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Temperature-stable, medium-permittivity dielectric ceramics
have been used as resonators in filters for microwave (MW)
communications for several decades. The growth of the mobile
phone market in the 1990s led to extensive research and devel-
opment in this area. The main driving forces were the greater
utilization of available bandwidth, that necessitates extremely
low dielectric loss (high-quality factor), an increase in permit-
tivity so that smaller components could be fabricated, and, as
ever in the commercial world, cost reduction. Over the last dec-
ade, a clear picture has emerged of the principal factors, that
influence MW properties. This article reviews these basic prin-
ciples and gives examples of where they have been used to con-
trol microwave properties and ultimately develop new materials.

I. Introduction

MOBILE phone networks allow communication from cell to
cell via antennas located on masts and associated base
stations. Within a cellular network, the average base station
coverage is a diameter of 35 and 18 km at 900 and 1800 MHz,
respectively. Each base station houses microwave (MW) reso-
nators that are used to carry signals of a specific frequency and
remove (filter) spurious signals and sidebands, that interfere
with the quality of the transmitted/received frequency band.
Where selectivity to that frequency is paramount, e.g. narrow
bandwidth applications, low loss, temperature-stable ceramics
are utilized in preference to cheaper metal cavities.' Ceramic
pucks suitable for single mode resonator applications are cylin-
drical and based on the original concepts of Richtmyer,> first
published in the 1930s. The interaction of the electric and mag-
netic field lines of electromagnetic (EM) radiation with such a
puck is shown in Fig. 1. The puck is designed to sustain a stand-
ing wave within its body of a specific resonant frequency and
may therefore act as either a filter or a transmitting resonator.’
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Along with issues relating to dielectric loss, the cost of a com-
ponent has become a prime motivator in research and develop-
ment.

Ceramic resonators are simple in concept but controlling their
dimensions and precise phase assemblage during processing is
difficult. Any slight differences from batch to batch or within a
batch may alter their resonant frequency and temperature sta-
bility. Ceramic resonators of differing geometries are shown in
Fig. 2, in which single mode pucks are indicated. Multimode
resonators are also manufactured, often with unusual geome-
tries to induce several resonant MW modes within their body at
any one time. In service, the ceramic conventionally rests within
a silver-coated square cavity, as illustrated in Fig. 3. Typically,
many hundreds of these cavities will reside in the base stations of
a cellular network.

II. Basic MW Properties

For a ceramic to be usable as a dielectric resonator/filter, three
key properties need to be optimized!; permittivity, 20 <g, < 50,
the temperature coefficient of the resonant frequency, te~ +3
MK !, and dielectric loss or rather its inverse, the quality factor,
0>30000 at 1 GHz.' The permittivity is related to the resonant
frequency, fo, by the following equations;
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where ¢ is the speed of light in a vacuum and A, is the wave-
length of the standing wave along the diameter (D) of a reso-
nator. Consequently, if the permittivity is increased, the size of
the resonator may be decreased while still maintaining a specific
resonant frequency, i.e. larger permittivities enable miniaturiza-
tion.

The quality factor, Q, is approximately equal to 1/tan 9.
However, this definition is not particularly useful for visualizing
how Q relates to microwave communications. More succinctly,
it is determined as the resonant frequency (fy) divided by the
bandwidth, Afy, measured at 3 dB below the maximum height at
resonance, Fig. 4!

Using this definition, it becomes apparent that Q is a measure
of the selectivity of a resonator to a given frequency. Higher Q
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Fig.1. Interaction of the electric and ma§netic field lines with a cylin-
drical ceramic resonator, after Richtmyer.

values reduce the risk of cross-talk within a given frequency
range. Q decreases with increasing frequency and the theoretical
relationship between the two is such that Q x fo should be con-
stant for any given material, and, often, Q x f, values are quoted
when comparing ceramics.' In practice, however, samples meas-
ured at higher frequencies, e.g., 5-10 GHz, always give higher
0 X fo values than identical materials measured between 1 and 3
GHz. The precise reasons for this are not well understood but
may be related to processing. Larger parts, which resonate at
lower frequencies statistically contain more flaws and defects
than smaller ceramic bodies. Q X f; values measured at 1-3 GHz
are more relevant, however, representing how the material may
perform in a real MW circuit.

T is a measure of the “drift” with respect to the temperature
of the resonant frequency. It is self-evident that a material with a
significantly non-zero ¢ is useless in an MW circuit (most res-
onator applications require tr< +2 MK™") as it cannot main-
tain its resonant frequency as the base station operating
temperature changes.' ¢ is defined as

—(1/2t¢ + o)
where T, is the temperature coefficient of permittivity and oy is

the linear expansion coefficient. It is related to the temperature
coefficient of capacitance (1) by '

T =—1/2(t¢ +op)

In reality, a small non-zero value of t;is required to compensate
for thermal expansion of the MW cavity.

Fig.2. Various geometries of ceramic puck used as single and multi-
mode resonators and filters.
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Fig.3. Silver-coated cavity with pucks used in filter and resonator
technology.

In general, microwave dielectric properties are influenced by a
number of factors, such as permittivity,” onset of phase transi-
tions,*> processing conditions and raw material impurities,®’
and order/disorder behavior.® ! The following section reviews
the types of materials used and factors that control their prop-
erties.

III. Microwave Materials

(1) Historical Development

Before discussing specific materials, it is worthwhile reviewing
the development and requirements of materials simply from the
point of view of MW properties. In doing so, a “roadmap” to
the present day is created that illustrates the progression of MW
ceramic technology over the last decade, Fig. 5.

In the earliest days of mobile technology, invar air cavities
were used as resonators and filters for both base stations and
hand sets. These were large and bulky and, in the 1980s, were
replaced by the first generation of ceramic resonators based on
(Mg,Ca)TiOs, ZrTiOy4, and BaTiyOo. At the start of the 1990s,
the ceramic technology for hand sets and base stations diverged.
For reasons discussed previously, base stations required higher
Q ceramics, 40000 < Q x fo<250000, with materials of relative
permittivity 50 > ¢, > 25. In contrast, ceramic technology in hand
sets was driven by miniaturization, and negative—positive zero
(NPO) chips, 70<g,< 120, were utilized, in which Q was dom-
inated not by the ceramic but by the metallization. However,
even this class of materials has now been replaced by filters

Relative transmitted power (dB)

Frequency

Fig.4. Schematic showing a resonant peak and associated parameters.
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Fig.5. Road map for ceramics over the last decade. Future requirements for base station ceramics and NPO chips are ringed.

based on surface acoustic wave (SAW) and bulk acoustic wave
(BAW) technology, which are beyond the scope of this article.
Table I shows all current ceramics used as MW resonators in
base stations. The only exceptions are Bay4Ndg 33Ti;3054 (BNT)-
based compounds, that are used primarily as materials for dig-
ital television receivers. CaTiO3—NdAIO; (CTNA) and ZrTiO4—
ZnNb,Og (ZTZN)-based ceramics dominate the base station
resonator market. Ba(Co,Zn),3Nb,303; (BCZN)-based ceram-
ics are the most recent development, and effectively are a cheap-
er replacement for the more expensive BaZn,;3Ta,305 (BZT)-
based materials.

Interestingly, if log;o Q x fo for these commercial ceramics is
plotted against €,, a straight line ensues, Fig. 6.,'2 illustrating the
fundamental physical principle that dielectric loss and ¢, are not
independent variables.! It also illustrates a clear gap between 45
and 75 where zero T, high Q ceramics currently do not exist. The
maximum predicted Q X f, for a material with, e.g. €. =55, in
this range is approximately 35000 GHz. This is considerably
lower than the desired Q X f, (48000 GHz) suitable for base
station applications and ringed in Fig. 5. It is highly debatable
whether further miniaturization of ceramic resonators is possi-
ble while maintaining the necessary selectivity to a given fre-
quency. Moreover, higher . materials pose problems in base

Tablel. List of Current Commercial Cavity Resonator MW
Ceramics (all Zero t7)

Material Abbreviation & QO X fo (GHz) Structure
BaMg, 5Ta,;303 (BMT) 24 250000 Comp. Per.
BaZn, 3Ta,/303 (BZT) 29 150000 Comp. Per.

Ba(Co.Zn), sNb,;05 (BCZN) 34 90000 Comp. Per.
SrTiO3;-LaAlO5 (STLA) 39 60000 Simp. Per
CaTiO5-NdAIO; (CTNA) 45 48000 Simp. Per
Z1TiO4~ZnNb,Og (ZTZN) 44 48000 o pbO,
Ba4Nd9.333Tu] 8054 (BNT) 80 10000 PCI'/TTB

Comp., complex; Per, perovskite; Simp., simple; TTB, tetragonal tungsten
bronze; MW, microwave.

station cavities as the EM field is effectively retained within the
ceramic. Retention of the field prevents coupling between pucks,
thereby affecting filter performance, i.e., the filter frequency
window is narrowed.

Increasing the permittivity in a ceramic is typically achieved
by substitution of a cation of either greater ionic polarizability
and/or ionic radius, which decreases the unit cell volume. This
principle is typified by, e.g., the BaZrO;—BaTiO; solid solution
in which substitution of Zr by Ti increases the B-site polariz-
ability at the same time as decreasing the unit cell volume, with a
commensurate increase in permittivity. The relation between
polarizability, unit cell volume and permittivity is well under-
stood and will not be discussed further.

(2) Factors Affecting ¢

(A) Permittivity: In the late 1960s, Harrop® compared t,
with g, of paraelectric materials, Fig. 7. Compounds with low ¢,
in general exhibit low 1. and vice versa. Harrop® considered the
Classius—Mosotti (CM) equation, which relates permittivity, €,

Logs0Q*f, (10° GH2)

3
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78

Fig.6. Graph of Log;y Q x f, versus g, for zero 1 commercial res-
onators. ~
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Fig.7. T, versus &, for a wide range of materials, after Harrop.?

to polarizability, o;

e—1 4n
8-0—2_?2]\(/%.

where N; is the concentration of atoms. Harrop® differentiated
the CM equation to justify physically the following empirical
relationship

T = —OLE;.
It follows that
Ty X —OLE;.

As 1= —(1/2t.+ay) (Eq. 4), for small values of oy or large val-
ues of 1, 1 is also controlled by g,. In the case of microwave
dielectrics, ionic polarizability dominates €, and thus t.! Figure
8 illustrates this relationship within the xCaTiO; (CT)-
(I-x)LaMg, ,Ti; o035 (LMT) solid solution.'* This solid solu-
tion is formed from two end members with similar structures but
widely different permittivities. As the CT (g, = 165) concentra-
tion increases, Ty increases. The relationship is linear when
T > o but deviations occur when the magnitude of T ap-
proaches that of oy . Harrop’s” approach, however, did not con-
sider how structural phase transitions may affect t. and
therefore by analogy tr and t.. It was not until work by Colla
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Fig.8. &, versus t¢ for CaTiO5-LaMg, »Ti,,03 solid solutions, after
Seabra et al.'®

et al* and Reaney et al.’> was published that the influence of
phase transitions on t; became apparent.

(3) Phase Transitions

The influence of phase transitions on the microwave properties
of Ba- and Sr-based complex perovskites was demonstrated by
Colla et al.,* who showed that a major factor controlling t; was
the onset of octahedral tilt transitions. Tilt transitions occur
when corner-shared O-octahedra rotate either in phase or anti-
phase around the major axes of the perovskite structure. Sr- and
Ba-based complex perovskites typically have 25 <¢g,<40. There-
fore, the dependence of t; on &, is limited. Reaney er al.®> pos-
tulated that in perovskites, the tolerance factor,

_ (Ra + Ro)
V2(Rs + Ro)’

where Ra, Rg, and Rg are the radius of the A, B, and O ions,
controls the temperature of the onset of octahedral tilt transi-
tions, and therefore 1. Lower #’s favor distorted structures that
have undergone phase transitions on cooling that involve rota-
tions of the O octahedra. The authors pooled previous data and
plotted 1, versus ¢ for a large number of Sr- and Ba- based
complex perovskites, Fig. 9. Three distinct regimes were identi-

200

7. (MK ™
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and in phase tilted BCaT
tilted
—400 1 1 1 1 1 1
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Tolerancefactor (t)

Untilted

Fig.9. Tolerance factor, ¢, versus 1, at room temperature for
A(B'B")O; (A =Sr and Ba, B'=1In, Ca, Mn, Co, Ni, Zn, Mg, Nd,
Gd, a;nd B” = Ta and Nb) 1:1 and 1:2 complex perovskites, after Reaney
et al.
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Fig.10. {110) zone axis diffraction pattern from grains of Ba,Sr(;_,)(Zn,;3Ta,/3)O; denoting the appearance of reflections as a function of x and ¢
associated with rotations of the O octahedra in antiphase at 1/2{hk/} or 1/2{ooo} (where o = odd) positions. Reflections at +1/3{hkl} positions arise

from ordering of the Zn and Ta ions.

fied by Reaney et al.’ First, for 1.06>1>0.985, t, is initially
close to zero but then decreases to a minimum of —300 MK ™' as
the tilt transition approaches but does not exceed room temper-
ature. At t=0.985, a steep increase in 1, occurs, which is asso-
ciated with the onset of a tilt transition above room temperature
in which the octahedra rotate in antiphase only. This phase field
persists for 0.985>¢>0.965, below which a second phase tran-
sition occurs above ambient involving rotations of the octahedra
in both antiphase and in phase. In this latter phase field, t, in-
creases as ¢ decreases. It is worth pointing out that ¢ not only
controls the onset temperature of a phase transition but also the
amplitude of rotation of the octahedra within any given perovs-
kite crystal structure at room temperature.

The onset of octahedral tilting as ¢ decreases is illustrated in
Fig. 10, which shows equivalent {110}, (where p = pseudocu-
bic) zone axis diffraction patterns from grains in Ba,Sr(_
(Zn;;3Tay/3)05 ceramics. The onset of rotations of the octahedra
in antiphase is denoted by the appearance of reflections at
1/2{hkl} or 1/2{ooo} (where o= odd) positions. The reflections
at +1/3 {hkl} positions arise from ordering of the Zn and Ta ions.

Recently, Lufaso'* revisited structure property relations in
Ba-based complex perovskites and noted that, for 1:2 ordered
compounds, neither €. nor ¢ correlated well with t; for niobates
and tantalates. Instead, Lufaso'* plotted 1, vs the bond valence
sum (BVS) of the B-site M>* ion, Fig. 11. Using this approach,
originally outlined by Kucheiko et al.,'® a strong linear corre-
lation was observed for the six compounds considered. This ap-
proach is by no means as universal as considering €, and ¢, both
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Fig.11. Average 1 versus M>" bond valence sum. Error bars represent
standard deviation. BNT , Ba(Ni;;3Ta;;3)O3; BNN, Ba(Ni;;3Nby/3)O03;
BZT, Ba(anlgTaz’,;)O}; BMT, Ba(Mngaz’g)Og; BMN, Ba(Mg]B
Nb,3)03; BZN, Ba(Zn, 5Nb,/3)0s, after Lufaso.'*

of which apply for a large number of compounds over a broad
range of tp values. It does, however, illustrate that within narrow
groups of similar composition, the degree of underbonding for
the B-site M?" ion plays a role in the value and sign of t.

(4) Tuning ¢

From an engineering perspective, the premise used to obtain a
temperature-stable material appears quite simple; a solid solu-
tion or composite is created of two materials, each having op-
posite signs of 1. Although this approach adequately explains
tuning T from the perspective of a composite, it does not de-
scribe the complexities associated with solid solutions.

Within perovskite solid solutions, the true tuning mecha-
nism(s) is/are a combination of the reduction in the polarizabil-
ity per unit volume (decrease in permittivity)® and inducing a
phase transition above room tem})erature usually associated
with rotations of the O-octahedra.** These concepts are sche-
matically illustrated in Fig. 12 for SrTiO3;-LaAlOj; solid solu-
tions.'® SrTiO; is a high €, (290) dielectric that is cubic at room
temperature but undergoes a tilt transition to a tetragonal struc-
ture (I4/mem) at ~—165°C. LaAlO; is a low-permittivity (22)
dielectric that undergoes an octahedral tilt transition at ~500°C
to a rhombohedral structure (R3c¢) in which the O-octahedra are
rotated around the [111], direction.'® As the LaAlOs concen-
tration increases, the onset temperature of octahedral tilting in-
creases until it is above room temperature. At the same time, the
polarizability per unit volume decreases, principally because the
long-range coupling of the Ti ions is disrupted by AI** ions on
the B site. The two effects combine to give zero t; at a point in
the solid solution where €. = 39. Figure 13 shows a dark-field
image of a commercial zero tr StTiO3-LaAlO; (STLA) ceramic
obtained approximately parallel to a {110}, direction using a
1/2{000} reflection.'® The ribbon-like features are antiphase
boundaries arising from regions of tilt that have impinged after

SITiO, - LaAlo,

Tilt transition

&

LaAlO,
increases

Temperature

Fig.12. Schematic showing the tuning mechanisms for tuning t, and
therefore t; in SrTiO3-LaAlO;. The arrows indicate the qualitative
change in 7., after Reaney er al.'®
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Fig.13. Dark-field image obtained using a 1/2{hk/} reflection showing
antiphase boundaries (APBs) associated with rotations of the octahedra
in antiphase. {110}, and {111, zone axis diffraction patterns illus-
tratinl% that rotations of octahedra occur in antiphase only, after Reaney
et al.

nucleating out of phase. The absence of superlattice reflections
in the {111) zone axes (Fig. 13) defines the structure as being
tilted in antiphase only.

(5) Factors Affecting Q

The optimization of Q is essential to maximize commercial ex-
ploitation of the available bandwidths in the 1-3 GHz frequency
range. It is the least understood of the three key parameters and
is composition, processing, and structure dependent. From a
physical perspective, intrinsic losses are controlled by anhar-
monicity and dampening of the phonon modes of the funda-
mental lattice!” and they may be estimated using infra-red
spectroscopy in a manner discussed at length by Ferreira
et al.'"® However, in reality, extrinsic losses dominate Q and op-
timization usually refers to the minimization of as many extrin-
sic loss mechanisms as possible.!” The following sections present
an overview of some of the known mechanisms by which ex-
trinsic losses can be minimized.

(A) Order|/Disorder Behavior: Some of the most impor-
tant ordered complex perovskites available commercially are
based on doped BZT. Kawashima et al.® reported the initial
MW characterization of BZT for which g, = 30, 0 = 6500 at 12
GHz, and t;~0 and also that controlled sintering/annealing of
samples led to an improvement in Q. Galasso and Pyle'® pre-
viously reported that BZT is a trigonal perovskite with 1:2 or-
dering on the B site between Zn and Ta ions along the [111],
direction. The onset of ordering expands the original unit cell in
the [111], direction, resulting in the splitting of the (422), and
(226), fundamental perovskite reflections. If Zn and Ta are not
ordered, then a cubic structure persists. Kawashima et al.® stud-
ied the degree of ordering of BZT at various sintering temper-
atures. Figure 14 shows the splitting of (422), and (226), peaks
with sintering time at 1350°C. At 2 h, there is no lattice distor-
tion (peak splitting), and consequently none or only short-range
order (SRO).

After 8 h, the lattice distorts (peak splitting occurs), indicating
the onset of long-range B-site ordering. The increase in order is
commensurate with an increase in Q to a maximum of 14 000 at
12 GHz. Similar experiments were conducted by Desu and
O’Bryan.?® Tamura ef al.?' investigated the BZT system with
additions of BaZrOj;. They claimed that sintering and crystalli-
zation in the Ba(Zn;;3Ta,3)O5-BaZrO; system were both accel-
erated by the addition of BaZrO;, and that Q values were
improved accordingly. Davies er al.** further investigated this
system and concluded that although at the sintering temperature
the addition of <5 mol% BaZrOj; favored face-centered cubic
(fce) order with a random-layer structure, annealing at 1200°C
induced 1:2 trigonal, P3ml, ordering with a commensurate in-
crease in Q. BaZrOs;-doped BZT has g, = 30, Q x fo = 130000
GHz with zero 1 and is a commercial system sold by several
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Fig.14. Splitting of (226) and (422) peaks as a function of sintering
time at 1350°C, after Kawashima.

companies. It is a direct competitor with BZT-SrGa,;Ta, 203
(SGT), first investigated by Kageyama er al.>* In two separate
studies, Reaney et al.>** examined undoped BZT and commer-
cial 0.95BZT—0.05SGT ceramics annealed at various tempera-
tures and used X-ray diffraction and transmission electron
microscope to determine the order—disorder transition temper-
ature. For undoped BZT, the order/disorder transition temper-
ature occurred between 1600 and 1625°C.>® The addition of 5
mol% SGT to BZT results in a decrease in the order/disorder
transition to ~ 1500°C.>* BZT-based ceramics are sintered at
~1550°C below the order/disorder phase transition for un-
doped BZT but above that of 0.95BZT-0.05SGT. Consequent-
ly, 0.95BZT-0.05SGT requires annealing below the order/
disorder transition in order to induce 1:2 ordering, thereby opt-
imizing Q. However, as discussed by Desu and O’Bryan,?® ZnO
loss from the surface of BZT is significant above 1300°C. There-
fore, in the study described by Reaney e al.,** annealing of
0.95BZT-0.05SGT was carried out at 1275°C (below the tem-
perature at which ZnO loss is significant) for 24 h, which re-
sulted in a 40% increase in Q X fy from ~110000 GHz (as
sintered) to 150000 GHz (annealed). Figure 15 shows <110,
zone axis diffraction patterns from as-sintered and annealed
0.95BZT-0.05SGT.*> A dark-field image is included in Fig. 15
obtained using a =+1/3{hkl}, reflection which illustrates the
microstructure associated with the ordering process.** (110 »
zone axis electron diffraction patterns from the as-sintered ce-
ramics showed diffuse streaks normal to the {111}, planes in-
dicative of SRO, Fig. 15. At the point of crossover, 1/2{hkl},
reflections are observed, which have been interpreted as arising
from a random-layer, fcc-ordered structure. The diffuse nature
of these reflections suggests that this type of ordering is only on
the scale length of a few unit cells and in this case may simply be
a consequence of 1:2 ordering frustrated by the rapid cooling
rate.4?

Upon annealing at 1275°C/24 h, SRO disappears to be re-
placed by 1:2 trigonal, P3ml, long-range ordering with discrete
reflections at +1/3{hkl}, positions, Fig. 15. These and similar
effects have been reported by several authors in BZT-based
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Fig.15. ({110 zone axes from the as-sintered, annealed shell, and an-
nealed core of grains from 0.95BaZn,;Ta,;303-0.058rGa, ,Ta, ,0s.
Dark-field image obtained using a +1/3{hk} showing the microstruc-
ture associated with the ordering. The regions from which two of the
electron diffraction patterns are recorded are marked (a) and (b) and
GB, grain boundary, after Reaney er al.**

systems. What is unique in the commercial samples studied by
Reaney et al.** is the magnitude of the resultant Q x f; values
(150000 GHz is the largest reported for commercial 2-3 GHz
pucks) and the distribution of the ordered domains. A core—
shell-ordered microstructure is produced with the shell of every
alternate grain composed of a single-ordered, orientational,
trigonal variant that contains antiphase boundaries normal to
the grain boundary.?* In contrast, the cores of the grains were
composed of multi-variant nano-sized ordered domains, more
typical of those previously observed in BZT-based ceramics.’ In
the same study, refinements of neutron and X-ray diffraction
data were used to determine the structure of the samples.”* The
data could only be refined assuming a two-phase microstructure
in which the average position of the Ta ions differed. The vol-
ume fraction of each phase corresponded to approximately that
estimated for the core—shell microstructure shown in Fig. 15.
The presence of the ordered shell in each alternate grain denotes
that this microstructure forms in conjunction with grain
growth.?*

It should be noted that BZT-based ceramics often exhibit a
ZnO-deficient phase, BagZnTagO,4, at their surface. This com-
pound is not significantly detrimental to the properties, as Mo-
ussa et al.”® have shown that it has a high Q and permittivity
similar to BZT. Attempts to suppress its formation completely
by the addition of excess ZnO or firing in a ZnO-rich atmos-
phere often result in materials with poor Q. The relationship
between the presence of this phase at the surface of BZT and
higher Q values is not well understood.

(B) Effects of Processing on Q: Negas et al.® examined
the effects of processing on the microwave dielectric properties
of BaTiyO9 and Ba,TigO, ceramics. They found that raw ma-
terial impurities (<0.2 wt%) reduced Q by a factor of 2. Minor
contamination from milling media and binders degraded Q by
15%-20%. Alford er al.’” studied TiO, and observed a maxi-
mum of Q for undoped ceramics at 5% porosity. Increasing
density degraded Q after that point. This was attributed to cor-
ing effects. At a high temperature, titanates are known to un-
dergo partial reduction from Ti** to Ti**. This often manifests
itself as darkening or coring of the interior of pellets. As the
density of the TiO, increases, the ingress of O, on cooling to
reverse the reduction becomes progressively more difficult,
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which is why Q in undoped TiO, has a maximum at densities
<100%.

Degradation of Q arises due to the creation of oxygen va-
cancies (Vo) and possibly the onset of electronic conduction.
The formation of vacancies is a plausible explanation from the
point of view of phonon—photon interactions and it is intuitively
easy to imagine a distribution of Vg increasing the anharmoni-
city of vibrations and dampening of phonon modes, both of
which are classic explanations for extrinsic dielectric loss. A di-
rect link between electronic conductivity and Q is less clear from
a mechanistic perspective.

In order to prevent coring, the conventional approach is to
process in a high P(O,) atmosphere or, acceptor dope to inhibit
reduction at high temperature. This latter effect was first re-
ported by Herbert,?” who doped BaTiO; with Mn oxide to pre-
vent reduction during sintering. A similar approach was used by
Alford et al.,” who doped TiO, with Al,O5 and improved O x f;
dramatically from <6000 to >47000 GHz. Figure 16 compares
the cores of undoped and Al-doped TiO, sintered under the
same conditions. Undoped TiO, shows a complex arrangement
of planar defects, whereas Al-doped TiO, exhibits a largely fea-
tureless microstructure. Planar defects are known to form in
TiO, when there is a significant reduction.?®

(C) Effects of Solid Solution on Q: Several MW dielec-
tric ceramics are based on simple (disordered) perovskite solid
solutions, in particular, the commercial ceramics, STLA and
CTNA.'® There are a large number of CaTiOs-and SrTiOs-
based perovskite solid solutions that form zero T ceramics.
However, most compounds, e.g. (1—x)CaTiOs;—(x)Sr(Mg, ;3
sz/3)03 (CT-SMN), (1—.’C)CaTiO3*(X)SI”(ZIl1/‘3Nb2’/3)03 (CT-
SZN), and CT-LMT, have Q values that are too low for com-
mercial exploitation. The reasons for this are unclear as there are
no known issues concerning reduction or unwanted second
phases, that could account for this discrepancy. One possible
explanation, however, relates to the spread of ionic radius on the
A and B sites. This may be rationalized by considering not an
average ¢ for a solid solution, as used by Reaney et al.” in their
study of the effect of octahedral tilting on 1., but rather the
spread of ¢ (Af). This approach is similar to that proposed by
Attfield and MartinezRodrigues®® to explain the variations in
properties in magnetoresistive manganate-based perovskites. A
solid solution is considered to be made up of unit cells of dif-
ferent composition. In CT-SMN, for example, these combina-
tions are as follows: Ca and Ti, Ca and Mg, Ca and Nb, Sr and
Ti, Sr and Mg, and Sr and Nb. The ¢ for each of these combi-
nations is calculated and the largest and smallest values are tak-
en to give Ar. In the work quoted below, CT-SMN has a
At=0.09 and (1-x)CaTiO3-xSr(Zn;;3Nb,/3)O3 (CT-SZN) has
a Ar=0.1. In contrast, CaTiO3—LaGaO; (CTLG) has a low
Ar=0.01 as Ca*" is similar in size to La’* and Ti*" to Ga’*.
Figure 17 shows At versus Q X f, for several CT-based solid so-
lutions with 40 <&, <45 in which a low Az favors a higher 0, e.g.,
CTLG has the highest known Q X f; values for this class of ma-
terials coupled with the lowest Az. Although Fig. 17 illustrates
an empirical relationship, it may be physically justified. A large
range of bond lengths on the A and B sites would result in
greater anharmonicity and dampening of phonon modes. More-
over, a large Ar would induce a greater driving force for SRO,
which would result in nano-clusters of differing bond lengths,
further adding to anharmonicity and dampening of the vibra-
tional modes, thereby decreasing Q.

The problem with considering concepts such as clustering and
weak SRO effects is determining a means by which they can be
detected. In general, such effects are below the detection limit of
X-ray and neutron diffraction. Moreover, unless specific cell
multiplication phenomena occur, they may also be undetectable
by electron diffraction. Vibrational spectroscopy techniques are
highly sensitive to SRO and offer a means of detection.*® Figure
18 shows the Raman spectra between 200 and 1000 wavenum-
bers for three of the solid solutions described in Fig. 17.3! The
precise assignment of all modes is complex and beyond the scope
of this review, but the broad intensities marked as the A,
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Fig.16. Bright-field transmission electron microscope images from the core region of (a) and (b) undoped and (c) Al-doped TiO,.The inset in (a) and (c)
show [010] and [001] electron diffraction patterns, respectively. The [010] zone axis shows evidence of superlattice reflections associated with the planar

defects.

breathing mode arise because of the presence of more than one
B-site ion species. The intensities of Raman spectra is difficult to
quantify, particularly when considering so many different ions.
However, the full-width at half-maxima (FWHM) of the A,
mode varies considerably, and, the broader this mode for
CaTiO;-based solid solutions, the higher the Q. Zheng et al.”!
postulated that a broad A;, mode qualitatively indicates only
weak SRO and a tendency toward a virtually random distribu-
tion of ions on the B site, e.g., CTNA and CTLG. In contrast,
zero 17 CT-SMN has a narrower A, mode and therefore a
greater coherence length of SRO and lower Q.

50 —w
0.7CTLG 0.7CTNA
B ®  05CTLMT
o
40 -
~
I —
o °
% 30l 0.5CTCAN
o
6 -
20
- 0.2CTSMN
10 | | | 0;2CTSZN
0 0.02 0.04 0.06 0.08 0.10

At

Fig.17. Q X fo versus spread of tolerance factor (Af) for a range of
CaTiOs-based perovskites. xCaTiO; (xCT) SrMg;3Nb,;303 (SMN),
Sl‘Mglr,':;Zl'lz/BO} (SZN), CaAll,erme; (CAN), LaMgll,'zTil‘,fzog
(LMT), NdAIO; (NA), and LaGaO; (LG).

For complex perovskites such as BZT, the increase in Q with
ordering results in a narrowing of the A;, mode and corre-
sponds to a transition from a short- to long-range-ordered
state.’? It follows therefore that, in complex perovskites, the
presence of SRO is detrimental to Q, consistent with the hy-
pothesis presented above for CaTiO3-based solid solutions.

Seabra et al.' performed a comprehensive study of xBaTiOs,
xS1TiO5, and xCaTiO;, in a solid solution with (1-x)LMT.
Zero 1 was achieved at x~0.5, for all three solid solutions.
More interestingly, a minimum in Q in all solid solutions was
observed at x =0.5 followed by an increase in Q for x=0.7,
Fig. 19. If the concept of nano-clusters discussed above is
reasonable, the greatest driving force for their formation must
occur at x = 0.5, logically accompanied by a minimum in Q
(maximum SRO in the solid solution)."?

0.2CTSMN A
.................. 0.75CTNA breathing
30000 - _____ 0.75CTLG mode

Intensity (arb. Units)

1
200 300 400 500 600 700

800 900 1000

Wavenumbers (cm-')

Fig.18. Raman spectra between 200 and 1000 wavenumbers for three
of the solid solutions described in the caption of Fig. 17.
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It may be concluded therefore that with respect to solid so-
lutions, Q is optimized when Az is a minimum and for zero t¢
compositions that do not fall close to x = 0.5. These two factors
explain the extraordinarily large Q x f, of 0.7CTLG, which Ne-
nasheva® has quoted to be as high as 60000 GHz.

IV. Conclusions

Optimized zero t; compositions suitable for resonator applica-
tions are rare and only a handful exist. When ¢, is plotted
against log;o O X fo, all these compositions lie on a straight line.
Interestingly, no high Q materials with zero ¢ exist from 45 <g,
<75. Even if such materials existed, they are not likely to have a
Q suitable for base station MW resonator applications.

Factors that control tr in MW dielectrics are now well estab-
lished. A combination of phase transitions, typically involving
rotations of the O octahedra, above room temperature and
modifying permittivity by adjusting the polarizability per unit
volume, are routinely used to control 1. Maintaining a high Q
while adjusting t; is, however, more problematic. Q is highly
dependent on processing, and titanates are particularly suscep-
tible to coring and often require firing in high P(O,) or more cost
effectively, acceptor doping to inhibit reduction during sintering
at a high temperature. Even when processing is optimized, there
are many other factors that influence Q. For complex perovs-
kites, the order/disorder behavior is important. Perovskites that
exhibit a trigonal 1:2 ordered cell usually have the highest O
values. To induce ordering, the temperature of the order/disor-
der phase transition temperature needs to be determined and the
sample annealed below this value. ZnO loss can be an issue in,
e.g., BZT, so annealing for longer times at reduced temperatures
is beneficial.

For CaTiO; (g, = 160)-based solid solutions, Ar needs to be
minimized and the zero t composition must avoid x = 0.5, so as
to minimize the driving force toward SRO. As the permittivity
changes as a function of x in accordance with, e.g., the Maxwell
mixture rule, avoiding x = 0.5 is achieved only if the other end
member of the solid solution has €. <25. From this perspective,
rare-earth aluminates and gallates are ideal.

In summary, most of the principles that control MW prop-
erties in essentially monophase compounds have been empiri-
cally demonstrated: tuning t¢ typically requires the following:

(i) manipulation of the permittivity in conjunction with,

(ii) inducing a phase transition above ambient,
for high Q,

(iii) optimize ceramic processing to avoid coring issues, in

homogeneity, second phases, impurities, and pressing defects,
(iv) avoid compositions where SRO dominates, and induce
LRO if possible (complex perovskites), and

(v) for solid solutions, avoid large differences in ionic radii
(mimimize Af) and utilize end members that induce zero
1 away from x =0.5.
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Many of these simple empirical principles were used to guide
the development of 0.9Ba(Cog.¢Zng 4)NbO5-0.1BaGa;»Ta; 203
(BCZN-BGT) ceramics, that have zero 7t ¢&.=34, and
0 X f5>90000.>*% BZN, the base compound in the BCZN-
BGT solid solution, has 1= +20 MK, O X fo = 60000 with
& = 40.3* One method of fabricating a zero 1; resonator using
BZN as its base is by doping/forming a solid solution such that
the polarizability per unit volume decreases in order to decrease
€,, thereby tuning 1. and t¢in the manner described originally by
Harrop® and later by Wise et al.*® Moreover, to maintain a high
Q, tuning must be achieved without significantly increasing Az
and also in a manner that retains 1:2 trigonal order. Co®", when
substituting for Zn>", has a lower polarizability (i.e. decreases
permittivity), an ionic radius similar to Nb°" (At is therefore
unaffected), and it does not disrupt the 1:2 ordering process.
BCZN-based ceramics are therefore fabricated.

Undoped BZT has a small negative tr (—2 MK™!) and re-
quires tuning by decreasing the average ¢.5 Therefore, Kage-
yama® doped BZT (= 1.03) with 5 mol% SGT (s =0.96) to
achieve zero 1r. The addition of SGT had the added advantage
of improving Q. It is believed that Ga doping of the B-site
facilitates enhanced diffusion and improved sintering but the
mechanism is unclear. In contrast, BZN has a large t,=20
MK ! and the addition of SGT further increases the magnitude
of the temperature coefficient. Therefore, Hughes er al.** and
Reaney et al.®® prepared a solid solution of BGT rather than
SGT with BCZN. The former does not significantly alter the
average ¢ or Ar and additionally decreases the permittivity,
thereby further tuning t; via the mechanism discussed by Ha-
rrop” and Wise ez al.>® A temperature-stable BCZN compound
can be fabricated without the addition of BGT, but control over
the final properties is difficult to achieve and Q and t; can vary
dramatically from batch to batch. BCZN-BGT ceramics are
now commercially available.

V. Future Requirements

In order for microwave dielectric ceramics to be used in base
stations, they must inevitably offer a commercial advantage over
competing technologies. In particular, metal cavities offer an
alternative to ceramic resonators. Q’s are considerably lower
(~6000 GHz) but they are two orders of magnitude cheaper.
The high cost of ceramics comes from the often expensive raw
materials, e.g., Ta,Os and Nb,Os, and the complex manufac-
turing process necessary to ensure optimum properties. There-
fore, ceramics are only used for applications where high Q is
paramount. Ironically, most academic researchers pursue high-
permittivity (>50), zero 1 compounds, that offer no real ad-
vantage to the base station manufacturer as their values of Q are
inevitably too low, the cost is too high, and puck-to-puck cou-
pling is inhibited. Instead, more work is needed on improving Q
by developing processing techniques, that minimize extrinsic
loss. Many researchers have shown that the use of high-purity
chemically derived powders may improve Q but until the cost of
such powders is significantly reduced, it is unlikely that they will
be used by industry.

Where ceramics offer a distinct advantage over competing
technologies is in the use of unusual puck geometries to induce
multi-mode resonance, thereby saving space and cost. The de-
sign of multimode pucks is still, however, experimental and no
clear ideal geometry has emerged, which prohibits spurious res-
onances. In addition, it is debatable whether they have sufficient
mechanical stability to survive the industry standard 7g (gravi-
ties) drop test. The unusual design also, lays down new chal-
lenges to ceramists to control t; Q, and ¢, during ceramic
processing.

In conclusion, the MW ceramic resonator market for base
station technology has now matured and industry is focused
primarily on cost saving and improving Q. New markets for
MW ceramics are, however, constantly emerging such as global
positioning systems (many of which utilize dielectric resonator
antennas), low-temperature co-fired ceramics for embedded
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MW circuitry, tuneable filters, and higher frequency applica-
tions for advanced radar technology. As we move inexorably
forward in the 21st century, environmental considerations will
become increasingly important and MW ceramics will need to
be environmentally friendly and recyclable.
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