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Abstract

In this research, CaCu,Ti,O,, (CCTO), NiO-based, CuO and (1-x)CaCu,Ti,O,,-

XLy 4, Tl 0Ny 0 (CCTO-LTNO) nanocomposite ceramics were synthesized. X-ray diffraction

0.30 0.68

(XRD) and scanning electron microscope (SEM) with energy dispersive x-ray spectrometer (EDS)
were used to characterize the phase formation and microstructure of theses ceramics, respectively. The
dielectric and electrical properties of the synthesized ceramics were investigated in the frequency and
temperature ranges of about 10°-10" Hz and -50-200 °C, respectively. The research is divided into
four parts as the following.

First, the dielectric properties of CCTO ceramics prepared by three different methods—a simple
PVA sol-gel, an egg white, and a polymerized complex—are investigated. It is found that the

synthesized ceramics exhibit the microstructure that consists of grains and grain boundaries. The values
of € of the CCTO ceramics prepared by these three methods are found to be in the range of

1.0X10"°-2.0X10" at the frequency of 10° Hz. Interestingly, €' of the CCTO ceramics prepared by
egg white and polymerized complex routes is nearly frequency independent in the frequency range of
about 10°-10° Hz. The dielectric relaxation behavior exhibited in the CCTO ceramics can be well
ascribed by using the Cole-Cole relaxation model. The giant dielectric response in the CCTO ceramics
may be attributed to the electrically heterogeneous structure, consisting of semiconducting grains and
insulating grain boundaries. As a result, the internal barrier layer capacitor (IBLC) effect exhibited in
the special structure can result in the giant dielectric response of the CCTO ceramics.

Second, the investigation of the giant dielectric response in Li Ti Ni, , O (x = 0-0.10 and
y = 0-0.15) prepared by a polymer pyrolysis route are studied. The XRD and SEM-DES results
demonstrate that the Li and Ti doping concentrations have remarkable influences on both of the phase
formation and microstructural evolution of the Li Ti Ni,  _ O ceramics. It is found that the Ti"" doping
ions prefer to form the second phase of NiTiO, phase; in contrast, the Li" ions can easily substitute the

Ni*" sites in the NiO crystal lattice. Interestingly, Li doping has a large contribution to the substitution
of the Ti'" ions on the Ni’" sites. It is observed that the NiTiO, particles largely accumulate along the
grain boundaries and on surfaces of the LTNO ceramics with Ti = Li. However, such large
accumulation can be removed by increasing the Li doping concentration. The microstructural evolution
can suitably be ascribed based on the liquid-phase sintering mechanism. For the dielectric properties,
all of the Li TiNi, O ceramics exhibit the giant dielectric constant, €' ~10°-10°. Two sets of
relaxations are observed in the dielectric spectra of LTNO ceramics with Ti 2 Li. Both of the LFR and
HFR can be well fitted by the Cole-Cole relaxation equation combined with the dc conduction term. It

is found that the oxygen vacancies in the ceramics induced by annealing in Ar atmosphere have a great



influence on both of the LFR and HFR processes. The total resistance and grain resistance of the LTNO
ceramics increase with increasing the oxygen vacancy concentration. These changes in the resistances
can cause a dramatic change in the dielectric properties in both the LFR and HFR processes. The
increase in the total resistance is attributed to the transformation of the semiconducting surface to the

insulating surface. Consequently, the additional polarization at the interface of surface layer and the

inner part can raise the low-frequency €' of the LTNO ceramics. The decrease in € at a high

frequency range is attributed to the increase in the resistance of the grain. Besides the Li TiNi, O

1-x-y

ceramics, the Li Ti Ni, O ceramics, which are prepared by a direct thermal decomposition method

0, LiXFeyNi O, and

1-x-y

and a PVA method, as well as other NiO-based systems, i.e., Li V Ni

1-x-y 1-x-y

Li ALNi, O, are also studied in this research. The giant €' exhibited in these ceramics can be

ascribed based on the interfacial polarization mechanism, resulting from the inhomogeneous structure.
Third, the influences of the heat treatment in Ar and uniaxial compressive stress on the

dielectric properties of the CCTO-LTNO nanocomposites are investigated comparing to the CCTO

ceramic. The results reveal that oxygen loss in the structure due to the effect of annealing in Ar results
in the increase in the € value of the CCTO ceramic, but no effect on the dielectric properties of the
CCTO-LTNO nanocomposites. It is also found that both of €' and tand gradually increase with
increasing the applied compressive stress; while, €' and tand of the CCTO-LTNO nanocomposites
remains constant. As a result, the dielectric properties of the CCTO ceramic can be modified by adding
LTNO nanoparticles. The experimental results can be well explained based on the IBLC effect.

The last, the dielectric and electrical properties of CuO ceramics are investigated. It is found
that the CuO ceramics can exhibit the giant €' of about 10*-10°. The dielectric relaxation behavior
exhibited in the CuO ceramics nearly coincide with the ideally Debye relaxation model. The observed
giant €' in the CuO ceramics may be attributed to the electrical responses of the grain boundary and
inside the grain. The low-frequency €' value corresponding to the electrical response of the grain
boundaries is found to be decreased with increasing an applied dc bias, which is related to the increase

in the resistance of the grain boundary due to the effect of dc bias.

Keywords: Synthesis; Nanoparticles; Nanocomposite; Ceramic; Oxide; Giant dielectrics; Crystal
structure; Microstructure; Dielectric constant; Dielectric properties; Electrical properties; Polarization;

Dielectric relaxation; Cole-Cole model; IBLC model; Annealing; Uniaxial stress; Oxygen vacancy



Executive Summary

Recently, high dielectric constant materials have been playing an important role to the

electronic industrial because of their potential applications. CaCu,Ti,O,, and NiO-based ceramics, the

giant dielectric materials with g'~1 03—105, have been investigated intensively both technologically and
scientifically. However, the suitable dielectric properties and the clear explanation of the origin of the
giant dielectric response in theses ceramics are still missing. Therefore, the aims of this research are to
improve the dielectric properties of the CaCu,Ti,O,, and NiO-based ceramics and to ascribe the origin
of the giant dielectric response in these materials.

In this research, we have successfully prepared the CCTO and NiO-based nanoparticles. Four
kinds of giant dielectric materials, i.e., CCTO, NiO-based, CuO and (1-x)CaCu,Ti,O,,-

xLiy 50Ty 0oNip sO (CCTO-LTNO) nanocomposite, have been synthesized. Throughout the research,

0.68
several techniques are used to characterize the prepared powders and the synthesized ceramics.—phase
formation and crystal structure can be confirmed by the XRD result, surface morphologies and chemical
compositions in the microstructure are revealed by SEM images and the EDS profiles, respectively. The
dielectric properties and electrical response(s) of the synthesized ceramics are investigated in the
frequency and temperature domains (10°~10" Hz and -50-200 °C).

The first part of the research is to prepare the nanoparticles of CCTO by three different solution

routes—a simple PVA sol-gel, an egg white, and a polymerized complex and investigate the dielectric

properties of the synthesized CCTO ceramics. The giant €' is found to be about 1.0X10"*-2.0X10" at
the frequency of 10° Hz for all of the CCTO ceramics prepared by these three methods. We have
found that the CCTO ceramics exhibit the microstructure that consists of grains and grain boundaries.

The superior dielectric properties of the CCTO ceramics prepared by egg white and polymerized

complex routes is obtained—&' is nearly frequency independent in the range of 10°-10° Hz. To
ascribed the origin of the giant dielectric response in the CCTO ceramics, the dielectric relaxation
behavior exhibited in the CCTO ceramics are fitted by the Cole-Cole relaxation model. It is found that
the experimental results can be well described by using this model. Hence, the giant dielectric response
in the CCTO ceramics may be attributed to the electrically heterogeneous structure, consisting of
semiconducting grains and insulating grain boundaries. Consequently, the internal barrier layer
capacitor (IBLC) effect exhibited in the special structure should result in the giant dielectric response
of the CCTO ceramics.

The second part of the research is to investigate the giant dielectric behavior in Li Ti Ni, O

1-x-y
(x = 0-0.10 and y = 0-0.15) ceramics, which have successfully been prepared by a polymer
pyrolysis route. The XRD and SEM-DES results reveal that the Li and Ti doping concentrations can

strongly result in the changes of the phase formation and microstructural evolution of the Li Ti Ni, O

1-x-y



ceramics. We have found that the Ti"' doping ions prefer to form the second phase of NiTiO, phase,
which appears in the microstructure both of grains and grain boundaries. In contrast, the Li" ions can
easily substitute the Ni*" sites in the NiO crystal lattice. Interestingly, high-doping concentration of Li
ions can promote the substitution of the Ti' ions on the Ni’~ sites. As a result, the NiTiO, phase
cannot be detected in the LTNO ceramics that contain Li doping ions more than Ti ions. The

microstructure analysis reveals that the NiTiO, particles largely accumulate along the grain boundaries

and on surfaces of the LTNO ceramics with Ti = Li. However, such large accumulation can be
removed by increasing the Li doping concentration, corresponding to the phase formation analysis. The

microstructural evolution can suitably be ascribed based on the liquid-phase sintering mechanism. For

the dielectric properties, all of the Li Ti Ni, O ceramics exhibit the giant dielectric constant, g ~

1-x-y

10°-10°. We have found that two sets of relaxations are exhibited in the dielectric spectra of LTNO

ceramics with Ti 2 Li. Both of the LFR and HFR behavior can be well fitted by the Cole-Cole
relaxation equation combined with the dc conduction term. This part of the research has also
investigated the effect of oxygen vacancies on the dielectric and electrical properties of the LTNO
ceramics. We found that the oxygen vacancies in the ceramics, which are induced by annealing in Ar
atmosphere, have a great influence on both of the LFR and HFR behavior. The total resistance (R,,)
and grain resistance (Rg) of the LTNO ceramics increase with increasing the oxygen vacancy

concentration—R__ is enhanced after annealed the samples in Ar. These changes in the resistances can

total

cause a dramatic change in the dielectric properties that relate to both of the LFR and HFR processes.

The increase in R, is attributed to the transformation of semiconducting surface to insulating surface.

total
Consequently, the additional polarization at the interface of the surface layer and the inner part can
raise the low-frequency €' of the LTNO ceramics. The decrease in € at a high frequency range is
attributed to the increase in the R, value because the concentration of charge carriers has been reduced.
Besides the Li Ti Ni, O ceramics prepared by a polymer pyrolysis route, the Li Ti Ni, O ceramics
are also prepared by a direct thermal decomposition method and a PVA method. The dielectric
properties of other NiO-based systems, i.e., Li, V\Ni, O, LiFe Ni, O, and Li Al Ni, O, are also
studied in this research. The giant €' exhibited in these ceramics can be ascribed based on the
interfacial polarization mechanism, resulting from the inhomogeneous structure just like in the LTNO
ceramics.

The next part of the research is to study the effects of heat treatment in Ar and uniaxial
compressive stress on the dielectric properties of the CCTO and CCTO-LTNO nanocomposites.
We have demonstrated that the dielectric properties of the CCTO can be improved by adding the LTNO

nanoparticles. The results reveal that oxygen loss in the structure due to the effect of annealing in Ar

results in the increase in the €' value of the CCTO ceramic, but no effect on the dielectric properties of



the CCTO-LTNO nanocomposites. We have also found that both of g’ and tand gradually increase

with increasing the applied compressive stress, while, € and tand of the CCTO-LTNO
nanocomposites remains constant. The experimental results can be well explained based on the IBLC
effect.

The last part of the research is to study the dielectric and electrical properties of CuO ceramics,

which are prepared from high purity CuO powder (99.999%). It is found that the CuO ceramics can
exhibit the giant €' of about 10°-10°. The dielectric relaxation behavior exhibited in the CuO ceramics

nearly coincide with the ideally Debye relaxation model. The observed giant €' in the CuO ceramics

may be attributed to the electrical responses of the grain boundary and inside the grain. The low-
frequency €' value corresponding to the electrical response of the grain boundaries is found to be
decreased with increasing an applied dc bias, which is related to the increase in the resistance of the

grain boundary due to the effect of dc bias.
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gunsalnediannssiindnldnusgadiaunsnaralutagiu lesdaguesendlndniimaladidnaings
11 1,000  awnsawdseanlailuaaengy Taanguusnda Jagunaslsdianasn (ferroelectric) 19U

v
' ]

Pb(Zr, Ti)O, (PZT) waz BaTio, Jagnauiiiluiagnilalwalauudnnds (permanent dipole moment)

9

ToglalwalWiwariianinsonazinGesmamuiiamasannliihmeuenilile dwaliiions
aauauasladanainiigennn waznguiiaasda waslsdianasnuuuiuantzas (relaxor-ferroelectric)

#alaun PbMg, ,Nb,,,0, (PMN), Pb(Zn,,,Nb, .)O, (PZN), Pb(Sc, ,Ta, ,)0, (PST) waz (Bi, Sr)TIO,

2/3
1%

¢ 1 Ao ag a_ A a o v Y ' =
ﬁaﬁlaaﬂl‘lfﬂﬂquuﬂﬂﬁimQUHHBQ'YI'NLWaﬂ'ﬁaLﬂﬂﬂﬁﬂ'ﬂqm'ﬂ{]ﬂﬂ’]ua%ﬂ’]ﬂiﬂﬂuWNIWWTQQ aﬂﬁﬁliﬂ(ﬁnﬂ

aaeiiladianasnyaniggnigasnguiiinmsdsunlasmugamgiuadgeannunn Taganwizgis

gamgiivaamsiasulasiasndn vsaniGan aamaies wadsnanidualitiadadinauaztuded

R.

4

lidasmsdmsumaihlddszgndldonulunara g su (Wu et al,, 2002) ey lumsuszhvg

H

aunudszgdmsuldnulusasinihi Jagleddneinildnuszuinuwiudidninsavasdinulszy
o G ¥ A M ad a d o - v o v & a v ' ' v g a ¢
hdudasdianailodidnasniadesiveldiioulaidudndmeldansen g uimniagnldussavg
fieeeiladidna3nfidsuulasivgamgiiegnmnnuady duszaugnlaasliudsusimumunazena

a8

@l naliidaanudamadasasliihuazginsalmedidannasiniaseainieasivihaenarnil
wannniiaguasandlndlogdilnaifinem (lead) Wuasddsznavdaiiuansiy dremananenan

]
[ =

wanil Tagiiieanledianainguazlifinznidudrndsznau sumiianuedasmeanusauluzgs

9
v

anmgiinti ufluiaaiidasmsuasldiuanuaulastanndmiumaihainldnuaie
I@finsnumsdnnaniansladidnainaasianaanladinasendlng caCu,Ti,0,, (CCTO) s
wuhifuiaaiiimasiladidnaingann Tasiaszanm 10°-10° (fenwuddind 10° Hz) Fuiluei
nnnheasitladidne3nuasiae PZT via PMN uasiiddnyeaeiiladidinainuas cCTo fimiidaudng
mﬁmaaﬂﬁwqmwgﬁ 100-600 K (Subramanian et al., 2000; Ramirezetal et al., 2000) uaﬂmﬂi‘itﬁa
ccto fudutagilufiosnuiiuasdisznay (lead-free) Bnehe Mnauantameladidnainiiiuda



[y

anamiiinli ccto iutagladidnasnildsuanuailaduamaunansludusasmsnmiiugiums
Inenenaasuazludmuraimsuszandldnu dain Wu et al. (2002) lansnumsaunuiggaanlye
ﬁﬁﬂ'ﬂmﬁlﬂﬁlﬁﬂm%ﬂgmwﬂ (agfimvszann 10° ﬁqmwgﬁﬁamazmm?{é{ﬂﬂ'jw 10° Hz) uazdl
ngAnssuMeladianasnaamanu CCTO nn waklaseasalaidumwasandlne (non-perovskite) aa
O (LTNO) lagf

Faqundin LTNO  lilludaquaslsdianasn (non-ferroelectric)  wazlaifinznilussdisznau

Do

Fanamiiae Nio filaumelaasuas Li uas Ti viaaldauunuMmIBgnsIAdl Li Ti Ni,__
uanimilanniag LTNO ud mesiiladidnasniiguiisunhiuiaquniin LTNO  fsaansonwuldly
1,0 (Hsiao et al., 2007), Na TiNi, O (Jana et al., 2008),
K TiNi, , O (Jana et al., 2006), LiZrNi, O (Mana et al., 2010), LiWNi, O (Chen et al.,
2009), Li,V\Ni, O (Chen et al., 2009), Li SiNi, O (Lin et al., 2005a), LiPr,Ni, O (Dakhel,
2010) was Li ALNi

AN NiO ngudu 9 W Li TaNi Loxy

1-x-
1,0 (Lin et al, 2004) aghalsiany Tag LTNO é]’mmﬂui’aqlm&ﬁnm’%nﬁ
ihanlaiigalungu Nio wanil asnniimansznadzasmesiiladidnasnmuanuiitasiiyn

ilasnnhi¥ag CCTO uas LTNO Wuiagiifantiamaladidnasniiiube duluiagnsaasii
izldfuanuaulauasiimsdnmadianharns Tesmiddsdnannldissaduluins@nmifaiu
msﬂ%’uﬂqqauﬁ'&mql@ﬁLﬁﬂm%ﬂiﬁ'ﬁﬁ'ﬁyu mmgjﬁ'umﬁ%’ﬂLﬁaﬁnmmmmqwmmaﬁ@hmﬁlﬂﬁLﬁﬂm’%ﬂ
figanngaiiuidaiigionidesiuagaudetagiu ludusasmesiannuasSulsauiamaladinasn
v WuduilaSuanuaulauatldimsanmaenenadialimansathluldnuldase (Bender,
Pan, 2005; Kobayashi, Terasaki, 2005; Shao et al., 2007; Patterson et al., 2005; Kwon et al., 2009;
Liu et al., 2006,2007; Sun et al., 2008) TﬂElwfjﬂﬁ%ﬁmmwzmmsaﬂ%’uﬂgqauﬁa‘nwlﬂﬁLf?mm'%ﬂ
oFQENANle Ao

1. msiulsaismseSan Lf'.;aqmﬂfaqmiwﬁﬂ ccto sulvagilusnenuidelagnaasey
Tag IS msmufnsenuuuaauzuaeude (Solid state reaction, SSR) "z‘%qL‘Tju'i%ﬁLm'%auﬁ'lﬁi'aqmﬂﬂum
aumaluszauluasauuasfunaiishane sunslismnsamuauasdlsznauldaiauiuou duly
S’aqmswﬁﬂﬁlﬁ'awwﬁiﬂsqa%'ﬂqqua;aﬂﬂﬂﬁlﬁmmzam‘im%umsﬂﬂﬂﬂizqnm"’lﬁmuﬁq LU LAWY
Tulaseasi viadimsdulavaunsuifioUndiasdiadaaifdenasasiaaandis Tumeassiud
mso3anianuaEniin CCTO waz LTNO lagismataiiona q sansofuansiiaqueiidnnaayme
TuszéuinTuwes  wasiianuahiana (homogeneity) TInMIsssnansomuauasdlsznavlduiuay
(precise composition control) (Liu et al., 2006,2007; Sun et al., 2008) Lﬁaqmnﬂmﬂaqmﬂmﬁlﬁ'ﬁ
210 1usza U lUNns Nsun3adlaaaueie g 1u5’aq§qL?JunalnaﬁLﬁ'mﬁ'mﬁ’umsl,ﬁﬂﬂﬁﬁ%mmﬁ
viamaiamauasisiuinduldegenai demadinanil maduensiiagualesldizmamani
Hldgampilunszsiumsiodeniionnh Snmsianinsoldifiuiagauasdulunssuumsaiiilduug
daluldds dufaquaniin CCTO war LTNO fildnnmswienlasizmuaiiazianasymaly



szduinlues aldifumsmdulumawdeniaquaiin CCTO was LTNO fifisntidfiduasiisnasil
laddanasngala

2. M51Aanlwndn (composite) 6?;0L“flumiﬁﬁaqLa'%wﬁmwﬁﬂma’%u (reinforcement) 1u5’aq
%an (matrix) Lﬁaﬁw’lw"’lé’ﬁ’aqiwﬂﬁﬁauﬁﬁmqatiwﬁﬁuw%a53auﬁﬁﬁLm:rmasimmnehqﬁ’uaaﬂlﬂ
Tumadidasns

waniiaNnTaqueniin CCTO  waz LTNO ua) nseidgagalanuinigqusiin cuo
HhidnwilsTaquniiniifisiaeiiladidnasniigann Tasfimaglugie 10 89 10° (fanude 10° H)
(Sarkar et al., 2006; 2008; Li et al., 2009) ‘[ﬂﬂﬁﬁhmﬁlm5L§ﬂm%nﬁg«umé’an&inﬁmmsaLﬁﬂ"ﬁﬂﬂﬂ
duasiaaies Hlidashunszunumslaudalaaauii g duduluiagladidnainndy Nio wialidas
unssnumssnluussnmeaidasmuauuuuRiay asmnniaqunin cuo hufagiisinsaniaw
Iafaamaishnhidawniin CCTO way LTNO sawmsdsanansniadonlalutfanaiann snvadadiu

9 U

v a

gaiinmdunumsKaafinsuinauiiafisunuiaawsin CCTO waz LTNO aeuuiag CuO Iuily

L oJde

1
=8 @

anuiliiagladidneinihaulann  uasdaansouSulynaautitveedelidiiuld asdaaliiag
cuo ndunmeiiuiagladidnaindnsiiaiicninsoldssdusiiudulsznovnasgnsaididnnsaiind
e lov

FuiulumAdeiajuiumsdnmanianeleddneinuesiaquain CCTO uaz LTNO
wisnmedsuuuIndvarsds (@deldilusenunmsise) duluismsiedsuideussiueiisune
aymaluszauinluwns Wy mawsealagisiielgaiaa 35liun Bwedwasideday Imsaaad
yeenufau uaziswedwedlulalsda  wenaniiudr luniddeidaldnmaadaaiaquaia NiO
najuﬁ'uq 8nene 1w LiFe Ni,__ O, LiAINi,__ O, LiInNi,__ O udz Li V\Ni, O dwiuiaqusiin
cuo  lumAdsilldindeunniague cuo  Afienuudaniann (99.999%) NAUIEN Cerac uarly
mideildsldeianiaquainnureulndesas CCTO-LTNO ialildiaglusidiiantiad g Adau
Tasmahasiieasiladdnasniigunouassmagadamsladidnesn (and) fidr Mamsdienaades
damatldsuniasasdlsznaumaniimeluiaauazannznadanee  wy matiauiamaledidnasn
fasiuihasiimsgydseansiaululasaeundiu visfianuadssdaanuduitlddunnanns
wadan Fauiamaledidnainuasiaqunin CCTO uaz LTINO  meldanududslitnafinany
MsAnwINnau &1TuIaare CCTO  wag LTNO Hadsnlaazdnwlasmeila TGA/DTA, XRD,
Raman Spectroscopy, FT-IR, SEM uaz TEM antuiaausiiidanldazgminndadugiuasdnm
WOANTINMILNKTIN (sintering) Waz¥aqumiin CCTO, Taqau NiO wa CuO Aildnnmstenuiinazgn
i lddnerlaseasianiegania (microstructure) wazn1snauauaIneladianainlasldinaie
Impedance analysis 8% Board-band dielectric spectrometry muﬁ%’af’?uaﬂmﬂazﬁﬂmmsﬂ%'uﬂ@muﬁﬁ
meladidna3nuasiaaudr udrdsdnmnamgriasaduduaeimsiicaeiladidnasniigann suds

aNSwaraensauliaNsau (heat treatment) UUSIENNABISNDY, DNIWHVBIANINLAY, DNSNAVD



msuseaulnihnszuanse wazdndwaresiaquasuiidaantifmeladiana3nvasiaguniindlat

wazdaginluaanlndn  Nndeyanlannnudenivued iRemaiznnsomisnidgninngy

ccTo nfigndanuledidnainiiduazldasdanuiluilumsedeaiagnay CCTO, LTNO uaz CCTO-

LTNO inlunaulndn siumssdanugineanunginssumsnausuasnalodianainigann Tagaad

azaansnadaMauIsgasuduasmsiimasiladanainiigunnluiagnanille uazluaauvie

ylasamsmanazladayaiiugpuiddydmsumsieisnildnunasisgnguildalulusnan

1.2

1.3

1.4

o d
?G]ilﬂi%ﬂ\‘]ﬂ“llﬂi‘l‘[ﬂi\iﬂ'l'i

1.2.1 tefnmmaedsnisgaymeunlunas CCTO uaziaqladidna3nngu Nio filadaude
5uuuTvdatheheuasadsaiag CCTO-LTNO nlunaxlnda siuisiaginiin cuo

1.2.2 dadnnwgdnssumsuenuiinuazlasiahamamesasiaaunininieuld

1.2.3 adnnaniamaladidnainaasiagiioIauld

1.2.4 tiiedAnmndnsnazasmssulianuioumeldussenmeannsneu snswaresanuiduuuy
wnuidien dnswazaunduluihnszuanse uazdniwavasiaauaduiifinadaauiianms
ladianasnuaside CCTO, Taqnan NiO, CuO uazidsg CCTO-LTNO wlunaulnde

1.2.5 tieasneanvanissaEudurasmaiimasitladidnainiigannluiaands  cuo,
CCTO, 1a9naw NiO uaziag CCTO-LTNO wluaanlnda

1.2.6 waaunegulniiagdeaidndluglresindinszaulsyaendnau 2 au

VAULYAYDNIITY

1.3.1 038NIaQ@AN CuO, CCTO, TaAnaN NiO uazian CCTO-LTNO wluaanlnda
@835 SSR LAz BN NLANBENINBLUUAN 9

1.3.2 Anwnwpdnssumasneiinuazlasiaiumeamezesiaquniniiniowld

1.3.3 Anmanidnmaladidnein numansnasesmsaulianudoumeldussamaninau
answarasaMMAuLULNULAED BnEwazpussdulnihnszuanse wazdndnanasiag
isuiifideautiameladidnainuasiaquniiniieIeuld

aonuiinise

1.4.1 MAINand aninenemans avinendsauuiu 8. isg 2. 2auUAY 40002

1.4.2 IeNendns anInenaszauuiu 8. isg 2. uauuY 40002

1.4.3 madnilanduazidgmans ansinenmans sviminendedaslvl o,  iae 2. Faslui

50200



1.4.4 gudmaluladlonzuaziaquien® (MTEC) 114  gnenuingneansusznalne
0.wnaleBu 6.AaBIMTN 8.APIMAN .UNNIT 12120

1.4.5 gudmaluladilulasdidnnssilad (TMEC) 5174 w.1 0. flunnd  a. isq
2. RFUNT 24000

1.5  Uszlamfilanainazldsy

1.5.1 ldafuasdanufifteniuismsiodeniague CCTO wariagnay NiO athehaiiananse
Fuanzindifuneaymalussauinlumes uaslimsnssnadoimhiaue

1.5.2 Mansaduenziiagladiineiniiidasiladidnainiigunauszisimsgaidedas
sunsdienuadasmaledidnasndednsnanniladomeusnuazmeludi q W
wsadulwihnszuanse anadu gamall wosmanldsuwasasdsznauaiimeluiag
AN

1.5.3 sasnadneyaduduvisavazesmsiiaiaeiiladidnainiigannuasiaquniin
CCTO, CuO uazIgnnan NiO

1.5.4 mansoadainidequluifienuingduisadilandlusluesiaiioszduliayan
@AW 2 AU (A3, TNBTeY YL uaz PERIEE- naaly)

1.6  Tassasevasnaay

Tusnemdded Ussnaushe 5 dw ldud unfi 1 umb Saldasuneiemuddyuazianzas
P lumdse siuneneazdondu g Tasmusingasnidie unil 2 15sanssuuaznAsefiiada
Tuuniildadunsuazsrusmnnuiseinetsetunudseiilesuiudalymee g Aneduiiezuly
ATEEe ) Akuan wasdalauauusimunsuiulsanianmeladidnainlidanuamansaiiay
ilulFnuldase suasunil 3 mnaass azldasnediimmeasslagazidoauazneazidanyas
wailadilFlumsieszdens g luunit 4 mamsiseuazedUsena lanenunemdefisiaunmuad
T luamiaseil siumimsiensvuammaassdiamaiingng 7 9ENBLLDEN MBRRAUNMTBAUNENS
manaaasiieulasadeiugiumeduilanduasasudawasmaluih UNgamede unil 5 d5Una
MINADNLIZTDLFUDULUEL Lﬂumsaqﬂwamimﬂamﬁéwﬁmﬁwmu,aﬂﬂ”ﬁaLauauumﬁ'mﬁmu'ﬁﬂiu
vhdadasmanannauiamsladidnainuesiagiisimasilodidnainiiganniiasinluainae saamsld
aqutlymiliedunanuelunideid



NN 2 1FIUNITTNUASIUISN LN 8ITDI

2.1 enaimdimiulasiadeuazandianiladidnadnvas ccTo

2.1.1 mwgﬁ”ﬁﬂﬂLﬁmﬁu‘fﬁ'sm%ﬁmﬁnwm CCTO

Tagniaaailadlanninade (static dielectric constant, €,) MnnNFanaululnid (g,

v
o

> 7) 5(71L‘ﬂu’?ﬂ@]‘ﬂuﬂ'ﬂﬂﬂﬁlﬂaﬁﬂm%ﬂgﬁ (high-dielectric constant material) (Homes et al., 2001) ﬂiill
[ A o 1% = 4 . v o v @ Ao ] a o a < [
Tagnilassasnudnuuuwasandlad (perovskite) Inlungaiaanificnasilodidnaings uaziluiag

9
1

nfienudagagannlumstszgndldnumedumsdssavgaunsaldldnnseiing wWudunuilszy waz
aunsalanud) (memory device) Tassasnudnuuumasandladiilulassasinigasmaniids AMO,
Toaiilaaasdtusuluuas (coordination number) 284l8BAULIN M Uaz A AD 6 waz 12 ¢NSIOU

69NgN ACu,Ti,0,, WasNgu A

melulassaiazdsznaumegunssuani (octahedra) 289 MO, (Subramanian, Sleight, 2002)
2/3

Cu,Ti,0,, (11 A Ad Ca Cd La Sm Dy Y ua Bi)
Junguiagnilassasndnuuuwasandlad (Subramanian et al., 2000) ngniagaenantiaa

o=

]
a =

adLann3nfigann lag CaCu,Ti,0,, Wuiaqiifiaacladianaingege losfivssana 1.2x10° (7

u

—3

a

3

aouvivaauazaNud 1 kHz) Taseadandngas CaCu,Ti,0,, Wuuvugnunadaauaaslummii 2.1(n)
Togazmanuaunaifon (Ca) g o uviudazueasgmnafuasdnuiliazaanagiinagudnaua
anunad melulassadgninadisznaudegunsauavihaes Tio, $1nu 8 wihe daudadlumwi
2.1(2) T,mlLwia:‘nﬂmwmmqu:lJwﬁ"lﬁﬁﬂwmztﬁmlﬂiuﬁﬂmqﬁ'a:daLﬁﬂLﬂuizmugﬂﬁ'mﬁ'ﬂu%’@ﬁaﬁﬁ
panBlauny o umisauiag wasiiyeananasuasssnusUdmasuiadssdudhuninamauas
(cw) dlafmsanluyuuasiinfiviu asmansadanaldasdamuiudasmbawadanunaduag
15983 9MEN CaCu,Ti,0,, ﬁm'il,%'amiaﬁ'uﬁ'amzum?ﬁwﬁau%’q%’aﬁﬁawammaaﬂ%muagi YR RTIATN
Lwiazaglmmﬁlmﬁ'ﬂuLLazé'ausaulaaauwaq Cu” (Y Liu et al, 2005) JULUUMIIALEEIIAINGT
wilauhiimaifessinuiindsuiasanas cuo, lulassaduudn duaaslumwi 2.2

Tasmld msdnnlaseadandnzasiagmusanasasldlosnse Taslfinaiianis
Aenuurpsdend (X-ray diffraction, XRD) luw@an gﬂLmumil,'gmmuwm%’qﬁtanﬂu%’aqmsﬂﬁn
CaCu,Ti,0,, uwaIGIMuii 2.3 sUnvumsEsULIassidendildnnmmasssdinaniiaan
aaﬂﬂé'aqﬁ’uﬁagammgmmstgﬂaLuu%'qﬁmﬂezﬂui’aqm CaCu,Ti,0,, JCPDF No. 175-2188)
(Thongbai et al., 2007) U%H CaCu,Ti,0,, filassaaudnidunuugnuned



A 2.1 (n) wuudraaslasedsaudnaas CaCu,Ti,0,, waz (v) nilaniialasedasuudnyag
CaCu,Ti,0,, (a9uUa9971n Homes et al., 2001; Subramanian, Sleight, 2002 MNSEIAU)

58U CuO,

M 2.2 WUUIaadlaNEINHENYEY CaCu,Ti,0,, udaanstleaunmiueaszunsudani
TiO, Wanaanutluszinuaas CuO, (§oUUasaIn Y Liu et al., 2005)

8
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]
Lol

At 2.3 sUuuumsiamwusidiendlundnuasiaaeniin CaCu,Ti,0,, isumauiiniigamgd
1100 °C (Thongbai et al., 2007)
(D) e lumswniin 6 Falua
) 1Fnanlumswniin 16 5l
(3)Jaaeadn (1) nasnnlianusaumeldussenmeaaisney
(4)Yageadn (2) vasnnlienusaumaldussenmeaasnau

Taamll inanseaalmnasssanduululasasndnyesiaquninmq 1 la
Tagmsihigguu g Wavldanuseumudaulanmmnzanmealdussemenisnau (Ar) vialulasiau
(N, sUuvumsdeuusidendlumui 2.3 Unlasasnanadiaquenin CaCu,Ti,0,, Lifinns
wWaguwlasmnusinaeetaandiaululaseadenanas lagdiuniseeeszuuda g zaagduuunis

& v o = . & o v 1% v o 1t
Wenuussdendlundn CaCu,Ti,0,, Mnauuazuasmsauldanusaumeldussenmeaaisnaulaising

wasuwlag

] ]
0} S =

a o a ' 3 & v g @ .:q' wa
'Jﬂ@lﬂ ﬂ’]ﬂ\?ﬂlﬂal,aﬂmiﬂll']ﬂﬂjj 10 I(ﬂﬂ‘ﬂ'ﬂ,ﬂLLa’JLﬂu’Ja@lWLLaﬂQaNUﬂ%’]Q

1
=

a o a < [ Aoy a a o a a v = « =
waslsdianadn saduiagniimasnladdna3inasuwlasmulaseasimdn asnnmadsunlas
o)l o aungiizasmstlasuulaslaseg$audn (Curie  temperature) AASNlABLENG3NTINNS

a ' ' < A v 1 A A ar 0w o @ v
wWasuulasmatnenad Fusainaniiudnlidasimsdmsumaihiagludszgndldnunassnan
NI IANNLEDEINNANNSDY (Homes et al., 2001) WaMIANMIIATNEINHENYDI CaCu,Ti,O,, N
aoungiiee ) Tagldineila neutron powder diffraction 14%31386 CaCu,Ti,0,, liuaasaniananslsd
@ne3n ssnnlinumsidsuwladesasuwdnmumsildsunlasgangil wirzesgamaiialiuis

o v

35 Kdayadame ) hennumsdnmnlesease@naes CaCu,Ti,0,, figanndl 100 K udz 35 K



a9Ua9eN519N 2.1 (Subramanian et al., 2000) FayalANEINNAN lumMINEUGUBIANNETEININANN
FauUpalANETNKEN CaCu,Ti,0,, Miasunaradlasadliamnsofeaulduihazangamgiacly

84 35 K Aeny

a

NI 2.1 TayauelATNETNKENYBYTAG CaCu,Ti,0,, NMuH 100 uaz 35 K

u

o . . MuuazaNNeMNUszglulaseds e
NaazdeAcN ) 2a9laseaing ? 4 .
- CCTO ‘namﬁguma ]
Wan CCTO :
100 K 35 K
NUILWINBEN DN
O-Ti-O 89.420(3) (deg) 89.479(3) (deg)
O-Ti-O 90.580(3) (deg) 90.521(3) (deg)
O-Ti-O 180.000 (deg) 179.980(0) (deg)
0-Cu-0O 95.46(4) (deg) 95.39(4) (deg)
0O-Cu-0 85.54(4) (deg) 84.61(4) (deg)
ANVEMNUGY
Ca-O 2.6024(7) (A) 2.6006(6) (A)
Ti-O 1.9611(2) (A) 1.95890(2) (A)
Cu-0 1.9675(7) (A) 1.9642(6) (A)
AMAINULaNNY (a) 7.39347(3) (A) 7.38246(3) (A)

(@auUasan Subramanian et al., 2000)

udNlANETNHENYBY  CaCu,Ti,0,, 3zdlasasnuuuwasandladasanulaseasn
m'ﬁﬂwaﬁaqma‘[sﬁnfmm%nﬁ'ﬂﬂ uAlATNENKENYRITAqEIIHNN CaCu,Ti,0,, lanansowaeuutasema
aavniildion  daiung@nssumaledidnadneasian CaCu,Ti,0,, Wlifewusiulnngmsaima
waslsdianasn wqﬁﬂssmmmsﬁ@iﬁﬂqﬁlﬂﬁlﬁﬂm'%ﬂgqmﬂ (wg@inssumalausudladianain) ludsg
néjuﬁazﬁmmLﬁ'mifmﬁuﬂswngmsdaﬂiﬁw wazuanwilannunagmsaims  waslsdildnasnua
azfiunngmsailatheiiiullldiienansodanalii¥ag Cacu,Ti,0,, sansoudaanginssumalauaud

lodidnasnle eavideanthaulansnaniazlananludads 9 T
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= o a va ac a
2.1.2  mawdsuulasiuaamgiizasaaniGmaladdna3nzas cCTO
nmsdnwnazasmsidsuulasgamngiideantiineledidnainianudlusdids
asnnanidmaledidanain (Wu aresiiladidnein’ aunuauduasnsgydamaledianasn

(dielectric loss tangent %3BLAHUUNUME tand) wazdu 1) 2aviaquninle 1 aztudiivuaany
manzananiaq ladane3ndmsumslszgndldnuluaiueng g (Hench, West, 1990) tilaannidglad
wne3niimeiladldnainulsmugamgidadiuvisgilimnsandmsumsuszgndladnu daums
o Yo adg a a od 2 oa & A g2 o & VA Ao HY) vy v o ]
@anldiaqlodianainlssaug i luiudiuuasgunsaldidnnsaiindiehiluadiaiiagnlddedisma
lodanasniiadasdannuiou Mldisgniimenleddnasnulsmugungiivaranamlieasinihng
gunsaldananililudmdsznauiiaenudameala (Wu et al., 2002)

Subramanian et al. (2000) leApwmantamaladidnnsnues CCTO luz

1
o 1 A

gl 450°C wamsnaans aauaalumnd 2.4 wuhmesiladldna3nigamgiiveaiiangs

Y

10 laeRedszanm 10° (Menud 1 MHz) waziienfiddsunlasmnugungiidniasludngungiivas

9 u
v =

4 250°C LLa:LﬁaﬁmsmwhLmumw‘fﬂmmsgmLﬁﬂwwamﬁlﬁnm%ﬂ wudﬂﬁdwﬁaamﬂﬁqmwgﬁwmm
300°C udiilagamgfigediu (1nnh 300°C) Mmunuauduasmsgadsmndladidnainasdafinanniy
%«%‘Jummﬁmmnmaﬂmmsﬂﬂmh?'\hﬂsxLLamﬂuLﬁami (dc conductivity) (Wu et al., 2002) Taanazad
mathlwihnssusasasinngiamunniudegamgiiiuinniuwssenuiandiag

350000 4.0
@ Relative permittivity . 5
300000 Atand : -
= 5 3.0
- 2 -
= 230000 A
k= “- 2.5
= 2 -
£ 200000 £ o
T Ay 2.0 E
= 150000 L =
S &S L5
- -
< 100000 .
E EJ 1.0
50000 0
0 i

a 100 200 100 400 00

Temperature {"C)

a

Mwil 2.4 Mesiiladdnednuazmunuaudaasmsgydanalodidnasneas ccTo ludrgunni

Y

25 99 450°C NANND 1 MHz (@9uUa9a1n Subramanian et al., 2000)

1 Ay ad a A A P ' o o o . .
ﬂ1ﬂ\11’l]1ﬂﬂl,aﬂ@iﬂ NIDUYULTINN ﬁﬂ1WHE]3J‘VlN‘l1’\Iﬁ1ﬁNWV|‘ﬁ (relative permittivity, Er )
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a va

Ramirez et al. (2000) laAnwnauasgumgiidaantianaladiana3nues CCTO

Y

Tozpengriwesgamgilumsdnm lungamgiidn Asnngamniivetanasia -263°C wud A1aed

T
1o

laddnainiigaumgiviasiienlnaideaiuamnlannsenudeeae Subramanian et al. (2000) uaziiai

a

Lﬂﬁ'auuﬂaqmuqmwgﬁﬁaﬂmﬂmaaﬂﬁwqmwgﬁﬁaqaﬂaﬂﬂﬁqqmw{]ﬁﬂszmm -173°C Lﬁ'aaﬂqmwgu
i -173°C masiiladidnainiinsanasaisdunau Tasfigampiivszsana -213°C Masitladidn
a3nanaslszanm 100 wh  eauaasluawd 2.5(n) Ferramsanatuamasiladldnasnaananiil
deadasiumsiiagaannasmuuudsaImsgadamsladidnain dauaadlumni 2.5(2)
mﬂswmmmﬁa‘”ﬂwmﬁgmmﬂi,iu“?;na'nmﬁamﬁaa‘gﬂlei"h Masitladidne3n
94 CCTO fehAauduasiinnantisgumgii -173 9 250°C uasiigampiilszana -173 °C éaedl
ladidna3nEnanasiugamgiiageduway Wainsanmunuaudasmsgdenaladidnesn wuh
Lﬁﬂaaﬂﬂ‘m\lgmﬂ%qﬁuﬁqmw{]ﬁﬂsxmm ~213 §4 -193°C Femaannwiiunngdinanilsaandasiy
msanasasmaeiiladidnnin Tasadefungdnssuinulunduiaqmaslsdidnasn udludsunims
Wasaansudananiliimsananumsidsuudaddasiadas ccTo vialifiimsidsumanas
Tasea wadananilliaanadasiuausamanaslsdidnedn snnudafinsannnuanuduius

szninmediladdnaindugamgil wuhanvazeasnnnlivsuandawgdnssumanaslsdianain

10000 @
1000 CaCuTi0, E
100 | ]
1wk (W) |
e f 3
£ ¢
01k -
0.01 . L .
0 100 200 300

Temperature (K)

A 2.5 Msdsuuwlaanuaamngiizes (n) Menladanasn waz () AUNULAUAYDIN TPy LT
maledianadn wasiaquesiin CCTO aavdapdnefianaiu ienud 1 kHz (Aaudasain
Ramirez et al., 2000)
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Ml 2.6 uaaemsudsuulasiuanugamgiizasaniinaledianasn (Mesiilad
< a [ o = = ac a 144 a a o [
NN (E7) UNURUAYBINFFLE (tanS) LLazmsgmuLaﬂmqlﬂaLanmn (€7)) NONNDGIN 7 dI115U
Jaiq CcCTO Minlundnideiuasnaendn (Homes et al., 2005; Wang, Zhang, 2007) fmesiiladian
a3nyasiaquandmiisinnniiaquninuuunaendn losiagniaasiaiailadianainuszana
10° waz 10° (1ANXd 100 Hz uszgaungil 250 K) mudau adnlsianumwginssumaladdnadn
289386 CCTO aavrilaiiianwazamenuiusgiann lassmnsoagUilulssiaundanlanaaluil
ILEEh

u

(1) @eRnsanienudlszana 100-200 Hz mesileddnadnieaasuuasmugamai

v
U A

lugrgamgiigand 50 K (2) tisangungiiasiingy 50 K aasiiladidnainlugianudbenniuild

T
a

manatadNAUNAULaziimUszIna 10° Nauugivhlnagamgiigudasmanysal Turngamgiiniins

u
a8

anasadsduNAuLaImasiiladidnein mmsgadameladidnainuasunuudaasmagadedie
iinduesnnamsuiumaasuaduirmaesiuiadumasiiladidnedn diumsaaassundu
spsmiiladidnasnastianuduiusiumaiosaannwuesmsgademeladidnasn visfiGent
masaurmemaladidngsn (3) Weriuanudzesanuliihmeuan nergumgiiimsanaseds
Fundunaseasiiladinadnuasiiavasmsgademsladidnesn nuniiazasunuauduasmsguyde
fmsidaudumislulufiemeasnamgiifigau daiumstausmemaladidnainaasiag ccto il

nalnfisnansanssaumeannsau

S (1) ()

r N

A

100 Hz

—O— 20 Hz
—&— 200 Hz
—O— 2 kHz

Dielectric constant
h Y ;
Dielectric constant

o]

T —m— 20 kHz

—— 200 kHz

50

100 150

Temperature (K)

200

<

A S

120 Hz
1k Hz

10k Hz
20k Hz
50k Hz

v
= AT MR g 100K Hz
O 6+ i —_
) o
g \ E Zhed
- al Q | 8
@ B T"‘) 1k
=0 . ’\ a 1
/B 7 . b |
P ‘o, l-‘- \n"‘w‘\/«']f" A 04
o gt Erais Yoo itnnpnnnen

100 150 200

Temperature (K)

250

Mui 2.6 Msildsunlsnuaumgiivasantianaledildne3nyesidg CaCu,Ti,0,, wuu (n) WENLHED
wae (2) WQENANUUUNIENEN NANNDAN T (FauUa9In Homes et al, 2001;

Wang, Zhang, 2007 eNN&IAU)
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2.1.3  uauaIANMdsaaNinnMeladiina3nzas CCTO ﬁqmﬂgﬁma 1

daildnananudluidafiiiuin autidmeladidne3nuesiag CCTO ansoudn
NeANTSNMSHAUAMEMILABLANASN e LLazLﬂquanssuﬁmmmﬂszﬁuﬁmamu‘?au e liheda
msednsuazhedarnuinla msassiugumasnalnmsisuamemaladidnainassiag cCTO
ansaasneldlasadangdnssumsidsunasiuanuisassuiamelodidnain o aamniicneq
ﬂ'wmﬁvlm5L§ﬂm'%n‘*zlaﬁaqammﬂuﬂ%mmﬁﬂwaﬂ5%mmmmsnlumsmauauawwﬂﬂﬁhw'm
nszumMsiwan sy mnmwit 2.7 Weknsaniigamaiile q wuh fmesitladidnainiimgaaziai
geluznemuieh udilarnufzasmnuitliiangy mesilloddnasniicanasesunad wadananil
tezldlasaseh mslwalswdumalinluiaamunsoifaldasauysaifienude udidaanudiia
innzumsnavauasmaluihiumsinalswduminsonavauasldiasmnn wodnssumaeladidnasn
Fananilanansnasingldaail lasmlumseausuasdesunuliihuesmslnalsudummnsoiaduly
ﬁaqnmﬁy'uﬂ #2199l 3807 “DanPasmsHaunme (relaxation  time)” fanuid msnaufiruas

amul‘mlf/'\hﬁmﬂ%’nmﬁm’;muﬂiﬂﬁmwuﬁgq AAUUNMSADUFUDNIN N INThNANNddIazansaN ey

Y ]
Il =

lapenanysal (NT1Z09I2BIMINAUNAYDITUINEMIUIUNTINAIVBINIADUAUBN LHDANNDUBITUIN
NNy Mmsnduiidsasaunuldnaatenad saiumsinmlswiuliansaneiule wisaunuil
nmsnaufiadaufiasinmsaavaussmaluih (DarsesmsnduiduesauiasninniiiaIveens
aaUTUBY) saiumasiiladiEna3nuas CCTO a:ﬁmaﬂauﬁammﬁgﬁu aaudalumnii 2.7 ila
qmwgﬁlﬁumnﬁvu nemudfisansanalifiamsnsvaussmslnihvdadrsiinsinan lswsuhady
athqaugsni%ﬂmﬂaaﬂlﬂel.u“zi’nmmﬁﬁgqﬁu Lﬁ'aqmwgﬁLﬁumﬂﬁuwﬁwmﬂaqssuuﬁlﬁlmﬁ'mﬁ’Uﬂ’li
aausussmaluihininaiudenalinmildlumseaususssinaniianas (mslwanlsisuausatie
Talunaiisaiiu wissammsina lsusuinanniu) é’ﬁifuﬁmﬂ’jmmu?{%gﬁu (VIAYBNIMINAU
NAYDIFUINDADT) LL(fim'ﬂwaﬂWdﬁuaEi’]qaugsfﬁﬂ'qa’m’ﬁaLﬁﬂﬁulﬁaﬁﬂqaugifﬁﬁiaL"fiaq iiasanms
mauaummﬂvxﬁ'\lﬂuaﬂnzqmwgﬁgwﬂﬁnaﬂﬁgumﬂdﬂL@iu
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~ 200pm
el 8

3 h tempered 48 h tempered
= 105 B (open symbols) (closed symbols)  _|
g v+, 481
=] *‘*H _‘_HH!
g | w3l 333300k
2 107 F . 77 ‘;\ z 25
35 3h \é— 6’04_'\‘ 6‘04_\ 3
% """" O e i s =iy i o Ty T
2 L S ey 1
CaCu,Ti,O,,
. polycrystals
10% [~ (silver-paint contacts) o038
) 1 s 1 L L Bt &
1 2 3 4 5 6

log, [frequency(Hz)]

=

Mwit 2.7 mswdsuwlasiuanudzesmeilediana3nlugiaamad 80 K fa 280 K dwisuTaeus

1
=i

§in CaCu,Ti,0,, NEumsunwiinfaamigll 1000 °C Wune 3 waz 48 #lus MWunsn

q u

UVUUTINAN YU NUHIINZBIEATINN CaCu,Ti,0,, (FAUUaIIN Krohns et al., 2008)

v § a o a
2.1.4 31Lﬁ@!ﬂaﬂﬂ’]iﬁﬂ’lﬂ\‘lﬁlﬂalaﬂmiﬂgﬂwa\‘l CCTO

daildnanmudilunaudud Jaaiilassauuuumesandlndiafiunguiaaid
Masitladidnaingann uasaunsowiaanldifluaasngu Taanguusnie JaaasTsdidnainuuy
Un@ 15y Po(Zr, Ti)O, (PZT) waz BaTioO, dauﬁﬂﬂtjwﬁqﬁa Faqulaslsdlana3nuuuiuaniaas
Pb(Mg, ,Nb,,,)O, (PMN), Pb(Zn, ,Nb, .)O, (PZN), Pb(Sc, ,Ta, ,)O, (PST) uaz (Bi, SHTIO, aans
sasnguilldgndnmaenhemsdmiumalssgndldnumedudidnnsaiing Wy DRAM (Dynamic
Random Access Memory) atdlsfionu ehasiiladidnasnuasiagnsdasnguiienfidsuuiaiv
g iiuadeann %qwawmm'sm?\'aul,tﬂaqﬁ’uqmwgﬁwaq@hmmﬂSLﬁnm%ﬂLﬂuﬁ'aa‘hﬁmém%'unﬁ
Uszendlaanu (Wu et al., 2002)

Sageanladiwasandlndg ccTo Wufagiifidasiiladidnasniigann (10°-10%) #n
mgaasunlasiugmmgiivasinnluzdgumnii ~173 1 250°C (Subramanian et al., 2000; Ramirez
et al., 2000; Homes et al., 2001) ﬁaﬂqmauﬂ'ﬁmqlﬂStﬁﬂm%nﬁl,ﬂmaﬂ ﬁﬂﬁ"‘i’ﬁqé’ménﬁlé’%’umm
suladuathannisluduzasmsinmyempumadnmnmaasuaziumalszgndldnu uasiliifa
fauiihaulamuinia

(1) wlueasiiladidnasnans CCTO %"Nﬁ@hﬁ@qmﬂ
woz (2) Mludaeiiladidnadnisenasassuwduiigamaiiini 100 K
iiafiazaaumaugananiiaeldinmsanmantimedue 9 284 CCTO wazludiu
ananamsdnmantianmeladidnainldwudayaiiaulasasiszmsiiierdasiunsdumeiaay
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AINEN ﬂs:msusﬂﬁaLﬁmﬁﬂwmﬂﬁLmumuﬁwaqmigtyLﬁﬂmqlﬂﬁl,?mm%ﬂ (mwﬁ' 2.6) Fadnuoy
Finaniladefunginssuimuluiaquaslsdidnadnuuuind uaslszmsiidesda msidoudumis
Pamsilasunlasmaifilad i nasnad s unaumMNANNE (MW 2.6) Toadnuardananiinasiu
wqaﬂssuﬁwﬂﬁaqﬂs:mww\IaéTsSLﬁﬂm%mwu’%uaﬂma% Feilusnudgndausndmiumsdumany
3wasmsiicmaiiladidnainiigannsas cCTo Fujssaduluiisuiamanaslsdidnainuuung
wazWaslsdlana3nuuuiuaniyas LLdauuagwué’Qﬂénf‘Iﬁaqqﬁaq ilasnnnnuamsdnmnmsasy
walassaaiiasnnanudaudamaiinmsideiuuaeiinnsey (Subramanian et al, 2000) uae
mwﬁﬂmitﬁymmuwm%’qﬁtaﬂ*ﬁmﬂmﬁugq (high-resolution X-ray) (Ramirez et al., 2000) WU
Taseasees CCTO qumL‘fJuLmugﬂmﬂﬁmﬁamﬁuLLathﬁm‘qu?;ﬂuLWaLﬁmﬁumaaﬂﬁquwQﬁwm
managauantamsladidnasn Mnuadananilmnsaisdldh ccro Lifiauiaduiagmaslstidna
30 wazludruzasmsnagauantdmanaslsddnasnuwuuIuanizasd aansatiudulain ccro lui
Qmauﬂaé’mdnfi Lﬁmmﬂmqwaamﬂs:msﬁa f\nﬂwamsﬁnwﬂmm%’wﬁqmwgﬁth %) (Subramanian
et al., 2000; Ramirez et al., 2000) WU l2dduUVINYBY Cu, Ca uaz Ti MlATESNEIAAGE9AINY
atnalluszdieu (no cation disorder) LLawhm‘ﬁ'lmﬁLﬁﬂm'%mﬂﬁ'ﬂuLLﬂaqﬁ'uqmwgﬁﬁaamnﬁqmwgﬁ@ 9
G'z’;qmqﬁ’mﬁuﬁ'quaﬂssmmug%—lqsﬁ (Curie-Weiss) ﬁqmwgﬁgwaqLWaﬂsSL?mm%mmmLaﬂmas‘
(Moulson, Herbert, 2003)

Smsumsdumamauasmsiisaeiiladidnainiigunneas CCTO Hu finidavans
naulanenenudninduahiernuiiululdluwdyuee g aganheemn Teamanguldysluiiaasdsdu
wan ToeUsziiunsn ApRANNKHEYaIsTINMA1URILE (intrinsic physics effects) FuantanAETD
AUNSLASIESNKEN (Subramanian et al.,, 2000) uasﬁﬂﬂ‘mﬁua\jﬂﬂﬁwaLﬁmmnﬁw%wamﬂuaﬂ
(extrinsic  effects) I:zium'iLﬁﬂiﬂsqa%'wquqaganwﬂﬁﬂﬁznauﬁaﬂ&huﬂaunsuﬁﬁauﬂ’@ﬂumsf"{ﬁaﬁw
(semiconducting grain, SG) Lmzdauwm%y’uamuu%nmwaummwdwLnsu (grain boundary) v’iﬂﬁ'g
ﬂé'mﬁuiwmsﬂmﬁamsﬂizﬂauﬁ'aﬂcﬁ’atﬁuﬂi:@tmu%quf?yumﬁ“lu (internal-barrier-layer capacitor,
1BLC) ToatnsuvmihifludidnTnsauazduaviuiinuseninansuimihiflulesidnasn snwae
Tassadugenaniifaldnly  CCTO wuunmendnuazuuundniae Taslunsdueudniaei vou
Lﬂiut,ﬁm?iyuu%nmwa‘ummgi (twin boundary) 284%1I8LEaE (Subramanian et al., 2000; Sinclair et al.,
2002) wazdnwaie 9 Uadameuan wu msialwal5wduszningd (interfacial polarization) 284386
a8 UdLaNNTA (Lunkenheimer et al., 2004; Zhang, 2005) lagneazidenvasmsAnmluunay
Usuiduiigasaluil

2.1.4.1 HAYNGIINZIA UG DN (intrinsic physics effects)
Homes et al. (2001) lasenumsdnmwginssuuazantinmaladidnasn
DK@ (single crystal) CCTO figaumnil -263 B 27°C Tugeanud 20 Hz 9 1 MHz dauansly
MW 2.8 wu:iwhﬂqﬁlmﬁtﬁﬂm‘%nﬁmgmiw CCTO wuuvaandnisenulas Ramirez cf al. (2000)
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(~10 TegfianUszana 10° (Naumgiviasuazanudan) uanganssumaladidnasnianeasasiany

9 U
P

Awuly CCTO wuuvaendn ApiNSHUMLNLNMTININRENAUNSUYBIAM AN LABLENASALALED

¢ o a o a ] v o a A A A v
nWzaIunuudraInsgydanledianain naeardasnumsilasuulasanud wefiasidnla
WeAnssumMaladana3nyes CCTO wandmdmwsuMsainaaazasmsiimeasiiladldna3niigann
Tasimsuadnnszuiumsmanmemwlussuui 02 udipannNaYaIs5ININAMSHaUAII 8N LABENASH
MULUUII89289ALY (Debye model) Fatflunsuauamansladidnasaiiiasnnlalualuiuay
UsnaduausauInnuanIsnaass (Mwi 2.9) Miaaudussdannudastladianasnaanse
asuelanaanns (Homes et al., 2001)

E(W)Zé‘w +—%1(.1+m)2r) (2.1)
1+i(w7)

P - 14 = J A a o a o P P U PN a s
108 Pr=g ¢, Wn P, @0 lolwaluwud, o, Aaeasiiledlanasnianudgs, 5 Aamasiladian
a A a 4 = ] a a [ Y
AINNOANNOGN, T ﬂanawaqmmauﬂmﬂm\ﬂﬂmanmn o o = 2xf QTﬂﬂ']Sﬂﬁ‘U@l'JLL'IJ{Lu

wuuaasasauglilensnasenunsinannanmsnaassnanaaalumnd 2.9(n) M ldansam

a

DABINMIHBUAMINNLABLANG3N (relaxation time, T) igauuniane s laaamwi 2.9(2) wuhi

u

gauniviaeamstiamsHauamamMaladdnninldineasesiasi (T < 500 ns) WALSNEHIANNINIT

9 u

AU UNNN

T T
105k
= E O e -
=" ) ,_,.emgmfgﬁ_é
g M S R
2 1 Y
: /L\ 4
e £~
1>} / «
o) / e
E ra ]
131 A
=
2 —O— 20 Hz
a —@— 200 Hz
) —O— 2kHz
T e 20 kHz
. —— 200 kHz
F (SU) ‘ P Gh\ Ay | A Mz

Loss tangent

Temperature (K)

A 2.8 Msdsuuwlaanuaamngiizes (n) MeaNladanasn waz () AUNULAUAYDIN TFYLTE
mMaladdnesn vaandndien CCTO Tuzanud 20 Hz 849 1 MHz (9ouUasann Homes et
al., 2001)
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105 T T rrorrmm T T TTTITTT T TTTTTTT T T TTTITT T T TTTImT
_E-‘T\O\E
I 3
10 ] E
- F \ ® \ \ |
E) \'\& O 150K hh ‘1; \'-;
o H Y m 100K \ W |
. Yo | sOK ™ \
10°¢ \L‘ A 10K \ A\O 3
E N\ \ ]
F ANal | | O
- (M \i ) \; ]
oA A, ]
102:- A a A A A R-A A A A 4 i ﬂ 1
100 102 10®  10*  10° 10
Frequency (Hz)
107 e
10%1 (V) o 1
= 10%F . [0 Taes00ns |4
Zo4t . ® Tpml3us
) - O T58.2u8
O oL g B T=ld0us |4
A T =16ms
5 0K
109 5® Togl0s ]
10—?rﬁ.lllllllll||||I||||I||||I|||
0.0 0.5 1.0 1.5 2.0 25

100/T (K™

Mwil 2.9 (n) udgeamsil3autiiuaaaileddna3nanuansnaaas (30) AuLUUIALBNLALEY

(iduiiv) Neaumniiuazanadan T was () NNUUEMNANNTNNUTIENIN log, (T) AU
100/T (daudasa1n Homes et al., 2001)

NANNULFNANNFNNUSIZNIN log,,(T) AU 100/T WuNAMsasuLlaaeNNn
209 T Augamgdl loe T fdaaasegnnaFmilioguugiininniy sadudenvdhimsmeinzy
aasanumnuivaaslalwaliihuaziimsielwanlswdust o) waznnenaguaasnnuasnaril

ansmhndnuwaInunszqustiamstauamemaladiana3n (activation energy, U) laas
GEAR)

r=1,explU /k,T) (2.2)

ila k, Aamasludzany (Bolzmann constant) was T, @9 preexponential factor WUNWANIUNTEAUNNT
wemseaurmemaladidnasniamnnu 54 meV
NNHAMSANEINEANTINLAZENTAMILABIENA3NYEY CCTO WENLAED Homes ot al.
(2001) Idiguahmsiidasiiladidnainiigennnaas CCTO ialagsssundnasdrigios Tasaadl
sunalesnnmsiinginssuiindrefungdnssumeduanisas wasiigamafion laTwaluihlula
srauinluuesiimsmasansasmsivasuntasdasnulwihameuan ﬁﬂﬁﬂ’i’]ﬂgLdu%ﬂiuﬂ’]‘ﬂﬁ'u%ﬂﬂaﬂ
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nAYRIMITUANLEHY uazMIanaRE NS UNLIIAslaBEna3nIlpanmgiiandias aghalsfou
msi linumsidsuulaslassadmeandn mlidausdananligndasuszifadmouiionuinlums
a%maﬁqmmqwa\imsﬁ@hmﬁl@5Lﬁﬂ(ﬂ%nﬁgqmﬂwm CCTO

Subramanian et al. (2000) ldiguahmsiimasiiladdnaingsiigaans ccTo lundu
386 ACu,Ti,0,, ﬁmmq!LﬁaqawniﬂsqnWﬂiua%'wqwﬁﬂ Toala@nmenudunussenineauiamaladidn
a3nPa9 CCTO Aumatdaudumisadlasau Ti' fisuduiag BaTio, WuhmsauaasupIdmis
Ti* Tu ccTo fifsnilu BaTio, dwmalianuiululalumswisunamanaslsdidnainiiasan
madeudumiseas Ti* 0089 wordnal¥iAousad (tension) seiNWUGLY8e Ti-0 wndu lHE
anuanansalumsTwanlsisdu (polarizability) diaaiy Mnuainanulimsiwasuanusluganus
waslsdidna3naes CCTO gadfalasnsaudanihaas Tio, MBeslulassats adalsian Lila
ﬁmimﬁ’aﬂﬁﬁimqaé”wuumﬁmﬁ’uﬁ’u CCTO  u CdCu,Ti,0,, w8z  YCu,Ti,FeO,, WUNMAIT
1615Lgﬂﬂ%ﬂﬂﬂﬂ%ﬂqﬂzﬁﬂaﬂﬁﬁﬂﬁﬁaﬁNTﬂ (Sinclair et al., 2002) mﬂ*ﬁagaé’méniﬁhmﬁﬂﬁﬁmauaﬁ
naanguduiidymuaslisnsaasnefaimguasmsiisaeiladidnasniigannuas ccto 1d
RV

2.1.4.2 watilaNananswameuan (extrinsic effects)
Wuiinnuiudiniageanladnusznaueis Tio, uas (Ca, Sr, Ba)Tio, 1y

[

ggauunamsaaaamuiumulnihlalesmsaadnusandaululaseede dadrugu ann

drumulniheas BaTio, s figamgivasiintssinm 10" Qem udmevdsnnlianusauiigamgd
1,300°C maldanuauussenmezes 5% H,/95% N, (5<0.002) aMWeHUMUazana@duanlagd
flszanas 10 Qem uazmsudsmsidaufazeeaniaduluiaawnin Tasmslianufaugameald
anududnhanuduussmauazdaulafiinsandu g sansawmienihliidedusasnuiuug g
MAAIMINYBITTNAIDENNTBAAMNUUIZBUWATTNINNTULBTUTIUMBUBNYBILAaznTula
Tassadumegamadnuaizdananilidanh  IBLC famsiilassaeomeagamauuiiazduarlidae
ladidnasnuasiaqiiagann (Sinclair et al, 2002) daiufedenudullldfiaailoddnainiige
ANYBY CCTO anatianmaiiasnnmsifalaseaamegamauuy IBLC

wiiluiinsrududhlutgiudifulssaissdvsnniaquninii
Taseafumegamauuy IBLC invluissamaimludulvaudenniaquniiniivsznoudis (Ba,
soTio, FuduTaquninilinssiumsiuansiigunnfudaunssnmsdunou Aadasdaased
oM iige ANuGuUTIENMAGIND Bnadasmugumsunszaseandiauniadauiamsdasloaan
649 tileaTuRIIUSETIINTY (Moulson, Herbert, 2003) daiuilafinsondsqaiiud anwiiuly
Tdwas cCTO Mazdilassaauuy BLC Aaudaiiululdenninn
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aehalsiony Sinclair et al. (2002) laauen Hanuduldlad ccTo azil
1A398319NM9g8M1ALUY IBLC Iﬂﬁllﬁ’ﬁﬂ‘lﬁﬁﬂﬂW‘ﬁﬂW‘WﬁLLazﬂ’nNQlWWﬂﬁgﬁﬂﬂﬁliuLﬂﬁuLLazﬂauL°Zl(§l
SEWINNTUERY  CCTO lagmsieszimamaiinduiuaudanlnsalnl (impedance spectroscopy)
wdnmsienzd Aalduuuhaswansaslihiiusznaudensas RC WULZUUERNYAUASUAR YRR DN
WUUBYNIH TmﬂqmmﬂLmua'amja\aLﬂsuﬁL?Jumsﬁ;wf'hﬁwLLaz?;W?;amLmuehu?laqguamuu%nmwa‘uvzm
FEUTNNTY WaMaNAsed (fgampiivas) sansetsdledn ccto dhufaquniinfifimsaauauaimg

Inihaasaiu Ao druzaunsuifiand@iduasiednh (p,~ 62 Qcm uaz €, < 250 pFem ) wazain

YNFURNUUSNUYBUIATEWINLTY (P~ 4.5 MQem uaz €,~ 2.2 nFem ') MNTBYHVBIFNN

b
mumulnihansadmamamwih lWihzaansu (G u,azguamuszwjmnsu (O,,) wazd s
Muaananunszqumsstanizdule lagdsunsManudunusssnin log(G(Sem 1)) AU
1,000/T (K) wud E(G,) = 0.08 eV uaz E(G,) = 0.60 eV fauaaslumunil 2.10 edignannues
E (G, aaﬂﬂé'aqﬁ'uﬁhﬁwu‘lumsﬁqﬁaﬁﬂmmmmLwaiaw{lﬂﬁ (semiconducting titanate perovskites)
LU Li-BaTiO, LLaz@hmmqlﬁ'\hﬁqquﬁ -169°C #aunsu (C,) ddlszanm 9 pF/em (€ ~ 110)
%uﬂu@hﬁl,ﬁﬂuwhﬁ'ui’aqlwmmmLwasa‘V\IEﬂnG‘f (titanate perovskites) ﬂq'uﬁ'u %) LU CaTiO,,

CdCu,Ti,O,, udt Bi,,,Cu,Ti,0,,

2/3

Bulk E.=0.08eV

\Graln Boundary E.=0.60eV

1000K/T

log [o (Sem™ )]
Iy

NN 2.10 ANNANUFUNUSTENIN log(C(Sem ) AU 1,000/T (K ) (aautasain Sinclair et al.,
2002)

Wathisgmegnluwnlianusaudnasaiaamai 1,000°C meldussenmea
' ¥ Y, v ' v Y, & ' a
N, wunamwerumulniheasnsulildsunlas uagamwerumulnihzesduaiiussrnansuien

anasnndnann Taedisussann 7 kQem (Ngaumgiviad) audinelnihnannuszniniagimedim

u
[l
PN [

o lusinmauazusssme N, linatiiasnannlsununaniurasaandaululassgsnuaanning
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a o

duanzila mshnanmsiedjisensengeduluseninguasumsangamnni Inarhlienunves

u
1
= o

FURAIUTEANUNTUIAD (Moulson, Herbert, 2003) Naé’qndnﬁlﬂudmwmﬁﬁyasiw?iﬂumil,ﬁu
Aasiiladidnaingas CCTO lasnniilassadumegamauuy IBLC @ty cCTo Fufludndsuasly
muamesandladiaansadannziliiialaseadauuy 1BLC lglasdunauidien (one-step internal
barrier layer capacitor)

mﬂm'ﬁﬁnmmmqwmmsl,ﬁm%uamuswdwLﬂiu wuhiienadululalums
(in IBLC lagaensdl Aa iennmsgadevateandinuuasiiennmaihijnseveeanduumliie
Husuamuafians (Adams et al, 2002) MmMsAnmaNTEMIladEna3naes CCTO wanaen

wuh mesiiladidneindegeia 8 X 10" 7 guvgiiviesuazanudonnd 20 kHz (Homes et al.,
2001) Mnyadananilesdamaliidasmnuiinminids ccTo fmasiiladidneiniiguilasnain BLC
W3vdelil uasdhadudazuldasnls mnmafnnlassaandnidionss CCTO Mawmaiinmsideiuy
20991050 UKax39F0n0T (neutron and  X-ray diffraction) wuhlassasiuangnuenaaniiug 9 lae
melundnusznauludesuunswauwag (twin boundary layer) fingsswineguasmeuad duuaasly
AW 2,11 mafeesdlsznaunastudinaniuduliinames cu lasnnandamsladidnainuas
CCTO Hufusasauas CusCa lulaseadradiuashaann (Subramanian et al., 2000) FaHuIEANN
Hululdiduiiagsswinguasmhamadinamliiialassaseads 1BLC luwdnuas  ccTO iy

g ldudniaeas CCTO fiehailadidnadniigann

twin

bwin A i
bﬂurldﬂl;jl: SR

mMui 2.11 Taseasnudnidenzas CCTO Mlsznaulumeruuasauagmelundnden (Kovel et
al., 2002)
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Tumsnwilamangzesmsiiaiaeiiladidnasniigannuas CCTO vu
auufigrusesdnswameuan uanmilennmsdnnluGewaimsilasiahmegamauuy IBLC udh
lafimsAnnluudyudu g iedudumsiidiaeiilodidnasniigannnaas ccTo hilanvaiiiasain
anwanieuan (extrinsic) laldiaannsssundluaiies uasainmsdnwmzeangaiveeia g wud
mesiiladidneingas CCTO ddufuriiouarismanionindidnlnsonunianumnuasiaadioss
inlilddaaguiinsiiiasiiladidna3niigeuns CCTO tiaainnslwanlsisdudifa (interfacial
polarization) szwinBianInsafuiagiatn wiafiinzasweuwaszuhansy laaldasinalumanyes
Maxwell-Wager relaxation (Lunkenheimer et al., 2004; Yang et al., 2005; Zhang, 2005; Liu et al.,
2005) upnMNHUS WM TSRy  Hiluademaiiladidnn3nuas CCTO Wy 2INAYBILNTULEY
ANNMINYBNTURUIUT N USTWINNTY (Zhang, 2005; Zang et al., 2005) WAUBINTHANUMIATENTIQ
t9 CCTO (Bender, Pan, 2005) wazkauaamstiiamsuazmsnanlndn CCTO meianae lagaznan
ashasdaadedaliil

2.1.5 uazasElauazizmamisadianinsauazanunnzasidamadiedadaiinig
laddnasnuas cCTO
nnmafAnmIssdaszindidnlnsaduinmhuesiaquniin CCTO wuhasiilad
\Ena3nuas CCTO Tufuniiouazismadaanaidninge TasTaausiin cCTo fshumsliamusoui
aagdl 750°C (Hlunm s Halas meldusseme N, wasdidnTnsarhanlanzuwniitu (P a1y
@hmﬁlﬂﬁlﬁﬂm'%ﬂmnﬁqﬂ diafiauiu CCTO RiBaMseIaNdEnInsauuUaL 9 (Yane ot al., 2005)
Fauaaslunmni 2.12  wamsnesasdananifuduniliiaiuayuihmsimasiloddneiniigann
294 CCTO fmwaiilasnnildameuen wasnnwanmsnasasdnanilminsaasnelsnngmsali
Lﬁﬂﬁuleﬁﬂﬂauuagmmﬂﬁﬂﬁwu,wqﬁ'ﬂti'l,mu‘ifamﬁﬁz (Schottky barriers) 5e¥INBLENINTAUBLHIN
284 CCTO (Lunkenheimer et al., 2004) luiflasdusasdaszwiriinwiues ccTo AudidnTnsals

ansatiausesdauuutanddla WasmnamwirumulwihifmbheesccTo fegann (1.2 x

a

10° Qem) wamenannmslianusaunigaumad 750°C Wuna 8 wlus malaussenne N, wuh

u

aamwmumulihassiinminieanss leaimuszanm 3.1 X 10" Qcm NHaUDINITINIWBIFTMNW
aumuliih denalisaadaszuieiinninaeas CCTO  Auddanlnsaiatiusasdawuudanddle 1ia

g v a Ja < = S . P S a a v o
Tansilduszdusaanlnsadineizuanu (work function) Nivanzay TaaWeidunuzasduuazuwniuni
M 4.21 a2 5.36 eV NSIOU B luUnsaiaInaNntisasnaseuINwnnHuNNURIBINYeY CCTO Ni
anmweumulwiher AlamaiamunednduuuanfdglannninsassassinNE@uiuivingas CCTO
dana lveaanledianesnuae CCTO  NduwnMmindudidninsadannnniiaiauny CCTO NEEY

=t

? funsdnduuudonid inannsesrevesiduiasziinasned niiy Tangiliguauiialumsnsesnszua
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{Wuddnlnsa Tunsdl ccto drumslienusaungamgil 750°C Wunan 16 lue meldussenme

0, wuhamwehumulwihussiuin ccTo fiehgenn (4.3 X 10° Qdem) dualienaiiladidnasn
289 CCTO ﬁﬁ%’%nwmm%‘ﬂuﬁgﬁtﬁﬂimﬂﬁaaﬁ%ﬁﬁmﬁwﬂdwmsm%'ﬂuﬁl,ﬁﬂimmwunguﬂ idiasnsande
sswinivthaas cCTo Audidninsailamafasesdauuudanddldiasii

UBNMNIUA Lunkenheimer et al. (2004) FIWUNANUMNVBNTNANIBEN
Tuanznageuaniamiladidnainldinadamasiiladidnainuesiaqunin CCTO duaaslumwil
2.13 lasiienuidmmasiiladidnainuasiaamaiudmiuilaianumminnnhasicailadidn
a3ngeniilatagiathegnialiinem nawamamasasdananiiminsaiuiuldhmasiladidnaing
gannzas ccTo aldfiamaguilasnndnswaludies udiiluwaiiiosnndniwennmeuan damsi
Taseadauun IBLC wazsmalwan lsuduiifnmhuasiagiatedudidninse mamsssdsznaumanad

NhresTandIngN

104

103-

102.

102 103 104 10° 10%
Frequency (Hz)

a v

Mwil 2.12 m3swdsuwlasiuanudzesamailodianainees CCTO Niaumgiivias laadianinse

9

o ac ! el' v g
VI']Q’]ﬂIaﬂﬁi HLSIDNIILOIBNNONNU

(n) BLanlnsarann&y (silver paint)

a

() Jaquaniin CCTO Mrhumsiianusaunigumgil 750°C Wunm 8 1l meld

u

U55eNMA N, wazdannsennnEy

a

() Yaqusdin CCTO Ashumsliamasauilgamgii 750°C Wiunan 8 Halus meld
U55eNMA N, wazdaninsarannlansuwniiuy

(1) Faquniin cCTO fishumslvanusaufigumadi 750°C Wunm 16 #lus mald
U55ENMA O, wazdidnInsarnannlavisunniu

(aauUasan Yang et al., 2005)
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10°F CaCu,Ti,0,,
2 . 4 . 6 8 10
log,, [v(Hz)]

Mwii 2.13 mswasuulasiuanudzesmeiiladildna3nuedigguenin CCTO ARaNunINANIY
(AouUasan Lunkenheimer et al., 2004)

2.1.6  HAYIWMIALNIUAASNTANINLABLENAINYBY CCTO (Brize et al., 2006)

mic‘s’iﬂmmmqwmmsﬁﬂ'wmﬁlmﬁLgﬂm%nﬁgqmnwm CCTO loaandadundgIuyes
MIAALANETNNNYaNMALUY IBLC lagfiunanuaad melulassaalsznaumatnsuiisianiams
inlwihiiduazfiduanunuagsswhunsuhmhitlostumaihiihsswhansu dewalimasiladidn
#5n284 CCTO ﬁﬁhﬁgqmn NAUUINNNANFINGNT BUeYBUNTULBZANNWINTBIT UL LTIy
Hasefifinadamloddnasn waznnmsanmwuamnezansuinadamasiladdnasnaas CCTO
(MW 2.14) nmnd 2.15 wuheesilediEne3naas CCTO feinanaBumMumMSIRNIINAYa
LNSU NANISNAABIGING NI FDAARBIRTUNATEuas Tha o al. (2003) FawuieeshladEna3nuas

CCTO NHzwansy 1 HUm dmUszana 3,000 uasdanAaaInuuIFeued Sinclair et al. (2002) &

wuneeiiledidna3naae CCTO fhifiwnansy 5 Wm dedszana 9,000 Tagwansnaassnavaai
nanmiianinselfiludasivayumuuuudiasszes IBLC Tumsadugamguasnsiimasladdnasn
1§931n2a3 CCTO
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Mui 2.14 Mwaeuizesiagunin CCTO Miumswnring 1,000°C Wy 20 Flaa
(M) 2nansu 1.2 T 0.4 Um Jaanaunalzifigumgil 750°C Wuna 2 9l

o

(@) 2wansu 1.3 T 0.4 Um Faquauaalxifiaamgil 650°C Wunan 20 7l

Kl Y
1

(@) ynansy 4.1 £ 1.8 m Taguauealnifgamgil 500°C Wunm 20 5l
(@aLUa9an Brize et al., 2006)

10000;‘.‘ () ®  N°1
- T T v N
.¢*+“'+ +++++ :‘ AAAL..F‘ -.“‘ A N°5
A AR R S E T T ¥ PP, Ve, - N4

e &
{(1) .
.I
__7_‘77._.".’.'."— i
WG o e
(ﬂ) -00......-..';:7 +
Lo 8. .
1000 4 .
-
.
.
ik
. =
L]
100 — T — — —
1e+1 1e+2 1e+3 1e+d 1e+5 1e+6 1e+7

Frequency (Hz)

MWl 2.15 WaUDWIALNSUGDMAINLABLEaNA3nYaY CCTO:  (n) Jaquesiin CCTO Nilawnansu
1.3 £ 0.4um, (2) Jaquin CCTO Nizwansy 1.2 = 0.4Um, (@) IaqusHN

CCTO NizwansU 4.1 = 1.8 Um (Aaudaann Brize et al., 2006)

25



2.1.7  WauaInszIUMseIaNaadNliaAneladianasnuas CCTO
M3AnInenmansaInNiagmans nszuIumMseseNIdaruaIanENindad
Wuiupuuasiluiussuiiid dyduagds nssuoumsiodeuiluiaieiinadaauifuasianlud
#197 efimsanaiauaritensiauifzesiaqunininazimsdoulauazsndefanszuiums
wisuiaue dumsAnnautidmaledidneinuesiaguniin cCTo fahuarasnszuiumsioiauiiy
Snuiltadeiiflanuddyuazinadasniamaladidinasn Nnnenumsinmassanarsdfimun
wuhehasiladidnedngas CCTO  Mawdniden waswmendnmnmadldung Saaglumg 478 -
300,000 (Subramanian et al., 2000; Ramirez et al., 2000; Homes et al., 2001; Sinclair et al., 2002;
Fang, Chen, 2003; Jha et al., 2003; Zhang et al., 2005; Bender, Pan, 2005) lata3anaquzaiin
ccto  TaeAsmemufaseaniuzasiuis uasladnwuazainszuiumsassnisguanasigguaniin
daautamaladidnasnaas ccTo Taald@nmuauas nadiacha | sasmawaua sy auunilums
wnuaalzl gamgilumsunuiin nawasmswkin uazkanasmslianuiauudiagiatadnasilu
USSENMABINDUTINTNFNFINATBINAINTULIzA NIV UGDA AT LaBLENGSN dmSumInITud
T4@a Caco, (99.98%), CuO (99.5%) uaz TiO, (99.5%) iwﬂauﬁﬂmuazﬁ:aﬂmaqmmm%ui’aqm
uiasriinaqulddanadi 2. 2 Tastaquedishumsuaalaianiliualiazdeadnads (noumstugy
wasmsdaensiiaaunin) walildnneaymainendsamuiululsamaioufise Taaums
murilafieisnldamiludusiTasmssadsanudunuuunudaniusiunaudusiuaudna 13
NAAUNT waslinNumN 1.5 Naduns 5aqﬁpiwuﬂ15§ugﬂgﬂﬁﬂﬂmeﬁﬂ ludrgaumani 990-1100°C
Togldnm 3-16  ihlu TesdenTaquniinfivnuiiniigamai 1100°C  Wunmnm s Hluvady
nespudmiulisudisunamanaaas daulamsedeuuazaanifen | sasiagdataenia CCTO
snawamsinmaniameladdnainasuladmned 2.3

a

mevdrnnmahiaadmailienTianuiaudnaisigamai 1,000C Tuussnme
vsnau unm 6 Hilus wenihanmeseuautiimeladidnainwuh daeiiladidnaineas CCTO fie
Wingede 10° fgmgfivias dauaaslumnd 2.16 mandennmaiiagieiluunliamudoudn
34 lhanienzilasaimas CCTo dsmaiia XRD wuhlifimsudeulassaiandolinums
\Aetusaaafiaaauaslinumsidsuulaunawssanuminuiy nnsdnvasdugunasiaguniin
fasiidnuazudy Taamsiisduatannuaseasiladidnainenaiiammaiiasnnmsiisduznsd
amwihlwihmelunsuivdsnalosasidemaiantiunasmasiiladidnein Taamaiisduresaaeilod
dnasnludnwaizdananiilimsgademnaladidnainees cCTO  didniuanniunude (Bender,

Pan, 2005)
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m3Ni 2.2 RaulamsieIeniague CCTO 1ag38 SSR uasan bz ank

amunad (°C) uag
9 Y

. MAUANITHAN | s PUIABYNIA
Fa0e MINAN a1 (Flag) Tums . .
B4 , UAZANHOT IO
uaa Lo
960°C, 8 h
waalziiuinnid 2| 1-3 pim,
MP1 mortar and pestle asglou (acetone) A5 TU®s29NUNISLAIZAINUY D
aunitazletwan DUNAKN
Ly Q(
USgN5
vy . A¥N 1 1,000°C,
WIUIgNSuanas 2-3 m,
' 8h i} .
AM1 | attrition milling | #2801905218 | g | . Huwalinzeenisiie mMsinzan
A3aN 2 930°C, 4 h |
Tamol 901 g 4 o AUINDUN AN
A9 3 970°C, 4 h :
v < . -
WIUINTRANTIT | 5 . 1-3 Um, ldasanumsinze?
, . . | @%#i1 970°C,8h | _ .
AM2 | attrition milling | A8 AULIIAIHD NUPBIBUMNARIKAEINITNTENE

Triton CF-10

59N 2 940°C, 4 h

fIYDIDUNARIBENFINLEND
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T
=

il 2.3 Raulemsie3enuazanifo g 2aeiaqunin CCTO Toawnwiinfiaamai 1,100°C

9

L3870 | IUINYNENITU

Jagua | () | wnwiu | (lulasams)

ST R N I, . . % A€
L. ol [Tunas|duving €, tanO '
MIBYN - Gs Gb Gs/Gb (%)
U | (%)
30 99
MP1-3 MP1 3 91.8 2.610.2 25/75 | 11,700* | 0.047 | +9.4
170
30 09
AM1-3 AM1 3 94.3 2.6+1.5 50/50 | 60,500 | 0.052 | +16.9
180
anstiulaeansud
AM1-16 | AM1 |16 94.5 L 109,800 | 0.052 | +13.2
NaUN®
15 -
AM2-3 AM2 3 97 2.910.5 10/90 | 95,800 | - -
60

(Bender, Pan, 2005)

=J %

WELKHe  Gs Ao 2NePBUNTUEN, Gb  A. sazaunsulual, Gs/Gb fe dadIuuBINS

Il
<~ 1 Il a

ansuanaansuluagluisgaadng, € As mesileddneiniaamgiivasuazenud 1 kHz,

wAg, Ao wWasiwudnmsuasuwlasaaeiladidnainludigamgil -60 @ 100°C  Wguiua
auui 22°C waseanud 1 kHz, 11,700* Wueiilnatdenniuansenulas Subramanian et al.
(2000)
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1800000 18

e 100 Hz 1k Hz =10k Hz
—@8— 100k Hz =100 Hz Loss =81k Hz Loss
1500000+ —&— 10k Hz Loss

1200000{ / 12

—&— 100k Hz Loss

x

Dielectric Loss

-60 -40 -20 0 20 40 60 80 100

Temperature °C

Mwil 2.16 msldsundasivauvgizasmasiledidna3nuazaiunutauduasnisgaydang
ladlanasn zae CCTO  Mmenasmsiianusaufigauugi 1000°C  meldussene
¢ & & @
21508 Wunm 6 27lue (Aaudasan Bender, Pan, 2005)

2.1.8 wanasnstIauazmInaxlndannaasifinaleddnasnuas CCTO

nnmsanmilasaane g Ailnadasutianeledidna3nyes CCTO wuhuanwilaan
Hasefilananuuds msdessuazmamesnindaiuinniilaseififuadaauiamalasidna3nues
CCTO (Capsoni et al., 2004; Chiodelli et al., 2004; Grubbs et al., 2005; Patterson et al., 2005;
Kobayashi, Terasaki, 2005) lagainmsanmnarasnmsiasssiivaunuidiunisaslasauuinly
Tas989w89 CCTO wuhmsidaasiluaathanndaantamsladidnasnuas CCTO dauaaslumsd
2.4 Fauflumaauaasmanualuih casiiladidnedn waseanudumulihueansuuastunuiui
Musznansu

PAMTNN 2.4 WUNMSERBASUNUNEILYUZ9 a0 UUINHNEUAENINGDNITLINY

anuglnihzeunsu lag 8 < C, < 16 pFem ' (W38 90 < € < 180) uastilpWnsanANNFNWUS
szuieenenugluvhuazameileddnadnzasiuauiussniunsy (msnd 2.4) duldnawsunads
tu cuo  Inululassasiunasnnnssuiumsiesaniagundn (i 2.5) wuhmenuyluiuas
v A a s a & v a1 N < a a v ]
masnladiana3nzeesussuunsudaninannuanulimnaa Cuo  Nasrawu (antiy Fe) Tagd
anuiululameves cuo  fivsnsaniniludriuimainaanaglnihzesuauiuszninansy
tasnnmstinanuliluszdsululassasiamegania adnwand@nienisyuss (transport
v W a £ . . o a v '
properties) Teamsiamanyseansdua’ (Seebeck coefficient) YBNIFALEIINN CCTO wuNRe Uz

o a . . < oA o o o o ) .
’ dulse@nidun (Seebeck coefficient) Lﬂumﬁmumﬁamawmmswu"l,wﬁmmmm%}’aummmﬂwu VLV\Iﬁ"I%"Iﬂﬂ’NN%”ﬂu (thermoelectric

material )
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-99 4 -60 UV/K lugngungi 200 84 400°C Mnmasnaniiugasiussgmnnzly CCTO Aa

Blanasau AwasnunszumMsstaniaturasnsuimmnanngmihlwihmelunsuigamaiiene g

9 0.07 eV lumasinanunszqumsiuaniiurasduauszuunsuiMmannamwih lihiie

Tuz9 0.54 54 0.76 eV

i 2.4 aamwinumuluih anagllih wazeAsitladiinman PaunIUUazTaUNIU U TG
CCTO, Ca, A Cu,Ti,0,, waz CaCu,Ti, BO,, (ija A = La uag Sr ae B = V, Cr,
Mn, Ni, Fe 18z Co)
V. (AU FusEHanTY
ECLLZRRERN o _1
p (Qem) | C (pFem ™) €, P (Qem) | C (pFem ™) e
CCTO u3gnd 75 12 136 6.8 X 10" 8700 98,000
La 2% 267 16 180 1.3 X 10° 300 3,400
Sr 5% 158 14 158 1.3 X 10° 2,300 26,000
Co 2% 88 12 136 1.4 X 10’ 5,200 59,000
Co 5% 112 13 147 3.1 X 10° 13,000 | 147,000
Ni 2% 75 15 170 1.0 X 10" 8,800 99,000
Ni 5% 207 11 124 1.1 X 10° 10,000 113,000
Fe 2% 2.2 X 10" 12 136 6.6 X 10° 6,000 68,000
V 2% 5.3 X 10° 8 90 3.1 X 10° 400 4,500
Cr 2% 1.1 X 10’ 9 102 1.0 X 10" 500 5,600
Fe 5% 1.5 X 10" 10 113 13 X 10’ 4,000 45,000
Mn 2% 2.1 X 10° 14 158 ~1 X 10’ - -
Mn 5% 1.4 X 10° 9 102 ~4 X 10" - -

M5 2.5 Usuaasiaedy

(Capsoni et al., 2004)

(% Togniwmiin) Neasanuluiaqueniin CCTO Nidamelaaaun

d@15hla

YSuaiiae

(%)

USuae Cu0 Nesranu

(%)

U330 CaTio, Hinsrany

(%)
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CCTO u3gnd - 0.5 -
La 2 - -
5 - -
Sr 5 - -
A" 2 - -
Cr 2 - -
5 1.5 -
Mn 2 - -
5 - -
Fe 2 0.6 -
5 2.3 -
Co 2 1.5 -
5 4.6 0.7
Ni 2 1.7 0.6
5 6.3 2.2

(Capsoni et al., 2004)

ilasnnmadamsiglasausaslanzea  tiaunuiidumislassuuinaes cCTO
sansaiiucadiiladidneinaes cCTo ldudiaanimuaiiduansildfmunuaudaasmagadams
ladidnasniigannmumaiinzasmasiladidnedn duiulumsuiulgandanladidnasna
ccTo WlFBmahasulndafuiaafiimunuaudasmsgadamnaladidnainm wulussuuaauln
&0 CCTO/CaTiO, (Kobayashi, Terasaki, 2005) warszuumaNlnge CCTO/ZrO, (Patterson et al.,
2005) szuunanlwdamasasmansoUiulpautdaneladidnainues ccto  THminsandums
Uszgndldnuld Taadasiiladidnasnuazamunuaudaasmsgydensladidneinzasisgaoulnda

CCTO/CaTiO, fifnlszanas 1,800 waz < 0.02 (luznenud 10°-10° Hz uazdrguvgi -53
27°C) audIay LLﬁzﬁ’lﬂQﬁl(ﬂﬁLﬁﬂ(ﬂ%ﬂLLatﬁhLmuLﬁ)uﬁﬂmﬂ’l’ig'ﬁyLﬁﬁm’NlﬂﬁLgﬂGl%ﬂﬂEN’?EIQF\E]NIW?W]
CCTO/Zr0, #imUszanae 5,030 waz 0.016 (ﬁqmwgﬁﬁa\mazmm?{ 1 KHz) MN&0U NIaNaNY8Y
AmunuudaaImsgademeladdnain fimailasan CaTiO, wag ZrO, finanTwdaly cCTO Wams
dzauiiusnamauassnihansy washwhidunnunssrhansuuassudananifimamwdum
11/\I17\h°‘7i§qmn dmalﬁ'@iumumuﬁwmmsgtyLﬁamqlﬂStﬁﬂm%ﬂﬂaﬁaqﬂau‘[w'ﬁmé’qﬂénﬁﬁ@haﬂm

o va a a A v
2.2 ﬂ’liﬁNLﬂi’l%ﬁLLﬁ%ﬁNUGl‘YI'I\ilGli’JtﬂﬂGliﬂ?laﬂ NiO ntaamg Li waz Ti (LTNO)

2.2.1 anaimluiennulaseainawaznisdaunszi LTNO
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fnananlyd (Nickel oxide, NiO) Lﬂui’aqﬁlﬁ%’ummaukmshwm Lﬁaqmmﬂu‘hqﬁ
ansalszgndldnumedudiannsaiindlaaiainning Tas Nio uSgnisnaglunguiagainu Mot
Hubbard insulator’ Fuflunguiaqiifieammiluiding 10" sem™” wdidlaidaanshmniaaud
S18NATEULREY (monovalent) WU Li° whunud NiZ' lulasesda Nio %mm'ﬁmﬁuqmauﬁmumsﬁ']
T Tvgetuld

Wu et al. (2003) lananumsduanzduazdnmantianmeledidna3nuesisg NiO 7
\@aansene Li uaz Ti (LiTiNi,__ 0, LTNO) lagduanswigqusin LTNO Togismsnasuuuudin
50 (citrate precursor method) UIUNTZUIUNITLOTLN Léué'uﬁ'mmswaums Ni(NO,),6H20, LiNO,
LaLNINTAIN Tui‘ivm%qﬁ waNuAN S [CH,(CH,),01,Ti asldlumsazarzadet g wSounuly
anudaunasauatdaiiinsauldiaauis wé’qmnﬁy’uﬁwmau,ﬁ'ﬂﬂl,malﬁﬁﬁqmwgﬁ 800°C  tHunim
1 7l daunﬁﬂlﬂﬁugﬂLﬂmwiuﬂauLﬁ'umuquzfnawﬂszmm 10 NaduAT i'lgumauqﬂﬁ'mﬂwmi
thaghsiishumstuguluunwiinfigumgd 1280°C flunm 4 Hla

Saquniindatuiiduansilagninludnmnlasaauns Taawmaiamaideuuid
1ond (XRD) Gamwit 2.17 wuhgduuumsidenuusidiendluiaqunin LTNO deandasiutays
nasPuMsasuesdiendues Nio warlinutazes  Li was Ti (leUSinames Ti vesniuie
Whiu 0.05 Tua) M3ideans NiO eae Li denanamsilasuniaslaseadisuas Nio goeann tiasan
Safiuaanaudg (bivalent) 289lapau Ni uas Li e lnatdseiu As 0.69 A uaz 0.68 A mudriau
garulosauvet Li sansaunudumisaslesauzes Ni lusanfizzaslassaslalasunannmsia
ienvasuandis dalugiuumsidmiudidiandluiaadade LTNO Sehiwasuudasmuibinaas
Li fuiiady udilousinawes Ti Saannnimdenhiu 0.1 Tua asssnsaasanumaidesinduie
iwlszes NiTio, Fulludeivedldhilusfiaauiaduly LTNO elaushe Ti udamsaasranuldiias
MNINMIeNdaIamaiia XRD WiaUSinames Ti §aani 0.05 Tua (Wu et al., 2003)

O NiO

0 e NITiO,
0 0 )
x=0.1, y=0.1 ® Q0

x=0.1, y=0,05 ‘ h “ i
x=0.1, y=0.02 . l h ko
s

x=0,05, y=0.02 I ‘ |

x=0,2, y=0,02 | l l h ||

10 20 30 40 50 60 70 80
20 deg

Intensity (a. u.)

i 2.17 sUuuumsdsauuidiendlulaguin Li TiNi, O (Wu et al., 2003)

1-x-
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2.2.2 mawmqm‘ngﬁu,asmw?iGiaauﬁﬁmalmﬁtﬁﬂm%nwm LTNO

Wu et al. (2002) lansnumsAnmani@nialadidnadnuaeian Li,,Ti, ,Niy 4,0
(LTNO) Tugheanud 100 Hz i 1 MHz uazialuzgamaii -60 1 200°C wuhaasitladidnedn
%99 LTNO finiigaann Tasiienszanas 10°-10° aapaigaumaiinasmsia (anude) iefinson
fianudidnd 10 kHz wuheasitleddnainudsuwasiugampiivesinnaasasgamnizaams
5o daudaslumwd 2.18(n) aghalsioa Lﬁammﬁ'gjﬂﬂiﬂ 10 kHz eesfiladidna3nazanasatne
Funduilognmgiinndas Tagananiszann 100 whaasmaeiiladidna3niinamgiigs

wodnssumaladidnasnaesiaqurnin LINO  fidnuaizadeduwgdnssuiinuluiag
513N CCTO (Ramirez et al., 2000; Homes et al., 2001) Aanaainmsanatatusunaumasmaei
laddnasnfigumgiidhlaslaldimmaiilasnnnginssumanaslsdidnnin (amawumanlasu

vV

Tossahaaiiesnnmsildsunlosgamaill) uilmmailasnnwazssmdsnuamudauiiudinsedu
WAanssuumakauaaemaladidnain datiy Lii'aqm‘wgﬁaﬂﬁwadm‘[walﬂﬂwzgnm?qLLazLﬁaﬂGia
sunwlwihmeuen desalmslnalsduiliialuluenaresmsanmdias Tasaansndunaldas
FarunnmsanstagndunduasaiiladiEnasn nmwil 2.18(2) seanmnussmunuEUGYDs
msgademnaladidnninlundazenuidenndasiumsanstagedunauassmasiiladidnain (i
2.18(n)) watilarnudiondias seansmaasmunuaudaasmsgademsladidnainazdaudumia
Tfsdegamaiiisnnh wazasmsidaudmumisdananiifudiidiimafomsiauamemsladidn
a3niilasnngnnszdudaanuiou ahinsonluiegamaiigs 1 wuhmunuaudaasmsgadams
ladidna3niisgann Tasflawmailomnuazasmainlwihnszuaass (de conductivity) meludiams

wazaIsadune lasgugarungum)igeuazanade
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™ P

—m—10°Hz
—0—10°Hz
10 1—a—10°Hz T . :
51—v—10°Hz 7
|—e—10%Hz| (@) 4

tand
.

| WA i ) /:J/
1 h O\O\ f"")} A
1A v, 0\9 A

1= Gﬂ‘QEW§ﬁﬁ#Mvvv§Wwﬁ
200 250 300 350 400 450
Temperature (K)

Mui 2.18 miwadsuulasiuaumngiizes (n) mesnleddna3n was (7) MunuEauduaIN gL
mMaladlana3n 2aeiag LTNO Tudanud 100 Hz 84 1 MHz (MWUnsnuaaemwene
HINYaNaaMBENmIEmAla SEM) (Wu et al., 2002)

dalwiAnenunlangdnssumaladidna3nuas LTNO TWasedu Wu et al. (2002)
TaAnwmsuasuulasiuanudussmefiladidnasn wazeunuauduaInsgadanalodidanain
wuhwazasmsilasuulasfuanuiuasaaeiiladidnasn (mwﬁ 2.19) §HNIT0DTUUNWHANTINNN
Tadidnasnlalaglduuuiranimswauamenalad@nasnuaaaing waznnuaresmsilasuulasiu
mmﬁ'wm@iumumu@i’wmmigmlﬁﬂmqlﬂﬁlﬁﬂm% (Mwi 2.19(2)) wuﬁuﬁaqqumﬁ'umﬂﬁu 890
ﬂ‘§’11/\|°llFJ&‘Iﬁ’]Lmumuﬁﬂﬁﬂﬂﬁi%jfyLaﬂ‘ﬂNI(ﬂaLgﬂGl%ﬂmﬁl,a}auﬁ%mﬁﬂﬂiuﬁﬂ‘ﬂﬂLa‘c’l’sﬁluﬁl‘ljﬂﬂ‘jl,ﬁiu?lFN
anud wasanamiiudifiusnsieenuaanndasiudnuazsimswaunaemaladidnasn NNYDYA
apamsdnnmsnldsunlasiuanuizasdasilladidnasn uazeunuudaImsgadsmeladdn
@30 SNITOMINUMNNVRIMTHAUANEMLADLENASA (dielectric relaxation time, T) lALAEMS
Usudmulsluwuuhasnasanglilanswassiunsnvandayeresnamsnean

PNNNNUFNPNNFUNUSTZNIN log(T) Nu 1000/T (muwunsnlumwd 2.19(2))
wuhiilagamgivindunmuasmsisuamanaladidnainasanasetunad sududeivedhiims
dinFurasenuvnnuiulalnaluihuazdmsiialna lsisusg9510% Mnnsiuaasanuduwug
2WIN log(T) AU 1000/T LLaxmﬂaumsﬁ (6.2) mmsﬂﬁwmmmwﬁwmnsxﬁumiLﬁﬂm‘m'auﬂmﬂ
maladdnasn (U) lannanausuwasns vl uaswudh U = 0.313 eV Gedaas U fiilalndidesiuen E,
= 0.309 eV %ﬁL‘ﬂuwé’wumzﬁ'uﬁv‘iﬂﬁlﬁﬂﬂﬁﬂﬂﬂﬂwmﬂumiuwaﬁaqmmﬁn LTNO #eisdinifa
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MINTEHUMEANNTDUBENTULTTBINTEIUMIHBUAIEN LA Blana3naudiannduNusae NNy
math lWihmelunsuy

10°3

ﬂ‘!“*ﬁﬁ A
e Y
oo R ﬁﬁéasm.
10 \JCLL{SO') *se [=het iy
“Oo s
| “lb ‘.‘w
w ] () c-\u\ 'x\.\
3 o e
1074 o, .
—o—210K %OCQOODD
—e— 260K
2 [—O—310K
101 360K pr
—A— 410K 10 -
10° | —A— 460K a - 4
B 409 "
1 -~ = =y
] = -
7 U=0.313 eV
. '-?.SU) Sk B 1=0.847x10 %5 | |
w 107 By 10 |
& Lo fa, 20 a5 40 45 50
= L Bp 1000/T (1/K)
{ y Bop ﬁOCOU(Eb Ll
0 iy Bop P 0, g #*
10 oy "ug = BAp, \«,. o ....96_0
» ¢
u.“gns ey .- ,_\,c_ F.DBS-

.Dooﬁc:ccju" nﬁﬂﬂﬁ“.;gaaﬂﬂﬁﬁﬁﬁun

10"+
3

10° 10 )

10* 10 10°

Frequency (Hz)

Mui 2.19 mswdsundasiuanudaas (n) aeeileddnesn waz (2) MunuaudzaImM g

mMaladlanasn 289 LTNO Naaumgiiena 9 (Mwunsnuaeaanudunusszning log(T) nu
1000/7T) (aauUa9a1n Wu et al., 2002)

2.2.3 mmeyzlmm'sﬁﬁhmﬁlmﬁtﬁnm%ﬂgwaa LTNO (Wu et al., 2002)

LTNO dadluiaqladidnainniiniiicmasiladidnaingann Taaeiszana 10° &
ueiidisuhfudmiinulunguisquleslsdidnadnuuuinduasuuuiuanzes 1nd 9 fugamniia?
(Curie temperature) manﬁnssumsmﬁ'ﬂuuﬂmﬁuqmmﬁwm@hmﬁlﬂﬁtﬁnm%n UsEhnalnuasms
dwalwanlsiwduly LTNO lildiRatunnnginssumanaslsdidnasn Taseasiladidnasniigenn
294 LTNO anafianmaquilosanmsiilasiaiiemegameauuy IBLC

NnwamsAnmdnsusinmhuazmsiensituisesinuasiagunin LTNO wuh
Ti Mdud iy Nio sanseamanuldlutBinaenniivinameuassniansy udesawuldias
wnniiuinamelunsu s Li snseasawuldlutnasnamalunsy dumelunsudelania
Hlusnsiednh (Nio anidnee Li) Turaifivsnampuassriansudadiusnm Ti uumnniiauss
HunumnuwesimihiienenumsihlWibszuhansy dedmsanlassaiiswes LTNO Tuszdugama
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wuhilansauzeaanudinulszgaiehenlsznaudauiudnhaunumeluussymeawu (ladan
M3N) ANYMYBNLATITNNNIIMAGINGINGEENT IBLC 4aznuuuinasdagdazes IBLC A

ladianasnuasiggunindiat uimeaanns

g ggtbd (2.3)

i d Ao vnevansy (laszanm 2-5 Um glannmwee SEM), t A AW BN URIIY
USYBULYASEWININGY (grain  boundary layer) UWaZ &, AadasiiladdnasnyastunuIuuLasd
AUszainm 10-50

NnauMIN (2.3) wudwmmﬁlﬂ5L?mm'%fmaﬁaqLezmﬁﬂ%ﬁmaﬂamﬁ'ammwumm
Funuuiiady wazanuwunzasuaumely LTNO  asfidudisdumaysinanas Ti fuiuiy #
F00ABIAUNANMINAaDY audaslumnunsnii 2.20 duRaasfiladdnasnilmanauiausnanas
Ti #ldeduiadnnngy wazlumeassiuiumeiiloddnasnues LTNO  aziidiiinsnniuas
USanomed Li Tt (1umw‘7i 2.20) FananedemsiinySnewes Li dumsiiindSnamasnne
ahmelunsu (LniuﬁamWﬁﬂWWWQﬁu) uaztiions LTNO lusnuluihazdenaliiiamsazaumas
Uszq a1 unafhaasduasiumnuiitusswhansy demalimasilodidneinuas LTNO fegs
10 uanniudrdiwuhuinames Li uas Ti idsuiinademsuasuuasiuanmgiivasdaclad
Lana3n Lnﬁdwwqafmum'iLﬂﬁ'auuﬂmﬁ’uqquﬁwaqﬁwmlmﬁL%ﬂ@%ﬂwaﬁaqmﬁﬁﬂ LTNO #fia@u

(USanawwas Li < 0.3 Taa waz Ti < 0.1 1ua) asianuyaeaaenumni 2.20 udaun)i o sy

I
aa o '

aaanNUzasmunuEuizaImsgadenelodidnasn  fenuduil 9 azdefidunigumaiingnd

u

WatNUSaes Li voanlSanaweas Ti

?O T T T T T T T
7
60+ S X =0.05 T
50_"[3_ 4 .
_ 40 : -
o 1 —
=~ 30 o -
u 002 004 006 008 0.10
201 Y ]
Lg y = 0.02
04 i
005 010 015 020 025 0.30
X
~ a J n:} a o a . . . v a . .
2NN 2.20 astlasunlaseaenledtdnasnuag Li Ti Ni, _ O nuuSuioues Li wag Ti

(NYuviiviBeuazANND 1 kHz) (Aaudaan Wu et al., 2002)
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2.3 madszandlinuiaaleddnadnuwniin
Jaqladidnainuiaaunuduiaqitlith Wi vIafidranmwiumuluihgann mnaouauda
Nugrudananiinliladidnesnunesiiagnininldnulasas fevihiduiagilostunsivauues
nszua Wil uanmnﬁuzﬁlmﬁLé‘mm%ﬂﬂ'\aL‘TJu‘?aqﬁ'mmsa11’1mﬂs:ﬁviﬂuqﬂﬂszﬁﬁugmmq
aldnnsaiindiddny wu dufudses Tesdufulssaiinumuiasamamluaansoutseanldvans
wiio usgfusliuassiiauasmsitlihladdnen dememagluiheasdufiviszannaiaasiiufue
ladidnasnzasiagiitninusziug deiadu dufulszguuueniinngude g dauaaslumwi 2.21
PNAWMA 2.21  uazanTil 2.6 waz 2.7 annsaRasenld Fanudululdlumsiniag
ccTo ilsshwsifluduiulss wazmansodadufulsadinaniagludfulssandui 2 uas 3

=

i
v

=1

2

DA A~ & 1A v 4 1 Vo Pt a LA [ [
udnmhulszamassnguiiladmsldnuinagneiun wadagildlumsuszavidrvlnaiuian

o3 9

v
= CZ

. I I3 P2 a a s a a a g [] [ [ v
BaTiO, \JuaeAlsenau mumﬂwlﬂaLaﬂmmﬂaf;luLLﬂaqmuqqumﬂuaﬂNmﬂ NNNIFAANNAIUN

2

nssuumaleIendigenniutaunaylfgumgilumsdueseige (complex multi-step  processing)
Tuaaued; CCTO Tansziiumsie3eadiig (one-step processing) (Sinclair et al., 2002) fieasiiladidn
o3ngauazaefiluzegamaiifinhann (Ussana -200 4 300°C) desmaiieneliiaanunislums
Ussdnganfutazafionnsaldnuldludnaamgiiinheduuaslddunulumandaiicnas udilymouns
m3th CCTO inUszdvgiiludiiuiszy e mafiaunuuduasmsgadamaladianasn ﬁgq Tagenil
wanzandmiuiaaladdnainiihanlssivgiiludufungui 2 uas 3 msfidnaglugn 0.01-0.05 &
waaeNd 2.22 wazanuamsdnwanuiulylumsihiag ccto  andszdugidudunuilszg
(Kobayashi, Terasaki, 2005) FIULTAITIMNR 2.22 wuhantaneledianainzasiggaanlnde
CCTO/CaTi0, daaglunguiagiianinsouszdvsifluduiuiszgnasmuuuy XsR uaz X7R 1d Tos

Tagilduszaugannulszanguasnaniivsznauliuas BaTio, uas Pb(Sc, ,Ta, )0, Fidgnedasilla

o9

1/2
anlfuszavsiiudifulszaildfuadraundnmeluiagiu adsuisuduisgaenlnde
CCTO/CaTiO, wunmswasuulaswasmasiladiingdnues CCTO/CaTio, fip  1.0% Faflueii
vaaiigalunduisaiicninsalssvsifludufulssnasmuuuy X5k uas XTR Sansiianasiiladidn
a3nfiasiiludegamgiiinhenhindie duiumansaasulédh ccro/catio, safiuTagiidauiams
loddna3niiafigalungu X5R was X7R wasiiddnyasedamaiadonisg CCTO/CaTio, Todunuly
mawdasnhisguiiedulunduidendu ilasmniinssumawisuihe ludasmuanluGEswesany

auussenma uazldaamailumswisnimniniaanldssaugaminulszguuuaadn
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Class I

Class I1 Class III o
multilayer capaditer
bonndary layer
1 1 e —
100 ] B
20... B0 pm
mat.: | parselectric ferroelectric mat. ferroelectric mal.  |type 1 or
materials based on BaTid, doped BaTid, type 2
% 20 ... 200 1000 ... 16000 By = 10% as type 1or 2
tan & |02 .. 5107 10 ... 20-107 20 .. 50102 as fype 1or 2
c 1pF.-1nF 0,2 .. ¥ nF 10 ... 100 nF 10 pF 10 nF [type 1}
1nF.. 1 uF ltype 2)
P Oy + By oy + gy * 0y By + gy Oyt |0y + Oy, [0y
*polarzation mechanism

Mui 2.21 gadulszguuunAnnguae g (Moulson, Herbert, 2003)

M519N 2.6 Useandmwaeniiau3anes (volumetric efficiency) Waswasnui linanieusunasues

v g a v
TRIINIFERTATI AR

Fianasenulser Uj samaMmaamAY wdsmillidowi
3 U113 (Volumetric USams
(Capacitor type) 3 3
efficiency) (LLF cm") (mJem”)
Electrolytics
Aluminium 10 500
Tantalum chip 600 30
Double layer carbon(Supercapacitors) ~3><106 ~2,500
Polymer film
Wound 0.02-2 1-10
Multilayer polymer ~5 ~1
Single layer ceramic
NP0/C0G ~10" 0.25
Z5U/Y5V 8x10° 15
Ceramic multilayer
NPO/CO0G 0.5 1.5
X7R 30 35
Z5U/Y5V 300 40
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@391 2.7 siawasauiulszgngud 2 waz 3 dmsumsidanldnuludgamaiiong g Tugams

wWasuulasasianuglnihen g

' - . msl,ﬂ?iﬂuuﬂa\ma\whmwaﬂwﬁh
EIA Code F1aunad (°C) EIA Coded
Y (%)
X5 -55 09 +85 D +33
X7 -55 DN +125 E t47
X8 -55 §4 +150 F t75
Y5 -30 94 +85 P + 10
Z5 +10 94 +85 R + 15
S t 22
T -33 D9 +22
U -56 D9 +22
Y, -82 TN +22

(Moulson, Herbert, 2003)
nanawmn EIA (Electronics Industries Alliance) Codes D-R ﬁamju 2 ae EIA Codes S-V ﬁaﬂq':u 3
dhashs 1y Z5U fa dafuszang 3 Adasmsldnulugsgamaii 10 °C 84 85°C wazdims
wasuwlasasemanuglih iy -56% 81 +229%
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| | | Ha _
~ ceramic ca pacitors LJ‘ .
10* at 1 kHz : E -_‘-L_i”'
= @ 220K [
- 2 240 K .
& 260 K e
A 280K : S T |
I W00k Bi Z5U,Y5V F I
fi CCT-CT-1-i ¥ i high dielectric
i 3 (Ca,Cu,T0,,)} [ capacitor
- X5R, X7R ]
i A C ]
2 temperature
10 —  compensating =
- capacitor | | | G .
-4 -3 -2 -1
10 10 10 10
tand

il 2.22 mmﬁuﬁ’uﬁs:wjﬁq@hmﬁlmﬁLﬁﬂm'%ﬂua:@hl,musti'?laamigfgLﬁﬂmqlﬂﬁﬁﬂm%ﬂ 289
Saquniinladidneiniilfussavsiudifulazs uasanuiululdlumsihagunin
maulwdn CCTO/CaTiO, (CCT-CT-1 #38 Ca,Cu,Ti,0,,) Miszdugiiuaiiuisn :
(A) CaTiO,, (B) BaTiO,, (C) Pb(Sc, ,Ta, ,)0,, (D) Pb(Ma, ,Nb, .)O,, (E) CCTO, (F)
CaCu, o,Mn, ,,Ti,O,,, (G) CaCu,,,Mn,,Ti,O0,,, (H) Ca,,Na,,Cu,Ti,0,,, (1)
Ca,,Lla,,.Cu,Ti,0,,, (J) Ca,,.Sr,,.,Cu,Ti,0,, (K) CaCu,Ti, Sn,,0,, uwaz (L)
CaCu, ..Zn, ./ Ti,O,, (Kobayashi, Terasaki, 2005)

wannnmsdszandldnuiagladidnasnlumsuszdugiliudifudszauan dasnansathinlem

Wudessiugnedidnnseiindiardey fe SaUseAusanud) (memory  devices) aidy DRAM

(Dynamic Random Access Memory) #uifluvihsamnuiiifianuags Taalassadumelutsznaudas

nuTaeasuartunasiuiulsey (capacitance layer) datiumstiufindayaasuy DRAM Adamsde

Uszgllih ldulilumaduasdufuszatiues udmsiimeluy DRAM Usznaudsmadunsdufiulss

Fonliidymifmiumshiuessduilaunanimsguydemeladidnadnifedu (Waser, 2003)

FaiumswanngUnssi DRAM Sedasanniagladidnasnaugiuludhs anuqluihususadduiu

Uszalaglu DRAM sansadnnalddaaums
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Cs =€ As (2.4)

'
tphys

Wa C, Apamiylwihwewgadauiudszgly DRAM, £ Aamasiiladidanainvasidgmhanyssivg

9
<

wadduiulsse, A deluiifnuasdiininge wos e faanumnzaswasiuleddnasnmeluwad
Nnaumsi 2.4 wuhddasmaiiisenuylwihseusadly  DRAM daaiuiiuiiuasdidninsauazan
anuvnadmiulsamelu DRAM uazldiaqladidna3niiimasiiladidna3ngeuazanansonion
Huldnnld wdlumsldnuluilgiuiedasms DRAM Tufznaidninn deiudelimansoiuiiuil
289818nTn30 maiiudanugliihniely DRAM Sadasmsiagitiidaeiiladidnainiigannan
Uszdufiilumad MlimewannuSulpsniaaes DRAM duiilasananmsdunu CCTO uaz LTNO
inliiaadananilasuanusuladluaghannlumsfiashinussdugifugaddifulszaly DRAM
ilasnniagiiiaailadidnasngslasmmeatais cCTO mansawnienliagluzluasiiduunldlos
wodnssumaladianaindnsiisnusasmiiawduyniszmsuazimasiiladidnainagluzin 10°-10°
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NN 3 I9NI1sNeaad

3.1 MIduAIZHIAnEIuaY CCTO
msfuansiiageymasziuinTuzes ccTo lumideilldlfizmswieulasisaseie 3 33
72 5lzalaauuuinite (PVA-sol gel solution) 3520 (egg  white) wazidnadinasidedau
(polymerized complex method) Tﬂﬂimaztﬁﬂmaﬁ%'mim'%ﬂuLwiaﬁ%'aqﬂlﬁé’wialﬂff
3.1.1 Jslgawauuuiiie
sssduildlunssumsdaensiisgus ccto  Tegislaamauuuiiiie  #a
poly(vinylalcohol) (PVA) (M, = 72,000), Cu(NO,),4H,0 (99.5%), Ca(NO,),4H,0 (99.9%) udz
Titanium(diisoproproxide) bis(2,4-pentanedionate) in 2-propanol (99%) Léu@glluﬂﬁm%m\lﬁ”)ﬂmil,ﬂ%ﬂu
Msazeuas PYA 5% luthudand Taseudeuriaaimdniiaamndi 80 °C aunssilaldiaalazaswad
wad Pva Mntudnlaasulansussansaady Ca(NO,),4H,0  Cu(NO,),4H,0 uazasazanslnm
iy avlumsazmadananil uazauatdaiiasiigamadl 100 °C Aunseialdinauis wauksiilagn
ilualiazidaauaniluwnunalsifigamaii 700 °C waz 800 °C luamediunm 8 Hlu
3.1.2  3dldwm
samsuildlunssuumsduansiisgue ccto Taedslden #a cu(NO,),4H,0
(99.5%), Ca(NO,),4H,0 (99.9%) uae Titanium(diisoproproxide) bis(2,4-pentanedionate) in 2-
propanol (999) uazldun Budumsiadendemsiadenasazaszaslazn (60 mL) °luﬁvm%qm'§ (40
mL) Tasaudsurswimdniigumgivasunssisldmsasansla nntudnlaaaulonzaasasoadu
Ca(NO,), 4H,0 Cu(NO,), 4H,0 wazasazag lnmiiiawy avlussaraeuasldemdnanil uazausg
daiilasfigumgdl 100 °C aunssnaldaauwis wawiildgmibluualiasdaauasinllwnuaalzi
aaumnil 700 °C uaz 800 °C Tummeafunm s #lus
3.1.3  IwadwasiFedau
amduildlunssnumsinansiiagus ccTo Tagiswadmasidedou fa ciic
acid (99.7%), ethylene glycol (99.5%), Cu(NO,),4H,0 (99.5%), Ca(NO,),4H,0 (99.9%) uac
Titanium(diisoproproxide) bis(2,4-pentanedionate) in 2-propanol (99%) Lénﬁ’umim%‘&mﬁ”mmim%‘ﬁm
81592818204 citric acid 14 ethylene glycol Tuans1au 4 : 16 laglua T,mﬂﬂuei"mmi\maimﬁﬂﬁqmwgﬁ
80 °C mniudinlesaulanzyasasnasy Ca(NO,),4H,0 Cu(NO,),4H,0 wazahsazanalnmiiian a9
Tumsaznadananil uazauatdaiiiosiigamgii 280 °C aunssiafalumalatiiiy wailldgn
ileuliwisiigamai 350 °C Wunm 1 il wauksitldgninluualvazdaausniluwnuaalmi
ﬁqmwgﬁ 600 °C, 700 °C uaz 800 °C lummeiilunm s #lu
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3.2 amsduansiidaguEndin CCTO

msfaengiiaguniin CCTo mnsaduanzilagEududsmaiiagaymanluues CCTO
ffuensilannmaedonna 3 351 ilutusudufiousunan Tasmasafadsusadunuuunuien
mnﬂ?uﬁwLﬁﬂaﬁﬂﬁmﬂmsﬁugﬂlﬂLmwﬁmﬁaﬁumw:ﬁi’aqmswﬁn CCTO ﬁqmwgﬁ 1100 °C Wutim
16 Hluslueimea

3.3 mduanziidnaymaszauinluzas LINO
msfuansiisgeumassduinlures LTNO lumiAdeiilaliismaedenlosizetehe 3 55
fa Algalwauuuiite (PVA-sol gel solution) I5MIFNEAINNANN5OY (thermal decomposition
method) waziowadwaslwlslada (polymer pyrolysis method) lagsieazidaanasIomsinsanunazis
aqulddsdaluil
3.3.1 J5lgamauuuiiie
samssuildlumsdaensaymainluzesidgus LTNO  Tngdslaamauuuitite fo
Ni(NO,),.6H,0 (99.9%), LiNO, (98%), Titanium(diisopropoxide) bis(2,4-pentanedionate) 75 wt%
in 2-propanol (C,H,,O,Ti) (99%), citric acid (C,H,O0,.H,0, 99%) Waz polyvinyl alcohol (PVA)
(I-CH,CHOH-n, M, = 72000) (3usiusemsio3onmsasarnund PVA uae citric acid Tuthusgnd
wazauatdaliiasfigamaii 200 °C  aunssialdiaalaniia Mntudulassulavsuasarsnidy
Ni(NO,), 6H,0, LiNO, uazesazaalnmiisuaslugisazana PVA Fanamil wazeausgdaiiiasdi
aoumindl 280 °C Mntluhwawisllauiigamgii 350 °C iflunan 1 Falue wausiildgninluualias
Baauaniluuaslmiiigamgiivszana 650 °C iflunm 10 Hala
3.3.2  AAMIEaIgmIMINANNITAYN
soaduiildlumsdaansiaymaniaas LTNO lae35lgataauuuiiie A
(CH,COO),Ni.4H,0 (99.0%), C,H,LiO,.2H,0 (97.0%) us8z Titanium(diisopropoxide) bis(2,4-
pentanedionate) 75 wi% in 2-propanol (C,H,,0,Ti) (99%) msnisusslaeiiaenaniiiliizms
w3sniaqueiifienuds Gududemsasasmsaadunsmuziioasluihuignd weshasazans
Fanamnilluunalnifigamgii 650 °C unm 10 Flus
3.3.3 Jswedwaslulslada
smcuiililumsduensiaymenlusasiagus LTNO  Teedswadwoaslwlslada
h Ni(NO,),.6H,0 (99.9%), LiNO, (98%), Titanium(diisopropoxide) bis(2,4-pentanedionate) 75
wi% in 2-propanol (C,,H,,0,Ti) (99%), (NH,),S,0, ua acrylic acid 3ugusamsazaaasniny
293 Ni(NO,),.6H,0 (99.9%), LiNO, (98%) uaz C, H,,0,Ti aalusnsazanauag acrylic acid ey
ﬁm%qw%’mé"mwéuu 70 : 30 Tpsthwiin damaaudsuriuiminagadaiilasiigamai 100 °C
nntudiumsesas 5% was (NH,),S,0, luhudans aslumsazmeuadleaauzaslavsuasansoidy
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a

niwhwailallauudsigamgil 350 °C Wunm 1 Flue wawiinlagnihllualvsudsauazily

u

upalningamgiivszana 700 °C Wunm 5 2l

3.4 AsduANeRidguEdin LTNO

msfaeneiiaguEniin LTNO sunsoduenzilagiEududismaiianaymainluzes LTNO
fFuanzildnnmaadonts 3 351 ildusuidudoudunay Tasmssafameusuduuuuunuien
mnﬂy'uﬁwLﬁﬂmsﬁlﬁmnmsﬁugﬂlﬂLmmﬁntﬁaé’umwxﬁi’aqms’]ﬁn LTNO ludwgmumgii  1200-
1280 °C luanmenilunm 4 Hala

SMTuMSeSENIFaRILaIaaLETINN NiO ﬂziuﬁ'uq @8 (Li,Fe)NiO, (Li,ADNIO, @
(Li,V)NiO Idwdealagismsmariiudiasuasasduain C,H,,0,Ti ilu Fe(NO,),.9H,0,
C,,H,,0.V uaz C,H,0,Al MN&IGU

3.5 msm%auiaqmuax’iaqmswa‘in CCTO-LTNO i lupanlnge

JaQHe CCTO-LTNO 1nluaanlndn azia3anaiedsuninuuuaauds (conventional powder

processing route) g lEdandndlu (1-x)CCTO-xLTNO lag# 0.10 < x < 0.5 Tumsiaseuyhlae
M3t 3aqee CCTO wannu LTNO lTuesusauazinmsuasiagnue zr0, Wunan 12 #lue Mniy
ilagaanlndazes CCTO-LTNO Wlvudis eucsuauazsauialilaiagie CCTO-LTNO wnlu

= @ a & o o < S & ' v & v v
nanlwdn  Jaguunluranlndanlagmiluzuguidudawiunay  Tagmsgadiameusuauuuunny
e waztenuiinfigamnil 1100 °C Tusimeadunm 6 uaz 16 2lug

3.6 MIFUATIHIANTIAN CuO

MIFUANATAGENNN Cu0 MINTOFUANHLABENAUMENFUTTFNNZBIZBY CuO NHANY

a

< a v ° 4 ' Y v 1%
U3gNDge (99.999%) MNU3EN Cerac W lUBugUithudiawiunay Taamssaiiiadausauauuuuuny

q
v
L)

wen Nntwhllessnlannmstuglilenuiiniiedianiiaguniin Cuo Ngamnil 920-980 °C

b

<

Wuna 10 Hlusluame

3.7  M3AnwanuaEuaIidnua CCTO uag LTNO

3.7.1 TGA-DTA Yaqks CCTO fiduasildazgninindnndieimnaiia Thermogravimetric-
differential thermal analysis (TGA-DTA) Lﬁaﬂ‘szmmqmwgﬁwmmiaamﬁa (decomposition) WazM3
wWasuuasmd (phase change) Aihanuliiaamsdunaniivionls Toslumsnaaas ueiaafateas
anlianudoudssanmsiiingamail 10-20 °‘C/anil luseaamgii 20-1000 °C
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3.7.2  X-ray diffraction (XRD) tnaila XRD asgnldiiveviinauaslasendn (crystal phase
identification) azeNUIZANUUNIAYBINEN (crystallite side, D) lalogNansanan line broadening V8N

in XRD 7iiaduuazldaumsvas Scherrer (Scherrer formula) UM D 210

kA

Togd O dayudeauy, A Aeenuemeduuas X-ray (lunsdies CuKy, A =0.15406) k Aaasi

(=0.89) waz B @@ line width at half maximum (LWHM) %4

B =B - B (3.2)

Tog B, uaz B #a LWHM anfia X-ray fidalauaznndniwazawaiaiis (Jalasldiagaau
Wey) mMusIau

3.7.3  Raman Spectroscopy (RS) tnaila RS laAnwmasdlssnaumauazlnseaineadian

v
a

3.7.4 FT-Infared Spectroscopy (FT-IR) lﬁ'ﬁm%’uﬁﬂmLﬁ'amﬁagaL%mmmmﬁ'mﬁ’m%ﬁ
Tuanafiganduseddurhisahimaiiuiussiuiuiin . wasfwendayamalassanasasuisdnde

3.7.5 SEM uaz TEM weila SEM uaz TEM ld§msumzinaaymauasansnsdyg
ENPRIIAN

3.8 MiAnwanuuzadidn CCTO, LTNO uas CCTO-LTNO inlunaulndaiithunsiunuiin

SanuiiadenldazgminndaduguasAnung@nssumsienuiin (sintering) 9989 CCTO 18N
wiinfigamgdl  1000-1200°C  luewma funm 16 #lus Teslddanmsaauaziingumniion 1
(~ 3 °‘C/nil) @ LTNO wnuiinfigamgiivszanas 1280 °c lusmeadiunm 4 #lus Tosldsan
mmﬁmazamaqqmwgﬁ 3 °C/wfi wariag CCTO-LTNO wluaanlwde meﬁn‘ﬁ'qmwgﬁﬂizmm
1100°C Tusmendiunm 12 il i’aqﬁlchumSLmwﬁﬂu,é"mxgﬂﬁﬂmé'ﬂwmﬂmﬂmﬂﬁﬂ XRD, Raman
Spectroscopy Waxiagmneiitdenldazgninludnmnlasaaameeama (microstructure) losmaiia

SEM (es TEM
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va a g a o A o o v
3.9 ﬂ’l‘iﬁmen ﬂN‘UGm’NVLﬂa LaNAINUYBI EW! tAIININ tGl'iElNlGl

luduilazimsAnmnmsnausuaimsledidnesnuasiagiwieulelosldinafia  Impedance
analysis U8z Board-band dielectric spectrometry uazdnwnazasguugiidamesiladianasn (') uaz

Anwineueiguu)iiaaa los tangent (tand) NANND 100 Hz i 1 MHz fihateamsdu (oscillation
voltage) 1 Taad laglagampniilug -50 8 200 °C

3.10 M3IANYIANEWAYY heat treatment Haduinneladiannsn

MIANHIBNENAYBN heat treatment 118N annealing 3G CCTO, LTNO uaz CCTO-LTNO
wlupsuTwdaiihumsunwiinud Tuussnmeadmies wu odnau waz/vialulasiau figamgd
1000 °C a1eafuy 5, 10, 15 $1la9 mnﬁy'uﬁﬂmﬁﬂmmﬁlﬂ&ﬁﬂm%uamﬂ%aum‘%auﬁ’ui’aqﬁlﬂ@?

N heat treatment

3.11 msAnwanswarasauAuGasainmaladidnain
mafnmdnswarasenuaudaanianeledidnadnilesmsiaauiameledidnasnuasian

CCTO, LTNO Wa¢ CCTO-LTNO wnluponlwdaiitnumsuneiinudd wazshumsienuiinuas heat

eatment  loglFazuuinladidnadnmeldusuduunudeniougainiasiiadausudunuuuniien

. . 4
(uniaxial compressonometer)

3.12 m‘ﬁLﬂs1zﬁﬁa§an1swmaaqLﬁﬂuﬁquvﬁLﬁaa‘ﬁ‘mﬂnavlnmsﬁmmﬁlmﬁtﬁnm‘%ﬂﬁga
Tudheilasimsmsiensidayemmassaisuiisuiuidmguiiiessanalomsiisaail
ladidnm3niigaannluiagndy CCTO LTNO waz CCTO-LTNO wnlunanlnda lasazfiasonainua
M5IA dielectric dispersion (€' waz €'") uaztfisunuwuuiaenezas Cole-Cole WaLUUaneEY Wy
Maxwell-Wagner model %38 Internal boundary barrier capacitors (IBLC) model Lﬁ'amaaaaqu&ﬂsm
maladidnainuazaninsnasnenalnmsiisasiiladdnainiiguannluiagnduilld

4 o v a 2 Ao A Na o A s N o .
e Iag HWAL.AT.50ANT INUTTY MAINAEnd amgInemndaas unInoaosos
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UNi 4 waniIsigwazanusrgua

Tunissiildjaiufiaz@nmausuiamaledidnainuasuSulpaudamaledidnainuasian
(35780 CCTO, (Li,Ti)NiO sauﬁ”’ﬁaqmiﬂﬁﬂ NiO ﬂ&juﬁ'u 9 waz Jagaanlndn CCTO-LTNO aapnau
Jaqusiin coo Afamuuigndgs  islildtaauniniidaniameladdnainfidueaminzuins
Ussgndldnulugeamnssudidnnsaiing wamsiselulasemsilldutsaanidiu 4 drumunduuasian
ninee g saaaluil

4.1 asaidnledidnainzasisnuuadin CaCu,Ti,0,, (CCTO) esaalagiznaindioa o
4.1.1  Jdawdn CaCu,Ti,0,, (CCTO) iwsealagiznadnasidaton

msdeniaque ccTo  lasiswadwasindauiismaeiaumsmaaiiianunse
Fuansiiaquaifisnaaymeadnluszduinlumas uasfinsnssnadmodnatinaua Tosa1de
Taswhewedimaduag ethylene glycol lumsadelosauatlansansasnuiuanasllmudasiudiunulya
flazAaliiinesdsznaures CCTO wawsdasiilloaaunaslavznsznaagmeluageaiiaue
Fnanilazgmirouuisiigamail 350 °C Wunm 1 %l washlu@nmnmsamadimnanudauds
mAfia TG/DTA atszanaggumniiuaalaifivnanzay dwaaslumwil 4.1 magadaxamsas
aadmnlurgumgiviasdegamgiivssana 500 °C msgtyLﬁﬂé’qﬂzinﬁvl,ﬁﬂmﬂm‘samﬂé’fmmﬁvw
waranssznaudunidens | Miedasiumanadwes igamgiigen 500 °C mamsinmsilasuuiag
Hasann Fuhsgamafidinanimahasiuisgaugidamnsoiliifawsussnsisznay ccTo
Falmadeluduifudantseamgimauaalmiluing 600-800 °C unm 8 #lus wamsdnm
Tassaundnuasiaqgus CCTO fshumsuaalrifigamaions ) uaasdannil 4.2 womsnaaaawu
Jaque CCTO aansadanievilalagldmsiasanisgualasiinadimasizedon uatdinaiomadaly
Tufaars Aaiauns CaTio, CuO uar Tio, Mnsluuumadmiuurassidiandluianmainsossyle
Naqus ccTo Flassadauuugnmnad masiidnassiaqeusiitiumsunalxifiaamgi 600 °C 700

o o

C waz 800 °‘C  ansodmwislanngduuumsideiuuuasiiUszann 7.374£0.002 A

7.389+0.001 A wae 7.398+0.002 A @mNaI9U
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5 T T T T 100

- 80
- 60
- 40
L 20

DTA (uV)

0

% Weight loss

--20

- -40

-35 T T T T -60
0 200 400 600 800 1000

Temperature (°C)

M 4.1 mssanadmeannsauludnguugivias i 1000 °C 2avwauisnivsznausialoasues
Tavizamnudadiuuauluayes CaCu,Ti,0,, wazlasenawadiuasuas ethylene glycol

(220

(422)

Intensity (a.u)
{400)

26 (°)

M 4.2 gUuuumsiaeueasadendluiague CCTo fehumsuealzifigamgi (n) 600 °C
(7) 700 °C wdz (A) 800 °C Wuna 8 #alus (+ CaTiO,, * CuO, A Anatese TiO, Uaz R

Rutile TiO,)
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(422)

* (220)
(013)
(211)
(321)
(400)

- (211)

 (440)
(433

el ] e J j e ,(|(el|)

intensity (a.u.)

: :fl’.‘l.T J.L ITI s (1)

10 20 30 40 50 60 70 80
26 ()

M 4.3 sUkuumsdguueesstdiendluiaguniin CCTO NuUMsIKTENY
9

[ & 4 J g a oal
Wune 16 il lesdeansdnnidgueiidiumsuaa loifigum
(7) 700 °C waz (») 800°C 1Wuna 8 21lus (+ CaTio, Uaz * CuO)

fages CCTO fikhumauaalniiigamgficne q dldgmilunaiinfigamad 1100
Hlunm 16 Tl Saauniniiduansilddnanigninludnunlasahendnlasmaiia XRD &
waaslumndl 4.3 ndmnmaunwiin wadatues Tio, limmnsawuldlugluuumadmuunesid
wndlufaqueniin CCTO uaziadatupas CaTio, uaz Cuo FUSnaiiaaaaiiuagemnn dauaadly
mwﬁ 4.3(2) uaz 4.3(a) Tmm%"wmmamﬂwaﬁaqm (mwﬁ 4.4(n)-4.3(1)) LLazﬁ'aqwmﬁn
(mw*?'i 4. 4(9)-4.3(2)) CCTO gndnwmemnaila SEM uaz TEM S’aqmﬁé‘fﬁLﬂ'ﬁﬁxﬁlé’?\nﬂﬂﬁl,malﬁﬁ
figaumgiicne ) fimamenudfueaseymeausziinnaegluzin 50-400 nm lassnaeymadiunliu
lvajiunugamgiizasmsuasladiiiniu nnmsdnnanvausyesaymandeglfinaiia TEM s
uaaslumwit 4.5 WuNBaUMARY CCTO ﬁvhuﬂwsmmﬂal‘zrﬁﬁqmwgﬁ 600 °C 700 °C udz 800 °C i
2N0sza0 30.9£7.8 nm 58.7445.4 nm Waw 85.3£39.9 nm mudeu Tagedananiliielndides
fushiisnnaldnnsluuumaidsiuresiidiandluian laseiidunaldiisszan 43.8:15.6
55.4£20.1 WAL 70.9422.6 nm §mIUTIQHINIIIN MuSIFY dnvasiuiediaqnin uaaads
mwﬁ 4.4N)-4.4(7) qua%'wmqagamﬂﬂi:nauﬁ'wmiu (grain) wazudULNIU (grain boundary) Tog
nnansuRdsrasiaguniniduanzinniaguiiitumsuasladiigamali 600 'C 700 °C way

800 °C AUszanne 11.924.0 [Im 14.846.2 Wm Uaz 10.8+4.5 Lm NSO
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MWl 4.4 Mwee SEM 2adaamaiinumsuealainaamad (n) 600 (7) 700 uas () 800 °C
Wunm 8 #lue uazmweny SEM 2893aquaiin CCTO fidatanzsiannianeaisums
upalxifNgamnil (1) 600 °C (3) 700°C uaz () 800 °C
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M 4.5 Mwery TEM °z|aﬁaamqﬁﬁwuﬂWSLLﬂalwﬁ“qmwQﬁ (n) 600 °C (?) 700 °C uaz
(A) 800 °C Wunan 8 Flaa

Saquniin cCTO fshumsdnnlasiaiundnuazlasiaiumaamademaiia XRD
woz SEM gminndnmnaniameledidnainiianuiuazaamaiions | dauaadlumni 4.6 Jaquiin
CCTO Afaanzildnniswadwasiiedauiidaiiladidnnin (&) figann Tasfidaglusziunas
10" Tasfumitlndidestumitldnniaauniin ccTo iduanzilosidmaudauuuuaada (Solid
State Reaction Method) mnmsswmun&juuﬁﬂwm Subramanian az@AE (Subramanian et al., 2000;
2002) Bnied €' SmsFsuntasiugumpiivasanuiiesnn fauaniadinanidfunisly
aamaiandasmsdmiumsiniaglussandifiudifulss uazgunsalamad wu usw Tugeanud

100 kHz-1 MHz e €' fimanatadesais ngdnssumaladianasnasnail Seningdnssums

Houaaameladilanasn (Dielectric  relaxation) laafanude a1 €' Nigudatuiissainlalwaluih
Imsaauauasn Iniaainn vsalelwalWihdnarannwadmsunsnauiamuany Wi weiie

v
=

aNudiNINIY Mmadsuiidmuanalnihzacdelwaiezulazinau lalwalwihdlnaluiag
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wiinldansodsunalamumnaluih asiumsaavaussmaladidna3nielicanas Msanas
pENNRUNAUYRIM € naztiadunsan ) numsiiaiazesa £ asuaaslumwmesuzniiazesnin
1 4.6 ({BINNAMNHNYDIN INADDIVY WU NVBINMTANNBENAUNT UV € Uasduntiaiazad

m £’ fimsedauianuiamerasanudanu Wihiiniy ngdnssunmaladidnasnasnanil Beah
m3tiauamameladianainiignnszduaieannIou (thermally activated dielectric relaxation) Tuzs

anrdreadNNIni 100 Hz - 1 kHz e € wazeng’’ faiinannduiiaanuduasanulnihi
& Vg P a a o ) A a & a g a
anad lagnaluaznuinllunatiiasnandndwazesmsinlniinssuaaseiiiodululadidnasa
(Wu et al., 2002) laganaiennmstadauivaslszaniveiueaunsuiiantamelwibiduaw
Watheunutnsy (Sinclair et al., 2002; Chung et al., 2004; Adams et al., 2002; 2006) AIUY NN
A ladidndnigannuadidqusiin CCTO Fudaiiiennwginssumalwihivaumnsuy tudaiie

malwanlsgunalwihfizeuinsueesiagunin CCTO Zaiwalagasides @ €’

TegandeanuFunusaInazaImMsHaueay (T) Nu anudzasdnyluihannauns

w 2mfy (4.1)

a

aansadnamea T Naumgioeq la lae £ Aeanudvasenulnih a dunisiiezes €7 64

u

waoslunmwi 4.7 mswdsuudasssan T Augaugiingdnssuiilulumungues Armhenius 09
GHIRh

T =T,exp (%}

(4.2)
dia E, Aamwanunszqulunssuiumsiauamamaladianain k, Ao eafiyes Boltzmann ua
T Aegampilumieiais namsnassswuhmndanunseduilldlunszuiumsiauamens
laddnasnludaawsiin CCTO ‘ﬁé’fﬁLﬂswzﬁmni’aqmﬁchummﬂavl,%ﬁﬁqquﬁ 600°C 700°C uaz
800 °C fifuhiuniaudiate #e 0.116 ev  amasnuidnalaislndideasiuamildannms
swmmwamzﬁu'ﬁ%’ﬂﬁ'uﬂ ﬁﬂ@hagﬂu“&aq 0.06-0.130 eV (Sinclair et al., 2002; Zhang et al., 2005;
Shao et al., 2006; Liu et al., 2006) ewasnuimmnaldwmiliamiiuansiuiisadnias Tasaa
HAMNANNUANANAUTDINIZUIUM IO sawﬁqqmwgﬁu,amawaqmil,mm‘iﬂ Fedenanaiiinai
USinarasnwasaanduuiiiesululasiads waslddamadasuiameluihuazaniamaeladidnasn
289791 CCTO
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100004

ti
£~

| A00C
10001 “:ﬂ total dheleciric response
& 300G L
| =w—<0"C
| 107 iy
1m Lok o . 0 —— T T e
100 1k 10k 100k ™ 100 1k 10k 100% 1M
Freqeuncy(Hz) Frequency(Hz)
() 10000 15000

100 1 10k 100k 1M 100 1k 10k 100k 1M
Freqeuncy(Hz)

- %
grain contribution to ‘."‘]},

10001 | o o |!he total dielctric response

G
——MC
& A0
100
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4.1.2  Jaguniin CaCu,Ti,0,, (CCTO) Hn3uulanis PVA Tuaaa

Tasvhawadwasildnitlansuvaslazuzanseadu @a poly(vinyl alcohol) (PVA)
awpdwesuawasy PVA fifilasaunaslavznsznsagmelussaminanagninlud@nnnsamsd
yenusoudemaiia TG/DTA  ileUsznagngumgiuaaloiivmnzay dasadunwil 4.8
wodnssumsameiimeanudauiisnuasiithannmaadsulasiswadiwesdutau nania magade
wamssfenuly 2 egumvgi lutgumgivasfegamgiivszana 500 °C uast 500-700 °C
wamsEuaifigamgiigind 700 °C dulunuideluduiliudandgumginmsuaalmilus
700-800 °C Wuna 8 il wamsdnmnlassaiiudnuazmaifamlanss CCTO ishumsuaalmi
ﬁqmwgﬁdw 7 waANEIMNG 4.9(n) wuiniazesssusznavaan CaCu,Ti,0,, 131508900 L6
mﬂgﬂuuumstgﬂaLuuwaq%’qﬁmnﬁ wiaietuees CaTio, Cu0 waz Tio, dawuluuSmnaiiann
nngluuumaidsiuurasisiendluiaamainsaszyléhiaam ccto  flassaauuugnuard
@hm‘ﬁlmﬁﬂwaﬁaqm CCTO ﬁmummﬂal‘ziﬁﬁ'qmwgﬁ 700 °C waz 800 ‘C aansadnnmlann
sUnuuMsEmUuLasimUszana 7.373£0.002 A WAy 7.390£0.002 A muddu aslafionu
fuiisamdatunas caTio, whiiuiaansadunaldlufaquninfshumsunuinfigumafi 1100 °C
Wuner 16 e daudaslumni 4.9(2) drasindniicinalade  7.387:0.003 A uaz
7.38840.003 A dwiuTaqueniin CCTO fuanzinniaguaiithumaunalmifigamgi 700 °C uas
800 °C MuEIAU MWNEIFNKHI CCTO LEONAINMWT 4.10(n) wd 4.10(2) YaaradznaUszainm
100-200 nm lanadumegamenasisanin CCTO  Aduanzinniagueiishumsunaaluii
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MW 4.10 Mwehe SEM 28938k CCTO fishumsuaalzildi (n) 700 °C uaz (2) 800 °C tlunm
8 Hilae uasiuizesidgwin CCTO fishumsunwriinfigamad 1100 °C W 16
Ml Fensinnianiiumsuealaingamgil (a) 700 °C waz (1) 800 °C
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TaseasNNgamamemain XRD waz SEM thm?iﬂmauﬁ’ﬁmqlm5L§ﬂﬂ%ﬂﬁmmﬁuazqmwgﬁ
69 Fauaaslumwil 4.11 Yaquniin cCTo fiduansilddnanilisaiiladidngsn (€' figenn
Toafdagluszduans 10°-10° fianud 100 Hz laallumillndidssiumilldnniaquniin ccTo i
Fuaneilas B anaanILuuGudn (Solid  State  Reaction  Method) MNMITBNUNGHUINLES

Subramanian WazAMs (Subramanian et al, 2000; 2002) uazfiaNNdGINaN dan € NgannTag
WA CCTO NFLANRNNITNRWasBedaur aehalsnanue € imsudsuulaanuanudnnnh
[ a o Is ad a Ja v v ] A ' v P P PPN
dquaiin CCTO NduazinIswadwasizgedou Taam € ficanataddaiiauiianudiiiuan
d‘!’ =S va o 1 dw [ A v ) (% o @ ¢ % < [] a
2u Mauanidainanibilduindesnsdimiunsiniaeludssgndiluduiulszy Tugnenud
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AND 100 Hz - 1 kHz e € wazan €7 Haninmnnduilannuduasdny ninanae aautluua
tiasnnndnswarasmsihlwihnszusassiiieiuluiagledidnasn (Wu et al., 2002)
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M 4.12 Msdguwlaanuammgiives (n) nazaIMsHaUAMENNLADIENASH way (2) amwih
Tdhnszuanss

ANNINITINOFB L'Jﬁ’]‘llﬂﬁﬂ']’iﬂjﬂuﬂa’lﬂﬂ'l\ﬂﬂaLgﬂGl%ﬂLLﬂZﬂﬂ'\WﬁWIW‘W’]ﬂ’SBLLﬂGl’N

] 4
J =]

(0,) Tigungiiens ) aansamnulaasanmsi 4.1 uas 4.3 a3l
Jde = E[;{UE." (4.3)

MUY AFALUMNG 4.12(0) wag 4.12(2) mmﬂﬁauuﬂmﬁ’uqmwgﬁwaqnmﬂmmssjauﬂmﬂ
maladianasouazanmwih lniinszuaasululumungues Arhenius  G9auNISN 4.2 uaz 4.4

MNAINU

ksT. (4.0)

mﬂmmé’uﬁuﬁ"@qLﬁuwmmsmﬁ'ﬂuuﬂmﬁuqmwgﬁwmnawmm‘sciauﬂmﬂmﬂﬂﬁLﬁﬂm%mLazamw
lWihnszuanss  amasnunszguamiunszuiumsiauaaemaladidnadn (E,) wazmsihlnih
n3zuanse (E,) anansadunnld wazagllddamsad 4.1 Tasmdauuuiassiauamemsladidngsn
289 Maxwell-Wagner  polarization ~ Nwautnsu wiafidant mslwalswdunvuiindudanely

(interfacial polarization) §IN50uFaa e (Liu et al., 2006)
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_ RgRgDECQ %+ Cgb]

T

Rg + Rg,'_]

(4.5)

Wia R, uaz R, ADANNIUMUIBLNTULSLLBUNTY C, uas C,, Aamanaylnihraswaunsuuazaau

AU ANEINU NEEMIANWUT R, uae C, U@annad1 R uae C, 30 (Sinclair et al., 2002)

A9ty NN 4.5 aransodeulvaiiy

EER:gfg }Cgb -1

Cav
g Cg

(4.6)

t) Tg ﬁanammmsw'auﬂmmlaqmsma‘uaummﬂmﬁLﬁﬂm%ﬂﬁLﬁﬂﬁumﬂiumsu AMNNINITINAIDN

wuh @ C, udz C, linasuudaaiuaumgil (Sinclair et al., 2002) AIUY FNNTN 4.2 S3N0AEY

Twailaaail

t=RigCygb=19 Cgb/C,g =Cgb/C.g 7,90 expE,g/k,B T (4.7)

NaNmMsh 4.7 aziulan nemsiauearsmsladidnasnuazamuihluibhnssugaseiiioduluisg

AN CCTO  AMsudguulasmuaunniinmlouny 298a0AaINUKINITNANBIAIAITING 4.1

AMWaIUNTERUNNEIAINlnaLAseny Gety nwanIsnaassainald asnsaagulainnsiian

M ladlana3niiganngas CCTO  avaziianudunusnumsih lninszusasesiiiezuluiag

00AaNNUNTELIUMS LW LSt uuuu i drae Ty

MG 4.1 wasunszRuEmMSUnsTLIUMsHauamanaladanasn uazmsihlWihnszusnse

CCTO mﬁﬁﬂﬁamswﬁmn"iaqmtma

WAINUNTEAU (eV)

P a o
lminaamgiicing (E,) (E,)
700 °C 0.122 0.132
800 °C 0.122 0.112
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4.1.3 @i CaCu,Ti,0,, (CCTO) fin3aulaeislium

Tudurasmsnaassilaldlasuhevamadimessssumi Tagldldmmunilasiheves
WaAMBSTHIIN PVA Uz ethylene  glycol Budumsiaionlasusaniuazldenlusondn 2 da 3
wirnniRudunieluameaslesaulanzaslumudadiusnuluaiazannsaio Cacu,Ti,0,, 16
waursasllsduldeniilossuvaslonsnssnaagmealusinmhiauagmi lld@nmmsaaadme
anufaudiemaiin TG/DTA  iiledssinadngamgiuaslnifuanzay duaaddumwil = 4.13
WYRNTINMTTNHFIMIANNIBUT SN YA NM SO IINTERNERENUAN nsNAaNIaasENAN
fgamgivszanas 350 °C waiinssudananiuedh maiamasas CCTO amauialdfigamgiisnni
Nasedsfikun Wismsnadrawdnannasinh adlsimaitadlumsSsuiisunamsnaassiu
maadsnnsaasis s dumadeludhuitudandsgumginiauaalmiluin 700-800 °C
flunm 8 #lue namsdnnlasadaudnuazmaiamaass CCTO Asumsuaslaifiguvniione g
WaARGIMWA 4.14(n) wuh ilgzasansusznavsanlsl CaCu,Ti,0,, Musodunaldnnzluuums
deuzasidiend uiwaFeuuves CaTiO, CuO uaz TiO, danuluySanaiiann Nnsduuums
deunzasiidandluiaguesansnszyldhiagus ccTo filassahauuugnunad easiindnuasiag
k9 CCTO fienumsuaalaiigamad 700 °C uas 800 °C sansadnaldnngiuuumadiuy
uazileszanm 7.374+0.002 A uay 7.390+0.001 A mudeu adelsnau Hisunsdaluzas

o

CuO whiuiiamnsadanalaluiaguniinfithumsuenniinfigamgii 1100 °C Wluna 16 #2lag
Fuanzinniaguanithunsuaalsingamvail 800 °C asuaaslunni 4.14(2) mesindnidwula
A1 7.38840.001 A uaz 7.39320.001 A §WSUIFQUEINN CCTO  NFUATILHNNTIQRINKIY

m3waalaifiguugil 700 °C uaz 800 °C MUAAU

Weight Loss (%)
(A1) via

=80

200 400 600 800 1000
Temperature (°C)

MWl 4.13 MIFana@mNNeNNTauaRauitluggau)ies S 1000 °C Nivsznaudialasay
yalavemndadiuduiulueses CaCu,Ti,0,, UdsWaANDS PVA
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M 4.14 JULUUNSIEEILUNYEISFBNTaas (0) TAQRIEEY CCTO FINNIRauInauLaa gl
nesenlagislion waz () Jaqunin CCTO  Nduanzinnianueiikunsuaalzy
=1

Nauunil 700 °C uaz 800 °C (+ CaTiO,, * CuO, ud¥ A Anatese TiO,)

NAMNOY SEM waz TEM waﬁaqm CCTO LLamﬁqmwﬁ 4.15(n)- 4.15(2) use
MW 4.16(0)-  4.16(2) NG wuiﬁaqmﬁwmﬂimﬁ?uLﬁ'aﬁ'qqumummﬂal%ﬁLﬁuﬁu
PNMNEY TEM  wuhiaqesaes CCTO  fisumsuaalmifigomgil 700 °C waz 800 °C fiuung
Usanol 56.747.9 nm  Way 84.9+15.3 nm My laseaamegamazasiaquenin CCTO
Fuansinniaqueiikiumsuaslzdiigamad 700 °C uar 800 °C wdaedamwil 4.15(A) uas
4.15(1) BNONTURABIBITIQENTNFaTiUsEaNl 12.047.8 14.7£4.2 m Udz 15.5£8.9 Lm

MNFIAU
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MWl 4.15 Mwehe SEM 283380k CCTO fishumsuaalzaldi (n) 700 °C uaz (2) 800 °C (dunm

8 i wazmweNy SEM  gasiuiiviihiaqusiin CCTO Numsknuiinigamail

[
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P ' v n:l v A:l a o [
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maldsunlasiuanudzesa € was € NgaumgiianNg  uaaNaemIwi 4.17
wydnssumsuasuulasnuanudeesiaguaniin CCTO Miwsannnislianianvaciaaranuiznesd

wasidedou i & fimsnldsuulasmuenudifasinnlugn 100 Hz - 100 kHz Wo@nssumstau
aanamaladidnainludenuigaidnuasindesuinuluiaguniin ccto  fw3eulasi’s pva
wo wodwefiiedou maidsuulasiuvismasiiaras &' fimadauduwmidllufiemaasanuii
guiudlaiingumgiinasmsia ewdsnunssdudmiunssuumatausmamaladidnainuasagurs
fin cCTO Aiduaneinniaquefishumsunalmifigumnii 700 °C waz 800 °C anansadwaildan
wqanssumﬂﬂ‘é‘ﬂuuﬂaqﬁ'nqm‘wgﬁwmnammmiojauﬂmﬂmqlﬂﬁLﬁﬂm%ﬂﬁﬁJulﬂmuﬂmm
Arrhenius G4l 4.18 wuh fidh 0.175 eV wax 0.210 ev iy Tasmwdsnudanani Jags
ahlufaquniin ccTo  fwdsnannnssedisichuan dideduaadennautidmeluihussiag
wahiianuuanaeiu a1 ST UMM ENRETY Y3819 RRANNANNUNNIBIE 1 TLAaTY
melunsuzesiaquniin ccTo  msliwadwaimnaiidediuarazdinademadulazaunsuly
dnwnuziicnadiy

manasulasiugamniinasd & uag and waaadmwii 4.19 wuhnae & uay
tand Hciuanndudilagaumnifivinanniu @ wnd (A 30 °C uar 1 kHz) wpsiaquniin CCTO Nidos
dathedianiiannnh 0.05 Fudusfimnsandwdumahlivssandldnuiudifulss dulu Jag
wniin ccTo MndeuldlumAdsiidslinmsnhlulssandldnuldae wesluduiiddoduac
fauazifuaseisiiasdasdnmndaly
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Oac = Tdc +Afﬁ (4.8)
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4.21 mwasnunszqumsih lihnssuanse Maunsueesiagueniin CCTO amnsomnulalaald
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Mwil 4.21 mswdsuwlasiugamgiizasmamwininihnszuanse Wuldaanguae Arhenius
= = = Y ac ' va ac a o a
4.1.4  Wlsudisunezaimsinisnmieddenn )  dadaiineladidneinvasiaauwadin
CCTO
Y v a [ Aoy a a s a o < 1Al =
wiIaquEn CCTO azluiagniicnasiladianasnfigunnuasiumnuasuulas
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nuaamgiivaeilafisuiuiaguislsdianain (ludngungiiad) dwwaliiaquniin ccTo (uiag
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4.22 usasANNFuRus sz asitladldne3nfienudde g fulassadramegamezasiaguaiin
CCTO fitndenlagiamsmaaiions q saiilananinudlumdad 4.1.1-4.1.3 snuaenlasaanems
qamalasnuzasiaquninmmumnsainnsilaci de

(1) Faq ccroadsnlasiswadmasidetou uaz ldun fisnuargmaunsuil
adetulasdnluajiisnuasdusunnvasy lusasiiag ccTo Mwdsalasds PVA fidnuasdaudig
newuddAsgUvnvasy Snvuziideudenandananildiadamssaduaunsuiiliuuuio uasinly
aiagwgu (Msdazavraansuiolaen) 1u71m$°7imsugﬂwﬂmﬁlﬂuﬂﬂﬁé’mlﬂuﬁaﬁﬁﬂiw

(2)  WNAYBANTUIFNGIDEN PVA  WadLNaIENdaY  uaz ldan  Hwedszan
13.5 10.8 waz 15.5 lulaswas muaau

(3) anwailmauinsurasisg cCTo fwiaulasislanniinssanuenguoymania
sunnadnivansadunaldagndanu Tasaadlumauss cuo  Aasawunnmsinnsvide
wmaiia XRD Taamhluiauas CuO sl’l’nLﬁﬂﬁwaumsuw%aﬁqmaqmimﬂsuﬁ%ﬂﬁ’u (Fang et al., 2006)
apuNUBaiag CCTO ndsulagiswodwasiiudaulimmsodunaiiiueymadu | doaadasiuma
XRD Alifiadaty 1uwmzﬁwamnsuwaﬁaq CCTO Mo3onlaeds PVA fimsiiaaainsi (necking)
tsilosasaieanuliauysazasmatnuiin wavas XRD asnnwumadauuzas CaTio, iniss Fea1a
wennmamemaliues Cu  (Wsanndrunadumaaiiansy CaCu,Ti,0,,) 5ﬂumﬂ@ﬂﬁ'ﬂﬂwaﬁaq
wniin CCTO nienlaeis PVA AENUIFAEIINN CCTO fifidasmmauail #a CaCu, Ti,0,, (MW
# 3.34 299 Shao et al., 2007) Faiumsiama CaTiO, uazmstinaatnsuaIvaztiannmMsmamaly

2N Cu L§ﬂﬁaﬂ1u53ﬂj10 MR
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MWl 4.22 ANNFNRUSIzINmMaflaBanainiienadane g nulaseasneyamesesigguniin
CaCu,Ti,0,, Ne3aulaaISmamaaiienanu (n) PVA (7) wadwasidedau uaz (a) luan
a = a &
fithumsuaalmingamgil 800 °C Wuna 8 alaa
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IS

Ha2aelAEINNNaMaTioeiy (Wuxasnanmsesenuuuaie ) didanginssu
maladidna3nuasidg CaCu,Ti,0,, agulaeail

(4) Mg wavlaquniin CCTO Niassulagiswednasiietauuasldaniiai
T8RN UAaaAZNANNDVRIMTIO WaLHA LNaLAEAUNIEIUNLIANNLBUNTY (MNINANINEUTUE

1
=

Muruay) wazdiuninennnamely (Mmndseniduiiuiuiue) 3elimuszann 6000-7000
wWisuiiguduiaguniin CCTO Ne3ealagds PVA f €' ianuddasimngind lusasndiuinde
nneamalulisUszann 4000 mndnhaenanieaenunaiianuiagusin CaCu,Ti,0,, NgNan

9

USunawas Cu (M 4.22)

(5) mauhiupesa € wasiagusin CCTO fnseulagiinedwmadiBedouuazly
wnmmﬁmﬁmﬁmmﬂwumLﬂW‘ﬁIﬂﬂiWﬂﬁﬁQ CCTO ﬁLm’%ﬂuTﬂﬂiﬁlﬁmaﬁgﬂmL%ﬂiﬂﬂﬂwswﬂwﬂﬂuwm
PDUDUNTULDINNMIAZENYDY CuO GTQ‘IfuévmwehmlmwmmﬂswiammwumauLnsu’l,u‘fam?qam
e lnatAeeny

Nnga (1) waz (2) m € lududitiannuamelumaiienuduiudiunalnzesms
Tnanlsuduivaunsuann (Lf;E]ﬁﬁ]ﬁ’im’]ﬁ]ﬁﬂiﬂiﬁﬁ%’mﬂ’mﬁ!ﬁﬂ’]ﬂ) %qaaﬂﬂé'aﬁumﬁs‘i'wﬁqmmzhu‘ﬁ'
eannmelu (4000) waeiaqusiin CCTO #osoulasds PVA ilasnnmsiienamnsuladiualy
HufvawauLNsUAUSINATIND (Li et al., 2009) Fazdmadaiiisslisandiuaasmsinalswiude

mheSnasanas i & denudsussiaadnaniiisgiiganaienouoasdidninie Taamly
udmsiiazaadilaleafifnduiassneiade wazddninsaaziithdovaniismnanuuandieiu
FENINIATUNY (work  function) 2avlansuaziinfiadg anymumumealuinsuresiagssin
CCTO aztiinawiinUSainamas Cu 1u5’aqmswﬁﬂaﬂaq (Shao et al., 2007) HaGINENEAaraeHe 1Y
HafFunuresifizewsnin CCTO Mwdenlagds PVA ans asnnuinadulngvesimihie
FIUPDUNTU (WAINNNISTARINUN) FriueNuLAnEIRe AT U UM U denadan s ety

YINNUADIBDAG N
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4.2 amﬁamﬂmﬁtgnrﬂ%nwaﬁaqmmﬁﬂmju NiO
ddgludiilammsiedanuazdnmanidmaleddnainuazantdmelvihuasiagusiin
ngu Nio laamluua Nio fie €' Uszana 40 figaungiivias waziianddmaelvihduauundann
' < I3 . P I A o o A v +
aghalsnauanuiuauiures Nio sansawasuamwiiluansieanihlaleensi@enis Liw lassuly
Usinauides wazantifimalaauudlodidnainaninsoaslaloamsida Ti' lasauluiagiedihuag
Li @alu Nio aduarsusznavasnlad (Li, THNIO file €' Agann TuanAdeasnani lawm3e
Taqueniinngu Nio Teavhmsiiadeglasauriiaaa @a (Li, Ti), (Li, Fe), (Li, V), uaz (Li, Al)
TutSinuee g Tagldismsweseumenu 3 35 Aeddwasawastnlslada 35 PVA-15a waziSns
FUAIMNANNSDU
o a v . P = - s =
4.2.1 Jaguendinngu Nio fivessalasizwasdwaslulslada
4.2.1.1 (Li, Ti) Tad NiO (LTNO)

o 4 [

,0 (LTNO) dalanduiagduuuuzasiaglauaudlod

9

Yaquandn Li TiNi,__
nasnniinngu Nio Tasfigutidmaladidnaininhaula de fid €' figann Uszana 10°-10°
anudidnd 1 MHz Bnvsantidmaladidnainiimaidsundasmnutinaees Ti uas Li ildlal nds
nmamsfunvanialawoudladidnainluiaqussin LIno  flufioiddeillddnniaqunin
LTNO aghuiluszuy sauﬁqwawaﬂmm%’wmqqamﬂﬁﬁ@iﬂﬂﬂﬁ&ﬂﬂﬂﬂﬂﬁLLasauﬁamqlﬂﬁLﬁﬂm‘%ﬂ
wazamsgadamaladidnasndaiieniigann daiu lumAdeifdddnmauiamlaaidnasnuasiag
wniin LTNO - aghaifluszuu Tasldd@nmnuazadlassadumegama wazasduiionihaasiaquaiin
wazsazasmaaulianuaumeldussenmace  idsnademniamemahlwiuazaniamaladidn
a3nzasviaqinin LTNO #idads Li uas Ti luuSanoiein
A. Tansasnudnuazlaseadrmeaanmezasianasiin LTNO

Tasasnnanuasmstiamauasldgasiin LTNO gndnwlasinaila XRD
Fauaaslumwii 4.23 wuhiaquiin LTNO yaasmadefigagluuumsidenuuiisanadasiiu Nio
athslsiony iladaruuas NiTio,  daaansodunaldnnsluuumaidsiuusasiidiandluinamns
et aaudaslunmd 4.23(n) mladatuzes NiTiO, Lithaluiaqus1in NiO waz Liy,,Ti) ,Nig 4;0
udilaiiad3namas Ti MldlavTutsina 5 % Taalua (Li, o, Ti, ,;Ni, 5,0) Tuiaquniin LTNO wuh
L‘V\Iaﬁaﬂuﬁmdnfﬁéﬁ,ﬁﬂﬁy‘uiu%’aqmiwﬁﬂé’qnénﬁ%\maﬂﬂé'aqﬁ'mm%%’ﬂﬁu 9 (Lin et al, 2006;
Wu et al, 2003) uazenuPNasiiafisanaastuaEaluuas NiTiOBﬁﬂmmﬁ'w?;gﬁiyumunﬁ
induathadatiiawas Ti Al3lad wamsneassdenaniivedh Ti dwlnaildlavsinezsindaiu Ni
Aolluadaludenanil nnMsdnwlaseaindnlulanwsiin LTNO Tumwii 4.23(2) lawu
Foyaihaula nanide maunuitzes Ti Tulaseadawdnees Nio sansanszduldlasmsiiinyZinm
mslaneas Li uds ladatunas NiTio, annsodaunalaluTaquasiin L, Tig o;Nig 4,0 udiiloia

0.02 ~ 70.05" "70.93

Usinawas Li dldlatdlu 10 % Teslua (Liy, Ti, ,Ni, ,,0) tWadatugenamillisansodunalely
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YaeuNN Li, , Ti

srdawadaantamelnibuazanidmaledidna3nvasiaquniin Mngluvumsidauusidianduag

1daLEINN LTNO

Wasuulaviasann wasananaratiennanylnafearassailaaauseving Li

(0.68 A) wuaz Ni”'

0.05N10.85

0 wansnaniudtanudngaedloaauuas Li INdaamsunuives Ti 3

WA PIANTINANFINISOAMUINLE L1A8UFANAINITND 4.2 WUNAIANNKNENINS

(0.69 A) (Lin et al.,

2005)

(+) NiO
(#)NiTiO3
+ o+
“Li Ti. N (0]

0.05 " '0.15 "~ 0.80

Intensity (a.u.)

) N S,
Li, Ti Ni O

0.05 '0.10° " 0.85

Li 0. OSTIO DSNID QDO

b b

Li, Ti Ni O

0.05 " '0.02° "'0.93

| L |

LA NiO
M |

30 40 50 60 70

20 (Degree)

80 90

(+) NiO
(#) NiTiO,

I —

|
|

A

Li, Ti Ni O

0.02 ° '0.05 "'0.93

| |

A

Intensity (a.u.)

Li, Ti Ni O

0.10 ° '0.05" "'0.85

Li . Ti Ni O

0.10 ° '0.02° "'0.88

I
i\ [[0]

| L | L

50 60
20 (Degree)

70 80 90

(0.60 A),

4+
Ti

Mui 4.23 gUuuumsdeuusdienduesigqunin LTNO flaUeds Li was Ti luuSanaen
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1A59aINNNaMATesTagENdin LTNO UHOGIMUR 4.24 USL 4.25 2110
YBUNTURBIUTAIGINTIT 4.2 u,ammit,ﬂﬁﬂuLmaqmq‘[mm%ﬁqwa}amﬂLLazﬁﬂumzﬁmgmwaﬁaQ
wnAnfulSnawe Li waz Ti #lalad mnmeme SEM wuhUSinamas Li uas Ti dwasdans
Lﬂﬁlauuﬂaﬁﬂwmzﬁmg’mwaﬁaqmswﬁﬂ LTNO fluathenn anmwd 4.24(n) wuhlaseadams
9MAPY NiO fisnwafiusznaumeinsuuazraunsuatdany Wonsen Ti Tulsnm 2 % low
Twaasllulaseashe wuh T dwlugldnudiu Nio daduwaiatuees NiTio, deiildasawy
Nnmienzdlagmeiin XRD waz EDS aaudadlumwndi 4.26 szaonzae Ti ansnsaasranwulad
mémﬂ*’umﬂLﬁﬂﬁazauﬁagmﬁamiawauﬂsu (Qﬂ‘ﬁ 1) welsiagnansansranulannanasuzes EDS
ﬁf\;ﬂﬁ 2 ﬁqﬁuagmﬂﬁmén{f AD BUMAYBY NiTiO, s‘z’;%humﬂ%ﬂswﬂgiuiﬂsqaé"wqmwuquwaqwau

[ 3

s wazunauialuvinansuy Tesfizwnalszana 1 Um  Wilesdyanwalzignas asuaaaly

Uy

MWD 4.24(2)
Walod 5 mol %  Liwhluluiaq Ti),,Ni .0 thatlussUsznau

Lig 05Tig 0sNig.0s0 AIUAANLUANT 4.24(A) BYMAZEY NiTiO, Mtaednnglulassasliaiansadang

0.05 " 70.02 0.93

16 wazmnaweansuazladulszan 2 wh (3N 5.5-97 Wm) HAaMINAaDIINaNINEN Li #l8lay
Uy Nio sanfu Ti ﬁ?ulei"dmaashqmnGiamiﬂszmaé’fmmagmmﬂaﬁaﬂuwm NiTiO, waza1a
wfinademsunuiines Ti  lesauiildlavdas lasmniauas NiTio, mansawuldlufaquniin
Ti, 4,Ni Ti, 4,Ni, 6,0

0.02 0.98

O whiu ualaitialudggusin Li

0.05 " 70.02 0.93

Lﬁmﬁ'uﬂ%mmwm Ti 90 2 U 5 mol % (é’fmamiumwﬁ 4.24(4)) WUM
aUMAZEY NiTiO, 3Nnganaauasiimnaoymaiidnlsnm 0.1-0.3 Um  wasfimansznad
foenuaiiareuuiuiTauNsULAzEBITIMNaUINsY wattilaiinUSinamslatuas Ti flu
10 mol % (faudaslumwii 4.24(2)) YUIAVBNDYNAYBN NiTiO3ﬁﬂiwﬂg]iuiﬂsqa%'wqazﬁwuwewimﬁu

Uszanm 0.5 Um uazimsiSsaanigafanuanndu uwasiiaiiausinamslaveas Ti {lu 15 mol %
(aeudaslumnil 4.24(2))  aymaza NiTio, lai3aimdadanuatnaatiiauiaduuiulnagum

WURIUBITIQBTINN Lig o5 Tiy ,sNig 400

0.05

Wadinsanwauss Li ddamansznaaizaundidaiuyes NiTio, aauaaslu

0.15" "70.80

MWN 4.25(n)  §WFUTIQETINN Liy 0, Tiy 0 Nige,0 WU NiTiO, iMInszargdianneaunsuin Iy

0.93
aunIUNANNINYIEINN 0.5-1.0 Um dlaian3namas Li 90 2-5 mol % (Fauaaslunwi
4.24(3) WTUIFNPLIIAN Liy 45 Tiy 0sNip0,0) BUMAYDA NITiO, fidzaamuzauInNsuazimsanzug
wazlimsnsznedaiaaiEamNaUNIULIzURNIBNNTY  HaMINaaasRInanilTudud
avdwonas Li fifldemanssnadinasaymezas NiTio, lmsnssneiidnanilonasdinadaaua
maladidne3nyesiggunin LTNO wamswﬂaaqﬁa‘hﬁ’mﬁlﬁwﬂumuﬁﬁﬂﬁlﬁuamé’qmwﬁ 4.25(2)
ToadauiinUSinaumslatues Li W 10 mol % symauad NiTio, estnnglulasiaiemegama
Ti, ,sNi

O HanwazNSau HamsANY

0.10 = 70.05 0.85

azldgninsodanale losdanvausiurtnesiaquin Li
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TaseasauanuazmMsinawalaswmaila XRD  d00AaaNUNANINAINOIS SEM  @9na1il nanfa

adatuaad NiTiO, tia2uluTaqusiin Liy o, Ti, ,Niy 5,0 W liaanseasranulaludaguaain

Lij,

0.05 " 70.05 0.90

oTig 0sNig 550 KamanaaaIcInaniivedh WaiaSinaees Li aufiuSinaiiannwe laasuzas
Ti" flddewmmsounuiidumisas Ni© lulassaawdnlaass saiumadovuges NiTio, Sela
\Aatu

SmFunsildsuulasmaslasaemnegamadainanilmunsassueldlos
MINUNULUULNEYB92D9LHa7 (Liquid-phase  sintering) %!4Lﬂunszmumitmwﬁnﬁﬁﬂﬁ'ﬁ'ﬂqﬁmm
mnuiuiinduuesisanmasniniisanniu madezaunarlulasiaiumegamaazdinalosnss
damsunszailoaaudi ) luiag Hnmsundzasleasuasdinadaiilasdedanmsnuiinuasiag
Tunssuumainuiintaquniin LTINO  Tunuddeil TusswihenssunumsTiamudeu wiasswi
nssvaumaLnailn Li e1avzagluanuzuauva uassaavmdainaniasainsooenusuanliayma
99 NiTiO, Tinssnedataainanalulassaiumegama dalumanszneduazmsiadeines
ayMa NiTio, azduagiuisinamassunaidsduagiuuinumslotess Li - @athaay Tudag
\wadin Liy,,Ti, ,.Ni, ,,0 Usnawed Li fdeendh Ti dufu zaswmiivsinaiiiesuazliieaneiias
panusndnlayniaues NiTio, iin1snszaradiadvainane wdlunsduasiaquasiin
Liy 0. Tig osNig o0 #B9tMITUSINaiTannwaiiazaansansznaaymanas NiTio, limhlassadawdn

0.05

fvSunanad Li NNaansununyed Ti lulaseasnudnasliaunsanazasunalaasuide uaaahia

0.05 0.90

MNYNLKIIYDN Li 1uiz1ﬁ'jﬁﬁﬂi:¢u’3ﬂﬂ’ﬁLN’]N‘ﬁﬂEl’]‘iﬁ]::ﬁd)ﬂ‘ﬁ?ﬂiuﬂﬂ’iLﬁNﬂWiLLW’i‘ﬂEN Ti laaau
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0Ty 0,Ni Tiy 05Ni

0.02° 0.93 ' 05" °0.05" ~0.90

 SCTSEM =5
() Li0.05Ti0.15Ni0.800 **-

$ELSEM

M 4.24 WY SEM 2adiiuiinviingasiaqusaniin LTNO nladie Li waz Ti luu3anmene g
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() Lio.1oTio._o5Ni0.850 f S \
Pz

e

Point 1

M 4.26 MWaNE SEM waz EDS atdnasunadaunynee ) ludaausin i ,,Nij ;0
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TN 4.2 APINHENUAZINANTUVRITAETIHNN LTNO

MaE AIAINEEN (Lattice parameter) (A) UIOLNIU (Llm)
NiO 4.178%0.001 5.57
Tig 45Nig 45O 4.17810.002 ~5.55
Tig 45Nig 450 4.17910.002 ~3.21
Tig 16Nig 40 4.17810.001 ~2.75
Tiy 15Ny 50 4.17810.001 ~3.03
Lig 05 Tig 05Nig 950 4.176%0.001 9.72
Li; 05Tl 05Nig 900 4.175%0.001 9.93
Lig 05Ty 10N 550 4.175%0.001 10.47
Liy s Tiy 15Nig 500 4.17610.001 10.68
Lig 10Ti5 02Nig 550 4.175%0.001 5.85
Lig 10Ti5 05Nig 50 4.173%0.001 6.90
Lig 05 Ti5 05Nig 950 4.177%0.002 8.98
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B. amﬁﬁmﬂmﬁLﬁﬂm%ﬂwaﬁaqlfzmﬁﬂ LTNO
NIMIANNIANEHLATNFINKENUAzlATNEIIINaalagnatia XRD,
SEM uaz EDS Hamsneasanuihmsunufizes Ti lulassadananaansaiindaanuaansolalagnms
nUSanaes Li ildlay doiy Ti mduiunudiasslulasiadendn wazduiisadaiu Nio hedly
wadaduwes NiTiO, msduadaantamelnihuazaniimeledidnadnuasiggusiin LTNO wiih
msasialsinames Ti lududlaunuiasoiudliainsormlalungisedd uanamsdnunluniive
Fananilfiguidemsasnemsiicasitlodidneiniigunneasiaanio LTNO Fufluvsaiildsu
anudulavazinsdnunuadandeune (Lin et al., 2006; Tohngbai et al., 2008; Cheng et al.,
2009; Manna et al., 2010)
Gauaaslunnil 4.27 wamsdnmaniamaladidnainaasiaguenin LTNO

v
= ]

wuh @ € vasdaquniinaenaniiiangann leslimeglug 10°-10°  BuediuuSinnwes Li

u

wae Ti NAlal wazaziuleNanianladidnasnnnsasunlasandaarunasslalnagasil

aauaaslumwi 4.27(n) ienndgendi 10" Hz, @ €' 2aviaqusin LTNO fiwsewle lunuideid
AManamNUIINuMI@E Ti INIINIY namamaassaenaniamenumitenlanenuannngaees

J Wu uazanz (Wu et al, 2002) loglusisaniddepesnguainanil lasenua € fianud 1 kHz

WazaSUIEMIAAAZAIAT € NMIANYEN Ti IUAANINMTINNYDIANNNUIZBIWBUNTU LH18931N
msasaunzaunsures Ti nldladly LTNO lagardawuudraaslaseasianieganiaasiagni

TaseaauuudiiulssquuutueInny (IBLC) (€'~ €A/, Wa A B221N0VBUNTY Was t, Aa

!

AMNVIUIYDIYDULNTU) #unsoasueledn A € AwiAanaeiianNNNUIVBIYBULN TULNNTY

[
[

agnlsioun Wadnsanuanisneasslunuifeiinianudainanil wuie € vasiaqissiin

0.0sTio 15Niy 5,0 HENANAY  Wiaaanalan e & Renwddind 10 kHz

Li 05 Tip 0sNig 900 8% Li

0.05" "70.90

fienlaiwasuudasiuusinaees Ti AlaUn@uaIn 5-15 mol % WANMINABBIGINGIHIWANGININ
HNeAENguLIn i lansnuannauninil wansneasslunuidedanaionn mstieng@nssunms
Houamenaladianainludnanudein ludaauwsfin Lij T ,;Nij5,0 Huaaslumwunsnzaesnwi

] [ [ v 1 a & 1 & o a q = a a
4.27(n) NMIFANDYNAUNIUADNIAT € %Lﬂmu"luammqmwa ﬂEWlﬂ’J']ﬁJﬂGﬂLLa?JVIﬂ’J’INOQQ NANN
U

[

MINUWUIYBNYNATINFDIABNANINMSIANTUZBIaMNN NnMTdguwlasiugaraiinazanudyes

@ ' dnanil wuhmsmasiauaamemeladidnainiienudcmuazienudgaiimaedeudlulufiams
waqmm?{ﬁgqﬁmﬁmﬁuqmwgﬁ ‘u'q%yﬁqns:mumicjauﬂmﬂmqlmﬁL?\ﬂm%ﬂﬁmmianswj"uﬁ'mmm
Sau

NNENUITELeY ] Wu uazams (Wu et al, 2002) wuhem € 2893a0
in LTNO feniiansnnduidielat Li winsnniu (Taasvue Ti lutSane 2 mol %) wamsnaand

aanandilaaduralasadauuuiiansnisinar lsiadunuy Maxwell-Wagner nIaNL3aNIN
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mslwanlsisFuuuy interfacial Aaiiialianulniduiagaziliussaluihimsazaniizouinsu
Aoflumsinan lsusunwuudenanil u,azahmaimlmwiamsﬁmmﬁlﬂ5L%ﬂﬂ%ﬂﬁ@qmﬂwaﬁaqmmﬂﬂ
LTNO ﬁ’mmqé’qnénﬁ daviinusinumslatues Li avlUludaquniin LTNO Uszqdaszmeluinsu
Feduagiuuiinames Li asfiedSnaidiunniuviaimanliihmelunsuldditu dnlulssaiias
Tazanfwauinsusafivsnadfimsanniumumsiisduees Li #18TaU wagananiidaualianuy
apemsinnlsieFudindu doiu a & FufumuUsnawes Li AlflaUdfinanniy mnuamsnaans
sauaaslunnd 4.27(2) Feusnanazasinumsiou Li ﬁﬁdaauﬁ'&malmﬁtﬁﬂm%ﬂﬂaﬁaqmiwﬁﬂ
LTNO (Iegiwua Ti TudSunas 5 mol %) WansnaasInu NS IBwee Li 990 2-5 mol %

M € 1eud 10°  Hz  sRandiniNnZudniasdudunsneasanasanusenunsIIe6a

(Wu et al., 2002; Thongbai et al., 2008) waztilatiaUSanawed Li @atilesa1n 5-10 mol % @ & i
ABAD9EINNIN wamsmﬂamé’qnénﬁyumnthmnimqm%%’mlamalu%’uaehq??m%q uazlaiaanse
as1nelalasuuusanimslwanlswFuuuy Maxwell-Wagner uananiiudq lunmadeiisldsndouls
MINADIMNTIENULBY T Wu wazaae (leaivua Ti luSwa 2 mol % wazildsuulasSanams

Towas Li) dauaaslumwunsnaasnnil 4.27(2) wuhe € gaeiaqueaiin LTNO  fidiiaannau
ala Li wiin@uan 2-10 mol % Fuflunamanasssiinndunesmiddslos J Wu wazaos
NnuuuessmsvanlsFunuy Maxwell-Wagner fildiaualas 1 Wu uas
Atz HaunfzIud Li ﬁiﬂﬂﬂ%agimﬂiuLﬂsuLLazLﬂﬁlﬂuauﬁamqlMﬁlwmLﬂimlaq NiO Mnawuily
msnedh Tusasdendu Ti Aldlatasdasasaniimauinsulasaglusluesaiatuuns NiTio, dilu

mMsanazaed € atindTinaees Li invlumAdsiiaasianveiiesandnswares Ti  ludun
Anson lUununeiuniaeae Ni lalulasaasNuan o9 laiteseiannmsanalsmaiia XRD 1as
SEM ZMWUNMIUNUNYDN Ti dnansatiinle lagiinusinamslavyas Li aarudSunawes Ti Tudun

N30 UN IulAINENEENYBITEA Li, o Tig osNip 50 WRHUTHIUNNINATIUTER Liy 45 Tiy 05Nig 0g0

amzwmgasnandantdanwmaihluihmelunsueesiagesiin Liy, Ti, ,,Nij 5,0 819326101731386)
o
0 msfivszgdassiipaniasiienudneasmsinanlswduna

BIIRN Liy o, Ty 05Nig 000 HuMINBANNN Usmnanlszadaszmeluinsueasdiadqsiin Li,, Ti, ,,Ni

0.05 0.85
NlpenNTIQYTINN Liy o Tig 0sNig o0

Y o' ! 4 3 1 12 Y = . . . =< o 1 4 1 L4 . . .
TWihdind) aeuuen € 20938 in  Liy Ty 05N, 50 390188031 1UTHG Li, 1 Tig 05Nig 6,0 N3
WNAULATa NN adMWIN INHLIa9 N BNSWauaIMSUNUNYaY Li way Ti ahansaasuneleasaa il

Nio L
XLE_-—*LE_:NIE_Z‘{-‘VE.%JFO (4.10)

ndums mslad Li' 1 lessu azmiienhld Ni** 1 lesau nnallu Ni* 1 lessu melditauly
aananil wialiaunnluihiuisg LiNi, 0 ddnasauazariansanszlaall-mszuieduniaes
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NiZ'¢> Ni** dawalwaamminluihaes Nio  fidgedu mailwihdnaniidanhmsilniuuy
Twansau (polaron conduction) (Moulson and Herbert, 2004) Tosamwih luihaziadumulsnamas
Ni*” AN 4.10 USinawas Ni astuagiuuiinamas Li ildlay damadsnanil aniwi
TWihuesiagloddnasinngy Nio Fvduagiuuianamas Li ildlay ey Ti whlluiag LiNi, O
anwihlwvhazanas aeaums

Li.Ni
rifg LIV x@ G+ pep g r-l:"'"
2Ti% 2L Tid(LiyNiEE ., Ni2E, 0) (4.11)

NAMIaNNN 4.11 USinawsa Ni°* azaeasds 2 lasauiiia LiNi, 0 gnladds Ti*" 1 lasau aanu
gnnwih ldheesiaquanin LTNO Feaeauladiiweas Ti fisnnsounuilulassasandnlaaded
Usnaiiiiandu viaarananlanvszqdasziivsinanasanumsiinduees Ti losaululaseasindn

mewmaainanil m € Jalianiazandia Ti whlvaglulassaielutsinannniu
lumsaAdeiidsla@nwnginssumsnauaaranilodiana3nvasiagus
#in LTNO eauaaslunmwi 4.28 uaaamsnauamenelodiana3nueeddquain Li, , Tij o;Nig 50

0.10 ~ 70.05 0.85

Fumsanasetaunauzesm & uasinsasmsgadamaladidnasn £ dimsiedeuililufioms
snsemudigeduilaiiugamandl wadananisadunginsauiimansanssduisndnuanysou la
fnsoniigampiilaq é € fenadmasiiafigduiusaiiaannnmsnsuauasmeluildass
it vialaTwaluihdnamnnweiazamnsansusuasmalninle duiulalwaluihsmsaaay
fememuanaliihnszuaasuls uiiaanuivessnuluiiiagu aunluihnszuasduiinsnau
faneuiazimaianauaussmaladidnesn dulu m € Saidanaatenad stalsfionu daudia
aampivasssuudaFauadaumslindsnuudlaTwaluih dniulalwalwihaansadsaninsn
aavauasnladidnednlafianuigedu lusuasmsanasasedundurase € anudidauns
sualihludniasdianlndidssduanuisssanivaclalne duiuunngmsaiagremssunsas
aaudaintuluszuy denaliiAamaganduwdsnusiann demadinani nasnurassuLTIanag
asumadvialimsgadendenuagidaiilasdialiiiafiaasmagadenaladidnedn 7 n
wa@nssumasauaamemsladidnainiiieauluiagusio LTNO mwadsnunssduiililunssiiums
Fanamilanainsosmunnldlosndaaumsii 4.1 wos 4.2 uasagUdansnd 4.3
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E (1)) - Lio.osTio.ozNio.%O
I o L!o.osT!o.osN!o.goO
i i ° L|0A05T|0A15N|o.800
104 _ LT
0
10°L
E 102 F LiovosTioﬁNioaoo
J e
10 ™D i
107 10° 10°* 10° 10° 10’
Frequency (Hz)
(@) o L?o.ozT?o.osNio.gso
. i L!vosT!vosN!o.goO
10" £ -~ © I‘|0.10T|0.05N'oaso
- )
“w
10° 1 ©
F O
= LiO.OSTiO.OZNiO.QSO OO
v Li010Ti002Ni0880 DD O
ol foro ooz e ? o
2 2 3 4 5 6 7
10 Eal 0 il .L.o.gfl(mlz) T BT BT
10? 10° 10°* 10° 10° 10’
Frequency (Hz)

M 4.27 waaslsnamslayd (n) Ti uas (2) Li DHdam €' vaeiaquasniin LTNO Naumgiivas

ULazNANNDAN )
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Ml 4.3 mwasnunszquildlunszuiumsiauaaramaledidna3nyesiaguaniin LTNO

Sintered at 1280 "C
Sample
E, (eV) T, (s)
Li; 5T 05Nig 950 0.299 1.91X10 "
Li, 5Ty 05sNig 4,0 0.298 9.38X10 "2
Lio.osTio.loNio.sso - -
Li, 05Tl 15Nig 4,0 0.268 5.49X10 '
Lio.loTio.ozNio.ssO - -
Li,,,Ti, osNi, 450 0.315 3.93X10 2
Li, 0, Tig 0sNig 450 0.267 4.02X10 2
“w
o
3000 + VV ‘\‘frﬁ‘l
Vi
= \Z
w 2000 + N\
0F, ‘ ‘ | ||||||Irlr|rlrﬁr|rlE!!!!!!-__
10 10° 10°* 10° 10°
Frequency (Hz)

M 4.28 woinssumsnaueaanaladianainaasiaqusdn Liy, Ti, ,Ni, ;0 l08mInsseueis
WANIUANINIDY
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C. amﬁﬁmalﬂﬂmaﬁaqmmﬁn LTNO

nnmsdnnaniamsladidnainaasiagusiin LTNO wuheh € vasiaqi
Fuansildlumideiiamigunnlesfsushiukemanasssiildnnnuidenasnguiu g fedeu
Jaqudn LTNO Toedaaug (Wu et al., 2002; Lin et al, 2006) antamslawaudlodidna3ni
Wetuilgnesnalaslduuuhaasmslwa lasfuuuy Maxwell-Wagner Tagiagquuaiin LTNO daqil
Tassadruuuiuaumely Usznaudre sruweansuiiiaudamelnihidussasdnh (ilssanms
32 NiO ¢ Li) uavdhuzaswauinsudidansamaluihduamy (dasnmssvanues Ti oy
1nsw) aehslsieny mydaautamaeluihussunsuuazsaunsulasasuiuiululdenninn watlagmly
azdnwlagldnaie suiuaudiunlasalad (impedance spectroscopy) Faflunaiiamsnmantama
Tlihluduwasinsunazyauinsulasndas (Sinclair et al., 2002) loafunualilaseasiangame
sosiaquaznaudensunasraungy duiudalianulwihduiagiidlesaednani wuiaes
Tassaamalnihansoaaiuls Taadsznaugaensasluihes R uaz C Aeafuuuuaini 2 2493
LLazﬁqaanwsﬁﬁiaﬁ’uufuuaqﬂsu TaguaazNasunuaIuaINMsaauauasme lihraansuuazaau

NI DNNUOUETIN (Z*) ZavNasTToudnslanail

2" =2"-j1"=—; 1. i~ 1_ (4.12)
Ry +JoCy Ry + joCy,
R R
Z'= T+ 2 (4.13)
1+(eR,C,f 1+(wR,C,,)
R.C R C
7"=R | Po~e | g | e (4.14)

e g uaz gb Aadaanealunudiuzewnsuy (grain) WaLaULNSYU (grain boundary) MNMIGU FUMITH
< Py a [ a & ] a

4.12-4.14 Wuawmsnldlumssduneiagluganaduaszloamlulisinseldlumsasunanammaass

a3 Walsulpuuuheasnuanms 4.14 azlaaumsnianuunzantazaninsalglumssdung

HANINADDILA GITNMS

2'=72'-j72"= =) 1 —+— 1 7
R, +(jaC,) Ry +(joCy)

(4.15)
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W o wer g Aarasil lasficnagludn 0<a, f<1 wuudassmsnsuaussmaliinluiagi
Us£NauMeLn ULz IBUINTUMNTNMST 4.15  nansoesunsuamInassdldiiuagid dauaadly
awil 420 fuRsuvudessansatFuisuldassiuddufiuaufiindaunnuansnaanald
Hueded delulassaemeliihuasiaquniin LTNO fidaensilalumideitminsoasinseld
Tostsznaudhaduzasmsnauauasmsluihaansunazaauinsy asnananduiiuaudifalansluzag
qmwgﬁgumﬂuﬁwqmwgﬁéﬁ Faunumsnauausamslwihluduzesweunsuiidaudamaluidy
avuwazduzeunsuifiantimeluihiduamsisinh muddu nnsamsdnnauiamaluihluiag
@i LINO  danamil anansaidenlasdawninssumsiicasitladidnainiigannaasiaquaiin
LTNO & Fedaanaastuuuudrassmslnalswdumaluihuuy Maxwell-Wagner nanida sl
suwlwihAuaqusiin LTNO Fudluiaqiifilassaiiauuy IBLC Uszgdaszazifamsazaniiuouinsy
Wadlumsawanlssduiifmdudassnihansusazaauinsy viafidsnh mslwanlswduuuy interfacial
Fadawalogasdliiaqunin LTNO huiaaiifisailadidnainiigenn

150000

Li Ti Ni. O | O Experimental Data
0.85 Fitting by Eq. (9.15)

0.10 * '0.05

' p=0.97

150000 —

100000

-Z" (Q.cm)

100000

50000

@ -60°C

-Z" (Q.cm)

200000

50000

O Experimental Data

0 Fitting by Eq. (9.15) @ 120 °C
I 1 I 1
0 100000 200000
Z' (Q.cm)

AN 4.29 BUNNUAUFINTRUUBITIQULIINN Liy Ty 1sNig 5,0 NAUWHH 120  °C 2IWunInhe
suiuaudiadounaamnil -60 °C losdydnvaldanaminassuaziduiviihGudans

2aIMIUSUHIEUTBYANINMNTNABINULUUTIDBIMNTNMNTN 4.15
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D. wsvasmaulianusaunmaldusseimeaarsnaudadaianaledidnasn
wazaaianelnihluiagauandn LTNO
TunmAdeilldd@nwuasasmsauTianuiaumeldussmeaasnauiida

autidmsladidna3nuazanialnihluiaqunin LTNO fiwdenld Tasvhmsauiaquenin LTNO #
avgfi 900 °C Wuna 3 il msdnwluduilldysiasdnmuasen/iinadeshseaniiau
(oxygen vacacies) AAaBuiisanamsavlenudeumeldussnmeansnaudisidasutiamslnihuay
anvdnmeladdnasnuasiaguniinlungu LTNO wamInaassdauaaslummil 4.30

(n) O Before annealing
O After annealing

i

, g

10° £

3 E O Before annealing
10 F [ O After annealing

r 10°F
= Bl 1l /I /I
r 10> 10> 10° 10° 10 0
r Frequency (Hz) @30°C

1 vl | vl vl

O Before annealing
O After annealing

Frequency (Hz)

| Lol Lol Lol Lol -

107 10° 10* 10° 10°
Frequency (Hz)

M 4.30 Mswasuwlasnuanuduesm € Nauugi 30 °C 2893801 (1) Lig o:Ti 0sNig 0

(0]
waz (1)  Li,,.Tiy ,Niy,,0  enauuaznasmsauldenusaumealaussenmaaisnau

MWUNINEUUULEMINSaBULUSNUANNA2EA € 2BITFQUETINN iy, Tiy o;Nig 550

AauuazraIMIaulienusaumMalaussennIaaIsnay AMNWUNIAGIUSNULFANNIT

wWasuwlasnuanudueam tand 2aaddqin Liy . Ti, ,;Nij ;0 nauuazwasmsauly
anusaumalaussenmeasnau
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PnHamMsnaaaswu mMsaulienusasumalaussenmaarsnaudinana

anddmeladdna3nuesiggunin LTNO Wuadinn uanmsnessswudsinhaulads @ ' vasiag
NN Liy o5 Tiy 0sNip 900 W82 Liy ,Tiy ooNig 5,0 1UENANNAGM (10°-10" Hz) Heivndumnaiannay

Fagluussenmeasneu wisaananlan @ € daninduiisusinaesissiveandauluigggnin
Thiaannay uamsnaaasluansauzasnaniemaniuiwuluiagwsin CCTO (Wang and Zhang,

2006; Bender and Pan, 2005) lupassnlugnanudidedniudl @ € aa3aquaain Liy, o Tiy o;Nig 50 H

0.10 = 70.05 0.85

mldwdsuwlasnumsavbirnusaumalaussenmeaasnay nnmMwh 4.30(n) WUNWYHNTINANT

Ni. . 0 @nsowdieni lviiezulaleamsaulviany

HouaaamMaladana3nuaalaqusIAN Li o, Ti; osNig

Jou wamsnaaasaenanilainsaasuneldlaamsaiialnanlswduiifdudasznesesdozaiomh
%guuaﬂqmﬁ'udauwmmeﬁﬂﬁagimﬂu n%nmﬁmﬁﬁ%guuaﬂqmaﬁaqmswﬁﬂ Lig 05 Tig 0sNip 00 W8T
Li, 1o Tig :Ni, .0 Hend@fiaaiamaluiifiumsnadnhazansognulasunduliiiamiamaluiiy
amulﬂyl:ﬂﬂnﬁxmumimL%mmﬂs:ﬂLﬁaqmnmiﬂmmalﬂwaqaaﬂ%mu&davlﬂif

Li Ni, »0, . 1574 i3+

NnENMN 4.10 Uszadassaziianaannauiadsinaeeasmslol Li tinsnnduzasanald Ni** §
Usmnaiisay anaunsn 4.16  Wadiinaweseandiauluianwsiin LTNO  anas (W5aims
wignih iUSinamesasieandau () windy) YSinawes Nit° azasasmaiiasnmnamwanuiiy

nanne llihzesssuulagsin GauEIMINEeaIaaEINN Lij o, Tis osNigeO #8% Lig ;o Tig 0sNig 60 3

0.05 " 70.05 0.90 0.10 ~70.05 0.85

wasuamwnaaluauvsaienueumu Wi i nduiiasannmsanaaslsina Ni'° wiiald
s lwihauiaauniinniaesil Yszadasznaglnavsnuiimhazgnraminumsiedsuilasguauiu

1 [
= = )

s zgninitenihaulasmsaulienusoumeldussenmeansney  mewmaainani a1 '

Tuzaanuden

v
=® o

AHAWNNNINYY

TunasanunununeNuaa vasannmsaulveanussunmealeussened

nsnau i € Tugnenndgend 10° Hz wasdaquniin LTNO nndaulamsladiisfianaiies

\Enips uazdrmasmsanatasaduwdunase € dimadsudunislulufiamezasamaiees wa
MSNARBIRINEHLNET USunaasdasineandanlulaseaslefinananginssumsHaunaene
ladianasnzasigqusin LTNO e wamsﬁﬂmauﬂ’amqlvmﬂuahuﬂzlmLﬂiuuas‘ﬁwaumauwaﬁaq
wiin LTNO TaglFmaiinduiiuaud dausaduammil 4.31 wuh wdsmnmsaulianudoumeld
ussnmAaIsnau MmenusumuMasiaaeninazimuumnniuduaann wasaanudumu
melunsudsfieniumnniuds uamsnaaasdananilaaivayuwammesadludiumasantiineles
dnesndsiildasinamndaumihil lufaqundo LTNO  sanudumusuuazamudumuliih
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malutnsuasiianiindy (@mwihnihana) watindsinazeswasineandiaululaseasin e

NnnszuMzaneraslszyihiesnwmanuunaremslvihmeluiagusiin

120000
1000
|
O
]
90000 - &, |
N ~4 MHz
£ i @30°C
< 60000 1000
- @ 30 °C
N 000000000,
30000
O Before annealing
0 O After annealing 5,y
1 I 1
0 40000 80000 120000
Z' (Q.cm)

MW 4.31 BUNUAUFIBITDUUBITIQLYIVNN Lig o5 Tiy 0sNip 0,0 NAMUNANWBI MIWUNTAUTAY

J a v

wiuoudindouludienudgezeisddeamwaumuluihmelunsuy

(L))

PDNMWUNTAVBININA 4.30(2)  wuhwasanmsaulvenusaumels

USIIMADISNDY WAZBIMMIgayLdamaladianea3n and wlnngiuiienuilszana 10° Hz wa
Fananil ﬁmwwgLﬁmmﬂmmmﬁﬂuw1u1WWWiauwa\15:uuﬁﬁwLﬁ'umﬂﬁu Huweanannsi
EWINUBNTan WA Lig o, Tig ,sNig 500 wWaguamwduzuaui luanaduasawdriedendnild
wodulunamanasssasisquninidlishumsaulianudoumeldussnmandnou uaddla
ansadanald asnniaadsnsgydemeladidneinluduiiiennmahliihnssuaase (M3
gademsladidnedniianuiddsidiinnniuiioananuisssunaluihnssusadu wiaia
QLI EFTY fnndull wamsihlnihnszasedanssununszuIumsiauaaameladinasnaanse

Ltﬂﬂﬁﬁlﬁll,ﬁuvlﬂq‘[ﬂ glduuudans ﬂ']i&i?)ﬂﬂﬁ’]il‘i/l']ﬂlﬂ bl Lgﬂ 71302849 Cole-Cole SINAULUUTIHBUDINITU

TWihnszuanss (O,) Aaaums
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., |, O , €.-¢. .o
£ =£—j[8 +ij:gw+ 2 — = (4.17)

wE, 1+ jor* e,
idla & uar ¢ Femasiiladidnainiienudduasionuige mudau i 432 asdiuldh
gnwihlnihnszudaseenmnsodenadasuiineledianainvasiaqeiin LTNO  Wuadiinn
Togamzmagaudemeladidnesn wamsuiuifisuwuuiassmnuaumsi 4.17 fuwamneass wuh
M G, fewihiu 1.0X10™ S/m uasiiazed tand sansadunaldnnuamanaassais deuiue o,

Tunuuraaaniu 5.0x107° S/m wanunngda feves wnd Fwhliviiazmall

I T I T I T I T I T
L I!_F!!_Fllﬁ- boe J
O tans
10°* = Fitte result of ' 10
- (b) Arsample Fitte result of tans 3
- 3 [ ——
w 10" F 10 ©
C )
L (o]
10 & 410°
I @ 30 °C!
I 1 I 1 1 1 I 1
2 3 4 9 6
Log(frequency) / Hz
Al 4.32 msnfdsunlasduanuduesd € uaze and ﬁqmwgﬁ 30 °C  wendnENn

Li, .. Ti, ,sNi, ,,0 wasmsauldenusaumalaussenmeanisnau duiivduesuazdinEuy

Taanmsusuieuannanms 4.17
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4.2.1.2 (Li, Fe) Tl NiO (LFNO)
wuﬁ%’a’ludauﬁlﬁﬁnmﬁqLﬂswﬁu,a::ﬁﬂmﬁn%wawmﬁguamudw'*]
(Insulating layers) ﬁLﬁmﬁ?ﬂuﬁaqmswﬁﬂ (Li, Fe)NiO (LFNO) fisluadaantamalnihuazauinma
lodiana3nvasiaqaiin LENO  lagihinsdaiaszi 2 dauly da Liy osFeg0sNip 00 WaY
Li, .Fe . Ni

0.05 0.10

Qoulauna Li, ,,Fe, oNig,0 W2 Liy o,Fe,,oNiy ;0  laannmsuaalzdfigamwad 750 °C lun 5

0850 ’3&1@1mswﬁﬂﬁ”’mmﬁlﬁ'm%ﬂumn"i’ﬂqm‘?iLﬂ%ﬂﬂﬂﬂ%ﬁwaﬁmaﬂw‘[ﬂa%a eRGINIREY
#alas ’3’aqmmﬁ”'qaawﬁﬂﬁlﬁgﬂﬁﬂﬂﬁﬂwﬂﬂsqa’?ﬁqmﬁnimﬂ%’mﬂﬁﬂ XRD mﬂﬁy'ui’aqmméﬂﬁgﬂ
ﬂwlﬂﬁugﬂiﬂﬂﬂﬁé’ﬂLﬁﬂiugﬂmmmu,w'uﬂau LLangwﬁﬂﬁqmw{]ﬁ 1280 °C flunm 4 #lug e
Tuduillddnmlassaendnuazdnsusdiuguraslanaemaamesasiaaunin LTNO  Tasld
wafla XRD uaz SEM(EDS) anwuad1au uazladnmandfnmalwihuazanifinledidna3nuasiag
N inaanay (as-sample) WasNAITARININ (polished-sample) Tuz1aMn i -50 &9 200 °C
wozluznaanad 10° 8107 Hz wamsanwlassaiundnlosldimadia XRD dauaaslumnil 4.33
Nij 0,0 Wde Li Ni, ;0 HtWlaasany

WU JULuUMSEEUUSIFENENTlUIFa RN Li, o, Fe, osNi) o 0.05F€0.10Nig 55

sUnvumsdenuusadiendly NiO (JCPDS no. 78-0429) lagiilastasniuuuugnunad wanms
noapsdiudulain Nio Aewlananzesidgwiin LENO fiduaszild anwamnaassnud wade

Uu2ad NiFe,0, a@msaa5anula lugluuumsideauusedienduesdaqsin Li, Fe, ,Nij ;0 Ha

0.05 0.10 0.85

MInaaasaananitinnnleasusay Fe Nladlu Ni0 HUSINaNNNnMuau@auaInMsunud lussuy

Fe,Ni, O Tuaauziiaqusin Li, ,,Fe, ,Ni, ,,0 Witadaiuuss NiFe,0, tafisuiunammaaasly

deTaqEHN LTNO madniulua@ennuil (Lig . Tiy sNig,0) d18030a3Ule7 Fe Huwalium
ssununlulasegdundnzes Nio ladnd Ti asnnwa@adues NiTio, deannsonulalulaguws
ﬁﬂ LiO.O5Ti0.05NiO.900

+ NiO 1t
# NiFe,0,

Intensity (a.u.)

- ) LIm)
MWTMWMWMJ ” |

\ Jw‘,(ﬂ)
30 40 50 60 70 80
20 (Degree)

M 4.33 JULUUNISAEILUUTIT NG U9 aq I N (1) LiyoFe, sNige,O 4ae (2)
Li, o.Fe, 10N, 550

0.05

0.10 0.85
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PN ' & a o o a . . . .
AWM 4.34 MW SEM WUHIMINBNEIINN (0) Li, o Fe, (,Niy 5,0 waz (¥) Liy o Fey (Nij 550

NNMANMIANIaN BT ugIuEaIlaTIas1aNINganIALaTaaLEs1Hin

Lig o5Fe, 0aNiy 000 U8 Lig o Fe, oNig 1,0 10ginaiia SEM audaslumndl 4.34 wuhiaauniinfiaaas
flaseaamegamaiilssnaudisinsuuazaauinsy snazaunsufimnaiindudsuinamslo Fe
Nnuamsinwmasdlsznaumaaiilogldinaiin SEM-EDS ludinueine 1 2adlaseainaneganmazadian
N Fe

. . [ 4 a ' a v @ . 2 a a
WwNNN Li Ni, ;0 Gauaaalumui 4.35 wuh Usinaduiwnseas Ti Husnaninnluuinm

0.05 0.10

[N}
o v

Nunnisnuaedy (f-gmﬁ 1, 3 uaz 6) uaiiSnadealuusnaiuisem («’\mﬁ 2 waz 5) lums
asefuthy azapnas Ni mnsnasawuldinniie 2 uax 5 wazliviinudauinissfiausnadidu
Pnmagluuumsideuudidiand wladaluia Nie,0, Iddetuluiaquainganani dunous
O
W LigosFe, 1oNip 5,0 813150850l T,mqa%'wwaﬁaqé’aashqﬁgqaaqﬁﬂszﬂauaaqdmﬁa GRMTON

N3N lATNEIINENLATATIFTNNNGANMA TINTNBIANBUNNLARVBIIFALFTINN Lij o Fe, osNig 0
wnsuzuduusnanmenivsinawes Li fld@emnn wazdiuweswaunsy sududuniddiueauwans
lumwene SEM Zaluwaiiisssinmsazanzae Fe lutSinammnnuazagluglveanaidalu Nike,0,
O
aauaadlumwi 4.34(2) vinafmbyesiaguniiniuvdunidunzsmeindudundunadalu

WaNNIANNNNG XRD  udsHamsAnalamailn SEM-EDS  2auidaiss)iin Lij,Fe, o Nig g

293 NiFe,0, Funafananiiimsazaniizaunsuuasnamvihluddmnamann
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1.0

o At
0.8 A X’ A
06, ©®
[ J
| [ )
0.4- \
, J o

0.2 A

| —4&—Fe

ool &N

1 2 3 4 5 6
Measured point

Relative intensity of Fe and Ni

M 4.35 (n) MWae SEM  2e3WNuinsaanin luTaqusin Liy o, Fe, ,oNiy 0 (2) Usmnaduwms
284 Fe NlalavUlu NiO uas Ni 130619 1 nadaulaainaiia EDS

tiadnwdndwazasuivmihvasigquniinadaandinledidanainuay
anUaMalwvhuewasiaqunin Li, ,Fe, oNi, 1,0 W82 Liy o, Fe, oNi, 5,0 Mtaseule nuidailamms
Joantidnmalediana3nuesiagrniinninay (as-sample) UazWaINITARINY (polished-sample)

NNNANITNABDY AU LUNIND 4.36 WU @1 €' TaQuaAN as-sample HA13INNINTaGLEIINN

. o v v v = a < a [ a .
polished-sample UBNAINUIIWUIIAT tanO ﬂ']'igiyLﬂtl‘Vl’NlGlaLaﬂGl'iﬂ‘ZIEN’JﬂQL‘Zi’SWNﬂ polished-sample
AMIgetdeNaNNAINIENEIINN as-sample HANITNABDIAINGNIUUITT FuFINII2ITFQLEAN

Li Ni, ,,O ez Li

. . Na A v v va a o a [ a

0.05F€0.0sNi a0 0.05F€0 10Ni, 5,0 HBNBWaAREINNGaaNTANMIladEnaInuasiaqusIdin LENO
Floamlunsanasuasa € UnatiipaannsanasranNNaNYaaMsIwal lswdu F9nslwan Lswsdu
nialuigguniinnguiide mslwanlswduuuy Maxwell-Wagner 38 space charge mM3lwan lswzu

Uszanilsifaldivinafiduisssuietuanusasiwhuszdiuih lwihiagasalumeluiag
wiin detumsanssasanuidurasmslnan lasiuivdislasasedanisanasensd € luiag
(%9INA polished-sample maLﬁm%ul,ﬁmmﬂmﬂ%”'uamumq%”'ﬂé'gagLﬁﬂlﬂ%‘%‘ﬂgﬂﬁﬁmaaﬂlﬂ ANNNANT
noaasdaudaslumnd 4.34 wuhadatuiidedunsduiimsazaniiianbuasiaawnin LENO
FethAadenudululdhinmhaesiaquniin as-sample Hantamaluihiiiuau
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Frequency (Hz) Frequency (Hz)

124, Lio.osFeo.osNio.eoO Li, osFe, ;,Ni

0.05" ~0.10" "70.85

0 F12

Ly,
PsTess:

ezt
Eeeeccereecss

Frequency (Hz) Frequency (Hz)

M 4.36 waasmsdsuisuandaneleddnesn (€ uaz tan®) BIIFQLYIINN
Li, . Fe, ,.Ni, ;0 W0z Li, ,.Fe, (Ni, ;0 #laihumsdafionh (Faydnualene ) wazi
MIYAEINTN (Fuiudae ) Lﬁaqmwgﬁlﬁuﬁu F1NTa08929M € wariilerad tand
LﬂﬁauﬁlﬂluﬁﬂmwmmmﬁﬁLﬁuﬁuLﬁaqmwQﬁLﬁuﬁu (NNWINANINYDIINAT)

tadnwmantamelnihoestuionthaaadagiin Li, Fe, o;Nij,0 Was

0.05 0.05 0.90

Li, , Fe, ,oNi, .0 "iseillaldinaiinduiuaudanTnsalal) (Impedance spectroscopy) Tumsdnm
AuTAGINAT HANINADILANIRIMNA 4.37 Fuansduuaudiiedounasianeniin as-sample
W polished-sample Tigaumivas Mnuamanaaasdunaldaandanun Safiuesadnnauduiinaud
Lan (°1u°8Nmm§'§q) YBNFALBIINN as-sample ez polished-sample Taifimsuasuulawune uasadl
sspdrnnavduiuaudlvafiunadnatasuiamumendmnmsiaimhussiagusiin LENO 110
HanIsNaaaesInaiansnasualasardeiugiunmsiansimeunuuitasszasieasluin
(Sinclair et al., 2002) Tﬂﬂﬁ"ﬂﬂuﬁnmauSuﬁuﬂuﬁgnﬁmmﬁ'gj«ﬁmmﬂm‘mauauawwlﬂﬂwiuém
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yaunsudlignmwih Iihndinn wazrenauduiuaudluaiiiennmsnauaussn i ludruves
PAULNTULALFIUYBNDLENINTA Wiz uRIUDY 7 MnHamMsneaadlenuFanihaulaluadgeds nande
asvnnandniuaudaualualuduiuaudidedouvaesiaqesIin Li,Fe, ,Ni

0.05 0.900 was
Li, .Fe

o 0sFe0 10Nig 5,0 LM ImpUFuBIMlWih ludiueszsuinsuwaziuauIuimhaasaqunin
LENO aatunnantiansluihdremeiindufinoudidefounasiaqnin LENO  ndamsdaiiavih
ansafinsanldheadnenanduiivaudmnnalugiinnuie densunsmsnauauasmaluiirludu
yoansuhiy waddsluduildwud Snswarastunuiunesinmihusstunuuaewauingy
annsehuunliiulaadndany Tasmstaimbusaisgunindiadn

PIANINSNAIDIAILTA UMW 4.36 wdy 4.37 N0 UILNTAN VAN

i €' mavasnnmsdaimih lesiansanuanisnaassidunaiisnnsuauiueaeimineesis
19N LENO nan@a manauauasnladidnasnludiuyssnaaeiitioduszuinddqusiin LENO
AauuasnaIMsda eanmslwanlswduuuy Maxwell-Wagner  AIUSOMRIENEHFIzNINMDNYRITHG

wniinfuilamsmuly mendsnnmasiafiavihaasiaqaan a1 €' 2as¥aquaiin LENO anad waf
Wetuiimailesnnmsinalssfuiideiiidudassaununuinmhdudemsdululinmse
savauasld asnndssadasslimmsafuszanldluuinudngni deumsinalswduuuy
Maxwell-Wagner aztiinlammnsfiudnanaunsuhiy danalinslwan lsiwdunnludsgunin LENO

21102108009 M3tiinduzesd and Mmsgaudeneladidnainuasiaquesiin polished-sample
sansnesunaladail Yssaiiaansoasanldivdnatununuiomihnasiagenio LN Timanse
andiarnmandouiild Ussamailminsandsuiildagedaszmeldanswazassunuluihiily
matiinduzaslszdassiicninsanauiildlaglufitunnuanetuminsoiummagademaladidn
#3nYBITFQLENN polished-sample 161 mmLﬂuamuﬂm%guﬁmﬁ'waﬁaqmswﬁn Li, osFey 05Nig 4,0
waz Li, ,,Fe, ,,Ni, ,,O0 anatiaannmsazanzadtnaiiaty NiFe,0, ﬁn%nmﬁmﬁwaﬁaqmswﬁﬂ way
p1atianUinnweseandauiidieiussvinimiuasdiuzenialurasiaqueniin LENO
Adaameld
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M 4.37 anaSudnNuauFIINTaUYDITa0GIDEN as-sample Waz polished-sample NNUUNH1IDY
doyanwaliiu@h@uuasdydnvallysadznunuiansiin LENO  Aauuasasdaiini

MNAIAU
304 4 % decreasing dc bids /D
4§ o O
3095, 1 7%\ fomo-20v|
o o168V 7 ——0V
— T |——20v g — A4V
& NI O
o 20 ' 0 o 8V
G ] o O j——12V
< 0 10 20 [ 30 A
o Z'(10* a.cm
Z
N 101
PPPPPPPra
. -
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T M T M
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4
7' (10* 0.cm)
MW 4.38 SUNASNBNNUAUT B UYRITFALETINN Li, ,.Fe, ,sNi, 0 AoudafdIvihmela

w9 U I nszuaanselurg 0-20 V uarmMwunsnuaadalnasydniuausizatauuag

FAQLTIND Liy o5 Fe, o5Nig 4,0 MATAFINN
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miselughuiisla@nmansnavasusidulnihnssuansidasutamaluih
uazmaladidnainasiaquaniin LENO FauaaslumMni 4.38 uaz 4.38 MNEINU MNHANINADAN
wuhiiauinusssulnihnssusnse Saduainsananduiuausinannmsaauauasmalnihludiu
yasumNUTnNaEnae U6 lapthedanuiinsanawasanudumulnihsasauinsuassuiionh
Jaquniin LENO aghalsfomuussduluihnszusasslifinadamsilasuulasmesanaiaiiues
AINANBNRLAUTLED (Inaqadiia) Fainnnmsasuduasmeliihmelunsy wansnaass
Fe . Ni

aanandiiuaaslananudrumulnihmelunsuresisqusiin LENO Li o) uaz

0.05 0.05 0.90

Li, ,.Fe, ,,Ni, .0 laitUdsundasnuussaulniinszugasanlvszuiamsiodeduivoud anwa

MIANANENAYBILTOU NN TEUFN O N UANNLABENATN AAUFAILUMND 4.38 wune €' 9
ANNAMNT 10° Hz 2a9idquniin LENO fimanasiiatinanezasuseaulnihnssusass wazan

AWUNINABINNT 4.38 Wuhen nd msgadamasladidnaniienuddmnahiiaussmskouamems
ladidnasnasiisniumnniudaiiinsasuseduliihnssuanss uamsnasaeiadasiianainsoasungled
adaluil eldussduluihnssusasefuiaquniin LENO Ussafiimsazaniiuauinsuunsdiuaainse
wasuiituiuwsdndinauinsuld duiulssafiazaniivinamauinsuasiiunuantiosas deual

nazasmslwalsistuanasidinalasnssdamsanaszesdr € Wannsandssyludiundinasny
nnwaniasansatuiumedndrasraunsula Uszydaszmanriiazinamiarammihlnihlassiu
299386 W AN LENO twadu msiiaduzasammwihlwihasnaniiladuualoaasedanmsiinuease

= a o a
tan® M3gaydeamaladiana3n

w T T T
O 10° 10" 10°
102_ A Frequency (Hz)
i o 8V
v 12V
16 V

10°  10° 10* 10° 10° 107
Frequency (Hz)

Mui 4.39 indwazasuseaulwihnssugassdasuidneledidnesn (€ uar  nd) 2adidquasiin
Li, .Fe, .Ni

0.055 €0.05 O BNYAHNINUD

0.90
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4.2.1.3 (Li, V) 181 NiO (LVNO)
uaNnilaNManNANNgy (Li, Ti)NiO wae (Li, Fe)NiO Hudaeantans
Taouudladidnainuds madeilldwuhiaquniinngs (Li, VINO fuTaquniiniiiie & figann
dudmntuiuiaguniinnsasnguiildnananlugasidaiiiumn madeluduilldmmsedsuuas
V Ni,,._O (til8 x=0.02, 0.05

Anwmandameamsladdnadnsumsandimeluihuesisgunin Li

0.05 0.95-x

waz 0.10) IFQRA Li, .V Nij,, O gnesanlagidwasawasinlsladaloaldaninnswnuaalzinase

0.95-x
PN IeAUTIgaUil 750 °C Wunan 5 2l Faqea Liy ,,V Nig ;O Mlagmiludnwlaseasiae@n
V Ni

wazinniinfigamad 1280 °C (unan 4 1alas Tassasnudnuasanvasdnugueadlasiaimagame

logl#inatin XRD nNUUTaQNG Li o gnihlaugulesmsdadiaaausiauuuuuniuien

0.05 0.95-x

V Nig ;.0 gndnwlagldineila XRD uaz SEM-EDS eua1au mudssiiladne
V Ni

YBNFALETIND Li

0.05

andamelihuazanddmaledianasdnaasiaguasniin Li 0 lugngmungil -50 89100 °C

0.05 0.95-x

wazluzeanad 10° 4 10" He

womsdnmlassaiuadnlaslfinaiin XRD uaasdamuil 4.40 wuhduuy
msLﬁymLuu'i?q'ﬁtanez?ﬁﬂuﬁ’aqmuaz’?ﬂqmswﬁﬂ Lig o,V Ni, 5, O ﬂLWamqﬁ’ugﬂLLUUﬂﬁLgﬂ’JLuuwaq%’qﬁ
ngly NiO (JCPDS no. 78-0429) lasiilassasauduwuugnunad namsnaaasiauiuladn Nio

aaaluananasiaguniin Li, . V,Ni, ,, O Munannlaulaiiwdsuld nngduuumsideuused

0.95-x

tendYavIanienY adatuead Ni,v,0, latnadulungaisauniniladae v luuSinaninn fs
V,.05Nig 900 88 Lig 05V, 1oNip 550 (MWN 4.40(2) waz 4.40(A)) uetWadaluaina

0.05 " 0.05 0.10

Jaaudn Li
il luunnglustuuumsdmiuueesisdiandluisgusiinfithumsenain duaadlunwd 4.40(9)
woy 4.40() Wadafwhuesiagunineanuazdnmiaasiagmely nuideilldwunamanaaas
faula fauladevu Ni,V,0, mmsawuleﬁugﬂu,uumsl,'gmwu%’ﬁtanszmi’ﬁqmswﬁﬂ
O (AW 4.40(%)) %uﬂui’aqumﬁﬂ LVNO #iimslay v ‘luﬂ%mmﬁ'mﬂﬁqm Tuwauei
O uas Li, V,,sNi

0.05 " 0.05 0.90

Lig 05V, 1oNi

0.10" "70.85

V__Ni O MNEUMSTARIVILE: LirUMsTaz liaN50

0.05 " 0.02 0.93

a5 Li
asrnuadaturas Ni,v,0, lalas wansneassasnaniuaasinnauss Ni,v,0, finseazani
famhludsunanvssinn lesUsunaeunad@alunanunsanaduladiulvgleasaunaeluiioss

Vo10Nip 50 HANIINAaBIAINaNUAEAUKanITNaaaIniiadululaatysIin

0.05 " 0.10 0.85

TaquasIdin Li
AaNlwEaNNNae Ag/CaCu,Ti,0,, (Wang et al., 2006)
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20 (Degree)

MNA 4.40 sUnvumsdeuuiediendly (n)-(a) Taque waz (3)-(R) Ta0Ls1NnYDY

Liy s Vo0oNigs05  Lig o5V, 05Ni

0.02 0.05 " 0.05 0.90

O W Liyoy Vo oNigssO  MNAIOU (%) JUuuums

LEEUUSIFDNFUBITEAYTIND Liy o5V, 1oNig 50 MEINTATINN

NNRANMSANIaN BT Mg IuEeIlATIasIaNINganIATaTaaLEs 1NN
Lig 05V Nig 5. O WuNTaqzniiniilasesaialudnwaszaansuuaszaunsy aauaodlumwunsnzas
MWD 4.14 20 1A8REHYBINTUYBIITNYTINN Liy 05V, 4,Nig 50, Liy 05V 05Nip 600 wa

Li, ..V, oNig 0 TomaUszana 46114, 52116 uaz 49112 muddu 2wevsunsulasuulains
Wnamas v ildladiisadnias adnlsion ianlfeuieulassadiumeamaiu LTNO  uay
LENO wuh Faqusidin LVNO fiumenasinsuiilanhisqusiinnssesnduiiing Taslanhussanm
10 wh madulesaunsuluiaanio LWNO  dnanilanidennnsznumsenaiinuuumaua
spsvmiimaiatuluiaausiin LVNO Tosmis Li uaz v aranildsuamwnmafuzaanarlussuis
NSEUMIES 1 Basnuiln wlasasmanfiiedumananfiasheliiiamsiaEedoasoymanslid
MIsauLUTINNNLY waztedussulimsvudaaslanaudg 9 @u MSUNs (diffusion) Melusin
Tdau daiusanmsidulavasnsudlasrluduusnaisuiuslasnsestumsudaadlanausma g
avaansauiimanniule iasnnmsiiamlavasasmaliuiaauniinluansnssumanaiin atls
fonw masenevinezaunsuiiesuluiaguiin LVNO dnanil ovasdimaidadaauddena w
inlWiaauniinmnarnuui Toswnsiigaumaiige
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I SCISEM oo o e

SCISEM ..

MW 4.41 MW SEM  2adWUENWINYDITTQETINN (1) Lig s Vo 0oNig6s0s (¥) Lig o5 Vi.05Nig 400
ez (M) Liy sV, 1oNig 650

wamMsAnmeIdUsenaumaa il ludiuzeansuuazuaunsulag ldimaiia EDS
Gauaaslumnd 4.42 wud ssealataes v iimsazanlulSinaiannivinaweunsudafisuiy
Usinadfiasranuiiudnamelunsu Tag v azagluglraanaiaUuuad Ni,v,0, KamMnaaseaina
V Ni
wisnzaansudawlailsznoulids v Teegluglussaidatu Ni,v,0, Tasudandsnanldiudu

Hugaelasea e eresiaqusIin Li 0 anaiaulaseasauuy “core/shell” Tag

0.05 0.95-x

ppununaniiumares Li Tou Nio  (LiNi, 0) Teslassaslusnvauzainanilaiiozuluian
lauaudladidna3nzadn Ni0O  ngudu< wu (Li, FeNiO  awudasluiidaidefisuen uag
(Li, SONIO (Lin et al., 2005) wag (Li, ADNiO (Lin et al., 2004) nnuamsansantamelwihlas

ldnatia duuaudanInsalall Gauaaamwi 4.43 wunTaaLssIin iV, Ni

0.05 " 0.10" "70.85

O UazIae
a o I o A oo s J pu wa LY v w a
(3510n LVNO au ) Wndguesinhiissddsenau ARanUaMelWihuenaeny tiiagan
dufiuaudidedouresdaqueniin LVNO  Usznaumedasdiuniimsaavauasnelnihludwanui

lﬂ' 1 %4 1 44 1 QAJ 1 % 73

nennu wazuaasUsngludinanudaasnisneass 1ummquuwmmu AILFN TUA NN
P s & ] Ayd Uy ] 2 o wva Y I

2NN 4.43 avddssnaumigasaruiipamsnauauasn Wi ludrvusansuzadaniamaluiilu

5191 wazzaunsuidantamalwiiduauu Juinsuiudlesnlih LiNi, 0 Fanti@mg
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v
U 2 o

I duansieaih asuudelianauduldled adaduass Ni,v,0, Nazauizaunsulsutianig

TWh vy wasiwihndluguawunenumsib Iiszvinansy laslaseaseamalwihaenaini

szdenalogasedaantiinielodiana3nueeddquasfin Li,,V,Ni,,, O ialiaumuluihiuiag

0.05 0.95-x

wnfinasnanil mitedsuiivesdszydaszmelusymamnsuaas LiNi,_ 0 illuasiednhazgnans
nulagzuaunzaunsuuaslszaasnaniasazannuaunsuiimsazanyaaadaly Ni,v,0,

wt. % of V

Measured point

M 4.42 USInuduWnsees v fivdnaensy (307 2 uaz 3) uazuaunsu (309 1) nadauleslyd
watia EDS

10

(o)}

-Z" (10*Q.cm)
N

N

MW 4.43 BUNUOUAINTDUYDITIQENNN i o5V, ,oNi

0.10" "70.85

0 ludngamgi 60-100 °C waz,mu
UNINUTADNNUAUTBTDUYBITFABTINN Liy 05V, 1oNigss0 A NAMUNHH -50- -20 °C
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NanamsAnantaneledidnainyasigqueiin Li,,,V,Nij,, 0 WU

0.05

]
o v =

0.0sVaNig 5.0 NiFuanzdlalunuideiiiluiaglodidna3nniar & fgann Tesiidag

U

1aQuE5N Li

Tuze 10" 69 10° wennndiuardanud e € vasdaguniinmailidsuulasmuanuduazgungi

Y

ABUTINYBY NANINNABINUI A1 € 2TaaLEiin L,V Nij,; O Haraaastlialinausenis

0.95-x

Boms v uiinngu daudaslumsni 4.4 wanmsmaassdenamadrefuxanmsnaasslussuuzas
LiTiNi, O (Wu et al, 2002) loge €' snsiadananilanauilaiuuinadinmslay Ti
yanMniLdFIwuh AnasnunszduSUNstuIUMsHauaaanledanasn (E,) uaswasu
nszqudmsumah lihmelwnsu (E) funhivirzdisdumuusinamsladees v kemsnaass
Fananiloaiennlesauzes v undusinsadh ldunuiidhumises Ni** lassu Tulassadhawdn
289 NiO HafiI NI Falingaunnsas (defect) Meluinsy Fsgaunwiasdananilarsaziinada
nszuIUMsIUaNNINTN (electrical transport) #avdszameTlutnsu Tasaraazazaadldnasnuanusay
nnnhndlumstuedoulszaliiadauiinuiiameaassunuluih duwaldmmwdanunsedudmsu
mahlihmelunsudiaiy iinsnnnsziumsnauauasneladidnainaesiagngy Nio i
anuanwusiunszuumahwihludag (Lin et al., 2006) o msLﬂﬁﬂuttﬂaqmwé’wuﬂs:ﬁuﬂEN
mathldhmeluinsudandransznudanssuiumsmsasusuasmaladidnasn dudsnsznudasas
maiaTwaladumslihdgnaruaulasguugd wadenaniasilimwdsnunszduuas
nssraumsiauamameladidnasnidsundasluluiamsiiingy vennniudrdonuh dwden
O #en

O was Li, .V, ,,Ni

nsgquaasmsilnihnvauinsy (E,) va93aquasin Liy .V, ,Ni 0.05 Vo 10Nio a5

0.05 0.90

anfuisadniss Taganadannaiissnna@daduass Ni,v,0, iuaildanuminzasauinsy

wasuuwlaaiu lesn luinadaantamaliihaasraunsy deiu mMsanaszada € drunikaaia
PANMSEANYDIANNHUNVBIVBULNTY (Wu et al., 2002)

MINA 4.4 M € Uar WAINUNTERUVBINTEUIUM SHOUAMEN N LABLANATNUAZNATNUNTE AU

TWih dmsuiaauniin Li,,,V Nig ;0 Nladaeas v Tuddanme g
8'
HYTINN . E, (eV) E, (eV) E,(eV)
(30 Cand 1 kHz)
Lij 5 V.02Nig 650 61,907 0.211 0.202 0.323
Li 05 V.05Nig 600 34,854 0.250 0.246 0.414

Li, sV, 10Ni 450 30,503 0.261 0.274 0.413
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a

NNEaNIIANINgAnITINNITHBUAAIENINlaBLANa3NYTagLYIHiN

Li. V. Ni . O fosanlasiswasawas nlslada aauaaalumnid 4.44 wun e € Turneanude

0.05 " 0.05 0.90
A 10° Hz fienfeuudainuanudtipeann wasdNuadnIsanadas N unauasm e ladannsn
. : o A 4 - 44 4 -
wazinzasamsgadanalodidnainasiedaunliluiamezasanudngauiiaiingumgizeins
NAaBY NANIINABIAINENHUFTINgAnIINNsHauamsneledianasniignnszqueaisnnusau
NN 4.44(2) wunamsgadeneledidnednludnanudind 10° Hz daniinannduatig
PAUTINNMANTIgUT kansnaassainanitionnwazasmahlnihnssudasuilaiag

wAn Mfien € anladlanainiigannaaaiqundn  Lij,,V Niy,, O axsaaduelalosns

0.95-x

fnsanhisadnaniifiuiaeilidanuaiiaremeldi ndndsdiunasnsunazsauinsuds
Usznavfuiluiaquninduiaud@meluihiidedy dssnaudediuvaunsuii@umsiedani
ilasmnmslay Li Tu Nio wasmaiblWdhssvhansumaiizgnanenulasdendenviaduuanuas
ﬂﬂsuﬁqﬁqmauﬂ’ﬁwMWWwL*ﬂuamu asnmsasanag v Tugraaraidiadu Ni,v,0, e

TATETNNNaMALUURLABAINEIN WBTaQIIAN Liy o,V Nig o, 0 admelasniwazasanylvih

0.05 0.95-

nszudgaUINMEUEN MInsuauasnladianainazanansaiaulalosmsszanyalszydassiuey
s Fuuamuuazimbhiznanumsedsuivesssydassvaril  Waanudvasawnlnibhain

MaUBnANINNIY Msassauasmaladianaingndludaquwsiin Lij,V,Ni,,, O 128083 uazia

0.95-x
sampsvFunduieanudidameassnuluihiamlndidseiuanuisssumauesmsdu (miadoui
wuu nauld-1 swiaasaunnlWinszuaaau) wmﬂizﬁgﬁagmﬂumsu wagananiinaliiia
wadnssumanaunaemsladidnainiinnuigeq iogamgiiinandu wdsnunnanudauay
nszulisanmsdusastszamelunsuiiniu dialimsneusuasmaladidnainaunsoialdd

VvV v v

ANNDFTU NITUIUMIAINENHGBENN Mstauaaanledlana3nfinszqualsanu3ay (thermally

9

activated mechanism)
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10> 10*  10* 10° 10° 10’
Frequency (Hz)

M 4.44 mswdsuwdasnuanudues (n) @ €' uaz (v) mamwmsgaydamaledianasn (€')
YBIIFQUININN Liy 15V, 05Nig 400 WHENAUNHHA 50 69 30°C

a a Y v Aaa & & ' o
4.2.1.4 andwazasmslad Nio salasausie g AiiddEnaseusuuangaciieny

nBasludruillavmnmsansuasilSauisuanidnaleoddnesnuazauia
Tiy ooNig o505 LigosFeyooNi o0 WAE

mMalnihzaadaqusin Ni0  @wngy Usenauais Li o, T, ,,Nig ;0

Li, .V, ,Nig,,0  legfinsanlussavzaslanaindnludawaimsunuiidiasanmsloy was
Tassaamegamadaautianaladdneinuazmaliih Jaqunionsmuaiadauensinniagusi
wisulagiswadwasinlslada Taquedlshumsinuaalmimwauuasnsasduiigamad 750 °C (il
na 5 il mawieildgmibludnmnlasahandnlesldinaiin XRD nntuiaquamaiigninly
duzlTasmssadioduuiunandsusuduuuuunude uasunuiniigamgi 1280 °C Wunm 4
#las Tassaandnuasdnunsdngusaslasadiumeamazasiaquainnsnsiiogndnunlasly
imafia XRD uay SEM-EDS enuidu luniddeluduilld@nmaniameluihuwssandamaladidn
o3nuasiaquniinnauriialuzgamai -60 8 150 °C warlugheanud 107 1 10 He
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(D) Nii Point 1

Nli
L

Point 2
AN 4.45(n) (¥) waz (M) UFAINWAIY SEM WUHININYDITIQBIVINN Lig o5 Tig 0,Nig 50,

T
Y

O MNMAU waz (3) udesatUnasuuags EDS 1
V, ,Ni

0.05 " 0.02" "70.93

Li Ni, ,.,O ttas Li, .V, ,,Ni

O.OSFCO.OZ 0.93 0.05 " 0.027 "70.93

NAFDUNUSIMNTUUALTBUNTUBBNITLETINN Li 0 sauaaslumwunsnly

AN 4.45(@)

wamsdnmilasairudnlasldinaia XRD dausasluidaiishumn wuih
sUuuumsiasnuuidiendniluisauauasiaqunindednsmuriafiaassfugiuuuns
@Aenwudidiandly Nio (JCPDS no. 78-0429) Togiilassasradunuugnunad Budulai Nio Aawe
NaNUBIIQUINNN Ly o Tig 0,Nig 6505 Lig 05Feo0sNig 450 UAE Lig oV 05Nig 4,0 Uazlaimutadatuann
sukuumsidsuiidiendluiaqunionsmusiaii nnuamsdnmndnszdugiusadlasadams
ﬁ!aﬂ’lﬂ?lm"i’ﬂ@]‘L‘Zﬁ’]ﬁﬂﬂz\iﬂ’m‘dﬁﬂ‘[ﬂﬂL‘V]ﬂﬁﬂ SEM wuiﬁ’aqLezmﬁﬂﬁ‘[mm%ﬁqﬁﬂszﬂauﬁ'm&hwzlaqLﬂsu
wazzaunsu aaudaslumui 4.45(n)- 4.43(M) ‘[mm%wmnammaﬁaqL?i:nﬁﬂ Lig 05 Vo.0sNig 030
uas Li, . Fe, ,,Ni

0.05" ~0.02" "70.93

. . . w 4:1 ] LY A:l ] v 1 [
Lig 05 Tiy 0oNig 5,0  tUMIFATIHANNUuGINATigauaslinugngululaseashs namwes SEM wudh

0 fimstiegwauludSinandndasmuyaandasssnsuy druiaqesiin

NAVUNTULASRABYBITFYTINN Liy o, Tig 0,Nig 0305 LigosFen 0sNig 550 WAE Lig o5V 0,Nig 0,0 108

AUsEIN 4.8, 3.3 UaT 46 Llm MNTIOU 2UAUBANTUYBITAEIINN Liy 15V, 1,Nig 0,0 Hamalanii
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FAQYTINN Lig o Tig 0;Nig 050 8% Lig o5Fe, 5,Nig 5,0 U0 10 (¥ NHAMINASBNAINGIIH 613150

aglaihmsladlesausa g 2ae Ti'', Fe’ uar v*" Tu Nio ladunanginnaaanuynzaaelasdsams
Jamazaviaquniinlawaudladdnainngy Nio Tasmsidalasauzas v*' lu Nio sz lvzinevas
insulasmdsiinnalugiige Tasmaiiuwailasnnmsiiamassavaludiotagssvianszsuiums
wnwiln Funldmaamandananiasiinadamadvlossunsulosimihiifiuazmudeudeszuhunsu
fagihadesiy namsdnmasdisznaumaailudiasnsuuessauinsulosldinaiin EDS Gauan
Tunwit 4.43(2) wuhawnauwes EDS fivsitesaanues v astnnguwzluudnuuswaunsy
whilu Tesaunaduiinaseuivinumelunsuaslimmnsoamanuezaexsas v 1d wamsnaaasil
waasldhlasauues v*' ildlauimsaranimaunsululSinainnidlafisudumsazaniiunansy

Tiy 05Nig 4505

HanisAnwantanialadidnainvasiagesiiin Li

0.05 " 70.02

Lig 05F€0.05Nig 0,0 488 Lig o5V, 05Nig 050 AUFNI UMW 4.46 WuNe €' 2a93dquaniinnianuyiiaiil

0.05 0.02 0.93 0.05 " 0.02 0.93

mswdsuwlasnuanudasuioe washa € figaunn lasdimagludn 10°-10° namsmaasenwy
fanhaulann fa nsidelessuyas Ti, Fe war V 1y NiO0 sinnulasauwed Li laavuanegannage
anddmeladldna3nyadiaquniinmaril Nnuamsneasszasmsinmaniimeleddnainigaumgi

wazANND 1 kHz Wud @ € a9 TaquEaINN Lig sV, 0,Nig ;0 HA13NNNEA wazan € wasTaquasin

Lig 05 Tio.0oNig 4,0 HeNtaeiign aeaguluesed 4.5 Wakarsandr and 2asmsgaydamaladianasn
#apaFNANNDIRIMTIaUSUTaqUENANINENETal wud TaquEnRn Li, .V, ,,Nig ;0 Fuiluise

nfien € Mniige nauiial and veemsgydenmaladidanainiaeninigqussiin L, ,Fe, ,Ni

0.05" ~0.02" "70.93

o
aaaENANNETEIMINaaas Taamliud @ £ sasiaquniinngy Nio %?ivuagiﬁuﬂ%mmwmﬂizag
saszmelugniin datiue & ﬁgjﬂﬂﬂ%dwa"lﬁ'@h tanO waqmsgz‘gLﬁamqlmﬁtﬁﬂm%mﬁuﬁuﬁm Fratiu
Ni,,,0 #NazaNHaaadntanmalad

0.02 0.93

V,.0.Ni

0.05 " 0.02 0.93

Taseasenaenuaasiaqusiin Li O wdae Li, ;Fe

0.05
@ne3nmanil
MW 4.47 waasmsuasuulsmnugamnuasiasiilodlanadnuasigews

VoosNige,O  MMZNANND 500 Hz 893 MHz INHAMINANBNEINGTI WUIFQLETIAN

0.05 " 0.02 0.93

0 \Whiaandaasiiladiana3ndsuulasmnanngidesmnnlugigamngiizains
Fe, o,Ni

qn Li
Li ..V, .Ni

0.05 " 0.027 "70.93

naassuasluzenINddInI 100 kHz BUBINUAUINALETINN Li O wag

0.05 0.02 0.93

Lig o;Tio osNig 5,0 Be9lsfanu iilpanudvesanulwihnssusaduiiingu o & figamgiichiisana
aeamad Fulunailasnnmsidnaslalwslwihilnamadich 1 Tasmsangaumgiiosasiinarnly
danmaidalnalagfuanas wasnuildlunssuiumsieuaaraniladidnasnluiaquanin
Lig 05 Vo.0sNig 9,0 48 Lig o5 Ti o,Ni

0.02 0.93

0 a3UAIM N9 4.5 AmasnuzaImMsHauaaIenNladLlanasn

YITAQYINN Li, o5Fe, 0,Ni, 5,0 bianansadmunala tilasandnesinsanatagaunauyasa €
uazierasenmsgadameledidnasnlananuanyauwaaswingaumniuazenudlunmmaass
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10°

; 7 10°
I 4 10°
10 £ 1,
F 5 10
i E <
C : c
0 r 3 10° ©
3 ]
10 ? - 101
: < 10°
10% Bl 4 vl v e il il 3 107
2 4
10 10° 10 10°  10°
Frequency (Hz)
i 4.465suisuanianieladianasn (8 uaz tanQ) WBIIFYAIIAN Liy o, Ty 1,Niy 5,0
Lig o5Fe0.65Nig 050 W8Z Lig o5V, 0,Nig 0,0 NMNHANBN
10°E i V. Ni
E 005" 0.02 0.930 ++%;;;&;;¥;HX¥
[ e ..V DA
[ AN sos
4| D05 R
10" Fo = VP
E v DDDDD —+— 500 Hz
“w LY 2 —*—1 kHz
S A—10 kHz
10°E ¥ . —O—100 kHz
E :
- —7— 300 kHz
C D’lj —4%—1 MHz
= —+— 3 MHz
2
10 E oy by by by ]
-50 0 50 100 150

Temperature (°C)

M 4.47 msdsuulaanugun)iyeeaeanladiana3nuasigquasin Li;,V, ,Nij 0 142129
AN 500 Hz 84 3 MHz
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M7 4.5 anIumde @ € uazwasnunszquiniunszuumsiauamemeladianadn uaz

waanunszaumM I lwih SmSuTaausIin Liy o, Ti o,Nig 0305 Lig osFe, 0sNig 0,0 W8E Lig 05 Vo 05Nig 550
o e PN TY g’
gamguwnnUn (C) E,(eV) E,(eV) E,(eV)
(Km) (300 K and 1 kHz)
Li 45Tl 05Nig 950 4.8%2.0 10,900 0.287  0.293  0.453
Lij g5Fe) 0oNig 450 3.310.9 28,213 - 0.190  0.240
Lij 05V0.02Nig.e50 46114 36,418 0.224  0.216  0.304

uamsnaassndayagUlanimsni 4.5 mslaUlassuwes Ti, Fe uaz v
swnuLi - luNio  ldfiussganndalassaanegamea aasaauantiameluihuazanidmg

lodane3nzasiaquninngy Ni0 :nensni 4.5 wuh @ € 2aaddquasiin Lig,Ti, ,Nig ,;0 H61

inge lasdanndesnumsiiaguniinasnanifimwasnunssdumsi limelunsuinnige

v
[ =

Wasnniagladiana3nigniinngn Nio Wulaenifianiameladdnasndunuslaosasaiuanins
TWihmeTlunsy (Lin et al., 2006) Tagan & dunuamwihluihmeluinsuaee Nio Falianiams
Tdhiduensisdnbitiennmaidacis Li 6ty e €' aztiadiumumsiiinyaau3ing Li iladludag
& v < [ a & a v v . a a 1w v & v !’ a [
nawnil aglsnonn Jaqunfinnisusdedilagnladats Li - TudSaunanivhiu astue € fiseiu
JufennuaraamslaUmalaasunes Ti, Fe uaz V fladwwadamainWihmelunsusasiaguaniin

Many mwasnunszqumsih lihmelunsuiannfigeuasdaqusfin Li; o, Ti, ,,Nij 5,0 #H8ANIND)
msth Wi llaguaniings nanilasdedldnamnuninniige amumsazanyaszaiuaunsuuedia

Liy 05 Tig 0sNip 0,0 WRUSMN N DENGN Tedamaliar € 2097a0155150 Liy o, Tiy 0,Ni, 4,0 HE16I170

0.0sVo.0sNig 0s0 BLluidgue findhatniiien € mnige nagananilaratia

lunsdivaalaqusin Li
NNNAYDILATNFITNNINYINA ﬂ?uﬁa’?ﬂ@]‘l,?ﬁﬁﬁﬂ Lig 05V, 0oNip 650 Lﬂui’aqmswﬁné’msmﬁﬁwmmaq
nsuilvajiige Tasmluudr melunsuifisunalwajasusznauludeinsudasanaidn (sub-grain)
agmelu (Feng et al., 2005) mafinsuznadnsiiumadiisiuiesuamnumeluiaguain was
denaldiuiinasnisTualswfurziiindis dremadinansuazasmslua lsiedunesiag
Liy 03V 0sNig 0,0 39T@Mudufianniige FedewalWiaquusin Liy .V, ,Ni,o,0 461 € wniiga
V, .1

0.05 " 0.02" "70.93

0.93
wanNNuad twuhemmsgadenledianainuasiaquenin Li O fRilATaENINGG
WWAN Li, o.Fe, ,,Niy ,,0 8NA8 HANITNAIDIAINANTLAANNMIANNIUY DT UAUIUY BN TUE D8 U

FAQANNN Lig 05V, 05Ni 5,0 baitieusazaamalienuveasmsinanlsiwduniy uadidsnalvany
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fhumusinaniniingudas é’fqﬂ?umsLﬂ?1'auﬁwmﬂﬁzqﬁaszmﬂumiuﬁqQﬂmwﬁv'u‘[ﬂa%guamuﬁ
°z|auLﬂiuua:%guamuwawauLﬂiuziaa"?iLﬁﬂ%?uiumimmﬂflmj YNNG MAHBMINABDITINUT
AMnasnunszqunsuIUMsHauaasneladidnainuaznasnumsthinihmealunsuasisqunin
anu R lnaEefuIN KAMTNAIBIRINENFINATAIAUNANNTNASBINNTIENUNIFISEYDY YH Lin
warAauy (Lin et al., 2005, 2006) I0gNaMINABIRINaNT UaEmaNNFNRUESEWIIMInaUTLDl
maladdnasnuazmahlWihmelunsuresiaguniinlawaudladidnasnngs Nio

4.2.2  TaQ@TINNNGN NiO esoalasdslu-auuuiiie
4.2.1.1 (Li, Ti) Ia NiO (LTNO)

°lumu’3'«a°’ﬂ‘fnei"§uﬂswﬁ§'aqmq Li Ti, ,,Nig, O (LTNO) ila x=0.05, 0.10
uaz 0.20 lagd5ls-auuuiite d15ava1euad polyvinyl alcohol (PVA) gnﬁmﬂﬁtﬂuﬁ";namﬁaﬁw
Tassthewodlwed wazesssmguilsenaumelanauuaslans Ni, Ti, uae Li lﬁgnﬂwmaﬂﬁ'uﬁqﬁ
aagil 350 °C funa 1 Hlws wanihluenuaalmiiigamgd 750 °C flunm 10 Halus ilevin 1y
iaastsznauaanlsf LINO mudadudidams faquaiitumsuaslaigninindnmnlaseadaudn
Tagmallnmsiaeuuasidiond (XRD) wamsdnswuh 5’aqmqaaﬂ1miﬁ§qmswﬁ”lei"améhasiwﬁ
fidachumaiaiiishstuiisuuumaidmiuuasiidiendasfuziuuumsidenuueas Nio (JCPDS no.
78-0429) Toglainuadovudu ) Fauaaslumnd 4.48(n)-4.48(a) 80Wa LTNO ﬁﬁ’umwzw’lé’gn
ﬂﬂuﬂﬁugﬂiﬂﬂmiﬁﬂLﬁﬂiﬂ&ﬂﬁ’uj\iLﬁ’uLL‘IJ‘ULLﬂuLalEI’JLLGZLNﬂNﬁﬂﬁquQﬁ 1250 °C flunm 5 il
i’aqLmn‘iﬂﬁlﬁgﬂﬁﬂm?inm‘[mm%’wm5mtaz‘[mm%ﬁwwﬁamﬂ‘[mmﬂﬁﬂ XRD waz SEM-EDS
MuEey wamsanmlaseaiunanlaomnaiia XRD eaudaalumwi 4.48(3)-4.48(2) wuh suuuy
mngmmu%’qﬁl,aﬂﬂui’aqmswﬁﬂ Liy ;Tig 0,Nig 0,0 Lig 1oTig ogNig O W8 Lig o Tiy o, Niy 1,0 1961%
é’aashqf:ﬁL‘V\IamqﬁugﬂLmunmﬁymmu%’qﬁtaﬂsﬂu NiO (JCPDS no. 78-0429) Tagiilassasadluwuy
anunard Fawamanaaasdananidudulah Nio Aauavdnzasiaauninmamudiais warainsn
UsBled wa Li uae Ti lassuitldlavfiuunliudiazanansounuiilulassadandnuas Nio ldaselasls
wunsiiadiorvaslaseadandn agralsiaw mﬂgﬂu:uumsLﬁymLuu%’qaduaﬂ‘zﬂui'aqmswﬁﬂ
Liy 5 Tig 0,Nip 1,0 Bufluiaquniiniifuianmmaeda Li annfige wuhuaderuues LiTio, (JCPDS

0.20

no. 74-2257) gnamanulaluigquniinginani Fuadaludinanilaadismaiissmnndinm

0.02 0.78

284 Li N3nHuUnNaaananasnisunud luduviiszaalasauzas Nio° Tulaseasudn Nio wazla
ey Ti vnauiadunadalululassasraineganma
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MW 4.48 JUuUUMSRENUUSIFENGuRY (0)—(A) TaAKT war (3)—(R) Taquain d1uSuiag

BEN Lig o, Tiy 0,Nip 0505 Lig 10Tip 0oNip 550 W8E Liy 5o T 0oNiy 150 ANEIAU

KoM IAnManyMzdugIuzalasaineganaloamaiin SEM 289740
@i LTNO fiuanzwldlosl#i5la-wauvuitie dwaadlumwi 4.49 wuhlassahalsznaudas
insuwarraunsy TaeTaquEIin Li) o Ti o,Ni 0,0, Lis,oTigoNig ;0 W8 Lig 50 Tig oNig 40 M@N
fatheilfimnansuaieszana 6.29, 4.80 uaz 6.99 LUm MuMAU NAMWe SEM 897aq
3N Lig o, Ti, o,Niy ,,0 Tumwil 4.48(n) WUNIANEITNNNYaMAZeIIaqwsiin LTNO Pidad
malaudnanilfenuuandiiuiaaenin LTNO fidauldannizwadimaslnlalsds dauansluam
# 4.24(0) ‘[ma‘?aqlfzmﬁﬂﬁLm%ﬂulﬁmn"iﬁiﬁ—LﬂauuuﬁﬁLa%ﬁ‘[mqa%wqmwamﬂﬁﬁﬁmﬁmmmsu
warfmauinsuiiianuSeumiiane lunuzitaquniniiwisunnitnedwaslulalsdaasiimh
apunsuunduiifiuinvenunumnivinaseunsusaunsuds Nrnuideiiminsadunaldimg
faqumidin CCTO uaz LTNO  fo3aulasisla-wauuuiiiie flaseadumegamenadinsuuazuay
sufiemusunezashiane esnnismaeiealouizau g duly maedeniaguninaanlyd
vasiaglavaudladidnasnlasisly-wauuuiieiuivizihaula wezaraniisimmnzandmiu

= [ ac a a| o
n3EIUMIe583IFa lauaud ladlana3n lugUuuvzasilanung
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MW 4.49 MWY SEM WUENWINYBITIQETINN (1) Lig o5 Tig 05Nig 050 (B) Lig1oTip 0sNip g0 8%
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Tuamisaiiladnmnasddsznaumaeiinusnasnsuuazaaunsulaglimaiia
TFnaiia EDS wamsnaans sauaadlummni 4.50 nuamdensinamaneassnu USinawas Ti
l#lausamiu Li lu Nio mmiamnwﬂﬁmﬂﬁqmﬁu‘%nmwaum'iu (ag@*?'i 2) uasiivFnaniasnii
ushameluinsu (am"?i 1 uat 3) HAMSNABBIGINENHADAAADINUTENUMTITEYEY YH Lin uas
Aot (Lin of al., 2006) FenuUmMTHTaGananiii leiauas mMsscansasasie Ti Husnawaunsuina
wliraunsuilauiamalwihdluauiu drumelunsuiiausdmaluihduasaednihdaduna
dissnnmslavzas Li Tu Nio é’qfu‘[mqa%'wmqagamﬂﬁqﬂiznaulﬂé’w%guamuwawamﬂsuﬁﬁmﬁﬂ
tnsuaadlumsneianh LLa:ﬁL%EIﬂIﬂSQﬂ%ﬁﬁ%ﬁﬁﬂaﬂﬂﬂﬁﬁﬂénﬁ”h TAS9§519UUY “core-shell”

SaquniinnsanumatsiihumsinmnlassademegameauasTaseaaudn
gﬂﬁwmﬁ'ﬂﬁmﬁ'ﬂﬁy’qamﬁm wazthanthinlwihlaemnniEuy (Silver paint) Fmhnssaseuite
Anmnantamelibuszauiamaladidnain TasfAnmiidrgamgi 233 81473 K uarlugeanud
100 #9107 Hz mAeluduilladnmuaraslSinaesie Li fidasnsamsliihuazandama
Taddnnsn TaammualiuSinamas Ti @ifiae 2 mol % HAMSNABBILTAIGINWA 4.51(n) WU

i €' fainmnniumutSinamesansie Li Miiadu Namsmaméﬁnénfraaﬂﬂé'mﬁ’umﬁ%ﬂﬁ'u'*]
(Wu et al., 2002; Lin et al., 2006) Tosndsewmanilaiauah ﬂ%mmwmﬂs:qﬁaﬁzmﬂiumsu
iiatiumuGinamaamslol Li daily malﬁ'ﬁw%wawammulﬂﬂwmauaﬂﬁlﬁﬁuﬁ’aqL?ﬁ’]ﬁn LTNO
Uszdassmmilazaraniivdnaeaunsy @audamelwihifuanudadsuiuduiiagmealunsu)
msazangalszgainanadwaliiamsinanlswdumelwibuuvindunamely  (interfacial) waai

(38NN “space charge” %3aN38AT “Maxwell-Wagner” tilasnnm € WulSinanaunuanudunes

mslwanlswdy asmuiadszydassiinmnnduiiasnnmslol Li TudSinafiinanndu anudues
nslwarlsigduasiiaduainels uasdanalosaseaanistinduaesar € ludaquasiin

leTIO.OZNlO.QS—X

O Ml 4.51(n) Lﬁ'aqmw{]ﬁgﬁuwﬁqqmw{]ﬁﬁmﬁq m €' vasTaquyin
Liy 1o Tip 0oNig g0 688 Liy 5o Tiy 0,Niy 10 WM I80BDENAUNSY wam'ﬁmaaqﬁyﬁmmqtﬁ'aqmﬂ%q
wniinsaesiesiiildsuamuanladidngin (auu) dumsdnh viammsgaydadiosminms
i lWiheeedszyiarinniiuld °1u°zlmz17;5'aqmswﬁﬂ Li, 05 Tip 0oNig 050 ENAAULAAINGANTIHNI
ladiana3nnaanzgun)iuaemsnaass Lﬁaﬁnmmmﬂﬁ'ﬂuuﬂmﬁuQmwgﬁwmauﬁamqlmﬁtgnm%ﬂ

(]
a

WDIIFQUITINN Liy 05Tiy ,Nig 0,0 WU 01 € lugeanndeind 3 kHz imswasuwdasanuaumgi

Ya83NaangdNguvgiaaInsia  Waanudininnzu @ € asiiamanasadNaunauniguvgiie

lasaannaasnumsiiaiazesd) @nd 2aemsgadeneladianasn uannnidanuiiavanis
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a
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1umu”35&ﬁ1@7ﬁﬂquﬁnssuﬂﬁvjauﬂammqlﬂﬁlﬁﬂm%ﬂﬁqmwnumq 7 (M9

u

wWasuulasnuanudzesm €' Naamgiiane q) 2eeddqusiN Li Ti, ,,Ni, ., O taadunanalnzains

fien & figann daudaslumuii 4.52 Tasmlludangdnssumsnauamemeladidnainaiunso
aswnelalasuuusasinmsiauaaemaladiina3naae Cole-Cole  muanmsf 4.17 Failuannsi
a%mawqaﬂsiumsciauﬂmamqlﬂ5Lﬁﬂm%ﬂiﬂalﬂﬁawsmﬂwawmamwﬁﬂw;ﬂhﬁLﬁmﬁyu'lulﬂ5Lﬁﬂm%ﬂ
RAsanmmnznszinumskauamemsladidnasnitheanmssuzaslalnalvihilssnndnswazas
dunulnih

. g —¢€
& :gw'f‘s_—m, (418)
1+(ja)r)
oy g =¢-j&" (4.19)

]
=

il & W8T o Aaeasfiladi@nasniianude (static frequency limits of dielectric permittivity) Lae
mm'ﬁ'gq (high frequency limits of dielectric permittivity) MUAIAU 7 ANAIYBIMSHBUANINNLAD
[Bna%n uaz o AarmasiiuazliAszning o fu 1 muuuudesswasmskeuamemaladdnainluaay
ARMULUUTIABIBIANE (Debye relaxation) o azdaniugud tudalalwalwihnndluladidnasn
finanasmsrsuameniladldnainuniunuennd 6 o >0  wasehlolwaudazdiingueinms
Kouameamsloddnasniisneiu daalipuiasesmagadamaladidnasniianunhanniu datag
laddnasniisramminluihiiinntu saswihlwihasiiunumilsdydemniamaladidnaineasiag
Y Gelluaumsi 4.18 sansatiuuladlmivilalvseandestunemmassunniigalasmsiiama
P3N fagums (Abdelkafi et al., 2006)

g, e T (4.20)
1+ (jor) £o

e 0'*(0'*:0'1+j(72) Aaamuwih IW#Bedou (complex conductivity) Tosi o @ dnmwihlwih
Lfimmnﬂsxaﬁﬂss (dc conductivity) waz o, ﬂﬂ’lWﬂ’]lW‘W’lLdElﬁf\)‘lﬂﬂ'lil,ﬂalﬂuﬁ’lLL‘Iri‘liQ“llENﬂ‘iz?\!
(localized charges) Wag S A (0<s<1) sumsiEsdouRt 4.20 sansousnflusumsiuans
nzduaduazantasmw laeadl

1-a -
. (gs_gwl){u_(m) sm(a;r/ZZZ} , o (4.21)
1+ 2(wz ) sin(ar 12)+ (07 )% &0
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oo (¢, — &, Nz ) “ cos(ar 12) ! (4.22)

1+ 2(wr ) “sin(ar 12)+ (077> &0°

NNENMITN 4.21 waz 4.22 wuhanwih Wi luiagledianasnidndnadanisaauauainig

ladane3n (€") uaziinanamsgadanelodianainuaise (€') wanusnuasannsi 4.22 Aadiu

=) a o a do v s Y a v V| ]
amsgaydennladidnasnnaunusnunmsnyuraslalnalwihiasvauasdaaunlnihaausn diu
wanfigasunudivasmsgadanladdnasniiasnnmahllihnssuanse wazanaumsi - 4.21
ansaRnsanlanmaiblihdissnnmswasudunisasdszylunaniignafismezassnyvih
arfinadansnausuasladidnainyaiagais

391 4.6 fudsen g lannmsUsudisunuuihassiudayanmaass

T (K) AE=(E-Ey) a s ’ _?-1 4 -402 =
(Us) (10 "Sm ) (10 Sm )
233 8700 0.340 - 170 - -
253 8250 0.320 0.8 38 0.080 0.021
273 7800 0.300 0.8 10 0.210 0.053
293 7500 0.280 0.8 3.1 0.460 0.180
313 7000 0.275 0.85 1.2 1.350 0.640
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(M)

¢/10°

10° 10° 10* 10° 10°

(¥)

¢"10°

Frequency (Hz)

Mui 4.52 MsUudisu (n) @1 € was () @ € 29 TaqLYIIAN Liy o Tiy 0,Niy 5,0 INHANS
NAFAINUKANTAIUIUDINUUUII AN NAANFIFASNNENMSN 4.21 wde 4.22 §unud
UASABKATINMIAUIUM VLU uazdudnualee 9 ADNaYRININABY

NNHANITUSULIBUTBYIINNITNABBIAVUUUIIABINITHAUADIENIN
TaBENASNENENMTN 4.21 WAL 4.22 GIUFMILUMWTA 4.52 WUNFNMTYBILUUIIADIMTHAUARE
mqlm5L§ﬂm%ﬂé’\iﬂdnﬂmmsnmmsﬂﬂ%'uLﬁﬂﬂﬁmsqﬁuﬂagamﬂwam'ﬁ‘nmaaqlﬁaiiwmmzau Toswua

nmslsuiisuladaunuiunanisnaasinear € waz €' avunuidaasnaniausaagulan
wgdnssumstiouamemMeladianain wisaauauaanaleddna3nuasiaquaiin LTNO dnatiiasain

nilalwaluihuazammihlwihameludag daudsene g nlannmsdSuiisudayauaaaluansii 4.6
PNNANTN WuNaIMsHauameneladiana3n (T) daanasednaFilaguvaitiuanniuy
Hagenanfiazuiliiannaiiiasannmsiisurasanuminuiuzaslalwalwihuasmslwa lswsu

] v

Mieduarednsndangs uvannniidanuinsudsunlasangauvgizedalzesmsiaunaiy
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< a

maladianasnlafluluaunguas Arrhenius (FuN15N 4.2) aeuaaslunIng 4.52 nnsn

ANNANNUTIZNIN Log,(T) AU 1000/T  ewasnunszaulunszuviumsiauamemelodidanain
ansadwalannanuduresudunsv Tasnuhmwasnunssduinlglunszuiumsmseauamens
Ni,,,0 Henszanae 0.391 eV mwasnunanulaasnanild

0.02" "70.93

0 MaanlaaIswadiwasinlalstaraiayinny 0.299 eV HaN5

laddna3nuaeiaquaiin L, Ti

AMNGANINIFIIAN Liy o, Tig 0, Ni o

naaasdinanil erafeduiiasnnamuuandeaslasaemaamadsiildaiunenluisaiiiy
 videanaiennaNuLIINSuasTags LTNO fa3enld nualsinawes Ti lesaufisnnsounuil
Tulaseaundn Nio 1dase FelSinames Ti fimnsounuiidumisees Ni©* Tulassaindn Nio Td
dmansznudaantidmalwihmelunsuesiaquniin LTINO  lusdhainn daiildaiunaluride
4.2.1.1

-4 -4
Ea(r)= 0.391 eV
-5 L5 —
N (@)
(=) «©
D .6 -6 o~
9 Ea(s1)= 0.272 eV | %Q

\@\S%@\S\@\ N
8l E,p=02636V0°
30 32 34 36 38 40 4.2 44
1000/T (K™)

Mwii 4.53 mswdsuudasivaamgizasammilnih (6) waznmpasmswauamemaladianain

(D) AlennmsUSUREUNINMINABBINUFNMTN 4.21 Wa 4.22
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wannnnMsdsuwlasmuguunlvesnmzasmstsuaasmaladian
asnaziulumungues Arhenius uay Nudsidanunmsidsunasmuaangiives o, was o, Na
nndSuifisudaya (Guaasluansed 4.6) defivuliniduluamunguas Arhenius dwmsumsihluih
a v 4 g
anane Balulumuaums

o= 0'Oe[kE‘ETJ (4.23)

o o, Ap A9 waz £ Aenwasnunszquisum s i (Conduction activation enrtgy) NNTIN

ANNFNHUSIZNIN Log,,(G) NU 1000/T mwasnunszduaasmshlinihamnsadmwaldnnany
Fuzaadunsiiiuluaungues Arhenius Zatluanuduiusidudu loswuhmwasnunszduly
draamahlnihees o, uas o, 209380 NNRN Lig,,Tiy ,Nig ;0 HAUszanm 0.272 uaz  0.263
eV mudau ewasnuidnalaainaniienisanhewasnunldlunszuaumsiausaanaled
< a v & 2 oo [ Y a o a = v v go a 4{'
wne3n astuidienuduldlen msesusuasmladidnainaiaaziienudunusnungdnssndu
uanwiliannnszuiumaihlwihmelunsy Wy eanennmsesusuasnleddnainfinannaiu
apalalwalWihiiiennqunnsaamelundn

Ni .. O lagld

lumsanAdeillad@nmanidmaluihaasiagesiin Li Ti) ,Nig o

watednnuaudalninsalell aiduneiianidsyldnadnmnanidme i luduzsansunazvau
tn3Y (Sinclair et al., 2002) dnAuaufBday (z*) saviagapgne ansadnaldnnanudunus

g =&- jg":_;* (4.24)
joC,Z

o & wer o ApdiuateusrdIuIUNMWIBLNEIINGITIBou (&) wser o ﬁammﬁ'@mu
(w=24) e j=+-1 Toed C,=¢,5/d ﬁaé’aLﬁuﬂszay,l,uuu,cjuc&jwmuﬁf‘i%uﬁ'wmnm (empty cell
capacitance) s #p WuilnasTandatns uaz ¢ Aanuvinuasiagfod
womsdnnauiamalwihlugngumgiguuaanmgisuaasdamnd 4.54
() wag 4.52(2) MUIIAU wudﬂmﬂﬂm%'uﬂmﬁuﬁLLﬂuﬁL%q%'auﬁé'ﬂwmzLﬂugﬂﬂéqwnau NANIS
neaasdananilfidnsasiindeiuiaaenin LTNO fiedsnldanizauq dildndnuudluidod
U uazA3INnaNTadNinaufidedouminsadanaldaasinsaamall sunaduilgnmgiicnuedae
nsaauduaanaliiiiaesinsu uarilgauvaigiuaainisasuauasneluiizaszauinsy
0

< [ a va Vi v o 4 & o v £ o va o 4 o o =
Wudagiandamelwihldasheuemnalas Usenaudensudiiantd@iduasneiin wazeaunsu

(Sinclair et al., 2002) wanmsAnwlegldinaiiadananiamnsaiivdulaiiaquaniin Li Ti, ,Ni

0.98-x

ﬁauﬂ’ﬁlﬂuamu mﬂwamsﬁﬂmm&ﬁmsn‘mﬂ'mm34671umuuazamwﬁﬂvxlﬂﬂudauwmLﬂiuuazwa‘u
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insuwasiaqunin  LiTi  Nij,, O lafiaampiiensq daily eramminluihilldluudazgumgi
sansommnalennaunasuduiuausizedeu LLazmiLﬂ?{ﬂuLLﬂmﬁ'uqmwQﬁwammwﬁﬂwﬁlﬂudm
gaansunazzaunsunuIndulumanguas Arhenius uanmsi 4.22 aaudaslumnii 4.55 wdanu
nszgumah ihludinwaansunazzaunsulimussana 0.216 was 0.369 eV MUMGU AIWANIY
n‘sz@i’umsﬂﬂﬂﬂwﬁdwﬁ’uwmLﬂ‘suu,az‘*uauLﬂiuuamﬁqauﬁ'ﬁwmmsﬂﬂvxlﬂwﬁsmﬁ’u (Lin et al., 2006)

(ﬂ ) 16000

Cole-Cole
O 343K
< 353K
12004 o 363K
[ © 373K
G o 383K
G 80004 o 393K _
N
4000 -
0 5 T - T T
0 6000 12000 18000 24000
Z'(Q.cm)
() Fittingofdata Ao o o °
80001 o 233K a0 o
A O O
O 238K L0 0 0
‘S 6000{ O 243K a9 Ooo i
3] A 248K £ s o I
Ci A QO o)
o 40009 10° Hz—
N
2000-
0 L T T
0 4000 8000 12000
Z' (Q.cm)

awil 4.54 aulnesuduiueudiBedounasiaquniin Li, o, Ti, o,Niy ,,0 lusgaumail (n) 343 8
393 K uaz () 233 4 248 K duivdussdamsuszanamnannueumuludiuaes
insuwazzounsy Taeldaums 2" =R/1+(jor) ™ wa - =rc (e R @a Manu
sumuludiumeunsuuazzaunsy uaz ¢ damannyluvhludisansunazauinsy

ez o P8 e LagdassuINg 0 AU 1
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E =0.216eV
a(9)

\SSSS\

0 {—— Linear fit of data
20 24 28 32 36 40 44
1000/T (1/K)

Mui 4.55 miwdsuulasnugumgiizasammiblWihmealunsuwazusnasunsuy

4.2.1.2 (Li, Fe) TaU NiO (LFNO)

Nt 4.2.2.1 uay 4.2.1.1 fiuan wuhmawieuiaguniin LTNO
FeAsTiTetuazdimadanslasanameameauasartameliihmalunsy daiilunuideluduiis
Iadnmantimluihuazanidmeladidnainuasiaauniin LENO  fwianlasisly-wauuuitie
Towly Li waz Ti Toulu Nio @asUSanaans g @a Fe, ,,Nij 0, Liyo,Fe, 0,Nig o605 Lig osFe, 0oNig 4505
Li, , Fe, ,osNi, O, Li, sFe, ,sNip 4,0, Wae Lij Fe, ,Ni

0.10F€0 0 0.600> 0 wamsAnwlasainudnuazmaiona
2993891 HN LENO Mia3enlagi5ls-mauuuiite aauanalumuni 4.56 wui Jaqusiin LENO i

0.88 0.05 0.05 0.05 0.10 0.85

Iﬂ‘Nﬂ‘:"ﬂ\‘lLLUUQﬂUWﬂfi(LLa::flgULLU‘Uﬂ’liLgﬂlLuuﬂaﬁ§Q§LaﬂﬁmiﬂﬁU NiO %QEULLUUﬂ’IiLgﬂ’JLuuﬂm
%’qﬁl,an"z?ﬁé'nwmﬂﬂﬂﬁ'ﬂﬂﬂé'wﬁ'u’i'aqmswﬁn LTNO, LVNO, uaz LENO #iisnlagiswadwaslnlals
Fa (Fauaaslumwii 4.33) TasaFouuzas NiFe,0, Ididnauluiagusiin LENO fifivdinamslad
289 Fe (AU 10 mol % (Li, ,,Fe, ;oNij 5:0) wamswmamﬁmqﬁ’uﬁ’uwamsﬁnmmmﬁmﬂﬁu’iﬁq
wiin LENO idsnlasiswedwaslnlalsdalumie 4.2.1.2 draeiiudn (a) ﬁﬁwmmlﬁ'mﬂgmmu
madguuzasisdiendluiaawnio LENO  udasdamsed 4.7  masiudndmsidsuuiaies
BntipamuUSanamslatued Li uaz Fe fitasann wissunaueamad Nio imswasuwlasmudsunm
284 Li 4ae Fe Hagun

NNMNH 4.57 wuh 1A598359NNYaMAaTaq TN LENO faseulag
SElmaauuuiieiimsuasuulasmuUSinans Li was Fe nlaluduagenn Tasmnazaansud
wnlinfesiisdumulsnomes Li #ldley mevesSmamslotses Li  nidemsuldsuuias
Tassadumegameluiaqunio LENO  fidnsuzadeiuiiiaduluiaawnin LTNO Tassadmg
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- R S R o T T S S
JamaiianuuiumIINNwiaUsinmees Li nlglaUinanndu agnlsiima diainyinnwes Fe
nlflad wamsnaassnud lassaiemegameaisnguiiodululaseaie madsuudasaenaiiil
AauaaNlumu 4.57(9)-4.57(2) Walauiisulaseaimeganeazasiaqwiin LENO Nwsaulas
ad L v a d' = as a = ' v [
FBlo-wanvuiitenuiaguninidenlasiswedwesnlalsdas wuilaseasemeganmazesian
neseulannaadidifisnsuziuanaiuadidany awu TumAdeiddddwnunmsesaniaguniin

ladanasnngy Nio megIsnicneiu azdinadalaseasmegamainnuuaneanues

T + NiO
+ * N|Fe204
. +
5
S
> +
g7 * * T(6>
C
g | 16
< L ) i@
(3)
| @
N, (1)
L L L L L L L L L L L

30 40 50 60 70 80
20 (Degree)

Mui 4.56 JUuvuMsReNUULaItdendluiaqusin LENO  Mndsnlagdslawawuuiite (1)
FeO.OZNiO.QBO’ (2) Li0.02Feo.02Ni0.96O’ (3) LiO.OSFeo.OZNi0.93O’ (4> LiO.lOFCO.OQNiO.SSO’ (5)

Li O uaz (8) Li, o,Fe, ,(Ni, 550

O.OSFGO.OSNIO.QO

#195197 4.7 AINIKED (a) waz ANWaIIUNszRUlUnsTIIUMSHBUAIIENNLABLENATN LAZWALIY

ﬂ’i%iﬂm’iﬁ’llﬂﬂ’m’lﬂlmﬂiu‘ﬂE]Qfs’aﬁlm‘i’]ﬁﬂ LENO 7ito3aulasdsla-manuuniie

Sample a (A) E, (eV) E,(eV)

Fe, ,,Ni, 4,0 4.176 0.855 0.643

Li, o,Fe, 0,Ni osO 4.176 0.425 0.418
Li, o, Fe, 4,Nig 450 4.172 - -
Li, ;o Fe, 4,Nig 450 4.1717 - -

Li, osFe, osNi, 5,0 4.173 0.353 0.357
' ' (HFR) 0.448 -

Fo.sFeo.10Nioss0 4172 (LFR) 0.574 0.455
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RN : ’ . R R R e
10.0um 10.0um

£

TMEC 3.0kV 8.3mm x3.00k SE(L) 6/10/2008 14:31 10.0um TMEC 3.0kV &.2mm x3.00k SE(L) §10/2008 14:34

rrrrrrrrrrd

M 4.57 Mweg SEM 289389 5)1in LENO Mn3anlaedsly-wwauwuuivite laveis Li was Ti
Tud3Inmena g @ (0)  Feyo,NigegO, (8)  Ligo,Feg,NigeeOs  (A)  Liy oiFeq o,Ni 4,0,
(\1) LiO.lOFeO.OZNiO.SSO’ (Q) Li0.05FeO.05Ni0.900 ae (a) LiO.OSFeO.IONiO.SSO
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Mwil 4.58 msidsuwlasiuanudeesd € wazan and 2avidgnin LENO filaddae Li leaau
TutSinauang g

10° ¢ . ,
E (n) Lo.osFeo.oleoA93o 10° (2) o L!o.osFeo.ozN!o.gso
4 r L L!O.OSFeO.OSN!O.QOO
10 E ) = Llo.osFeo.mN'o.Bso
F 10
- F 7e)
w T c
10°¢ 2
F 10
[ AV T Tty
el Ly A
: 10°
101 jm Covvvenl vl vl el R ETT] B R R B A AR TT] B SRR |
10° 10° 10* 10° 10° 10° 10° 10* 10° 10°
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Mwil 4.59 mswdsuwlasiuanudeesd € wazan and 2avidgniin LENO filaddqaleaauuag
Fe TutSunauene 9
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(n) 0 -50°C ) O -50°C
AAAAAAAA 5
10°
Tw
10%
1 -_ 100°C
10 E 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IR 101 E_ 1 |||““| 1 |||||||| L |||||||I L |||||||| 1 L
i O
12 - \
6
9
[Ze)
c w 4
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a

M 4.60 Mmsildsunlasnuanudzese €' uaza tand aaidqEiin LENO Ngamaiane ) 29

u

QTN () Lig o5Feq 0,Nig 050 U8 (¥) Lig osFey 0sNig 000

HansAnmantaineledianainzasiagusnin LINO wisulaei5lnas

WUUNILE UIAIGMNN 4.58 waz 4.59 Wud @ € 2893aqusdn LENO dagwunn lagdsumnmms

Bownd Li uas Fe dimadaauiamaladnainidiuaghann Tasfiunlinaesmsuadsuulssadeiy
wnaﬂswﬁwﬂui’aqmswﬁﬂ LTNO (Wu et al., 2002; Lin et al., 2006) panie @ & enufiniu
onalFanamas Li fviiatu luzasfimsdiuduzasiinumalad Fe azdwmalien € fehiianas aaan
Frgaunnfinaamsio uennniiudranud tsesmaiiemaiauamemaladidnainiiunliniias
Aalugranudfisnaudaiinysnamslovees Fe  dauaaslumni 4.59(n) MNMIANINGANIIN
miw'auﬂmﬂmqlm5Lﬁﬂm%nwaﬁa@gL%iwﬁﬂﬂduﬁqnénfr Gauanslumwit 4.60 wuh wodnssumsa
amamaladidnainddnvasiindeduiaguaiin NiO  nguduq Wu LTNO waz LVNO  namiie
ﬂszmumsciauﬂmﬂmﬂﬂﬁtﬁﬂm%ﬂﬁmmﬁauﬁlﬂiuﬁﬂmwmmm3ﬁLﬁuﬁuLﬁaLﬁuqmwQﬁwmms
NAaBY MWEIIUNIZEUSMSUNTTIUMSHBUAMENNLABIENA3NYBIIEqIETN LENO oFoulaeis
T-wauuuitie aqudimaei 4.7 wuh dwdsnunssquitlilunszumadauamemsladidnedn
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Sunhivifsiistumumaingasiine Fe ildlay wosiidaaasmumainma/3inm Li uenanil
udanuhamwdsnunszduilldlunszumsisusmemsladidnaindailadidseiundsnuilily
mathlihmeluinsy dauaaslumsed 4.7 wamanaaasfananienvasiudeidudule
nszwIuMInauausINaladanadnuazmah lwihaelunsuresisguninngy Nio Hungdnssuil

fianuduiusiu  wazamgraamsan € ngannluaguniinladidnainnguilaaazadunglaain
nalnamsihiWihidiezuluisguninngy Nio

4.2.3 "iaqmﬂﬁnmju NiO MeTanlasIsnIsdaramInNaNNsau
a ] va a o a o
4.2.1.1 miﬁﬂmNawaaqmwgﬂumsmmﬁnmaaammmq'lmmaﬂmﬂmanaq

L6340 Li, . Ti. . Ni_ ..O

0.05

nideluduiiladnnnazasgamgilumswnniindasui@meladianain

0.02 0.93

0.0oNig 5,0 wazlainmamsaulasisnsaaisdd

BNFETNN LTNO  NHFadINu89nI5:38A8 Li, . Ti

NMNANNSDU TUADUNSLATINTITLALSNA UMM THFNFI TG UMNTAFIUNWIULNaGINaTHa LI
a < $ . & a a o <& o

U3gnd Nntuhasazmzaasssuanainuliuaaluningamgil 650 °C Wluna 10 lus Jaguam

dadrumslavuay Li o nlagnihly@nmlassasnndnlealdinaiin XRD nUUIFAHN

0.05T10.02N10.93

Lig 05 Tio.0aNi 550 @t IBugulasmssafiadluuunanmsusaauuuuunudsd wazihluwnuiing

pomil 1200 woz 1280 °C iflunm 4 Hilws Tassahandnuazlasiahameamazasiagunin
Liy 4.Ti, o,Ni o,0 fildgninlu@nwTlasldinadia XRD was SEM  ewady snAdeluduillddnm
anudmelwvbuazaniamaladidana3nuesdaquasiin L, Ti) ,,Ni, .0 Tudngamadl -50 &1 130 °C
wazluzeamnad 10° 9 10" He

KON IANLATNETNHANYDITIAKIUATIALETINA Lig o Tiy 0Ny 4,0 NEHIY

0.02 0.93

a

M3nuinamvgi 1200 waz 1280 °C lagldimaiin XRD wamiganmwn 4.61 wuhzluuums

U

Lgﬂ’amu%’q&aneﬁﬁgﬂuﬁaqmLLazi’aqmiwﬁﬂ Li o5 Tig 05Niy 50 ﬁwxlamqﬁugﬂuuumiLﬁyﬂ’smu%'qﬁmﬂ‘z‘f
lu NiO (JCPDS no. 78-0429) lesiilassasuitlunuugnuiad uaz Nio AatWananyesidgsin
e adatuiinadeduldssuhenssrumasnaiinlignananulusduuumsidenuuisiiand
spmmaiaguuaziaaEnin  Nngluuumadeuuiidiendanunsasnamanegasiasindnld
Toafientszanm 4.173 A uaz 4.175 A dwduiaauninfithumsuniigamafi 1200 °C waz 1280 °C
muddy wamsAnmdawud daiingamgilunszuiumsduensi fiandniidoandasfumass

NiO zadaudmunialulufiameayy 20 Miseas
anBEdNgIUYaIlANETNNNGINAYBIITAETNN Liy o, Ti, ,Nig ;0 KU

a

Manigamgil 1200 °C uaz 1280 °C figndnwizmnaiia SEM laasuaaslumwi 4.62 wuh

U

1A598519N1998 1A UTLNBUAISFIUYBILNTULDLYDULATY BUIALNTULABLRDEY DI TALYIINN
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=
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MuSIGU Fpwneaunsuiizinenleduliaiinauunilumsiennin Tosanuuananzesamnees
tnsuitiezuasnaniiansdewadaantianalWihaaeTagusiin Li, o, Ti, ,Ni, ,,0 Ndaseila uanaini
gawud iatingamgiizasmawnudinain 1200 °C Wy 1280 °C Taxsasmegameazasiaguniin

Do o R ; da v ma A PR -
Lig 0sTig 0sNigss0  3tdANMUUUAIINNIU Taegnsuniiazululasadivsinananaiaiingumgi
YBIM LW

+ NiO *
:: + +
S @
>
2 |
[
c
= L Jumy A

20 30 40 50 60 70 80
20 (degree)
MW 4.61 JULUUMSEEILUNEDISIFENGYY (0) TAENUAZITQTNN Li, o, Ti, o,Nij 0,0 NEIUMNS
wnRinfigeumndl (o) 1200 °C uaz () 1280 °C Wuian 10 Falus
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¥

Mui 4.62 7Wee SEM  Nuiaviheeadaqusdin Li

Tig.05Nig 4,0 NHIUMTHOINITN NN

W 0.05
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Q51NN L, o, Tig 0,Nig 4,0 fthumsdnmlaseaeudnuaslaseasrama
qamaldgninindnmnanianmeluihleglfineiinduiuaudannInsalal dawaaluswil 4.63
aulnaSudufinaudiiedounasiaquniin Li . Ti, ,Ni,,,0 HEumswnuiinfigamnii 1280 °C &
Snvasfugueionnon  Tesfimnaduiuguinaseaionauduiiuaudiinnelvafiuioan
aaumnfiann 120 °C &4 80 °C vsrdamaiindusasanushumuluihilonamgivhadu (Sinclair et al.,
2002) mﬂwamsﬁﬂmﬁ'qmwgﬁﬁiﬂ wuduﬁaamqmwgﬁaqﬁq -30 °C5uﬁLmueﬁt%qez?'augﬂﬂénmau
%mmiaﬁﬁLﬂmlﬂ”lﬂ”lmmmm?{gq (@UNATNBNNUAUATNTDUUDITTAYTIND Liy 45 Tiy 1,Nig 030 i
mawnuiinflgumnfl 1200 °C Fdnwnsmiioutunamanasadluiaauniindinanil) wamsnaass
Fanamvadh YIQETINN Lig o, T, 0,Nip 050 1’7;m'%smmfﬁaqwﬂﬂa‘i%ﬂﬁamﬂc?hmqmm%auLﬂu‘iaqﬁﬁ
audamsluihluidaliasiauaimisg Tesdssnaudeduiiianwin Wi iigauased daansn
fnsanlandudrnasmsasvaussnelnihludiuzesunsuuaszaunsy musau Nnuamsdny
an ANl #i1209380155980N Liy o, Ti, 4,Nig .0 toeldimaiiaduiuausd aranudumulnihuass
mamwihlwihluduzensuuazzauinsuiigamaiivne q sansafiastszanald Taasuamndu
vhuglus‘fﬂawwmamﬂm%’uSuﬁLmu&%@%’auiuﬁaqqmﬂgﬁﬁﬁmLﬂugﬂﬂémmau enamwenumuluih
mludzaunsunazmaunsuilddaganuhiimadauulasiugamgifdulumunguas Arhenius
Fauaaslumnd 4.63(n) Guilu mwdsnunssqumathlwihmelunsuuasiivauinsuasiagunin
Liy 4:Ti, 0,Ni ,,0 fitsniinfigamgiinsaasilmansadinaldnnanuturandunsw wanmsdiuio
uaaslumneil 4.8 Mawamsdnsmuh wasnuildlumsnssqumsihlwihmelunsuuasiivaunsu

NAnanailaiNavgNuBIM SIIKIIN
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4x10*
(n) o 120 oC 50004
| v 110°C &
3x10* - 100 °C 250015,
. | v 90°C
9/ 2 104 [ 80 OC 00 2000 4000 6000
= <X z' (Q)
N ,
\
100 Hz
| L
4.0x10* 6.0x10*
(¥)
I E =0.315eV
3 g
=~ -4
L |
[
-1 5L
6
L E b = 0.483 eV
_7 f | f g | f | f | f |

2.4 2.8 3.2 3.6 4.0 4.4 4.8
1000/T (K™)

M 4.63 (n) SUNOSNBNNUAUATNTOUVITIQBNN  Liy o5 Tig 0,Nig 0;0 NHIUMTLEHOKINT

g 1280 °C lugwgamadl 80 3 120°C MmwunsnuaaanasudniuausdBday
ludgaumgii -30 §is -50°C
(@) mswasuwlasivaamgiizasammib lWihmelunsuuazusnawsunsumunguas

Arrhenius
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M7 4.8 METiNEn 2nansweds meiledlanein wazwasnunszquiildlunszuiumseion

aaaneledidnasn wazmshluih §1SuTaafin Liy o, Ti, 0,Nig ;0 NeumMsnwinigungi
1200 °C udg 1280 °C
] 8’
aauuniitnniln  MesiiEn 29Iy E, E,
. . (300K and 1 E,(eV)
Q) A) (Um) V) (V)
kHz)
1200 4173  2.6710.75 5534 0.320 0.324 0.562
1280 4175  6.021+2.38 11187 0.303 0.315 0.483
10° ¢
£ 1200 oC amEEEENEE
10° ¢ smnaat i ppeetisie
E uunc;gguuu::ggﬁggﬂﬁéﬁggggﬂgwwsw E it i
- [ vv" )t** %" _
w W . X s
100 Hz / ; +:I| OKOHHZ
—e1kHz L ° ‘
g 10 kHz
g 10 kHz :
1l —v—35 kHz 1L 35 kHz
10" b : 10" b 100 kHz |
6l 100 kHz Al o asond
~# 350 kHz T MH z
—=—1 MHz i z
w 4r o) 4r
c C
3 8
2+ 2 - -
0+ l-l-:!!’!!!vv::tgtw oL ii;i%ﬂQ&B;;;;;;; 0L --uIZ!!“-CSEQC’53:*:3"*****"*";"
Ty T T T IS B P T S S T I T T A T N SO S
60 -40 -20 0 20 40 60 80 100 120 140 60 -40 20 0 20 40 60 80 100 120 140
Temperature (°C) Temperature (°C)
M 4.64 M3wdsuulasnugamgizasaniameladiana3nuaeTaquain Li, T, o,Ni, .0 N6u

MINKinNguuni 1200 waz 1280 °C ludannd 10°-10° Hz

Tunuwidsiilad@nwantamaledidanasnuesiaqasin Lij,Ti, ,Nig ;0 1
gundiuazaNNDEN g deuaaslumni 4.64  lasuaaanmsidsuuwlasiugmngiivasanianeg

laddna3nuaadaquaIdn  Li, . Ti,,,Niy,,0 NEumsuenwilnfigamgii 1200 waz 1280 °C lTuzs

0.05

ANND 10°-10° Hz HaMINAaeInu NaNudaIng 35 kHz M €' wasTaguaniinniaesiiagnims

wWasuwlasmugamvgiivasinnasseiigumgiiaainsia agnlsionn WaRnsanienudguas
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v o a

aoungiich wuhen € fidanavagndunau lagdaandasiumsiioiiesd and  2pamsgaytdens

LY
< 1 v H

ladiana3in lagdinainaniaziedulugneesgunginguiaiinanudzeasaunnluih wodnssw

MalaBana3naeedaquaIin Li; i, ,,Nij .0 itasenlagIdnsaaradimeanusauaina)niii

a a k4 v @ a . . . a = ao Ny ad a 4
WOANITTHNAMBAUTFALEIINN Ly 05T, 4,Nig 0,0 Ne@TeulasIdloataauuuiite uasiswodinass

Twlalsga deildnananluidaiishuan vananidwud @ wnd sasmsgapdenaladidnasnii
ﬂamﬁﬁwﬁﬁﬂ%ﬂu%’aqmmﬁn Li, o, Tiy ,Ni, 5,0 ﬁmumimmﬁﬂﬁqmwgﬁ 1280 °C l¢fildiiaanng
atamaduilaanudanmas Taadlunafssmnmsiisdurasammiluihnssugnse  udngiinssu
mahlWihnssusassdananillineluiaquninftumasnaiinfigamafi 1200 °C vehauiia
Ti, ,,Ni

0.05

MM INihludaaus 180 Li, o, Ti, o,Ni, ,,0 sUdtAUgMM)RueImMstnriing s

12000
9000
"W 6000

3000

Frequency (Hz) Frequency (Hz)

MU 4.65 UFNINYANIINMIHOUANBNNLABLENGINUBITAWUTIIAN Liy 1, Tiy 0,Niy 0,0 NEIUNITLEN

]
=< =

uiinNaamnil 1200 °C uas 1280 °C Tudvgamgil -50 &1 30°C

NnuanmsEnwwginssunisdauaaranslaodianainyesiaqasiin

Li, . Tiy ,Ni, 0,0 Nt@380108ITMIF8AIMNANNIDU GUTAIUMND 4.65 WUNTNADINTAN

NiO.QS

] [ % 1 = 4 = a g a 2 a a a
pEaauNaUERIA) €' uwasiiazes and savmmsgydenilodidnainasmasuiluluiiameasenud
NGUUNDLNN UMY NVBININABDY HAGINANIHUNZTNNYANTTNNINTLAUMIBANNIDUYBIFNUANN

laddne3n mwasnunszquinlddmsunszuiumsiauamemsladidnainainanilamnsamunle
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loaldngues Arrhenius  aNENMITN 4.2 HAMIMWIMNUT Wasnunszaunlglunsdauaarans

lad@nasniieaululaqusfin Li,,,Ti) ,Nig,0 NEhumsuinigaumni 1200 °C uas 1280 °C

HAUszanm 0.320 war 0.303 eV MNEIOU HAMINADDI IUNWITHEIUTNUNINIAWEINUNTTAU
dmsunszuaunssiauaaranaladianadnuazwasnunszgudruiunisi i ludaquasiin

¥

Lig 05 Tig.05Nig 0,0 HPa0aaNa lFgumiilumsinuilniiiadu wanmsnaassaenanilaualia € 29

[ a

AQBTINA Lig 45 Tiy 0,Niy 0,0 NENUMSLNHTNNAUNAN 1280 °C  Hegeniniaansumseneuiing
AN 1200 °C  9ualumMwi 4.66 wamsneassniaulasananilansoasingleeasa luil

9 Y

] ol ol réd =

SmsunsziumsdueNsiiaguniinle 9 Jaguninniumsunniinnaurgiginiazilanaia
%0979w8998nT AU (Oxygen vacancy) lulassasiandnlaann asiulszadassluiaquniniiniums

b

wEingumngil 1280 °C JfiUTnaninnnd Feradualven € vaeiaquniinfthumsuenniing

9 u

b

aounnil 1280 °C HAgend LﬁﬂlﬁauWM%fTﬁaﬂmswﬁﬂ Liy 05 Tio 05Nig 5,0 USaNauraeuszadasei
Womsazanimaunsuluiaquniindananiasivsinainnn dwalianuduasmslna i
maluihdadninndu agalsfionn msfivdinalssydassinnnhilazdenaidadoaniang
Tadidna3n Tasaslidhuasmsgademdladidnainuasiaaiiciitude nania mafiszadass
finntuesdanaliiionmiasiluiivssadasziTomaniazannsamdsuiituilaasinniu Tasas
indauiidananiisiinalasassdamsgadamaladidnainuasian 1naaed 4.8 wuhe & aasiag
RN Li, o, Ty 0,Nig 0,0 FALANINNTUMNANAZBUNTY KAMINARBIGINENTHTINT0eswEldlas
wwuhaasaslassadumeagamediautiamaluihgs
Nawamsanmantameliihlosmeiinduiuausd lawuin tnsu (grain)

Yy

WazEAULNIY (grain boundary) eIFQINNN Liy o Ti ,Nig ;0 Hamwihlnihnerenu Taseamwih

v
o

Idhmesasdudidvmualiiu o, wer o, owdGU wasnsaasduiiiian € fdndudie Tag
fvualiity & war &, mudau aalu mesiiledldnasnidedeuludiuzeunsuuasraunsurasiag

WBIAN Lig 1, Tig 1,Nig 4,0 d8sadieaulatilu (Raevski et al., 2003)
g,=8,—Jo,lw (4.25)
Egpy=Egp— JOpl@ (4.26)

[

MANladdna3ndedausin (&) dnsadeulanail

-1

e=Ll L+, (4.27)
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Wa t, AD PNAUBUNTU t, ABANUMNYBNIBUINTY WaE L=t +t, WaNMsand L>>t, uay

o, >> 0, GOHUENMSH 4.27 SansodalieglusUateneldaeil

PR -3 # , (4.28)
a ao \1+ jor

Watwuald a=1+6s, /5, r=asg, /6oy, S=t,/L.

< g s A A a3 < = v o o &
‘nmmaLﬂugluﬂmawmwnmmﬂ ) dNNIIN 4.28 awuﬂ'sal,wﬂuﬁlwagiugaﬁwqusl MU

& = Léo . (4.29)

gb

{{aNA3NTATETNNNYAMABNITGENTN Li, ,, Ti O YNEDIBENUUNUFIUYBIMTANEN

0‘02N10.93

avAUsznaumauaiizavinsuuazzauinsulasmnaila EDS arxnsodssainaladn anuvmnzawauinsy
(t,,) Baidgyedasiiznauiiy asnnuTinaees Ti lgladivsinanuhiuluiagniaes deliuan

aumsh 4.29 Mansaasulen anuuandgesm € Tanaiiasnnmsfiiagaedaneaasiifizng

1
=

NIUNENM wenniiuay /€ Ninhwesigguninimiumsinaiiniiammgil 1200 °C vgaIu

9 u

ninngwsunUnnglulasiasemeganme asuaaslumwers SEM

NNHANINADINUTN BaTaUue € (Ngaunniiviaauasiannd 1 kHz)

= 4

2TAYENANNENIUMSIKTNNaMN 1200 °C uaz 1280 °C Henszanm 2.02 (€',,,/€" 1500=

u

11187/5534 =2.02) 1AFNMSH 4.29 Wadsand W ¢, udz &, venIdquninndasiisny

AanUMNENNTN 4.29 nsadauliagluglresdandiuveedn € 2eaTdquENIRN Li 4, Tig 0,Nig 4,0

0.027 "70.93

L

NIFDNMNBENN O ATl

!

Eng0 _ Laggo (4.30)
!

€00 Liono

Tognsunuaan2adnsulaa@dsuasiaqEsIin LijTi o,Ni, 5,0 1N§836788719 WUdasai

aananimuszanm 2.25 Fudumnlaapesnuaandiuzasa € Nlannmsnaasifa 2.02 HaN3
naaseilaanauideludiuiivegladn anddneledidanainuesdaqusfin Li) T o,Ni, .0 §
waAnssuuuudaiulszauuugueenumely (internal barrier layer capacitor; IBLC)
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Mwil 4.66 Wisuiiguandimaladidnainfgamnivieawssddquwnin Liy ., Ti) ,,Nij 0,0 NHIUMS

C

o

NHNNRMAN 1200 °C uaz 1280

4.2.1.2 (Li, Al) Tad NiO (LANO)

nmuddeluduilld@nmanuduiusssuihvaniamaliuazansang
lad@na3nua3aauwaiin Li, Al Ni ., O (x=0.04, 0.06 uaz 0.10) faseulagismasmadima
anudau TusaumawIanmEududemsuanmsndumudadiuiuluaiidasmsadluhuians
nnthaswanasuliuaalaiiigamgd 650 °C flunm 10 il Tagueiiddaduiunuluama
gosmaaiiens 1 muidasmslagninlud@nunlassaiiudnuazmaiiaualuiagulosldinaiia XrRD
PN TaaR Li, o, Tig o,Nig 0,0 Alannmatnuaalmiluzusulasmssadiodusunsusunaudas
msliusaduuuuunuden uwenhidauiunaudumailluunwiiniigumail 1280 °C fiunm 4 Flus
0 Aldnnmsien

TASaNEENKazM NG TINNLANEINNNIAM AL TIANIN Li Al Ni

0.05 0.95-x

uiinmarilgnihlu@nmlegldinatia XRD was SEM - eudrau sndsilla@dnmanddnmalnihuas
anddnaladidnasnzaniaquninmauiisinludiaumgll -60 &1 130 °C uazludnanud
10° f4 10" Hz
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HamIAnlaseasndnuazmsiamans ) luiaamuasTaquninlasly
i XRD udosdamwdl - 4.67  wuhsduuumsidmuusdiandicluiagmuasiagueiin
Li, ,, AL Ni
0429) Tasilassahafiuuuugnunar was Nio Aeuandnuasiaguanaziaquniinmail WeRnsan
ALNi
yin 9 FoulamsToy Guaaslumwil 4.67(n) wasanuguasiiafiisdfunadouuzas Ni fimnageu

005,0 Nnaulamsladiaasenugluuunmsidenuusadendly Nio (JCPDS no. 78-

sUnvumsdenuusedendluiage Li 0 wud wadadupes Ni ansaaanulaly

0.05 0.95-x

anuUFnumaidoras Al wamanaaasdananiiuaash Al dlFlumslatsndu Li Tu Nio shwihitly
M3102INMsINaNaYad NiO LLazLﬁaﬁmsmgﬂqumﬂﬁymLuu%’qﬁl,aﬂ@ﬁwaﬁaqmiﬁﬁﬂ
Li, ,, AL Ni
Li, ,,Al Ni
YaQLE5I8N Li

0050 OaudalUMWN 4.67(2) wud laFatuase Ni Liusnglutaquasiiin

O fugaadalura NiALO, whiungnasiawulalugluuumsideuusidianduas

0.05 0.95-x

Al oNi, .0 aRatuasnanianaiennddinawes Al lessudldledlu Nio &

0.05 0.10

USinaiiiuzauerasmsunuilussuuaas ALNi, O
nnmMsaanuadIalures NiALO, aanamnil Usinaduwnsuas NiALO,

]
= %

ndisuiuUiinawesnanan Nio ansadinaldalagnmsUszananngluuumsidsnuussdionduas

[

WTIND Liy Al Ni

9

0550 Tosandaanudunus aeduns (Hsiao et al., 2007)

I NiAl,O, (311)

x100 (4.31)
Iian,o, (311)+ 1y (200)

NiAl, O, phase(%) =

il | a0, (311) Udz 1, (200) Aa@NNLEY (intensity) woafiauand FuWsuas NiALO, (311) uaz
NiO (200) Mu&AU NARaMIANANUNUSINaFNNNSuasnadaly NiAlO, ﬁLﬁﬂ%uiu%ﬂQL%iﬂ
§n Lig Al Ni .0 §Uszano 7.1 namsUsznadananiaansafinsanlahleosauzas Al ilF
Tounanuammsaunuilesauzas Ni laties 2.9 % whilu smdumadaly NiALO, laiaansony
Al ,Niy ;0 Wae Liy Al Ni,,,0 21afinatiias

0.05 0.04

Talugtuuumsidsnuuisdienduasiaquain Li
e atudenaniiusnaiisasnnaulisinsaasanulalesanmsldinadia XRD

ALNi .. O
(x=0.04, 0.06 Waz 0.10) ﬁmumimmﬁnﬁqmmﬁ 1280 °C Huna 4 #laa gnAnwemamnaila

aneied Mg UNYeIlATIESINNINTANIAYBITTNTIINN Liy
SEM dauanslunmwil 4.68 wuhlassadumegamediansasiivssnaudeansunazaaunsy Tasnsy
ﬁﬁﬂumztﬂugﬂwmﬂmﬁ'ﬂu NAMWEEY SEM  WUN2INANTUYBIIFNLINN Li o Al Nig,, O H210a
anasmaUSanamaiiaduzas Al fildlad namsnassssananiiusasihlosauzas Al fildlausiniu
Li Tu Nio fidwshelumssudsmadulanaansuluianlod@nasnusinnaw Li, , ALNi,,, O WaM3
neasssananiiaanndasiunamsinmmaiawlaloslfinaiia XRD  deuaadlumnil 4.67 nande
losauzas Al #ldlavlu Nio  asildmdelumstudimaiiamsus Nio  daiueadululehn
ms@u‘[mwaqmsugaﬁ'ué’i%‘[mmﬂawm Ni ﬁﬁaﬂuagj’[ui’aqm Tossinaaunaiatudinaniliiann
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MW 4.69 Msldsuwlasivamniized (n) Menladianesn waz (2) @innn’sgmﬁ&mﬂ@ﬁtﬁm%n

Al Ni . O Tuzeaanud 100 Hz 84 5 MHz

0.04 0.91

2IFALYNN Li

0.05

nuansAnwnsildsuulanuguvgiizeanianialedianain

(¢ €'uazm and  oamsgadanelodidanain) awudaslunmni 4.69 wuher € finnwd 10%-

10° Hz ﬁmmﬂﬁﬂuuﬂammqmwgﬁﬁaﬂmﬂ aehalsiomuiiaenudvasanulnihmeuaniiinsnniu
i g’ ﬁqmwga‘i@iwza‘imiamamhmﬂL‘%’J WaTEaAASBINUMSLAANAYDN and YBIMsgaLdanie
Tasdnasn aeuaaslumni 4.69(2) WUNM tanO “zlaqmsgnujLﬁﬂm\ﬂmﬁtﬁﬂm%ﬂﬁ@hﬁgqmnLLazﬁﬂ'ﬂ
Lﬁuﬁuaaimmf%uﬁaqmwgﬁLﬁ'u?ivu Iﬂaﬂ'ﬂmigﬁyLﬁﬂmﬂﬂ5L?}ﬂm'%n‘*?iLﬁ'umﬂﬁué’qndnﬁlﬁﬂmﬂma
apamsh llihnszuanseluigguaniin wannniiudrdawuien € PBNINYIINN Li, o, Al Nig 5, O 3

msnszngmmuanudaaunniafisunuisglavaudlodidnaingiinges NiO  nguduq ue
wpanssulagndiaslidiuamanuiagnan Nio au )
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NnuanmsAnwngiinssunisiauaaransladianainyesiadqusiin

Li, 5 Al 4, Nig 5,0 GUFAS UMW 4.70 WUTINITWUDINTAABDENAUNA YDA €' WazinYad tand
oamsgadansladidnainiinsidaudiuvialugdnenudninduilingurgizeenisneaas

L%
=

Hansnaassananilisdlainlunaiiissnnmanssdumanasnuanusauiinmaiunginssums

Houamamaladidnainiieduluiaglodidnadnuiin NiO ngudu ) nfiezes and 2aemsguyde
maladianasniitiedulundazamnndl nawssmsiauaasmeladidnainigamgiivu g @1mse

fMunalale Taaldanudunus eeauns

ot =/l €, (4.32)

]
=

Wo & waz g, AaA AN ladlana3ninNuDe (static frequency limits of dielectric permittivity) wag

ﬂ’J’mag‘N (high frequency limits of dielectric permittivity) MURIOU UDE @ = 278, Taad f, AaANud

o 1A = ac a v & a =
o AunieiAEed and raamsgadenladianadn (tand) asuuanmsh 4.32 sansadaulalugy

In(27f, )= —E, 1k, T +Inlfzs /2, /7,) (4.33)

Nnuamasinalagadaaumsi 4.33 mwdsnunszduitldlumsiueiaunssuiumskaurmens
lodianasn (E) sansadmuale éww%’umzmumssjauﬂmzlmqlﬂSLﬁﬂm%ﬂﬁLﬁﬂﬁquﬁ’aqmswﬁﬂ
Li, o, AL Nij,. O (x=0.04, 0.06 uaz 0.10) ﬁwwé’muﬂs:ﬁuwaﬁaqmiﬁﬁﬂﬁgqamﬁ’aathfitamﬁq
IR 4.9 amadmnamuhmwdnunssdurasnszuumsHauamamsladidnainzasiaqunin

Li, ,,ALNi, ,._ O feniinannaudniipamuisnauas Al dlgladiuanniiu

0.95-x
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10" & bbby
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o F
10° &
,F
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N
10 M 1 1111“11 11 ILL‘HM 1 lllHHl 1 111““1 L1 Ly
[ \ \
8 L \ \ —0—-60°C ()
\V4 + —/—-30°C
F ‘ 0°c
6 L \V4 + —— 30°C
Ze) 60 °C
c - v - —+—90°C
© AN
AV +
+— 4 .
A Y4
R
2 ﬂm%L; ‘
0 L
HM 1 lllHHl 1 111““1 1 1111“11 1 lllHHl Ll L

102 10° 10* 10° 10° 107
Frequency (Hz)

M 4.70 wgdnssumstiouamenlediana3nuaeiaqusAn Liy Al ,,Ni,,,0 Tugnaungii -60

0490 °C
@199 4.9 aaeluEn Meeiledanain waznasnunIzquaInIUNSTUIUNISHEUATIBNI
ladanasn waznisluiy dwmsudaquasiiin Li, Al ,,Nig O, Li, o;Al ooNig 5,0 8
LiO.O5A10.10NiO.850
AANININEN g o) v v
Li, ;AL Nig ;O c E,(eV E, (eV) E,(eV
om0 (A) (300 K and 1 kHz) ¢ &
Liy 05Al, 0,Nig ;0 4.167 8,468 0.340 0.354  0.369
Liy 05Al, 06Nig 560 4.168 7,396 0.354 0.362  0.374
Liy 05 Vi.16Nig 550 4.162 6,566 0.373 0.367  0.377
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T i f 2
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9.0x10° Y L!o.osAlo.oeN!o.sg 4

' < L'o.osAlo.wN'o.ssO
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L -
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0.05° "0.04" 0.91

| @ Li, Al Nij,,0; 0.361 eV
m Li Al Ni,.0; 0.367 eV
| |

0.05° "0.10" "'0.85
I | I

0.0 7Y
I . | . | . | -10 |
0.0 5.0x10° 1.0x10° 1.5x10° 3.2 3.6 4.0 4.4 4.8

Z (@) 1000/T (K™

Mui 471 (n) anaSuduiuaudidadausasiaqusin Li, Al Nig,, O (x=0.04, 0.06 uaz

0.95-x

0.10) Ngamadl -60 °C waz (v) Madsuwlasiugamaivasanmmihnihmelunsuy

nudveludruiiladnwantineluilhaesiaquusfin Li AL N, O
(x=0.04, 0.06 waz 0.10) lagldmaiiadufivaudaninsalel Fadumeadianiisnltlumsdnmns
aavausamaliihluduveaunsuwazaaunsy  Teasmldualowuinmsasvauasmeluihludiues
insuaziinsnausuasiaNudgensmsaausuasna lWihlusdivaaswauinsy (Sinclair et al., 2002)
PINNBNITNADBIAIUFAIIUNIND 4.71(n) WU SUnaSNBNNLAUTIIITaUYRITFQLYIIHN
ALNi
Py [ a a o a . oA AN v v o ¥ A < v S '
mnuluagueniinladidnein Nio ngudu ) flananinuarlumdaituin Fansaudlaloanse

Li 0 msuatnianwaziidudulaigUainmnandass nanmmaassainanilearsnu

0.05 0.95-x

€

douIfn {0 Li o ALNiy . O (uisgifissdlsznavaatlasiasanegamadnifiandamemsiluih
Al Ni

o)

b

neniu Teaanulasihasamalwihndezululgquaiin Li, ,ALNi,,, O dananiasisznauais

ddiianudumuliihdusgs duraaduldsiiunngiianudon (gUainenanmaduemiiouns
) uasaiemanavaussmaluihludiusessauinsy uasanaduduiinauddaauduldegais
WnaudEnfilnngiisiianudgiumumsasvaussmsluihludiuseansy Nawamsnaasdanud
Safivasanaduduiinauditedouduldeglainenauiinunaidnauilaiivguvgizasmnaans
wamanaaasinivdldhemudumuliihueunsusassauinsuiimanailagumadiviatu mzasenu
dumulwihuazeamminlwihaaunsunazaeunsuiigamaiione  luisquninamunsotssanald
mﬂﬁuﬁme&%ﬂeﬁawaﬁaqm*swﬁnméﬁi u,azmsLﬂﬁlﬂuuﬂaqﬁuqmwgﬁwaMwamwﬁﬂWﬂwmaiu
insuuaziounsuldifiulumungaes Arhenius  Gauaaslunmil 4.71(1) Amdanunszdumsin
TWihmelunsu (E,) wazuauwnsu (E,,) YBNFABIIND Liy o ALNiy,, O (x=0.04, 0.06 wag 0.10)
ansadnaldnnanutuzssnnnduaadlumni 4.71(2) wamsdmunnmamnasnunsziu
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AINEMUUFAAINTNG 4.9 MARAMIANNIUEINENH wuhamwasnunssdumslulwihnaludiuees
ALNi
Ysmnaas Al 1idaldleUlu Nio amsnesasasnamiimaieduiissannidnalassuses Al 0

NTULAENYBULNTUTBITFALEINA Li 0 Magnmaniimslasuwdaaiisaudntiaaay

0.05 0.95-x

amsoununlulasagiandnaes Nio  luudaziag Li Al Nij,; O 108U InMnaeiunes

0.05

@niae aaluasdlsznaumaeizaensuiiviiounuaeaddgwsiin Lij AL Ni ,, O 1NEINGI8EN

0.95-x

) = Ua Y d' <~ v td! 1 v o v o Y v g I DAl
danfantimeluihimiaunu Jdwmaliwasnunszgumsilnihaalunsuessiagniauiian

UONANNULNENLANIDE

4.3 aidmaledidneinvasiageaanlnde CaCu,Ti,0,,/(Li, Ti) Tad Ni0 (CCTO/LTNO)
TumiddsluduilldfuensiuasdnmantianelodidnainvasiagunineenTniova
(1-x)CaCu,Ti,0,,~xLi, ;. Ti, o,Niy 5,0 luteamud 10°-10° Hz uazluzngmmgi -50 9 200 °C Tag
1#39qus CaCu,Ti,0,, MoFenlasizufAsenuuusousaaiuia (Solid state reaction method) Tagiktu
nsrtnumauasladiigamadi 860 °C Wuna 8 Halus TuwnsdiTaaws Li, , Ti, ,Ni, .0 t03ealagi3
Tgawauuuiiie muddsilldihaguanassiadnusuiuloslddandiulasimnasde g Tas
x = 0, 0.10, 0.25 uaz 0.25 S’aqﬂauiwﬁmﬁﬁé’mwdmé’mdnﬁgﬂLmuoﬁ”aﬂ CCTO, 10%LTNO,
25%LTNO Waz 50%LTNO emudeu Saquenanlwdagninlausuifiuusunanuazunuiiniigumai
1100 °C Wunan 16 Falws lumdieilladnmuasesmssulianudouluusssmansnauiiondiws

aeandfnlodidna3nasiadguniinaaulunda (1-x)CaCu,Ti,0,,~xLi, , Tiy ,Nig ;0  HAMIANEN

0.30 7 70.02 0.68
Tassaduudnuasmaiamaluiaquniinndauuazndamsaulianudouluussnmeaninaulosld
mAdia XRD  uaesdamudi 4.72 wuhsduuumsidmiuudidiendluisgunineauTndaninouuas
nismaauldenusauluussmassnaulaifimaasuulas weennsluuumsidenuuddiandly
‘anlfzmﬁﬂﬂau‘[w?{mﬁaﬂdnﬁaaﬂﬂﬁaqﬁugﬂLLuumsﬁyﬂ’Jmu%’qﬁLanﬂu CaCu,Ti,0,, lagldaninsanuy
wWaudY Liy 4, Ti, 4,Niy 450 wamwmamé’qnénfrawLﬁﬂmﬂﬁu'%nmﬁmﬁmaﬁammwﬁnﬂau‘[wﬁm
(1-x)CaCu,Ti,0,,~XLi, ;,Ti, 0,Nig ;0 HtRWItWdUDI CaCu,Ti,0,, LY Wy wazdruvns
Li, ,,Ti, ,,Ni

0.50Tio 05Nig s0 BMAHMTAzENINNNVI UM TUIFgEHn NIeiladnnlaseasramegamea

0.68
MmEmaiia SEM  aauaaslumwi 4.73 wuhinsudanedledudia Li, , Ti, ,Ni, ;0 Nidaaulndod
USINauiady nan1snaaseanannionaieann Ni  uNauuas Li, , Ti ,,Ni, ;,0 §18150unuilu

1ANEINKNEN2DTEATIAN CaCu,Ti,0,, wazaina linsuradidguniinaanlndadivnanlazy
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M 4.72 gUuuumsdeuusadiendluigauaniin (1-x)CaCu,Ti,0,,-XLiy 5, Ti 0,Niy ;0 NBULAE

waamsavlianysauluussenmeaarsnau

M 4.73 MWene SEM 2a3Taquaniinaanlngs (1-x)CaCu,Ti,0,,-xLi, 5Ty o,Niy ;0 NBUNMTBU
Tianusauluussenmeaasnay
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E grain boundary contribution —O—¢' CCTO E
[ to the total dielectric response —— &' CCTO-Ar ]
L 4 after post-annealing O tE;1 5 CCTO A
10° £ { —5—tans_CCTO-Ar 4 10'
W 10* £
10° 3 E
102 | ol cor il ol ol 10'2
10 10° 10* 10° 10°
Frequency (Hz)
6 2
107 ¢ o ¢_25%LTNO 310
(D) —— ¢ 25%LTNO-Ar ]
r —O—tans_25%LTNO 1
10° & —+—tans_25%LTNO-Ar <410’
- . 1w
w10* E mz 10° %
- e
10° | =4 10"
102 il Ll Ll Ll L 10‘2
107 10° 10°* 10° 10°

Frequency (Hz)

M 4.74 mswldsunlssnuanudeesm € uaze and 2asmsgadamalodianainigaumnivias

$nsuiaawsIn (n) CaCu,Ti,0,, was (v) Jaquadnaanlwde 0.75CaCu,Ti,0, ,-
0.25Li, , Ti, ,,Ni, ;O Nouuaznasmsaulianusauluvssenmeaasnau

TumAseauil ladnmuazasmsaulieanufauluussemaasnauiiideantamaladdinesn
2ITAYENANABNINGS (1-x)CaCu,Ti,0,,~xLiy 4 Tiy 0sNip 0  LOBANHIHEUDIUTNIUDIFDITNYD
pandrauiifetululasaiifnadosuiamsluibuasandamaleddnainasiaawnineaninge
(1-x)CaCu,Ti,0,,-xLi, ,,Tiy o,Ni

0.30 7 70.02

0 vasnmsaulianusauluussenndaIsney HaMINABBILTAS

0.68
Gamwit 4.74(n) wuhmsauldenudauluussenmeaninaulddunadoauiameladidnainuasiag
I8N CaCu,Ti,0,, 1A €' wazd and vasmsgandenmaladidnadniiaininnty lasmmsd
anuddind 10°  Hz lusaeiiauddneladidnainzasiaquninaanlnda 0.75CaCu,Ti,0,,-
0.25Li, ,,Ti, o,Nig .0 ¥asmsavlianudauluvssermeaaisnaulifinmsasuwtasduansly
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MW 4.74(7) HANIINABBIAINEIUIETD antimaladiana3naasiagasiin CaCu,Ti,0,, iin13
wWasuwlasatannmasinaasdasineaeangauitiodululased ualiinadaiagunine
anlwda 0.75CaCu,Ti,0,,-0.25Li, ,,Ti, ,,Ni

00oNipesO  HANIITNABBIGNNENUBIAUANNNNITFLTNYD
Li, ., Ti

0.02Nio 6.0 Muzaunsu Taamluuar Tunszurumssulianusauluusseameaasnausandiau

0.30
unauazgadaluannlasasn Toswzasuisiiunamauingy mawdsuulaswasmaniamsladidn
a3nluiaquniin CaCu,Ti,0,, iilasnnssinumasulianuiauluussenmeaasnauarafionnms
gdsaandauuiduiivinaeeunsy wniluinnuiudh suddmsledidnainsasiaqusniin
CaCu,Ti, 0O, azﬁuﬁ’uauﬁ'ﬁmﬂﬂﬂmamamnimﬂuathamn (Adams et al., 2002; Chung et al.,
2004) fatiu asdilsznaumitafaasaaunsuildsulldadnadeantidnelodidnainuasiag
L9518 0 CaCuy,Ti,O,, &huwamwﬂaaqﬂ'Lﬁﬂ%uiufaqmiwﬁﬂﬂau‘[wam 0.75CaCu,Ti,0, ,-
0.25Liy 4 Tiy 4,Nig s0 1150851181677 Msavlianusauluvssemeaaisnauladinadaiag
Li, 1, Tig o,Niy 1,0 fifin1sa@zanfizauinsuiriiiy é’qﬂ?uauﬁ&mﬂﬂﬁL?\ﬂm%ﬂwaﬁaq(ﬁ'aﬂdnﬁ%q
Wasuwlasdunszuaunmsaulianudeuluusssmansnaudosann luilagiu Saquasin
CaCu,Ti,0,, doiiluiaqlanaudladidneinildfuanusulanniige asnnanuadasmeanuiou
Fufudnauandailaaduinnuasiagunindinani sdnlsinn nnnenuidesenguiug 1d
wuh andamaladidne3nueaidgsiin CaCu,Ti,0,, fimaasundasadaannluussemeaninoy
(Bender, Pan, 2005) wag Tulasiau (Wang et al., 2006) %qwaé'qnénf?lé'ﬁwmmqﬂuﬂ'uwaqmﬂmaﬁﬂs
yeanudaurasiagunfin Cacu,Ti,0,, W aghelsiony Mnuamanasaslumiddsilldaunuiznms
Sneanuadssneanusaurassnianeleddna3nuasidqesiin CaCu,Ti,0,, losmseanlnda
G880 Lig 4 Tig 0,Nig 650 é’qﬁgﬁ'aqmswﬁﬂﬂau‘[wﬁmm 0.75CaCu,Ti,0,,-0.25Li, . Ti, o,Ni, 5,0 391U

TaqusniinnamnsaldnulanannansReuluwesaamziedan
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- O CCTO-Ar

Y «'7?‘\,,\' O  10% LTNO-Ar
Y 25% LTNO-Ar

30000 50% LTNO-Ar

~td 20000
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10° 10° 10* 10° 10°
Frequency (Hz)

15000
12000 |

= 9000 |
w L
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Frequency (Hz)

]
=1

Mwi 4.75 mawdsuwlasiuenadeesa (n) € was (1) € Naamgll -50 °C wasTaquin

AaNlwdn  (1-x)CaCu,Ti,0,,~xLi, ;,Ti, 0,Ni, 0 MaImMsaulianusauluussenme
asnau

andamaladiana3nvasiaguniinaaninga  (1-x)CaCu,Ti,0,,~xLig 5 Tiy 0sNio 450 LHAIA

0.02" "70.68

o o o a ' ] r o v o s
MNN 4.75 ﬂ’]'ﬁLﬂaﬂuLLﬂaQﬂUﬂ’nNﬂﬂaQﬂ’] E uwuaz € ‘Wa\clﬂ']iallelﬁﬂ'nNiﬂuiuus'ﬁﬂ’]ﬂ’]ﬂa’]iﬂﬂu

pansnaaaswuna € imsuasuulasnulsanawas Li, ., Ti, ,,Ni, 0 Nldeanlnge losa € 299
Taqu513n CaCu,Ti,0,, NAWNNINNIUNDADNINENGIE Li, 5, Ti, ,,Nig s0 UMM 10%  uds 25%

uetiiatNuUSanawas Liy, Ti, ,,Ni, O U1 50% @ &' ladinsanasatnunn annidianudasesms
HANSHNAUAMEN N LABLANAFN LaLHe LA NANNDNGIB
< a' LY -1 1 d‘ a o a [% @ [ .:1' 1 = A:l' [ 1y
Wunnsuiudn aesileddnasneesiagle 9 Wnasliaed uaaziimsdsuudainuiage
MEUBNEN 9 anNINe Wy enxduazeNudNaassnN Wi gamadl anwuiu Bianlnse anuAY uaz
819 (Hence, West, 1990; Moulson, Herbert, 2003) laanilUanupuuuuwnutded (uniaxial

compressive  stress) saNHadaaNTAENNazaTdn lagannsarilvlasiasaneqazesianiing
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wasuwlasluandy Wumhaulanenueusaansadananagnian e ladanasndneme aIuaely

MWD 4.76(n) waz 4.76 (2) M5UFsULUMNUANNAUARIFNU AN LABENASH (€ uaz tand) 284
JaQLE518n CaCu,Ti,0,, WaIdaENNANINES 0.75CaCu,Ti,0,,-0.25Li, 5Ty o,Nij 50 NWNIUNIT
aulianusaumalaussenmeaaisnau

NN 4.76(n) wuhe € waze tand YN IFYLFEVDNITALETINN CaCu3Ti4012‘ﬁ'mums
aulianudeuluussenmaadnaudmsuasuwlasmuanuduiily TasSeinnniusthedatiias
mumwmﬁ'u*?;l,ﬁ'u?ivu (é’qLLaﬂﬂumWLmSﬂﬂmmwﬁ' 4.76(n)) 11&?1&1&3“71'33\!‘17@%’101@5Lgﬂm%ﬂﬂlm’?a@]‘
Ti, ,,Ni

lwAneaNlwdauad 0.75CaCu,Ti,0,,~0.25Li o niumsaulianusauluvssannmea

0.30 ~ 70.02 0.68

asnauiimsiwasuudaniosmnn dmduiaquniin caCu,Ti,0,, luthsanududing) 40 Mpa ¢ &’
uaze tand vesmagadeiicaeuineneii udiilaiinanuiAugINT) 40 MPa Miaf £’ uaze tand vos
magadeiisniuueidaiiias i & Agannuesiaqusiio Cacu,Ti,0,, Famguiissnnsunn
waqﬂszqwmxmﬂluLﬂ‘su‘*?';mﬂe?;ﬁmﬁqﬁaqiwwaqaaﬂ%mu (amuz@'%’u (acceptor  state)) ﬁLﬁ(ﬂlu
Tawsaide Tagnwzagaiviiuauinsy deiumsiivinamesamusgFuiiuouinsuiinnazdenal
Waranalnzasmadanaunaniasnnmanisnhessanudu uaznalnmsduduuuiangu
(elastic deformation mechanism) TugniEuduzasmslianuduiuiaguniin CaCu,Ti,0,, Mitdau
munmiiliasnnmswmimihuesenuduaziieiusiaduiamnnnd tufaamuzgiuiasediiay
LﬂiuuazﬁmwmaﬁﬂsﬁgqmﬂGia'ﬁ‘n%wa?lmmwmﬁu dnaliauiamaladidnadnlainasunasiu
ANNIAY (Yimnirun et al., 2006) iaanamduiliifinanngu danuiulildhanumnaasaunsy

azgniivlifizwneanas asnna € sasiaquaniin CaCu,Ti,0,, FuilulFanaiulsuaruiuany

winzaswaunsy Fuduldauuuudransaas IBLC (Wu et al., 2002) aeuue € 2893dqua9iin
CaCu,Ti,0,, NUAULWNINTULNDA N NRUIYBIYDULNTUSAINLLBINNNITANT WY DILTIUAL
SmsuTaquniinaaulwdnuss 0.75CaCu,Ti,0,,-0.25Li, 4 Tiy o,Ni, ;0 NEIUMIBUIRANN

v

Souluussenmeandnau wuhansamaladdne3nimsuasuwlasmuusaautiasannaauaaslunmn
# 4.76(2) mswasundasietulugiendusuduiilivhiiu wami‘nﬂaaﬂmm’i%’ﬂfﬁé’wudﬁaq
L?mﬁﬂé'f\iﬂénfiﬂui’aqlmmuﬁmSLﬁﬂm%ﬂﬁﬁmmLaﬁasmﬂiﬁmsmmﬂm{ﬂau (WA 4.74(2))
wasmeldusuduuuuunuds anuadssdaanududsnaniiiaguiasmnmsadyiaguaiin
Li, ,,Ti, ,,Ni, 55O %mwdqmaiﬁwamﬂsuwaﬁaoymwﬁn CaCu,Ti,0,, HANNANNLEDEIADUIIENNE

G99 LATAMNAULUULNULAE?
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Ml 4.76 mMswdsuwlasiuenuauLUULIUAEYIM € uasA) and  Naumgiivias vaeian
129180 () CaCu,Ti,0,, was (2) TaqLysninaanlwde 0.75CaCu,Ti,O0,,
0.25Li, 5, Tiy 1,Nig s0 MaIn158UTHANNTaUlUUIIEINIADISNBY MWUNTIUFA
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4.4 auliinmaledidnninzaianuwidn Cuo
4.4.1 MIANYINAYBUNTY DAULNIY wazkarasusiau llihnszuansasaaaianialii
waznladidnesnzasiaguaaiin Cuo
Tumaeillddnmaniansladidnasouasaniamaluihuesiagunin cuo Taald
Anwuazasmanauauasmlwihmelunsunsuuasiivaunsu sunikszssusdulnihnssuanss
ffidoautiimalwihuazantamaladidnesn madeluduilldduansifaauniin cuo nnTagus
CuO (99.999%) Iﬂilﬁﬁl’d(ﬂqNﬂlﬂﬁugﬂiﬂﬂﬂﬁﬁlﬂﬁl’JﬂLLNLﬁIuLLUULLﬂuLﬁ'ﬂ’J Lﬁmmuﬂauﬁlﬁgﬂﬁﬂﬂl.m
wiinfigamndi 920 uaz 980 °C iflunm 10 #lus Snvasdaguzsddasaamaamauazlasa
apadnuasiaquniin Cuo Ashumaunwiingndninlasmeiin SEM uaz XRD mud ey Saquanin
fshumasfnmnlasahemumamauarlasaeundnldgninandafmhnaasdiarnin Wi lasld
miduduiaauiadssigdiduinbdnlnse madnmansameladidnainuasantiamaluihuasiag
wiin cuo Tuniadeillddnunlugegamgii -60 81100 °C uazlugeanud1o® 8910° Hz uasld
ussauluihnszuanselugae 0-3 aad

L T L I}
TMEC 15.0kV 16.0 0k =] MEL A {23 *3 20.0um

[
=

MW 4.77 MWy SEM WuEviheadld@qusnin CuO NEnumsnniinnaumadl (n) 920 °C uaz
(2) 980 °C Wluna 10 #laa

HaM3AnHanwasFuIualaTaemeganaadiagueiin cuo lagldinaia
SEM uaessalumwit 4.77 wuhlassahamsgameiisnunzlsznaudeinsunazaaunsy Jaqunin
Cuo fhumswniinfigamgii 920 °C Fgwgululassahadisadnies wiiaqusiin cuo fkums
wnuiinfigamndi 980 °C Tassaaiidnvasiiimssadeaunsuiiuiuuaslinugwgululasiai auna

o

insuwdalagyseanmadidquniin CuO NEumsniingavnil 920 °C was 980 °C Huna

4 [
av aoa v =

Ussanme 4.57 uaz 9.57 Um auaIGU lasaiumegamarasiaqusin CuO vesiveiiiidnuuszi
uanaNNNMITENNENUleanguITeuea S Sarkar uazAnE (Sarkar et al., 2008) laelaqusAniile
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naMAdeiinsdawiuannnuasignguidsennn Turasiiagnin cuo  NduaNsilaly

& &

DALY S Sarkar wazany HswguiazululasaHamaamaduiinuinauaziizinezesnsulay

@agUTEIN 1.4 Um W1NAENNTIIEQENIN CuO Nlannnuiveil

4x10*

3x10*

2x10*

1x10* |-

0 L—&—-10°C

Tl 1 1 1111111 1 1 1111111 1 1 1111111 1 1 1 1111l
10° 10° 10* 10° 10°
Frequency (Hz)
4x10*
3x10*
w 4
2x10
4 AA
1x10 AA
AAA
O 100 “Frequ;‘:cy (HIZL;Ok " AA
[l Lol Lol Lol Lo
10° 10° 10* 10° 10°

Frequency (Hz)

Mui 4.78 Msuldsunlasnuanudsasautameledidnainyesiaqusiin CuO NiEhumsenwiing
auNil (1) 920 °C uaz (2) 980 °C
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a

P P @ a wa a g ' A a g  a [
Namiﬂﬂ‘mm’iLﬂaﬂuuﬂmﬂum’mmlmﬁuwwmlﬂmaﬂmﬂ (ﬂjﬂ\?ﬂlﬂalaﬂmiﬂ (8 )

a

wazmsgaydeameladianasn (€')) vaadgqunin Cuo Mhumsinkiinfigamg)il 920 °C waz 980

Y

]
[ o 1 =~

°C aauaaelumni 4.78(n) waz 4.78(2) mMuddu wuhe € vasTaqusin Cuo dangunnlaad

maglugn 10°-10° Yssiduifhauladuadisiinulunuideiide mafier € Agunndananil
ansaiatulegsssumaneludnesiages Fdiduiludashunssiumslaldelaasunassig
a9 wisshunszsuumswniinlasmsmuguanuduussnmawuuiiay daiudlafinsandaduns
UszgndlFnuluauaaud Saquniin cuo Fuiluiagiidanuhaulailuagnduiasmnitiuiag

panluinisend nmdisansandanlalulFinasnansluglyesilduunuazmsin nmwi 4.78

(n) waz 4.78() wuiﬁ'aqmswﬁﬂlmﬁtﬁﬂm%ﬂﬂm CuO ﬁwqﬁﬂssum‘zmﬁ'ﬂuuﬂaqﬁummﬁwm g’
flgumgiicnadefuiawnin CCTO  wasiidnsusindatungdnssuinuluiagladidnainnguuns
Nio daitldnenuinudrluasudu ndnie a & Saiigeanniianud uandeamudiiinanniue
&' fichinnatatusunduussaanndasiumaiaiiesasemsgandeneladidnasn Tasfiadananiias

daudunislulugnenudfg@uiaiingumnizeammaass aauaeaaslumwunsnzas  Mwd
4.78(n) way 4.78(%) BUgienalnazamsnszdumeaNNIaY

NEAMINAaINUNA € 2aadaquninikiumswnuiiniigamai 980 °C fen
NNNIIEANKIUMIENRTENIaMKYN 920 °C HaMsMAaadaInaialeNNFNNUSAULATIETINNMY
Jama nanAsznansuilvginheesiaguniniiumsnniiniiguugi 980 °C 13vzaina i

g’ fieniinanniu NnenumMHTeuad Sarkar uazane (Sarkar et al., 2008) latauaiie €' ﬁgqmﬂ
ansiaquniin cuo adudiosmnmsTwanlswfunuy Maxwell-Wagner iAo ufifnduiasswing
wsuuazzauinsy  lesilusadlesnndamminlwihiidsfusevihansunazrauinsy Tagnsudl
amwinlwihiigsnhdmzeunsy amwihlwihilgeeunsusaiisumailosmnmsiilaasusas cu™

Watumelunsy dufivinameunsufiamslaasuzes cu™  whiu deiud € Adsiunasiag
wdin Cuo  aasReNNMsinIuBas Cu’ Adefumelunsy uwazaafimmaiiasnnmsd
Winamasdasivesndauiiddululassaeiiiamailasnngumglaesmsunwiiniidraiu vie
mmﬁmmnm’nﬁﬂ‘[mLu‘tﬂuLnsuﬁﬁwum%njwaﬁaqmswﬁﬂﬁmumﬂmNﬁﬂﬁqﬁuw{]ﬁ 980 °C
mnmwumﬂ"nmmwﬁ 4.78(n) uwaz 4.78(Y) NAYBINMITHBUAIEMLABLENASTA

a °

(T) Mg 9 ensammnalannanudunusasanms

u

wr =1 (4.34)

Wa o =2af, Taah f Aeanud o unsiiazasmsgadameleddnain (€) wazwuinms

wasuwlasnugamgiizasnanzasmstsuaasmsleddnadningdnssuiuluamunguae Arhenius
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Faaaslumndl .79 nanufuzsadunsvl wasnunszdudmiunssuiumsiauaaems
ladidna3nuasiaqunin Cuo fiknumsinuiinfigamnsi 920 °C wag 980 °C aansndnnuld Tasil
Al52an00 0.195 eV Waz 0.230 eV mudAu wamsdamudayaiihaulaia mwdsnunsedu
ém%’umsmumﬁvjauﬂammqlm5Lﬁﬂm’%ﬂwaﬁaqmeﬁﬂﬁmumstmNﬁnﬁqmwgﬁ 980  °C il
innnhiagikhumsienaiinfigamgi 920 °C wamsneaasdsnanilnaiennmsiiiaqusiio cuo 7
iumsunwiinfigumgd 980 °C fitnsuiifuwnaillugnh dswaliiiaanulidiussdevrasnms
JaFeazatazaanlulasasi lauaraiaduanuunwssssindnuuududu wiaiodulawy
wnadnmelunsy waflannassietudinaniminsodualiauiammailnihanas Famsaaa
é’qm\'nﬁawmwaiﬁlﬁmmnﬂﬁauuﬂawaﬂmm%’wmﬂﬂﬂmaﬁ'&qLszmﬁﬂ CuO LLazﬁﬂﬂg‘imsLﬁuﬁu

YBINGINUMINIERUSMTUNSEUIUMSHBUAMENNLABIENATN

-11.0

0 920°C;E,=0.195eV
570 980°C; E_=0.230 eV
-12.0 |-

P L

l_)
= 125}

I

-13.0
-13.5

I

40—
4.0 4.2 4.4 4.6 4.8

1000/T (1/K)

Muil 4.79 mswdsuwlasivgamgizeanarasmsiauaaemaladidna3nyedigquwnin Cuo 1
FUNMSEOKTNTNMBON 920 °C uaz 980 °C
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M 4.80 Bunuaufiddoungaumnil 30 °C zaviaguwiin CuO NEUMIIKINTNgMH 920 °C
meladnswarasusiaulnihnszuanselugie 0-3 Tad mwunsnuaasmwesing

analnagaiiile

mideluduilislddnndniworawasusiduliihnssuanssdaautidmeladidnasn
wazaiamalwihludumeunsuuaziveuinsurasiaqrnin Cuo MnramsnAasIRaLaasluani
4.80 wuhmnevasaineduduiiuaudiiedousieiennaufimnadnsudaisussduluihnszuanss
(de bias) 10 0 9 3 Taad wamanaaesdanadamsaaasasrnumumulwihddaudaiia
ussgulnihnszuaass daliussduluinszuaasannnh 3 Tad audamsiansaslugagunsoiuas
MINeaad KadInaNHleEdSinarasnssuaiifaduluisaslwihassganisnasauauiang
lodiEnasnfinniduly deiumsaaaswasenudumulwihdasmnmaiinasssduluihnssusass
anaiimmaiiissnnnsgyderszgmelueniin nmwunsnaesnni 4.80  Fauaasanlnadu
dufiuaufidatoulndyadiie wuhiilaegeuassadiiiesssanlnafuduiuaudidedoulifing
wasuwasduussduluihnssuansaild vamsnaassdananamansnasnalademslindeuwiasiy
useeulwihnssuaasswasand@meluihludiuzawnsuluiagssniin cuo Faadafungdnssums
wasuwlasmaladidnasnuazmalwihilzasiaanin ccto  datuilasnnuamsliussduluih
ATLUANTIINMEUBN (Guo e al, 2006) usnniudfanuhusisulnihnssusassiliinada

v ] a s a [ a a a [ 4 ] v ] o
ﬂ’]ﬂﬁ‘ﬂl(ﬂ’ﬂLaﬂﬂiﬂ?lﬂﬁ’lﬁ)llfﬁi'lﬁdﬂ CuO NANNIAN 9 aaudaelunng 4.81 P E UMINILND

w90 U AN SzUan TN IR R ANTY N1580aea9A) € AenaNTUNELA8ANDINITaNa9YaINS
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Twalswduilomnuazasmsliussdulnihnssuaass daiumsliussduluihnszuanssluiagunin
cu0  annsadralazassamstiulszgmeluiag msliussaulwihdaiaguniinladdnasn cuo
avsdinaliiiansiadmvashundndiifetuiinauinsy Faiualianuguasdndluihamany
fAaTuiinduiassnhunsuazaunsuiionugiaass faiulssadassivmansaiamunsdnginay

nsulainndu wazaualimsszanyalszgmainduawsunsuanss aeluanezaemslne sy

Nanauazana e & anag

10° ¢

oV
06V
|12V

1.8V
24V
3.0V

103 Ll Ll Ll
10° 10* 10° 10
Frequency (Hz)

)

Mwil 4.81 dndwavasunaulnibnssuaassdamsiasunlasivenuduasd € vasiaqusiin
CuO Mehumsunuiinigamgil 920 °C Wuna 10 #laa

o o v va v o = § a o a § o a
4.4.2 m1:N&mwu553%31\1amummalv\lwmummmﬁlmmnmnﬁgwmmqmswn CuO

nuTeludniiladnwmanuduwusszninanddmeluihiunsiean € fgannuas

aqusiin Cuo Tagd@nwruuuudasaneedinmanson g Mwi 4.82  udaemsdsuulasiu
Aanudzasd € Ngamniiane g MnwansnaassnunMadsuwlaniuenuduesm € inginssu
MsiauAIaNIladanaSnAdIBLUUIIABINITHBUAIENILABLANASAYBILAUIY “Dabye-like

relaxation” @1 €' {AaAa90E1NTINTINANND GBI NYBINTANMBENTINTIZIAdaUN LUEA

]
=

dunisianudgeuiisaamaiuinanny m €' fangunnfianudduaasdamsiialwanlswdula
aganysal luzaizimsanagnaunaweasm € enudgulunaiissnnmsnauiaasanlnihy
52310 deealimsaavaussmalwihiiunssuiumsluanlswdulaismunsaiioduldagianysal
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agnalsiau Lﬁ'aqmwgﬁLﬁuﬁu%éﬂﬁiwaﬂamﬁ’uﬁé’mwmmauaumﬁ(‘%ﬁyu AU SABUTLBIM
ladidnasnageanysaifuialaienuiagedu
Imaﬁalﬂuﬁawq&mmmsc\iauﬂmﬂmqlm&?\ﬂm‘%ﬂmmina%mﬂ&huuum‘hamm‘a
HaunaameladLina3nues Cole—Cole feanmsn 4.16 mnmsUsudisunuuiassmeadiadansanu
wuudaesiudayavesd € flannmanaassssuaaslunni 4.82 wuhnawasmsauaaema
laddna3niisanasasunadinn 4.70 Jsdlu 0.22 Ws ilegaumniivinan 213 84 293 K wa
Fananiniddeimsifisdusasenumnuiveadlalnaliihuszsasnmsialwan lsesud Gy (Wu et
al., 2002) NnuaMsUSuiiBudayannMINaaaIt UL WUNNTTIIUMIHBUAMBTNNLABLEN

1
. a

asniiezuludggunin cuo anulndldasnunginssumsiuansdumuuuuiraadlugauaivaus

e Toyaresa £ Nawamnasasiiisuussnnnuuuhasaiiusadlonnnnuamsnausuaams
T ludruvesauinsu (Bueno et al., 2006; Sarkar et al., 2008)

iafiazihlawgdnssumaih ihlufaquniin cuo mAdeillddnmantiamaeluin
29938qNHn Cuo ToadEnwmanmwmsihlWihuuunssuaadu (ac conductivity) sauaaslumui 4.93
wuhdunnidnvaihudfunumuununuueusasudnudsiianuiduazionuigs wazdiuues
unsifidnuasdu IﬂaﬁﬁuﬂswwﬁmmuLtmuauﬁmsLﬁ'aus‘hLmi.iqlﬂg‘immﬁ'ﬁgq%mﬁaqnmgﬁ
iinanngu wodnssumsihlWihdinanilminsoasnelaalduuuiions diaums

oc=0,+Af"+ A" (4.35)

W o, Aeammwihlwihzeswauinsu (grain boundary conductivity) uazeuls A,, A, p, and q @
v ] & o I ool a = ] Y|

Aaafl Tuauns 4.35  waeas oy + A TP Wunaifiesuedensieuaamamaluihzessaunsy
(grain-boundary conductivity relaxation) t¥® f L¥ZY nalnazasammihlnihuesiagusiinly Cuo

v P ] Y I ] Y

lawaauarnnisnisdauearanielnirzaszauinsutilunismsiauaaranisinirzesinsu
(bulk conductivity relaxation) tNatduiuvinedy 1-3 Nuaaslumni 4.83 Aeuamslsuiisudaya
PNMINABNNUFNNITN 4.35 VAHAMINAFRNNUNMIONNILUT p waz g NnMsUSusuimg
wasuwaseman 0.85 1lu 0.94 wazan 1.69 Wy 2 mudau @rwes A, tWnzuan 7.8 x 10°° 1Ty
2.5 x 10" S/cm dumaediuys A, daanasain 4.8 x 107710y 1.5 x 10 isgamgiianasan
213 @ 323 K uannniiuddanun o, dmswdsuudasmugungindulumungues Arhenius #
Hamsmwaawasnunszqumah ivihluduwewsunsununiaszana 0.196 ev  Tagan
wasnufidnalaifisganimasnunssdudniunssuiumsiauaaranialadidnaindaian
0.184 eV
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3x10°

2x10° - meSse |
A
_w L
1x10" H
i Cole-Cole
grain contribution
0 yo the totle dielectric response
iyl iRy Ry
10° 10° 10° 10°

Frequency (Hz)

M 4.82 wamsuSuiiieud € 2aeianwnin Cu0 NNNANMINAFINUKUUTINBINITHBUANY
MaladLana3nuas Cole-Cole

-2
107 ¢ 3
E -100
E E,, = 0.196 eV
B o~ o
B b‘a 115
-3 _E/ -12.0 W
1 0 E - 125 g
Foo AT
r 135
28 32 36 40
B 1000/T (1/K)
-4
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—— 213 K

107 —>—243 K
—O0— 273K
Model
-6 III 1 1 1 IIIIII 1 1 1 IIIIII 1 1 1 L1111
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Frequency (Hz)

Mui 4.83 wamsUsuiisumanmumsih llihnssuadauadddn@iin Cu0  NNNANMINAFBINY
WUUBNMNENMSN 4.35 Mwunsnuaaemsildsunlasnugamngivesgmwin lwiha
YBUNTY
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E 0.0025 ——0V
E go.oozo A 06 V;
10_1 _ % 0.0015 ——0c 1 2 V
= —o—tav
2 i o.oooo -f"/ 2.4V
' 10- E_ . 00 05 10 15 20 25 30 _O_ 3 O V
g F dc bias (V)
) i
o 10°
10" & -
10'5 _|||| ool ol 1 Ll L1
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Frequency (Hz)

Mwi 4.84 dndwazasusiaulnihnssuaassdaammihluihnssudnsawesiaguniin Cuo

andwazasusaulnihnszugasedaanimaluihuesiaguniin cuo uaaslaasnn
fi 4.84 WuivddAenannmssuiisudayasmmilWihnssusadufuaumsii 4.34 aeea o, ile
PnmalSuiiisufiduiisduan 3.80x107° il 2.25x107 s/em iilainusdulnihnszuansann
0-3 Tad wamsnasssiiuaastsdhusduliihuuunssusasifinadasmwmailiihueseuinsy

deRnsandernuduiusszrimsiion & Agunnfusnidmsihluihuuunssuaady wuihmansu
u,azwauLﬂsutﬂudmﬂszﬂauﬁﬁwﬁmwmmsmauaummﬂﬂﬂwuazmﬂmﬁLﬁnm%ﬂwaﬁaqmmﬁn CuO
Tasmsasuaussnalwihilosnnzauinsuaziimsnausuasiienuie lusasiimsasuauaamsluih
Tudnmaunsusziullmuuuuiassmsiuanisduraanneusziimsasvaussmalwihlugsenad
figanhauzesauinsy
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uni 5 ﬁgﬂwaminmaamaz‘ﬁmauauuz

Tunuidaiilavhmsduensiuasd@nmantidnaledidanadnuasiag CCTO, Jaqngu NiO,

v [}
[

CCTO-LTNO wlupanlnda waz Cuo Fuilungaiagiiaasiilodidna3nigsnnn (10°-10%) uaziien
wWasuulasmugamgitesann lunddsiilagednmuazUsulpantianmelodidnasniiaueanian
wanzantian s ludszandldnuade saunsladnwiiiangaanduniaannauainisianed

laddnasniigannluisawail namsiseannsoagUlansealyil

5.1 daarsin CCTO
mAseluduilldmhmaeiauesdnnanianeladidneinuasiaauniin cCTo fiwdaulas
BmaeIoumaedl 335 Aedslramauuuiiie lium weriswedwediidou TaquiiIenldannis
manwiliimnaaymesgluszduinTuwes wasiinnafiindumugamgizasmawnuaalad Agamaid
waalad 800 °C Wuna 8 Filas wnevaseymansiilénnmaniauninuizitunetssanm 97.6
84.9 Udr 85.3 nm MWMGU Tmneaymadinanifinneiidiuisudndes Yaqueiin ccto 7
wiswldnniaguansmagiaiifianuuiuiguazunenngwsu Tassahanegamasznaudeinsy
wazEauINTY MANTiladidna3nuesiagniin CCTO (fianwd 1 kHz) iifuansildnnmandouns
saAsilfeagludtszana 10000-20000 Faquniinfiedsuannisldenuasiswedmesdtaud
masiiladdnainfildsuulasmnuanuivasinn lunuziidhasiladidnainuesiaainiaunnislaa
wanvuEiimswasuulatmuenuiduathann HAMSANINHNITHMSHBUMENABEN®ASA
sasiaauniin CCTO Mndsumniaguiitumsunalsnid 800 °C Uvsddang@nssumaniouamems
lodidnmsnitededuuuuiaamainng waswuhdullmuwuudiaasmsinalseduwuy Maxwell-
Wagner lagldwasnulunszuviumseauaaramaladianasnuseana 0.122  0.210 uaz 0.116 eV
dwdufaquniin ccto  Mwisnlasislramauvuiiiie 35ldan waridwedwesiindou  muddu
HansAnwantanellihwuhnssuumsisuamenaladdnesnianudunusiunalnamsinlnih
mulufaquniin ccto  Fulumsiidaeiiladidnasniigunnuasiaqunia ccTo  aafiauwg
idlasnnnszraumseauauasmsluiheunssurumstnan lswduiiduauumeluiae wu fraunsu
uaznialay (grain boundary and domain barriers layer capacitance effect) w%aﬁﬁzuamuﬁﬁaé’uﬁa

SERITNANIMBENAUDENINTA (surface barrier layer capacitance effect)
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5.2 JaQ@Nnngx Nio

middeluduilldhmsiedeniageninngu Nio mesiiladidnasnuasiagnauiimananiiy
laleamsiiadieloaauma g W Ti, Al, Fe waz V S3uNumMs@azad Li logwIananiswadwasinla
ls%a 3msaaredmeannday wazislyalmauuuiite nansideaasoagulaamaiznmsieien
Fadtalulil

5.2.1 Jaguniinngw Nio w3ealagiznadwaslnlalsda

dwsudaquendin Li TiNi,__ O (LTNO) aAdeludniilammsduansduazfnm

anvamelwvbuazanifineledidanainaasiaqunin Li,Ti Ni,__ O die x = 0, 0.02, 0.05, 0.10 W@
y = 0, 0.02, 0.05, 0.10, 0.15 WUNUTINUNMSEAD284 Li uaz Ti loavuadeannaamsiiatnaag 9
warlaseaamegamazesiag LTNO yndeuluiidanmzld Taswlandnuasisg LTNO nadanen
faaues Nio Tusaiziadouuzas NiTio, gnwuhldidetuluiaaueniin LTNO #ifiviinamsla
Ti 100 5 mol % wasiadavuiivSinaiuuanuinomes Ti #l#lay %ﬁﬁmmmﬁmmﬂlaaau
209 Ti  ildlauiviinaniudadfasssmsunuitlulassaiandnaas Nio aguls fow Ti - @anse
wnuilulassaaldistulasdinyinamslavnes Li wamsnmlasahomegamanuhlasads
yagamezasiagENin LTNO Usznaudisinsuuazaauinsy uennnidewuh lafioymazinaidn
294 NiTiO, 219Use3™e 0.1-0.3 Um Lﬁﬂﬁuﬁﬁmﬁwaﬁaq LTNO #ifivsinamslaU Ti wnnd Li
woziilaviinmslatuas Li  aufivinannnnd Ti aqmﬂwumLﬁﬂﬁqnén‘ﬁaﬂmﬁﬂiu‘[ﬂsqa%q
HaNANEINGANsINNLABENA3N WuIgquwsin LTNO nm‘éaulwﬁdwmﬁ 1@§L§ﬂm%ﬂﬁg\1mﬂ
Tagaglugae (10°-10°) wgdinssumstipuamamaladidnainianudunusiulasiasienegama log
mauauamsfienuigeldiiazulunndei lusasiimstiaurmems ladidnasniianuddainss
wotuluTaqueiin LTNO fifivsinamsTavsas Ti anand Li dafulassaemegamedififinmh
agsziiiosnngninaqudiensunna@nuas NiTio, wadnssumsweurmeaiinnuidmifannuauss
Fumnuiiinmheasiagieds  Tesanuduanuiisuvgiiesnnnnaymazes NiTio, fiunagy
fvthuazautiimaeiifuinaduiomhuesiag LTNO Hduduldnawamsdnmmaaulianuiau
Tuussnmansnauiliidewgdnssumaladidna3nuasiaquniin LTNO masiiladidnasniianudin
(<10'  Hz) fehgedundsnnmsavlianuiou luansiicailadidnasnfianuigaidanadies
dnifes wamsaulvanuiauldduadanginssumstaunmemaladidnainuesiag LTNO naluzgas
anuiduargs uazlddanalimmagaudamsladidnainiimanasduinnnmsanasasaamii lwih
nssuansaluian S‘z’hmmina%mﬁﬂ(ﬂmﬂwqﬁnﬁumsmﬂzfmlaqﬂizﬁ; Ni*" uag Ni'” wodinssucauaas
maladdnainuazmab lWihuuunssugassainsaadnelaloamslssgndlduuuinaswes Cole-
Cole MIMAUaNMIEBIM N IWThnIzUTns9
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SmIuaquedn LiFeNi,_ O (LFNO) TuamAdeillddnnnazasdunuiuee g @
worululassaomegamediinadesutinemaladidnedn wuhiuamnuitnmhsesiaglddmaatns
wnndasutiimeladidnainuesiaqnin LENO masitladidnasniimaasuiedatufionihuesiag
wiinean Tumeassiudummsgademaladidnainiianudmimaiamnniy anuduauuses
Fuinmhiatuilasnnmsssaunaanaiatunas NiFe,0, ilnaguiufionihuesiag LENO #Eudiy
lalagannmsienzdmemaiia XRD waz SEM-EDS wamsdnwdndwazasusiaulnihnszuanss
wudh Measitladidnaindcmanasandaiiaafiainusduluwihnszuanse lunazidmagadams
ladidnasniianuddfieinanngy wamanasasansoadngldh dndliihanstuiizaunsud
anuznamandannmsliusdulnihnszuaass dualianusumulwihiizauinsuisiaaasasi
datilasmumstiinusadulwihnszusnss unazimsilwihmelunsusesiag LINO  lifing
Wasuulasnuusadulwihnszuaass wanmsnaaasnanuatsinisg LiNo  dluagilifiens
asnanamsluih Ussnaudsduainuuewauinsuuasinmhussiagiian wazdusaansuiiii
Manednh deiusmasiilodidneiniigannuasiag LENO fsansoesueldlesandeiugiunains
Twanlswiuiiinduisoaansu-rauinsu uasiiinduismassuusngazasfiomi-dusasansieiniiied
meluy

dwsuiaqunin  Liy,,V Nig,, O (LVNO) mAdeluduilldanmlasiadrams
Jameuazantifimeladidna3nuasiaqunin LVYNO wuhiaidstunes Ni,V,0, fiatululasead
fimsavauiizauinsuuarlddenalimnainsurasiag LVNO finnaiilainniemansaasinsldlasnaln
ansmauniinuuuareweuvmiiedussinssumsduansiiaquniin LVNO masillad

Bne3nuesidg LVNO deasasdiatinidanamslavaas v Tesfisdszana (Menud 1 kHz wash

guuivies) 6.2x10%, 3.5X10°, and 3.1X10" éww%’uﬁ’aqms’lﬁﬂﬁﬁL'ﬁlaulwmﬂmﬂﬁa y=0.02, 0.05
woz 0.10 mudeu mavasuulasesmasiiladdnasnaenaniiiiennmsszanyes Ni,V,0, fiwau
insululSnaiinniuidamaeaunsufienuvniidisdy - desmnmsiilasahomegameanuy
IBLC #as¥aq LVNO dstulesandeiiugiuzasnalamsTnanlsduiuy Maxwell-Wagner a1a130
ﬁg{auﬂoﬁ"ﬁn@hmﬁlm§L§ﬂm'%n°z|aﬁae]lmwﬁn LVNO asfifanadiiannuvinussaunsuiiaanniy
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Giant dielectric constant &’ of ~(2.8-3.7) X 10* was observed in high purity CuO (99.999%)
ceramics with grain sizes of 4.57*1.71 and 9.57%3.01 wm. The &' and E, increase with an
increase in grain size due to the different electrical properties in the grains. The high dielectric
response observed in the CuO ceramics can be described by the internal barrier layer capacitance
model. The resistance of grain boundaries (Ry,) and the dielectric constant of the CuO samples
decrease with increasing dc bias due to the decrease in grain boundaries capacitance, whereas the
resistance of grains (R,) remains constant. © 2008 American Institute of Physics.

[DOI: 10.1063/1.2957063]

Giant dielectric ceramics with good thermal stability and
Ba/Pb-free have recently attracted much attention due to
their potential applications in microelectronics such as ca-
pacitors and memory devices. Recently, there has been con-
siderable interest in giant &’ materials because they might
offer the opportunity to increase the performance and/or de-
crease the dimensional size of these devices. These materials
include CaCu;Ti;O;, (CCTO),'”  A(Fe;»B,,)0; (A
=Ba,Sr,Ca and B=TaNb,Sb),*”’ (M,N)-doped NiO (M
=Li,Na,K and N=Ti,ALSi,Ta),*'"* and Cu0.">'® Unlike a
complex multistage synthesized (Ba,Sr)TiO;, all of these
materials can be fabricated to form an internal barrier layer
capacitance (IBLC) structure by one-step processing.17
Among them, CuO is of great interest because it is a simple
compound which is low-cost, lead-free, environmental
friendly, easy to prepare in the pure form, and available com-
mercially in large scale.'® So far, only a few studies have
reported on the dielectric properties of CuO ceramics,'>!°
and it still has to pass through an extensive compatibility test
before it becomes available for commercial applications in
devices. In the work reported by Sarkar et al.,” the purity of
starting CuO powder for fabrication of CuO ceramic is 99%,
and so 1% of impurities would possibly affect the giant di-
electric response in the CuO ceramic. It has been reported
that only 2.5 at. % Mn doping (CaCuzMn Tiz¢0;,) can
suppress the dielectric constant in CCTO by up to two orders
of magnitude, and the nonlinear varistor characteristics dis-
appear completely.l&19 Therefore, it is important to prepare
the CuO ceramics using high purity CuO powder. This will
rule out the impurity effects on the high dielectric constant in
this CuO system, and thus the origin of giant dielectric re-
sponse can be proposed.

In this paper, we report the dielectric behavior in high
purity CuO (99.999%) ceramics with two different grain
sizes of 4.57%1.701 and 9.57=3.01 um. Interestingly, the
activation energy and &’ were found to increase with an in-
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crease in grain size. The high dielectric response in the CuO
ceramics arises from the IBLC effect. It was also observed
that the resistance of grain boundaries (GBs) (R,,) and di-
electric constant of the CuO samples decrease with increas-
ing dc bias due to the decrease in capacitance of GBs,
whereas the resistance of grains (Rg) remains constant.

High purity CuO (99.999%, Cerac) powder was used to
fabricate the CuO polycrystalline ceramics. The CuO powder
was pressed into disks and then sintered at 1193 and 1253 K
for 10 h to obtain bulk CuO ceramics with different grain
sizes, hereafter referred to as CuO-1 and CuO-2, respec-
tively. The sintered ceramics were characterized by x-ray dif-
fraction (XRD) (Philips PW3040, The Netherlands) and
scanning electron microscopy (SEM) (Hitachi S-4700, Ja-
pan). XRD patterns (not shown) confirm a single phase of
CuO in both samples. The ceramic samples were polished
and electroded by silver paint on both sides of the disk-
shaped samples. They were allowed to dry overnight. The
dielectric response of the samples was measured using a
Hewlett-Packard 4194 A impedance gain phase analyzer over
a frequency ranging from 1 kHz to 1 MHz and an oscillation
voltage of 1.0 V. The measurements were performed over a
temperature ranging from 213 to 353 K using an inbuilt
cooling-heating system. Each measured temperature was
kept constant with an accuracy of =1 K.

Figure 1 reveals the surface morphologies of the sintered
CuO ceramics. As can be seen, the morphologies change
with the sintering temperature, and the grain size increases
with increasing sintering temperature. The mean grain sizes
of CuO-1 and CuO-2 are 4.57*1.71 and 9.57*3.01 um,
respectively.

The frequency dependence of &’ for CuO-1 at various
temperatures was demonstrated in Fig. 2. It is clear from Fig.
2 that both samples exhibit the giant &’ of ~2.8 X 10* for
CuO-1 and ~3.7 X 10* for CuO-2 [inset (1) of Fig. 2] at low
frequencies and at 263 K. Each sample exhibits similar di-
electric behavior where ¢’ displays a step decrease at high
frequency and shifts to higher frequency at higher tempera-
ture, accompanied by the appearance of corresponding peaks

© 2008 American Institute of Physics
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FIG. 1. SEM micrographs of the CuO ceramics. (a) CuO-1 sintered at
1193 K and (b) CuO-2 sintered at 1253 K.

in the imaginary parts of the dielectric spectra. This overall
dielectric response observed in our CuO ceramics is similar
to those observed in CCTO (Refs. 1-3 and 20-23) and
LiXTini]_x_yO.8 It is worth noting that the giant &’ response
in high purity CuO ceramic in this study does not arise from
the effects of any impurities, as observed in the case of CuO
ceramic prepared using a 99% CuO starting powder reported
in Ref. 15.

Sarkar e al."’ reported the detection of the microscopic
amount of Cu** in CuO polycrystalline ceramics by using
x-ray photoelectron and transmission electron microscopies.
They also proposed that the concentration of Cu* is lower in
GBs than in grains.16 Therefore, the conduction mechanism
in CuO is mainly governed by hole hopping between Cu**
and Cu’*, which produces a p-type semiconducting grain.
Since the GBs consist of only Cu?*, it behaves as an insulat-
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FIG. 2. (Color online) The frequency dependence of &’ for CuO-1 at various
temperatures; inset (1) shows the frequency dependence of &” for CuO-1,
and inset (2) displays the frequency dependence of &’ for CuO-2.
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ing wall."> From these results, an array of boundaries and
grains is formed and high &’ is achieved for CuO ceramics.
Therefore, the authors concluded that the giant dielectric re-
sponse in CuO ceramics is attributed to the IBLC effect.'®
From our experimental results, we found that &’ increases
with an increase in the grain size. This implies that the high
dielectric response in our CuO ceramics has a close relation
to the IBLC mechanism. According to the simple series layer
model for the IBLC, the dielectric constant of ceramics can
simply be expressed as &' =~ g,,d/t, where &g, is the dielec-
tric constant of the boundary layer, d is the grain size, and ¢
is the boundary layer thickness. Hence, the dielectric con-
stant of the ceramics would increase with an increase in the
grain size, which is in good agreement with our results ob-
served in the CuO ceramics.

Generally, the dielectric relaxation can be represented by
a Debye relaxation relation, and the dielectric relaxation time
7 can be obtained by the relations wr=1 and w=2m7f,,, where
f is a characteristic frequency corresponding to the peak of

. and 7 should follow”*

7= 15 exp(E,/kgT), (1)

where E, is the activation energy required for relaxation, 7,
represents the pre-exponential factor, kp is the Boltzmann
constant, and 7 is the absolute temperature. The activation
energy (E,) of the relaxation processes of CuO-1 and CuO-2
can be calculated from the fitted curves following Eq. (1)
(not shown). The results reveal that E, increases from 0.195
to 0.230 eV with an increase in grain size from 4.57 = 1.71 to
9.57+3.01 wm. Therefore, the values of the activation en-
ergies of CuO-1 and CuO-2 are close to the reported value of
0.248 eV for the CuO (99%) ceramic."” The small difference
of E, between our samples and that of Ref. 15 may be due to
the difference in the purity of starting CuO powder.

As well known, the giant ¢’ response of materials, which
is enhanced by IBLC mechanism, demonstrates the close re-
lationship between dielectric relaxation and the conductivity
in the grain interior.>>?° Therefore, the variation of grain size
will probably result in the change of the amount of defects in
the CuO ceramics. This affects the electric conductivities of
the bulk and leads to the difference of activation energies. It
has been shown by the dielectric spectroscopy analysis that
the grain has a major contribution to the giant &’ value of
CuO at low temperature, whereas GB contribution dominates
around room temperature and above.'® The grain response of
CuO to the overall &’ value might be due to the presence of
defects such as the existence of domain boundaries (DBs)
within the grain. The increase in E, value with increasing
grain size observed in our CuO samples may be considered
on the basis of DBs within the grain. DBs usually develop
inside larger grains and influence the mobility of charge car-
riers at different frequencies, i.e., the migration of charge
carriers is restricted by DBs.”” Hence, the total potential bar-
rier inside the grains is increased by the increase in the grain
size causing the increase in E,. Moreover, the existence of
DBs in larger grains might be responsible for the higher &’
value in our CuO-2. However, the evidence of the presence
of DBs is beyond the scope of our work, and further work is
needed to make a more detailed explanation about it.
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FIG. 3. (Color online) (a) Impedance spectra as a function of dc bias for
CuO-1 at room temperature; inset (1) shows an expanded view of the high
frequency data close to the origin, and inset (2) displays the frequency
dependence of &’ for CuO-1 under 0-3 V dc bias.

Let us now consider the complex impedance spectros-
copy, which is a powerful tool in separating the bulk and the
GB effects. Data collected from this technique can often be
modeled on an ideal equivalent circuit consisting of two par-
allel RC elements connected in series, one RC element for
the bulk and the other for the GB response.28 Figure 3 shows
the complex impedance (Z*) plot containing a large semicir-
cular arc with a nonzero intercept on the Z’' axis at high
frequencies. Here, we assign the nonzero intercept at high
frequencies and semicircle at low frequencies to the charge
transport within the grain and GB effects, respectively. As
can be seen, with increasing dc bias, the radius of the arc
significantly decreases, whereas the high frequency noninter-
cept does not change [inset (1) of Fig. 3]. According to the
above-mentioned equivalent circuit, as the dc bias increases,
Ry, decreases whereas R, remains constant. The inset (2) of
Fig. 3 shows the effect of the dc bias on the frequency de-
pendence of &’ for CuO-1. It is clear that ¢’ of CuO-1 de-
creases as the applied frequency increases at a frequency
range from 1 kHz to 1 MHz. This indicates that the capaci-
tance of GBs decreases with increasing dc bias being accom-
panied by the decrease in Rgb.29 Noted that the dc bias de-
pendence on the electrical property behavior of CuO-2 (not
shown) is also found to be similar to that observed in CuO-1.

As previously discussed, the grain contribution plays a
major role for the giant &’ value in CuO ceramics at below
room temperature, whereas GB contribution dominates
around room temperature and above. At room temperature,
the resistance of GBs and &’ decrease with increasing dc
bias. Then, the capacitance bridge is not balanced at voltages
over 3 V due to the large leakage current. When the dc bias
is over the limit balance, the charge carriers can be across the
potential well at GBs, thus the free charges accumulated at
GBs (interfacial polarization) disappear, and then the total
polarization is only contributed by the grains. Note that the
decrease in capacity upon application of a dc bias is due to

J. Appl. Phys. 104, 036107 (2008)

an extension of a depletion region as observed in CCTO thin
films.™® We think that part of the decrement in &’ due to the
influence of dc bias is contributed by GBs, and the remaining
value of ¢’ after the dc bias over limit balance is contributed
by grains. Therefore, the dc bias should have effects on the
electrical properties of GBs, whereas it has no effect on
grains.

In conclusion, the high &’ of ~(2.8—3.7) X 10* has been
observed in polycrystalline CuO ceramics fabricated from
high purity (99.999%) CuO powder. The high dielectric re-
sponse observed in the CuO ceramics can be described by
the IBLC model. This work demonstrates that the grain size
has a strong effect on the electrical properties in the grains of
CuO. The ¢’ and E, were found to increase with an increase
in grain size. Under dc bias condition, &’ and Ry, decrease
with the increase in dc bias, whereas R, remains constant.
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We reported the effects of grain size on high dielectric and related electrical properties of
Lig 5 Tig 0oNig 930 (LTNO) ceramics, which were prepared by a direct thermal decomposition
method. The analysis of complex impedance indicated that these LTNO ceramics were electrically
heterogeneous consisting of conducting grains and insulating grain boundaries (GBs). Interestingly,
our results revealed that the dielectric permittivity (¢’) increases with the increase in grain size,
which can be well described by Maxwell-Wagner relaxation model. Furthermore, we also found
that the activation energy required for relaxation process (E,) and related activation energy of the
conductivity in the grain interior (E,) decreased with the increase in grain size. These results
suggested that the different microstructures resulted in chemical change (e.g., oxygen vacancies)
inside the grains, leading to the changes in electrical properties of the LTNO ceramics. © 2008
American Institute of Physics. [DOI: 10.1063/1.2990768]

I. INTRODUCTION

Dielectric oxide ceramics with high dielectric permittiv-
ity (") have raised considerable research attentions in recent
years because these oxides play an important role in micro-
electronics and have numerous technological applications
such as capacitors and memory devices.' Generally, high-
permittivity dielectric materials are ferroelectric and relaxor
oxides. However, both kinds of materials have &’ values that
strongly depend on temperature and their structures contain
lead, which pollutes the environment. Therefore, lead-free
materials with high-¢’ and good thermal stability are becom-
ing increasingly attractive. These promising materials re-
cently reported include CaCu;Ti,O,, (CCTO),"”’
(M ,N)-doped NiO systems (M=Li, Na, K and N=Ti, Al, Si,
Ta),lo_16 and CuO."""™® Most of the researchers attribute such
a high apparent &' to Maxwell-Wagner (MW) relaxation as a
result of semiconducting properties inside grains and insulat-
ing properties at grain boundary (GB) (Ref. 6) or electrode
interfaces.

For nonperovskite (M, N)-doped NiO materials, it is
now widely accepted that the high-&’ at radio frequencies is
associated with internal barrier layer capacitance (IBLC) ef-
fect arising from core/shell structure, which induces MW
polarization (i.e., interfacial polarization) at the interfaces be-
tween grains and GBs." The N-dopant is rich on the GBs
(indigent within the grains) and forms a second phase, which
acts as an insulator enclosing the core of the grain which is
semiconductive M-doped NiO particles, and the polarization
relaxation is closely related with the conductivity in the grain
interior." Moreover, Lin et al.®® have found that the huge-¢&’
response of Li TiyNi;_,_,O system could be also enhanced

—x-y
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by the polarization of defect dipoles such as oxygen vacan-
cies. Normally, such defect is easily induced by processing
conditions (e.g., sintering temperature and duration of
sinte:ring),6'2l_24 and the concentration of defect depend on
the microstructure of ceramics such as grain size.”> There-
fore, the processing conditions should have a strong influ-
ence on the polycrystalline ceramics properties (e.g., electric
conductivity and optical and dielectric properties). For ex-
amples, the &’ values of CCTO ceramics increase from 9000
to 280 000 with increasing the sintering time from 3 to 24 h
(grain size increases from ~5 to ~100 wm) at 1100 °C.®
Moreover, Shao et al”’ showed that the &’ values of CCTO
ceramics also increase from 1200 to 60 000 with increasing
the sintering temperature from 1000 to 1120 °C for 10 h.

Unfortunately, only a few studies have focused on the
effect of sintering conditions on the dielectric properties of
NiO-based ceramics. The study of the influence of sintering
conditions (effects of grain size) on the electrical properties
of (Li, Ti)-doped NiO ceramics have not been reported. Gen-
erally, the sintering conditions are often used to tune the
microstructure of ceramics, leading to dramatic changes in
its electrical properties. Thus, investigation of the effects of
sintering conditions may not only be useful to optimize the
preparing conditions for the future applications, but also be
able to provide the important clues about the underlying
mechanism governing the intriguing dielectric behavior of
ceramics.

In this paper, we report the effects of grain size on di-
electric and electrical properties of high-&’ Lig ¢5Ti 02 Nig 930
(LTNO) ceramics synthesized by a simple thermal decompo-
sition method. Our results revealed that high-¢’ increased
with an increase in grain size. Impedance spectroscopy (IS)
indicated that our LTNO ceramics had an electrically hetero-
geneous structure. The high-¢’ behavior and dielectric relax-

© 2008 American Institute of Physics
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FIG. 1. (Color online) XRD patterns of the LTNO powder and LTNO ce-
ramics (LTNO-1 and LTNO-2).

ation of the LTNO ceramics were also investigated, and it
was suggested that such a high-&’ response could be en-
hanced by the IBLC mechanism through MW relaxation. In-
terestingly, the activation energy required for relaxation and
related conduction activation energy inside the grain de-
creased with grain size increasing, which was attributed to
the effect of oxygen vacancies in ceramics.

Il. EXPERIMENTS

(CH;COO),Ni.4H,0 (99.0%, UNILAB),
C,H;Li0,.2H,0 (=97.0%, Fluka), and titanium(diisopro-
proxide) bis(2,4-pentanedionate) 75 wt % in 2-propanol (Ti-
solution) (99%, Acros) were employed as starting raw mate-
rials. The polycrystalline LTNO ceramic samples were
simply prepared by the following procedure. First, stoichio-
metric amounts of (CH;COO),Ni.4H,0, C,H;Li0,.2H,0,
and Ti-solution were dissolved in distilled water and mixed
in alumina crucible using a magnetic stirrer. Then, the mixed
powder was decomposed at a temperature of 650 °C for 10
h. The obtained LTNO powder was pressed into pellets of
9.5 mm in diameter and ~1-2 mm in thickness by a
uniaxial pressing method at 200 MPa. Finally, these pellets
were sintered at 1200 and 1280 °C for 4 h in air. Throughout
this paper, we assigned symbols of LTNO-1 and LTNO-2 for
the samples sintered at 1200 and 1280 °C, respectively.

The sintered ceramics were characterized by x-ray dif-
fraction (XRD) (Philips PW3040, The Netherlands) and
scanning electron microscopy (SEM) (Hitachi S-4700, Ja-
pan). The ceramic samples were polished and electroded by
silver paint on both sides of the disk-shaped samples. They
were allowed to dry overnight. The dielectric response of the
samples was measured using a Hewlett Packard 4194 A im-
pedance gain phase analyzer over the frequency ranging
from 100 Hz to 10 MHz and at the oscillation voltage of 1.0
V. The measurements were performed over the temperature

J. Appl. Phys. 104, 074109 (2008)

ranging from —50 to 130 °C using an inbuilt cooling-heating
system. Each measured temperature was kept constant with
an accuracy of =1 °C.

lll. RESULTS AND DISCUSSION

Figure 1 displays the XRD patterns of the prepared
LTNO powder and sintered ceramics with different sintering
temperatures, confirming a single phase of NiO in the pow-
der and ceramic samples. We have thus produced good
LTNO powder at a much lower reaction temperature com-
pared to those prepared by conventional sol-gel route'’ and
polymerized complex route.'" All of the main peaks are com-
parable to that of powder diffraction pattern of NiO in Ref.
32. The values of lattice parameter calculated from XRD
spectra are shown in Table I. These values are close to value
reported in Ref. 32. Additionally, it is also important to no-
tice that a normal insulating phase NiTiO5; was not detected
in the XRD patterns. This is not surprising given that the
typical detection limit of the technique when the Ti content is
less than 0.05 and/or it might be attributed to the Ti-dopant
content, which is not over the solid solution limitation of
Ti—Ni-O system, forming a single solid solution.

The surface morphology of LTNO samples was revealed
by SEM, as shown in Figs. 2(a) and 2(b). It is clear that the
grain size increases with increasing the sintering tempera-
ture. The mean grain sizes are about 2.67*0.75 and
6.02*+2.38 um for LTNO-1 and LTNO-2 samples. Note
that large portion of porosity is observed in the microstruc-
ture of LTNO-1 sample, but LTNO-2 sample is dense ce-
ramic.

To confirm the existence of electrically inhomogeneous
in our LTNO samples, IS, which is a powerful tool in sepa-
rating out the bulk and the GBs effects,28 was carried out. In
general, Fig. 3(a) shows the impedance spectra of LTNO-2
sample as a function of temperature. The impedance semi-
circles became larger with decreasing temperature. When the
temperature was sufficiently low, other impedance semi-
circles were observed [inset of Fig. 3(a)]. Note that the
LTNO-1 sample also shows a similar spectra (not present).
The observation of two semicircles suggests that our LTNO
ceramics are electrically heterogeneous and the core/shell
model could be appropriated for further analysis. These re-
sults are similar to the other report in literature.'® Accord-
ingly, the observed semicircles at high and low temperatures
can be assigned to the effect of charge transport within the
grain and GB, respectively. The charge transport inside the
grain is mainly affected by the addition of Li ions in NiO,
leading to an increase of conductivity and some defects can
be introduced due to different valences of doped ions
(0.69 A for Ni2* and 0.68 A for Li*)."? For every added Li*,
one Ni?* is promoted to the Ni** state, which is the lost

TABLE 1. Lattice constant, grain size, &', and activation energy for LTNO-1 and LTNO-2 samples.

Lattice Grain size g’ E, E, Egp
Samples parameter (A) (pem) (300 K and 1 kHz) (eV) (eV) (eV)
LTNO-1 4.173 2.67*0.75 5534 0.320 0.324 0.562
LTNO-2 4.175 6.02+2.38 11187 0.303 0.315 0.483
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FIG. 2. SEM images of surface morphologies of (a) LTNO-1 and (b)
LTNO-2.

electron filling a state in the oxygen 2p valence band. The
lattice now contains Ni** and Ni** ions on equivalent sites
and is the model situation for conduction by polaron
hopping.29 In polaronic scenario, the temperature depen-
dence of the conductivity is, with a temperature dependence
prefactor, ascribed as,19

o« T exp(- ElkgT), (1)

where E, kg, and T are the activation energy, Boltzmann
constant, and absolute temperature, respectively. In general,
the GB effect on electric conductivity may originate from a
GB potential barrier, which should be ascribed by the Ti-rich
boundary for (Li, Ti)-doped NiO system."” From the inter-
cepts of each semicircular arc with the real axis, the resis-
tance of the grain R, and the resistance of the GB Rgg can be
obtained. As a result, conductivity data were obtained for the
grain (o,) and GB (osg) components. We found from Fig.
3(b) that both o, and ogp values at different temperatures
follow Eq. (1). Accordingly, in the LTNO-2 sample, the con-
duction activation energies inside the grain and at the GB
were obtained to be E,=0.315 eV and Egg=0.483 eV, re-
spectively. These results strongly indicate that the grain and
GB have different characters of electrical transport, forming
an electrically heterogeneous structure. This difference was
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FIG. 3. (Color online) (a) Impedance spectra as a function of temperature
for the LTNO-2 sample. Inset is the impedance spectra at low temperature.
(b) The Arrhenius plots of the conductivities of the grain and the GB.

also observed in the LTNO-1 sample. The summary of acti-
vation energies and related parameters are also tabulated in
Table I. From this point of view, it is appropriate to make the
assumption that such the appearance of electrically heteroge-
neous should be a key factor of affecting the dielectric be-
havior in our LTNO ceramic samples.

To clarify the assumption above, we have studied the
temperature dependence of &’ and the dissipation factor
(tan &) for LTNO samples at various frequencies, as shown
in Fig. 4. Tt is clearly seen from Figs. 4(a) and 4(c) that both
samples exhibit high-&" of 5534 for LTNO-1 and 11 187 for
LTNO-2 at room temperature and 1 kHz, and each sample
has a similar dielectric behavior. Below 10 kHz, the dielec-
tric constant is nearly temperature independent over the mea-
sured temperature range. However, with increasing fre-
quency, &' dramatically drops to low values at low
temperatures, being accompanied by the appearance of cor-
responding peaks in the tan & [Figs. 4(b) and 4(d)]. More-
over, the tan 6 peak moves to a higher temperature range
with increasing frequency, which is a suggestion of the ther-
mally excited relaxation process. With decreasing the tem-
perature, the electric dipoles freeze through relaxation pro-
cess and then the rate of polarization is decreased, resulting
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in the dramatic decrease in &’ value. According to the
LTNO-2 sample, the increase in tan § at high temperature is
mainly due to the effect of dc conductivity.10 Note that the
overall dielectric behavior in the reported samples is similar
to that observed in the other prepared LTNO methods,'*"!
which is in marked contrast to the well-known ferroelectric
one, resulting from structure distortion due to a soft-mode
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and (c)] Temperature dependence of &’ for the LTNO-1 and LTNO-2, respectively. [(b) and (d)] Temperature dependence of tan &

condensation. Therefore, the high dielectric response in our
LTNO ceramics might be attributed to the apparent electri-
cally heterogeneous structure in the ceramics.

We have further studied the frequency dependence of the
real (&') part and imaginary part (¢”) of complex permittivity
at various temperatures in order to obtain the underlying
mechanism of high-g¢’ response in the LTNO samples, the

100 1k 10k 100k iR

Frequency [Hz)

FIG. 5. (Color online) [(a) and (c)] Frequency dependence of &’ for the LTNO-1 and LTNO-2, respectively. [(b) and (d)] Frequency dependence of &” for the
LTNO-1 and LTNO-2, respectively. Inset of (b) shows the comparison of &’ at room temperature over the measured frequencies. Inset of (d) demonstrates the

Arrhenius plots of the relaxation process.
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results are shown in Fig. 5. As demonstrated in Figs. 5(a) and
5(c), the &’ shows the high values at low frequencies, and it
rapidly decreases if the frequency is sufficiently high. This
step decrease shifts to higher frequency with increasing the
temperature, corresponding to the movement of the &” peaks.
Such a behavior is typical for the Debye-like relaxation,
which for the present work can be attributed to the MW
relaxation. The MW relaxation model was usually employed
to explain the observed high-g’ in electrically inhomoge-
neous materials.'® Thus, this may be the most appropriate
one to elucidate the origin of high-¢’ in our LTNO samples
due to the different electrical transport between the grain and
the GB, as confirmed by the IS study (Fig. 3).

We now turn to see the dielectric relaxation behavior of
the LTNO samples, which usually provide important clues
for the explanation of the related mechanism.”® The inset of
Fig. 5(d) shows the plot of In(7) versus 1/T, in which the
solid line is the fitted result obeying the Arrhenius law, i.e.,

7= 15 exp(E,/kgT), (2)

where 7, is the pre-exponential factor, E, is the activation
energy for the relaxation, kg is the Boltzmann constant, and
T is the absolute temperature. 7 is calculated from the rela-
tions wr=1 and w=2m7f,, where o is angular frequency and
[, 1s the characteristic frequency corresponding to the peak
of &”, as displayed in Figs. 5(b) and 5(d). According to the
fitted curve in the inset of Fig. 5(d), for the LTNO samples
with different grain sizes, the activation energy (E,) for re-
laxation process can be obtained. The values of E, are 0.320
and 0.303 eV for the samples of LTNO-1 and LTNO-2, re-
spectively. From Table I, the activation energies of the con-
ductivity in the grain interiors of the sample of LTNO-1,
Eg~0.324 and LTNO-2, Eg~0.315 eV obtained from Fig.
3(b) are very close to the activation energies required for
relaxations. These results imply that the nature of charge
carriers responsible for dielectric relaxation peaks and dc
conduction belongs to the same category, indicating that the
polarization relaxation has a close relation to the conductiv-
ity in the grain interior."” Consequentially, £, and E, are
almost the same in value and the polarization process de-
pends on the conductivity of the charge inside the grain. This
behavior is consistent with the literature report for LTNO
prepared by sol-gel method."” According to the IS and di-
electric results, here we think that the high-&’ response in our
LTNO ceramics is mainly due to the MW relaxation caused
by the existent of electrically inhomogeneous in microstruc-
ture. Such structure is referred to as a core/shell structure,
i.e., the LTNO samples consist of semiconducting grains en-
closed by insulating boundaries, so the grains and their
boundaries give rise to the different electrical response in the
impedance formalism.

It is of interest to note that E, decreases from 0.320 to
0.303 eV with increasing the grain size from 2.67 +=0.75 to
6.02+2.38 um, corresponding to the increase in &', as
shown in Table I. As shown in the inset of Fig. 5(b), &’ value
of LTNO-2 sample is higher than that of LTNO-1 sample
over frequency range of 100 Hz—1 MHz. However, &’ of
both samples is almost the same in value at the frequencies
higher that 1 MHz. This is possibly due to the bulk effect.

J. Appl. Phys. 104, 074109 (2008)

Obviously, &’ increases with the sintering temperature and is
accordingly closely related to the polycrystalline microstruc-
ture, particularly to the grain size. Thus, the differences in
the values of ¢’ and E, for the LTNO-1 and LTNO-2 samples
are strongly affected by their microstructures. All these facts
indicate that microstructures play a crucial role in changing
the electrical properties and related dielectric behavior. The
observed microstructure dependence of dielectric properties
is similar to that observed in CCTO ceramics.”’

According to the IS results, grain and GB in our LTNO
samples have different values of conductivities (o, and ogp)
and dielectric permittivities (a;, and &gp). Therefore, the
0031(I)1p1ex permittivity in the LTNO system can be described
as

8Z=sg—j(rg/w, (3)

S:b =8~ JO . (4)

The total complex permittivity () can be quantitatively ap-
proximated by30

-1
t t
s*=L({+{ﬁ) , (5)
€ &

where 1, is the particle size of the conducting grain, fgp is the
thickness of boundary layer, and L=t,+tgg. Since L>1p
and 0,> o, Eq. (5) can be simplified as™

1
=3€+(3L")( . ) (6)
a ad)\1+jor

where a=1+0¢g,/&,,, T=ag,,/ 60, and 5=t,,/L.
At zero or very low frequency, the Eq. (6) can be further
simplified as

L
o = =Lab (7)
fop

From the relation in Eq. (7), it is reasonable to propose that
the different dielectric permittivity in LTNO-1 and LTNO-2
samples is affected by the grain size. Note that 755 are about
the same in value because it depends on the Ti-dopant con-
centration. It is important to note that the lower in dielectric
permittivity in LTNO-1 sample may also be affected by the
observed porosity, as shown in the SEM image of Fig. 2(a).
However, we believe that the grain size is still the main
effect on the dielectric properties of our LTNO ceramics. To
support this conclusion, we consider the dielectric permittiv-
ity of LTNO-1 (errno.1=5534) and LTNO-2 (&r1no-2
=11187) at room temperature and 1 kHz and evaluate the
ratio of the dielectric permittivity of LTNO-2 and LTNO-1
based on the dimensions of the grain observed in SEM. Since
both LTNO-1 and LTNO-2 have the same amount of Ti, the
thickness of GB fgp of these two samples may be assumed to
be the same. From Eq. (7) and by assuming 7gg and egg to be
the same for both the LTNO-1 and LTNO-2, the ratio of the
dielectric permittivity of LTNO-2 and LTNO-1 becomes
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By substituting Ljtno.1=2.67%0.75 wm and L;rnoa
=6.02+2.38 um into Eq. (8), &{ yto.o/ €] nTo; Was obtained
to be 2.25. This result agrees with the experimental result
(i.e.. & NToo/ €l NTO = 11187/5534=2.02).

For the present work, we speculate that high-¢’ response
in the LTNO samples is attributed to their electrically inho-
mogeneous structures. When the alternative electric field is
applied through the samples, the charge carriers are restricted
by the Ti-rich boundary, and thus the opposite charges accu-
mulate at the two edges of the GBs."” Consequentially, the
polarization formation primarily depends on the accumula-
tion of the charge via conducting in the grain interiors. This
provides an extended description for the physical explanation
for the underlying polarization. Therefore, the difference in
¢’ of LTNO samples with different grain size is attributed to
the different amount of the accumulated charges at GBs. As
well known, these accumulated charges in the LTNO ceram-
ics depend on the concentration of monovalent impurities
like Li* ions.'® For both of our samples, however, they have
the same chemical composition, but different sintering tem-
perature. Hence, the increase in &’ in the LTNO-2 sample
with higher sintering temperature may be attributed to the
other free charge carriers but does not related to the affect of
the dopant concentration. One may deduce from this assump-
tion that grains made by different sintering conditions could
have very different electrical properties. The fact that the
higher conduction activation energy of 0.324 eV for the
grains in LTNO-1 sample than that of 0.315 eV for LTNO-2
sample may imply that there are lower oxygen vacancies
concentration in the grains of LTNO-1 sample than in the
grain of LTNO-2 sample. This is reasonable because the
LTNO-2 sample was fabricated at the temperature of
1280 °C, which is higher than that of 1200 °C for the
LTNO-1. Based on the explanation above, we think that the
oxygen vacancies have the influence on the electrical prop-
erties of the LTNO ceramics and the contribution to the total
dielectric response in a LTNO system. However, the evi-
dence of the presence of oxygen vacancies is beyond the
scope of our work, and further work, i.e., the study of heat
treatment effects on the oxidizing and/or reducing atmo-
sphere on electrical properties, is needed to make a more
detailed explanation for it. It is worth to noting that the lower
7y values of the LTNO-1 sample than those of the LTNO-2
sample over the measured temperature is attributed to the
shorter distance between the nearest GBs in the LTNO-1
sample compared to the larger grain for the LTNO-2 sample.
Thus, the polarization of LTNO-1 sample is fully developed
at higher frequency than that of LTNO-2 sample at the same
temperature as shown in Fig. 5. This result was also observed
in CCTO ceramics.’’! Additionally, Egg also decreases with
increasing the sintering temperature (Table I). This is associ-
ated to the ceramic microstructure of LTNO samples. We
think that the higher Egp observed in the LTNO-1 sample
compared to that of the LTNO-2 sample is attributed to the
observed porosity in the LTNO-1 sample. Some of the GB
regions are replaced by the porosities (air gaps) in the
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LTNO-1 ceramic, and thus the total potential barrier at the
GB regions increases. Another possible of such observation
is that the defect equilibrium at the GB regions may be modi-
fied by the increase of grain size, affecting on the electrical
transport at the regions.

IV. CONCLUSION

The high-g’ of LTNO ceramics have been synthesized
by a simple thermal decomposition method. The complex
impedance spectroscopy indicates that the electrically het-
erogeneous structures exist in the LTNO ceramics consisting
of semiconducting grain and insulating GB. The ¢’ value of
our LTNO ceramics increases with the increase in grain size,
and the dielectric response can be well explained by the MW
relaxation model. The experimental results indicate that the
polarization relaxation has a close relation to the conductiv-
ity inside the grain. Our results also reveal that £, and related
E, and EGg decrease with the increase in grain size. It can be
proposed that the different microstructures lead to the chemi-
cal change (e.g., oxygen vacancies) inside the grains and at
the GBs.
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We report the giant dielectric response and electrical properties of Lig o5Bg02Nig.93O (B=Fe, Ti, and
V) ceramics prepared by a polymer pyrolysis route. The giant dielectric response in these materials
can be ascribed based on the Maxwell-Wagner polarization and thermally activated mechanisms. It
is found that Fe, Ti, and V doping has a strong effect on the microstructure and the conduction of
grains and grain boundaries of these NiO-based ceramic systems, which make large contribution to
their dielectric properties. © 2009 American Institute of Physics. [DOI: 10.1063/1.3072356]

Generally, the relationship between the structure of ma-
terials and their properties is studied at two different levels of
length scale: microscopic and microstructural levels. Thus,
the inhomogeneities within macroscopically homogeneous
ceramic materials can be classified as microscopic and mi-
crostructural inhomogeneities. Lattice defects and the grain
growth are possible causes for these two inhomogeneities,
respectively.1

In recent years, high permittivity Bi/Pb-free dielectric
materials with good thermal stability particularly attracted
ever-increasing attention for their practical applications in
microelectronics such as capacitors and memory devices.
High-permittivity A,B,Ni,_,_,O ceramic system (where A
=Li, Na, and K and B=Ti, Al, Ta, and Si) is one of the most
important high-permittivity materlals that has been inten-
sively researched in recent years $Itis widely accepted that
a high dielectric permittivity (") of these materials is attrib-
uted to the Maxwell-Wagner (MW) polarization mechanism
based on the existence of the inhomogeneities of grarn grain
boundary (GB), and defects within the materials.” ! Interest-
ingly, the dielectric properties and related electrical response
of these NiO-based systems can be tuned by changing the
composition of the additives of A and B,>” which normally
have the effects on the grain and GB properties, respectively.
However, it has been reported that the Ti content in the
Li, TiyNi,_,_,O system also has a strong effect on the trans-
port properties inside the grain, which should be attributed to
the fact that some part of Ti entered into the NiO crystal
lattice. Moreover, it was found that the dielectric properties
of NiO-based ceramics depended on the sintering
temperature % and the feature of microstructure.’

In this work, we studied the effects of the microstructure,
grain, and GB modifications on the giant &’ properties of the
Lig 05Bo.02Nig 930 (B=Fe, Ti, and V) ceramics. The results
suggested that Fe, Ti, and V dopings had great impact on the
microstructure and the electrical transports of the grains and
GBs, which are major contributions on the giant &’ response
in these materials.

NI(NO3)2 6H20, LINO3, C16H2806Ti, FC(NO3)3 : 9H20,
C,oH,405V, (NH,),S,05, and acrylic acid were employed as

YAuthor to whom correspondence should be addressed. Electronic mail:
sanmae @kku.ac.th.
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starting raw materials. The polycrystalline Lig 5Ti 0oNig 930
(LTNO) ceramic sample was prepared by a polymer pyroly-
sis route. First, stoichiometric amounts of Ni(NOj3),-6H,0,
C6H230¢Ti, and LiNO5 were dissolved in 10 g of acrylic
acid aqueous solution (acrylic acid: H,O=70:30 wt %) un-
der constant stirring and heating at 100 °C. Second, a small
amount (0.5 g) of 5% (NH,),S,04 aqueous solution as the
initiator was added to the mixed acrylic acid solution to pro-
mote the polymerization. Then, the gel precursor was dried
at 350 °C for 1 h. The dried gel was ground and later cal-
cined at 700 °C for 5 h in air. The LTNO powder was
pressed into pellet of 9.5 mm in diameter and ~1-2 mm in
thickness by a uniaxial pressing method at 200 MPa. Finally,
this pellet was sintered at 1280 °C for 4 h in air. The
Li05V0.02Nig930 (LVNO) and LiggsFeoNig930 (LFNO)
samples were also prepared by the same method, but
Fe(NO;);-9H,0 and C,(H;,OsV were used instead of
C6H230¢Ti for the preparation of LVNO and LFNO, respec-
tively.

X-ray diffraction (XRD) (Philips PW3040, The Nether-
lands) and scanning electron microscopy (SEM) (LEO
1450VP, UK) with energy dispersive x-ray spectrometer
(EDS) were used to characterize the phase composition and
microstructure of the NiO-based ceramics. XRD patterns
(not presented) confirm a main phase of NiO in all samples
with no diffraction peaks of possible impurity phases. The
sintered ceramic samples were polished and electroded by
silver paint on both sides of the disk-shaped samples. The
dielectric and electrical responses of the samples were mea-
sured using a Hewlett Packard 4194A impedance gain phase
analyzer over wide range of frequency (100 Hz-10 MHz)
and temperature (from —60 to 150 °C) at the oscillation
voltage of 1.0 V. Each measuring temperature was kept con-
stant with an accuracy of =1 °C.

Figures 1(a)-1(c) show surface morphologies of the
LENO, LTNO, and LVNO ceramic samples, indicating that
Fe, Ti, and V dopings have a remarkable effect on their mi-
crostructures. The mean grain sizes of the LFNO, LTNO, and
LVNO samples are 3.3+0.9, 4.8 £2.0, and 46 = 14 um, re-
spectively. The observed abnormal grain growth in the
LVNO sample is attributed to a typical liquid phase of their
microstructure, which usually contribute to form grain-to-
grain bridges and to eliminate intergrain pores. The effect of

© 2009 American Institute of Physics
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FIG. 1. (Color online) SEM images of the surfaces for the samples of (a)
LTNO, (b) LFNO, and (c) LVNO; inset of (c) shows the fractured surface of
the LVNO sample. (d) EDS spectra of the grains and GB for the LVNO
sample.

V-dopant on the microstructure of ceramics has also been
observed in V-doped ZnO system. It was caused by the rela-
tively low melting points of V and the related second
phase.13’

The inset of Fig. 1(c) illustrates the fracture surface of
the LVNO sample, showing the obvious grain and GB struc-
tures. The EDS measurements of the grain (point 2) and GB
(point 1) of the LVNO sample, as shown in Fig. 1(d), reveal
the V-rich at the GB but not in the grain. The EDS spectra at
points 3 and 4 (not shown) are similar to that detected at
point 2, i.e., no corresponding peak of V observed. There-
fore, the shells of the grains of these three samples could be
regarded as Fe-, Ti-, and V-rich boundaries, while the core of
the grains is part of Li-doped NiO particles. Thus, dielectric
properties of these ceramics might be ascribed by the MW
polarization.

Figure 2(a) demonstrates the frequency dependence of
&’ and tan & of the samples of LFNO, LTNO, and LVNO at
room temperature, showing the giant &’ (10*—10°) response
in all samples. The LTNO sample has the lowest ¢’ among
these three samples over the measured frequency range, cor-
responding to the observed lowest value of tan 6. The &’ of
the LVNO sample is slightly higher than that of the LFNO
sample, and interestingly its tan 6 is lower than that of the
LFNO sample at below and above frequency 10* Hz. The
small step decrease in the LVNO sample at the frequency at
about 10* Hz might be attributed to the heterogeneous relax-
ation such as defect-induced polarization.” Figure 2(b) illus-
trates the temperature dependence of £’ of the LVNO sample
at the selected frequencies. The temperature independence of
e’ can be observed at frequency below 100 kHz. However,
with increasing frequency, &’ drops dramatically to the low
values at low temperatures, and such step decrease moves to
the higher temperature range with increasing frequency. This
is a suggestion of the thermally excited relaxation process.
The overall dielectric behavior is similar to those observed in
other NiO-based ceramics,2’6 which is in marked contrast to
the well-known ferroelectric one resulting from the structure
distortion due to the soft-mode condensation.

Figures 3(a) and 3(b) display the complex impedance
plain plots of the LVNO and LTNO samples, respectively.

Appl. Phys. Lett. 94, 022908 (2009)
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FIG. 2. (Color online) (a) Frequency dependence of &’ and tan & at room
temperature of the LTNO, LENO, and LVNO samples. (b) The temperature
dependence of ¢’ at selected frequencies for the LVNO sample.

The impedance semicircles become larger with the decrease
in temperature, and when the temperature is sufficiently low,
the other impedance semicircles of the LTNO sample can be
observed [inset of Fig. 3(b)]. The observed two semicircles
suggest the existence of the electrical inhomogeneities in the
LTNO ceramic. Accordingly, the observed semicircles at
lower and higher temperatures in the LTNO sample can be
assigned to the effects of the charge transport within the
grain and GB. Note that the impedance semicircles at low
temperature cannot be observed in the LVNO sample and the
LFNO sample (not shown). This is because the electrical
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FIG. 3. (Color online) The complex impedance plane plots for the samples
of (a) LVNO and (b) LTNO at various temperatures. Insets show the corre-
sponding impedance spectra at low temperatures. (c) and (d) are the Arrhen-
ius plots of the conductivities of the grains and GBs, respectively.
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responses of grains in both samples shift out of the measured
frequency range. However, we can assign the nonzero inter-
cepts at low temperatures to the effects of the grains.15 Con-
sequently, the core/shell model is appropriate for further
analysis. According to the polaron theory, the temperature
dependence of the conductivity (o) is, with a temperature
dependence prefactor, ascribed as™’

o« T exp(- ElkgT), (1)

where E is the conduction activation energy and kg and T are
the Boltzmann constant and the absolute temperature, re-
spectively. Generally, the GB effect on electric conductivity
may originate from a GB potential barrier,” which should be
ascribed by the Fe-, Ti-, and V-rich boundaries for our NiO-
based systems. Based on the RC Inodel,15 the resistances of
the grain and GB can be obtained at various measuring tem-
peratures. According to the fitted curves using Eq. (1) for the
LFNO, LVNO, and LTNO samples shown in Figs. 3(c) and
3(d), the conduction activation energies inside the grain (E,)
and at the GB (E,,) can be estimated—the values of E, are
0.190, 0.216, and 0.293 eV, while the values of Ey, are
0.240, 0.304, and 0.453 eV for the samples of LFNO, LVNO,
and LTNO, respectively. These results indicate that the grain
and GB of these materials have different characteristics of
electrical transport.

As previously reported,16 the different valence states of
A in the A0_03Ti0'10Ni0‘87O (A=K+, Mg2+, and Y3+) materials
had a remarkable effect on the dielectric properties of NiO-
based ceramics, which should be mainly attributed to the
large variation in E, values. In the present work, the different
observed values of E, and Ej, of these three NiO-based ce-
ramics imply that the Fe, Ti, and V doping have remarkable
effects on both grain and GB conductivities. Such various E,
values observed in the LTNO and LFNO samples may be
caused by the substitution of some parts of Ti** (0.68 A) and
Fe3* (0.64 A) ions into the Ni%* (0.69 A) ion sites in the NiO
crystal lattice, which induces the different defects (i.e., Fel'\Ii
and Ti%) in the grain interiors.”'” The different electrical
properties of these two samples can suitably be referred to as
the microscopic inhomogeneity effect. On the other hand, the
V-doping is most likely to present only at GBs to form a
second liquid phase, as clearly seen in Figs. 1(c) and 1(d).
Subgrains usually develop inside larger grains and affect the
mobility of charge carriers and the dielectric response at dif-
ferent frequencies.18 This would be responsible for the ob-
served highest low-frequency &’ of the LVNO ceramic
among these three samples. These results indicate that the
microstructural inhomogeneity has a strong effect on the
electrical properties of the NiO-based ceramics. Additionally,
the relaxation activation energies (E,) of the LVNO (0.224
eV) and LTNO (0.287 eV) samples are almost the same as
their E, values (data not shown). E, of the LFNO ceramic
with the smallest E,, cannot be obtained because its dielectric
relaxation peak shifts out of the measured temperature range.
Therefore, it is suggested that the observed lowest &’ of the
LTNO sample among these three samples and such disap-
peared relaxation peak of the LFNO sample are due to the
fact that the polarization relaxation in these three samples
has a close relation to the conductivity inside the grains.
Therefore, it is reasonable to suggest that the Fe, Ti, and V
dopants have significant effects on both the microstructure
and the electrical transports inside the grain and at the GBs,

Appl. Phys. Lett. 94, 022908 (2009)

which leads to the different dielectric responses in these
NiO-based ceramics. These different ceramic properties can
be ascribed to both microscopic and microstructural inhomo-
geneities, which should be due to the differences in the va-
lence state and the melting point of the dopants, respectively.

We now turn to see the effects of Fe, Ti, and V doping on
the GB conductivity in the NiO-based ceramics. Lin et al.”’
reported the positive values of the Seebeck coefficient of
Fe-doped NiO samples, indicating that holes are major car-
riers in these samples. In the case of the LFNO sample, we
think that the different concentrations of the holes at the
grains and GBs might be attributed to the effects of Li-doped
NiO and Fe-doped NiO, respectively. This is responsible for
the slight difference between E, and Eg, in the LFNO
sample. Thus, the different values of Eg, in our NiO-based
ceramic samples could be attributed to the difference in the
intrinsic properties of the GBs, which are affected by the
dopants.

In conclusion, the giant &’ permittivity Lig 5B 0oNig 930
(B=Fe, Ti, and V) ceramics have been investigated. The gi-
ant ¢’ response and related electrical properties of these ma-
terials are studied as functions of frequency and temperature.
Our results reveal that Fe, Ti, and V dopings have great
effects on both microstructure and electrical properties of the
grains and GBs, resulting in the giant &’ response in these
materials. The giant ¢’ behavior of these NiO-based ceram-
ics can be explained based on the MW polarization and ther-
mally activated mechanisms.
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Electrical properties of giant-permittivity core/shell structured LijsFe Niyos_,O (LFNO) are
studied as functions of frequency, temperature, and dc bias. Three electrical responses of depletion
surface (DS), grain boundary (GB), and bulk grain are detected in the LFNO ceramics. The DS and
GB effects can be separated by removing the surface samples, whereas the grain effect is extracted
by applying dc bias. It is found that the interfacial polarizations at the DSs and GBs are suppressed
by applied voltages. Our results suggest that the polarization relaxation in the LFNO ceramics is
closely related to the electrical response inside the grains. © 2009 American Institute of Physics.

[DOL: 10.1063/1.3120567]

It is generally believed that the presence of insulating
layers in polycrystalline ceramics has remarkable effects on
their electrical properties, and they are usually used to design
ceramic properties for practical applications. The effects of
insulating layers, e.g., depletion surfaces (DSs), grain bound-
aries (GBs), and internal domains within the bulk grain, on
high dielectric properties of materials are often observed. For
example, the existence of these three insulating layers in
CaCu;Ti O, (CCTO) ceramics have an influence on the
giant dielectric permittivity (¢') of the CCTO.' The
Maxwell-Wagner (MW) polarization (interfacial polariza-
tion) at these insulating layers has, therefore, been used to
ascribe the giant &’ response in this material. For
(A,B)-doped NiO ceramics (A=Li, Na, K and B=Ti, Si, Al,
Ta, V, Fe),*” it is widely accepted that the giant &’ response
in these ceramics is associated with their heterogeneous mi-
crostructure, consisting of semiconducting grains (A-doped
NiO) and insulating GBs (B-rich insulating boundaries). It is
interesting that the dielectric properties and the related elec-
trical response of these NiO-based systems can be modified
by varying the composition via additions of A and B.H°
Most recently, we found that the dielectric properties of (Li,
Ti)-doped NiO ceramics system depended on both sintering
temperature and grain size."' The presence of oxygen vacan-
cies and the existence of internal domains might be respon-
sible for these observations. These results imply that both DS
and bulk grain effects may have impacts on the electrical and
dielectric properties of these NiO-based ceramics. However,
the experimental results supported these are still missing.

In this paper, the effects of insulating layers on the elec-
trical properties of high-permittivity Li,osFe,Nijgs5_,O
(LFNO) ceramics are investigated. The results reveal that the
electrical responses in the DSs, GBs, and grains have signifi-
cant effects on the electrical properties of the LFNO ceram-
ics. The evident DS effect is proved by removing the sample
surface layer, while the bulk grain effect is identified by ap-
plying dc bias. The close relationship between the relaxation
mechanism and the electrical transport inside the grains is
observed.

“Electronic addresses: sanmae@kku.ac.th and santimaensiri @ gmail.com.
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The polycrystalline Lig gsFe 0sNig 99O and
Lig osFeq 1oNig gsO ceramic samples were prepared by a poly-
mer pyrolysis method. Details about the sample preparation
were given elsewhere.” The sintered LFNO samples were
characterized by x-ray diffraction (XRD) (Philips PW3040,
The Netherlands), Field-emission scanning electron micros-
copy (FE-SEM), and energy-dispersive X-ray spectroscopy
(EDS) (Hitachi S-4700, Japan). XRD patterns (did not show)
confirmed a main phase of NiO in both samples. However,
the second phase of NiFe,0, could only be observed in the
XRD pattern of the LijysFeq oNiggsO sample. The dielectric
and electrical properties of both as samples (before polished)
and polished samples were measured using a Hewlett-
Packard 4194A impedance gain phase analyzer over a fre-
quency ranging from 100 Hz to 10 MHz and an oscillation
voltage of 1.0 V. The measurements were performed over a
temperature ranging from —50 to 200 °C using an inbuilt
cooling-heating system. Each measured temperature was
kept constant with an accuracy of =1 K. Silver paint was
used as the electrodes. Throughout this paper, we assigned
symbols of LFNO-1Be and LFNO-2Be for the as-sintered
samples of Lij gsFeq sNig 99O and Lig sFe 1oNipgsO ceram-
ics and LFNO-1Af and LENO-2Af for the sintered samples
with  surface polishing of LiggsFeposNiggoO  and
Lig osFeq 19NipgsO ceramics.

Figure 1 reveals the fractured surface of the
Lig osFeq 1oNipgsO ceramic sample, showing obvious struc-
ture consisting of grains and GBs. Interestingly, the EDS
analysis, inset of Fig. 1, shows that the lower relative inten-
sity of Fe is detected at the white core regions (points 2 and
5), but it is high at the hilly dark regions (points 1, 3, and 6).
According to the XRD and ESD analyses, it is reasonable to
suggest the existence of the core/shell structure in the LFNO
ceramics, consisting of semiconducting core grains (e.g., Li-
doped NiO)'"” and Fe-rich insulating GBs (e.g., NiFe,0,).
The existent core/shell structure in the NiO-based ceramics
was also be observed in the (Li, Si)-, (Li, V)-, and (Li, Ti)-
doped NiO ceramic systems.ﬁ’g’10 It is worth noting that the
Fe-dopant is also rich on the outmost sample surfaces, as
displayed in the inset (b).

© 2009 American Institute of Physics

Downloaded 17 Apr 2009 to 202.12.97.119. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



152905-2 Thongbai, Yamwong, and Maensiri

2

@ 1.0
20.8
Eosl
_ﬂ_g, 0.4
®02
[
L0.0t

(@)

FIG. 1. (Color online) Fractured surface of the LiysFeoNipgsO sample.
Inset (a) shows Ni (H) and Fe (A) element profiles obtained from the EDS
spectra at different points. Inset (b) is a SEM image of surface morphology.

It is clearly seen from Fig. 2 that the DS has a significant
influence on the high dielectric properties of the LFNO ce-
ramics. As illustrated in Fig. 2, after the LFNO-1Be sample
was polished evenly from both sides, the decrease in &' and
the exponential increase in the loss tangent (tan ) were ob-
served in the polished- LFNO-1Be sample (LFNO-1Af
sample). Under an applied electric field, some mobile
charges in the inner part of the bulk LENO ceramics may be
blocked by the DS. Thus, the MW polarization is produced
by the accumulated charges at the interface between the in-
sulating DS layer and the inner part. After the DSs were
removed, these accumulated charges are free and they be-
come mobile charge carriers. Consequently, the polarization
at the DS does not response, which causes decrease in the
total polarization. On the other hand, the observed exponen-
tial increase in tan ¢ is suitably attributed to the dc conduc-
tivity effect. It is interesting that the LFNO-1Af sample still
exhibits the high &’ response, implying that there may be
other polarizations contributing to the dielectric responses in
the LFNO-1Af sample.
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FIG. 2. (Color online) Frequency dependence of (a) &’ and (b) tan & for
LFNO-1Be (symbols) and LENO-1Af (solid lines) samples at various tem-
peratures from —40 to 200 °C with the step increase in temperature is
30 °C.
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FIG. 3. (Color online) (a) Impedance spectra of LFNO samples before and
after surface polishing at 20 °C. (b) Impedance spectra as a function of dc
bias of LFNO-1Be. Inset shows impedance spectra of LENO-1Af.

Although the DSs were removed, the relaxation tan &
peaks still appear and the activation energy for relaxation
process (E,) remains almost constant, i.e., E,=0.483 eV
(0.419 eV) and 0.468 eV (0.411 eV) for the LFNO-1Be
(LFNO-2Be) and LFENO-1Af (LFNO-2Af) samples, respec-
tively. Therefore, the E, values of the LFNO ceramics may
actually be affected by the relaxation in the inner part of the
LENO ceramics. This is similar to that observed in the
CCTO ceramic,” which was clearly explained based on the
different electrical conductivities between the DS and inner
part due to the difference in oxygen concentration between
them. This might be responsible for the formation of the
insulating DS layer in the LFNO ceramics. Moreover, the DS
effect may also be attributed to the fact that the shells of the
grains are the NiFe,O, phase, which is rich on the outmost
surface layers of the LFNO ceramic samples [inset (b) of
Fig. 1].

Figure 3(a) shows the impedance spectra of the as-
sintered LFNO and polished-LFNO ceramic samples, prov-
ing the DS effect on their electrical properties. It is clear that
after the DSs of the as-sintered samples were removed, the
arcs of the polished-LFNO samples (LFNO-1Af and LFNO-
2Af samples) at lower frequencies decreased, whereas the
arcs at higher frequencies remained constant. These results
strongly indicate that the enhanced arcs in the low frequency
range contain two overlapped arcs, and thus the DS and GB
effects are roughly separated. Consequently, it is reasonable
to suggest that there are three sets of electrical responses in
the LFNO ceramics, i.e., DS, GB, and bulk grain responses.
Based on the above analysis, it is clearly proved from Fig.
3(b) that the interfacial polarizations of the DSs and GBs are
suppressed by applying dc bias, whereas the bulk polariza-
tion is independent of the biases. This suppression of the
interfacial polarization is similar to that observed in
Lay 7Sry3MnO5/BaTiO5 multilayers.12

Figure 4 demonstrates the effect of dc bias on the fre-
quency dependence of &’ for the LFNO-1Af sample at room
temperature. It is found that the &’ values below 10* Hz
decrease with the increase of applied Voltazge, corresponding
to the decrease in the capacitance of GBs,""* which is being
accompanied by the decrease in Rgp [inset of Fig. 3(b)].
These results suggest that, with increasing the applied volt-
age, the accumulated charge carriers are becoming more and
more overcome the potential barrier at the GBs, implying
that these accumulated charge carriers become mobile
charges. Consequently, the intensity of the space charge po-
larization at this region is decreased by the increase in the
applied voltage, while the conductivity increases due to the
increase in the mobile charge. This is confirmed by the ob-
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FIG. 4. (Color online) Frequency dependence of &' at various applied volt-
ages at room temperature for LFNO-1Af sample. Inset shows its frequency
dependence of tan & at different applied voltages.

served exponential increase in tan ¢ at the highest applied
voltage, as shown in the inset of Fig. 4. When the applied
voltage increases over 20 V, the dc bias is over limit balance
(over 20 V) due to the large leakage current, which results
from the large conductivity in the bulk ceramics.

Figure 5 displays the frequency dependence of the
imaginary parts Z” of complex impedance at selected tem-
peratures, in which Z" plots usually highlight phenomena
characterized by the large resistance.” Two thermally acti-
vated electrical responses are observed at lower and higher
frequencies—both shift to higher frequency with increasing
the temperature. To identify these electrical responses, the
frequency dependence of Z” has been studied as a function of
dc bias. As illustrated in the inset of Fig. 5, both the peak
height and frequency of the Z" peak of the electrical response
at the lower frequency are strongly dependent of the applied
voltage, but not for the higher-frequency electrical response.
As a result, the lower- and higher-frequency electrical re-
sponses are suitably identified to the GB and bulk effects,
respectively. Moreover, it was found that the plots of (Z”) .«
frequency and versus 1000/7 follow the Arrhenius law,
(does not present). The estimated activation energies of the
LENO-1Af (LFNO-2Af) were found to be 0.454 (0.408) and
0.444 (0.506) eV for the bulk grains and GBs, respectively.
The two activation energies of the electrical responses in the
LENO-1Af sample are similar to its relaxation activation en-
ergy. However, the activation energies of the grain electrical
response in the LFNO-2Af and its relaxation are almost the

-Z" (10° Q.cm)

O.
10°

10° 10" 10° 10° 10’
Frequency (Hz)

FIG. 5. (Color online) Frequency dependence of Z” at various temperatures
for LENO-1Af sample. Inset shows the frequency dependence of Z” at dif-
ferent applied voltages for LENO-1Af sample.

Appl. Phys. Lett. 94, 152905 (2009)

same in value, while its activation energy of the GB is larger
than that of the relaxation activation energy. Therefore, it is
appropriate to suggest that the relaxation mechanism in the
LEFNO ceramics has a close relation to the conductivity in-
side the grains. Lin et al.,” reported that the dc conduction
activation energy of pure-NiO ceramics could be increased
by doping with Fe ions, which was attributed to the effects of
Fey; defects and the nickel vacancies. This might be respon-
sible for the observed large relaxation activation energy in
the LFNO ceramics comparing to the other NiO-based ce-
ramics systems.é’g_11 With the larger conduction activation
energy, the dielectric relaxation of the LFNO ceramics are
hardly activated by thermal. Thus, the polarization should
fully be responded at higher temperatures. From these points
of view, we think that the relaxation behavior of the NiO-
based ceramics can be adjusted by varying the semiconduc-
tivity of grains. Note that the increase of GB conduction
activation energy of the LFNO-2AF sample might be asso-
ciated with the accumulation of NiFe,O, phase at the GB, as
revealed in Fig. 1.

In conclusion, the high dielectric permittivity LFNO ce-
ramics were investigated as functions of frequency, tempera-
ture, and dc bias. Three thermally activated electrical re-
sponses were observed at the DSs, GBs, and bulk grains. The
effects of the DS and GB were separated by removing the
surface samples, whereas the applied dc bias was used to
identify the electrical response of the bulk grain. It was
found that the interfacial polarizations of the DSs and GBs
could be suppressed by the applied voltage, but not for the
bulk polarization.
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We report the effects of postsintering annealing in argon and compressive prestress on the giant
dielectric properties of CaCusTi O,—Lij3TipNipegO composites in the frequency range from
100 Hz to 1 MHz. After postsintering annealing, all compounds investigated still display a
Debye-like relaxation, which can be interpreted based on the Maxwell-Wagner model. The
dielectric behavior and the effect of compressive prestress of CaCu3Ti4O, and
CaCu;Tiy0,—Lig3Tig o Nig 63O after annealing are closely related to the oxygen vacancies in the

grain boundaries. © 2008 American Institute of Physics. [DOI: 10.1063/1.2937238]

I. INTRODUCTION

Giant dielectric ceramics with good thermal stability and
Ba/Pb-free have recently attracted much attention due to
their potential applications in microelectronics such as ca-
pacitors and memory devices. Giant-permittivity dielectric
response with weakly temperature-dependent permittivity
has been observed in CaCu;TiO;, (CCTO) (g’ ~10* for
polycrystalline ceramics and &’ ~ 10° for single crystals),l’3
NiO-based ceramic (&’ ~10%~10%),*® Ba,YMn;0,,5 (¢’
~10%,” and CuO (&' ~10%)."° Most recently, our group''
reported the giant values of &’ ~ 10° observed in polycrystal-
line CaCu3TizsO, ceramics reinforced with 10 mol % of
39 nm Lig3Tig0»NipeO (LTNO) nanoparticles. The dielec-
tric behavior of these composites exhibits Debye-like relax-
ation, which can be explained based on the Maxwell-Wagner
model, and the dielectric dispersions of the composites arise
from the internal barrier layer capacitor (IBLC) effect.'*"

Interestingly, the colossal dielectric constant of ~10° at
room temperature can also be obtained in CaCu;Ti O, after
annealing in argon at 1000 °C for 6 h, and this enhancement
was attributed to the increase in concentration of oxygen
vacancies and hence charge carriers."* The influence of
postsintering  annealing on dielectric properties of
CaCu;TiyO1, was further investigated by Wang and
Zhang.lj’16 They showed that the annealing treatment on
CaCu;Ti Oy, in reducing (nitrogen) and oxidizing (oxygen)
atmospheres has strong effects on dielectric properties of the
CaCu;TiyO4,. These results support the results reported in
Ref. 14 and strongly suggest that the concentration of oxy-
gen plays an important role in the dielectric properties of
CaCu3Ti4O1,. In addition to its interesting dielectric prop-
erty, CaCu3Ti O, has remarkably strong nonlinear current-
voltage characteristics without the addition of dopants.13
These excellent properties render this material particularly
attractive for a wide range of applications. However, in some
practical applications, dielectric ceramics may be subjected
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to mechanical or thermal stresses causing changes on their
properties. A prior knowledge of how the material properties
change under different load conditions is therefore crucial for
proper design of a device and for suitable selection of mate-
rials for a specific application. Despite that fact, material
constants used in many design calculations are often ob-
tained from a stress-free measuring condition, which in turn
may lead to incorrect or inappropriate device designs.

Most recently, we observed that postsintering annealing
in argon for 5 h leads to a significant increase in &’ for
CaCu;Ti O, ceramic, which is closely related to the oxygen
vacancies.'” The dielectric properties of the argon-annealed
samples were also found to change significantly with the
applied compressive stress (the absolute change can reach
25% at a maximum stress of 130 MPa), which could be ex-
plained by the stress-induced aging mechanism.'” The stress
dependence of the permittivity in CaCu;Ti O ,-based ceram-
ics has not been thoroughly studied. Herein, we investigate
the influences of the postsintering annealing in argon and
compressive prestress on the giant dielectric properties of the
(1=x)CaCu;Ti O, xLij 3Tig 1nNig 650 (CCTO-LTNO) com-
posites sintered in air at 1100 °C for 16 h.

Il. EXPERIMENT

The sample preparations of (1-x)CaCu;Ti O,
xLij3Tip0oNigesO (x=0, 0.1, 0.25, and 0.5) composites
are given in our previous publication.“ The dimensions
of the samples were ~12 mm in diameter and ~3 mm in
height. Here, we assign symbols of CCTO, 10%LTNO,
25%LTNO, and 50%LTNO, for the sintered samples of
(1-x)CaCu3Ti 0, - xLij 3Tig ¢oNig 630, with x=0, 0.1, 0.25,
and 0.5, respectively. A postsintering annealing process was
carried out in flowing argon (99.999% purity) at 1000 °C for
5 h, and we assign symbols of CCTO-Ar, 10%LTNO-Ar,
25%LTNO-Ar, and 50%LTNO-Ar, for the sintered samples
of CCTO, 10%LTNO, 25%LTNO, and 50%LTNO, after ar-
gon annealing. The sintered ceramics were characterized by
x-ray diffraction (XRD) (Philips PW3710, The Netherlands)

© 2008 American Institute of Physics
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FIG. 1. (Color online) XRD patterns of the sintered materials of CCTO and
CCTO-LTNO before and after annealing at 1000 °C for 5 h under flowing
argon. (a) CCTO, (b) 10%LTNO, (c) 25%LTNO, and (d) 50%LTNO.

and scanning electron microscopy (SEM) (LEO 1450VP,
UK). The frequency and temperature dependences of dielec-
tric properties for the as-sintered samples were measured us-
ing a Hewlett Packard 4194A impedance gain phase ana-
lyzer. Silver paste was used as the electrode, and it was
coated on both surfaces of the sample and dried overnight.
The dielectric properties of the samples after postsintering
annealing were measured under the influence of the compres-
sive stress through spring-loaded pins connected to an induc-
tance capacitance impedance (LCZ) meter (Hewlett Packard
4276A) at the frequency of 100 kHz at room temperature
(25 °C). The details of the system are described elsewhere.'®

lll. RESULTS AND DISCUSSION

Figure 1 shows XRD patterns of the sintered ceramics
before and after postsintering annealing, confirming only a
main phase of CaCu;TizO4, in all the samples with no dif-
fraction peaks of LTNO and other possible impurities such as
TiO,, CuO, CaTiO;, and NiTiO5. The values of lattice pa-
rameter a calculated from XRD spectra are shown in Table I;
these values are close to 0.7391 nm of that reported in
literature." Higher concentrations of LTNO did not result in
any noticeable shift in lattice parameter, suggesting that the
added LTNO is most likely present in the microstructure ei-
ther in the grain boundaries or as a second phase. Moreover,

J. Appl. Phys. 103, 114107 (2008)

TABLE I. Lattice parameter a and activation energies (E,) for CCTO-LTNO
ceramics before and after postannealing sintering.

Lattice parameter (nm) Activation energy (eV)

Materials Before After Before After

CCTO 0.7385 0.7391 0.112 0.112
10%LTNO 0.7385 0.7391 0.112 0.112
25%LTNO 0.7388 0.7389 0.116 0.112
50%LTNO 0.7387 0.7392 0.116 0.112

the values of lattice parameter of the CCTO-LTNO compos-
ites after postsintering annealing also did not result in any
noticeable shift in lattice parameter. Their values show little
change, which is comparable to the values of samples before
postsintering. These results indicate that the postannealing
sintering treatments did not change the crystal structure—the
structure of all samples remains cubic and centric.

Microstructures of the sintered composites ceramics
were revealed by SEM. The samples were fractured in order
to observe their composite morphologies. Figures 2(a)-2(d)
show SEM micrographs of the sintered samples revealing
polycrystalline grains with estimated grain sizes of 9.0 = 1.9,
88*1.7, 124%28, and 134=*27 um for CCTO,
10%LTNO, 25%LTNO, and 50%LTNO, respectively. No
change in grain size of the samples before and after anneal-
ing was observed. It is important to note that the thickness of
grain boundary cannot be accurately measured by SEM tech-
nique. However, the thickness of grain boundary was esti-
mated to about 50—200 nm for CCTO ceramic. It is seen
from the backscattered electron images of the fracture sur-
faces of the samples [Figs. 2(e)-2(h)] that a large portion of
porosity increases with increasing amount of LTNO, as can
be clearly observed in the microstructures of 25%LTNO and
50%LTNO. The LTNO nanoparticles distribute inhomoge-
neously and form clusters or agglomerates and locate be-
tween grain boundaries of CCTO matrix (indicated by ar-
rows). It is noted that no diffraction peaks of LTNO and the
other possible layer is impurities were detected by XRD, but
the inhomogeneous distribution of LTNO was observed by
the backscattered SEM images of the fracture surfaces of the
CCTO-LTNO composites. This indicates that the outmost
layer of the composites is LTNO and other possible impurity
deficient.  Similar  observation was reported for
CaCu;Ti 04,/ Ag composites having the Ag deficient in the
outmost layer and Ag rich in the inner part of the
composites.19

Figure 3 shows the real (¢’) and imaginary (") parts of
dielectric dispersion for the Ar-annealed samples, measured
at =50 °C over the frequency range of 100 Hz—1 MHz. It is
clearly seen from Fig. 3(a) that all of the samples exhibit the
giant dielectric constant (g’ ~1X 10*-3.5 X 10*) below the
relaxation frequency (f<<100 kHz). The drastic decrease in
the real parts of dielectric spectra of all samples is seen in the
frequency range above 20 kHz, accompanied by the appear-
ance of corresponding peaks in the imaginary parts of dielec-
tric spectra, as shown in Fig. 3(b). Moreover, the relaxation
peak in all samples shifts to higher frequency at a higher
temperature (not shown). The dielectric behavior of all
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samples after postsintering annealing still exhibits a Debye-
like relaxation similar to that of the as-sintered samples. The
dielectric behavior of the nonannealed and annealed samples
can be interpreted based on the Maxwell-Wagner model and
their dielectric dispersions arise from the IBLC effect.'!’
This behavior is also similar to that observed in CaCu3T;404,
ceramics reported in literatures. ' 2022

The E, values of the low-temperature relaxation deter-
mined from the slopes of Arrhenius plot of log 7vs 1/T [the
inset of Fig. 3(b)] were obtained to be ~0.112 eV for all of
the Ar-annealed samples. Annealing in argon results in a
slight decrease in E, values of the 25%LTNO-Ar and

J. Appl. Phys. 103, 114107 (2008)

FIG. 2. SEM micrographs of the ce-
ramic samples sintered in air at
1100 °C for 16 h: (a) CCTO, (b)
10%LTNO, (c) 25%LTNO, and (d)
50%LTNO; (e)-(d) show the backscat-
tered SEM micrograph of fracture sur-

face of CCTO, 10%LTNO,
25%LTNO, and 50%LTNO,
respectively.

50%LTNO-Ar, whereas the E, values of CCTO-Ar and
10%LTNO-Ar do not change with annealing treatment and
show the same value of 0.112 eV. This value is comparable
to the reported values of 0.067.2 0.08,'>** 0.093,%
0.059-0.076,” and 0.084-0.132 eV (Refs. 20 and 22) for
the grains of CaCu3T,0,. The E, values are also tabulated
in Table 1. Based on the Maxwell-Wagner model, it is seen
that the E, of the dielectric process is approximately equal to
that of the grain conduction process.”’21 Thus, the postsin-
tering annealing does not change the electrical properties of
the part of grains in CCTO matrix.

Figure 4 shows the dielectric constant (&) and loss tan-
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FIG. 3. (Color online) The frequency dependence of dielectric dispersions
of CCTO ceramic and CCTO-LTNO composites after postsintering anneal-
ing in argon at 1000 °C measured at =50 °C. (a) the real part &' and (b) the
imaginary part er. The inset displays the Arrhenius plot of log log(7) vs
1000/T.

gent (tan §) of CCTO and CCTO-Ar, 25%LTNO, and
25%LTNO-Ar. Figure 4(a) shows a significant increase in &’
at low frequency for the CCTO after postsintering annealing
(CCTO-Ar), accompanied by the increase in tan & at the
same frequency range. At high frequency, the &’ value of
CCTO-Ar gradually decreases to the ¢’ value of CCTO. For
the 25%LTNO and 25%LTNO-Ar [Fig. 4(b)], the &’ values
of these composite samples show a little change after anneal-
ing. The dramatic increase in ¢’ for CCTO-Ar is closely
related to the oxygen vacancies, as previously repor*[ed.17
Annealing the CaCu;Ti O, sample in argon atmosphere at
high temperature would increase the concentration of the
oxygen vacancies and thus increase ¢’ values, as obtained in
the nitrogen-annealed CaCu;Ti,O,, reported by Wang and
Zhang.16

At present, the extrinsic effect of IBLC is widely
accepted as the origin of the giant dielectric response
in both (Li, Ti)-doped NiO (Refs. 4 and 5) and
CaCu3Ti4012.12’13’15’17’2(H7 However, many aspects for the
origin of semiconducting grains and insulating grain bound-
ary regions for CCTO ceramics remain unclear. Li et al”®
proposed that the grain and grain boundary regions in CCTO
ceramics may consist of the same phase but with slightly
different compositions. Sinclair et al.”? reported that heat

J. Appl. Phys. 103, 114107 (2008)

treatment of CCTO pellets in N, at 1000 °C caused a sig-
nificant change in electrical properties at room temperature,
in which the resistance of grain boundary (R,;,) decreased by
two orders of magnitude but the resistance of grain remained
unchanged. They proposed a plausible explanation that the
semiconductivity of the grains arises from a small but sig-
nificant loss of oxygen during ceramic processing in air at
high temperatures, whereas furnace cooling allows reoxida-
tion to occur along the grain boundary regions, which con-
verts these regions into insulators. From this proposal, it im-
plied that the grain boundary region (the shell of grain) of
CCTO ceramic is the nonoxygen vacancy region. Interest-
ingly, the low-Ry, value of the sample after heat treatment in
N, can be reverted to the high-R,;, value of the as sample by
annealing in oxygen.29 From these results, it is strongly be-
lieved that the electrical properties of grain boundary have a
close relation to the stoichiometry of oxygen at this region.
Therefore, the difference in dielectric properties for our
CCTO and CCTO-Ar is greatly affected by the oxygen va-
cancies at the grain boundary. These indicate that an oxygen
at the grain boundary for our CCTO ceramic has been oxi-
dized during annealing treatment in argon, and the reoxida-
tion process during furnace cooling has been limited by an-
nealing in this reducing atmosphere. Hence, the thickness of
grain boundary layers for the CCTO-Ar has reduced to a
thinner layer compared to CCTO.

In our previous work,17 the dielectric behavior of CCTO
has been interpreted based on the Maxwell-Wagner model.
From this model, Liu ef al.’! estimated the dielectric constant
of bulk CCTO, i.e., &/~ ey(d,+dy,)/ dy,, Where &g, is the
dielectric constant of grain boundary layer, and d, and dy,
are the thicknesses of grain and grain boundary layers, re-
spectively. Therefore, the increase in the dielectric constant
of CCTO-Ar is possibly due to the decrease in its dg,. Bueno
et al™ used dielectric spectroscopy to examine CCTO to
demonstrate that at low frequency, the contribution of the
grain boundary can be separated from the total dielectric re-
sponse. At present, we propose that the increment of &' for
CCTO-Ar at low frequency is contributed by grain bound-
aries, which arise from the loss of oxygen and limited reoxi-
dation during furnace cooling. This suggests that the anneal-
ing treatment modifies the defect equilibrium at this region.
At high frequency, the ¢’ of CCTO-Ar slightly changes, as
compared to the ¢’ of CCTO. This corresponds to the un-
changed value of E, for the grains of the samples before and
after postsintering annealing. In contrast, the values of ¢’ and
tan o for the 25%LTNO-Ar are unchanged with Ar annealing
over the measured frequencies. We think that annealing in
argon does not cause a significant change in the total polar-
ization at the grain boundary of the 25%LTNO-Ar because
there are LTNO nanoparticles located between grain bound-
aries of the CCTO matrix."" This suggests that the LTNO has
more contribution on polarization at this region than the
grain boundary of CCTO matrix.

Figures 5(a) and 5(b) show the stress dependent dielec-
tric properties of CCTO-Ar and 25%LTNO-Ar, respectively.
It is clearly observed that the dielectric properties of both
samples change significantly with applied compressive
stress. The absolute change of &’ can reach 16% and 7% at
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the maximum stress of 130 MPa for CCTO-Ar and
25%LTNO-Ar, respectively. However, the changes in dielec-
tric properties with the stress in the CCTO-Ar and
25%LTNO-Ar follow opposing trends. For the CCTO-Ar,
both &’ and tan § increase with increasing stress and inter-
estingly continue to decrease upon the reduction of the ap-
plied stress [Fig. 5(a)]. On the other hand, the dielectric
properties of the 25%LTNO-Ar sample decrease when the
stress is increased in the range of 0—40 MPa, and beyond
this range, ¢’ and tan & are almost unchanged with compres-
sive stress [Fig. 5(b)]. As previously discussed,'” the
CCTO-Ar possesses very much higher concentration of the
oxygen vacancies in the grain boundaries, as compared to the
25%LTNO-Ar. With lower concentration of oxygen vacan-
cies, 25%LTNO-Ar should contain more mobile dipoles that
can easily be activated by the applied stress. Hence, this
leads to a stress-induced aging mechanism,'”*! which results
in the decrease in ¢’ and tan & at the low stress level. In the
case of the CCTO-Ar, with very high concentration of the
oxygen vacancies, there are competing mechanisms between
the stress-induced aging and the elastic deformation. Ini-
tially, with the stress-induced aging mechanism still dominat-

ing, most of the oxygen vacancies come to rest at the grain
boundaries and stabilize the stress influence, as it is observed
that the dielectric properties are rather stable at a lower stress
level.'”*" A further increase in the compressive stress may
result in a slight decrease in the grain boundary thickness.
The effective dielectric properties of this ceramic, which can
be regarded as the IBLC,12 therefore increase, and the de-
crease in the effective dielectric properties follows with the
reduction of the stress, as observed in Fig. 5(a). Here, we
attribute that the differenes in the absolute change of &’ un-
der compressive stress are closely related to the concentra-
tion of oxygen vacancies in the grain boundary.

IV. CONCLUSION

In conclusion, the giant dielectric behaviors of polycrys-
talline CaCu;Ti,O;, and CaCu;TisO,—Liy3Tig0Nig g0
composites subjected to postsintering annealing and com-
pressive stress were investigated. The dielectric behavior of
all samples after postsintering annealing still exhibits a
Debye-like relaxation. A significant increase in &’ was ob-
served for CCTO-Ar at low frequency, whereas an unchange

Downloaded 12 Jun 2008 to 202.12.97.114. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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FIG. 5. (Color online) Compressive stress dependence of &’ and tan & at a
frequency of 100 kHz for the samples of (a) CCTO-Ar and (b) 25% after
annealing at 1000 °C for 5 h under flowing argon. The insets of Figs. 5(a)
and 5(b) show the absolute change (%) of &’ and tan 8. Here, %|Ag’|
and %|Atan 8| are defined as |(e)—g()/ef|X 100(%) and |(tan &,
—tan &)/tan &)| X 100(%), respectively, where (e! /), and (tan &,,tan &),

e

are the dielectric constants and dissipation factors with the applied compres-
sive stress and without the applied compressive stress, respectively.

in ¢’ was observed for 25%LTNO-Ar. The dielectric proper-
ties of both CCTO-Ar and 25%LTNO-Ar samples change
significantly with the applied compressive stress, and this
can be explained by the stress-induced aging mechanism.
The different bases in dielectric behaviors of the two ceram-
ics can be explained by the level of concentration of oxygen
vacancies in the grain boundaries after postsintering anneal-
ing.
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The correlation between high dielectric response and electrical conductivity in CuO ceramic was
investigated. The dielectric dispersion was in good agreement with the Debye-like relaxation model at
low temperature, but it deviated from the model at low frequencies as the temperature increased. High-
¢’ response in our CuO ceramic was attributed to the contributions of grain and GB corresponding to the
grain and GB conductivity relaxations, respectively. The conductivity of GB was found to increase with
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In recent years, high dielectric materials have been attracting
much attention due to their potential applications in the micro-
electronic industry. These materials include CaCusTizOq, [1-11],
LixTiyNi;_x—y0 [12,13], and CuO [14]. Among them, CuO is of great
interest because it is a low cost, lead free environmentally friendly
material, and is simple compound which is easy to prepare in the
pure form and is available commercially on a large scale [15]. So
far, only a few studies have reported on the dielectric properties
and the origin of high- &” of CuO ceramics [14-16]. Most recently,
we reported the giant dielectric constant &’ of ~2.8 — 3.7 x 10*
observed in high purity CuO (99.999%) ceramics with grain sizes of
4,57 &+ 1.71and 9.57 & 3.01 wm [17]. The ¢’ and E, were found to
increase with an increase in grain size, due to the different electri-
cal properties in the grains. The high dielectric response observed
in these CuO ceramics can be described by the IBLC model. We also
observed that the resistance of grain boundaries (Ry;) and the di-
electric constant of the CuO samples decrease with increasing dc
bias due to the decrease of grain boundaries capacitance, whereas
the resistance of grains (Rg) remains constant.

It is known that the measurements of ac conductivity can pro-
vide the underlying mechanisms of relaxation and also give a

* Corresponding author. Tel.: +66 43 202222; fax: +66 43 202374.
E-mail addresses: sanmae@Kkku.ac.th, santimaensiri@gmail.com (S. Maensiri).

0038-1098/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.55¢.2008.06.020

straightforward method to separate the contributions of grain, GB,
and electrodes through their frequency and/or temperature depen-
dent response characteristics [18]. Understanding of ac conduc-
tion mechanisms can describe the grain and GB contributions to
the overall electrical conductivity of materials. To date, only a few
studies have reported on the ac conductivity response of high-¢’
CuO ceramic, which is closely related to the formation of high per-
mittivity in CuO ceramic.

In this study, we report the relationship between high-¢’
response and electrical conductivity in CuO ceramic. The results
indicate that both the grain and GB contributions are responsible
for the high-¢’ value at low and high temperatures, respectively.
Both contributions have connections with the apparent grain
and GB conductivity relaxations, respectively. Our results also
demonstrate that the conductivity of GB strongly increase with
increasing the dc bias.

High purity CuO (99.999%, Cerac) powder was used to fabricate
a polycrystalline CuO ceramic. The CuO powder was pressed into
disk and then sintered at 920 °C for 10 h. The sintered CuO ceramic
was characterized by X-ray diffraction (XRD) (Philips PW3040,
The Netherlands) and scanning electron microscopy (SEM) (LEO
1450VP, UK). The disk-shaped ceramic sample was polished and
electroded by silver paint on both sides. It was allowed to dry
overnight. The dielectric response of the sample was measured
using a Hewlett Packard 4194A impedance gain phase analyzer
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Fig. 1. XRD pattern of polycrystalline CuO ceramic; inset is the SEM micrograph of
the surface for CuO ceramic.

over the frequency ranging from 1 kHz to 1 MHz and at the
oscillation voltage of 1.0 V. The measurements were performed
over the temperature ranging from 213 to 353 K using an inbuilt
cooling-heating system. Each measured temperature was kept
constant with an accuracy of £1 K.

Fig. 1 shows XRD pattern of the CuO ceramic, confirming a main
phase of monoclinic CuO (JCPDS card no. 80-0076). As illustrated
by the SEM image in the inset of Fig. 1, the CuO ceramic is dense
having obvious grain and GB structures. The mean grain size is
about 4.57 £ 1.71 pm.

Fig. 2(a) shows frequency dependence of giant-¢’ as a function
of temperature. It is seen that ¢ shows a Dabye-like relaxation,
i.e., ¢’ decreases dramatically at the frequency where ¢” shows a
relaxation peak, and the relaxation peak in the sample shifts to
higher frequency at higher temperature (does not present). This
implies that the polarization may fully develop at sufficiently low
applied frequencies at fixed temperature, but if the frequency of
the applied field is too high then the field is reversed before the
polarization responds. However, when the temperature is high,
the rate of polarization formed is quick, and thus the relaxation
occurs in high frequency. Normally, dielectric relaxation can be
empirically described by Debye-like or Cole-Cole relaxation [19].
To understand the physical nature of the giant-¢’ as mentioned
above, the frequency dependence of giant-¢’ was plotted, and these
data were fitted to the Cole-Cole equation:

& — Exo
1+ (jowr)'™’

where ¢; and ¢, are respectively the static and high frequency
limits of dielectric permittivity, t is the relaxation time, and « is
a constant (0 < a < 1). For an ideal Debye relaxation, « = 0. If
o > 0,itimplies that the relaxation has a distribution of relaxation
times, leading to a broader peak shape than a Debye peak. As shown
in Fig. 2(a), a nearly monodispersive nature of dielectric relaxation
is observed in our CuO ceramic with a very small @ parameter
(0.05-0.07). The rapid decrease in t (from 4.70 to 0.22 us) with
increasing temperature (from 213 to 293 K) is suggestive of an
increasing dipole density and faster polarization process [12]. From
the fitted results, the dielectric relaxation in CuO ceramic can be
concluded as a nearly Debye relaxation, which is attributed to
the dipole relaxation related to the defects in the grain interiors
or other motions which do not involve long-range displacement
of mobile charge carriers [16]. Note that, at low temperature the
experimental curves are quite well fitted using Eq. (1). However,
with increased temperature, a disagreement between them could
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Fig.2. (a)The frequency dependence of ¢’ for CuO ceramic at various temperatures;
the solid lines represent calculated values of Eq. (1), assuming a Cole-Cole model.
(b) ac conductivity as a function of frequency at various temperatures of CuO
ceramics and the solid lines 1-3 are the fittings according to Eq. (2); inset is the
Arrhenius plot of the conductivity of the grain boundary.

be observed at low frequencies. This might be attributed to the GB
effect, and it can be responsible for up to 30% (at 1 kHz and 293 K)
of the total ¢’ of CuO ceramic.

To clarify the electrical conductivity in our polycrystalline
CuO ceramic, electrical properties were further characterized by
ac conductivity. As demonstrated in Fig. 2(b), there are two
plateaus of behavior. First, the plateau at higher frequencies with
the conductivity does not increase rapidly at high frequency
and is referred to as the bulk conductivity relaxation [20]. This
region shifts to higher frequencies as the temperature increases
and it moves out of the frequency range of our experiment
at higher temperatures (>273 K). Second, at low frequencies,
another plateau can be observed. Here, it is referred to as the
GB conductivity relaxation [18], and this can be ascribed by the
relation

0 = og, + Aif? + AsfY, (2)

where oy, is GB conductivity and the parameter Aj, A, p, and
q are constants. In Eq. (2), the og + AifP term describes the
grain-boundary conductivity relaxation [21]. With f increasing, the
conductivity of CuO ceramic changes from the GB conductivity
relaxation to the bulk conductivity relaxation [21]. In Fig. 2(b),
the solid lines 1-3 are the fitting curves according to Eq. (2).
Interestingly, we have observed that the exponents p and q
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Fig. 3. Frequency dependence of conductivity o at room temperature under
different dc bias electric field for CuO ceramic; inset is the frequency dependence
of ¢’ for under 0-3 dc bias.

vary from 0.85 to 0.94 and 1.69 to 2, respectively. The value
of A; increases from 7.8 x 1071 to 2.5 x 107° S/cm, while
the value of A, decreases from 4.8 x 1072 to 1.5 x 1074 as
temperature increases from 213 to 323 K. Note that the fitted o
values followed Arrhenious-like equation (inset of Fig. 2(b)), 0 =
o1 exp(—E,/kgT) [20], and the activation energy for conduction at
GB was obtained to be 0.196 eV. This value is little higher than that
of the activation energy required for relaxation, 0.184 eV (does not
present) which 7 is obtained from the fitted values using Eq. (1).
The influence of dc bias on ac conductivity of CuO ceramic was
also studied, as presented in Fig. 3. The solid lines 1-3 are the
experimental results showing curves fitted according to Eq. (2). The
underlying fitted oy, values, shown in the inset of Fig. 3, increase
from 3.80 x 107> to 2.25 x 1073 S/cm as the dc bias increases from
0 to 3V, revealing the strong electric field dependent nature of ogp.
We now turn to see the relationship between the observed
high-¢’ and the related conduction in CuO ceramic. As shown in
Fig. 2(a), there are two main contributions to the high-¢’ response
in CuO ceramic: grain and GB contributions. Based on a Debye-
like relaxation model, our measured data at low temperature was
found to be in good agreement with the model and this indicates
that the dielectric response in such material is associated with the
permanent dipole orientation and/or the short-range displacement
of mobile charge carriers inside the grains [22]. However, the
displacement of charge carriers is most likely to be responsible
for the dielectric response in CuO ceramic due to the presence
of the microscopic amount of Cu3* inside the grains [15,16]. This
corresponds to the observed bulk conductivity relaxation at low
temperature, as shown in Fig. 2(b). Moreover, we think that the
presence of defects (such as oxygen vacancies) and existence of
domain boundaries (DBs) inside the grains might be responsible
for the high-¢” at low temperature. However, the evidence of such

defects and DBs is beyond the scope of our work and further
work is needed to make a more detailed explanation. When the
temperatures increased, the experimental data deviated from the
model at low frequencies. We attribute the deviated data to the
effect of the GB dielectric response, which is confirmed by the
observed plateau at low frequencies for GB conductivity relaxation,
as shown in Fig. 2(b). With the temperature increasing, more
charges accumulate at the two sides of the boundary layer, which is
responsible for the higher magnitude of the interfacial polarization
and contributing to the total dielectric value of CuO ceramic.

In conclusion, high-¢” dispersion observed in CuO ceramic can
be ascribed by a Debye-like relaxation model. High-¢’ response in
our CuO ceramic is attributed to the contributions of grain and
GB corresponding to the grain and GB conductivity relaxations,
respectively. Our result also reveals that the resistance of GB
increases with increasing dc bias.
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Abstract

Giant dielectric permittivity (Li, Ti)-doped NiO (LTNO) ceramics are prepared by a simple
PVA sol—gel method. The dielectric properties are investigated as a function of frequency
(10?-10° Hz) at different temperatures (233-473 K). The concentration of Li has a remarkable
effect on the dielectric properties of the LTNO ceramics. The modified Cole—Cole equation,
including the conductivity term, is used to describe the experimental dielectric spectra of a high
permittivity response with excellent agreement over a wide range of frequencies (10°-10° Hz)
and temperatures (233-313 K). A frequency dielectric dispersion phenomenon in an LTNO
ceramic is also analyzed by impedance spectroscopy. A separation of the grain and grain
boundary properties is achieved using an equivalent circuit model. The grain and grain
boundary conduction and the dielectric relaxation time of the Lig o5Tig.02Nig.930 follows the
Arrhenius law associated with estimated activation energies of 0.216, 0.369 and 0.391 eV,
respectively. Through the analysis by the modified relaxation model and impedance
spectroscopy, it is strongly believed that the high dielectric permittivity response of the LTNO is
not only contributed by the space charge polarization (Maxwell-Wagner polarization)
mechanism at low frequency regions, but also by the defect-dipole polarization mechanism at

high frequency regions.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

High permittivity Bi/Pb-free dielectric materials with good
thermal stability have particularly attracted ever-increasing
attention for their practical applications in microelectronics
such as capacitors and memory devices. These materials
include CaCusTi4O;, (CCTO) [1], some Fe-containing
complex perovskites A(Fei,;B1/2)O3 (A = Ba, Sr, Ca and
B = Nb, Ta, Sb) [2, 3], (M, N)-doped NiO (M = Li,
Na, K and N = Ti, Al Si, Ta) [4-10] and CCTO-LTNO
composites [11]. They generally exhibit a very high and nearly
temperature-independent dielectric permittivity at evaluated

3 Author to whom any correspondence should be addressed.

0953-8984/08/395227+11$30.00

temperatures. Several models have been already proposed to
explain the origin of high dielectric permittivity (high &’) in
these compounds [12-15]. Nowadays, it is generally accepted
that high &’ in CCTO ceramics are electrically heterogeneous
consisting of semiconducting grains and insulating grain
boundaries [16]. Therefore, high & in the CCTO is associated
with an internal barrier layer capacitance (IBLC) effect due to
the development of Schottky barriers at grain boundaries rather
than being due to an intrinsic contribution. Hence, polarization
effects at insulating grain boundaries between semiconducting
grains or other internal barriers generate extrinsic high &/,
accompanied by a strong Maxwell-Wagner (MW) relaxation
mode. However, some fundamental questions regarding

© 2008 IOP Publishing Ltd  Printed in the UK
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the composition—property relationships remain unanswered.
For example, what is the origin and composition of the
semiconductive grain and insulating grain boundary in CCTO?
For other high-¢’ materials apart from CCTO, a grain boundary
(internal) barrier layer capacitor has also been evoked to
explain these high permittivity phenomena.

For nonperovskite materials (M, N)-doped NiO (M =
Li, Na, K and N = Ti, Al Si, Ta), it is now
widely accepted that the high & at radio frequencies
near room temperature is associated with the IBLC effect,
arising from core/shell structure, which induces Maxwell—
Wagner polarization (i.e. interfacial polarization) at the
interfaces between grains (semiconducting/high conducting
region) and grain boundaries (insulating/low conducting
region) [4, 7, 17, 18]. The N dopant is rich on the grain
boundaries (indigent within the grains) and forms a second
phase, which acts as an insulator enclosing the core of the
grain, which is semiconductive M-doped NiO particles, and the
polarization relaxation is closely related to the conductivity in
the grain interior [17]. Raevski et al [2] have suggested that the
effective dielectric permittivity (¢') of the core/shell structure
at very low frequency can be estimated as &' ~ &,(t + d)/d,
where ¢; is the dielectric permittivity of the grain boundary
(shell) and 7 and d are the size of the conducting grain (core)
and the thickness of the shell, respectively. This relation is
consistent with the experimental results, reported by Wu et al
[4]. Namely, the dielectric permittivity of LTNO ceramics
decreases with increasing Ti dopant (d increased). In contrast,
Zhang et al [19] reported that high dielectric permittivity of
an (Li, Ti)-doped NiO thin film with 200 nm in thickness
increases with increasing Ti content. Moreover, Lin et al [18]
have proposed that the huge dielectric permittivity response
of Li,TiyNij_,_,O (LTNO) could also be enhanced by the
polarization of defect dipoles. Therefore, the Ti-dopant in
LTNO ceramics and thin films may not only act as insulator,
which restricts the long-range migration of charge carriers, but
also contributes to the dielectric properties.

Unfortunately, only a few studies have focused on the
defect-dipole polarization response of these materials to
characterize relaxation processes, which are closely related to
the formation of high permittivity in LTNO ceramics. Most
recently, we reported that the polymerized complex (PC)
method can be used to synthesize ~39 nm nanoparticles of
Lig 3Tig.02Nig6sO and to fabricate ceramics showing &’ ~ 10°-
10°. However, the Lig 3Tig 02Nig 63O powders prepared by this
method contained some second phase (i.e. Ni).

In this paper, a nonperovskite and nonferroelectric high
permittivity core/shell structured materials, Li and Ti co-doped
NiO (Li,Tig02Nig9g_O, where x = 0.05 0.10 and 0.20),
are successfully synthesized by a simple polyvinyl alcohol
(PVA) sol-gel method. The PVA sol-gel method is a chemical
solution process, which has received considerable attention
due to its relative simplicity and usefulness for obtaining a
homogeneous and fine powder precursor [20]. The synthesized
fine LTNO powders and ceramics are characterized by x-
ray diffraction (XRD) and scanning electron microscopy
(SEM). The high dielectric permittivity and its relaxation were
investigated on the LTNO ceramics. It is suggested that

such a high dielectric response of LTNO could be partially
enhanced by the IBLC mechanism through MW relaxation
at low frequency (<1 kHz), and partially associated with the
polarization of defect dipoles above 1 kHz. Both contributing
factors are thermally activated mechanisms.

2. Experimental details

Ni(NO3),2-6H,0 (99.9%, Kento), LiNO3 (98%, Panreac),
titanium(diisopropoxide) bis(2,4-pentanedionate) 75 wt% in
2-propanol (C¢Hy306Ti, Ti solution) (99%, Acros), citric
acid (C¢HgO7-H,0, 99%, BDH) and polyvinyl alcohol
(PVA) ([-CH,CHOH-],, M, = 72000, Fluka) were
employed as starting raw materials. The polycrystalline
LTNO ceramic samples with different contents of Li,
i.e. Lig 05 Tig.02Nip.930 (LTNO-05), Lig,19Tig.02Nig.gsO (LTNO-
10) and Lip2Tip02Nip.780 (LTNO-20) were designed and
prepared by the following procedure. Firstly, 5 g of citric acid
was dissolved in 95 ml of distilled water (CA solution) with
constant stirring using a magnetic stirrer at room temperature,
and then 5 g of PVA was added to this solution by stirring
at 473 K to obtain the polymer solution network. Secondly,
stoichiometric amounts of Ni(NO3),-6H,O and LiNO; were
added to this solution. Subsequently, Ti solution was slowly
added into the mixed solution, followed by stirring and heating
at 353 K to form the transparent gel. Note that the ratio of
CA solution: PVA: total amount of the precursors is about
100:5:10 wt%. Then, the gel precursor was dried at 393 K
overnight. To obtain the LTNO powders, the dried gel was
ground and later calcined at 923 K for 10 h in air. The resulted
powders were pressed into pellets 16 mm in diameter and ~1—
2 mm in thickness by a uniaxial pressing method at 200 MPa.
Finally, these pellets were sintered at 1523 K for 5 h in air.

To reveal the phase composition and microstructure,
the LTNO powders and ceramics were characterized by x-
ray diffraction (XRD) (Philips PW3040, The Netherlands),
energy-dispersive spectroscopy (EDS), and scanning electron
microscopy (SEM) (LEO 1450VP, UK), respectively. The
ceramic samples were polished and electroded by silver
paint on both sides of the disc-shaped samples. They
were allowed to dry overnight. The dielectric response of
the samples was measured using a Hewlett Packard 4194A
impedance gain phase analyzer over the frequency ranges
from 100 Hz to 1 MHz and at the oscillation voltage of
1.0 V. The measurements were performed over the temperature
ranges from 233 to 473 K using an inbuilt cooling—heating
system. Each measured temperature was kept constant with
an accuracy of +1 K.

The complex impedance (Z*) of the samples was
calculated from the relation

1
]a)COZ*

e =¢ —je’ = €))
where ¢’ and &”, respectively, are the real part and imaginary
part of the complex permittivity (¢*). @ is the angular
frequency (w = 2mf) and j = /—1. Cy = &S/d is the
empty cell capacitance, where S is the sample area and d is
the sample thickness. The values of ac conductivity (o,.) were
derived from

Oac = gowe”. 2
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Figure 1. XRD patterns of LTNO powders and ceramics.

Table 1. Lattice parameter a and grain size of the LTNO ceramics.

Lattice Grain
Sample parameter (A)  size( Mum)
LTNO-05 4.165 6.29
LTNO-10 4.169 4.80
LTNO-20 4.164 6.99

3. Results and discussion

Figure 1 shows the XRD patterns of the LTNO powders and
the sintered ceramics with different Li contents, confirming
a possibility to produce the LTNO phase at a much lower
reaction temperature compared to those prepared by the sol—
gel route [4] and PC method [5]. All of the main peaks are
comparable to those of the powder diffraction pattern of NiO
in JCPDS card no. 78-0429 and those reported in the literature
for cubic NiO [18, 21]. However, the second phase of LiTiO; is
observed in the sintered LTNO-20 sample (JCPDS card no. 74-
2257). The lattice parameters, determined from the diffraction
patterns using Cohen’s method, are summarized in table 1.
These values are close to values reported in JCPDS card no.
78-0429 for cubic NiO with the lattice distortion of ~0.05—
0.3%. The SEM micrographs, shown in figure 2, reveal that
the LTNO ceramics are dense and have obvious grain and grain
boundary structure. The mean grain sizes are about 6.29+2.11,
4.8 £ 1.51 and 6.99 £ 2.28 pum for LTNO-05, LTNO-10 and
LTNO-20, respectively.

Figure 3(a) shows a typical SEM image of the fracture
surface of the LTNO-05 sample; labeled with numerals 1-3 are
the EDS measurement points. The EDS spectrum at point 2 is
shown in figure 3(b), confirming the presence of Ti dopant in
the microstructure of our LTNO-05 sample. The results of the
EDS measurements at the grain and grain boundary regions,
shown in figure 3(c), indicate that the Ti component can be
found in both the grain and grain boundary layer. However, the
concentration of Ti content at the grain boundary (point 2) was
higher than that in the grain (points 1 and 3).

The temperature dependence of the real part of the
complex permittivity (¢') and dissipation factor (tan§ = &” /&)
of LTNO-05 is shown in figure 4(a) at selected frequencies
between 0.5 and 500 kHz. ¢’ is nearly independent of
temperature above a characteristic temperature, increasing

(@) LTNO-05 =

Figure 2. SEM micrographs of LTNO ceramics: (a) LTNO-05,
(b) LTNO-10 and (c) LTNO-20.

with frequency increase. It attains a high value of &’ ~ 10%,
which is close to the value reported in [4] and much larger
than that of pure NiO of ~30 (at 1 kHz). The high &’ for
LTNO is not related to the intrinsic nature of ferroelectricity (a
thermally driven phase transition) [4]. Below the characteristic
temperature, a rapid decrease of ¢ by about two orders of
magnitude is observed, being accompanied by the appearance
of corresponding relaxation peaks in the tand. The peak
shifts to lower temperature as the frequency decreases. This
confirms the thermally activated behavior which is typical for
the Maxwell-Wagner relaxation. At high temperature and
low frequency, the increase in tan§ may be attributed to the
migration of excited electrical particles.

Figure 4(b) shows the temperature dependence of &’ and
tand for LTNO-05, LTNO-10 and LTNO-20 at 1 kHz. The
¢’ values at room temperature for the LTNO-05, LTNO-
10 and LTNO-20 samples are 9063, 74499 and 128236,
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Figure 3. (a) SEM micrograph of the fractured surface of LTNO-05 sample, (b) EDS spectra at point 2 in (a) and (c) Ti element profile

obtained from the EDS spectra.

respectively. The ¢’ value for the LTNO-20 sample is nearly
14 times larger than that for the LTNO-05 sample. It is
well known that NiO is a Mott—Hubbard insulator at room
temperature [22]. However, introduction of Ni?* vacancies
(V) and/or doping with monovalent cation impurities like
Li"T can dramatically increase the conductivity of NiO and
thus NiO becomes semiconducting due to these defects [18].
Earlier works [4, 17] have shown that the Ti dopant is rich on
the grain boundaries but indigent within the grains in (Li, Ti)-
doped NiO ceramics. Thus the interiors of the grains for LTNO
are semiconducting (i.e. Li-doped NiO), while the shells of the
grains are Ti-rich insulating boundaries (e.g. NiTiO3). The
giant dielectric permittivity observed in our (Li, Ti)-doped NiO
ceramics is therefore caused by its microstructure, because of
the creation of an effective circuit of parallel capacitors, as
found in boundary layer capacitors (BLC) [23]. According
to the BLC structure and Maxwell-Wagner models, under an
applied electric field the carrier conducting access is blocked
by the Ti-rich boundary layer and thus the opposite charges
will accumulate at the two edges of the insulator layer, creating
a macroscopic electric dipole, which can be considered as
a micro-parallel capacitor. As a result, the polarization
formation primarily depends on the accumulation of charge via
conduction in the grain interior. Therefore, an LTNO ceramic
with higher Li concentration will possibly process more
polarization and ascribe to the boundary layer capacitance
effects. The highest dielectric permittivity seen in the LTNO-
20 is therefore due to its higher Li concentration compared
to those of the LTNO-10 and LTNO-05 samples. Note that,

because the doping concentration of Ti is kept constant, the
difference in dielectric behavior of LTNO samples can only
be attributed to the effect of Li. As shown in figure 4(b),
with the increase in temperature, the & values of LTNO-10
and LTNO-20 samples drop rapidly. This corresponds to the
strong increases in their tan § values at the same temperature
range. Such electrical responses of the LTNO-10 and LTNO-20
samples in the high temperature region may be attributed to the
migration of excited electrical particles at high temperatures.
However, the detailed description of the associated conduction
behavior goes beyond the theme of this paper.

To understand the possible mechanism for high permit-
tivity in LTNO-05, the real part (¢') and imaginary part (¢”)
of the complex permittivity are plotted as a function of fre-
quency over a temperature range of 233 and 313 K, as shown
in figures 5(a) and (b). It is clear that & and &” show a
Debye-like relaxation, namely &" displaying a step decrease at
the frequency and the relaxation peak shifting to higher fre-
quency with increasing temperature. At high temperature, &’
increases in the low frequency range (<1 kHz), and with in-
creasing frequency up to 10°~10° Hz, a sharp decrease of &’
is observed. Normally, space charge (interfacial) polarization
occurs when mobile charge carriers are impeded by a physical
barrier (i.e. grain boundary) that inhibits charge migration. The
charges then pile up at the barrier, producing a localized po-
larization within grains [24]. With increased temperature, the
density of charges contributing to the space charge polarization
is sufficiently large. The frequency range of sensitivity for such
polarization may extend from 103 Hz into the kilocycle range,
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Figure 4. (a) Temperature dependences of ¢ and tan § for LTNO-05
at selected frequencies and (b) the temperature dependence of ¢ and
tan § for LTNO-05, LTNO-10 and LTNO-20 at 1 kHz.

producing a very large ¢’ in this region. Therefore, the increase
in &" at low frequency is possibly due to space charge polariza-
tion. For the step-like decrease in ¢’ at the frequency range of
103103 Hz (corresponding to the respective relaxation peaks
in ¢”) as shown in figure 5(b), dielectric relaxation in this re-
gion may be ascribed to the defect-dipole polarization effect,
which appears at radio-frequency ranges. In general, there are
two main effects responsible for the mechanism of polariza-
tion: the frequency of applied electric field and temperature.
According to the effect of frequency, at fixed temperature, if an
alternating field is applied then the polarization may fully de-
velop at sufficiently low applied frequencies (the polarization
and the field are in phase) but if the frequency of the applied
field is too high then the field is reversed before the polariza-
tion has responded and no response will be the result of the
net effect. The magnitude of the polarization thus drops off as
the frequency is increased. For the effect of temperature [7],
at low temperature, the electric dipoles freeze through the re-
laxation process, and there exists decay in polarization with
respect to the applied electric field, which results in the sharp
decrease in ¢’. When the temperature is high, the rate of polar-
ization formed is quick, and thus the relaxation occurs in high
frequency as shown in figure 5(a).

In general, the frequency-dependent behavior of &' and
&” of high dielectric permittivity can be well described by the
simple Cole—Cole relaxation equation, which ignores the effect

of the electrical conduction [25, 26]:

e =¢ —je, )

& — €0

1+ (jor)' =’
where & and ¢, are respectively, the static and high frequency
limits of dielectric permittivity, t is the most probable
relaxation time and « is the Cole—Cole parameter with values
between 0 and 1. For an ideal Debye relaxation, ¢ = O.
If « > 0, it implies that the relaxation has a distribution of
relaxation times, leading to a broader peak shape than a Debye
peak. However, when the electrical conductivity is dominated
at the low frequency range as shown in figures 5(a) and (b), a
contribution term by electrical conduction is generally added

to the relaxation equation. The modified Cole—Cole equation
that incorporates the conductivity term is given by [3, 27]

“4)

& =600 +

* + & — €0 . oF )
et =c¢ -
U+ (jor)' ™ Jeoa)‘Y

where o*(0* = 0] + joy) is the complex conductivity. Here
o1 is the conductivity due to the free charge carrier (dc
conductivity) and o, is the conductivity due to the space
charges (localized charges) and s is a dimensionless exponent
(0 <s < 1). For an ideal complex conductivity, s = 1. If
s < 1, it implies that the polarization has a distribution of
the carrier polarization mechanism. From this relation, the
complex permittivity can be decomposed into the real and
imaginary parts. i.e.

(& — €o0) {1+ (wT)' " sin (arr/2)} o

= goo s
142 (wt) ™ sin (@ /2) + (07)>™* g
(6)
and
) (&5 — £o0) (@7)' ™ cos (@/2) o
= T—a 22 - (D
142 (wt) “sin(ar/2) + (wT) gow*

It is clearly seen from equations (6) and (7) that
the conductivity may have contributions to the dielectric
permittivity (¢') and dielectric loss (¢”). The first term of
equation (7) is the part of the losses associated with the
dielectric relaxation due to permanent dipole orientation or
other motions which do not involve long-range displacement
of mobile charge carriers, whereas the second term is the
part of the losses associated with long-range migration of
carrier response. From the above equations, the charge carrier
localization at defect sites and interfaces (07) can make a large
contribution to the dielectric permittivity, while the free charge
carrier (o7) contributes to the dielectric loss.

Analysis of the experimental data was carried out on the
basis of equations (6) and (7). Typical fitting results are shown
in figures 5(a) and (b): the solid lines are the fitted curves
of experimental results. As clearly seen from figures 5(a)
and (b), the excellent agreement between experimental data
and calculated data over the entire range of frequencies and
temperatures for both ¢” and ¢” is consistent with equations (6)
and (7) for LTNO-05 ceramic. We notice a disagreement
between the measured and calculated values for &' at low
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Figure 5. Frequency dependences of ¢’ (a) and ¢” (b) of LTNO-05 at various temperatures. The solid curves are the best fits to equations (6)
and (7) for ¢’ (a) and &” (b), respectively, which include both a Cole-Cole relaxation and a complex conductivity contribution. (c). The
evolution of the relaxation and dc conductivity contribute to the dielectric loss. (d) Arrhenius plots of the relaxation time and dc

conductivities.

frequencies (< 1 kHz) at temperature above 273 K. This may be
due to the fact that some parts of the Ti dopant have entered into
the NiO crystal lattice [17] and have an influence on the space
charge localized inside the grain. Additionally, figure 5(c)
shows the evolution of the relaxation and dc conductivity
contributing on dielectric loss at 293 K. It is clearly seen
that there are two main factors responsible for the dielectric
relaxation of LTNO: dipole and conduction relaxation. A
complete list of parameters used in the calculation (Ae(e; —
£x0), T, @, 8, 01 and o03) for LTNO-05 is shown in table 2. It is
also important to mention that the s values tend to increase
(s — 1) with increasing temperature (does not present),
indicating that the carrier polarization mechanism is weakly
dispersive at higher temperature, which might be attributed to
some barrier height extracted. For the value of «, a relatively
lower value of 1 — « corresponds to a more disordered system.
Hence it can be inferred from the 1 — « values of LTNO-05
(0.66) and CCTO (0.91) [28] at 233 K that a relatively higher
disorder is present in LTNO-05 compared to that of the CCTO
system.

In order to elucidate the dielectric relaxation response in
LTNO-05, it is important to estimate the activation energy of
relaxations. Figure 5(d) shows the plot of log T with 1/7, in
which the solid line is the fitted result obeying the Arrhenius

law:
Ea(t)
T=7exp|—]),
kgT

where 7y is the relaxation time at an infinite temperature, Ey(r)
is the activation energy for the relaxation, kg is the Boltzmann
constant and T is the absolute temperature. As shown in
table 2 and figure 5(d), the rapid decrease in T with increasing

®)

Table 2. Fitted results of Ae(e; — o), T, @, §, 07 and o, using the
experimental results with equations (6) and (7) in a different
temperature range for the LTNO-05.

T Ae = T o] (2}

K) (6,—6x0) « s (ns)  (107*Sm™!) (10™*Sm™)
233 8700 0340 — 170 — —

253 8250 0.320 0.8 38  0.080 0.021

273 7800 0.300 0.8 10 0210 0.053

293 7500 0.280 0.8 3.1 0.460 0.180

313 7000 0.275 0.85 1.2 1350 0.640

temperature is suggestive of an increased dipole density and
faster polarization process [4]. According to the fitted curve
for the LTNO-05 sample, the activation energy E,) value of
the relaxation process is 0.391 eV and 7y = 6.35 x 1071 s.
Additionally, the value of E,() is higher than that of 0.313 eV
as reported by Wu et al, for LiposTip0aNipg3O [4]. Tt is
important to note that, with increasing Li concentration, the
relaxation peak moves out of the measured frequency range,
which is similar to that reported by Wu et al [4]. Thus, the
E,(r) values of the LTNO-10 and LTNO-20 samples could not
be obtained.

As previously mentioned, the addition of Li,O to NiO
leads to an increase in conductivity, and some defects can be
introduced due to different valences of doped ions. For every
added Li*, one Ni** is promoted to the Ni** state, which is the
lost electron filling a state in the oxygen 2p valence band. The
lattice now contains Ni>* and Ni** ions on equivalent sites and
is the model situation for conduction by polaron hopping [29].
In the polaronic scenario, the nearest-neighbor hopping obeys
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Figure 6. (a) Frequency dependence of ac conductivity at various temperatures. (b) Arrhenius plots of the temperature dependence of
dc conductivity and (c) shows a typical conductivity spectrum of LTNO-05 ceramic at 293 K.

the Arrhenius-like law [30]

, —Eqo)
0 = 0, exp T )

where o] is a constant and E,( is the conduction activation
energy. As shown in figure 5(d), we found that the fitted o, and
o, values at different temperatures follow the Arrhenius-like
law, in which the solid line is the fitted result. Accordingly,
in the LTNO-05 sample, both of the conduction activation
energies for the localized charge and free charge carrier,
Eys2 = 0.263 eV and E,,1) = 0.272 eV, were obtained,
respectively. As previously reported [4, 17], the polarization
relaxation has a close relation to the conductivity in the grain
interior, because the value of E,() is almost the same as the
value for E,). However, both values are different from our
experimental results, indicating that the dielectric relaxation
response in an LTNO-05 ceramic does not correspond to the
conductivity in the grain interior.

In order to understand the effect of the conductivity on
the dielectric properties of LTNO-05 ceramic, the frequency
dependence of ac conductivity (o,.) was further characterized
over the temperature from 293 to 453 K. As shown in figure 6,
the o, shows a dispersion that shifts to higher frequency
with increasing temperature, and it decreases with decreasing
frequency, and then it nearly saturates to a constant value at
low frequency. Extrapolating these curves at low frequencies
gives the dc conductivity (og.). As illustrated in figure 6(c),
the frequency dependence of ac conductivity at 293 K, a
typical conductivity—frequency spectrum is divided into three

C))

parts [31]. In region I, according to the jump relaxation model,
since at low frequency and/or at high temperature the electric
field cannot perturb the hopping conduction mechanism of
charged particles, the conductance is approximately equal to
the dc value and the conduction mechanism is the same as
that for dc conduction as mentioned above, i.e. hopping of
charged particles from one localized site to another. The
conductivity begins to increase nonlinearly after the frequency
exceeds the critical frequency f. in region II due to the fact
that the capacitor admittance becomes numerically larger than
the resistor admittance with increasing frequency. In region
III, conductivity becomes proportional to frequency, resulting
in nearly constant loss (NCL). In most materials, the NCL
regime dominates the ac conductivity at high frequency or
low temperature [32]. Here, we are interested in only region
I (dc conducting region), but detailed descriptions of the
associated conduction behavior in regions I and II go beyond
the theme of this paper. As shown in figure 6(b), the resulting
o4c follows an Arrhenius-like law in equation (9) with the
estimated conduction activation energy of Eycond) = 0.390 eV.
From this result, it is seen that the activation energy required
for the relaxation (Eyr)y = 0.391 eV) is almost the same
value as the activation energy required for hopping of charged
particles. However, it is premature to associate the polarization
relaxation with the conductivity because the activation energies
of the two processes were carried out at different temperature
ranges.

In order to clarify the observed behavior as mentioned
above, we used impedance spectroscopy (IS) analysis to study
the electrical behavior of LTNO-05 ceramic. Conventionally,
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the bulk and grain boundary contributions to the overall
impedance can be resolved by exploiting differences in their
responses to an alternating applied field. Separation of the bulk
and grain boundary of the material is obtained by fitting the
experimental response to that of an equivalent circuit, which
is usually considered to comprise a series of parallel resistor—
capacitor (R—C) elements, as shown in figure 7. The circuit
consists of a series array of two subcircuits, one represents
grain effects and the other represents grain boundaries. Each
subcircuit is composed of a resistor and capacitor joined in
parallel. Let (Ry, Rgp) and (Cy, Cgp) be the resistances and
capacitances of grains and grain boundaries, respectively, then
the impedance Z* for the equivalent circuit in this system
is [15]

R B 1
R +joC,y

* — Z/
Ry + joCy,

—iz", (10

where

Ry

11

1+ (a)Rgb Cgb)2
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7' =R, + Ry | — e |
1+ 1+ (wRg Cyb)
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where Z' and Z” are the real and imaginary parts of complex
impedance. Figure 8(a) shows the frequency dependence of Z”
at different temperatures. As shown in figure 8(b), at 233 K, a
weak peak at about 500 kHz shifts to higher frequency with
decreased intensity as the temperature increases, and it moves
out of the frequency range of our experiment. However, with
the temperature increased above 273 K, a strong peak appears
in the measured frequency range as shown in figure 8(a),
which also moves to higher frequencies with a fall in intensity
as temperature increases. This implies that both electrical
responses are thermally activated. Based on equation (12),
the response peaks of the grains and grain boundaries are
positioned at 1/(2m Ry,C,) and 1/(27 Ry, Cyp), respectively,
and the peak values are proportional to associated resistances.
In general, the peak frequency for grain boundaries is much
lower than that for grains due to their large resistance and
capacitance compared with those of grains [12].

Figure 8(c) shows the impedance spectra for the
LTNO-05 ceramic at various temperatures. It can be
seen that the impedance semicircles became smaller with
increasing temperature, and two semicircles were observed
and overlapped according to figure 8(d). The appearance of
two semicircles strongly suggests that the core—shell model
is appropriate for further characterization. Therefore, in the
impedance spectra, we attribute the small semicircle at high
frequency, which corresponds to the weak peaks in figure 8(b),
to the grains, whereas we attribute the big semicircle at low
frequency, which corresponds to the strong peaks in figure 8(a),
to grain boundaries.
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Figure 8. (a) Frequency dependence of the imaginary part (Z”) of impedance Z* at high temperatures and the solid curves are the best fits to
equation (14). (b) Frequency dependence of Z” at low temperatures. (c) Impedance spectra as a function of temperature and the solid curves
are the best fits to equation (14). (d) Impedance plane plot at low temperatures.
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Table 3. Capacitances and conduction activation energies of grain
and grain boundary of the LTNO samples.

Conduction
activation
energy (eV)

Capacitance (nF) Resistance (£2)

C, Cab R, Ry
(233K) (303K) (233K)  (303K) E, Eg
1.32 x 10* 1.01 x 10° 0.216 0.369

17.0 99 0.25x 10° —  0.302
60.0 44 1.16 x 10° —  0.307

Sample

LTNO-05 0.023 5.0
LTNO-10 —
LTNO-20 —

As shown in figure 8(a), it is appropriate to fit the Z”
to a single Ry, C,p, parallel circuit due to the fact that the
response peaks of the grains are too weak to be analyzed
by equation (12), and it already moved out of the measured
frequency range. Hence, equation (12) has been reduced to

— Rgb
1 —i—ijgngb '

*

13)

Unfortunately, equation (13) cannot be used to describe
the experimental data very well. However, we found that the
complex plane plot of Z* is better described by using the
Cole—Cole equation [25, 26], which is commonly used for
polycrystalline ceramic samples [15]:

R
Zzr= (14)
14+ (Jwrgb)
where 1y, = Rg,Cgp and the parameter « is constant (0 <

o < 1). By fitting the experimental data to equation (14), we
obtained the values of Rgyp, C,p, and o at different temperatures.
The fitted values of « at different temperatures are in the
range of 0.21-0.14. The value of « appears to decrease with
increasing temperature. Ry}, decreases from 1.5 x 10° Q at
253 K to 1.1 x 10° Q at 443 K, whereas Cyp = 5nFis
almost constant over the temperature range of 253 and 443 K.
As shown in figure 8(d), the electrical response of the grain
dominated at low temperatures, and the R, and C, values
can simply be estimated by the relation that is similar to
equation (14), i.e. Z* = Ry/[1 + (ja)RgCg)l_ﬁ]. The fitted
values of R, and C, are tabulated in table 3.

Conductivity data, o, where 0 = R, were obtained
from the fitted Ry and Ry, values for the bulk (o) and grain
boundary (og,) components, and plotted against reciprocal
temperature in Arrhenius format, in which the solid lines
are the fitted results using equation (9). It is clearly seen
from figure 9 that both are well fitted with the Arrhenius-
like law. From the slopes of the fitted straight lines, we
obtain an activation energy of about 0.369 eV for grain
boundary and about 0.216 eV for grain, which indicate that
the grain and grain boundary have different electrical transport
characteristics. As previously reported, in the intermediate
temperature range, heavy doping (5—10%) of Li in NiO induces
adrop in activation energy from 0.9 eV to about 0.18 eV below
500 K [33]. It should be noted that the activation energy
of the conductivity in the grain interiors for our LTNO-05
sample is about 0.216 eV, which is higher than 0.18 eV as

E =0.216eV
a(9)

T |
2 74
(@]
o ; E_ =0.369eV
9 a(gb)
-84
_9..
1 Linear fit of data
-10 T T T T T
2.0 2.4 2.8 3.2 3.6 4.0 4.4

1000/T (1/K)

Figure 9. The Arrhenius plots of the conductivities of the grain and
the grain boundary.

mentioned above. This is due to the fact that some part of
Ti is incorporated into the crystal lattice of NiO and some
defects are formed [17]. These results have an effect on the
electric conductivity in the grains. Note that the value of
grain conductivity activation energy in our LTNO sample is
lower than that of the LTNO sample prepared by the sol-gel
method, Eyg) = 0.309 eV, reported by Wu et al [4]. This
may be attributed to the difference in the concentration of the
part of the Ti dopant that has entered into the grain interiors
due to the difference in the preparation method. In our case,
such a part of the Ti dopant may have a low concentration
inside the grain. This implies that the distribution of Ti
dopant in the LTNO microstructure is the only factor that
has an impact on the electrical properties of the bulk LTNO
ceramics. It is of special interest to note that the activation
energy of the conductivity in the grain interiors (E,g) ~
0.216 eV (figure 9)) is significantly lower than the activation
energy required for relaxation (E,r) ~ 0.391 eV (figure 5(c)))
as reported in the literature [7, 17]. In contrast, the value
of activation energy for relaxation processes (~0.391 eV) is
close to the activation energy of the conductivity in a grain
boundary (~0.369 eV). However, it is premature to associate
the high relaxation activation energy of the LTNO-05 sample
with its grain boundary conductivity activation energy because
there are several factors that have a strong effect on the
electrical properties of the LTNO ceramics, such as the defects
(vacancies) and internal domain within the grain. This implies
that high dielectric response in the LTNO ceramics is not only
contributed by the dc conductivity in the grain interiors, but
also by the defect dipoles.

It is widely accepted that the giant dielectric permittivity
in LTNO is extrinsic in origin, which can be attributed to
a Maxwell-Wagner relaxation mechanism in material, and
often arises in a material consisting of conductive grains
separated by insulating grain boundaries (or other insulating
interfaces) [12, 14]. Based on the Maxwell-Wagner relaxation
model, the measured ultrahigh dielectric permittivity and the
relaxation process in the complex permittivity as a function
of frequency can be easily understood. However, it is only
a simplified model of interfacial polarization based on an
equivalent circuit, and does not provide a physical explanation
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for the underlying polarization. Lin et al [18] used positron
annihilation spectroscopy to investigate defect properties in
LTNO and revealed that a large amount of defects exists in the
LTNO ceramics. Some defects can be introduced due to the
different valence of doped ions. This may be represented by
the reaction [18]

L0 23 2Lil, + V3 + OF (15)
. NiO 1) " X
TiO, 22 Tigs + V, + 207 (16)

It is well known that NiO is p-dopable [34]. At room
temperature, free-hole density is low in pure NiO, because
the acceptor levels of the hole producer Vy; are not close
enough to the valence band maximum to ionize most vacancies.
In other words, the free-hole density of cation-deficient of
NiO is limited by a too large an ionization energy of the Ni
vacancy. However, it can be strongly increased by extrinsic
dopants (e.g. Li) with shallower acceptor levels [33]. This
implies that there is a high density of free holes in the grain
interiors of LTNO ceramics. Meanwhile, TiO, near the grain
boundary also creates some Ni vacancies (V{;) as seen in
equation (16) [17, 18]. Thus the LTNO system contains a
large number of hopping charge carriers (and/or vacancies)
and the grain boundary is highly disordered. As previously
reported [19], the dielectric permittivity of Lig 10Ti,Nig.99—xO
thin films with 200 nm in thickness increases with increasing
Ti content. This result strongly indicates that the Ti dopant in
LTNO may not only act as an insulating layer, which obstructs
the migration of charge carriers, but may also induce the
permanent defect dipoles at the grain boundary. As illustrated
in figure 5, the experimental results can be well described by
the modified Cole—Cole equation, including the conductivity
term. Therefore, the conductivity has contributions to the
dielectric permittivity and dielectric loss at low frequency
regions, and the dielectric relaxation peaks in higher frequency
are associated with permanent dipole orientation or other
motions, which do not involve long-range displacement of
mobile charge carriers. In general, the grain boundary
effect on electric conductivity may originate from a grain
boundary potential barrier, which should be ascribed to the
thin layer of Ti-rich boundary. As mentioned above, we think
that the giant dielectric permittivity response of LTNO (or
other dielectric material of co-doped NiO) can be partially
contributed from Maxwell-Wagner space charge (long-range
migration of carriers) effects at low frequency regions due
to the difference of potentials barrier between grain (core)
and grain boundary (shell). At high frequency, it is partially
contributed from the polarization of highly permanent defect
dipoles.

4. Conclusion

The high dielectric permittivity LTNO ceramics have been
successfully synthesized by a simple PVA-sol-gel method.
XRD results show the single phase of NiO. The temperature
and frequency dependence of dielectric permittivity and
dielectric loss were investigated. An excellent fit between

10

the experimental and simulated data has been obtained over a
wide frequency and temperature using the modified Cole—Cole
model with the consideration of the conductivity contribution.
The high dielectric permittivity response can be ascribed to the
Maxwell-Wagner polarization mechanism and defect-dipole
polarization.
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High permittivity (Li, Fe)-doped NiO (LFNO) ceramics are prepared by a simple PVA sol-gel route and
their dielectric properties are investigated as functions of temperature and frequency. It is found that
the concentrations of Li and Fe have strong influences on the microstructure and dielectric properties of
the LFNO ceramics. Two thermally activated dielectric relaxations are observed in the LigsFe 10Nig.g50
ceramic sample with the activation energies of 0.448 and 0.574eV for the high- and low-frequency
relaxations, respectively. By using a complex impedance analysis, it is believed that the high-frequency
relaxation is closely related to the transport properties inside the grains, and the low-frequency relaxation
might be ascribed to the interfacial polarization at the interface layers of grain boundaries and/or NiFe; 04

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

High permittivity NiO-based ceramic, a non-perovskite and
non-ferroelectric material with a formula AxByNi;_,_,O (where A
are monovalents of Li*, Na*, K* and B are Ti, Al, Ta, Si, V, W) [1-12],
has recently attracted considerable attentions due to its impressive
apparent high dielectric permittivity (¢') value (103-10°), which
remains constant in the temperature range of —50 to 150°C at
low frequency range. The dielectric and related electrical proper-
ties of these material systems are usually modified by changing
the compositions of the additives of A and B [1,3-6,10,11]. A
core/shell structure was found to exist in these NiO-based ceramic
systems [4,8-13], which induced an electrically heterogeneous
microstructure, consisting of semiconducting grains (Li-doped NiO)
and insulating grain boundaries (GBs) (Ti-rich boundary). As a
result, the Maxwell-Wagner (MW) polarization (interfacial polar-
ization) mechanism has been used to explain the giant ¢’ response
in this material system. The MW polarization usually introduces in
materials that have electrically heterogeneous structure consist-
ing of conducting and insulating parts, which are often observed in

* Corresponding author. Tel.: +66 43 202222; fax: +66 43 202374.
E-mail addresses: sanmae@kku.ac.th, santimaensiri@gmail.com (S. Maensiri).

0254-0584/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.matchemphys.2010.03.061

the grains and GBs, respectively [4,8-13]. Most recently, we found
that both the sintering temperature and grain size have remarkable
influences on the electrical properties of the NiO-based ceram-
ics [8,14]. These indicate that the electrical transport properties
within the materials also strongly depend on defects such as oxy-
gen vacancies and/or internal insulating domains inside the grains.
According to two our previous works, we prepared the LTNO pow-
ders and ceramics by using polymerized complex (PC) (Ref. [2]) and
polyvinyl alcohol (PVA) (Ref. [15]) methods. The PC method can be
used to synthesize ~39 nm nanoparticles of Lig 3Tig g2 Nig.ggO. How-
ever, this prepared LTNO powders contained some second phase.
In the other hand, the PVA method can be used to synthesize the
LTNO powders without any impurity phases.

In this paper, we studied the dielectric properties of polycrys-
talline (Li, Fe)-doped NiO (LFNO) ceramics. Our results indicate that
both Li and Fe doping have strong influences on the microstruc-
ture and electrical properties of the LFNO ceramics. The dielectric
polarization relaxations in this material system might be associ-
ated with both the electrical transport (hopping motion) inside the
semiconducting grains and the space charge polarization.

2. Experimental details

Ni(NO3),-6H,0, LiNOs, Fe(NOs)3-9H,0, citric acid, and polyvinyl alcohol
(PVA) (M,=78,000, Fluka) were employed as starting raw materials. The
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Fig. 1. XRD patterns of LFNO ceramics with different Li and Fe contents; (a)
Feo.02Nio.980, (b) Lio.02Feo.02Nio.960, (¢) Lio.osFeo.02Nio.e30, (d) Lio.10Feo.02NiossO, (€)
Lio.05 Feo.05 Nio.0O, and (f) Lio.os Feo.10Nio.g50.

polycrystalline LFNO ceramic samples with different addition contents of Li
and Fe, i.e., Fego2Nio9sO, Lio.o2Feo02Nio960, Lio.osFe.02Nio.g30, Lio10Feo.02Nio.gs0,
Li,05Feo.0sNig.900, and Lig o5 Feg.10Nig 850, were prepared by the following procedure.
Firstly, citric acid 5 g was dissolved in 95 ml of distilled water in with constant stir-
ring using a magnetic stirrer at room temperature, and then PVA 5g was added to
this solution by stirring at 200 °C to obtain the polymer solution network. Secondly,
stoichiometric amounts of Ni(NOs ),-6H,0, Fe(NOs3)3-9H,0, and LiNO; were added
to this solution, followed by stirring and heating at 100°C to form the transpar-
ent gel. Then, the gel precursor was dried at 120 °C overnight. To obtain the LFNO
powders, the dried gel was ground and later calcined at 750°C for 10h in air. The
obtained powders were pressed into pellets of 16 mm in diameter and ~1-2 mm
in thickness by a uniaxial pressing method at 200 MPa. Finally, these pellets were
sintered at 1250°C for 5h in air.

The phase composition and microstructure of the LFNO ceramics were char-
acterized by X-ray diffraction (XRD) (Philips PW3040, The Netherlands) and
Field-emission scanning electron microscopy (FE-SEM) (Hitachi S-4700, Japan),
respectively. The ceramic samples were polished and electroded by silver paint
on both sides of the disk-shape samples. They were allowed to dry overnight. The
dielectric response of the samples was measured using a Hewlett Packard 4194A
impedance gain phase analyzer over the frequency ranges from 102-107 Hz and at
the oscillation voltage of 1.0 V. The measurements were performed over the tem-
perature ranges from —50 to 100 °C using an inbuilt cooling-heating system. Each
measured temperature was kept constant with an accuracy of 1 K.

3. Results and discussion

Fig. 1 shows the XRD patterns of the LFNO ceramics with dif-
ferent addition contents of Li and Fe ions, confirming a main phase
of NiO in all samples. All of the main peaks are comparable to that
of the powder diffraction pattern of NiO in JCPDS card no. 78-0429
and those reported in the literature for cubic NiO [14-16]. The sec-
ond phase of NiFe;04 (JCPDS card no. 74-2081) is only detected
in the XRD pattern of the LiggsFeg19Nigg50 sample with high-
est Fe concentration. Since the difference in ionic radius between
Ni2* (0.69 A), Fe2* (0.74A), and Fe3* (0.64A) ions is small, Fe ions
can substitute the NiZ* jons in the NiO crystal lattice [17]. The
observed NiFe,04 should be attributed to the Fe-dopant content
which is over the solid solution limitation of Fe-Ni-O system. The
lattice parameters are calculated from the XRD patterns of the LFNO
ceramic samples and are summarized in Table 1. These values are
close to the value reported in JCPDS card no. 78-0429 (4.177 A) for
cubic NiO.

Fig. 2 reveals the surface morphologies of the LFNO ceramics,
showing obvious grain and GB structure. The microstructural evo-
lution is observed. The SEM image of the Fe( o2 Nig9gO sample, Fig.
2(a), shows hillock-like morphology and large portion of poros-
ity. However, after the Feg g Nig 93O sample was increasingly added
by Li ions, the ceramic density tended to increase with increasing

Table 1
Lattice parameter, relaxation activation energy, and conduction activation energy
inside the grain.

Sample a(A) E, (eV) Eg (eV)
Feo02Nig.90 4.176 0.855 0.643
Lig.02Feg.02Niggs0 4.176 0.425 0.418
Lio.o5Feo.02Nio.930 4172 = _
Lig.10Fe0.02Nipss0 4177 - _
Lip.05Feo.05Nip.900 4173 0.353 0.357
Lip.osFeo.10Nios50 4172 (HFR) 0.448 0.455

Li content and the hillock-like morphology became disappeared
and it was completely disappeared after the Li concentration was
increased up to 5mol%, as shown in Fig. 2(c). Interestingly, this
special morphology appeared in the Li-Fe-Ni-O system again,
when the Fe concentration was increased up to 10 mol%, as seen
in Fig. 2(f). These results indicate that both the Li- and Fe-dopants
affect the microstructure, i.e., grain size and feature, of the LFNO
ceramics. The possible explanation for this mechanism might be
ascribed based on the difference in the diffusivity of the carriers
(i.e., Ni%*, Li*, and Fe3* ions) in the LFNO ceramics, which is related
linearly to their electrical conductivity [6].

Fig. 3 illustrates the influence of Li doping on the dielectric
properties of the LFNO ceramics at room temperature. It is clear
that the high dielectric response in the LFNO ceramics depends on
the Li concentration. Both the real part ¢ of complex permittiv-
ity and loss tangent tané (tand§=¢"/¢’, where &” is the imaginary
part of the complex permittivity) of the LFNO samples increase
with an increase in the Li content over the measured frequency
range. These results are similar to that observed in the (Li, Ti)-
doped NiO (LTNO) ceramics system [1]. A plateau can be observed
in all the dielectric spectra, as displayed in Fig. 3(a). However,
the steplike decrease in ¢’ is only detected in the dielectric spec-
trum of the Lig g2Feg g2 NiggsO sample. This is accompanied by the
appearance of the corresponding peak tan§ in Fig. 3(b). The dis-
appearance of the steplike decrease in the LiggsFego2Nigg30 and
Lig.1oFeq02Nig.ggO samples is due to the fact that it shifts out of
our measuring frequency range. The effect of Fe doping on the
dielectric behavior of the LFNO ceramics has also been investi-
gated, as illustrated in Fig. 4. Clearly, the concentration of Fe affects
on both the value of ¢ and dielectric relaxation behavior of the
LFNO ceramics. With increasing the Fe concentration, &’ decreases
and the steplike decrease at the characteristic frequency shifts
to lower frequencies. Looking carefully at Fig. 4(a), the dielectric
spectrum of the Lig g5Feg.19Nig g50 sample with highest Fe concen-
tration exhibits two steplike decreases, corresponding to the two
respective peaks in tan d. This suggests that there exist two sets of
thermally activated relaxations, i.e., low- and high-frequency relax-
ations (abbreviated as LFR and HFR, respectively). It is worth noting
that the exponential increase in tan §, which is usually attributed to
the dc conductivity effect [15], decreases with the increase in the
Fe concentration, and disappears in the Lig g5Tig 19Nig.g50 sample.

It has been reported that pure NiO is a Mott-Hubbard insulator
with the conductivity at room temperature less than 10-13Scm™!
[1]. However, this low conductivity can greatly be increased by dop-
ing with monovalent ions such as Li* [18]. For every added Li*, one
Ni2* is promoted to the Ni3* state, which is the lost electron fill-
ing a state in the oxygen 2p valence band. The lattice now contains
Ni2* and Ni3* ions on equivalent sites and is the model situation
for conduction by polaron hopping [18]. Therefore, the carrier con-
centration in the bulk LFNO ceramics raises with increasing the
Li concentration, and thus the accumulated charges at insulating
layers (e.g., grain boundary, contact, impurity phase, and internal
domain) in the bulk ceramics should increase. This may be respon-
sible for the observed increase in & with increasing the content of
Li ions, as shown in Fig. 3(a). Moreover, it has been proposed that
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Fig. 2. SEM images of the surface morphologies for the samples of (a) Feg 02 Nio.s0, (b) Lig.02Feo02Nipgs0, (¢) Lig0sFeo.02Nipo30, (d) Lig.10Feo.02Nio.ssO, (e) Lip.osFep.05Nip.000,

and (f) Lig.0sFeo.10Nio.50.

dipolar effects in semiconducting materials can be induced by the
hopping of localized charge carriers between spatially fluctuating
lattice potentials [19], which usually causes an increase in electri-
cal conductivity. Therefore, it is possible that the dipolar effects in
the semiconducting grains of the LFNO ceramics are induced, and
it should be increased by increasing the Li doping ions.

It was reported that the high dielectric response in the LTNO
ceramics system could be ascribed by a simple series-layer model

108
RT
> 105 | BTy Li, 10F& 02Nl 60
= IOy o
.:E A 000400043 Iniiig)
E 104 4 i j
© LI().05F80.02N|0.93O A
o
Q 10°
2 1. .
8 LIU.U2Fe0.02NI0.950
o
a8 107 _
m Fe, oMNiy g5
) e
100 1@
102 103 104 108 108

Frequency (Hz)

(&' ~egpAlt, where g4, A, and t are the dielectric permittivity of
the grain boundary, the mean grain size, and the thickness of grain
boundary, respectively). The decrease in & of the LTNO ceramics
was attributed to the increase in t, resulting from the Ti-rich bound-
aries (second phase of NiTiO3) [1]. According to this model, for the
NiO-based ceramics, t should be tuned and depended linearly on the
concentration of the apparent second phase at the grain boundary.
However, for our LFNO ceramics, the second phase of NiFe;04 can
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Fig. 3. The effect of Li concentration on frequency dependence of the (a) ¢’ and (b) tan § for the LENO ceramics at room temperature.
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Fig. 4. The effect of Fe concentration on the frequency dependence of the (a) ¢’ and (b) tan § of the LFNO ceramics at room temperature.

only be detected in the XRD pattern of the Lig gsFeq.19Nigg50 sam-
ple. There, it is not suitable to deduce that the observed decrease
in ¢’ is attributed to the increase in t, resulting from the increase in
NiFe, 04 concentration in the NiO matrix. Consequently, this model
fails to ascribe the effect of Fe concentration on dielectric properties
of the LFNO ceramics.

To deepen the understanding on the high dielectric response
mechanism in the LFNO ceramics, we have further studied the
dielectric relaxation behavior, which usually provides important
clues about the dielectric response mechanisms. Therefore, the fre-
quency dependences of ¢’ and tan§ were investigated at various
temperatures. As seen in Fig. 5, the steplike decreases and the
corresponding tand peaks of the LFNO samples move to higher
frequencies as the temperature increases, indicating the ther-
mally excited relaxation process. This behavior is similar to those
observed in the other NiO-based ceramic systems such as (Li, Ti)-,
(Li, Si)-, (Na, Ti)-, (Li, V)-, and (Li, Al)-doped NiO systems [ 1,4,6,9,10].
Note that, the movements of the LFR and HFR in Liy g5Feg 19Nig.g50
sample are clearly seen in Fig. 5(d). According to the observed ther-
mally activated relaxations in the LFNO ceramics, the activation
energies required for these relaxations can be calculated by using
the Arrhenius law, i.e.:

r_toexp<kET) (1)

2 3 4 6 7
10 10 10 10 10 10

Frequency (Hz)

where 7 is the dielectric relaxation time, 7 is the pre-exponential
factor, E, is the activation energy for the relaxation, kg is the Boltz-
mann constant, and T is the absolute temperature. By using the
extreme value relation [20]:

wT ==, (2)

where &5 and &4, are respectively the static and high frequency
limits of dielectric permittivity, and w = 25fp, where fj, is the char-
acteristic frequency corresponding to the peak of tan§. Equation
(1) can be expressed as:

In(27f,) = ;BE; +In 7@0/&” 3)

According to the fitted curves in Fig. 6, the activation energy (E,)
for the relaxation processes can be calculated by using the relation
in equation (3), and are summarized in Table 1. Note that the char-
acteristic peaks of the LFR, Fig. 5(d), cannot be estimated accurately
from the experimental data. Thus, two Gaussian peaks were used to
fit the experimental data of tan g, as shown in the inset of Fig. 5(d).
The E, values of the Lio_o5Feo_02Ni0.93o and Lio_]oFE0.0Z Nio'ggo Sam-
ples cannot be obtained because their relaxation peaks shift out of
the measured frequency range, as clearly seen in Fig. 3. It is inter-
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Fig. 5. Frequency dependence of ¢’ and tan § for Lig g2 Feo02Nig9sO [(a) and (b)] and LigosFeo.10Nigs50 [(c) and (d)] samples at the selected temperatures. The inset of (a) and
(b) shows frequency dependence of ¢’ of Fe,Nip9sO sample at temperature range of 50-190°C. The inset of (c) and (d) shows two Gaussian peaks (blue lines) which are
least-squares fitting of experimental data at 100 °C; the red line is fitting result; (1) and (2) are the LFR and HFR, respectively.
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Fig. 6. Arrhenius plots of the relaxations of the LFNO ceramics.

esting that, with increasing the Fe concentration from 5 to 10 mol%,
E, increases from 0.353 to 0.448 eV for the HFR. This implies that
the Fe-dopant has an influence on the polarization relaxation prop-
erties of the LFNO ceramics. It is worth noting that, the dielectric
relaxation behavior of the Feg g, Nig ggO sample can also be observed
at high temperature range, i.e., 50-200°C, as shown in the inset
of Fig. 5(a), with E; ~0.855eV. This value is almost the same to
the value of 0.850eV for the dc conduction as reported in the
literature for Fe-doped NiO polycrystalline ceramics [21]. The p-
type semiconductivity of these ceramics was proved by using the
Seebeck coefficient measurements technique, indicating that holes
were major carriers in this material [21]. As a result, the dielectric
response in our Feg o> Nig9gO sample should be related to the hop-
ping motions of these holes, which might be ascribed based on the
fact that the polarization relaxation in NiO-based ceramics has a
close relation to their conductivity inside the grains [13,14].

It is now generally accepted that the giant ¢’ response in NiO-
based ceramics is associated with their core/shell microstructures,
which produce an electrically inhomogeneous structure confirming
by the complex impedance and microstructure analyses [4,8,9-14].
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The large difference in the conductivity between the semiconduct-
ing grains and insulating GBs of these materials (more than one
order of magnitude) is often detected [13-16]. Therefore, it is suit-
able to associate such apparent giant & response with the MW
polarization at GBs. However, the observed two electrical responses
in the LiggyFep02NiggsO sample show a small difference in the
conductivities, as displayed in Fig. 7. This indicates that the expla-
nation of the giant ¢’ response in the LFNO ceramics based on the
MW polarization at the GBs may still incomplete. Moreover, a care-
ful inspection reveals that the enhanced arc in the low-frequency
range may contain two overlapping arcs. These overlapping arcs are
clearly seen in the impedance spectrum of the LiggsFeg 19Niggs0
sample (the inset of Fig. 7), and the separated small hump (2-2#
region) can be observed. The three sets of electrical responses in
the LFNO ceramics are the suitable ascriptions for the dielectric
relaxation behavior.

To obtain more details about the effects of Fe doping on dielec-
tric behavior of the LFNO ceramics, impedance analysis (IS), which
is a powerful technique to separate various electrical responses
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in materials [22], was used to investigate the electrical responses
in the LFNO ceramics. The frequency dependence of the imag-
inary part (Z’) of the complex impedance (Z*=Z —jZ") for the
Feg.02Nig.9gO and LFNO ceramics is illustrated in Fig. 8. As shown in
Fig. 8(a), IS data at temperature of 10°C, two electrical responses
(1# and 2-2#) can be observed in the Z” spectra of the LFNO ceram-
ics, but just only one can be observed in the spectrum of the
Feg02Nig.9gO ceramic. These results imply that there are at least
two electrical responses in the LFNO ceramics. With increasing
the temperature up to 50°C, Fig. 8(b), the 1# and 2-2# electri-
cal responses shift to high frequencies. The 1# electrical response
of the LiggsFeggsNiggoO sample shifts out of the measured fre-
quency range. It is interesting that three electrical responses (1#,
2-2#, and 2-1#) can be observed in the measured frequency range
of the LiggsFeq19Niggs0 sample, corresponding to the observed
three semicircle arcs in the complex impedance plot, inset of Fig. 7.
Clearly, there is only one electrical response in the impedance spec-
trum of the Feg g Nig9gO sample. Of cause, this electrical response
of the FNO sample is related to the effect of Fe doping. Defect dipoles
(ZFe;\Ii and Vy;) as well as [2Fey, Vy; ] complex defects may be intro-
duced, which are responsible for the observed electrical response
in the FNO sample. More interesting, the 2-2# electrical response
of these three LFNO samples is nearly in the same frequency range
of the electrical response of the Feg;NigggO sample. As results,
the observed 2-2# electrical response of the LFNO samples may be
related to the defect dipole and/or complex defects. Unfortunately,
the distribution of the Fe doping within the structural matrix of
NiO was not analyzed. Thus, the 2-2# electrical response of the
LFNO samples cannot be suggested to the effect of grain bound-
ary. However, it is related to the induced defects owing to the Fe
doping, thus the 2-2# electrical response can be assigned to “Fe-
induced defects effect”. As shown in Fig. 8(b), the observed 2-1#
electrical response in the Lig g5Fe( 19Nig.g50 sample may be associ-
ated with the detected NiFe,04 phase in its XRD pattern. Therefore,
the 2-1# electrical response is assigned to “insulating NiFe,04 phase
effect”. From these points of view, the 1#, 2-2#, and 2-1# electrical
responses of the LFNO samples can be assigned as the bulk, Fe-
induced defects, and insulating NiFe,04 phase effects, respectively.

We now turn to attend the observed two dielectric responses in
the Lig g5Feq.10Nig g50 sample. According to the impedance analysis,
the resistance of grains can be estimated at various temperatures,
but not for the GBs which is due to the fact that the impedance
spectra of electrodes and GBs are overlap and they cannot be sepa-
rated accurately. However, the conduction activation energy inside
the grain (Eg) of each sample can be calculated by using the polaron
theory [4,13], i.e., o o« T~! exp(—E/kgT), where E is the conduction
activation energy. The calculated values of the grain conduction
activation energy are summarized in Table 1. The grain conduction
activation energies (Eg) are almost the same to the E, values for the
Lio‘ozFE()_ozNi(),gGo and Li0‘05F€0_05Ni0,900 Samples. These strongly
indicate a close relationship between the polarization relaxation
and the conductivity inside the grains, which is similar to those
observed in the other NiO-based ceramic systems [10-14]. Hence,
it is reasonable to mention that the HFR (with E; ~ 0.448 eV) of the
Lig gsFep.10Nig.g50 sample is related to the electrical response of the
bulk grains (with Eg ~ 0.455 eV), while the LFR (with E; ~0.574 eV)
should be associated with the electrical response at the GBs. The
disappearance of the dielectric relaxation related to the electrode
effect in the lowest frequency range might be due to two possi-
ble reasons: (1) It is concealed by the high loss tangent associated
with the dc conductivity at high temperature, as revealed in the
dielectric loss spectrum at 100°C in Fig. 5(d). (2) With decreasing
temperature, the electrode relaxation peak may appear because
charge carriers are frozen, but it moves out of the measured fre-
quency range.

It is important to note that the increases in Eg and related E;
with the increase of the addition of Fe might be related to the point
defects in the grains, which could be introduced into NiO by doping
Fe ions [17],i.e.:

Fe,05 M 2Fes, + Vi, + 30, (4)
Fey; < Fel, +h (5)

Accordingly, we think that the observed decrease in ¢’ might be
due to the effect of these defects, rather than the increase in the
thickness of GBs based on the simple layer model. As previously
discussed, it has been suggested that the HFR is associated with the
conduction mechanism inside the grains. Therefore, the difference
in the dielectric relaxation of the LFNO ceramics, as demonstrated
in Fig. 4, should be attributed to the increase in Eg, i.e., the dielectric
relaxation in a ceramic with high E, is hardly activated by thermal
due to its high Eg. Consequently, at a given temperature, the relax-
ation time of this ceramic should has the longest time, and then its
relaxation behavior occurs at the lowest frequency.

4. Conclusions

The frequency and temperature dependences of &’ and tan§ of
the (Li, Fe)-doped NiO (LFNO) ceramics were studied. The variation
of the Li and Fe concentrations had effects on the microstructure
and electrical properties of these LFNO ceramics. It was suggested
that the dielectric relaxation behavior and high dielectric response
in this material system might be associated with both the hopping
motions inside the grains and the MW polarization at the GBs.
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1. Introduction

High permittivity NiO-based ceramic, a non-perovskite and non-
ferroelectric material with a formula AyByNi;_,_,O (where A are
monovalents of Li*, Na*, K* and B are Ti, Al, Ta, Si) [1-7], has
attracted considerable attentions in recent years due to its impres-
sive apparent high dielectric permittivity value (103-10°), which
remains constant in the temperature range of —50-150°C [1,5].
Moreover, the dielectric properties of such material systems can
be tuned by changing the compositions of the additives of A and B
[1]. The overall dielectric behavior of these materials is similar to
those observed in CaCu3TizO1, (CCTO) [8-13] and CuO [14-16]. It
is now widely accepted that high-¢’ response in such material sys-
tems is attributed to Maxwell-Wagner (M-W) relaxation model as
a result of semiconducting properties inside grain and insulating
properties at grain boundary (GB) [1-3,17]. The M-W relaxation
or interfacial polarization usually introduces in materials that have
electrically heterogeneous structure, consisting of conducting and
insulating parts, which are often observed in the grain and GB,
respectively. Under an alternating electric field, free charge carri-

* Corresponding author. Tel.: +66 43 202222; fax: +66 43 202374.
E-mail addresses: santimaensiri@gmail.com, sanmae@kku.ac.th (S. Maensiri).

0254-0584/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.matchemphys.2009.01.004

ers in the conducting part are accumulated at the two edge sides
of insulating thin-layers, producing the interfacial polarization at
the this layers. This is responsible for the observed high-¢’ in these
materials. However, such explanation is still incomplete because
the fundamental questions regarding the composition-property
relationships remain missing. For examples, what are the origins
of the semiconductivity and insulation in CCTO? or how do defect
dipoles that was induced in NiO-based ceramics contribute to the
dielectric and electrical properties of these materials?. Moreover,
these materials still have to pass through extensive compatibil-
ity test before available for commercial applications in devices.
Furthermore, there is a huge obstacle that hinders these materi-
als to be actually used in practical application, i.e., the dielectric
loss (tand) is too large. Exceptionally, Kgo5Tigo2Nigg30 (KTNO)
ceramic exhibits high-¢’ and low tan §, but the preparation method
of this material requires tedious work with relatively long reac-
tion times [5]. Moreover, some preparing methods for fabrication
of KTNO ceramic do not provide such a superior dielectric prop-
erties [18]. Normally, it is believed that the strategy for reducing
the dielectric loss is an increase in the resistance of GB. However,
the grain sizes of these ceramics are also the important factor that
has an influence on the electrical properties of transition metal
oxides. Therefore, the study of the relationship between dielec-
tric properties and microstructures is important for compositional
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tuning of extrinsic ceramic properties of these NiO-based ceram-
ics.

For LixAlyNi;_,_,0 system, high-¢’ response in such system pre-
pared by sol-gel method has been attributed to the M-W relaxation
model [3]. However, the evidence of electrical heterogeneity which
is the origin for the relaxation has not yet been reported. Further-
more, the dielectric dispersion and related electrical response have
not yet been studied. Thus, in this paper, we study the electrical
response in high-¢’ LANO ceramics prepared by a simple direct ther-
mal decomposition method. It was suggested that the Al-dopant
has the remarkable influences on the grain size and the electrical
conductivity in the grain interiors of the LANO ceramics. This work
has also confirmed that LANO ceramics have electrically heteroge-
neous structure consisting of semiconducting grain and insulating
GB, which is responsible for such a high apparent ¢'.

2. Experimental

In the sample preparation, (CH3COO);Ni-4H,0 (UNILAB), C,Hs3LiO,-2H,0
(Fluka), and C;Hs04Al, (Aldrich) were employed as starting raw materials. The
LANO powder and polycrystalline LANO ceramic samples with different addition
contents of Al, i.e., Lig5Alo04Nig.91O (LANO-04), Lig05Alo0sNiog9O (LANO-06), and
Lig.05Alo10Nipg50 (LANO-10) were designed and prepared by the following proce-
dure. Firstly, stoichiometric amounts of (CH3COO);Ni-4H,0, C;H3LiO,-2H,0, and
C,Hs504Al were dissolved in distilled water and mixed in alumina crucible using a
magnetic stirrer. Then, the mixed powders were decomposed at a temperature of
650°C for 10 h. The obtained LANO powders were pressed into pellets of 9.5 mm
in diameter and ~1-2 mm in thickness by a uniaxial pressing method at 200 MPa.
Finally, these pellets were sintered at 1280 °C for 5h in air.

The LANO powders and sintered ceramics were characterized by X-ray diffrac-
tion (XRD) (Philips PW3040, The Netherlands), Field-emission scanning electron
microscopy (FE-SEM), and energy-dispersive X-ray spectroscopy (EDS) (Hitachi S-
4700, Japan). The ceramic samples were polished and electroded by silver paint
on both sides of the disk-shaped samples. They were allowed to dry overnight.
The dielectric response of the samples was measured using a Hewlett Packard
4194A impedance gain phase analyzer over the frequency ranging from 100 Hz to
10 MHz and at the oscillation voltage of 1.0 V. The measurements were performed
over the temperature ranging from —50 to 130 °C using an inbuilt cooling-heating
system. Each measured temperature was kept constant with an accuracy of
+1°C.

3. Results and discussion

The phase formation of LANO materials was characterized by
X-ray diffraction. As shown in Fig. 1(a) and (b), all of LANO pow-
ders and sintered samples with different Al-doped contents exhibit
a main phase of NiO. The main peaks are comparable to that
of the powder diffraction pattern of NiO in JCPDS card No. 78-
0429. The values of lattice parameter calculated from XRD spectra
are close to the value of 0.4177 nm reported in JCPDS card No.
78-0429, as shown in Table 1. It is important to note that the sec-
ond phase of Ni (JCPDS card No. 04-0850) is still detected in all
XRD patterns of LANO powders, and the relative intensity of Ni
phase tends to increase with increasing Al-dopant content. This
implies that the Al-dopant inhibits the formation of NiO phase.
Additionally, a second phase NiAl,04 can only be observed from
XRD pattern of LANO-10 sintered sample. The relative amounts
of the NiAl,04 second phase and NiO phase can be estimated
from the XRD pattern of the LANO-10 sample by following relation
(71,

IniaL,0,(311)

= x 100 1
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Fig. 1. XRD patterns of (a) LANO powders and (b) LANO sintered samples.

where Injat,0,(3 11) and Iyjo(2 00) are the major peak intensities
for the NiAl;04 (31 1) and NiO (2 00) phases, respectively. The cal-
culated relative amount of the observed NiAl,04 second phase in
the LANO-10 ceramic is 7.1%. This can be deduced that just 2.9%
of Al-doping can substitute the Ni site in the NiO crystal lattice.
Disappearance of such second phase in the XRD patterns of the
other two samples might be attributed to the small amount of this
phase.

Fig. 2 shows the surface morphologies of the LANO ceramic sam-
ples.Itis clear that grain size significantly decreases with increasing
the Al-doped content. As previously discussed, the phase formation
of NiO is suppressed by the Al-dopant. So, it is strongly believed that
the grain growth mechanism of LANO ceramics system is affected
by the Al-dopant.

The microstructures of the LANO ceramics were analyzed by
energy-dispersive X-ray spectroscopy, as showed in Fig. 3, revealing
the distribution of Al-dopant at the grain and GB of the LANO-06
ceramic sample. It is clearly seen from the EDS analysis at different
regions for the LANO-06 ceramic sample (inset (a) of Fig. 3) that
Al-dopant appears in both the grain and GB which is in agreement
with the XRD results. This confirms that some parts of the Al-dopant
have entered into the grain interiors and other parts have formed
the second phase of NiAl,0, at the GBs.

Table 1

Lattice constants, &, and activation energies for LANO samples.

Samples Lattice parameter (A) & (300K and 1kHz) E, (eV) Eg (eV) Egp, (V)
LANO-04 4.167 8468 0.340 £ 0.003 0.354 £ 0.002 0.369 £ 0.002
LANO-06 4.168 7396 0.354 & 0.003 0.362 + 0.001 0.374 £ 0.002
LANO-10 4.162 6566 0.373 £ 0.004 0.367 + 0.001 0.377 + 0.002
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Fig. 2. SEM images of surface morphologies for (a) LANO-04, (b) LANO-06, and (c)
LANO-10 sintered samples.

The temperature dependence of dielectric properties of the
LANO samples was measured between —60 and 130°C at the fre-
quency range of 100 Hz-10MHz. The ¢’ values at 1kHz for the
LANO-04, LANO-06, and LANO-10 samples are about 8468, 7396,
and 6566, respectively. These results are consistent with the work
reported by Lin et al. [3]. Fig. 4 demonstrates the temperature
dependence of ¢’ and loss tangent (tan §) of LANO-04 ceramic sam-
ple. Atlow frequency, ¢’ is nearly temperature independent over the
measured temperature range. With increasing the frequency, how-
ever, ¢’ decreases rapidly at the low temperature. This characteristic
temperature shifts to the higher temperatures with increasing the
frequencies, corresponding to the movement of tané peak. Such
behavior suggests that the M-W relaxation mechanism possibly
play an important role in the high-¢’ response of the LANO ceram-
ics. This dielectric behavior may be ascribed to the migration of
excited electrical particles at high temperatures, which has also
been observed in the CaCusTizO1; [19], Ca(Feq,Nby;)03 system
[20], and Y003 Tip.10Nig.s70 [21].
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Fig. 3. EDS spectrum of grain boundary (point 2) for LANO-06 ceramic sample; inset
(a)is the fractured surface of the LANO-06 sample; inset (b) is the Al element profile
obtained from the EDS spectrum at different measured locations as displayed in the
inset (a).

We have further studied the frequency dependence of ¢ and
tan § for the LANO ceramic samples. As shown in Fig. 5, a frequency
dependent plateau region of &’ is observed at low frequencies for
LANO-04 sample, followed by a rapid decrease of ¢’ at higher fre-
quencies. The plateau region expands over a wider frequency range
as the temperature increases. The movement of the rapid decrease
at high frequencies coincides with the translation of tané§ peak,
which it shifts to higher frequency with increasing temperature.
Generally, this relaxation behavior can be represented by a Debye-
like relaxation relation, and dielectric relaxation time t can be
obtained from the relations wt =1 and w = 27tf, where f;, is the char-
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Fig. 4. Temperature dependence of (a) dielectric permittivity and (b) dissipation
factor of LANO-04 sample at frequency range of 100 Hz-5 MHz.
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acteristic frequency corresponding to the peak of ¢”, T should follow
the relation [22]

T = 19exp(Ea/kgT), (2)

where E, is the activation energy required for relaxation, ty rep-
resents the pre-exponential factor, kg is the Boltzmann constant,
and T is the absolute temperature. According to the fitted curve
using Eq. (2) as shown in the inset of Fig. 5 for LANO-04 sam-
ple, the activation energy of relaxation process (E;) was obtained
to be 0.340+0.003 eV. The frequency dependence of the dielec-
tric response for the samples of LANO-06 and LANO-10 (does not
present) is similar to that of LANO-04 sample, but the frequency
at the loss peak at the fixed temperature shifts to low frequency
range with increasing Al concentration. The E, values of the sam-
ples of LANO-06 and LANO-10 were obtained to be 0.35440.003
and 0.373 +0.004 eV, respectively.

Let us now consider the complex impedance spectroscopy which
is a powerful tool in separating out the bulk and GB effects. Data
collected from this technique can often be modeled on an ideal
equivalent circuit consisting of two parallel RC elements connected
in series, one RC element for the bulk and the other for the GB
response [23]. Fig. 6(a) shows the complex impedance (Z*) plot of
all the LANO samples at —60°C. Two impedance semicircles cor-
responding to the grain and GB are clearly observed in all of the
samples. The observation of two semicircles suggests that the elec-
trically heterogeneous structure exists in our LANO samples and
the core/shell model is appropriate for further analysis. Thus, it is
strongly indicated that such a presence of electrically inhomoge-
neous structure is responsible for the high-¢’ in the LANO ceramics.
From this result, we propose that for our LANO ceramic samples
the GB layers are nonconducting or less conducting, while the bulk
grains are semiconductive. Under the applied electric field, the
carrier-conducting access is blocked by the insulating GB layer;
thus, the opposite charges accumulate at the two edges of the
insulator layer to form many microcapacitors, which result in the
large-¢’ in these LANO ceramics. This behavior is similar to that of
LTNO system [17].
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Fig.5. Frequency dependence of (a) dielectric permittivity and (b) dissipation factor
of LANO-04 sample at various temperatures; inset shows the Arrhenius plots of the
relaxation process.
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Fig. 6. (a) Comparison of impedance spectra for LANO samples at —60°C and (b) the
Arrhenius plots of the grain conduction of LANO samples.

According to the complex impedance spectra shown in Fig. 6(a),
the resistance of grain (Rg) and grain boundary (Rg,) can be
obtained. In polaronic scenario, the temperature dependence of the
conductivity is, with a temperature dependence prefactor, ascribed
as [17],

o « T~ ' exp(—E/kgT), (3)

where E is the conduction activation energy. In general, the GB
effects on electric conductivity may originate from a GB potential
barrier, which should be ascribed by the Al-rich boundary for LANO
system [3]. From Fig. 6(b), we found that both oy and oy, values
at different temperatures follow Eq. (3). Accordingly, the calculated
values of the conduction activation energy inside the grain (Eg) were
obtained to be 0.354+0.002, 0.361+0.001, and 0.367 £0.001 eV
for LANO-04, LANO-06, and LANO-10, respectively. While, the esti-
mated values of the GB activation energy (Eg,) were obtained to
be 0.369+0.002, 0.374 £ 0.002, and 0.377 £0.002 eV for LANO-04,
LANO-06, and LANO-10, respectively. The observation of the small
increase in Eg with increasing the Al content may be because the
parts of Al that have entered into the NiO crystal lattice (as clearly
seen in Fig. 3) have small different amounts. Because of the differ-
ence in valence states of AI3* and Ni2*, the defects can be introduced
inside the grains of the LANO ceramics, i.e.,

ALOs X2 2A1 + VI, +30,.

This has an influence of the electric conductivity of the grains,
which induces the variation of the E, values. This behavior was also
observed in LixTiyNi;_x_,O ceramics system [17].

Generally, for AxByNij_x_,O systems, B-dopants (Ti, Al, Si, Ta)
normally form a second phase at GB enclosing the semiconduct-
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ing core grain of A-doped NiO. Thus, the electrical characters at GB
should be modified by the B-dopant. In this work, it is clear that
some parts of Al-dopant accumulated at the GBs and formed the
second phase of NiAl, Oy, as evidenced in Figs. 1(b) and 3. Moreover,
it was found that the NiAl,04 ceramic is a good insulator with the
value of resistance of more than 100 M2 cm (does not show), and as
aresult the GB potential barrier can be ascribed to the appearance
of such second phase of NiAl,04 at GBs. Therefore, the observed
high-¢’ in the samples of LANO ceramic is due to the M-W polar-
ization mechanism, i.e., charge carriers in the semiconducting grain
are accumulated at the insulating GB layer under the influence of
electric field. Interestingly, the B-dopant (Al) in our LANO system
has also a remarkable effect on the electrical properties in the grain
interiors, where the resistance of the grain decreases with increas-
ing the Al content, as evidenced in Fig. 6. This result implies that
the Al-dopant may not only be able to improve the electrical char-
acter at GBs, but also strongly affect on the electrical properties
inside the grains. Moreover, the effect of Al-dopant on microstruc-
ture was also clearly observed. The reason for this is that most of
Al-dopant in our LANO ceramics has entered into the grains, while
the concentration of Al at the GB of each sample does not significant
difference in composition. This leads to the little change in ¢’. It is
worth nothing that all of the B-dopants in NiO-based ceramics have
remarkable impact on the electrical properties inside grain due to
the different physical nature of B-doped and the different synthe-
sis method. As well known, the strategy for reducing the dielectric
loss in high dielectric ceramics is an increase in the GB resistance
[24]. In our LANO samples, however, the tan § values do not signif-
icant change with the concentrations of Al-dopant. This suggests
that the electrical properties of GB for all the LANO samples are
not significant difference. This observation may be attributed to
the synthesis method used in the present work and/or the physical
nature of Al-dopant. However, it is beyond the scope of our work
and further work is needed to make a more detailed explanation.
Of great interest, it is very important to seek for the preparation
method that provides a good distribution of B-dopant only at GBs
and to explore the suitable B-dopant which can modify the defect
equilibrium at GB, leading to the higher resistance of GB.

4. Conclusion

High dielectric LANO ceramics have been successfully prepared
by a simple thermal decomposition method. The microstructure
and phase formation of the prepared LANO powders and ceram-
ics were characterized by XRD and FE-SEM. The phase formation
of NiO-based ceramics and the grain growth mechanism was sup-
pressed by the Al-dopant. This work demonstrates that the high-¢’

of the LANO decreases with increasing the Al-dopant content.
Giant-¢’ response in such ceramics was attributed to the appear-
ance of electrically heterogeneous structure, responsible for the
observed high-¢ in our LANO samples. Our results also showed
that the Al-dopant has a strong effect on electrical transport in the
grain interiors.
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Abstract Nanocrystalline CaCu3zTisO1, powders were syn-
thesized by a simple PVA sol-gel route and calcined at 700
and 800°C in air for 8 h. The diameter of the powders ranges
from 40—-100 nm. The calcined CaCu3TisO1, powders were
characterized by TG-DTA, XRD, FTIR, SEM, and TEM.
Sintering of the powders was conducted in air at 1100°C
for 16 h. The XRD results indicated that all sintered samples
had a typical perovskite CaCu3TigO1, structure although the
sintered samples contained some amount of CaTiO3. SEM
of the sintered CaCu3zTizO1, ceramics showed the average
grain sizes of 13—15 pm. The samples exhibit a giant dielec-
tric constant, &’ ~ 10° at 150 to 200°C with weak tempera-
ture dependence below 1 kHz in the sample sintered using
the powders calcined at 700°C. The Maxwell-Wagner polar-
ization mechanism is used to explain the high permittivity in
these ceramics. It is also found that all sintered samples have
the same activation energy of grains, which is ~0.122 eV.
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1 Introduction

Materials with high dielectric constant are widely used in
technological applications such as capacitors and memory
devices. Giant dielectric constants allow smaller capacitive
components, thus offering the opportunity to decrease the
size of electronic devices [1]. Recently, a newly discov-
ered a perovskite-type compound, CaCuzTizO1,, (CCTO)
was extensively investigated due to its giant dielectric con-
stant (¢’ ~ 10°~10°) and weak temperature dependence in a
wide temperature range from —173 to 327°C [2-5]. This
material does not undergo any structural change over the
same temperature range [2, 3] although its dielectric con-
stant abruptly decreases to less than 100 below —173°C and
shows a Debye-like relaxation [6]. The characteristic relax-
ation frequency follows approximately the Arrhenius law. In
addition to its interesting dielectric property, CCTO has re-
markably strong linear current—voltage characteristics with-
out the addition of dopants [7]. These excellent properties
render this material particularly attractive for a wide range
of applications.

So far, several models of the dielectric behavior of CCTO
material have been proposed to be due to either intrinsic or
extrinsic effect. Since the giant dielectric response of this
material was found to be very sensitive to the microstructure
(such as grain size) and processing conditions (such as sin-
tering temperature and time, cooling rate, and partial pres-
sure) [5, 6, 8—10], more investigations tend to believe that
the high dielectric constant originates from the extrinsic ef-
fect such as internal barrier layer capacitor (IBLC) [8, 10],
contact-electrode effect [11, 12], and special inhomogene-
ity of local dielectric response [13]. Although still unclear,
the IBLC explanation of extrinsic mechanism is widely ac-
cepted.
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CCTO powder is usually prepared by a standard solid-
state reaction method [2-5]. This method requires tedious
work and a high temperature in the powder preparation
process. Moreover, it suffers from the disadvantages of in-
homogeneity. In contrast, synthesis from a solution affords
the reaction with a homogeneous mixing of the metal ions
at the atomic scale, and at lower temperature in the pow-
der preparation process [14]. However, there have been only
a few reports on the solution methods to synthesize CCTO
powders [6, 15—18]. Therefore, alternative simple solution
routes benign precursors for preparation of CCTO powders
are still a challenge.

In this study, we report the synthesis and giant dielectric
properties of CCTO prepared by the simple PVA sol-gel
route using Ca(NO3); - 4H>0, Cu(NO3); - 4H,0, and Ti-
tanium(diisoproproxide) bis(2,4-pentanedionate). The syn-
thesized nanocrystalline CCTO powders were characterized
by thermogravimetric and differential thermal analysis (TG-
DTA), X-ray diffraction (XRD), Fourier-Transform Infrared
(FT-IR) spectroscopy, scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). The giant di-
electric behaviors of the sintered CCTO were also investi-
gated.

2 Experimental procedure

Nanocrystalline CCTO was prepared by a PVA sol-gel
route. In a typical procedure, Ca(NO3)2 - 4H20 (99.9% pu-
rity, Kento, Japan), Cu(NO3);, - 4H>0O (99.5% purity, Carlo
Erba Reacgenti, Italy), and 75 wt% Titanium(diisoproprox-
ide) bis(2,4-pentanedionate) in 2-propanol (99%, Acros or-
ganics, USA), in a mole ratio corresponding to the nomi-
nal composition of CaCu3zTizO12, were dissolved in 60 ml
de-ionized water under vigorous stir at room temperature
(27°C) until homogeneous solution was obtained. The ni-
trate solution was then mixed in 1140 ml 5 wt% poly(vinyl
alcohol) (M,, = 72,000, Fluka) aqueous solution in the ratio
of 1:4 with stirring and heating at 80°C until a viscous gel
was formed. Then, the gel was dried at 100°C. This black-
solid mass precursor was ground and passed through 106
pm sieve. In order to determine the temperature of possi-
ble decomposition and crystallization of the nanoparticles,
the dried precursor was subjected to thermogravimetric-
differential thermal analysis (TG-DTA) (Pyris Diamond
TG-DTA, PerkinElmer Instrument, USA). The crystalliza-
tion seemed to occur at temperature above 600°C (Fig. 1).
The dried CCTO precursor then was calcined in a box-
furnace at 700 and 800°C for 8 h in air. The calcined
CCTO powders were reground and passed through 106
um sieve again to break up large agglomerates. The pre-
pared CCTO powers were characterized by X-ray diffrac-
tion (PW3040 Philips X-ray diffractometer with CuKo ra-
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Fig. 1 The TG/DTA curves of the thermal decomposition of
CaCu3TigOjy precursor at a heating rate of 15°C/min in static air

diation (A = 0.15406 nm), The Netherlands), Fourier Trans-
form infrared spectrometer (Spectrum One FT-IR Spectrom-
eter, PerkinElmer Instruments, USA), scanning electron mi-
croscopy (LEO SEM VP1450, UK) and transmission elec-
tron microscopy (TEM, JEOL TEM 2010, Japan).

The prepared CCTO powders were pressed uni-axially in
a 16 mm die with an applied pressure of 100 MPa. The com-
pacts were pressureless-sintered at 1100°C for 16 h in air in
a box-furnace with heating and cooling rates of 5°C/min.
The sintered disc samples of ~14 mm in diameter with a
thickness of ~2 mm were obtained. The average grain size
of each sintered CCTO ceramic was measured using a stan-
dard line intercept technique from SEM micrographs of sin-
tered CCTO surfaces and counting at least 200 intercepts
for each micrograph. Throughout this article, we assigned
symbols of CCTO_PVA700 and CCTO_PVAS800 for the sin-
tered CCTO samples fabricated using the CCTO powders
calcined at 700 and 800°C, respectively. The capacitance,
C, and loss tangent, tand, were carried out as a function
of frequency (100 Hz to 10 MHz) and temperature (—40 to
200°C), using a Hewlett Packard 4194A Impedance Gain
Phase Analyzer at an oscillation voltage of 1 V. Each mea-
sured temperature was kept constant with an accuracy of
+1°C. Silver paint was coated on both surfaces of the sam-
ples and dried overnight. The complex permittivity, £*, was
calculated as follows:

e*=¢ —ig’, (1)
where

Cd
& = Ve ()
e’ =¢'tané, 3)

and where ¢ is the permittivity in free space, A is the sam-
ple area, and d is the sample thickness.
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Fig. 2 XRD patterns of the CaCu3Ti4O;> nanopowders calcined in
air for 8 h at 700 and 800°C (+: CaTiO3, *: CuO, A: Anatase-TiO»,
R: Rutile-TiO,)

3 Results and discussion

The simultaneous TG-DTA curves of the gel precursor in
flowing air are shown in Fig. 1. The TG curve in Fig. 1
shows a minor weight loss step between ~30 and 300°C.
A major weight loss was observed between 300 and 600°C,
and almost no weight loss was observed at above 600°C.
The first weight loss (30 to 300°C) is related to the losses of
moisture, trapped solvent (water and carbon dioxide), alkox-
ide, and nitrates. A major weight loss was observed between
300 and 600°C, relating to the losses of organic species as-
sociated in the precursor, or the residual carbon. Almost no
weight loss could be observed at above 600°C, suggesting
the formation of crystalline CCTO as a decomposed prod-
uct. This is confirmed by the XRD results as shown in Fig. 2.
On the DTA curve (Fig. 1), one exothermic was observed at
375°C. The one exothermic peak confirms that the thermal
events were associated with the burnout of organic species
involved in the precursor powders of the residual carbon or
due to direct crystallization of CCTO from the amorphous
component. No further weight loss and no thermal effect
were observed above 600°C, indicating that no decomposi-
tion occurs above this temperature. Note that this precursor
was calcined in air at 700 and 800°C for 8 h.

Figure 2 shows XRD patterns of CCTO powders after
calcination in air at (a) 700°C and (b) 800°C for 8 h. The
main peaks of all calcined CCTO powders are comparable
to those of the standard powder XRD pattern of CCTO in the
JCPDS card No. 75-2188. In addition, the following phases
of CaTiO3 (JCPDS card No. 82-0228), CuO (JCPDS card
No. 80-0076), Anateses—TiO, (JCPDS card No. 78-2486),
and Rutile-TiO, (87-0920) are also observed. From the line
broadening of the main peaks, the crystallite size (D) was
estimated using the Scherrer formula [19]:

D =Kx\/(Bcosh), “4)
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Fig. 3 FT-IR patterns of the CaCu3TizOj2 nanopowders calcined in
air for 8 h at 700 and 800°C

Table 1 Summary of particle size analysis obtained from XRD and
TEM; and lattice parameter (from XRD) of CCTO powders compared
to the ASTM value

Material Particle size Particle size Lattice
from XRD from TEM parameter
(nm) (nm) a(A)
ASTM(75-2188) - - 7.391 £0.001
700°C powders 55.94+20.8 429+159 7.383 £0.001
800°C powders 63.3+31.6 97.6+29.3 7.390 £ 0.001

where A is the wavelength of the X-ray radiation, K is
a constant taken as 0.89, 6 is the diffraction angle. g is
the full width at half maximum (FWHM) and is given by
B = (B3 — B2, where Bo and B; are the widths from
the observed X-ray peak and the width due to instrumen-
tal effects, respectively. The particle sizes are found to be
55.9 +£20.8 and 63.3 + 31.6 nm for the powders calcined at
700 and 800°C, respectively. The values of lattice parame-
ter a calculated from the XRD spectra were obtained to be
7.383 4 0.001 and 7.390 & 0.001 A for the CCTO powders
calcined at 700 and 800°C, respectively. The particle sizes
and lattice parameters are also summarized in Table 1.

Figure 3 shows FT-IR spectra of the dried precursor and
CCTO powders after calcination in air at 700 and 800°C for
8 h. The calcined CCTO powders show the main absorption
bands at 561, 516, and 437 cm™!. These bands are assigned
to the absorption regions for Ti ion, which are associated
to vrio of 653-550 cm™! and vri_o_1i of 495-436 cm™!
[20, 21].

Morphology of the calcined CCTO powders and mi-
crostructure of the sintered CCTO ceramics’ samples re-
vealed by SEM are shown in Fig. 4. Figure 4(a) and 4(b)
show CCTO particles with sizes of about 60 and 100 nm
for the 700 and 800°C calcined samples, respectively. These
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Fig.4 SEM micrographs of the
CCTO powders and sintered
CCTO materials. a, b Powders
calcined for 8 h in air at 700 and
800°C, respectively.

¢, d Microstructure of the
sintering CCTO_PVA700 and
CCTO_PVASO00, respectively

values were larger than those obtained from X-ray line
broadening calculation. Some agglomerates were observed
in all of the calcined powders. The particle size of the
powder increased with increasing calcination temperature.
After sintering at 1100°C for 16 h, the bulk CCTO ce-
ramics with different microstructure were obtained. The
CCTO_PVA700 (Fig. 4(c)) and CCTO_PVASO00 (Fig. 4(d))
showed mean grain sizes of 14.7 £ 4.2 pm and 13.5 £
4.8 pm, respectively.

Figure 5 shows TEM images and the corresponding se-
lected area electron diffraction (SAED) patterns of the cal-
cined CCTO powders. It is clearly seen from the TEM
bright-field images that both powder samples consist of
nanocrystalline CCTO particles, whose size increases with
increasing calcination temperature although a small amount
of ATO (Anatases—TiO7) was present in the 700°C calcined
sample. The 700°C calcined sample contains nanoparticles
of 42.9 £ 15.9 nm in size whereas the 800°C calcined sam-
ple contains nanoparticles of 97.6 &= 29.3 nm. The observed
particle sizes are in good agreement with results determined
from X-ray line broadening (see summary in Table 1). Elec-
tron diffraction of particles with higher calcination tempera-
ture contains more intense spots as shown in the 800°C cal-
cined powders, indicating the larger particle size of highly
crystalline compared to the 700°C calcined samples. The
interplanar spacings (dpx]) measured from the selected-area
electron diffraction patterns are in good agreement with the
values obtained from the standard data JCPDS: 75-2188 (for
CCTO) and 78-2486 (for ATO) as summarized in Table 2.

@ Springer

Table 2 Measured interplanar spacings (dpkj) obtained from selected-
area electron diffraction patterns of CCTO powders calcined at 700 and
800°C for 8 h shown in Fig. 5. Corresponding values from the standard
data JCPDS: 75-2188 are also provided for a comparison

Ring Measured interplanar spacing Standard data

of CCTO samples dpy (A) (JCPDS: 75-2188)

700°C powder 800°C powder dna (A) hkl
R; - 3.7258 3.6955 200
Ry 2.6556 2.6415 2.6131 220
Rz 2.3113 2.3113 2.3240 222
R4 1.8629 1.8491 1.8477 400
Rs 1.6789 - 1.6526 024
Re - 1.5086 1.5037 422

Figure 6 shows XRD patterns of the CCTO ceramics
sintered in air at 1100°C for 16 h, confirming a main
phase of CCTO and a small amount of CaTiO3 in both
the CCTO_PVA700 and CCTO_PVAS800. The values of lat-
tice parameter a calculated from the XRD spectra were
7.387 4 0.003 and 7.388 4 0.003 A for the CCTO_PVA700
and CCTO_PVAS00, respectively (see summary in Table 3).

Figure 7 shows the real and imaginary parts of di-
electric dispersion for the samples of CCTO_PVA700 and
CCTO_PVASO0O at various temperatures between —40 and
—10°C. By considering these results, we cannot apply the
empirical Cole—Cole relation to fit these data because the
samples contain numerous grain boundaries or grain bound-
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Fig. 5 Bright-field TEM images with corresponding selected-area
electron diffraction (SAED) pattern of CaCu3TizO1, powders calcined
in air for 8 h at different temperatures: a 700°C and b 800°C, respec-
tively (ATO: Anatase—TiO,)

aries relaxation which was affected by low frequency [22].
However, it is clearly seen from Figs. 7(a.1) and 7(b.1)
that both samples have very high dielectric constant, &', of
~ 2 x 10* (at 1 kHz). From the inset of Fig. 7(a.1), the sam-
ple exhibits a giant dielectric constant, &’ ~ 10 at 150 to
200°C with weak frequency dependence below 1 kHz in the
CCTO_PVA700 while its tan§ is high (tan§ ~ 7) at a fre-
quency of 100 Hz and temperature from 150 to 200°C. The
values are similar to those reported by Bender and Pan [9]
who reported values of ¢’ ~ 10°~10° (at 1 kHz) for CCTO
samples prepared from a solid state reaction method. These
values, however, are much higher than 103-10* of the solu-
tion routed CCTO ceramics reported by Liu et al. [6], Jha et
al. [15], and Jin et al. [17].

The imaginary parts of dielectric dispersion, &”, are
shown in Figs. 7(a.2) and 7(b.2) for the samples of CCTO_
PVA700 and CCTO_PVAS800, respectively. We can apply
the Debye-like relaxation model to these data since there are
the relaxations contributed from the grains. The &” shows
a clear Debye-like relaxation peak shifting from a constant
value at low frequency to a small saturated value at higher
frequency. The electrical response from the grains has a very
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Cf

¢+ 0
L (422)

- (013)

CCTO_PVAS800 T

Intensity (a.u)

+

10 20 30 40 50 60 70 80
20(Degree)

Fig. 6 XRD patterns of a 700°C; and b 800°C, respectively. All sin-
tering was done in air at 1100°C for 16 h. The indexed planes indicated
in all pattern are for CCTO main structure (+: CaTiO3)

Table 3 Summary of grain size (from SEM), lattice parameter (from
XRD) and activation energy of grains (obtained from the curve fitting
using (5) and (7))

Material Grain size Lattice Activation Activation
(um) parameter energy of energy of
a(A) grains the dc
V) conductivity
(eV)
ASTM(75-2188) — 7.391 £0.001 — -
CCTO-PVA7T00 14.7+4.2 7.387£0.003 0.122 0.132
CCTO-PVAB0O0 13.5+4.8 7.388 £0.003 0.122 0.112

high response frequency because of their small resistance
and capacitance [6]. We can determine the dielectric relax-
ation time, 7, by following the Arrhenius law of

T =1,exp(E;/kpT), (5

where 7y is the pre-exponential factor, E; is the activation
energy for the relaxation, kp is the Boltzmann constant, and
T is the absolute temperature. The activation energy of an
electrical response, at different temperature can be derived
from the response time (t = 1/27f, where f is the response
frequency at which the imaginary part of the complex im-
pedance has a maximum). From the fitting shown in Fig. 8,
we obtain the activation energy of the dielectric relaxation
for CCTO_PVA700 and CCTO_PVABOQO to be of the same
value of 0.122 eV.

Figure 9 shows the fit of the ¢” of the CCTO ceramics
(CCTO_PVA700 and CCTO_PVAZ800) to the equation [23]

” Odc

&~ , (6)
gow
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Fig.7 The frequency dependence of the dielectric constant, *, at low
temperature between —40 and —10°C for a.1, a.2 CCTO_PVA700 and
b.1, b.2 CCTO_PVAS800, respectively. a.1, b.1 display the real part &’;

where oy is conductivity at low frequency at various tem-
perature between 160 and 200°C. As expected, at high tem-
perature and low frequency, the &” is increased mainly due
to the increase of the dc conductivity [23, 24]. From the fit-
ted results, we can obtain the dc conductivity for the CCTO
ceramics at different temperatures and then we can fit ogc
also by following the Arrhenius law of

ode = o5 exp(—Eac/kpT), @)

where aé)c is the pre-exponential factor, Eg4. is the acti-

vation energy for the dc conductivity. The correlation of
these values is shown in Fig. 10. From the fitting, we
obtain the activation energy of the dielectric relaxation
for CCTO_PVA700 and CCTO_PVAR00 to be 0.132 and
0.112 eV, respectively. These values are close to the acti-
vation energy derived from Debye-like relaxation peak.

To interpret the dielectric in the CCTO ceramics, the
Maxwell-Wagner relaxation was used to describe a series
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and a.2, b.2 display the imaginary part ¢”. The inset in a.1, b.1 shows
the real part ¢’ and a.2, b.2 shows tan§ at high temperature between
150 and 200°C for CCTO_PVA700 and CCTO_PVAS800, respectively

array of two sub-circuits, one in the grain and the other at
the grain boundaries [6, 8]. In each sub-circuit, the resistor
and capacitor are in parallel. In this circuit, we can present
the dielectric relaxation time, 7, in the following form

- _ ReRp(Co+ Cap)

8
R¢ + Rgp ®)

where C, and Cy), are the capacitance of grain and grain
boundaries, respectively; R, and Rgj, are the resistor of
grain and grain boundaries, respectively; and t is the time
constant.

Using the conditions, Rgp, > Rg and Cg, ~ 10C, [6, 8],
we can approximately obtain the time constant, 7, from (8)

Cob _ Cav

'C%RgCgbz(RgCg) C =TgC—,
8 8

©))

where 7, = R,C, is the response time of the grain. It has
been reported that C, and Cyy, are independent of tempera-
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Fig.9 The frequency dependence of the dielectric loss ¢” at high tem-
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ture [8]; thus, we can deduce 7, that follows the Arrhenius
law, (5). Let 7, = rg exp(Eg/kp T)(‘Cg is pre-exponential
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Fig. 10 Arrhenius plot of dc conductivity, ogc, for the CCTO ceramics

factor and E, is the activation energy of the grain conduc-
tion process), then we modify (9) to

TR RyCyp = CC—Z”(zg exp(Eg/kpT)). (10)
From (10), t and tp have the same temperature dependence
and the electrical response of the grains has the same acti-
vation energy as that of the observed dielectric relaxation.
Thus, we conclude that the activation energy for the re-
sponse of the grains in CCTO_PVA700 and CCTO_PVAS800
are 0.122 eV, which are close to the values of 0.109 eV for
a chemical solution synthesized CCTO [6]. However, the
value of 0.122 eV is lager than 0.08 eV, which was reported
for samples made by solid-state reaction [8].

At the present, the origin of semi-conducting grains
and insulating grain boundaries has not been clearly es-
tablished. Liu et al. [6] have proposed that the grains
made by different method could have very different elec-
trical property. Therefore, the larger activation energy of
grains in CCTO_PVA700 and CCTO_PVAS800 compared
to that of a sample made by solid-state reaction implies
that there are fewer oxygen vacancies in the grains of
CCTO_PVA700 and CCTO_PVAS&QQ. This is reasonable be-
cause CCTO_PVA700 and CCTO_PVAS800 were sintered
from powders, which were calcined at low temperature (700
and 800°C) compared to the temperature needed for the
solid-state processing. However, it is premature to associate
the increase in grain activation energy of all CCTO ceramics
with its large dielectric constant.

Finally, let us consider the role of CaTiO3; secondary
phase for the giant dielectric response in our CCTO sam-
ples. From the XRD analysis, we know that a small amount
of CaTiO3 secondary phase exists in our CCTO ceramics.
Thus, the influence of CaTiO3 secondary phase cannot be
ignored. If considering that the segregated CaTiO3 content
is dispersed at the grain boundaries. CaTiO3 is a dielectric
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insulator with &’ ~ 200 [25]. It is suggested that CaTiO3 sec-
ondary phase acts as the barrier layers at the grain bound-
aries [26], which contribute largely to the high dielectric
constant observed in our CCTO ceramics.

4 Conclusions

Nanocrystalline CCTO powders have been synthesized by a
simple PVA sol-gel route. The synthesized powders were
characterized by TG-DTA, XRD, FTIR, SEM and TEM.
The powders calcined at 700 and 800°C were used to pre-
pared bulk CCTO ceramics, which were sintered at 1100°C
for 16 h. The giant dielectric constant is in the order of
10*-103. The dielectric behavior of all CCTO ceramics ex-
hibits Debye-like relaxation which can be explained based
on Maxwell-Wagner polarization mechanism.
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Abstract

Nano-sized powders of CaCu;TisO,, were synthesized by a polymerized complex method and calcined at 600, 700 and 800 °C in air for 8 h.
The diameter of the powders ranges from 30 to 100 nm. The CaCu;Ti;O;, powders were characterized by TG-DTA, XRD, FTIR, SEM and TEM.
Sintering of the powders was conducted in air at 1100 °C for 16 h. The XRD results indicated that all sintered samples have a typical perovskite
CaCu;Tis Oy, structure with some amount of CaTiO; and CuO. SEM micrographs of the sintered CaCu;TisO;, ceramics showed the average grain
size of 10-15 wm. The samples exhibit a giant dielectric constant, " of 10,000-20,000. It is found that ¢ is independent on the frequency and
weakly dependent on temperature. The Maxwell-Wagner polarization mechanism is used to explain the high permittivity in these ceramics. It is
also found that all three sintered samples have the same activation energy of grains, which is 0.116 eV. On the other hand, the activation energy of
grain boundaries is found to be 0.219, 0.391 and 0.641 eV for CaCu;Ti;O,, ceramics prepared using the CaCu;TigO;, powders calcined at 600,

700 and 800 °C, respectively.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Powder processing; Electron diffraction; Scanning electron microscopy; X-ray diffraction (XRD); Dielectrics

1. Introduction

Dielectric materials with high dielectric constant, good
thermal stability and Ba/Pb-free have particularly attracted
ever-increasing attention for their practical applications in
microelectronics such as capacitors and memory devices.
Recently, there has been a great interest in synthesis and char-
acterization of a perovskite-type compound, calcium copper
titanate (CaCuzTigO12, commonly called CCTO) [1-14]. This
non-ferroelectric material, unlike commonly used ferroelectrics,
exhibits giant dielectric constant of &’ ~ 10* for polycrystalline
ceramics [1,2] and & ~ 107 (for single crystals) [3] in the kilo-
hertz region over a large temperature range (from 100 to 600 K).
This material does not undergo any structural change over the
same temperature range although its dielectric constant abruptly

* Corresponding author. Tel.: +66 43 202222-9x22438; fax: +66 43 202374.
E-mail addresses: sanmae @kku.ac.th, santimaensiri @gmail.com
(S. Maensiri).

0254-0584/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.matchemphys.2007.11.023

decreases to less than 100 below 100 K, showing a Debye-like
relaxation [13]. In addition to its interesting dielectric prop-
erty, CaCu3TisO17 has remarkably strong linear current—voltage
characteristics without the addition of dopants [ 15]. These excel-
lent properties render this material particularly attractive for a
wide range of applications.

So far, several explanations for the origin of the colossal
dielectric property of CaCusTisO1, material have been pro-
posed to be due to either intrinsic or extrinsic effect. Since
the giant dielectric response of this material was found to be
very sensitive to the microstructure (such as grain size) and
processing conditions (such as sintering temperature and time,
cooling rate and partial pressure) [11-13,16,17], more investiga-
tions tend to believe that the high dielectric constant originates
from the extrinsic effect such as internal barrier layer capaci-
tor IBLC) [11,16], contact-electrode effect [18,19], and special
inhomogenity of local dielectric response [20]. Although still
unclear, the IBLC explanation of extrinsic mechanism is widely
accepted at the present stage [21-26].
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CCTO was generally prepared by a standard solid-state reac-
tion method [1-3]. This method requires tedious work and a
high temperature in the powder preparation process. Moreover,
it suffers from the disadvantages of inhomogeneity. In contrast,
synthesis from a solution affords the reaction with a homo-
geneous mixing of the metal ions at the atomic scale, shorter
reaction time and at lower temperature [13]. However, it has
been only a few reports on the solution methods to synthesize
CCTO [8,10,13].

In this paper, we report the synthesis and giant dielectric
properties of CCTO prepared by polymerized complex (PC)
method. The PC method is a chemical solution process, which
has received considerable attention due to its relative simplicity
and usefulness for obtaining a homogeneous and fine powder
precursor. The synthesized fine CCTO powders were charac-
terized by thermogravimetric and differential thermal analysis
(TG-DTA), X-ray diffraction (XRD), Fourier-transform infared
(FT-IR) spectroscopy, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The effects of parti-
cle size of the synthesized powders on microstructure and giant
dielectric behavior of the sintered CCTO were also investigated.

2. Experimental procedure

The nano-sized powders of the CCTO were prepared by a simple modified
sol—gel method. The PC method was first developed by Pechini [27] and has been
used to synthesize polycations oxides powders [28-35]. It is based on metallic
citrate polymerization with the use of ethylene glycol. A hydrocarboxylic acid,
such as citric acid, is used to chelate cations in aqueous solution. The addition
of a glycol, such as ethylene glycol, leads to organic ester formation. Poly-
merization, promoted by heating the mixture, results in a homogeneous resin
in which metal ions are uniformly distributed throughout the organic matrix.
To prepare the CCTO powders, citric acid (99.7% purity, BDH, England) was
first dissolved in ethylene glycol (99.5% purity, Carlo Erba Reacgenti, Italy)
by heating and stirring at 80 °C. Subsequently, Ca(NO3)2-4H,0 (99.9% purity,
Kento, Japan), Cu(NO3),-4H,0 (99.5% purity, Carlo Erba Reacgenti, Italy) and
75 wt% titanium(diisoproproxide) bis(2,4-pentanedionate) in 2-propanol (99%,
Acros organics, USA) in a mole ratio corresponding to the nominal composition
of CaCu3Tis O, Citric acid and ethylene glycol were mixed in the respective
proportions of 4 and 16 moles for each mole of metal cation. The transpar-
ent blue-colored mixture was then stirred at 280 °C until the formation of the
dark blue-colored polymer between ethylene glycol and metal citrate complexes
was promoted (for about 10h). As the colloidal solution was condensed, it
became highly viscous. This viscous polymeric product was decomposed to
a dark mass precursor at 350 °C for several hours in air. This black-solid mass
precursor was ground, passed through 106 pwm sieve (Test sieve, Endecotts Lim-
ited, England) and each separate portion calcined at 600, 700 and 800 °C for
8h in air. The calcined powder precursors were reground and passed through
106 wm sieve again to break up large agglomerates. The final products were
black powders. The prepared CCTO powers were characterized by TG-DTA
(Pyris Diamond TG/DTA, PerkinElmer Instrument, USA), X-ray diffraction
(PW3040 Philips X-ray diffractometer with Cu Ka radiation (A =0.15406 nm),
The Netherlands), Fourier transform infrared spectrometer (Spectrum One FT-IR
Spectrometer, PerkinElmer Instruments, USA), scanning electron microscopy
(LEO SEM VP1450, UK) and transmission electron microscopy (TEM, Hitachi
H8100 200kV). The sieved powders were pressed uni-axially in a 16 mm die
with an applied pressure of 100 MPa. The compacts were pressureless-sintered at
1100°C for 16 h in air in a box furnace, heating and cooling rates of 5 °C min~!.
The sintered disc samples of ~11 mm in diameter with a thickness of ~2 mm
were obtained. The average grain size of each sintered CCTO ceramic was
measured using a standard line intercept technique from SEM micrographs of
sintered CCTO surfaces and counting at least 200 intercepts for each micrograph.
Throughout this article, we assigned symbols of CCTO_PC600, CCTO_PC700
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Fig. 1. The TG-DTA curves of the thermal decomposition of CCTO precursor
at a heating rate of 15°C min~! in static air.

and CCTO_PC800 for the CCTO bulk samples fabricated using the powders
calcined at 600, 700 and 800 °C, sintered in air at 1100 °C for 16 h, respectively.

The capacitance, C, and loss tangent, tan §, were carried out as a function
of frequency (100 Hz—1 MHz) and temperature (—50°C to —200 °C), using
a Hewlett Packard 4194A Impedance Gain Phase Analyzer at an oscillation
voltage of 1 V. Each measured temperature was kept constant with an accuracy
of +1°C.

The complex permittivity, £*, was calculated as follows:

g*=¢ —ig” (1)
where
Cd
U
- 2
£ oA 2)
¢ =¢tans 3)

where g is the permittivity in free space, A is the sample area and d is the sample
thickness.

3. Results and discussion

Fig. 1 shows the thermal analysis, TG-DTA curves of
the powder precursor of CCTO firing with a heating rate of
15°C min~! in static air from room temperature to 1000 °C. The
TG curve shows a major weight loss from 300 to ~500 °C; no
further weight loss was observed up to 1000 °C. The weight loss
is related to the combustion of organic matrix. The clear plateau
formed between 500 and 1000 °C on the TG curve indicates
the formation of CCTO as decomposition product, as confirmed
by XRD analysis (discuss in detail later). On the DTA curve, a
main exothermic effect were observed between 300 and 500 °C
with maxima at 450 °C, indicating that the thermal events was
associated with the burnout of organic species involved in the
precursor powders (organic mass remained from citric acid and
ethylene glycol), of the residual carbon or due to direct crystal-
lization of CCTO from the amorphous component. No further
weight loss and no thermal effect were observed above 500 °C,
indicating that no decomposition occurs above this temperature.
Note that these precursors were calcined in air at 600, 700 and
800 °C for 8 h.

Fig. 2 shows XRD patterns of CCTO powders after calci-
nation in air at (a) 600 °C, (b) 700°C and (c) 800 °C for 8 h.
The main peaks of all calcined CCTO powders are compara-
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Fig. 2. XRD patterns of CCTO powders calcined for 8 h in air at (a) 600 °C, (b)
700°C and (c) 800 °C, respectively. +CaTiO3, *CuO, A Anatese TiO, and R
Rutile TiO,.

ble to those of the standard powder XRD pattern of CCTO
in the JCPDS card No. 75-2188. In addition, the following
phases of CaTiO3 (JCPDS card No. 82-0228), CuO (JCPDS
card No. 80-0076), Anateses-TiO, (JCPDS card No. 78-2486)
and Rutile-TiO, (JCPDS card No. 87-0920) were also observed.
It is suggested by Guilleemet-Fritsch et al. [36] that the pure
CCTO phase is obtained only when the ratio of calcium, copper
and titanium are close to the stoichiometric ones. The CaTiO3
and TiO, phase appear if an excess of titanium is present. It is
the excess of titanium that leads to the precipitation of CaTiO3
and TiO;, even if there is no excess of calcium [36]. The for-
mation of CaTiO3z may also cause the excess of Cu with respect
with the stoichiometry of CCTO. As a result, the precipitation
of the CuO is observed. From the line broadening of the main
peaks, the crystallite size (D) was estimated using the Scherrer
formula [37]:

K

where X is the wavelength of the X-ray radiation, K is a constant
taken as 0.9, 6 is the diffraction angle. § is the full width at haft
maximum (FWHM) and is given by 8 = (,8% — /Siz)l/ 2, where
Bo and B; are the widths from the observed X-ray peak and the
width due to instrumental effects, respectively. The particle sizes
are found to be 43.8 +15.6, 55.4 +£20.1 and 70.9 &= 22.6 nm for
the powders calcined at 600, 700 and 800 °C, respectively.

Fig. 3 shows FT-IR spectra of CCTO powders after calcina-
tion in air at 600, 700 and 800 °C for 8h. All three samples
show the main absorption bands at 561, 516 and 437 cm™ 1,
These bands are assigned to the absorption regions for Ti ion,
which are associated to vri_o of 653-550cm™! and vri_o_1i of
495436 cm™! [4].

Morphology and microstructure of the calcined CCTO pow-
ders and sintered CCTO ceramic samples revealed by SEM
are shown in Fig. 4. Fig. 4(a)—(c) shows CCTO particles with
sizes of about 50, 80 and 100 nm for the 600, 700 and 800 °C
calcined samples, respectively. These values were larger than
those obtained from X-ray line broadening calculation. Some
agglomerates were observed in all of the calcined powders.
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Fig. 3. FT-IR spectra of CCTO powders calcined for 8 h in air at (a) 600 °C, (b)
700 °C and (c) 800 °C, respectively.

The particle size of the powder increased with increasing
calcination temperature. After sintering at 1100°C for 16h,
the bulk CCTO ceramics with different microstructure were
obtained. The CCTO_600 (Fig. 4(d)), CCTO_700 (Fig. 4(e))
and CCTO_800 (Fig. 4(f)) showed a mean grain size of
11.94+4.0 pm, 14.8 + 6.2 pm and 10.8 & 4.5 wm, respectively.

Fig. 5 shows TEM images and the corresponding selected
area electron diffraction (SAED) patterns of the calcined CCTO
powders. It is clearly seen from the TEM bright-field images
that all of the samples are consist of nanocrystalline CCTO
particles, whose size increases with increasing calcination tem-
perature. The 600 °C calcined sample contains nanoparticles of
30.9 £ 7.8 nm in size whereas the 700 °C calcined sample con-
tains nanoparticles of 58.7 +45.4 nm. As expected, the 800 °C
calcined sample consists of nanoparticles with the largest par-
ticle sizes of 85.3 £39.9nm. It is noted that the particle sizes
observed by TEM are not in agreement with results determined
by XRD and SEM (see Table 1). The error in the particle sizes
obtained from the XRD results is large, and the average values
obtained from SEM are significantly larger than that obtained
from XRD. These differences could be resulted from some dis-
persion or inhomogeneity in the particles size of the samples.
Electron diffraction of particles with higher calcination tem-
perature contains more intense spots as shown in the 700 and
800 °C calcined powders, indicating the larger particle size of
highly crystalline compared to the 600 °C calcined samples. The
interplanar spacings (dpx]) measured from the selected-area elec-
tron diffraction patterns are in good agreement with the values

Table 1
Summary of particle size analysis obtained from XRD and TEM; and lattice
parameter (from XRD) of CCTO powders compared to the ASTM value

Lattice
parameter a (A)

Particle size
from TEM (nm)

Particle size
from XRD (nm)

Material

ASTM (75-2188) - - 7.391 £ 0.001
600 °C powders 43.8 £ 15.6 309 £7.8 7.374 + 0.002
700 °C powders 554 +20.1 58.7 £ 454 7.389 £ 0.001
800 °C powders 709 £ 22.6 853 £ 399 7.398 £ 0.002
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Fig. 4. SEM micrographs of the CCTO powders and sintered CCTO materials. (a)—(c) are the powders calcined for 8 h in air at 600, 700 and 800 °C, respectively.
(d)—(f) are the microstructure of the sintering CCTO_PC600, CCTO_PC700 and CCTO_PC800, respectively.

obtained from the standard data JCPDS: 75-2188 (for CCTO)
and 89-0056 (for CaTiO3) as summarized in Table 2.

Fig. 6 shows XRD patterns of the CCTO ceramics sintered in
air at 1100 °C for 16 h, confirming a single phase of CCTO in all
the samples although a small amount of CaTiO3; and CuO were
present in all the sintered samples. The presence of additional
CaTiOs3 in the sintered samples is possibly due to the presence
of excess titanium as suggested Guilleemet-Fritsch et al. [36].
Therefore, we think that the excess of titanium leads to the pre-
cipitation of CaTiOs3 in our sintered samples. For the presence
of the CuO phase, it is possible that the Cu rich phase derives
from the diffusion of Cu to the defects present, after which gross
excess causes the crystallization of the separate CuO phase [38].
The CuO phase within the ceramics implies that excess copper

is in the form of a copper rich phase at the grain boundaries
[38,39]. However, further work on careful investigation of the
stoichiometry of the CCTO ceramics using energy dispersive
spectroscopy (EDS) is needed to confirm the Ca/Cu/Ti cationic
ratio in our CCTO ceramics.

Fig. 7 shows the frequency dependence of the &' and &”
of the sintered CCTO ceramics (CCTO_PC600, CCTO_PC700
and CCTO_PC800) at various temperature between —50 and
—10°C. Fig. 7(a.1)—(c.1) shows that the CCTO ceramics
(CCTO_PC600, CCTO_PC700 and CCTO_PC800) have very
high dielectric constant, &’, of 10000-20000 at 1kHz. ¢ has
little frequency dependence at low frequency (below 100 kHz).
The high £’ atlow frequency may possibly be a contribution from
grain boundary in these sintered CCTO ceramics [40]. The val-
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l

Fig. 5. Bright field TEM images with corresponding selected-area electron diffraction (SAED) patterns of CCTO powders calcined in air for 8 h: (a) 600 °C; (b)
700 °C; (c) 800 °C, respectively. 101CTO stands for (10 1) plane of CaTiOs.
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Table 2
Measured interplanar spacings (dpx)) obtained from selected-area electron diffraction patterns of CCTO samples calcined at 600, 700 and 800 °C for 8 h shown in
Fig. 5
Ring Measured interplanar spacing of CCTO samples dyy (A) Standard data (JCPDS: 75-2188)
600 °C powder 700 °C powder 800 °C powder diia (A) hkl
R - 3.5735 3.5735 3.6955 200
Ry 2.6703 2.6413 2.6557 2.6131 220
R; - - 2.3143 2.3372 013
Ry 2.1696 2.1504 - 2.1336 222
Rs 1.9597 - - 1.9753 321
Re 1.7802 - 1.7868 1.8477 400
Ry 1.567 1.5379 1.5527 1.5086 422
Corresponding values from the standard data JCPDS: 75-2188 are also provided for a comparison.
ues are similar to the those reported by Jin et al. [10] and Liu et law of
al. [13], who reported values of &' ~ 10* (at 1 kHz) for samples U
prepared from a solution route; and by Ramirez et al. [1] and T = Tp exp <kT) )
B

Bender and Pan [12], whose samples prepared from a solid-state
reaction method. These values, however, are much higher than
3000 of the sol-gel synthesized CCTO ceramics reported by Jha
et al. [8].

The frequency dependence of the observed dielectric relax-
ation, ¢”, shown in Fig. 7(a.2)-(c.2). By considering these
results, we cannot apply the empirical Cole—Cole relation to
fit these data because at low frequency the samples contain
numerous grain boundaries or grain boundaries relaxation [40].
However, we can apply the Debye-like relaxation peak due to
the presence of the grains. The ¢” shows a clear Debye-like
relaxation peak shifting from a constant value at low frequency
to a small saturated value at higher frequency. The electrical
response from grains has a very high response frequency because
of their small resistance and capacitance [13]. We can determine
the dielectric relaxation time, 7, also by following the Arrhenius

N
& o~ =~ ¢
cN8c-8 5
8,L.2787Y I%
3
&
g +
@ L= W A "
c e P - (b)
2
=
+* + *
w *I-L . J*: (a)
10 20 30 40 50 60 70 80

26 (°)

Fig. 6. XRD patterns of (a) 600 °C, (b) 700 °C and (c) 800 °C, respectively. All
sintering was done in air at 1100 °C for 16 h. The indexed planes indicated in
(c) pattern are for CCTO main structure. +CaTiO3 and * CuO.

where 7 is the pre-exponential factor, U is the activation energy
for the relaxation, kg is the Boltzmann constant and 7'is the abso-
lute temperature. Fig. 8 illustrates the relationship of t and T for
all three CCTO samples. The activation energy of an electri-
cal response, at different temperature can be derived from the
response time (7 = 1/2xf, where f is the response frequency at
which the imaginary part of the complex impedance has a max-
imum). From the fitting (Fig. 8), we obtain the activation energy
of the dielectric relaxation for CCTO_PC600, CCTO_PC700 and
CCTO_PC800 to be of the same value of 0.116eV.

Fig. 9 shows the fit of the &” of the CCTO ceramics
(CCTO_PC600, CCTO_PC700 and CCTO_PC800) to equation
[41]

n ., 9dc
g~
gow

(6)

where o4 is conductivity at low frequency at various tempera-
ture between 160 and 200 °C. As expected, at high temperature
and low frequency, the ¢” is increased mainly due to the increase
of the dc conductivity [34,42]. From the fitted results, we can
obtain the dc conductivity for the CCTO ceramics at differ-
ent temperatures and then we can fit o4. also by following the
Arrhenius law of

Uq
Ode = ch exp (kB;> @)

where agc is the pre-exponential factor, Uq. is the activation
energy for the dc conductivity. The correlation of these values
is shown in Fig. 10. From the fitting, we obtain the acti-
vation energy of the dielectric relaxation for CCTO_PC600,
CCTO_PC700 and CCTO_PC800 to be 0.219, 0.391 and
0.647 eV, respectively. These values are close to the activation
energy of the grain boundaries reported earlier in the literature
for the CCTO, 0.24 [9], 0.34 [26] and 0.60eV [11]. Our results
support the hypothesis of the existence of internal barrier layers
between the grains. In other words, our results indicate that the
behavior of ¢” at low frequency (in Fig. 7) is a result of the grain
boundaries barrier.




268
(a1) 100000
10000
—o’ N
0 grian contribution to the Y
10004 0% total dielectric response
100 T T T
100 1k 10k 100k 1M
Freqeuncy(Hz)

H;
10000 1 g

g

grain contribution to
10004 - :ig:g the total dielectric respone

4—-30°C

—y—-20°C

-10°C

100 T T T \'
100 1k 10k 100k ™
Freqeuncy(Hz)

(c1) 100000

10000 F ¥ s RRaggq,

" grain contribution to
10004 | " xuz the total dielctric response

4 300C
—y—-20°C
-10°C

100 T T T

100 1k 10k 100k 1M
Fregeuncy(Hz)

C. Masingboon et al. / Materials Chemistry and Physics 109 (2008) 262-270

(a2) 30000 —
250001 ) e
3, 3000 7 ”
200001 200017
near-Debye bulk
1000 dipalar relaxation
w 150004\ 6
LY grain boundary "°¢ Frequenﬁk(m) !
10000 relaxation
5000 |
100 1k 10k 100k ™M
Frequency(Hz)
(b2) 15000 =
—a— -50°C
—e—-40°C a0
——-30°C 3000
100004 | T 20| aom
7 -10°C >
) 1000 ot reagon
9

100k 1
Frequency (Hz) J

0 T . .
100 1k 10K 100k M
Frequency(Hz)
(c2)5000
-SD:G near-Debye bulk
4000 i ;gng dipolar relaxation
—»—-20°C
-10°%c
3000-\' grain boundary

ﬁxamn

2000'
1000+
0 T T !
100 1K 10k 100k ™
Frequency(Hz)
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Fig. 8. Arrhenius plot of dielectric relaxation time t for the three sintered
samples.

To interpret the dielectric in the CCTO ceramics, the
Maxwell-Wagner relaxation was used to describe a series
array of two sub-circuits, one in the grain and the other at the
grain boundaries [13,43]. In each sub-circuit, the resistor and
capacitor are in parallel. In this circuit, we can present the
static-permittivity, e;, and dielectric relaxation time, 7, in the
following form

2 2
o RgCg + Rgngb
* Co(Rg + Rep)?

. Ry Rop(Cyg + Cop)
Rg + Rgp

®)

C))

where Cy and Cg, are the capacitance of grain and grain
boundaries, respectively; Ry and Ry, are the resistor of grain
and grain boundaries, respectively; Co is the empty cell constant
and 7 is the time constant.
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Fig. 9. The frequency dependence of the dielectric loss ¢” at high temperature
ranging between 160 and 200 °C for (a) CCTO_PC600, (b) CCTO_PC700 and
(c) CCTO_PCB800, respectively. The solid lines are the fits according to Eq. (6).

It has been reported in the literature that for CCTO, Ry, > R,
and Cgp ~ 10 Cg [13,43]. We can estimate the static-permittivity
&, from Eq. (8),

gy~ Ceb (10)
Co

Thus, & is determined by the ratio between grain boundary
capacitance, Cgp, and empty cell capacitance, Co. Hence ¢ is
constant when Cgy, is temperature and frequency independent.
The implication is in good agreement with our experimental
results. We observed that dielectric constant is not depen-
dent on the frequency and only weakly dependent on the
temperature.
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Fig. 10. Arrhenius plot of dc conductivity oq. for the three sintered samples.

If we assumed that the grain boundary form a two-layer
capacitor with a thickness of (dg + dgp), where dg and dyy, are the
thickness of the grain and the grain boundary layer, respectively,
from Eq. (10), one obtains &} ~ egb(dg + dgp)/dgp; here ggp is
the dielectric constant of the grain boundary layer. Therefore,
even a small dielectric constant &g, can lead to a giant dielectric
constant &g if the ratio (dg + dgp)/dgp, is large. If the grain is about
10 pm, the grain boundary layer is about 0.01 wm and &g = 10,
then 8; ~ 10, 000. Therefore, the Maxwell-Wagner relaxation
can be used to explain the giant dielectric constant of our CCTO
samples.

Using the conditions, Rgp >> Ry and Cyp ~ 10 Cg [13,43]. We
can approximately obtain the time constant, 7, from Eq. (9),

Ceb
= ‘L'g C7g

Cgp
TR RyCop = (RgCy)—— an

Ce
where T3 =R, C, is the response time of the grain. It has been
reported that Cg and Cyyp, are independent of temperature [11,43],
thus, we can deduce 7, that follows the Arrhenius law, Eq. (5).
Let 7o = rg exp(Ug/kpT) (rg is pre-exponential factor and U,
is the activation energy of the grain conduction process), then
we modify Eq. (11) to

Cop U,
~ Ry,Cop = -2 ( 0 —& 12
oo = 2 (dow (5 2

From Eq. (12), t and 7¢ have the same temperature depen-
dence and the electrical response of the grains has the same
activation energy as that of the observed dielectric relax-
ation. Thus, we can conclude that the activation energy for
the response of the grains in CCTO_PC600, CCTO_PC700
and CCTO_PC800 are 0.116eV, which are close to the val-
ues of 0.109 eV for a chemical solution synthesized CCTO and
0.112eV for the recently reported by our group [14]. How-
ever, the value of 0.116¢eV is lager than 0.08 eV, which was
reported for samples made by solid-state reaction [11]. The
activation energy of grain in CCTO_PC600, CCTO_PC700 and
CCTO_PC800 are lager than activation energy of grain in sam-
ple made by solid-state reaction, which may imply that there
are fewer oxygen vacancies in the grains of CCTO_PC600,
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CCTO_PC700 and CCTO_PC800. This is reasonable because
CCTO_PC600, CCTO_PC700 and CCTO_PC800 were sin-
tered from powders. These powders were calcined at low
temperature (600, 700 and 800 °C) compared to the temper-
ature needed for the solid-state processing, which calcined at
1000 °C [11]. Similar suggestion was explained by Liu et al.
[13].

4. Conclusions

Nanocrystalline CaCus TisO1, powders with particle sizes of
30-100 nm have been synthesized by the polymerized complex
route. The powders were used to prepared bulk CCTO ceramics,
which exhibit giant dielectric response and have the dielec-
tric constant as high as 10,000-20,000 at 1 kHz. The dielectric
constant is weakly temperature dependent over the tempera-
ture range of —50°C to 200 °C. The high dielectric-constant
responses of these CCTO ceramics are not attributed to the ferro-
electric behavior, but rather to the Maxwell-Wagner polarization
mechanism.
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ABSTRACT Nanocrystalline CaCusTisO12 powders with par-
ticle sizes of 50-90 nm were synthesized by a simple method
using Ca(NO3),-4H;0, Cu(NOs3);-4H,0, titanium(diiso-
proproxide) bis(2,4-pentanedionate) and freshly extracted egg
white (ovalbumin) in aqueous medium. The synthesized pre-
cursor was characterized by TG-DTA to determine the thermal
decomposition and crystallization temperature which was found
to be at above 400 °C. The precursor was calcined at 700
and 800 °C in air for 8 h to obtain nanocrystalline powders of
CaCu3TigO12. The calcined CaCusTigsO, powders were char-
acterized by XRD, FTIR, SEM and TEM. Sintering of the
powders was conducted in air at 1100 °C for 16 h. The XRD re-
sults indicated that all sintered samples have a typical perovskite
CaCu3TisOq, structure and a small amount of CuO, although
the sintered sample of the 700 °C calcined powders contained
some amount of CaTiO3. SEM micrographs showed the aver-
age grain sizes of 12.04+7.8 and 15.5 £ 8.9 pm for the sintered
CaCu3TisO1, ceramics prepared using the CaCu3TigO12 pow-
ders calcined at 700 and 800 °C, respectively. The sintered
samples exhibit a giant dielectric constant, &’ of ~ 1.5-5 x 10%.
The dielectric behavior of both samples exhibits Debye-like re-
laxation, and can be explained based on a Maxwell-Wagner
model.

PACS 77.22.Gm; 81.05.Je; 81.07.Wx; 81.20.Ev

1 Introduction

Materials with high dielectric constant, good ther-
mal stability and Ba/Pb-free are widely used in technological
applications such as capacitors and memory devices. Re-
cently, there has been a great interest in synthesis and charac-
terization of a perovskite-type compound, CaCuzTizO1,, (ab-
breviated as CCTO) [1-15]. This non-ferroelectric material
exhibits giant dielectric constant of & ~ 10* (for polycrys-
talline ceramics) [1,2] and &’ ~ 10° (for single crystals) [3] in
the kilohertz region over the temperature range from —173 to

bd Fax: +66-43-202374, E-mail: sanmae @kku.ac.th

327 °C. This material does not undergo any structural change
over the same temperature range [1, 2] although its dielectric
constant abruptly decreases to less than 100 below —173°C
and shows a Debye-like relaxation [13]. The characteristic re-
laxation frequency follows approximately the Arrhenius law.
In addition to its interesting dielectric property, CCTO has
remarkably strong linear current—voltage characteristics with-
out the addition of dopants [16]. These excellent properties
render this material particularly attractive for a wide range of
applications.

So far, several models of the dielectric behavior of CCTO
material have been proposed to be due to either intrinsic or
extrinsic effect. Since the giant dielectric response of this
material was found to be very sensitive to the microstruc-
ture (such as grain size) and processing conditions (such as
sintering temperature and time, cooling rate, and partial pres-
sure) [11-14, 17, 18], more investigations tend to believe that
the high dielectric constant originates from the extrinsic ef-
fect, such as internal barrier layer capacitor (IBLC) [11,17],
contact-electrode effect [19,20], and special inhomogen-
ity of local dielectric response [21]. Although still unclear,
the IBLC explanation of extrinsic mechanism is widely
accepted [22-27].

CCTO powder was generally prepared by a standard
solid-state reaction method [1-3]. This method requires te-
dious work and a high temperature in the powder preparation
process. Moreover, it suffers from the disadvantages of in-
homogeneity. In contrast, synthesis from a solution affords
the reaction with a homogeneous mixing of the metal ions at
the atomic scale, shorter reaction time, and at lower tempera-
ture in the powder preparation process [28].

However, it has been only a few reports on the solution
methods to synthesize CCTO powders [8, 10, 13]. Therefore,
alternative simple solution routes by utilization of cheap,
nontoxic and environmentally benign precursors for prep-
aration of CCTO powders are still a challenge. Egg white
proteins are well known for their gelling, foaming and emul-
sifying characteristics, in addition to their high nutrition qual-
ity [29-31]. Due to its solubility in water and its ability to
associate with metal ions in solution, egg white has been
used as a binder cum gel forming material in shape form-
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ing of bulk and porous ceramics [32—-34]. Egg white has
been used as a matrix for entrapment of aluminum ions gen-
erating gel precursor which resulted in «-alumina particles
with crystalline sizes of 15—-80 nm after heat treatment as low
as 330°C [35]. Most recently, our group has reported the
use of egg white solution for the preparations of plate-like
clusters of CeO, nanocrystalline particles 6—30 nm in diam-
eter [36] and nanoparticles of NiFe,O4 with particle sizes of
60—-600 nm [37]. This method is simple, cost effective and en-
vironmental friendly, which is a promising synthesis route for
preparation of fine ceramic particles.

In this study, we report the synthesis and giant dielec-
tric properties of CCTO prepared by the simple egg white
solution route using Ca(NOs3), - 4H,0, Cu(NO3), -4H;O0, ti-
tanium(diisoproproxide) bis(2,4-pentanedionate) and freshly
extracted egg white (ovalbumin) in aqueous medium. The
synthesized fine CCTO powders were characterized by ther-
mogravimetric and differential thermal analysis (TG-DTA),
X-ray diffraction (XRD), Fourier-transform infared (FT-IR)
spectroscopy, scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). The effects of par-
ticle size of the synthesized powders on microstructure and
giant dielectric behavior of the sintered CCTO were also
investigated.

2 Experimental procedure

The nanocrystalline CCTO powders were pre-
pared by a simple egg white solution route. The procedures
used to synthesize the CCTO powders were similar to those
for the NiFe,O4 nanoparticles reported previously [37]. In
a typical procedure, 60 ml of egg white was first mixed
with 40 ml de-ionized water (3 : 2 ratio) under vigorous stir
at room temperature (27 °C) until homogeneous solution
was obtained. Subsequently, Ca(NOs3), -4H,0 (99.9% pu-
rity, Kento, Japan), Cu(NO3), - 4H,0 (99.5% purity, Carlo
Erba Reacgenti, Italy), and 75 wt. % titanium(diisopropoxide)
bis(2,4-pentanedionate) in 2-propanol (99%, Acros organics,
USA) in a mole ratio corresponding to the nominal compo-
sition of CaCu3TisO1,. These chemicals were added to the
egg white solution under vigorous stir at room temperature
for 2 h to obtain a well-dissolved solution. At this step, the
extracted egg white was acted as a matrix for entrapment
of Ca, Cu, and Ti ions generating gel precursor [35-37].
Throughout the whole process described above, no pH ad-
justment was made. Then, the mixed solution was evapo-
rated by heating on a hot plate at 100 °C under vigorous stir
for several hours until dried precursor was obtained. The
dried precursor was crushed into powder using mortar and
pestle.

In order to determine the temperature of possible decom-
position and crystallization of the nanoparticles, the dried
precursor was subjected to thermogravimetric-differential
thermal analysis (TG-DTA) (Pyris Diamond TG-DTA, Per-
kin—Elmer Instrument, USA). The crystallization seemed to
occur at temperature above 400 °C (Fig. 1). The dried pre-
cursor then was calcined in box-furnace at 700 and 800 °C
for 8h in air. The calcined powder precursors were re-
ground and passed through 106 pm sieve (Test sieve, En-
decotts Limited, England) to break up large agglomerates.
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FIGURE1 The TG/DTA curves of the thermal decomposition of

CaCu3TigOq; precursor at a heating rate of 15 °C/min in static air

The prepared CCTO powers were characterized by X-ray
diffraction (PW3040 Philips X-ray diffractometer with Cu K,
radiation (A = 0.15406 nm), The Netherlands), Fourier trans-
form infrared spectrometer (Spectrum One FT-IR Spectrom-
eter, Perkin—Elmer Instruments, USA), scanning electron
microscopy (LEO SEM VP1450, UK) and transmission elec-
tron microscopy (TEM, Hitachi H§100 200 kV).

The prepared powders were pressed uniaxially in a 16 mm
die with an applied pressure of 100 MPa. The compacts were
pressureless-sintered at 1100 °C for 16 h in air in a box fur-
nace with heating and cooling rates of 5°C/min. The sin-
tered disc samples of ~ 14 mm in diameter with a thickness
of ~2mm were obtained. The average grain size of each
sintered CCTO ceramic was measured using a standard line
intercept technique from SEM micrographs of sintered CCTO
surfaces and counting at least 200 intercepts for each mi-
crograph. Throughout this article, we assigned symbols of
CCTO_EW700 and CCTO_EWS800 for the sintered CCTO
samples fabricated using the CCTO powders calcined at 700
and 800 °C, respectively.

The capacitance, C, and loss tangent, tan §, were carried
out as a function of frequency (100 Hz—10 MHz) and tem-
perature (—50 to 4190 °C), using a Hewlett Packard 4194A
Impedance Gain Phase Analyzer at an oscillation voltage of
1 V. Each measured temperature was kept constant with an ac-
curacy of £1 °C. Silver paint was coated on both surface of
the samples and dried over night. The complex permittivity,
&*, was calculated as follows:

e =¢ —ig", (1)
where

Cd
g = S()—A s 2
¢ =¢'tané, 3)

where g is the permittivity in free space, A is the sample area
and d is the sample thickness. The values of ac conductivity,
0,c, were derived from [38]:

O = wepe” . “4)
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3 Results and discussion

The simultaneous TG-DTA curves of the gel pre-
cursor in flowing air are shown in Fig. 1. The TG curve in
Fig. 1 shows a minor weight loss step between ~ 30 °C and
300 °C. A slight weight loss was observed between 300 and
400 °C, and almost no weight loss was observed at above
500°C. The first weight loss (30-300 °C) is related to the
losses of moisture, trapped solvent (water and carbon diox-
ide), alkoxide, and nitrates. A slightly weight loss was ob-
served between 300 and 400 °C, relating to the losses of or-
ganic species associated in the precursor (the remaining or-
ganic mass in ovalbumin), or the residual carbon. Almost no
weight loss could be observed at above 400 °C, suggesting the
formation of crystalline CCTO as a decomposed product. This
is confirmed by the XRD results as shown in Fig. 2. On the
DTA curve (Fig. 1) three endothermic peaks were observed at
~ 57,103, and 219 °C, respectively. The one exothermic was
observed at 304 °C. The three endothermic peak confirms the
combustion of water, whereas the one exothermic peak con-
firms that the thermal events was associated with the burnout
of organic species involved in the precursor powders of the re-
sidual carbon or due to direct crystallization of CCTO from
the amorphous component. No further weight loss and no
thermal effect were observed above 400 °C, indicating that no
decomposition occurs above this temperature. Note that this
precursor was calcined in air at 700 and 800 °C for 8 h.

Figure 2 shows XRD patterns of (a) dried precursor and
CCTO powders after calcination in air at (b) 700 °C and (c)
800 °C for 8 h. The main peaks of all calcined CCTO powders
are comparable to those of the standard powder XRD pattern
of CCTO in the JCPDS card No. 75-2188. In addition, the fol-
lowing phases of CaTiO; (JCPDS card No. 82-0228), CuO
(JCPDS card No. 80-0076) and Anateses-TiO, (JCPDS card
No. 78-2486) are also observed. It is suggested by Guilleemet-
Fritsch et al. [39] that the pure CCTO phase is obtained only
when the ratio of calcium, copper and titanium are close to
the stoichiometric ones. The CaTiO3 phase appears if an ex-
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FIGURE 2 XRD patterns of (a) dried precursor and CaCu3TisOpo
nanopowders calcined in air for 8h at (b) 700°C, and (c¢) 800°C.
(* — CaTiOs, + — CuO, A — Anatase-TiO5)

cess of titanium is present, and at the same time when the
copper content slightly decreases. It is also suggested that
the excess of titanium leads to the precipitation of CaTiOs,
even if there is no excess of calcium [39]. Since both calcium
and titanium form a second phase, copper is then in excess,
with respect with the stoichiometry of CCTO. Hence, the pre-
cipitation of the copper oxide (CuO) is observed, beside the
CCTO and CaTiO3 phase. From the line broadening of the
main peaks, the crystallite size (D) was estimated using the
Scherrer formula [40]:

D= K\/(Bcosb), (5)

where A is the wavelength of the X-ray radiation, K is a con-
stant taken as 0.89, 6 is the diffraction angle. 8 is the full width
at haft maximum (FWHM) and is given by 8 = (ﬂg - ﬂiz)l/ 2,
where B, and g; are the widths from the observed X-ray peak
and the width due to instrumental effects, respectively. The
particle sizes are found to be 66.7 +27.5 and 86.24+35.2 nm
for the powders calcined at 700 and 800 °C, respectively. The
values of lattice parameter a calculated from the XRD spectra
were obtained to be 7.374 40.002 and 7.390 = 0.0005 A for
the CCTO powders calcined at 700 and 800 °C, respectively.
The particle sizes and lattice parameters are also summarized
in Table 1.

Figure 3 shows FT-IR spectra of the dried precursor
and CCTO powders after calcination in air at 700 °C and
800 °C for 8 h. The calcined CCTO powders show the main

Material Particle size Particle size Lattice
from XRD from TEM parameter a
(nm) (nm) (A)
ASTM (75-2188) - - 7.391+£0.001
700 °C powders 66.7+27.5 56.7+7.9 7.374+£0.002
800 °C powders 86.2+35.2 84.9+15.3 7.390+ 0.0005
TABLE 1 Summary of particle size analysis obtained from XRD and

TEM; and lattice parameter (from XRD) of CCTO powders compared to the
ASTM value

Transmittance (a.u.)

T
800

T
1000

T
1200
Wave number (cm™)

FIGURE 3 FT-IR patterns of (a) dried precursor and CaCu3TizOq2
nanopowders calcined in air for 8 h at (b) 700 °C, and (¢) 800 °C
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absorption bands at 561, 516, and 437 cm~!. These bands
are assigned to the absorption regions for Ti ion, which
are associated to vri_g of 653-550 cm™~! and (Ti—O—Ti of
495-436 cm™!) [4,41].

Morphology of the calcined CCTO powders and micro-
structure of the sintered CCTO ceramic samples revealed by
SEM are shown in Fig. 4. Figure 4a and b show CCTO par-
ticles with sizes of about 60 nm, and 100 nm for the 700 °C
and 800 °C calcined samples, respectively. These values were
larger than those obtained from X-ray line broadening calcu-
lation. Some agglomerates were observed in all of the cal-
cined powders. The particle size of the powder increased
with increasing calcination temperature. After sintering at
1100°C for 16h, the bulk CCTO ceramics with different
microstructure were obtained. The CCTO_EW700 (Fig. 4c)
and CCTO_EWS800 (Fig. 4d) showed mean grain sizes of
12.0£ 7.8 wm and 15.5 £ 8.9 pum, respectively.

Figure 5 shows TEM images and the corresponding se-
lected area electron diffraction (SAED) patterns of the cal-
cined CCTO powders. It is clearly seen from the TEM bright-
field images that both powder samples consist of nanocrys-
talline CCTO particles, whose size increases with increasing
calcination temperature. The 700 °C calcined sample contains
nanoparticles of 56.7+£7.9nm in size whereas the 800°C
calcined sample contains nanoparticles of 84.9+ 15.3 nm.
The observed particle sizes are in good agreement with re-
sults determined from X-ray line broadening (see summary
in Table 1). Electron diffraction of particles with higher cal-
cination temperature contains more intense spots as shown
in the 800 °C calcined powders, indicating the larger particle
size of highly crystalline compared to the 700 °C calcined
samples. The interplanar spacings (djx) measured from the

FIGURE 4 SEM micrographs of
the CCTO powders and sintered
CCTO materials. (a,b) are the pow-
ders calcined for 8 h in air at 700 °C
and 800 °C, respectively. (c, d) are
the microstructure of the sintering
CCTO_EW700, and CCTO_EWS800,
respectively

selected-area electron diffraction patterns are in good agree-
ment with the values obtained from the standard data JCPDS:
75-2188 (for CCTO) and 89-0056 (for CaTiO3) as summa-
rized in Table 2.

Figure 6 shows XRD patterns of the CCTO ceramics sin-
tered in air at 1100 °C for 16 h, confirming a main phase of
CCTO and a small amount of CuO in both the CCTO_EW700
and CCTO_EWS800 although a small amount of CaTiO3; was
present in the CCTO_EW700 sample. The presence of addi-
tional CaTiOj3 in the sintered CCTO_EW700 is possibly due
to the presence of excess titanium on the powders, calcined at
700 °C. Guilleemet-Fritsch et al. [39] suggested that the tita-
nium content mostly controls the phase composition (single
or second phase material) of the CCTO materials. Therefore,
we think that the excess of titanium leads to the precipita-
tion of CaTiOj3 in our CCTO_EW700 sample. In the case of
CCTO_EW800, however, the CaTiO3 phase is not observed.
This implies that 800 °C — calcined powders have no excess
of titanium. For the presence of the CuO phase in both the
samples of CCTO_EW700 and CCTO_EWSQ0O0, it is possible
that the Cu rich phase derives from the diffusion of Cu to
the defects present, after which gross excess causes the crys-
tallization of the separate CuO phase [42]. The CuO phase
within the ceramics implies that excess copper is in the form
of a copper rich phase at the grain boundaries [43]. The values
of lattice parameter a calculated from the XRD spectra were
7.388+£0.001 and 7.393+0.001 A for the CCTO_EW700
and CCTO_EWS800, respectively (see summary in Table 3).

Figure 7a and b show the real and imaginary parts of
dielectric dispersion for the samples of CCTO_EW700 and
CCTO_EW800 at various temperatures between —50 and
—10°C. It is clearly seen from Fig. 7a.1 and 7b.1 that both
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samples have very high dielectric constant, &', of ~ 2.5 x 10*
(at 1 kHz) for CCTO_EW700 and ~ 1.5 x 10* (at 1 kHz) for
CCTO_EWS00. ¢ has little frequency dependence at low fre-
quency (below 100 kHz). Figure 8 compares the temperature
dependence of the dielectric constant with the loss tangent
at a frequency in the range of 100 Hz—1 MHz for the sam-
ples of CCTO_EW700 and CCTO_EWSO00. It is seen that
the samples exhibits a giant dielectric constant, &', ~ 5 x 10*
(at 1kHz) for CCTO_EW700 (Fig. 7c.1) and ~ 4 x 10* (at
1 kHz) for CCTO_EW800 (Fig. 7d.1) at 150-190°C with
weak frequency dependence above 1 kHz. The values of tan §
of both samples (Fig. 7c.2 for CCTO_EW700 and Fig. 7d.2
for CCTO_EW800) are high and are in the range of ~ 0.2-30
at temperatures between —50 and 190 °C. These tan § values

Ring Measured interplanar spacing Standard data
of CCTO samples dpy (A) (JCPDS: 75-2188)
700 °C powder 800 °C powder dpu (A) hkl
R 2.9719 2.9382 3.0173 211
Ry 2.5856 2.5456 2.6131 220
R3 2.1021 2.1912 2.1336 222
R4 1.8468 1.8469 1.8477 400
Rs 1.6789 1.6574 1.6526 024
TABLE 2 Measured interplanar spacings (dpk) obtained from selected-

area electron diffraction patterns of CCTO samples calcined at 700, and
800 °C for 8 h shown in Fig. 5. Corresponding values from the standard data
JCPDS: 75-2188 are also provided for a comparison

FIGURE 5 Bright field TEM im-
ages with corresponding selected-
area electron diffraction (SAED)
pattern of CaCu3TisO12 powders
calcined in air for 8 h at different tem-
peratures: (a) 700 °C and (b) 800 °C
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increase with increasing temperature. The high ¢ at low fre-
quency may imply that there have grain boundary contribu-
tions in these sintered CCTO ceramics [44]. The values are
similar to the those reported by Jin et al. [10] and Liu et
al. [13] who reported values of &’ ~ 10* (at 1 kHz) for CCTO
samples prepared from a solution route; and by Ramirez
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FIGURE 6 XRD patterns of (a) 700 °C; and (b) 800 °C, respectively. All
sintering was done in air at 1100 °C for 16 h. The indexed planes indicated in
all pattern are for CCTO main structure. (* — CaTiO3z and 4+ — CuO)
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etal. [1], and Bender and Pan [12], whose samples prepared
from a solid state reaction method. These values, however, are
much higher than ~ 3 x 103 of the polymeric citrate precursor

routed CCTO ceramics reported by Jha et al. [8].

FIGURE 7 The frequency depen-
dence of the complex permittiv-
ity, &*, at low temperature be-
tween —50°C and —10°C for
CCTO_EW700 (a.1 and a.2) and
CCTO_EWS00 (b.1 and b.2), re-
spectively. (a.1) and (b.1) display
the real part ¢; (a.2) and (b.2) dis-
play the imaginary part &”. The
(c.1)-(d.1) and (c.2)-(d.2) show the
temperature dependence of the di-
electric constant, &, and tan § at fre-
quency between 100 Hz and 1 MHz
for CCTO_EW700 (c.1 and ¢.2) and

CCTO_EW800 (d.1-d.2), respec-
tively
TABLE 3 Summary of grain size

(from SEM), lattice parameter (from
XRD), activation energy of grains
(obtained from the curve fitting using
(6)), and activation energy of grain
boundaries (obtained from the curve
fitting using (9)

The imaginary parts of dielectric dispersion, &” are shown
in Fig. 7a.2 and b.2 for the samples of CCTO_EW700 and
CCTO_EW800, respectively. By considering these results,

we cannot apply the empirical Cole—Cole relation to fit these
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FIGURE 8 Arrhenius plot of the relaxation time for the sintered CCTO
ceramics

data because the samples contain numerous grain boundaries
or grain boundaries relaxation which was affected by low
frequency [44]. However, we can apply the Debye-like relax-
ation model to these data since there are the relaxations con-
tributed from the grains. The &” shows a clear Debye-like re-
laxation peak shifting from a constant value at low frequency
to a small saturated value at higher frequency. The electrical
response from the grains has a very high response frequency
because of their small resistance and capacitance [13]. We can
determine the dielectric relaxation time, 7, by following the
Arrhenius law of

T=r1oexp (E;/kgT) , (6)

where 1 is the pre-exponential factor, E; is the activation en-
ergy for the relaxation, kg is the Boltzmann constant, and T
is the absolute temperature. The activation energy of an elec-
trical response, at different temperature can be derived from
the response time (t = 1/2x f, where f is the response fre-
quency at which the imaginary part of the complex impedance
has a maximum). From the fitting shown in Fig. 8, we obtain
the activation energy of the dielectric relaxation to be 0.175 eV
for CCTO_EW700 and 0.210 eV for CCTO_EW800.

The ac conductivity, o,, in most of the materials due to
localized states may be described by [45]

Oac = 0dc + Afn > (7

where oy, is direct current conductivity. A,andn (0 <n < 1)
are two temperature-dependent adjusting constants. From (7),
the term of oy presents the frequency independent part of the
conductivity whereas the term of A f” is the frequency depen-
dent part of the conductivity. However, our results did not fit
well with (7) but the data can be fitted to equation

GaCZng+aft+af2» ®

where oy, is the dc gain boundary conductivity, a, ¢ and o
are three adjustable constants [45]. In (8), the ogp +a f” term
describes the grain boundary conductivity relaxation [45].

The o f? term describes the transition between the two afore-
mentioned relaxation behaviors [45,46]. Figure 9 shows
the log—log plot of ac conductivity versus frequency of the
CCTO ceramics at five different temperatures. The solid lines
in Fig. 9a and b are the fitted results of (8) with r = 0.53.
For the CCTO_EW700, when the temperature increases
from 150°C to 190°C, oy and a increase from 3 x 1076
to 1.5x 107> S/cm and 9 x 1078-2.2 x 10~7 S/cm, respec-
tively. For the CCTO_EWS800, when the temperature in-
creases from 150°C to 190 °C, the values of oy, increases
from 2 x 107°-9.5 x 107° S /cm, whereas the values of a rise
from 7 x 1078 t0 2.2 x 10~7 S/cm. From the fitted results, we
can obtain the dc gain boundary conductivity for the CCTO
ceramics at different temperatures, and then we can fit oy, also
by following the Arrhenius law of

Ogp = agb exp (—E,/ksT) , 9)

where agb is the pre-exponential factor, E, is the activation
energy. From the fitting (Fig. 10), we obtain the activation
energies of the dielectric relaxation for CCTO_EW?700 and
CCTO_EWB800 to be 0.680eV and 0.650eV, respectively.
These two values are comparable to the reported values of
0.60eV [11] and 0.658-0.678 eV [18] for the grain bound-

e 150°C
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FIGURE 9 The frequency dependence of the ac conductivity, oy, at high
temperature ranging between 150 °C and 190 °C for (a) CCTO_EW700, and
(b) CCTO_EW800, respectively. The solid lines are the fits according to (8)
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FIGURE 10 Arrhenius plot of ac conductivity, o, for the sintered CCTO
ceramics

aries of CCTO ceramics. As mentioned previously, we have
shown that the all CCTO ceramics are electrically inhomo-
geneous. It consists of semi-conducting grains and insulating
grain boundaries, which can be described by the hypothesis of
the existence of internal barrier layers between the grains.

Since the dielectric response in both CCTO_EW700 and
CCTO_EWS800 shows the Debye-like relaxation which is
approximately equal to the pure Debye functional form of
a Maxwell-Wagner relaxation, the giant dielectric behavior
of both samples can be explained by using Maxwell-Wagner
relaxation model. The Maxwell-Wagner relaxation can be de-
scribed by an equivalent circuit consisting of a series array of
two sub-circuits, one representing grain effects and one grain
boundaries [11, 13]. In each sub-circuit, the resistor and ca-
pacitor are in parallel. From this equivalent circuit, the static
permittivity (&) and dielectric relaxation time (7) can be cal-
culated as

e = (R;Cg + Réngb) / [Co (Re+ Rgb)z:l (10)
and
T =[RyRop (Ca+ Cap)] / (Re + Rev) , (1)

where R, Ry, and Cy, Cy, are the resistance and capacitance
of grains and grain boundaries, respectively [47]. Since Ry, >
Ry, and Cyy is also much larger than C, [11, 13], the effective
dielectric permittivity (¢}) of the sample at frequencies much
lower than the relaxation frequency 1/2xt can, therefore, be
approximately from (10),

EQZCgb/Co. (12)

Thus, & is determined by the ratio between grain boundary
capacitance, Cgp, and empty cell capacitance, Cy. Hence ¢ is
constant when Cgy, is temperature and frequency independent.
The implication is in good agreement with our experimental
results. We observed that dielectric constant is little dependent
on the frequency and only weakly dependent on the tempera-
ture. And we can approximate t from (11) using

TR RyCqp = To(Cop/Cy) , 13)

where 1, = R, C, is the response time of the grains [13]. It
has been reported that C, and Cgy, are independent of tempera-
ture [11, 13], thus, we can deduce 7, that follows the Arrhe-
nius law, (6). Let 7, = rg exp(Ey/ksT) (rg is pre-exponential
factor and E, is the activation energy of the grain conduction
process), then we modify (13) to

Ca o
TR C—grg exp (Eg/kBT) .

(14)

Equation (14) shows that the activation energy of the di-
electric process approximately equals that of the grain con-
duction process. On the basis of this analysis, we can con-
clude that the activation energy for the response of the grains
in CCTO_EW700, and CCTO_EW800 to be 0.175¢eV and
0.210 eV, which are lager than the value (0.08 eV) reported by
Sinclair et at. using solid-state reaction [11].

From all the activation energy values, we have that
the grain boundaries of all CCTO ceramics have a much
larger activation energy (0.680eV for CCTO_EW700 and
0.650 eV for CCTO_EW800) than that of the grains (0.175 eV
for CCTO_EW700 and 0.210eV for CCTO_EW800). This
indicates that the all CCTO ceramics have a high en-
ergy barrier for the charge carriers to overcome. Therefore,
the grain boundaries exhibit insulating properties. In con-
trast, the smaller activation energy of grains displays semi-
conducting properties similar to occur in other titanate-based
materials [48].

At this time, the origin of semi-conducting grains and in-
sulating grain boundaries has not been clearly established. Liu
et al. [13] have proposed that the grains made by different
method could have very different electrical property. There-
fore, the larger activation energy of grains in CCTO_EW700
and CCTO_EWS800 compared to that of a sample made by
solid-state reaction implies that there are fewer oxygen vacan-
cies in the grains of CCTO_EW700 and CCTO_EWS800. This
is reasonable because CCTO_EW700 and CCTO_EWR&00
were sintered from powders, which were calcined at low
temperature (700 and 800 °C) compared to the temperature
needed for the solid-state processing. However, it is prema-
ture to associate the increase in grain activation energy of all
CCTO ceramics with its large dielectric constant.

4 Conclusions

CCTO nano-powders have been synthesized by
simple egg white solution route. The synthesized powders
were characterized by TG-DTA, XRD, FTIR, SEM, and
TEM. The powders calcined at 700 and 800 °C were used
to prepared bulk CCTO ceramics, which were sinterred at
1100°C for 16 h. The dielectric behaviour of CCTO ce-
ramics were obtained to similar to that of CCTO made by
solid state reaction, i.e., there are a Debye-like relaxation in
the samples and their giant dielectric constant are little de-
pendent of frequency and temperature below the relaxation
frequency. The dielectric properties of these CCTO ceramics
are attributed to the Maxwell-Wagner polarization mech-
anism. This work demonstrates that a simple solution route
using water-soluble egg white proteins can be used for prep-
aration of giant dielectric CCTO ceramics. We believe that
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the current simple, cost effective and environmental friendly
synthesis method using water-soluble egg white proteins can
be extended to prepare fine particles of other interesting
materials.
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We report the giant dielectric response in (Li,V)-doped NiO (Lig 5V0.02Nig.930, Lig.05Vo.05Nig.90 and Lig o5Vo.10Nig gsO) ceramics.
Microstructure and phase composition analyses reveal that the ceramics consist of a core/shell structure that is rich in V dopant at
the grain boundary. The dielectric response and related electrical properties of these materials are strongly affected by the V content.
The giant dielectric behavior of the LVNO ceramics is mainly attributed to the Maxwell-Wagner polarization and thermally acti-

vated mechanisms.
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High-permittivity dielectric materials with
good thermal stability and free of Ba and Pb have been
used for some time as important elements in capacitors
and memory devices, and have hence played a significant
role in microelectronics. In recent years there has been
intensive research into new high dielectric materials
because these might offer the opportunity to increase
the choice of materials for various practical applications.
High-permittivity NiO-based ceramics, non-perovskite
and non-ferroelectric materials with the formula
AB)Ni,_,_,0 (where A =monovalents of Li, Na, K
and B =Ti, Al, Ta, Si) [1-7], have attracted considerable
attention in recent years due to their impressive high
apparent dielectric permittivity (¢) of 10°-10°, which re-
mains constant over the temperature range from —50 to
150 °C [1,5]. Moreover, the dielectric properties of such
material systems can be tuned by varying the composi-
tion via additions of 4 and B [1]. However, an explana-
tion of this high dielectric permittivity is still unclear
and incomplete. Therefore, it is important to search for
the new giant dielectric materials in NiO-based ceramic
systems and attempt to clarify the origin of the giant

* Corresponding author. Tel.: +66 43 202222-9x2248; fax: +66 43
202374; e-mail addresses: sanmae@kku.ac.th; santimaensiri@gmail.
com

dielectric permittivity and the polarization relaxation
behavior of these ceramics.

In this paper, we investigate the dielectric properties
of polycrystalline Lig o5V ,Nigogs5_,O (LVNO) ceramics.
These materials exhibit giant ¢ values of 3-6 x 10%,
which decrease with increasing V content. The observed
core/shell structure in the LVNO ceramics may be
responsible for this apparent giant ¢'. Our results reveal
that the activation energy required for relaxation and
the related conduction activation energy in the grain
interiors increases with increasing V concentration,
and both of these activation energies are almost the
same in value. The giant ¢ behavior of this system is
mainly attributed to the Maxwell-Wagner relaxation
and thermally activated mechanisms.

In this WOI'k, NI(NO3)26H20, LINO3, C10H1405V,
(NH4),S,05¢ and acrylic acid were employed as starting
raw materials. The polycrystalline LVNO ceramic sam-
ples with different additions of V, ie. Lio_osVo_ozNioAg:),O
(LVNO-OZ), Li0_05V0.05Ni0_900 (LVNO-OS) and Li0_05
Vo.10Nip gsO (LVNO-10), were designed and prepared
by the following procedure. Firstly, stoichiometric
amounts of Ni(NO3),-6H,O, C;oH405V and LiNO;
were dissolved in 10 g of acrylic acid aqueous solution
(acrylic acid:H,O = 70:30 wt.%) under constant stirring
and heating at 100 °C. Secondly, a small amount
(0.5g) of 5% (NH4),S,05 aqueous solution as the
initiator was added to the mixed acrylic acid solution

1359-6462/$ - see front matter © 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.scriptamat.2009.01.037
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to promote the polymerization. Then, the gel precursors
were dried at 350 °C for 1 h. To obtain the LVNO pow-
ders, the dried gels were ground and later calcined at
700 °C for 5 h in air. The LVNO powders were pressed
into pellets 9.5 mm in diameter and ~1-2 mm in thick-
ness by a uniaxial pressing method at 200 MPa. Finally,
these pellets were sintered at 1280 °C for 4 h in air.

X-ray diffraction (XRD) (Philips PW3040, The
Netherlands) and scanning electron microscopy (SEM)
(Hitachi S-4700) coupled with energy-dispersive X-ray
spectrometry (EDS) were used to characterize the phase
composition and microstructure of the LVNO ceramics.
The sintered ceramic samples were polished and elect-
roded by silver paint on both sides of the disk-shaped
samples. The dielectric and electrical responses of the
samples was measured using a Hewlett—Packard 4194A
impedance gain phase analyzer over the frequency range
from 100 Hz to 10 MHz and at an oscillation voltage of
1.0 V. The measurements were performed over the tem-
perature range from —50 to 100 °C using an inbuilt cool-
ing-heating system. Each measured temperature was
kept constant with an accuracy of +1 K.

Figure la—c shows the XRD patterns of the LVNO
powders and the as-sintered ceramic samples with differ-
ent V-doped contents, confirming a main phase of NiO
in all the samples. The second phase of Ni;V,05 was
only observed in the LVNO powder samples, but was
not detected in the as-sintered LVNO samples. How-
ever, after the as-LVNO-10 sample was polished, the
second phase of Ni3V,0g could be observed (Fig. 1d).
This might be due to the outermost layer surface of
the sintered samples being V-phase deficient. A similar
observation has been reported for CaCu3TiyOq,
(CCTO)/Ag composites that are Ag deficient in the out-
ermost layer and Ag rich in the inner part [8]. SEM-
EDS measurements (the upper inset of Fig. 1) of the
grain and grain boundary (GB), however, show that
the GB is rich in V dopant that has been lost from the
grain. Therefore, our LVNO samples have a heteroge-
neous core/shell structure containing Li-doped NiO
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Figure 1. XRD patterns of the LVNO powders and sintered LVNO
ceramics: (a) LVNO-02 sample; (b) LVNO-05 sample; (¢) LVNO-10
sample; and (d) XRD pattern of LVNO-10 with polished surface. Inset
shows the element profile obtained from EDS spectra.

particles and insulating V-rich boundary layer (i.e.
Ni3V,0g), respectively.

The dielectric properties of the LVNO samples were
measured over wide ranges of temperature and fre-
quency. The ¢ values at 1 kHz and room temperature
for the LVNO-02, LVNO-05 and LVNO-10 samples
are 61,907, 34,854, and 30,503, respectively. All the
LVNO samples exhibit high ¢ values. ¢ decreases with
increasing V concentration, which can be attributed to
the increase in the thickness of the GB layer (7). A sim-
ilar result has been reported for Li,Ti,Ni;_,_,O
(LTNO) system, and the giant ¢ of this LTNO system
was explained by a simple series-layer model for the
boundary-layer capacitors (BLCs) [1]. Figure 2 demon-
strates the frequency dependence of the dielectric per-
mittivity (¢/) and dielectric loss (¢”) of the LVNO-05
sample at different temperatures. ¢ shows high values
at low frequencies, and rapidly decreases if the fre-
quency is sufficiently high. This step decrease shifts to
higher frequency with increasing temperature, corre-
sponding to the movement of the ¢’ peaks. This behav-
ior is similar to that observed in other NiO-based
ceramic systems [1,3-5] and the other giant dielectric
systems such as CCTO [9,10] and CuO ceramics
[11,12]. Such behavior is typical for the Maxwell-Wag-
ner relaxation, which is generally employed to describe
the observed high ¢ in electrically inhomogeneous mate-
rials [13]. Thus, the observed core/shell structure in our
LVNO samples is responsible for their apparent giant &'.

Usually, the dielectric relaxation behavior provides
important clues to explain the related mechanism in
materials [14]. Therefore, we plotted In(t) vs. 1/T in
the inset of Figure 2, in which the solid lines are the fitted
results obeying the Arrhenius law, i.e.
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Figure 2. Frequency dependence of (a) the dielectric permittivity (&)
and (b) dielectric loss (¢”) at different temperatures. Inset is the
temperature dependence of the relaxation time for the different LVNO
samples; the solid lines are fitted to experimental results by using Eq.

(D).
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7= 19exp(E./ksT), (1)

where 7 is the pre-exponential factor, E, is the relaxa-
tion activation energy, kg is the Boltzmann constant,
and T is the absolute temperature. 7 is calculated from
the relations wt =1 and o = 2nf,, where f, is the fre-
quency at the peak of &’ as displayed in Figure 2b.
According to the fitted curve in the inset of Figure 2
for the LVNO samples with different V contents, E,
values of 0.221, 0.250, and 0.261 eV can be obtained
for the samples of LVNO-02, LVNO-05 and LVNO-
10, respectively.

To characterize the electrical properties of the core/
shell structure in the LVNO ceramics, impedance spec-
troscopy (IS) [15], which is a powerful tool to separating
out the bulk and the GBs effects, was carried out. As
illustrated in Figure 3a, the impedance semicircle spectra
of the LVNO-10 sample become larger with decreasing
temperature. When the temperature is sufficiently low,
other impedance semicircles can be observed (inset of
Fig. 3a). The observation of the two semicircles suggests
that our LVNO ceramics are electrically heterogeneous,
and thus a core/shell model is used for further analysis.
Accordingly, the observed semicircles at higher and low-
er temperatures can be assigned to the effects of charge
transport within the grain and GB, respectively. Note
that the impedance spectra of the LVNO-02 and
LVNO-05 samples are similar to that of the LVNO-10
sample, but their impedance semicircles at low tempera-
ture cannot be detected (are not present). This might be
attributed to the electrical responses of the grain of these
samples being shifted out of the measured frequency
range.

As is known, the conduction mechanism of the Li-doped
NiO system can be well explained by the polaron hopping
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Figure 3. (a) Impedance spectra as a function of temperature for the
LVNO-10 sample. (b and c) Arrhenius plots of the grain and GB
conduction of the LVNO samples.

theory [4,13]. In polaronic scenario, the temperature
dependence of the conductivity (o) has a temperature-
dependent prefactor, described by [13]:

o oc T exp(—E/kgT), (2)

where E is the conduction activation energy. Normally,
the GB effect on electric conductivity may originate from
a GB potential barrier [13], which can be ascribed to the
V-rich boundary for the LVNO system. From the inter-
cepts of each semicircular arc with the real axis, the resis-
tance of the grain (R,) and the resistance of the GB (Ry)
can be calculated. As a result, conductivity data were ob-
tained for the grain (¢,) and GB (o4,) components. Inter-
estingly, the temperature dependence of o, and oy,
follows Eq. (2) as shown in Figure 3b and c, respectively.
As a result, the conduction activation energies inside the
grain (£,) and at the GB (Egy,) can be obtained-the values
of E, are 0.202, 0.246 and 0.274 eV, while the values of
E,p, are 0.323, 0.414 and 0.413 eV for the samples of
LVNO-02, LVNO-05 and LVNO-10, respectively. These
results strongly indicate that the grain and GB have dif-
ferent characteristics of electrical transport.

It is important to note that the values of E, and E, of
each sample are almost the same in value. A similar result
was observed in the LTNO system as reported by Lin
et al. [13]. The authors explained that the natures of the
charge carriers responsible for dielectric relaxation peaks
and DC conduction belonged to the same category,
which indicated that the polarization relaxation was clo-
sely related to the conductivity in the grain interior, and
the polarization process depended on the conductance of
charge in the grain interior. Moreover, it is interesting
that both E, and E, in our LVNO samples increase with
increasing V content, but Ey, changes only slightly when
the V-dopant level is more than 5 mol.%. These results
suggest that the Ni;V,0g phase only changes the 7, va-
lue, which has an influence on the ¢ value, but not the
intrinsic properties of the LVNO ceramics. Furthermore,
it can be seen that the concentration of the V dopant has
a strong effect on the electrical transport characteristic in-
side the grain and the related dielectric behavior of the
LVNO ceramics. This is due to the fact that some V
atoms have entered into the NiO crystal lattice (indicated
by the EDS analysis in the inset of Figure 1), leading to
the variation in E,. Obviously, the LVNO-02 sample with
the smaller E, value shows the highest ¢ value of these
three samples. This is possibly due to the following two
reasons. First, the polarization process is closely related
to the conduction of charge carriers in the grain interior
[16]; second, the #,, of the LVNO-02 sample is smaller
than those of the other two samples [1]. Additionally,
we found that the temperature at the loss peak at the
fixed frequency shifts to lower temperature with decreas-
ing V concentration (not shown), corresponding to the
decrease in E,. This is because the electrical charge carri-
ers in the grain interiors of the sample with the lowest E,
can easily be thermally activated. Therefore, the discrep-
ancy in £, and 74, of each sample caused by the different
concentrations of V doping results in the various dielec-
tric behavior observed in the LVNO system.

It is important to note that the loss tangents (tan J) of
these LVNO ceramics are still too high, i.e. tan ~ 13.06,
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1.13 and 1.34 (at room temperature and 1 kHz) for the
samples of LVNO-02, LVNO-05 and LVNO-10, respec-
tively. The high loss is undesirable for practical applica-
tions. Normally, it is believed that the strategy to reduce
the dielectric loss is to increase the resistance of GB [17].
This is reasonable for giant-permittivity core/shell mate-
rials because the charges in the semiconducting core
grains are restricted by the insulating GBs, under an elec-
tric field. However, tan 6 shows a small change when the
V concentration increases from 5 up to 10 mol.%, and
thus we believe that tan¢ in the LVNO ceramics cannot
be decreased by increasing the V concentration due to the
intrinsic properties of Ni;V,0Og phase. It will be very
important to look for suitable new B-dopants of 4.B,.
Ni;_,_,O which can modify the defect equilibrium at
GBs, leading to the higher resistance of GBs.

In conclusion, the giant dielectric permittivity, &', and
related electrical properties of LVNO ceramics have been
characterized as functions of frequency and temperature.
EDS results reveal that the structure is rich in V dopant
at the GB, and contains an insulating Ni;V,0g phase.
The concentration of V has a remarkable effect on the
dielectric properties of the LVNO ceramics due to the
difference in the values of E, and #,,. The giant & behav-
ior of the LVNO ceramics can be explained based on the
Maxwell-Wagner polarization (i.e. interfacial polariza-
tion) and thermally activated mechanisms.
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Abstract

Giant dielectric properties of Li,TiyNi,..., O ceramics were investigated as
functions of temperature, frequency, and dc bias. Our results revealed that the
concentrations of Li and Ti doping ions had a remarkable influence on the
microstructure and the dielectric properties of the Li,TiyNi,.,,O ceramics.
Interestingly, two thermally activated dielectric relaxations were detected in the
dielectric spectra of the Li,Ti,Ni,..,O ceramics, suggesting that there were at least
two sources of polarization contributing to the total dielectric response in the
Li, Ti,Ni,_,O ceramics. It was also suggested that the surface treatment had an
impact on the dielectric behavior of the Li,Ti,Ni,..,O ceramics. The observed
giant dielectric properties of the Li, TiyNi;_,,O ceramics might be attributed to an
internal barrier layer capacitance effect based on the Maxwell-Wagner polarization
or/and the small polaron hopping inside the grains.
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Giant dielectric response in CaCu;TisO,2/(Li, Ti)-doped NiO
nanocomposites subjected to post-sintering and uniaxial stress

Prasit Thongbai', S. Maensiri", Teerapon Yamwongz. and Rattikorn Yimnirun®

! Integrated Nanotechnology Research Center (INRC), Khon Kaen University and Small &
Strong Materials Group (SSMG), Department of Physics, Faculty of Science, Khon Kaen
University, Khon Kaen, Thailand

? National Metals and Materials Technology Center (MTEC), Thailand Science Park,
Pathumthani, Thailand

2 Department of Physics, Faculty of Science, Chiang Mai University, Chiang Mai, Thailand

This paper reports the influences of the post-sintering annealing in argon and uniaxial
compressive pre-stress on the giant dielectric properties of the CaCusTisO12—Lig3Tip.02Nipes0
nanocomposites ceramics sintered at 1100 C in air for 16 h. The giant values of the
dielectric permittivity as high as £~10° at various frequencies (f =100 kHz—1 MHz) over a
broad temperature range of -50 to 190 °C have been observed in polycrystalline
CaCugsTisO4, ceramics that are reinforced with small amount of Liy3Tige2NigssQ nanoparticles
of 39 nm. The dielectric behavior of CaCuzTisO;z and CaCusTisOi2—Lig3TigezNigsO
nanocomposites exhibits Debye-like relaxation which can be interpreted based on Maxwell-
Wagner model and discussed based on internal boundary layer capacitor effect. Post-
sintering annealing in argon for 5 h lead to a significant increase in &’ for CaCusTi,O,;
ceramic but a slight decrease in &” for the CaCusTisOi2—LigaTio02Niggs©O nanocomposite
ceramics. The dielectric properties of the argon-annealed samples change significantly with
the applied compressive stress (the absolute change can reach 16% at a maximum stress of
130 MPa). However, the changes in dielectric properties with the stress in the samples
subjected to different amount of LigaTige2NigesQ follow opposing trends. The mechanisms
responsible for this difference are discussed.
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Synthesis of Nanocrystalline Lig gs1ng 5Nl 900
Powder and Its Bulk Giant Dielectric Properties

Prasit Thongbai'”, Tanachat Eknapakul®, Sarawut Pongha®, Teerapon Yamwong?, and Santi Maensiri*

Abstract- LiggsIngosNiggO (LINO) nanoparticles of 100-300 nm
were successfully prepared by a direct thermal decomposition
method. X-ray diffraction and scanning electron microscopy were
used to characterize the phase formation and microstructure of
the LINO powder and ceramic, respectively. Dense LINO ceramic
was obtained by sintering the LINO nanocrystalline powder at
1200 °C for 4 h . Giant dielectric properties of the sintered LINO
ceramic were investigated as functions of temperature and
frequency and can be ascribed to the interfacial polarization
mechanism and the small polaron hopping inside the grains.

I. INTRODUCTION

High-permittivity dielectric materials with good thermal
stability and Ba/Pb-free have been playing a significant role in
microelectronics, since they have been used as important
elements in capacitors and memory devices. In recent years
there have been many intensive researches to investigate new
high dielectric materials because they might offer the
opportunity to increase the choices of materials for various
practical applications. High permittivity NiO-based ceramics, a
non-perovskite, and non-ferroelectric materials, AB,Niy..,O
(where A are monovalents of Li, Na, K and B are Ti, Al, Ta,
Si) [1-7], have attracted considerable attentions in recent years
due to their impressive high apparent dielectric permittivity (&)
of 10%-10°, which remains constant in the temperature range of
-50 to 150 °C [1,5]. Moreover, the dielectric properties of such
material systems can be tuned by changing the composition of
the additive of A and B [1]. However, an explanation of such
high dielectric permittivity is still unclear and uncompleted.
Therefore, it is vary important to search the new giant
dielectric materials of NiO-based ceramic systems and attempt
to clarify the origin of the giant & and the polarization
relaxation behavior of these ceramic.

In this present, we prepared the LINO nanocrystalline
powder by a direct thermal decomposition method. Dense
LINO ceramic can be obtained by sintering the LINO
nanopowder. It was revealed that the LINO ceramic exhibited
the giant dielectric properties, which were attributed to the
internal barrier layer effect (IBLC) combined with the hopping
of charge carrier in the grain interiors.

Small & Strong Materials Group (SSMG), Department of Physics, Faculty of
Science, Khon Kaen University, Khon Kaen, 40002, Thailand

National Metals and Materials Technology Center (MTEC), Thailand Science
Park, Pathumthani, 12120, Thailand

“Contacting Author: Mr. Prasit  Thongbai; Email address:
prasitphysics@hotmail.com; Tel.: +66-43-202222 to 9 ext. 2248; Fax: +66-43-
202374

Il. EXPERIMENTAL

(CH3COO)2N|4H20, C2H3Li02.2H20, and |nC6HgOG, were
employed as starting raw materials. The nanocrystalline LINO
powder was simply prepared by the following procedure.
Firstly, stoichiometric amounts of the starting powders were
dissolved in distilled water and mixed in alumina crucible.
Then, the mixed powder was decomposed at a temperature of
650 °C for 10 h. The LINO powder was pressed into pellet of
9.5 mm in diameter and ~1-2 mm in thickness. Finally, this
pellet was sintered at 1200 °C for 4 h.

The sintered ceramic was characterized by X-ray diffraction
(XRD) and scanning electron microscopy (SEM). The LINO
ceramic was polished and electroded by silver paint. It was
allowed to dry overnight. The dielectric response of the sample
was measured using a Hewlett Packard 4194A impedance gain
phase analyzer over the frequency ranging from 100 Hz to 10
MHz and at the oscillation voltage of 1.0 V. The measurement
was performed over the temperature ranging from -60 to 50 °C
using an inbuilt cooling-heating system. Each measured
temperature was kept constant with an accuracy of +1 °C.
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Fig. 1. SEM images of LiosIng.0sNio.90O (2) powder and (b) ceramic.



I1l. RESULTS AND DISCUSSION

Morphology of the calcined LINO powder and ceramic is
revealed by SEM as shown in Fig. 1. The powder, shown in
Fig. 1(a), is in a nearly spherical shape and of sizes of about
100-300 nm. Some agglomerates are observed in the calcined
powder. Sintering of LINO nanopoder results in a bulk LINO
ceramic with good microstructure. The SEM micrograph of the
LINO ceramic, shown in Fig. 1(b), reveals that the LINO
ceramic is dense and has obvious grain and grain boundary
structure.
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Fig. 2. Frequency dependence of (a) dielectric constant ¢’ and (b) loss tangent
tand at different temperatures for the LINO ceramic.

As demonstrated in Figs. 2(a) and 2(b), the ¢’ shows the
high values at low frequencies, and it rapidly decreases if the
frequency is sufficiently high. Two sets of thermally activated
relaxations are observed, i.e., low- (LFDR) and high- (HFDR)
frequency dielectric relaxations. These two step decreases shift
to higher frequency with increasing the temperature,
corresponding to the movement of the tand peaks. The LFDR
is identified to originate from the internal barrier-layer
capacitor effects related to the grain boundaries [8], and the
HFDR is ascribed to the dipolar effects induced by charge-
carrier-hopping motions inside the grains [9].

IV. CONCLUSION

In conclusion, the LINO nanocrystalline powder was
successfully prepared by a direct thermal decomposition
method. Dense LINO ceramic can be obtained by sintering the
LINO nanopowder. Our result revealed that the LINO ceramic
exhibited the giant dielectric constant, which was attributed to

the internal barrier layer capacitance (IBLC) effect combined
with the hopping of charge carrier in the grain interiors.
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Advanced Nano-Materials Research Team, Division of Nano & Bio Technology, Daegu Gyeongbuk Institute
of Science and Technology, 5th Floor, Daegu Technopark Venture 2 Plant, 75 Gongdanbulk 2gil, Dalseo-gu,
704-230, Daegu, Republic of Korea

Interest in nanostructure made from semiconducting oxide materials are exponentially grown on the last
years, due to their attracting potential application in electronic, optical and sensor field. Additionally, to
apply semiconducting oxide materials on various electronic devices, it is important to understand its
electrical properties and interaction with semiconductor-metal contacts. Cause we have focused our
attention on the electrical properties of individual zinc oxide nanorod (NR), Single crystal nanostructures
were synthesised with the aim of exploring and studying their capabilities as nano-sized sensors on form of
individual NR sensors, The Zn0O NRs for this work were synthesized by micro emulsion methods. The
solution of isopropyl alcohol suspended with the Zn0 NR was dispersed on a pre-patterned p-type silicon
wafer with a 100 nm silicon oxide layer. After that electrodes of Ti/Au, which connect the NR to the
electrodes, were patterned by using electron beam lithography and conventional lift-off method. Then we
using bi-layer electron beam resist structure, copolymer / poly-methyl-methacrylate (PMMA), was used to
make the good under-cut for the metal lift-off process. The electrical properties were measured using a
source measure unit (42005CS, Keithley) equipped with shielded probe station. Zn0O NR device shows
nonlinear and asymmetrical behaviour. These data proved to different measurements of the same device
at different time gaps after fabrication, which shows that the rectifying property of the device is stable,
According to the rectifying current voltage curves, the device can be considered as an effective diode, a
turn-on voltage of 4V for the forward bias was found. We will present and overview of the device
characteristic data that have been made and detailed possible rectifying mechanism of ZnO single NR
device.

[1] M. H. Huang, et al., Science, 292, 1897 (2001).

N5397: Effect of Nanocrystalline Film Existing on Surface of (Li, Ti)-doped MNIO Ceramics on Their
Dielectric Properties

P, Thnngbaii,T. ‘r’an‘iWDngl, S. Maensiri®
1I:h-:|::|ar'tr:mra~tr*r‘c of Physics, Faculty of Science, Khon Kaen University, Khon Kaen, 40002, Thailand.

‘National Metals and Materials Technology Center (MTEC), Thailand Science Park, Pathumthani, 12120,
Thailand.

Effect of nanocrystalline film with grain size of ~100-200 nm existing on the surface of Li,TiyNiy.,O (LTNO)
ceramics on their giant dielectric properties was investigated as functions of frequency and temperature.
X-ray diffraction and scanning electron microscopy with energy dispersive x-ray spectrometer were used to
characterize the phase formation, microstructure, and chemical compositions of the grain interior, grain
boundary, and surface layer of the LTNO ceramics, respectively. The microstructure analysis revealed that
Ti doping was rich at the grain boundary region and the outmost surface layer, forming the nanocrystalline
filmi. It was found that such nanocrystalline film had a remarkable influence on the dielectric properties of
the LTNO ceramics. Two thermally activated dielectric relaxations were detected in the dielectric spectra of
the LTNO ceramics, l.e., the high— and low—frequency relaxations (abbreviated as HFR and LFR,
respectively). Interestingly, when the nanocrystalline films were removed from the both sides of the LTNO
samples, the LFR disappeared, whereas the electrical preperties of the remaining HFR did not change. The
LFR was identified to originate from the interfacial polarization related to the insulating nanocrystalline
film. The HFR might be attributed to the internal barrier—layer capacitor effect associated with the grain
boundaries [1, 2] orfand the small polaron hopping inside the grains [3].
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[1] J. Wu, C.W. Nan, Y. Lin and Y. Deng, Phys. Rev. Lett., 89, 217601 (2002).
[2] P. Thonghai, 5. Pongha, T Yamwong and 5. Maensiri, Appl. Phys, Lett., 94, 022908 (2002).

[3] Wu, V. Ligatchev, Z.G. Yu, ). Zheng, M.B. Sullival and Y. Zeng, Phys. Rev. B, 79, 235122
{2009).

M5398: Fabrication and Characterization of Carbon Manotubes {CNTs) Reinforced Nylon 6 Composite
Filaments

P. Saengkwamsawang , 5. Pima npaeng, V. Amornkitbamrung, 5. Maensiri

Integrated Nanotechnology Research Center (INRC), and Department of Physics, Faculty of Science,
Khon Kaen University, Khon Kaen, 40002, Thailand

We report a method te fabricate COOH-functionalized carbon nanotubes [(CNTs) and pristine CNTs
reinforced Nylon & composite filaments through an extrusion process. Neat Nylon 6 and Nylon 6 reinforced
with 0.5-1 wt3 CNTs are dry mixed and extruded by a single screw extrusion method. X-ray diffraction
(XRD) results indicate that neat Nylon 6 filament exhibits y- phase while all the CNTs reinforced Nylon 6
composite filaments show a-phase. Thermo gravimetric analysis (TGA) shows the decomposition
temperature of CNTs reinforced Nylon 6 compaosite filaments increases with increasing of infusing rate. It is
observed that the CNTs reinforced Nylon 6 filaments are more thermally stable than the neat Nylon 6
filament. Fourier transform infrared spectroscopy (FTIR) reveals that CNTs enhance the bond strength to
Mylon & polymer chain with C-N amines, C-H amines, C-H Alkanes and also O-H of compound type for
COOH functionalized CNTs. Tensile tests on single filaments have demonstrated that tensile strength at
break of CNTs reinforced Mylon & compaosite filaments compared to that of the neat Nylon 6 increases
about 13-52%, whereas the percent elongation at break decreases about 48-54 % with increasing infusing
rate. Scanning electron microscopy (SEM) reveals the tensile fractured surface of CNTs reinforced Nylon 6
composite filaments showing brittle behavior with crazing. It is found from this work that the CNTs can
affect the tensile behavior of Nylon 6, and the bonds interfacial between CNTs and Nylon 6 matrix plays an
important role in mechanical properties of CNTs reinforced Nylon 6 composite filaments.

N5399: Synthesis and Structure Analysis of LapsSrgsTiO; MNanoparticles Prepared by Thermal
Decomposition Method

E. Swatsitang’?, P. Buppato®, 5. Maensiri*?
1 Department of Physics, Faculty of Science,Khon Kaen University, Khon Kaen, 40002, Thailand

£ Integrated Nanotechnology Research Center (INRC), Faculty of Sclence, Khon Kaen University, Khon Kaen,
40002, Thailand

LagsSrgsTiOs (LSTO) nanoparticles were synthesized by thermal decomposition method using Clsla,
Clz5r-6H20 and CysH2206Ti as starting materials. The obtained precursors in powder form were sintered at
700, 900, 1100 and 1300 °C for 3, 6 and 9 hours in air. The structures of all samples were analyzed by XRD
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EFFECT OF TI DOPING ON THE ELECTRICAL AND HIGH
DIELECTRIC PROPERTIES OF (Li, Ti)-doped NiO CERAMICS
PREPARED BY A SIMPLE PVA SOL-GEL METHOD

Prasit Thongbai' ", Teerapon Yam\'w:mg:e and Santi Maensiri'

! Integrated Nanotechnology Research Center (INRC), and Small & Strong Materials Group
(SSMG), Department of Physics, Khon Kaen University, Khon Kaen 40002, Thailand.
2 National Metals and Materials Technology Center (MTEC),
Thailand Science Park, Pathumthani 12120, Thailand.

E-mail: prasitphysics@hotmail.com

Giant dielectric-permittivity LigosTi:Nigs.:O (when x = 0.05 and 0.10) ceramics were
prepared by a simple PVA sol-gel method. The dielectric properties were investigated as a
function of frequency (10°-10° Hz) at various temperatures (-60-150 °C). Both ceramic
samples exhibit a high low-frequency dielectric permittivity (&,~0.47-1.2x10%). Our results

reveal that the concentration of Ti has a remarkable effect on the dielectric properties of the
LioosTi:Nig 9540 ceramics. A frequency dielectric dispersion phenomenon in Lig ¢5TiNig 95.:O
ceramics was also analyzed by impedance spectroscopy. A separation of the grain and grain
boundary properties was achieved using an equivalent circuit model. Interestingly, the
activation energy required for relaxation is almost the same as the grain conduction activation
energy. Through the analysis by impedance spectroscopy, it is strongly believed that the high
dielectric permittivity response of the LTNO is attributable to the Maxwell-Wagner
polarization mechanism.

PACS numbers(s): 77.22.Ch, 77.22.Gm, 77.84.Dy

83



Poster Presentations

P-01

P-02

P-03

P-04

P-05

P-06

P-07

P-08

P-09

P-14

P-15

Simple proofs of determining all nonisomorphic Monoids of order 3

Somchit Chotchaisthit

Skew idempotents in order-preserving transformation semigroups
Tawhat Changphas and Boonyen Thongkam

Rate of composting and quality of compost under different
passively aerated composting

Sayan Tanpanich, Rewat Jindajia and Soonthorn Duriyaprapan
Flood-risk mapping of watershed areas in Northeast Thailand using
Multi-temporal RADARSAT Data

Tussaporn Thanajaturon and Charat Mongkolsawat

Ecosystem diversity in The Phu Luang Wildlife Sanctuary, Northeast
Thailand: Satellite data and GIS applications

Urawan Chanket and Charat Mongkolsawat

Calculation of electronic structures and magnetic properties

of MgO with and without transition metal elements (Mn,Fe,Co)
Ekaphan Swatsitang, Sutisa Banyong and Sriprajak Krongsuk
Effect of Ti doping on the electrical and giant dielectric properties
of (Li,Ti)-doped NiO ceramics prepared by a simple PVA sol-gel method
Prasit Thongbai, Teerapon Yamwong and Santi Maensiri

Solar photocatalytic oxidation of trichlorophenols using

titanium dioxide

Somkiat Srijaranai and Naramon Homewong

Sorption of acid yellow 42 on silk fibers from aqueous solutions
Suta Poosittisak, Tavatchai Sripakdee, Kitti Akampon and

Kitti Amornraksa

Screening of chemicals composition in Eucalyptus wood vinegar as
antioxidant agents

Chalerm Ruangviriyachai, Morakot Tupjun, Manop Sriuttha,

Panadda Tansupo and Saksit Chanthai

Excessive exposure of monosodium glutamate affects stress
responded protein pattern in neonatal adrenal gland

Anuwat Wanthong, Sompong Tammasirirak and Khomsorn Lomthaisong
Chemical constituents from Fungus Eurotium Chevalieri
Ruchiruttikorn Suwannatrai, Kwanjai Kanokmedhakul,

Somdej Kanokmedhakul, Kasem Soytong, Samran Prabpai
and Palangpol Kongsaeree

Lignolytic enzymes of bacterial strains

Wivada Mongkolthanaruk

Enumeration of microbes in liquid fertilizer

Nuntavun Riddech

XVl

75

T

78

79

80

81

82

83

84

85

86

87

88

89

90



October 22-24, 2008 Tsukub, Japan

Organized by
Electronics Division of the Ceramic Society of Japan
National Institute for Materials Science (NIMS)

3] 29




Dielectric, ferroelectric & Piezoelectric ceramics (4) 0-3B-10

Giant Dielectric Permittivity observed in Li and Fe doped NiO

(Department of Physic, Faculty of Science, Khon Kaen University, Khon Kaen, 40002, Thailand)
P. Thongbai', S. Maensiri,
(National Metals and Materials Technology Center (MTEC), Thailand Science Park, Pathumthani, 12120,
Thailand) T. Yamwong
E-mail: prasitphysics @hotmail.com

This work first reports the high dielectric response in Li Fe,Nij_,.,O (LFNO) ceramics, i.e., &'~ 10*-10*. The phase
formation and microstructure of the sintered samples were studied by XRD and SEM, respectively. The dielectric
properties as a function of frequencies (10*-10° Hz) were investigated over temperature a range of -50 to 100 °C.
Our results indicated that the concentrations of Li and Fe have remarkable effects on the dielectric properties of the
LENO ceramics. The dielectric permittivity increased with increasing Li concentration and it decreased when the
concentration of Fe increased. The analysis of complex impedance spectroscopy suggested that these LFNO
ceramics were electrically heterogeneous consisting of semeconducting grain and insulating grain boundary. It can

be proposed that such a high apparent dielectric permittivity observed in these LFNO ceramics is attributed to the
Maxwell-Wagner polarization mechanism and thermally activated mechanism.

RESULTS
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Fig. 1 The dependence of the dielectric constant at room temperature and 1 kHz on the concentration of Li and Ti
(see in the inset) doped in LiFe,Ni,_,.,O ceramics.
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Fig. 2 The frequency dependence of (a) dielectric constant &' and (b) loss tangent tand at various temperatures

for Ligg:Fep.0oNigosO ceramic.
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Effects of Insulating Layers and Dc bias on Dielectric
Relaxation Behavior of Liy¢sFeg 19NipgsO Polycrystalline
Ceramic

Y 7!3‘::91'135‘.!«!:'Jr o Yamwangz, and S. Maensiri'
'Integrated Nanotechnology Research Center (INRC), and Small & Strong
Materials Group (SSMG), Department of Physics, Khon Kaen University, Khon
Kaen, 40002, Thailand

*National Metals and Materials Technology Center (MTEC), Thailand Science
Park, Pathumthani, 12120, Thailnad

Abstract

We reported the effects of insulating layers and dc bias on the dielectric
relaxation behavior of high-permittivity LijgsFep 9NigssO (LFNO) polycrystalline
ceramic prepared by a polymer pyrolysis route. The dielectric properties of the as—
and polished—LFNO samples were studied as functions of temperature (-50-200
°C), frequency (10°~107 Hz), and dc bias (0-20 V). The phase composition and
microstructure were characterized by X-ray diffraction (XRD) and scanning
electron microscopy (SEM) with energy dispersive X-ray spectrometer (EDS),
respectively. Analysis of microstructure and phase composition revealed that the
LFNO ceramic exhibited a core/shell structure and the second phase of NiFeOy
existed as the grain boundary. It was found that the insulating surface—layer had an
influence on the high dielectric properties of the LFNO sample, but the relaxation
behavior. Our results indicated that the applied voltage had significant effects on
the electrical responses of the insulating surface—layer and grain boundary lay
The resistances of the surface—layer and grain boundary decreased with an incre:
in the applied voltage, whereas the bulk resistance remained constant. The h
dielectric properties of the LFNO sample were ascribed based on the space chat
polarization at the insulating layers. The close relationship between the diele
relaxation mechanism and the electrical transport inside the grains was observed.

Keyword: Dielectric properties, Dielectric loss and relaxation, Scanning electron
microscopy
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