ABSTRACT

RYU, GYUNGHYUN. Co-doping Strategies forControlling Electrical Conduction inOxide
Materials(Under the direction dElizabeth C. Dickey

The objective of this dissertation is to understand the fundamentals @fetteical
conduction mechamiss and defect chemistry of two important dielectric materials, BaTiO
ceramics and wide band g&#pGa0s single crystals, with the goal of identifying -doping
strategies that can limit both electronic and ionic conductoar large oxygen activity ranges.

The conductivity behaviors of several accemtoped and (acceptor + donor)-doped
BaTiOs ceramics are studied as a function of temperature and oxygen partial p(eSsure he
(Mn +Y) co-doped compositions exhilitie lowest insulating bulk conductivity over a wide range
of temperatures in air. Moreover p@.-independent bulk conductivitg obtained over thpO>
range1(’® atm (air)i 10“ atm across the measurement temperature range ¢iC5@0900°C.
This particular (Mn + Y) caloped BaTi@ composition also exhibits no significant time
dependent electrical degradation at 8GQunde 45 V/cm DC electric field. ThpO.-independent
electical conductivity is believed to arise from the multivalent nature of Mn.

The insulating electrical conductivity of f®ped (010)b-GaOs single crystals are
similarly studied over a wide range ohtperatures andO.. The oxygen partial pressunedy)-
invariant electrical conductivity is also observed in this system oveQheange of 16°8 atm
(air)7 10* atm from 600°C to 800°C. The charge neutrality equation explains thatp®e-
independece of electrical conductivity originates from tlmav concentration of intrinsic point

defects and acceptor (Fe) and donor (Si) mutual compensation, leading to the Fermi level pinning.
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Chapter 1

Introduction

This dissertation addresses the ionic and electronic defect chemistry of two important
dielectric materials, BaTi©ceramics and-Ga0Os single crystals. These dielectrics have very
different structural, thermal, and electrical properties] ame therefore used in different
application spaces. However, in some application areas there is a common need for these materials
to be electically insulting over broad temperature and voltage randgasch high electrical
resistivity can be achieved lyo-doping strategieswith both donor and acceptoithat limit
electronic conduction. The conceptmtitual compensation of donors and accepts used in
common semiconductors of single crystal onthim materials to pin the Fermi levdl] This
process is not as straightforward in typical ceramic nmadterue to the fact that charge
compensating mechanisms arere complex in ceramics, which largely results from lower
chemical purity and the multitude of possible intrinsic lattice defects in more complex crystal
structures. Moreover, the intrinsic defebemistry and Fermi level are also strongly modified as
oxides equilibrate with the external oxygen activity (which can vary by at least six orders of
magnitude during the processing and application of a typical Babi@mercial capacitor). Thus,
systenatic doping approaches are necessary for BaT&amics toengineer their electrical
conductivity. In addition to the basic electrical insulating properties of a dielectric, the stability of
the resistivity under applied fields is equally important. Inegal, dielectric degradation, or a
time-dependent increasa leakage current, is associated with the electromigration of charged
intrinsic point defects in the material. Thus, it is essential that doping strategies limit the ionic
lattice defect concerdtions in addition to the electronic carrier concentratinesboth the ionic
and electronic conductivities must be minimized. This dissertation aims to undesigamatal
conduction mechanisms in BaTa@eramics an8-Ga0Os single crystals with dopg or cedoping
strategies. This goal of the research igrtprove the electrical insulatingroperties and electrical

degradatiomesistance of BaTigceramics. Various measurement techniques such as direct current
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(DC) conductivity, alternating curre®@C) impedance spectroscopy, and Hall conductivity are
utilized to characterize the electrical conductivity as a function of oxygen partial prgg3gre (
and temperature to understanddeéect chemistrpf the materials and the effects of acceptor and

donor cedoping.

1.1.General Background

BaTiGs is a ferroelectric material whidhas @ ABO3 perovskite structureAs shown in
Figure 1, theA-site is occupied by the B3ion with the twelvefold coordinaion, the B-site is an
octahedrally coordinated siteaupied by a T#, and the anion site is agpiedby O2. An non
centrosymmetric tetragonal structure of Bad @ room temperature gives rise to a spontaneous
polarization along the-axis, and the resultinfgrroelectricityis connected to the high pemtnrity
of BaTiGs.[2] Thehigh permittivity of BaTiQs enables the material to be used as a capacitor, which
can store and release electric chatbas BaTiQ is widely used in multlayerceramic capacitor
(MLCC) applications.

X

Figure 1.1 Crystal structure of (a) BaTiand (b)b-GaO:s.

MLCCs are one of the most important components in smartphones, tablets, personal
computers and automobilE3. As digital technologies develop, there is a gradual increase
demand for MLCCs. Samsung Electvtechanics reportethat he number of MLCCsequiredin
mobile phones hasicreased almostO times from 2008 to 2018] In addition,around1,000
MLCCs areusedfor a computer or LED TV, and more than 10,000 MLCCs are required for an

electic vehicle[3] The performance oMLCCs is highly dependent on the geometry of the
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capacitor that is composed wfany layersof dielectric and inner ettrodes The capacitance,
of a MLCC is given by:

5 - - ———— (1.)

where - is the permittivity of vacuum, is the relative permittivity of dielectricyis the number

of stacked inner electrodesjs the area of eleade, andlis the thickness of the dielectric layers.

It is apparenfrom Eq.(1.1) that the capacitance of &LCC can be increased by increasing the
number ofdielectric layers, decreasing the thickness of the dielectric layers or increasing the
relative permittivity of the dielectric Other ferroelectric materials such as (Bi,Na)FEBaTiOs,
(Na,K)NbGs, and Pb(Zr,Ti)@basedperovskite materials can be also used for class 2 MLCCs
which requires a broadapacitance tolerances aadhigh permittivity. However, BaTiQ is the

most appropriate material for class 2 MLCCs due to its high dielectric permittivity, good
operationaltemperaturg and its ecofriendly components compared to -Based ferroelectric
materialg.3]

Monoclinic b-Ga03 is the most thermodynamically stable phase obtQzan the
temperature range of 2%C i 1800 °C relative to the four other polymorphs of Ge
rhombohedrally), defective spinek, cubic ¢i) and orthorhombidj.[4] Themonoclinic structure
of b-GaOsiis relatively complex as shown in Figure 1.1(b). There are two different Ga lattice sites
and three different lattice sites foxymen. One Ga is octahedrally and the other Ga is tetrahedrally
coordinated by oxygeln] b-Ga0Os has theC2/m spacegroup with lattice parametess b, ¢, and
b are respectively 12.1i212.34 (A), 3.083.04 (A ), 5.80 5.87 (A ), and 103.83)([6]

b-Ga&0s has great advantages for power electronic devices such as transistors and diodes.
The band gap is wide between 4.5 and 4.97%9] the electron density can be engineered in the
range of 16° ~ 10'°/cm? by Si and Sn dopiny, 9, 10]and the estimated breakdown field is very
large, 8 MV/cm[11] In Table 1.2, various physical properties of major semiconductors are
compared. The Baliga figure of merit (BFOM) defines basic material parameters showing how
suitable a material is for power devices, and the higher value indicates the better performance.
Although SiC and GaN have attracted attention as key materials feeffijancy power devices
in the near futureh-GaOs was proposed to be another pramiscandidate due tthe relatively
high BFOM[4] In addition, Kuramata et al. hasccessfuy grown high-quality b-Ga0s3 single
crystds from a melt sourcasing the edgeefined filmfed growth (EFG method[12] which is
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not a possible method for SiC and GaN wafers. This EFG method enlablésde volume
productionof b-Ga0sz single crystals with dast growth rateand thusthe productioncost of

devices may be much lower compared to SiC and-Gade¢d deviceld 2]

Table 1.1 Material properties of major senvaductors for power device applicatiqds.13]

Property Si GaAs | 4H-SiIC| GaN | Diamond b-G&O3
Bandgapgg (eV) 11 14 3.3 3.4 5.5 45~49
Relative permittivitye| 11.8 12.9 9.7 9.0 5.5 10
Breakdown fieldEpr
(MV/cm) 0.3 0.4 2.5 3.3 10 8
Electron mobilitye
(crPIVs) 1,400 | 8,000 | 1,000 | 1,200 2,000 300
Bal i gaé@&B, | 1 15 340 870 24,664 3,444
Thermalconductivity 0.27 [010]
(WicmK) 15 0.55 2.7 2.1 10 0.11 [100]

1.2. Statement of the problem Dielectric Degradation

With increasing operating voltages and temperatures for dielectrics such as Badio
Ga03, several reliability isses have beearising in each community. Although BaTi€eramics
have been acmmmercially available capacitor material for over fifty yedihere are still critical
challenges such as dielectric degradation and decrease in dielectric properties with
miniaturizaton.[3] In the past, the inner electrodes wtTe noble meals such as platinum (Pt) or
palladium (Pd), which could be @intered with ceramic layers in air at 1300 °C or higher, because
the metals are stable with respect to the atmosphere and temperature. However, asléyemulti
technologies hae been deveping with the miniaturization of MLCCs, the number of inner
electrodes increases. This results in the rapid increase in the cost of Pt and Pd. Thus, a variety of
inner electrodes have been investigated to reduce the production cost of Mio@dGke cheap
nickel (Ni) or copper (Cu) metals have been used as the inner electrode for 50% or more of
MLCCs|[14]

Becausé\i and Cu are easily oxidized in air, they have to bsictered with the dieledt
layers ina reduced oxygen partial pressure environment. This results in the generation of point

defects such as oxygen vacancies in the dielectric material during sintering of MLCCs. The



vacancies are compensated by two electrons, which become a efegjically conducting

species at room temperature, in turn, making the capacitors electrically conductive. Therefore, the
incorporation of acceptors has been widely used to compensate for the excess electrons arising
from the oxygen vacancies. This elesbthe MLCCdo maintain electrically insulting properties

at room temperature.

Since the dielectric layers in MLCCs are on the order of a few micron, a typical operation
voltage of a few V causes tens lo¥/cm electric field within the dielectric layeeventually
initiating electrical degradation (an increase in leakage current) of the MLCC. The phenomenon is
regarded as a significant issue in the capacitor community and a lot of studies have been conducted
to understand the fundamental mechanisms ofadkedgion in provskite capacitorid5i 20] The
time-dependent degradation has been attributed to the electromigration of point defe@s such
charged oxygen vacancies endimultaneous temperature and DC field stress, which results in
stoichiometry gradients across the dielectric layers. In addition, the prior works show that the
concentration of oxygen vacancies are coupled with the electronic carrier conced®ataen
shown in Figure 2, therefore, limiting both electronic and ionic conductivity is very important to
obtain the seminsulting conductivity and the improved degradation restetaf BaTiQ ceramic

capacitors
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Figure 1.2 Oxygen vacancy concentratiolependent(a) electronic carrier and ionized
concentratios and (b)total and partiaklectrical conductivies of Fedoped SrTiQ at 210°C.
The sample was equilibrated at 9 andpO- of 10° atm andguenchedo room temperatur
Reproduced with permissidrom [19].




Understanding and controlling the degradation behavior is important not only in the
ceramic community but also in the seonductor community. Theigh-power devicedased on
b-Ga0s generally experiereca high electric field duringheir operation at elevating temperature.
Even thoughb-G&0s has a high breakdown fieldme-dependent degradation may still be
concern However, here are only a few studies onhigh-temperatue equilibrium defect
chemistry[21i 25] and any investigations of tirdependent degradation are not regryet.
Recently, manyinvestigationshave been conductetb determine theelectrical conduction
mechanism oh-type Si or Sn dope®-G&0s. It was concluded that the electrical conductivity of
n-type b-Ga0s is highly influenced by the extrinsic factorschuas background impurities and
doping concentratiofb, 10, 26 29] However, these studies were mostly conducted at a low
temperature range where the role of lattice point defects cannot be fully understood. In addition,
clear understading of an electrical conduction mechanism in samsulatingb-Ga0Os has notyet
been established

1.3.Objectives

In both BaTiQ ceramics and-Ga0s3 single crystals, it is important to understand the
fundamentals of electrical conduction mechanisms arettiehemistry to improvihe insulating
properties and degradation resistance and the lifetime of devices. Electrical conductivity at room
temperatu e is highly dependent on the sampl eds
dopants types, and tineloping level. Thus, the higtemperature equilibrium conductivity as a
function of oxygen partial pressure, temperature and doping chemistrg sfeogystematically
established. The objectives of this dissertation are to develop a fundamental udoheystén
electrical conductivity and the role of doping ordmping in BaTiQ andb-Ga0s. Temperature
dependent DC electrical conductivity is meaaslias a function of time and oxygen partial pressure
to realize the equilibrium and partial equilibrium eletfchemistry. In addition, the AC impedance
characteristics are measured over a wide range of temperatures to understand the frequency
dependent His and grairboundary characteristics. Moreover, thiependent current densities of
doped systems were coaned to identify the role of dopants in degradation characteristics.

In Chapter 2, the point defect chemistry of Badi®©reviewed from a canonicenass

action perspectiveln addition, thehigh-temperatureequilibrium electrical conductivitiesof



BaTiOs; and b-G&0s are reviewed and discussed in termdefect chemistryln a few cases,
studies on the temperatudependent AC impedance of Bagi@re reviewed for better
understanding of lovtemperature partial equilibria in which only a subset of thetpt@fects can
kinetically equilibrate with the external atmosphere. Furthermore, literature about the degradation
behavior and thermally stimulateépolarization current (TSDC) are reviewed for Bas[ Mhich

gives further insight into the defect chemisdind its evolution under an applied electric voltage.

In Chapter 3, the experimental methods for processing Bade@amics and the basic
information of the Fedoped (010p-G&0s are discussed, and the procedures for the DC and AC
electrical measurements are explained. Moreover, the mathematical calculations for predicting the
defect concentration are included with Matlab code.

In Chapter 4, the electrical conductivity cABOs is explored with respect to the type of
acceptor dopant between singk@ent Mg or multivalent Mn. Thp-type electrical conductivity
of both compositions is discussed in terms of defect chemistry. In addition, the DC and AC
electrical characterizain reweals that the total electrical conductivity of BaZi®limited by the
bulk conductivity in the higltemperature regime and grasoundary conductivity in the low
temperature regime. This Chapter sets the stage for tleping studies.

In Chaptelb, codoping strategies are applied to improve the bulk electrical resistance and
degradation resistance of Ba&i®@ith co-dopants of either (Mg and Y) or (Mn and Y). Similar to
Chapter 5, the various DC and AC electrical characterizations are conducplde the ce
doping effects on the electrical conductivity. Moreover, the 4ilmgendent degradation behavior
is compared the evaluate the relative effectiveness of the two differetbpemts. It is
demonstrated that the (Mn and Y)-doping is muchmore efective relative to (Mg and Y) co
doping for improving the degradation resistance of BaTiO

In Chapter 6, the origin of sefirisulating electrical properties of f®ped (010p-Ga0s
are investigated using the DC, AC, and Hall techniques. Irsth@y alargely pO.-independent
high-temperature electrical conductivity is measured. The behavior is attributed fowthe
electronic conductivity with low concentration of intrinsic point defects.

In Chapter 7, the overall conclusions of the dissenaitd sveral important future works

are discussed.



Chapter 2

Background and Literature Review

2.1.Defect chemistry in BaTiOs

Understanding point defect chemistry have brought many useful insights to interpret
electrical conductivity of oxidenaterials.The predictions of defect structures have been studied
by the theoretical approaches such as canonical eefsbtlling19, 30, 31 and density
functional theory (DFT) calculatiorj48, 32 36] Canonical defeethemistry modelling is based
on numerous defect chemical reactions and the laws of mass action, where the system is
constrained bythe charg@ neutrality condition. By fitting a defect model to experimental
measurements, thermodynamic parameters associated with the various defect reactions can be
inferred. Several authors have investigated the possible defect reactions fos[BaAH6G] by
measuring the higkemperature equilibrium electrical conductivity. The thermodynamic
parameters forarresponding defect reactions were obtaibgdfitting the observed electrical
conductivity using Brower approximations, i.e. simplified defect models that consider only the
dominant defects over certain ranges of oxygen activity. The obtained pararagtel®hln used
to further construct the lowemperature quenched defect chemiftis;. 48] In the following, the
possible defect reactions in Baki@re introduced with mass action law and charge neutrality
conditions expressed in the Krogéink notation, and the thermodynamic parameters in literature

are reviewed.



2.1.1. Electronic equilibrium

Thegeneration of electrons and holes from the electronic equilibrium between valence and

conduction band can be written as:
i O01A B (2.1)

The equilibrium constang is:

Y

Yo Yo 1Y
O ¢ 0ADD-— UUA@DT’—!,T

QY QY (2.2)

wheren andp are a concentration of electron and hole, respectivelys a preexponential factor,
YO is a band gap enerdy, and( are respectively an effeet density of state in conduction
band and valence band4) is a band gap at 0 K, is a temperature coefficient of the band gap,
Q is the Boltzmann constant afids a temperature.

The band gap and the pe&ponentialterm can be obtaineldy measuring temperature
dependent electrical conductivity near thp transition point in the electrical conductivity versus
pO. measurements. In thep transition point, if the ionic conductivitylin) is constant or
negligible, the electron and hatencentrationr{ andp) have a simple relation withia term as
shown in Eq. 2.2. By knowing the ionic conductivity and electron and hole mobilities, the

temperaturalependenkK; can be evaluated.
2.1.2. Oxygen exchange reaction

Theoxygen exchangeeactionin BaTiQ; can be written as a reduction reaction:

/I 62 cA S/ C (2.3)
The equilibrium constant is:
i yO
€ :D‘ 3 ] 0
0 62¢ 0 v Agb oY (2.4)



wherel) is a preexponential factorY’O is an enthalpy of the reduction reaction, i.e. the
formaion energy of oxygen vacancies. In Eq 2.4, thegx@gonential factor and the formation

energy can be evaluated by knowing the concentratiorlecfren and oxygen vacancy as a
function of temperature in a very IquD2 regime with mobility terms.

2.1.3. Full Schottky reaction

By the definition of Schottky reaction, the full Schottky defect reaction in Baditails

the formation oBa and Ti vacancies and anion O vacancy simultaneously:
"AAE 6 6 062 (2.5)
The equilibrium constant can be expressed as:

YO

0 :D . -

V) 6 6 6 v A@b Y (2.6)
where0 is a preexponential factory"O is an formation enthalpy of thelfiSchottky reaction.
Nowotny obtained the equilibrium constant of the full Schottky reaction of the undoped and
acceptor doped BaT#Zompositions by fitting the higtemperature electral conductivity in the
high pO2 range[49] Yoonet al. calculated the formation energy of the full Schottky defectsin Nb

doped BaTiQ@ ceramicg50] and used Brower approximations in the intermedig®gd range

where the extrinsic Nb dons are assumed to be compensated by the full Schottky defects. These

values are summarized in Table 2.1.
2.1.4. Partial Schottky reaction
The partial Schottky defect reactios determined by the cation nonstoichiometry in

BaTiOs. In Ti-rich BaTiQs, since theli, Ba and O lattice site ratios must remain 1:1:3, the partial

Schottky defect generates Ba and O vacancies as expressed by:

4E wu 4E 6 62 (2.7)
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The equilibrium constant for this reaction is:

YO

0 . :D . .
0 & 6 6 U  A@D a7y

(2.8)

wherel  is a preexponential factoty’O j is an enthalpy of the partial Schottky reaw. It
is important to note that this partial Schottky reaction occurs within the solubility regime. Once
the solubility limit of TIG: is exceededsecondary phase such as B&kior BasTi17O40is formed.

In the case of Baich BaTiO: compositions, the iD> partial Schottky defect is expected:

"Aluy " A 6 62 (2.9)

The equilibrium constant in an ideal solution is:

YO

0 . :D . .
0 & 6 6 0 A@D—TQ,,Y

(2.10)
where0  is a preexponential factor, andO ; is an enthalpy of the paat Schottky
reaction. Again, the reaction occurs in the solubility regime of BaO into Ba&i@ if the excess
of BaO exceeds the solubility, then secondary phases sl Ta®4 will form.

The formation enthalpy in the full Schottky and partial Sdtyateactions have been rarely
investigated compared to other point defects. Lee et al. utilized theoretical and experimental
approaches to obtain the formation energy offtieéSchottky and partial Schottky defects in the
nonstoichiometric high purity wloped BaTiQ@ ceramicqd37] This approach was based on the
observation of phase solubility limit between the pur&iBa and the secondary phases either
BaTiOs and BaTi17040 On Tirich side or BaliOs andBay os4T i0.904602.0460N Barich side.

The various pr@&xponential factorsral enthalpies of defect reaction are summarized in
Table 2.1. Literature reviews revehht an equilibrium constant for corresponding specific defect
reaction can be different even in the same doping system. This is probably due to the different
background impurity concentration and the assumptions for the defect model and the mobility

termsthat the authors made.
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Table 2.1 Preexponential factor and enthalpy of defect reactions. Bolded values were used for

calculations in sections 2.1.5 and 5.4.

: Experimental Preexponenial factor Enthalpy
Defect reaction condition (Ko) (eV) Ref.
p8t @ p 1 (cm®) o L TV « [38i40]
Undoped P®H w p 1 (cm®) 8o 1] g [41]
Electronc 8 (cm®) 8 [49]
equilibrium Al-doped c& Y p 1 (cm®) ¢ UL 8y [42]
Mn-doped p 8 (cm?®) o8 p [51]
o p 1 (cm®) CB T [43]
Nb-doped p 1 (cm®) & [44]
X v p 1 (cmPatm'? v T T U [41]
X8t w p 1 (cm®atm'?) V& W [51]
8
Undoped (cm®atm ) 8 [49]
Reduction reaction o8t @ p m (cm®atm®?) X T [45]
¢® @ p m (cm®atm'?) 0P T [44]
Acceptor .Y
doped w8 o p 1t (cm®atm?) L8 W [46]
Al-doped | c¢8 1 p m (cm®-atm*? | 5.88+0.17 | [42]
Undoped and 15
acceptordoped 8 (cm™) 2.795 [49]
_ 15
Full Schottky TJ?]gggi(cjl pm (cm™) 10.5 [50]
reaction (Ti-rich) - 3.33+ 0.2
Undoped
(Ba-ich) - 3.48+0.2
[37]
Undoped i 232401
Partial Schottky (Ti-rich) e
reaction Undoped
(Ba-rich) - 2.89+0.1
!IO? |zZat:0(|1 of élo Al-doped p& p T (cMd) 1.04 [40]
_Ioinlzstlf)niof MEQ od w p 1 (cmd) 1.69 [43]
_Ioinlzstlf)niof MR Mn-doped o8 p 1 (cmd) 1.72 s
—— 46
lonization of Mn
ioz-1 A ™ p T (cmd) 1.12
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2.1.5. Charge neutrality condition

Theelectroneutrality condition fahe system, consideriradl pointand electroniclefeds,

is expressed as a charge neutrality equation:

s s oA s s

0 OEOEOAACAOEOA (2.19)

Assuming no background impurities, the charge neutrality equation for BaTiO

n 62 $ € 6 6 ! (2.19

where $ and ! arethe donor and acceptor concentrasiorespectivelyand thex andy
indicate the possible charge statesom Eq. 7.2, 7.4, and 7.8, the charge neutrality equation can
be rewritten as:

0 0 \ 0 LT
— ; $ E @ — €L ! (2.13

By knowing the equilibrium constants and the doping level of acceptors and/or donors, the defect
concentrations cabe predicted as a function of oxygen partial pressure at various temperatures.
Using the equilibrium constants of the reduction reacttaatronic equilibrium and full Schottky
reaction obtained by Nowotrj¢t9] the full and paral equilibrium defect structures are predicted

in undoped BaTi®@compositions and presented in Fig. 2.1. The details of mathematical calculation
can be found in Chapter 3.5. A few calculations were carried out to reproduce the prior calculation
by Nowotny49] using the same temperature @ cordition, and they show a good agreement.
The full equilibrium defect concentrations as a functiop®f are explored by solving Eq. 2.13

at the equilibrium temperaturé@g = 1150 °C), below whch the cation vacancies are assumed to

be immobile[52] Then, the lowtemperatre (To = 1000 °C) quenched defect structures are
calculaed through the Eg. 2.13 under the assumptionghieatoncentration of catioracancy is

fixed from the hightemperature equilibrationé = 1150 °C andpO. = 0.21 atny but that of the

13



electronic arriers  andp) and oxygen vacancy are allowed to be fully equilibratethaiver
entire range opO..

Figure 2.1 shows the equilibrium and quenched defect concentrations of undopeg BaTiO
In Figure 2.1(a), the equilibrium defect concentration at ZT56hows mainlyhree differenpO.
regimes which are the highly reduced, intermediate, and relativelyp@igtegime. In the highly
reducedpO; range pO2< 10° atm), the reduction reaction is the predominant defect reaction with
electrons as a majotegtrically conducting species. In the intermedia® range (16° atm <
pO. < 1(? atm), the oxygen vacancies are ionically compensated by the cation vacarcies. A
increasingpO2, the electron concentration decreases, while the hole concentrationtstarts
increase. The-p transition position is located at around®idm of pO.. In oxidizingpO. range
(pO2 > 1% atm), the oxygen vacancy concentration starts to decrease, and the holes becomes the

major charge carrier compensating the cation vacancies.

(a)22 . (b) 22 :
1150 °C 1000 °C
20
o e
£ £
L 18t 2
% =
()] ()]
9° 15 o
14
-20 -15 -10 -5 0 5 -20 -15 -10 -5 0 5

log,4(PO;/atm) log,4(PO,/atm)

Figure 2.1 (a) Full equilibrium defect structure at1h0 °C and (b) partial equilibrium defe
structure at 1000C with the fixed cation vacanciesquilibratedfrom the hightemperatur
condi ti on pQ:f Q.5 Gte) D uraoped BaTi@

Figure 2.1(b) shows the partial equilibrium defsttticture of undoped BaTiin which
the cation concentration is frozémfromthe hightt e mper at ur e equi | iabdr i um ¢
pO2 = 0.21 atm)to lower temperatures over the entire rangep®©f. At 1000 °C, the ionic
compensation is observed ovewale range of oxygen paali pressure. When th#, is higher

than 10° atm, the hole concentration is higher than electron concentration, and thergfoypea
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electrical conductivity is expected in thgs® range, which is agreed to the electrical conductivity
measured by Nownay.[53] The electrical conductivity oindoped BaTi®@ceramics and single
crystal (open triangle)53] at 1000°C is summarized in Figure 2.2. It is worth noting that the
magnitude of electrical conductivity and thep transition point vary particularly in highO:

range. This implies that purity and history of sample processing are important factors determining
theelectrical conductivity in undoped BaTiO

BaTiO3
1273K !

-15F \{\fﬁ-c,n
, 2o
a am?.:o_ssa} LONG. & ®

o Ba/Ti 20979 } BLUMENTHAL & ©

-20a Ba/Ti=0954 ) (1971} Aol
+ SEUTER (1974) ° .
x DANIELS (1976} x 4
o EROR,SMYTH (1978) XP .

=25 o SMYTH.CHAN (1981) 2 N * X o
a PRISEDSKII, TRETIAKOV (1982) \A“Z'/ e
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Figure 2.2Electrical conductivity versogO. of undoped BaTi@ceramics and single crysta
1000 °C.

The defect concentrations were further explored in singlent acceptedoped BaTiQ.

It was assumethat acceptors (doping level is?2@cm?®) exclusively occupy the Tsite and they
are doubly ionized, i.é. . In addition, the A/B was kept to 1:1, meaning that the full Schottky
reactions was included during calculation. Similar to undoped BaTt@ full and partial
equilibrium defect concentrations are shown in Figure 2.3. Although the overall fullbeiguili
defect equilibria in Figure 2.3(a) is similar to that of undoped BaTio clear differences are
seen. One is that the oxygen vacancy concentration is mainly compensateabgr the entire
ranger opO.. The other is that there is a dease inthe concentration of Schottky defects. Because
the acceptors, which are negatively charged species, are intentionally doped ig BeeTgpstem

prefers to have less amount of negatively charged cation vacancies.
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Figure 2.3(a) Equilibrium defect sticture at 150°C and (b) partial equilibrium defestructur:
at 1000°C with the fixed cation vacancies (equilibratediat 1150°C andpO. = 0.21 atn in
singlevalent acceptedoped BaTiQ

The quenched defect concetitva at 1000°C is shown in Figure 2.2(b). Again, tpeype
electrical conductivity is expected in hig. range where the hole concentration is predominant.
In the entire range gbO,, the cation vacancy concentration isefixby the higktemperature
equilibrium concentration afe of 1150 °C andpO: of 0.21 atm In the case of oxygen vacancy
concentration, it is extrinsically fixed by acceptors whose level3¥d® and is higher than that
in undoped BaTi@ Thus, it is expected that acceptimped EBTiOz show the ionic conductivity
at the intermediatpO. range where the low electronic conductivity is expected due to the low
concentration of electrons and holes.sTisi more clearly seen as decreasing temperature where
electronic conductivity is readed, while the ionic conductivity is fixed due to the constant number
of oxygen vacancig®4]

It is apparent that the defedtamistry changes significantly by doping and equilibrium
and the oxygen partial equitium conditions. In the following sections, the experimental
conductivity results are reviewed in the various accepoped and caloped BaTiQ
compositions. In generahe hightemperature electrical conductivity can be well understood by
the canonicatlefect chemistry in simple accepioped BaTiQ. In some cases, the developed

canonical defect models can predict only a portion of the comprehensive behavior of defect
concentrations.
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2.2.Electrical conductivity in BaTiO 3

2.2.1. Acceptor-dopedBaTiOs

The hidg-temperature equilibrium electrical conductivity of Mgped BaTiQ was
explored by Jeong and Hfb] Mg acts an acceptor whét sits on the Ti site, i.e. Ba@@iMgx)Os,
as it has a net negative changeC . The electrical conductivity as function of oxygen partial
pressure at 1000 °C is seen in Figure 2.4, and aitbfged samples show tpeype behavior of
electrial conductivity in the higipO. range (> 1@ atm). As increasing Mg concentration, the
p transition position shifts leftward and the magnitude of conductivity increased. In addition, the
conductivity becomes mopO--invariant at the intermediaf®. range which is explained as the

oxygen vacancgbecoming the dominant charge carrier.

T T T T T T T T T

ol BaTi, Mg,0, ,
u o x=0
Y —8— x=0.001

!'\ - —hA—x=0.005

Yo R v x=0.01

LOG CONDUCTIVITY (@ 'em™)

LOG PARTIAL PRESSURE, Po,(atm)

Figure 2.4 Equilibrium electrical conductivity of undoped Baki@nd Ba(Ti-xMgx)Osx (x = 0,
0.001, 0.005, 0.01at 1000°C. Reproduced with permissidrom [55].

The hightemperature electricabnductivity of Aldoped BaTi@ was studied by Chan et
al.[40] The ceramic specimens having a fixed 0.995 of Ba/(Ti+Al) were doped with 155 ppm
(0.0155 moke), 484 ppm (0.0484 mol%), and 1506 ppm (0.1506 mol%) of Al. In sample
preparation, a small amount of Ti@as intentioally added to assist the sintering process (1420
°C for 2.5 h in air), and it was found that the presence of a small amountrichTé&econdary
phase was detected in the trijpleint of the graing56] which did not affect the electrical
conductivity[51]
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Figure 2.5(a) Equilibrium electrical conductivity of undoped andddped BaTDs at 1000°C
(b) Apparent net acceptor concentration derived from conductilatg, compared with t
amount of added AReproduced with permissidrom [40].

In Figure 2.5(a), the magnitude of electrical conductivity minima increased |y
shifted to loweipO,, which is consistent to the prior studies in-Sligped BaTiQ. [55] However,
a pOz-independent electrical conductivity near tip transition region was not observed at this
temperature, meany that the comibution of ionic conductivity is small. In the very |lga- range
(< 10" MPa) where the reduction reaction is predominant, plle-dependent electrical
conductivity is invariant with respect to the Al concentration, indicating thatttiesic reduction
reaction is not affected by impurity concentration. In Figure 2.5(b), regardless of the doping level,
the backcalculated concerdtion of Al acceptor from the canonical defect models was only ~
30%. The origin of the phenomenon was wetgarly understood, however, the authors suggested
the possible explanations, (1) inhomogeneous distribution of acceptors and segregation at grain
boundary, (2) formation of defect complexes between oxygen vacancy and acceptor, (3) formation
of a new strature similar to perovskite which consumes point defects, and (4) the incorporation
of Al into BaTiOz as an interstitial or Ba substitution, compemgpthe acceptors.

Kim et al. compared the DC electrical conductivity of undoped and 1 mol%dgdad
BaTiOs ceramics from 900C to 1200°C in apO; range of 1 atni 10%° atm[43] The high

temperature electrical conductivishows clear difference as a functiorp@k as shown in Figure

2.6. The isothermal electrical conductivity varies from r)/ I o, ” n ' to, n !
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in undoped BaTi@ while that of Mndoped BaTiQ@ changed from = ry/ I o, n/ I o

. N I as increasingO., which is agreed to the study by Osawa £ 3] The origin thegpO»
dependence is attributed to the ionization of Mntle.charge state of Mn on Ti site can be varied
depending omO>. This is the clear difference between singd¢ent acceptor such as Mg, Al, Ca

and multivalent Mn.

@ 1 r r — (b) 4 E .
(a) Undoped BaTiO, (a) Mn-doped BaTiO,
or —e— 1000°C 1 of —e— 900°C
—a— 1100°C —a— 1000°C
—a— 1200°C ] —A—1100°C
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Figure 2.6 Electrical conductivity ofa) undoped BaTi®@and (b) Mrdoped BaTiQ@vs. oxyge!
partial pressure at different temperatufesproduced with permissidrom [43].

High-temperature electrical conductivity @adoped BaTiQ@ was analyzed over the
oxygen partial pressurgQ;) of 108 atm ~ 1 atm at a temperature range of 800 °C ~ 1000 °C by
Han et al[54] In this work, three different BaT#Jsamples were fabricated: one was i(Ba
xCa)TiO3, i.e. BaO wasreplacel by CaQ another igBaTiOz + xCa0), i.e.CaOwasadded to
stoichiometic BaTiGs, and theotherwasBa(TiixCa)Osx, i.e. TiO2 wasreplaced by Ca@ith x
= 0.005 and 0.002As shown in Figure 2.7(a), there was a significant shift ofntperansition
point to lowerpO-in (BaTiOs + xCaO)with the higher Ca concentration. In addition, the increased
and flattened electrical conductivities were observed. These results were attributed to the
incorporation of Ca into the TWite, leading to the increase iygen vacancies and thpo;-
independent ioic conductivity. However, when Ca occupied on thesBa, the electrical
conductivity was identical regardless of the Ca concentration. In Figure 2.7(b), the electrical
conductivity of BaTi@+ 0.02CaOand Ba(Ts.9sCa.02)O2.9sis also comparedt 800 °C and 1000
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°C. At the lower temperature 800 °C, a wiq¥D.-independnce was shown in both samples due to
the high ionic conductivity originated from the temperatadependent oxygen vacancy
concentration introduckby Ca doping. The magnitude of thlectrical conductivity was slightly

higher in Ba(Tio.0sCa&.0902.98 and this is attributed to the higher concentration of oxygen
vacancies.

(a) (b)

o BaTigealicoalaes

11— 1000°C o BaCago2Tilz02
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Figure 2.7 (a) Equilibrium electrical conductivity ofBa;xCa)TiO3z and(BaTiOs + xCaO)with x
= 0.5mol% and 2mol% at 1000°C. (b) Equilibrium electrical conductivities at 80G and100(

°C of (BaTiOs + xCa0)andBa(Ti1-xCa)Os with x = 2 mol %. Reproduced with permissidrom
[54].

Temperaturelependent DC and AC electrical conductivities of singlert Mg or
multivalent Mnrdoped multilayer BaTi@has been systemically investigated by Yoon ¢4&).
58i 61] The authors investigated the bulk and grain boundary conductivities as a function of doping
concentration, tempature, grain sizeand sintering and frexidation annealing conditions h&
room temperaturelectricalconductivity was explored as a function of Mg concentration from 0
to 0.5 mol% with varyingpO- during sintering to find an optimized Mg concentrationa high
resistace and a good degradation resistd6€d. The study revealed that the electrical
conductivity of undoped BaTigsintered at a lowO>2 showed a high electrical conductiyi~ 50
gbcm at room temperature as shown in Figure 2.
room temperature electrical conductivity increased rapidly and showéti~E0c m wi tioh 0. 1 n
Mg doping. It was also observed that the posvxigaion process in 16 atm improved the

resistance of the sample as indicated as the gold symbol in Figure 2.8. The calculated quenched
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defect structure explains the observed high resistance of thengps at room temperature,
showing that while the conceation of electron and cation vacancies decrease, oxygen vacancies

increase with increasing the acceptor concentration.
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Figure 2.8 Mg concentratiordependentoom temperaturelectrical resistivitiesof Mg-dopec
BaTiOs sintered indifferent oxygen partial pressurdgeproduced with permissidrom [60].

The authors obtained the bulk and grain boundary electrical conductivities as a function of
Mg concentration by analyzing the AC intfaece responses with the blocking Pt electrdéés.
By analyzing CuriéWeiss law, it was concluded the higand lowfrequency arcs are originated
from the bulk and graiboundary responses, respectively. In addition, the major findings in the
AC measurements are that (1) while the bulk electrical condlyatiecreases with increasing Mg
concentration, the gm boundary conductivity is almost independent on Mg concentration, (2) the
grain boundary conductivity is lower than the bulk conductivity regardless of Mg doping at a given
temperature in the coar8aTiO: samples which were sintered in air, and (3)Itdve-frequency
(~ ImHz) Warburg impedance at 480 °C can be seen more clearly and the ionic transference
number increased with increasing Mg concentration in BaTiO

The effects of grain size on the kuwnd grain boundary conductivities as a function of

temperaturdb9] showingthat (1) the bulk conductivity increases as increasing Mg ddpiej
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regardless of grain size, (2) the bulk conductivity is higher in the coarse grain samples, (3) the
grain boundary conductivity is doping lesMalariant in the coarse grain specimersyaver, the
conductivity shows the positive dependence on thedgentration in the fine grain specimens,

and (4) the Warburg impedance is observed in both fine and coarse grain samples, and the
impedance is higher in the coarse grain samples, mearengottion of ionic conductivity is

higher than that in fine graspecimens.

(a) Mg-Doped BaTiO, (b) Mn-Doped BaTiO,
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Figure 2.9 Doping conentratioependenCole-Cade plotsof (a) Mg or (b) Mndoped BaTiG
at 480°C. Reproduced with permissidrom [48].

The AC impedance of Mg dfin-doped BaTiQ@ceramics was studied as a function of doping
level of the acceptof@8] In this work, the most different results in the AC impedance between
Mg and Mn doping is that Mdoped BaTi@shows (1) the lower bulk condtivity with the higher
Mn concentration and (2) no Warburg impedance atfleqquency in contrast to Mdoped
BaTiOs as shown in Figure 2.9. The negligible ionic transference number is attributed to the low
ionic conductivity with the significantly lowancentration of oxygen vacancy compared to- Mg
doped BaTi@ with the same doping level. The predicted equilibrium goeénched defect
structure as a function pf. at high and lowtemperatures showed that the higher concentration
of oxygen vacancies wadtined in Mgdoped BaTiQ, explains the high ionic conductivity in
Mg-doped BaTiQ.
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2.2.2.Co-doped BaTiOs

Chan and Smyth investigated the equilibrium electrical conductivity veuef Nb and
Al co-doped BaTiQ@ ceramicd62] As shown in Figure 2.10, the electricainductivity becomes
pO:- independent and the overall magnitude increases with donor doping (solid triarsglied
circle - open circle), which is duetthe increment opO.-independent electron concentration
compensating donors (Nb). Then, the dedopel BaTiO; was back doped by acceptor, Al (open
rectangular open triangle solid rectangular). In this work, two interesting phenomena were
observed. @e was that although the-doped sample containing 632 ppm Al and 467 ppm Nb
(open triangle) had moreeeptors than donors, the electrical conductivity was close tetipe
conductivity. Similarly, the other was that the sampleloped by 314 ppm Adnd 467 ppm Nb
(open triangle) exhibited a more dordwped behavior than 151 Nb singly doped BaT{€alid

circle). This is interesting because the net donor concentration of both samples was very close.
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Figure 2.10Equilibrium electricalconductivity at 1000C of BaTiQ. Reproduced with
permissiorfrom [62].

The hightemperature electricabnductivity ofMn and Y cedoped BaTiQ@ ceramics which

is the most important compositions in this dissertation, was investigated by L§&3¢eald Yeoh

23



et al[64] In Figure 2.11, the higkemperature electrical conductivity of-doped BaTO3z was
pO2-indepedent and lower than that of undoped BaTiQhe highpO- range, when the doping

ratio of Y and Mn ([Y]/[Mn]) is between 0.5 arld8. As the ratio was over 1.8, the magnitude of
electrical conductivity increased and showed mmetgpe claracteristics. Th&ermi level as a

function ofpO2 wascalculated by linkinghe electron concentration obtained from the canonical

defect chemisty t o Boltzmannédés statistics. It was r e
wide range opO. due tothe mechanism of don@rcceptor mutual compensation, when Y/Mn is

in between 1 and 2. Howeveéheir prediction revealshat the n-type electricalconductivity is

expectedat the highpO. range with 2.0 >9° - T > 1. This does notagree ¢ the

experimental results.
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Figure 2.11Electrical conductivity ersis oxygen actiiy of BaTiOs; co-dopedby Mn and Ywith
different donotto-acceptor ratios #ms = 0.0 (a), 0.5 (b), 1.0 (c), 1.8 (d), and 2.1 (e) at X@C
Reproduced with permissidrom [64].

The hightemperature electrical conductivity of Baki©eramics caloped by either (Ho
and Mn) or (Dy and Mn) were investigated by Han ¢68).66]When Ho and Mn are respectively

doped on the Aite and Bsite, the magnitude of electrical conductivity was lotem that of
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singly doped BaTi®@at 1200°C in Figure 2.12(a). In addition, thE>-independent conductivity
was dserved in the higphO: range.The reducegO-.-independent electrical conductivity in the

high pO2 range is attributed to the reduced oxygen vacancy concentration with donor doping.
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Figure 2.12(a) Equilibrium electrical conductivities of BaTi@o-dopedwith (a) Ho and Mn
(b)Dyand Mna t 1 2ReprodUc€d with permissidrom [65,66].

Theroom temperature resistiigsof BaTiOs; co-doped byMg andrare arth elements (La,
Sm Dy, Ho, Er, or Yb) were investigated by Kishi et[B] Figure 2.13 shows e room
temperaturelectrical resistivity of (Ba2xRax)(Ti1ixMgx)Os with x =0 to 0.15R: La, Sm, Dy, Ho,
Er, or Yb)ceramics. In thely + Mg) and Ho + Mg) codopedsamplesthe abrupt increase in
resistivity was observedith the increase of doping levélhis abruptchange inthe resistivity
corresponds to the variation in the lattice paramélgiisand is attributed to thamphoteric
behavior of Dy and Ho, meaning that Dy and Ho can occupy both-tiie And Bsite depending
on the doping concentration.
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Figure 2.13Room temperatureesistivities of (Ba 2xR2x)(Ti1ixMgx)Oz sintered at 138€C in &

reducing atmosphere as a functionxofR = La, Sm, Dy, Ho, Eor Yb). Reproduced wil
permissiorfrom [14].

2.3.Doping Effects onDegradation Behavior in BaTiOs

The degradation characteristics of Mg and Mn sirdgiped multilayer BaTi@specimens
were studied by Yoon et al. The concentration of dopant was varied from 0 to 0.5 mol%, and the
samples were made via MLCC process. In the studyddfmed specimens shedmore severe
resistance degradation and breakdown as increasing Mg concentration. This was attributed to the
increased bulk grain conductivity and the portion of ionic conductivity with increasing Mg
concentration. Compared to Mipping, Mnrdoped BaTiQ exhibited better degradation behavior
as Mn concentration increased.

The degradation behavior of Mn and Dy-aoped BaTi@specimens was investigated by
Yoon et al. The compositions were (1) 0.4 mol% Mn and 0.3 mol% Bipped and (2) 0.4 mol%
Mn and 0.9mol% Dy codoped BaTiQ. The timedependent degradation characteristics of Dy
and Mn cedoped BaTi@ MLCC were measured at 13C under the DC field up to 0.6 MV/cm

~ 0.8 MV/cm. It was revealed that the tidependent degradation behavior was more stable
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the higher Dy concentration. In addition, the breakdown field was increased in the higher doping
level of Dy. Similarly, the degradation characteristics were investigated in Mn anetvpeal

BaTiOs by the same group. Three different Ba3MLCCs codopedby (1) 0.2 mol% Mn and 0.1

mol% V, (2) 0.2 mol% Mn and 0.3 mol% V, and (3) 0.4 mol% Mn and 0.3 mol% V. The time
dependent resistance under various DC field showed that the magnitude of resistance was higher
in the lower Mn and V compositions, such ttigtand (2) at the low DC fields. However, the time
stability of resistance was better in the higher Mn and V composition. Moreover, the higher
breakdown field was improved by the increase of Mn or V doping concentration.

Kishi et al. compared the lifetiemof various X7R and Y5V MLCCs compositions by
measuring the highly accelerated life test (HALT) under 0.35 MV/cm and 0.7 MV/cm DC electric
field at 165°C.[14] The X7R and Y5V MLCCs were doped by 1 at. %daf Nd, Sm, Gd, Dy,

Ho, or Er. Both X7R and Y5V MLCCs exhibited the improved lifetime, when they are doped by
the rare earth amphoteric oxidagh as DyOs, H®O3, ErOs. Particularly, they are more effective
when the thickness of dielectriclayerwadu@ee d fr om 10 em to 5 ¢&m.

Kaneda et al. studied the vanadium (V) effects on the lifetime of MIE€QsThe
concentration of V varied from 0 to 0.15 mol% in the samples contain 0.5 mol% MgO, 0.1 mol%
MnO, 0.75 mol% HeOs, and 1.5 mol% Si® Sintering was carried out #280°C for 2 h in 10
10 atm followed the rexidation process at 90T in 10° atm. The HALT experiments were
conducted at 150C under the 0.2 MV/cm. The mean time to failure (MTTF) was improved by
the addition of V up t®.1 mol%. With further incresed V concentration, the MTTF was slightly
reduced. It was revealed that the AC impedance of dielegd&atrode interface, grain boundary,
and grain, and found that the resistances of all components were deteriorated reéthingcV
concentration. Padularly, the interface resistance was significantly reduced. The decrease in the
total resistance of specimens was attributed to the increase in the electron concentration by donor
doping and the significant decrease in theriiace resistance. The deggsunctional theory (DFT)
calculations and the thermally stimulated depolarization current (TSDC) analysis showed that the
formation of oxygen vacancy was restricted by adding V in Ba&fad thus the improved
reliability of MLCCs was attributed to the cease in concentration of oxygen vacancy.

Natsui et al. investigated th&/ effects on the timelependent resistance BaTiOs
MLCCs[68] The specimens were doped by 2 mol% MnO, 0.2 mol%Qinl mobPb Y20s,

0.5mol % SiQ, and 006 mol%, 0.2 mol% or 0.3 mol%>®s. The specimens were made via the
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MLCC process with sintering at 120Q for 2 h in the reducingO; of 10*? atm followed by the
re-oxidation at 1100C in apO; of 10° atm. The HALT measurements were carried out at’200
under 0.35 MV/cm DC field, and the AC impedance was analyzed during HALT. The authors
basically used the equivalent circuit having four series of parallel combination of resistance and
capacitance foall specimens. The four RC components are assumieel tioe core, shell, grain
boundary, and BaTiéNi electrode interface. The HALT measurement revealed that the interface
resistance showed the significant degradation behavior during HALT. In addiggodegnee of
degradation of the interface resistamas dependent on the V concentration, showing the higher
V concentration induced the better thdependent resistance. The authors useanning
transmission electron microscamtectron energy loss speascopy (STENIEELS) to identify

the distribution ofV and found that a small but noticeable EELS signal ofal the
ceramic/electrode interfac&hus it was thoughtthat V substitution at the interfaceetween
BaTiOs ceramicand Nielectrodeseemed tamprove thereliability of MLCCs

2.4. Thermally stimulated depolarization current (TSDC) in BaTiOs

TSDCis a technique to study the physical phenomena related to dipole moment. As shown
in Figure 2.14an electric fieldEp) is applied to a sample with a centdime ¢p) a a polarizing
temperaturgTp). Then,the sample is cooled to room temperatuneler the biasUnder shor
circuit conditionsthe sample is heatewdth controlledheating rate (3C/mini 5 °C/min), and a

current is monitoreds a function of time simultaneously

(a-) (b) Trap Charge Defect, Dipole
: dr
SPL ®
2 & Temperature jT—— T
. \ Tonic Space Charge = f app_______ max X
o : : B
> Trap Charge ' ;
2 Orspe =, sink| 22zt |{ ! = v
Tp J \ 247, - -~
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Figure 2.14 Schematic ofa) experimental procedure d6DC and (b) analysis of TSDC w
various polarization mechanisntourtesy oDr. Clive Randall at Penn State University.
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This technique provides uié information about point defects with their concentrations,
activation energies and relaxation tinassociated with thgolarization mechanisms as shown in
Figure 2.14(b), which enables a better understanding on daefat#l properties such as eldcl
conductivity in oxidesA good example of TSDC of undoped Ba3j€®] is shown inFigure2.15.

Sharp depolarization current peaks appear at the polymorphic phase transition temperatures in
BaTiOs and they are thought to be related to the abrupt depolarization of remanent dipoles during
the phase transition.
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Figure 2.15TSDC spectrum of undoped BaB@®eprodued with permissiofirom [69].

Doping of either singleor multi-valent acceptor makes a significant change in TSDC and
the phenomenon is highly dependent on domiogcentration. Yoon et al. changed the single
valent Mg concentration from 0.003 mol% to 0.1 mol% to investigate the Mgentmation
dependent TSDC in BaTgxeramicq.70] In Figure 2.16, the relaxation temperatufe)( the
temperature where the maximum current density is observed, and the current density increased
continuously as arisinggting temperatureT). The increase ifm with stronger polarization
condition was attributed to the space chdrgg.

It was also found thaffm, Trand the relaxation time (U0)
increasing Mg concentration under the condition in which the same magnituB8D& is
generated. However, the activation energies in the relaxation process were close to ~ 0.9 eV

regardless of Mg awentration, and these values are agreed to the activation energy of oxygen
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migration in titanatédased oxides. Therefore, the authodidved that the higher doping
concentration caused the higher oxygen vacancy concentration whose motion becon{ésifaster
() and moresensitiveto temperature (loWm) to achieve the same amount of TSDC.
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Figure 2.16 TSDC plotsin Mg-doped BaTiQ@ ceramicswith Mg concentration ofa) 0.00:
mol%, (b) 0.01 mol% (c) 0.03 mol% (d) 0.06 mol% (e) 0.1 moffjo Comparison of san
magnitude of TSDC peaks of lowd6t003 mol%)and hghest Mg concentratiof®.1 mol%)of
Mg-doped BaTiQ@ ceramicsReproducedvith permissiorfrom [70].

Jeong etal. investigated the TSDC in muialent Mndoped BaTi@ with the Mn
concentrations of 0.5 mol% and 1 ma[?2] Their study showed that a peak at the phase transition
between the cubic and tetragbminases decreased from 130 °C 132 °C, when the Mn
concentration varied from 0.5 mol% to 1 mol%. This was regarded as the deformation of unit cell
by the higher number of oxygen vacancies, which resulted in the reduction of local tetragonality
and curietemperature.

Higher temperatur€SDC in Mndoped BaTiQwas investigated by Yoon et al., The high
temperature TSDC above 300 °C is attributed to the relaxation process of trapped space
chargeg73] The intensity of the broad peak at 3@Wraised ascreasng Mn concentrationand
the intensity ofthe peak and the correspondindaration temperature(Tn) increased with

increasing the polarization DC field. Such behavior was attributed to the charge injection and
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trapping at the trap site generated by Mn, and the further high DC fields redudedatheé the

peak intensity by the edtrapping of charge with Pooclérenkel mechanism which becomes
dominant under the higher DC fields. The calculated activation energies for the relaxation process
at all compositions were around 1.8 ~ 1.9 eV which are tto8eeenergy levebf the ioniation

of Mn®*/Mn?* measuredrom the top of the valence baftb]
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Figure 2.17 TSDC plots fotMn-doped BaTi@MLCC with (a) 0.2mol% Mn, (b) 0.35mo0l% Mn
and (c) 0.59mol% Mn. Reproduced with permissidrom [72].

In Figure 2.17, there are very weak TSDC peaks ai WD °C, and the peaks were more
closely discussed in Mn and V doped BaTi@ MLCC as shown in Figure 2.184] The
compositions were (1) 0.2 mol% Mn and 0.1 mol% V (0.2Mn0.1V), (2) 0.2 nMi¥@and 0.3
mol% V (0.2Mn0.3V), and (3) 0.4 mol% Mn and 0.3 mol% V (0.4Mn0.3V). In 0.2Mn0.1V and
0.2Mn0.3V, the intensity of the TSDC peak at around 11380 °C increased systatically as
the poling field Ep) increased and then it saturated when the iefd fs higher than 0.1 0.2
MV/cm. The peak position was fixed regardless of the magnitude of the field. This behavior was

considered to the typical characteristics in thiamation process of dipol¢g1]
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Another TSDC peak appeared at around 200 °C in 0.4Mn0.3V with aHpighch as 0.2
MV/cm in Figure 2.18(c). The intensity of the second peak saturated b&aid.40 MV/cm
and the peak positiowas also fixed, and thus the second peak was also suggested to be associated
with dipole relaxation. By fitting the relaxationree, the activation energies were confirmed to
0.61 eVi 0.7 eV and 0.51 eV 0.65 eV in 0.2Mn0.1V and 0.2Mn0.3V, respectixelhe
activation energy for the second peak in 0.4Mn0.3V was 0.0.B4 eV. It was argued that the
origin of the first peak nedr50 °C was not clear. It was suggested that the activation process is
related to the charge trapping process associate@ &ettond ionization of oxygen vacancies or
the ionization of Bsite ion (T*) in perovskite materials. The second peak was belidue
originate from the defect dipole of Mn and oxygen vacancies.

The similar TSDC peaks at this temperature range wereoblsgrved in Dy and Mn eo
doped BaTi@ MLCC.[75] The compositions wer8.4 mol% Mn + 0.3 mol% Dy (0.3RE) 0.4
mol% + 0.9 mol% Dy (0.9RE). The peaks positions at 125 °C and 200 °C did not change as a
function of poling field but their intensities increased as the increase of the DC field and then
saturated, which is regardedaaty/pical characteristics of dipolar polarization process.

The activation energies of the relaxation process at 125°C and 288f€spectively ~ 0.5
eV and ~ 0.73 eV, and the first peak activation energy was attributed to the spontaneous
polarization ® BaTiOz, i.e. the phase transition from cubic phase to tetragonal phase. On the other
hand, the activation energy with the secquahk was attributed to the defect dipole. It was
concluded that Dy acted as a donor to compensate Mn acceptor and thuggtre wacancies

were reduced by the higher Dy concentration and therefore the number of defect dipole decreased.
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2.5.Defect chemistryand electrical conductivityo f -G&Os

The temperaturdependent electrical conductivity mGa0z3 single and polycrystalle
was investigated by Fleischer and Meix[#8] Arrhenius behavior of electrical conductivity of
the single cry®l showed the activation energy of 3.3 &dm 800°C to 1000°C in air. The Hall
measurements revealed that as temperature changed frot@ 8@ 000°C in air, the electron
concentration increased from*t@cm? to 10 /e with the thermal activatioenergy of 2.7 eV,
and Hall mobility increased from 5 éf's to 15 cn¥/Vs with the activation energy of 0.6 eV.

The conductivity of polycrystalline ceramics exhibited the same activation energy of 2.1
eV from 800°C to 1000°C in air. Hall measurements shed that the electron concentration is
three orders of magnitude lower than the single crystal, i*¢/d®® at 1000°C. The activation
energies for the carrier concentration and mobility are 1.5 eV and 0.65 eV, respectivel

Sasakiand Hijikata investigted the higliemperature equilibrium conductivity as a

function of 0 X y g e-6a0p eenarhicd21] In Fgure 2.20u theeisothermal b
eledrical conductivity showed the relation,” 1/ I from 800°C to 950°C in thepO2 range
of 1 atm to 1 atm. ThepO, dependence was discussed with the two possible intrinsic defect
reactions. One is the singly charged oxygen vacancies, and the other is doubly ionized gallium
intersttials. In both models, the” 1)/ I relation can be obtained under the assumptiantke
electron is the predominant conducting species. The tempedspeadent electrical conductivity
exhibited an Arrhenius behavior from 7@~ 950°C in the samgO, range with the activation
energy of 1.85(1) eV.

SimilarpO.-dependence of electrical conductivity was reported by Cojocaru and |R&jcu.
In the work, the electrical conductivity bfGa0Os ceramics was measured from TZ7to 727°C
in thepO, range of 1 atm ~ 1®atm. Interestingly, even at 12T, the electrical conductivity was

a function ofi 1/4.55 power 0pO,, ard became leg¥0.-dependence with increasing temperature.

At 727°C, the, "~ n/ '8 relation was obtained’ hepO>-dependence at various temperatures
was attributed to the triply charged gallium interstitial model, howevei, 13 power opO-
is expected rather that/4.55 in the model.

Defect chemistry ob-Ga0Os thin films were investigated by Fleischer etaal shown in
Figure 2.2124] The electrical conductivity versy®. was measured from 85C to 1000°C in

the pO. range of 1 atm to 1¥ atm. The electrical catuctivity at these conditions was a function
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of pO,, , ~ 1/ I and the activation energy was 2.1 eV, anditbedependence was attributed

to the oxygen vacancies. It is important to note that the electrical conductivity dropped
significantly while thepO. changed from of 1& atm to 10'° atm at1000°C. This phenomenon
happened at theg®, range from 750C to 1000°C. The electrical conductivity did not recover

to its initial value after the measurement, and this phenomenon happened only abtveTHz0
phase transition in the @3g films were discussed as the possibility of the behavior, however,

clear evidence wanot suggested.
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Chapter 3

Materials and Experimental Procedure

3.1.Synthesis of BaTiQ ceramics

A conventional soliestate reaction method was used to make various B&oi@posiions.
To minimize the unintentional background impurity, the experimental procedure was designed to
allow for as little contamination from the environment as possible. High purity commercial
powders of BaTi®(99.995%, Sigma Aldrich), TigX99.998%6, CERACTM Incorporated, USA
MgO (99.99%, Sigma Aldrich)MnO. (99.99%, Sigma Aldrich) and 203 (99.99%, Sigma
Aldrich) were weighed in a chemical hood according to the moral ratio of compositions. The
mixture waswvet-milled for 2h with Yttrium StabilizedZirconia (YSZ)balls in anhydrousthanol
It is important to note that the weight change of YSZ balls before and after the ball milling process
is ~0.0009 g. This value can be converted3®0P and 2.3 10* molar fractions for YOs and
ZrOg, respectively,m 1 mol of BaTiQ. After ball-milling, thepowders werelried at 8C°C for at
least 12 h,andthema | ci ned a thin%ab.®ellets 20 mm in digbneter and ~3 mm in
thickness were compacted by uniaxial pressingsaMPa At this pont, no binder was used to
avoid any contaminatioisintering was carried out ata@°C for 5 h inair, and duringhis process
the sample wapositionedon a Pt foil The relative density measured by the Archimedes method
was around 91 ~ 94% in all comjitamns. After the samples were polished using SiC papers from
800 grid to 1200 grit ah @hend theapolishedl spgeimens vwere ( d o w
thermally etched at 1200 °C for 30 min to observe the grain size. The grain size was obtained by
an optcal microscope (Olympus) witk20 ~ x50 magnitudes. Xay diffraction patters were
measuredusing a Smart Lab (Raku, Japank-ray diffractometer with a G&U source The
sintered pellets exhibited a single perovskite structure with a tetragonal symahatwpm

temperature.
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3.2.(010) Fedopedb-Gaz0ssingle crystal

(010) Fedopedb-G&0s single crystals were grawia an edgelefined filmfed growth
(EFG) method fronNovel Crystal Technology, Inc. (Tamura Corporatiompe unintentionally
doped Si impurity is 1x20/cm?® and the intentionally doped Fe concentration is 84/bo.[77]
The single crystal shows the electrically sémsulting properties, ~# YL cm at roonmn
temperature. The dimension of the received crystal was 20 mm (length) x 5 mm (width) x 0.5 mm
(thickness), and the top and bottom were chemically and mechanically polished by the vendor.

3.3.Four-point-probe DC method

In this dissertation, D@lectrical measurements are based on thegount-probe method,
which is very useful to obtain a precise resistance of specimen, when a contact resistance is high.
A current is applied through two outer contacts near the sample edges and a potenigal drop
measured across inner contacts. Thusijrtezfacialresistance between sample and electrodes is
eliminated. A comparison betweéour-point andtwo-point-probe methods is shown in Figure
3.1. The test material is feped (010H-G&0s single crystal with sputtered Pt electrodes. The

contact resistance of Pt on-Beped (010p-G&0:s single crystal is very high as shown in Figure

(@) T(C) (b) T(C)
727 679 636 597 560 527 496 727 679 636 597 560 527 496
‘20 T T T T T T T T T T T T
Air [ 1
107 b | @ Recontact |
251 B [ | ® Rsample | | i
E,(4-point) = 0.94+0.02 eV L
= -30F . 108 ¢ 3
E ]
5 —
T 35¢ | ST . ]
= ] x 10° 3 - E
)] E_(2-point) = 2.12+0.04 eV 3 ]
S 40t : . s L o ¢
L
) | u ® o
45 10% ¢ meo® .
a @ 4-point| P ®
(RZ =0.998) B 2-point .
50 I I 1 1 L 1 103 1 L 1 L 1 1
1.00 1.05 110  1.15 1.20 1.25 1.30 1.00 1.05 1.10 115 120 125 1.30
1000/T (K™ 1000/T (K™)

Figure 3.1 Comparisorof (a) four-point andtwo-point-probe DCconductivities and (b) contz
and sample resistancesha-dopedb-Ga0Os single crystaht different temperature in air
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3.1(b) and thushe total electrical conductivity of the sample is predominantly limited by the
contact resistance in twpointprobe measurement.

Rectangular bar type BaTi@eramics and G&sz single crystals were wrapped by 3M
tapes spaced by 2 ~ 3 mm in width as shawfigure 3.2(a)Dense four lineaPt electrode¢~
500 nm)were deposited on sangpsurfacegbottom, top, and two sidessinga DC sputtering
system and thesamplesveresubsequentlgnnealed at 85T in air for 30 mirto achieve a better
electrical contact. Then, the sample was wrapped with 0.25 mm Pt wires and the fixture was
physcally connected to a long sample holder.

Oxygen partial pressurep@;) was controlled from 0.21 atm (air) to “4Gatm (Ar
atmosphere) by varying the flow rate of Ar and gas The actualpO. was measured with a
zirconiaoxygensensor (Ceramic Oxide Fabaitors, Australia)lt should be noted that thp®; in
pure Ar can be varied between <1#tm and ~10 atm depending on the gas purity and the degree
of leak in the measurement systeis. soon aghe pO. was changedat a given temperatura
smallcurreh bet ween 700 ¢ A tdtlee samplentthAetimeadspendenfpulr-i e d
wire resistancevasconinuouslymonitored with a multimeter (Keithley 2000, Agil¢mats shown
Figure 7(b).Once the resistanagasstable as a function of timéhe samplavasassumed to be

thermally and chemically equilibrated

() (b)

4200 T T
Sputtered Pt 4000 | PO; (atm) : 0.2 0.1

3800 B
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3600 —

& 3400 | i

ingl, '
(010) ‘% 3000 | :
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& 2800

(201 ) 2600 | -
i o> | 2400 | ]
[001] Initial state

2200 | ) ]
[102] At. a flx?d teereralture
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Time (s)
Figure 3.2(a) Top view ofFe-doped (010p-Ga0s single crystal andputtered Pelectrodsthe
black arrow ndicates the measurement direct{bihtime-dependent fouwire resistance with
change imO:; at a given temperature
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3.4.AC impedance

HP 4192Aimpedance analyzer was used to study the AC impedance characteristics of both
BaTiOs andb-Ga0Os samples. For BaTi¢§)the top and bottom of thin samples were deposited by
a few hundreds of Pt, i.e. twmoint AC technique. Then, the samples were pastedtinith (0.3
~ 0.4 mm) Pt wires using Pt paste. The fixtures were physically screwed with thick Pt leads on the
sample holder. In the case of-&eped (010p-Ga0Os3 single crgtal, the sample and electrode
geometry were the same as the one for the DC nmasmt (Figure 3.2(a)), i.e. fowire

measuremeniThe measurement range of temperatwere betweerd50~ 80GC in air. The real

temperature of furnace was monitored $biype thermocouplesit a given temperature, the
samples were chemically and thermadiquilibrated, meaning the resistance of samples do not
change as a function of time.

A small AC signal of 0.5V ~ 1.0 V was applied on the samples with a frequency fange o
5 MHz ~ 5 Hz to obtain ACatg which are the real and imaginary parts of adinite {j andY'j).
The collected admittance was converted to all other AC formalisms, modulus, impedance,

permittivity, and capacitance usitige relations:

@ ® "Qédexe (3.3
" P

¢ M 3.2

& = (3.2

D° QO & (3.3

e 2 (3.9
0

whered is the complex admittancey is the complex impedance,” is the complex modulus,
is the imaginary numbar, is the anglar frequency,0 is the capacitance of open cédlhe real
(Zj) and imaginary (%) parts of impedance were used to const@ae-Cole plots for analyzing
a resistance of sampl€ole-Cole plots are then fitted by multiple equivalent circuits VEtS

Spectrum Analyser
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3.5.Prediction of defect structure

Defect structures of BaTgare explored by solvindhe charge neutrality equat®(Eq.

2.13) in Chapter 2 using Matlab codes. The codes in the dissertation are a modified version of
codes whiclwere developed for the Ti&ystem[.78] At this point, a concentration of each point
defect (particles/cf) is produced as a fution of oxygen partial pressure (atm) at a given
temperatureThe code can calculate thdull equilibrium defect concentrations at an equilibrium
temperatureTg) and quenchedefect structures at a let@mperatureT o). In the case of the low
temperaturepartial defect equilibria, the structure can be built under the assumptiorthehat
concentration of cationacancy is fixedrom a high-temperaturecondition, generally sintering
conditions but that of the electronic carriemsaidp) and oxygen vacagare allowed to be fully

equilibrated affq, whichis a temperature for arglectrical measurements.

980%%%%0%6 %% %% %% % %% %% % %0 Y86 %ihb X% %% %0 %0 %0 %0 % %% %% % % %% %0 % % % % %% % %% %% %0 %% % % %

k=8.61733e -5; % boltzmann constant in eV/oK

e=16E -19; % elementry charge ©

TE = 1150+273; % equilibrium temp in Kelvin

TQ =900+273; % quenched temp i n Kelvin

a = logspace( - 20,5,50); % oxygen partial pressure range in atm (lowest, highest, interval)
M = length(a); % definding vectors to fill in with values later
CVO2 =ones(1,M );

CVO2_1 = ones(1,M);

CVO2q = ones(1,M);

CV0O2q_1 = ones(1,M);

CVTi4 =ones( 1,M);

CVTi4_1 = ones(1,M);

n = ones(1,M);

ng = ones(1,M);

p = ones(1,M);

pq = ones(1,M);

UB/%% % %% %% %% %% %0 %% %% % %Y B6 % ihE d3 %% 6% Y6 %0 %0 %% % % %% % % %% % % % % %% % % % %% % %% % % %
% set doping | evel

CMg = 1E20; % single - vaelnt Mg concentration
CY = 1E20; % single -valen tY concentration

I86%%6%% %% %% %% %% %0 %% %0 %% VB e%hih 626% %% % % % %6 %6 %% %6 %% %0 %% %% %0 %% %0 % %6 %% %0 % %% %% % %
% Below is for obtaining a full equilibirum defect structure at TE

KR=1.06E71*exp( - 5.69/(k*TE)); % K for the reduction reaction in cm”9atm”1/2 by J. Nowotny and
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M. Rekas, Ceram. Int. 20, 257 (1994).

Ki=8.55E44*exp( - 2.91/(k*TE)); % K for the intrisic equailibirum in cm” -6 by J. Nowotny and
M. Rekas, Ceram. Int. 20, 257 (1994).
KS=3.4E105*exp( - 2.795/(k*TE)); % K for the Schottky reaction in cm” -15 by J. Nowotny and

M. Rekas, Ceram. Int. 20, 257 (1994).

for i=1:M
%y =a(l,); % y is an oxygen partial pressure in atm. (D enoting pO2 value for each iteration )
y=0.21; % if  you want to fix the cation vacancy in air condiion, then lety = 0.21 but

deactivate y = a(1,i) above.
x=sym( ‘X' ); % a number of electron, n, which is defined as a variable, x

CVO2_1 = KR/(x*2)*(y( - 1/2)); % a converted form for oxygen vacanc y concentra  tion

CVTi4_1= (KS/(KR"3))N(1/2)*(x"3)*(y"(3/4)); % a converted form for cation vacanc y concentration
egnl = x + 2*CMg + 6*CVTi4_1 == (Ki/x) + 2*CVO2_1 + CY; % the total charge nuetrality equation

soll = vpasolve(egnl,x,[1e0 1e25]); % finding solution for t he equation with the boundadry

condition in the branket(range of solutio n)

n(1,i) = soll; % a concentration of electron

CVTi4(1,i) = (KS/(KR"3))N(1/2)*n(1,i)3*(y"(3/4)); % a concentration of cation vacancies

(Schottky reaction)
end

9806%%% %% %0 %% % %% % Y8H8H0%4046%

a6tion D %% %% %% %%%% %% % %%%% %% %%%%% % % %% %% %% % %

% Below is for ob taining a quenched defect structure at TQ.
% To obatin full defect equilibria at TE , you should setTE=TQ and activate y= a(l,i) in the above
section.

KRg=1.06E71*exp( -5.69/(k*TQ));
Ki q=8.55E44*exp( - 2.91/(k*TQ));

for i=1M

y =a(L,i);

z=sym( 'z' );

CVO2_1 = KRg/(z"2)*(y"\( - 1/2));

CVTidq_1(1,i) = CVTi4(1,); % Cation vacancies are frozen -inatTE
eqn2 = z + 2*CMg + 6*CVTi4qg_1(1,i) == (Kig/z) + 2*CVO2q_1 + CY;
sol2 = vpasolve(egn2,z,[1 e0 1le25]);

nq(1,i) = sol2;

pq(1,i) = Kia/nq(L,i);

CVvO02q(1,i) = KRa/(nq(1 )A2)*(y™N( - 1/2));

CMgt(1,i) = CMg;

Cyt(1,i) = CY;

end

Y8/%% %% %% %% %% %% %% % % % %Y S %% % % %0 %0 %6 %% % % %% % %% %% % % % %% %% % % %% % %% % % %

figure;

plot(log10(a),log10(nq), '-s','Color ,[255/25 5 0/255 0/255], ‘MarkerSize' ,9, 'linewidth' , 1.5);

hold on

plot(log10(a), log1l0(pg), '-o0', 'Color ,[0/255 0/255 255/255], ‘MarkerSize' ,9, 'linewidth' , 1.5);
plot(log10(a),log10(CVO2q), '-d', 'Color ,[0/255 255/255 0/255], ‘MarkerSize' ,9, 'linewidth' , 1.5);
plot( log10(a),log10(CVTi4), '->'", 'Color ,[0/255 0/255 128/255], ‘MarkerSize' 9, 'linewidth’ , 1.5);
plot(log10(a),log10(CMgt), '-<', 'Color' ,[200/255 200/255 10/255], ‘MarkerSize' ,9, 'linewidth’ ,
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1.5);
plot(log10(a),log10(Cyt), '-p', 'Color ,[0/255 0/255 0/255], ‘Mar kerSize' ,9, 'linewidth' , 1.5);
hold off

xlabel( ‘'log_1_0 \itp \rmO_2 (atm)' );

ylabel( ‘'log_1 O[] (cm” -73));

set(gca, ‘'FontSize' ,14);

set(gcf, 'Position’ , [200, 200, 800, 700]);

legend( 'n' ,'p' ,'V_OM2A+ | 'V_T_iMAH(=V_B_at2n+) , 'Mg_T_ 2~ -', 'Y_B_ aM”+' | ' Location'

'southwest'  );
axis([ -205 14 22]);

t1 =text( -20.0,22.3, [ T_E=" num2str(TE - 273) '”~oC' Y T Q=" num2str(TQ -273) '7~oC' ]);
t1.FontSize = 14;
print  cropcircledemo.png -dpng -r600 - painters
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Chapter 4

Electrical Conductivity of Mg or Mn Singly doped BaTiOs

4.1.Introduction

The effects of single doping of acceptor on the electrical conductivity have been widely
investigated to understand the defect chemistry of Bg[l®) 46, 54, 55, 57, 181] However,
most of the literatures were focused on the Hieghperature equilibrium electrical conductivity,
and systematic investigations were not explored with reducing temperature where defect
compensatig mechanism can be affected by other factors such as-lgpamdary. Moreover,
capacitors are operated under fpaints DCbiasat low-temperature where the contact resistance
also plays a significant role. Thusis motivated to explore the electricarductivity over a wide
range of temperature with both fepoint and twepoint DC/AC electrical measurements.

In MLCCs, singlevalent Mg and multivalent Mn are widely used as accepiars67]
Yoon et al., systematicalipvestigated the doping effects of Mg and Mn on electrical conductivity
and degradatiof8, 58 61] Their studies revealed that the Mg has negative impacts on both bulk
conductivity and degradation resistance regardless of grain size. On the other handgitdésir
as an effective acceptor for improving degradation of Ba@i@ to the multivalent characteristic
of Mn. Although their studies show the systematic and clear trend in electrical conductivity and
degradation behavior of Mdoped BaTi@, only ionic transference number and degradation
characteristics were discussed in-dloped BaTiQ. Thus, the effects of Mn are not very clear in
terms of the bulk and graimoundary conductivity at changing temperature.

In thischapter, the comprehensive DC andé&trical conductivitiesof BaTiOs; ceramics
doped by either 0.5 mol% of singialent Mg or 0.5 mol% of multivalent Mn were compared in
a wide range of temperature and oxygen partial pressure to better understand the role each dopant
depending on temperaturBh addition, this chapter is proposed to help readers to digest the

following co-doping effects of donor and acceptor in Bad({Ohapter 5). The samples were made
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via a solidstate reaction method and the details can be found in Chapter fdtots pobe DC
measurements were made at both high {@)@nd low (500C) temperature to explore electrical
conductivity versus oxygen partial pressure to understand defect chemistry with each dopant. In
addition, twepoint AC impedance measurements were condutdefigure out the origin of
frequencydependent responses with changing temperature. Details in the relative permittivity
with CurieWeiss law are discussed to identify the Righd lowfrequency responses. Fitting of
Cole-Cole plots with AC formalismare shown, and the selection of proper equivalent circuit is
discussed. Finally, the bulk and grdiaundary conductivities were compared to the DC electrical
conductivity.

4.2.Results and Discussion

Figure 4.1 shows the higiemperature DC electrical comctivity as a function of time in
a high oxygen partial pressunedp) range of 0.21 atm (aiy 10* atm at 900C in Mg or Mn
doped BaTiQ. Theelectrical conductivity of both Mg and Mn samples were equilibrated within
2 hours after a reduction pO, of one decade between 0.21 atm and dtdn, suggesting that both
samples are partially equilibrated in a given condition where the cations are assumed to be frozen
in, while the oxygen vacancies are fully equilibrafi@2i.84] In 10 atm ofpO, it is seen that the
electrical conductivity stabilized in ~ 14 hours and ~ 5 hours withdbjgng and Mrdoping,

respetively. At lower temperature 500, the relaxation time increased up to ~ 10 holuréng
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Figure 4.1 Time-dependent DC electricabnductivity at various oxygen partial pressure il
Mg-doped BaTi@and (b) Madoped BaTiQ at 900°C.
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the four-pointprobeDC measuremestwith a decrease ipO. of one decade, which is probably
due to the slow process of oxygen exchange.

A summary of DC electricadonductivity of Mg or Mn doped BaTias a function opO»
from air to 10* atm at 900°C and 500°C is shown in Figure 4.2. At both temperatures, Mg or
Mn-doped BaTi@were consistent witp-type electronic conduction exhibiting either a 1/4 or 1/6
slopein 1 T ¢ versusi T @/ , which is generally expected for accepioped BaTiQ
processed in theg®, range[43, 55, 57, 80]

a b
@ . | | | | ()
O Mg O Mg
Q Mo 1/4 Q- tn
40+ 1
__-20t O o | = 1/4
5 § s e
i O O - O 0O
S 25 = e, 1 ¢ O
S S 5.0r D / q
= O 3 O
2 o) 1/6 3 O 76
3.0t J
5.5+ 1
900 °C 500 °C
-3.5 . - ' ' -6.0 . - : :
-5 4 -3 -2 -1 0 -5 4 -3 -2 -1 0
log,,pO, (atm) log,,pO, (atm)

Figure 4.2DC electrical conductivity as a function of oxygen partial pressure in Mg etddyac
BaTiOz at (a) 900°C and (b) 500C.

In Mg-doped BaTiQ, the oxidation reaction could be the origin of fAgype conduction
which can bexpressed as Krog&fink notation[55, 80]When MgO is incorporated into BaTiO

the ionic compensation occurs by the oxygen vacancies:
-C/S/ uy "A - C 62 ¢/ 4EI (4.1
In a highpO2 range, the oxidation reaction can be written as:

-/ C 62 [ Q=3 (4.2)

44



whose equilibrium constario is

0 r]— VAZD ?—O (4.3
01 62 QY |
wherep is a hole concentratiod, is an oxygen partial pressuré® is a number of oxygen
vacancyp is a preexponential factory"O is an enthalpy for the oxidation reactid®, is the
Boltzmann constant anflis an equilibrium temperature. At a givtemperature) is a constant
and 62 is extrinsically fixed by Mg doping, i.e6® - C , and thus the total electrical
conductivity ( ) is proportional tg by assuming that the ekean and ionic conductivities are
negligible and the hole mdly (* ) is constant at thespO. regime. Therefore, the total

conductivity is expressed as:
, nQ o -¢ 19! (4.4)

whereeis the elementaryharge.
In case of Mrdoped BaTiQ@, defect chemistry models involvirtge reduction reaction,
ionization of Mn and thenternal equilibriumexplains thep-type conduction mechanisf#3, 57]

The equilibrium reduction reaction and its equilibrium constir} ére expressed :as

/ S/ C 62 cA (49
YO
QY (4.6)

0 620 ¢ UV A@D

wheren is a concentration of electroi, is a preexponential factor, andO is an enthalpy of
reduction reaction. The two ionization reactions of Mn in equilibrium and corresponding

equilibrium constants)( , and0 ) can be written agt6]

7 -1 A (4.7)
-1 -1 A (4.9
. -1 . 0O ©
0 — cO Agb o (4.9
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. 3 O ADD O ©O

’ -7 P QY (4.10
whereNc is the effective density of states of the conduction bBpd; the band gap of BaTiD
andEwmn1 andEwnz is the first and secondary ionization energies of Mn measured from the top of
the valence bandThe total amount of Mn{ T ) is the summation ot concentration of

multi-valent Mn.
- - - - (4.11

where- 1 , -1 ,and- T are the concentration of neutréitst ionizedand secondary
ionized Mn, respectively. The internal electronic equilibrium and its equilibrium constant can be
expressed as,

T OITAR P (4.12

b &1 VA@GD o
) EN L TQ.,Y (413

From Eq. 46 and 413, the hole concentrationexpressed as:
B oo 1 627(! (4.14)

At a highpO. regime, Eq. 414 can be rearranged using EeP,4Eq. 410, and Eq. 4.3 with
¢62 -1 and-1 - T [43] with the assumption that the total conduit§ivis

predaminantly limited by the hole concentration

., A Q0 —— 0! (4.19

Therefore, thepO.-dependent electrical conductivity is observed inddped BaTiQ with a 1/6

slopeini T Cversud | @
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Temperaturelependent electrical conductivity was analyzed by measuring AC impedance
in air condition. The real and imaginary parts of the impedance calledCotdeplots in MR
doped BaTiQ@are exhibited in Figure 4.3(a). At lei@mperature, the resistance of samps ¥00
high, and thus only partial seircle is seen in Col€ole plot At 300°C, two clear semcircles
were observed, and the total impedance was mainly limited by thérdgquwency arc. With
increasing temperature, the impedance ofHlmguency arcdecreased significantly compared to
that of the higHrequency arc. Toigure out the origin of two different frequency responses, the
imaginary part of modulus\(") and the reald) and imaginary partdj) of relative permittivity
were more closely ingtigated. The higfrequency arc in Col€ole plot at 300C in Figure
4.3(b) corresponds to the peak of Mieéand the frequency plateau in Figure 4.3(% The low
frequency large sentircle seems t@orrespond to the slope in the real part of nadgpermittivity
whose value is ~PGat a frequency range of 18z to 1 Hz in Figure 4.3(c).

The relative permittivity is then extracted from the hifyaquency plateau at various
temperature as shown Figure 4.4(b). The obtained higtequency relave permittivity were
around 1500 ~ 2500 at a temperature range of°’C50 250°C, which is reasonable values for

BaTiO0s.[85] The permittivity is then analyzed with respect to Cikieiss law:

_° (5.16

~ Y

where- is the relative permittivity) is the Curie constanf] is the temperature, afi¥l is the
Curie temperature. As shown in Figure 5.4(d), the {Hiighuency relative permittivity follows
CurieWeiss law upd 250°C. The obtained Curie temperature andi€ constant in Midoped
BaTiOs were respectivelf14.0+0.9°C) and167209+1766°C), and those of Mgloped BaTiQ
analyzed in the same manner as-tjped BaTiQ were96.8+0.2(°C) and 114007+186TC),
which are the reasonable values for Ba3J@0] Therefore, the higiirequency arc in Col€ole
plots of Mndoped and Mgloped BaTi@ seems to be originated from the bulk response. On the
other hand, the lovirequency plateaufaelative permittivity is almost temperatuir@dependent,
and the capacitances corresponding to theftequency arcs are on the order of°Iat these
tempeature range in both cases, highly suggesting that thérmmency arcs are attributed to the

grainboundary respons¢8l, 85, 86]
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Figure 4.4 Real part of relative permittity at various temperature in (a) Migppedand (b
Mn-doped BaTiQ. Curie-Weiss fitting in (¢) Mg-doping and (d) Mrdoping.

Based on the AC impedance analyses, @k plots were fitted using equivalent circuits
consisting of either one parallel resistor ®nstant phase element (CPE) for {emperature
where one large arc was observed or two paral@PE in series forigher range of temperature
where the two arcs were obtained in CGlgle plots. Good examples of AC fitting at 50D in
the Mg and Mn saples are shown in Figure 4.5. It is worth noting that thefimguency arc in
Mg-doped BaTiQ@ at 500°C has an addinal third response in Figure 4.5(a), which seems to be
attributed to the interfacial effects between sample and eled8@f&his third element in Mg

doped sample was not included during fitting ofé&0ble plots.
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Figure 4.5 Observed and fitted Ccl€ole plots of (a) Megloped BaTi@ and (b) Mndopec
BaTiOs at 500°C.

Overall, ColeCole plots were well fitted with the two-&PE equivalent circuits in both
specimens, however, there seems to badtitional frequencglependent component between
two main arcs in Mrdoped BaTi@ at 500°C as shown in Figurd.5(b). In Figure 4.6, the
observed frequenegiependent AC formalisms were compared to the simulated AC formalisms
which were back calculated frothe fitted ColeCole plots. While the AC formalisms of Mg
doped BaTiQ@ are well matched to the simulated faimsms, there is discrepancies between the
observed and simulated AC formalisms in Blloped BaTiQ@, especially, at the intermediate
frequency rage of 16 Hz ~ 10 Hz. The third element at the intermediate frequency range seems
to appear at a specific teemature range of 35TC ~ 600°C. At higher temperature, Cofeole
plots are fitted better with the two-®PE equivalent circuits. Tharigin of the third element in
Mn-doped BaTiQis not clear yet, however, a possibility is an additional contributiaxpgen
vacancy at this temperature range. At4@mperature below 350, oxygen vacancies may be
frozenin, while they are mobile whitincreasing temperature, and contribute to the AC impedance.
This is probably why the higtemperature relative permitity values do not follow Curi&Veiss
law as shown in Figure 4.4(d), meaning that the motion of oxygen vacancy may increase the

relative permittivity in bulk.
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Figure 4.6 Observed andimulatedAC formalismsof (a) Mg-doped BaTiQ@ and (b) Mn
doped BdiO3 at 500°C.



From he AC impedancditting, electrical conductivity of bulk and graboundary were
obtaired as a function of temperature, and they are compared to DC electrical conductivity as
shown in Figure 4.7. INg-doped BaTiQ, the magnitude of graiboundary conductivity is higher
than that of the grain conductivity, and the total AC conductivity istipm@ontrolled by grain
boundary conductivity over a wide range of temperature. On the other hand, the total AC
conductivity of Mndoped BaTiQis determined by 73% of gralmoundary conductivity and 27%
of grain conductivity at 500C, and with increasm temperature, the AC total conductivity
becomes to be predominantly limited by the bulk conductivity. The raatgof bulk conductivity
of Mn-doped BaTiQ is almost one order lower than that of fdgped BaTiQ@ at 500°C. With
increasing temperature, tigeain boundary conductivity increased significantly compared to the
bulk conductivity, and the total AC condugty at 900°C is governed by the bulk conductivity in
both compositions. This indicates that the Higimperature (900C) and lowtemperaturg500
°C) four-pointprobe DC conductivities versym, are mainly limited by the bulk conductivity
and the grairboundary conductivity, respectively with Mg or Mn doping.

(a) T(C) (b) T(C)
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Figure 4.7 TemperaturedlependenDC and ACelectrical conductivities dfa) Mg-doped BaTiG
and (b) Mndoped BaTiQin air.

Activation energy of DC, bulk, and graboundary conductivity is summarized in Tab
4.1. The activation energy of bulk conductivity in Mgped BaTiQis relatively low, 0.40(3) eV,
compared tdMn-doped BaTi@, 0.84(2) eV The 0.40 eV of activation energy is agreed to that of
1 mol% Mgdoped BaTiQ at low-temperature range of 148 ~315°C.[87] It is worth noting
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that the activation energy of bulk conductivity in accetoped BaTiQ@ changes depending on
temperature range, and this will be further discussed in Chapter 7. Actieagogyof grain
boundary conductivity is 1.18(3) eV, and again well agreed to the prior[&0fkn Mn-doped
BaTiOs, activation energies of bulnd grairboundary are respectively 0.84(2) eV and 1.47(1)
eV ageed to the prior work38]

Table 4.1. Activation energy of electrical conduction in Mg or Moped BaTiQ.

Activation energy (eV)

Mg-dopedBaTiOs Mn-dopedBaTiOs
- 0.76:0.08 600°C ~ 650°C
DC conductivity 1.08+0.03 6 )
1.33:0.02 50°C ~ 750°C)
Bulk conductivity 0.40+0.03 0.84+0.02
Grain-boundary 1.18+0.03 1.47+0.01
conductivity

Thelow activation energy of bulk and graoundary electrical conductivity of Mdoped
BaTiOz is probably due to the low ionization energy of Mg. On the other hand, the ionization level
of Mn in BaTiGs is expectd to be deeper than that of Mg. In addition, the multivalent nature of
Mn may enable to capture more electronic charge carriers by olgahgicharge state of Mn from
tetravalent, trivalent, and divalent. Thus, multivalent Mn may behave as a more eféact@ptor
to trap electronic charge carriers than Mg.

It is also worth noting that the magnitude of activation energies of-gmainday and
grain conductivity show a significant difference in both compositions. Atteamperatures, the
grainboundarywith the higher activation energy plays a more significant role than the bulk
conductivity in the total electrical conductivity. The pherema are probably related to segregation

or depletion of dopants at the grddaundary, which can change local defdwtmistry.
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4.3.Conclusions

In this chapter, the comprehensive DC and AC measurements were made as a function of
oxygen partial pressurend temperature to figure out the role of 0.5 mol% Mg and 0.5 mol% Mn
on the electrical conductivity of BaT¥Zeramicssynthesized via a solistate reaction method.
The high (900C) and low (500C) temperature DC electrical conductivities vensOs revealed
that both compositions exhilpttype electrical conductivity in highO> regime. The origin op-
type conductionn Mg-doped BaTiQis attributed to the oxidation reaction, while the combined
defect reactions involving the ionization of Mn, reduction reaction, and internal equilibrium
explainedp-type behavior in Mrdoped BaTi@. It was confirmed from the AC impedam
analyses that thhighfrequency and lowrequency arcs in Col€ole plots are attributed to the
bulk and grairboundary responses, respectively, in both compositions. In addition, the DC
electrical conductivity is mainly dominated by the graoundaryconductivity at 50 °C but by
the bulk conductivity at 908C. The magnitude of bulk conductivity in Mipped BaTiQis higher
than that of Mrdoped BaTi@, which is due to the low activation energy with fdgping.
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Chapter 5

Co-doping Strategies for ntrolling Electric al Conductivity
of BaTiOs3

(Submitted in Journal of the American Ceramic Society. Modifications were made to incorporate
it into the dissertation as a whole.)

5.1.Abstract

We explore the synergistic effects ofdoping BaTiQ with a judcious combination of
acceptors and donors to control the point defect chemistry and electrical properties, with the goal
of simultaneously limiting the electronic and ionic conductivities over broad temperature and
oxygen partial pressuregp@®.) ranges. Secifically, we compare the temperaturand pO»-
dependent electrical properties of Bafg@ramics acceptaioped with either Mn or Mg and €o
doped with Y, which serves as a donor. This paper, which is the first ofgaiveeries, presents
the electrichproperties as a function @O., temperature, and time. The DC and AC electrical
conductivity measurements reveal thatdoping with Mn and Y can result in (1) improved
electrical resistivity over a broad temperature rangep@)independenelectrica conductivity
in oxidizing conditions, and (3) improved dielectric degradation resistance as a function of time.
The predicted defect concentration with the canonical defect models explgis-ineependent
electrical conductivity with the ature of multivalent characteristics oMn, and the enhanced

degradation resistance is attributed to the reduced oxygen vacancy concentration.
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5.1.Introduction

Understanding the fundamentals of defect chemistry in oxide materials is vidilotoal
design of diedctric material properties. The coupled intrinsic and extrinsic lattice and electronic
defects not only determine the initial electrical conduction properties, but they ultimately control
the timedependent resistance degradafitii.20, 89]The design and control of defect chemistry
becomes even more critical as capacitors must operate at higher electric fields and temperatures.
Thus, refining our fundamental derstanding of defechemistry in important dielectric materials
such as BaTi@remains an outstanding challenge to the community.

Several work$iave studied the role of singialent Mg and multivalent Mn acceptors on
the degradation resistance of cefarBaTiOs.[48, 59] Mn was shown to mitigate resistance
degradation more effectively than Mg ®atlingto a greater reatction in the concentration of free
oxygen vacancies at the same acceptor concentration. In addition, Mn is thought to trap more
electronic charge carriers than Mg by virtue of its multivalent charptdérAlthough the Mn
doping strategies seeimimprove the degratian resistance by limiting both electronic and ionic
conductivities, the concentration of free oxygen vacancies is still large enough to make time
dependent degradation in Mn singly doped Ba&®observed in our present study.

Compositional design appaches have been widely investigated in BaTwth co-doping
of rareearth elements and acceptors to improve the -tiepeendent degradation resistance
further[14, 75, 90]This is particlarly important for improving the reliability of multayer
ceramic capaairs (MLCCs), which have been chemically engineered with amphoteric dopants
such as Ho, Dy, Er dopants that can occupy both cation sites in X7R and Y5V types BaTiO
MLCCsJ14] Han et al. studied the effect§ @o-doping BaTiQ with Mn and Dy or Ho on the
time-dependent degradation properties. Thaloped compositions exhibited the stable and low
leakage current densities as a functid time compared to the singly doped specimens at@50
under 0.5 MV/cm actric field[90] Improved degradation characteristics in Dy and Muoped
BaTiOs were also reported by Yoon et al. who showed the better degradaigianes versus
time and the higher breakdown voltage with more[TB}.

Althoughco-doping strategies have been experimentally shown to enhardegttaelation
resistance, the origin of the improvement is not well understood in terms of defect chemistry. In

addition, there are only a few works investigating the equilibriufeaiehemistry of caloped
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compositiong62i 64] In the prior work of Yeoh et althe hightemperature electrical conductivity

of Mn and Y cedoped BaTi@Qwas shown to be invariant agunction of oxygen partial pressure,
pO2, with a lower magnitude of conductivity in the hig®. range than the singly accepioped
compositiong64]. This behavior was explained by pinning the Fermi level via daoceptor
mutual compensation, which is a strategy Widesed in semconducing madrials such as
GaAs[1] but arguably much more difficulty to implement in most oxide ceramics because of the
pervasive background impuriién most commerciagrade meerials and the multitude of intrinsic
defects, all of which contribute to the charge bald&2¢.

To further explore ca@loping strategies, in this work we compare the electrical conductivity
properties of BaTi@doped with a singkwalent (Mg) or multivalent (Mn) cation and with Y as a
co-dopant. In this chapter, we nmae the temperatwaependent properties of this series of
compositions and explore the effects of the Ba:Ti ratio. Baogh- and low temperature DC
conductivity measurements are made as a functip@gfand bulk conductities extracted from
AC impedance measurements are compared over a wide range of temperaturda edalition,
we measure the tirrgependent leakage current to understand the effects of the doping chemistries
on the degradation kinetic€anonical defet modelsareutilized topredict the defect chemistries
of Mn and Y cedoped composition to explain the improved electrical resistivity and degradation

resistance.

5.2.Experimental setup

A conventionalsolid-state reaction method was used to make the compositions listed in
Table 6.1using commerciapowders of BaTi® (99.995%, Sigma Aldrich), Ti©(99.998%
CERAC TM Incorporateg MgO (99.99%, Sigma AldrichMnO; (99.99%, Sigma Aldrich) and
Y203 (99.9%96, Sigma Aldrich) Considering the amphoteric behavior of Y, a small amount of
TiO2 (0.1 mol%) was added to producesie vacancies, and thus increased a probability that Y
occupies the Asite[91] For the cedoped compositions, 1.0 mol%-fich compositions were
additionally prepared to examine the effects of cation nonstoigtignon high temperature

electrical conductivity.
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Table 5.1 Doping levels and motaatio of BaTiQ.

MgDoparll/t"gmol%\)( Té;ﬁglt(:)z)ss Molar ratio Abbreviation
0.5 - - 0.1 BaTiOs:TiO2:Mg0O=1:0.001:0.005 Mg
- 0.5 - 0.1 BaTiOszTiO2:Mn0,=1:0.001:0.005 Mn
0.5 - 1.0 0.1 BaTiOszTiO2:MgO:Y0:5=1:0.001:0.005:0.010 Mg+Y
0.5 - 1.0 10 BaTiOszTiO2:MgO:Y0:5=1:0.010:0.005:0.010
- 0.5 0.5 0.1 BaTiO:zTiO2:Mn0O,:YO1.5=1:0.001:0.005:0.005 Mn+Y
0.5 0.5 1.0 BaTiOzTiO2:Mn0O,:YO1.5=1:0.010:0.005:0.005

Theraw powders were wetilled for 2h with YSZ balls in anhydrousthanol After bdl -
milling, the powder s Iwreair.dellet20 mm in dameter and 935nDn f
in thickness were compacted by uniaxial pressitpd¥iPa Sintering was carried out at 33°C
for 5 h in air, and during this process the sample \pastioned on a Pt foil to prevent any
contaminationThesintered pellets exhibited a single perovskite phase in all samples. The relative
density measured by Archi medes method were 91
22 em, 7 &tm, nolBdvigdoped,D.mmaldh Mubped, 0.5 mol% Mg and 1at¥%o
Y co-doped and 0.5 mol% Mn and 0.5 mol% ¥Ydaoped BaTiQ, respectivelyr hesintered pellets
were cut and polished to form a rectangular bar shapimg 0.020.04 cni in area and 1.5 cmin
length Pr four-pointprobe DC measurements. In addition, nhiectangular shape having 0.1
0.26 cnt in area and 0.0®.1 cm in thickness for AC impedance measurements. DRnhse
electrodes were deposited on sample surfaces using a DC sputtering Siistetactodesamples
weresubsequentlannealed at 85T in ar for 30 minto achieve a better electrical contact.

The dectrical conductivity as a function of oxygen partial pressp@)(wasmeasured at
900°C andthen500°C usinga four-point-probe methodThe pO. was controlled from 0.21 atm
(air) to 10% atm (Ar atmosphere) by varying the flow rate of Ar andy& andhe actuapO, was
measured with a zirconaxygensensor (Ceramic Oxide Fabricators, Australia). As sodheas
pO. waschangedat a givenémpeature a smal |l current bet wdgoen 700
the sampleand the time-dependent 4vire resistancewas continuously monitored with a
multimeter (Keithley 2000, Agilent). Once the resistam@es stable as a function of timéhe
sample was asumedto be thermally and chemically equilibratefiemperaturalependent
electrical properties in air were characterized by analyzhmgy frequencydependent AC

impedance. Impedance measurersemre conducted froms00 °C to 900°C with a 0.5V
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oscillationlevd usinga HP4192A (Agilent)impedance analyzaver a frequency range from 5
Hz - 5 MHz.

5.3.Results

Figure5.1(a) shows the DC electrical conductivity of doped Ba&E®a function opO>
from air to 10* atm at 900C. In highpO; range between 0.21 atmir) and 1& atm, the electrical
conductivities of all samples reached equilibrium in approximately 1 ~ 2 hours after a decrease in
pO:2 of one decade. Thus, the samples were assumed to be in partial equilibrium where defects on
the cation sublattices wefmzenin,[82i 84] while the oxygen vacancidéglly equilibrated at each
pO.. At the lowestpO,, 10* atm, all compositions showed increased equilibration time, i.e. ~14
hours with Mg or (Mg+Y) cedoping, and ~5 hours in Mn or (Mn+Y) -@oping It is important
to note that after the equilibration at1#tm ofpO,, the samples were ssdxjuently reequilibrated
in air, and the electrical conductivities returned to their initial values within 0.15%, giving
confidence that the samples are chenyaacovered to the initial state.

As shown in Figure 5.1(a), the higgmperaturelectricd conductivities of Mgdoped and
Mn-doped BaTiQ exhibit either a 1/4 or 1/6 slopelini ¢ versud | @/ . This behavior is
consistent withp-type electronic conduction expected from acceptgred compositions in high
pO2 rangeq40, 43, 5557] As well described in the prior work, the origin of {i#ype condation
is attributed to the oxidation reaction in Mgped BaTiQ@,[55] on the other hand, the ionization
reaction between tetraleamt and trivalent Mn explains tipetype phenomenoim multi-valent Mn
doped BaTiQ.[43, 46, 57]
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Figure 5.1 DC electrical conductivity as a function@tygen partial pressure doped BaTiG
with 0.1 mol% Ti-rich at (a) 900 °C and (b) 500 °C. (c) The comparison of Heyhperatur
DC electrical conductivity with respect to the amount eéX¢ess.
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Similar to Mg-doped BaTiQ, (Mg+Y) co-doped samples exhibgt-type conduction but
with a lower magnitude of electrical conductivity, as seen in Figul@). In principle, adding
donor dopants should compensate for the acceptors and lower the overall electronic conductivity
which agrees with the trends in the experimental reslitshe oxidation reaction, the hole
concentration is a function of oxygen patfpressure with a ¥4 exponent and a magnitude of hole
concentration is proportional to the concentration of oxygen vacdB6psn Mg singly doped
BaTiOs, the concentration of oxygen vacancy is fixed by a conceniraficMg in high and
intermediatgO- regime at a given temperature. When iglgo-doped with Y, Yandthe oxygen
vacang arebothelectrically positive specigbatcompensa Mg. Thereforethe system prefers
to have less oxygen vacancies energetidiliyy Mg-single doping. Assuming the equilibrium
constant for the oxidation reaction is the same in both Mg and (Mg+Y) doping &C9@be
magnitude opO2-dependent electrical conductivity is decreased by the lowered oxygen vacancies
in (Mg+Y) co-doped BaTDs in a given sameO; range.

In stark contrast to (Mg+Y) edoped BaTiQ, the electrical conductivity of (Mn+Y) eo
doped BaTiQ s significantly lower and nearly independentp®,, whichagrees well with the
prior worl{63, 64] and s attributed to the multivalent nature of the Mn caf@®]. The magnitude
of electrical conductivity shows only a 1.15% difference over the meap@awnge.

At a lower temperature of 500 °C, as shown in Figure 5.1(b), theldpgd, (Mg+Yf co-
doped, and Mydoped samples continue to exhjitype mnductivity, as evidence by the positive
pO--dependent DC conductivityn thesesamples, the equilibration time wasle hours during
thefour-point-probeDC electrical measuremexwith a decrase inpO. of one decadeTheslow
kineticsat a lower tempeatureis due to the slow process of oxygen exchange in the oxidation
reaction.In case of (Mn+Y) caloping, the DC electrical conductivity is lowest over the entire
pO- range at this temperaturglost interestingly, the electrical conductivity of the (MnHat-
doped samples did not change within the measurement precision as a function of fp@efand
up to 2 hours.

The effectof cation nonstoichiometry on the higgmperature DC electrical msductivity
was examined as a function@®. in (Mg+Y) and (Mh+Y) co-doped BaTi@as shown in Figure
5.1(c). Although there is a 3 ~ 5% difference in the magnitudegeéli in all pO., the overall

behavior of electrical conductivity versy. is almost the same in both -doped BaTiQ
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regardless of Fexcess. Theelaxation processes in the 1 mol%rith compositions are as fast
as that in the 0.1 mol% Fich compositions.

We further explored the temperatutependent AC impedance characteristics of the
samples at a0, of 0.21 atm (air) to undesstd the elecical conduction mechanisms. Figure 5.2
shows he frequencydependent imaginary versus real part of the impedance, oi1Gotdeplots,
of each sample at 500. Mainly, two semicircles are observed in all compositions. A third
element at verylow-frequeny is seen in Megdoped and (Mg+Y) caoped BaTiQ@ that is
seemingly related to interface effec/ith increasing temperature (data not shown), the
resistances of the lefvequency range elements decrease significantly with Mg or Mn single
doping and (Mg+Y)co-doping, while the contribution of the higrequency response to the total
impedance becomes greater with increasing temperature. Compared to other compositions, the
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Figure 5.2 Observed and fitted Col€ole plots of (a) Megdoped (b) Mrdoped (c) (Mg+Y) ce
doped and (djMn+Y) co-doped BaTi@at 500°C in air. Notethatthe real and imaginary pa
of impedance were scaled by the sample geometry for the direct comparison of im
magnitudes.
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total impedance of (Mn+Y) edoped BaTiQ is dominated by the higliequency element wer
the entire temperaturange, from 500C 1 800°C.
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Figure 5.3 CurieWeiss law fitting in(a) Mg-doped (b) Mi-doped (c) (Mg+Y) cedoped and (c
(Mn+Y) co-doped BaTiQ.

The frequencydependentcapacitances were more closely investigated to clarify the
origins of the high and lovirequency responses. In all samples, the Hfighuency capacitance
plateau is on therder of 10" F, which translates into relative permittivity values of 400 ~ 600
depending on the composition. These are reasonable values forz:BaTis temperatur&6]
and strongly suggests that the higlguency arc is associated with the bgtkin response. In
addition, the temperatwdependent permittivity was analyzedthw respect to CuriéVeiss
behavior. Atransition temperature around 97 °C ~ 115 °C and a Curie constant of 110000

180000°C are confirmed in all compositions in Tabl 5which are, again, all reasonable values
for bulk BaTiQ:.[61]
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Table 5.2 Curie temperature and constamtoped BaTiQ.

Composition Curie temperatureC) Curie constant°C)
Mg 96.8+0.2 114007+1861
Mn 114.0£0.9 167209+1766
Mg+Y 106.3£0.8 1239014728
Mn+Y 11547 185078+6459

On the other hand, the capacitances corresponding to tHedquency semcircle are on
the order of 1§ F, and they are nearly temperature independent. Based on these observations, we
attribute the highirequency and lovirequency elements to the grain and grain boundary responses,
respectively61, 85, 86]JEach impedance spectrum is fitted to an equivalent cietemhent model
to obtain the temperatudependent bulk electrical conductivity and the selected equivalent

circuits are shown as insets in Figb.2.
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Figure 5.4 Temperaturaependent bulk conductivities, extracted from impedance spectra
activation energies in air.

While the grain bandary behavior is certainly important to the overall conduct[@iéy,
the present analysis focuses on the bulk defect chemistry and conductivity behavior. Arrhenius

plots ofthe highfrequency bulk electrical conductivitiase summarized in Figureds.Mg-doped
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BaTiOs is most conductive among the compositions and its activation energy is lowest (0.40£0.03
eV) at this temperature range air. The bulk conductivity of Mrdoped BaTiQ@ is almost one

order of magnitude lower &m that of Mgdoped BaTi@and a higher activation energy (0.84+0.02

eV) is observed. As expected, Y-doping in Mgdoped BaTiQ reduces the magnitude of bulk
electrical conductivity due to the donor and acceptor mutual compensation. The effectiveness of
co-doping is most pronounceoh the (Mn+Y) cedoped BaTi@, however with decreasing
temperature, the bulk conductivity reduces significantly and is accompanied by a high activation
energy of 1.35+0.01 eV. As a consequence, the bulk conductivity of thex(Mample is almost

two ordes of magnitude lower than (Mg+Y) @oping at the lowest measurement temperature of
500°C.
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Figure 5.5 Time-dependent current density at 5@ under (a) 10//cm and(b) 45 V/cm D(
electric field.

While the cedoping effects are very effective in reducing the electronic conductivity of
the samples, equallynportantis the effet of doping on the oxygen vacancy concentrations,
because mobile oxygen vacancies, even in predominantly electronic arsdgen lead to the
time-dependent dielectric degradation in many perovskite matgti$:igure 5.5 shows the
current density versus times00°C under a 10 V/cm DC electric field. As a function of time, the
current density of Mgloped sample increases significantlynast 5 times higher than the initial
value and it stabilizes within 2 hours at a given condition. The degragmtoass in Mrdoped
BaTiQ:s is relatively slow, which is in agreement with the prior rept8i,and the current density

continuously changes even after* 80 (Mg+Y) codoping improves the degradation resistance
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relative to the single Mdoping. The current density saates faster and is less than-sllgping,
however, the behavior is still tirdependent. Interestingly, @woping of Y and Mn improves the
degadation resistancsignificantly. The current density is low and constant with time. With a
higher DC biasing filel of 45 VV/cm, as shown in Figure 5.5(b), the degradation of the singly doped
Mn sample is accelerated. On the other hand, the current defsig/(Mn+Y) cedoped BaTiQ@

is very stable and never increases up to 14 hours in these highly acceleratédnsonthis
suggests that the oxygen vacancy concentration in (Mn+Xjpped is significantly lower than

other compositions.

5.4.Discussion

Obviously, co-doping with Y and Mn profoundly improved the seimsulting electrical
properties andime-dependent degradation of Baki@eramics over a wide range pDo,
temperature and tim&o understand the origin of this remarkable improvement intaesie
degradation, we evaluate the equilibrium and partially equilibrated quenched defect ghemistr
based on established canonical defect chemistry models. The possible defect reactions in this
system are summarized in Table 5.3 with their mass actioratelvequilibrium constantsKj
expressed as a Krog¥ink notation. The equilibrium defect conceations as a function gdO»

at an equilibrium temperaturéd) were obtained by solving the charge neutrality condition,

- ! 16 ¢ 6 T b ¢62 9° (5.1)

where - is¢ - C in(Mg+ Y)codoped BaTiQorg - 1 - T in(Mn+Y) codoped
BaTiOs. The lowtemperatureTg) quenched defect structure was calculated thrabg Eq. 6.1
under the assumptions that ¢he concentration of catiomacancies are fixeétfom the high
temperature equilibrationT¢ = 1150 °C)[52] but those of the electronic carriers and oxygen
vacancy are allowed to lhelly equilibrated aflg, (2) a concentration of background impurity J
acting as an acceptavas assumed to be @m® (~ 6ppm) based on the starting BaZiO
(99.995%) powders and additional impurities ofO¥ (1.0% 10'"/cn®) from the ball milling
process were taken into account as a donor, (3) Mg and Mn are assunwdipg the Ti site

exclusively and act as acceptors, while Y is assumed to occupy Ba site and behaves as a donor,
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and (4) while all Mg and Y ions are fully ionized &t the Mn ions arallowed to change their

charge from neutral to the thermodynamicadlydrable states.

Table 5.3. Defect reactions and equiliim constant.

Defc_ect Mass action low Equilibrium constan{K) Ref.
reactions
Reduction o 62 5 | V® W
reaction QY
Electronic o & o pTADD GBI [49]
equilibrium d P QY
Full Schottky 2 ¢ wu
reaction v 6 6 6 QY
, -1 ¢
v 1 PX G
O ©O
cv Agb vy
lonization of QY [46]
Mn -1 ¢
U 7 OB ¢
o0 0 ™ pnADD—— Y
pxcu Aob T

Figure 5.6showsthe partial equilibrium defect structure of Migped BaTiQ@ with various
number of Y at 900°C. As shown in Figure 5.6(a), the oxygen vacancy concentration in Mg singly
dopeddoped BaTiQis extrinsically fixed to ~ 13/cm?® by the acceptors in a wide rangepak
except fora high pO; range(pO. > 1@ atm). With increasing Ydoping, the oxygen vamncies
reduce, because the acceptors are compensated by both oxygen vacancies and donors. When the
donor and acceptor mutual compensation is achie@td - C ¢ , the amount of oxygen
vacancy decreased by one order of magnitude of the number.

In Figure 5.6(b), the concentration of cation vacancy is explored as a function of doping level.
In Mg-singly doped BaTi@ the amount of cation vacancy +168/cm? in the entirgpO; range,
which is less than that in undoped Ba3{©10%t/cm?). As the doping level of Y increases, there

is the systemic increase in the cation vacancy concentration to compensate the positively charged
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9° extrinsic efects. In the composition wit®° ¥ - C ¢, the concentration of cation

vacancy shows ~18!/cm?® which is the same as the one in undoped BaTiO
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Figure 5.6 Predicted concentration @f) oxygen vacancy, (b) cation vacancy, anc
electronic charge carrier at 900 in (Mg+Y) co-doped BaTiQwith 9° - C =0,0.5
1.0, 1.5, and 2.0.
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The predicted electronic carrier concentration expressed as the summatiandy is
observed in Figure 5.6(c). Mg singly doped BaJ{®° 7- C Tt shows the positiveO>
dependence of electronic charge carrier in pgh range, which is agreed to the observed
electrical conductivity. With donor doping, there is a systensdtift of n-p transition point to
higher pO2, again well agreed to the expmeental results. When the acceptors are mutually
compensated by the donor8¢ 7 - C ¢ , the concentration of electronic charge carriers is
the same as the concenioa in undoped BaTi®

The predicted partial equilibrium defect structure in (Mn €&Jloped BaTiQis different
to (Mg + Y) codoped BaTi@ as shownin Figure 5.7. First of all, the oxygen vacancy
concentration in 0.5 mol% Mn singly doped Ba%i® lower than that of 0.5 mol% Mg singly
doped BaTiQ. This is because the number of negalijvcharged net acceptors is lower inMn
doped BaTiQthan that ofMg-dopedBaTiOs, i.e. - 1 -1 - C even though the
doping level is both 0.5 mol%. Secondly, there is a variation in the relative concentration of neutral,
trivalent, and divalent Mn with respect to the donor doping ang@ehange. In Figure 5.7(b),
the chage state of Mn is mostly newt, i.e. - 1 -1 -1 -1 -1 in
Mn singly doped BaTi@ With donor doping, the concentration of trivalent and divalent Mn
increases, and is pinned at higB> range, suggesting thdtd electron trapping occurs by the Mn
center, whicheads to the ionization of MiThis results in the pinning of electron concentration

in the highpO2 range, which is observed as {@-independent electrical conductivity.
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The defect concentrationersuspO- in (Mn+Y) co-doped BaTiQatthe lowtemperature
(500°C) was further examinetb understanthe pO- independence of electrical conductivity and
the enhanced degradation resistance as shown in Figuhe Biure 5.88), the oxygen vacancies
in (Mn+Y) co-doped BaTiQ@ show a significant decrease as increasing Y concentration 4€500
which explains the improved degradation characteristics. Figure 5.8(b) shows the electronic carrier
concentration as a function of oxygpartial pressure at 50C temperatures. The concentration
shows a remarkable decrease and a wide rang@®-ahdependence with Mn and Y -cwoping.
This prediction is well agreed to our experimental results, and the small number of charge carrier
seemgo be an origin of semnsulating properties in (Mn+Y) cdoped BaTiQ.
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Figure 5.8 Predicted defect concentration of (a) oxygecancyand (b) electron and hole
(Mn+Y) co-doped BaTiQwith 9° 7 - 1 =0, 0.5, 1.0, 1.5, and 2d2500°C.

It is worth noting that although the canonical defect models explain the bulk electrical
conductivity of BaTiQ, there are still challenges for developing comprehensive canonical defect
models including &l doping systems. Particularly, in this works, we found difficulties for
predicting defect structures in-doped BaTiQ. The partial defect equilibria of (Mg+Y) edoped
BaTiOsz with higher Y concentration ([Y]/[Mg] > 2) where type electrical conductity is
expected, showed the very similar defect structure as acagyged BaTi@. In addition, in
(Mn+Y) co-doped BaTi@, the critical composition (Y/Mn) for predicting the widgO--
independent electrical conductivity can be varied significantly by reitieeequilibrium constants

of reduction reaction or electronic equilibrium. The discrepancy between the predictions by the
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canonical defect models and the observed electrical conductivity is probably due to the following
issues: (1defect complexeare rot consideredand (2)cation dopants substitute either on the A
or B cation sublatticesand(3) an underor overestimated background impurity concentration in
the canonical defect chemistry. These issues were realized to be the critical factors ietermin
the electrical conductivity and can be circumvented dgnsityfunctional theory (DFT)
calculations with grand canonical defect madaR, 33]In recent DFT simulations by Bowes et

al. [52] theobservectlectrical conductivityas a function 0pO. and temperature is well explained
with thegrand canonical defect modah all BaTiOs composiions in this dissertation. The Fermi
level pinning mechanisnm (Mn+Y) co-doped BaTiQ is attributed to the multivalent nature of
Mn, and the improved electrical resistivity and tihependent degradation characteristics is
originated by the reded oxygernvacancy concentration. In addition, the analyses also emphasize
the importance of cation vacancies and the assumed {freez@perature of defects on the cation

sublattices.

5.5.Conclusions

The impact of donor and acceptor apoping on the electal propeties of BaTiOs
ceramicswas investigateds a function of temperature, oxygen partial pressure and time. The
high-temperature (900 °C) foygoint-probe DC conductivity in the highO> range revealed that
while the Mg or Mn acceptor singly doped and (Mg8)doped compositions exhibited typical
p-type electrical conductivity, edoping with (Mn+Y) leaded topOz-independent and
significantly lower electrical conductivity. These (Mn+Y)doped samples exhibited a relatively
high activation energy for buldextrical conduction of 1.35 eV between®BT i 900 °C in air.
Moreover, the (Mn+Y) caloped BaTi@ specimens exhibit no significant tirtependent
electrical degradation at 500 °C and 45 V/chhe predicteddefect concentrationvith the
developed canonat defect modeshowed thathe cedopingof (Mn+Y) in BaTiOz can pin the
concentration of electronic carrier by the ionization of multivalent Mn in the p@phrange,

explaining theobservedO.-independent electrical conductivity.
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Chapter 6

Origin of Electrically Semi-Insulating Properties of
Fe-dopedb-GaxOs

(In prepaation, Modifications were made to incorporate it into the dissertation as a whole.)

6.1.Abstract

In this work, we measure the DC and AC conductivity and Hall voltage to determine the origin of
electrical insulating properties of f®pedb-Ga&0s single crystalgerpendicular to thegm p
crystallographic plane§Ve find that heelectrical conduction is predominantly controlled by free
electrons in the temperature range of 230 °C to 800with the compensation of the impurity
donor (Si) and acceptalopant(Fe) explainng the low concentration of free electron and Fermi
level pinning over a wide range of temperature. Moreover, the electrical conductilargéty
oxygen partial pressur@@®.)-independent from air to ¥0atm at 600 °Cout becomes slightly
depenlent onpO. at 800 °C, as intrinsic norstoichiometric point defgs begin to influence the

charge balance
6.2.Introduction

Early studies on the equilibrium electrical conductivity of undoped polycrystaid@0Os
exhibited a strongpO>-dependence as sho in Figure 6.1, which is typical for electronically
conductingmetal oxidesSasali21] andFleischef24] showed that the higtemperature electrical

conductivity (i) of uni nt e nGaOoceraniics gnd thin fineschavé oxygen partial
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pressurefO2) dependence of = 1)/ I with an activatiorenergy of 1.85 eV ~ 2.1 efvom 800

°C to 1000 °C. The pO>-dependent electrical conductivity was attributedhe singly charged
oxygen vacancieand/ordoubly ionized gallium interstitial®\lso studying unintentionally doped
polycrystallineb-Ga0s, Cojocary23] observed thathe electrical conductivity was a function of
11/4.55 power opO: at 127°C and became leg®.-dependenwith increasing temperature. At
727°C, the, ~ 1/ I8 relation was obtained. Tip©,-dependence at various temperatures was

attributed to theriply charged gallium interstitial
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Figure 6.1El ectr i cal conductivity versus o0XYy

Ga&0:s polycrystalline.

While the early studies in the higbmperature equilibrium conductivity argued thatrthe
type conducti i t y-GagOg coull beexplained by simplified defect models with the ionized
gallium interstitials or the ionized oxygen vacancaensity functional theory (DFT) calculation
by Varley et al. maintained that the oxygen vacancies are deep donors aaddimeof n-typeis
attributed to théoackground impuritiesuch as Si or Sacing as shallow donarin Ga0zs.[28]
Another DFT calculatiofd] in undoped>-G&0Os predicted that the electrical camtivity is pO2
j

dependent with a 1/6 exponent, j.€. i/ due to the doubly ionized oxygen vacancy. In
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addition, even a small amount of background donors (10 ppmXoerif) can giverise ton-type
conductivity and the relation” r/ I can be driven by the complex defect compensation
mechanism.

While these aforementioned experimefit@) 26, 27]and theoretic@b, 28, 29]studies
have explored the electrical conduction mecsarof unintentionally doped and donor doped
type b-Ga0Os systems, a clear understanding of the electrical conduction mechanism in semi
insulatingb-Ga0s has not been established. Moreover, many challenges for fabrip&iipg b-
Ga0s3 have been addre=s by the communitj, 92] motivating a fundamental study of the
Ga0s3 defectchemistry. In addition, the lattice defect chemistry is also important to understand
the potential for electrical degradation phenomenon associated with charged ionic defect
migration, which may happamder a high electric filed during dee operation as often observed
in perovskite oxide dielectridd8i 20, 89]

In this work,we have investigated the origin of the sensulting electrical properties of
Fed o p e@aOpbsingle crystad. Fourpointprobe DC and AC electrical conductivities were
measured over a wide range of temperatures in air. Hall characteristics were obtained to determine
the type of carrier, its concentratiand mobility as functiolof temperature. In addition, the DC
electrical conductivity as a function pO. was measured at higemperatures and discussed in

terms of defect chemistry.

6.3. Experimental Procedure

(010) Fed o p e@a0psingle crystals preparedy the edgealefined filmfed growth
method (EFG)were purchaseffom Tamura CorporatiofJapan) Prior gow discharge mass
spectrometry (GDMSanalysisrevealed the unintentional background impurity concentration of
Si to be13 10! cm® and the intentionally doped Fe concentratito be8 10t cm®.[77] To
characterize AC and DC electricaroperties alongthe in-plane crystallographic direction
perpendicular to¢Tt p, fourlinear platinum(Pt) contacts (500 nm in thickness) spaced by 2 mm
T 3 mm in length werelepositedon the top, bottom and two sides of a specimen ha@ngm
(length x 10 mm (width) x 0.5 mm (thicknessging a DC sputtering syster@C electrical
conductivity was measured usinghe linearfour-pointprobe method The bur-terminal AC

impedancéechniquevasusedto characterizéhe frequency dependent electrical pdesusing
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a HP4192A Agilent) with a frequency range of 5 Hz5 MHz and a0.1V oscillation level.
Oxygen partial pressur@@,) was controlled from 1 to 10atm by changing the gas flow ot O
and Ar, andheactualpO2 was monitoredby azirconia oxygen sensor (Ceramic Oxide Fabricators,
Australia). Hallmeasuremestwerecarried out from 22 °C to 500 °C in N atmospheresingthe
van der Pauw method with ~200nm Ti electi®de

6.4.Results and Discussion

Figure6.2(a) presentshereal pat ( Z Wjpsts imaginary partZnj of AC impedancepr
Cole-Cole plot, ofaFed o p eGROsfsingle crystal as a function of temperature ima@asured
by four-point-probe methodOne slightly dispersed sernircle wasobtained from 500 °C to 700
°C, anda partial semcircle wasobserved below 500 °C to 300 @t a given temperature, we
observed a capacitance plateau with a single response in the imaginary part of modulus as a
function of frequency as shown in the ehsn Figure 6.2(a). Thesebservatios and ohmic
behaviorin thecurrentvoltageresponse strongly suggest thi@t the electricatonductivity with
the fourpointprobe AC methods predominanthygoverned by bulkonductivity Cole-Cole plots
were fitted by a simple equivalent circuit model having aise&ance (R) with a constant phase
element (CPE) in parallel. Although the frequency response originates from the homogenous
single crystala constant phase element (CRE)s used rather than a perfectagfance (CHue
to the instrumental artifacts during the four terminal AC measuremgf8] The electrical
conductivity obtained from the Col€ole plots shows a positive temperature dependence with
0.85(1) eV activation energy in air as shown in Figure 6.Z{mtemperaturalependentlectrical
conductivity from the AC fitting is directly compared tdhe fourpointprobe DC electrical
conductivity in Figure 6.2(b). The magnitude of electrical conductivity and the activation energies
agreed between the different techniques. The activation energies are consistent toethe valu

reported at lower temperaturisl]

75



(a) 6 T T T T T T T T T T T
. 107 2.0
I simulated -O=C, 500 °C
5||m s00°C 10%)=0=M" 15,
A s540°Cc | C° 5
& 580°C | Son oy
a 4+ » 620°C 10 05 -
;'/ - * 660 OC 10-1:‘02 = i = 104 — 1b5 . .:1"06 .
‘C_) 3 | o 700 OC f(HZ) _
v 15kHz
. I g BB Eg - frequency (.
N 2t u n .
] e o [}

0 1 2

3
Z'x10* (Q)
(b) T (°C)

727 394 227 127 60 13

E.a (DC)=0.94(2) eV

E, . (DC)=0.86(1) eV
A

e [E.e(AC) _
S br=oss(tev A ]
T '_
8 o :
[| Il This work (DC, 4-point-probe)
[| @ This work (AC, 4-point-probe)
-11 H A This work (DC, van der Pauw) i

Polyakov et al. (DC, 2-point-probe)[94] ]
L 1 s 1 M 1 s 1

128 -
10 15 20 25 30 35

1000/T (K™

Figure 6.2 (a) ColeCole plots versus temperature in air and capacitance and imaginary
modulus as a function of frequency at 500 in insetFigure (b) Temperaturelependel
electrical conductivities obtained from the different techniques.
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Low-temperature electricalharacteristics were further analyzed by van der Pauw Hall
measurements. As shown in Figure 6.3(a), a carrier concentratior? 80'2écm® at 230 °C
following an Arrhenius behavior with activation energy of 0.93(1) eV with a negative Hall
coefficient wasobserved, agreeing with prior wofK7] In addition, the Hall mobilityshows a
negative temperature dependence with a ~1.4(1) slope inth€ versud 1 Cyplot in Figure

6.3(), which is theexpected behavidor electronacoustic phonon scatterifgs]
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P60 441 352 283 227 182 144 112 1206 228 252 277 302 330 358 388 419
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Figure 6.3Temperature dependent (a) carrier concentration and (b) mobility.

The lowtemperature electrical conductivity olstad by the resistivity measurement with
van der Pauw geometry is compared to the high temperature DC and AC measurements as shown
in Figure 6.2(b) The electrical conductivities are well matched, and they increase exponentially
with increasing temperatufeom 230°C to 700°C, indicating that the electrical conductivity-Fe
doped Gg0s is governed by one electrical conduction mechanism over thisetature range. In
addition, the carrier type was confirmed to be free electrons in the conduction band.

To further understand the temperatalependent carrier concentration, a charge neutrality
equation (Eq. 6.1) was utilized to predict the concentratiminionized defects and electronic

carriers using the thermodynamic parameters listed in Table 6.1.

&6 f O (6.1)
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where¢mhy PAT W are the concentration of electron, hole, ionized acceptor, and ionized

donor which can be defined:as

o 0 ©
¢ 0ADD a7 (6.2
oo 0 ©
6 AGD 6.3
. 0
" o cAg® O TaY (6.4
o
0 TAZO O FQvY (6.9

where0 and0 are the effective density of states in conduction band and valence bands,
respectivelyO and O are the bottom of theonduction band and the top of the valence band,
respectivelyO is the Fermi level, antt and T are respectively the Boltzmann constant and
temperatureO andO are the ionization leveior trivalert Fe to divalert Fe (0/i 1) andfor
trivalent Si totetravalensi (0/+1), respectively) and0 are the total and ionized concentration
of Fe.0 and0 are the total and ionized concentration of Si.

It was assumed in this model that the net positive charge species argihéosiized Si
and holes and the net negative charge species are the singly ionized Fe and electrons. The
compensation echanism is predominantly due to the charge trapping atchpleing at the Fe
center whose transition level is predicted to be 0.78reivi the CBM[96] As shown in Figure
6.4(a), this model ign agreement with the observed temperatiependent carrier concentration
Hall measurements. In addition, the Fermieler¢ pinned to 0.84 ~ 0.87 eV over a wide range of
temperatures as shown in Figure 6.4(b), explaining the observed linear relationship¢
versus 1IT. We also calculated the carrier concentration versus temperature using the Fe ionization
level of 0.86 eV withO 70 of 1.65 which were obtained by fitting the observed carrier
concentration with a charge neutrality eqoiatin the prior work by Neal et ff.7] The calculated
activaion energy was 0.93 eV which is close to the observed activation energy, however there was
a slight discrepancy in magnitudettveen the observed and calculated carrier concentration; the

calculated value is two times higher than the observed carrierrioatien.
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Table 6.1. Thermodynamic parameters for solving a charge neutrality equation

Parameter Symbol Value Reference
Dersity of state in conduction ban{  Nc (/cnr) 7153108 T2 | calculated using the
Density of state ivalence band Ny (/cm®) 7.15 10 T15 | effective massf electron
Band gap Eq (eV) 4.85 [97]
lonization level of Fe Eg - Eacc(eV) 0.78 [96]
lonization level of Si Eg - Ean (eV) 0.03
Fe concentration Na (/cnr) 83 10" [77]
Si concentration Np (/cmP) 13 10
(a) T(C) (b) ()
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Figure 6.4 (a) Observed and calculated carrier concentratisarsus temperaturand (b
predictedFermi level.

Although the predictin indicates that the charge compensation mechanism can be
explained by only considering the donor (Si) and acceptor (Fe) mutual compensation, we further
examined the electrical conductivity as a function of oxygen partial pressstrgltoa possibility
of contribution of intrinsic point defects to the overall charge balanoasi@ering the phase
stability of b-Ga0s,[98] four-pointprobe DC conductivity was measured from 8Q0to 820°C
in apO; range of 0.21 atm (air) to ¥Gtm. As shown in Figure 6.5(a), the electricaihductivity
shows pO--independent behavioat 600 °C over the measurement range. With increasing
temperature, the conductivity increases slightly with decregghaghowever, the dependence is
weak in compason to other multivalent acceptor doped oxiddediics at thigpO, range[43]

As shown in Figure 6.5fban Arrhenius behavior of electrical chrctivity is observedat each
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pO2 condition, and e activation energy chargygradually from 0.92 eV to 1.04 eV with
decreasingOs.
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Figure 6.5 (a) Oxygen partial pressure dependent DC electrical conductatityariou
temperature. (b) DC electrical conductivity versus temperature with change in activatior
(inset Figure) at eaghO. condition.
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A pOq-independent electrical conductivity can be explained by several defect
compensating mechanisms. One mechanism is attributed to the generation of intrinsic point defects
such as oxygen vacancies for ionically compensating dopants. This mechanism is generally
observedn acceptodoped oxides and their defect chemistry has beshestablished54, 99,

100] When ionic compensation dominates such that tmelectivity is dominated by the ionic
species, a brogaD»-independent electrical conductivity can be observed. In some cases, judicious
choices of multivalent acceptors and donors can overriderftecompensation and pin the Fermi

level over broaghO> ranges as shown for BaTi@ Chapter 6 and the early studjé8, 64]In the

Fed o p eGOdstudied here, thpO.-independent electrical conductivity is attributed to the
pinned Fermi level due to the dominating impurity donor ¢Simpensating the acceptor (Fe), and

a total electrical conductivity is predomirtly governed by electron conductivity over a broad
range ofpO.. According to DFT calculation$, 28] in reducing conditionghe oxygen vacancy
formation energy is the lowest among the native poifeale except for triply ionized gallium
interstitialsat very low Fermi energiesvhich arebelieved to act as a deep danorhis suggests

the low concentration of intrinsic point defectsbfGa0Osz single crystals. Moreover, the Hall
measurement and the charge neutrality equation reveal that Si donor and the Fe acceptor mutual
compensation can explain the electronic conductivity over a wide range of temperature. Therefore,
the semiinsulting pO.-independent electrical conductivity of feo p eGkrOHis attributed to

the donor and multivalent acceptor@oping mechanism with the low concentration of intrinsic
point defects.

It is important to note that with increasing temperature we obsearskglt increase in the
electrical conductivity along with a transition to a slightly higher activation energy as the sample
equilibrates with a reducepO,. This is probably due to a minor additional contribution of
electrons generated by intrinsic deefdenos such as oxygen vacanci@$e influence of non
stoichiometric lattice defectis not very significant at these measurement conditsimse the
Fermi level is pinned by the Si and;Fewever, the results suggest that there is a possibility of

gereratng nonstoichiometrigpoint defects with further increasing temperature or redysg
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6.5.Conclusions

The semiinsulating properties of Féopedb-G&0Os single crystad grown via the edge
defined filmfed method were investigated as a functiontehperatue and oxygen partial
pressurelt was revealed from the DC and AC conductivities and Hall measurements that the in
plane electrical conductivity perpendicular to thg@t p crystallographic planes follows an
Arrhenius behavior from 230 °C to 80C ‘with an &tivation energy of 0.84 ~ 0.94 eV. The Hall
measurements showed that the crystaltigoe. While the carrier concentration showed a positive
temperature dependence, the mobility exhibited a negative temperature dependence, characteristic
of phonon scattering. The electrically semsulting conductivity was explained by a low electron
corcentration, which is achieved by donor (Si) and acceptor (Fe) mutual compensation, leading to
Fermi level pinning over a wide range of temperature. The D@riel@aconductivity versupO.
was examined from 600 °C to 800 °C from air to*Him and showethat the conductivity ipO--
independent at 600 °C, suggesting a low intrinsic point defect concentration. At higher
temperatures, the electrical conductivitycreased moderately with reducing., which is
probably due to the generation of electron cengating intrinsic point defects such as oxygen

vacancies.
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Chapter 7

Conclusions and Future works

7.1.Conclusions

Theworks in this dissertation are desired the fundamental understanding of electrical
conductivity and defect chemistry of two different oxides,dbpedb-GaOs single crystal and
doped BaTiQ@ ceramicsChapterd and 5 investigate the DC and AC electraanductivities and
resistance degradation behavior of Mg or Mn singly doped and (Mg+Y) or (Mn+dpped
BaTiOs ceramics. The DC measurements reved tiwe hightemperature (900C) p-type bulk
electrical conductivity in higpO, range (airi 10* atm) can be achieved by Mg or Mn single
doping or (Mg+Y) cedoping. On the other hand, the electrical conductivity of BaTi&h be
pinned (i.e. thepO.-independent electrical conductivity) by @woping of (Mn+Y) in these
measurement range. &adition, the AC impedance analyses show that (Mn+YJaqmed BaTiQ@
exhibits the lowest bulk conductivity over a wide range of temperature. Moreover, (Mn+Y) co
doping ca significantly enhance the degradation resistance of Bali&0°C under the elecic
field of 45 V/cm. The calculated canonical defect chemistry explains that the improved resistance
of electrical conduction and degradation is attributed to (1) thiagof electronic charge carrier
as a function opO- at both 900C and 500°C and @) the significantly reduced oxygen vacancy
concentration by the mutual compensation of donor (Y) and multivalent acceptor (Mn).

In Chapter 6, the origin of serrisulting electrical conductivity of Fdoped (010p-G&0s
single crystal is investigated tarms of defect chemistry. Similar to Mn and Y-aaped BaTiQ,
the pO.-independent electrical conductivity is seen over a wide range of oxygen partial pressure
(airi 10*atm) at various highemperatures (60T i 800°C). Hall measurement reveals that Fe
doped b-G&0s single crystal exhibits the electronic conductivity is mainly limited by the
concentration of electron at these measurement conditions. The chargdityeaguation shows

that the background Si impuriect as donors and the intentionally doped Fe ions act as acceptor.
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Therefore, the donor (Si) and acceptor (Fe) mutual compensation is achieved, which leads to the
pinned Fermi level over a wide rangetemperature with the low concentration of intringant

defects.

7.2.Future works

7.2.1.Bulk electrical conductivity of BaTiOs

In Chaptel5, the temperaturdependent bulk conductivity obtained by fitting of GQlele
plots reveals that the bulk conductyis lowest in (Mn+Y) cedoped BaTiQ@ from 500°C to 900
°Cin air. In Figure 7.1ye further explore the bulk conductivity below 5@and realize that the
bulk conductivity of (Mn+Y) cedoped BaTiQ@is lowest than the other compositions as decreasing
temperature even below 50C due to the relativglhigh activation energy. Moreover, there is a
transition of activation energy at intermediate temperature range (approximaté{y 3=D0°C)
in Mg-doped, Mrdoped and (Mg+Y) caloped compositions, whiléé activation energy in Mn
and Y cedoped BaTiQis almost temperatwi@variant.

At this point an origin of the change in activation energy is not clearly understood but it
may be related to the motion of oxygen vacancies. Attewperature, oxygen vaagaes are
expected to be frozen, however, theetts may start to move with increasing temperature. At the
intermediate temperature range, the vacancies now contribute to the total electrical conductivity in
Mg, Mn, and (Mg+Y) compositions. On the othentain the (Mn+Y) composition, the transition

range is not seen because of the low concentration of oxygen vacancy.
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Figure 7.1 Temperaturalependenbulk conductivity of0.5 mol% Mgdoped, 0.5 mol% Wi
doped, (0.5 mol% Mg antl.0 mol% Y) cedoped, and (0.5 mol% Mn and 0.5 mol% Y}
doped BaTi@ compositions in air.

Table 7.1 Activation energy of bulk conductivitst different temperature range

Activation energy (eV)

Composition High-temperature Intermediatetemperature Low-temperature
(900 °C ~ 500 °C) (500°C ~ 35006C) (350 °C~ 200°C)
Mg 0.35(1) 1.01(1) 0.36(1)
Mn 0.84(2) 1.41(4) 0.88(5)
(Mg+Y) 0.79(1) 1.15(1) 0.88(2)
(Mn+Y) 1.27(1)
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7.2.2.Grain boundary effects at lowtemperature in BaTiOs

The AC impedance analyses/eal that the grathoundary conductivity ipredominant at

low-temperature in the Mg, Mn, and (Mg+Y) samples as shown in Figure 7.2. However, the total

conductivity is mainly limited by bulk conductivity in (Mn+Y) edoped B&iOs. In addition, the

higher activation energy is observed in the gtmuandary conductivity in the Mg, Mn and

(Mg+Y) samples, while the activation energies of both bulk and ¢p@imdary conductivities are

very close with each other in (Mn+Y) ctoped BaTiO:. We presumably conclude that this

phenomenon is probably relatedth@ dopant segregation or depletion at gtaoandary, which

may affect the local defect chemistry.
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Figure 7.2 Temperature dependemilk and graiFboundaryconductiviiesof (a) 0.5 mol% Mg
doped, (b) 0.5 mol% Moped, (c) (0.5 mol% Mg and 1m@01% Y) cadoped,and (d) (0.5 mol¢
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7.2.3.AC and DC conductivities versugpO: at low-temperature in BaTiO3

It is impartant to note again that the total DC and AC conductivity is highly dependent on
grainboundary conductivity at lowemperature imcceptordoped BaTiQ@. In Figure 7.3, we
measured the AC impedance as a function of oxygen partial pressuredopdd BaTiQ@ and
realized that the bulk and graoundary conductivities show the difference in degrepQpf
dependence. In Mdoped BaTiQ, the total electrical conductivity is mainly governed by the
grainboundary conductivity in air condition, however the tatahductivity is almost equally
limited by the bulk and graiboundary conductivities in 10atm. Moreover, the grainoundary
conductivity is almosipO.-independent, while the grain conductivitypf3>-dependent. The slopes
inl T COAODD @ for the DC, grain, and grainoundary conductivity is listed in Table
7.2. In the case of Mn and Y dwped BaTi@, the DC and AC totaconductivities are
predominantly limited by grain regardless of oxygen partial pressure. @ath and grain
boundary conductivity are independent on oxygen partial pressure at this temperature.

() (b)

3

y 3 .
500 °C 16— 500 °C
14

9 4-point DC

Sac total
G A, bulk

} OxccB

IS
0% _
I
L X

loga(X-cm™)
n
®
o
log,pa (Fem™)
. &

cd—pow int DC

[=2]
(@
@
| 8]

Oacotal | ]

OAC,bulk

O
6L e
\

OACGB

5 4 3 2 1 0 e

log,,pO, (atm) log,,00, (atm)

Figure 7.3DC and AC electricatonductivities versupO; of (a) 0.5 mol% Mrdoped and (I
(0.5 mol% Mn and 0.5 mol% Y) edoped BaTi@ at 500°C.

Table 7.2 Slope in logoll versus logopO2 measured by thBC and ACtechniquesn 0.5 mol%
Mn-doped at 500C.

Type of electrical conductivity Slope in bgioli versus logopO;
DC conductivity 1/10
Bulk conductivity 1/4.2
Grainboundary conductivity 1/17.7
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Abstract

The crystallization behavior of amorphous barium titanate (BgTtin films was studied as a
function of annealing tengpature from 500 to 100TC. Quantitative phase analysis by grazing
incidence Xray diffractometry revealed that the metastable hexagonal phase preferentially
nucleates at lower temperatures with a transition to stable cubic nuclei at higher tempditaures.
predominance of the metastable hexagmase nucleation at lowarhperatures suggests that it
has the | owest nucleation barrier, i n accorda
nucleation of the cubic phase at lower temperatures xpiered the effects of electric fields on

the crystallization behaviomd found that direeturrent fields moderately enhanced the cubic

phase fraction in the 50800°C temperature range. Although the nucleation barrier of the cubic

phase in the presenoé an electric should be lowered more significantly with respect to that of

the hexagonal phase because of the formerds h
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the change in volume free energy should only become significant at electristfexidths in the
range of MV cm, an order of magnitude higher than the experimentally acceisilole in the
present study. This suggests alternative, perhaps interfadmted, mechanisms by which the

electric field modifies the nucleation behavadrBaTiO:s.

Introduction

Dielectric, ferroelectric and piezoelectric thin films exhibit unique properties that can be
utilized in many electronic applications; however, processing temperatures must be maintained
below 650 °C for integration with platingdl Si substrates. Integration isswssociated with
chemical and thermal incompatibility are even more severe for many flexible electronic substrates,
textiles and other unique platforms. Consequently, a major goal for heterogeneous materials
integrationis to lower the processing temperasy thereby slowing diffusion and reaction
kinetics. Typically, however, lower processing temperatures lead to poorer crystalline quality in
ceramic materials compared to those processed by standard Bighp e r aitl k6 ¢ @lut es,
thus compromise pperties [1]. Arguably, one of the most significant challenges for functional
ceramic electronics and devices is to lower processing temperatures while not sacrificing material
properties for device performance.

The quest for enhancing microstructure demgient in BaTi@based materials, which are
important for numerous capacitive devices, has found success in using chemical fluxes [1, 2] or
nucleation layers, e.g., CuO [3], to improve the crystallinity of annealed filaposited by
physical vapor depositn. These chemical approaches led to marked improvements in crystalline
order and dielectric properties relative to films with no additives or nucleation layers, but they did
not mitigate the need for annealing tempenes in excess of 80W. The preseanstudy further
explores the nucleation behavior of initially amorphous BaTifihs. We find that at lower
annealing temperatures (6T0), the hexagonal phase preferentially nucleates with the stable cubic
structure lecoming dominant at highannealing temperatures.

Since the preferential nucleation of the hexagonal phase at lower temperatures could
impede lowtemperature integration strategies, we then explore the possibility of using electric

fields to modulate theelative nucleation behaviof the two phases. The basic thermodynamic
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argument is that the volume free energies of the competing phases are altered in an electric field;
thus, contrast in the dielectric permittivity between the phases can either lowaiserthe
nucleation bargr depending on the sign of the permittivity difference [4, 5]. Eletigid-assisted
nucleation, while not extensively studied in the sstigke nucleation, has garnered great attention

in other disciplines. The food scienagsmmunity, for example, ilizes electric fields to control
nucleation of ice during freezing and has developed fundamental insight into how the electric field
affects both thermodynamic and kinetic aspects of the processes [6]. Thisndeiied
nucledion barrier has also beennvoked to understand phase swit
changeo66 aiShley(GST), ie which the ad@phods-crystalline phase change is
driven by an electric field [7]. Furthermore, phase separation and dmadial in some glasses

hawe been demonstrated to follow qualitatively the general thermodynamic predictions [8, 9].
However, the role of electric field is still somewhat controversial in many of these studies as the
effects of Joule heating complicate theerpretation.

Basedon these prior studies, we investigate the effects of DC electric field on the nucleation
behavior of amorphous BaTiGhin films, as a possible means to enhance the nucleation of the
cubic phase relative to the hexagonal phasevetr temperatures. To degue the effect of Joule
heating from direct field effects, a naolirect contact geometry was used for these experiments in
which a dielectric break prevented current flow. Crystal structure and microstructure properties
were investigated as a function ofpplied electric field and temperature. Furthermore, a

thermodynamic model for nucleation and growth was used to interpret the experimental data.

Experimental Procedure

A ceramicdisk target for pulsed laser deposition (PLD)swabricated from commerdia
BaTiOs powder (Ferro Corp., Mayfield Heights, OH) by uniaxially pressing powder, sintering at
1280°C for 1 min, and then sintering at 1200 for 4 h. To deposit amorphous Bati@in films,
the distance between the Batitarget and a (000Hpace sappine substrate was held constant at
75 mm in a PLD vacuum chamber. Substrate temperature and oxygen partial pressure were fixed
at 400°C and 30 mTorr during deposition. A KrF excimer (Coherent Compex Pro 102 F, k = 248
nm) was ued as a laser source, aihe faser fluence and repetition rate were fixed to 1.5 cm

and 7 Hz, respectively.
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In situtemperaturelependent Xay diffraction (XRD) patterns were examined to observe the
crystallization behavior of the amorphous Ba3i@in film without the presese of an electric
field. The measurement was carried out from room temperature £€30ith a 5°C mint heating
rate in air on a PANalytical Empyrean (Almelo, The Netherlandsgydiffractometer with a Gu
Ka source and in thBragg Brentano geometryihe omega value was intentionally offset by 2 °
to exclude the strong substrate (0060s) peak around 42 in 2h.

Ex situ glancing incidence XRD (GIXRD) patterns were measured to refine the room
temperature crystal structureisbthermally annealed films usingsanart Lab (Rigaku, Japan) X
ray diffractometer with a Gia source. The GIXRD patterns were taken fromd®00° in 2h
with a 0.05°scan step and dwell time of 3 s per step. The incident beam angle for all pat&erns wa
held at  and thus, the penetration depth was around 115 nm. The GSAS Il software was utilized
to refine the patterns using the Rietveldmement method. All patterns were carefully refined, so
that the weighted residuals and goodness of fit werd¢Hass0.11 and 2.00, respectively.

Basedon the in situ XRD analysis, annealing temperatures of 500, 700 antiCoa@re
selected to investigathe effects of electric field on crystallization behavior of amorphous BaTiO
thin films. The deposited amorpbts BaTiQ film on c-sapphire was placed on a platinum (Pt)
bottom electrode, and a fused quartz @pdver slip was placed over the thimfias a dielectric
barrier to prevent current flow. A top Pt electrode was then placed on the quartz. Thefadkktric
in the BaTiQ was calculated from a series circuit model with the capacitance ofsiepbire,
amorphous BaTigthin film and fused gartz. An electrometer was used to monitor any possible
current flow through the sample during the process. Resdliectric potential was applied to the
top electrode and fixed during the annealing process. A range of electric field values, up to 0.8 kV
cml, was studied. Due to catastrophic failure of the quartz layer &t®@@d 0.8 kV cm, only
fields up to 06 kV cm1 were applied at 90TC.

Microstructureanalysis of annealed films was performed using an Thermo Fisher Scientific
Verios 460L fieldemission scanning electron microscope (SEM). Images of film surfaces were
acquired by collecting lovenergy secasary electrons with an Everh&afthornley type detector
inside the column. To reduce surface charging, the accelerating voltage and sancplediiass
were set to target the low energy charge balance point with the electron landing energies varying
between 1.0 and 1.5 keV. Using a 13 pA beam current with these landing energies produced the

best images. Grain size measurements were perfornmeglthe linear intercept method.
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Results
Crystallization behavior of amorphous BaTiOs thin films

Figure 1a preents in situ XRD patterns of the crystallizing Badfdms as a function of
temperature. As indicated by the broad peaks aroun825the @&deposited BaTi®is largely
amorphous and the onset of crystallization is 420in ambient atmosphere. Two feifent
crystalline phases appear with increasing temperature abov&42Md they are maintained to
900°C. One is the perovskite cubBaTiOs phase (BaTiOsz) with Pm 3 m symmetry, which is
thermodynamically stable from 12C (the Curie temperature) 1860°C in air. The other is the
hexagonal BaTi@phase (FBBaTiOs) with P63/mmc symmetry, which is the thermodynamically
stable phase ihulk form from 1460 to 162%C in air [10]. Unlike eBaTiOz which has a corner
sharing TiQ octahedra structure,-BaTiOs has both cornesharing TiQ octahedra and faee

sharing TiOo polyhedra.
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Fig. 1. (a) Insitu hightemperatee xray diffraction paterns of amorphous BaTi3dilm on ¢
sapphire. (b) Observed and fitted room temperature GIXRD patterns of Hdfi®isothermall
annealed ab00eC T 1000€eC for 2 hours in air.

To investigate more quantitatively the crystallization behavamorphous films were
isothermally annealed at temperatures betweeil BID °C, with a ramp rate of 5C mint and

hold time of 2 h. The fractions of the cubic and hexagonal phases as a function of annealing
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temperature were analyzed from the ex situ réemperature GIXRD patterns via Rietveld
refinement, as shown in Fig. 1b. Although th®&a&TiOs phase is expeateto transform to
tetragonal phase as it is cooled below the Curie temperature, the 0.1% tetragonality was not
detectable within the relativelyr@ad diffraction peaks, which is typical of tHilm BaTiOs [11,

12]; we therefore limited the fitting paranees$ to cubic symmetry in the Rietveld refinement. The
resulting phase fractions versus the annealing temperature are plotted in Fig. 2. Tloadlexag
phase is predominant in the film annealed at 8D0however, it becomes less significant with
increasingannealing temperature. Finally, the cubic phase constitutes above 85% of the film
annealed at 100TC.
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Fig. 2.Weight fraction of the cubicral hexagonal phases versus annealing temperature for

isothermal holds.

Figure3 shows corresponding SEM images of the BaTiO3 thin films isothermally annealed at
500, 700 and 100€C for 2 h in air. Small grains, 19 nmi2 size, were observed in the 500
annealed film. At 700C, the grains exhibit a bimodal distribution, consisting of elongated (180 £
49 nm) and equiaxed grains (33 £ 2 nm). The origin of the elongated graotslsar but may
be related to growth dhe asymmetric hexagonal phase whose c/a is quite larget%) [13].
Equiaxed grains are observed at annealing temperatures ¢fC800 above, with their size

increasing with increasing annealing temperatureshasvn in Fig. 3d. Finally, relatively dee
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and large faceted grains, with an average grain size of 140 nm in size, were obtained in the 1000
°C annealed film.
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Fig. 3.Surface images of BaT#2hin films isothermally annealed at (a) 5@D, (b) 700eC anc

(c) 1000eC, and (d) grain size variation versus annealing temperature.

Phase Nucleation as a Function of Electric Field

Realizing that nucleation kinetics of the desiratibic BaTiQ phase may be a fdamental
limitation to low-temperature procesg), we then explored these of DC electric fields to enhance
its nucleatiomrelative to the hexagonal phase. The results of thbiB$Ing studies are summarized
in Fig. 4. At 500°C annealing temperature, éltubic phase fractiomcreased approximately
linearly with increasingapplied electric field, with an 18% increase frém1 + 0.01 to 0.59 +
0.01 as the electric field wascreased to 0.8 k¥m™. The fraction of the cubiphase in the 700
°C annealedaTiOs, Fig. 4b,increased by 24% frof.59 + 0.04 to 0.70 + 0.0then the applied
electric field increased from 0 4 kV-cm! and stabilized at higher field valuestween 0.68 +
0.01 and 0.69 £ 0.01. Figure 4c preséidsfractions of the hexagonaldicubic phases the 900
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°C anneale®aTiOs films. In this case, theubic phase fraction increased less than 10% @&t
+0.01 t0 0.89 + 0.01 from 0 to 0.4 v andthen slightly decreased to 0.86 + 0.01 at 0.6ckV

L It is noteworthy that thehase ratio of the filnannealed at 500C with 0.8 kV:cm! as very

closeto that of the films annealed at 70C without anelectric field. Correspondingly, the

microstructure othe films annealed under these conditions arevaspsimilar (Fig. 5b and) in

terms of morphologwnd grain sie. Furthermore, the application 00at kV-cm field at 700°C

(Fig. 5d) leads to largemore equiaxed and faceted grains with a denseostructure, almost

identical to that of the filmannealed at 908C withou an electric field (Fig. 5e).
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Fig. 5.SEM images of BaTiexhin films after a 2 hour isothermalrealing. (a) 50@C, 0 kV-cm
1 (b) 500:C, 0.8 kVcnt?, (c) 700C, 0 kVcm?, (d) 700C, 0.4 kVcnitand (e) 90@C, 0 kV ¢
1

Discussion

The preferential nucleation of the hexagonal Badiihase, which is the bulk equilibrium
phase only from 1460 to 162€, suggests that its nucleation barrier is lower than that of the cubic
phase. This mayesult from the fact that the hexagonal phase is of lower symmetry and lower
density than the cubjghase, making it more structurally similar to the amorphous precursor. Such
transient metastable nucleation phases are often observed during crystallizdijcand this
gener al behavior is often descr i behdactvgtionOst wa l
barrier to the metastable phase being lower, making it more kinetically accessible [15]. The present
study shows that at lotemperatures, thhexagonal phase preferentially nucleates relative to the
cubic phase. Given enough thermal enetgywyever, the stable cubic phase can be kinetically
accessed and thus crystallizes and grows at higher temperatures. The effects of electric field on the
bath phase fraction and microstructure evolution during crystallization were apparent in the
BaTiOs thin films. It is meaningful to discuss the possible origins of this behavior under an electric
field in terms of modifications to classic nucleation thedrige change in Gibbs free energy
associated with nucleation can be define as:

Yo YO VYo Eq. 1

whereY"O is change in the free energy without electric field and the additional workVdrnis

the free energy change due to the elecieidf TheY O term is generally expressed as:
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