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Abstract

As part of a continued push for high permittivity dielectrics suitable for use at elevated
operating temperatures dod large electric fields, modifications of BaTiOwith
Bi(M)Os, where M represents a net-trivalent B-site occupied by one or more species, have
received a great deal of recent attentibfaterials in this composition family exhibit
weakly-coupled relaxor behavior that is not only remarkably stable at high temperatures
and under large electric fields, but is also quite similar across various identities of M
Moderate levels of Bi conteigas much as 50 mfial) appear to be crucial to the stability

of the dielectric responsdn addition, the presence of significant Bi reduces the
processing temperatures required for densification and increases the required oxyge
content in processing atmospheres relative to traditional X7R-type Bhasged

dielectrics Although detailed understanding of the structure-processing-property

relationships in this class of materials is still in its infancy, this article reviews the current
state of understanding of the mechanisms underlying the high and stable values of both
relative permittivity and resistivity that are characteristic of BaIBiIM)Os dielectrics

as well as the processing challenges and opportunities associated with these materials

Introduction

In the continual quest for increased integration, efficiency, and process
monitoring, electronics systems are being subjected to increasingly harsh operating
conditions One key class of components that has received a great deal of attention over
the past decade is capacitors that can operate efficiently and reliably unddreldsge

and at temperatures200 °C'* For example, devices built around wide bandgap
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semiconductors such as SiC and GaN can operate with greater efficiency, higher
frequencies, and higher powers than their Si-based counterparts, but even these more
efficient devices dissipate sufficient heat that active cooling is often required in order to
accommodate the operating temperature limitations of nearby passive components such
as capacitorsSuch temperature concerns are only exacerbated with passive components
for which high power operation in the 10s of kHz frequency regime results in non-
negligible self-heatingThus, low-loss ceramic capacitors with low equivalent series
resistancéESR) capable of operating reliably at temperatures of 200 °C and above are of
great interest

BaTiOs;-based compositions remain the workhorses of high permittivity ceramic
capacitors, but as maximum rating temperatures have crept from 125 °C of the X7R
specification to 150 °GX8R), and 200 °C(X9R) or above, manufacturers have been
forced to abandon traditional approaches to engineering temperature stability. The wildly
successful approach of using core-shell dopant profiles to smear out spatially-graded
phase transitions and associated permittivity maxima is insufficient for operating
temperatures substantially above the Curie Temper@lgréhe temperature at which the
transition between a cubic phase above amd a non-cubic phase belowcTis
accompanied by a large maximum in relative permittivityz for BaTiO; is
approximately 125 °C While the solid solution of BaTi©and PbTiQ seems to provide
a simple method for shifting the temperature maxima to higher values, both the difficulty
of cofiring Pb-based materials with low-cost Ni electrodes and the parallel push to
eliminate Pb from such compositions for environmental and health concerns further

complicate the situatiorAt present, three types of dielectric materials seem poised as
3



potential candidates to lead the push above 200 °C operating temperéheas
dielectrics such as CazgOand alkali-free glasseé® Pbfree normal ferroelectric
(potentially mixed with antiferroelectric compoundkat exhibit higher ¢ values than
BaTiO;°** and a recently-developed class of weakly-coupled relaxor dielectrics based on
Bi(M)O; additions to normal ferroelectri¢s™ Other reports have summarized the
performance of these various classes of matetialé® the current work examines the
structure and processing origins of the rather unusual properties of the last category, with
a particular focus on BaTiBi(M)O; materials, where M represents one or more
trivalent cations able to occupy the perovskite B{&tg, M= Fe, Sc, In, Ga, Al,..) ora
stoichiometric ratio of non-trivalent cations that average out to a trivalent equivalent
(e.g., M= Zny;Tiy, MgzsNbys, ...). In order to appropriately frame the weakly-coupled
relaxor dielectric response of these materials, we compare their betataditional
ferroelectric and prototypic relaxor behavior

Ever since its discovery, BaTiChas been one of the most widely studied
ferroelectric materials, antremains the cornerstone of the capacitor industry totlag
BaTiOs crystal is stable as a cubic perovski®Bm) above E (=130 °Q and follows

the Curie-Weiss law

(V)
where g, is relative permittivity, C is the Curie constant, T is the measurement
temperature, andcTis the Curie temperaturdVith further decreases in temperature,

BaTiOs; transforms from tetragonal symmety?4mm) to orthorhombic symmetry

(Amm2) at ~ 5 °C and finally to rhombohedral symmetR8m) at ~ -90 °C Each of



these phase transitions is associated with a frequency-independent anomaly in dielectric
constant(Figure 1(a)). On making chemical substitutions onto the @+ B-site, a
crossover to a relaxor state often occurs, depending upon the type and mole fraction of
the substitutionIn general, after substitution, these transition temperatures shift and
become broad, leading to a diffuse phase trangiBb&T). A DPT is different from a first

order transition in normal ferroelectrics, as it starts to show deviation from the Curie-
Weiss law at temperatures abovgax(Figure 1(b)). It does not, however, exhibit the
frequency dispersion at the permittivity maximum which is characteristic of relaxor
materials Close to the dielectric maximum, the permittivity) can be described by the
following equation as suggested by Santos .ét @ne of the several functions proposed

in literature,

§ = @

where, ¢,,,,, IS maximum permittivity,§ describes the degree of diffuseness (
parameterized description of the temperature breadth of a phase transitiody
describes the type of transition which increases with the increase in mole fraction of
chemical substitution from a value of 1 for a normal ferroelectric towards 2 for a
complete DPTALt even higher levels of substitution, the solid solution becomes a relaxor
with a characteristic frequency-dispersion at the dielectric maxiigure 1(c)), and

follows the Vogel-Fulcher lak? ?%in general

f = foexp () ®

k(Tmax—TF)
where f is the measurement frequendy,is a fitting parameterk is the Boltzmann

constant, and, is activation energyin BaTiOs;-Bi(Zny2Ti1/2)O3 (BT-BZT) ceramics, for
5



example, this crossover from normal ferroelectric to relaxor takes place aroun&8 mol
BZT. For isovalent substitutions, the mole fraction of substitutions required may be
higher, as they are expected to create relatively less disorder than aliovalent®¢ations
The type of substitution not only determines the degree of crossover to relaxor behavior,
it also regulates technologically important material properties like the temperature

1 0¢

coefficient of permittivity(TCe = ar)'25 For BT- Bi(M)O3 ceramics in general, it has

&

been found that as the amount of substitutBii* for B&" and M* for Ti*") increases,

the permittivity becomes more stable with temperature and the absolute valae of T
decreases, which can be further manipulated by introducing ternary or quaternary
perovskite end-members to the solid solutibAs?’

Typical ferroelectric materials, such as BaJi@hd PlZr,Ti14)Os3 (for x £0.95,

BT and PZT, respectivelyare characterized by a sharp peak in relative permitiisity
often on the order of ~10-15,08p associated with J. Above T, the permittivity
follows the Curie-Weiss LayEquation J.

In certain cases, the compositional and site disorder that accompanies solid
solutions produces an g(T) relationship that deviates from Curie-Weiss behavior abgve T
and produces a broad frequeniependent &(T) curve that is characteristic of relaxor
dielectrics®® 2° 3° Research on relaxor behavior was first reported in B&B&BnQ in
1954 by Smolenskii et al. along with early reports on Bi-based reldxdmst the
majority of research on relaxor materials has focused on Pb-based solid solth®ns
earliest studies of relaxor materials focused on chemical disorder on the perovskite B-site

(e.g., Ba(Ti,Sn)Os, P(Mgy3,Nby3)03, K(Ta,NbOs) with essentially the same physics



successfully applied to materials with A-site disorder, suctiPisLa(Zr,Ti)0s.%"
These studies invoked the concept of polar nano-regi®eN&fs, which are nanoscale
regions of polarization within a non-polar matrix in order to explain the frequency-
dependencé” **%° Recent interest in the development of Pb-free dielectrics has led to the
discovery of a new family of materials that have been classified as weakly-coupled
relaxors The frequency-and temperature-dependent dielectric response of these
materials can be described by the Curie-Weiss and PNR model applied to traditional
relaxors, but Vogel-Fulcher analysis reveals activation energies that are roughtiean or
of magnitude higher than in traditional relaxors, related to the ungsodldesirable
temperature stability of permittivity above,>® Figure 2 provides an example of
relative permittivity as a function of temperature for 0.50BafiQ@5Bi(Zn/2Ti1/2)Os-
0.25BiScQ (0.5BT-0.25BZT-0.25BS) and demonstrates the significant difference in low-
field permittivity of these materials compared to that of prototypic normal ferroelectrics
(BaTiOs) and relaxors(Pb(Mg/aNby3)Os, PMN), shown in the insetin addition to
temperature stability, materials in this BIcM)O; family of weakly coupled relaxors
also frequently exhibit attractive stability under large electric fi¢klgure 3. While
permittivity values for BTBi(M)O3z materials start lower than many traditional optimized
BaTiOs-based capacitor compositions, tuning is much less severe in these materials, such
that at high fields they tend to maintain higher permittivity values than other known
materials Furthermore, both the resistivity and activation energy for charge transport in
BT-Bi(M)O; materials tend to be noticeably larger than values seen even in highly-
engineered commercial compositiaifsgure 4. This is particularly important because it

implies that these materials could be significantly more reliable when operated at the high
7



fields and elevated temperatures at which their properties exceed those of traditional
high-permittivity materials Intriguingly, the measured activation energies for these
materials are commonly approximately half of the optical band gap, characteristic of
conduction dominated by thermally-activated intrinsic carriers rather than carriers from
either intentionally-doped or unintended impurities or point defdtts is particularly
unusual for complex ceramics with volatile cations fabricated across a wide variety of
compositions by a number of different groups around the worft

Development of Ni-compatible BaTibased multilayer cofired ceramic
(MLCC) capacitors with X7R temperature stability (X7R is a designation from the
Electronic Industries Alliance, EIA, that indicates a variation of permittivity of no more
than+15% over the rated operating range of -55 to 1@5similarly, Y5V designation
applies to capacitance variation less than +22 &6 -between —30 and +85 °C)
represents one of the great materials engineering accomplishments of recent. decades
This temperature stability is made possible by the development of carefully-controlled
compositional gradients that form the well-known core-shell structure within individual
grains of the microstructure, resulting in ‘emearing out of the structural phase
transitions present in BaT§OSimilarly, though there are significant ongoing efforts to
reduce long-term degradation, control of defect chemistry to enable lgveqif®ing
with nickel electrodes while retaining reasonably high resistivity is a truly incredible
achievementWhat makes the properties of HBIi¢M)O; dielectrics especially intriguing
is that both this temperature stability and compensation of inevitahiged and mobile
defects appear to happen intrinsically, with little to no engineering required on the part of

the fabricator



A number of publications have surveyed the high temperature dielectric
performance of various materials systems including several members of BgNB)D3
family, the most recent being from Zeb and Mif&he scope of the present work
instead focuses on the structural and microstructural effectglf)®@i additions to BT
in order to elucidate the origins of the interesting and unusual properties of these
materials Specifically, we highlight recent insights into the local and average atomic
structures, detail phase and microstructure development during processing, and discuss

proposed mechanisms underlying the observed properties

Structure
Crystallochemical Relations in BaT4O Bi(M)O3; Materials

The long-range structure of BaTy@BT) is well understood, and at 300 K it can
be described by the R¥n space group with lattice parameters ef 29909529) and c=
4.03523) with ac/a ratio of 1011%" In tetragonal BT, the B4 cations are found at the
symmetric(0,0,0 unit cell corner positions while the’Qoctahedral and 1i cation are
shifted in antiparallel directions by @8 A, which is the origin of the spontaneous
polarization®’

While the structure of tetragonal BT is relatively simple, the structures of Bi-
based perovskites are generally more complex, and any ferroelectric properties cannot be
attributed exclusively to B-sitéistortions Many studies have found that in Bi-based
perovskites, the Bi cation is offset from its symmetric position; this offset of th& Bi
cation has been observed in pyrochlores as well, suggesting that this phenomenon is not

limited to perovskite structuré&*® Several reports on the widely-studied l¢gt)-free
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ferroelectric material N@Bi,TiO3 (NBT) have demonstrated that the"Biation is off-
centered within its 12-fold ©coordination environment, which creates a bimodaDBi-
bond length distributiof™*® In crystallographic refinements, such®Biisplacements
(i.e, “static disordeh) are often observed as unusually large atomic displacement
parameters in Bior NBT-based materiaf§' *° Furthermore, it has been shown that, in
NBT, the direction of the Bi displacement will reorient to align with an applied electric
field.*® Generally, behavior of the Bi cation is attributed to its relatively small ionic
radius(1.31 A) compared to other A-site cations like?Bél.61 A) or P (1.49 A).4" 48
When BT is modified with a sufficient amount of (B)Os;, a pseudocubic
structure is observed; this transition typically occurs when the mole fractioriMj@i
is between @5 and Q152" 3% %% |n the literature botttcubic’ and “pseudocubit are
used to describe the BBHM)O3 phase, and in this section it will be evidenced that
pseudocubic is the more appropriate te¥ife define pseudocubic as the followirey
structure which appears cuboy X-ray or neutron diffractior(i.e, no apparent peak
splitting), but has one or more of these featurBsnearly-cubic lattice parameters but
atomic displacements within the unit cell that do not obey cubic symmeétigitize
distortions at the local scale whi¢laverage otitto cubic (or nearly-cubig 3) subtle
distortions that are not resolvable with the instrufg@ntised Figure 5(a)shows a
generalized phase diagram for BI(M)O3; systemsFor pure BT at the left side of the
phase diagram, the structure from 5-120 is tetragonal(P4mm) and at higher
temperatures the structure is cuidBm). All BT-Bi(M)Os; material systems discussed
here undergo a phase transition at room temperaturethe tetragonal Fdm phase of

BaTiO; to a phase-pure pseudocubic perovskite phase with increasii)CBi
10



concentration This pseudocubic phass typically maintaired to ~Q4 Bi(M)O3 before
impurity phases are observethe BTBi(Zny»Zr12)Os; systemis the singleexample
found by the authors where another phase is observed atBihiyhOs content; a
transition from a pseudocubic phase to an orthorhombic phase in addition to the presence
of secondary phasésr x> 0.40 was reportetf

Tolerance factor may be considered as one variable which should influence the
concentration at which B¥l)O; becomes a pseudocubic phaBee tolerance factor, t, is

defined as

_ ra+ro
L= Boetro) ()

When equal to 1, the perovskite structure should exhibit the cubic.pfias¢hen larger
than 1, tetragonal phases are expected, and when smaller than 1, rhombohedral or
orthorhombic phases are expected

The tolerance factor of BT is.6, which corresponds with the tetragonal phase
observed at room temperatufégure 5(b) shows the compositional limit of the BT-rich
P4mmphase plotted against the tolerance factor of vario(d)Bi; compoundsThere is
a trend of moderate strength between the two; th@)B; compounds with lower
tolerance factorsi.e, further deviation from the tolerance factor of BT, as shown at the
top of Figire 5(b)) exhibit lower compositional limitsThis behavior is what one would
expect; the lower the tolerance factor for th@vBO; compound, the smaller the fraction
of the B(M)O3; compound required to induce the pseudocubic phase

It is a curious feature of the BBHKM)O3; material systems that they consistently

form pseudocubic phases seemingly regardless dfithation or cationsNot all of the

11



Bi(M)Os compounds discussed here have been synthesized in puteirfdiant, their
synthesis routes typically require high pressures, which is why they are often referred to
as “unstable perovskites”. Despite this, several have been synthesized in phase-pure form
and are reported to exhibit a variety of structuFes example, BiZn,;Ti12)Os (BZT),

which has been formed under 6 GPa at 900 °C, exhibits a highly tetragonal structure with
ac/a ratio of 1211 and a spontaneous polarization of 150 pC/cn, of which both values

are exceptionally larg® In this structure, the Bi cation is shifted 88 A towards one
square face of its 12-fold coordination environm@d A further than PE is shifted in
PbTiGs), resulting in essentially 4 short Bi-O bonds, 4 intermediate Bi-O bonds, and 4
‘absent Bi-O bonds™ The highly tetragonal structure reported conflicts with the
rhombohedral or orthorhombic structure expected from the tolerance factor guidelines
(for BZT, t = 0.925). However, first-principles calculations have demonstrated that the
rhombohedral structure is not the lowest energy due to Couwompulsion of Bi and

Zn, and instead the highly-distorted tetragonal structure is stabifi&tilarly, phase-
pureBi(Mgu,Ti12)Os (BMT) has been synthesized at 6 GPa and ~1000 P@spite any
apparent similarities between BZT and BMT regarding chemistry and processing routes,
the structure of BMT is quite different from that of BZT; it is best described by the
orthorhombic Pnnm space group and exhibits antiphase tilting as well as antiferroelectric-
like displacements of the Bication of ~21 A ®° First-principles calculations also report
octahedral tilts and off-centering of both thé*'Band B-site cations for BM¥® In this

case, the tolerance factor guidelines can accurately predict the structure oftBMT
0.929); this is attributed to the weaker Coulombepulsion between Bi and Mg BZT

and BMT are just two examples tdinstabl& Bi(M)O3; perovskites that can be alloyed
12



with BT, and though they have very different structures in pure form, they have similar
tolerance factors and both induce a pseudocubic structure: &0¢ in (1-x)BaTiOs-
XBi(M)Os.

Within the class of BTBi(M)O; materials, a recent study on 0.6BaFiO
0.4BiScQ, which used a combination of multiple experimental datagétsay and
neutron total scattering and pair distribution functidBF9, extended X-ray absorption
fine structure(EXAFS) for the Bi and Sc edges, and diffuse scattering in electron
diffraction patterng has revealed many structural detalitsthis composition, the larger
Ba&®" and SE&' cations create oversized A-site cages for thé Bn, which leads to off-
centering of theBi*" caions in order to create short Bi-O bonds and relieve the tensile
bond strairf’ It was found that botiBi*" and T cations prefer displaced sites with
specific distributiong14 sites for Bi" and 8 sites for Ti) and that there are correlations
among the directions of the displaceméhfEhe authors of the study proposed dynamic
hopping among the different sites as a possible mechanism for dielectric relakagon
concurrent hopping of both BiandTi*" within this chemically disordered system would
have a very broad distribution of relaxation times, which concurs with the strong
frequency dispersion found in the relative permittivity as a function of temperature as
well as the anomalously-high Vogel-Fulcher activation energies that led to these
materials being referred to as weakly-coupled relakd?dhe preference of rattling Bi
ions to displace to specific sites in terms of both angle and displacement in much the
same way as the “iions inspired the phse “double rattling ion model” to describe the
phenomenon. This is in contrast to the manner in whichH Rims are commonly

described to displace to varying magnitudes in somewhat less-restricted direcBdns in
13



based relaxor dielectrics. It should be noted, however, that an earlier computational study
did suggest a weak preference for distinct sites for displacéddPis®® so it is possible

that the apparent differences between th& 8id PB" displacements in these systems

are more related to experimental resolution and magnitude of effects than to completely

distinct phenomena.

Case Study on a Representative System

In this section we present a detailed structural study on the s¢stefT-xBZT,
which is a representative BB{M)O; systent® Previously, the phases present in the
x)BT-xBZT system have been reported to be a tetragonal phase<@@8xand a
pseudocubic phase for greBZT contenf’ The results here focus on two compositions
of (1-x)BT-xBZT, one on each side of the phase boundary, using high resolution X-ray
diffraction (HRXRD) and neutron total scattering, which is converted into PDFs
HRXRD yields the average, long-range structure of these materials, and the exceptionally
high resolution of the synchrotron X-ray diffractometer allows the observation of subtle
structural distortiond® In contrast, analyses of the neutron PDFs reveal ‘Il
structuré of the material(i.e, the local coordination and bonding environments and
atom-atom distances from 0 to ~75.Both measurements are spatial averagas,
could not differentiate homogeneous from core-shell-type of heterogeneous stjagures
they record the signal from the entire sample volume

HRXRD patterns were measured on beamline 11-BM at the Advanced Photon
Source at Argonne National LaboratdfyCrushed powders of each composition were

loaded into Kapton capillaries and spun to achieve improved powder averaging statistics
14



XRD patterns were recorded at room temperature with a wavelengt®i8132 A,
using standard data collection protoc@0 keV, multi-detector range covering
approximately & to 52° in 20).

Samples for the PDF measurements originated from the same batch of powders as
those used in the HRXRD experimempproximately 6-8 g of each powder was loaded
into a vanadium can and neutron total scattering data were recorded for approximately 3
h at room temperature on the neutron total scattering powder diffractometer NPDF at the
Lujan Neutron Scattering Center at Los Alamos National Laboratotysing the
program PDFgetN (software used to calculate a PDF from neutron total scattering data)
the data were corrected for instrument background, incident neutron spectrum, absorption
and multiple scattering, were normalized, and the experimenta) (&e., the
experimental PDF) were extract€dTotal scattering data are typically presented as a
function of the scattering momentum transfer Q, wigere (4w sin8)/A, in whiché is

one half of the scattering angl® 2nd £ is the radiation wavelength. Based on the

inspection of noise levels in the data, the total scattering data were terminated3ét Q
A’ Due to the high resolution at highof NPDF, PDFs have clearly defined atom-atom
distancegpair correlationsto a high r-rangéapproximately 100 A

Combined Rietveld refinements utilizing both the HRXRD and neutron total
scattering patterns were performesing the refinement package GSAS with the
EXPGUI interface®’™* For a given space group or combination of space groups, the
lattice parameters, atomic positions, atomic occupancies, and isotropic displacement

parameters were refinedleast-squares refinements of the PDF data were performed

15



using PDFgui® Additional details regarding the experiment and analyses can be found in
Ref ®°,

The HRXRD and neutron total scattering patterns for B198.06BZT, which
lies on the tetragonal side of the phase boundary, exveadditional structural
complexity compared to prior studiess shown in the top panel of kig 6, three peaks
were observed for the (110) and (200) diffraction reflections, indicating that either an
additional phase is present or the symmetry is lower thamPds a pure RAm phase
would result in only two peaks for these diffraction reflectiohscombined Rietveld
refinement using both the HRXRD and the neutron total scattering dataecttiest a
two-phase mixture of tetragonal and cubic phases best fits thé7@aw® P4mm 30
wt% Pm3m), as shown in Figre 6. By utilizing a higher resolution probe, it was
discovered that this composition actually lies within a two-phase region, and is not purely
a tetragonal phase

For 0.88T-0.2BZT, the HRXRD and neutron total scattering patterns are shown
in Figure 7. A combined Rietveld refinement was first attempted in the cBRm8m
space group, as there is only one peak for each diffraction reflettmmever, this
model did not satisfactorily model the diffraction pattdfrihe structure is pseudocubic
and not truly cubic, it is likely that a lower symmetry space group would better model the
pattern Therefore, a combined Rietveld refinement with thenfdspace group was
trialed and found to provide a much improvéd The ¢a ratio remaiad nearly cubic
(1.0001415)), but the atomic positions of the B-site cations and tAeaBions were
displaced from those of the cubic perovskite structBre8m). The B-site catiofZn/Ti)

was shifted from the high-symmetry positiogf5, 05, 05) by ~Q018 (in fractional
16



coordinatey in the [00]] direction The O1 and O2 atomic displacements had a similar
magnitude but were displaced in the opposite directidns atomic arrangement is
similar to that of BaTi@

PDFsare sensitive to local-scale correlations of atomic displacements which are
not discernable in a long-range structure determined from Bragg diffraétidifs are
calculated from the sine Fourier transform of the total scattering data and yield the
probability of atom-atom pairs as a function of distan¢&) f®. The PDFs of 0.98T-
0.06BZT and0.8BT-0.2BZT were analyzed using a small-box modeling approach in the
program PDFguf® It was found that both compositions were best modeled through the
use of a single RAM phase In the case of 0.®|M-0.06BZT, the inclusion of the
secondary cubic phase observed via Bragg diffractiomdt improve the PDF fitThe
c/a ratio for the single tetragonal phase.B08962), which is similar to that of pure BT
For 0.88T-0.2BZT, it was found that theubic PmBm model did not adequately model
the PDFs, and changing to thenf space group provided a much improvedNibtably
different than the long-range refined structure, tlaeratio is 1006631), which is much
larger than the pseudocubi¢acratio obtained from the Rietveld refinement and more
similar to that of 0.9BT-0.06BZT and pure BT

As a result of the fact that the long-range structures determined from Bragg
diffraction and the local structures determined from the PDFs are different, it cad be sa
that(1-x)BT-xBZT exhibits a length-scale dependent structlire local structure differs
from the intermediate and long-range, average structimesrder to characterize this
length scale dependence, a box-car fitting technique was applied to the neutroim PDFs

order to refine the lattice parameters as a function of length. $cdlee box-car fitting
17



method, r-ranges of 10 &-10, 5-15, 10-20, 15-2570-80 A) were sequentially refined
The r-ranges selected were larger than a single uni¢-eelR) and overlapped with one
another This analysis method alled the structure from the smallest length scale
observablg<10 A) to the longest length scal@0 A) to be refinedFor example, in the 1-
10 A range, the structure was refined based on atom-atom distances which5amid-2
cells apartAny unit cell-level distortion would be appare@onversely, for the 70-80 A
range, the structure was refined based on atom-atom distances which5a2@ 1iinit
cells apartIf there were nanoscale regions in the material with distortions that varied
over a smaller length scafee., polar nano-regionsthe distortions would be averaged
out when considering atom-atom distances that are ~20 unit cells apart, and the structure
would appear pseudocubic

The box-car fits for four 10 A ranggd-10, 10-20, 20-30, and 60-70) Are
shown for 0.88T-0.20BZT in Figure 8The goodness of fitR,) and ¢a ratios are listed
in each panelThe ¢a ratios decrease with increasing r-ranges, fra@h382) for the 1-
10 A range to D00494) for the 60-70 A rangeThe lattice parameters as a function of
length scale for both 0.84-0.06BZT and 0.8T-0.2BZT are shown in Fige 9 as the
solid symbols, while the lattice parameters determined from the combined Rietveld
refinement are shown as solid blue lines for the tetragonal phases and a dashed pink line
for the cubic phase in 0.B4-0.06BZT. The lattice parameters exhibit a slight increase in
tetragonality at the shortest length scales for B198.06BZT, but then converge to the
long-range lattice parameteisor 0.8T-0.2BZT, the behavior is very differenAt the

shortest length scale, the same tetragonal distortion is present, but decreases with
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increasing length scal&or atom-atom distances > 40 A, the lattice parameters are close
to the pseudocubic lattice parameters determined from the combined Rietveld refinement

This analysis indicates that there are local-scale regions of tetragonal distortions
which are disrupted at increasing length scale, either through a variation in domain
orientation(the 2 definition of pseudocubjmr because of separation by a cubic region
Either case is similar to the polar nano-regi@NR9 thought to be present in canonical
relaxors such as PMMt the long-range scale, a pseudocubic lattice is observed, while
the nanometescale reveals the tetragonal distortions and atomic displacenients
appears that Bi and zZA#" contribute to local lattice distortiorsip to 10 unit cells but
also induce sufficient disorder to disrupt the long-range ferroelectric symmetry present in
unmodified BaTiQ.

To conclude the discussion of the structure of these materials, the BJEBi(M
systems discussed herein exhibit similar behavior in terms of both phase transitions and
dielectric properties. It appears that the addition of any one of many@j@mpounds
(or combination of compounds) to BT introduces sufficient chemical and positional
disorder to disrupt the long-range ferroelectric order present in pure BT, which is
observed as a transition to a pseudocubic phase. The composition or compositional range
where this transition occurs depends at least partly on the sizes of the B-site cations of the
Bi(M)Os compound, as represented by phase boundary versus tolerance factor trend
shown in Figure 5. This transition to a pseudocubic phase is observed in the case of
0.8BT-0.2BZT, where the long-range structure is determined by Rietveld refinement of
HRXRD and neutron diffraction patterns. However, a local-structure probe reveals that

the presence of short-range distortions is maintainkkly in part by the tendency of
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Bi®" to be offset from the A-site high-symmetry position and towards one side of the 12-

fold O coordination environment.

Processing

Understanding the crystallography and structural origins of the attractive
dielectric response of BT-BW)O3; materials is crucial from a scientific perspective, but
from an application standpoint, it means little unless functional parts can be
manufacturedThe potential for these materials as complements to the traditional X7R
and COG classes of capacitor dielectrics was recognized early, so significant efforts have
gone into exploring compositional and processing modifications to improve dielectric

52' 19, 56, 57
)

propertie as well as into fabricating proof-of-concept prototype capacitors

77,78

Based upon reported processing conditions and resulting densities, optimum
sintering temperatures decrease with increasgt)Bi; content, with most reports
focusing on sintering ceramic pellets @-x)BaTiOs-xBi(M)O3z with 0.1 < x < 0.3 at
temperatures between 11686d 1200 °C Significant fractions of Bi-containing species
enhance densification and reduce the required sintering temperatures relative to pure
BaTiOs;, but bring additional processing complicatiorfor one, inspection of an
Ellingham diagram (Figure 10) immediately indicates an enormous thermodynamic
challenge for cofiring Bi-containing dielectrics with base metal electrastgslibrium
reduction of BjO3 to metallic Bi occurs at oxygen partial pressures essentially identical

to those for CpO/Cu and roughly 5 orders of magnitude highep gvels than Ni@Ni.
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Thus, it seems that any scheme for successfully cofiring BVHBI; with base metal

electrodes will need to rely more on kinetic hindrance than thermodynamic stability
Even cofiring with precious metal electrodes is not necessarily triahg and

Huebner reported on extensive reactions ofPAlgelectrodes with various Bi-based

dielectrics’®®

and Ogihara et alnoted a marked decrease in performance for
0.7BaTiQ-0.3BiScQ (0.7BT-0.3BS) MLCCs cofired with Pt electrodes at 1250.¥C
However, Raengthon et.adaw very little difference in performance betwee&BJ-
0.25BZT-0.25BS pellets and MLCCs of the same composition cofired witA¢g0.3Pd
electrodes at 1000 °E To explore this phenomenon further, we report here the case
study on the cofiring of physically large high voltage MLCCs consisting.8BT
0.2BZT dielectric layers with Pt electrodd3espite an optimized binder burnout process
in flowing O, that was monitored by in situ residual gas analgsigure 11, RGA 300,
Stanford Research Systems, Sunnyvale),@arts sintered at 1200 °C for 6 h showed
catastrophic bubbling and delaminati@figure 12). Using the same RGA setup during
sintering revealed the evolution of,(beginning ~1020°C (Figure 13), which
corresponded closelto the temperature at which an optical camera focused on the
sample in the center of the tube furnace observed blister form&ietucing the
sintering temperature to 1000 °C avoided such interactions with the Pt electrodes and
produced relatively dense-95 %) dielectrics with properties largely comparable to
ceramic disks sintered to full density at 1120(F@ure 14).

The value of in situ process monitoring is certainly not limited to sinteEuagn

calcination of BTBi(M)Os; materials has been found to be non-triviebr example,

Triamnak et aldescribed both in situ and quenched ex situ studies of the complex phase
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formation during calcination of.8BT-0.2BZT and 085BT-015BZT powder$* Related
subsequent studies (Figure 15) have verified the findings of the earlier work and even
suggest the possibility of two closely-related but distinct perovskite phases (or,
potentially, polymorphs of the same phase) following calcinatiBigure 15(a)
summarizes an in-situ high-temperature XRD study (performed at CoorsTek Advanced
Ceramics, Bruker D8 Discover, Anton Parr HTK-2000N hot stage), during which
precursor powders reacted to form a (presumably)solid solution of 0.8BT-0.2BZT
(denoted as “BaTiOs; (SS)” on the figure). The reduction in required processing
temperatures compared to pure BaGOTiO, - BaTiO; is a direct consequence of the
intermediate phases accelerating decomposition of Bal@@ddition, note that there are
active redox reactions taking place throughout this process, as some of3the Bi
introduced as BOs is oxidized to Bi* in BaBiO; (a perovskite in which Bi occupies the
B-site with equal amounts of Biand BP) and later reduced to occupy the A-sites of
Bi,TisO:» and BaTiQ (SS) as Bi". Further, thepeak-splitting that is observed in the
BaTiOs; (SS) phase upon consumption of the last of th&igD;, phasgshown in more
detail for the (110) reflection in Figure 15(b,c), but present for all peaks) suggests the
existence of multiple phases or at least multiple polymorphs, even at processing
temperatures

Figure 16 schematically illustrates the reaction pathways observed for the
formation of the apparent solid solution of 0.8BT-0.2B&Tshould be noted that while
ZnO likely plays an importantrole in the phase evolution of these material]$ecause of

its low atomic number and relatively small mole fraction, diffraction studies have
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provided essentially no information about its incorporation during calcination, so it does
not appear in Figure 16

Such subtle heterogeneity may explaiat least in part-the common occurrence
of multicolored calcined powders of these systeangure 17 shows one example of such
an occurrence. Using XRD and x-ray fluorescence (XRF), no definitive difference in
composition or structure can be claimed between the different colored powders, at least
within the measurement threshold for each technideigure 173. Such optical
heterogeneity has not been previously reported in the literature, but offline conversations
with other research groups have indicated that similar multicolor powders have been
observed for, at the very least, various ratios of BT-BZT, BT-BMT, BT-BS, and BT-
BZT-Bi(M)O; where M:Sc, Al, Fe, Y Based upon the assumption tha{@d Zn, when
present ions are the most mobile species at calcination and sintering temperatures, the
consensus working hypothesis is that very small relative amounts of Bi segregation leads
to the observed color changes

Both optical and electrical properties can be extremely sensitive to defect
chemistry, so it seems a reasonable assumption that the variability observed in calcined
powders would correspond to comparable variability in the electrical response of sintered
parts Extensive optical and chemical studies could presumably clarify the mechanisms
involved, but the fact that densification and electrical behaviors of these multicolored
powder batches are indistinguishable from those of optically homogeneous lsatmss
to have limited motivation for deeper study of powders

The majority of published reports of BT{Bi)O3 ceramics have focused on the

properties without many details about processing and microstructure, but the
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microstructures that have been published are mostly consistent with Figuberis®
microstructures with 2-5 um grain sizes are typical for compositions »ath %
Bi(M)O3 additions(those with lower amounts of @1)O; commonly have finer grains
unless the sintering temperature was >1300. The most striking features of these
microstructures, however, are not the density or grain sizes but rather the contrasting
regions within the grainsVhen imaged with secondary electrons, the surfaces appear
essentially featureless if well-polished or similar toukrégl8(a) if thermally etched to
accentuate the grain boundarieg/hen well-polished samples are imaged with
backscattered electrons, however, compositional heterogeneity becomes apparent (Figure
18(b)) For example, Figure 18(b) was collected using the in-lens backscatter detector on
a Zeiss Supra 55VP; thus, contrast from one grain to another is dominated by differences
in grain orientation due to electron channeling effects, whereas contrast waithin
individual grain is caused by differences in average atomic number, with regions of
higher atomic number appearing brighter

Others have seen similar effects, but what is much more frequently reported is the
development and then disappearance of a more traditional core-shell structure akin to that
which has been engineered into traditional X7R-type dielect¥tsle the origins may
be similar from the chemical mechanigperspective, the type of heterogeneity seen in
X7R-type dielectrics (see, for example, Figure 3(c) and (d) f®ns distinct from that
in Figure 18(b) because the cores of the graitearly show ferroic domain walls while
the differences between theore and ‘shell of the grains in Figure 18(b) appear ® b

purely compositional with no evidence of any domains
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TEM analysis (FEI Tecnai G2 30 with STEM-EDS and Axsia multivariate
statistical analysis softwayeevealed just how subtle the compositional variatiorAss
shown in Figure 19, regions that exhibit a high degree of contrast in the SEM, when lifted
out via FIB and imaged in the TEM, are somewhat difficult to iden@yantitative
EDS, including non-trivial deconvolution of the overlapping Ba and Ti signals, revealed
variations in theBa/Bi ratio that correlate closely with the image contrast and vary only
2-3% in terms of overall A-site occupancyhus, while not at all quantitative, the SEM
imaging technique in this case provides a quick and sensitive indication of compositional
heterogeneitySubsequent studies on other samples in the BT-BZT family confirmed the
anticorrelated variation of Ba and Bi across the grain @égare 20). Most of the grains
observed over a wide range of compositions and processing parameter sets showed some
amount of increased Bi content in or near grain centers, and often at grain boundaries,
though a number showed the inverse, with Bi-rich rings between Ba-rich grain centers
and boundaries

Deviations from stoichiometry affect not only electrical behavésr discussed in
detail in the next sectionbut by controlling the rate limiting step for diffusion, can also
significantly alter processing behavidVith this in mind, an extensive study of the
effects of acceptor and donor doping on BT-BZT ceramics was undertaken, again as a
representative system for the broader B{M)O; family. Regardless of the dopasit
used—or, within the limits of the study, their amountthe resulting microstructures
could be grouped into two types as exemplified by Figure 21(a) and (b)

Donor doped specimens (Figure 21(a)) exhibited somewhat smaller average grain

sizes(typically 1-2 um after sintering at ~118Q for 6 h than nominally stoichiometric
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samples and, while they exhibited a great deal(cpfalitative heterogeneity with
occasional sharp interfaces, the dominant characteristic of the intra-grain contrast is a
rather graded transition from one level of brightness to and@loene grains contain dark
cores, others light cores, and some show complex mixtures of the two extremes, but in
nearly all cases, the interfaces appear to be graded and indi€@m¢he other hand,
acceptor-doped samples typically exhibited somewhat larger grains on the order of 5-10
pm As seen in Figre 21(b), the compositional contrast within each grain is significantly
less than that seen in the donor doped samples, but the contrasting regions that are present
are very distinct with sharp boundaries between light, dark, and intermeéuasbténal
grain background Dark contrast(low atomic number regions are frequently found
within light (high atomic numbegrregions, with morphologies reminiscent of precipitates
Finally, while BTBi(M)O3; samples of all types frequently have thin high-atomic-number
grain boundaries, these boundary layers are noticeably thicker for the acceptor-doped
samples and are often accompanied by bright pockets at triple .pibingsnot clear
whether the increase in thickness represents nominally the same volume of high atomic
number grain boundary material concentrated around a smaller number of large grains or
whether there is actually more of this grain boundary phase present in the acceptor-doped
samples

Clearly the presence of significant amounts of Bi substantially affects the phase
evolution and microstructure development in BilM)Os; ceramics In particular, the

diffusion and occupancy of Bi seems to be a particularly valuable topic for further study

Properties
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As mentioned in the introduction, BaT#®ased relaxors are obvious candidates
for dielectric applications, especially for demanding applications that require high
voltages, high temperatures, and temperature-stable permittivity VaRedaxors based
on solid solutions of BaTi®Qwith Bi(M)Os; exhibit excellent electrical properties, with
some unusual characteristics compared to conventional high permittivity dielectrics
including high energy density values, improved insulation resistance, and temperature
and electric-field stable dielectric properties, as discussed in this section

Figure 22 shows some examples of relaxor BB{IM)O3z ceramics, where M
(Zn,Ti), (Zn,Ti,S0, (Sc,Ti), Sc andNi, Ti).*® % 82The relative permittivity values of all
of these solid solutions remain lar¢ge. ~ 1000 and relatively stable as compared to
undoped BT, which has a characteristic sharp phase transition at the Curi€Tpdtht
This crossover from normal ferroelectric behavior for BT to relaxor behavior in these
solid solutions is intimately related to the destabilization of long-range dipole (ser
domaing and the formation of PNRdt has been argued that the PNRs form due to
random fields generated as a result of structural and charge inhomogeneities driven by
homogeneous or heterogeneous cation substitutions on the A-site or B-site in the parent
normal ferroelectri¢here, BaTO3), and that the random interaction between the PNRs is
key to the destabilization of domainkterestingly, these PNRs are nucleated at a
temperature(Burns temperature, g much higher than the temperature of maximum
permittivity (Tmay. While Tc for BaTiO3 is known to be ~125 °C, the Burns temperature
for relaxor BZT-modified BT, for example, has been reported to be as high as ~#00 °C
As discussed earlier, the local symmetry of these PNRs can be polar and quite different

from the apparent macroscopic symmetty the same time, in the absence of any
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external stimuli, these PNRs are randomly oriented and the net polarization remains close
to zero As the temperature is decreased, these PNRs remain dynamic with their dipole
moments easily fluctuating thermally between equivalent polarization states, as was
proposed by the polar-glassy model inspired from the superparaelectric model and
superparamagnetisfft ?* These relaxors have been labeled ergodic relg&Rsin the
literature, and they typically have sufficient energy to return back to their original state
after an external excitation is applied and then subsequently refffovksl the
temperature is reduced further, the PNRs within these relaxors grow in size and number,
and the interactions between them grow strangdrey typically pass through a
maximum in permittivity(Tmay, Which is usually broad and a direct result of the wide
distribution of relaxation times due to a wide distribution of the sizes of PNRs and
random interactions between th&hiThe average size of these PNRs abruptly increases
and the number decreases at the freezing temperéfgrewhich represents the
temperature at which the dynamics of some PNRs become slow enough to freeze and
transition to a glassy-like non-ergodic stéiR).2> 8" Unlike ER relaxors, NR relaxors
usually transform irreversibly to a ferroelect(ieE) state on application of an external
stimulus, such as an electric field

While this is a rather simplistic review of the evolution of PNRs with temperature,
it helps to highlight the differences between canonical relajeags Figure 22(d)) and a
normal ferroelectric material such as .B¥everal advanced models have also been
developed over time such as the random-site model, the spherical random-bond-random-
field model and others, and can be used to gain further insights into the relaxor

phenomenofi® 8 There might also be more complexities present in certain relaxor
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materials than the simple model presented abOve peculiar example is that of BT-
BiScG;, which has been shown to exhibiiveakly-coupled behavitras discusse
earlier, and a re-entrant behaviéigure 23) analogous to re-entrant magnetic spin glass
systems® *! It can be seen that the remanent polarization first increases upon lowering
the temperature and reaches a maximum, which was interpreted to be a result of a long-
range dipole ordered stat® disordered phase then develops from this ferroelectric-like
state, which is unusual because most relaxors develop from a high-temperature
paraelectric phasé Alternate complex scenarios can exist in other relaxors, the details of
which can be found in some excellent review paffef§ % %3

As seen in Figure 1 and discussed broadly in the introduction, addition of BZT to
BT results in a gradual transition to a relaxor state (Figure 1(c)), via a DPT (Figure 1(b)).
As discussed, the behavior of DPT can be described by Equation (1), and the relaxors in
general follow Vogel-Fulcher law (Equation 3). Raengthon etemlently showed that
tolerance factor can be used as a guide to taillarin BT- Bi(M)O; ceramics™ Recalll
from Figure 5 that the solubility of BV)O3 species in BaTiis also lower for BiM)O3
species with small tolerance factors

Typically, ferroelectric perovskites exhibit high relative permittivity values
(>1000, and since the mechanisms controlling the permittivity and macroscopic
polarization are related, typically these also exhibit high values of macroscopic
polarization on application of an external electric fieRbme relaxor materials can
exhibit an electric field-induced phase transition to a ferroelectric state on the application
of an electric field, which results in increased polarization and strain ValTée ER

relaxors(especially those with;Tbelow room temperatuyeare of particular interest, as
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they can exhibit a reversible phase change with electric field and negligible remanent
polarization At moderate fields, an approximately linear dielectric response is observed
for these relaxors, where the polarization, P, can be giverPby,sx,E, whereg, is

the permittivity of free space and is the linear susceptibility of the materidlis is
technologically important for high energy-density applications, since the energy density
per unit volume(U,,,; = [ E dP), which can be calculated by the area enclosed bl the

E loop (decreasing fielgdand the polarization axis, is enhanaédgure 24) versusa
hysteretic normal ferroelectric because of the tiny remanence associated with rétaxors
recent years, multilayer ceramic capacitdie CCs) have been fabricated based on these
(ergodig relaxor BTBi(M)O3; ceramics that exhibit excellent energy density values and
which remain relatively insensitive to temperattfre’* At room temperature and an
applied electric field of 350 kim, the 0.BT-0.3BS and 0.88T-0.15BZT MLCCs had
energy density values of ~3cth®, which was noticeably higher than some other
commercially available MLCC devic€Bigure 24 (b).

Several members of the BBKM)O3; family of ceramics exhibit excellent
dielectric properties that are intrinsically stable at high temperaturésramdler strong
electric fields Operating under large applied fields obviously requires a high breakdown
strength; because many target applications operate under a baseline dc field with a
superimposed ac ripple, both a high dc resistivity and a low tangent delta at operating
frequencies are important to avoid self-heating and thermal runavdaltionally, the
migration of ionic species under field may only contribute a small amount to initial dc
conductivity, but can lead to catastrophic degradation of properties oveB&rause of

the activated nature of charge transport, all of these mechanisms are madéedsier
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therefore of greater concerrat elevated temperaturekikewise, all of this charge
transport is intimately related to the underlying defect chemistry of thes&iBWO;
ceramics Put simply, using dielectrics at high fields and elevated temperatures requires
minimization of the concentration of electrically active defects

A systematic study of transport properties by Kumar .evrabpolycrystalline BT-
BZT and a similar study on SrT¢BZT (ST-BZT) demonstrated that the addition of a
small mole fraction of BZT improved the bulk resistivity value by multiple orders of
magnitude(Figure 25 (a,)® The activation energy values, obtained from the slopes of
the Arrhenius plots, also increased from ~1 eV for BT to valeeg nearly equal to half
of the optical band gap(~-31 eV), as determined from diffuse reflectance
measurement$ These results were consistent with other studies based on different BT-
Bi(M)Os materials, pointing to the accommodating nature of this family of diel€@trics
°6.96.97 5ych high resistivity values together with large activation energies for conduction
suggest that charge transport in theseBE3(M)O; dielectrics is dominated by thermal
activation of intrinsic electron-hole pairs or similar carrier generation mechamisms
opposed to the defect-dominated conduction that is common iOBET

Resistivity measurements in different atmospheres can be used to determine the
dominant conduction species in a mater@tion conductivity in BaTi@ and related
materials is negligible compared to that of electrons, holes, and oxygen vacancies, so we
can focus our attention on these three mobile spddezmuse the mobilities of electrons
and holes are much higher than for oxygen vacaficiasd because laboratory
experiments can normally be performed close to the conductivity minima for BT-based

ceramicd®, conduction controlled by oxygen vacancies is independent gf\plereas
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conduction dominated by electronic species will show a direct relationship witfopO
n-type conduction or an inverse relationship with, d@r p-type conductiorn(Figure
26(b)).

The known p-type behavior of B&d; was demonstrated through p@ependent
acimpedance spectroscoplyigure 26(a). Bulk resistivity values, determined from the
x-axis intercept of the high frequency arc in Nyquist plots, decreased with increased
oxygen partial pressuf® For BaTliO; and similar titanate perovskites, the p-type
behavior is considered to be a consequence of unintentional low valence impurities which
are present in titania, barium carbonate, or other cation precursors and high temperature
processing conditions that result in frozen-in cation vacan®e¥ These acceptors can
be compensated by holes or oxygen vacancies which can lead to a p-type behavior at high
oxygen partial pressu@O,) according to following defect reaction

Vot 50> 0F + 20 (5)
where,V, represents doubly-ionized oxygen vacancO3 represents an oxygen ion
located on an oxygen lattice sitad h* represents a hale

In considering the observed improvement in resistivity on adding BZT teCBaT
or SrTiO3, the results of Kumar et .asuggest that the mechanism is either due to a
reduction in the source of holes or unintentional donor doping leading to compensation of
holes' In other words, either the concentration of cation vacancies was reduced, which
was a possibility since the sintering temperatures of the BZT-containing ceramics were
lower than typical for pure Ba®s; or there should be an alternative charge

compensation mechanism present to compensate for acceptor impurities or cation
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vacancies Some of the possible candidates that could act as effective donors include
oxygen vacancies, pentavalent bismuth on the B-site,l@sdof volatile zinc during
processing resulting in an effective excess of A-sité B

Impedance spectroscopy on BT-BZT ceramics as a function ptp&wed that
the resistivity increased with pOrevealing that the conduction was still electronic, but
dominated by electrons(Figure 27(a),'™, suggesting the following dominant
compensation reaction

v5+2e'+§ozeo>(§ (6)
where,e’ represents an electrohhe observation of a p-type to n-type transition with the
addition of small amounts of BZT to BeJ; was further supported by Seebeck

measurementgFigure 28)°" *°!

and corroborated the hypothesis that BZT additions
appear to be effectively donor doping the Bag@hd reducing the concentration of
holes Similar results were obtained for ST-BZT ceramidslding BiScQ instead of
Bi(Zny/2Ti12)O3 to BaTiO; similarly reduced the concentration of holes, but fell short of a
full transition to n-type behaviorFigure 27(c), suggesting both that multiple
compensation mechanisms are likely acting simultaneously irBiBWOs; and that
unintentional doping aridr volatility associated with Zn may be the key to theéopn-

type crossoverSimilar behavior was seen for donor doped BaTh® Smyth et at®
(Figure 29), in which they showed that on introducing small amounts of donor doping or
reducing the amount of acceptor dopants, the conductivity minima shifted towards higher

pO.. At larger concentrations of donor doping, however, the conductivity became

independent of p&Xor a certain temperature range, as expegcqtéﬂ5
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In addition, it has been shown that manipulating the cation stoichiomet&3s in
Bi(M)Os ceramics by a small amount can have a significant influence on the transport
properties” % Figure 30 shows Arrhenius plots for three representative non-
stoichiometric solid solutionsST-BZT, BT-BZT and BTBS. Non-stoichiometry was
introduced onto the A-site by adjusting the ratioBaf™ or SF* to Bi*". Some general
observations can be made on inspection of the data shownure Bigy (1) effective
acceptor doping via a greater-than-stoichiome®i&*, SP") to Bi®' ratio decreased the
resistivity by orders of magnitude(2) effective donor doping via a less-than-
stoichiometric B&" to Bi*" ratio improved the resistivity values by orders of magnitude
whereas the ST-BZT analogues remained essentially unchangedrthermore,
effectively acceptor-doped samples exhibited p-type conduction, while effectively donor-
doped samples exhibited n-type conductirSince acceptor dopingEquation § can
only be compensated by oxygen vacancies or holes, both of which can lead to increase in
conduction, a decrease in resistivity was always obsefelincrease igor, in the case
of ST-BZT, maintenance of highesistivity via donor doping suggests that donors may
be compensated in these systems by relatively immobile cation vacdmiagion §.

Ba:Bi >1 (acceptoy: [Bag;] + n[Viion] + [¢']=2[Vo] + [h'] (7

Ba:Bi <1 (donoj: [Biga] + 2[Vo] + [h'1 = N[Viion] T[T (8)

Thus, the most reasonable conclusion to draw from the large amount of defect
chemistry-focused work on the BHi{M)O; family (and ST-based analogues that as
long as the total charge of effective donor dopants is equal to or exceeds the to&al charg
of effective acceptor dopants, the resulting net positive charge is compensated by low-

mobility cation vacancies, resulting in high resistivity values and large intrinsic-like
34



activation energies for conductiomhis conclusion is consistent with the electrical data
as well as optical spectroscopy and limited EPR results, but it seems rather fortuitous that
the defect states would form deep mid-band traps across the entire family of these
materials, even when 5, 6, or even 7 cations are involved

The above scenario assumes that the material is homogeneous and is dominated
by bulk grain behavior, but recalling Figure 21(a) opens up another intriguing possibility
If the Bi-rich regions are n-type and the Ba-rich regions are p¢agevould be likely if
B-site cation diffusion is slower than A-site cation diffugicand there are no percolating
pathways of either type, the net result of electrical transport measurements on bulk
ceramics would be intrinsic-like activation energiSsich a scenario would also likely
offer such intrinsic-like activation energies and high resistivity values over a much
broader range of compositiofis terms of both cation identities as well as ratibsn
the deep trap cation vacancy modeEspecially if these BRBi(M)Os; materials are to
fulfill their promise as reliable high-operating-temperature dielectrics, it will be important
to elucidate the defect mechanisms involved and their long-term evolution under

challenging operating conditions

Summary

Weakly-coupled relaxor dielectrics in the BItM)O; family show great promise
for use at elevated temperatures/andarge operating fields, but a number of scientific
and technological issues demand further stithe double rattling ion mod€lcan be
used to describe the temperatuand frequency-dependence of the polarizability of these

materials fairly well, but the underlying mechanisms need to be verified across a broader
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compositional rangeSimilarly, with further study, this concept could enable researchers
to devise even better temperature stable and high-permittivity dielectrics across other
systems

Significant additions of B3 reduce the processing temperatures required for
BaTiOs- and SrTiQ-based dielectrics, but alsmpose severe restrictions @fectrode
compatibility for cofiring because BD; is thermodynamically incompatible with both
metallic Ni and Cu, and Bi-based species are known to react aggressively with both Pt
and Pd at common sintering temperaturégevertheless, multiple groups have
successfully demonstrated the cofiring of BiiM)O; dielectrics with Ag-Pd electrodes,
and efforts to extend the temperature, atmosphere, and electrode compatibility of these
dielectrics are ongoing

The greatest challenges and opportunities associated with tBe(BJO©3; family
of materials, however, are related to defect chemistry because of its crucial role in
processing, charge transport, and long-term reliability under target operating conditions
The surprisingly-robust resistivity and activation energies for charge transport hint at
some sort of self-adjusting mechanism for stoichiometry control and defect
compensation; while a variety of possible mechanisms have been put forward in this
work and elsewhere, more work is required to better understand the meckpaism
work as well as the associated impacts on processing and operation

The incredible ability of the perovskite crystal structure to accommodate a variety
of doping and defect schemes, symmetries, and polarization mechanisms has made it one
of the favorite crystal chemistry playgrounds of the electroceramist for deddmbesch

behavior reported for materials in the BIEM)O; family and related systems reminds us
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yet again that while the simple unit cell and the space-filling grain structure are valuable
starting points, even in combination they are insufficient to capture the complexity
inherent in many functional materialBhese materials highlight the importance of being
able to describe, understand, and ultimately control structure and chemistry across length

scales from Angstroms to microns.
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Figure Captions

Figure 1. (a) Temperature-dependent relative permittivity for a variety of compositions
in the (1-x)BT-xBZT system,(b) relative permittivity versus temperature fol98BT-
0.07BZT as a function of frequency, demonstrating moderate DPT behavioKcyand
temperature-dependent relative permittivity fo89BT-011BZT, demonstrating relaxor

characteristics (from Triamnak et%).used with permission).

Figure 2. Relative permittivity versus temperature for 0.50BaFH5BiZn,Ti1/,03 -
0.25BiScQ. For comparison, the inset shows typical temperature dependence of
permittivity for relaxor PbMgsNb,30; and normal ferroelectric BaTiQinsetis adapted

from Shrout and Fielding).

Figure 3. Relative permittivity as a function of applied electric field (dc) bias at room
temperature for several commercial capacitors including Bab#ded Y5V and X7R,
PbNky024,Zr0517Ti04sd03, commercial CaZr@based NPO, and 0.8BaTiO

O.ZBian,ZTimOg.
Figure 4. Temperature-dependent resistivity and associated activation energies for charge

transport measured for commercial BaF-éased X7R and Y5V capacitors, as well as

PZT-5a, and 0.8BaTi§£0.2BiZm,Ti1»03 pellet samples
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Figure 5. (a) Representative qualitative phase diagram for Bg H®i(M)O3; systems

The phase boundary between the high-temperature cubic phase and the lower-
temperature pseudocubic phase is currently undetermined and the slope likely varies with
different M*" cations(data extracted fronf**>*%% (b) Compositional limit(between

P4mm and pseudocubic phaser BaTiOs; — Bi(M)Os systems as a function of tolerance
factor of B(M)Os. Error bars report the compositional range within which the phase

boundary lies

Figure 6. Discrete datapoints (red x) are X-ray diffractitop panel and neutron
diffraction (bottom panelpatternsof 0.94BT-0.06BZT. Modeled data (continuous lines)
are the best fit model produced from a combined Rietveld refinement of both X-ray and
neutron data using a combination ofnid and Pm3m space groupsThe difference
pattern and hkl markers are shown below each pafféeinsets show magnified views

of select characteristic reflectians

Figure 7. X-ray diffraction (top panel and neutron diffractioribottom panel patterns
(redx). A modelis refinedusingboth datasetsn aRietveld refinement of OBT-0.2BZT
using the Pehm space groupThe refined models shownas a continuous line, along
with the difference pattern and hkl markers below each Plo¢ insets show magnified

views of select characteristic reflections
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Figure 8. Pair distribution functions of 0.8BT-8BZT. The data within individual 10 A
ranges are separately fit (box car fitting), demonstrating that the best fit to individual

ranges results in a decreasing c/a ratio with increasing atom-atom distances.

Figure 9. Box-car analysis of the PDFs result in lattice parameters as a function of length
scale, shown in this figure as red and black symbble blue lines indicate the
tetragonal lattice parameters obtained from the Rietveld refinements and the dashed pink
line represents the lattice parameter for the cubic phase obtained from the Rietveld

refinementsError bars are smaller than the symbols

Figure 10. Ellingham diagram showing the thermodynamic equilibrium conditions for
oxidation / reduction of several species of interest for BT-Bil{ivbased capacitors. The

melting point of metallic Cu is also indicated.

Figure 11. In situ RGA data showing the gas evolution and temperature rise associated

with MLCC binder burnout An exothermic rise in temperature detectable at ~50

agrees well with combustion products

Figure 12. Even after complete binder removal was verified by RGABU-8.2BZT
dielectrics cofired with Pt electrodes at 1200 °C in flowinga@d intended for use as

high voltage capacitors exhibited catastrophic delamination (a) and bubbling (b)
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Figure 13. In situ RGA oxygen signal collected during MLCC sinteridg modest
increase in both molecular oxygen (32 atomic mass units) and atomic oxygen (16 atomic

mass units) signals initiates at 102D

Figure 14. 0.80BT-0.20BZT sintered at 1000 °C produced MLCCs that (a) were
relatively dense (~95 %), experienced little or no interaction with the Pt electrode, and (b)
exhibited similar dielectric properties to ceramic discs sintered to full density at 1120 °C.

(c) The MLCC is shown with a U.S. dime for scale.

Figure 15. (a) In situ hot stage XRD of 0.8BT-0.2BZT during solid state reaction of
precursors, with two isothermal holds at 980 and 1120 °C to mimic typical calcination
and sintering steps; (b) zoomed-in view of the (110) reflection peak during the isothermal
hold at 1120 °C; (c) two individual scans taken at the beginning and the end of the 1120

°C isotherm.

Figure 16. Proposed mechanism for reaction pathways of BT-BZT from typical
precursors; (a) unreacted precursor powders Ba®@e), BpOs; (yellow), and TiQ

(red); (b) precursors react to form the first intermediate phase;BaBis (BBT, gray);

(c) intermediate phase BaBj@rms at higher temperatures; (d) at temperatures near 900
°C, the remainingi,O3; reacts to form the intermediate phasgTBO;, (BIT, purple)

and the perovskite solid solution BT-BZT (BT(SS), green); (e) further heating leads to
consumption of all intermediate phases except BiT; (f) after holding at the calcination

temperature, all that remains is single-phase BT-BZT (BT(SS)).
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Figure 17. (a) Optical photograph of one type of powder discoloration effect frequently
observed after calcination of BT-BZT (and related) powders. (b) XRF measurements
suggest that discoloration may be related to Bi diffusion, but chemical analysis (via XRF

and other techniquessee text) is inconclusive.

Figure 18. (a) Polished surfaces of BT-BZT ceramics (here, 0.8BT-0.2BZT) after
thermal etching reveal dense and seemingly homogeneous microstructures, but (b)
highly-contrasted backscatter images of the same materials reveal evidence of chemical

heterogeneity within the grains.

Figure 19. TEM-EDS composition maps showing that the contrast from Figure 18

correlates with small variations in Ba / Bi distribution within the 0.8BT-0.2BZT grains.

Figure 20. Independent TEM-EDS scans on 0.8BT-0.2BZT samples fabricated in a

different lab confirmed the presence and levels of cation heterogeneity.

Figure 21. Representative highly contrasted backscatter SEM images of effectively (a)
donor-doped and (b) acceptor-doped 0.8BT-0.2BZT ceramics showing the effects of

doping (via control of cation mobility) on microstructure and chemical heterogeneity.

Figure 22. Relative permittivity as a function of temperature tay BT-BZT-based

ceramics (from Raengthon et %l.used with permission), (b) 0.7BT-0.3BS (from
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Ogihara et al®, used with permission), (c) BaTi@®i(Ni1Ti12)Os (BT-BNIT) (from

Kumar and Carffi, used with permission), and)) a representative canonical relaxor
(adapted from Bokov and ¥®. The Bl stands for Bilng NR for non-ergodic, ER for
ergodic, PE for paraelectricc CW for Curie-Weiss, URD for universal relaxation
dispersion, CRD for conventional relaxation dispersion, andTd and T, are freezing
temperature, Burns temperatures and temperature of maximum permittivity
respectively. The CRD and URD are empirical contributions to relative permittivity
based on their frequency response and both are related to relaxation-type polarizations.
While the real and imaginary parts of URD decrease with frequexi®y, (where f is
frequency and n lies between 0 and 1), the real part of CRD is constant at small enough
frequencies and approaches a value of zero as frequency approaches a characterist

value.

Figure 23. Reentrant behavior shown in XxB{I-x)BS ceramics using switchable
polarization measured at different electric fields as a function of temperdtane

Bharadwaja et al.”°, used with permission

Figure 24. (a) Polarization-electric field loop for.®BT-0.3BS with the area representing
energy density highlighted in blue (from Ogihara et®alsed with permission)b)
energy density of .@BT-0.3BS as compared with some commercial MLCCs (adapted
from Viehland et af?), and(c) energy density of 85BT-015BZT MLCCs as a function

of temperature (from Kumar et &l.used with permission).
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Figure 25. Arrhenius plotsof bulk resistivity values measured in air usaagmpedance
spectroscopy fota) BT-BZT ceramics,(b) ST-BZT ceramics, andc) BT-BS and BT-
BNIT ceramics The bulk resistivity values of BaTgand SrTiQ have also been shown

for referencefrom Kumar et al.®>, used with permission).

Figure 26. (a) Nyquist plots for BT withac impedance spectroscopy performed in
vacuum, air and oxygeffrom Kumar et al.'®, used with permissignThe inset shows
the zoomed-in version of high-frequency arcs of bulk resistidiyDefect diagram for
undoped or p-type doped BT (adapted from Sifiytfihe n is electron concentration and

A’ represents an acceptor dopant

Figure 27. (a) Nyquist plots for stoichiometric 0.87-0.03BZT with ac impedance
spectroscopy performed in vacuum, air and oxyg@genNyquist plots for stoichiometric
0.955T-0.05BZT with acimpedance spectroscopy performed in nitrogen, air and oxygen
(c) Nyquist plots for stoichiometric 0.81-0.3BS with ac impedance spectroscopy

performed in nitrogen, air and oxygen (from Kumar, éfa?® used with permission)

Figure 28. Seebeck measurements on BT and B19@.03BZT ceramics exhibiting p-

type and n-type behavior respectively

Figure 29. Electrical conductivities at 1000 °C as a function of i@ BT doped with

various amounts of Al and Nlfrom Chan and Smyth,*® used with permission).
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Figure 30. Arrhenius plots of bulk resistivity in air as obtained fr@o impedance
spectroscopy fofa) stoichiometriq(S) and non-stoichiometriBi excess, Sr deficient, Sr
exces$ 0.95ST-Q05BZT, (b) stoichiometric(S) and Ba-deficient-2Ba) 0.8BT-0.2BZT,
and (c) stoichiometri¢S) and non-stoichiometri¢Bi excess, Ba deficient, Bi deficignt

0.7BT-0.3BS (from Raengthon, et #land Kumar and Canff used with permission)
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