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Research Title: The Study on Ratio of AgNbO,-PbTiO,-Bi(Zn,,Ti, ,)O, Ceramics for Development to a

High Temperatures Electronic Device.

ABSTRACT

In this work, we report the dielectric ﬁroperties and microstructure of the CaCu,Ti,0,, (CCTO)
ceramics, it were prepared with different techniques. The ball-milling and vibromilling techniques were
used in this study. The dielectric constant (€r) of CCTO ceramic samples, which were prepared by the
vibro-milling and sintered at 1100°C for 4h have had a higher dielectric constant of CCTO ceramics which
were prepared by the ball milling technique. These vibro-milled CCTO ceramics also possess excellent
dielectric constant even at the higher frequency (10-100 kHz) while their dielectric loss is having still
under 0.1 at temperatures not over 100°C. This vibro-milled CCTO ceramics offer a- promising candidate

for resistance random access memory applications, especially in the frequency range of 10—100 kHz.

Keywords : dielectric constant, CaCu,Ti,0,,, dopopants

ananssnlszmea




aw & Yn o Y v Y a & Y, %
alu\i'lu'ﬁ]ﬂuﬂmgQ,'Ji]Em?]\‘i“U’EJLLﬁﬂﬁﬂ??mﬂl@ﬂﬂmmﬁﬂ’ﬁ%?mﬁfl'@‘VN‘Vl'NﬂTLlﬂ'liﬂﬂﬁ'e)\um&’@ﬂﬂﬁmﬂ'ﬁ

d Y gj/a o/ [
9

= o { £ ] g’/ o v T
AUATIHVDYATN ‘VlEl’lﬁElu'lﬁlﬂ‘iillﬂ"li%ﬂﬂ'ﬁ‘lgl}@uuaﬁnlﬁﬂ'l']iJ‘If’JEJL“Hﬁ@ﬂﬂi@ﬂ?ﬁluﬂﬁ'}’ﬂﬂuﬁﬁﬂnu

B o

A a ar e J [ J '
HAzHBINANOY LASIATINNITNARDY uAzAIA I End uazTagmans uminedudFesInad

=) | w

[ a 4 A A 9 a d 1 a zi’ a 1 A
Froman lunsiaszvuazinsoslon 1o lunisiinsizialeers lun1siseiilduedrets uazlu

E4
o [ Y

a zg Yo 1 ’ = a o dy Yo a o Y] ~ ‘
\1']11’3"1)61!‘1@i‘lJﬂ’J'liJ“If’JEJL‘}’Yﬁ’E)%Wﬂﬂ'Ii’J%ﬂﬂﬁﬂuqﬂﬁﬂﬂuﬁuﬂﬁﬁuﬂﬁ’mﬂ%lﬂﬁﬂ?ﬂumﬂiuiﬁﬂ‘i’ﬁg

Yy v o 1 a aw a 9/ o A -
WBUNAUNGUNTITNANTTTI UNaINN AuITeRuseld Usedeudszua we. 2557 @

L4

o . = o ) § g o ’
avduaywivszng uaz i lomanasdite Idimsane iedludeyalumswannanuamnsa

I wozansomeuns OuIsuewannanuiundsaude 1)

=

A3.3598  UIIASEY

b}

W17 NUAITRL LeuRan



asvsy
Ty
HiN
L T '
undgemIne___ f
MR NGy e U
MmdAnssNUseme f
VTV O N
b 1 21T N
d' - o
UM L UM U 1
1< o w
L1 anuthinuasanudnguesdym 1
. r'd a o (
L2 RUT RO Y 2
L3 WOUIRURITI___ 2
am o =Y a
LA A O U T a0 2
LS Ay R N [ 3
16 dsglemifmadwe\®¥o 3
A = Aaw aa v :
UNN 2 NQUQUATNUIBDEIVOS 4
) = = o -1 9 .ﬂ' Ao o
2.1 wwnea nounanewdssianldasevnquisesdise 4
Y ad a . . .
2.1.1 auiid ladidnnsn (Dielectric properties) . . 4
1 s ad =Y .
2.1.2 masd ladiannsn (Dielectric constant) 5
ad - . .
2.1.3 ﬂﬁqauu?mw_w"lﬂamﬂm ) (Dielectric loss tangent) 9
22 uATsnedsYMINUNIATTRAST 11
dl as o o A . -
U S A O U Y A 17
P a & o o d @
3.1 mmmﬂﬁeumﬂﬂﬁzﬂammmﬁﬁ"smeﬂuﬂmimmmummﬁdm@ﬂw XRD).ooo 17
3.2 MSASWARVANUAMOAW. 18
3.2.1 MIMAIMIHARINAUH (Shrinkage_ 18
3.2.2 MIMANUNUUIY (Density) e 19
) a 4
3.2.3 maasnaovlassedganevesssing 19
- a A 4
3.2.4 msasndouauss ifhwessndnd e 20
3.2.4.1 anwdun i Wi Resistivity)__ 20




mM131iey (710)

t%
TN
Y=Y A oa s = 4
3.2.5 MInsndeuaNla ldwdnvisnveawing 22
cs' oo v ’
NN 4 WA T RS U T WO 24
A OIS 24
42 FOUAUOUME o 32
undl 5 agdmandan G e 33
TR L Lt O T B o N 34
L1 e 35
: 1 g 0o = aw
amanuIn'n aydamlesemsawidulasemsde 36
s IRnIay 37



MIVYMNN
A . . i
2.1 4R IATIATNYOI CCTO oo 4
2.2 AU I S M e O 6
23 VdwyagmvesTagitmsfaTnarlsws 7
24 wnumvesans leddavsaludududsey 7
2.5 dnuszmafifatulumslasdnrsndloogluauw ihassuaady 9
2.6 uansi ladidnnn uazdmsgaude vesmsiwsiindlungy A CoTiO, 11
27 ugas laSidnn3n uagammsgayde vesmssing CaCw,Ti,Op oo 12
2.8 udasr ladidnn3n uazamnsgaude mmﬂé’mmﬂﬁﬂﬁ CCTO famuvwsneafu 13

v ad o N T a o a
2.9 uaasr lagidnnn uazAmsgade veslauwing CCTO v 480 om
-4 d1 v , '
O O e I ) YU e e 13

2.10 The resistance, RHRS and RLRS. endurance and the RHRS / RL.RS ratio
of CCTO ﬁhn's annealed at 500 °C. 14

=h.

g H .
2.11 ﬂ']ﬂ’J']iJG]'N?TﬂET‘VNﬂ']’)Z SET uaig RESET 984 CCTO WTUNTDUB0U

PUHNYUNUANAIIAY 15

function of annealing temperature 15
2.13 Resistance ratio, RHRS/RLRS, as the function of the annealing 16

da o 1 ! . D o
3.2 ﬂﬁ'mgamsﬂumaﬂmaummﬁmﬂim (SEM) 1 JSM 840A 0l gfue‘fwauax_

Y g da o a o a @ - ’
‘Uiﬂ']i‘Qﬁ‘]/liiﬂ'uﬁ'lﬁﬂimﬁﬂﬁi@u AUSINYIFNTAT NTT'I'JWEJ'IﬁEJL%ENGL‘WN 20

d' E% Y v o 4 1 1 9/,
33 LLNUﬂ']‘W’N"l]57]1"11111ﬂ'l§ﬂ1ﬂ’ﬂiJﬁllW‘Ll‘ﬁS%T‘i’JNﬂ”lﬂ')']llﬂuumuﬂiﬁllﬁll‘l"h'\h

cwaseew i 22




11 anudusmnuazanudmgvesilam

o

msangude ldvesmbanuiuwy lWaudeu (vvm) 18Regannuaulaiveainiss
1 9 A’ o =Y Y Y2 A e o @ 1Y
@EJ'Nﬂ'J'NﬂJ?WGLﬂ@Q%Wﬂﬂ'ﬂM‘V]5\‘1ﬁ]']LL‘lJ‘LILﬂNulﬂclﬂaﬂ\?‘llﬂﬂ']ﬂﬂ‘llﬂﬁﬂ'ﬁwwu'l Vlﬂﬂﬂ?iﬂﬂﬁ@\ﬂlaz
o 2 ' o ] A 1 i o 9 & 4 ad
Wﬁlu‘]ﬁﬂHﬂﬁU'JfJﬂ'J']?Ji]']LL‘U‘IJIhJﬁ‘ULﬁ@uthWﬁ'IEJETJLLUU 8] ‘}’Tu'ﬂﬁlﬂ']']lli]'lLﬂJ'lﬂ\ﬂIﬂFJLW@iIi@Lﬁﬂﬂ
a 1 1 o 9 1 ] J
TAUVUGU (ferroelectric random access memory (FeERAM)), ﬁu’JEJﬂ’J’liJi]WL‘IJ'lﬁx‘iiﬂfJLLiJmﬂﬂuU‘UZjiJ
.A : ' o Y & 2 o oa ad
(magnetlc random access memory (MRAM) LLa&’ﬁu’JUﬂ’ﬂﬂJiﬂL‘lﬂmIﬂEJﬁ']iﬂﬂﬁ’Ju’l’t‘Juﬂiﬁle&’ﬂ’nﬂJ
GSIJWMWTMLLU‘UQ'( N (organic semiconductor and resistance random access memory (RRAM)) 21
o
msfnyianngluuudqvesnthennud oy ey RRAM Saummzanlyauys
‘ ) ' o t <4
nonvolatility uasmsi 1 14 umsanuswuyliaudew (v 18ge msefianudalums
o g’; T = =) ) g 1 =) g Y W o ~
mamgﬁmmuuamau 3J‘U‘H’m‘UENL“Ifaﬁ!mﬁmmﬁﬁﬂ‘uu’lﬂmﬂ, I%Wﬁ\‘]\‘]'luﬂ'l LLﬂSiJﬁ'lﬂ']gﬂ IﬂEJ

o 4 o o 1 ¢
Usingmisainsifaounnudiuniu1dlnis@nenlusaguingdeangu fooonladusslans

[

a o ' . . = PooA Aa Y d o ! 1
NIMULFUITU TiO,, NiOLne Zr0O, !.Lﬁ$@ﬂﬂquﬂ@3ﬁﬂﬂﬂiﬂﬁﬁﬁ31ﬁLW@i'ﬂ‘l/\‘ﬂ'vlﬂ@lﬂﬂﬂa']i)ﬁhu

PrmCaO}MnO3 o CaCu,Ti,0,,

(% =) g

) ac = T S o w o !
Trqesmadlszian ladiannin uazulimindds I8fuanuaule lunisdnyistrann
=) 1 { o Y < ° a dad a o < o
Tnaamizesndludmiinedestuanuz o maurslindaiannin lddsyand 11

[~ 1 { ad a o o o ° § 2 =
wudizy luaeesliih mslidnediledifannduindge o awisetndudalsziuidi

a9

'
A v

v ¥ H I .
Tulasod Maildeshilunaiidnaafiedusnsesdyana Wi fiddssnoudhy 1V g

1 T ! ad o { (B ‘
nnnsfnmuTuiceTo sxldmnd ladidnnsnfigusmga@enslnih g &) 99
yad g

1 - 4 ]
a 11dae pﬁﬂa%?aﬁﬂamﬂﬂﬁﬂzﬂsuﬂgqﬁmmmwmuﬂwﬂ13L’$aﬁwﬂamvﬁ’1'lﬂ°luﬂ?mmﬁ
A o Y1 =y 9, o a ad o s = °
mingauiwerh liehgademaIihasasluvasiinnd lasidnnin sinedaunne wazrns
m‘%am;haEJ'N”lugﬂmmﬂﬁmmﬁaﬁﬂﬂﬂizqmi“l%’zﬂwﬂwmmﬁmmé\“’w’ﬁumuumzju

(resistance random access memory (RRAM))




) o d e
1.2 'Jﬂq‘l_ligﬁxiﬂ‘ll@\‘iﬂ1i'm€l

1.

4 wa ad a . : o 1
ieftnm Tnssad1anan uazanianieladidnasnves CaCu,Ti,0, 1A2AI9E18 CCTO
A o A Y & !
mhmsBedieesiionen

1
&

wefnedouTvesiilsznevlunsstomsiind CaCu,Ti,0,,

iefinu Tnssatndn uazauiAndleddnsinves CaCu,Ti,0,, 08d 18819 CCTO
fhmsfedasmsieden vesflduuafisonty
iiefnyitenlussddseneulumassenilduuisues CacuTi, 0, LW@“lmmeﬂu

ﬂ151°ﬁq1u1uﬂwstﬂumxﬂuﬂsw

a J 4 4 o X
diovianna g anuensanedinemand uazmaTuTag ey uinye lu

o aw Y 3 a 4
AITNIVY FTIUNIANYNIN LL'ﬁgﬂTﬁJLﬂ‘Nﬁ’]ﬂaﬁWUﬂ’ﬂ@Jng’Nﬁﬂﬂ]ﬂ’lﬁ@ﬁ

1.3 YO LIUAURINSIDE-

1.

wva a g a . o 1
Anwilaseaianin nazaudinidladifnaInues CaCu,Ti,0, Hazd20879
. ) A 9 A 1
CaCu,Ti,0,, NmsRefea1sfon1se
& & d 2 a ¢ .
anuen lvesddsznevlumses suwsing Ccacu,Ti,0,,
= 9 <2 wa a a a . a '
w1 Tnseafrawdn uazautianieladianaSnues CaCy,Ti,0, Hazd18813
v o ' P 1 3
CaCu,Ti,0,, MhmsBediee15:3eA199 vosilanuafiesouiiy
Fnridon lvesdse ﬂE]'UcluﬂﬁLGl‘ifJiJ‘NmJU']\‘i‘lJ@\‘l CaCu,Ti,0,, iite I inu1zsums 14

qmﬁlumnﬂummuﬂi

as o Ao aw
1.4 A5 UUHNTIIVEY

1.
2.

~

=< Y A4 oy
ANHIITTIUNTTU ‘U@Qﬁ UASUNANINUNINYIUD

= v A o & " v Hdq9¥ A A Aqy
ANET UASDINUUUNITNAEDI NIDUNIAAADIAKDTITIAN Llﬁg']ﬁﬂ‘ﬂﬂlf’lf Lﬂi@\‘lwﬂ‘ﬂﬁlﬂ

q

A A A an
[ATDINBUTDITNITNATOU

MonITMIWssuAag1uNAARY Man e sufidesnis SEmsnageuaula
ma Tl uazersAnamentw vesiufeda i on'ld

Hann I Iddetniifauidfinmne audnfuns ldszgnddmsumsdudat
dseq wieutvesnuuuuass sumsmediimneaui idife 19idudhdmiums
d/gaildunrs ves ccTo de'ld

nageuauAnanenn uazsuama I wesdaedrefimdon’ld wloudan
sartsznoy vieud lufle 1 18medhafimingau

Rudeya uarlinnzrinanisnanes

ayUwanmsfutiuauy




1.5 auAg NI

= ¥ 9 o @ 2 an : . A a ~ '
MIATIN CCTO UUADIATUIOIITNITATSUIUNT ngN@Uulsubluﬂ']imﬁfHJLW'i'lz"iJziJWﬁGl@

] [ < o <4 4 ~ o i
a1 heduriu lddagedrannsaniten lumsessunioosndsenonlunssseud

o Q. o { °
mnge IRezannsod wsiling ccro lihlszgnadlflunumaassinannaneidvhldamisa

} a4 a a g v A yw
anvIAnToNY sz AnSamvesglnsel ngeiula

-

1.6 sz lariifimaiazldsy

1.

A o o 9 =} o t a 4 s . = -
LW?JW@J‘H'I’ENﬂﬂ’J']llgaluﬂ'lﬁLGliEJﬂJﬂ’JE‘JEJ']\‘]L“]f‘i']iJﬂf‘l’ LL’ﬁ%ﬁ‘H'lE]\iﬂﬂigﬂﬂﬂiuﬂ'ﬁmiﬂu‘ﬂ
muzanld

A Y kY & A = .-?; 1 4' A A ‘9) o 1
L‘WE)‘WV’JJU"Iﬂ']inl‘IfLﬂ‘ifJ\iﬂJE]cl,uﬂ']5LGI§EI§J1H"U‘HGI’E]H@N“] Lmzmiamam"lﬂumn@mma

Ti#th

=

LW’&)W@N‘L&W’Jm%ﬂlumﬂ‘ﬁﬂ%mﬁ@ Scanning electron microscope (SEM)
Lﬁawmuwmma‘lmﬁlmmmm DC & RF Sputtermo

L‘Wf’JWﬁllu‘lWJ"lﬂJiiu1’1'liL¢15&NL°lﬁ']iJﬂﬁ

MINATDUANTANIINIGAIN Liﬁzﬂ'l’i'slﬂﬁWW'l\‘i‘li’\l%}\h




UNnn 2

U

HHIRA NYEUAzNUITENNEITBYMINUNIUITIUNTIN

a a o & L4 d’ d‘au
2.1 nwIna ngunanmudszidulinseunguisesnive
= I'4 .. Y 4 a Ja o 1
asunaiuneiidos lnnuua (CaCu,Ti,0,, : CCTO ) Hwidumswsng gnineylu
' % ' a da ' ad a { Y <3
AQUYBY A Cu,Ti,0,, Fuilunquuauwrsiiindiiiarladidnnia ge Tavi ccto filassadraily
a a { a 5 . = [ 9
Ariin Nl TaseadruFadou il TiO, F04AIMUY Octahedra UAINDLADUVDY NDIUAS ( Cu) &
WUTLAUBZADNVDIDBNTIIUDN 4 BzA0N uaziioznonvsunndon lulwuszunsnaglu

Tnseard e FaanvagmsiSesduaninagii 2.1

W
) ’%;;\
s {“w}

MR 2.1 iaaslaseadaves CCTO [3]

2.1.1 audia lad@nnsn (Dielectric properties)
{ wa g ad a { wa o { 3
msidauiaidyledidnnin fe mshiismiaduavuiaunsanudszy i 14 uas
1 = ad a g oA = ad a ) A 9
anan ladansndlumnuenanuawsalumsinullszyvesms ladidaniniug vievenld
o v o aq ¥ a d a g; 2 Qe W W ok
nunmanugvesduivlszyildms ladiannintug wiiuiudmidrvesduivilseg

qayay It
y ¥ ' v
nilamnnyiaszilszneudiediudesiisoni luana Fsluangalndsznoudae

1 1 ad a d 1 [ 1 . '
nquTdsnou waznquadanasen Taslyagudnarculasiuiu uazegneldusdamiloasening

L &
'

Tuanauazussbamilsaneluezaeu dofiusennauw IwfhwinsziiduTuanaseh i luana



[

Aamsuentszy laenquilszquanazganan ldlufaneawawin Wi uaznquilssyanes

Ed
[ Y

4 { a v < 1o g 4
waeud 1 luisneaaumetuauy Wil dstuTuanann Tueqavesansdazaodaudlu Tummd
g’/ 1 3 =N LwoAa { : ad a
V2 (dipole moment) thnuaziluiamafsisuirvesau Inihildid 1 fearsladidansn

1A o

g Y o aag a
ﬂaxm‘mﬁLﬂumsﬂmﬂﬂmaqa"hmm (non-polar molecule) HoNIINHIIT 15 IadiEnNTAUI

s 1 ]

{ 1 ‘n/ o) J o g . . ¢ a '
yilaii luananedadiu Tumuddagegida uAAN 1909999 I (electric dipole) Flufirmielsl

U 9
4

[~ = A 9/, o 1 o Yo 1 g 1 dyd 1Y

HuszdsuuazleNuswinauiy lihnsusnuinseyime luana sz ldiagingmar B v
v

TufiemaReriuediadlusedoy GD’QLiEJﬂIﬁJLﬁﬂﬁﬂ'i mwu’aﬂmaﬂa U7 (polar molecule) LLaZ{3Hn

Tmmu@\ﬂizm'ﬂmwa@mﬁ (permanent dipole)

2.1.2 mnsil ladidnnan (Dielectric constant)

&

1 { ad a 3 - e 9 a . . . .
mned laddnnan Wuautidluaun Iifhada(Dielectric in static electric fields) Aol
1  ad a a ' 1 o 1 aw a 4 <
Iauw bifhudanuledidnninlugauad sz lifimsimvesszaluge fidoenfaiu adif
LWaami%mﬁfmﬂivﬂﬂulﬁmmqmﬂﬂmmu $ed010 e Tumusv 2 (dipole moment) taziionins
mWu'm'ﬁ@mﬁTwm"lwwu(polanzanon) maife Ina1 lsduseaezasu (cmuaa“lmﬁﬂmﬂ%uﬂ)
Huflunsnsziavesdiinasouluszaouf Auiussusumiswesiundod dwmfuluiaale
a a o a { @ o o v
soinaziimafia Iwan lnwsuuuylessilnineidesdumsnszdaduiniveunn loosunazusuy
Tosowin@ndundn Taveun lWdhildee luhassansiemisues Tuanane ludrgielna
o v
daumstia Inan s uuuuisz9eniei(space charge polarization) HiazNEITBIfUNITVUAIUD
o g t o o & v & A ° o o R
wingihyszgiuilullegedidaiunseammzmariinmgasoegiusnafumendenudng &
g o 3N o a a ” ) Y
el uveuinIurIeva LM d(phase boundary) n'l¢ TaguTnansifalnar lswduiuuaieniu

Tauaas1lugl 22



E i
Pearzaton Unpoladzes Patarized
proness state e
- __\\
4 !
Al !\- * -
-
A
L T + o b
- m e e - - < <
fons L S L R
O T S - S
R T + - LR
i \:} o
X,
RAY

Space chame

& giftugional
71

LY

A

MNN 2.2 nszuums Ina T uuuusig q

¥ 1
o

9/
TﬂEJ‘HﬁﬂﬂWEﬁuﬁ']‘l.lLLZ%/’JEU’Jﬂul'V\I‘%’}\l'I‘l)“’ﬂi“’ﬂﬁ]‘llﬂy'iﬂﬁ’t’]\‘l%ﬂﬂi”ﬂﬁﬁ‘uuiﬂﬂ']ﬂu uadas

¥
%

1/]'1&&3]‘3\‘1‘1]111?114 'ﬂEJﬂ'NﬂUL‘]JuﬁuEJw)(é‘ GINﬂ']IiJLiJuG]‘U’Jﬂ p ‘U‘O\‘lLLﬁﬁJU'JﬂDIWW']uuﬁul'liﬂﬁ']‘lﬂiﬂﬂ

s

mmﬁu‘wu'ﬁ
P= Qbx (2.1)
4 o o Q) ' y o o
cmt,ﬂunﬂt,maimm”lmﬂumﬂag“luummumwmﬂ%1ﬂigﬂau"lﬂmi;ﬂmﬂ

[ A 1

) o ¥ g [ =Y Z
Tagiumsina nan lssduiuinfSeuaoumnl3Fuiagyag (clementary  dipole

a3

prisms) wm&nmwumuuﬂﬁuwmwumﬁumaamqﬂmaﬂﬁmuﬂmwuuﬂu +0p, uny GRER
iy —0y Aqlugil 2.3 ﬁmsuﬂ1Tmuumsu:m@1awuwmﬂmmﬂimmmmmﬂuuﬁmwmw
mafad e Tnan s P nazawnsofimandouasl 8 luudasd 1ngy 23 0zld

YUIAVBINADT A9
Op = ap545x: o, OV

i | op =P=0 | 22
Y50 . 7 D (2.2)




~J

& LY A o s ' a1 2 4’{' a vy a Y a
TQEJV]'J“liJLLﬁ'J Up=n.P Lll@nLﬂunﬂlﬂaiﬂujUﬂWQﬂ\iﬂ’]ﬂﬂiQ@@ﬂuqﬂqﬂwuW?ﬁ@uﬂﬂ‘l}@QQﬁﬂ‘ﬂ

nna Twa lsedu

d' . =] [ 'd a o
A 2.3 Ysaayagruvea Tagiimadalwan sy

Q

o Y] n”d‘o [ v o’a}) =y a a o
ANNTUNUINTAYN Q180819 U U ﬁ'liﬂ'iﬂW‘l_lV!s?gl{'ﬂ'lﬂﬂ']EW%'ﬁm']aﬂ'ﬂV]'ﬁWﬁﬂJ@\iﬂ'ﬁu'l

ad a 1y T oAt ] T 1 v o @ =
s ldidnnsninlad luludoshefiegsznhausznuguesdadussaduandugy 2.4 3

v Y
1 1 as

a J g 9 /! o
fﬂ’lﬂVlt‘)E;]‘U@ﬂLﬂ?ﬁ(Gauss’s theorem) uuﬁuva‘V\l‘V\l’l E MIN983 11119 ne Qﬂ’]ﬂaﬂﬂﬂllwuiwu']ﬂ

a

1 aa 1 4’} a =} g’/ 1 = S ]
geumumm’nwumuuﬂizfg‘uuwumcgmzuqtyaunmﬁﬂuag%zmmzﬂu

E- 0/g @3
A ~(
A .
» E“%}"“h K el e Psal T
R +07 RGN B ]
—— ' e B
o | + =
+ - — v |

4 ag = L=
/N 2.4 UmNnveads ladidnnsnludaufiulsey

Luﬁlx‘li]'lﬂ']’mﬂﬁﬂlﬁﬂ'J']ﬂJG]']\i?fﬂU‘Uu']ﬂLW']ﬂu‘UENﬁﬂTJW (N) uaz (v) muu E leL‘lJ“LJ

L‘qumllaluﬂﬁm ) ‘H‘Ll ﬂ’]'lll‘lfi‘LI'ILL‘H‘L!‘]_J‘i“’i]V]iJ’I%'lﬂﬂ']'iLﬂﬂTWﬁ']‘liL%“]fu U'p UMN’J‘}’TU']“UEN’C‘I"]?VLQE)



=N @ ) T N 1 H [ ' 9 - ¥
saninez ldndrefunnumuininise g op medaufleguuurussuy AL iia

1 o o a . Y
wuunivlizgdanarhldife B lunsdl(v) Swenauniodios op — 0y tazazldd

E="°F : (2.4)

€o

1 ) 4 Y] a o =Y
AnunuLnlsEy lags i orizauyanunuvnaveanmesmsnszsans lasidnnsa
[ g’/ = gt ‘ )
D AU b8

p=gE+ P 2.5)

v
= ~

£y ad a da [ <4 a 9 a v < a3
M3 laddnns nifnsanegruingdnssuduuuududy mada Tnarlsmsuseeiiy

a

SR A

dadufumaum Iihiegneludvesing Fefeudunsdiuunisndm'ly uazes 18

q

P= XeEE (2.6)

v 1
~ 1 Pt

Wemasi lintavediela ( yp) Wumam$u18n1e Wi electric susceptibility)

a o w < at y <3 [
Iﬂﬁlﬂiﬂﬁué}'} Lﬂ‘unﬂML“]fE)g(tensor)ﬁ']ﬂUﬁﬁEN fs]}'lﬁilllﬁ’l'] P UGS E Hui’JNLlJuLfsT}Hﬂix‘lﬂu
e e

=4 ] ] 1
wtluainan (scalar)odedioiazan (2.4) uag (2.5) 3124

p=E + y.e0E = (1+ y.)g,E 2.7)
L‘ﬁ@x‘]%’lﬂD=O'T,
Q Y :
IT =1+ x.)& - 2.8)

ug&

e Qriumszyrmuuiudufivilszgdaiuie1dmanugC)diu

0 A
C = FT(l + Xe)Eo @)

Jd v a

A ¥ a o 9 g ) A g = ' 1 o/. '
mmﬁnﬂ'cjiyﬂunmﬁuuuﬁmw5‘1J“1’3Nlm‘ﬂuﬁuﬂ @l'JLﬂ‘]J‘]Ji&”‘QT]L‘]_IHLWENLLWUQSUHWQ'OUTN

«

wladefidnaug (Cy )iy




A
° a a A v v Y 1 1 1 1 t < )
5’1141fm"l,ﬂmé’ﬂmﬂwﬁmﬁmww’li”lﬁ’)(em“lﬁ'l’i”lu%amwﬁww'muwuﬂmmuﬂﬂwm
Tianugintudaesidalszney 1 + Xe cmﬁmwaau(pennmmty)ma € wp3as lad

o o

Laﬂmﬂuuammsam"lmmmmauwuﬁ

. € :
= &(1+x,) s P =1+ xe)er
: ' 0

o & 1 v o - ad o T 1 ] I @ @ w o
Al MANugUesd ALYz iias ladlnns nsznhasuguiny Wudmnuduius

C = g€ - (2.11)

=\

{ [ 1 { adg a
e SrLﬂu’dﬂ’IWEJE]iJﬁ’iJWVl‘ﬁ(relatwe permittivity) ¥3efilleuFensud1 ainsfilasd@nnsna

(dielectric Constant)‘ll@Qﬁ?iqﬂﬂlﬁﬂﬂiﬂﬁumﬂ

2.1.3 MIgayaeneladidnyi3n (Dielectric loss tangent)
A ad o 1 9 o = v ad a =3
Wemsladidnnsnegluaunssua sy nszuai Ivaruars lasidansnegs
° EY ' v o ' a wn P! a A P ad A a
wahmshanuandndituym 90 eeen udlumel§iReelimsqaideiewinnsflasidaning

' @ & o a T v. ¢ T [
anusunn lifeoiud ke avosnszua iinimhanuddadioons oo GRGATEENY

2.5

' .v la & ad a A v o
mwil 25 dhumslaiifatulums ladidnvisndosyluauny Iiihnszuaady



10

Y gd = = o ) o = llsl o
ﬂ’JFJL‘HG,]‘uNLﬂﬂﬂ']‘iQ’QuﬁEﬂ’\lﬁ\i\ﬂu Tﬂﬂmigagmﬂwawumaammmw1 ﬂIﬂﬂWi}ﬁﬂﬂ

nszuadvildifansgaido 1
1 T
P = —ffo Ul dt
1 T ,
= ?fo Uosin(wt)I, cos (wt — 8)dt 2.12)-
MmssuinsaTums(2.12) 0'ld
1 .
P ==1,Uysind
2 .
diosn Iy = 1./cosS  uae I, = wUyC dodu winuiigydonie fo
P = EUO wC tand

4 4 o o { o {
dolo/V2uaz Iy /V2 feanudadndsinfiassveeideaounde(ms voltage)
d’ o w d‘ o d' = ' = a
iag SIANTBIVIMAITOURTY(ms current)Audidy Taefl tan & Fond msgaudeonicled
< o
1NNIN(dielectric loss tangent)

: 1 T = a o .
NNNSANEIHEUATAUA PTINLINYT BTt suasesiing ceTo 181ay

Y
o

3 5’,- o - o ¥ o
WmInauoen lysueiasaadu ( mixed oxide method) Uagynswuaa ledie i as sadurh

asa o 2 a d & g am ~ ::' a ' Y A 1
‘ﬂ;]ﬂit’l’lﬂﬂ ﬂmEJL‘]JuﬁﬁLclﬁmﬂﬁ CCTO cﬁQLﬂu]ﬁﬂqilﬁiﬂNWﬁgﬂ]ﬂ Llﬂgllﬂ’ﬂl]EJ\jﬂ’]ﬂuaﬂwqﬂ L@

=

dosmgagidmiumiierhlgisefimunseay
¥
AL °1umu’mauvlﬂmﬂmmﬂnwwnimﬂﬁ CCTO Mnasasdy aviofeonud (
Cu0O) , LLﬂﬁL‘])’EliJmi‘U’é]Luﬂ ( CaCO,) , Uz ‘l'ﬂmm&ma@ﬂ"lcm (TiO,) Taowaunu laamaiinnis
& . . . d . & Y] & ' & y . Ay v
Herueon lyq (mixed oxide technique) et 5 92 1ue AenTesuadesuuudy MAUUTINGN 1A
St ad ' 0 9 [ Y o = J
ldimunalodfigrsqunginaus 850 - 1000 °c uaglfaumugdaney udnihldSinsev
Y 9 o Lij [ -4 . . [}

Inseainlagldmafiamsdonuuvesiaddag (X — ray deflection technique) lagthwanis
‘VlﬂaENV]hlﬂLlﬁ‘EJ‘UWIE!‘Uﬂ‘]JﬁTu‘UmJﬁ Inorganic Crystal structure Database (ICSD) nuleiav

032002.[11] L‘WE)‘Vi"I‘b"N@mﬁﬂNﬂLﬁﬂﬂwﬁ'NIUﬂ'ﬁmﬁEJiJ mwﬂmuumaamamﬂﬁmmmmﬁmm

q Q

=S

mt.ﬂumam:ummwmumﬂ“luiwﬂ‘uuﬂuﬂswmmwsmﬂﬁmﬂmaﬁﬁm wazdunsidouny

q



11

A = v 1 = adg = 1 a ao o o [
LRNYUDN Nﬂ']i']ﬂﬂ']ﬂ\ﬂ/]‘lﬂ’é]mﬂ%iﬂLLﬁ%ﬂﬂ']ﬁﬂ'l‘WﬂTﬁijiyLﬁEJ‘lﬂ’t‘]Lﬁﬂ‘ﬂiﬂ HAZMTIAATIRNITULUN

Tusgaveymaveuriindiduasdodsziana1en adll ievmifou lumnzaulumsirly

T <

o o w o 4 P [ g = o v oAda A
szgnalavhannudszy Tlmanuuisidesms vawnduduassudegeilia iz ay

T T
Aw a4 v

2.2 NUITEMARIVBYNMTNUNIHITIUNTTH
= =2 o d s d 4 1 2 A A @
1NMIANY1237UNTsNSmIvesa s ing CCTO HunuInIsAnE AN YIS
& Ao oo ' ' ' . A A v =
yianlnude liuwsnare Tasarslungu ACu,Ti,0, Sufimsaunuluil a.e1967 uazenuisa
a Y FY = A A =2 v a o 1 1
afuelasadelalull ae. 1979 4] wazSulimsAne TaenInemaninatongy 15u AP,

Ramirz et. al. [5] , M.A. Subramanian el. al. [6] , A.F.L. Almeida et. al. [7] itae W. Kobayashi et. al.

v 1
= = a =

4 ' < a & ' a g
[8] minmsfnudeyadildnudn ccro Wumsasidng hiiarladidaninigungil gefigaly

q Y

1 : ' a g = @ { { = a 1
gy Femsuaesn lagianns nuaasasgU 2.6 Tasfianud 1 kHz uazgaungld lusas 100 -
1 ao a A 2 1 A ’ o 1
300K 1 laddnnsnaziiargeuinn Uszans 10000 uagmasgade (tand ) 1zaanindiA1na
1 a ' ! a o a 1 o
Tugegurgilesnd 100 K Taefinsvuaasat ladiannsn uazamsgade (tnd) uaasdely

jin 2.7

PHelectyic® mnd Call Bdpe Daia for A Cu, W0, Phases {at 35°0)

Flative dielectric

Compound constant (K Loss tanpent (07 o (A a1 25°C)
LA Tig . 13236 BLOAT
2den {ri_‘_ 2 1 4 ) L0503
Lz, Tiy Dy 5 418 AR
Sm 3 ;;'e‘_'::l']?(Ti;;‘Q 12 1 ,6’55 0048
D, Co,Ti, Gy, 1,632 0040
e "'.. ~ - ’-

WU, T 1,743
Bi, 00, Ti 1,871 HEL

- BiCu,Ti £92 .08
LaC, R H Q.
Tl Ch 2 X2 0
S T Faly 4 2 ¢
G0, T Fedy 4 g 0327
Wi d»;r]';uf“v”.:ﬂj - EX] ) 030

' 1 a ‘a T a T
Ml 2. 6 uaasen laBianvsn uazmnsgade vesmswsind lungy A Cu,Ti,0,, [6]



12

10800 &

CaCu,Ti 0,

4
p

tand

pak £

¥ 10 200 a0l

Tareparatune 1)

$ 1 ag a 1 s
MR 2.7 4erAsa InBannIn uazmnsgaydy veeasiws1iing CaCu,Ti,0,, [5]

= Aw s aa o o = Y v o = A g
NAMIANEINUITENTMIARVAREINUMITHANYT CCTO U NfuTlumsinufinduly
1 T ad o 1 . Y
lumamsaamigapenis Iihaunsizan ladnninuesats cCTo fmgaiaimsfneiuuin
2 = ' A o dy
FaRmsanyagaiuteuledil
g o a o
1udl a.¢1. 2003 Liang Fang tazaaie [9] Uszaruanudiss lumswseufdunis cCTo
: : ¥ . . Sz
fsmeiaumgeuuiui Pt/Ti/Si; O/Si (100) drewseseLd Taelasaadaningania

ar Yo a dy a o a &L o
"U'E]Q“V\lﬁllll'l\‘l CCTO ‘lﬂi‘uNaﬂiz‘mUmﬂqmwﬂuu%QwumuazmmﬂuE)?Jﬂcmi]u 220 “]f\‘iwall'll'lfl

v
a 1

o oA o o . @ a 1 a d
GﬁuﬂWLﬁHﬁTiJ’liﬂiU@qmﬁﬂwﬁuW'J’Qf\iﬂ'ﬂ 700°C HAZANUAUDONFLIUYINTIT 13.3 Pa ﬁﬂwﬁll‘ﬂ'lﬁ

Q

YUIA 480 W1 TUwATREINIT0 UM TUazANUAUTNAINT 720 ° C LAY 26.6 Pa azsazliaash
1 i { P = =} N wa
auuABNdIege Yssman 2,000 iawd 10 Hz figamgies uaasliifiuiguautifauiuves

¥ . . ] = =3 a @ 1 a o
flsu1e ccto vuituia Pt/Ti/Si, 0/Si aansaifeudessudedunalufiuizfidy ccro

s & o 1@

y a 2 : G = o way = 3
unfnEI0en lyd 14 FalunssuiumseSondldudis PLD  quautiRvesiduiudsiuegiy

% = ¥

= o A .. 1 1 o ~ o
W'lﬁ'lﬂJm@i'EdJu Quﬂizmumiﬁzﬁu (depOSItlon) FFHANUAHILUUUDINAINUNDATINTLIAAN
4 s A o 1 w & Vet 1 E v
HASHNNUNIAAULDIYDT LiJ’E]L‘]_]ﬁEJ‘HLL‘IJE‘Nﬂ'J']iJﬂuHLuU‘U’ENWG\NTHLWSIWZJ?]TQ'QGIJHL“UH NN
' —_ 1 1 a a o i wa a o t 4 o [
nuwiu 4 J cm Zwmwﬁumsuawlam';;mszu,a:ﬂmﬁmumuaumamamwm e 11dn
~ 1 a g Y 1 =) ~ 1 ald A 1 @ 9
Weudsualediannin uasmmsga@onFoufenssnieildunanunuiuanaiedu ldna
[% = = 1 a g a 4 1 = ald aAa
mMinaaesains 1yl 2.8 unziSeudisua ladilannsn uagamsgauds vesisunfianunu

imnuna DAy ldnadens gl 2.9




13

107 . :
3 . s §t0nm
- (a) > 480nm
2 = 3700
4 v  250nm
10

10 brrrre—rrrrr—rrrrrrrrr;

1. (b)
1.5k
:’ .{;
©c
et 1 L
08 L
100 10° 10 10t 100
Frequency(Hz)

! ' aa a T a s d i
MuA 2.8 udasa laBidnnsn uazmnsgade vesllduwsiing cCTO fanunu

A9 AU

e B TFCH{Z
seo— 10KHz {a)
10 |a— 100Kz :

-~ 500KHZ
o 1Nz (b)

tan d

: " T
o Vs “'
i sxi“./.z, ﬁw&u«g:‘:pi’ilﬂg SLgu

180 200 250 300 350

Temperature (K)

{ 1 ad a 1 a d a d {
M 2.9 uaas ladiannin uazAnsgaude veaflduwiind CCTO w1 480 nm

ANNDA1EYAU



14

. 2 a o 2 =ad 4
111 A#t. 2011 Li-Chun Chang itagnaiy [10] Fnendnswavesnshaddnaseuiie
| & 5 { o w o . P !
wasuasdrdmmuldihmioniniadees CaCusTig0q, W (ccTo) fifilnseatae
@ YR’ , ¥ a2 o g S
WUY perovskite Tavhnsanmilasnisasivianssua-ussdu il avinuiimsiedidaaseuiu
& o ' o A q @ ) a =
anauilomsvaoudesluussemseondeon  fisl¥anudiumuas ﬂﬂms&ﬁmuuﬂawm

or

"I’NZJﬁﬂM'lTIJ’N ( HRS) ﬂJ‘UTJUJGﬂiﬁﬂuﬂ"l ( LRS) mm“lwma 1ﬂm’ulaaﬂmumsm 2811

R

£
1doen s UPoole-Frankle ﬂamwmﬂmﬂ‘mmmﬂmu%mmuwmfﬂﬂiglumﬁfmmn'ﬁﬂ15
= v & = yys aw o v . e " w o e
6L mumd1mﬂynﬂf-m13Lﬂﬁwmmmﬂ’ammumuLm'vwmmr'm@mﬂ‘ﬂmsmﬁ‘mamsw-wlau
CcCTO Tinsandaedrontors adameiigamglimanasueey Taovld Vsetr Vyeser way
92 TnavesaammusiunIzuaUes HRS(high resistance state) aﬂo‘lwmmammwmmaaw
A
sty Samarhlfhvesildy coTo annealed veifosasfigamgiifigei nalndwsumai Lrs
(low resistance state) 140g HRS (high resistance state) UANHAULAIMNULLY ohmic uazﬂa'aa
WHLNMLUY Poole-Frenkel awd1dy @ uAuilsey Ni / CCTO / Pt uamsnnudiumufigenn

ngeaduiusanndandumsde / Jamanhewuing ndimsnaaouanuadon 5000 s

r 105
gt - ©08Y read, sfter 50006 stres ; ‘
3 ji .w-*“”")@‘ g
e 3
e -«-amw“#”""%&'“’m_“‘%"w _
; EiE N o
P 1 .
5 4 E P
¥ || 110
- i | +
R - : B L
s b4 T
17 £ L0 e
ﬁSvﬁEpi‘} iiez:t a6 - 41 Sl
Temperature(®C)

m‘W’ﬂ 210 The 1esxstance RHRS and RLRS, endurance and the RHRS 7 RLRS ratio

of CCTO films annealed at 500 °C.

5 Y1 T ’ 1 o o o o ¥ o I~
%Qnlﬂﬂ']NﬂGl']\?‘Uf‘Jﬂﬂ'J'lﬁJﬂ'l\iﬁﬂEJﬂ']'l]Z‘VI'NTu Hagn1Isaun1inIgu Lﬁﬁ)mllﬂnl%'!,ﬂu
y ° Y A Hqy o Y2 Y o oy C o 2y
’H“H'JEJ‘?]'J’]ﬂJfl]'ILL‘]J‘UvlﬂJﬁ‘ULﬁ'f]u‘V]1‘Hﬁﬁﬂﬂ15L"’U'm\‘]ﬂ'lﬂﬂ']@l'luﬂ'lullﬂﬂijw (RRAM) “lf\‘lblﬂf«lﬁﬂ'liﬂﬂﬂ@\‘i

1 1 w d o a 1 [ {
YBIAMANUANANG 1198 SET H19¢ RESET Meuiugamgiiniseuseudaglil 2.1



15

a A
n Sof voltage
a & Pesel voltage
& »
5r , &
{22nm) -
o ' 27
2. 4- f38nmg
@ .
b2 A
% B (Tinmwi
= 2. % =
- s |
g - f —L— . — : —=—
Asdeposited 308 408 500

Temparatura{*C)
MWl 2,11 ManwAAngan1ae SET Lax RESET w84 CCTO firunsouseui
gangdfiuandreiu

13l a7t 2008 Yu-Shu Shen uazams [11] Aunus CaCus Tiy 045 ooy dlu
srqualanli ’c"rmf}’umwfvmmmméﬁumudﬂﬂ'ﬁﬂﬁzqﬂﬁﬁﬁwﬁwmmﬁi’ﬂéafju Fage
wiowlesTs lvawaiazmsvaoy(amealed)igangdanee  Semsdnynudmi  bisable
udmuhaunsan/feudnsasinalszmsvefidy CCTO ‘ﬁm’%mﬂﬂﬁﬁhmaﬁ@am.gﬁmﬁ
waouee  laedy CCTO %3;LfmeﬂSWﬂgmmﬁ%ﬂmﬁmmu%ml?%aumlaqﬁqmwgﬁmau

A X

: s X oo 9 -
(annealed)tnatios 700.° ¢ Ju'ld Wlddmsfisiuvesgamgiinnaey, Von, Vorg, a3
3 Al ON,» YOFF

Da

X

$1lnavosnszue HRS iozmnudumin LRS Myt Selamginainnanssnidefect-healing
3 4 1 ~p at = 4 = o o o I"‘
30 vizedeeniounsuvesilany CCTO fgamglinaeu(amealed)figelin Aaufihmsmas

4 = = o o IV w & =
annealed)gaungil 800 C aziifnumwgamuzdmiumalszandldiy RRAM dlesaindlunses

4
e

nuvwIalvgiuaznuni

323
4

Von (V)
A

[LRA

Vorr (V)

700 . 8o ' 800
Annealing Temperature {(°C)

A4 2.12 Turm-on voltage (VON) and turn-off voltage (VOFF) of CCTO films as the

function of annealing temperature



16

Y

LRS

10°F -

RHHS /R

10°F 3

700 800 800
Annealing Temperature (°C)

HIMA 2.13 Resistance ratio, RHRS/RLRS, as the function of the annealing

temperature

107; T T T ¥ T T T 4 7
E
£

Resistance (Q)
e

0 200 400 600 800 1000
Switch Cycle

=

ANWA 2.14 The resistance, RHRS and RLRS, endurance and the RHRS/RIRS ratio
of CCTO films annealed at 800 °C.




dlavedynna1 nszvInd ANt
17

UN 3

A5dufiumsIde

J ay a A v A s d
31 ﬂ'ﬁﬂi?ﬂﬁ@ﬂ@ﬂﬂ‘1J§$ﬂ?)‘i]‘i’l‘]\i!ﬂuﬂ?ﬂ!‘nﬂuﬂﬂ]imﬂﬂ!ﬂu‘ll@\‘lﬁdﬁ!@ﬂqf (XRD)

aw

ey a e v s d o -2 =
Tusddsitldmadansfenunvesddidadlumsasinaeumissslszneumaniiuay
= a a é’ Y (Y v A g 4” a o Y a a
yuaveudannaiy laoerdonannisannsenuvessefidndasuuiuirfrqudufamnsaia
. ) g = dy 1 o/ 5 !t o = o o
(scattering) uazidsuuu laslyumsmenuuuanaranuldyueddulasendnuazssuindedan
[ A d” v a o ¢ o [ .Y T a A o
nignuneludag iWesnagluuumsifeuunvesssdidnddmiuiaquansaialisnume
° o W a & v o 4 o 4 1Y v v ad dd a
mmzzasdmivlagyilatug dwuleduaseansi9ia(detector) M3095US B ndNns 21T
o ° [ < Y1 oo g g @ a 2
penu19In IRy lusumisneg Aaunsaasngeuldniagiudutagszinnla Tasfinisand
o o o ) Y J& o A3 4 d’, &
NUANHUTAIYNUDWYINN(Bragg’s angle) azANNTUAAT OG0 UnLUATEIULY F
d” v A o ¢ 9 A ° = v Y =N 1 e 1
sdunums@enunvesssdiondginsnaeunld wedhwusuAudeyamsyiiadien ileglu
N ' { o <
FudoyaunsguICPDS files) sxansoven ldmsiinasegeudiuaisdsznnla ndou
¥ =
naven ldnmsiimala
k4 ¥ 1 ¥ 1
TuAoUNIATIIFR IR NS NNMDIMIT o T U InAideans AT ANy Tyld Ty
o a T o ' g o I~ o o Y A& g & da '
nszandminlaasdiedie nindwhlineideedmiundguauluassusndisdarivsaln
= 4 . ~ 4 = v A g N
103 (X-ray diffractometer) (71 3.1) ud13un501TneldithnewaacuK ) 7195938 nd A0
r a ¥ H
vnnaudszina 154 A sihmstuiingluusmsasuuunndiyu 20 @ 10 2 laudesiy
= o 1 =Sy ¥ Kt o 1 . ¢ v
26 1 60 v thay 20 I8 nngUuuumsBennuindiunm d-spacing :1nnQUBLIAT

TUN1T (3.1)

d= "2 | (32)

= — 3.2
2sin @

& ’ A 1 U )

119 das IEHIUNINIEVINNTEUIY

& A v a g J
}\, 18 AMUYIINAUUDITIFLONY



18

" 4 g & da a ¢ B
M 3.1 nsoudndsdanuvlsn aidine3 (X-ray diffractometer)

3.2 MIATIVABUANTANELNN
3.2.1 MIMAIMIHAAINA A (Shrinkage)
msnEmsnamluauiseiAnma s nadadady (linear shrinkage) VD3
Fuomanindg ndwunszimmsnFuned ﬁ'@amﬁmﬁuw'mgmefﬂmwaﬁ;mmv%aﬁeu

% a o g’l o 1 { o % a 4
Az A NAUNhmN ldndunaiiosazmanadveussindauaums (3.2)

! v a 3 D _D
mmsnaanzudu (%) = % X 100 % (32)
1

4' A 9 1 4 a’l 1 [ a 4 o w
L?JE]D]_ e D2 ADLAUNIUFUINANUDIYUNUNDULALHAIN TIHNIFUADT AINAIAY



19

3.2.2 MINANNHRUWHY(Density)
1 T a i Qs Y { %’
Mmmsmamanundveurinwsenld  Tasodonanmsunufiveuiivues

Sy . 2 o a ddy ! & B ¥ .
DITANAH (Archlmededes) FUINMNMTHUULITNATNADINTIT VIR TUTIBIVUL LU (Wl) MNUUUTIN

B4 3
o

1 y v 1
sulwhnaufunainu 2 Flus udriteBluenmaswbuiaihmdsazilen (W5) unzdalu

4 Ll 1 { (% o [} 1 )
w1 (W3) dufinasiegida ldudanhundinamamanumuisiuainaums (3.3)

Wy

Pe = Gr—wy © PHz0 (33)

4 T = so} d‘ .
We P uaz Py, fe  amuiuvedssiln uagihildlummanos

v H .
Wi, Wy wae W3 Ao dwidnveussilinfgsermavazuie anzileon uazlu

9
11 eNA1AY

'3
3.2.3 miasvaeulasiadisgamave ursding
R Y da o 1
MInTIITeLaNYUzYel IAsIasganIndIundesganssmitianasouLLLEDY
. Y al i s 1 1 1
nTASEM) Awaatlugy 3.2 vewuawniin Tij_4Nb,O, niidadiuden uazru

a P a 2 o a Qy o 8 g‘/
ﬂig’,ﬂ?uﬂ'liLN"IG]fuLﬁ@ﬁﬁ@mﬁﬂh&mﬁﬂ FNAIMANUTEDIANIFUINU LL'!,%}'J‘V]'lﬂ']i@']Jﬁlﬁlllﬁlq AMNUU

U
v

o & g &g o 2 a ' A o ¢ v q Yo o
wnFuuiugwang dueaziuldauuuniunsunioastb) aremiaiueulesialimmi
(surface) UATOUNN (fracture) INBYVUKIWMUINNUIZAUABMTATIEDUMBINANA  SEM
y . 4 a £ ) o Y a ¢ . Y o o
NAUUMMIPTURITUNUAIENeIRT  laslanatdaadmmoi(sputtering)  udati1 ldvhnng

da g 1
Gli?%ﬁﬂﬂﬁlﬁﬂﬂﬁy@\‘li]"mﬂ5‘iﬁuﬂmﬂﬁi@uuﬂﬂﬁ@\1ﬂi'}ﬂ



20

4 a 1 ' da o
NN 3.2 ﬂﬁ'mi;amssmfmﬁﬂmauuuuamﬂim (SEM) 71 JSM 840A o flU8IBILAL

a d da a a o '
UImsganssenimansidianasou A Inemans ynInededeslna

3.2.4 msasnaeuanta ihveswsiing
3.2.4.1 mamuiumu Inih(Resistivity)
o U Y 9| g; wa 9, a'

Tumahmsaswaoumanwdumulih  saunsauti®lihoug  uas
wa ad a a a8 o 1 A aa 1 P aa o [
auiia lagidnnsnueasiiing Nl dadumsdenidsname LAZINNQUNANTUIADT AN AL

1 o wa a" a 4 1 o c’a’; 1 d a o
ABUMIATEUANTR Fuwind dosrumsyinualiihney arenmsatlamesunanitivag
a PR a a I'4 ' v d d o
vurl Taeldnaszua lihaeindszuna 15 Tadueuudld wazanuaiednsdszina 520 Tas v
v e ) o o g oy ) s @iy ) g v A d.a
wuinsaesiu  nasmnihva lihGoudoouds  dundamanudumu e eaiad

a 4 aa 9] 1 o 1 o o 1 {
fweiuuuainea Tuiina udnhmn ldndusammanmdumu lihonaumsi G.4)

Rs. A

R e— 34
Ps h (3.4)

e pg Ao anwdwmuldiheeaasiiing (Q — cm)



21

~
"

anudumulndhindald (Q)

& YA
AnunHvessuiing (C1m)

Dp
@ ©

h
Y 2

. . d2 .
a o
A fe  duimbdaveussiing (cm?) Feuamen T e d fevuia

1 o a o
Lé’luw']uﬁuaﬂﬁ"lﬂ‘uaﬂclﬁ'lﬁﬂﬁ ’

v o d
3.24.2 anuduiussznemanumnuisuazs ssualhuaz e llih
(J-E characteristics)
[ o 2 Y 9 Y ) o Y 4 T [
naa91n9192 I G eudesndt hesndeuanuduiuisendtesininy
nuHuns s I (current density : J) uazanaruiu Wi (electric field : E) Tageanumui
1 1 1 1 Y] Y }

nszue Ifhazm Idnnanssua Ifhwazarauin e 1dinanmnnuaedng i fian

t & a o v 1 o oA ° 2 a ¢
ATBUTUNUIETINNT MsmiaInszua I azanudedndisuvonmsisuauwsing A

' v 1 ]
doamsaTndeuLIReIiIAY9TAgUT 3.3 vindwihmsdiunlasumanuiadnd Wihfiee
] o Q 1 L s d’ 1 QSI = T 1

Wuraws (Vo) udvihmsiadanudadndfhiinseudusesiin(V, )uazdrnnuda
o da 1 o { 1 : o a Poa o @ o
Andfinseudadiiumuinnum (V) Fsddumuiinguanldlusasdmsumsin CCTO

1 -7 1 T 1 -7 4 o=y 1 Q’l g’l 1 1 2
uAazdadinen ldmastuiissnnanuiumuveusslnduras Ui 13 A uana LY

v o i = E Y v AR 1 ' v o
nashnsnaaestienszua luneaasssosuiasuds duindranusrednd Vg uag V.. (anu

7

1 o ot o 1 2’/ { ! 1 1 Qs i
Gl']ﬂﬂﬂﬂ"U@\?LLﬁﬁQ%WEJﬂi%LLﬁVlV\I‘W’I) ﬁ@?l‘l'l@gl/‘luLlﬂﬁgﬂ'Nﬁfl_'i‘l_lL‘lJaﬂuﬂ,’lﬂ'ﬂuﬁ']\']ﬂ'ﬂfﬂw%l\hﬁ‘ﬂ'IEJ

o 1 9) A 1 Qy a < A - Y o g’; v 9 1
ﬂ'lu']mﬂ']ﬂis‘ﬁLLfTULWW'lV)‘lﬁﬁNTL!GKL[L%THJﬂﬁ Lu'ﬁ]\'iﬁ]']ﬂ'Nﬁ]SV]GLGKVI'Iﬂ']TWﬂﬁ@ﬂuu@nﬂ’lu‘ﬂ']u‘l’lﬁ'lﬂﬂ']
1 1w Qy =Y o <A a A @ Y g’/ 1 9,
ﬂaeuﬂimgﬂuwmmmmmﬁmmammﬁm”lﬁaiuad%iuuma ﬂﬂuuﬁ"]i\l'ﬁﬂﬂTﬂ'lﬂSZLLﬁnh’\h’\h

d 1 Qy a 4
P InanuFursiing ldnnauns (3.5)

I = .IR.Z‘— (3.5)

Y i 1 Q’J = o o a
wo  Ig ueelp  Aenszualihit Inaruduwsifinuazdadrmumudisu (4)

: A 1 o oal 1 o Y ' = o
VR ADANUANANSVANATOUAIATUMIUNT TV (V) G]f\‘lﬁ'lllﬂ‘ﬂ']ﬂ

VCC_VS

\

R AemnnudumIvesdItumimsua (V)




d' a 9/ Y] v d 1 1 1 9
HNNN 3.3 Lmum‘waq%5v1“1%“1uﬂ15141ﬂ31mﬁuwu‘ﬁizmnmmmwumuuﬂwuﬁ“lvxl‘vxh

uag anauy Wi

22

b4 ' x
vasnnnswa I wae Vg udn hemsdewumuluaums (3.6) wag (3.7) Wenm

AnuruHunTzua 1 7 tazaaun Wi E audiay

] = Is/fé_1
E - V/h
o J fo avumuuniunszue Wi (4/cm?)
E fo  auwlih (V/cm)
h #o anumwesiumaing (cm)
A Fo  tufmihdaveamsiind (cm?)

. QIR a g 2 a d
3.2.5 ﬂ]iﬂi’mﬁE)‘lJETZJ‘]Jﬂllﬂ?Jmﬂ?]iﬂsll@\u"lﬁ]ﬂﬂa’

lunsfnuieuda ladidansnveassiing CCTO

(3.6)
(3.7

By
FmsuauItetiazihnsdny

T { ad a . ' T ag a . .
AN BTSN (dielectric contant,Ey ) LazAIATFATEMI BTN (dielectric loss tangent,

tan §) sansama’ldlasldinSos LCR fimof Agilent ju 38401A Tavsniifaléfeananig

. 1 adg a o [ '
I (capacitance, ©) uazamsgadenaladidnnsn (tan §) shnsiafenlugaead

1
r=\



23

=% [V

] 4
100Hz ~ 1MHz msnaaesrild lasiienindfidesmsiasedinuiainnaiuiuiindiniug

1 ad o o 1 o ' = ag na
Tih uazegaydomsladibansn whaanug fhunsuradnsd ladidansannaumsG.e)

) C.h
- 3.8
r T oA (3.8)

A A 1 ~ a g a A v o . .
11D Ey k) A ladiannsn v3eaanmeeaudusing (relative permittivity)

€g AD  AIENINZLBNVINGYNMA LAWY
8.8854 x 1072 F/M

C A anuglbidh (F)

h  de  avwnmuweuwsiad (m)

¥ 4 ar a
A #  duimbdeveswsidnd (m?)



UNM 4
Naﬂﬁ%{fﬂua:i’fagauauu:
4.1 HaN15398
UNUI

The perovskite - type compound CaCusTisO1, (CCTO), was first discovered by
Subramanian et al [1]. Its extraordinary dielectric constant is almost temperature
independent from 200 K to 400 K, with low frequency dielectric constant of CCTO which

can be as high as 95,000 in the single crystals from, and 12,000 in the sintered pellets

[1,2]. For the ceramic [1] and thin-film [3] samples at room temperature, the typical value .

of fan b is about 0.2 at 10 kHz. The CCTO has various advantages as capacitive elements
in microelectronic devices over other ferroelectric materials including BaTiOs [4]. This
titanate oxide crystallizes in a cubic structure with Im3 space group. The TiOg octaﬁedra
are tilted, resulting in the doubling of the perovskite-like lattice parameter and involves a

square planar arrangement of the oxygen around the Cu?* cations [2].

The high dielectric constant of CCTO can then be understood based on a barrier
layer inechanism. This is a well-known mechanism for titanates processed in such a way
as to produce grains that are reduced and conducting when coupled with grain boundaries
V\I/ith much less conduction [1]. Th;a CCTO has an electrically heterogeneous structure
involving mobile charged species in terms of the Maxwell-Wagner relaxation [5], and the
internal interfaces in polycrystalline CCTO gives rise to the polérization in
semiconducting grains and insulating grain boundaries based on the internal barrier layer

capacitor (IBLC) model [6,7].
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In this paper, the phase stability of CCTO was examined by controlling various
preparing conditions, there we used ball milling and vibratory milling techniques.
Characterization of the samples was carried out using x-ray diffrac;cion (XRD) and
scanning electron microscopy (SEM). Other properties such as, density, dielectric constant

and loss angle were intensively studied.

Experimental procedure
The CaCu;TigO12 (CCTO) powder was prepared by the mixed-oxide route. High purity
(> 99.9%) CaCO; (Riedel-de Haen), TiO, (Riedel-de Haen) and CuO (Aldrich) powders were
weighed in the desired ratio. The first samples were mixed by ball milling for 24 h using
| yttria-stabilized zirconia balls in ethanol media. The second. samples were mixed together and
milled using a vibratory mill for 6 h. After being dried, the powdefs were calcined at 900°C
for 2 h to form the CCTO powders. The distribution of the particles was observed using a
particle analyzer (Malvern Instruments Limited Mastersizer S).The calcined powder was
granulated using polyvinyl alcohol (PVA) 3% binder and formed under a uniaxial pressure of
1500 kg/cm® into discs, typically 12 mm in diameter and 2 mm in thickness. The discs were
sintered in air at 1000 - 1100°C in a step size of 50°C twith soaking time of 4 h). The ramping
and the cooling rates were 300°C/h. The polished CCTO pellets under the different mixing
conditions were examined via an X-ray diffractometer (Bruker D8 Discover) for their phase
evolution. The crystallite sizes and the strain of the powders prepared through both methods
were calculated using the Scherrer equation and the formula derived from Bragg’s equation,
respectively. Density of the polished CCTO samples was measured by using the Archimedes
method. Silver paste was used as the electrical contact. The painted samples were dried at
750 °C for 20 minutes, and the dielectric constant and the loss tangent were measured in

terms of the frequency (f = 10% — 10° Hz) with an Agilent 4284A LCR meter at room
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temperature. Microstructure of the polished ceramics and the calcined powders were studied
using SEM (JEOL JSM-5910LV). The impedance spectroscopy measurements of the

ceramics prepared via ball milling and vibro-milling were made at 500 kHz to 1 MHz (HP

4194A impedance analyzer).

. Results and discussion
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Figure.1 XRD patterns of CCTO polished surface ceramics with two different milling
methods and sintered at different temperatures. Sample A: Ball milling, sintered at
1000°C, B: Ball milling, sintered at 1050°C, C: Ball milling, sintered at 1100°C, D:
Vibro-milling, sintered at 1000°C, E: Vibro-milling, sintered at 1050°C, F: Vibro-

milling, sintered at 1100°C.

Fig. 1 shows the X—ra;y diffraction patterns for the CCTO ceramic samples with
prepared by ball milling and vibro-milling techniques at various temperatures (1000-1100°C).
The XRD peaks obtained here are»in agreement with that obtained by Yang et al[8] and Brize
et al[9]. All peaks can be matched exactly with the data in the Inorganid Crystal Structure

Database (ICSD) file N0.032002, which is cubic perovskite. According to the file, the density
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and lattice parameter (a) of CCTO are 5.053 g/em® and 7.371 A respectively. The lattice -
constants and the densities of the ceramics of various conditions were determined and
tabulated in Table 1. The lattice constants of all CCTO ceramic samples were obtained by the
least-squares fit method, which have a very close .value to that of the lattice parameter of
CCTO recorded in ICSD No0.032002 data. The density results of the sintered ceramics
increased with increasing sintered temperature. The maximum density Values of the samples
prepared via ball milling and vibro-milling techniques, both sintered at 1100°C were 98.63%
“and 96.76% of the theoretical density recorded in ICSD data, respectively. This means thaf

the milling technique has insignificant effect on the densification of the sintered CCTO at

1100°C.
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Figure.2The particle distribution of the calcined CCTO powders prepared via ball-milling

(A) and vibro-milling (B) techniques.

Fig. 2 displays distribution of the CCTO particles prepared from ball-milling and vibro-
milling methods. It can be seen that the particle sizes prepared via ball-milling are separated
into 2 modes with the average sizes of 5 um and 50 pum, (overall average value is 12.5um )

‘while that obtained from vibro-milling revealed only 1 mode with the average size of
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approximately 3 um. This confirms the better results of both particle distribution and small
size of the vibro-milling assisted method for ceramic powder preparation.

The strain and the crystallite size of the calcined powders prepared through both
methods (at 900°C) were calculated. The results show that the crystallite size and the strain of
the calcined powders are 46 nm and 0.011 prepared via ball-nﬁlling and 48 nm and 0.0125
prepared via vibro-milling, respectively. It can be also seen that the powder pbtained from the
vibro-milling method yields smaller crystallite size. Thus, it is expected that the particle size
of powder and grain size of the ceramic prepared by the vibro-milled powder could be finer

than that obtained from ball-milling method (in Fig. 4).
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Figure.3 Temperature dependence of the dielectric constant and loss tangent for CCTO
samples, sintered at 1100°C/4h. A and B represent the samples prepared by ball
milling technique while C and D prepared by vibro-milling technique at various

frequencies.
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Fig. 3 shows the dielectric constant and dielectric loss of CCTO which prepared by
ball milling and vibro-milling techniques and sintered at 1100°C for 4h, against the
temperature ranging from room temperature to 120°C in the frequency range of 1-500 kHz.
As can be seen, at the room temperature and at the frequency of 10 kHz, the dielectric
constant () of the ball-milled sample is 9100, against 32,000 of the vibro-milled samples
while their dielectric loss (tand) values are almost the same (~0.05) at room temperature to
70°C. At higher frequencies, the dielectric constants of the vibro-milled samples still show
higher values than that of the ball-milled samples. Moreover, the dielectric loss increased but

still remained lower than 0.5 in a range of room temperature to 100°C.

Figure.4 SEM pictures of CCTO powders calcined at 900°C for 2 h(A: prepared by ball
milling technique, B: prepared by vibro-milling technique) and the crack surfaces of
CCTO ceramics sintered at 1100°C for 4 h (C: prepared by ball milling technique,

D: prepared by vibro-milling technique).
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Fig. 4 shows the SEM pictures of powders calcined at 900°C and the crack surface of
CCTO samples sintered at 1100°C. As can be seen, the average size of the ball-milled
powder, about 10 um (Fig. 4A) is larger than that obtained from the vibro-milled powders,
about 2.0 pm (Fig. 4B). These results are closely similar to that obtained from the particle
size analysis (Fig. 2). The average grain size of the CCTO the ball-milled ceramics (Fig. 4C)
are particularly larger (20pum) than that of the vibro-milled sample which has smaller grain
size of ~ 12 um (Fig. 4D). It often is the case that the distance between grains (from vibro-
milled ceramics may be narrower than that bf larger grain size 1n the ball-milled ceramic. The
details of tﬁe grain size are shown in Table 1.

Tablel. Relative density, lattice parameter (a) and average grain size of the prepared CCTO

ceramics at various conditions.

Sintering temperature ] Average grain size
'o _ Density* (%) Lattice parameter (a (A))
O (um)
1000 94.05 - 7391 17
Ball
1050 95.97 7.391 18
- milling
1100 98.63 7.391 19
1000 92.85 7.391 . 8
Vibro- .
1050 93.94 7.391 9
milling .
1100 . 96,76 7.391 12

The idea of the conductivity of the sample is prevented to percolaté by the presence of
insulating blocking layers at the surfaces or at internal domain boundaries. The insulating
layers are thought to cause internal boundary layer capacitance (IBLC). Based on these
possibilities, the higher grain boundary resistance (Rg) could play major role to enhance the
dielectric constant. The different morphological models were proposed to explain the unusual

dielectric behaviour [10]. The IBLC model was recently supported by different observations
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of defects inside both single drystals [11] and grains of polycrystalline CCTO [12,13] and by
complex impedance spectroscopy measurements on a CCTO crystal [14]. The dielectric
properties of CCTO ceramics are very sensitive to processing parameters. Values between

500 and 20000 are usually reported [15,16].

-30000

-25000 = /

~20000

-15000

le

-10000 -{

-5000 - ¢

0

0 5000 10000 15000 20000 25000 30000 35000 40000 45000
7
Figure.5 The impedance plots of the CCTO ceramics prepared via ball-milling and vibro-
milling at 500 kHz to 1 MHz.

In this work, the impedance plot of the CCTO samples prepared from both ball-milling
and vibro-milling methods are revealed in Fig. 5. The inset is the plot of the impedance of
CCTO. It can'be seen that by extrapolation the resistance of the grain boundaries (Rep) aré 26
kQ2 and 43 kQ for the ball-milled and vibro-milled samples respectively. Based on the Rgp
values in this experiment, the CCTO ceramics prepared by vibro-milling technique, with

smaller average grain size, have both dielectric constant and dielectric loss more than that

obtained from the ball milled CCTO samples.
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Conclusions
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College of Data Storage Innovation, King Mongkut’s.Institute of Technology
Ladkrabang, Bangkok 10520, Thailand

In this work, we report the dielectric properties and microstructure of the CaCuszTi,0;
(CCTO) ceramics, it were prepared with different techniques. The ball-milling and vibro-
milling techniques were used in this study. The dielectric constant (g,) of CCTO ceramic
samples, which were prepared by the vibro-milling and sintered at 1100°C for 4h have
had a higher dielectric constant of CCTO ceramics which were prepared by the ball-
milling technique. These vibro-milled CCTO ceramics also possess excellent dielectric
constant even at the higher frequency (10-100 kHz) while their dielectric loss is having
still under 0.1 at temperatures not over 100°C. This vibro-milled CCTO ceramics offer
a promising candidate for resistance random access memory applications, especially in
the frequency range of 10-100 kHz.

Keywords Capacitors; dielectrig properties; perovskites; grain growth

1. Introduction

The perovskite-type compound CaCu; Tis O, (CCTO), was first discovered by Subramanian
etal. [1]. Its extraordinary dielectric constant almost temperature independent from 200 K to
400 K, with the low frequency dielectric constant of CCTO which can be as high as 95,000
in the single crystals from, and 12,000 in the sintered pellets [1, 2]. The high dielectric
constant oxides have been plziying a significant role in the microelectronics, since, they can
be used as important devices such as the dynamic random access memories based on the
capacitive elements [3]. The CCTO has the various advantages as the capacitive elements in
the microelectronic devices over another ferroelectric materials including BaTiO; [4]. This
titanate oxide crystallizes in a cubic structure with Im3 space group. The high dielectric
constant of CCTO can be understood based on a barrier layer mechanism. The high dielectric
constant in CCTO is a grain boundary layer capacitor model was invoking semiconducting -
grains and was insulating grain boundaries. The CCTO structure is more constrain than
the usual perovskite structure. The TiOg octahedra have tilted to form a square planar
arrangement around Cu®* [2]. This is a well-known mechanism for the titanates processed
in such a way as to produce grains that are reduced and conducting when coupled with grain
boundaries with much less conduction [1]. The CCTO has had an electrically heterogeneous
structure involving mobile charged species in terms of the Maxwell-Wagner relaxation [5],
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and the internal interfaces in the polycrystalline CCTO gives rise to the polarization in the

“semiconducting grains and the insulating grain boundaries based on the internal barrier

layer capacitor IBL.C) model [6, 7).

In this paper, the phase stability of CCTO was examined by the various controlling
were prepared condition, where we used a ball milling and a vibratory milling techniques.
Characterization of the'samples was carried out using x-ray diffraction (XRD) and scanning
electron microscopy (SEM). The other properties such as, a density, a dielectric constant
and a loss angle were intensively studied.

IL. Experimental Procedure

The CaCu3TisO;, (CCTO) powder was prepared by the mixed-oxide route. High purity
(>99.9%) CaCO3 (Riedel-de Haen), TiO, (Riedel-de Haen) and CuO (Aldrich) powders
were weighted in the desired ratio. The first samples were mixed by the ball milling for 24 h
using yittria-stabilized zirconia balls in ethanol media. The second samples were mixed
together and were milled for using a vibratory mill for 6 h. After being dried, the powders
were calcined at 900°C for 2 h to form the CCTO powders. The distribution of the particles
was observed using a particle analyzer (Malvern Instruments Limited Mastersizer S). The
calcined powder was granulated using in polyvinyl alcohol (PVA) 3% binder and formed
under a uniaxial pressure of 1500 kg/cm? into discs, typically 12 mm in diameter and 2 mm
in thickness. The discs were sintered in air at 1000 — 1100°C in a step size of 50°C (with
soaking time of 4 h). The ramping and the cooling rates were 300°C/h. The polished CCTO .
pellets under the different mixing conditions were examined via an X-ray diffractometer
(Bruker D8 Discover) for their phase evolution. The crystallite sizes and the strain of the
powders were prepared through both methods were calculated using the Scherrer equation
and the formula was derived from Bragg’s equation, respectively. Density of the polished
CCTO samples was measured by using the Archimedes method. The silver paste was used
as the electrical contact. The painted samples were dried at 750°C for 20 minutes, and the
dielectric constant and the loss tangent were measured in terms of the frequency (f = 10% -
108 Hz) with an Agilent 4284A LCR meter at room temperature. The microstructure of the
polished ceramics and the calcined powders were studied using SEM (JEOL JSM-5910LV).
The impedance spectroscopy measurements of the ceramics were prepared via ball milling
and vibro-milling were made at 500 kHz to 1 MHz (HP 4194A impedance analyzer).

II1. Results and Discussion

Figure 1 shows the X-ray diffraction patterns for the CCTO ceramic samples were pre-
pared by the ball milling and the vibro-milling techniques at the various temperatures
(1000-1100°C). The XRD peaks were obtained here which agree with those they were
obtain by Yang et al [8] and Brize et al. [9]. All the peaks can be exactly matched with the
data in the Inorganic Crystal Structure Database (ICSD) file No. 032002, which is cubic
perovskite. According to the file, the density and the lattice parameter (a) of CCTO are
5.053 g/em® and 7.371 A are respectively. The lattice constants and the densities of the
ceramics of the various conditions were determined and were tabulated in Table 1. The lat-

-'tice constants of all CCTO ceramic samples were obtained by the least-squares fit method,

which have had a very close value to the lattice parameter of CCTO recorded in ICSD
No. 032002 data. ’
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Figure 1. XRD patterns of CCTO polished surface ceramics with two different milling methods and
sintered at different temperatures. Sample A: Ball milling, sintered at 1000°C, B: Ball milling, sintered
at 1050°C, C: Ball milling, sintered at 1100°C, D: Vibro-milling, sintered at 1000°C, E: Vibro-milling,
sintered at 1050°C, F: Vibro-milling, sintered at 1100°C. (Color figure available online.)

The density results of the sintered ceramics were increased with the increasing sintered
temperature. The maximum density values of the samples were prepared via the ball milling
and the vibro-milling techniques, both sintered at 1,100°C were 98.63% and 96.76% of
the theoretical density recorded in ICSD data, respectively. This means that the milling
technique has had insignificant effect on the densification of the sintered CCTO at 1100°C.

Figure 2 displays distributions of the CCTO particles are prepared from the ball-milling
and vibro-millig methods. It can be seen that the particle sizes were prepared via the ball-
milling are separated into 2 modes with the average sizes of 5 um and 50 pum, (overall
average value is 12.5 um) while that obtaining from the vibro-milling were revealed only
1 mode with the average size approximately 3 pm. This confirms are better results of both

Table 1
Relative density, lattice parameter (a) and average grain size of the preparing CCTO
ceramics at various conditions

Sintering Lattice parameter Average grain
temperature (°C) Density* (%) (a (A)) size (um)
Ball milling 1000 94.05 7.391 17
1050 95.97 . 7.391 18
1100 98.63 7.391 19
Vibro-milling 1000 92.85 7.391 8
1050 93.94 7.391 9

1100 96.76 7.391 12
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Figure 2. The particle distribution of the calcined CCTO powders prepared via ball-milling (A) and
vibro-milling (B) techniques.

the particle distribution and small size of the vibro-milling are assisted method for ceramic
powder preparation.

The strain and the crystallite size of the calcined powders were prepared through both
methods (at 900°C) were calculated. The results were shown that the crystallite size and the
strain of the calcined powders are 46 nm and 0.011 which were prepared via ball-milling
and 48 nm and 0.0125 which were prepared via vibro-milling, respectively. It can be also
seen that the powder obtained from the vibro-milling method yields smaller crystallite size.
Thus, it is expected that the particle size of the powder and the grain size of the ceramic is
prepared by the vibro-milled powder could be finer than the ball-milling method (in Fig. 4).

Figure 3 shows the dielectric constant and dielectric loss of CCTO which was pre-
pared by the ball milling and the vibro-milling techniques and sintered at 1100°C for 4h,
against the temperature ranging from room temperature to 120°C in the frequency range of
1-500 kHz. As its can be seen, at'the room temperature and at the frequency of 10 kHz, the
dielectric constant (&,) of the ball-milled sample is 9100, against 32,000 of the vibro-milled
samples while their dielectric lossing (tand) values are almost the same (~0.05) at room
temperature to 70°C. At higher frequencies, the dielectric constants of the vibro-milled
samples were still shown the higher values than the ball-milled samples. Moreover, the
dielectric loss was increased but it were still remained lower than 0.5 in a range of room
temperature to 100°C. : ‘

Figure 4 shows the SEM pictures of powders were calcined at 900°C and the crack
surface of CCTO samples sintered at 1100°C. As its can be seen, the average size of the
ball-milled powder, about 10 m (Fig. 4A) is larger than a samples that were obtained from
the vibro-milled powders, about 2.0 um (Fig. 4B). These results are similar to the obtained
from the particle size analysis (Fig. 2). The average grain size of the CCTO the ball-milled
ceramics (Fig. 4C) are particularly larger (20 pm) than the vibro-milled sample which is
smaller grain size of ~12 um (Fig. 4D). It is often the case the distance between grains
(from vibro-milled ceramics may be narrower is larger than grain size in the ball-milled
ceramic. The details of the grain size are shown in Table 1. The idea of the conductivity
of the sample is during the sintering step of CCTO it loses small amounts of oxygen
and become conductive. Correspondingly, the certain reoxidation creates insulating layers
on the surface and along the internal boundaries of the individual grains. This is called
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Figure 4. SEM pictures of CCTO powders calcined at 900°C for 2 h (A: prepared by ball milling
technique, B: prepared by vibro-milling technique) and the crack surfaces of CCTO ceramics sintered
at 1100°C for 4 h (C: prepared by ball milling technique, D: prepared by vibro-milling technique).

internal barrier layer capacitance (IBLC), which is considered to be the origin of the
giant dielectric constant of CCTO. Based on these possibilities, the higher grain boundary
resistance (Rgy) could be play major role to enhance the dielectric constant. The differences
of morphological models were proposed to explain the unusual dielectric behavior [10].
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Figure 5. The impedance plots of the CCTO ceramics prepared via ball-milling and vibro-milling
at 500 kHz to 1 MHz. (Color figure available online.)
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The IBLC model was recently supported by the difference of observations of defects inside
both single crystals [11] and grains of the polycrystalline CCTO [12, 13] and the complex
impedance spectroscopy measurements on a CCTO crystal [14]. The dielectric properties
of CCTO ceramics are very sensitive to processing parameters. The values between 500
and 20000 are usually reported [15, 16].

In this work, the impedance plots of the CCTO samples were prepared from both
the ball-milling and the vibro-milling methods are revealed in Fig. 5. The inset is the
plot of the impedance of CCTO. It can be seen that by extrapolation the resistance of
the grain boundaries (Rgp) are 26 k2 and 43 k<2 for the ball-milled and the vibro-milied
samples respectively. Based on the Ry, values in this experiment, the CCTO ceramics were
prepared by the vibro-milling technique, with a smaller average grain size, it have had both
the.dielectric constant and the dielectric loss more than that it was obtained from the ball
milled CCTO samples.

IV. Conclusions

In the conclusion, CCTO ceramics were prepared by the vibro-milling technique, which
was sintered at 1100°C for 4 h. The results show that the vibro-milled CCTO ceramics
have had an excellent dielectric constant even at higher frequency (10-100 kHz) while
the dielectric loss is having still under 0.1 at temperature not over 100°C. In the contrast
to the CCTO ceramics was prepared by the ball-milling technique, which was sintered at
1100°C for 4 h, the dielectric constant is much lower within the same temperature range.
Therefore, CCTO ceramics was prepared via the vibro-milling technique were considered
to be a promising candidate for the high capacitance density applications, especially in the
frequency range of 10=100 kHz.
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