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Abstract

0.9Ba([Zr.60C0.40]1/3Nb2/3)O03—0.1Ba(Gas Taps)O3 (BCZN-BGT) ceramic resonators (quality factgr,= 32,000 at the rate of 3.05 GHz,

relative permittivity,e, = 35 and temperature coefficient of the resonant= 0) have been fabricated which are suitable in terms of cost

and performance for base stations supporting third generation architecture. The new compounds are perovskite ateact08d] but

exhibit no superlattice reflections at any heat treatment temperature according to X-ray diffraction (XRD). However, annealing and quenching
of samples followed by transmission electron microscopy and Raman spectroscopy revealed an order—disorder phase trdrZ0086 .at
Annealing below this temperature (110D) gave rise to discrete-1/3{hkl}, and diffuse 1/Zhkl}, superlattice reflections in the same

(110, zone axis electron diffraction patterns and the presence @t Ay modes in Raman spectra. It is proposed that3{hkl},
reflections result from 1:2 long-range ordered domains of BCZN whereas the diffy$ek1}Jg reflections arise from short range fcc ordered

BGT rich regions at the 1:2 domain boundaries. A short-range ordered fcc superlattice was observed in samples quenched from above the
order—disorder phase transition (>12@) which was accompanied by the presence of only tha#ode in Raman spectra.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction use 1/3:2/3 complex perovskite compositions derived from
Ba(Zm/3Tap/3)03 (BZT)* and Ba(Mg/3Tap/3)03 (BMT)®
Low loss dielectric ceramics with medium permittivi- due to their highe®-values £&70,000 at the rate of 2 GHz).
ties r = 25-50) are the materials of choice for mobile Unfortunately, TaOs is expensive and the cost per resonator
phone base station technology where they act as filters,puck of BZT is too great for the expected mass market
resonators and tunetsCurrently, ceramics based on the for third generation mobile systems. M is isostructural
solid solutions CaTi@-NdAIOs2 and ZrTiQi—ZnNkOg3 with TaoOs and NB* and T&" have identical ionic radii
are the market leaders in these applications and typi- (0.64 A) and electronic structurésTherefore, NbOs is a
cally commercial pucks have ~ 43-45, quality factor, logical substituent for T#0s in complex perovskite com-
Q =~ 25,000 at the rate of 2GHz and temperature coeffi- positions. Compounds such as BazNby;303 (BZN),
cient of the resonant frequenay, = +3. Where selectivity ~ for which ¢, = 38, 17 = +40 andQ x f, = 60,000 GHz,
for a given resonant frequencypl and optimisation of = show promise as a basis for the development of MW
bandwidth are paramount, filter designers would prefer to dielectrics’™ Until recently, however, problems have been
encountered in achieving zelﬁpand optimising and con-
o . , , trolling Q. In 2001, Hughes et at reported on the composi-
o A1k Doy AT tion 0.9Ba([Zm 6oCon.al1sNDz3)05-0.1Ba(GasTans)Os
E-mail address: 1.M.Reaney@sheffield.ac.uk (I.M. Reaney). (BCZN-BGT) for whichzs = 0, &y = 35 andQ = 32,000
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at the rate of 3.05GHzd x f, = 100,000 GHz). More- portant in controllingQ than the degree of 1:2 order. Ahn
over, it was demonstrated that compositions could be scaledet all’ investigated BCN and observed that, although long
up to form cylindrical resonator pucks with outer and in- range 1:2 order was present in samples sintered at 2,00
ner diameters of 27 and 10.4 mm, respectively, for which at 1450°C, the intensities of the-1/3{hkl} reflections in
0 x fo = 98,000 GHZ? electron diffraction patterns became weaker and more dif-
Although technologically this compound was an impor- fuse and XRD revealed a reduction in the total degree of or-
tant advance in the fabrication of ceramic resonators for mo- der. Endo et at substituted Co for Zn on the B-site and suc-
bile systems, little is known about its crystal chemistry and ceeded in producing a zetphighQ (Q x fo = 70,000 at the
microstructure. For example, Hughes et&teported that it rate of 6.5 GHz) composition. The degree of order, however,
appeared disordered by X-ray diffraction (XRD) but the scat- was not studied and control of the valence state of Co was
tering power difference between Zn/Co and Nb is small com- reported as difficult and blamed for the poor reproducibil-
pared with that between, e.g. Zn and Ta ions in BZT-based ity of the Q values. It should be noted that compositions of
compounds. Detection of ordering in BCZN is therefore dif- Endo et aft® were produced as small 1-2 cm test pieces and
ficult and it remains an open question if or at what tem- measured at high frequencies (6.5 GHz). Althou@h f,
perature the compound undergoes an order—disorder phaswas reported as a 70,000 GHz, this would not be easily re-
transition. produced in 2—3 GHz resonator pucks since larger ceramics
Many powder XRD and transmission electron microscopy contain more defects an@ x f, is not constant as widely
(TEM) studies have been performed on Ba-based complexreported® Colla et al?® investigated BZN-SrZ13Nby/303
perovskites and it has been known since the late 1970s thatsolid solutions as a test case to study the changesas a
the degree of order in, e.g. BZT, increases on annealingfunction Sr concentration in complex perovskites. They con-
typically between 1400 and 150C.1%12 Moreover, it is  cluded that the substitution of Sr for Ba resulted in the on-
now well established that an increase in the degree of or-set of a series of phase transition, involving rotations of the
der results in an increase@!? In the late 1990s, Reaney O-octahedra, which controlled the magnitude and sigr of
et all® reported that the order—disorder phase transition In this investigation, a series of quenching experiments are
temperature in pure BZT was between 1600 and 2650 performed to ascertain the approximate temperature of the
and was reversible. A high degree of order coupled with order—disorder phase transition in BCZN-BGT. The struc-
large ordered domains could be obtained by annealing atture and microstructure of the ordered and disordered phases
1600°C but this was accompanied by large scale ZnO loss. are investigated using XRD, TEM and Raman spectroscopy.
In a more recent publication, Reaney etf4investigated
0.95Bazn,3Tag/303-0.05SrGay»Tay 203  (BZT-SGT)® _
commercial resonator pucks, identifying an order—disorder 2 Experimental
phase transition at1500°C. These authors also suggested
that BZT-SGT ceramics should be sintered at 1822 h

(above the order—disorder transition) followed by annealing  standard electronic grade purity raw materials (>99.5%)
24h at 1275C in air. This schedule maximised density and \yith adsg of approximately 1-m were batched in lots of
the degree of order but minimised ZnO loss and resulted in 100_200 kg. Measurement accuracy for the individual pow-
the highest reporte@ values for BZT-based commercial  gers were maintained to 0.002 kg. The powders were trans-
resonators@ = 79,000 at the rate of 2 GHz). Similarresults  ferred to an attrition mill and milled for approximately 3 h
have been obtained on BaggTay/303-BaZrQ; (BZT-B2) with deionised water and YSZ media. Milling was complete
ceramics by Davies and Tofigvho also demonstrated the after 3 h and thelsg of the mix was below g.m. After spray
strong link between ordering and and observed that, at  grying the powder was calcined in a 10001 furnace for 10 h
a sintering temperature of 151G, increasing the BaZr 5t 125(°C. Post calcination, the powders were re-milled in
concentration from 3 to 5mol% resulted in a switch from he attrition mill until thedsg of the slip was below fm.

long range 1:2 to short range 1:1 ordering. This was accom-ginders at the rate of 2wt.% were subsequently added and
panied by a decrease in the sintering time at temperature tohe slip spray dried. Spray dried particulates were pressed
achieve optimumQ. In light of more recent studiés;** it in 3 37mm diameter die at 70 MPa. Sintering was under-
seems likely that the 1:2 long-range ordered phase transitionygken at 1350C for 8 h with consideration being given to
temperature in BZT-BZ was suppressed to below 810  minimise ZnO loss during this process. A cooling rate of
as BZ concentration increased since the electron diffraction ggoc/h was employed (except were stated otherwise in the
data obtained as a function of composition were similar to text) and all ceramics had >97% of theoretical density as

those obtained as a function of temperature by Reaney et aljmeasured using the Archimedes water immersion technique.
in pure BZT3 and BZT-SG¥-.

In contrast, comparatively little is known on structure— 2.2 Quenching
property relations in BZN or BCN based compounds. Noh
et al’® sintered BZN over a range of temperatures and con- ~ Sintered samples were subsequently heated on a ZrO
cluded that the grain size and the density were more im- board in a muffle furnace (ramp raté3/min) between 1100

2.1. Ceramic processing
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and 1400C and held at temperature for 16 h. The furnace analysis, peak picking and integration for Raman spectrum
door was opened at temperature and the samples removednalysis. Spectra were then presented as relative intensity

and dropped into water. (counts) versus Raman shift (ctin air).
Fragments of quenched samples were also used to prepare
2.3. Characterisation TEM samples. Pieces, approximately 3 mm diameter, were

mounted on a Gatan disc grinder stub using Crystalbond
X-ray diffraction was performed on powdered samples ‘heat on/heat off’ resin. The ceramic was ground flat on one
using a Philips X-ray diffractometer. X-ray patterns were side using the Gatan disc grinder, removed from the Gatan
recorded at 2 values between 10 and 8@t a scanning rate  disc grinder stub and remounted with the flat side down. The
of 2° 26/min using non-monochromated CuxKadiation. sample was further ground to approximatelyp2f thick
Scanning electron microscopy (SEM) was performed and a 3.05mm Cu support ring with 8(én circular hole
on fracture surfaces from quenched pellets. Samples werewas glued onto its surface using an epoxy resin. The sample
mounted on aluminium pin stubs using silver paste (Agar was removed from the stub and excess Crystalbond cleaned
Scientific Ltd., Essex) and gold sputter coated. Secondaryoff its surface using acetone. The samples were thinned in a
electron images were obtained using a JEOL 6400 SEM Gatan Duo Mill ion beam thinner operating at an accelerat-
operating at 20 kV. ing voltage of 6 kV and a combined gun current of 0.6 mA
A Renishaw Ramascope System 2000 spectrometer wasat an incidence angle of 15The samples were examined
used for Raman measurements. This system comprised amsing a JEOL 3010 and Philips Tecnai TEM’s operating at
integral Raman microscope, a stigmatic single spectrographan accelerating voltage of 300 and 200 kV, respectively.
and a Peltier-cooled CCD detector. The microscope attach-
ment was an Olympus BH2 system and the excitation wave-
length used was 633 nm from a He—Ne laser source. Power3. Results
of 1-3mW was incident on the samples in a2 diame-
ter spot through a standard s0nicroscope objective lens.  3.1. SEM and XRD
The spectra were collected with 30 s data point acquisition
time, a spectral range of 150-950thand a spectral res- Fig. 1 shows typical secondary electron SEM images of
olution of 3—4cnT!l. Raman spectra were analysed using fractured BCZN-BGT samples annealed and quenched from
GRAMS/AI V.7, which is a fully interactive data processing (&) 1100°C, (b) 1200°C, (c) 1300°C and (d) 1400C. The
package including peak-fitting, data smoothing, quantitative grain size increases from10 to~20um as the annealing

Fig. 1. Secondary electron SEM images of fractured BCZN-BGT samples annealed and quenched from°@) @)00200°C, (c) 1300°C and (d)
1400°C.
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Fig. 2. XRD patterns from sintered BCZN-BGT ceramics annealed and quenched from 1100, 1200 afd. 1300

temperature is increased from 1100 to 14G0Qrespectively. quenched from (a) 110, (b) 1200°C (c) 1250°C and
Fig. 2 shows the XRD patterns from BCZN-BGT pellets, (d) 1300°C. The bands marked as;fand kg are char-
annealed and quenched from 1100, 1200 and 130Q0e- acteristic of ordering in B-site complex perovskitég?
spectively. All peaks may be indexed according to a simple The g mode band is only sensitive to long-range order
perovskite cell Pm3m) with « = 4.09 A, No second phase  (LRO) on the B-site whereas the A mode band may
was detected and there was no evidence of superlattice reresult from either LRO or short-range order (SR®¥2 In

flections. general, more ordered samples exhibit narrower widths and
higher intensitie$1-2? Fig. 3reveals that samples annealed
3.2. Raman spectroscopy and quenched from 110€ exhibits LRO as evidenced by

the presence of theofr band which persists up to 120G.

Fig. 3 shows the Raman spectra between 150 and However, the degree of LRO is greatly reduced, as indi-
950cm! from BCZN-BGT samples, annealed and cated by a much lower intensity and broader width of both
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Fig. 3. Raman spectroscopy data from BCZN-BGT samples, annealed and quenched from (&), 1tp0200°C, (c) 1250°C and (d) 1300C. The kyq
mode at~380 cnT! indicates only long range B-site order while thegAnode at~800 cnt! may be present due to both short- and long-range ordering.
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the Rg and Agg bands. In samples annealed and quenchedwas initially reported by Galas$das the Ba(Sr3Tay/3)O3

from 1250 and 1300C, the kg band is no longer visible,  structure whose symmetry may described by space group,

suggesting LRO is absent. However, thgg/dand is still ~ p3m1.24 The presence of diffuse 1fBkl}, reflections

present although its intensity is diminished and its band- suggests that short range 1:1 ordering coexists with long

width broader, indicating that SRO may still be present.  range 1:2 ordered regions. In contrast, samples annealed
and quenched from1200°C (Fig. 4b and & showed only

33. TEM the presence of diffuse and weak superlattice intensities,
which consisted of streaks parallel witfi11), direc-

Fig. 4a—care (110 zone axis diffraction electron tions. Where these diffuse streaks crossed affik2},
diffraction patterns (ZADP’s) obtained, from grains in positions, the intensity was enhanced to give an average
BZN-BGT ceramics, annealed and quenched from 1100, short-range ordered fcc superstructure reflection. Unlike
1200 and 1300C, respectively. The most intense spots may X-ray and neutron, electron diffraction intensities are dif-
be indexed according to the fundamental perovskite struc-ficult to quantify and use in the interpretation of structure,
ture, ap = 4.09A (from XRD data). Electron diffraction  due to dynamic rather kinematic scattering. However, it is
patterns recorded from samples quenched from 1@00 broadly true that diffuse intensities arise from short range
(Fig. 49 exhibited discrete superlattice reflections at all interactions (1-2 nm) whereas sharp discrete reflection from
+1/3{hkl}p and diffuse intensities at 1{Rkl}, positions.  long range (>3 nm). The electron diffraction data is there-
The appearance af1/3{hkl} reflections is consistent with  fore in agreement with that obtained by Raman spectros-
the presence of at least two variants (within the diffracting copy.
volume) of a trigonal supercell in which = b ~ 5.78 A, Fig. 5a and kare two-beam bright field TEM images of a
c~ 7.09A (i.e.a = b = /2 x ao, c = 3 x aol,/3). The grain from samples annealed and quenched from 1100 and
supercell may be explained by considering that the B-site 1250°C, respectively. The underlying diffraction contrast in
cations are ordered alternately in a 1:2 ratio {dnl 1} Fig. 5ais mottled (arrowed on left hand side). Barber et al.
planes, e.g. (11 })or (~1-1-1),. This ordering sequence and Reaney et af have interpreted this contrast as aris-
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Fig. 4. (a and bX110p Zone axis diffraction. Electron diffraction patterns obtained, from grains in BZN-BGT ceramics, annealed and quenched from
(a) 1100°C, (b) 1200°C and (c) 1300C. (d) Schematic indexing of the patterns.
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that BCZN-BGT has an order—disorder phase transition
at ~1200°C. The contrast from bright and dark field im-
ages suggests that the size (10-20nm) and distribution
of ordered domains are similar in nature to those in BZT
and BZT-SGT when these compounds are annealed be-
low their order disorder phase transition temperatgré.

The presence of 1:2 ordered regions distributed through-
out grains indicates that Co readily substitutes for Zn in
the ordered trigonal supercell, defining the valence state
as Ca™. In addition, it is clear that the addition of 10%
BGT to BCZN is insufficient to suppress completely 1:2
ordering. There is no direct evidence of any macroscopic
partitioning of Ga and Ta in the grains but the coexistence
of short range 1:1 with long range 1:2 ordered regions
suggests that there may be a heterogeneous distribution of
cations on the B-site for samples annealed and quenched
from 1100°C.

In BCZN-BGT compositions, only the BCZN compo-
nent has the correct stoichiometry to form 1:2 ordered
regions. If it is assumed that the BCZN component or-
ders completely then the BGT (10 mol%, 1:1 end member
compound) will partition at the interfaces between ordered
regions. Davies and Tofgsuggested that Zr partitions
to the orientational domain boundaries in BZT-BaZrO
although they did not present any direct evidence to sup-
port this hypothesis. In BCZN-BGT, the residual Ga and
Ta ions exist in a 1:1 ratio and have a significant charge
difference. Therefore, it is feasible that they may form a
short range, 1:1, fcc superstructure at the 1:2 ordered do-
Fig. 5. (a and b) Bright field TEM images grains in samples annealed main boundaries which could give rise to the observed
and quer_1ch§d from 1100 and 128D, respectively (m_ottled contrast is 1/2{hk|}p superstructure reflection in samples annealed
arrowed _|nF|g. 5&).‘ Inset ZADPs are (ajl 1_1)p showmgil/S{th}p and quenched from 110€. As in BZT, and BZT-SGT,
superlattice reflections and (R 11), showing diffuse 1/2hkl}, re- . .
flections (each are arrowed). Also insethig. 5ais a dark field TEM an average short range fcc superstructure also persists in
image obtained using #1/3{hkl} superlattice reflection. Bright contrast samples quenched from above the order—disorder phase
reveals the ordered domain distribution. transition temperature (>120C) in BCZN-BGT. How-
ever, its presence is always accompanied by streaking
parallel to the(111), directions which arise from short
range 1:2 ordering? It is not possible to know whether
the short range fcc structure is thermodynamically sta-
ble at >1200C or is induced because the quench rate
is insufficient to arrest fully the ordering process. Al-
though the quenched samples could not be measured at
MW frequencies due to extensive internal cracking, slow
(5°C/h) were compared with rapid (18C/h) furnace
cooled samples. The former exhibited Raman active modes
and electron diffraction patterns identical to those asso-
ciated with samples quenched from 12@) Figs. 3 and
4a respectively. In contrast, rapid cooling the samples
gave rise to spectra and diffraction patterns similar to
those from samples quenched from 130@0(Figs. 3 and
4¢). The Q at MW frequencies was typically 12—-18,000
and 25-30,000 at the rate of 3.05GHz for the slow and
4. Discussion fast cooled samples, respectively. The commensurate in-

crease of MWQ with the degree of order observed in

Although no superlattice reflections could be detected by BCZN-BGT is consistent with observations on BZT-based
XRD, TEM and Raman spectroscopy have clearly shown compositions’ 91314

ing from strained boundaries between ordered variants of
trigonal superstructure which have impinged. The ordered
domains are highlighted in the dark field image (obtained
using a+1/3{hkl} reflection) inset in the top right hand
corner ofFig. 5a A (111), zone axis diffraction pattern is
also inset which shows 1:2 ordered superlattice reflections
at £1/3{hkl}, positions. The strain at the ordered domain
boundaries arises due to a distortion of the pseudocubic lat-
tice in the [111} direction as the B-site cations order.
Mottled contrast could not be obtained from samples an-
nealed from 1250C and any features presenthig. Sbare
artefacts of the imaging technique rather than arising from
the structure. Inset iRig. Sbis a(2 1 1), zone axis electron
diffraction pattern which shows only diffuse superlattice re-
flections at 1/2hkl}, positions.
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