　０

ｐ２１　　ｐ２２　　ｐ２３　　０

ｐ３１　　ｐ３２　　ｐ３３　　０

０
　
０
　
０

０
　
　
０
　
　
０

０
　
　
０
　
　
０

λ=0.6328μｍ

λ=0.6328μｍ

０
　
０
　
０

ｐ４４　　０

０
　
　
０

KBN

０
　
　
０

０
　
　
０

Pss　　Ｏ

秘
√
３

０

FUSED QUARTZ

Ｓ. 11

．●14，

ｐ６６

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［８１。

　　　　　　SinceKBN is　orthorhombic, it has　１２independet elasto-

ｏｐ七icconstants as shown in Table ５－Ｖ工工．　Aftersurface orien-

ｔａ七ions of an as-grown KBN crystal were determined with respect

to the observation ｏｆ七he x-ray back Laue pattern,七he sample

was　mechanically cut with ａ diamond ｃｕｔ七er,and ground, and then

polished to be optically flat.　The paral:Lelepiped size of the

sample was ｘ X y X　z = 6.91　×　8.97　×　9.50mm. Figure　5.15 shows

the　schema七ic　illustration of the Dixon-Cohen ｍｅ七ｈｏｄ［８］employed

in the present measuremen七ｓ．　Ａ fused quartz buffer rod was used

as ａ standard reference material.　A 36 -rotated y-cut LiNbO,

transducer with fundamental　frequency of ３９MHz was bonded to

the buffer rod ｔ;ｏgenerate the　longi七udinal wave.　The acoustic

ｃｏｎ七ａｃ七betweenthe KBN sample　and the　fused quartz was　achieved

by phenyle salicyla七ｅ．　Ａ coheren七ligh七source was　632.8 nm

He-Ne　laser for both the　fused quartz and the KBN.　According

to the Raman-Na七h theory［13], when the ratio of the　first-order

diffracted light intensi七ｙ to that of zeroth-order in the absence

ｏｆ七he acoustic　fieldタ　エ1/工い　is much less than unity,　the　first-

order diffracted light intensity　工. , can be　approxima七ed as

Ｉ１°１:o（712/２λ:）（Ｌ/Ｈ）ＭＰＡ
’

(5-1)

whereλ0 is the wavelength of the incident light　in vacuum, L

and Ｈ are the width and height of 七he acoustic beam, and Ｍ is

the　figure of meri七〇f the material.　Therefore, the　first-order

diffracted intensity工１　is propor七ional to the acoustic power ＰＡ゛

and hence, to the　input electrical power applied ｔｏ七he

transducer.　For the geometry shown in Fig.　5.15 under such

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

　　　　　　　　　　　　　　　　　　　　　　　　　　　　－９０－
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ｆ

merit M and ＭＲ

M/ＭＲ＝（工２･工3/工1･:I:4）l／２ ・

and　Ｍ 一

一 n≪pVpv'

(5-２)

(5-3)

where M is the figure of merit of the reference material and ｎ

is　the refractive　index, p　is the photoelastic constant, p　is

the density, and ｖ is　the acous七ic veloci七ｙ．　As　shown in Ｆｉｇ･

5.15,　工２　ａｎｄ工３　ａｒｅ七herela七ive firs七-order diffrac七ed light

ｉｎ七ensities　for the KBN due 七〇　the acoustic pulse outgoing from

七ｈｅ七ransducer and 七〇the pulse reflec七ed from the　free　end ｏｒ･

the KBN, respectively.　　Similarly,工１　and 工≒　are the relative

firs七―order diffracted ｉｎ七ensities　for　七he fused quartz　due 七〇

七he　ｏｕ七going pulse and due 七〇the reflected pulse, respectively・

The value ｏｆ（工２・工3/工１・工^
■'　dose

not depend on 七he quali七ｙ of

the bond at the　interface ｂｅ七ween the KBN and the fused quartz,

nor on 七he acoustic　loss　in 七he ｍａ七erials provided only ｔｈａ七

七he acous七ic transmission through the bond is reciprocal.

Consequently, the　figure of meri七Ｍ for the KBN is　determined

from　the measurements ’ｏｆ工１タ　エ２．　工３　and　工４　withthe　ｓ七andard

value　for M^　(= 1.56 × １０°１ｅ　secVg).　Represen七ａ七ive examples

of rela七ions between relative intensi七ｙ of the first-order dif-

frac七ed light and input elec七rical power measured by the Dixon-

Cohen method are　shown in Fig.　5.16.　The linear dependenc?ｅ of

工１，工２，工３　ａｎｄ工４　onthe inpu七　electrical power applied to the

transducer assures the validi七ｙ ｏｆ七he application of equation

（５－２）．　The calcula七ion　employing ａ method of least squares

gives Ｍ／ＭＲ＝1.０４ in the case‘ shown in Fig.　5.16 (a).　The ｐｈｏ七〇－

elas七ic tensor elements rela七ｉｎｇ七〇this　diffrac七ion geometry

are ｐ３１　for the KBN and ｐ１２　for 七he　fused quartz.　工ｎ what

　　　　　　　　　　　　　　　　　　　　　　　　　　－９１－
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Fig. 5.16　Relations between relative intensity of the first-
　order diffracted light 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ト

　direction with polarization parallel to the ［001］axis (a).
・　andalong the [001］axis and the incident light is transmitted
　in the ［010］direction with the polarization parallel to

　the［100］axis (b).
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fｏ:Llows, the notation Ｍ‥

　　　　　　　　　　　　　　　　　　　　１Ｊ
is　adopted as　the relevant figure of

merit corresponding to the photo-elas七ic　element p. .°

Accordingly ｇ　the figure of merit Ｍ３１　is　determined as　1.62 × 10-"

sec'/g.　Similarly,　Ｍ１３ was obtained as　1.06×１０'１８　secVg from

Fig. 5.16 (b).

　　　　　Figures of merit U^^, Mj,, M,.　and Ｍ３３　aregiven in Table

５－Ｖ工工工．　Fourｏｆ七he　１２；independent photo-elastic七ensor

elements were calculated from the　figure of merit M. . determined

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　１Ｊabove.　The ｎｅｘ七figure of merit,

M’＝n7p2/pｖ　， (5-４)

was　introduced by Gordon［14, 15］for the specific　device appli-

cations, where the diffraction bandwidth and the diffrac七ion

efficiency are impor七ant performance parame七ers.. The　last

figure of merit,

Ｍ’ 一

一 n^p^/pv^　， (5-5)

was　defined by Dixon［１６］for the case where the acoustic beam

heigh七is　as　small as 七he optical beam diameter.　These figure

of merit　M' and Ｍ”are also listed in Table　５－Ｖ工工工.Photoelas七ic

ｃｏｎｓ七ants　areshown in Table　５-ｴｘ compared with those of LiNbO,

and ＬｉＴａＯ３．［17,18］．　As　is　evidentfrom Table　５-ｴX, the photo-

elas七ic　constants ｐｌｌ　and ｐ３３　of KBN are grea七er than those of

LiNbOj　and LiTaO, ・

－93－
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Table 5-VIII Acousto-optic properties of KBN.

　　　　　　　　　Acousticwave

Polarization　　　Velocity

Optical wave at 632.8 nm.

Incident　Polarization　Refractive　Ｐ

and propagation　v(10'cm/sec) direction direction　　　index n

direction

a）

Figure of merit

　　Ｍ　　　Ｍ°
Ｍ｀

Long･

　1n【100】

IZ⊃ng

　in【001】

l£)ｎｇ･

　in 1100】

Long･

　1n【001】

5.54

5.35

5.54

5.35

(010】

【0101

【010)

【0101

1100】

【1001

【0011

【001】

2.227　　IP..I　　6.46　　4.41　　7.96

2.227　　IP..I　l.oe　　9.79　18.3

2.264　　IP..I　　1.62　　1.14　　2.06

2.264　　IP"I　　6.41　　4.14　　7.74

　Min lC'secVg/ M° 1n icr*cm*sec/g, M" 1n 10‘"cmsecVg･

　a): Ref. [7).

Table 5-IX　Photo-elastic constants of KBN, LiNbO, and LiTaO,.

Sample ｐ八　　ｐ１２　　Pl>　　Ｐい　　Pji　　ｐ２２　　P2>　　p>

K B N　　　|0.217l| |O.084| |0.104|

PS2 Ｐ･ｓ　　ｐい　　PiS　　ｐｓ･

|0.195|

LiNbOi'^ -0.026　0.090　0.133 -0.075　"Pn　’ -Pll　　"PIJ　　0,179　-Pi I 0.071　0.146　･ｐい　-0.058

LiTaOj''' -0.･０８１　0.081　0.093 -0.026　-P12　　゛ｐ八　　’ＰＨ　0.089　-ｐ日‘0.044　0.028　-PHH　’･O.OBl

ｌ
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５．３　　Ｄ工scuss工ON

　　　　　Inthis　section the crystal　system and ferroelectricity in

KBN are discussed based on the results obtained in the previous

section.　工smailzade［４］found tha七　the crystal　ｓ七ructure of KBN

ceramics is very similar七〇that of ferroelectric (orthorhombic)

phase of PbTa^O., and the ｌａ七七iceｃｏｎｓ七antsof KBN are ａ = 17.75。

　　　　　　　　　　　　　　　　　　　　　０b = 17.90 and ｃ ｚ 7.84 Ａ．　This　PbTajOg　is ａ ferroelectric

ｍａ七erial with Curie七emperature　of ２６０°C and has　七he　ortho-

rhombic七ungsten-bronze ｓ七ructure, though its A-si七es　are only

5/6-filled［１９］．　From the expectation of the identity of the

structures of KBN and PbTajOe　determined by x-ray powder dif-

frac七ion measurements,工smailzade poin七ed ｏｕ七七hat KBN is possi-

bly ａ　ferroelec七rics with the ｏｒ七horhombic　tungsten-bronze

struc七ure.　On the other hand, Sugai　et al.［６］have reported

ｔｈａ七KBN has　七ｅ七ragonal　七ungsten-bronze structure with a = b =

　　　　　　　　　　　　　　　　　○17.85 and ｃ = 7.84 Ａ．　工nthe present study, it is clear from

the preceding section ｔｈａ七KBN　is ferroelectric　and that it has

the orthorhombic structure with a = 17.878, b = 17.888 and ｃ ＝

　　　　　○7.853 A．　The value of the spontaneous　deforma七ion b/a is, however,

nearly equal　to　ｌ and is much smaller than that reported by

Ismailzade [4].

　　　　　Jamieson et al.［20,21］proposed, based on the detailed

struc七ure analysis, a ferroelectric　mechanism in the tungsten-

bronze materials　such ａｓＢａｘＳｒ１－ＸＮｂ２０６and BazNaNb.O...

According to their proposal, all metal atoms are displaced from

their neares七mean planes of oxygen atoms　in the　ferroelectric

ｓ七ate　and move　into oxygen layers ａ七七he Curie temperature.

These　displacemen七〇ｆ the metal　atoms　from七heir nearest mean

planes of oxygen atoms are directly related to the ferroelectric

polarization.　The　ferroelectric mechanism may also be applicable

　　　　　　　　　　　　　　　　　　　　　　　　　　　－９５－



to KBN because KBN shows the isostructure with BajNaNbjOis　．

工ｎgenera:L, many ｏｒ七horhombic tungsten-bronze nioba七es have

七he polar axis perpendicular 七〇七ｈｅ［○０１］axis,when七he axial

ｒａ七io R (see Chap七. 4) is　less than about 0.997［22].　However,

in the present KBN, the［００１］polar axis　is retained as　shown

in the preceding section 5.2.3, even Ｒ calcula七ed from the

values of the ｌａ七七iceconstants　is 0.982.　This　ｆａｃ七means　that

the　displacement of ｍｅ七alatoms　along七he ｃ axis　is the　origin

of ferroelec七rici七ｙ in KBN.

5.４　　SUMMARY

　　　　　　Sincethe vapor pressure of Ｋ２０and BijO,　is high at the

melting point of KBN (1310 °C), the　starting composition with

excess Ｋ２０and Bi,03　was mainly used, which was necessary to

obtain large crys七al of good optical　quality.　’ Large pale-yellow

transparent single-crystals of KBN up to about ３５mm in diameter

and ４０mm in length were easily ｏｂ七ained by the Czochralski

method.

　　　　　　χ-ray,dielec七ric, chemical　etching, conoscopic and ther-

mal　expansion measurements were carried ｏｕ七　inorder to assess

fundamental proper七ies　of KBN.　From the experimental results,

ｉ七is concluded tha七KBN is ａ ferroelectric ｍａ七erials with the

polar axis parallel　to ｔｈｅ［○０１］axis　andthat it has the ortho-

rhombic tungsten-bronze structure with a = 17.878, b = 17.888

　　　　　　　　　　　　　○and c = 7.853 A．

　　　　　　However,fur七her study would be needed for better under―

ｓ七anding of the　ferroelectricity in this ｍａ七erial, because no

hysteresis　loop was observed.

　　　　　　Furthermore,all七he elastic constants and four of the

　　　　　　　　　　　　　　　　　　　　　　　　　　　　－９６－
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twelve　independen七ｐｈｏ七〇-elasticconstants of KBN were ｄｅ七ermined

for applica七ions to acous七〇-optic devices.
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CHAPTER 6　EPITAXIAL GROWTH OF KLN SINGLE-CRYSTAL

　　　　　　FI LMS ON KBN SINGLE CRYSTALS BY

　　　　　　THE EGFl TECHNIQUE

６．１　　工ＮＴＲＯＤＵＣＴ工ON

　　　　　　Inrecent　studies　on integrated optics, ferroelectric

single―crystal　七hin films have ａｔ七ｒａｃ七edconsiderable　ｉｎ七eres七

in七heir applications　七〇 active　ｏｐ七ical　工Ｃdevices, e.g・, wave-

guide　ligh七modula七〇rs, light deflectors, second harmonic

generators, and directional　couplers;　and several　fabrication

七echniques have been investigated　for growing single-crystal

thin films of ferroelectric materials.　For ｉｎｓ七ance, LiNbO,

single-crystal　thin ｆｉ:Lmhas been fabricated by epitaxial growth

by melting (EGM)［1], liquid phase ｅｐｉ七axialgrow七ｈ（ＬＰＥ）［２１，

capillary liquid epitaxial grow七ｈ（ＣＬＥ）［３］andrf sputtering

methods［４］．　Potassium　lithium niobate (KLN) crystal　is one of

the most interesting materials　for various applications because

of ｉ七ｓ　excellen七electro-optic, nonlinear ｏｐ七icand piezoelec七ric

properties［5,6].　Accordingly, KLN single-crystal　thin films

would be　excellent active media　for integrated ｏｐ七ics.　The

typical　crystallographic proper七ies　and refractive　indices of

KLN at room temperature are　shown compared with those of KBN

　(see Chap七. 5) in Table ６-ｴ．

　　　　　Ａsingle-crystal thin film of KLN also be grown on ａ KBN

subs七ｒａ七ｅby 七he same　七echniques as　described above, because

the crys七al　structures of KLN and KBN are the same七ungs七en-

bronze　type ｓ七ructure, and because　七he ｍｅ１七ingpoin七〇ｆ KBN is

higher by about 250 °c　七hantha七〇ｆ KLN, as shown　in Table ６－Ｉ．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　－９９－



Table　6-I

　　KLN and

Symmetry

Lattice constant

Crystal lographic properties　and　refractive　indices　of

KBN at room temperature.
一一

Melting temperature

Refractive index

　　KLN

"
Tetragonal"

o= 12.58Å6'

c=4.01Å６)

lOSO°Ｃ゛゛

n.=2.294･}

n.=2.156">
(632.8ｎｍ)

－ - - ‥ ･ ● －

　　　　ＫＢＮ７)

(K,.5Bi..oNb5..0,5)

Orthorhombic

(pseudo-tetragonal)

ａ～6 = 17.85 A

　　c=7.84A

1312°Ｃ

ａ。=2.237

几=2.253

(450.0 nm)

y’

ゝ

　ゝ

　　　ゝ

　　　　／

　　／

　／

　　　　　　　　　　　　　ゝゝ　　／／
　　　　　　　　　　　　　　　ゝ／

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　ｌａ七七icemismatch between the KLN film and the KBN subs七rate

is　about 0.32 % and 2.3 %　at room tempera七ure　for the ａ and ｃ

axes　in the KLN coordinate ｓｙｓ七em,as shown　in Fig.　6.1, because

the KBN crys七al　is orthorhombic　, as opposed 七〇the KLN crys七ａ１，

which　is　ｔｅ七ragonal.　Thus, a KBN crys七al　is　ａuseful　subs七ｒａ七ｅ

for growing ａ single-crystal KLN film ｅｐｉ七axially.　Ｆｕｒ七hermore,

it　is　expec七ed that a single-crystal　七hin　film of KLN grown on

ａ KBN subs七ｒａ七ｅwill　ａｃ七as　an optical waveguide, and　ｉ七can be

also used as　an ｏｐ七ical waveguide modula七〇ｒ by ｃｏｕｐ:Ledwave

ｉｎ七erac七ion ｂｅ七ween the guided and radiation ｍｏｄｅｓ［９１。

　　　　　工ｎ七his　chap七er,we　describe七he epitxial growth of KLN

single-crys七al　films on KBN subs七ｒａ七esby the EGM technique.

６．２　　EXPER工MENTAL PROCEDURE

　　　　　Single-crystals　of KBN were grown by an rf ｈｅａ七ing

Czochralski　ｍｅ七hod.　As ｍｅｎ七ioned　in Chapt. 5, op七imum grow七ｈ

condi七ions were ａ ４ mm/h pulling ｒａ七ｅand ａ ４０ rpm rotation rate.

The pulling axis was　chosen to be parallel　to 七ｈｅ［００１］axis.‘

工七was　found very easy 七〇〇ｂ七ain　large crys七als under the above

Condi七ｉｏｎｓ．（○０１）ｏｒ（１００）ＫＢＮsubstra七es were　ｃｕ七from as-grown

crystals, and七heir七〇ｐ　surfaces were　lapped and optically

polished.　On the ｏ七her hand, reagen七grade　carbona七es of lithium

and ｐｏ七assium, and 99.9 % pure niobium pentaoχide were used as

ｓ七ａｒ七ing materials　ｆｏｒ七he　fabrica七ion of KLN single-crys七al

film.　　Ａ ｍａ七erial ｗi七ｈ composition　３５ mole ％Ｋ２Ｃ０３，17.３mole ％

Li 2CO3 , and 47.7 mole ％Ｎｂ２０５ｗａｓｍｉχed well　with acetone in ａ

ball mill, dried, pressed　into ａ disk, and calcined ａ七８０００Ｃ

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

七horoughly.　This powder of KLN was uniformly　laid on the

　　　　　　　　　　　　　　　　　　　　　　　　　　　-101-



polished surface of the KBN substrate with ａ sprayer･

The　subs七rate, with the powder on its top ･surface, was heated

七〇 abou七1120 °C in ａ resistance furnace in order to ｍｅ１七七he

KLN　crushed powder alone, and was　七hen cooled slowly at a rate

of １０ °C/h through the melting ｐｏｉｎｔ（１０５０
ｏＣ）ｏｆ

KLN.　工n this

way, the KLN film crystallized ｅｐｉ七axially onto the KBN

subs七ｒａ七ｅ．

６．３　　EXPER工MENTAL RESULTS AND Ｄ工scuss工ON

　　　　　　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　１５μｍ七hick.　Figure ６．３shows

x-ray diffraction patterns　of KLN films grown epitaxially on

ｔｈｅ（００１）ａｎｄ（１００）ＫＢＮsubstrates.　工ｎ the x-ray diffrac七ion

ｐａ七terns, the peaks　corresponding 七〇diffractions　from the KLN

films and KBN substrates are ｃ:Learly separated. Further, the

value ｏｂ七ained for the standard devia七ion angle （ｙof the x-ray

rocking curve, assuming ａ Gaussian distribution･to good
　　　　　　　　　　　　　　　　　　　　　　　　　　　ｏ
approximation, is small at ０．２　･The　ｌａ七七icecons七ants　a and c

of the KLN film obtained by the x-ray diffraction measuremen七are

　　　　　　　　　　　　　　○12.53 and 3.98 A, respectively.　These values　agree well with

those of the KLN single crystal, as　shown　in Table ６-ｴ．

The　ｅ:Ｌｅｃ七rondiffraction patterns　for ｂｏ七ｈKLN films calculated

and ｅｐｉ七axially grown on KBN subs七rates are shown in Figs.　６．４

and 6.5, where七he clear spots　in Fig.　６．５and also　七he Kikuchi

ｐａ七tern in Fig.　6.5 (a) indicate tha七七he　films　are of ａ single-

crystal　of　considerably good quality.　These results　show ｔｈａ七

ａ single-crys七al film ｏｆ（００１）ＫＬＮis epitaxially grown on an

　　　　　　　　　　　　　　　　　　　　　　　　　　　－１０２－
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１

(001) KBN subs七ｒａ七e,and also that of (110) KLN is epitaxially

grown on ａ（１００）ＫＢＮsubstrate by the EGM method.

6.４　　SUMMARY

KLN single-crystal　films have been successfully grovm with good

epitaxy on KBN substrates by the　”ｅｐｉ七axialgrowth by ｍｅ１七ｉｎｇ”

(EGM) technique.　The analyses　on these KLN films by x-ray,

reflec七ion electron diffraction (RED) and scanning electron

microscopy (SEM) methods indica七ed ｔｈａ七ａsingle-crystal　film of

（００１）ＫＬＮis ｅｐｉ七axially grown on an (001) KBN substrate, and

also that of (110) KLN is grown on ａ（１００）ＫＢＮsubstrate.

The KLN films　ｏｂ七ained are　single-crystals　of high quali七ｙ and

also　are transparent.　However, the top surface of the as-grown

film　is relatively rough.　Therefore, optical polishing would

be needed for　fabrica七ing low loss ｏｐ七ical waveguides.
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CHAPTER 7　EPITAXIAL GROWTH OF KLN SINGLE-CRYSTAL

　　　　　FILMS ON KBN SINGLE CRYSTALS BY

　　　　　RF SPUTTERING

７．１　　工ＮＴＲＯＤＵＣＴ工ON

　　　　　Since the proposal　of general　concep七〇ｆ 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

theore七leal and experimental resul七ｓ on dielectric　thin film

waveguides have been reported and, particularly, LiNbO,　ferro―

electric　single-crystal　thin films［３－８］have ａ七七ｒａｃ七edspecial

interes七in applications　to the active and low loss optical

waveguides.　工七　is well-known七ｈａ七the KLN crystal　is one of

the most promising ｍａ七erials　for electro-op七ic and nonlinear-

optic　applica七ions because of its high stability七〇　intense

laser radiations (optical　damage), and ｉ七ｓ　large　linear and

nonlinear ｏｐ七ical coefficien七ｓ［９，１０１．　Ａ half-wave ｖｏ１七age

relating to the ｅｌｅｃｔｒｏ－ｏｐｔｉｃｃｏｅｆｆｉｃｉｅｎｔｒｃ　isdetermined七〇

be about 1040 Ｖ（ｓｅｅ Chapt. 4), which is abou七1/3 times tha七

〇ｆＬｉＮｂ０３［１１］andthe value of nonlinear coefficient ｄ３１　of KLN

is　equal　to that of ＬｉＮｂＯ３［10].　The values of principal

refractive　indices ｎ　and ｎ　of the KLN crystal　are 2.277 and
　　　　　　　　　　　　　　　　　　　ｏ　　　　　ｅ

2.264 ａ七632.8 nm, respec七ively［１２１．　Those of　KBN are 2.227

and 2.264 ａ七６００.０nm, respec七ively.［13].　Thus, i七　is expec七ed

that　ａ single-crystal　film of KLN grown on ａ KBN subs七rate will

act as ａ dielectric ｏｐ七ical waveguide, and　ｉ七will be used as

an optical waveguide modulator.

　　　　　　工ｎthis　chapter, we describe　the　ｅｐｉ七axial grow七ｈ of KLN

single-crystal　films on KBN substrates by an rf ｓｐｕ七tering

　　　　　　　　　　　　　　　　　　　　　　　　　　　－１０７－



Table 7‘I　Crystallographic and optical properties

Material K L N
　　　　　ｄ
K B N O-AljO, =y LiTaO「

Lattice .

const. (A)

ぃ12.5|*

c =4,01

a =17,85
c =7.84 ぷ溜1

aij=5.1483

Ch=13.863 部民雷

Melting
te罫perature

1050°c= 1312°C 2050°C 1250°C 1670°C

Dielectric
const.

e u =306*

cl3°U5*

eu'=430

Em =500

en =9.34

eo=11.6

ふ･43

d3・28

Cu=41

E:S3=43

Befractive
index

no=2.277^
ne=2.163

no=2.227

ne°2.264

n♂1.766

ne°1.758

n<,=2.289

ne=2.201
nO°2.176
ne°2.180

Electｺro-

酋7i｡i。t

ri^j{xlcr'^ir/V)

ふ79''

か91）

か80 =

£･8.6

rl =3.4

r33=30.8

r!.=28

r?3=7.9

心1

r?3=30.3

r|,=20

Itonlinear

詣i｡i｡

ﾄﾞ1jl(゛1びWV)

a。=10. C?)

d。=18?

d22=4.0

d 31=7.5

(333=52

d22=2.6

d3i=1.6　・

dj3=25

a: see Ref. [14], b: Ref. [10], c: calcul ated
from the phenomenoiogical theoｒｙin Ref. ［15］
by using the value of Ps given in Ref. ［16],

d: Ref. ［13], and ｅ: Ref. ［171.

Dlff. Pump

Fig.　7.1　Schematic diagram of the rf sputtering
　equipment.

－１０８－

ｌ



technique　for the purpose of fabrica七ing optical waveguides.

７．２　　EXPER工MENTAL PROCEDURE

7.2.1　　Sample Preparation

　　　　　Thetypical　crystallographic and optical properties of

KLN and KBN crys七als compared with those of some　other ferro-

elec七ric materials　are　shown　in Table ７-ｴ．　As can be seen　from

this　table, KLN crystals are optically nega七ive and KBN positive.

The electro-optic　coefficien七〇ｆ KLN are　significantly larger

than those of LiNbO,　and LiTaO, ，indicating the poten七ial

usefulness of this ｍａ七erial　in an optical waveguide modula七〇『

with waveguiding ｓ七ｒｕｃ七ureconsisting of ａ KLN film on　ａ KBN

substrate or in the reverse.

　　　　　工ｎthe present study, an　rf diode　ｓｐｕ七七eringequipmen七

（ＡＮＥＬＶＡFP-21) was used 七〇fabrica七ｅ七he KLN films as shown in

Fig.7.1. This　ｓｐｕ七七ering　equipment　is　composed of ａ pumping

system, an rf power supply and　ａ subs七rate-heating system.

The substrate holder was positioned above and parallel　七〇　七he

target, with ａ spacing variable　from ３　to８ cm.　The pumping

ｓｙｓ七emhas　ａ３００　ｌ/ｓ　oil　diffusionpump　and gives　ａ pressure of

abou七　１× １０“６　Torrwithin one　hour.　The substrate　is held

with metal　clamps on the substrate holder and is heated by

the heating ｓｙｓ七em.　工七stemperature　is　controllable from ２００

to ７００°c.　The subs七rate tempera七ure　is measured with a thermo-

couple placed near the substra七ｅ．　Three targets (a), (b) and

(c) with differen七compositions used in our experiment were

prepared by sintering pressed powder with potassium and lithium

enriched composition of target (a)：　３３mole ％Ｋ２Ｃ０３，２２mole ％

　　　　　　　　　　　　　　　　　　　　　　　－１０９－



Table 7-II　Sputtering condition.

工nput　power

Sv±>strate　temperature
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Gas　pressure
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LizCOj　and ４５ mole % Nb205;　with potassium enriched composition

of target (b)：　３５ mole % KzCOj, 17.3 mole % Li,CO3　and 47.7 mole

％Ｎｂ２０ｓ；　and with stoichiometric composition ｏｆ七arget (c)：　３０

mole % K2CO3, 20 mole ％Ｌｉ２ＣＯ３　and ５０ mole % Nb205.

　　　　　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

condi七ions　of the KLN film by sput七ering are shown in Table ７－エエ｡

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Ｏ
The deposi七ion rate under these conditions　is about ２０００ A/h at

an rf power of ２００ Ｗ．　The relation between the sputtering

deposition ｒａ七ｅ and rf input power, when fused quartz was used

ａｓ七he substrate, is　shown in Fig.　7.2, where the film-thickness

was　determined by measuring the coupling angles of　ａ TiO, prism.

The deposi七ion rate did not depend on the substrate temperature

from　300 to ７００ °c.

7.2.2　　Measuring Technique

　　　　　Thequalities of KLN films grown this way were evaluated

from x-ray diffraction ｐａ七七erns　and　rockingcurves obtained by

ａ di ffractometer using the Ni-filtered CuKa Γadiation.　Further-

more, RED ｐａ七ternsand 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 ｉｎｄｅｘｎｏand 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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７．３　　EXPER工MENTAL RESULTS

7.3.1　　Dielectric Properties of KLN Films

　　　　　TheKLN films ob七ained were transparent and their surfaces

were smooth.　The Curie temperatures, when -Ｐ七plates were used

as　substrates, were 460, 630 and ６００°c　for targets (a), (b) and

(c), respec七ively.　As　described　in ｓｅｃ七ion7.2, the composi七ion

of KLN films deposited using 七areets (b) and (c) were probably

out side the 七ungsten-bronze region.　Therefore target (a) was

mainly used.　The temperature dependence　of the　dielectric

constant of ａｎ（００１）ａｘｉｓoriented KLN film on ａ Pt substrate　is

shown　in Fig. 7.3.　The constan七showed ａ marked anomaly ａ七

the　七ransition point of ４６０　°Cand its value at room七empera七ure

was　140.

7.3.2　　Evalua七ion of KLN Films　by SEM

　　　　　Figure７．４shows　the SEM photographs of the surfaces of

the KLN films deposited on ｔｈｅ（００１）ａｎｄ（１００）ＫＢＮsubstra七es.

Ｂｏ七ｈ　filmsurfaces were clear and smooth as shown　in Fig. 7.4.

The SEM ｐｈｏ七〇graphof the cleaved cross-section of the (001) KBN

subs七ｒａ七ｅwith an ｅｐｉ七axially grown KLN film is　also　shown in

Fig. 7.5.　The　film-thickness was ｄｅ七ermined to be ａｂｏｕ七１．５μｍ･

7.3,3　　Evaluation of KLN Films　by x-ray Diffraction and RED

　　　　　Figure ７．６shows x-ray diffraction patterns　and rocking

curves for KLN films on ｔｈｅ（００１）ａｎｄ（１００）ＫＢＮsubs七rates ａ七

　　　　　　　　　　　　　　　　　　　　　-113-
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ａ substrate temperature of about 620 °C.　In the Fig. 7.6 (a),

ｉ七is　found ｔｈａ七七he peaks correponding to the diffractions

from the KLN film and the KBN substrate are clearly separa七ed.

Furthermore,七he value of the ｓ七andard devia七ion angle （ｙ of 七he

rocking curve, which is　derived　from the assump七ion of Gaussian

ｄｉｓ七ribution of the curve, is ａ very small angle of 0.14°。

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　１０ｎ七he ｏ七her hand, in Fig.　7.6 (b), the peaks　are not separated

and the peaks　from the KLN films are only observed. The value of

（Ｊ　for the (440) diffractions from the KLN film is also as small

as ０.１２０　．　The x-ray rocking measuremen七in Fig.　7.6 (b)

suggests七ｈａ七七he surface-normal axes of七he (110) KLN film and

the (100)　KBN substra七ｅ differ　from each other by ４ｏ　as　shown

in Fig.　7.7.　The　ｌａ七七ice cons七ants　ａ and ｃ of the KLN film

ｏｂ七ained by 七he X-ray diffraction measuremen七ｓ are　12.7 and

　　　　　○3.96 A, respec七ively.　These values　are　in fairly good agreement

ｗｉ七ｈ those of the bulk KLN, shown in Table ７－エ．

　　　　　　The diagrams of KLN film quality evalua七ed from the

ｓ七andard deviation angle （ｙ　of the x-ray rocking curves are shown

in Fig.　7.8.　The value （ｙ　for ａ high quality region of (001) and

（１１０）ＫＬＮ single-crystal films　is　defined as　less　than　０．２ｏ．

Evalua七ion of film quality　ｉｎ･terms of this value （７　is　simple and

also　consistent with the RED measuremen七．　As can be seen from

Figs. 7.8 (a) and (b), optimum growth conditions　for the high

quality single-crys七al thin films of KLN on 七ｈｅ（００１）ａｎｄ（１００）

KBN substrates　are substrate temperatures of ５７０ to　６３００Ｃ and

of ５８０ ｔ０ ６３０ °c and rf input power below １５０ w and below ２５０ Ｗ，

respectively・

　　　　　　The RED ｐａ七七ems　for KLN films　epitaxially grown on KBN

subs七rates are shown in Figs. 7.9 and 7.10.　Appearance of the

clear ｓｐｏ七Ｓand Kikuchi patterns　indica七ｅ　ｔｈａ七七he films are

of single crys七al　of considerably good quality。
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7.3.4　　Optical Proper七ies　of KLN Films

　　　　　Figure7.11　shows the relation between the　effective

refrac七ive　index and film thickness　for several optical wave-

guide modes　calcula七ed by using the values of indices　in ａ bulk

KLN as　shown in Table ７-ｴ．　工ｎ　thepresen七study, the　light beam

was　successfully fed through the prism coupler into the ２．１　μｍ

thick KLN film deposited on the (001) KBN substra七ｅby the

ｓｐｕ七七ering.　　Bymeasuring synchronous　angles　to the prism face,

optical wavegude mode　indices　3/k, were determined as 2.26, 2.25,

and 2.23 for TEo, TE,　and TE,,respec七ively, as　shown with circles

in Fig.　7.11. The refractive index ｎ　in 七his KLN film was　cal-

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　○culated as　2.27 from the mode　indices as　described above.　This

value　is　somewhat smaller than　ｔｈａ七〇ｆbulk KLN crystal　as　shown

in Table ７-ｴ．　Measurements of propagation optical　loss　in this

film　were not attempted.　However, i七　is　expected tha七propa-

gation losses of KLN film on KBN subs七rate can be made　less

than　that of the K!.N film on sapphire［１８］by using ａ smoother

KBN subs七rate.
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Fig. 7.n　The relation between the effecti ve refractive
　indices and film thickness.
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7.４　　SUMMARY

　　　　　Analyses with x-ray diffractometer, SEM and RED of the KLN

films　deposited on KBN subs七rates by　the rf ＳｐＵ七七eringtechnique

showed that the KLN films　obtained were　single crystals　of

considerably good quality.　Fur七her, a single-crys七al　film of

KLN was　epitaxially grovm on ａ KBN substra七ｅ by the rf ＳｐＵ七七ering

ｍｅ七hod.　The light beam was　successfully fed into the KLN film

deposi七ed ｏｎ七ｈｅ（００１）ＫＢＮsubstrate.　More ｄｅ七ailed measurements

on the light propagation properties　in these epitaxial thin

films will　be needed in 七he　ｆＵ七ure　forthe ｏｐ七ical　工Ｃdevices.
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CHAPTER 8　GROWTH OF POTASSIUM LITHIUM NIOBATE FILMS

　　　　ON SAPPHIRE BY RF SPUTTERING

８．１　　ＩＮＴＲＯＤＵＣＴ工ON

　　　　　　Recently, considerable attention has been centered on

the developmen七〇ｆ active and low-loss　thin film optical wave-

guides.　Several　ａ七七ｅｍｐ七ｓ have been made to grow single-crystal

films　which　realize such waveguide, using ferroelectric materials

such as　ＬｉＮｂ０３［１－４１，ＰＬＺＴ［５１，Ｓｒ２Ｎｂ２０７［６］andＫＬＮ［7,8].

The　top surfaces of as-grown LiNbO,　films　fabrica七ed by liquid

phase　epitaxial growth, chemical vapor deposition, mel七ing

metod　and so on, are relatively　rough, so ｔｈａ七七hey ｍｕｓ七be

optically polished　in order 七〇 feed the　ligh七beam ｉｎ七〇those

films.　On the other hand, the polishing process　is ｎｏ七

necessary七〇　七he sputtered thin film, and the　light beam can be

easily fed　into the　film.　Therefore, an rf ｓｐｕ七七ering七echnique

is used to　fabricate　the KLN thin-film grown on ａ sapphire

subs七ｒａ七ｅ．　The respective values of the principal　refractive

indices ｎｏａｎｄｎｅａｒｅ 2.277 and　2.163 a七632.8 nm, respec七ively

［９１．　The corresponding values　for sapphire, used as　the sub-

ｓ七rates, are 1.766 and　1.758, respectively［１０１。

　　　　　　工nthis　chap七er, growth of KLN film on sapphire　substrates

by an　rf sput七ering method　is　described.　Further, the optical

propaga七ion loss　in the KLN film　is also　described.
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８．２　　EXPER工MENTAL PROCEDURE

　　　　　An rf diode sputtering equipment (ANELVA FP-21) was used

to　fabricate七he KLN ｆｉ］．ｍ．　Ｔｈｅ七arge七used　in the present　ex-

perimen七was prepared by sintering ａ compressed powder ｗｉ七h a

ｐｏ七assium- and lithium-enriched composition of ３３ mole % K2CO3,

２２ mole % Li,CO,, and ４５，ｍｏｌｅ％Ｎｂ２０５．（０００１）ａｎｄ（Ｏｆｉ２）

sapphire plates were used as substra七es.　The optimum grow七ｈ

conditions　for KLN films　deposited on sapphire substra七es were

Ar (50 %) + 02(50 %) atmosphere, 9.0 × １０’２Torr, about 140 Ｗ rf

power, and ６００to ６５０°c subs七rate temperature.　　The deposition
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ｏ
rate under these condi七ions was about 1400 A/h.

８．３　　EXPER工MENTAL RESULTS AND Ｄ工scuss:ION

8.3.1　　Evaluation of KLN Films　from x-ray Diffraction Ｐａ七七erns

　　　　　Figure８．１　shows　typical X-ray diffraction patterns　for

　　　　　　　　　　　　　　　　　　　　　　　　　　－KLN　thin films ｓｐｕ七七eredon (0112) sapphire subs七ｒａ七es　ａ七sub-

ｓ七rate tempera七ures of ５５０and 625 °C.　KLN polycrystalline

thin　films were obtained at substrate temperatures below ５８０°c.

as　shown in Fig.　8.1 (a), bu七(001)-oriented films were ｏｂ七ained

above ６００°c. as shown in Fig.　8.1 (b).　Optimum growth con-

ditions　evaluated from･the ｓ七andard deviation angle （ｙof the

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－x-ray rocking curves for the thin films of KLN on the (0112)

sapphire substrates were subs七rate temperatures of ･６００七〇６５００

and　rf inpu七power below １５０W, as　shown in Figs.　８．２ and 8.3,

respec七ively.　On the other hand, (OOl)-orien七ed KLN films

sputtered ｏｎ（０００１）ｓａｐｐｈｉｒｅsubs七rates were obtained at film-

thicknesses greater than １０ μｍ under the above conditions　as

　　　　　　　　　　　　　　　　　　　　－１２３－
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か

shown in Fig. 8.4.　The lattice　constant ｃ　in the KLN films was

3.97
ｘ
for both (01T2) and (0001) sapphire substrates　in average

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

of the KLN single crystal［１１１．

8.3.2　　Evaluation of KLN Films　by SEM and RED

　　　　　The(001)-oriented KLN films on sapphire substrates were

examined by SEM and RED.　Figure 8.6 (a) is an SEM ｐｈｏ七〇graphfor

ａｎ（００１）ＫＬＮfilm surface on an (0112) sapphire substrate.

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－An RED ｐａ七七ernfor an （００１）ＫＬＮfilm on an (0112) sapphire sub-

stra七ｅ is shovm in Fig.　8.6 (b), where clear diffraction spots

and Kikuchi　lines are　observed, indicating ｔｈａ七七he　filmis of

single crystal with considerably good quality.　Ｔｈｅ（００１）ＫＬＮ

films　sputtered on (0112) sapphire subs七rates were transparent,

and their surfaces were smooth.　These　X-ray and electron dif-

fraction resul七ｓ　showed･ｔｈａ七ａｎ（００１）ＫＬＮsingle-crystal　film

　　　　　　　　　　　　　　　　　　　　　　　　－is grown epitaxially on an (0112) sapphire substrate by the rf

sput七ering method.　０ｎ the other hand, the (001) KLN films

ｓｐｕ七七eredｏｎ･（０００１）ｓａｐｐｈｉｒｅsubstrates were seen to be poly-

crys七alline 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 (0001) sapphire possess ４－

fold (tetragonal) and 3-fold (七rigonal) proper七ies, respec七ively・

8.3.3　　Optical Properties of KLN Films

Ａ 632.8 nm He-Ne　laser beam was successfully fed ｉｎ七〇

　　　　　　　　　　　　　　　　　　　　　-125-
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　　　　　　　（ａ）　　　　　　　　　　　　　　（ｂ）

Fig. 8.7 SEM photograph (a) and RED pattern (b) in the （001）
　oriented KLN film on the （0001）sapphi re substrate.
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　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－七he KLN films　deposited on the (0112) sapphire substrates by

ｓｐｕ七七ering,using ａ prism coupler and without polishing the　sur-

face.　The optical　loss　was measured using the scattered ligh七，

which is　collec七ed by a 0.13-mm-diametr optical-glass　fiber and

is probed by placing the　end ｏｆ七he　fiber about 0.025 mm away

from the waveguide and scanning ｉ七across　七he ｓ七reak of guided

light perpendicular七〇 the propagation direction.　Figure　８．８

shows　the TEo optical ａ七七enuation in ａ KLN film abou七2.7 urn

七hick.　　The value, 7.8 dB/cm, is　less　than those of LiNbO,　films

grown by the rf-spu七七ering［４］or LPE method［2,12].　Figure　８．９

shows ｏｐ七icalａ七七enuation　which was measured for several　dif-

feren七modes.　The refractive　index ｎ　in 七his KLN film was de-

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　○termined as　2.27 by measuring 七he coupling angles　for １１　TE

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

8.４　　SUMMARY

　　　　　Thex-ray and elec七ron diffraction results showed that

ａｎ（001）ＫＬＮsingle-crys七al film is epitaxially grovm on an

(0112) sapphire subs七rate at substrate temperatures above ６００°c

by rf ｓｐｕ七七ering,and also that the KLN film obtained　is　single-

crystal with considerably good quality.　Further, the ｏｐ七ical

propagation losses　ｉｎ七heKLN film were less than those of

LiNbO　films grown by rf ｓｐｕ七七eringor 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 ｏｐ七ical　工Ｃdevices.
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CHAPTER g　K3LI2NB5O15 AND PB2KNB5O15 TUNGSTEN-BRONZE

　　　　FILMS FOR SAW DEVICES

９．１　　工NTRODUCT工ON

　　　　　Ａ ferroelectric　crystal may be ａ useful material　for sur-

face　acous七ic wave (SAW) devices, since　ｉ七has moderately strong

electromechanical　coupling.　Among various　ferroelectric crystals,

tungs七en-bronze　ferroelectrics with ａ general　chemical formula

（ＡＩ）（Ａ２）２Ｃ２（ＢＩ）（Ｂ２）4015　(where A = Pb, Ba, Na, K, etc. and Ｂ ＝

Nb or Ta　) have ａ七七racted much ａ七七ｅｎ七ions　for SAW device appli-

ｃａ七ions［１－４１．　High electromechanical　coupling has been observed

in ferroelectric phases of ａ number of tungsten-bronze oxides.

For example, electromechanical‘ coupling ｆａctors　in KjLizNbsO.s

crys七al are ｋ１５　ニ○゜34, kji　゛ ○゜１８゛ｋｔ°0.53 and ｋ３３　°Ｏ°５２［５］゛

and also those　in Ｐｂ２ＫＮｔ）5015（ＰＫＮ）ａｒｅｋ１５　= 0.69 and ｋ２４　＝０.73

［６１．　Furthermore, both ferroelectries have　zero　七emperature

coefficients of delay (ZTCD) cut for SAW'S［1,7].　Therefore,

these　ｍａ七erials　are found to be very ａ七七ractlve　for high piezo-

elec七ric coupling, temperature　compensated SAW devices.

　　　　　However,　ｉ七 has been very difficul七七〇 〇ｂ七ain high-quality

and large-size single crys七als　of these materials［5,8].　An

approach for the solution of this serious problem is　to grow

ｅｐｉ七axial　films of these crystals.　Ａ single-crystal　film of

KLN can be grown on ａ KzBiNbsOis　subs七rate by epitaxial growth

of melting (EGM) and/or ｓｐｕ七七ering ■method as described in the

previous Chap七ｓ．６ and ７．

　　　　　工n this chapter, SAW characteristics of ａ layered-structure

consisting of KLN or PKN film on an appropria七ｅ substrate are

　　　　　　　　　　　　　　　　　　　　　　　　　　　－１２９－



Table 9-I　Material constants of KLN, PKN, KBN and A1 20 3.

・

' や

あ

Symmetry

Lattice　　　。
　constants (A)

Melting
　temperature (゜Ｃ）

Density
（×lO'kg/m')
-
Dielectric
constants

　　Ｃ１１ ／Ｃ，

　　E22 /e,

　　e3,/e.

Stiffness c?
　
２
３

　
Ｉ
Ｉ

Ｃ
Ｃ

ｔｎ
３
ｅ
２
ｌ
ｍＣ
／

・
Ｉ
Ｉ

ｆ
Ｉ
ｆ
ｏ
　
ｅ
ｌ

　
○
×

　
ｃ
Ｃ

　
２
３
３
Ｑ
Ｓ
６

　
２
２
３
≒
５
６

Ｃ
Ｃ
Ｃ
Ｃ
Ｃ
Ｃ

Piezoelectric ｅ１５

　coefficient　ｅ２、

　（Ｃ／ｍ２）　　　　ｅ３１

　　　　　　　　　　　　ｅ３２

　　　　　　　　　　　　ｅ３３

６
　
５
　
４

　
（

＾
ｓ
ｕ
ｊ
　
ｏ
ｉ
ｘ
）
　
Ａ

9 0.5

S

Ξ

　0
０

KLN
-

Tetragonal

ａ･12.58
ｃ･ 4.01

1050

4.26

271

271

　83

、
1
4
9
0
9
9
8
8
0

2
7
5
2
5
0
6
6
7

　
一
一
Ｉ
φ
ｅ
一
一
ｅ
ｌ

2
0
0
2
0
1
0
0
0

　
　
　
6
6

6
6
1
一
５

　
一
ｅ
０
０
一

４
４
一
一
Ｓ

１

　PKN
-
Orthorhombic

a･17.84
b･18.05

c･3.917

　　1300

6.14

　
　
　
　
　
　
　
6
7
1
／
l

ｒ
Ｈ

f
-
H

0
0
1
　
6
3
4
6
4

1
0
0

0
0

･

･

■

･

･

８
６
　
　
1
0
0
1
0

1
0
0
0

24

31

30

63

４
Ｓ
４
４
９

１
１
・
一
・

　
　
　
０
１
６

KH

２

　KBN
一一
Orthorhombic

a-17.85

c= 7.84

1313

5.24

　430

　430

　500

　1.61

-0.371
-0.387
　1.62
-0.387
　1.50
　0.621
　0.619

　0.634

３

Al.O,
-
Trigonal

aH-4.758

CR・12.991

2050

3.986

9.

9.

11

４

1
1
4
1

34

34

.6

97
64
11
97
11
4.98
1.47
1.47

1.665

０

Fig. 9.1　　The phase-vel oci ty　and el ectr!!二mechanical　coupling
　factor of SAW'S on ａｎ（001）KLN / (0112) sapphi re combi nati on

　nrnnanat.i na　alona the noOl　direction on　a KLN fiIm.propagati ng along the ［100］direction

－１３０－



ｌ

『

ｔ

４

calculated.　In addition, preliminary experimental results　on

SAW proper七ies of the　layered ｓ七ructure　ｏｆ七heKLN film de-

posited on ａ sapphire subs七rate　is also　described.

９．２　　ＣＡＬＣＵＬＡＴ工ONOF SAW CHARACTER工ＳＴ工cs

　　　　　In order to investigate　the SAW properties　of the　layered

structures of (KLN film)/(substrate) and (PKN film)/(　subs七ｒａ七ｅ），

ａ similar theoretical method to that proposed by Farnell and

Adler［９］was used, on conJune七ion with the experimen七al　data

ｌｉｓ七ed in Table ９－:［, to calculate the SAW velocity, electro-

mechanical power flow angle (PFA) and elec七romechanical　coupling

factor　（△Ｖ／Ｖ＝ｋ２／２）．

　　　　　Although, four different arrangements of the　interdigital

transducer (工DT) and the short electrode can be considered in

the　case of七he　layered structure, an arrangement where the　工DT's

are　formed on the surface of the layer without the shor七

electrode, has been considered　in this chapter, because only

this　arrangemen七can easily be realized by ｓｐｕ七七ering method.

　　　　　工n this　section,七he SAW charac七eristics　are calcula七ed

for the layered structures in the following (film)/(substrate)

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－combinations, i.e・，（１）（（００１）ＫＬＮ film)/((0112) sapphire),

（２）（（００１）ＰＫＮ）／（（００１）ＫＢＮ），（３）（（００１）ＰＫＮ）／（（００１）ＫＬＮ）･and

（４）（（００１）ＰＫＮ）／（（0112）ｓａｐｐｈｉｒｅ）．

　　　　　Figure ９．１　shows　the rela七ionship of the　theore七ical

results　on the phase velocity ｖ and the　elec七romechanical

coupling ｆａｃ七〇ｒ△v/v versus　七he quantity KH, where Ｋ is　the

wavenumber and Ｈ is the　film thickness.　工ｎ Fig.　9.1,七he SAW

propagates　along七ｈｅ［１００］direc七ion on the KLN thin layer・

As　KH increases, the ｖ decreases ｍｏｎｏ七〇nically from 5830 to

　　　　　　　　　　　　　　　　　　　　　　　　－１３１－
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3670 ｍ/Ｓ，ＶＩhich corresponds七〇　the values of the Rayleigh wave

veloci七ｙ on the sapphire subs七rate and on the semi-infinite bulk

of KLN, respectively.　　Ｔｈｅ△v/v shows　ａ broad peak at KH = 1,9

and the maximum attainable value for the　△v/v　is ０．0052．

The value obtained here　is　１０times　larger than that of ST ｃｕ七

quar七ｚ．

　　　　　Figure　９．２shows　the calculated results　for the ｖ and 七he

△v/v versus KH ｆｏｒtｈｅ（００１）ＰＫＮfilms on the (0112) sapphire,

（００１）ＫＬＮａｎｄ（００１）ＫＢＮsubstra七es, where the SAW propaga七es

along the［０１０］direction on 七he PKN film. From this　calcula七ion

ｆｏｒ七he (PKN)/(substrate) structures, the　following features　are

obtained.

　　　　i)Each curve for the ｖ decreases monotonically from the

　　　　　　　valueof the Rayleigh wave veloci七ｙ on each substrate

　　　　　　　七〇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 0 < KH < 2,七he curves　for ｔｈｅ△v/v have maximum.

　　　　　　　Themagnitudes of maximum ａ七七ainable values　for the

　　　　　　　layeredstructures of (PKN)/(sapphire), (PKN)/(KLN) and

　　　　　　　(PKN)/(KBN) combinations are 0.045 at KH = 0.9, 0.021 ａ七

　　　　　　　KH= 0.8, and Ｏ．Ｃ１５ａ七KH = 0.5, respectively.　工七is

　　　　　　　notedtha七七he maximum values of these ｌｓ七peaks　depend

　　　　　　　onthe values of the dielectric　cons七ａｎ七ｓ　ofthe sub-

　　　　　　　strates,tha七is, they　increase with decreasing the

　　　　　　　dielectric　constant of the subs七rate.

　　　　iv)For ２ くKH £ 6, curves　for the△v/v increase ｗｉ七ｈ

　　　　　　　increasingKH.

　　　　　Ｖ）Ｆｏｒ６ く　KH, curves　for　ｔｈｅ△v/v and the ｖ are almos七

　　　　　　　closeto ０.０５７and 2340 m/s　respectively, for suf-

　　　　　　　ficien七１ｙlarge values　of ＫＨ。

　　　　　　　　　　　　　　　　　　　　　　　　　－１３３－
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　　　　　Itshould be noted ｔｈａ七the maximum value of the　1st peak

ｆｏｒ七ｈｅ△v/vin the layered ｓ七ructure of (PKN)/(sapphire)

comblna七ion is about twice as　large as　that of Ｙ－ｃｕ七,Z-prop・，

LiNbOj,　whose maximum value ｆｏｒ七ｈｅ△v/vis 0.0246.

９．３　　EXPER工MENTAL PROCEDURE

　　　　　Ｔｈｅ七ypical crys七allographic properties of KLN, PKN, KBN

and　sapphire crystals are　ｌｉｓ七ed in Table ９-ｴ．　KLN, PKN and

KBN crys七als belong to tungs七en-bronze structures.　The KLN

crystal　is a tetragonal　ferroelec七rics with ａ poin七group 4mm

　［５１．　On the other hand, PKN［８］and ＫＢＮ［１０］crys七als　are ｂｏ七ｈ

orthorhombic materials ｗｉ七ｈmm2.　These七ungsten-bronze

structures and their reference ａχes are shovm in Fig.　9.3.

The　ｌａ七七ice mismatches ｂｅ七ween the KLN film and the KBN sub-

ｓ七rate, and ｂｅ七ween七he PKN film and 七he KBN substrate are abou七

〇.33, 0.33 and 2.3 %, and abou七〇.06, 1.1 and ０.０８％，

respectively, for七he a, b and ｃ axes in 七he orthorhombic

coordina七ｅ system as　shown in Fig.　9.3.　Among three differen七

ferroelec七ric ｍａ七erials　described above, it has been repor七ed

to be very easy to obtain large pale-yellow KBN single crys七als

up　to abou七４０ mm in diameter［５１．　As ａ resul七, it would be

expec七ed that, by using the KBN as ａ substrate material, good-

quality KLN or PKN epitaxial　films can be grown onto KBN sub-

ｓ七rates. The same rf diode ｓｐｕ七七ering equipment described in

七he　previous Chapts.　７ and 8, was used七〇 prepare the KLN films

in this　ｓ七udy.　Sapphire plates were used as substra七ｅ materials.
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９。４　　EXPERIMENTAL RESULTS　ON SAW ＣＨＡＲＡＣＴＥＲ:ＥＳＴ]:cs　OF　THE　LAYERED

　　　　　　ＳＴＲＵＣＴＵＲＥＯＦ(ＫＬＮＦＩＬＭ)／(ＳＡＰＰＨＩＲＥ)

　　　　The preliminary experiments on SAW properties of the

layered struc七ure of (KLN)/(sapphire) were carried out. The

sample　used　in　七his　study was　ａ ９　urn七hick KLN　film ｓｐｕ七七ered　on

an (0112) sapphire subs七ｒａ七ｅ　ａ七ａ　substra七ｅ七emperature of ５２０　°c

The　工DT's　are normal　elec七rodes　ｗｉ七ｈ ２５　finger pairs　and　ａ　１００μｍ

ｓｐａ七ial　period, which were evapora七ed on　七he　film　surface.　The

ｃｅｎ七er to　center propagation path　leng七ｈ was １２．５ mm.　Accordingly

七he　value　of KH　for this　sample was 0.6.　Ａ　synchroscope　trace of

七he　ＳＡＷｏｕ七ｐｕ七　signal　excited by　七he　IDT's　is　shown　in Fig.　9.4.

Since　七he　delay　七ime　ｏｆ七he　SAW propaga七ion was　２．３　りｓ，七he　SAW

veloci七y on　this　KLN　film was　ｄｅ七ermined　七〇be　5430 m/s, which

is　in good　agreement wi七h the　calcula七ed value, 5500 m/s　at　ＫＨ＝

0.6, as　shown　in Fig.　9.1.　However,七he measuremen七〇ｎ　七he

△v/v has　not been ａ七七empted because　七he　calculated value　for

七he　△v/v is of as　small　as　abou七８×　１０｀６　at KH = 0.6.

elec±rc≫nagnetic

leakage signal

- -

outpuﾋsignal
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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 ps/div.、
　y:　2 mV/div..
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9.5　　SUMMARY

　　　　　Characteristics of SAW properties　of the　layered

structures consisting of (KLN film)/(substra七e) and (PKN film)/

(substrate) comblna七ions have been calculated.　For the　layered

structure of ａ KLN film formed on ａ sapphire subs七rate, the

electromechanical　coupling factor△v/v showed ａ broad band ｗｉ七ｈ

ａ peak ａ七KH = 1.9 and its maximum ａ七七ainable value　for the

△v/v was 0.0052.　This value　is　１０七imes　larger than tha七〇ｆ

ST cut quaか七ｚ．　　Meanwhile, for　the　layered structures ｏｆ(ＰＫＮ)／

(sapphire). (PKN)/(KLN) and (PKN)/(KBN) combinations, each△v/v

had maximum at KH = 0.9, 0.8 and 0.6, respectively, whose magni-

tudes of maximum ａ七七ainable values were　equal to 0.045, 0.021

and 0.015, respectively.　The maximum value 0.045 of the 1st

peak for the △v/v in the layered struc七ure of (PKN)/(sapphire)

is　ａｂｏｕ七七wiceas　large as that of Ｙ－ｃｕｔ，Ｚ－ｐｒｏｐ・,LiNbO,.

The　theoretical resul七自　of SAW charac七eris七ics ｏｎ七he layered

structures　of {PKN)/(substrate) are the most superior as ａ SAW

device ma七erial.　　　　　　　　，

　　　　　Ａ１七houghａ ｓ七udy on the　epitaxial growth of PKN film on

various　substrates　is now in progress, it would be　expec七ed

that higher-quality ｅｐｉ七axial　film of PKN can successfully be

grown on KBN substrates　compared with KLN films　on KBN sub-

strates, because the ｌａ七七icemisma七ch between PKN and KBN is

much smaller than ｔｈａ七ｂｅ七weenKLN and KBN, as　shown in Table

９-ｴ．　工ｎaddition, the　theore七ical resul七ｓ of SAW characteris七ics

on (PKN)/(substra七e) layered　structures　, as ｍｅｎ七ioned　inthe

previous　section, showed that PKN is more　superior 七han KLN as

ａ SAW device ｍａ七erial.　Therefore,七he studies on the hetero-

ｅｐｉ七axialgrowth of PKN films　onto various　subs七rates　are now

in progress　in order 七〇realize the SAW devices with high coupling

　　　　　　　　　　　　　　　　　　　　　　　　　－１３７－



　　　　Therefore, it is　concluded that the layered structures of

(KLN)/(substrate) and (PKN)/(substra七e) combinations are the

most suitable　for SAW applications.
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CHAPTER 10　CONCLUSION

　　　　　Inthis　thesis、growth and properties of tungsten-bronze

crystals and films (mainly KjLizNbjOis ) are studied and dis-

cussed in detail　from an applicational point of view.

The results and conclusions obtained in this study are summarized

as　ｆ０１１０ＷＳ．、

Chapter ２：

(1)

(２)

(3)

　　　　　Crystals 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 Ｋ２０and LijO has been

mainly used, which is necessary to obtain crys七als of good

quality.　Pale-yellow single　crys七als up　to about 8 to １０mm

in diame七er and ３０mm in length have been obtained.　The

composition of the grown-crystals was analyzed chemically

ｔｏｂｅＫ２.８９Ｌｉｌ．５５Ｎｂ５.1101ｓ°

　　　　　X-ray, dielec七ric and chemical etching measurements

have been carried out.　The lattice constants ａ and ｃ were
　　　　　　　　　　　　　　　　　　　　　　　　　　ｏ
determined as　12.58 ａｎｄ‘4.01A, respectively.　The dielectric

ｃｏｎｓｔａｎｔｓＥＩｒｌ;／ｃｏand T
,
ａ七room temperature were ３０６

anomaly at the　transition point of
１０５°C.

On the other

hand, the ｃｌ‘i/eodid not show any anomaly, and decreased

gradually with increasing temperature.

　　　　　　工七hasbeen very difficult to obtain higher-quality

large-size single crystals　of KLN because the KLN is not

congruently melting composi七ion.　工七will therefore be

necessary七〇 find an appropriate solution for this problem

　　　　　　　　　　　　　　　　　　　　　　　-139-



　　　　　fordevice applications.

Chapter ３：

（１）　　　　　　Ａ１１the elastic and piezoelectric　constants of KLN

　　　　　havebeen measured from room temperature to about 120 C by

　　　　　observingresonan七and antiresonant frequencies.　The elec七ro-

　　　　　mechanical　coupling factors ｋ１５゛ｋ３１゛ｋ３３　andk. were 0.34,

　　　　　0.18,0.52 and 0.53, respectively.　　The temperature　coef-

(2)

ficients of elastic compliances Ｔｓ３";，Ts u ^ and TS6 6 were

-0.98, -1.2 and ０.０７５×10""*/ C, respec七ively・

　　　　　Itis concluded that the KLN crystal　can be ａ suitable

ｍａ七erial　forapplications　to the　elec七ro-mechanical　trans-

ducers　in thickness　shear or longi七udinal mode and also SAW

devices.

Chapter ４：

（１）　　　　　　Crystals of Ｋ３（１－ｘ）Ｎ３３ＸＬｉ２Ｎｂ５０１５　(KNLN)have been grown

　　　　by the Czochralski method.　The ａ七七empted values　for ｘ were

　　　　0, 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.

（２）　　　　　　The analyses　on the crys七allographic and dielectric

　　　　proper七ies showed tha七七he struc七ural phase change　from

　　　　．七he tungsten-bronze to the perovskite structures occurred

　　　　at X between ０．２ and 0.25.

（３）　　　　　‥工七was　found tha七the ･ crystals ｗｉ七ｈｘ value larger

　　　　七han ０．２ can ｎｏ七be effec七ively　poled because the composi七ion

　　　　approaches　the limits of stability ｏｆ七he tungs七ｅｎ－ｂｒｏｎｚｅ･

　　　　structure, and presumably the material　is no　longer ferro-

　　　　electric　in the vicinity of x = 0.2.　＼　　　　　　，．

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

　　　　　　　　　　　　　　　　　　　　　　　　　　　－１４０－
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(５)

the electro-optic constan七ｒ　for KNLN could be reduced to
　　　　　　　　　　　　　　　　　　　　　　　ｃ

such an ｅｘ七entas much smaller than that for KLN, by ad-　・

justing the Na concentration to x = 0.1.

　　　　On the ｏ七her hand, one of the nonlinear-optic coef-

ficients, dn , of ＫＮＬＮ（ｘ　=0.1) was　somewha七larger than

ｔｈａ七〇ｆＫＬＮ（ｘ＝○）ａｎｄwas　determined as

　ＫＮＬＮ（ｘ＝０．１）　　　　KLNｄ３１　　　　　　　　=1.6 ｄ３１　。

（６）　It is therefore concluded　that although piezoelectricity

　　　　in KNLN crystals becomes weaker as Na concentration

　　　　increases,七he addition of small ａｍｏｕｎ七〇ｆNa to KLN as ａ

　　　　whole results　in more preferable linear-op七ic　and nonlinear

　　　　optic behaviors　than pure　KLN.

Chapter ５：

（１）　　　　　　Tungsten-bronz e KBN crys七als have been grovm by ain rf

　　　　heating Czochralski method.　Since the vapor pressure of

　　　　Ｋ２０and Bi,03was high ａ七七he ｍｅ１七ingpoint of KBN （1310
oC），

　　　　the starting composi七ion with excess Ｋ２０and Bi^O,　was used,

　　　　which is necessary to obtain large crys七als of good quali七ｙ･

　　　　Large pale-yellow transparent single-crys七als of KBN up　七〇

　　　　about･３５ ｍｍφ　χ４０ mm in size have been easily grown･

（２）　　　　　　From七he experimental results obtained by the X-ray

　　　　measuremen七s, it is concluded　ｔｈａ七KBN belongs to an ortho-

　　　　rhombic　system with ｌａ七七ice cons七ants a = 17.878, b =

　　　　　　　　　　　　　　　　　　　　　　○　　　　17.888 and ｃ = 7.853 A, respectively, bu七　its　spontaneous

　　　　deformation b/a is nearly equal 七〇１．

（３）　　　　The dielectric cons七ａｎｔｓｃ乙／ｅｏ（＝ｃｊｌ;／ｅｏ）ａｎｄＥ７１／ε，

　　　　at room七emperature were　５３０ and　560, respectively.　Ｂｏ七ｈ

　　　　the dielectric cons七ants　exhibi七ed anomalies　at the Curie

　　　　temperature of abou七　3800C.　工七　is to be noted ｔｈａ七inhomo-

－141－



(４)

(５)

(６)

geneities in the crystals　are clearly improved by the

　crucible rotation.

　　　　　　Basedon the results obtained from the poling and

　chemical etching七reatmen七s, it was　found that KBN is ａ

ferroelectric material with the polar axis parallel to

　ｔｈｅ［○０１］axis.

　　　　　　Ａ１１　theelastic constants at room temperature have

been determined from the ｕ１七rasonic velocity measuremen七ｓ．

工ｔwas　found tｈａ七七he velocities propagated in KBN are

somewhat smaller than those of LiNbO,.　This resul七　is

expected from the fact ｔｈａ七KBN contains ｉ　七heheavy metal

such as Bi.

　　　　　　Fourof the twelve　independent photoelastic tensor

elements were measured for applications　to acousto-optic

devices.　工七was found that　the photoelastic cons七ants ｐ１１

and　ｐ３３ of KBN are greater than those‘of LiNbOj　and LiTaO, 。

Chapter ６：

（１）　　　　　　KLNsingle-crystal　films have been successfully grown

　　　　withgood epitaxy on KBN substrates by the EGM ｍｅ七hod.

（２）　　　　　　Theresults obtained by x-ray, SEM and RED analyses

　　　　showedthat ａ single-crystal　film of (001) KLN is epi-

　　　　taxially grovm on an （Ｏ01) KBN substrate, and also that of

　　　　(110)KLN is grovm on ａ（１００）ＫＢＮsubstrate.

（３）　　　　　　TheKLN films obtained were single-crystals of high

　　　　quality and also were transparent. However the top ｓｕｒ一

　　　　faces　ｏｆ七heas-grown films were relatively rough.

　　　　Therefore, optical polishing will be needed for the purpose

　　　　ofｏｐ七icalwaveguides.
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Chapter ７：

（１）　　　　　　KLNsingle-crys七al　films have been ｓｐｕ七七eredon the

　　　　　KBNsubs七rates.　The KLN targe七was prepared by ｓｉｎ七ering

　　　　　thepressed powder with ｐｏ七assium and lithium enriched

　　　　　composition.

(２)

(3)

(４)

　　　　　　Optimumgrowth conditions　for the high-quality single

crystal KLN films were Ar (50 %) + 0, (50 %) atmosphere,

９ × １０’２　Torr,rf power inpu七below １５０W, and substrate

七emperatures of ５８０to ６３００Ｃ。

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●　　　　　　Thecrys七allographic　identifica七ions of the KLN films

were made by x-ray, SEM and RED measurements.　工七was　found

that single-crys七al　films have been epitaxially grown on

KBN substrates.　Ｌａ七七ice　constants ａ and ｃ of the KLN film

　　　　　　　　　　　　　　　　　　　　ｏwere 12.7 and 3.96 A, respectively・

　　　　　The　laserbeam has been successfully fed into the KLN

film ｓｐｕ七七eredon 七ｈｅ（００１）ＫＢＮsubstra七ｅ．　The ordinary

refractive　index ｎ　in the　KLN film has been determined
　　　　　　　　　　　　　　　　ｏ

as　2.27.

Chapter ８：

（１）　　　　　　Anrf diode ｓｐｕ七七ering　equipmen七was used to prepare

　　　　KLN films on sapphire substra七es.　The ｏｐ七imum growth con-

　　　　ditions were ，Ａｒ（５０％）＋０２（５０％）･atmosphere,9 ×１０’２

Torr, abou七１４０ Ｗrf input power and ６００to ６５０

temperature.

°c substrate

(２) 　　　　　・The X-ray and RED results showed that an (001) KLN

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－single-crystal film has been epitaxially grovm on an (0112)

sapphire subs七rate a七substrate temperatures above ６００
°c

and also ｔｈａ七七he KLN film obtained is of ａ single-crystal

with　considerably good quali七ｙ．　On the other hand, an
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(３)

(001)-oriented KLN film sputtered on an (0001) sapphire

substrate was　seen to be polycrys七alline, and its　surface

was relative:i-y rough, because the ｌsurface-normal axes of

（００１）ＫＬＮand (0001) sapphire possess 4-fold (tetragonal)

and ３－fold (trigonal) proper七ies, respec七ively・

　　　　　　TheTEo　mode optical propagation loss　in the KLN film

was relatively small as　７．８dB/cm, which is　less　than that

ｏｆ七he　LiNbOa　filmgrovm by the rf sputtering or LPE

ｍｅ七hods.　Accordingly, the KLN film is ａｓｕｉ七ablematerial

for ｏｐ七icalwaveguides.

Chapter ９：

(１)　　　　　　Characteristics　of SAW properties　of tungsten-bronze

　　　　layered ｓ七ructures of (KLN film)/(substrate) and (PKN film)/

　　　　(subs七rate) combinations have been calculated.　Ｆｏｒ七he

　　　　layered struc七ure of ａ KLN film formed on ａ sapphire sub―

　　　　strate, the SAW electro-mechanical　coupling factor△v/v

　　　　showed ａ broad band with ａ peak at KH (wave number 七imes

　　　　film thickness) =1.9 and its maximum ａ七七ainable value　　　ダ

　　　　for the△v/v was ０.００５２ａ七KH = 1.9.　This value is　１０

　　　　七imes　larger七ｈａｎ七hat of ST ｃｕ七quartz.

(２)　　　　　　Ｆｏｒ七helayered structures of (PKN)/(sapphire),

　　　　(PKN)/(KLN) and (PKN)/(KBN) combinations, each△v/v had

　　　　maximum at KH = 0.9, 0.8 and 0.6, respectively.　whose

　　　　magni七udes　of maximum ａ七七ainable values were ０．０４５，０.０２１

　　　　and 0.015, respectively.　The maximum value, 0.045, Of

　　　　七heｌｓ七peak for 七ｈｅ△v/v in the　layered ｓ七ructure of

　　　　(PKN)/(sapphire) is twice as　large ‘as that of Y-cut, Z-

　　　　prop・, LiNbO,.

(３)　　　　　　KLNsingle-crystal　films have been successfully grown
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(5)

with good epitaxy on sapphire substrates.　By using this

KLN film, the preliminary　experiments on the SAW properties

have been carried out.　The SAW propagation on 七he KLN film

has been observed for the　firs七七ime.　The　SAW velocity was

determined七〇 be　5430 m/s, which is　in good agreement with

the calcula七ed value, 5500 m/s　ａ七ＫＨ＝０．６．　However,七he

measurement on the△v/v has ｎｏ七been ａ七七empted because

七he calcula七ed value　for ｔｈｅ△v/v are of as small as abou七

８ ×１０゛６　ａ七KH= 0.6.

　　　　　Althoughａ study on the　epitaxial growth of PKN film

on various substrates　is now in progress, it would be

expected that higher-quality epitaxial　films　of PKN can

successfully be grown on KBN subs七rates　compared with KLN

films on KBN substrates.

　　　　　　Itis concluded that the layered struc七ures　of

　(ＫＬＮ)／(ｓｕｂＳ七rate)and (PKN)/(substrate) combinations are

ｓｕｉ七ablefor SAW apblica七ions.
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　　　　Japan, 23 (1975) pp. 130-136.

５），”Dielectric and Piezoelectric　Properties of　Sodium　　　　’

　　　　　ModifiedKLN Crys七als,”

　　　　　M.Adachi, M. Miyake, and A. Kawaba七ａ，

　　　　　theFall Ｍｅｅ七ingof Phys.　Soc. of Japan, No. llp-K-4,

　　　　　ｐ．　109,October (1975) Nippon Univ.

６）　”Crys七ａ１　Growthof KLN and 工七ｓElectro-Optic Properties,”

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

　　　　　theKansai Meeting of the　工ｎｓ七itu七ｅof Electrical

　　　　　Engineersof Japan, No. S3-1, p.　S14, November (1975)

　　　　　KobeUniv。
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７）　”Fabrication of Transparent　Ceramics　in the KNbOj-LiNbO,-

　　　　NaNbO,　TernaryＳｙｓ七em,"

　　　　T.Toyama, K. Hagihara, M. Adachi, T. Shiosaki, and

　　　　A.Kawabata,

　　　　theAnnual Meeting of Phys.　Soc. of Japan, No. 5a-N-4,

　　　　ｐ．　22,April (1976) Nagoya Univ.

８）”Ferroelectriclty of KjBiNbjO,, Single Crys七ａ１，”

　　　　M.Adachi, and A. Kawabata,

　　　　theAnnual Ｍｅｅ七ingof Phys.　Soc. of Japan, No. 5a-N-10,

　　　　ｐ．　25,April (1976) Nagoya Univ.

９）　”Electrical Proper七ies of (Na, K, Li)NbO3　Piezoelec七ric

　　　　Ceramics and Their Surface Acoustic Wave (SAW) Applica七ions,”

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

　　　　七heFall Meeting of Japn.　Soc. Appl.　Phys・,No. lp-N-4,

　　　　ｐ．　187.October (1976) Tohoku Univ.

１０）”Ferroelectricity of KjBiNbjO,5　Single　Crystals　：　工工，”

　　　　M.Adachi, and A. Kawabata,

　　　　七heFall Ｍｅｅ七ingof Phys.　Soc. of Japan, No. 8p-K-7,

　　　　ｐ．　175,Oc七〇ber(1976)･Tohoku Univ.

１１）”Ferroelectricity (Ferroelasticity) of KjBiNbsO.5　Single

　　　　Crystals　ｚ　工工工，”

　　　　Ｍ．ヽAdachi,and A. Kawabata,

　　　　theAnnual Meeting of Phys.　Soc. of Japan, No. 4a-J-4,

　　　　ｐ．　97,April (1977) Yamaguchi Univ.

１２）”Epitaxial　Growth･of KjLijNbsOis　Single-Crystal Films　on

　　　　KzBiNbjOis Single-Crystal Substrates,”

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

　　　　AnnualReport of study Group on Applied Ferroelec七rics

　　　　inJapan, 26 (1977) pp. 8-13。
　　　　　　　　　　　　　-

１３）”Optical　Proper七iesof KBN Single Crystal,”

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

　　　　theAnnual Ｍｅｅ七ingof Phys.　Soc. of Japan, No. 9a-N-5。

　　　　　　　　　　　　　　　　　　　　　　　　　-149-



　　　　　ｐ．　3,October (1977) Science Univ.　of Tokyo.

１４）”Single-Crys七ａ１　Growth of KNbOa-LiNbOs-NaNbOj　Solid

　　　　　Solu七ions and Their Elec七rical Proper七Ies,”’

　　　　　M.Adachi, and A. Kawabata,

　　　　　七heAnnual　Meetingむｆ Phys.　Soc. of Japan, No. 2a-BD-4

　　　　　ｐ．　94,March (1978) Tohoku Univ.

15)”Epitaxial　Grow七ｈ of K3Li,Nb5Ois　Deposi七ed on KjBiNbjOjs

　　　　　byRF Ｓｐｕ七七ering,”

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

　　　　　theFall Ｍｅｅ七ing of Japan.　Soc. Appl.　Phys・ ,No. 4a-B-6,

　　　　　ｐ．　41,November (1978) Kinki Univ.

１６）”Fabrication of K3Li2Nb50i5　Thin Films by RF Ｓｐｕ七七ering

　　　　　andTheir Optical Waveguide Applica七ions,"

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

　　　　　七heAnnual Ｍｅｅ七ing of Japan ．　Soc． Appl ．　Phys・，No. 27p-H-5,

　　　　　ｐ．　555,March (1979) Gakushuin Univ.

１７）”Ｅｐｉ七axial　Growth of Potassium Lithium Niobate Single-

　　　　　Crys七ａ１Films　for Optical-Waveguides,”

　　　　　M.Adachi, T. Shiosaki,. and A. Kawaba七a,

　　　　　工nternational工EEE　1979 Symposium on Applications　of

　　　　　Ferroelectrics, Symposium Digest, p.　37, June (1979)

　　　　　Minneapolis.

１８）”Thermal Expansion of Tungs七en-Bronze Type K,BiNb50,5

　　　　　Single Crys七al,.”　　　　　　　　　　　　　　　　　　　　　　　　・

　　　　　M.Adachi, and A. Kawabata,

　　　　　the Annual Ｍｅｅ七ing of Phys.　Soc. of Japan, No. 27a-W-10,

　　　　　ｐ．　53,March (1980) Waseda Univ.

１９）”Fabrication of Ｓｐｕ七七ered-Ferroelec七ric K3Li2Nb50,5　Thin

　　　　　Film and　工七ｓ　Electrical Property,"

　　　　　M.Adachi, J. Kiyose, A. Kawaka七zu, T. Shiosaki, and

　　　　　A.Kawabata,

　　　　　七heAnnual Meeting of Japan.　Soc. Appl. Phys・, No. 3p-M-5,

　　　　　　　　　　　　　　　　　　　　　　　　　　　　-150-
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　　　　ｐ．694, April (1980) Yamanashi Univ.

２０）”Surface Acoustic Wave (SAW) Properties　of Tungsten-Bronze

　　　　K.LizNbsOis　Thin Films,”

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

　　　　七heFall Meeting of Japan.　Soc. Appl ．　Phys・， No. 19P-N-4,

　　　　ｐ．659, ０ｃ七〇ber(1980) Nagoya工nstitute of Technology.

２１）”Fabrication of Tungs七en-Bronze KjLizNbsOis　Thin Films and

　　　　工七ｓC-Axis Orientation,”

　　　　M. Adachi, T. Shiosaki, and A. Kawaba七ａ，

　　　　the Annual Meeting of Japan.　Soc. Appl ．　Phys・，No. 31a-B-6,

　　　　ｐ．　724,March (1981) Musashi　工ｎｓ七i七ｕ七ｅof Technology.

２２）”Fabrica七ion of Tungsten-Bronze PbzKNbjOis　Films　and their

　　　　Applications七〇 SAW Devices　：　工，”

　　　　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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