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ABSTRACT

In this thesisa variety of characterization techniques were performed to investigate
a localzed electronic stucturefor controlling a colossaleffective permittivity in materials.
First,thedevelopment of potential barrier at the grain boundaries during oxidative annealing
was investigated (Mn, Nb}dopedSrTiOs (STO)internalbarrier layer capacits(IBLCS).
The methodology used ftine (Mn, Nb}dopedSTOIBLC was then applied t6aCuTi4O12
(CCTO), which is known as different type ofBLCs. The motivation for these two materials
was to find a correlation between the interfacial electronic states at the grain boundary and
macroscopic varistecapacitor properties. In additioa relativdy new colossal permittivity
material,namely,Nb and h codoped rutile TiQ (NITO) was also investigatedn lcontrast
to (Mn, Nb)}dopedSTO and CCTOthe research waecused on the origin dhe colossal
permittivity in NITO. A detaikeddielectric relaxatioranalysisof the permittivity response of

NITO atlow temperaturewasperformed andliscussed.

(Mn, Nb)-doped STOIBLC

(Mn, Nb)}doped STO barrier layerapacitorswith a colossal permittivity(- 6 ~
50,000)were synthesizedvith different oxidative annealing tirseFirst, combination of
microstructural analysiswas performed including scanning transmission electron
microscopy (STEM), electroenergy loss spectroscopy (EELS) amergy dispersive Xay
spectroscopy (EDSYhe elemental mapping confirmed thlaé IBLC was associated with

internal grain boundaries instead of segregated secondary layers. A khiRoch



segregation layeras foundat the electrode/ceramic interfac@he EELS results reveal the
valence change of manganese changed from a mixéd/Ni* to a mixed MA*/Mn**
during the annealings he oxygen was incorporated into the grains.

An impedance study showeldat aniBL was designedy an oxidativeannealing
process, leading tonproveddielectric loss and breakdown voltagébe systematic change
with the annealingimne wasthenexplained in terms ahe Double Schottkybarrier height
and depletion layer widthacrossthe grain boundarieswhich was quantified by a
Capacitancé/oltage C-V) analysis. Moreoveacharge Deep Level Transition Spectroscopy
(Q-DLTS) approach was also applial show the three electronic traps existinghatiBL.
The natire of these trap statesdiscussedhn detail in Chapter.3

The conceptodfil ocal el ectr indaryfEéee | Wasati @t rgo chu me
better account fothe d.c. conduction analysis in (Mn,N@#ped STOThe local field was
estimatedrom a microstructurabnalysis made by aanning electron microscopy (SEM)
andan electriqC-V) analysisThen,thed.c. conduction mechanism svdiscussed based on
the tenperature dependence df (Current densityEcs characteristics. Three hfent
conduction mechanisms wesaccessivelydentified and transitioneavith the increase of
Ece. In the low Ece regime J-Ecs characteristicshowed liner Ohmic behavior. Irthe
intermediateEcg, it showed anontlinear characteristiwith athermally activated proceds.
the higherEgg, it becameelatively insensitivéo the temperaturd heJ- Egg in each regime
is explained bySchottky Enission (SE) followed by Fowlddordheim (FN) tunneling.
Based on the 4N tunneling, abreakdown voltage vgathen scaledo the productof the

depletion layer thickness anthe Schottky barrier height at grain boundary These



parameters control the breakdown strength of eacim@Ms system

CCTO IBLC

The combination of SEM an@-V analysis waslsoperformed to estimatécg in
CCTO IBLC. While the macroscopic varistecapacitor properties were similar the
(Mn,Nb)-doped STO, the d.c. conduction mechanism was found tquibe different in
CCTO.Ohmc, PooleFrenkel (PF) and SE wee successively observed in CCirlifferent
field rangesThe transition point from4* and SE depends time Ecg and temperature. @-
DLTS study revealethatthere ardhreetypesof trap states existg in CCTO. Thefirst trap
with 'O~0.6 eV below the conduction bastiowedexcellent agreement with the trap level
from P-F analysis. Thelectronic structure ahe potential barrier in th€CTO was then

proposed

NITO

Dielectric spectroscopy was performedITO ceramicssynthesized by a low
temperature spark plasma sintering (SPS) technidueannealing temperature after the SPS
was critical for the development af IBL in NITO. The dielectric properties of the NDI
were notfound to be largely influenceby theblocking metal electrode contactBlITO
ceramics with lower heat treatment, which atishow IBLC effecs,werethen investigated.
A largedielectric relaxation was observed at very low temperatoetow 35 K. Both the
activation energy and relaxation time suggested that a polaronic polarizedsorthe

underlying mechanism responsible for the colossal dielectric permittivity (CP) and its



relaxation, instead of the internal barrier layer effecta dipola relaxation.Havriliak-
Negami (H-N) fitting revealed a relaxation time with a large distribution of dielectric
relaxations. The broad distributed relaxation phenomena indicated that the Nbiansl In
were involved, controlling the dielectric relaxatiog modifying the polaron dipole and
localized statesThe associated distribution function is calculated and presented. The
frequency-dependent a.c. conductancesvaiccessfully explained by a hopping conduction
model of the localized electrons with tlistribution function It was demonstrated that the
dielectric relaxation is strongly correlated with the hopping electrons in thezied afates.

The CP in SPS NITO veathen ascribed to a hopping polaron polarization.

Vi
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Chapter lintroduction

1.1 Background andMotiv ation

Numerous studies have beeerformed to search farew high permittivity materials
enabling higher volumetrienergy and power densitapacitos. Barium titanate (BaTig)
is known as one of the highest permittivity materials. Howereen thatminiaturization of
electronic devicg continues to demandbetter volumetric efficiency, many scientists
struggled toexceedthe permittivity of BaTiQ. An alternativeconcept of mternal Barrier
Layer Capacitors (IBLCs) had been developed in the early@ 360 this reasoh? The
insulating grain boundaries (GBs) adjacent-type grains act as a series of small capacitors
and thereby offer a | ar ge crel@ieeperntttvityovas per Vv o
reportedto belarger thanl0*. A number ofstudies suggested that SrEi(based IBLCs
would possessan excellent temperaturigequency stability of the dielectric propertiet
titanatebasedsystemsat the range of *@0° Hz and-55-125°C.2

Considering théistribution ofinsulating barers at GBs, the 2RC model wai®posed
as a equivalent circuit foiBLCs (Fig. %1 (b)). Later,a Double Schottky Barrier (DSB)
model, which had been initially proposed to explaipositive temperature coefficient of
resistance (PTCR) isemiconductindg3aTiOs, was accepted to explain the uteting GBs
(Fig. 1-1 (c)). In the DSB mod, one trap state results tine depletionregionsat the GB¢.
The origin of the trap state has not been fully understitdths been proposed that either
cation vacancie® or chemisorbed oxygéi? forms the trap state at the GB¥so, some

segregatedcceptor solutes, such as Cu, Fe or Mn, are known to hadslammnalinfluence



on the interfaciastate>'%!In fact, Mn additivesareoften used to improve a variety of the
properties irelectroceramics such as PTCR thermi€tby capacitors’, and varistorg 1,
The particular effectiveness of Mdoping was explainedased orthe deeper &p state.!’
Therefore it would be important for the development of ceramics capadibousderstand
the role of the trap states in more detail, and how they affect microstructure and electronic
structure change

After 2000, a new era for the development of colossal permittivity (EP, 10
materials started. It was firstly reported in 2008t CaCuTi4O12 (CCTO) could possess the
CP!8 Later, CP wageported in the other metal oxide systefh& Although it has not
reachedcomplete agreement, the CP in CCTO is also explained in terms of the IBLC&ffect
In addition to CPstrondy nonlinear currenvoltage (-V) charateristics areof particular
interest?* This requires a detail conduction analysis in the CCTO. However, the analysis for
the expected grain boundary limited current (GBLC) is difficidt many reasons. For
instance, one of the most direct analysis could be done with-\themeasurements with
micro-contacts across a GBs, but temperature dependehdéatfaracteristics is hard to be
measured with this techniqu&he advantage and disadvantage of some of rtfagor
characterization teciiques are summarized in Tabld.ITherefore, an alternative approach
is required for th&5BLC analysis The establishmerof thel-V analysis technique for the
GBLC would be crucial for improving the nonlinear factor amgllation resistance for not
only CCTO hut any other type of IBLCs.

Recently, it was demonstrated in 2013, that (Nb;doped TiQ, (NITO) rutile

structue could achieve the CP ¢~ p m) with tamp 18t vand excellent temperature



frequency characteristics over 800 K and 1610° Hz.?® It was proposedthata complex

and localized defedalipole relaxation for the origin of CHhis was determinettom a

combined density functional theory calculation, as well as structural and electrical
characterization® Later, theseonclusios werefurther supported by the other grofg®

In contrast, the IBLC edfct hasalsobeen proposeds theorigin of CP in the NITO ceramics.

The resistive grain boundaries in NITO ceramics were elucidated ywlaed impedance
measuremesf? 3! These argumesfocused on the resistance and activation energy of the

grain and grain boundaries. On the other harttttaieds t udy ®n otslseaa |l ®C r el a x a

behavior hasot attracted so much attention

o §
sseoat

&

Figure 1-1 Schematic description ofnternal Barrier Layer CapacitordBLCs) (a),
equivalent circuit model for IBLE(b) from ref32 and Double Schottky Barrier model (c)
from ref4




Table1-1 Summary of strength and weakness of¢haracterization technique for the DSB
at GBs.

Measurement Strength Weakness

technique

Impedance | It can reveal the resistivity of eaq No information ford.c. conduction
component (gras, GBs and lectrode| Schottky conduction is general
contact). It is particularly effective t assumed from higher resistance

show DSB structure. GBs

-V Temperature dependence of-V | The |-V characteristics contain th
measurement| characteristics could reveal d| total contribution of bulk, GB ad
conduction model. eectrodes. Assun
electric field may result in spuriou

conclusiors.

Micro-contact | It could provide a direct measuremg It is very difficult to perform the

-V of I-V characteristics in grain and acrq temperaturesweep because one G
measurement| a GB. or grain could be easilgxperience
electrical breattown. There are alsc
issuesin field gradients with fringing

field effects.

1.2 Objectives

The objectives ofthis thesisare to better understand the celation betweerocal
electronc structure anda macroscopic electrical performance. More specificidtyeach
material the goals cabe summarized as follows
- Understand the development of DSB during oxidative annealing in $SbE€ed IBLC.
- Investigate trap states in SrgDasedand CCTO IBLC.

- Reveal the d.c. conduction modelt the 3TiOs-based and CCTO IBLC.



- Give an insight for a breakdown voltage in Sr¥iéased and CCTO IBLC

- Investigate the origin of CP in NITO.



Chapter 2Theaetical and Experimental
Backgraind

2.1 Relative Rermittivit y

Therelative permittivity (or the dielectric constartt) is defined as the charge storage
ability in a material itself. In practice, it is defined as the relative mitithe measured
capacitancef a materiato thecapacitance ifree space® . The 0 at afinite voltage,V,

can be expressed:as

(2.1)

w v
(6] -
W

where 0 is the charge on the plates. Then, the permittivity of free space is defined as

. 0
5 -5 (2.2)
where A andd arethe area of the electrodes and the distance between electesgpestively.
When a dielectric medium is inserted between the electrodes, additionalschesered
on the electrode Now, the total amount of the charge becondgsand then corresponding

capacitance would change froth to 6 as shown in Fig2-1. By definition, - can be

expressed as

2 (2.3)
(0]

1
C"l| CAi

In order to obtain large , betterunderstanthgs of the correlation between and the
physical properties adhe materialare necessarjNow, electric displacement (electric flux

density),D, is introduced.



T -F | (2.4)

The first term of Eq. (2.4 theD in the free space as in Figl1pa). The second term is the
polarizationof the dielectrics irFig. 2-1(b). Assuming the dieleats has linear response to

the electric field within the materialB,can be expressed as follaws

[ (2.5)

where ... is the eleaic susceptibility. From Eqg. (2.4nd(2.5), D becomes

T P - -T (2.6)

Here, the magnitude of tHe is equivalentto the totalcharge density. Thus, Eq. (2.6)

transformed to

076 p ... - WQ
. (2.7)
. o ,
o - p Q@
Thus, the relationship; p ... can be easily deduced. Thus, largeis given bymore

Apol ari zabl ed material s.
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Figure2-1. Parallel plate capacitor with (a) free space and (b) a medium between the plates

(Redrawn from Ref®).

2.2 Complex Permittivity

In Chapter 2.1, it was explained that the media can be polarized in resparse to

electricfield. There are foumaintypes of polarization mechanisngectronic, ionic, dipolar

and interfacial polarizationFig. 22 showsa schematic description @ach polarization

process Electronic (or atomic) polarization could mg in all dielectricmaterials. The

el ectron clbobdy

then@aplpll e ec¢pdlariZaiior tesu fracm tthe t h e n

relative displacement of electron cloud to the nucleus @R§a)). On the other hanthe

electric field causes a displacement of catiand anios from thar equilibrium atomic

positiors. The resultingnet dipole moment is called ionic polarizatidbue to the small

displacementhese two mechanisnin general, lead ta relativelysmall permittivityoften

less than 40The other two mechanisyare of particularinterestin the search fofarge

t



permittivity materials A spontaneous polarizatiaanoccurs in ferroelectric materialsh&
cooperatively alignedlipoles can bereorientedwith an applied fieldto makea large
macroscopic polarization (Fig-2Z(c)).Another mechanism i¢ interfacial polariationthat
occurs wherthargeaccumulateat the interfae betweerwo regiors within a materialFig.
2-2(d).

So far, the polarization procebas beeriscussd for static electric field. In reality,
dielectricsare generally operated underalternating current (a.c.) fields a resultthereis
typically a dela for the polarizationn responihg to the a.c. electric field. Thus, is
described in terms of the real and imaginarygest - * ] -1 Qe where] is
angular frequencylhe frequency dependence of] and- & for each polarization
process is illustrated in Fig-2

The dielectric relaxation phenasmonfor norrinteracting dipoles was described by
Debye®** He used an average timéhto reach arequilibrium state andshowed thathe

complex permittivity, - *, would have a functional form &f

p Q t

(2.8)

where - and - are static and dynamic permittivitfhe - 7 and- 7 can be

given as

e (2.9)

- - — (2.10)



The frequency dependenceof] and- 71 isshown in Fig. 23. The stedike change
in-1 andpeakin- 1 are known as A epbcyl dequerciesa(ddat i ono .
<f (Hz) < 13), the response of electrons and atoms can be approximated as a linear springs
where the restoring force is proportional to displacenmémn resonance effects is seen in
the frequency dependence of the permittiitgdetailedexplanation can be found Ref.3°,

The relaxations thermally activated proceasdthe temperature dependencefof

follows theArrhenius law;
. N O
T p7 pi " "Q TA@BQTY (2.11)

where O, Q, T,z and™Q 5 ¥¢* are the activation energy, Boltzmann constant,
temperature, prexponential factor, and the frequency at the pgakimum, respectively. If
dielectric spectroscopig performed at fixed temperature (i.e. room temperature) in wide
range of frequency, (i.e. Qo 10’ Hz), therelaxation process can be observed at the specific
"Q. As can be seen from Eq. (2.11the "Q is determined by the characteristics
parameters, ,and O atagivenT. As Z , and/or O increass arelaxation should appear

in alower frequency regime. It is noted thhe "Q of interfacial and gbolar relaxation
depends omaterials, dipolargecies or microstructes. Fig. 23 demonstrates the typical
and relative relationship @achpolarization process. In praatiadielectric spectroscopy is

a powerful and effective tool to investigate the origin of the polarization mechanism in a
material The characteristic parameters, suchiasand z , should have typical valgdor

the polarization mechanism.

1C



Figure2-2. Various polarization process(a) Electronic (b) lonic (c) Dipolar (d) Interfacial
polarization. (Redrawn from Ré&?3°)

‘ Space Charge
T lonic _
& Dipolar Atomic
1 .'l L
0 ~1010  ~1013 ~10%%  Frequency / Hz
&
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l’ "‘\ ;', ‘\ 'n| Jn\
b s \\ Iz' N, ’I' ‘\ /.' 5\

Frequency / Hz

Figure 2-3. Frequency dependence of the real and imaginary part of permiflRatirawn
and modifiedrom Ref. 35)
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2.3 Distribution of the Debye Hement

It is known that the relaxation in some inhomogeneous mateliasnot follow the
Debye relaxation model. For sualbroad and suppressed semicist@peof -7  in the
complex plot, K. S. Cle and R. H. Cole introduced a singlarameter), to explain the

existence of depression angie;

- - m (2.12)

Later, it was reported that some polar liquids (i.e., glycerole, propglgoel) did not follow
the Eqg. (2.12)lue to the asymmetric semicircle in the relaxation, which possafisedk e we d 0
shape irthe high frequency part. Davidson a@dle proposed the following expression for

such types of relaxatigf’

- - m (2.13)

The parametef s related to the angle of high frequency part with respecatas<¢ 1 ).

Later, Havriliak and Negami investigateéhe relaxation behavior in a number of polymers

and proposed a more general expres&on;

1 - g (2.14)

As can be seen, Eqg. (2.1@)avriliak-Negami model, KN ) couldhave an identical form as
Eq. (2.13)(DavidsorrCole model, BC) when | © p and as Eq. (2.13Cole-Cole model,
C-C) wheny © p and as Eq. (2.8)Debye model) when It © p. The applicatiorof De

Moi ver 6s t heomrssimin®®o Eq. (2.14)

12



- - - i 1 AIT00 (2.15)

. . - i 1 0B (2.16)
with
i 1t OE'JC— 1+ Al 'ec— (2.17)
,,,,, 1t Al &
g AOAGA] —— (2.18)
p 11 OE-

These empirical expressiorapart from the Debye relaxation can be integueds a
distribution of simple relaxation processes, characterized by a distribution function,
"Ofjt , wheret is a rdéaxation time at thgpeak maximum satisfying Eq. (2.10)

Considering theO1j T  in the Debye model (Eq. (2)8)ne can gef®

oot - 01 t
- - p 7(2]

jﬁ[l It (2.19)
Fourier transformation yielgs

ot t C“~Q—' -t TQ - 1) 1Q (2.20)

The solution to this integral equation is given as

it NS EIE (2.21)
The solution for'Ofj T+  becomes
ofit P oHt  OBET— it it p (222

With38’40

13



— AOA@AT% T
(2.23)

s ao~N A oA

— AOAGBAI* % T

11 OEY|

— 2.24
Al Ol ( )

2.4 Impedance $ectroscopy

2.4.1 Immittance Function

In most a.c. measurementhe input parameters areither &0 (Resistance &
Reactance) or© (Capacitance & Dielectric lossPne can beeadilyconverted tdhe othey
and furthermoreo admittance,& 7 and modulus,0 7 . These series of complex
parameters amftentermed as immittance and the relatioips between the four immittance
functions is summarized in Tablel2 One can choose a convenient expression of immittance
depending on the situation. For instané#,] is often used to show dBLC structurein
one material. A proper modeling on tleperimental impedance response yields
resistance of each component (i¢.AY AT % for grain (bulk), GB and electrodes).
The relative relationshipy | ‘Y AY s typicalfor IBLC structure. Likewise, 0 ° ]
is convenient to inveigfateelectrically heterogeneous cerantééand & 1 is often used

when the hopping conduction contributes to the polarization in one météfial.

14



Table2-1. Relationship between immittance functith

o o (OTIR TR i

A Q6 0 ® ® Q6 -
& Qo6 0 A @ Q6 -
: o o6 @ o :

2.4.2 Equivalent Circuit M odel

Equivalent circuits have been wideltilized to interpret theariousexperimental
immittance dat4>*® Proper modeling #th a reasonable fitting regulvould give a strong
validity to establish the physical model of the systeiMany examples and detaid
explanatios of the equivalent circustcan be found ithe classical tekibok of Barsoukov
and MacDonald® For examplethe total impedance¢ , of a ceramic capacitor with

semiconductig grains and insulating GBs could be st¥ibed as

O O O
y - p~
~— Q8 (2.25)
Y
p Q

where tk 'Y 6 ,and ®h'Y and 6 are the impedance, resistance, capacitance of the
each component of the ceramics. Het®, o is defined as the bulk (in grain) ari@ "06
is defined as the GB3he response ofd in the complexZ* plot should yield a semicircle

with an intercepton the x-axis. The semicircle is associated with the par&@component

15



of grain boundaries and the intercept is associated WithThe irhomogeneous structure

could be validated ifc

in Eq. (2.25) shows good agreement with the experimental

impedance data. The other typical regmrare summarized irFig. 24. One should use

reasonable elements depending on the materials.

Equivalent Circuit Z Y g Nt
W = |y log| N2 @ >
| w ¥ /—«\ o “*\ £ low &
Z | | ) 4 log ® »
g ) - h?‘:"f‘;\\\{“’ - B,
N || el © Y\ high o
z ‘ l iy log ®

a:l-»0 e 1-50
7" e y"
/,A\\ //////
S e, / A

Y Iug%
Z" /‘,,_\ /,,_ g"
25\ | \ ’
¥
7
lngi\'~
A o~ "
,{. N ¢
A VRN

z

_————a:10

h?f‘f' \\\\ o
a.' & \.\.\\\\
- \

non-ideal

capacitor

log ®

Element 1

*— e ——
Z*=R Zja)C

Impedance Z*

| resistor WM capacitor | | CPE >>-  Warburg \,J

M A
“ioro, £ e

Figure 2-4. Typical complex impedance, admittance, and permittivity response for

combinations of some of the common electrical

circuits used to describe mixed

ionic/electronic conduction in dielectric materials. Agohally, a schematic of the type of
dielectric system responsible for each type of response is shown in the far right.tolumn
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2.5 Double Schottky Barrier (DSB) Model

Theresistive GBs in IBLCs are often desm&d by the Double Schottky Barrier (DBB
model as illustrated in Fig.-1 (c). The DSB model can be derived by solvikgpi ssonods

equationconsidering electrastrappedata GBand ionized donors?

T %o "no ‘ 2.26,
- — — SO (2.25,
T w - -
where %o ‘Q 0 , - arethepotential barrier heighfundamental unit o&lectrical charge,

donor density at the grain and permittivity of the material - - ). Integrating Eq(2.26)

gives
T %60 no .
T - 2°
(2.27)
Loono L,
%0 —wW O0OwWO0

where A andB are arbitrary constamtBoth are deteninedfrom the boundary condition as

T %q‘ O mo o 1o 1
T w -
(o ol o« A0 (2.28)
%0 T ) ] 000
C- - C-
Thus, Eq(2.27)(2.28)gives
%0 Co WCL o5 1 (2.29)

Eq. (2.29)demonstras the symmetric band bending shown in Fig. (c). Considering

charge neutralitythefollowing relationship is also obtained.

17



10
%oTl K %0 nq—] (2.30)
100 (2.31)
where 0 is the surface traponcentratiorat a GB.

2.6 Voltage Dependence of laceCharge Capacitance ofa DSB
C-V analysis isawell-known technique to characteritee Schottky barrier height a
metalsemiconductor interface. The capacitance of the jun¢$ieace charge region) should

depend on bias voltage due to thawge of depletion layer widff

] ncT % LS (2.32)
pP.No6 (2.33)
G %o S

where %o is Schottky barrier height/ is bias voltage0 is capacitance per unit area
and 0 is permittivity and donor concentration of semiconductor. Thus, the slope and
intercept of 1C? versusV plot give the value of%. and U . Mukae et al applieda
conventionalC-V analysis to backo-back Shottky barries.*® From Eq(2.32), thedepletion

width of forward bias side) , and reverse bias sidg, , should be given as

1 = % @ (2.34)
nou

1 % & (2.35,
r]u

Thus, the capacitarof interface is expressed as

18



a a , .
.B, ; S m %o W %0 W (2.36)
0] - n- o

In the DSBmodel, qV1 is very small compackto gV, then @ @ @ @ and Eq.

(2.36 is modified as.

.B, E L %0 %o (JL) (2'37:
O Yn-vu
Whenw m 6 O is
PP G (2.38)
¢c6 YN o
From Eq.(2.37) and Eq(2.39, thefollowing equation is finally derived:
Bl S o (2.39)
0 ¢O no

where Cparethe capacitance per unit area@at 1t and voltage per grainyp , is assumed
as® 67¢, wheren is the number of grain, which is assuntecbe ¢ & ' ‘Jis the

average grain size amds the distance between electrade

2.7 Characterization of Trap Statesin a DSB

2.7.1Overview of Deep Level Transient Spectroscop{DLTS)
As shown in the previous section, the trap states at the grain boundaries play impogant role
in determining the properties of DSBeepLevel TransientSpectroscopy (DLTShasbeen

wi dely used to dréimheaet eni za t hendubta@sdtdvpsg ap

19
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introduced byLang and initially applied to characterizerpjunction or Schottky barrier
diode®’ It has been applied to investigate trap stateheinterface of MOS capacitcs;>*>2
thegrain boundaries of electroceranfietandin thebulk of organic semiconducto?$Thus,

DLTS shouldbeapowerful technique to characterize the trap statéSB.

2.7.2 Physical Background ofDLTS

The electron density at the trapergylevel can be described in terms of electron
hole geneationrecombination statistic®. The number of electramat the trap level in the

band gap,¢ is defined as:

] Q0 (# of electrostrapped peunittime)
(2.40)
I (# of electrors emitted pewunit time)
The frst term in Eq.2.40) can be described in terms of

‘jj_rtl =(c,pn +e,p)- (&N - op) = (@n- &)N: - n)- (c,p+e)n, D

where p andn arehole and electron concentratgin the valence and conduction bands
and @ are capture coefficiestfor holes and electros and'Q and 'Q arethe emission
rates of the holes and electroa A schematiaepresentation of tiap and emission process is
described in Fig. 5. Here,thetotal density of trag 0 , is defined as) € 1N .By

takingtheintegral of Eq(2.41) ¢ is obtained as follows.

3t
p‘é‘e 78@ (2.42)

_—

(Cnn + ep)NT %_ ex
e,n+c,n+e,+c,p¢

+

Q
0

. (t) = n, (0) expge ,

In the case that electron trpmg from the conduction band is dominanf) | 'Q andfor
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ann-type material ( | 1), EQ.(2.42 becomes

QOO

(2.43)

n; (t) =n; (0) exp% i§° \= exr% t
& 1.2 ¢ L.

where T k pj’Q. Now, the relationship betweeh and YO 'O 'O is considered.

In general, electron emissionttee conduction band is given:&%

E-.-E
e, =c,n=5 Vv, N. exp(- —CkT 1) (2.44)

where electron thermal velocityp , and effective density of states in the conduction band,

N is defined as

_|3KT
th = We (2.45)
3KT
N = 2(?9)3’2 (2.46)
Thus, if constant number, is definedasr 0 0 1Y, Eq (2.44 becomes
feTz - eXp((Ec - ET)/kT) (2.47)
93

The amount of charge released within gate ti¥e, is described as follows based on
Eq.2.43

Yo 0 AQD% AQD% (2.48)
whereQi s a constant and UY0i &0t he igsimphegivenonst an't
by solving? ¥0j1 t 1 as %7

T1j0 (2:49)

21



The simulation result of théeemperature dependence ¥6 as a function oft is shown
in Fig. 2-6. TheDLTS peak, Y0 shifts towards lower temperature with the increase of
t . Then thepeak positionTm can be obtained &¥0 Y0 , andatrap level, YO can

be determined from the slope bfIt Y againstpT'Y.

>

Pt

™

X

Figure2-5: Electron energy band diagram for a semiconductor with-teagh impurities.
Cited from refs55
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Figure 2-6. Simulaion result of DLTS. The inset represghtandt, defined in Eq. (248).
sn=10"2 (cnP), r =10 (cm?s'K?) andE.-E; = 0.25(eV) were assumed

2.8 D.C. Conduction Modd in Dielectrics

For a d.c. conduction analysisnany studies have been perforn@dboth doped
SITiO; (STO) and CCTO byimpedance spectroscaify?® 1-V measurement with
bicrystak,®®®® and microelectrodé€s®? It has been clearly shown that they have IBLC

structure: the grain boundaries are much more resistive thamtype grains and the nen

linear I-V characteristics arassociated wit t he gr ai n b oawnbalrdary e s .

' i mi ted curr entdfgr &8 dc Fonduction in ¢he [BleCcbulk ceramics.
Despite GBLC having been investigated in some ferroelectric thin film dé¥faseryfew

GBLC studies has been reported for the IBLC bulk ceramics.
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Since the grain boundaries are veryistage, theoretical expressisfior the leakage
current in the dielectrics may be applicable for the GBA.Schottky emission (SE) current

is expressed &

0 %o ] ®
0 'd“YA@%T,,\? P AQD%,Y (2.50)

where E is the electric field between electrodés, is the effective Richardson constant,
%o is the Schottky barrier heightQ is the Boltzmann constantj is the electric charge and
V is applied voltage. Whethe applied volage is suftiently large, Eq.(2.50 can be

expressed 445566
rO T J (y
00 Y A QIab—,,Sm (2.51)

Though Eq. (51) is often used to describe electrduheited conduction, it is also used for
the d.c.conduction through the DSB%8

The PooleFrenkel (PF) conduction mechanism is also possiblehiére are
electron trap centers at the DSB interfacdsF conductioncan be interpreted as elfl-

assisted thermal hopping aepressed &8§6°6¢
rO T r (y
e OA QTBT\?OO (2.52)

where %o is the trap level at the insulating layer. Whetheh e s ampl eds behavi c

described bySE or RF can be determinettom the slope (=f j ' Q"Yin the SE plot
( TG°Y O@O. TheP-F plot(, 1O O@O). Thet in Eq (251) and (2.58can be

expressed 86566
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I I (2.53)

where - is dynamic permittivity K € ). € is a refractive index for STO and CCTO.
Then, — can be extracted from the slope of a SE aiiddifot. TheSE should give the-
T while the PF should give a- p.

Whena high voltage is applied, electrons could tunnel through the DSB. It can be
expressed by Faer-Nordheim (FN) tunneling equatict§°¢

Ve OA@DBrj0o
(2.54)

where "Qis the Planck constant and” is the effective mass of tunneling. TheNF
tunneling through the DSB was observed in ZnO varistorghat is quite different from SE
and RF is that FN tunneling is a temperature independent process. Furthermore, a linear
relationship should be shown iafNFplot (| TGO O @ O).

The conduction analysiin STO and CCTO systebased on Eq. (2.5R.54) have
beenmostly reported in thin film devices. The SE is dominant in STO thinffiémdeither
SE and PF could be dominant in CCTO thin fildepending on the sample thicknésghe
simple application of these conduction madel GBLC may not be valid. This is further

discussed in Chapter 3.3.4.
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2.9 Polaronic Hopping

2.9.1 Temperature Dependence of Hopping Gnductivity
When theresistance of the GBs is less or comparable to thahefyrains, the
contribution from the grain should be considered for the conducteshanismFor such a
bulk-limited conduction fipolaronic hopping conduction is often used to describe the
conduction in an ionic crysta/crystallites The electrons are often localizethe to a
Coulombic force from surrounding ioriEhe movement of electrons from one localized state
to another requires lattice deformatipresulting in the new equilibrium statd@hepotential

energy,® 1 , is described ag?

?_ PP (2.55)

where @ i N ji- in the case that the surrounding iom cannot move. The
contribution fromthesecond term reswfrom the fact that ions move slower than electrons.
For electron transport, one should consitherprobability rjhto move from one localized
state to a different localized stabe this case,j should depend oitnefollowing factors; (i)

the Boltzmanrfactor, A @D wj Q"Y wherew is the energy difference betweehe two
states.(ii) a factor for the overlap of the wave function&,@Bg 'Y, where'Y is the
distance between two localizethtes and| is the decayength ofawave function. (iii) a
factor forthephonon frequency, . The factors (i) and (ii) give two possible paths, hopping
over a potential well or tunneling between two localized st&igshermoredue toelectron

phononinteractionsfactor (iii) shouldalsobe considered. Ther) is simply given as’®
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n ° AZPoOjQY@bg 'Y (2.56)
Conductivity,,, i s gi ven by Epnsteinds relationshi
.88 NNAYUL O (2.57)
where 0 ‘O is density of states at a Fermi levat. a high temperature, the Boltzmann
factor should be much larger than the tunneling factor. In other wbedsppping motion is
dominant inthe high temperature regime. Thtisgtemperature dependence of conductivity
should have a thermally activated form
, 8s® AGPwjQY (2.58)
The most favorable hopping sites wouleextnearest neighbors.
At low temperaturg thermal energy is sma#lo that it may become preferable for
localized electrons to tunnel to more distantssibe this casethe temperature dependence

of thetunneling factor should be consideréd.

()] o
¢ = Yooy (2.59)

Theconductivity resulting from Eq.(2.96(2.57) and (2.59% given as

. 8s® AGDY] YT (2.60)
and "Y isaconstant. This type of conduction is referred to as variarige hopping (VRH).
Though VRH model has successfully explained the conduction in amorphousedald
oxidesthetemperature dependenakLn, g5 on-1/4is not universal*°Hill proposed the
following relationship to obtain the temperature dependéhenore generalized form of

Eqg. (2.60)can be reewritten as
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. sg® ADDY]Y (2.61)

The activation energyO , is definedrom theslope of Arrhenius plot

. ¥ Ai ’L 88

O k A oTY (2.62)
Eq. (261) and (262) result in

08 qyay (2.63)

Thus, aplot of I TG against] 1"should yield (im). Thus, temperature dependence

exponenim can be experimentally determined.

2.9.2 Frequency Dependence of Hopping @nhductivity

In the presence @na.c. field, O g4 the polarizationP, is given as follows?

. OgOAT-§QY
)

p AGPoOTQY (2.64)

where OA | -Garethe dipole momento the direction oEac. ¢gis difined as theveraged
angle to'O g4 By introducing an average tinie,, for a transition between two statesid

assumingw QY p, thefrequency dependence of conductivity is giveri?d$

R I ﬁéza; (2.65)

— _ 2.66
] .Q.,$®D,Q.,Yp 7 (2.66)

and O is aconstant.
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Chapter 3Development of DSB duringan
Oxidative Annealing in (Mn,Nb)Doped SrTiQ
IBLC

3.1 Background

As discussed in Chapter 1.1, Sriitased IBLCs have been utilized faore than 50
years. The IBLC struare is generally obtained byZastep heat treatmenin which the
sample idfirst sinteedin areducing atmospherdollowed by a shorbxidative annealing.
Nb-doping iscommonly used to assist in inducitige semicondcting grains. Mrdoping is
also used to enhance the IBL characteristics. The initial motivétiothis study wa to
investigate the particular effectiveness of-bwping!’ The valence state and trap level of
Mn should be investigate@ecause hese propertiesan be altered by series of different
heat treatment conditignit is important tobetterunderstandhow they are changed during
the oxidative heatr¢atment, and how the resulting change of Mn propedifest the
microstructure and electronic structuf@e structure property- processing relatiorshould
give important insights into the development tife optimizedperformanceof barrier layer
capacitors or colossal permittivity dielectrigg important aspect of thiinvestigatioris to
understand the barrier mechanism, gajinsight into breakdown arttiecontroling factors

for theIBL characteristics.

3.2 Experimental Procedure

The specimens were prototyped by a conventional mixed oxide process. The starting

materials used in this study were reaggmatde SrC®and TiQ (99% and 99.99% purity,
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respectively; Alfa Aear). The starting materials were dried at 220for 24 h to remove
absorbed water. These dried powders were then accurately weighed to a stoichiometric
composition of SrTi@and mixed with 0.6mol% NiDs, 1mol% TiQ, 1.0mol% MnQ, and

10wt% ZnOB:20s3 flux with zirconia milling media and ethanol by ball milling for 24Tihe
powders werghendeflocculated and wengreparedor tapecasting First, the mixture was

ball milled with vehicle A (5wt% polyvinyl butyral and 95wt% MEK/ETOH organic
solvents) for 24ours to dispersthe powderwell in thevehicle tomake theslurry. Second,

the slurrywas ball milledwith vehicle B (22wt% polyvinyl butyral, 10wt% plastizer and
68wt% MEK/ETOH organic solvents) for 24 h. The resultantaied slip was then tape
caston a green sheet of 3pm in thickness usinthe doctorblade method. Platinum paste

was screen printed as the internal electrode onto green sheets, using 350 mesh stainless steel
screen. Printed sheets were then stacked and pressed aiiba square mdl, successively

using isostatic laminators. The green chygsecut toasize correspondingp the5 mmx3.5

mm final chip sizewith one active layer. After debinding at 530 for 8 h, the green chips

were sintered at 1400 for 5 hoursin a 5% H/ 95% N forming gas (O, ~ 102 atm).

The assintered samples underwent reoxidation in a cube furnace atC200 20 minutes

to 10hours at a heating and cooling rat&dE /min in airln addition, (1.0 mol% Mnyoped

SrTiOs and (0.6 mol% Nbpoped SrTi@, without adéd Nb.Os and MnQ were also
prepared under the same conditiddisk-shaped samples without inner electrodes were also
prepared for Xray diffraction measurement. The powder was prepared by the same process
described above and thpressed int@ disk-shaped pellet without any binders. The pellets

were further pressed using cold isostatic pressing. Thesteed samples were reoxidized
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in air for 60 and 600 min after the sintering process.

X-ray diffractoneter (XRD) (PANalytical Empyreamyith CuKUL radiation
(e=1.5406A) was utilized to identify the crystal structure. The sintered surface of the samples
was first polished and then scanned at 0.02° intervalg) @i the range of 1i0r0°. Grain
morphology was observed via Scanning Electvberoscopy (ESEM, FEI, Hillsboro, OR).
Average grain size was obtained based on the measurement gfi@¥adf grain sizes by
Image J° Microstructural and chemical studies were performed on both segregation layer
and grain repn using a TITAN (FEI, TITAN G2 6600 kV) microscop equipped with an
Electron Energy Loss Spectrum (EELS) system operating at an accelerating voltage of 200
kV. Samples annealed for &b 600 (min) were chosen to understand the change during the
annealng. Cross section specimens for transmission electron microscopy (TEM) were
prepared via standard procedures, including mechanical thinning, polishing, and ion milling.
The specimens were polished down to 20 um, and then mounted on molybdenum grids. The
foils were further thinned with an Aon mill (Gatan, PIPS II) until an electron transparent
perforation was formed. A cryogenic stage was used to cool the specimen to the diquid N
temperature during ion milling to minimize structural damage and artifdatsostructural
and chemical studies were performed on a TITAN (FEI, TITAN G3®&D kV) microscog
equipped with an Energy DispersiverXy Spectroscopy (EDS) system and an Electron
Energy Loss Spectrum (EELS) system operating at an accelerating \afit2@ge kV. The
EDS mapping and EEL&easurements were achievada scanning transmission electron
microscopy (STEM) modé monochromatowas used to ensuaelequatenergy resolution

in theEELS experiments, and the haffaximum height of the zefloss peak was 0.175 eV.
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The relative sampl e t hi ck nlesssectrummswasbstiveermat e d

030.5 (& is the inelastic scatter irandpm me an

fluctuations of the signal along the energy loss sctile,zeroloss peak was also
simultaneously recorded by employing the attached-BE&&IS instrument

The capacitance of the samples was measured over a frequency rangeH ttO0
MHz usinga computercontrolled LCR meter (HP4284A, Hewldtackard, USA) at room
temperature. The d.c. currentltage characteristicwere measured at room temperature
with a pA meter (HP 4140B, Hewlett Packard, USA). The current was measured after
applyingad.c. bias for 1 (min).The Q-DLTS characterization waperformed in a home
madecharge measuremesystent® Partidly dopedsamples were used in addition to (Mn,
Nb) dopedSrTiOs in order to investigate the naturetbétraps. In this studya 100 ‘ slong

voltagepulsewith amagnitudeof 1 V was applied.

3.3 Resultsand Discussion

3.3.1 Microstructure A nalysis

A discshapedspecimen was used for the XRD measurement because the chip
specimens were not large enou§ig. 3-1 showsthe XRD pattern of the disshaped (Mn,
Nb)-doped SrTiQ capacitors annealed for @ 600 min.The cubic symmetry of SrTi@is
detected in both specimens arukecondary phase was observed. The chip specimen {single

layer) annealed for 5600 minutes will be used for the rest of this chapter.
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Figure3-1: Measured XRD data fatiscshaped (Mn,Nbjloped SrTiQ capacitors
annealed for 60 min (a), and 600 nfiitom Wei Ting Chen).

Fig. 3-2 (a) and (b) show SEM images of (MNb)-doped STO single layer
ceramics annealed for 20 and 200 rifinedistance between electrodes was confirmed to be
almostthe same inthesetwo specimens. The average grain s@efor these two samples
was obtained fronthe intercept of gram . Fig. 33 shows the distribution of grain size for
each specimen. The gnasize in the specimen annealed for 20 min shaaverbader grain
size distribuion, but no significart change in'’J was observedp & ¢ o 1ti and
p & m o® ¢ mforthe20 and 200 min specimgmespectively. Few differences are noted
betweenthe two specimens, since the gragrowth probably occurred mainly during the

sintering process. The annealing process, performed 200 °C lower than the sintering
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treatment, did not affect the grain size. In this work, we assumetfue the (Mn, Nb)-
doped STGsamples with different annealing timisbe ~15f m. As can b seen in Fig.-3

2, 34 grains betweetheelectrodes should keereasonable number.

Figure3-2. SEM micrograph of (Mn,NbjlopedSrTiOs ceramics annealed for (a) 20 minutes
(b) 200 minutes.

34



Figure3-3. The distribution of the grain size (Mn,Nb)-dopedSrTiOs ceramics annealed
for 20 minutes (top) and 200 minutes (bottom).

Figure3-4 (@) and 34 (b) showthe elemental mapping near the grain boundary by TEM
in the samples annealed for 60 and 600 (pm@gpectivelylt revealsa Mn and Nbrich

phaseat the grain boundary in the G@din) annealed samples, as shown inRiggire 34 (a).
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