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1.1　Tungstenbronze　niobate　materialsl゛6

　　　　Niobate　crystals,　especially　with　p`erovskite　or　tungsten　bronze　structure,

belong　to　a　class　of　important　ferroelectric　materials,　because　they　have　large

pyroelectric　coefficients,　excellent　piezoelectric　and　electro‘optic　properties.

Early　studies　of　the　tungsten　bronze　niobates,　such　as　PbNb206　(1ead　metaniobate)

were　performed　by　Goodman　in　1953,and　is　of　special　interest　in

high'temperature　piezoelectric　applications　because　of　its　large　piezoelectric

constant　and　high　Curie　point,　570oC,　Crystallographic　studies　by　the　Francombe

(1956)revealed　that　at　room　temperature　there　are　two　polymorphic　forms　of

PbNb206,　namely,　a　rhombohedral　form,　stable　at　temperatures　up　to　1200oC,　and

the　ferroelectric　orthorhombic　form　found　in　matcrials　rapidly　cooled　from

temperatures　above　1250oC･　PbNb206　and　compounds　of　the　type　PbOX(Nb205),

where　l≦x≪3.0,　are　structurally　related　to　the　tetragonal　tungsten　bronzes

K0.57W03　and　Nao｡28WO3　described　by　Magneli　(1949).Goodman(1957)has　found

that　the　electrical　properties　of　PbNb206　are　considerably　enhanced　when　Pb　is

partially　replaced　by　Mg,　Ca,　Sr　and　Ba･　Electrical　and　crystallographic　studies

have　also　been　made　in　these　laboratories　for　the　systems(Pb,Ba)Nb206

(Francombe　and　Lewis,1958)and(Sr,Ba)Nb206.　　　　　　　　　'

　　　　The　tungsten　bronze(TB)structure　is　constructed　by　the　network　of

octahedra　sharing　the　corners,　and　it　could　be　safely　said　that　this　structure　stands

at　intermediate　positions　between　the　perovskite“tyPe　and　pyrochlore'type

structures･　A　typica1　TB　unit　cell　is　composed　of　ten　octahedra　and　six　cages;　the

latters　consists　of　two　12-coordinated　(A1)sites　and　four　15,coordinated(A2)

sites　surrounded　by　the　o'ctahedral　as　shown　in　Fig.1“1゛1.　Usually7　four

9-coordinated(C)sites　are　vacant,　inwh､ich　small　ions　such　as　Li゛　and　Mg2゛,　etc.

can　be　introduced.　When　the　octahedral　sites　are　occupied　by　B　ions　and　the

remaining　six　sites　by　A　ions,　the　compound　is　represented　by　a　general　formula,

A6Blo03o,　called　a　mled-tungsten　bronze,　where　either　A　or　B　sites　are　to　be

occupied　by　more　than　two　kinds　of　ion.s,　Accordingiy,　lf　the　binary　system　is

composed　of　A-oxide　and　B-oxide,　we　could　only　find　the　A5Bto03o-type　TB,
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where　the　six　A　sites　are　occupied　by　five　ions;　thus　it　is　called　as　the　unfilled　TB

structute･　Relatively　large　cations　such　as　alkali　ion　(K≒Nat),alkali　earth　ion

(Ca2≒Sr2゛,　Ba2゛)9　rear　earth　ion　(La3゛,　Nd3゛)and　Pb2゛,　Bi3゛　can　occupy　the　A　sites.

0n　the　other　hand,　small　cations　with　high　valency　such　as　Nb5゛　and　Ta5゛　can

occut)y　the　B　sites.　Therefore,　ferroelectric　tungsten　bronze　material　has　attracted

sp`ecial　attention,because　numerousdesired　properties　can　be　designed　by

introducing　va゛rious　ions　in　the　A　sites　or　B　sites,

Nb06

0ctahedra

C

Fig.1-1“1　Structure　of　tungsten　bronze　projected

onto　the　(001)plane.

[A1:　12-ft)ld　site,A2:　15-fold　site,　C:　9-fold　site]

　　　　Ferroelectric　tungsten　bronze　niobate　materials　are　classified　to　the　three

types　by　the　occupation　of　metal　ions　in　their　structure.

　1)completely　filled　tungsten　bronze

　　　Monovalent　ions　occupy　all　sites.

　　　ex,)K3L12Nb5015(KLN)

　2)filled　tungsten　bronze

　　　Metal　ions　oJccupy　aII　A　sites　with　vacant　C　sites.

　　　ex,)Ba2NaNb5015(BNN),Sr2KNb5015(SKjN),K2LaNb5045
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3)partially　mled　tungsten　bronze

　　Metal　ions　occupy　five-sixth　of　A　sites,　or　one'sixth　of　A　sites　with　vacant　C

sites｡

ex.)Pb1-,Ba,Nb206(PBN)｡Srl-,Ba,Nb206(SBN)

1.2　Ferroelectricity　and　structural　stabmty　of　tungsten　bronze

　　　structure

　　　Tungsten　bronze　structure　was　discovered　by　Magneli　et　al･　in　1949　as　thc

KXW03　phase｡　After　that,many　kinds　of　compounds　with　tungsten　bronze

structure　have　been　synthesized.　These　compounds　classified　into　three　groups　as

shown　in　Table　i-2‘　1.　1n　the　grouPs　listed,　the　thlrd　group,　which　has　the　genera1

formula:(AI)2(A2)4(C)4(BI)j(B2)803o,shows　ferroelectricity.4'7　This　type　of

compounds,　such　as　SBN　and　PBN,　have　excellent　electrical　and　optical　properties

and　ha,ve　been　receiving　great　attention.

　　　　　　lable　1'2'1　Some　“tetragonal　tungsten　bronze"'type　stmctures

Formul･
ComPoliUon
　　rlnge ･(λ) 1(λ) c(λ) Z

E　conductlng,　MlhJy　eobrtd,　uutolchlome�c　bronzes
　　X｡WiO,

　　Na｡W,0･

　　Pb｡WIO,

　　Ba｡WIO,

　　X｡MoiO,

　　BINb,01

　　B･TilO,

2.C4)mpoua&ol　the　type　(AO)･x(BiO,)

　　NllO･4NblOI

　　xiO･3NblO,

　　XIO･ZT404

　　PbO,sNb,0,

　　B･○,2Nb,0s

　　SrO･2i(Nb70･)
　　B｡○･7ra,0,

　　Nbs,WI,0,4

z-O｡9-1.Z

X-o｡5&-o｡76

s-0.;M)｡7

z-o｡22-0.44

z〃1.0

Z-14

3.Fefroelec�c　mtttrills(,41)l(42)4(C)4(jl)1(j12)4,

　Pb､N441

　PbiT4･OI｡

　Sr,T●j,01,

　B4Ts4･0,,

(Pb,X),N44,

Ba4RIFeiNb4,

h｡Sr(s.,,)Nbl,4,

Ba4､INrbuZrl』OI,

Ba4Nb,TilOI｡

Ba4N･,sN‰Oa

Kμ4Nbl,01,

X-(4　Sr,B｡
R-Nd,Sm,Gd

z-1.25-､3.75

12.31

12.10

12.20

12.15

12.32

12.60

12.60

　　12.45

3×12.57

3×12.43

　　17j2

　　12.46

　　12.34,

　　17.55

　　12.25

17.65

17.61

12.45

12.59

17.85

12.47

12.43

12.67

12.54

17゛｡59

12.58

●●●

●●●

●●●

●●●

●●●

●●●

●●●

3×12.32

　　17.59
●●●

　　17.65

3×12.21

17

17

●●●

●●●

18

4●●

●●●

12
i●t

17
●●●

91

91

14

67

63

3.&4

3.75

3.78

£84

3.86

3.95

3.95

　　3.91

　　3.･94

　　3.&8

2×3.94

　　3.97

　　3j94

　　3.91

　　3.94

2×3.84､

2×3.87

2×3,85

2×3.92

2×3.90

　　3.93

　　3.91

　　4.02

　　4.01

　　4.00

　　4.01

5
5
S
5
S
5
f
a

C
C
C
C
C
C
C
C

4
4
2
2
4
1
1
1
1
2
ー
ー

-
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　　　The　　main　　structure　　of

tungsten　bronze　is　constructed　from

806　octahedra　affording　the　AI,　A2

and　C　sites.The　B　ion　of　BO6

octahedra　is　known　to　occupy　two

different　cation　sites　(B(1)and

B(2)),which　are　coordinated　by

four　O　atoms　in　pseudo-square

planes.　as　shown　in　Fig.1-2-1.　0(4)

and　O(5)atoms　can　occupy　two

sites corresponding　　　tQ　　　the

occupation　of　AI,　A2　and　C　cations,

and　enhance　the　formation　of　the

disordered　structure.7'8　Usually,　Nb

and　Ta　are　well-known　as　B　cations

of　ferroelectric　　tungsten　　bronze.

Figure　　　1-2-2　　　shows　　　the

configuration　of　A　sites　in　the　unit

sell　of　tetragonal　tungsten　bronzc

SBN.　As　sholwn　in　Fig.1-2-3,A1

site　is　surrounded　by　twelve　o

atoms(O(2)and　O(5a)or　O(5b)).

A2　site　is　found　to　be　the　type　of

triangle　prism　coordination　by　the

study　of　Jamieson　for　SBN　as

shown　in　Fig.1-2-4.　'When　two

kinds　of　A　cation　are　introduced　in

this　structure,a　cation　which　has

the　smaller　ionic　radius　dominantly

occupies　the　Al　site　since　the　size

○{4A)

(a)

,･7･“‘g･･

'y.'

○(1)　　○(3)

○(5A}

lb}

,･7･‘gヽ

`μ･'

Fig゛1'2“1(a)B(1)and(b)B(2)octahedra　for　the　tungsten　broaze

　StrUCIUre｡

x,slt●m●tiv●　oxY9●n　slt●

　　ln　nlobium　oxy9●n

　　　octah●dr●

Djsorder●d　sit●,

　B･-Srsit●

　(Z･0.5}

Fi&1“2‘2　view　of　strontium　bafiumniobate　slructurealong　the

　polar　c　axi&

○(5B)

@s･ Oxy9en

○{5B)

Ftl-2-3　cub｡-octahedal　coord㎞ltion　or　the　nurat　neighbour

　oxy&en　atoms　around　strontium　in　thl　Al　site｡
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of　A2　site　is　larger　than　Al　site.

W'ide　variety　of　A　catio=ns　can　be

introduced　in　Al　and　A2　sites｡　ln

general,　A　cation　is　selected　from

Pb,Ba,Ca,Sr,K,Na　a,nd　rare　earth

elements｡C　site　is　the　smallest　site

and,the　coordination　number　of

nine　similar　to　A2　site,　which　has

triangle　prism　type　coordination.

0n　the　other　hand,　C　site　is　usually

occupied　with　the　smallest　cation

such　　as　Li゛｡There　are　several

reasons　　for　the　complexity　of

tungsten　bronze　structure.　Every

BO6　octahedron　can　tilt　to　several

dlrections　from　c-axis,which　leads

to　the　shift　of　O(4)and　O(5)atoms

as　shown　in　Fig.1-2-1.　Jamieson　et

al･　suggested　that　the　diversity　of

distortion　of　B06　octahedra　caused

by　the　occupation　of　AI,　A2　and　C

cations　enables　the　transformation

from　tetragonal　to　orthorhombic

⑩B●/s｢ Oxy9en

○(SA}

Fi&1`24　Trl-clpPed　triSonal　primatic　coordin&tion　or　th･　neares{

　neilhbour･xyS｡n　aloml　around･comp{5slteh/Sr&tominlheA2

　and　C　ita｡

&

μ
･
ー
ー £4.

tjtZE:

Figj-2‘5　The　nature　of　the　cation　displaccments　along　+{:,

relative　to　the　oxygen　planes,　which　exPlains　the　macroscopic

Po】arization[SBN】

Symmletry･7

Another　reason　for　the　complexity　of　the　structure　is　that　the　O(4)site　has　only

50%　occupancy･　These　vacancies　make　another　atoms　shin　from　the　ideal

positions,　which　leads.　to　the　change　in　symmetry　of　local　sites.　The　origin　of

ferroelectricity　is　caused　by　the　cations　introduced　in　B,　AI,　A2　and　C　(if　it　is

existed)sites.　These　cations　are　shifted　from　the　O(1)jO(2)and　O(3)oxygen　atom

plane.　This　shift　of　cations　results　in　the　dipole　moment　oriented　for　specific
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direction,for　example,　along　c'axis　for　tetragonalSBN　as　shown　inFigl-2゛5.9

　　　　The　phase　relationship　was　so　far　investigated　for　many　solid　solution　of

A5Blo03o　and　A6BloO3o　systems　(A°Ba,　Pb,　Sr,　Ca,　Na,　K　and　B°Nb,　Ta).Table

l-2-2　summarizes　the　multi-componcnt　A5Blo03o　and　A6Blo03o　type　compounds.lo

Cations　Play　an　important　role　in　the　stability　of　tungsten　bronze　structure　for

A5Blo03o　and　A6Blo03o　type　comPounds.　ln　the　case　of　A5Blo03o　type　niobate,

only　PbNb206(PN)has　the　tungsten　bronze　structure.　0n　the　other　hand,　BaNb206

(BN),SrNb206(SN)and　CaNb206　(CN)[A°Ba,　Sr,　Ca]don't　have　the　tungsten

bronze　structure.　For　example,　the　crystal　structure　of　SrNb°206　and　BaNb206　is

the　orthorhombic　structure　partly　constructed　by　edge-shared　NbO6　octahedra　as

shown　in　Fig1-2-6.11　However,　similar　to　the　PN-BN,　PN-SN　and　PN-CN　systems,

the　tungsten　bronze　solid　solution　exists　in　the　b･inary　BN-SN　system.　Figure　l-2-7

shows　the　phase　relation　for　the　A5Blo03o　typc　ternary　system,　such　as　BN-SN-CN

and　BN-PN“SN　systems.loThe　distributions　of　Curie　temperature(Tc)and　the

lattice　constants　are　shown　by　contour　lines　in　the　tungsten　bronz･e　type　range.　The

lattice　parameters　in　the　orthorhombic　phase　are　indicated　by　a　and　c　instead　of　ay

b　and　c,　where　at=(a+b)/2√2　is　a　pseudo-tetragonal　constant.　PN　is　known　to　have

the　largest　ferroelectricity　among　unfilled'tungsten　bronze　compounds･　Curie

temperature　is　the　“measure"　for　the　stability　of　the　ferroelectricity　of　tungsten

bronze　compounds.

(a) (b)

Fig.1‘2゛6(a)Orthorhombic　SrNb206　and　(b)high　orthorhombic
BaNb206　structures
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7nlble　1-2-2　Tungsten　bronze　niobate　and　tantalate　compounds

Campounds
-

PbNblO｡

BaNblO4

SrNbaO｡

C&NblO｡

PbT&jO4

BaTalO｡

SrT●lO｡

PblNINblO11

BalN●NblOll

SrlNINblO11

PblNaT1101s

BaaNaTI,0,s

SrlNaT&1011

PbaKNi110,1

B&IKNbsOI,

SrlKNb,01j

PblKT●,01,

B&IKT●･OII

SrlKT●10ts

C●IKT&jO1･

SN

　　　　　　　Crys4al

Abbrtvi●tk》a　･yltem

PN

BN

'
7
g
Z
2
E
Z
‐
Z

BXT

SKT

CKT

BN

SN

　　　a

W

17､51

1107
11i94

　5J64

　17.68

　17jOO

　17.600

　17.606

　17j9

　17.45

　12.45
{{z｡473
　12.480
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　　　　ln　　addition,　A581oO30

type　tantalate[A°Pbi　Ba･Sr]

have　　　the　　tungsten　　bronze

structure.1o'12‘14　　　　　　　　　The

substitution　of　Ta　for　A5Blo030

type　niobate　also　stabmzes　the

tungsten bronze　　　structure

similar　to　the　introduction　of

alkali　　ions　　for　A　sites｡　ln

A5Blo03o　type　niobate[A=Sr,

Ba],tungsten　bronze　crystal　has

been　known　to　be　formed　by　the

substitution　of　Ta　for　Nb　as

shown　in　Table　l-2-2.　1keda　et
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al.　invcstigated　th･e　effect　of　the　Fig.1゛2-8　The　AsBI｡○･3o･type　q9artemary　system,

substitution　of　B　ion　for

(Pbl-,Ba,)5(Nbl-yny)loO30

system.lo　Figure　l-2-8　shows

the　change　in　Tc　and　lattice

constants　　for　　the　　tungsten

bronze　compounds　with　various

chcmical　compositions.

(Pbl-XBaz)5(Nbl-｡TI｡)loO3o.　The　lattice　constants
and　th6　Curie　temperature　are　shown　against　the

composition,　The　lattice　parameters　in　the　ortho-

rhombic　phase　are　indicated　by　at,　δand　c,　where

at=(a+Z･)/2､/Z　and　J=(£･‐a)/【(a+&)/21.The　orth

ll　phase　is　treated　as　a　pseudotetragonal　one.　The

components　of　the　phase　diagram　are　indicated　by

the　abbreviation:　PN=Pb5NbloO3o,PT=Pb5Talo

O3o,BN=Ba3NbloO3o　and　BT=Ba5TaloO3o.The

hatched　region　is　a　heterogeneous　region　of　BN+TB.

ln　the　BT-BN　binary　system,　the　tungsten　bronze　range　exists　in　the　narrow　area

around　the　end　member　of　BT｡　Tc　reached　the　maximum　value　at　PN　and　decreased

with　ap'proaching　to　BT　side.　ln　spite　of　the　similarity　of　chemical　characters

between　Nb　and　Ta,　the　substitution　of　Ta　for　Nb　gives　the　great　influence　for

ferroelectricity　and　greatly　reduces　Tc.　Neither　SrTa206　nor　BaTa206　has

ferroelectricity　even　in　the　low　temperature　region　and　they　are　paraelectric.

　　　　'When　A　site　cations　are　Ba　and　rare　earth　element　in　niobates,　the　tungst･en

bronze　phase　with　ferroelectricity　was　reported　for　(Bal,XR2x/3)Nb206　system　{R=Y,
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Sm,Lal　whenR=Sm,La　is　in　O･.2≦x≦o,4,R=Yisatx=O,25.15

　　　　Furthermore,　change　in　chemical　composition　from　A5Blo03o　to　A6Blo03o　by

the　incorporation　of　alkali　ions　in　its　structure　such　as　Na　and　K　leads　to　the

formation　of　the　filled-tungsten　bronze,　which　has　high　structural　stability.6'16'17

When　one　A2゛　lon　of　the　A5BloO3o　type　tungsten　bronze　is　substituted　for　two

alkali　ions,　the　structure　approaches　to　the　A6Blo03o　type　tungsten　bronze.　Thus･

the　structural　stability　is　enhanced　by　the　introduction　of　alkali　ion　in　the　Al　and

A2　sites｡　The　solid　solution　bヽetween　A5Blo03o　and　A6Blo03o　type　tungsten　bronze

compounds　completely　form　the　tungsten　bronze　phase.　Tilble　l“2'3　summarizes

the　well-known　A6Blo03o　type　f111ed-tungsten　bronzes.　These　compounds　are　the

solidsolution　betweenA゛Nb03　and　A2゛Nb206　type　compounds.17

7nlble　1-2-3　Data　for　tungsten　bronze-type　niobates
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1.3　Synthesis　and　properties　of　tungsten　bronze　niobate　materials

　l.3.1　Synthesis　of　tungsten　bronze　niobate　mattrials

　　μj　Sj4g&C95za/s

　　　Ferroelectric　　　tungsten　　　bronze

niobate　single　crystals　mainly　have　been

grown　by　the　Chochralski　method　as　　　_22Ξ_｡

shown　in　Fig.1“3‘1.　Many　investigations

Of　the　SyntheSIS　Of　tUngSten　brOnZe　　　･o･｡｡｡GslAt

niobate　crystals　have　been　performed　on

the　properties　of　grown　crystals.18゛30

However,the　basic　obstacle　to　the

practical　application　of　this　excellent

material　is　the　difficulty　in　growing　large

single　crystals　with　a　good　optical

homogeneity･　The　reproducibility　in

MILT

Ai.UMINA●LOCK

ALUMINA　S110　KOU)tR

●41

krroelectric　Fig｡1-3-1　Schematic　diagram　of　Czochralski

single　crysta]l　growth　apparatus
growing　　　transparent

tungsten　bronze　single　crystals　has　been

known　to　be　poor.

The　main　problems　associated　with　the　Czochralski　growth　of　sing.le　crystals　can

be　summarized　as　　the　instability　of　diameter　and　unavoidable　optical

inhomogeneity.　The　occurrence　of　“striation"　which　accounts　for　the

inhomogeneity　along　the　growth　axis　and　“core"　which　causes　the　inhomogeneity

along　the　direction　normal　to　the　growth　axis,　are　included　in　the　latter　problem.

Striation　is　the　typical　optical　defect　common　to　solid　solution　crystals　and　is

quite　difficult　to　suppress,　especially　in　the　case　of　strontium　barium　niobate,　0ne

of　the　significant　countermeasuresto　this　problem　is　to　grow　crystals　at　the

composition　as　close　to　4　congruent　melt　as　possibleヽ　The　determination　of

congruent　melt　composition　is　difficult　in　the　fabrication　of　multicomponent

ferroelectric　niobate　crystals.　Furthermore,　there　are　several　problems　for　the

fabrication　of　single　crystals,　for　example,　the　difficulty　in　precise　control　of
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composition･　cracking　problem　caused　by　phase　transition　during　cooling　process,

etc｡

　　μL,}j)alycQ･azli

　　　　Polycrystal　samples　of　tungsten　broRzeniobate　material　have　been　prepared

by　the　COnventiOnal　SOIlid　State　reaCtiOn　Of　Oxide　pOwderS　with　a　mllling　teChniqUe.

However,the　preparation　of　densified　sample　is　quite　difficult　without

hot'pressing,　because　its　grain　growth　is　likely　to　be　anisotropic.　Severa1　reports

Of　thle　preparatiOn　Of　tungSten　brOnze　niObate　p01yCryStaIS　With　high　denSity,

oriented　grains　and　high　transparency　have　been　so　far　published.25'26'31‘41　They

concern　mainlywith　the　effect　ofhot-pressing31'38'41,hot　isotactic　pressing

(HIPing)34,　sintering　aids　(vanadium　oxidl,　etc,)35　and　modification　of　another

ions　for　A　sites　(alkali　or　rear　earth　ions)32'33'39'41.

　　　　For　example,　the　dielectric,　piezoelectric　and　optical　properties　of　SBN

polycrystals　prepared　by　the　hot-pressing　or　HIPing　werc　examined　by　several

researchers.31'34　From　one　of　these　results,　lt　isconfirmed　that　the　anisotropies　of

about　l.5　times　were　found　in　both　the　permittivity　and　the　electromechanical

coupling　factor　for　the　directions　perpendicular　and　parallel　　to　　that　of

hot-pressing.31　The　anisotroPy　of　properties　is　due　to　the　grain　orientation　of

sintered　samples.　From　this　results,　grain　oriented　samples　with　high　density　are

found　to　be　important　to　reach　the　better　properties　of　tungsten　bronze　niobate

even　if　it　is　polycrystaIIine.　Similarly,　the　properties　of　other　tungsten　bronze

niobates(SKN37　and　PBN39‘41)with　oriented　grains　are　investigated.　The　effect　of

variOUS　dOlpantS･　On　Several　prOpertieS　Of　tUngSten　brOnZe　niObate　aS　Well　aS　the

densification　and　microstructure　controi　of　polycrystalline　ceramics　are　also

studied｡

　　1.3.2　Properties　of　tungsten　bronze　niobate　single　crystals　and　polycrystals

　　　　Tungsten　bronze　niobate　crystalsi　such　as　SBN　and　PBN･　are　known　to

exhibit　excellent　ferroelectric　and　optical　properties.　Fig.1‘3'2　shows　the

classification　of　various　types　of　tungsten　bronze　crystals　based　on　thelr　crystal

structurle　and　ferroelectric　and　optical　properties･42　Several　tungsten　bronzesμuch
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as　SBN,　BSKNN　((KXNal-x)o,4(SryBal-y)o,8Nb206),KLN,　SKN,　morphotropic　PBN,

SNN(Sr2NaNb5015),have　potential　utility　in　several　optical　applications,

although　the　growth　of　high゛quality　crystal　has　proven　to　be　difficult　as　des.cribed

in　the　previous　section.　This　section･　focuses　on　several　properties　of　ferroelectric

tungsten　bronze　niobate　materials.

1
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　　　　　7
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Fig.1-3-2　Classification　of　tu･ngsten　bronze　ferroelectric　crystals

　　μJj)jeleczric　j7r∂jperzies6'9'34'42'52

　　　μJ　CiarαcM7iμfc　&e/zaWθΓ　¥　zazzgsren　&Γθzzze　zzi�)are･y　α∫　a　rdαxθ｢

　　　　μΓΓθe/edrics

　　　ln　oxygen-octahedron　type　ferroelectric　compositions　which　exhibit　diffuse

phase　transitions　and　weak　field　dielectric　permittivity　with　strong　low　frequency

(105　Hz)dispersion,ithas　become　evident　that　the　polarization　mechanisms

operating　in　the　vicinity　of　the　dielectric　maximum　are　qualitatively　different　from

the　expected　“soft　mode"　behavior　of　normal　displacive　ferroelectrics･　lt　had　been

noticed　that　all　relaxors　had　the　possib111ty　of　more　than　one　type　of　ions　at

identical　crystallographic　positions･　Therefore,a　model　of　composition



fluctuations　was　proposed　for　explaining　the　ferroelectric　relaxor　behavior　by　a

randOm　diStributiOn　Of　iOlnS　OCCupying　the　Same　iattiCe　Site.　ThiS　COmpOSitiOnal

nuctuation　model　has　been　further　described　by　an　energy　model　which　relates　the

ferroelectric　stability　to　the　scale　of　polar　regions　by　energy　argument.　Though　the

cation　ordering　being　responsible　for　the　phase　transition　behavior　of　relaxor　is

well　accepted,　it　would　be　ambiguous　if　the　changes　in　the　cation　ordering　were

accompanied　by　a　change　in　the　chemical　composition,　since　this　by　itself　may

affect　the　phase　transition　behavior,

　　　　There　have　been　several　studies　reported　about　quenching/annealing　related

to　the　ordering　changes　in　relaxor　materials.　Compositional　fluctuation　plays　a　key

role　in　the　perovskite　relaxor　of　Pb(Scl/2Tal/2)03,　which　has　been　demonstrated　by

Setter　and　Crossusing　the　B　site　(Sc:Ta)ordering　control.44　1twas　shown　that　the

fully　ordered　material　gave　a　sharp　first　order　phase　tran,sitio'n　while　the

disordered　one　gave　a　classic　relaxor　behavior･　A　decrease　in　Te　of　about　10oC　was

observed　for　disordered　material　by　quenching･

　　　　As　regards　the　tungsten　bronze　niobate,　the　ferroelectric　Srl-XBaxNb206

(SBN)has　been　chosen　as　a　representative　because　it　is　probably　one　of　the　most

extensively　studied　solid　solution　systems　of　tungsten　bronze　relaxor.　The

tetragonal　tungsten　bronze　prototype　structure　is　projected　onto　the　(001)plane　as

shown　in　Figure　1-1-1.　The　chemical　formula　of　tungsten　bronze　SBN　can　be

represented　by(AI)2゛II(A2)4)(゛(C)41)((B1)2゛I(B2)8゛I03o゛1　1n　whieh　A1,　A2　and　C

are　the　12-,　15-　and　9-fold　coordinated　sites　in　the　crystal　structure.　B　is　6-fold

coordinated　site　surrounded　by　an　oxygen　octahedron.　For　SBN　composition,　the　C

site　is　always　vacant.　Sr2゛　and　Ba2゛　are　distributed　in　Al　and　A2　sites　with

one-sixth　of　the　A　sites　being　vacant･　Dielectric　properties　of　SBN　with　different

Sr/Ba　ratios　have　been　investigated　by　Glass.56　When　the　Sr/Ba　ratio　is　34/66,　the

structure　entropy　is　expected　to　be　the　lowest　while　only　Sr　cations　occupy　the　A1

site　and　only　Ba　cations　occupy　the　A2　site.　The　phase　transition　becomes　more

diffuse　when　the　Sr/Ba　ratio　becomes　larger｡

　　　　lt　is　now　evident　that　the　phase　transition　broadening　is　a　very　general
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phenomenon　in　solid　solutions　and　other　disordered　structures.　The

frequency-dependent　maximum　of　dielectric　constant　generany　neither　coincides

with　the　peak　of　dielectric　loss,　nor　with　the　peak　of　pyroelectric　coefficient.

When　the　ferroelectric-paraelectric　transition　is　gradual,　and　diffused　over　a

temperatuTe　range,　it　is　usuaHy　referred　to　the　Curie　range.　Within　this　range　the

ferroelectric　exhibits　unusual　properties.　The　spontaneous　polarization　and　other

properties,such　as　the　specific　heat,the　optical　absorption　edge,the　refractive

index　and　the　electrooptic　properties,　vary　gradually　throughout　the　Curie　range.

The　behavior　may　be　due　to　several　reasons,　compositional　nuctuations,　therma1

nuctuation　in　the　Curie　region,structural　defects,etc.　ln　the　case　of　single

crystals　of　strontium　barium　niobate　(SBN),the　effect　is　very　pronounced　and

strongly　depends　on　the　Sr/Ba　ratio　as　described　above.

　　　The　dielectric　constants　of

the(001)direction　as　functions

of　temperature　and　measurement

frequency　are　shown　in　Fig.1-3-3

for　SrojBaojNb206　(SBN50/50),

Sro｡6Bao｡4Nb206(SBN60/40)and

Sr0.75Ba0,25Nb206　(SBN75/25),

respectively.　With　increasjng　Sr

content,the　value　of　dielectric

constant　is　suppressed,the　peak

broadcn (with　　　enhanced

dispersion),and　the　temperature

of　the　maximum　decreased｡　The

StrOngerl　relaxOr　CharaCteriSliCS

with　increasing　Sr　content,

undoubtedly,　renects　enhanced

disorder｡
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The　disorder　in　the　SBN　family　of　relaxofs　may　be　related　to　the　random

distribut､ions　of　Al　and　A2　sites　cations　in　its　structure｡The　existence　of

needlelike　nanopolar　domains　which　are　characteristic　for　SBN　relaxor

ferroelectrics　were　also　confirmedby　TEM　observation.46'47

　　　　The　orientational　dePendence　of　dielectric　constant　as　a　function　of

temperature　is　shown　in　Fig.　1　-3-4　for　(001)-and(100)-aligned　SB･N75/25　crystals,

respectively･A　strong　orientational　dependence　can　clearly　be　observed.　The

maximum　dielectric　constant　along　the　(001)was`100　times　that　along　the　(100)･

ln　addition,　no　relaxational　behavior　was　observed　in　the　(100)response　and　no

remanence　could　be　sustained.　ln　contrast,　the　orientational　dependences　of　the

dielectric　response　for　the　well-known　relaxor　dielectrics　of　PMN　arc　shown　in

Fig･1-3-5　for(100)and(111)cryStals,　respectively.　The　dielectric　responses　are

nearly　independent　of　crystallographic　orientation.　ln　addition,･an　equivalent

remnant　polarization　is　observed　for　either　orientation.　These　results　clearly

illustrate　that　the　relaxor　behavior　of　SBN　is　strongly　anisotropic,which　is

distinctlydifferent　from　thenear-isotropicbehavior　of　the　PMNtyple.46'47
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　　　　Huang　et　a1.　studied　the　effect

of　cation　ordering　on　the　phase

transition　　behavior　　in　　tungsten

bronze　ferroelectric　relaxor　materia1

by　the　thermal　quenching　and

annealing　　to　　change　　the　　cation

distribution　without　changing　the

chemical　compositions　(Fig,1-3-6).

lt　was　assumed　that　there　was　some

disorder　in　the　cation　d､lstribution

which　can　be　quenched　in　at　a　lower

temPerature.43'48　Quenching　was
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found　to　decrease　the　degree　of　Fig'1'3゛6　Dielectrie　slsceptibility　3s　3function　of
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　temperatufe　and　frequency　for　SBN75/25

relaxor　　characteristics｡　TEM

observation　revealed　a　decrease　in

the　size　of　nanoelastic　domains　and

an　increase　in　the　size　of　nanopolar

domains｡48

at　several　thermal　histories｡

(a)As-grown　and(b)800oC　air　qu･enched,
The　measurement　frequencies　used　were　102μ03,

104　and　105　Hz　(from　top　to　bottom　in　the　figure)･

Similar　to　this　investigation,　the　dielectric　properties　of　ordered　and　disordered

PBN　ceramics　with　various　compositions,which　prepared　by　controlling　the

cooling　process　were　reported　by　xiao　et　al.51'52

　　　φj　Ma7/lorr9jcμ1αg£･an&rysμzaz

　　　　The　search　for　increased　electrooptic,　pyroelectric　and　piezoelectric　effects

in　the　tungsten　bronze　ferroelectric　niobate　family　has　stimulated　interest　in　a

number　of　potential　morphotropic　phase　boundary　(MPB)systems.　0n　a　binary

phase　diagram,　an　MPB　appears　as　a　nearly　vertical　line　separating　two　distinct

ferroelectric　phases.　This　phase　boundary　generally　o'ccurs　at　a　nearly　constant

composition　over　a　wide　temPerature　range　of　Tc.　An　example　is　shown　in

Fig.1-3-7　for　the　bronze　MPB　system,　Pb1-XB'axNb206　(PBN),which　possesses　both

oTthorhombicand　tetragonal　structures　near　x=10.37.　The　MPB　system　is　also
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well-known　for　the　perovskite　Pb(Zrl,XTix)03　solid　solution[x=O.471,　Poled

ceramics　or　single　crystals　of　such　MPB　ferroelectrics　can　show　an　enhancement

of　numerous　physical　properties･　For　example,　piezoelectric　coefficients　at　room

temperature　are　shown　in　Fig.1-3-8･　The　MPB　blehavior　was　also　described　by

Jaffe　et　al.IThe　lead　barium　niobate　(PBN)solidsolution　is　arguably　the　most

studied　and　developed　MPB　system　in　the　tungsten　bronze　family.　ln　addition　to

sintered　ceramics,　PBN　has　also　been　developed　in　the　form　of　hot“pressed,　grain

oriented　ceramics　and　as　bulk　single　crystals　using　the　Czochralski　growth　method.

The　latter　has　been　especially　useful　fol　determining　the　directionally　dependcnt

ferroelectric　properties　in　this　system,　revealing　the　unusual　behavior　which　can

occur　at　compositions　near　the　morphtropic　boundary.　Another　systems　such　as

PKN(Pb2KNb5015)-SNN,　BNN-SNN,　BNN-SKN　are　also　investigated　about　the

MP]B　behavior｡6
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　　rT2j　?jezθelecZrj'c　j7Γθj7erZja2o'55

　　　　A1l　matcrials　undergo　a　small　change　in　dimensions　when　subjected　to　an

electric　field･lf　the　resultant　strain　is　propo･rtional　to　the　squ,are　of　the　field,it　is

known　as　the　electrostrictive　effect.　Some　materials　show　the　reverse　phenomenon

to　the　applied　stress.　The　phenomenon　is　called　the　piezoelectric　effect.

Piezoelectric　crystals　are　electrically　polarized　or　undergo　a　change　in　polarization
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when　subjected　to　a　stress･　The　application　of　a　compressive　stress　in　a　direction

results　in　a　tensile　stress　for　the　opposite　dlrection.　Conversely,　the　application　of

an　electric　field　will　stretch　or　compress　the　crystal　depending　on　the　orientation

of　the　applied　field　to‘　the　polarization　in　the　crysta1.

　　　　Among　the　electronic　devices　using　piezoelectricity　of　tungsten　bronze

niobates,　surface　acoustic　wave　(SANV)devices　have　been　receiving　great　attention,

Until　today,　SAXV　devices　are　almost　exclusively　fabricated　using　LINb03,　LiTa03,

0r　a-quartz　(Si02),and　it　has　become　increasingly　clear　that　these　materials　have

serious　disadvantages　for　many　applications･　For　example,　the　relatively　po･o『

SAW　electromechanical　coupling　constant　(k2)of　a-quartz　(10　×　10'4)and　LiTa03

(60×10“4)renderthese　materials　unacceptable　for　devices　that　require　large

bandwidth.　M/hile　the　poor　temperature　coefficient　of　SAW　velocity　of　LINbO3　(90

ppm/oC)renders　this　material　unsuitable　where　the　frequency　stability　is　important.

A　large　amount　of　work　has　gone　into　imProving　existing　materials　such　as

LINb03　andjnto　investigating　new　piezoelectric　materials　in　an　effort　to　find　one

which　either　combines　high　coupling　with　sufficiently　low　temperature　coefficient

of　SAIW　velocity　or　shows　significantly　higher　SA7W　velocity　than　existing

materials.　The　research　work　on　the　tungsten　bronze　family　compositions　such　as

Pb2KNb5015,　Ba2NaNb5015　and　Sr1-XBaxNb206　is　found　to　be　promising　and　opens

new　prospects　for　developing　piezoelectric　materials　for　SAM/applications.

　　　　The　design　of　temperature-stable　SAW　devices　having　low　insertion　loss　and

broad　bandwidth　will　require　piezoelectric　substrate　materials　which　are

temperature'compensated　and　have　larger　piezoelectric　coupling　constants　than

that　of　ST-cut　quartz　or　Y-Z　cut　LINbO3･　The　orthorhombic　tungsten　bronze

Pb2KNb5015(PKN)crystal　appears　to　be　the　most　interesting　candidate,　since　it

exhiblitS　exCellent　pieZO'eleCtriC　CharaCteriStlCS　and　ShOWS　an　anOmalIOUS　elaStlC

constant　　temperature　　coefficient　　which　　leads　　to　　the　　existence　　of

zero-temperature-coefficient-direction(ZTCD)cuts　for　SA7W　device　application.

Unfortunately,this　material　did　not　find　commercial　application　due　to　extreme

difficulty　in　obtaining　suitable　size　single　crystals･　Nevertheless,　the　materials　is
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attractive　and　the　tungsten　bronze　family　in　general　provides　one　of　the　more

promising　groups　for　locating　high　coupling,temperature゛compensated　SAW

materials｡

Table　1-3-I　lmportant　piezoelectric　tungsten　bronze　compositions

　　　　　　　for　Surface　Acoustic　Wave　(SAW)Applications
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　　　The　tungsten　bronze　family　embraces　some　100　or　more　known　compounds

and　several　solid　solutions;　hence,the　possibility　of　developing　a　suitable

candidate　within　this　family　is　encouraging.　Table　l-3-l　summarizes　the

piezoelectric　characteristics　for　several　orthorhombic　and　tetragonal　tungsten

bronze　composition　crystals.　Based　on　this　information,　it　is　possible　to　trade-off

some　of　the　properties　for　crystals　which　can　easily　be　grown　and　modificd

according　to　device　requirements.　ln　the　case　of　tetragonal　tungsten　bronze　solid

solution　Srl-XBaxNb206,　[O,25≦x≦O.75],its　piezoelectric　properties　and　Curie

temperature　can　be　changed　in　the　desired　range.　Although　the　values　of　k15

(coupling　constant)　and　d15　(piezoelectric　coefficient)for　SBN　are　smaller　to　those

attainable　in　the　best　bronze　composition　(PKN),SBN　provides　a　model　system

for　studying　the　composition　dependence　of　key　quantities.　lt　isjnteresting　to　note

that　SBN　solid　solution　crystals,　specifically　Sr0.75Bao｡25Nb206,　exhibit　the　highest

electrooptic　and　piezoelectric　coefficients　of　any　well　behaved　ferroelectric
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materials･　The　SBN　solid　solution　crystals　possess　temPerature'compensated

orientations,and　high　SAW　electromechanical　coupling　has　been　reported　for　the

(001)-plate　propagating　along　the　(100)direction;　lts　value　is　measured　to　be　180

×10“4.This　value　is　similar　to　thecoupling　found　in　other　important　orthorhombic

tungsten　bronze　crystals　such　as　PKN　indicating　that　crystals　in　this　family　are

potentially　important　for　future　SAW　device　aPplications.55

　　μJ　Pyrθe&drjc　prθ,plrzies28'54'56″59

　　　　Pyroelectricity　is　the　phenomena　that　materials　generate　electrical　charge　by

the　change　in　POlarization　according　with　the　change　of　t=emperature,　Pyroelectric

material　can　be　applied　as　an　infrared　sensor,because　the　surface　charge　is

induced　by　temperature　change　caused　by　the　qujte　small　amount　of　lrradiated

infrared　beam,　which　can　be　detected.　Pyroelectric　coefficient　(T)is　the　very

important　parameter.　True　pyroelectricity　results　from　the　temperature　dependence

of　the　spontaneous　polarization　Ps　of　polar　materials　and　is　therefore　exhibited　by

ferroelectric　materials　whether　they　are　single　domain　single　crystals　or　poled

ceramics.　Because　a　change　in　polarizalion　in　a　solid　is　accompanied　by　a　change

in　surface　charges,　lt　can　be　detected　by　an　induced　current　in　an　external　clrcuit.

　　　　Among　the　tungsten　bronze　niobates,　ferroelectric　Srl,XBaxNb206　(SBN)was

found　to　be　successfully　used　at　room　temperature　as　a　pyroelectric　detector　of

both　infrared　radiation　and　ultraviolet　(even　vacuum　ultraviolet)radiation　with

nanosecond　response　time.　The　improvement　of　this　detector　over　other

pyroelectric　detectors　is　mainly　due　to　the　very　large　pyroelectric　coefficients　of

SBN　and　to　the　apparent　absence　of　any　oscillatory　piezoelectric　signal　due　to

mechanical　oscillations　of　the　ferroelectric　block,　at　high　frequencies.　A　detector

with　SBN　shows　a　faster　response　than　any　other　room　temperature　operating

thermal　detector,　The　response　can　be　made　flat　over　a　wide　spectral　range,　and

detectors　can　be　used　without　any　window　materials.　Thus　in　situation　where

detector　sensitivity　is　less　important　than　high　frequency　response,room

temperature　operation,　or　broad　special　response9　SBN　is　a　very　useful　material　for

the　application　in　a　pyroelectric　detector.　And　fuyrther,　the　effect　of　the　doping　of
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rare　earth　ions　on　the　pyroelectric　p･roperties　of　SBN　was　investigated　by　S.T.Liu

et　al　｡57　0nthe　otherhand,　le.ad　based　tungsten　bronze　niobate,PBN　solid　solution

also　has　large　pyroelectric　coefficients.　R.Guo　et　al.　studied　the　pyroelectric

properties　of　PbNb206-BaNb206　system　near　the　MPB　composition　as　shown　in

Table　l-3,2.59

Table　1-3-2　Pyroelectric　coefficients　of　PBN　compositions

　　　　　measured　using　Byer-Roundy　method

Pbl｡XBaxNb206

ComPosilion　l　･x

Symmetry
Pyro｡Coemcient〈al

　20々C)(μC/m2,K)

　PyTo.　Coemcient

MaximumVajue　Obtajned

0 615 Onhorhombic/Tetragonal P2s1961 P2s5432　1t　149･8°C

　　μJ£leczrθ-θj7zic　prθρεΓzies5'23'34'6o'68

　　　　0ptoelectronics　is　the　area　that　optics　and　electronics　were　united　into　one.

Technology　using　light　as　an　energy　source　immediately　developed　for　the　area　of

multi　optical　communication　with　laser　beam,　management　of　information,　display,

instrumental　measurement,　processing,　medica1,111uminations　and　so　on.　The

system　constructed　by　optoelectronics　is　applied　in　several　devices　such　as

iilumination　device,optical　fibers,modulators,optical　shutters　and　optical

waveguides.

　　　　Electro　optic　effect　is　the　phenomenon　of　the　change　of　refractive　indices

generated　by　the　a･pplied　voltage.　Linear　electrooptic(Pockels)effect　is　that　the

values　of　refractive　indices　are　in　proPortion　linearly　with　applied　voltage　and

quadratic　electrooptic　(Kerr)=effect　is　that　the　vaiues　of　refractive　indices　are　in

proportion　in　squarely　with　applied　voltage,　respectively･
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　　　　Crystals　that　are　noncentrosymmetric,　1,e･,　that　lack　a　center　of　symmetry,

may　exhibit　both　linear　and　quadratic　electrooptic　and　elastooptic　effects,　ln　a11

the　crystals　discussed　in　this　chapter,　the　linear　effects　are　dominant,　Thus,,　a

linear　change　in　optical　ind6x　of　refraction　can　be　induced　by　an　electric　field

(electrooptic　effect),or　by　strain　(elastooptic　effect),or　under　illumination　by　a

laser　(photorefractive　effect)･　Strain　can　be　　induced　by　an　electric　(o｢

piezoelectric)field　by　a　stress　(elasticit.y),

　　　　Several　experimenta1　results　were　reported　concerning　the　light　beam

defiection　using　the　electrooptic　effect　in　a　single　crystal　prism　of　ferroelectrics

such　as　KTaxNbl-X03　and　BaTi03･　The　main　objective　of　those　experiments　seems

to　determine　the　linear　or　quadratic　electrooPtic　coefficients　of　the　materials,　lt　is

very　interesting　also　from　the　practical　viewpoint　of　light　beam　deflector　that,　in

those　experiments,　a　large　angie　of　denection　of　order　of　l　mrad.　could　be

obtained　with　a　simple　isosceles　prism.　lt　was　reported　that　ferroelectric　tungsten

bronze　SBN　has　a　transverse　linear　electrooptic　coefficient　an　order　or　two　orders

of　magnitude　larger　than　that　any　other　we11-behaved　crystals.　Electrooptic　figure

of　merit　for　several　ferroelectric　crystals　is　summarized　in　Table　1-3-3.

Table　1-3-3　Electro-optic　figure　of　merit　for　leading　ferroelectric　crystals

Cryst11

S｢‘0.7SO゛o｡25Nb206(S8N:75)

S゛0,68゛o｡4Nb206{S8N:60)
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One　can,therefore,expect　to

build　　all　　SBN　light　beam

deflector　which　has　a　simpler

prism　configuration　and　lower

op･erating　　　　　voltage　　　　　than

conventionaI　　　　　　　KD2P04

iterated-prism　deflectors.　Also,

Srl｡xl3axWb206　series　of　niobate

solid　solution　crystals　can　be

used　to　make　modulators,

frequency　multipliers,　and　other

electro-optical　　　　　　　　devices.

Furthermore,　R｡Guo　et　al｡

investigated　the　electrical　and

optical　　properties　　of　　PBN

system.67'68　Figure　l-3-9　shows

several　properties　of　tetragonal

PBN　　as　　a　　function　　of

composition.　From　Fig.1-3-9(c),

it　turns　out　that　the　quite　large

electroo'ptic　　coefficient　　was

considered　to　be　achieved　by

controlling　the　composition

near　the　M､PB.,
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　　　　　　and(c)estimated　electro-optic　coemcients　of
　　　　　　tetragonal　PBN　as　a　function　of　composition

Regarding　with　these　materials,　the　electrooptic　coefficient　is　one　of　the　most

important　parameters　for　device　applications.　Although　there　has　been　remarkable

recent　progress　in　growing　single　crystals　of　high　quality,　there　are　stlll　some

restrictions　in　their　application　because　of　their　size,complex　shape,and　stress

resistance,　Next　section　describes　further　the　special　optical　properties　of　tungsten

bronze　niobate　crystals,
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　　　　Photorefractive　effect　is　the　lo£al　changes　in　refractive　index　produced　by

111umination.　The　issues　connected　with　photorefractive　effect　include　the

sensitivity　of　the　material　to　111umination　and　the　speed　which　the　index　can　be

made　to　change.　ln　spontaneously　polarized　ferroelectric　crystals,　1ight-lnduced

free　carriers　exited　in　an　illuminated　region　of　the　crystal　are　displaced　along　the

polar　axis　to　be　retrapped.　The　resulting　space　charge　generates　an　electric　field9

which　gives　rise　to　a　refractive　index　change　through　the　linear　electrooptic　effect.

　　　　Since　ferroelectric　tungsten　bronz･e　crystals　have　a　large　linear　electro-optic

coefficient(r33),they　have　been　receiving　a　great　attention　as　a　excellent

photorefractive　materiaraccording　with　l3aTi03.　Recent　years,　great　deals　of　effort

were　paid　for　the　investigation　of　the　application　using　the　photorefractive

properties　　　of　　　ferroelectric　　　tungsten　　　bronze　　　such　as　　　SBN　　and

(KXNal　-x)0.4(SryBal-y)0.8Nb206(BSKNN).　Photorefractive　proPerties　of　tungsten

bronze　niobate,　such　as　sensitivity　and　response　time,　etc.　were　found　to　be

improved　by　the　Ce　ion　doping　as　shown　in　Table　1-3-4.　Megumi　et　al.　reported

that　the　addjtion　of　Ce　produces　a　broad　absorption　in　SBN60　crystals,　which

increases　the　sensitivity　considerably.66　Undoped　SBN60　is　transparent　in　the

visible　range,　with　its　fundamental　absorption　edge　at　about　O.37　μm.　The　addition

of　Cc　develops　a　distinct　but　wide　absorption　band　around　O.50　μ･m,　which　differs

markedly　from　the　electronic　absorption　edge.　The　Ce　io'n　photoionizes　by　means

of　the　reaction

　Ce3゛+hv→‘Ce4゛+e゛(reduction).

Both　the　Ce3゛and　the　Ce4゛valence　states･　appear　to　be　present,since　the

sensitivity　improves　from　10‘5　to　10“3　cm2/J.　This　improvements　is　2　orders　of

magnitude　higher　than　to　Fe3≒U6゛　and　Rh3゛-doped　LINb03.5

　　　　The　applications　of　electrooptic　materials　in　such　items　as　oplical　integrated

clrcuits,optica1　resonators,and　power　and　image　transmitters　have　been

extensively　studied　and　have　re･cently　attracted　much　attention.　ln　particular,　the

potential　applications　of　real‘time　holography,optical　data　storage　and　optical
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phase　conjugators　for　adap゛tive　optics　are　important　for　high‘power　laser　or

microwave　systems.　0ptical　phase　conjugation　has　been　demonstrated　using　low'

to　average　-power　lasers　and　ferroelectric　single　crystals　such　as　barium　titanate

(BaTi03)and　strontium　barium　niobate　(SBN)｡

lable　1-3-4　Goals　for　photorefractive　sludies　and　current　status

　　　　　of　Ce-doped　tungsten　bronze　crystals
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　　　　Recently,　according　to　the　development　of　laser　materials　and　techniques,

there　have　come　to　be　required　optical　elements　which　suffer　no　optical　damage

even　for　particularly　powerful　laser　beam　and　also　have　powers　for　efficient

modulation　and　multiplication.　There　are　tungsten　bronze　type　oxides　having

oxygen　octahedron　structure　which　meet　the　requirements.　Tungsten　bronze　type

transparent　ferroelectric　oxide　has　､excellent　properties　for　a　high　electro-optical

effect　and　high　non‘iinear　oPtical　effect　such　as　Second　Harmonic　Generation

(SHG),but,in　genera1,the　reproducibility　in　growing　crystals　is　poor.　The

detailed　description　of　SHG　is　shown　in　Fig.1-3-10,

　　　　From　many　efforts,　lt　was　found,　that　some　alkali　and　alkaline　earth　metal

niobates　having　tungsten　bronze　structure　possess　fairly　good　n,onlinear　optical

properties,　Among　them,　Ba2NaNb5015　is　especially　good　in　the　application　of
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frequency　multiplication　in　nonlinear　optics,　and　has　no　laser　damage　at　room

temperature･　The　compound　Ba2NaNb5015　has　been　the　subject　of　much　interest

for　second　harmonic　generation　and　parametric　oscillation　experiments,　because

BNN　crystal　has　a　large　nonlinear　optical　coefficient　compared　with　that　of

well-known　LINb03　crysta1.　A　new　very　useful　ferroelectric　crysta1　BSKNN　was

developed　in　1981,and　is　especially　suitable　to　make　medium　power　laser

modulators　and　self“Pumped　phase　conjugators,Potassium　lithium　niobate

(K3Li2Nb5015,KLN)crystals　are　also　well　known　as　useful　materials　for

eleCtrOOptlC　and　nOnlinear“OptiC　applliCatiOnS　beCaUSe　Of　itS　high　Stability　to

intense　laser　lrradiation,　and　large　linear　and　nonlinear　optical　coefficients.

Nonlinear　OpticaI　Material

Poh�zation　by　Laser　Light

　　P°Po+X(1)E+X(2)E2+X(3)E3+

Electric　Field

　　E=Acos((x)t)

　　PNLs　x(2)E2

　　　　=X(2)A2cos2(o)t)

　　　　=1/2　X(2)A2{eos(2(l)t)+1}

EX.)Nd:YAG　Laser;　1064　nm

　　　　　　　　-“‘-゛　532　nm

Fig.1-3-10　DescriPtion　of　Second　H}armonic

Generation(SHG)
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1.4　Thin　nlm　processing　and　application73'76

　　　　Thin　film　processing　is　quite　impoltant　for　the　development　of　device

miniaturization,　hybridization　and　lower　working　voltage.　Several　properties　of

functional　materials　are　required　for　aPplications　at　a　sub-micron　level･　Thin　film

processing　techniques　also　have　been　receiving　great　attention　for　applications　in

semiconductor　memories,　opto'electronics,　electronic　components,　optics,　display

devices,　sensors　and　emerging　area.　The　low　temperature　thin　film　processing　also

requires　the　precise　control　of　chemical　composition,　the　desired　direction　of

crystal　growth,　and　high　crystallinity.　ln　order　to　achieve　these　requlrements,

several　fabrication　methods　of　thin　films,　such　as　vacuum　evaporation,　sputtering,

laser　ablation,chemical　vapor　deposition　and　chemical　solution　deposition　process9

were　studied.　ln　this　area,　epitaxial　single-crystal　thin　films　with　epitaxy　are

usu.ally　expected.

　　1.4.1　Ferroelectric　tungstenbronzeniobate　thin　nlms76

　　　　The　tungsten-bronze　materials　consist　more　than　190　individual　end　member

compounds　and　numerous　possible　solid　solutions　with　simple　or　complex

compounds.　The　end　members　offer　one　of　the　most　versatile,　extensive　and

potentially　useful　families　of　ferroelectrics　based　on　oxygen　octahedra.　Among

tho‘se　ferroelectrics,　a　number　of　niobates　having　a　tetragonal　or　orthorhombic

tungsten-bronze　structure　such　as　SBN,　SKN,　BSKNN,　PBN,　PKN,　BNN　and　KLN

have　attracted　a　great　deal　of　attention　due　to　their　゛potential　applications　in

electrooptic,nonlinear　optic,　photorefractive9　pyroelectric　and　SAW　devices.

However,　the　growth　of　these　crystals　with　sufficient　sizes　and　quality　is　generally

difficult　because　of　complex　structures　and　high　melting　points.　The　preparation

Of　denSe　p01yCryStalS　IS　alSO　very　difflCUlt　beCauSe　Of　the　aniSOtrOplIC　grain　grOwth

as　describe　in　l,3.1.　Thus,the　investigations　about　tungsten　bronze　niobate

materials　were　limited　to　the　growth　of　single　crystals　from　melt　and　to　the

preparation　of　polycrystals　by　solid　state　reactio'n.　0ne　approach　for　the　solution

of　this　serious　problem　is　the　film　synthesis　with　highly　preferred　orientation　(o『

epitaxy)o'n　easily　available　non-crystalline　and　single　crystal　substrates.
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　　　Recently,with　the　progress　of　thin　film　technology,　intensive　efforts　have

been　focused　on　the　preparation　of　epitaxial　thin　films　of　perovskite　PZT　and　La

doped　PZT(PLZT)on　single　crystaI　MgO,　SrTi03　and　sapphlre　for　applications　in

pyroelectric9　piezoelectric　and　optical　devices.　Although　the　number　of　reports　fol

the　preparation　and　characterization　of　tungsten　bronze　niobate　thin　films　were

much　less　than　those　of　ferroelectric　perovskite　thin　films,　such　as　PbTiO3,

(Pb,La)Ti03,PZT,　BaTI03,　severa1　researches　have　performed　recently　on　the　film

synthesis　of　SBN77'94,　PBN6'76'95　and　BNN96'99　as　summarized　in　Table　1-4-1.

　　　Table　l-4-I　Studies　for　the　fabrication　and　characterization　of

　　　　　　　　　　　fem)electric　tungsten　bronze　niobate　thin　mms

Compounds　　Fabrication　method

(Sr,Ba)Nb206

　　[SBN]

　　　Sputtering

　　Laser　ablation

　　including　PLD41

　　　MOCVD*2

CSD*3　1nduding　sol-gel

　　Other　method

(Pb,Ba)Nb206[PBN]　　Sputtering

Reference

77

78-82

83･86

87-93

　94

6,76,95

96-99Ba2NaNb5015[BNN]　　CSD,PLD,etc

*I　PLD:　Pulsed　Laser　Deposition

*2　MOCVD:　Metallo-Organic　Chemical　vapor　Deposition

*3　CSD:　Chemical　Solution　Deposition

　　1.4.2　Fabrication　metho･ds　of　ferroelectric　thin　mms75

　　　　various　techniques　available　today　for　the　fabricatio･n　of　thin　films　are

noticeably　more　varied　in　type　and　in　so･phistication　than　a　couples　of　decades　ago.

Better　equipment　and　more　advanced　techniques　ha=s,　undoubtedly,　led　to　higher

quality　mms,　and　indeed,　may　be　a　primary　factor　in　the　now　routine　achievem･ent

of　ferroelectricity　in　thin　films　(50　n,m　or　greater)prepared　by　a　selection　of
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different　methods.　The　major　methods　presently　used　to　produce　thin　films　are

listedin　Table　l-4-2.

Table　1-4-2　Thin　film　deposition　t･echniques

I.　vapor　phase

n,　Liquid　phase

HI.　SOlid　phase

Fabrication　method

Thermal　evaporation

RF　magnetron　sputterhlg

lon　beam/　lon　beam　assisted　sputtering

Laser　ablation　includhlgP】L』)

CVD,MOCVD

CSD　induding　sol･gel　(spin,east,dip)

Liquid　phase　epitaxy

Reduetlon/Reoxidation(ln　situ)

　　　　The　methods　utilized　in　successfully　fabricating　ferroelectric　thin　mms　can

generally　be　classified　into　two　categories;

　　(1)　vapor　phase　depositions　and

　　(2)11quid　phase　chemical　processing　techniques.

ln　both　cases,　the　films　which　are　usually　produced　are　of　a　plolycrystalline　nature,

however,　in　many　instances　it　is　deslrable　to　produce　epitaxial　film　growth　which

is　more　readily　achieved　with　sputtering　techniques.　0n　the　other　hand,　wet

chemical　processing　(CSD　including　so1-gel)methods　have　proven　to　be　more

popular　for　most　aPplications　because　of　thelr　lower　capital　equipment　costs　and

ease　of　preparing　the　films.　Chemical　vapor　deposition(CVD,MOCVD)

techniques　are　now　undergoing　rapid　development　because　recent　results　are　very

plomising　regarding　h,igh　deposition　rates,　pinh･ole'free　films,　go`od　step　coverage

and　stoichiometry　contro1.　Laser　ablation　including　PLD　has　also　recently　been

reported　to　be　a　variable　technique　for　producing　excellent　films･
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　1.4.3　Chemieal　so,lutiondeposition　processloo'1ol

　　μjC&｡･jca/s｡/gZj｡,zj,r∂efg

　　　　The　chemical　solution　process　is　one　of　the　most　common　processes　as　the

fabrication　method　of　thin　film.　This　pTocess　is　widely　applied　for　optical,

electrica1,magnetica1,　mechanical　catalysis,　etc･　The　most　important　advantages　of

chemical　solution　process　are　high　purity,　good　homogeneity,　1ower　processing

temperature,　ease　of　composition　control,　versatile　shaping　and　preparing　by

simple　and　cheap　apparatus　compared　with　other　method.　As　the　fabrication

method　of　thin　film,　this　process　receives　great　attention　because　of　the　precise

composition　control　for　the　preparation　of　multicomponent　compounds.　However,

the　more　the　number　of　elements,　the　more　complicated　the　solution　chemistry,

1eading　to　difficult　problems　for　the　desired　crystalline　phase,　Therefore,　lt　is

requlred　to　investigate　the　solution　of　multicomponent　system　in　detail.　Also,　the

crystallization　behavior　is　complicated,　so　the　investigation　of　crysta111zation

process　is　a　key　for　film　synthesis.

　　　　The　flrst　report　of　a　wet　chemicai　processing　of　ferroelectric　thin　film　was

the　synthesis　of　BaTi03　film　by　Fukushima　et　al.　in　1975.　They　used　a　mixed

alkoxide　and　organic　salt　precursors　for　the　fabrication　of　BaTi03　film.

Application　of　sol-gel　Processing　for　the　PZT　thin　films　started　in　1984　with　the

reports　by　Wu　et　al.　and　Fukushima　et　al.　and　followed　by　Budd　et　al.　in　1985.

Meanwhile,　chemical　processing　of　thin　films　of　other　ferroelectric　oxides　have

made　remarkable　progresses.　Ferroelectric　thin　films　ranging　from　polycrystalline,

texture-oriented　polycrystalline　and　epitaxial　in　nature　have　been　synthesized　for

15　years,

　　　　Similar　to　other　thin-film　deposition　techniques,chemical　solution

processing　including　sol-gel　process　is　essentially　a　mass　transport　process.　The

transformation　of　a　liquid　solution　to　a　solid　crystaIIine　film　is　accomplished

through　three　steps:

　　1.　　Precursor　materials　are　dissolved　in　a　homogeneous　solution,　thus　a=ssuring

　　　　　molecular-level　mixing　of　different　precursor　compounds.
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2 Mass　transport　is　completed　upon　spin　or　dip　coating　of　a　thin　layer　of　the

solution　onto　the　substrate　surface.　A　thin　layer　of　amolphous　gel　film　is

formed　on　the　substrate｡

3.　　The　as-deposited　thin　film　together　with　the　substrate　is　then　heated　to

　　　cause　densification　and　crystallization　of　the　film.

　　The　chemical　modification　of

metallo‘organic　compounds　leads　to

the　development　of　new　molecular

engineering･　The　chemical　design　of

these　new　precursors　allows　the

chemical　solution　synthesis　of

several　materials　in　the　form　of　fine

powders,fibers,or　films.　Figure

l-4-　l　illustrates　the　general　now

diagram　for　the　f`ab･rication　of　thin

films　by　the　chemical　solution

processing　through　metallo゛organics･

The　formation　of　the　intermediate

compound,e･g.　complex　alkoxide,

ls　　usually　　described　as　　　a

homogeneous　solution.

Metal゛Organic　Molecule

　　　　　↓

･SelecUon　of　Starting　Marerials

･Selection　of　Solvents

゛Selections　of　Addjtives　(Ligands)
Contr{}l　of　chemleal　bonds　☆Controni4　the　reactjon　of

ln　hltermdlate　compound　　melano,oianics　in　solution
　　　　　　↓

Precursor　So】ution

　　　↓
G7zzcezzzra&)71

　　　↓
　Caz&ig

　　　↓
　y　　　　　　j

Precursor　Rlm

Czμz£laz,2z&zz

　　　↓

　　↓

Czμzαaz,2z&J

　　↓

[Ξ§T]

◇hrmi㎎the　complex　dcoxide

☆Contromng　the　viscosity

･Selectjon　of　Subslra{es

'Selectionof　Coating　Method

☆Optimlzation　of　Coating

　Conditions

☆Optimization　of　Crystamzalion

　Conditions

　(Heating　conditios　and

　　Atmosphere　control)

Fig,1-4-1　Process　flow　for　the　fabrication　of　thjn　films

by　the　chemical　solulion　deposition

　　μj　Caazjzzg　zee&li9ges

　　　　The　common　techniques　used　for　applying　films　ftom　the　chemical　solution

are　dipping,　draining,　spinning,　and　spraying･　They　have　several　advantages　and

disadvantages,　taking　intoJhe　consideration　of　fabricating　devices･　Dipping　has

been　used　to　produce　uniform　coatings　about　100　nm　in　thickness　on　nonporous

surfaces,　The　coating　thickness　(H)is　described　by　the　equation　[L･D.Landau　and

v.G.Levich,jczα5ys.ae/71.　m∬,17,42(1942)】.
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　　　H=K(y71　sol/Dsol)o‘5

where　K　is　a　constant,　which　depends　on　the　angle　of　the　surface,　Tlsol　and　Dsol,　are

viscosity　and　density　of　the　sol,　and　y　is　the　withdrawal　velocity.　Note　that　the

coating　thickness　on　the　nonporous　substrate　varies　directly　with　the　pu111ng-up

rate.　Drain　coating　is　a　variation　in　which　the　substrate　is　fixed　and　the　vessel

containing　the　sol　is　raised　and　lowered.　Spin　coating　is　used　to　coat　one　side　of　a

substrate　rotated　at　about　3-4　Hz･　The　solution　is　also　sprayed　onto　the　surface　of

the　rotating　substrate.　The　thickness　of　film　every　coating　always　ranged　O.1-o.3

μm,　because　the　films　which　have　the　more　thickness　per　coating　are　likely　to

crack　during　drying　and　heating　process.　To　increase　the　film　thickness,the

coating-heating　process　is　repeated.　ln　order　to　obtain　dense　and　carbon-free　films,

the　optimization　of　heating　process　such　as　temperature,heating　rate　and

atmosphere　is　also　very　important.

　　1.4.4　Applicationof　ferroelectrie　thin　nlms75

　　　　A　number　of　application　areas　for　ferroelectric　thin　and　thick　films　are

indicated　in　Fig.1-4-2.　These　are(1)capacitors,dielectric　buffer　layers,(2)

non-volatile　memories,　(3)piezoelectric　resonators,　actuators,　ultrasonic　sensors

and　high-frequency　surface　acoustic　wave　devices,　(4)pyroelectric　infrared　(IR)

detectors　and　imagers,　(5)integrated　optic　switches,　couplers　and　modulators,

electrooptic　displays　and　electrooptic,　transverse　non-waveguide　mode　shutters.

Although　specific　examples　of　these　applications　can　be　cited　as　devices　in

developm･ent,it　should　be　pointed　out　that　relatively　few　of　them　have　reached　the

market･　Thin‘film　devices　based　upon　a　wide　variety　of　ferroelectrics　with

perovskite　and　tungsten　bronze　structures　have　been　explor･ed.　The　representative

applications　of　ferroelectric　(or　dielectric)thin　films　are　as　follows;

　　μj　S9zjcondgczor　memoria

　　　　Ferroelectrics　used　in　the　nonvolatile　and　dynamic　random　access,　melrlory

applications　reveal　potentially　large　markets.　An　illustratioln　of　FERAM　ce11

cross-section,　a　schematic　diagram　of　the　electric　circuit　and　a　typical　hysteresis

loop　of　a　ferroelectric　thin　film　element　are　shown　in　Fig.1-4'3.
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Ferroelectric　thin　nlms

Dielectrie

‘Capacitor

l　lnsulating　buffer　layer

Piezoelectric

･Actuator

･Resonator

･Ultrasonic　micromotor

･Electro　acoustic　transducer

･Surface　acoustic　wave　device

Electrooptic

　'lntegrated　oPtic　switches

　and　modulator

　'Electlooptic,　transverse

　non゛waveguide　mode　shutter

　'Electrooptic　display

gyA&STIS∽･041C7

Fig.14-2　Applicationareasof　ferroeiectric　thin　mms
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Fig.1'4'3　Cross-sectional　view　of　Si　CMOS　device　with　superimposed

ferroelectric　thin　film　[PZT　film]switching　memory　(top),schematic　clrcuit　of

memory　stmcture　(bottom　left)and　typical　hysteresis　loop　of　ferroelectric　thin　film

(bottom　light).
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As　can　be　seen　from　the　figureμhe　mmserves　as　a　nlemory　switching　capacitor　in

series　with　a　transistor　whose　source　is　connected　to　the　bit　line,　the　gate　to　the

word　line　and　the　drain　to　the　pulsed　5　volt　common.　The　polarization　of　the

ferroelectric　film　switches　to　the　opposite　polarity　when　the　transistor　is　turned　on

by　the　appropriate　voltage　on　the　gate･　ln　order　to　interrogate　the　memory　(i.e･,

detect　the　polarization　state　of　the　ferroelectrics),lt　is　pulsed　and　monitored　for　a

given　currenl/time　waveform　enveiope　which　is　indicative　of　its　polarization　state,

Since　thc　Polarization　state　is　destructively　read　out,　that　state　must　also　be　read

back　into　the　cell　again　in　order　to　preserve　the　original　memory　information.

　　　　An　alternative　memory　scheme,　whereby　the　ferroelectric　film　is　placed　in

the　gate　area　of　the　transistorjs　also　under　development　and　has　shown　promising

results.　The　memory　is　known　as　a　FEMFET,　whi(jh　has　an　advantage　that　it　does

not　destructively　read　the　memory　during　integration,hence　this　type　is　referred　to

a　non-destructive　read　out　device｡

　　　　in　yet　another　memory　device,　a　conventional　DRAM,　the　caPacitor　consists

of　dielectric　Si02　1ayer.　The　ferroelectric　film　can　replace　SiO2　in　DRAM,　because

it　has　a　much　higher　dielectric　constant　(e｢゜1000)than　SIO2(EI゛4),leading　to　the

much　less　area　than　Si02.

　　μμ)j9/ay&yjea

　　　　The　dielectric　thin　films　are　used　as　the　insulating　layer　of　electro

luminescence(EL)devices　as　shown　in　Fig.　1　-4-4.　The　requirements　of　insulating

layer　are　high　transparency　over　wide　wavelength　region,high　dielectric

breakdo･wn　voltage　and　high　dielectric　constant,　The　latter　two　requirements　allow

to　apply　a　high　voltage　to　the　luminescent　layeL

　　μJ£/edriea/　cul,j7θzlMzl

　　　　As　electrical　components　related　with　dielectric　thin　film,　the　piezoelectric

effect　and　pyroelectric　effect　are　mainly　used　for　several　applications　such　as

SAW　filters　(Fig.1-4-5)and　pyroelectric　sensorslo2(Fig･1-4'6),etc.　ln　both　cases,

the　synthesis　of　highly　oriented　(direction　of　polarization)thin　film　is　very

important　for　the　fabrication　of　devices,　lnfrared　sensor　also　needs　to　reduce　the
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thermal　capacity　by　the　co'nfiguration　of　thin　film　and　substrate　in　the　device　as

shown　in　Fig.　1　-4-6･

Back　plate　(Metal　Electrode)

Transparent　dielec�einsulat4μayer

Luminescent　layer

Transparent　electrode

Fig.144　Schematic　drawing　of　Electro　Luminescent　(BL)Device

acoustical

material

INPUT

n)T　IDT

OUTPUT

OUTPUT

piezoelectric

substrate

Fig..1-4-5　Schematic　drawing　of　surface　acoustic

　　　　　wave(SA?W)filter　device

lnlr●r●d　r●dia110n

PL10 j Ni･C｢

　　　●1●clrode

Fig.14'6　Schematic　drawing　of　pyroeiectric

　　　　　infra?red　ssgMbint-type]･
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　　r4μ¥za/dczrazzics

　　　When　ferroelectric　thin　films　with　high　preferred　orientation　along　polar

axis,　high　transparency　and　high　refractive　index　are　fabricated,　these　films　are

expected　to　be　applied　in　various　electrooptic　devices.

　　　The　modes　of　operation　which　are　presently　in　use　for　electrooptic　films　are

shown　in　Fig.　1　-4-7.　1n　device　(A),surface　electrodes　provide　the　electrical

address　to　the　film　and　the　optical　address　can　be　made　from　one　of　three　different

dlrections;　i.e･,　along　the　①,(2)or③axes/When　the　direction　along　the　①

axis　is　used　in　the　film　plane,　this　mode　is　referred　to　the　longitudinal　waveguide

mode;　along　the　②axisjt　is　the　transverse　waveguide　mode;　and　along　③axis,

it　is　the　transverse　non-waveguide　mode.　ln　device　(B),electrodes　perpendicular

to　the　major　surfaces　provide　the　electrical　address　and　again　the　optical　address

can　be　made　from　one　of　three　different　directions･　When　the　optical　address　along

the①or②axes　is　used,　lt　is　referred　to　a　transverse　waveguide　mode;　and

along　the　③　axis,it　is　a　longitudinal　non'waveguide　mode.　These　devices

obviously　reveal　that　integrated　optical　waveguiding　in　ferroelectric　films　is

important　for　future　applications.

ELECTR00ES

(A)

THIN　FILM
£LECTROOE　　　THIN　FILM

(Ξ〉--●OPTlcAL　AOOREss

　　　　　　　　　　　　　　　　　　　　　　(B)

Fig.1-4-7　Modes　of　operation　for　electrooptic　ferroelectric　fnms

　　　　　utilizing(A)single-surface　electrodes　and

　　　　　(IEI)double-surface　electlodes.
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　　　　various　techniques,　which　are　used　to　address　ferroelectric　thin　film　devices

electrically　and　oPtkany　are　shown　in　Fig･1-4-8.　B{)th　waveguide　and

non-waveguide　modes　are　111ustrated.　ln　the　non-waveguide　mode,　it　should　be

remembered　that　quite　high　electric　fields　must　be　applied　due　to　the　o'ptical

retardation　for　effective　modulation.　As　shown　in　Fig,1-4-8,　the　strain/optical

effect　is　induced　in　the　film　when　an　electric　field　is　applied　to　the　device.　Figure

l-4-9　illustrates　the　typical　configuration　of　electrooptic　switch　utilizing　the　total

internal　reflection　waveguide-mode　of　PLZT　ferroelectric　film･Optica1

waveguiding　is　confined　to　the　stepped　channel　of　50　nm　high　which　is　ion゛mmed

into　the　PLZT　film｡

sTaAJM

TRANSPARENT
　sUBsTRATE(nsu｡)

HI●H　IN･OIX　PRISM

THIN　FILM

　(n｡ul)
LIGHT

　IN

Fig,1-4'8　Waveguide　and　non‘waveguide　addressing　schemes

　　　　　for　ferroelectric　thin　film　[PLZT゛　film]｡

　　　　　゛PLZT:(Pb,La)(Zr,Ti)03

PLZT　Thln　FIlm

Fig,14-9　Configuration　of　total　intemal　reflection　switch

　　　　　using　a　PLZT/sapphire　structure･
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1.5　0bjectives　of　present　study

　　　　ln　view　of　the　search　on　the　tungsten　bronze　structure　as　mentioned　above,

ferroelectric　tungsten　bronze　niobate　thin　films　with　preferred　orientation　along

polar　axis　can　be　proposed　for　various　applications.　Therefore,　the　control　of　the

film　orientation　associated　with　the　direction　of　polarization　is　a　key　factor

because　ferroelectric　tungsten　bronze　niobates　show　the　anisotropy　of　their

properties　for　each　direction　of　crystals･　On　the　other　hand,　the　composition

control　is　the　significant　factor　for　reaching　the　optimal　properties　of　resultant

films･　Dielectric　thin　films　with　high　transparency　and　high　refractive　index　are

also　used　for　application　in　optical　devices,　including　optical　waveguides.　lf　the

fabrication　of　films　at　higher　temperatures　is　carried　out,　the　film　quality　might

degrade　due　to　the　exaggerated　grain　growth　and　reaction　between　the　substrates

and　films.　The　crystallization　of　ferroelectric　tungsten　bronze　films　at　lower

temperatures　is　indispensable　for　the　fabrication　of　high-quality　films.　The

structural　stability　of　tungsten　bronze　niobate　is　enhanced　by　the　introduction　of

alkali　ion,　such　as　K゛　or　Na゛,　in　the　15-fold　and　12-fold　sites　because　the　structure

approaches　the　filled“tungsten　bronze　with　increase　in　the　amount　of　alkali　ion･　A

chemical　solution　deposition　(CSD)process　is　considered　to　be　the　most　suitable

process　for　the　fabrication　of　multicomponent　thin　films　such　as　ferroelectric

tungsten　bronze　niobate.

　　　　This　study　has　been　carried　o'ut　for　the　synthesis　and　characterization　of

ferroelectric　tungsten　bronze　thin　films　by　the　chemical　solution　process　using

mctallo-organic　compounds.　For　the　establishment　of　thin　film　processing,　it　is

required　to　optimize　the　processing　conditions,such　as　the　structure　of

metallo-organic　precursors,　the　selection　of　substrate,　coating　process,

crystallization　process.　ln　these　materials,　several　properties　can　be　optimized　by

controiling　the　chemical　composition　and　orientation　of　resultant　films.

Furthermore,the　synthesized　films　are　expected　to　show　the　new　properties

different　ftom　the　conventional　bulk　materials｡
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　　　　The　main　objectives　of　this　study　are　summarized　as　follows:

1.　Establishment　of　synthesis　route　of　tungsten　bronze　niobate　thin　films　by　the

　　chemical　solution　depo'sition　process.

2･　lnvestigation　of　the　structure　of　metallo-olganic　precursor　in　coating　solution

　　to　control　the　chemical　composition　and　homogeneity　of　resultant　films･

3.　Study　of　crystallization　behavior　of　synthesized　precursor　powders　and　thin

　　films　to　obtain　the　crystallographic　phase　which　shows　the　desired　properties･

4.　Control　of　orientation　with　deslred　dlrection　and　investigation　of　three

　　dimensional　relatio･n　between　oriented　film　and　substrate｡

5.　Characterization　of　electrical　and　optical　properties　of　fabricated　films　to

　　examine　the　potential　for　applications,
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Chap'ter　2

　　　Synthesis　and　Properties　of

Strontium　Barium　Niobate　(SBN)and

　Potassium　Substituted　SBN　(KSBN)

　　　　　　　　Thin　FIlms





2.1　1ntroductio･n

　　　　Strontium　barium　niobate　(Srl｡XBaxNb206,SBN)is　a　ferroelectric　solid

solution　between　BaNb206　and　SrNb206　and　has　a　tetragonal　tungsten　bronze

structure.1'2　Phas･e　diagram　of　SrNb206-BaNb206　system　is　mustrated　inFig,2-1-1,

The　solid　solution　is　reported　to　have　compositions　from　x=0.25　to　O,75　as　shown

in　Fig.2-　1　'2.3　SBN　has　been　receiving　great　attention　for　various　applications

(summarized　in　Table　2'1-1)because　of　its　large　pyroelectric　coefficient,　excellent

piezoelectric,　　electrooptic　　properties　　and　　Photorefractive　　sensitivity･4'8

Representative　properties　of　SBN　are　shown　in　Table　2゛1“2.　SB･N　is　also　an

important　material　because　of　lead-free　composition･　Alkali　or　rare‘earth　ion　have

been　doped　in　S8N　crystal　in　order　to　improve　its　properties･9‘12
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Rg.2'1-2　Cufie　tempeature　versus　composition　for

the　SrNb206-BaNb206　binary　system,(Ref,　10)

　　　　SBN　ceramics　have　been　prepared　by　the　solid　state　reaction　of　oxide

powders　via　conventional　flring　and　mming　techniques.13“15　Hot-pressing　is　found

to　be　necessary　for　the　jmprovement　of　optical　properties　by　reducing　porosity　of

sintered　SBN　ceramics.15　SBN　single　crystals　have　been　grown　mainly　by　the

Czochralski　method.6'16'17　However,the　growth　of　single　crystais　is　usually

difficult(see　Chapter　l,　section　l.3.1),excePt　for　the　congruent　melt　composition

atx=O｡6.160n　the　otherhand.,SBN　thin　films　on　substrates　have　beenprepared　by
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liquid-phase　epitaxy,RF　sputtering,etc.17'18　Control　of　the　Sr/Ba　ratio　without

impurity　is　one　of　the　key　factors　to　optimize　the　properties　of　SBN･　However,　the

precise　control　of　composition　is　usually　difficult　both　in　the　flux　growth

technique　and　the　sputtering　technique･　And　further,　the　control　of　film　orientation

associated　with　the　direction　of　polarization　is　required　for　pyroelectric,

piezoelectric　and　electrooptic　applications.　Dielectric　thin　films　with　high

transparency　and　high　refractive　index　are　also　expected　for　application　in　optical

devices,　especially　optical　waveguides.　A　chemical　solution　deposition　(CSD)

process　is　considered　to　be　the　most　suitable　process　for　the　fabrication　of

multicomponent　thin　films　such　as　SBN.20-23　The　crystallization　temperature　of

tungsten　bronze　SBN　is　requlred　to　be　lower　as　possible　in　order　to　fabricate　high

quaiity　thin　films.　The　tungsten　bronze　structure　can　be　stabilized　by　the

formation　of　fmed-tungsten　bronze.11　Neither　BaNb206　(BN)nor　SrNb206　(SN)is

ferroelectric　materjal　and　has　tungsten　bronze　structure.　However,　RN　and　SN

constitute　the　solid　solution　with　alka､11　ions,yielding　ferroelectric　tungsten

bronzes,such　as　Ba2NaNb5015　(BNN),Ba2KNb5015(BKN),Sr2NaNb5015(SNN)

and　Sr2KNb5015　(SKN)｡Strontium　barium　niobate　(SBN)also　could　be　stabilized

as　a　ferroelectric　tungsten　bronze　phase　by　substitution　with　alkali　ion.

　　　　　　　　　　　Rble　2↓1　App】jcations　for　SBN　single　crystals　(Re£30)
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　　　　This　chapter　focuses　on　the　synthesis･　and　characterization　of　highly　oriented

SBN　and　potassium　substituted　SBN　(KSBN)thin　films　through　metallo-organics.
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The　effects　of　the　sub･stitution　with　K゛　for　Sr2゛　or　Ba2゛　site　in　the　SBN　structure

and　the　pre-crysta111zation　of　tungsten　bronze　seed　layer　on　substrate　were

investigated　for　the　low　temperature　synthesis　of　tungsten　bronze　films.　The

structure　of　SBN　and　KSBN　precursor　in　solution　and　the　three　dimensiona1

relation　between　synthesized　film　and　substrate　were　analyzed.　The　electrical　and

optical　properties　of　tungsten　bronze　SBN　and　KSBN　films　were　also　evaluated.

Table　2･1･2　Ferroelectrie　and　optieal　properties　of　SBN　crystals　(RefjO)

　　　Property

Lattice　Costants(Å)

Tc(‘C)

Dielectric　Constant

Polarization

　(μ,C/em2)

Pyroelastie　Coet

　(μC/cm2-t)･

£lectro-optic　Coet

　(10‘u　m/V)

Piezoelectric　Coeff｡

　(1042C/N)

Photorefractive

Characteristics:

　1.Response　time

　2･　Coupling　coeft

　3,　Spectral　response

　SNB:75
←

a=12.458

C=　3.928

　　56°

e33　゛　3000

E11　°　500

　　27

SBN:60
W

a=12467

C=3.938

　75°

e33　°　900

811　゛　470

　28-30

lj5　×　10･1　　9.7　×　104

r33　°　1400

r40　s　40

　　-

r33　°　420

r51s　60

d33　°　165

dl5°　　31

　1㈱ms　　　　　　　10･40　ms

　15　cm4　　　20･45　cm4

0.4　to　O.6　μm　O.4to　l･01↓m

SBN:50
㎜

a=i2.481

C=3.954

　　118°

e33　°　580

ell　°　450

　　32

5.4　×　10･Z

r33

rSI

d33

d15

W

W

●･
―

㎜
‐

㎜
㎜

W

㎜W

　-

m
㈲
%
s

2.2　Experimental

　　　Figure　2-2'l　shows　an　experimental　proccdure　for　fabrication　of　strontium

barium　niobate(S8N)and　potassium　substituted　strontium　barium　niobate　(KSBN)

powders　and　thin　films.

　　μj　5yzzZjzaa㎡Sj7V　az�£9WFeaaor　g/zJZjol

　　　Strontium　metal　[Rarelmetallic,JaPanl,Barium　metal　{Furu“uchl　Chemical･

JaPan],KOCH2CH3(Potassium　ethoxide,　KOEt)[Ko'jundo　Chemicai･　Japan]and

Nb(OCH2CH3)5(niobium　Pentaethoxide,　Nb(OEt)5){Trichemical　and　Ko-jundo
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Chemical,Japan]were　selected　as

starting　materials,　Ethanol　was

dried　over　magnesium　ethoxide

and　distilled　prior　to　use　　as

absolute　ethanol.　2-Ethoxyethanol

(ethylen･e　glycol　monoethyl　ether,

EGMEE)was　also　dried　over

moiecular　sieve　and　dist111ed

before　use.　A1l　procedures　were

conducted　in　a　dry　nitrogen'gas

(N2)atmosPhere,　because　starting

materials　are　extremely　sensitive

to　moisture｡Sr,Ba　mctal　and

KOEt　　corrcsponding　　to　　the

Ky(Sr1-XBax)1-y/2Nb206[x°o,　0･25,

0.5,　0.75,　1.0,　y=O,　0.2,　0.4

summarized　in　Table　2-2-1]

Ba(metal)+Sr(metal)

EtOH

J§〕

+2,Ethoxyethanol

Renux(24h)

　　Rdux(24h)

　　↓
Ilomogeneos　solution

Hydrolysis

　　↓
Evaporation

Powder

EtOH

in　dry　N2

Concentration

　　　　↓
Dip

composition　were　dissolved　in　absolute　ethanol.

　　　　　Table　2-2-1　Chemical　composition　of　SBN　and

　　　　　　　　　　　　potassium　substituted　SBN(KS】3N)

coating

CrystaIHzation

μ゜゛
　　　　　　　　　　　　　　　Thin　mm

Fig,244　EXPetimental　procedure　for　preparation　of　strontium

barium　njobale　(SBN)and　potassium　substituted　SBN　(KSBN)
powders　and　thjn　films･

Sr/Ba　K(mol%)*　General　formula　Abbreviation

50/50

75/25

25/75

50/50

50/50

75/25

O
　
0
　
0
　
3
　
0
　
0

　(SrojB‰)Nb206

　(Sro｡75Ba0.25)Nb206

Ko4(SrojBa｡75)o｡8Nb206

Ko｡2(Sr0.5Baoj)ojNb206

K,｡4(Sr1)jBaojk8Nb206

:K4.4(Sr0.75Bao25),｡8Nb206

　SBN50

　SBN75

KSBN25

K4)2SBN50

44SBN50

KSBN75

*40　mol%;ComposlUon　of　fmed　tungsten　bronze
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2-Ethoxyethanol(EGMEE)was　added　to　the　solution　as　a　stabilizing　agent.　The

molar　ratio　of　EIGMEE　to　SBN　o･r　KSBN　precursor　was　from　6　to　12･　The　solution

was　refluxed　for　18　h　and　then　mixed　with　Nb(OEt)5　solution｡　The　mixed　solution

was　reacted　again　at　a　reflux　temperature　for　18　h.　Then,　the　solution　was

condensed　to　about　O.2　mo1/l　by　removal　of　solvent　by　vacuum　evaporation.

　　(T2J　Fa&4eαziu¥Sj!iy　a�jaj7V　zjljzz　μlms

　　　　Films　were　fabricated　using　the

precursor　solution　by　dip-coating　on

fused　　silica,　MgO(100)　and

Pt(100)/MgO(100)　substrates,　The

dip-coating　apparatus　is　shown　in

Fig.2-2-2.　A　Pt(100)1ayer　was　deposited

on　MgO(100)by　radio-frequency　(RF)s“?e

magnetron sputt･ering [Anelva,

SPF-322H]at　650oC　in　an　argon　and

oxygen　gas　(1/1)mixture(pressure　o･f　O｡5

Pa)in　accordance　with　the　literature.24

9
m
l
l

G) F-''　Dry　N2

Dry　N2

Rg.2-2-2　The　apparatus　for　dip‘coating･

The　thickness　of　the　Pt　electrode　was　about　100-200　nm｡　The　withdrawal　rate　of

substrate　from　the　precursor　solution　was　O.6　mm/s･　Prior　to　dip-coating,　fused

silica　and　MgO(100)substrates　were　cleaned　with　abso･1ute　ethanol　by

ultrasonication　and　substrates　were　soaked　in　absolute　ethanol　at　60°C　to　clean　the

surface.　The　deposited　films　were　dried　in　flowing　dry　N2.　After　the　precursor　film

on　substrates､was　calcined　at　350oC　for　l　h　at　a　rate　of　5oC/min,　the　film　was

heated　to　a　crystallization　temperature　for　l　h,　followed　by　cooling　in　an　O2　flow

at　a　rate　of　5oC/min,　The　coヽating-crystallization　process　was　repeated　severa1

times　to　increase　the　film　thickness.　The　heating　schedule　is　shown　in　Fig･2゛2'3.

The　thickness　of　crystamzed　film　per　dip　coating　was　about　O.03　μm,　when　the

precursor　film　was　withdrawn　at　a　rate　of　O.6　mm/s.

　　　An　underlayer　was　prepared　on　substrates　using　O.02　mol/l　precursor

solution　at　a　withdTawal　rate　of　O｡6　mm/s｡　The　thin　layer　of　the　precursor　on　a

-57-



substrate　was　heat-tr･eated　at　700oC　for　l　h　under　the　same　conditions　described

above･　Then,　the　precursor　film　was　coated　on　the　precrystallized　underlayer　using

O｡2　mo1/1　solution　at　a　withdrawal　rate　of　0.6　mm/s.

5℃/min

700℃,lh

Rg.2-2-3　Heating　schedu】1e　of　SBN　and　KSBN　precursor　mms.

　　μEPrQagzju　a/'Sj7V　az�XSβ7Vpo･&r　gz91e,y

　　　Powder　samples　wer･e　also　prepared　from　the　precursor　solution　in　order　to

study　the　crystallization　behavior.　The　solution　was　hydrolyzed　with　deionized

water　which　was　diluted　with　absolute　ethano1.　The　precipitate　was　dried　at　100oC

to　yield　a　white　solid,　which　was　then　heat-treated　at　temp･eratures　between　500oC

and　1400oC　in　an　oxygen　flow　for　l　h.

　　60　ClzaraczerizaZiθ71;θ/゛jprfazrsθΓs　in　s∂lzzzj∂ns

　　　Nuclear　magnetic　resonance(NMR)sPectroscopy　was　employed　to

investigate　the　structure　ofsynth,esized　metallo-organic　precursors4　1H　an,d　13C

NMR　spectra　were　recorded　by　a　Gemini　2･00　spectromet6r　[varian]in　CDC13

solution　using　tetramethylsilane　(TMS)as　the　internal　standard.　93Nb　NMR　spectra

of　precursors　were　recorded　at　61.14　MHz　[Bruker　lnstrument=s,　AC250]in　ethanol
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solutions｡　Chemical　　shifts　　of93Nb　spectrum　were　calibrated　with

tetramethylammonium　hexachloroniobate(CH3)4N[NbC1611n　CD3CN　as　　the

stand,ard｡

　　fTjJ　CjUgderjzaziozl　mlz&θ&fj7r9ared'ρθw&rs　arld　zjz　izl　βZms

　　　The　prepared　powders　and　films　were　characterized　by　x-ray　diffraction

(XRD)analysis　using　Cu　Ka　radiation　with　a　monochromator　and　a　pole　figure

attachment{Rigaku,RAD　2x　and　B-8],The　erystallographic　phases　of　SBN　and

KSBN　powders　and　films　were　characterized　by　Raman　microprobe　spectroscopy

using　488　nm　Ar　laser　beam　[JASCO,　NR11001･　The　films　on　substrates　wcre

observed　by　scanning　electron　microseopy(SEM)[JEOL,JSM-6100]and

field-emitted　scanning　electron　microscopy　(FE-SEM)[Hitachl,　S.4500].The

transmittance　of　the　films　on　transparent　substrates　was　measurcd　with　a

UV-Visible　spectrometer　[Hitachi,　U-34　101.The　propagation　modes　in　the　mms

were　measured　via,　the　prism　coupling　method,　using　a　Fle-Ne(632.8　nm)laser

beam[Metricon,　Mode1　PC-2010　Prism　Coupler].Thc　electrical　properties　of　films

were　measured　using　an　Au　top　electrode　dePosited　on　the　SBN　or　KSBN　films

and　a　sputtered　Pt(100)layer　on　MgO(100)as　a　bottom　electrode　shown　in

Fig.2-2-4.

The　thickness　of　top

electrode　was　about

100　nm.　The　area　of

the　　electrode　　was

3.88×10‘4　cm2.The

measurement　　　　of

dielectric　　properties

was　　conducted　on

thin　films　in　a　wafer

cryostat Lsanwa

Musen,WM-363-1]

using　an　LCR　meter

electrode

Pt　electrode

substrate

Fig.2-2-4　Measurement　system　of　electrical　properties･
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[Hewlett,Packard,4194A]from　30oC　to　20･OOC　in　an　air　atmosphere　or　from

-190oC　to　200oC　under　vacnuln　(1･O　Pa)･The　P-E　hysteresis　loops　of　films　were

also　evaluated　with　a　ferroelectric　test　system　[Radiant　Technology,　RT66A]at　60

Hz　at　various　temperatures　in　the　wafer　･cryostat　under　vacuum　(1.0　Pa).

2.3　Results　anddiscussion

　2.3.1　Synthesis　of　precursor　solutions

　　μj£yyyed¥'aEμaM/£zjzzg　agazμΓjprEarsθΓsθ/�jazz

　　　A　Sr1,XBaxNb206　(SBN)precursor　solution　was　prepared　from　Ba,　Sr　and

Nb(OEt)5　1n　ethanol.　However,the　solid　powder　precipitated　from　the　SBN

precursor　solution　within　several　days.　So,　the　precursor　solution　was　stabilized

by　the　modification　of　ligands.　The　homogeneity　and　stability　of　the　coating

solution　were　found　to　be　greatly　improved　by　the　addition　of　EGMEE･　The

long･term　stability　of　the　SBN　precursor　added　with　12　equiv.　EGMEE

(EGMEE/SBN　precursor=12)was　found　to　be　better　than　that　including　6　equiv･

EGMEE.　The　effect　of　ligand　to　SBN　precursor　on　treating　with　EGMEE　was

analyzed　by　1H　and　13C　NMR　spectroscopy･

　　　Figure　2'3‘1　shows　lH　NMR　spectra　of　2-ethoxyethanol　and　the

SrojBaojNb206(SBN50)precursor　including　6　equiv.　EGMEE.　The　signal　due　to

hydroxy　group　(-OH)at　2.9　ppm　(Fig,2-3-1(a))disappears　in　Fig.2-3-1(b),The

signals　of　2-ethoxyethoxy　groups　(CH3CH20CH2CH20)are　observed　at　1.2　ppm

(CU3CH20CH2CH20-),3,5　ppm(CH3Cn20CH2CH20-,CH3CH20CU2CH20-)and

3,7　ppm　(CH3CH20CH2CU20-)in　Fig,2-3-1(a),However｡the　Peak　at　3.7　ppm

(CH3CH20CH2CU20,)shifts　to　a　downfield　of　4,3　ppm　in　Fig,2-3-1(b).The

downfield　shift　suggests　the　formation　of　CH3CH20CH2CH20-M　bond　(M;　metal),

Figure　2‘3'2　illustrates　13C　NMR　sPectra　of　the　SBN50precursors　including　two

different　amounts　of　EGMEE･The　signals　of　2-ethoxyethoxy　groups

(CH3CH20CH2CH20)are　observed　at　15　pPm　(£H3CH20CH2CH20-),67　ppm

(CH3!⊇H20C,H2CH20-),72　ppm　(CH3CH20nH2CH20-)　and　70　ppm

(CH3CH20CH2£H20-)　　in　　Fig,2-3-2(a).　　The　　peak　　at　　62　　ppm
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(CH3CH20CH2£H20-H)of　free　EGMEE　also　shifts　to　a　downfield　of　70　ppm

(CH3CH20CH2£H20-M)in　Fig.2-3-2(a).Ethoxy　group　bo･nded　to　metal　atoms　is

also　observed　at,　68　ppm　(CH£H20-)and　19　ppm　(£H3CH20-),,When　the　amount

of　EGMEE　increases　from　6　equiv.　to　12　equiv･,　the　signals　o･f　ethoxy　groups

decrease　in　intensity　as　shown　in　Fig.2-3-2(b).The　ethoxide　ligands　on　metals　are

almost　substituted　for　ethoxyethoxy　group　as　shown　in　Fig,2-3-2(b),　12

equivalents　of　EGMEE　to　SBNxvererequlred　to　stabilize　fully　the　SBN　precursor

solution､｡The　resultsof　13CNMR　indicat､e　that　the　SBNprecursor　is　stabilized　by

the　coordination　of　2-ethoxyethoxy　group　to　metals.

　　　　4　　　3　　　2　　　1　　　0

　　　　　　　　　　ppm

Rg,2-3-1　1H　NMR　spectra　of㈲2-ethoxyethanol(EGMEE)and

(b)SrojBaJJb206(SBN50)precursor[6　equiv.　EGMEE　addedl,
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○

100 80 60

ppm

40 20 0

　　　　　　　Rg.2-3-2　13C　NMR　spectra　of　SrojBaojNb206　(SBN50)precursors

　　　　　　　(a)6　equiv,　EGMEE　added　㈲12　equiv.　EGMEE　added｡

　　　Figure　2-3-3　shows　the　93Nb　NMR　spectra　of　the　SBN50　precursols.　Starting

niobium　ethoxide　exhibits　two　or　three　broad　signals　due　to　association　and　ligand

exchange･　Two　moles　of　niobium　ethoxide　were　reacted　with　l　mole　of　Ba　and　Sr

metal(Ba:Sr=50:50)in　ethanol　forming　the　SBN　precursorj3Nb　NMR　of　the　SB･N

precursor　in　ethanol　solution　shows　a　single　signal　at　‾1180｢ppm　with　a

half-value　width　of　1570　Hz　as　shown　in　Fig,2-3-3(a),This　result　indicates　the

formation　of　a　complex　alkoxide　with　highly　symmetric　niobium-oxygen

oetahedron　of[Nb(OR)6].The　single　signal　isヽin　good　agreement　with　the

structure　of　Ba[Nb(OIPr)612　or　Sr[Nb(OiPr)612　Proposed　by　Govil　et　a1.25　The　SBN

precursor　stabilized　bly　2-ethoxyethano1(6　equiv.)in　ethanol　solution　sho‘ws　a
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similar　single　resonance　at　‾1　1　80　ppm　with　a　larger　half-value　width　of　2740　Hz

(Fig,2-3-3(b)).The　SBN　precursor　including　l2　equiv.　EGMEE　showed　a　signal

with　a　half-value　width　of　3910　Hz　at　‾1180　ppm.　The　signal　increased　in

half-value　width　with　increasing　EGMEE　amount　from　O　to　12　equiv‥The　increase

in　half-value　width　suggests　the　presence　of　coordination　between　metals　and

2-ethoxyethoxy　groups　in　ethanol　solution.

-400　　　-800　　　-1200　　-1600　　-2000

　　　　　　　　　　　　　　　ppm

Rg,2-3-3　93M)NMR　spectra　of　SBN50　p･recursor　soiutions　(a)ln

ethanol　and　(Jt))hlethan4a9μJjJMEE,
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　　μL,}SZrEZzzrf　a/゛Sβyaz�£S1SyFfarsors

　　　Potassium　substituted　SBN　(KSBN)precursor　solutions　were　also　prepared

by　controlling　the　reaction　of　Ba,　Sr,　KOEt　and　Nb(OEt)5　in　ethanol　as　in　the　case

of　SBN　precursor　solution.　A　KSBN　precursor　including　12　equiv.　EGMEE

(EGMEE/KSBN=12)was　found　to　have　a　sufficient　long-term　stability.　The

structure　of　KSBN　precursor　was　also　analyzed　by　lH,13C　and　93Nb　NMR

spectroscopy.　The　results　of　iH　and　13CNMR　indicate　that　the　KSBNprecursor　is

stabilized　by　the　coordination　of　2-ethoxyethoxy　group　to　metals　similar　to　the

SBN　precursor.　93Nb　NMR　of　the　Ko｡4SBN50　precursor　in　ethanol　solution

including　12　equiv.　amount　of　EGMEE　shows　a　single　signal　at　‾1180　ppm　with

a　half-value　width　of　3910　Hz.　The　single　signal　of　K0.4SBN50　precursor　solution

indicates　the　formation　of　a　complex　alkoxide　with　highly　symmetric

niobium-oxygen　octahedron　of[Nb(OR)61,which　is　consistent　with　the　structure

of　Sr[Nb(OiPr)612,Ba[Nb(OiPr)612　and,　K[Nb(OEt)6]reported　by　Mehrotra　and

co-workers.25'26　The　SBN50　precursor　without　any　potassium　including　i2　equiv.

EGMEE　in　ethanol　shows　a　similar　single　resonance　at　‾1180　pPm　with　a

half-value　width　of　3910　Hz(described　above),The　signal　of　K[Nb(OEt)6]

appeared　at　-1150　ppm.　Since　93Nb　has　a　quadrupole　moment(I=9/2),the

broadening　of　signals　is　usually　observed.　Hence,the　signal　derived　from

K[Nb(OR)6]is　considered　to　be　superimposed　in　the　broad　signal　of　M[Nb(OR)612

(M=Ba,3r).

　　　Based　upon　the　spectroscopic　data,the　SBN　precursor　consists　of

M[Nb(OR)612(M=Sr,Ba,R=OCH2CH20CH2CH3　or　OCH2CH3)units.　The

distribution　of　Sr　and　Ba　in　the　complex　alkoxide　is　uniform　at　a　molecular　leve1

in　solution.　And　further,　the　composition　of　KojSBN50　(Ko｡4(SrojBaoj)o｡8Nb‘206)

corresponds　to　a　mixture　of　O.4K[Nb(OR)61,0.4Sr[Nb(OR)612　nd

O.4Ba[Nb(OR)612.　The　KSBN　precursor　consists　of　M[Nb(OR)612,and　MINb(OR)6

(M=Sr,Ba,M'=K,R=OCH2CH20CH2CH3　or　OCH2CH3)units　as　shown　in

Fig.2-3-4,　which　are　mixed　at　a　molecular　level　in　solution.
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Fig.2-3-4　Proposed　structure　of　SBN　and　KS]3N　precursor.

　2.3.2　Crystallization　behavior　of　SBN　precursor

　　μj　Czlμz�/&azjn¥SβyVβΓeaaar

　　　　SBN　precursor　powders　were　synthesized　from　the　precursor　solution　in

order　to　investigate　the　crystallization　behavior,　Figure　2-3-5　shows　xRD　profiles

of　Sr0.5Bao｡5Nb206(SBN50)powders　heat-treat�at　various　temperatures.　lt　turns

out　from　Fig.2'3-5　that　SBN　precursor　powder　was　in　x-ray　amorphous　state

below　5001oC　and　crystallized　in　the　low　temperature　(not　tungsten　bronze)phase

at　700oC･At　1000oC,tetragonal　tungsten　bronze　SBN　began　to　form,and

completely　transformed　to　the　tetragonal　tungsten　bronze　SBN　at　1200oC･,Figure
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2-3-6　111ustrates　xRD　profiles　of(Srl,XBax)Nb206　powders　with　various

compositions(x°0,　0･3,　0･5,　0･6,　0･7,　1.0)heat'treated　at　700oC.The　end　members

of　BaNb2026　(BX)and　SrNb206(SN)were　hexagonal　and　orthorhombic　single

phase,respectively.　From　Figs･2-3'5　and　2-3-6,　the　Phase　of　SBN　crystallized　at

700oC　was　dctermined　to　be　the　SBN　low　temperature　phase　because　the

diffraction　patterns　were　quite　different　f‘rom　that　of　tetragonal　tungsten　bronze

SBN･　The　SBN　powder　crysta111zed　in　the　tetragonal　tungsten　bronze　phase　could

not　be　transformcd　to　the　low　temperature　phase　even　after　the　aging　at　700oC　for

24　h,　This　result　indicates　that　the　SBN　low　temperature　phase　is　a　meta-stable

phase･　Once　SBN　powder　crysta111zed　to　the　tungsten　bronze　phase,　this　structure

is　foun,d　to　be　stable｡

　　20　　　　　　30　　　　　40　　　　　50　　　　　60

　　　　　　　　　　　　CuK(z　2e　de9･

Rg･2-3-5　XRD　promes　of　SBN50　Preculso.rpowders　heat4reated

at　vdous　tempmtures　㈲　550oq(b)7009C,㈲1000℃and(d)

1200°C｡　[tetra.　:　tetragonal　tungsten　bronze　phasel

　　　　　　　[ortho,　:　orthorhombic　low　temperature　phase]
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　20　　　　　　30　　　　　　　　　4050　　　　　　60

　　　　　　　　　　CuK(z　2e･　de9.

Fig.2-3-6　XRD　profiles　of　Srl-XB3XNb206　po゛ders゛ith　゛dos

compositions　heatstreated　at　700oC　[(a)x°1･O･(b)x゛O'79(c)x°O゛5'

(d)x=O,3　and(e)x=O],

　　(T2j}SZrEZzJre　a/≒Sjly　/ow　razj7eraareμzase

　　　Raman　spectroscopic　analysis　was　employed　to　examine　the　crystallographjc

phase　of　the　SBN　low　temperature　phase.　Figure　2“3'7　shows　Raman　spectra　of

SrNb206　and　SBN50　powders　crystaHized　at　700oC.　SrNb206　powder　was　prcpared

by　the　same　route　as　SBN50.　The　profile　of　SBN50　(Fig.2-3-7(b))was　eonsistent

with　that　of　SrNb206　(Fig,2-3-7(a)),although　these　profiles　were　slightly　different

to･　each　olh･er.　The　profile　of　SrNb206　was　in　good　agreement　with　the　sPectrum

reported　by　RePelin　et　al.27　SBN　precursor　Powder　with　Sr　rich　composition
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(Srl-XBaxNb206,　x≦O.5)crysta111zed　at　700oC　also　showed　similar　promes.　Since

SBN50　has　an　unfilled　tungsten　bronze　structure　described　in　Chap.1　(section　l.1),

the　Nb-O　octahedra　easily　construct　the　edge-shared　structure　like　SrNb206　as

shown　in　Fig.2-3-7(a).From　these　spectra,lt　turns　out　that　the　SBN50　1ow

temperature　phase　has　the　orthorhombic　SrNb206　1ike　structure　studied　by　Repelin

et　al｡27

1000

1000

800

800

　　　600　　　400

Wavenumber(cm'1)

　　　600　　　　　400

Wavenumber(cm`1)

200　100

200　100

Rg.2-3J7　Raman　sPectra　of(a)SrNb206　and　(b)(SIJ3ao｡5)Nb206

powders　heat-treatedat　700oC.
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20

2.3.3　The　substitution　for　strontium　and　barium　site　by　potassium

　　　in　SBN　structure

　　　　ln　　order　to　　investigate　　the

effect　of　the　subs.titution　for　Sr　or　Ba

sites　with　potassium　ions,　the

K4)｡4(Sro｡5Baoj)o｡8Nb2/06(K(E4SBN50)

and　　　　　　K0.2(SrojBao｡5)(E9Nb206

(Ko｡2SBN50)powders　were　prepared

by　　　the　　　hydrolysis　　　of　　　the

KX･(Sro45Bao｡5)1-x/2Nb206[x=0.2,0.41

precursor　solution.　ln　this　case,

potassium　ion　was　selected　as　the

alkali　ion　because　the　radius　of　K゛

､
{
}
.
″
e
}
e
‘

(
'
ー
'
S
)

　　　　40

CuKa　2∂(dei)

5030 60

was　close　to　that　ofSr2゛and　Ba2゛｡　Fi&2-3-8　XRD　F)mes　of(a)42sr(t45BaaNb206(KJBN5o)

　　　　　　　　　　　　　　　and(b)K･,,Sr14Baa4Nb206(K,4SBN50)pow&rs　heat4reated　at
Figure　2゛3'8　shows　xRD　profiles　of　700°c｡

Ko｡4SBN50　and　Ko｡2SBN50　powders

heat‘treated　at　700oC.　These　prowders

were　x-ray　amorphous　below　550oC,

and　　directly　　crystallized　　to　　the

tetragonal　　tungsten　　bronze　　phase

above　600oC.　The　crystallization

temperature　of　tungsten　bronze　was

not　affected　by　the　amount　of

potassium.　The　Raman　spectrum

patterns　of　these　powders　shown　in

Fig･2-3-9　are　in　good　agreement　with

that　of　the　tetragonal　tungsten　bronze

SBN50　(Sro｡5Bao｡5Nb206)　powder,

(
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}
‘
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1
}
g
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.
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wlyensW(em4)

w&venumber(cm4)

Fj&2-3･9　Raman　speetra　of㈲KJro4B4s5Nb206(Ko2SBN50)
although　the　Scattering　positions　are　ndl)Ka4SIJ‰4Nb206(Ko･4SBN50)powders　heat4reated　at

slightly　shifted　toeachother↓28 70{rC.
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The　SBN50　precursor　without　any　Potassium　substitution　crystallized　in　the

orthorhombic　low　temperature　phase　at　700oC　prior　to　the　formation　of　tetragona1

tungsten　bronze　phase.　Then,　the　orthorhombic　SBN　powder　was　comPletely

transformed　to　the　tetragonal　phase　at　1200oC　as　described　in　previous　section.　lt

turns　out　from　Fig.2-3-8　that　the　substitution　of　K　for　Sr　or　Ba　was　found　to　be

very　effective　to　form　the　tungsten　bronze　phase　at　lower　temperatures　without

any　formation　of　the　orthorhombic　low　temperature　phase.

　　　　The　lattice　parameters　of　alkoxy-derived　KX(S　r0.5Ba0.5)1-x/2Nb206[x=0,　0,2,

0.41　powders　are　summarized　in　Table　2-3-1･　The　values　of　lattice　parameters

slightly　increase　with　increasing　potassium　in　amount,　and　are　slightly　larger　than

that　of　SBN50　tetragonal　tungsten　bronze　powder.　The　values　of　SBN50　are

comparable　with　those　reported　in　JCPDS　39-265　(a=12.4652A,c=3.9521A).

This　difference　comes　from　the　substitution　ofSr2゛　or　Ba2゛　sites　by　K゛　ions　in　the

SBN50　structure｡　The　radius　ofK゛　is　larger　than　that　of　B･a2゛　and　Sr2゛.

Table2.3･1　Lattice　constant　changes　of　alkoxy-derived

　　　　　powders*

Composition

　SBN,501)

Ko｡2SBN502)

Ko｡4SBN502)

a(A)

12.467

12.494

12.528

jAtC

3.946

3.964

3.974

(*)Tetragonal　tungsten　bronze　phase

　　powders　crystallized　at　1)1200oC　and　2)1000oC

Therefore,the　lattice　parameter　becomes　slightly　larger　with　an,　lncrease　of

potassium.　The　stabilization　mechanism　of　SBN　tungsten　bronze　is　explained　by

the　configuration　of　Nb-O　octahedron･　The　SBN50　1ow　temperature　phase　has　a
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SrNb206　11ke　structure　confirmed　by　Raman　spectroscopy　(Fig･2-3-7)j7　0ne　Sr2゛

or　Ba2゛　ion　is　substituted　for　two　K゛　ions　in　the　SBN　structure｡　The　structure　of

SBN　approachesto　the　fllled'tungsten　bronze　with　an　increase　of　potassium

amount.　Thus,the　tungsten　bronze　structure　can　be　stabilized,and　KSBN

plecursors　prepared　by　the　chemical　process　crystallize　easily　to　the　tungsten

bronze　phase　in　the　low　temperature　region　compared　with　SBN50　precursors.

　　　　ln　the　case　of　different　Sr/Ba

ratio　composition,simiiar　results

were　obtained　using　thc　K゛　addition･

Figure　2-3-10　shows　xRD　profiles

of　　　　　K0,4(Sr0.75Bao｡25)o｡8Nb206

(KSBN75)powders　heat“treated　at

550oC　and　650oC.The　KSB,N75

powder　is　x-ray　amorphous　below

550゜C(Fig.2-3-10(a))and　directly

　K(St7sBaa)2NbjOlj
●tungsta　broue　phase

CuKa　2e(deg,)

crystallizcs　　to　the　tetragona1　　FigS3-10　XRD　profnes　of　K(Sro75Bao25)2NbsOI5(KSBN75)

tungsten　bronze　phase　at　650oC　powders　heat4reated　al　(a)550oC　and　(b)650°C,

(Fig.2-3-10(b)).

When　Sroj75Bao,25Nb206　(SBN75)was　synthesized　by　the　same　process,　the　SBN75

powder　crystaHized　to　the　orthorhombic　low　temperature　phase　(SrNb206　1ike

structure)at　700oC　prior　to　the　formation　of　tetragonal　tungsten　bronze　similarly

to　the　case　of　SBN50.　The　transformation　of　the　orthorhombic　SBN75　powder　to

the　tetragonal　tungsten　bronze　phase　is　found　to　be　quite　dimcult　even　after　heat

treatment　at　1400oC.　Further　investigation　for　Ba　rich　composition　such　a･s

K0.4(Sr0.25Baoy75)ojNb206(KSBN25)revealed　that　KSBN25　powder　was　aiso　found

to　crystallize　dlrectly　in　the　tetragonal　tungsten　bronze　phase　above　600oC.

2.3.4　Preparation　of　tungsten　bronze　SBN　and　KSBN　thin　mms

μJ　5yziaa£s･　a/゛sβyz&jzzμ/z7zs

　　Figure　2･-3-11　shows　xRD　profiles　of　SrojBa0.5Nb206(SBN50)films
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crystallized　at　700°C　and　1000oC　on　MgO(100)substrates.　SBN　films　on

MgO(100)show　strong　001　and　002　renections　as　shown　in　Fig.2'3゛11.　From　the

xRD　patterns,　lt　was　impossible　to　judge　whether　SBN50　thin　film　on　MgO(100)

crystallized　to　tetragonal　of　tungsten　bronze　or　orthorhombic　metastable　phase,

because　SBN　thin　films　crystallized　at　700oC　and　1000oC　had　almost　the　same

xRD　profiles.

　　　SBN　thin　films　on　MgO(100)

substrates were characterized　　(b)1000°C

further　by　Raman　microprobe

spectroscopy･At　first9　crystallized

SBN　　powder　　samples　　were

examined.　Two　remarkably　different

patterns　of　crystalline　Powders　were　(a)700°c

obtained･　The　　crystallographic

phases　of　these　powders　were

confirmed　by　the　xRD　analysis　in

Fig･2‘3-5･　The　　SB.N　　powder

crystallized　at　700oC　can　be　judged

to　　　be

metastable

the 1ow-temperature

phase　　and　　has　　the

otun9st●n　bronze　phu●
゛10w　temp●fature　phase

　20　　　　　　　30　　　　　　　40　　　　　　　50　　　　　　　60

　　　　　　　　CuK(z　2e〈de9.)

RgS3'11　XRD　profUes　of　SBN50　thin　films　on　M&○(J00)

substrates　erystamzed　at㈲700°Cand(b)1000°C,

orthorhombic　　　SrNb206　　　1ike

structure　described　in　section　2.3.2.

0n　the　other　hand,　the　spectrum　of　SBN50　crystallized　at　1200oC　is　in　good

agreement　with　that　of　tetragona1　SBN　of　tungsten　bronze　as　reported　by　Burns　et

al｡28

　　　　Figure　2-3-12　shows　the　Raman　microprobe　spectra　of　SBN　thin　films　on

MgO(100)substrates.　The　SB.N　thin　film　crysta111zed　at　700oC　is　composed　of　two

crystalline　phases　(orthorhombic　low-temperature　phase　and　tetragonal　tungsten

bronze　phase)as　shown　in　Fig.2-3-12(a).0n　the　other　hand,　SBN　thin　films

heat-treated　at　1000oC　is　the　tetragonal　tungsten　bronze　(Fig･2-3-12(b)),.0n　the
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basis　of　xRD　analysis,　the　powder　crystamzed　in　the　orthorhombic　phase　at　700oC,

and　began　to　be　transformcd　to　the　tetragonal　phase　at　1000oC.2o　Single-phase

tetragonal　SBN　powder　was　formed　at　1200oC　(section　2.3.3)･Fig.2-3-　12　shows

that　the　film　on　a　substrate　does　crystallize　in　the　tetragonal　phase　more　easily

compared　with　powders.

The　low　temperature　formation　of

the　tetragonal　phase　is　attributed　to

the　roles　of　the　orientation　of　t,he

substrate,the　expansion　mismatch

and　stress　between　the　films　and　the

substrates｡　　　However,　　　the

heat-treatment　at　1000oC　is　found　to

be　required　to　transform　completely

to　the　tetragonaI　SB･N　of　tungsten

bronze　　even　　on　　MgO(100)

substrates.　The　quality　of　SBN　film

crystallized　at　1000oC　was　not　so

good　　because　　exaggrated　　grain

growth　was　observed　on　the　surface

image　of　SEM.

~
S
S
c
.

　　　1000　　800　　　600　　　400　　　200

　　　　　　　　　Wavenumber(cm'1)

Fi&2-3-12　Raman　sPectra　of　SBN50　,fUms　on　MgO(100)

substrates　heat4reated　at　(a)700oCand(b)1000゜C,

【tetra,:　tetragonal　tungsten　bronze　phase]

[ortho,:　orthorhombic　low　temperature　phase]

　　　The　crystallographic　alignment　of　oriented　tungsten　bronze　SBN　thin　films

on　MgO(100)was　investigated　by　the　x-ray　pole　figure　measurement.　The　result

of　measurement　for　SBN50　film　crystallized　at　1000oC　is　consistent　with　that　of

potassium　substituted　SBN(KSBN)thin　film　on　MgO(100)and　Pt(100)/MgO(100)

substrates,which　is　discussed　in　section　2.3.4(3)ln　more　detail.　This　result　agrees

with　that　of　SB･N　film　on　MgO(100)substrate　prepared　by　pulsed　laser

deposition.29

　　ahSlyzzz&a£y¥XT,Sjly　zjzjzz　μZas

　　　Fol　SBN　film　synthesis,　the　crystallization　of　ferroelectric　tungsten　bronze

phase　o゛n　substratesencountersthe　problem　of　the　formation　of　a　low　temperature
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phase.　ln　order　to　prepare　tungsten　bronze　thin　films　on　substrates　at　lower

temperature,　thesubstitution　ofK゛　for　Sr2゛　or　Ba2゛　site　was　investigated　as　in　the

case　of　powder　samPles.

Figure　2-3‘13　shows　the　xRD　profile

of　Ko4(SrojBao5)o8Nb206(KSBN50)

and　　　　KI)4(Sro｡75Bao･,25)0,8Nb206

(KSBN75)thin　films　on　fused　silica

substrates　crysta111zed　at　700oC｡

Similar　to　the　potassium-substituted

SBN(KSBN)powders,thin　films　on

substrates　directly　crystallized　to　the

tetra~gonal　　tungsten　　bronze　　phase

above　650oC　with　c-axis　(direction　of

polarization)　preferred　　orientation.

The　c-axis　preferred　orientation　is

easy　to　occur　since　the　c-plane　of

SBN　is　the　closest　packed　plane　of

tungsten　bronze　structure.

　　　　20　　　　　　　40　　　　　　　60　　　　　　　80

　　　　　　　CuKα2a(de9.)

Rg,2-3-13　XRD　proSes　of(a)K(x4SBN50　and　(b)KSBN75　thin

mms　on　fused　snica　substrates　heat-treated　at　700°C｡

However,　when　the　underlayer　was　not　precrystallized　on　substrates,　these　films

were　polycrystaHine　and　had　no　preferred　orientation.　Th･e　quite　thin　underlayer

was　found　to　be　the　key　for　the　synthesis　of　oriented　KSBN　thin　films　even　if　on

the　non-crysta111ne　substrates.

　　　MgO(100)and　Pt(100)/MgO(100)were　selected　as　substrates　to　fabricate

highly　oriented　KSBN　thin　films.　Figure　2-3-14　shows　the　xRI)l　promes　of

K,.4SBN50　and　Ko､2SBN50　thin　films　on　MgO(100)substrates　crystallized　at

700oC.TheK0,4SBN50　and　K0.2SBN50　filnl,s　o･n　MgO(100)have　strong　001　and

002　reflections　as　shown　in　Figs.2-3-14(a)and(b),The　Ko4SBN50　and　k2SBN50

fiims　on　Pt(t00)/MgO(100)crystallized　above　600°C　also　show　an　excellent　c-axis

preferred　orientation.　ln　the　case　of　SBN50　thin　films　prepared　on　MgO(100),

XRD　profiles　of　the　SBN50　thin　films　crystallized　at　700oClwerealmost　the　same
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as　those　at　1000oC｡

However,Raman　spectra　of　these

films　were　quite　different　depending

upon　　the　　cryslallographic　　phase

(section　2.3.4(1)).This　means　that

xRD　analysis　is　not　a　sufficient

metho'd　to　determine　the　phase　of

K,4SBN50　and　Ko2SBN50　thin　films

on　　MgO(100)substrates.　Figure

2-3-15　shows　Raman　spectra　of
(
'
a
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s
)
s
}
‘
l
″
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a
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●k4(SmBlo4JNbl01
0　Klj(Srs4as)uNb304
　hlngstei　bronze　phMe

●001　　　　　　　　　　　　　　1　●002
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｣

)001　　　　　　　　　　MgO㈲2

“)　　　　　　
l　　　　　　　　l　　　　　　　　　l

K0.4SBN50　and　Ko2SBN50　thin　films　　　a

on　MgO(100)substrates　heat-treated

at　700oC,　wh､ich　reveal　that　the　thin

films　　are　　confirmed　　to　　be

single-phase　　　　tungsten　　　　bronze,

because　the　profiles　are　consistent

with　those　of　K0.4SBN50　and

K0.2SBN50　　powder　　shown　　in

Figs,2-3-9(a)and(b).The　KSBN

film　showed　the　characteristic　Raman

scatterings　of　the　tungsten　bronze

niobate,　such　　as　　the　Nb-O-Nb

bending　modes　(220-300　cm゛1)and

the　symmetric　stretching　mode　of　the

Nb06　octahedron(580-700　cm4).

The　formation　of　the　tetragona1

tungsten　bronze　phase　is　attributed　to

30 50 60　　　　40

CuKa　2.a(deg.)

RgS344XRD　promes　of㈲42SBN50　aJld　(b)K,｡4SBN50　hn

films　on　MgO(100)substrales　heat･treated　at　700oC,

(
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1000 800　　　600

　Wavlnumber(

200　100　　400

cm'1)

Fi&2y345　Rimm　speetn　of㈲Ko2SBN50　ad　(b)K,14SBN50

the　substitution　of　potassium　as　in　thb　mms　on　MgO(100)substrates　heat,treatedat　700°C｡

the　case　for　the　powders･

-75-



The　potassium　substituted　SBN　thin　films　of　tetragonal　tungsten　bronze　do

crystamze　completely　at　much　lower　temperatures　compared　with　the　SBN　thin

films｡

　　　KSBN　thin　films　with　various

compositions　were　also　investigated.

Figure　2-3-16　shows　xRD　profiles　of

Ko4(SroJ5Baoj5)0,8Nb206(KSBN75)

thin　films　crystallized　at　700oC　on

MgO(100)and　Pt(100)/MgO(100)

substrates｡The　KSBN75　films　on

MgO(100)also　have　strong　001　and

002　　renections　　as　　shown　　in

Fig,2-3-16(a).Although　the　(002)

reflection of KSBN75 IS

superimposed　with　Pt(200),KSBN75

mms　on　Pt(100)/MgO(100)also

show　　　(001)　　　plane　　　　preferred

orientation (Fig,2-3-16(b)),

K0,4(Sro｡25Bao｡75)o｡8Nb206(KSBN25)

thin　mms　on　MgO(100)　and

Pt(100)/MgO(100)also　showed　a

prominent c-axlS preferred

orientation｡The　KSBN75　thin　films

on　MgO(100)substrates　were　also

characterized　further　by　Raman

microprobe　spectroscopy　as　in　the

case　of　SBN50　and　KSBN50　films｡

Figure　2-3-17　shows　the　Raman

spectra　of　the　KSB･N75　powder　and

thin　mm　on　MgO(100)crystallized　at

　K(Sm75Bao,25)2NbjOu
●tungsten　bronze　Phase

MSO

(･)

●001

　1
●002

(b)　　　　　　　　　　　　　　S

●

　1　　　,9311　　,j
SO　●　PI

20　　　　　　　30　　　　　　　　40　　　　　　　　50　　　　　　　60

CuKa　2∂(dq,)

Fi&2-3‘16　XRD　profnes　of　KSBN75　thin　mms　heat゛treated　at

700°C　on　(a)MgO(100)ad(b)Pt(100)/MgO(100)substrates,

Wavenumber(cm4)

Fig,2･3-17　RaJnan　spee6　of㈲KSBN75　powder　and㈲

KSBN75　thin　Sm　on　MgO(100)heaFtraled　at　700°C,
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700oC･　The　spectral　patlem　of　the　KSBN75　powder　shown　in　Fig.2-3-17(a)is　in

good　agreement　with　that　of　the　tetragonal　tungsten　bronze　powder　in　Fig.2-3-9.

The　KSBN75　thin　film　crystallized　at　700°C　is　a　single゛phase　tungsten　bronze

(Fig,2-3-17(b)),because　the　Profile　is　consistent　with　that　of　KSBN75　powder

shown　in　Fig.2゛3'17(a)･The　dlrect　formation　of　the　tetragonal　tungsten　bronze

phase　for　various　Sr/Ba　ratio)compositions　is　attributed　to　the　substitution　of

potassium　for　strontium　or　barium　of　SBN.

　　rJj}77zΓEg　dJimasiazzal　rE&zZj'azl　Z･fZwlaβSujsd･sZraZe

　　　The　x'ray　pole　figure　lneasurelnent　was　employed　in　order　to　investigate　the

crystallographic　alignment　of　the　KSBN　thin　films　on　MgO(100)and

Pt(100)/MgO(100)substratesyFigures　2-3-18(a)and(b)show(311)X-ray　pole

figure　and　p　scan　of　the　k4SBN50　films　on　Pt(100)/MgO(100)substrates.　The

term　fS　is　the　rotation　axis　perpendicular　to　the　film　piane,　and　a　is　the　rotation

axis　perpendicular　to　fS　and　O.　The　x-ray　pole　figure　of　the　Pt　layer　on　MgO(100)

shows　spots　at　every　90o　along　p　at　a°45o,　which　conflrms　the　three　dimensional

relation　between　Pt(100)and　MgO(100)with　the　four-fold　symmetry.　The　a-axis

of　MgO　agrees　perfectly　with　the　a-axis　of　Pt.　The　{311}pianes　intersect　the

<001>direction　of　the　film　at　45o.　Also,　The{311}planes　show　eight　equivalent

planes　around　the　<001>dlrection　as　illustrated　in　Fig.2-3“19･　The　pole　figure　of　a

single　crysta1　K0.4SBN50　film　on　MgO(100)or　Pt(100)/MgO(100)ls　calculated　to

show　eight　spots　at　a°45o　(p　intervals52.5o　and　37.5o)as　shown　in　Fig･2'3″20.

However,　the　pole　figure　shown　in　Fig.2-3'18(a)exhibits　additional　spots　than　that

of　Ko｡4SBN50　single　crystal.　Also,　the　pole　figure　of　the　K{E4SBN50　film　on

MgO(100)ls　the　same　as　that　shown　in　Fig.2-3-18(a).From　13　scan　of　the　(311)

plane　of　KSBN　in　Fig.2゛3゛18(b)･12　peaks　with　two　different　intensities　were

obtained.　This　result　suggests　that　the　c“plane　due　to　the　additional　KSBN　lattice

should　b`e　considered　to　intersect　the　a-Plane　of　MgO　or　Pt.　Supposed　that　the

anglebetween　the　a-axis　of　MgO　or　Pt　and　the　a-axis　of　the　other　KSBN　grain　is

18.5°,the　pole　figures　theoretically　construeted　for　the　Ko,4SBN50/MgO(100)Js

shown　in　Fig.2-3-21･　Figure　2'3'21　consists　of　two　sets　of　eight　spots,one　is
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marked　asO,the　other　as　▲,Figure　2-3-21　is　in　good　agreement　with

Fig.2-3-18(a).The　intensity　ratio　of　four　strong　peaks　to　eight　weak　peaks　is　about

2　in　Fig,2-3-　1　8(b),because　4　spots　of　Oare　superimposed　on　four　spots　of　▲

ln　Fig.2-3･21.　Two　crystal　lattice　planes　of　K,)｡4SBN50　are,　therefore,　lntergrown

at　an　orientation　of　18.5゜　on　MgO(100)and　Pt(100)/MgO(100)substrates,

Tungsten　bronze　KSBμthin　films　with　other　chemical　compositions　also　showed

the　same　pole　figure　patterns.　These　results　are　consistent　with　that　of　SBN　films

on　MgO(100)prepared　via　both　the　chcmical　solution　deposition　(ln　section

2.3.4(1))and　the　pulsed　laser　deposition　rePorted　by　Thony　et　al.29　The　reason　for

two　orientations　mechanism　was　attributed　to　the　atomic　alignment　matching

between　c-plane　of　tetragona1　KSBN　and　MgO(100),The　analysis　for　the　(211)

plane　of　the　present　KSBN　films　supports　the　same　intergrowth　feature　as　that　for

the(311)plane,

　　　The　formation　of　tetragonai　tungsten　bronze　phase　on　MgO(100)and

Pt(100)/MgO(100)is　attributed　to　the　assistance　of　nucleation　sites　with　atomic

alignment　of　substrates.　The　calculated　lattice　mismatch　between　KSBN50(001)

and　MgO(100)is　6.1　%on　the　basis　of　the　pole-figure　measurement.　The　crysta1

1attice　in　terms　of　atomic　alignment　and　electrostatic　interaction　is　best　for　this

configuration,even　though　the　epitaxal　relationship　of　SBN(100)//(310)Mgo

implies　a　6-7　%lattice　mismatch.　Deposited　Pt　layers　on　MgO(100)had　a　(100)

orientation　with　a　three　dimensional　alignment.　Platinum　has　a　fcc　atomic　packing

with　a　lattice　parameter　oO.923A.　The　lattice　mismatch　between　KSBN(001)and

Pt(100)ls　calculated　to　be　O.9　%on　the　basis　of　the　pole-figure　measurement.　The

crystallization　of　KS　BN　films　with　c-axis　preferred　o･rientation　results　from　tlle

crystallographic　matehing　of　KSBN(001)to　P‘t(100)/MgO(100).The　simila〕r

analysis　was　carried　out　for　Ko｡2SBN50　films　on　MgO(100)and　Pt(100)/MgO(100).

The　results　for　K0.2SBN50　als･o　support　the　intergrowth　of　two　crystal　lattice　of

KSBN.　The　results　of　measurement　for　KSBN75　films　indicate　that　tungsten

bronze　KS｡BN　films　show　the　same　orientation　regardless　of　composition.

-78-



jo
x
ー
/
I
D
/
1
･
､

(
.
s
.
s
)
､
£
S
Q
i
{

0 100 　　　200

β(deg.)

X
､
､

j3
←a

300

Rg.2-3-18(a)X-ray　pole%ure　and(b)J　scan　of　k4SBN50

mms　on　Pt(100)/MjO(100)heat-treated　at　700()C[2θ=31.8o,for

(311)].

-79-



[001〕

[311]

1゛jg,2-3-D　Relationship　between　the　(311)plane　and　tetragonal

unit｡

KSBN

[01011

KSBN[100〕

Fig,2-3-20　Calueulate.d　pole　4ure　Pattem　of　Ko4SBN50　single

crystal　constructed　for　tetragonal　(311)･
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Rg.2-3-21　Calculated　x{ay　pole　figure　of　KSBN　fi】Lms　on

Pt(100)/MjO(100)and　MgO(100)lntergrown　at　18.5o(two　KSBN

lamces　are　shown　by　Oand▲).

　　　　KSBN　thin　films　prepared　on　fused　silica　also　showed　c-axis　preferred

orientation｡The　thlee　dimensionai　reiation　between　KSBN　thin　film　and　fused

s111ca　substrate　was　also　investigated　by　x-ray　pole　figure　measurement.　The

result　indicates　that　the　crystal　lattice　of　KSBN　had　no　three-dimensional

regularity　on　fused　sllica　substrate･　The　reason　for　the　c'axis　orientation　was

auributed　to　the　atomic　alignment　of　the　most　closed　packing　plane　of　tetragonal

tlJngsten　bronze　KSBμ･
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　　㈲5lyzzzlz6js　a/'　SZi7V　zMzz　μZz7zs　azz　£Sjly　se�/ayer

　　　　lt　was　found　to　be　difficult　to　crystallize　tungsten　bronze　SBN　films　directly

on　substrates　at　lower　temperature　(in　section　2･3.4(1)).KSBN75　thin　film　is　used

as　a　seed　layer　for　the　preparation　of　SBN50　thin　film.　A　KSBN75　seed　layer　was

fa･bricated　on　substrates,　and　then　pre-crystallized　under　the　same　conditions　of

SB.N　film　synthesis.　The　reasons　for　the　selection　of　KSB'N75　seed　layer　are　as

follows　;

　　　　(a)KSBN75　has･　the　tetragonal　tungsten　bronze　structure･

　　　　(b)Synthesized　KSBN75　precursor　easily　crystallizes　to　the　tungsten　bronze

　　　　　　phase　on　substrates.

　　　　(c)Lattice　mismatch　between　SBN50　and　KSBN75　is　small｡

The　value　of　lattice　parameter　of　SBN50　is　close　to　that　of　KSBN75.　The　lattice

mismatch　between　SBN50　and　KSBN75　1s　about　O｡3%.

　　　　Figure　2-3-22　shows　xRD

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　(SrsJBuj)Nb306

profiles of (SrojBao｡5)Nb･206

(SBN50)films　crysta111zed　at　700゜C

On MgO(100)

KSBN75/MgO(100)

　　　　and

s11,bstrates｡

SBN50　thin　films　on　MgO(100)and

KSBN75/MgO(100)　show　strong

two　　renections　　as　　shown　　in

Fig･2-3'22.　From　the　xRD　patterns,

it　was　impossible　to･　judge　whether

SBN50　thin　films　on　MgO(100)and

KSBN75/MgO(100)erystallized　to

tetragonal　　tungsten　　bronze　　or

orthorhombic　metastable　phase,

because　SBN　thin　films　crystallized

(a)

(b)

　　●tuapten　bronze　pkase

　　Olow　temperature　phase

Mgo

MSO

　　20　　　　30　　　　4{}　　　5{}　　　60

　　　　　　　　　　cu　K,a　2･e　(dq.)

F453-22　XRD　ppofiles　of　SBN50　thil　fUs㈲on　MgO(100)

and(b)on　MgO(100)using　KSBN75　seed　layer　heal･treated　at

700°C.

on　MgO(100)and　KSBN75/MgO(100)had　almost　the　same　xRD　profiles,　SBN

thin　films　on　MgO(i00)and　KSBN75/MgO(100)substrates　had　to　be　eharacterized
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further　by　Raman　spectroscopy,

Figure　2‘3'23　shows　the　Raman

spectrum　of　SBN50　thin　film　on

KSBN75/MgO(100)crystallized　at

700oC,　　Different　　pauerns　　of

crystaIIine　films　were　obtained　as

shown　in　Fig,2-3-13(a)　and

Fig,2‘3‘23･　The　sptctrum　pattern　of

S8M50 On MgO(100)　ln

100{) 8㈱

　(SroJsu)Nbl06
●tunpttn　bronze　phase

600 400

Wivenumber(em4)

90　1㈹

Fig,2-3-13(a)ls　composed　of　the
　　　　　　　　　　　　　　　　　　　　　　Ft2-3-23　Raman　spectmm　of　SBN50　thin　mm　on　MgO(100)
tetragonal　tungsten　bronze　and,the
　　　　　　　　　　　　　　　　　　　　　　dng　KSBN75　seed　layer　heat4realedat700t

orthorhombic　low　temperature　phase,

Heat-treatment　at　1000oC　was　required　to7　crystanize　the　single‘phase　tungsten

bronze　S.BN50　mm　on　M,gO(100)(ln　section　2,3,4(1)),0n　the　other　hand,　the

spectrum　of　SBN50　thin　films　on　KSBN75/MgO(100)shown　in　Fig,2-3-23　is　in

good　accordancewith　that　of　tetragonal　tungsten　bronze　SBN　reported.28　This

results　indicate　that　the　crystallization　temperature　of　tungsten　bronze　single　phase

can　be　decreased　greatly　by　using　the　KSBN75　se･ed　layer　compared　with　SBN50

film　prepared　dlrectly　on　MgO(100)and　that　the　nucleation　and　growth　of

tungsten　bronze　SBN　depend　upon　the　KSBN75　seed　layer.　ln　addition,the

formation　of　c-axis　highly　oriented　film　is　attributed　to　the　assistance　of

nucleation　sites　derived　from　the　atomic　alignment　of　substrates　with　a　sma11

mismatch.

　　　ln　order　to　investigate　the　three　dimensional　crystallographic　relation

between　SBN　thin　film　and　substrate,　the　x-ray　pole　figure　measurement　was

employed.　According　to　the　x-ray　pole　figure,　the　c-plane　of　the　additional　SBN

lattice　should　be　considered　to　intersect　a-plane　of　MgO,　and　the　angle　between

a-axis　of　MgO　and　a-axis　of　the　other　SBN　grain　is　18.5o.　The　orientation　for

SBN50　thin　films　on　KSBN75/MgO(100)was　consistent　with　that　for　tungs.ten

bronze　SBN50　on　MgO(100)crystallized　at　1000oC　and　KSB･N　thin　film　on
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MgO(100)erystallized　at　700゜C　as　described　in　section　2.3.4(3)

　2.3.5　ElectricaI　Properties　of　SBN　and　KSBN　films

　　μJZ)jdeczrje　FaμΓzja　a/≒SjlyjθRlss

　　　The　quality　of　the　tungsten　bronze　SBN50　film　crystallized　at　1000oC　was

not　good　for　the　measurement　of　electrical　properties,while　SBN50　film

crystallized　at　700oC　had　a　uniform　thickness,　no　voids　and　cracks,　which　enable

to　characterize　dielectric　properties.　The　dielectric　constant　and　loss　tangent　for

SBN50　films　on　Pt(100)/MgO(100)substrates　erystallized　at　700oC　are

summarized　in　Table　2-3-2.　Although　the　permittivity　increases　with　increasing

film　thickness　from　O.5　to　l.2　μm,　the　value　of　SBN　thin　film　is　much　lower　than

that　for　SBN　single　crystals　(E33゛380,at　l　kHz)･3o　Also　the　grain　size　of　SBN

mms　was　confirmed　to　be　about　50　nm　by　TEM　micrographs.　The　presence　of

orthorhombic　low　temperature　phase　is　considered　to　be　the　main　reason　for　the

iower　Er　comparcd　with　single　crystals,　And　so-called　size　effects,　such　as　sma11

grain　sizes　md　stress　from　substrates　are　also　responsible　for　the　properties　of

synthesized　film.

7nible　2-3-2　Dielectric　properties　of　SBN50　thin　mms　clystanized

　　　　　at　700℃

Sabstrate

FUm　TMekxl,ess

　　　(μm)

Pt{loO)/MgO{100)　o｡5

　　　　　　　　　1.2

　　Dieleetric　Const｡

　　Loss　Tluxgeat

lOk】Elz　100　kHz　l　MHz

32

0.01

79

0.07

33

0.01

73

0.03

33
0.01

72

0.02
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　　　Tungsten　bronze　SBN50　thin　films　on　KSBN75/Pt(100)/MgO(100)with

prominent　c'axis　preferred　orientation　are　conflrmed　by　xRD　and　Raman

spectroscopic　analysis　in　section　2.3.4(4).　The　temPerature　dependence　of

dielectric constant and　　loss　　tangent　　for　　SB】N50　　film　on

KSB･N75/Pt(100)/MgO(100)crystaIIized　at　700゜C　are　shown　in　Fig.2-3'24.　The

Curie　temperature　of　the　film　was　found　to　be　about　70oC　at　l　kHz,　which

depended　on　the　measured　frequency.　The　Curie　temperature　of　the　SBN50　mm

shifted　to　the　low　temperature　region　and　the　peaks　of　e'T　curve　were　broadened

in　comparison　with　the　reported　SBN　single　crystals･31

　　300

ω

　　200

400

100

0

500

50 　　　　100　　　　　150

temperature(゜C)

●lkHz

o10kHz

▲100kHz

△IMHLz

Rg･2-3-24　1bmperature　dependence　of　dielectric　constant　and　loss

tangent　of　SBN50　thin　fb　on　KSBN75/Pt(100)/MjgO(100)

substrate　heat-treated　at　700°C｡
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These　results　reveal　that　the　mms　seem　to　behave　as　relaxor　type　character.　This

behavior　is　characteristic　for　the　proPerty　along　the　c-axis　of　SBN　single　crystal,

especially　that　has　Sr　rich　compositions.　The　dielectric　constant　of　the　SBN50　thin

film　at　Te　ismuch　lower　than　that　of　SBN50single　crystal.31　Several　factors　such

as　small　grain　size,　mechanical　stress　imposed　on　the　films　by　the　substrates　may

be　responsible　for　the　lower　dielectric　constant　and　diffuse　phase　transition･

　　μL)Z)jelgdrje　udμΓΓoeleezric　F9ε�a　o/'　XSjlyβlas

　　　　Figure　2-3-25　shows　SEM　photographs　of　K4)｡4SBN50　and　KSBN75　thin

filmsonPt(100)/MgO(100)substrate　crystallized　at　700゜C.　The　film　thickness　is

about　O,5　μ,m　after　20　eycles　dipping(including　2　cycles　dipping　for　underlayer).

The　surface　smoothness　of　the　tungsten　bronze　K0.4SBN50　and　KSBN75　films

crystaIIized　at　700oC　was　found　to　be　goodenough　from　the　SEM　surface　images.

ln　addition,those　mms　have　a　uniform　thickness,　no　voids　and　cracks,which

enable　to　characterize　dielectric　and　ferroelectric　properties.

　　　　Figure　2-3-26　shows　the　temperature　dependence　of　the　dielectric　constant

and　loss　tangent　for　the　K0.4(Sro｡5Baoj)ojNb206(Ko､4SBN50)film　crystallized　at

700゜C　on　a　Pt(100)/MgO(100)substrate.　The　dielectric　maximum　of　the

Ko｡4SBN50　film　was　observed　at　around　140oC　at　l　kHz.　The　Curie　point　(Tc)of

the　Ko｡4SBN50　thin　film　is　a　much　lower　than　that　for　potassium　substituted　SBN

bulk　ceramics｡9The　value　of　dielectric　constant　at　the　Curie　point　is　much　lower

than　that　of　SBN50　single　crystals.31　The　peaks　of£-T　curves　are　broadened

compared　with　SBN　single　crystals.　Also,the　tem.peratures　of　the　dielectric

constant　maxima　depend　slightly　upon　the　frequency　of　measurement.

Ferroelectric　tungsten　bronze　niobate　crystals　are　known　to　show　the　difference　in

several　properties　for　each　dire9tion　of　the　crystal.　Especially,thc　dielectric

properties　of　SBN　single　crystal　for　along　a-axis　and　c-axis　are　significantly

different　as　shown　in　Fig.1-3-4　(Chap.1).The　present　KSBN　films　have　highly

preferred　orientation　for　c-axis.　The　films　showed　the　characteristic　properties

along　the　c'axis　of　SBN　crystal･　This　behavior　is　colnsidered　to　be　the　relaxor　type.

The　cations　of　K≒Sr2゛　and　Ba2゛may　occupy　morerandomly　thesites　constructed
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by　the　Nb‘O　octahedron　in　the　tungsten　bronze　structure　compared　with　single

crystals.h1　3dditioll,　the　grain　size　of　the　K{E4SBN50　thin　film　ranged　from　50　to

100　nm　observed　by　atomic　force　microscoPe　(AFM)images.　These　features　might

renect　the　diffuse　phase　transition　of　the　K0.4SBN50　thin　film　on

Pt(100)/MgO(100).　Figure　2'3'27　shows　the　temperature　dependence　of　the

dielectric　constant　and　loss　tangent　measured　at　10　kHz　for　KSBN75　film

crystamzed　at　700oC　on　a　Pt(100)/MgO(100)substrate.　The　dielectric　maximum　of

the　KSBN75　film　is　observed　at　around　50-70oC.　The　Curie　point　of　the　KSBN75

thin　film　is　a　little　higher　than　that　for　SBN75　single　crystals　reported　by　Huang　et

al.31　The　value　of　the　dielectric　constant　is　also　much　lower　than　that　of　SBN75

single　crystals　as　in　the　case　of　Ko｡4SBN50　film.　The　grain　size　of　the　KSBN75

thin　film　was　also　confirmed　to　be　approximately　100　nm.　The　substitution　with

potassium　is　one　of　the　reasons　for　the　shift　of　the　Curie　point,　because,　in　gencral,

the　Ctlrie　l;6mperature　of　SBN　shifts　to　higher　temPerature　side　by　substitution

with　alkali　ion,11'12　Additional　factors,　suchas　mechanical　stress　imposed　on　the

films　by　the　substrates,　may　be　responsible　for　the　shift　and　smearing　of　the　Curie

point.

　　　Th,e　P-E　hysteresis　loop　was　measured　so　as　to　study　the　ferroelectric

behavior　of　the　KSBN　films.　ln　this　case,　the　measurement　at　low　tempcratures

was　carried　out,　since　the　ferroelectric　phase　was　supposed　to　be　stable　to　exhibit

nearly　saturated　P-E　hysteresis　loops.　Figure　2‘3‘28　shows　a　typicaI　P“E　hysteresis

loop(Fig･2-3-28(a))and　temperature　dePendence　of　remnant　polarization

(Fig.2-3-28(b))for　a　Ko｡4SBN50　thin　film　crystallized　　at　　700oC　　on　　a

Pt(100)/MgO(100)substrate　measured　under　vacuum｡　The　hysteresis　measured　at

-190oCshows　the　remnant　polarization　(Pr)of　22　1λC/cm2　and　thecoercive　field

(E｡)of　99　kv/cm(Fig,2-3-28(a)).　The　typical　ferroelectric　P-E　hysteresis　loops

were　also　observed　at　20oC.　The　values　of　remnant　polarization　were　gradually

decreased　with　raising　rneasurement　temperature　as　shown　in　Fig.2'3‘28(b).The

change　in　Pris　strongly　relaled　to　the　difTuse　phase　transition　of　the　E'T　curves　in

Fig.2-3-26.　The　shape　of　hysteresis　loop　changed　from　typical　ferroelectric　one　to
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paraelectric　one.　This　behavior　is　in　accordance　with　the　result　for　non'substituted

SBN.19　Also,　the　remnant　polarization　of　Ko｡4SBN50　thin　film　is　lower　than　that　of

SBN　single　crystal　(32　gC/em2).3o　Figure　2-3-29　shows　the　P-E　hysteresis　loops

for　a　KSBN75　thin　film　erystallized　at　700oC　on　a　Pt(100)/MgO(100)substrate.

The　P-E　hysteresis　loo`ps　were　measured　at　‾190°C　and　20oC.　The　remnant

polarization(Pr)Js　12　μC/cm2,　and　the　coercive　field　(E｡)is　100　kv/cm　at　-

190oC.　Similar　to　the　results　ofK(E4SBN50　film　on　Pt(100)/MgO(100)described

above,the　value　of　remnant　polarization　graduany　decreased　as　the　temperature　of

measurement　is　raised.　There　is　a　strong　relation　between　the　change　in　the

hysteresis　loop　and　the　diffuse　phase　transition　of　the　£-T　curve　in　Fig.2-3-27.　The

remnant　polarization　of　KSBN75　thin　film　also　showed　a　lower　value　than　that　of

SBN75　single　crysta1　(27μ･C/cm2).3o　SBN　films　are　reported　to　show　smal1

polarization.19　Effects　of　the　substitution　with　potassium,small　grain　size　and

stress　from　substrates　are　responsible　not　only　for　the　lower　Pr　value　but　also　for

the　higher　Ee　compared　with　single　crystals.　Further　stud･ies　on　the　effect　of

substitution　with　potassium,the　Sr/Ba　ratio　and　the　lattice　mismatch　with

substrates　on　the　properties　of　KSBN　films　are　requlred　to　clarify　the　dielectric

behavior　of　KSBN　film　in　more　deta11.
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　2.3.6　0ptical　properties　of　KSBN　thin　films

　　　　The　KSBN　film　prepared　by　the　chemical　solution　process　has　a　smooth

surface　and　quite　small　grain　sizes　conflrmed　by　AFM　images･　Optical　properties

of　KSBN　films　crystallized　at　700oC　on　fused　silica　and　MgO(100)sub゛strates　were

characterized･　Since　the　laser　light　propagation　and　propagation　loss　depend　also

upon　the　transparency　of　the　film,　the　preparation　of　transparent　KSBN　films　is

requlred　to　achieve　the　optimal　properties　of　KSBN.　The　KSBN　films　formed　on

fused　silica　and　MgO(100)substrates　were　highly　transparent.　SEM　photographs

are　shown　in　Fig･2-3'30.　These　films　have　a　quitc　smooth　surface　topology　with

no　cracks　and　voids.　0ptical　transmittance　measured　in　the　wavelength　from　190

to　2600　nm　is　shown　in　Fig･2-3-3　1.　The　absorption　edge　is　340　nm,　which　is

consistent　with　the　reported　value.　The　interference　pattern　indicates　that　the　mm

ha､s　a　uniform　thickness｡　The　film　thickness　estimated　from　the　interference　was　in

good　agreem･ent　with　that　observed　by　SEM･　The　transparency　of　the　KSBN　mm

degrades　with　increasing　processing　temperature　above　800oC.　The　low　processing

temperature　is　also　deslred　to　synthesize　the　highly　transparent　KS〕BN　films　for

laser　beam　propagation　measurement.

　　　　ln　order　to　investigate　the　qualities　of　the　KSBN　films　for　application　in　the

optical　wave　guide　devices,　the　optical　propagation　and　the　refractive　indices　of

synthesized　mms　were　examined　by　a　prism　coupler　waveguide　method,

111ustrated　in　Fig.2-3-32,　The　beam　entered　into　the　high-refractive‘index　prism

made　of　TI02　(rutile)normally　undergoes　total　interna1　reflection　at　the　prism/film

interface.　At　a　certain　incidence　angle,　the　light　disobeys　the　total　reflection

conditions,and　enters　into　the　film.　Thus,　the　beam　b･y　the　total　renection　causes　a

sharp　drop　in　intensity.　The　refractive　index　of　each　mode　can　be　determined　by

recOrding　these　angles　with　knoNvn　refractive　index　and　base　angle　of　the　prism.

According　to　Sne1Ps　law,　this　mode　index　is　the　ratio　of　the　velocity　of　light　in

vacuuln　to　the　velocity　of　the　mode　in　the　waveguide･　The　incident　light　is

generally　polarized　either　parallel　or　perpendicular　to　the　waveguide　plane.　For　a

uniform,　isotropic　slab　waveguide,　the　corresponding　characteristic　propagating
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modes　are　referred　to　as“TE"(transverse　electric)and“TM"(transverse

magnetic)modes,　respectively.　lf　the　crystal　axes　are　appropriately　orientedμhe

same　designation　can　be　suitable　for　anisotropic　guides　or　guides　on　anisotropic

substrates.Both　the　refractive　indices　and　the　film　thickness　are　calculated　from

the　ObServed　mOdeS.　FerrOeleCtrlC　tungSten　bTOnze　nlOblate　CrystalS　are　we11-knOwn

to　have　high　refractive　index　(above　2.28)compared　with　Si02　91ass　(1.46)and

MgO(1.60).Figure　2゛3'33　shows　the　TE-mode　observation　via　the　prism　coupling

method　for　the　K0.4SBN50　thin　films　prepared　on　MgO(100)substrates.　Three

modes,numbers(m)O,　1　and　2,　appear　in　both　the　TE　and　TM　modes.　The

calculated　refractive　index　and　film　thickness　from　the　three　mode　angles　in　TE

mode　were　about　2.27　and　O.5　μn,　respectively･　The　values　of　refractive　indices

for　TE-　and　TM'observation　were　about　2.27　and　2.23,respectively　which

indicates　the　bircfringence　of　the　KSBN　films.　The　refractive　indices　of

synthesized　KSBN　thin　films　on　substrates　'were　surnnlarized　in　Table　2-3-3.

Although　KSB'N　films　on　fused　silica　substrates　also　showed　c-axis　preferred

orientatjon,the　birefringence　becomes　smaller　because　the　degrce　of　c‘axis

orientation,　which　is　also　the　optic　axis,　is　low　compared　with　the　film　prepared

on　MgO(100).The　values　of　refractive　index　are　consistent　with　those　of　tungsten

bronze　niobate　single　crystals　[for　example,　SBN60　(2.29)].The　good　agreement

of　the　refractive　index　with　that　of　single　crystal　reveals　that　the　KSBN　film　is

almost　fully　dense.　This{ilm　was　dense　enou､gh　to　show　the　high　refractive　index

and　found　to　have　a　potcntial　for　application　in　optical　wave-guide　by　combining

with　th,e　micro-patterning　Process.
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(b)

Fig.2-3-30　SEM　photographs　of　K0.4SBN50　thin　films

on(a)fused　silica　and　(b)MgO(100)substrates.
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Fig.2-3-32　Setup　for　the　optical　propagation　measu】″ement　in　the

KSBN　thin　mms　on　fused　smca　and　MgO(100)substrates(mode

mesmment)｡
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Tajble　2-3゛･3　Refradve　indices　of　synthesized　KSBN　thjn　fnms

refractive　lndex

TE　mode TM　mode

KSBN50/fused　smca 2.25 2.24

KSBN50/MgO(100) 2.27 2.23

KSBN75/fused　sllica 2.25 2.25
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2.4　Conclusions

　　　Crack'frec　　SBN　(Srl-XBaxNb206)　and　　potassium　　substituted　　SBN

(Ky(Srl-XBax)1-y/2Nb206[KSBN])films　with　highly　preferred　orientation　were

successfully　synthesized　on　MgO(100)and　Pt(100)/MgO(100)substrates　through

metallo'organics･　The　results　shown　in　chapter　2　are　summarized　as　follows　:

1.　A　homogeneous･　stable　SBN　and　KSBN　precursor　solutions　were　prepared　by

　　controHing　the　reaction　of　strontium　metal,　barium　metal,　potassium　etho‘xidc

　　and　niobium　ethoxide　in　a　mixture　solvent　of　abso】ute　ethanol　and

　　2-ethoxyethano1,1H,13C　and　93xb　NMR　showed　that　the　SBN　and　KSBN

　　precursors　were　stabilized　by　the　coordination　of　2“ethoxyethoxy　group　to

　　metals.　The　structure　of　SBN　and　KSBN　precursors　were　found　to　consisl　of

　　complex　alkoxides,　such　as　Sr[Nb(OR)612,Ba[Nb(OR)612　and　K[Nb(OR)6]with

　　highly　symmetric　Nb-O　octahedron.

2.　Synthesized　SBN　precursor　powders　are　found　to　crystallize　in　thc　SBN　low

　　temperature　phase　prior　to　form　the　tetragonal　tungsten　bronze　SBN･　The

　　structure　of　the　SBN　low　temperature　phase　was　also　found　to　be　the

　　orthorhombic　SrNb206　1ike　structure　in　Sr　rich　composition　range,　For　the　SBN

　　film　synthesis,　a　mixture　of　orthorhombic　SBN　(not　tungsten　bronze)phasc　and

　　tetragona1　SBN　(tungsten　bronze)phase　crystallized　at　700oC　on　MgO(100)

　　substrates,　which　was　completely　transformed　to　the　single゛phase　tetragonal

　　SBN　at　1000°C.　The　incorporation　of　potassium　promoted　the　direct

　　crystallizatio･n　of　KSBN　precursor　powders　and　thin　films　in　the　tetragonal

　　tungsten　bronze　phase　without　any　intermediate　formation　of　the

　　low-temperaturc　phase.

3,　SBN　and　KSBN　films　on　MgO(100)and　Pt(100)/MgO(100)showed　a

　　prominent　c-axis　preferred　ori･entation.　Two　crystal　lattice　planes　of　tungsten

　　bron､ze　SBN　and　KSBN　were　intrergrown　at　an　orientation　of　18.5o　on

　　MgO(100)and　Pt(100)/MgO(100).Tungsten　bronze　KSBN　thin　filmsonfused

　　silica　substrates.　with　c-axis　preferred　orientation　also　fabricated　using　a　KSBN

　　underlayer.
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4.　By　using　KSBN75　thin　film　as　a　seed　layer,　SBN50　thin　films　on　MgO(100)

　　substrates　directly　crystallized　to　the　tetragonal　tungslen　bronze　phase　at　700oC,

　　which　is　about　300oC　lower　than　that　of　SBN50　film　without　seed　layer.

5,The　Curie　temperature　of　the　KSBN　film　on　Pt(100)/MgO(100)was　found　to

　　depend　on　the　chemical　composition.　Th･e　ferroelectric　KSBN　phase　was　stable

　　enough　around　the　room　temperature　and　underwent　the　gradual　phase

　　transition　with　increasing　temperature.　The　change　in　lernnant　po‘larization

　　with　temperature　is　strongly　related　to　the　diffuse　Phase　transition　of　the　E-T

　　eurves,　SBN50　thin　films　on　KSBN75/Pt(100)/MgO(100)showed　diffuse　phase

　　transition　as　a　relaxor　dielectrics｡

6.　Synthesized　tungsten　bronzc　KSBN　thin　films　on　fused　silica　and　MgO(100)

　　substrates　showed　high　transpa.rency　with　wide　wavelength　region　and　were

　　found　to　propagate　the　Hc‘Ne　laser　light･　The　refractive　indices　of　the　KSBN50

　　films　were　calculated　to　be　2.27　and　2.23　from　the　angles　of　observed　TE　and

　　TM　modes,respectively,　which　showed　the　blrefringence.
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Chalpter　3

　　Synthesis　and　Properties　of

Strontium　Potassium　Niobate　(SKN)

　　　　　Thin　Films





3.1　1ntroduction

　　　　Strontium　potassium　niobate　(Sr2KNb5015,　SKN)is　a　ferroelectric　material

and　has　a　tetragonal　tungsten　bronze　structure,and　constitutes　filled　tungsten

bronze｡
1-4
The　electrical　properties　of　SKN　are　comparable　with　those　of

Srl｡｡Ba｡Nb206(SBN)solidsolution　and　summarized　in　Table3-i-1,5‘7　Therefore,

SKN　has　been　expected　for　applications･　in　infrared　detectors,　SAW　filters　and

several　electro-optic　devices　because　of　its　excellent　pyroelectricl　piezoelectricl

electro-optic　properties･5'9'

　　　　　　　Table　3-1-I　Properties　of　Sro｡6Ba{}｡4Nb206　and　Sr2KNb5015　(Re£6)

ProPerty Sr2KNb5015

Curie　Temp,　T｡(℃)

Dielectric　Constant,　der　ponng,　at　23℃

Piezoelectric　Coeff｡　(10'12　C/N)

SAW　Electromechanical　CouPling　Constant

Pyroelectric　Coef　(μC/m2-oC)

Electro°Optic　Coef　r33　(m/V)

Electro-MechamicaI　CouPling　Codfl

SPontaneous　POlarization･　P (C/�)

Sro｡6B%｡4Nb206
←

a=12.462

C=3.938

72

£33　°　470

£11　°　204

d33　°　130

d15　°　31

180　×104

850

420　×　10-12

k33　°　O･47

k15　°　O･24

0.65

a=12.470

C=3.942

150

C33　゛　760

Sll　°　750

90　xl04

650

160×1042

k33　°　O.44

k15　°　o.26

　　　　SKN　ceramics　have　been　prepared　by　the　solid　state　react.ion　of　oxide

powders　at　1　300-　1　350oC　via　the　conventional　firing　and　mming　techniques.　lo‘1　2

Hot-pressing　is　very　effective　to　improve　both　the　density　and　the　degree　of　grain

orientationof　sintered　SKN　ceramics.12　SKN　single　crystals　have　been　grown

mainly　by　the　Czochralski　method｡5-7,13,14Howeverμhe　growth　of　single　crystals

is　usually　difficult　to　control　the　composition.　Recently,　the　demand　for　thin　film
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processinghas　increased　for　integrated°device　develoPment.15'16　Highly　c゛axis

(dlrection　of　polarization　of　SKN　crystal)oriented　tungsten　bronze　SKN　thin　films

are　p'roposed　for　pyroelectric,　piezoeiectric　and　electro-optic　applications･

However,　synthesis　of　SKN　films　has　not　been　reported　yet.

　　　　This　chapter　describes　the　syntlhesis　of　highly　oriented　tungsten　bronze　SKN

thin　films　by　controlling　the　reaction　of　metal　alkoxides,　The　structure　of　SKN

precursor　was　characterized　by　lH,　13C　and　93Nb　nuclear　magnetic　resonance

(NMR)spectroscopy.　The　crystallization　process　and　orientatio'n　of　SKN　films　on

substrates　were　investigated.　Dielectric　properties　of　oriented　SKN　films　on

Pt(100)/MgO(100)substrates　were　also　evaluated,

3.2　Experimental

　　　　Figure　3-2'1　shows　an　experimental　procedure　for　fabrication　of

Sr2KKb5015(SKN)powders　and　thin　films.　Sr　metal[RaremetaIIic,Japan],

KOCH2CH3,(KOEt)[Kojundo　Chemjcal,　Japan]and　Nb･(OCH2CH3)5,(Nb(OEt)5)

[Trichemical　and　Ko-jundo　Chemica1,　Japan]were　selected　as　starting　materials.

Ethanol　was　dried　over　magnesium　ethoxide　and　distllled　prior　to　use　as　absolute

ethanol.　A11　procedures　were　conducted　in　a　dry　N2　atmosphere9　because　starting

materials　are　extremely　sensitive　to　moisture.　Metallic　Sr　was　dissolved　in

absolute　ethano1.　The　solution　was　refluxed　for　2　h　and　then　KOEt　corresponding

to　the　Sr2KNb5015　composition　was　added.　After　dissolving　KOEt　at　room

temperature,the　solution　was　mixed　with　Nb(OEt)5　solution.　The　mixed　solution

was　refluxed　again　for　18　h　to　react　the　metal　alkoxides.　Then,　the　solution　was

condensed　to　approximately　O.1　mol/l　by　removal　of　solvent　by　vacuum

evaporation･

　　　　F11ms　were　fabricated　using　the　precursor　solution　by　dip'coating　on　fused

silica,MgO(100)and　Pt(100)/MgO(100)substrates,　A　Pt(100)layer　was　deposited

on　MgO(100)by　the　same　process　described　in　Chapter　2.　The　withdrawal　rate　of

substrate　from　the　precursor　solution,the　treatment　of　substrates　priol　to

dip-coating　and　drying　process　after　coiting　wele　carried　ou/t　by　the　same　way　as
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KOEt

for　the　SBN　and　KSBN　films　(in　Chap,2),AfteLthe　film　was　calcined　at　350oC　for

l　h　at　･a　heating　rate　of　5°C/min,the　film　was　heated　at　a　crystallization

temperature　for　l　h,alld　then　cooled　down　in　dry　()2　now　at　a　rate　of　5°C/min｡　The

coating-crysta111zation　process　was　repeated　several　times　to　increase　the

thickness　of　the　film･　The　thickness　of　crystallized　film　per　dip　coating　was　O,05

gm,　when　the　precursor　film　was　withdrawn　at　a　rate　of　O.6　mm/s　with　O,l　mol/I

solution,　For　the　pteparation　of　SKN　mms　on　MgO(100)and　Pt(i00)/MgO(100)

substrates,　an　underlayer　was　precoated　using　O,01　mol/1　SKN　prccursor　solution

at　a　withdrawal　rate　of　O,6　mm/s,　The　thin　layer　of　SKN　precursor　on　MgO(100)

and　Pt(100)/MgO(100)was　heat-treated　at　750oC　under　the　same　conditions

described　above,　Then　the　Precursor　film　was　coated　on　the　precrystallized　SKlsl

underlayer　using　O,l　mo1/l　solution,

EtOB[

EtOH--･･･

Sr(metal)

in　dry　N2

M£i19　Nb(OEt)5

EtOH‐--･･･

Homogen

j)φea�zzg £y£zpθz･zzβθzz

CaZc㎞αZiθ7z

　　l
C7aa�za7z

　　l
　Thin　Film

Gz&jyzaZjθzz

　　l
C,μ�lza6,z

der

Rg3-2-:1　Experij:nendμ3Su5　for　prepmtion　of　Sr1KNb5015

(SKN)Powders　and　thin　mms.
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　　　　Powders　were　also　prepared　from　the　precursor　solution　to'　investigate　the

crystaIIization　behavior.　The　solvent　was　removed　from　the　SKN　solution　by

vacuurn　evaporation.　The　SKN　precursor　was　calcined　at　300oC　to　yield　a　brown

solid,which　was　then　heat-treated　at　temperatures　between　550oC　and　700oC　in　an

oxygen　flow　for　l　h　at　a　rate　of　10oC/min.

　　　　The　characterization　methods　of　SKN　precursor　in　solution,　crystallo･graphic

phases　of　powder　and　thin　film　samples,　the　transmittance　of　synthesized　film　o‘n

substrate,　microstructures　and　electrical　properties　are　the　same　as　in　Chap.2.

3.3　Results　and　diseussion

　3.3.1　Synthesis　of　precursor　solutions

　　　　A　stable　and　homogeneous

Sr2KNb5015　　(SKN)　　precursor

solution　was　Prepared　by　the　reaction

of　Sr,　KOEt　and　Nb(OEt)5　in　ethanol.

The　structure　of　SKN　precursor　in

solution　was　analyzed　by　lH,　13C　and

93Nb　NMR　spectroscopy　as　in　the

case　of　SBN　and　KSBN(Chap.2,

section　2.3.1)｡

　　　　Figure　3-3-l　shows　lH　NMR

spectra　of　the　SN　(SrNb206),the　KN

(KNb03)and　the　Sr2KNb5015　(SKN)

precursor.　The　signals　of　ethoxy

groups(CH3CH20)of　the　SN

precursor　are　observed　at　l.23j　l.31

ppm(CU3CH20-)and　4,25,　4.36　ppm

(CH3CU20-)in　Fig,3-3-1(a).The　SN

precursor　comprises　two　kinds　of

ethoxy　groups･　which　correspond　to

　　　　　5　　4　　3　　2　　1　　0

　　　　　　　Chemical　Shift　(ppm)

Rg,3-3-1　1H　NMR　spectra　of　(a)SrNb206(SN)precursol,

(b)KNbOy(KN)precursor　and　(c)Sr2KNb5015(SKN)precursoE
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the　bridged　and　terminal　confirmed　by　the　integration　ratio.　The　KN　precursor

shows　the　signals　of　ethoxy　groups　(CH3CH20)at　l.18　ppm　(CU3CH20-)and　4,24

ppm(CH3CU20-)in　Fig.3-3-1(b),The　ethoxide　ligands　on　metals　of　the　KN

precursor　almost　are　equivalent･　Figure　3“3“　1(c)shows　lF【NMR　spectrum　of　the

SKN　Precursor.　The　signals　of　ethoxy　groups　bonded　to　metal　atoms　(CH3CH20)

are　observed　at　1,21,　1.30　ppm　(CH3CH20-)and　4,24,　4.37　Ppm　(CH3CH20-)ln

Fig.3-3-1(c).ln　Fig.3-3-1(c),the　signals　at　l.2　1　,　1.30　and　4.24,4.37　ppm　are

assigned　to　the　SN　precursor,　and　the　signals　a･t　l.21　and　4･24　ppm　to　the　KN

precursor.　The　signals　of　the　KN　precursor　at　l.21　and　4.24　ppm　are　superimposed

on　the　signals　of　the　SN　precursor･　The　integration　ratio　of　SN　ethoxy　to　KN

ethoxy　is　2,　which　satisfies　the　composition　of　Sr2KNb5015.　1t　turns　out　from　the

results　of　lH　NMR　that　the　SKN　precursor　consjsts　of　the　complex　alkoxides,

Sr[Nb(OEt)612　and　KNb(OEt)6,　The　slight　changes　in　chemical　shift　indicate　the

formation　of　the　SKN　precursor　through　the　reaction　of　starting　alkoxides･　ln

addition,the　data　of　13C　NMR　spectra　of　SN,　KN　and　SKN　precursorssupported

the　result　by　lH　NMR.

　　　Figure　3-3‘2　illustrates　the　93Nb　NMR　spectra　of　the　SN　(SrNb206),the　KN

(KNb03)and　the　SKN　precursors　in　ethano1.　Starting　niobium　ethoxide　exhibits

two　or　three　broad　signals　due　to　association　and　ligand　exchange.　Two　moles　of

niobium　ethoxide　were　reacted　with　l　mole　of　Sr　metal　in　ethanol　forming　the　SN

precursor.　The　SN　precursor　shows　a　signal　at　‾1184　ppm　with　a　halfsvalu£

width　of　1470　Hz　(Fig.3-3-2(a)).0n　the　other　hand,　one　mole　of　niobium　ethoxide

was　reacted　with　l　mole　of　KOEt　in　ethanol　forming　the　KN　precursor.　The　KN

precursor　shows　a　signal　at　‾1150　ppm　with　a　half'value　width　of　3990　Hz

(Fig.3-3-2(b)).93Nb　NMR　of　the　SKN　precursor　inethanol　solution　shows　a　single

signaLat　-　1184　ppm　with　a　half-value　width　of　2450　Hz　as　shown　in　Fig･3-3-2(c)･

This　result　indicates　the　formation　of　a　complex　alkoxide　with　highly　symmetric

niobium-oxygen　octahedron　of[Nb(OR)6].The　single　signal　is　in　good　agreement

with　the　structure　of　KNb(OEt)6　and　Sr[Nb(01Pr)612　proposed　by　Mehrotra　and

co-woTkers,｡17'18
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The　spectrum　of　the　SKN　precursor

is　composed　of　a　single　signal　at　a

different　chemical　shift　of　-1184

ppm.　The　SKN　precursor　also

contains[Nb(OEt)6]units,　Three

kinds　of　ethoxy　groups　of　the　SKN

precursor　observed　in　1H　NMR

correspond　　　to　　KNb(OEt)6　　and

Sr[Nb(OEt)612　1n　the　SKN　precursor.

However,　in　93Nb　NMR　spectra,　the

difference　appaars　as･　only　a　different

chemical　shift　of　the　SKN　precursor.

This　is　due　to　the　broad　signal　of

93Nb　nucleus,which　is　one　of　the

quardrupole　nuclei　(I=9/2).The　line

width　of　a　quardrupole　n,ucleus　is

strongly　related　to　its　quardrupole

moment　and　the　value　of　the　electric

field　gradient　along　the　bond.

　　･600　･800　.1000　-1200　.1400　.1600

　　　　　　　Chemical　Shift　(ppm)

Fig3-3-2　93Nb　NMR　sPectra　of　(a)SrNb206(SN)preeursor,

(b)KNb03(KN)precuJ‘sor　ajld　(c)Sr2KNb5015(SKN)preculsor

solutions｡

Thus,　the　broadening　of　the　signal　is　attributable　to　both　the　large　quardrupole

moment　and　the　increase　in　imbalance　aroundoctahedrally　coordinated　niobium.19

　　　Based　upon　the　NMR　spectroscopic　data,　the　SKN　precursor　is　considered　to

consist　of　a　uniform　mixture　of　Sr〔Nb(OEt)612　and　KNb(OEt)6　units　with

interaction　at　a　molecular　level　in　solution｡

　3.3.2　Synthesis　of　highly　oriented　SKN　thin　mms

　　　　Powders　were　prepared　from　the　precursoT　solution　to　study　the

crystallization　behavior･　Figure　3-3-3　shows　xRD　profiles　of　Sr2K]Nb5015(SKN)

powders　heat-treated　at　various　temperatures.　The　powders　were　crystallized　after

calcination　of　the　SKN　precursor　at　300oC.　The　SKN　powder　is　x-ray　amorphous
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below　　　550oC,　　　and　　　directly

crystallizes　　　to　　the　　　tetragona1

tungsten　bronze　phase　above　600°C･

ln　the　case　of　SrojBao｡5Nb206

(SBN50)　and　Pbo｡6Ba0.4Nb206

(PBN60)　powders,　the　　low

temperature　phase　was　formed　prior

to　t,he　formation　of　tungsten　bronze

phase　as　described　in　Chap.2　and

Chap.4.　　Heat　treatment　above

1200oC　was　required　for　the

complete　transformation　to　the

tungsten　bronze　SBN　and　PBN.

　　　　The　　structure　　of　　these

(
.
S
.
s
)
､
£
S
Q
}
a
{

　　　20　　30　　40　　50　　60　　70

　　　　　　　　　CuKcx.20(deg｡)

Fig,3-3-3　XRD　promes　of　SKN　powders　hat･treated　M　(a)7�C,

compounds　(SBN,PBN)　is　the(b)6oooc　od(c)550°c･

unfilled　tungsten　bronze.

The　stabilization　mechanism　of　the　tungsten　bronze　structure　can　be　explained　by

the　configuration　of　Nb-O　octahedron.　ln　the　SKN　structure,　all　of　15-foid　and

12'fold　coordinated　sites　distributed　in　the　apex-shared　Nb-O　octahedra　are

occupied　by　Sr2゛　and　K゛ions.　The　SKN　precursor　crystallizes　readily　to　the

tungsten　bronze　phase,　because　SKN　has　the　filled　tungsten　bronze　structure　with

high　structural　stability･

　　　　Similar　to　the　SKN　powder,　SKN　films　prepared　on　fused　silica　substrates

are　found　to　crystallize　dlrectly　to　the　tetragonal　tungsten　bronze　phase　above

600oC　on　s111ca　substrates.　However,　those　films　are　polycrystalline　with　no

preferred　orientation.

　　　　ln　oTder　to　synthesize　c-axis　highly　oriented　SKN　thin　films,　MgO(100)

single　crystal　substrates　were　selected　because　the　oxygen　alignment　of　a“plane　of

MgO　can　match　to　that　of　c-plane　of　tungsten　bronze　SKN.　Figure　3-3‘4　shows　the

xRD　profiles　of　SKN　films　crystallized　at　7001oC　on　　MgO(100)and
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Pt(100)/MgO(100)substrates.

The　SKN　films　on　MgO(100)have

strong　001　and　002　reflections　as

in　Fig,3-3-4(a),indicating　that　the

SKN　thin　films　were　crystallized

at　700oC　with　c-axis　preferred

orientation　by　selecting　MgO(100)

substrates,　Although　the　002

reflection　of　SKN　is　superimposed

on　Pt(200),SKN　thin　mms　on

Pt(100)/MgO(100)also　show

(001) plane orientatio,n

(
･
s
･
s
)
t
l
Q
}
j

MgO{200)

(a)
　　　i ･001

　　　　　　　　　　J

　　　　　●SriKNb5015

●002

(b)　　　4
1001

　　　　　　　　　j

●㈲2

Pt(200)

4　　　　　　●　　　　　　i　　　　　　l　　　　　　i

(Fig.3-3-4(b)).　The　degree　of　　lo　20　　　30　　　40　　　50　　　60　　　70

orientation　was　greatly　improved

by　precoating　a　underlayer　on

MgO(100)and　Pt(100)/MgO(100)

substrates,using　a　dilute　SKN

precursor　solution.

　　　　　　　　　　　CuKc,.20(deg,)

R&3-34　XRD　prdles　of　SKN　thin　fUms　heat-trealed　at　700°C　on

(a)MgO(100)and(b)Pt(100)/MgO{100)substrates,

The　effect　of　precrystallized　underlayer　has　described　in　Chap.5　(section　5.3.2).

　　　　XRD　analysis　is　not　a　sufficient　methold　for　the　determination　of　crysta111ne

phase　of　tungsten　bronze　thin　films　on　substrates･　ln　the　case　of　SBN50　thin　films

on　MgO(100),the　xRD　profile　of　tungsten　bronze　SBN50　thin　film　was　almost　the

same　as　that　of　SBN50　thin　film　including　the　low　temperature　phase　as　described

in　Chap･2(section　2.3,4)･Therefore,　the　SKN　thin　films　on　MgO(100)substrates

were　characterized　further　by　Raman　spectroscopy,　Figure　3-3-5　shows　the　Raman

microprobe　spectra　of　SKN　powder　and　thin　film　on　MgO(100)substrate

crystallized　at　700oC.　Thc　SKN　powder　crystallized　at　700oC　was　identified　to　be

the　tetragonal　tungsten　bronze　phase　by　xRD　analysis(Fig.3-3-3(a)).　The

spectrum　of　SKN　powder　shown　in　Fig.3-3-5(a)is　in　good　agreement　with　that　of

tetragonaI　SKN　of　tungsten　bronze　as　reported　by　Burns　et　al.2o　Figure　3-3'5(b)

-II4-



shows　the　Raman　microprobe　spectrum　of　the　SKN　thin　film　on　MgO(100)

substrate/The　SKN　thin　film　crystallized　at　700oC　is　also　confirmed　to　be　the

tetragonal　tungsten　bronze　phase,　because　the　profile　is　consistent　with　that　of

SKN　powder　shown　in　Fig,3-3-5　(a).
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Rg,3-3-5　Raman　microprobe　spectra　of(a)tungsten　bronze　SKN

Powderand(b)SKNthinmmonMgO(100)

[after　heat　treatment　at　700oC].
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　　　Figure　3-3-6　shows　the　edge-on　profne　of　the　SKN　film　on　a　MgO(100)

substrate　crystaHized　at　700°C.　The　film　has　a　smooth　surface　topology　with　no

cracks　and　voids.　Figurc　3-3-7　shows　the　UV-visible　spectrum　of　SKN　film　on

MgO(100)crystallized　at　700oC.　This　spectrum　showed　interference　fringcs,

supporting　the　uniform　thickness　of　the　film　on　substratc.　The　absorplion　edge　was

340　nm.　The　c-axis　oriented　SKN　thin　films　on　MgO(100)were　highly　transparent

from　340　to　2600　nm　and　has　a　potential　for　several　optical　applications.

Fig.3‘3-6　SEM　photograph　of　SKN　thin　mm

on　a　MgO(100)substrate　heat-treated　at　700oC.
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　3.3.3　Mechanism　of　orientation

　　　　x-ray　pole　figure　measurements　were　employed　to　investigate　　the

crystallographie　alignment　of　Sr2KNb5015(SKN)thin　films　on　MgO(100)

substrates　as　in　the　case　of　SBN　and　KSBN　thin　films　in　Chap.2　(section　2.3.4).

Figure　3‘3‘8　indicates　the　result　of　measurement　for(211)plane　of　SKN

crystallized　at　700oC.　The　term　p　a･nd　a　are　the　rotation　axes　as　deslcribed　in

section　2.3.4(3).Figure　3-3-9(a)shows　the　calculated　pattern　for　single　crystal　of

SKN　which　shows.　eight　spots　at　a°　55　d･egrees.　The　{211}planes　intersect　the

<001≫direction　of　the　film　at　55o.　Also,　the　{211}planes　show　eight　equivalent

planes　around　the　<001≫dlrection･　However,　the　pole　fig.ure　shown　in　Fig.3`3゛8

exhibits　more　spots　than　that　of　Fig.3-3-9(a)･This　result　suggests　that　the　c'plane

of　the　additionaI　SKN　lattice　intersects　the　a-plane　of　MgO.　Assuming　that　the

angie　between　the　a-axis　of　M,gO　and　the　a-axis　of　the　other　SKN　grains　is　18.5o,

the　pole　figure　is　theoretically　constructed　as　shown　in　Fig.3‘3-9(b),which　is　in

good　agrccment　with　the　measured　one　in　Fig.3'3'8･　This　result　reveals　that　two

crystal　lattice　planes　of　SKN　are　intergrown　at　an　orientation　of　18.5o　on　the

MgO(100)substrate.　This　result　is　consjstentl　with　that　of　SBN　and　KSBN　films　on

the　MgO(100)substrates　prepared　by　the　chemical　solution　p･rocess　describe　in

Chap.2(section　2.3･4),because　SKN　and　SBN　or　KSBN　have　the　same　crysta1

structure　and　the　lattice　constant　of　SKN　is　close　to　that　of　SBN　or　KSBN｡　The

analysis　for　the　(311)plane　of　the　these　SKN　thin　films　was　consistent　with　that

for　the　(211)plane･　The　formation　of　SKN　tetragonal　phase　on　MgO(100)is

attributed　to　the　assistance　of　nucleation　sites　with　appropriate　atomic　alignment

on　substrates.　Figure　3-3-　1　0　illustrates　the　relation　between　the　atomic　alignment

of　MgO(100)and　c゛pllane　of　SKN.　These　two　pianes　are　we11-matched　to　each

other･The　calculated　lattice　mismatch　of　oxygen-atom　alignment　between

SKN(001)and　MgO(100)is　6.6%,on　the　basis　of　the　pole　figure　measurement.

The　nucleation　site　with　the　angle　of　18.5o　has　the　same　probability　of　growth　as

that　of　‾18.5°.　Therefore,the　two/in-growth　structure　was　observed　on

MgO(100)substrates,
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　3･3.4　Dieleetric　properties　of　SKN　mms

　　　The　temperature　dependence　of　the　dielectric　constant　and　loss　tangent　for

SKN　film　crystallized　at　700oC　on　a　Pt(100)/MgO(100)substrate　is　shown　in

Figure　3-3-11.　The　Curie　temperature　(Tc)of　the　SKN　film　was　about　70oC　at　1

kHz,　which　depended　on　the　measured　frequency.　The　reported　Tc　is　around
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155oC.1'3'8'13'14　The　Curie　temperature　of　the　SKN　film　shifted　to　the　low

temperature　region　and　the　peaks　of　E'T　curves　were　broadened　compared　with

reported　SKN　single　crystals.8'13The　dielectric　constant　of　the　SKN　film　was

about　590　at　20oC　at　l　kHz,　which　is　much　lower　than　that　for　SKN　single　crystals

(e33=above　20000,　at　l　kHz　at　Tc).13　The　grain　size　of　the　SKN　thin　film　was

confirmed　to　ble　100-150　nm,　using　atomic　force　microscope　(AFM)images.　The

broadening　of　the　E-T　curves　may　be　due　to　several　factors　such　as　small　grain

size,interfacial　effects　and　mechanical　stress　imposed　on　the　films　by　the

substrates｡
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3.4　Conclusions

　　　Crack-free　Sr2KNb5015　(SKN)films　with　c-axis　preferred　orientation　were

suecessfully　synthesized　on　MgO(100)and　Pt(100)/MgO(i00)substrates　from

metallo-organics.　A　homogeneous　and　stable　SKN　precursor　solution　was　prepared

from　strontium　meta1,　potassium　ethoxide　and　niobium　ethoxide　in　ethanol.　The

SKN　precursor　was　the　complex　alkoxide　between　Sr[Nb(OEt)612　and　KNb(OEt)6

with　highly　symmetric　niobium-oxigen　octahedron.　SKN　precursor　powders　and

thin　films　on　syubstrates　directly　crystallized　to　the　tetragonal　tungsten　bronze

phase　above　600゜C.　The　SKN　films　on　MgO(100)and　Pt(100)/MgO(100)showed　a

c-axis　preferred　orientation.　Two　crystaHattice　pla･nes　of　SK･N　were　intrergrown　at

an　orientation　of　18.5o　on　MgO(100).The　dielectric　constant　of　SKN　thin　fiims　on

Pt(100)/MgO(100)wasapproximately　600　at　70oC　of　the　Curie　temperature　(Te)at

l　kHz｡
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Chapter　4

　　　Synthesis　and　Properties　of

　Lead　Barium　Niobate　(PBN)and

Potassium　Substituted　PBN　(KPBN)

　　　　　　　　Thin　Films





4.1　1ntroduction

　　　　Lead　barium　niobate[(Pb,Ba)Nb206,PBN]ls　a　solid　solution､between

PbNb206　and　hypothetica1　BaNb20'6　and　has　a　tungsten　bronze　structure.1'2　PBN　is

known　to　have　a　morphojtropic　phase　boundary　(MPB)near　the　(Pbo｡6BaojNb206

(PBN60)composition,　which　separates　a　tetragonal　ferroelectric　phase　(4mm)and

an　orthorhombic　ferroelectric　phase　(m2m)as　shown　in　Fig.4-1-1.　Similar　to　the

we11-known　perovskite　PZT[Pb(Zr,Ti)03]ceramicsl　the　extraordinary　large

dielectric,　piezoelectric　and　electro'optic　coefficients　are　reported　for　PBN　at

around　MPB　composition.3゛7　PBN　has　bcen　expected　for　applications　in

pyroelectric　sensors,　SAW　filters　and　several　electro“optic　devices.　Alkali　or　rare

earth　ion　modified　PBN　was　reportedfoTthe　improvement　of　its　properties.8'9

　　　　PBN　single　crystals

have　been　grown　mainly

by　　　the　　　Czochralski

metho･d,3‘6'lo　However,　the

growth　of　PBN　single

crystal　with　high　quality

encounters severa1

problems　　due　　to　　the

evaporation　of　Pb　a･nd　the
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difficulties　　　　　　　in

determlllation　of　congruent　Fig.4-1-1　Phase　diagram　for　the　bhl゛y　PbNb206‘BaNb206

melt　composition　and　its　((Pb,Ba)Nb206,PBN)morphotropic　system,

contro1.　Cracking　caused　Points　indicate　several　bulkcrystal　compositions　(Ref.　7)･

by　the　paraelectric　to

ferroelectric　phase　transition　during　cooling　process　is　also　a　serious　problem.

Although　PBN　ceramics　have　been　prepared　by　the　solid　state　reaction　of　oxide

powders　at　high　temperatures　via　a　conventional　flring　and　milling　techniquesμhe

high　temperature　process　causes　the　problem　ofPbOloss｡3,4,7

　　　　Recently,the　demand　for　thin　film　processing　has　increased　for　the
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development　of　integrated　devices.11'12　Highly　orientedPBN　films　so　farprepared

on　sapphlre　subs,trates　were　fabricated　by　the　sputtering　technique.13'14　PBN　thin

films　with　pfeferred　orientation　along　polar　axis　can　be　proposed　for　pyroelectric,

piezoelectric　and　electro-optic　applications.　However,the　precise　control　of

composition　is　usually　difficult　by　this　method.　The　composition　control　is　the

significant　factor　for　obtaining　the　optimal　properties　of　lead　based　ferroelectrics

such　as　PBN.　Dielectric　thin　films　with　high　transparency　and　high　refractive

index　are　also　used　for　application　to　optical　devices,　including　optical

waveguides.　When　high　temperature　heat　treatment　is　required　for　the　film

fabrication,　the　film　quality　usually　degrades　due　to　the　exaggerated　grain　growth

and　reaction　between　the　substrates　and　films･　The　crystallization　of　ferroelectric

tungsten　bronze　films　at　lower　temperatures　is　indispensable　for　the　fabrication　of

high-quality　films.　The　substitution　for　Pb　or　Ba　site　with　alkali　ion　is　expected　to

decrease　the　crystamzation　temperature　of　the　tungsten　bronze　phase,　because　the

structure　of　PBN　approaches　that　of　filled“tungsten　bronze　with　increase　of　alkali

ion　substitution　in　amount,7'15　Thus,the　structuralstability　is　enhanced　by　the

introduction　ofalkali　ion,　such　as　K゛　or　Na゛,　inthe　15-fold　and　12-foldsites｡70n

the　other　hand,　alkali　rare　earth　niobate,　such　as　Ko｡8La0.4Nb206,　is　reported　to

have　the　tungsten　bronze　structure,　especially　the　filled-tungsten　bronze　structure,

and　its　tungsten　bronze　phase　is　considered　to　exhibit　high　structural　stability.16

Further　increase　in　the　stability　of　the　tungsten　bronze　phase　is　expected　by　the

formation　of　a　solid　soiution　with　Ko｡8La0.4Nb206(La　doping).

　　　　This　chapter　describes　the　synthesis　of　highly　oriented　lead　barium　niobate

(PBN)and　p'otassium　substituted　lead　barium　niobate　(KPBN)thin　films　throu･gh

metallo-organic　substances･　The　structure　of　PBN　and　KPBN　precursor　in　solution

were　studied　by　using　NMR　spectroscopy.　The　structure　of　the　low　temperature

phase　and　the　effect　of　the　substitution　with　potassium　and　the　lanthanum　doping

for　lead　or　barium　sites　on　the　crystallization　of　tungsten　bronze　phase　were　also

investigated.　The　mechanism　of　orientation,and　the　electrical　and　optica1

properties　of　synthesized　films　were　also　characterized.
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4.2　Experimental

　　　Figure　4'2'l　shows　thc　process　flow　for　preparing　lead　barium　niobate

(PBN)a,nd　potassium　(and　lanthanum)substituted　lead　b･arium　niobate　(KPBN

(and　KPBLN))powders　and　thin　films､

　　μj　Sly7zZ&a4¥p=aaaor　g/zJZjazzl

　　　Ba　metal　[Furu'uchi　Chemica1,JaPan],anhydrous　Pb(CH3COO)2,

KOCH2CH3(KOEt),La(OCH(CH3)2)3(lanthanum　trl-iso-proPoxide,La(01Pr)3)

and　Nb(OCH2CH3)5(Nb(OEt)5)[Ko-jundo　Chemical｡　Japan]were　seleeted　as

starting　materials･　2'Methoxyethanol(ethylene　glycol　monomethyl　ether,

EGMME)was　dried　over　molecular　sieve　and　distilled　before　use.　Since　starting

materials　are　extremely　sensitive　to　moisture,　the　entire　procedure　was　carricd　out

in　dry　nitrogen･Pb(CH3COO)2,KOEt　and　Nb(OEt)5　corresponding　to　the

comPosition　of　KX(Pbo｡6Ba0.4)1,x/2Nb206　[x=O,0.1,0.2,0,3,0,4]　and

K0.45(Pbo｡6Baoi4)o､7Lao.o5Nb206　were　dissolved　in　absolute　2-methoxyethanoL　After

renux　for　24　h,　Ba　metal　was　added　to　the　solution｡　The　mixture　solution　was

renuxed　for　24　h　yielding　a　homogeneous　solution.　ln　the　case　of　La　modified

KPBN(KPBLN)synthesis,　La(OIPr)3　was　added　to　the　solution　followed　by　reflux

18　h　to　obtain　a　KPBLN　solution･　The　precursor　solution　was　condensed　to

approximately　O.l　mol/1　and　O.3　mol/l　by　removal　of　the　solvent　under　vacuum.

　　rT2j　Fα&ricαziu　aμMzlμ/y7z　gmj7/a

　　　Films　were　fabricated　using　the　precursor　solution　by　dip　coating　on　fused

silica,MgO(100)and　Pt(100)/MgO(100)substrates.　Pt(100)1ayer　was　deposited

on　MgO(100)by　RF　magnetron　sputtering　describ･ed　in　Chapter　2.　Prior　to

dip-coating,fused　silica,MgO(100)and　Pt(100)/MgO(100)substrates　were

cleaned　with　absolute　2'methoxyethanol　in　the　same　way　as　in　Chap･2･　Precursor

films　were　prepared　on　MgO(100)or　Pt(100)/MgO(100)substrates　using　a　O.1

mol/1　PBN,　KPBN　and　KPBLN　precursor　solution　to　synthesize　highly　oriented

films　by　controlling　the　nucleation.　0n　a　fused　silica　substrate　however･　a　O.3

mol/1　precursoTsolutionwasused　to　increase　the4hickness　of　the　mm　Per　coating｡

The　deposited　films　were　dried　in　dry　N2.　After　the　precursor　film　on　MgO(100)o｢
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Pt(100)/MgO(100)substrate　was　calcined　at　400oC　for　l　h　at　a　rate　of　2oC/min,　the

film　was　heated　at　the　crystallizatiol　temperature　for　l　h,　fo･1lowed　by　cooling

under　02　flow　at　a　rate　of　10oC/min.　The　coating-crystallization　process　was

repeated　several　times　to　increase　the　film　thickness.　0n　the　other　hand,　a　rapid

heating　and　cooling　treatment　(400oC/min)for　O.5　h　was　employ‘ed　for　the

precursor　films　on　fused　silica　substrates　after　10　cycles　of　a　coating'calcination

process　at　400oC　for　l　h　at　a　rate　of　2oC/min,　Crystallization　by　the　rapid　heating

process　was　also　repeated　a　few　times　to　increase　the　film　thickness.

KOEt

･4M

£wp∂r£zri∂zz

Pb(OAc)2　Nb(OEt)5

･←--EGMME

re/7u Ba(metal)

La(OiPr)3

･←--EGMME

　　　�Zza

　　　　↓
Homogeneous　SOlution

CazzcalZ7,£z&)7z

£)ip9αΓ4

QzlcMαzj㎝

　↓
C7μ�/izarz∂zl

　↓
Powder

Gzlcjz14zi㎝

　↓
Oys4aazrl∂,

　↓
Thin　FIlm

Rg.4-2-1　Process　now　for　preparing　lead　barium　niobate　(PBN),

potassium　and　lanthanum　substituted　PBN　(KPBN　and　KPBLN)

powders　and　thin　fUms･
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　　　A　thin　layer　was　prepared　as　an　underlayer　on　MgO(100)and

Pt(100)/MgO(100)substrates　using　O,02　mo1/l　precursor　solution　at　a　withdrawai

rate　of　O･6　mm/s.　The　thin　layer　of　precursor　on　a　substrate　was　heat-treated　at

800oC　under　the　gradual　heating“cooling　process･　Then,　the　precursor　film　was

coated　on　the　precrystallized　PBN　or　KPBN　or　KPBLN　underlayer　using　O,l　mol/1

solution　at　a　withdrawal　rate　of　O.6　mm/s.　And　then,　two　types　of　crystaIIization

plrOCeSSeS　deSCribed　abOve　Were　perfOrmed.

　　μJ　rr9αΓαziozzθ/'ρΓeaaorpaw&r5'

　　　Powder　samples　were　also　prepared　from　the　precursor　solution　to

investigate　the　crystallization　behavior.　The　solvent　was　removed　by　vacuum

evaporation　to　obtain　PBN　or　KPBN　or　KPBLN　precursor･　The　precursor　was

calcined　at　400oC,　which　was　then　heat-treated　at　temperatures　between　700oC　and

1250oC　inanoxyg･en　now　for　l　h　as　described　in　the　film　synthesis.

　　r･O　C&αΓaczerjzaz&g　a/゛ρΓEarsθΓ　g/azjθa

　　　The　precursor　solution　was　analyzed　by　IR　spectroscopy　with　a　FT-IR

instrument[NICOLET,　50DBX]using　the　KBr　method.　1H　and　13C　NMR　spectra

were　recorded　by　a　Gemini　200　spectrometer　[varian]ln　CDC13　solution　using

tetramethylsilane　as　internal　standard.　93Nb　and　2o7Pb　NMR　spectra　of　precursors

in　2-methoxyethanol　solutions　were　recorded　at　61.14　and　52.26　MHz9

respectively[Bruker　lnstruments,　AC250].The　standards　of　chemical　shifts　of

93Nb　and　2o7Pb　spectrawere　tetramethylammonium　hexachloroniobate

(CH3)4N[NbC16]in　CD3CN　and　Pb(N03)2　in　D20,　respectively･

　　6j9　Cjkraczerizazju　z7zfrlza&¥μ∂w&raz�z&jzz　yilj71　gmβ16

　　　The　prepared　powders　and　films　w'ere　characterized　by　x-ray　diffraction

(XRD)using　Cu　Ka　radiation　with　a　monochromator　and　a　11J　scan　attachmcnt

[Rigaku,　RAD　2x　and　B゛6].The　crystallographic　phases　of　powders　and　films･　the

microstructures　of　synthesized　films,　the　transmittance　of　the　films　on　transparent

substrates　and　the　propagation　modes　in　the　mms　were　characterized　by　the　same

methods　described　in　Chap,2,　The　electrical　properties　of　the　films　were　measured

using　Au　vacuurn-deposited　onto　the　surface　of　the　synthesized　filmEas　the　top
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electrode　and　a　sputtered　Pt(100)1ayer　on　MgO(100)as　the　bottom　electrode

(Chap･2,　Fig.2-2-4).The　measurement　of　dielectric　properties　was　conducted　on

the　thin　films　using　a　hot　stage　{SIGNATONE,MODEL　S-10601,from　30゜C　to

300oC　in　air,　The　P-E　hysteresis　loops　of　the　films　were　also　evaluated　as　in

Chap.2.

4.3　Results　and　discussion

　4.3.1　Synthes･is　of　precursor　solutions

　　　ln　the　case　of　PBN　synthesis,　a　homogeneous　solution　was　obtained　by　the

reaction　among　barium　metal,　niobium　alkoxide　and　anhydrous　lead　acetate　in

2-methoxyethanol(EGMME).The　reaction　of　Nb(OEt)5　with　Pb(CH3COO)2　in

2-methOXJyethanol　at　a　reflux　temperature　of　125oC　yielded　a　homogeneous

soiution,　After　Ba　metal　was　reacted　with　the　solution,　a　stable　PB･N　precursor

solution　was　obtained｡　However,when　Ba　metal　dissolved　jn　EGMME　was　added

to　an　EGMME　solution　of　Pb(CH3COO)2,　a　solid　precipitated　immediately　from

the　solution.　This　precipitate　is　considered　to　be　Ba(CH3COO)2,because　this

compound　has　a　poor　solubility　in　organic　solvents.　No　homogeneous　solutio`n　was

obtained　even　after　the　renuxing　of　the　preciplitate　with　Nb(OEt)5.　The　key　point

of　the　pleparing　PBN　coating　solution　is　the　pre-reaction　of　Nb(OEt)5　and

Pb(CH3COO)2　1n　order　to･　suppress　the　formation　of　Ba(CH3COO)2･

　　　Figure　4-3-1　shows　lH　NMR　spectra　of　2-methoxyethanol　and　the　PBN60

(PboJBao4Nb206)precursor.　The　signal　due　to　hydroxy　group　(-OR)at　3.1　ppm

(Fig.4-3-1(a))disappears　in　Fig.4-3-　1(b).The　signals　of　2-methoxyethoxy　groups･

(CH30CH2CH20)are　observed　at　3.4　ppm　(CU30CH2CH20-),3,5　ppm

(CH30CU2CH20-)and　3,7　ppm　(CH30CH2CU20-)in　Fig,4-3-1(a).However,the

peak　at　3.7　ppm　(CH30CH2CU20-)shifted　to　a　downfield　of　4.4　ppm　in

Fig.4-3-1(b).Figure　4-31-2　sholws　13C　NMR　spejctra　of　2-methoxyethanol　and　the

PBN60　precursor.　The　signals　of　2-methoxyethoxy　grouPs　(CH30CH2CH20)are

observed　at　59　ppm　(CH30CH2CH20-)｡74　ppm　(CH30£H2CH20-)and　62　ppm

(CH30CH2£H20-)　in　　Fig,4-3-2(a).　　However,　t,he　　peakat　　62　ppm
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(CH30CH2£H20-)shifts　to　a　low　field　of　70　ppm　as　shown　in　Fig,4-3-2(b).The

downfield　shift　suggests　the　formation　of　CH30CH2CH20-M　bond.　No　ethoxy

grouP　is　ob`served　at　60　and　20　ppm.　Alsol,　no　carbonyl　carbon　of　acetate　group　is

detected　at　180　ppm.　These　changes　indicate　that　both　the　ethoxy　group　of

Nb(OEt)5　and　the　acetate　group　of　Pb(CH3COO)2　wcre　completely　substituted　for

2-methoxyethoxy　groups　yielding　CH30CH2CH20‘M　bonds　in　the　PBN　pr･ecursor.

1

TMS

TMS

5 4 　　　3　　　　2

Chemical　shift　(PPm)

I

Fig.4-3-1　1H　NMR　spectra　of(a)2-methoxyethanol　and

(b)PBN60(PboJk4Nb206)precursor
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a}CH3,0-CH2･CH2,0-H
　　1　　　2　3

2

CDCI3

1

TMS

2　　1

TMS

200　180　160　140　120　100　80　　60　　40　　20　　0

　　　　　　　　　　　Chemical　shift　(ppm)

　　　　　JFig.4“3“2　13C　NMR　speaMof(a)2-methoxyethanol　and

　　　　　(b)PBN60(PboJlao4Nb206)precursor

　　　Figure　4-3-3　shows　the　93Nb　NMR　spectra　of　the　BN　(BaNb206)precursor

and　the　PBN60(Pbo｡6Ba0.4Nb206)precursol.　Although　monomeric　niobium

ethoxide　itseif　is　5-coordinated,　niobium　ethoxide　undergoes　the　association　and

the　ligand　exchange　reaction　in　ethanol　pToducing　two　or　three　broad　signals.17

Two　moles　of　niobium　ethoxide　were　reacted　with　l　mo!e　of　Ba　metal　in

2“methoxyethanol　forming　the　BN　precursor.　93Nb　NMR　of　thヽe　BN　precursor

shows　a　single　signal　at　-1174　ppm　with　a　halfLvalue　width　of　3300　Hz.　The　single

signal　is　in　good　agreement　with　the　structure　of　Ba[Nb(OIPr)612　proposed　by
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Govil　et　al｡18

The　PBN　precursor　shows　a　similar

single　resonance　at　'1168　ppm　with

a　larger　half-value　width　of　7340

Hz(Fig.4-3-3(b))compared　with

the　BN　precursor･　This　result

indicates　the　formation　of　a

complex　alkoxide　with　highly

symmetrlc　　　　　nloblum-oxygen

octahedron　of[Nb(OR)6].　The

lncrease ln half-value　　width

suggests　the　presence　of　interaction

between　Pb　atom　and　{Nb(OR)JI

of　Ba[Nb(OR)612　1n　solution.　2o7Pb

NMR　spectrum　of　Pb(CH3COO)2　in

CD30D　showed　a　signal　at　1973

ppm.　After　the　reaction　was

completed,　however,　the　signal　at

1973　ppm　diSappleared.　ThiS　reSult

also　suggests　the　formation　of　PBN

precursor,
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Rg43-3　゛Nb　NMR　speetra　of(a)BN(BaNb206)precursor　and

(b)PBN60　precursor　solutions

　　　　FT-iR　analysis　showed　the　distillate　from　the　reaction　mixture　contained

ester(ethyl　acetate　or　2-methoxyethyl　acetate),which　was　detected　based　upon　the

characteristic　absorption　of　1740　cm゛1.　The　ester　was　a　reaction　product　betwecn

eliminated　acetate　and　ethanol　or　2-methoxyethanol.

　　　　Based　upon　the　spectroscopic　data,the　PBN　precursor　consists　of

M[Nb(OR)612(M=Pb,Ba,R=OCH2CH20CH3)units　as　shown　in　Fig.4-3-4.　The

distribution　of　Pb　and　Ba　in　the　complex　alkoxide　is　uniform　at　a　molecular　level

in　solution｡

　　　　On　the　other　hand,　a　homogeneous　KPBN　precursor　solution　was　prepared



by　controlling　the　reaction　of　starting　materials　in　2-methoxyethano1　(EGMME).

The　key　point　in　preparing　KPBN　coating　solution　is　the　pre-reaction　of

Pb(CH3COO)2,KOEt　and　Nb(OEt)5　to　suppress　the　formation　of　Ba(CH3COO)2as

in　the　plreparation　of　PBN　precursor　solution.　From　the　dataof　1H,　13C　and　93Nb

NMR,　lt　tums　out　that　the　KPBN　precursor　is　composed　of　comPlex　alkoxide

precursors,such　as　Pb[Nb(OCH2CH20CH3)612,Ba[Nb(OCH2CH20CH3)612　and

K[Nb(OCH2CH20CH3)61,with　highly　symmetric　niobium-oxygen　octahedron.

Similar　to　the　PBN　precursor,　the　KPBN　precursor　consists　of　a　uniform　mixture

of　these　complex　alkoxide　units　with　interaction　at　a　molecular　level　in　solution.

M

O

:Pb,Ba

:OR(R=･CH2CH20CH3)

Rg･4-34　Proposed　s㈲cture　of　PBN　precursor

-138-



　4.3.2　C･rystallization　behavior　of　PBN　precursor

　　μjCzμM//lzaZio　a/≒1)jyFEargr

　　　PBN　precursor　powders　were

prepared　　to　　　investigate　　　　the

crystallization　behavior.　Figure　4-3‘5

mustrates　xRD　profiles　of　PBN60

powders　heat'treated　at　various

temperatures　b‘etween　400oC　and

c)

1250oCfor　l　h｡　ThePBN60po'wder　　　　b}

ls　in　a　non-crystaHine　state　below

500oC,　and　crystallized　at　600oC　as　　　a}

shown　in　Fig.4-3-5(a).　Since　the

hexagonal　　　　　　　　　　　　PbNb206

(Francombite),2'19　the　crystalline

phase　　is　　considered　to　be　　the

hexagonaI　PBN　low　temperature

phase,　and　is　not　the　tungsten　bronze.

●●

○

O　ortho.{TB}

●hex､

XRD　pattern　is　similar　to　that　of　20 30 40 50 60

　　　　　　　　　CuK(z2e(deg,)

Fig･4-3‘5　XRD　promes　of　PBN60　Powders　heat･treated　at

(a)400゜C,(b)600°C　and　(e)1250°C｡

[o6o,(TB):ortllorhombjc　tungsten　bronze　phase]

[hex･　:　hexagona11ow　temperature　phase]

The　hexagonal　PBN　is　completely　transformed　to　the　orthorhombic　tungsten

bronze　PBN　at　1250oC　as　shown　in　Fig.4-3-5(c)･The　orthorhombic　structure　is

confirmed　by　the　splitting　of　280　and　820　rcflections　at　around　20°42o.　According

to　Bhalla　et　al.'s　repoTt　that　the　MPB　composition　was　near　Pbo｡63Ba0.37Nb2069

PBN60　was　in　t､herange　of　the　tetragonal　tungsten　bronze　phase･3'4　Howeverμhe
　　　　　　　　　　　●

crystallization　of　PBN60　(dose　to　MPB　composition)ls　also　known　to　be　greatly

influenced　by　Processing　method　and　conditions･　The　current　PBN60　powder

crystallizes　to　the　hexagonal　phase　and　then　is　transformed　to　the　orthorhombic

tungsten　bronze　phase　on　heating.　The　hexagonal　low　temperature　phase　is

considered　to　be　a　metastable　phase　similar　to　the　SBN　low-temperature　phase　in

Chap.2(section　2,3.2).The　present　alkoxy-derived　PBN55　(Pbo｡55Ba0.45Nb206)and

PBN30(Pb0.3Ba0.7Nb206)powders　were　found　to　crystallize　to　the　tetragonal
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▲PBN(hela｡}

200　100SOO　　　600　　　400

　　W●veaaxnber(em4}

200　100

phase　at　1250oC.　ln　this　method,　thereforeμhe　MPB　composition　probably　exists

between　PBN55　(Pbo｡55Ba0.45Nb206)and　PBN60(Pbo｡6Bao｡4Nb206),

　　62J　Szrzzdz4rf　f　j?βy/n4azj7fΓαzzzrQ7&zg

　　　ln　the　case　of(Pb0.6Ba0.4)Nb206(PBN60)l　synthesis,　PBN60　1ow　temperature

phase　crystallized　at　600oC　prior　to　the　formation　of　tungsten　bronze　PBN,　then

the　PBN　Powder　was　completely　transformed　to　the　tungsten　bronze　phase　at

1250oCas　describedabove.17　in　order　to　investigate　the　structure　of　the　low

temperature　phase　in　more　detail,　XRD　and　Raman　spectroscopic　analyses　were

used･　Figure　4-3-6　shows　xRD　profiles　and　Raman　spectra　of　PbNb206　and　PBN60

powders　heat“treated　at　700oC･　PbNb206　powder　was　prepared　by　the　similar

chemical　solution　process.　Since　the　xRD　pattern　of　PBN60　shown　in　Fig.4-3‘6(a)

is　quite　similar　to　that　of　hexagonal　PbNb20619　(Fig.4-3-6(b))ldentified　by　JCPDS

29-779,　the　crystamne　phase　of　PBN60　in　Fig.4-3-6(a)is　considered　to　be　the

hexagona1　PBN,　which　does　no't　have　the　tungsten　bronze　structure.

[£J

4'

S,､､

Rajman　SPectra

1･○○○

(a)pb･a-~o･

1l　l.S　I, 800 　　　　600　　　400

W●veaumbel{cm4}

}　　　　　40

CuKa　2∂(deg,}

50 60

Rg,4-3-6　XRD　profUes　and　Raman　spectra　of(a)PBN60and

(b)PbNb206　powdets　heat4reated　at　7{)Ot

[hexa:　heugonal　Phase]
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The　measured　lattice　parameters　of　the　PBN　hexagonal　low　temperature　phase

(a=10,524A,c=11,641　A　)　are　slightly　bigger　than　the　values　of　the　PbNb206

hexagonal　phase　(a=10.501　A　,　c=11.555A).This　ehange　is　due　to　the　substitution

of　Pb2゛　sites　by　Ba2゛　lons　in　the　PbNb206　structure,　This　difference　is　due　to　the

incorporation　of　Ba2゛　ions　for　Pb2゛　sites　in　the　hexagonaI　PbNb206　structurel

because　the　radiusof　Ba2゛　is　iarger　than　that　of　Pb2゛.　Raman　spectrum　of　PBN60

powder　is　also　consistent　with　that　of　hexagona1　PbNb206　powder,　although　the

scattering　positions　are　slightly　different　to　each　other.

ln　addition,Raman　spectrum　of

PbNb206　　powder　　shown　　in

Fig.4-3-6(b)is　in　good　agreement

with　that　of　hexagona1　PbNb206

reported　by　Repelin　et　al.2o　Figure

4-3-7　　　111ustrates　　　the　　　proposed

structure　of　the　low　temperature

phase　of　PBN　derived　from　the

chemical　process,　Hexagonal　PBN60

1ow　temperature　phase　was　judged　to

have　the　hexagona1　PbNb206　11ke

structure　as　shown　in　Fig,4-3“7.

KINbo6　octahedra　　　　OPb　or　Ba

Rg43゛7　Proposed　stnlchlm　of　thc　PBN　low　temperature　phase

projected　onto　the　(001)plane(hexagonal　PbNb206　ne　stmcture),

　4.3.3　Effect　of　the　formation　of　mled-tungsten　bronze

　　　The　K,(Pbo6Ba(E4‰,/2Nb206[x=O(PBN60),0.1(Ko｡IPBN60),0.2

(42PBN60),0,3(K0.3PBN60),0.4(K0.4PBN60)]powders　were　prepared　from　the

KPBN　precursor　solution.　ln　this　case,　potassium　ion　is　selected　as　an　alkali　ion

for　substitution,　because　the　radius　ofK゛　is　close　to　that　ofPb2゛　or　Ba2゛,　Figure

4'3-8　shows　xRD　profiles　of　KX(Pbo｡6Baoj)1,x/2Nb206[x°O‘O･4]powders

heat-treated　at　700oC.　The　amount　of　potassium　greatly　influenced　the　formation

temperature　of　tungsten　bronze　Phase.
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　　　　Figure　4-3-9　shows　the　relation

between　the　amount　of　substituted

potassium　　and　　the　　crystallization

temperature　of　single‘phase　tungsten

bronze.　The　formation　temPerature　of

tungsten　　　bronze　　　phase　　　greatly

decreases　from　1250oC(x=0,PBN60)

to　700oC(x=O.4,KojPBN60)with

lncreaslng　potasslum　as　shown　ln

Fig.4-3-9･　The　formation　of　solid

solution　with　potassium　was　found　to

be　　very　　effective　to　form　the

tungsten　bronze　phase　at　lower

temPeratures.　　The　　stab111zation

mechanism　of　PI3N　tungsten　bronze

is　explained　by　th･e　configuration　of

Nb-O　octahedron　as　in　the　case　of

strontium　barium　niobate　(SBN)｡

PBN60　has　the　unf111ed　tungsten

bronze　structure,in　which　l/6　of

15-fold　and　12-fold　coordinated　sites

distributed　in　the　apex-shared　Nb-O

octahedron　are　vacant｡Thus,the

Nb-O　octahedra　prefer　to　construct

the　　　edge-sharcd　　　structure　　　like

PbNb206　or　BaNb206　as　reported･20

The　PBN60　1ow　temperature　phase　is

fou､nd　　to　　have　　the　　PbNb206

(c) A

●PBN｡KPBN(T,B,)
･&PBN,KPBN

　　(low　temPerature　phase)

　　4

　　　　2　　　　3　　　　40　　　　　　　　　　0

　　　　　　　　　　Cu　K(z　2e　(deg.)

Rg.4-3-8　XRD　pmfUes　of&(Pbaβ44)1･Nb206　powders

heat-treated　at700°C(a)x=o(PBN60),(b)x4,1(KalPBN60),

(e)x=O.2(KJ゛BN60),(d)x=03CK6PBN60}and(e)x=0,4

(k4PBN60)composions,[TB,:　tunpten　bmnze　phasel

a`
L

9
‥
`
μ
μ
μ
`
9
'
`
a
M
Q
‘
}
゛

1200

1000

○　　○｡1　0.2　0.3　0.4

x,value　of　KX{Pb0.6Bao｡4)14/2Nb206

　　　　　　　　　　　　　　　　　　　　F■43-9　Relation　between　amount　of　substituled　Potassium　and

(hexagonal)11kestructure　as　shown　crystamzdon　amPe�ure　of　single-ph;ase　Wten　bronze,

in　F‘1g,4-3-7.When　onePb2゛　or　Ba2゛`
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ion　is　su/bstituted　by　K≒　two　K゛　ions　must　be　introduced　in　the　15-fold　or　12-fold

coordinated　site　of　the　PBN　structure　to　keep　the　charge　neutrality　of　crystal.　As

the　amount　of　potassium　increases,the　structure　of　PBN　approaches　to　the

filled-tungsten　bronze,　Therefore,　the　structural　stability　of　tungsten　bronze　phase

is　enhanced,　and　the　current　KPBN　powders　crystallize　in　tungsten　bronze　at　lower

temperatures　compared　with　PBN60　precursor　powders･

4.3.4　Preparation　of　highly　oriented　tungsten　bronze　KPBN　thin　mms

　　Based　upon　the　results　of

KPBN　　　　powder　　　　synthesis,

Ko4(PboJBaojo8Nb206(K0.4PBN60)

composition　was　selected　for　the

preparation　of　thin　films,　MgO(100)

and　Pt(100)/MgO(100)were　also

selected　as　substrates　in　order　to

synthesize　c-axis(polar　axis)highly

oriented　KPBN　thin　films.　Figure

4-3-10　shows　xRD　profiles　of

Ko｡4PBN60　thin　films　o･n　MgO(100)

substrates　　heat-treated　　at　　various

temperatures. Highly　　oriented

Ko｡4PBN60　thin　films　were

synthesized　by　using　MgO(100)

substrates,because　the　Ko｡4PBN60

●KPBN(T,B,)

KPBN(hexo
Pyrochlore

(c)

(b)

(a)

　　　2　　　　　　　　　　　　4　　　　　　　　　　　　0

　　　　　　　　　Cu　Ka　20　(deg･)

Fig,43-10　XRD　profiles　of　Koj(Pboβao48Nb206(44PBN60),

thin　mms　on　MgO(100)substrates　heat･treated　al　(a)600°C,

(b)700゜C　and　(c)750゜C,[EB,:　tungsten　bronze　phase]

[hexa:　hcxagonal　low　temperature　phase]

films　on　MgO(100)crystallized　at　700゜C　and　750゜C　show　only　strong　00･l　and　002

reflections　as　shown　in　Fig.4-3'10.　Figure　4-3-11　illustrates　tht　xRD　profiles　of

the　K0.4PBN60　thin　films　on　Pt(100)/MgO(100)substrates　crystallized　at　various

temperatures.　The　KPBN60　films　heat-treated　above　600oC　on　Pt(100)/MgO(100)

crystallized　with　(001}plane　preferred　orientation　as　shown　in　Fig･4'3″11,　which

included　small　amount　of　pyrochlore　phase.　0nly　by　xRD,　however,　it　is　quite
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difficult　to　judge　whether　the

Ko｡4PBN60　thin　films　on　MgO(100)

crystallized　in　the　tungsten　bronze

phase　or　the　another　phase,because

xRD　shows　only　a　few　reflections

due　to　the　preferred　orientation.

　　　　Figure　4“3“12　shows　xRD

profiles　and　Raman　spectra　of

PBN60　thin　films　on　MgO(100)

substrates　heat-treated　at　700oC　and

900oC｡ln　the　case　of　PBN60　films

prepared　on　MgO(100),the　d　values

of　diffractions　for　the　PBN60　thin

films　crystaHized　at　700°C　　and

900oCareslightly　different　to　each

(c)

(b)

(a)
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●KPBN(T3.)

O　Pyrochlore

20 30 　　　　40　　　　　50

CuKα2θdeg,

60

Fig,43-11　XRD　proSes　of　44PBN60　thin　Sms　on

Pt(100)/MgO(100)sbstlates　crystamzed　at　(a)600oC,(b)700°C

and(c)750°C,

other.　Furthermore,　Raman　spectra　of　these　films　are　obviously　different　as　shown

in　Fig.4-3-12.　These　spectra　are　consistent　with　those　of　the　hexagonaI　PBN60　and

the　tungsten　bronze　PBN60　powder,　respectively.　From　these　results,　the　PBN60

thin　film　on　MgO(100)crystallizes　to　the　PbNb206(hexagonal)like　low

temperature　phase　at　700oC,　which　is　completely　transformed　to　the　tungsten

bronze　phase　at　900oC.

　　　KPBN　thin　films　on　MgO(100)substrates　were　also　characterized　further　by

Raman　microprobe　spectroscopy　as　in　the　case　of　PBN60　films.　Figure　4°3゛13

shows　Raman　spectra　of　the　tungsten　bronze　Ko｡4PBN60　powder　and　the

K0.4PBN60　thin　film　on　MgO(100)substrate.　Characteristic　Raman　shifts

corresponding　to　the　Nb-○-Nb゛　bending　modes　(220-300cm‘1)and　the　symmetric

stretching　mode　of　the　NbO6　octahedron　(580-700　cm'I)for　the　tungsten　bronze

niobate　are　observed　in　Fig,4-3-13(a)and　4-3y13(b).The　44PBN60　thin　mms

crystaliized　on　MgO(100)are　confirmed　to　be　a　single-phase　of　tungsten　bronze,

since　the　profile　(Fig.4-3-13(b))is　consistent　with　that　of　Ko｡4PBN60　powder



shown　in　Fig.4-3-　1　3(a),

(b)

　1●a0　　11y●all:Z･l{aj7
001　　R●ala　46tnls

　●

(a)

laOO

　▲

㈱　s　4ae

　W●y●su●ls･{●･'l)
　almaxl　●l●strua

14″t

SOO　IOO

Mgo

200　●○02

　20ヽ　　　　　　30　　　　　　　40　　　　　　　50　　　　　　　　60

　　　　　　　　　　CuKa　2S{deg.)

F゛ig.43-12　XRD　profks　and　Raman　sp∽h　of　PBN60　thin　mms

heat-treated　at　(a)700oC　and　(b)900oC.

[TB.:　tungsten　bronze　phase]

[hexa:　hexagonal　low　temperature　phase】

　　　　The　formation　of　the　tungsten　bronze　phase　is　assisted　by　the　formation　of　a

solid　solution　with　potassium.　By　substitution　with　potassium,　the　tungsten　bronze

structure　can　be　stab111zed　through　the　formation　of　f111ed-tungsten　bronze

structure.　ln　the　case　of　PBN60　films　on　MgO(100)substrates,aheat　treatment

above　900°C　is　required　to　transform　PBN60　completely　to　the　tungsten　bronze

plhase.　0n　the　other　hand,　the　KPBN60　thin　films　of　tetragonal　tungsten　bronze

were　crystallized　at　lower　temperatures　as　compared　with　PBN60　thin　film　on

MgO(100).
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Fig.4-3-13　Raman　spectra　of(a)tungsten　bronze　Ka4PBN60

powder　and　(b)k4jPBN60　thin　mm　on　a　MgO(100)substrate

heat-treated　at　750°C｡

　4.3.5　0rientation　mechanism　of　KPBN　thin　nlms　with　c-axis　preferred

　　　　orientation

　　　The　4･　scan　of　x-ray　diffraction　was　employed　to　examine　the　orientationa1

relationship　between　the　KPBN　film　and　MgO(100)or　Pt(100)/MgO(100)

substrates.　Figure　4-3-14　shows　the　results　of々scan　for　the　(211)plane　of　the

K｡｡4PB,N60　film　erysta111zed　at　750゜C　on　Pt(100)/MgO(100).Figure　4-3-　14　also

shows　the　々scans4or　the　(220)plane　of　Pt　on　MgO(100)and　the　(220)plane　of

MgO　sub･strate,　The　term　9　1ndicates　the　rotation　axis　Perpendicular　to　the　film

plane.　The　O-201　scan　was　performed　on　the　MgO(220)plane　and　the　Pt(220)plane.
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A　220　peak　of　MgO　and　a　220　peak　of　Pt　wcre　detected　at　20=60.30o　and

20°65.41o･respectively.　Thus,the　Pt(220)planes　are　almost　parallel　to　the

MgO(220)planes.　The　O-20　scan　on　the　KPBN(211)plane　on　Pt(100)/MgO(100)

gave　a　211　peak　of　KjPBN　at　20°27･28o･　12　peaks　with　two　different　intensities

were　observed　as　shown　in　Fig.4‘3'14(a).The　same　profile　was　observed　for　the

Ko｡4PBN60　thin　films　on　MgO(i00)･The　substrate　Peak　appeared　nearly　at　the

sanleazimutha1　1↓J　angles　separated　90o　from　each　other　as　shown　in　Figs.4-3-14(b)

and　4-3-14(c).The　three-dimensional　relationship　between　Pt(100)and　MgO(i00)

was　conflrmed　by　the　four-fold　symmetry　of　the　lp　scans.　The　a-axis　of　MgO　was

consistent　with　that　of　Pt　as　reported　by　Yogo　et　al.17　Since　the{211}planes　of

KPBN　show　eight　equivalent　planes　around　the　<001≫direction,　theoreticaHy　8

peaks　should　be　observed　every　゛φ=53o　and　37o　as　shown　in　Fig.4-3-15(a).

However,the　profile　shown　in　Fig.4‘3-14(a)exhibits　more　peaks　than　those

calculated　for　KPBN　single　crystal･　The　intensity　ratio　of　four　strong　peaks　to

eight　weak　peaks　is　about　2,because　the　former　increase　in　intensity　by

superimposition.　This　result　suggests　that　the　other　c-piane　of　KPBN　lattice

intersects　the　a-plane　of　MgO　or　Pt.　Assuming　that　the　angle　between　the　a゛axis　of

MgO　or　Pt　and　the　a'axis　of　the　other　KPBN　grain　is　18.5o,　the　calculated　pattern

is　obtained　as　shown　in　Fig.4-3-15(b),which　is　in　good　agreement　with　the

nleasured　one　shown　in　Fig.4-3-14(a).Therefore,　two　crystal　lattice　planes　of

KPBN　are　intergrown　at　an　orientation　of　18.5o　on　the　MgO(100)and

Pt(100)/MgO(100)substrates.　This　result　agrees　with　that　of　the　Srl-XBaxNb206　o｢

K0.4(Sro｡75Ba0.25)0.8Nb206　film　on　the　MgO(100)substrate　prepared　by　the

chemical　solution　process　in　ChaP.2　and　pulsed　laser　depositionjl　The　anaiysis

for　the　(311)plane　of　the　present　KPBN　thin　films　[20°31.63o]supports　a　similar

intergrowth　behavior　as　that　for　the　(211)plane･
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Fig.4-3-14φscans　of　x-ray　difhction　of　㈲KJ)BN60mmon

Pt(100)/MgO(100)crystanized　at　750oC　measured　for　the　(211)

plane,(b)Pt　on　MgO(100)for　the　(220)plane　and　㈲Mgo

substrate　for　the　(220)plane.
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Rg.4-3-15　Calculated　ψ　scans　of　Ko4PBN60　㈲pattem　of

Ko｡4PBN60　single　crystal　constructed　for　tetragonal　(211)and

(b)pattem　of　Ko4PBN60　mm　including　two　lattices　intersected　at

18.5o　on　MgO(100)or　Pt(100)/MgO(100)･
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- 　4.3.6　Ferroelectric　behavior　of　synthesized　KPBN　mms

　　　　ln　the　casc　of　PBN　synthesjs,　it　is　qujle　difficult　to　prepare　tungsten　bronze

PBN　fHm　on　substrates,　because　the　PBN　thin　film　easily　crystaHizes　to　the

low-temperature　phasc　which　does　not　show　any　ferroelectric　properties.　When　the

rilm　was　heat-treated　at　higher　temperature　at　900oC､　lhe　nlm　quality　was

degradcd　due　to　the　cxaggerated　grain　growth　as　described　in　section　4.3.4.

Howevcr,potassium　substituted　PBN(KPBN)has　an　advantage　in　crystallizing　to

the　tungsten　bronze　phase　on　MgO(100)and　Pt(100)/MgO(100)with　c-axis

preferred　orientation　al　around　750oC.　Figure　4-3-16　shows　the　edge-on　profile　of

KHPBN60　film　on　Pt(100)/MgO(100)substrale　crystallized　at　750゜C.　The

crystallized　film　thickness　is　about　0.5　Flm　after　18　cycles　dipping　(included　2

cycles　dipping　for　underlayer).The　film　appears　crack-frec,　and　has　a　uniform

thickness　and　no　voids.　The　quality　of　the　film　was　found　to　be　good　enough　to

characlerize　dielectric　properties.

W7yyUU〕
1∧＼.`14≒Tjy､≒?≒≒W((yμy5ヽ-y

44UL≧｡.‥､.､,_､､y99t_

　　　　　　-

ee15　15KU　Xle,ee9　　19　MDli

Fig.4-3-16　SEM　photograph　of　44PBN60
thin　film　on　a　Pt(100)/MgO(100)substrate
heat-treated　at　750oC.
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　　　　The　effects　of　crystallization　conditions　on　the　electrical　properties　of　the

KP8x　films　were　also　studied･　The　measurement　at　low　temperatures　was　also

carried　out　for　every　sample,　because　the　ftrroelectric　phase　was　considered　to　be

stable　enough　to　show　nearly　saturated　P‘E　hysteresis　loops･　ln　order　to

investigate　the　ferroelectlic　proPerties　of　the　KPBM　films,　P‘E　hysleresis　loop　was

measured　from　-190oC　to　room　temPerature,　Figure　4‘‘3-17　showsaP-E　hysteresis

loop　measured　at　-150°C　and　change　in　rcmnant　polarization　with　temperature　for

K4E4PBN60　thin　film　on　a　Pt(100)/MgO(I00)substrate,　The　remnant　polarization

(P,)is　20　11C/cm2,and　the　coercive　field　(E｡)was　140　kv/cm　at　-150oC,　The

hysteresis　loop　at　-150oC　was　highly　saturated　with　a　Pr/Ps　(Ps:　spontaneous

polarization)ratio　of　O･85,　The　value　of　Pl　gradually　decreases　with　raising　the

measurement　temPerature･　The　shape　of　hy'steresis　changed　from　typical　large

ferroelectric　one　to　small　one･　ln　addition,　the　gradual　change　of　P-E　hysteresis

looP　is　due　to　th･£relatively　low　crystaHinity　compared　with　PBN　single　crystals,

and　to　the　random　distribution　of　K≒Pb2゛　and　Ba2゛　ions　in　the　Ai　and　A2　sites　of

the　tungsten　bronze　structure.　From　Fig･4゛3゛16,the　Curie　temperature　of

K0.4PBN60　film　seems　to　shift　to　the　low　temPerature　region.　The　substitution

with　potassium　is　one　of　the　reasons　for　the　shift　of　the　Curic　point,　because,　in

genera1,　the　Curic　temperature　of　PBN　does　shift　to　lower　temperature　by　aikali

ion　substitution　as　shown　in　PbNb206(560゜C)and　Pb2KNb5015　(420oC).7

　　　　Figure　4-3-18　shows　P-E　hysteresis　loops　for　the　KPBN60　thin　films　on

Pt(100)/MgO(100)substrates　crystallized　at　700oC　and　750゜C.　The　P-E　hysteresis

lOOlpS　Were　meaSUred　at　20oC　and　‾140oC.　The　valUeS　Of　remnant　p01ariZatlOn

(Pr),coercive　field(Ec)and　dielectric　constant　(Er)are　summarized　in　Table　4-3-1.

The　ferroelectric　properties　of　the　KPBN60　films　wcrestrongly　dependent　on　thc

crystaIIinity　and　grain　size　of　the　films･　The　grain　sizes　of　the　KPBN60　thin　films

were　confirmed　to　be　approximately　50-100　nm　and　200　nm　crysta111zed　at　700oC

and　750oC,　respectively,　as　observed　from　atomic　force　microscope　(AFM)images･

The　KPBN60　film　crystallized　at　750oC　showed　higher　values　of　er　at　20oC　and

Pr/Ps　ratio　(Ps;　spontaneous　polarization)in　the　low'temperature　region,　at　which
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the　ferroelectric　phase　was　considered　to　be　more　stable.　This　result　indicates　that

the　KPBN60　film　crysta111zed　at　700oC　has　relatively　low　crystallinity　and　sma11

grain　size　compared　with　the　KPBN60　film　crystallized　at　750oC･　Also,the

polarization　of　the　KPBN60　thin　films　showed　a　lower　value　than　that　of　PBN60

single　crysta1　(Ps=70μC/cm2,　after　poling).7The　value　of　dielectric　constant

(s,=650　at　20゜C　at　10　kHz)　waslower　than　that　of　PBN60　bulk　ceramics｡7　The

substitution　of　potassium,　small　grain　size　and　mechanical　stress　from　substrates

are　considered　to　be　responsible　not　only　fo‘r　the　lower　Prand£r　value　but　also　for

the　higher　Ec　compared　with　single　crystals.

(b)
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―
μ
)
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Rg･4-3-17(a)P-E　hysteresis　looP　msured　at　-150°C　and

(b)tempeSure　d9endence　of　remJlant　polarization　change　for

Ko4PBN60　thin　mm　on　a　Pt(100)/MgO(100)substrate　heat4reated

at750oC｡
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(a)

(b)

P(μC/cm2)

P(gC/cm2)

▲700°C

●750'C

Å700゛C

●750゛C

Rg,43-18　P-E　hysteresis　loops　of　Ko｡4PBN60　thin　mms　on　a

Pt(100)/MgO(100)substrates　crystamzed　at　7�C　and　750°C,

(a)measu.red　at　20oC　and　(b)measured　at　-　140oC｡

m)k4-3-1Ektrical　properties　of　k4PBN60　thin　mms　prepared

　　　　　on　Pt(100)/MgO(100)substrates

Crystamzation

　temperature

700oC

750oC

　　P｡(μJ/em2)

20゜C(P,/P4)-140°C(P,/P｡)

E｡(kv/em)
20oC　･140oC

3.4(Oj8)　　8j(Oj7)　　13.5　　88

3.0(Oj9)　　19.1(0.80)　　14.9　　119
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4.3.7　Preparation　and　properties　of　La　doped　KPBN　thin　mms

　μJ£lyEcz4£αd9i㎎nz&e　e9szaZZ&azju　aμljzlμza　Z･razzze£PugⅣ

　　KPBLN　Powder　sample　was

prepared　from　the　KPB･LN　precursor

solution.　Figure　4-3-　1　9　shows　the

xRD　　　　　　　profiles　　　　　　　of

K0.45(Pbo｡6Ba0.4)0.7Lao.o5Nb206

(KPBLN60/5)powders　heat-treated

at　　various　　temperatures.　　The

KPBLN60/5　　　　powder　　　　was

x-ray-amorphous　below　450oC　and

crystallized　in　the　pyroch】ore　phase

at　500゜C(Fig.　4-3-19(b)),then

transformed　　completelyto　　the

tungsten　bronze　phase　at　650oC　(Fig･

4-3-19(d)).　　　　　　　　　　When

Ko4(PbojBao｡4)o8Nb206(KojPBN60)

was　synthesized　by　the　same　process,

the　KPBN60　powder　crystallized　to

the　tungsten　bronze　phase　at　700oC

(section　4.3.3),Fig.4-3-　19　indicates

that　La　doping　is　effective　for

crystallization　to　th､e　tungsten　bronze

phase　at　lower　temperatures･

　　　　Doping　of　La　ions　into　the

KPBN　　structure　　facilitates　　the

formation　of　the　tungsten　bronze

phas･e　as　described　above,　KPBLN　is

considered　to　be　the　solid　solution

between　K{E8Lao､4Nb206　and

●KPBLN

　WBslze)

o　Pyrochlore

㈲　　　｡

　　　　　　　Q　　　　　　　　　　　　　　　　　O

　　　20　　　30　　　4　　　50　　　60

　　　　　　　　　CuKa28deg｡

Fig,4-y19　XRD　profnes　of　K�?bJ14�Jo15Nb206

(KPBN60/5)precursor　powders　hat-trat�at(a)400°C,

(b)500°C,(c)600oC　and　(d)650°C,

(b)

(a)

○ OKJ44NbiO6

　(14gsts　Bronze)
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R&4-3-20　XRD　profiles　of　KuL44Nb206　precursor　powders

heat4eated　at㈲550°Cand(b)650°C｡



Ko｡4(Pbo｡6Bao4)o｡8Nb206.1n　particular,　alkali　rare　earth　niobates,　suchas

Ko｡8La0.4Nb206,are　known　to　have　a　fmed-tungsten　bronze　structure,16

Ko｡8La0,4Nb206　precursor　powder　synt･hesized　by　a　similar　chemical　process

dlrectly　crystallized　in　the　tungsten　bronze　phase　at　650oC　as　shown　in　Fig.4-3-19,

Based　on　the　xRD　data　in　Fig,4-3-20,　the　KojLa0.4Nb206　precursor　is　observed　to

crystallize　easily　to　the　tungsten　bronze　phase　without　the　formation　of　the　low

temperature　phase･　According　to　the　direct　crystallization　of　KojLaojNb206　to　the

tungsten　bronze　phase　(Fig.4‘3‘20),La3゛　and　K゛　ions　must　occupy　all　of　the

15-fold　or　12-fold　coordinated　sites,　leading　to　enhancement　of　the　structura1

stability　of　the　tungsten　bronze　phase.　Hence,the　KPBLN　precursor　also

crystallizes　to　the　tungsten　bronze　phase　morc　easily　compared　to　the　KPBN

precursor.

　　μj　Syzzz&ais　a�dαgczerizazjo　o/゛g)j9£y/i/s5'uμs�yilica

　　　Thin　films　were　synthesized

using　the　KPBLN　precursor　solution
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●KPBLN

on　fused　silica　substrates,　since　fused

silica　has　high　transparency　over　a

wide　wavelength　region.　Figure

4-3-21　shows　the　xRD　profile　of

Ko｡45(Pb0.6Bao｡4)o｡7Lao.o5Nb206

(KPBLN60/5)thin　film　on　a　fused

silica　substrate｡　This　film　was

prepared　by　the　rapid　heating　and

cooling　　process　　to　　suppress　　the

formation　of　the　pyrochlore　phase.

9n84n　Bronze)

10 20 30

CuKa2e

　40

de&

50 60

Rg.4‘3-21　XRD　profne　of　KPBLN60/5　thin　mm　on　a　fusd　snica

substrate　crystamzed　at　700°C.

lt　was　quite　difficult　to　prepare　thin　films　of　single-phase　tungsten　bronzc　on　thc

silica　substrate,because　the　pyrochlore　phase　crystallized　easily　before　the

crystallization　of　the　tungsten　bronze　phase,　as　in　the　case　of　the　lead　magnesium

niobate(PMN)system,22　The　rapid　heating　process　was　known　to　effectiveiy

suppress　the　formation　of　low-tcmPerature　Phases,　such　as　the　pyrochlore　phase,

-155-



The　use　of　fused　silica　substrates　is　meaningful　on　judging　the　effect　of　La　doping,

because　the　single　phase　of　tungsten　bronze　Ko｡4PBN60　thin　films　without　La

cannot　be　plepared　on　fused　silica　substrates　even　if　rapid　heating　is　performed.

This　result　supports　that　the　effect　of　La゛doPing　was　also　confirmed　to　be

remarkable　similar　to　the　case　for　the　powder　sample　described　in　4.3.7(1).

　　　　ln　order　to　investigate　the

qualities　of　the　KPBLN　films　for

application　in　optical　waveguide

d･evices,the　propagation　modes　in

the　films　were　measured　using　the

prism　coupling　method.　Lead　based

ferroelectric　　　　tungsten　　　　bronze

niobate　crystals　are　known　to　have

a　high　refractive　index　(above　2.30)

compared　to　Si02　91ass(1.46)･,

∞
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R&4-3-22　0ptical　transmittance　of　KPBN60/5　thin　mm　on　a

Figure　　4“3-22　　shows　　the　fusedslcasubslrate　crystamzed　at70ooc｡

transmittance　of　a　KPBLN60/5　thin

film　prepared　on　a　fused　silica　substrate.　lt　was　observed　that　the　KPBLN60/5　thin

mm　had　high　transpare･ncy　over　a　wide　wavelength　region　and　the　absorption　edge

of　the　film　was　found　to　be　about　340　nm.　The　interference　fringes　are　derived

from　the　uniform　thickness　of　the　film.　Since　the　optical　propagation　loss　dePends

upon　the　transmittance　of　the　film,　the　KPBLN　mm　is　requlred　to　be　highly

tranSparent/La　dOpling　waS　alSO　fOund　to　suppreSS　the　nonunifOrm　grain　grOwth,

which　usually　gives　cloudy　films.　Figure　4“3-23　shows　the　TE　and　TM　modes　via

the　prism　coupling　method　for　the　KPBLN60/5　thin　films　prepared　on　fused　silica

substrates･　Three　modes,　numbers　(m)O,　l　and　2,　aPpear　in　both　the　TE　and　TM

modes｡The　calculated　refractive,　index　and　mm　thickness　from　the　three　mode

angles　in　the　TE　mode　were　about　2.1　and　O.8　1λm,respectively.　This　value　of

refractive　index　is　lower　than　that　of　the　tungsten　bronze　lead　barium　niobate

single　crystals,　for　example,　PBN6　1.5　(2,37)5.The　lower　value　of　refractive　index
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may　be　due　to　the　lower　density　of　the　KPBLN　film　compared　to　that　of　single

crystals.　Figure　4-3-24　shows　the　SEM　and　FE-SEM　photographs　of　KPBLN60/5

thin　films　prepared　on　fused　silica　substrates　after　20　cycles　of　dipping.　The　grain

size　of　the　film　ranged　from　50　to　100　nm　a･nd　a　slightly　porous　microstructure

was　observed　on　the　FE‘SEM　surface　image　shown　in　Fig.4“3-24(b).　The

improvement　in　density　of　the　film　results　in　a　higher　refractive　index,　because,　in

general,　the　refractive　index　of　the　film　depends　upon　its　density･　The　mm　was

dense　enough　to　show　a　high　refractive　index　and　was　found　to　be　suitable　for

potential　application　to　optical　wave‘guides　in　combination　with　the

micro‘patteming　process･

々
S
S
β

&
'
S
S
a
{

30　　　20　　　10 　　0

0(degree)

40　　-20　-30

　　30　　　20　　　　10　　　　0　　　　-10　　　-20　　　-30

　　　　　　　　　　　　0(degree)

Fig.4-3-23　0pti�1-propagation　of　KPBLN60/5　thin　fjlm

on　a　fused　silica　substrate　crystamzed　at　700oC,

(a)TE,modc　observation　and　(b)TM-mode　observation｡
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(a)

(b)

Fig.4-3'24　SEM　and　FE'SEM　photograph　of　a

KPBN60/5　thin　film　on　a　fused　silica　substrate

crystallized　at　700oC,　(a)edge'on　profile　and

(b)surface　image.
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　　　ln　order　to　prepare　highly

oriented　KPBLN　thin　films　along　the

c'axis(direction　of　polarization),

MgO(100)and　Pt(100)/MgO(100)

substrates　were　selected,　as　for　the

case　of　KPBN60　synthesis　in　section

4.3.4.　Figure　4-3-25　shows　the　xRD

profiles　of　the　KPBLN60/5　thin　films

on　MgO(100)and　Pt(100)/MgO(100)

substrates　crystallized　at　700oC｡

These　films　were　deposited　using　a

O.1　mol/l　precursor　solution　and

crystallized　by　the　gradual　heating

and　cooling　process.　Thin　films　with

no　preferred　orientation　are　prepared

using　a　solution　with　a　higher

concentration　or　by　the　rapid　heating

　　　●KPBL♪1

002　Cn4sta　BrQnzs)
●

　　　20　　　　30　　　　40　　　　50　　　　0

　　　　　　　　　Cu　Ka　2e　deg･

Fig･4“3‘25　X]RD　promes　of　KPBN60/5　thjn　nlms　on

(a)MgO(100)and(b)Pt(100)/MgO(100)substrates　crystaUized

al700oC｡

and　cooling　process.　Not　only　the　optimum　concentration　of　the　precursor　solution

but　also　the　gradual　heating　process　was　found　to　play　an　important　role　for　the

synthesis　of　highly　oriented　films.　Fig.4-3-25　reveals　that　the　KPBLN60/5　films

on　both　MgO(100)and　Pt(100)/MgO(100)substrates　have　only　001　and　002

reflections　with　high　intensities,　although　the　KPBN60　film　on　　a

Pt(100)/MgO(100)substrate　crysta111zed　at　700oC　included　a　smaH　amount　of　the

pyrochlore　phase　as　shown　in　Fig･4-3-11･The　formation　of　low゛temperature

phases,such　as　the　pyrochlore　phase,should　be　suppresscd･　to　obtain　the　desired

properties,　This　rcsult　indicates　that　the　KPB･LN60/5　thin　films　on　MgO(100)and

Pt(100)/MgO(100)substrates　crystamze　to　the　tungsten　bronze　KPBLN　single

phase　with　a　c-axis　(direction　of　polarization)-preferred　orientation.　No　reflections

-159-



of　the　pyrochlore　phase　shown　in　Fig.4“3゛　1　1(c)　are　　observed　　in　　either

Fig.4-3-25(a)or　4-3-25(b).The　KPBLN　thin　films　on　MgO(100)substrates　were

also　examined　further　by　Raman　microprobe　spectroscopy　as　for　the　case　of　the

SBN　and　KSBN　films　in　Chap.2.　The　Raman　scattering　profile　was　consistent　with

that　of　the　tungsten　bronze　KPBLN60/5　powder.　The　KPBLN60/5　thin　films

crystallized　on　MgO(100)substrates　were　thus　confirmed　to　consist　of　a

single-phase　tungsten　bronze.　The　three　dimensional　relation　between　film　and

substrate　was　found　to　be　consistent　with　that　of　KPBN　film.

　　　　La　doping　was　found　to　beaneffective　method　for　the　crystaHization　to　the

tungsten　bronze　phase　as　well　a~s　for　the　improvement　of　the　surface　morphology･

Figure　4-3-26　shows　the　SEM　photographs　of　the　Ko｡4PBN60　and　KPBLN60/5　thin

films　on　Pt(100)/MgO(100)substrates　crystallized　at　700゜C.　The　film　thicknessis

about　O.5　μ,m　after　20　cycles　of　dipping　(including　2　cycles　of　dipping　for　the

underlayer).The　surface　smoothness　of　the　KPBLN60/5　film　(Fig,4-3-26(b))was

superior　to　that　of　the　K0.4PBN60　mm　crystallized　at　700oC　(Fig.4-3-26(a)).ln

addition,these　films　h.ave　a　uniform　thickness,　with　no　vo,ids　and　cracks,　which

enables　characterization　of　dielectric　and　ferroelectric　properties.

　　　Figure　4-3-27　shows　the　temperature　dependence　of　the　dielectric　constant

(Er)and　the　loss　tangent　for　the　KPBLN60/5　thin　film　crystallized　at　700oC　on　a

Pt(100)/MgO(100)substrate,　measured　at　10　kHz,　The　film　had　an　sr　of　740　at

room　temperature　and　the　dielectric　maximum　at　around　280oC.　The　peak　of　Er-T

curve　is　broadened　compared　with　that　of　the　PBN　single　crystals.3'4　This　behavior

reflects　the　diffuse　phase　transition　of　the　KPBLN60/5　thin　film　on

Pt(100)/MgO(100)substrates,　The　Curie　temperature　(T｡)of　the　KPBLN60/5　thin

mm　was　lower　than　that　of　the　KOJBN60　thin　films　on　Pt(100)/MgO(100),

because　the　dielectric　maximum　of　Ko｡4PBN60　could　not　be　observed　from　30oC　to

300oC.　The　et　of　K0.4PBN60　increased　monotonously　with　an　increase　of

temperature.　La　doping　is　the　main　reason　for　the　shift　of　Tc,　because　the　Curie

temperature　of　Ko8Lao4Nb206　is　reported　tobe　about-100oC16　and　KPBLN60/5　is

a　solid　solution　between　Kt)｡4PBN60　and　Ko8Lao｡4Nb2061n　addition,　the　Curie
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``W゛-

〃､

temperature　of　PBN　generaHy　shifts　lowards　lower　temperatures　following

substitution　with　lanthanum　ionsj

(a)

(b)

Fig.4-3-26　SEM　photographs　of(a)44PBNb60　and
(b)KPBLN60/5　thin　filmsonPt(100)/MgO(100)
substrates　crystallized　at　700oC.
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Fig.4-3-27　Temperature　dePendence　of　dielectric　constant

and　loss　tangent　at　10kHz　R)r　the　KPBLN60/5　thin　film

on　a　Pt(100)/MgO(100)substrate　crystamzed　at　700oC.
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　　　　The　P-E　hysteresis　loop　was　measured　so　as　to　study　the　ferroelectric

behavior　of　the　KPBLN　films,　Ko｡4PBN60　thin　films　on　Pt(100)/MgO(100)were

also　characterized　by　a　similar　method.　ln　this　case,　the　measurement　was　carried

out　at　low　temperatures　as　described　in　section　4.3･6.　Figure　4゛3“28　shows　the　P'E

hysteresis　loops　measured　at　-140oC　and　the　temperature　dependence　of　the

remnant　polarization　for　the　Ko｡4PBN60　and　KPBLN60/5　thin　films　on

Pt(100)/MgO(100)substrates　crystallized　at　700oC.　The　typical　ferroelectric　P‘E

hysteresis　loops　Nvere　also　observed　at　20oC,　The　value　of　remnant　po･1arization

(Pr)gradually　decreases　with　an　increase　in　measurement　temperature･　This

behavior　was　observed　for　both　the　KPBN　and　KPBLN　films　on　Pt(100)/MgO(100)

substrates.　The　grain　sizes　of　the　Ko｡4PBN60　and　KPBLN60/5　thin　films　were

confirmed　to　be　approximately　50-100　nm　by　FE-SEM･.　KPBLN60/5　mms

crystallized　at　700oC　showed　higher　values　of　Erat　20oC　(840,　at　l　kHz),Pr/Ps

ratio(Ps:　spontaneous　polarization)and　a　slightly　lower　coercive　ficld(Ee)

compared　with　KPBN60　films　in　Table　4s3'2.　Since　the　K0.4PBN60　mm

crystallized　at　700oC　it　included　a　small　amount　of　the　pyrochlore　phase　as　in

Fig.4-3-11　with　a　relatively　rough　surface　morphology　compared　to　the

KPBLN60/5　film　as　shown　in　Fig.4-3-26.　The　polarization　of　these　films　showed

lower　values　than　those　of　the　PBN60single　crystal　(Ps=701λC/cm2,　after　poling),7

The　gradual　change　of　the　P-E　hysteresis　loop　and　the　broadening　of　the　er-T　curve

peak　are　attributed　to　the　small　grain　size　and　the　random　distribution　of　elemcnt

ions　in　the　15-fo･1d　and　12-fold　sites　of　the　tungsten　bronze　structure.　Additional

factors,such　as　the　mechanical　stresses　imposed　on　the　films　by　the　substrates

might　be　responsible　for　the　observed　dielectric　and　ferroelectric　Properties

around　and　below　the　Curie　temperature･
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Rg.4-3-28　P-E　hysteresis　loops　for　㈲　k4PBN60　and

KPBLN60/5　thin　mms　on　Pt(100)/MgO(100)substrates

crystamzed　at　700oC,　measured　at　-140oC　and　(b)temperature

dependence　of　remanent　polarization.
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4.4　Conclusions

　　　Craek-free　PBN60(Pbo｡6Bao4Nb206),K｡,4PBN60(Ko､4(Pbo｡6Ba0.4)HNb206)

and　KPBLN60/5(Ko｡45(Pbo｡6Bao4)oy7Lao｡o5Nb206)films　of　tungsten　bronze

structure　xveresuccessfully　synthesized　with　prefcrred　orientation　on　MgO(100)

and　Pt(100)/MgO(100)substrates　from　metallo-organics.　The　results　are

summarized　as　follows　:

1.　Homogeneous　and　stable　PBN,　KPBN　and　KPBLN　precursor　solutions　were

　　prepared　from　anhydrous　lead　acetate,barium　metal,potassium　ethoxide,

　　lanthanum　isopropoxide　and　niobium　ethoxide　in　2-methoxyethanol.　The

　　substitution　of　organic　ligands　was　investigated　by　lH　and　13C　NMR　and　the

　　formation　of　stoichiometricprecursor　was　conflrmed　by　93Nb　NMR.

2.　By　using　the　chemical　solution　process　with　the　metallo-organic　precursor,　the

　　PBN　powder　was　found　to　be　crysta111zed　at　6010oe　as　a　hexagonal　low

　　temperature　phase,　which　was　completeiy　transformed　to　the　orthorhombic

　　tungsten　bronze　phase　at　1250oC.

3･　The　structure　of　the　low　temperature　phase　of　PB‘N　was　confirmed　to　be　the

　　hexagonaI　PbNb206　1ike　structure.　The　incorporation　of　K゛　for　Pb2゛　or　Ba2゛　site

　　in　the　PBN　structure　was　found　to　play　an　important　role　in　lowering　the

　　crystallization　temperature　of　the　tungsten　bronze　phase･

4.　KPBN　films　on　MgO(100)and　Pt(100)/MgO(100)substrates　crystallized　to　the

　　tungsten　bronze　phase　below　750oC,　which　was　much　lower　than　that　of　PBN

　　films　without　potassium　substitution,　and　showed　a　prominent　c゛axis　preferred

　　orientation.　Two　crystal　lattice　planes　of　KPBN　were　intergrown　at　an

　　orientation　of　18.5゜　on　MgO(100)and　Pt(100)/MgO(100)substrates.

5,　Ferroelectric　hysteresis　loops　were　observed　for　the　Ko4PBN60　thin,　films　on

　　Pt(100)/MgO(100).　The　value　of　remnant　polarization　of　the　film　graduaHy

　　decreased　with　increasing　temperature　from　-190oC　to　room　temperature.

6.　Lanthanum　dOpling　waS　fOund　tO　be　a　key　fOr　the　imprOvement　Of　the　SUrfaCe

　　morPhology　of　the　synthesized　films,　as　well　as　for　the　crystallization　to　the

　　tungsten　bronze　phase　at　lower　temperatures.　This　result　is　due　to　the
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　　formation　of　a　solid　solution　with　K,)｡8La0.4Nb206,which　exhibits　high　stability

　　of　the　tungsten　bronze　structure.

7.　The　tungsten　bronze　KPBLN60/5　thin　films　on　fused　silica　substrates　showed

　　high　transparency　over　a　wide　wavelength　region　and　were　found　to　propagate

　　the　laser　light　in　the　film.　The　Curie　temperature　o･f　the　KPBLN60/5　mms　on

　　Pt(100)/MgO(100)substrates　was　about　280oC.　The　ferroelectric　KPBLN　phase

　　was　sufficiently　stable　around　room　temperature　and　underwent　a　gradual　phase

　　transition　with　increasing　temperature.
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Chapter　5

　Synthesis　and　Properties　of

Barium　Sodium　Niobate　(BNN)

　　　　　　Thin　Films





5.1　1ntroduction

　　　　Barium　sodium　nio･bate(Ba2NaNb5015,BNN)is　one　of　the　ferroelectric

niobate　crystals　with　the　tungsten　bronze　structure,especiany　f111ed　tungsten

bronzestructure･　in　which　a11　15‘fold'　and　12゛fold゛coordinated　sites　are　occupied

by　Ba　and　Na　ions.　BNN　has　large　nonlinear　optical　coefficients　and　excellent

electro-optic　propertiesj　Therefore,　BNN　has　becn　receiving　great　deal　of

attentions　for　applications　in　several　electrooptic　devices,　such　as　second

harmonic　generation　and　laser　oscillation.2'3　B･NN　has　a　prominent　nonlinear

optical　coefficient4　and　a　higher　SHG　efficiency5　than　the　we11-known　lithium

niobate(LiNb03).

　　　　BNN　single　crystals　have　been　grown　mainly　by　the　Czochralski　method

similarto　other　niobate　crystals.3'6　However,the　growth　of　single　crystal　is

usually　difficult　because　crack　formation　occurs　at　the　phase　transition

temperature(around　560oC)because　of　a　large　thermal　expansion　of　the　c-axis,

Also,　the　Curie　temperature　varies　depending　upon　the　Ba/Na　ratio　renecting

composition　fluctuation.　Thin　films　of　functional　materials　have　been　receiving

increased　attention,　because　of　their　application　in　integrated　devices.　BNN　thin

films　were　fabricatedby　several　methods,　such　as　sputtering7　and　laser　ablation8'9.

Usually,the　control　of　composition　is　difficult　in　dePosition　methods　under

vacuum.　Since　the　ferroelectric　properties　including　the　Curie　temperature　change

with　Ba/Na　ratio,　the　precise　control　of　composition　is　required　for　the　synthesis

of　high　optical　quality　BNN　thin　films.　Boulton　et　al･　reported　the　synthesis　of

polycrystalline　BNN　films　via　the　so1-gel　method･lo　However,thus　far　the

structure　of　BNN　precursor,　crystallization　Process　and　several　properties　of　film

sample　have　not　been　clarified.

　　　　This　chapter　focuses　on　the　synthesis　and　characterization　of　highly　oriented

tungsten　bronze　BNN　thin　films　using　metal　alkoxides.　The　structure　of　B?4N

precursors　in　solution　Nvas　analyzed　by　NMR　spectroscopy.　The　crysta111zation

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●

behavior　of　alkoxy-derived　powders　and　thin　mms　was　investigatd･The

dielectric　and　oPtical　properties　of　tungsten　bronze　BNN　thin　films　were　also

-!71-



stud.led.

5.2　Experimental

　　μJ　Slyzzzlza£yθ/≒SMVFEaaorgl�ju5',　paw&audajnβ/ms

　　　　Ba　metal[Furu-uchl　Chemica1,Japan],NaOCH2CH3(sodium　ethoxide,

NaOEt)[Ko-jundo　Chemical,Japan]and　Nb(OCH2CH3)5(Nb(OEt)5)[Trichemical

and　Ko-jundo　Chemical,　Japan]were　commercially　available.　Ethanol　was　dried

over　magnesium　ethoxide　and　distilled　prior　to　use.　Figure　5'2‘l　shows　an

experimental　procedure　for　fabrication　of　BNN　powders　and　thin　films.　Since

starting　materials　are　extremely　sensitive　to　moisture,　therefore,　all　procedures

were　conducted　in　a　dry　N2　gas　atmosphere.　At　first,　Ba　metal　was　dissolved　in

absolute　eth,anol　and　renuxed　for　l　h,　and　then　NaOEt　was　added　to　the　solution

corresponding　to　Ba2NaNb5015　composition.　After　the　solution　was　refluxed　for

18　h,　Nb(OEt)5　solution　was　mixed　with　the　solution｡　The　mixed　solution　was

reacted　again　at　a　renux　temperature　for　18　h.　Then,　the　solution　was　condensed　to

about　O,2　mo1/l　by　removal　of　solvent　under　vacuum.

　　　　Powders　were　prepared　from　the　precursor　solution　to　study　the

crystallization　behavior.　The　hydrolyzed　po･wder　and　the　non-hydrolyzed　powder

were　prepared.　The　BNN　solution　was　hydrolyzed　using　deionized　water　diluted

with　absolute　ethanol.　The　precipitate　was　dried　at　100oC　yielding　a　white　solid　as

the　hydrolyzed　powder.　0n　the　other　hand,the　non-hydrolyzed　powder　was

prepared　by　vacuum　evaporation　of　solvent　from　the　BNN　precursor　solution.　The

powder　wascalcined　at　300oC　in　O2　atmosphere　at　a　rate　of　2oC/min,　and　then

heat-treated　at　temperatures　between　500oC　and　750oC　at　10oC/min　in　an　oxygen

flow　for　l　h｡

　　　　Films　were　fabricated　using　the　precursor　solution　by　dip-coating　on　fused

silica,MgO(100)a~nd　Pt(100)/MgO(100)substrates.　The　Pt(100)layer　was

fabricated　on　MgO(100)by　RF゛magnetron　sputtering　as　described　in　ChaPter　2.

The　withdrawal　rate　of　substrate　from　the　precursor　solution　ranged　from　O.6　to

l.5　mm/s.　Prior　to　dip‘coating,　fuヽsed　silica　and　MgO(100)substrates　were　cleaned
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with　absolute　ethanol　via　ultrasonication｡　The　substrates　were　soaked　in　absolute

ethanol　at　60oC　to･clean　the　surface.　The　deposited　films　were　dried　in　flowing　dry

N2.

Ba(metal)

　　FaoH
j?

Di

Q7/ci㎏&)η

　　↓

　↓
Thin　Film

　　　Rψza

　　　↓
　Cace7zzr£zrj∂71

　　　4
11omogeneous　SOlutlon

㎞dry　Ni

μyl/μ4　　　　　　　　↓
£y£;1ρθΓaz･7z　　　　£gpθΓαμθ4

　Z)719

　　↓
(}yja//fz£zZi∂η

　　4
　Powder

Ca/ci&&zz

　　↓
Cr)･jra/μz42Zj∂zz

　　↓
　Powder

Rg,5-2-I　Processing　scheme　for　alkoxy‘derived　B12N1Nb5015

(BNN)powders　and　thin　fnms,

The　film　on　substrate　was　calcined　at　300oC　for　l　h,　and　then　heated　to　a

crysta111zation　temperature　for　l　h　or　30　min,　and　finally　cooled　in　an　02　flow　at

5oC/min　or　10oC/min.　0n　the　other　hand,　crystallized　films　on　substrates　were

prepared　by　a　2　cycle-dip　coating　method･　lnitially,　a　substrate　was　dipped　into

0.01　mo1/l　solution　and　calcined　at　500oC　for　l　h　in　O･2.　The　calcined　film　was

crystallized　at　800oC　for　l　h,　This　procedurexvasrepeated　twice　in　order　to　form
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an　underlayer　film.　The　substrate　with　formed　underlayer　film　was　dipped　into　O.2

mol/1　solution　and　calcined　at　500oC　for　l　h｡　The　calcined　film　was　introduced　to　a

furnace　preheated　at　700oC,　and　kept　at　700oC　for　30　min　(rapid　heating).The

coating-crysta111zation　process　was　repeated　several　times　to　increase　the

thickness　of　the　film,　The　crystallized　film　thickness　per　dip　coating　was　O.05　μm,

when　the　precursor　film　was　withdraMI゛nat　l｡5　mm/s.

　　62J　Clzarαczerjzαzl･9rz　a/゛jy7VjprEaaθΓsθ/Miazz.s゛,j7∂w&rs　azlj　rjlfzlβlms

　　　　lH　and　13C　NMR　spectra　were　recorded　by　a　Gemini　200　spectrometer

[varian]ln　CDC13　or　CD3SOCD3　solution　using　tetramethylsilane　(TMS)as　the

internal　standard,　23Na　and　93Nb　NMR　spectra　of　theprecursors　were　recorded　at

frequencies　of　66.17　MHz　and　61･14　MHz,　respectively　[Bruker　lnstruments,

AC2501　in　ethanol　solutions｡　Sodium　chloride　NaCl　in　D20　and

tetramethylammonium　hexachloroniobate　(CH3)4N[NbC161in　CD3CN　were　used　as

the　standard　for　chemical　shiftsof　the　23Na　and　93Nb　spectra,　respectively･

　　　　The　crystallographic　phases　and　the　microstructures　of　prepared　powders

and　mms,the　transmittance　of　the　films　on　transparent　substrates　were

characterized　by　the　same　process　described　in　Chap.2.

　　　　The　electrical　properties　of　films　were　measured　using　Au　on　the　BNN　films

as　a　top　electrode　and　sputtered　Pt(100)layer　on　MgO(100)as　a　bottom　electrode.

The　dielectric　constants　of　the　films　were　measured　using　an　LCR　meter

[Hewlett-Packard,　4　1　94A]　ln　air　from　room　temperature　to　873K　in　a　tube　furnace･

The　P゛E　hysteresis　loops　of　films　were　evaluated　as　in　Chap.2.

　　　　The　prepared　films　on　fused　silica　substrates　were　exposed　using　1064　nm

light　from　Nd3゛:YAG　laser　with　a　pulseduration　of~8ns　to　investigate　the　SHG

effect.　The　second“harmonic　(SH)light　from　the　film　specimen　was　analyzed　by　a

monochromater　equip･ped　with　a　photomultiplier　and　boxcar　integrator.　The

measurement　system　is　shown　in　Fig.5'2゛2.　The　maximum　peak　power　o･f　laser

light　that　was　irradiated　on　the　films　was　″　130　kW･　The　SHG　from　Y-cut　quartz

(1.0　mm　thick)was　measured　under　the　same　conditions　as　thereference｡
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Sample

Rgj-2-2　0ume　of　SHG　measurement　for　Ba2N1Nb50i5　(BNN)

thjn　mms｡

5.3　Results　and　discussion

　5.3.1　Synthesis　of　precursor　solutions

　　　　BNN　precursor　solutions　were　prepared　from　Ba,　NaOEt　and　Nb(OEt)5　in

ethanol.　ln　order　to　investigate　the　structure　of　the　BNN　precursor　in　solution,　the

complexalkoxide　formedby　the　reaction　of　starting　alkoxides　was　analyzed　by　lH,

13C,23Na　and　93Nb　NMR　spectroscopy･

　　　　Figure　5-3-l　shows　lH　NMR　spectra　of　BN　(BaNb206),NN(NaNb03)and

BNN(Ba2NaNb5015)precursor.　The　signals　of　ethoxy　groups　(CH3CH20)of　the

BN　precursor　are　observed　at　1.11　ppm　(methy1)and　4.15　ppm　(methylene)in

Fig.5-3-1(a).The　NN　precursor　shows　the　signals　of　ethoxy　group　at　1.19　ppm

(methyl)and　4.23　pPm　(methylene)(Fig.5-3-1(b)).Figure　5-3-1(c)shows　lH　NMR

spectrum　of　the　BNN　precursor,　which　comprises　two　kinds　of　ethoxy　groups

(CH3CH20).The　one　appears　at　l･23　and　4･25　ppm,　the　other　at　l.31　and　4.38　ppm.

The　integration　ratio　of　the　former　to　the　latter　is　2,　which　is　in　good　agreement

with　the　composition　of　BN　(BaNb206)to　NN　(NaNb03).Therefore,the　former

assigned　to　the　BN　precursor,　while　the　latter　to　the　NN　precursor.　The　slight

changes　in　chemical　shift　indicate　the　formation　of　the　BNN　precursor　through　the
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reaction　of　s･tarting　alkoxidcs.

　　　　Figure　5-3-2　shows　the　13C

NFMR　spectra　of　the　BN,　NN　and

BNN　precursor･　The　spectrum　of　the

NN　precursor　is　composed　of　a　signal

of　methylene　carbon　(○£H2CH3)at

66.5　ppm,　and　that　of　methyl　carbon

(OCH2£H3)at　19.7　ppm.　The　BN

precursor　shows　signals　at　64.5　ppm

(O£H2CH3)　　and　　19.1　　ppm

(OCH2CH3).　After　three　alkoxides

were　reacted　at　80oC　in　ethano1,　the

BNN　precursor　showed　two　kinds　of

ethoxy　groups　of　methylene(66,2

and　66.3　ppm)and　methyl　carbon

(19.3　and　19.5　ppm)as　shown　in

Fig.5-3-2.　The　integrations　of　the

pair　at　66.2　and　19.5　ppm　are　larger

　　　　　　5　　4　　3　　2　　1　　0

　　　　　　　　　　　　6(ppm)

Rg,5-3･1　1H　NMR　spectra　of　(a)BaNb206(BN)preculsor,㈲

NaNbO3(NN)precursor　and　(c)Ba2NaNb5015(BNN)precus)r,

than　those　at　66･3　and　19.3　ppm.　Thus,　the　former　is　due　to　the　OCH2CH3　of

Ba[Nb(OEt)612,the　latter　those　of　Na【Nb(OEt)6].ln　other　words,　two　kinds　of

chemically　equivaient　ethoxy　groups　are　formed　in　the　BNN　precursor　solution.

This　result　was　consistent　with　that　of　lH　NMR　spectra　described　above.The

formation　of　Ba[Nb(OEt)612　and　Na[Nb(OEt)6]are　reported　o･n　the　basis　of

elemental　analysis　and　titration　method.11'12

　　　Figure　5-3'3　shows　23Na　NMR　spectra　of　NaOEt,　the　NN　precursor　and　the

BN　precursor　in　ethanol　solution｡　The　NNprecursor　has　a　23Na　resonance　at　-1.1

ppm　with　a　half-value　width　of　900　Hz,　which　is　different　from　that　of　NaOEt　at

O.5　ppm(a　half-value　width　of　100　Hz)as　shown　in　Fig.5-3-3.　The　shift

corresponds　to　the　change　in　chemical　bond　from　NaOEt　to　the　NN　precursor.　The

23Na　resonance　of　the　BMN　precursor　also　shows　a　similar　single　signal　at　“O･4
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Chemical　shift　@pm)

400

ppm　as　shown　in　Fig･5-3-3･　The

signal　increases　in　half-value　width

to　1170　Hz　compared　with　that　of　NN

precursor(900　Hz).The　increase　in

signal　width　indicates　the　interaction

between　the　Na　site　of　Na【Nb(OEt)6]

and　the　[Nb(OEt)6]unit　of

Ba[Nb(OEt)612　in　ethanol　solution.

Since　23Na　nucleus　has　a　quadrupole

moment(I=3/2),the　broadening　of

signal　　suggests　　the　　decrease　　in

molecular　symmetry　and　increase　in

molecular　　weight.13　The　　BNN

　　　　　　　　　　　　　　　　　　　　ゝ

precursor　is,　therefore,　considered　to

60　　40　　20　　0

　ChemicalsMt(ppm)

consist　of　molecularly　associated　　Figj-34　13C　NMR　speetra　of(a)NN　precurso4　(b)BN　preeursor

NaNb･(OEt)6　and　Ba[Nb(OEt)612　in　and(c)BNN　precursoE

solution｡

　　　　Figure　　5-3-4　　illustrates　　the

93Nb　NMR　spectra　of　the　BN

(BaNb206),the　NN(NaNb03)and

the　BNN　precursor　in　ethanol.

Starting　niobium　ethoxide　exhibits

two　or　three　broad　signals14　due　to

the　　association　　and　　the　　ligand

exchange,　　The　　BN　　and　　NN

precursors　show　a　signal　at　‾1182

ppm(Fig.　5-3-4(a))and　at　-　1155

ppm(Fig,　5-3-4(b)),respectively.　A

single　　signal　　in　　these　　spectra

corresponds　　to　　the　　presence　　of

　　　　　　(e)

　　　　　　　　　　　　(b)

　　　　　　　　　　　　(a)
　　　l　　　l　　　1　　　1　　　･　　　i

200 100 0
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-200

Rg｡543　23Na　NMR　sPectn　of㈲NaOEt｡(b)NN　pFufsor　and

(c)BNN　precufsor　㎞elhanol　solutions.
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niobium-ethoxy　　　　　　　　　　octahedra,

[Nb(OEt)61,　as　　reported　　for

Na[Nb(OEt)6111　and　Ba[Nb(OiPr)61212

The　spectrum　of　the　BNN　precursor

is　composed　of　a　single　signal　at　a

different　chemical　shift　of　-1180

ppm,　The　BNN　precursor　also

contains【Nb(OEt)6Dnits.　Two　kinds

of　ethoxy　groups　of　the　BNN

precursor　observed　in　1H　and　13C

NMR　correspond　to　two　kinds　of

[Nb(OEt)6]in　the　BNN　precursor.

However,　　ln　93Nb　spectra,　the

difference　appears　as　only　a　chemical

shift　of　the　BNN　precursor.

-1000　･1200　-1400　-1600

　8(ppm)

R&5-34　93Nb　NMR　spectra　of(a)BN　precuJlsoi,　㈲NN

precursor　and(c)BNN　precursor　in　ethanol　solutios'

This　is　due　to　the　broadsignal　of　93Nb　nucleus,　which　results　fromthat　93Nb　is　one

of　the　quadrupolar　nuclel　(I=9/2).15

　　　　Based　upon　the　spectroscopic　data,　the　B.NN　precursor　is　considered　to

consist　of　a　uniform　mixture　of　NaNb(OEt)6　and　Ba【Nb(OEt)612　in　2:1　ratio　with

interaction　at　a　molecular　level　similar　to　the　SKN　(ln　Chap.3)precursor.

　5.3.2　Preparation　of　tungsten　bronze　BNN　thin　films

　　μJ　Cz7sza/Z£zaziu&dayiar　o/`j9MVprEaaarpaw&rs

　　　　BNN　precursor　powders　were　prepared　from　the　precursor　solution.　First,

the　BNN　precursor　was　hydrolyzed　with　excess　water,　and　then　heat‘treated　in　alr

at　various　temperaturcs　between　600oC　and　1000oC　for　l　h.　The　as-prepared

powder　was　in　a　x‘ray　amorphous　state　up　to　550oC,　and　crystallized　to　a　mixture

of　BaNb206(BN)and　NaNb03(NN)at　600゜C.　The　BN　phase　was　reacted　with　NN

yielding　orthorhombic　BNN　(tungsten　bronze　phase)at　1000oC.　The　result　shows

that　the　BNN　precursor　solution　undergoes　the　phas･e　segregation　by　hydrolysis.
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The　phase　segregation　was　caused　by　difference　in　the　rate　of　hydrolysis　between

each　metal　alkoxides.　Water　attacks　sodium　or　barium　ion　of　the　BNN　precursor,

breaking　the　interaction　between　NaNb(OEt)6　and　Ba[Nb(OEt)612.　Therefore,　no

hydrolysis　was　employed　in　the　present　BNN　synthesis.

　　　　Figure　5-3‘5　shows　the　xRD

profiles　　　of　　the　　　unhydrolyzed

powders heat-treated at

temperatures　from　500　to　750oC　for

l　　h･　　The　　product　　begins　to

crystallize　at　500oC　for　l　h　as

shown　in　Fig,5-3-5(d).　However,

the　structure　is　not　orthorhombic

tungsten　　bronze　　BNN.　　The

low゛tempcrature　　　phase　　　is

transformed　　to　　orthorhombic

tungsten　bronze　BNN　at　550oC　for　l

h(Figj-3-5(c)).　As　shown　in

Figj-3-5(b),single-phase　BNN　of

orthorhombic　symmetry　is　formed

after　heat　treatment　at　600oC　for　l　h

The　as゛prepared　powder　prepared

from　the　BNN　precursor　solution

releases　,　organics　during　heating,

and　　changes　　from　　molecular

metal-organics　to　a　noncrystalline

solid　including　(M-O)n　bonds.

●Ba2N'aNb50L5

　　　(tungsten　bronze　Phase)

(a)　　　●●　　　　o　Ba2NaNb5015

　　　　　　　　　　　　　　(low-tempe�ure　phue)
　　　　　　　　　　　　　●

　　　　●,　　●●　●　　●　,　　　●　　●

(b)　　●●

　　　9　　　　●●●●●●　　　　　●　　●

10　　20　　30　　40　　50　　60　　70　　80

　　　　　　　　　　2e(deg,)CuKa

Rgj-3-5　XRD　profnes　of　uhydfolyz�　BNN　powdm

heat-treated　at　various　temperatures,　(a)750°C,(b)600oC,

(φ)550oC　and　(d)500oC.

Since　the　low-temperature　phase　of　BNN　is　formed　from　the　noncrystalline　solid,

this　phase　is　considered　to　be　a　kinetically　favored　product　under　the　burn'out

condition　in　the　alkoxy-derived　system.
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　　r2.),Slynzlzesis(!/≒SMVβ/msuμs�sjljea

　　　Figure　5-3'6　shows　xRD

profiles　of　BNN　films　on　fused

silica　　substrates　　crystallized　　at

various　temperatures.　Fused　silica

was　used　as　substrates　because

fused　silica　substrate　has　high

transparency　　over　　a　　wide

wavelength　　region.　　The　　BNN

low-temperature　phase　was　formed

at　600oC　and　700oC　as　shown　in

Figs.5-3-6(b)　and　　5-3-6(c).

Polycrysta111ne　orthorhombic　BNN

(tungsten　bronze　structure)was

obtained　at　800oC　on　fused　silica

substrates(Fig.5-3-6(a)).Since　the

optical　properties　of　BNN　film,

especially　SHG　depends　upon　the

transmittance　of　film,　the　BNN　film

is　required　to'　be　highly　transparent.

(a)
●Ba2NaNb501j

　　(tungsten　bronze　Pha5e)

O　Ba2NiNb5015

●●　　　　(low･temperature　phase)

(b)

　　10　　20　　30　　40　　50　　60　　70　　80

　　　　　　　　　2e(deg,)CuKa

Rgj-3･6　XRD　promes　of　BNN　fnms　on　fused　dca　substrates

prepared　at　various　tempeatur9　without　the　undeFlayer　process,

(a)800oC,(b)700oC　and　(e)600°C,

However,　thc　BNN　films　crystallized　on　fused　silica　substrates　at　800oC　were

cloudy,　and　had　the　coarse　grains　of　about　300　nm.　The　crystallization　temperature9

therefore,　was　lowered　by　using　th･e　underlayer　metho･d　in　order　to　suppress　the

nonuniform　grain　growth.　Figure　5-3-7　shows　the　xRD　pattern　and　Raman

spectrum　of　the　B'NN　films　crystanized　at　700°C　on　fused　silica　substrates.　Both

pattelns　are　in　good　agreement　with　those　of　tungsten　bronze　BNNF.16　Transparent

tungsten　bronze　BNN　films　were　crysta111zed　on　fu,sed　s111ca　substrates　using　the

underlayer　at　700oC.　The　grains　of　BNN　were　quite　unifoTm,　and　had　the　uniform

size　of　150　nm　via　atomic　force　microscopy゛(AFM).hl　Fig･5-3-7,　the　BI`JN　films

crystallized　on　fused　silica　show　more　intense　002　and　004　diffractions　than　other
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ones,which　revealed　a　preferred　orientation.　The　reason　for　the　preferred

orientation　is　the　same　for　KS8N　thin　films　on　fused　silica　substrates　as　described

in　Chap･2.

㈲

N
8

ゝ

?'●●

§

●Ba2NaNI)5015(ortho,)

10　　　20　　　30　　　40　　　50　　　60　　　70　　　80

　　　　　　　　　　　　　2e(deg.)CuKa

1000 800 600 400

Wavenumber(cm4)

200

Rg,5-3-7㈲xyray　diffraction　pattem　and　《:b)Raman9F〃nd

BNN　mms　crystamzed　on　fused　siUca　substrates　at　700oC　using

the　under-layer　process.

[ortho･:　orthorhombic　tungsten　bronze　Phase]
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　　　MgO(100)　　　　　　　　and

Pt(100)/MgO(100)substrates　are

used　similarly　to　the　SBN　or　PBN

thin　film　fabrication　to　prepare

highly　oriented　films.　Alkoxy

derived　BNN　films　on　MgO(100)

substrates　show　strong　002　and　004

reflections　as　shown　in　Fig･5-3-8.

However,the　identification　of　the

Phase　only　by　xRD　is　not　sufficient,

because　the　(002)oriented　films

show　only　002　and　004　reflections,

which　have　almost　th･e　same

d-values　for　the　low-temperature

phase　and　tungsten　bronze　phase.

Figure　5-3-9　shows　Raman　spectra

of　BNN　films　on　MgO(100)

substrates　crystallized　at　various

●Ba2NaNb501j

　　(tungsten　bronze　phase)

O　Ba2NaNb5015

　　(low-tempeature　phase)

　　10　20　30　40　　　　　　　70　　0

　　　　　　　　　2e(deg,)CuKa

FI&5-y8　XRD　prdles　of　BNN　mms　on　MgO(100)substrates

prepared　at　various　temperatufes　without　the　under‘layer　process,

(a)800oC,(b)700oC　and　(e)6�C,

temperatures.　Thc　Raman　scattering　shown　in　Fig.5゛3'9(b)exhibits　clearly　that　the

film　at　700oC　consists　of　the　low-temperature　phase　and　orthorhombic　tungsten

bronze　phase16,although　the　xRD　was　almost　the　sa､me　to　each　other　for　the

oriented　films.　The　spectrum　pattern　of　BNN　films　crystallized　at　800oC

(Fig,5-3-9(a))is　the　same　as　that　of　orthorhombic　tungsten　brQnze　BNN　powder

(Fig,5-3-9(d)y6　The　peak　at　around　720　cm4　1n　Figs,5-3-9(b)and　5-3-9(c)is
assigned　to　the　edge-shared　Nb06　octahedron.17　Thヽe　xRD　Pattem　shown　in　Fig･

5-3-5(d)is　quite　simiiar　to　that　ofhexagonaI　MNb206[M:　Ba2≒Pb2゛,　etc↓The

hexagonal　forms　of　niob'ate,　such　as　PbNb206　and　BaNb206,　are　composed　of

edge'shared　niobium゛oxygen　octahedra,whereas　apex゛shared　niobium-oxygen

octahedra　constitute　the　tungsten　bronze,　Although　the　precise　structure　of　the　low
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temperature　phase　is　now　under　investigation,　the　BNN　low`temperature　phas･e　is

considered　to　comprise　the　structure　of　edge-shared　Nb06　octahedron.

●BNN(Tulsten　Bronze)
△RNN(Low　Temp.　Phase)

　　　　　　　　　Wavenumber(cm4)

Rg.5-3-9　Raman　spectra　of　BNN　mms　on　MgO(100)substrates

crystamzed　at　(a)800oC,(b)700゜C,(c)600oC　and

(d)tungsten　bronze　BNN〕powdeE
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Although　BNN　films　crystallized　at　800oC　were　found　to･　be　orthorhombic　tungsten

bronze,　the　films　were　cloudy　as　in　the　case　of　BNN　film　on　fused　silica)(in

previous　section).SEM　observation　revealed　that　the　films　consisted　ofununiform

coarse　grains　due　to　grain　growth.　ln　order　to　synthesize　the　BNN　films　at　low

temperatures　to　avoid　the　grain　growth,　a　thin　BNN　underlayer　(≪O.01μm)was

precrystallized　on　MgO(100)subistrates　at　800oC　using　a　dilute　precursor　solution.

0n　the　und.erlayer,　BNN　mms　were　synthesized　at　700oC　bly　rapid　heating　process.

Figure　5-3'10　shows　the　xRD

profile　of　BNN　films　crystallized　on

MgO(100)substrates　at　700゜C,

Since　no　sma11　reflections　except

002　a､nd　004　are　obs･erved,　the

degree　of　preferred　orientation　of

the　　film　　is　much　　improved

compared　with　that　crystallized　at

800oC　　　　　without　　　　　underlayer

(Fig.5-3-8(a)).The　BNN　film　thus

fo･rmed　at　700oC　showed　the　same

g

(
8
)
)
(
)
Q
}
{
J
'

　●Ba2NaNb5015

　　　　(tungsten　bronze　phase)

§

10　　　20　　　30　　　40　　　50　　　60　　　70　　　　0

20(deg.)CuKa

F4j-3-10　XRD　profUe　of　BNN　fib　on　a　MgO(100)substrate

crystaHized　at　700oC　using　the　under-layer　process,

Raman　spectrum　as　that　in　Fig.5'3‘9(a),and　was　confirmed　to　be　orthorhombic

tungsten　bronze.　The　precrystallized　under-layer　act　as　nucleation　sites　for　the

promotion　of　crystallizing　the　orthorhombic　tungsten　bronze　BNN　phase.　When

the　con,centration　of　precursor　solution　is　low,　the　precursor　film　per　dipping

decrease　in　thickness,　The　crystallization　of　thin　film　depends　much　more　upon

the　atomic　alignment　of　substrates　than　that　of　thick　films.　Thus,　the　better

orientation　is　considered　to　be　obtained　by　using　the　underlayer.　Similar　effects　of

the　underlying　layer　were　also　observed　for　the　synthesis　of　o､riented

K(Tal-XNblx)03　films　on　MgO(100)14　and　other　tungsten　bronze　niobate　thin　films

as　described　in　C･haps.2,　3　and　4･　The　(002)plane　orientation　of　the　BNN　films　on

MgO(100)substrates　is　attributed　to　the　lattice　matching　of　oxygen　atoms　betwe･en

orthorhombic　BNN　and　MgO(100)substrates.　The　lattice　mismatch　of　atomic
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alignmenl　between　orthorhombic　BNN(002)and　MgO(100)is　estimated　to　be

about　8%.

　　　　Figure　5-3-11　shows　the　edge‘on　profile　of　the　orthorhombic　tungsten

bronze　BNN　film　on　an　MgO(100)substrate　cryslallized　using　the　underlayer.　The

film　has　a　smooth　surface　with　no　cracks　and　voids.　The　grain　size　of　the　film　is

found　to　be　less　lhan　0.1　gm.　The　thickness　of　the　crvstallized　film　was　about　l.4

μm　after　several　cycles　of　diPping,　Figure　5-3-12　shows　the　transmittance　of　lhe

orthorhombic　BNN　film　on　an　MgO(100)substrate.These　films　were　transparcnt

ovcr　a　wide　range　of　wavelcngth.　The　interfercnce　fringe　reveals　the　uniform

thickness　of　the　film.　The　absorption　edge　was　370　nm,　which　was　in　good

agreemcnt　with　that　reported　for　single-crystalj

Fig.5-3-11　Edge-on　SEM　photomicrograph　of

a　flactured　BNN　film　crystallized　at　700oC

onaMgO(100)substrate　using　the　under-layer

process.
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Rg,5-3-12　Transmittance　of　BNN　fUm　crystamzed　at　700°C　on　a

MgO(100)substrate　using　the　under-layer　process.

　　　Tungsten　bronze　BNN　films

on　Pt(100)/MgO(100)with(002)

preferred　orientation,　were　siml!arly

prepared　　using　　the　　underlayer

method.　Figurc　5-3-13　shows　th,e

xRD　　profile　　of　B･NN　　films

crystallizcd　on　jPt(100)/MgO(100)

substrates｡The　BNN　films　on

Pt(100)/MgO(100)substrates　also

have(002)oTientation,since　the

10　　20　　30　　40　　50　　60　　70　　80

　　　　　　　2e(deg,)CuK(z

Rgj-3-13　XRD　prome　of　BNN　mm　on　a　Pt(100)/MgO(100)

substrate　crystamzed　a1　700oC　using　the　under-layer　process,

μtho,:　orlhorhombic　tungsten　bmnze　phase]

mms　shows　only　002　and　004　reflections,　The　lattice　matching　of　atoms　between

orthorhombic　BNN　and　Pt(100)Plane　is　responsible　for　the　(002)plane　orientation

of　BNN　films　on　Pt(100).
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　5.3,3　Three　dimensional　relation　between　oriented　BNN　thin　nlm　and

substrate

　　　Since　the　BNN　films　on　MgO(100)and　Pt(100)/MgO(100)were　found　to

have(002)preferred　orientation,three　dimensional　regularity　of　grains　was

investigated　by　x-ray　pole　figure　measurement｡The　Pole　figure　o･f　the　BNN　film

on　Pt(100)/MgO(100)for{132}shows　12　spots　at　a=55゜　as　shown　in　Fig｡5-3-14.

13　is　the　rotation　axis　perpendicular　to　the　film　plane,　and　a　is　the　rotation　axis

perpendicular　to　13　and　O.　The　spots　are　classified　into　two　groups　with　different

intensities　to　each　other.　The　intensity　ratio　is　almost　2.　The　calculated　pattern　of

BNN　single　crystals　for　{132}ls　shown　in　Fig.5-3-15.　Since　the　lattice　constants

of　a-　and　b-axis　are　1.759　and　l.762　nm,　respectively,　the　calculated　pattern　was

constructed　under　the　condition　of　a゛b.　When　the　pattern　is　rotated　by　±26.5o,

the　resulting　pattern　is　produced　as　shown　in　Fig･5゛3‘15.　The　superimposed　spots

(marked　with　O　and　△　in　Fig.5‘3-15)have　twice　intensity　than　the

unsuperimposed　ones　(Oor△),The　constructed　pattcrn　shown　in　Figj-3-15　is

in　good　agreement　with　that　obtained　for　the　BNN　film,

　　　The　a-axis　of　Pt(100)is　the　same　as　that　of　MgO(100),because　Pt(100)

plane　was　confirmed　to　grow　epitaxially　on　MgO(100)by　x-ray　pole　figljre

method,　0ne　of　a-axis　plane　of　BNN　intersected　that　of　Pt　at　26.5°　as　shown　in

Fig.5-3-15･　Therefore,　the　film　consists　of　two　lattices　of　BNN　intergrown　at　an

orientation　of　26.5o　on　Pt(100)substrates｡

　　　RNN　films　crystallized　on　MgO(100)were　found　to　show　similar　pole

figures　to　those　on　Pt(100)/MgO(100),Hence,the　relation　between　BNN　grains

and　MgO(100)ls　the　same　as　that　between　BNN　and　Pt(100),This　is　due　to　the

similar　lattice　constant　of　MgO(100)(O,4213　nm)to　that　of　Pt(100)(O,399　nm).

Similar　intergrowth　of　two　lattice　planes　is　reported　for　tungsten　bronze

SrxBal,XNb206　thin　films　on　MgO(100)substrates　by　chemical　solution　proccss　(in

Chap.2)and　pulsed　laser　depositionj8

　　　On　the　other　hand,　the　BNN　thin　films　on､　fused　silica　substrates　did　not

show　any　clear　spots,　but　diffuse　rings　by　x-ray　pole　figure　measurement･　and
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were　confirmed　to　have　no　three　dimensiona1　regularity　perpendicular　to

substrates｡

　
[
o
{
o
】

£
)
O
S
4

MgO(Pt)

　[1001

　
　
n
p

ー
.
.
･
‐
‐
ー
{
ー
ー

W-a

Rg.5-3-14　X-ray　pole　figure　of　BNN　mm　on　a　Pt(100)/M&O(100)

substrate　for　the　{132}planes　crystalHzed　at　700oC.
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Fig.5-3-15　Cahhlted　x-ray　pole　4ures　of　BNN　㈲calculated

pattem　of　BNN≒fbr　the　{132}planes　and　(b)rotated　pattem　at　an

angle　of　±26.5o｡

The　two　BNN　lattices　are　indicated　by　“○"and　“△゛'.
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　5.3.4　Electrical　properties　of　BNN　films

　　　　ln　order　to　investigate　the　dielectric　behavior　of　synthesized　BNN　films,　the

dielectric　properties　of　the　BNN　films　crystallized　at　700oC　on　Pt(100)/MgO(100)

substratesNvere　rneasured,　Figure　5-3-16　shows　the　change　of　dielectric　constant

(sr)of　the　BNN　film　with　temperature.　The　Er　value　of　the　film　at　room

temperature　was　280　at　10　kHz5　which　is　comparable　with　that　reported　for

single-crysta1　BNN.19　The　temperature　dependence　of　Eris　similar　to　that　reported

previously.19　The　Ervalue　of　single　crystal　BNN　at　Te　is　4.8×　104･19　The　film

reveals　a　maximum　er　value　of　4.9×　104　at　around　540oC.　The　typical　hysteresis

loops　were　also　observed　for　the　tungsten　bronze　BNN　film　on　　a

Pt(100)/MgO(100)substrates　from　low　temperature　region　to　room　temperature

similar　to　the　KSBN　thin　films　described　in　Chap.2.

5×104

4×1

3×1

2×104

IX104

　　　　　　　　　　　　---200　250　300　350　400　450　500　550　600

　　　　　　　　Temperature(゜C)

　S･4

ω

Rg,5-3-16　Change　of　dielectric　costant　㈲with　temperature　for

the　BNN　mm　crystamz�at　700℃on　a　Pt(100)/MgO(100)

substlate,
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　5.3.5　0ptical　properties　of　BNN　nlms

　　　　ln　order　to　evaluate　SHG　of　the　films　by　the　transmission　method,　tungsten

bronze　BNN　films　were　synthesized　on　fused　silica　substrates　as　describcd　in

5,3.2(2).　Figure　5-3-17　shows　the　UV-visible　spectrum　of　the　BNN　film

crystamzed　at　700oC　on　a　fused　silica　substrate.　The　BNN　film　has　a　high

transparency　from　500　to　2600　nm.　The　interference　fringes　are　derived　from　the

uniform　thickness　of　the　film.　The　absorption　edge　of　the　film　was　370　nm,　which

is　the　same　as　that　of　single　crysta1.2
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Figj-3-17　1ransmittance　of　BNN　mm　crystanized　at　700oC　on　a

fused　smca　substrate　using　the　under-1ayer　process.

　　　　The　SHG　effect　was　analyzed　for　the　BNN　thin　films　crystallized　on　fused

silica　substrates.　The　fundamental　light　(wavelength　of　1064　nm)was　lrradiated

onto　the　films.　The　polarization　of　the　incident　light　was　parallel　to　the　BNN　film.

The　transmitted　light　from　the　BNN　film　included　532　nm　light.　The　S･H　power

was　then　measured　based　upon　532　nm　light　from　the　B〕NN　film　on　a　fused　smca

substrate･　Figure　5-3'18　shows　the　relation　of　incident-light　power　to　that　of
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transmitted　light　(SH　wave)from　the　BNN　films　on　fused　silica　substrates.　The

film　thick,ness　was　1.0　μm.　The　BNN　film　on　a　fused　silica　substrate　exhibited　a

straight　line　with　a　slope　of　2.16,　which　satisfies　the　square-law　proportionality

according　to　the　theory　(P2ω(x:;　P‰)　between　the　fundamental　power(P(l))and　the

harmonic　power　(P2ω).The　d'values　were　evaluated　based　upon　the　SH　intensity　of

the　Y“cut　quartz　according　to　the　literature.2o'21　The　deff/dquartz　ratio　of　the　BNN

film　was　estimated　to　be　16　(1･O　for　dquartz)･This　value　is　about　35%of　that

reported　for　single‘crystals　BNN.2
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10'12

10`13

104

Fundamental　pow9r　(J)

10゛3

Rg.　5-3-18　Power　rdationshjp　of　power　between　fundamental

nght(1064　nm)and　second　hamlonic　Ught　(532nm)forBNNthin

mm　on　a　fused　smca　substrate　crystamzed　at　700oC｡
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5J｡4　Conclusions

　　　　Crack'free　BNN　films　with　highly　preferred　olientation　were　successfully

synthesized　on　fused　silica｡　MgO(100)and　Pt(100)/MgO(100)substrates　from　the

complex　metal　alkoxide　precursor.　A　homogeneous　BNN　precursor　solution　was

prepared　from　barium　metal,　sodium　ethoxide　and　niobium　ethoxide　in　ethano1.

The　BNN　precursor　was　composed　of　a　molecular　mixture　of　Ba[Nb(OEt)612　and

NaNb(OEt)6,　Unhydrolyzed　BNN　powder　crystallized　to　tungsten　bronze　phase　at

lower　temperatures　compared　with　hydrolyzed　powders･　Tungsten　bronze　BNN

film　with　(002)preferred　orientation　was　crystallized　by　using　an　underlayer　of

8NN　on　MgO(100)substrates　at　700oC･　The　formation　of　the　underlying　layer

with　desired　structure　was　found　to　be　a　key　for　the　crystallization　of　tungsten

bronze　phase　at　low　temperatures　on　substrates　and　the　improvement　of　degree　of

orientation,　Two　crystal　lattice　planes　of　orthorhombic　BI`iN　were　intergrown　at　an

orientation　of　26.5　゜　on　MgO(100)and　Pt(100)/MgO(100)substrate.　The　Curie

temperature　of　the　BNN　film　was　found　to　be　about　560oC.　A　typical　ferroelectric

hysteresis　was　observed　for　the　BNN　fiims　crystallized　at　700oC.　The　tungsten

bronze　BNN　films　on　fused　silica　substrates　were　highly　transparent　and　were

confirmed　to　generate　second　harmonic　wave.
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Chapter　6

Summary





6.1　Summary

　　　　The　chemical　solution　process　is　one　of　the　most　appropliate　processes　to

synthesize　electronic　ceramics　in　the　emerging　area.　The　advantages　of　this

processing　have　been　extended　to　multi゛component　ceramics,　such　as　ferroelectric

tungsten　bronze　niobate･　The　feasible　composition　control　is　the　significant　factor

for　obtaining　the　desired　prop'erties　of　resultant　films･in　addition,the

crystallization　of　ferroelectric　thin　films　at　lower　temperatures　is　indispensable　for

the　fabrication　of　high-quality　films･　Metallo'organic　precursor-derived

ferroelectric　thin　films　are　recognized　to　be　the　fabrication　method　characterized

by　the　precise　control　of　stoichiometry　and　preferred　orientation　on　substrates　at

low　temperature　region　compared　with　conventional　bulk　materials.

　　　　ln　this　study,　ferroelectric　tungsten　bronze　niobate　thin　mms･　with　preferred

orientation　were　successfully　synth･esized　using　the　chemical　solution　deposition

process.　Key　findings　of　this　study　are　as　follows;

1.　Homogeneous　and　stable　precursor　solutions　for　coating　were　prepared　by

　　optimizing　starting　materials　and　solvents　including　stabilizing　agent9　and

　　controlling　the　reaction　of　metallo-organic　compounds　in　solution.　The

　　structure　of　synthesized　precursors　were　molecularly　designed　and　confirmed

　　by　applying　the　spectroscopic　analyses,　The　precise　control　of　stoichometry

　　was　achieved　by　contro111ng　the　intermediate　cooTdination　states　of　metals　in

　　precursor　solutions.　The　synthesized　precursors　in　solution　were　found　to

　　consist　of　a　molecularly　interacted　mixture　of　compiex　alkoxides　including

　　highly　symmetric　niobium-oxygen　octahedron.

2･　ln　the　case　of　alkaline-free　tungsten　bronze　niobate　of　unfilled'tungsten　bronze

　　structure,such　as　SBN　or　PBN,　the　crystallization　of　ferfoelectric　tungsten

　　bronze　phase　on　substrates　results　in　the　problem　of　the　formation　of　the　low

　　temPerature　phase,which　showed　poor　dielectric　properties.　The　low

　　temperature　phases　were　found　to　be　the　meta'stable　phases　and　wcre

　　completely　transformed　to　the　tungsten　bronze　phase　at　higher　temperatures･
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　　The　incorporatioin　of　alkali　ioni　such　as　potassium　and　sodium･　was　found　to　be

　　effective　for　the　dlrect　crystallization　of　niobate　precursor　powders　and　thin

　　films　in　the　tungsten　bronze　phase　without　intermediate　formation　of　the

　　low-temperature　phase.　Pre‘coating　and　crystallization　of　underlayer　(including

　　seed　layer)with　deslred　structure　was　also　found　to　have　the　pronounced　effect

　　not　only　on　the　low　temperature　synthesis　and　crystallinity　of　tungsten　bronze,

　　but　also　on　the　degree　of　orientation　for　tungsten　bronze　film.

3,　The　tungsten　bronze　niobate　films　showed　a　prominent　c-axis　preferred

　　OrientatlOn　whiCh　WaS　a　direCtlIOn　Of　p01ariZatiOn　fOr　tetragOnal　niObate.　The

　　orientation　of　ferroelectric　tungsten　bronze　niobate　thin　film　was　attlibuted　to

　　both　the　closest　packed　atomic　alignment　of　c-plane　and　atomic　alignment　of

　　selected　substrate｡

4.　The　oriented　tungsten　bronze　niobate　thin　film　exhibited　a　typical　ferroelectric

　　P“E　hysteresis　loop.　The　value　of　remnant　polarization　of　the　prepared　film

　　gradually　decreased　with　increasing　temperature　from　low　to　high　temperature.

　　Tungs.ten　bronze　niobate　thin　films　with　c-axis　preferred　orientation　showed

　　diffuse　phase　transition　as　a　relaxor,　of　which　behavior　is　the　characteristic

　　property　of　tungsten　bronze　niobate　single　crystals　along　c-axis.

5.　The　tungsten　bronze　niobate　films　with　high　transparency　and　refractive　index

　　were　found　to　propagate　the　laser　beam　and　generate　the　second　harmonic

　　wave.

　　　Synthesized　Felroelectric　tungsten　bronze　niobate　thin　films　with　preferred

orientation　along　polar　axis　can　satisfy　several　requirements　for　various

applications　in　piezoelectric　or　elecroacoustic　transducers,high-frequency

surface-acoustic･wave　(SAW)　devices,　pyroelectric　　infrared　　d･etectors,

ferroelectric　memory　cells,　ferroelectric　photoconductive　displays,　two

dimensional　special　light　modulators　or　optical　waveguide　devices,etc.　The

chemical　solution　processing　w111　receive　the　increasing　attentions　f6r　tailoring

and　integrating　functionalities,　especially　in　electric　ceramics.
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　　　　The　COnCept　deSCribed　in　thiS　diSSertatlOn　Can　ble　applied　fOr　the　plrOCeSSing

of　functional　ceramics　films　with　controlled　characters　and　orientations　at

relatively　low　temperatures.　The　crystallization　of　films　can　be　promoted　by

controlling　the　reaction　of　designed　complex　metallo゛organics　in　intermediate

state　and　then　the　heat　treatment　of　alkoxy゛derived　films.　The　chemical　processing

does　demonstrate　a　promising　route　to　synthesize　functional　ceramic　films,　which

leads　to　the　integration　of　functionalities.

6.2　Further　Strategy

　　　　Further　strategy　of　this　study　is　summarized　as　fonows　:

1.　1nvestigation　of　the　relation　between　the　structure　of　metallo'organic　precursor

　　and　crystallization　process　in　more　detail.

2.　The　study　of　the　effect　of　substitution　by　a　wide　variety　of　ions　on　the

　　crystallographic　phase　and　the　properties　of　synthesized　films.

3.　Characterization　of　pyroelectric,piezoelectric,electro-optic　properties　of

　　synthesized　films　to　examine　the　applications　in　various　electro　and

　　electrooptic　devices.
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