Available online at www.sciencedirect.com

sclENcE@Dlnecra Egsas

ELSEVIE Journal of the European Ceramic Society 26 (2006) 1385—1391

i

www.elsevier.com/locate/jeurceramsoc

Quantitative analysis of lattice distortion in Ba(ZiTap3)O3 microwave
dielectric ceramics with added,®3; using Raman spectroscopy

C.J. Leé*l, G. Pezzotff, Shin H. Kand, Deug J. KinP*, Kug Sun Hon§

& Ceramic Physics Laboratory, Department of Materials, Kyoto Institute of Technology, Sakyo-ku,
Matsugasaki, 606-8585 Kyoto, Japan
b Department of Materials Engineering, SungKyunKwan University, Suwon 440-746, South Korea
€ School of Materials Science & Engineering, College of Engineering, Seoul National University, Seoul, South Korea

Received 25 November 2004; received in revised form 7 February 2005; accepted 19 February 2005
Available online 17 May 2005

Abstract

A(B,3B3,5)0s complex perovskites are primary candidates for microwave dielectric materials because of their high dielectric constants, very
low dielectric losses, and low temperature coefficients of resonant frequency. In this study, the ordering and lattice distortion related to the
cation ordering in the Ba(4pTay3)O;—B,0; system were investigated using X-ray diffraction and Raman spectroscopy. The residual stress
caused by the lattice distortion associated with ordering was explained in terms of the Raman line shift. The 1:2 ordered structure of the pure
BZT ceramics was replaced by a 1:1 ordered structure at XG50he addition of BO; improved the ordering in the BZT ceramics, and

the degree of 1:2 ordering increased with increasip@f-ontent. The Raman lines of the 1:1 ordered structure were shifted towards lower
wavenumbers, as compared to the disordered structures, which proves that compressive stresses were stored in the 1:1 ordered ceramic
On the other hand, in the case of the 1:2 ordered structure, the Raman lines shifted towards higher wavenumbers and the ceramics were
subjected to tensile stress. The maxim@nx f value was obtained from the 1:1 ordered pure BZT ceramic sintered atC63beQ x f

value decreased with increasing@ content, in spite of the highly ordered 1:2 structure.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction Ba(Zmn3Tap/3)O3 is a disorder—order, complex perovskite
ceramic and it is well known that the Zhand T&* ions
A(B}/3B5,3)03 complex perovskites, wheré BZn or Mg individual (111) crystallographic planes of the perovskite

and B’ =Nb or Ta, are primary candidates for microwave di- subcell”8 In BZT, the B-site cations are stoichiometrically
electric materials, because of their high dielectric constants, ordered in the form of a hexagonal cell, with one2Zn
low dielectric losses, and low temperature coefficients of res- layer and two Ta'" layers repeated along tHé 1 1) direc-
onant frequency.> Among them, Ba(ZgysTap3)Os (BZT), tion of the parent perovskite cubic cell. This ordering is a
which has a higte, value of greater than 25, a near-zero matter of considerable interest, because it is believed to be
temperature coefficient and a high quality fact@r,at mi- closely related to the high quality factor of BZT in microwave
crowave frequency, is widely used in wireless communica- communication$:%-2
tions systems© The highestQ values are achieved in compounds with
1:2 ordering, and are obtained by annealing the ceramics for
mpondmg author long times at above 140@.° It_was suggested thg_t th(_a high
E-mail address- Kimdj@skku.ac.kr (D.J. Kim). Q value of BZT could be attributed to the volatilization of

1 presentaddress: Samsung Electro-mechanics Co., Ltd., Maetan-3-dongZNO after extended high-temperature sintefil@n the other
Paldal-gu, Suwon, South Korea. hand, Tamura et & showed that the enhancement of the
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value was not related to cation ordering. A recent paper ex-imens were ground and polished, and examined by X-ray
plained that the higl® value observed in the BZT-BaZgO  diffractometry (XRD) using Cu K radiation and by scan-

system was related to the stabilization of the grain bound- ning electron microscopy (SEM). The density was measured
ary and the lowering of the free energy of the anti-phase using Archimedes’ method. The dielectric loss tangent was
boundaries? measured in a cylindrical resonator cavity made of copper at

Many studies of BZT have been conducted using powder 10 GHz with a Hewlett Packard gratitude HP 8720C Network
X-ray diffraction (XRD) and TEM, in order to explore its Analyzer.
ordering structure. Recently, the effects of ordering on the
Raman spectra of Ba(MgTap/3)O3 (BMT) and BZT were 2.2. Raman spectroscopy analysis
reportedt12 An ideal cubic perovskite structure with the
space group aPm3m symmetry, in which the B-site cations The spectra were measured with a Raman microprobe
are randomly distributed, does not show any Raman activespectrometer (ISA, T-64000, Jobin-lvon/Horiba Group,
mode, whereas a 1:1 ordered perovskite structure with a spac@okyo, Japan) at room temperature. The 488 nm line of an
group of Fm3m symmetry allows four strong Raman lines. Ar-ion laser with a power of 200 mW was used as the ex-
Siny et al. found these four Raman lines in BMT and at- citation source. An optical microscope was used both to
tributed them to domains of 1:1 ordering. The 1:2 ordered focus the laser on the sample and to collect its scattered
perovskite structure based ®3m/ symmetry gives nine Ra-  signal. The scattered frequencies were analyzed using a
man active mode$>—1° triple-monochromator equipped with a charge-coupled de-

Furthermore, Zn and Ta ordering simultaneously causesvice (CCD) camera. The highest lateral resolution achievable
lattice distortion, due to the expansion of the parent cubic cell for the laser beam focused on the sample was abgoum.1
in the direction of the ordered (1 1 1) planiésTherefore, the  The recorded spectra were analyzed with commercial soft-
ideal value for the hexagonal structure was found to deviate ware (SpectraCal, Galactic Industries) and the wavenumber
from the c/a of (3/2Y2. In addition, from a structural pointof  shifts obtained from the differences between the peak centers
view, the anti-phase boundary (APB) in the trigonal 1:2 struc- for the calcined powder and the sintered samples.
ture produces considerable elastic strain. KawashimaZet al.
observed splitting in the (4 2 2) and (2 2 6) reflections, caused
by the lattice distortion resulting from Zn—Ta ordering. While 3. Results
the relationship between a high value of the quality fagdor,
and cation ordering has been extensively studied, the effect of3. 7. Microstructure
distortion arising from cation ordering has been overlooked.

In this study, BO3 was added to BZT ceramics, in order Fig. 1shows the variation of the relative density as a func-
to improve their sinterability. The effect of the lattice dis- tion of the sintering temperature in the pure and 0.1 wt.%
tortion, which is associated with the cation ordering in the B,0s-added BZT samples; sintering was always performed
Ba(Zm/3Tag/3)O3 system, was investigated using XRD and  for 2 h. It was very difficult to sinter the pure BZT without ad-
Raman spectroscopy. The lattice distortion associated withditives. The relative density of pure BZT reached about 95%
ordering was able to be explained in terms of residual stressat 1650°C after a holding time of 2h. On the other hand,
on the basis of the observed Raman line shifts. In addition, the relative density of the 0.1 wt.%B3 added BZT sample
the correlation between the ordering, residual stress and di-reached about 97.5% even at 1400 which is attributed to
electric loss is also discussed.
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2. Experimental procedure o O
2.1. Specimen preparation é 85+ ok
B 80
Reagent-grade (purity >99.9%) Bag,0a0s5, ZnO and § 5] d O
B,O3 were used as the raw material powders. Stoichiometric ¢ _
amounts of the raw powders were weighed and then mixed % 70
in deionized water with Zr@balls for 12 h. The mixture was T 65 R
then calcined at a temperature of 12@for 2 h. The cal- 60 o - B,0,0.1 ‘ft%
cined powder was ball milled again with 0-3wt.%@s in e O~ B0, 0 wt%

deionized water with Zr@balls for 24 h. After it was dried,
binder was added to the powder, which was then pressed into
disks and sintered at 1100 to 1690 for 2 h. Sintering was
carried out in a platinum crucible and the specimens subse-rig. 1. Densities of the BZT ceramics as a function of the sintering
quently allowed to cool in the furnace. The sintered spec- temperature.
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Fig. 2. SEM micrographs of the BZT-Bs ceramics. Part (a) is the pure BZT sample sintered at 1650r 2 h. Parts (b)—(d) are the samples with 0.1 wt.%,
0.3wt.% and 3wt.% BOs3, respectively, sintered at 140G for 2 h.

the low melting point of BO3 (=420°C) and to the increase  1:2 ordering were detected in the pure BZT ceramics sin-
in the sinterability afforded by the presence of a liquid phase. tered at 1650C, which could be associated with a transition
The slight decrease in the sinterability at temperatures abovein the ordering. On the other hand, the samples sintered at
1400°C is due to pore formation caused by over-firing. 1400°C with B,O3 contents of 0.1, 0.3 and 3wt.% exhib-
The microstructures of the pure ang@s-added BZT ited superstructure reflections from 1%.and the intensity
samples, sintered at 1650 and 1400C, respectively, for  of the (1 00) peak increased with increasing content. It
2 h are shown ifrig. 2 The grain size of the pure BZT sam- has previously been reported based on the XRD patterns, that
ple sintered at 1650C was larger than 20 um, and a porous second phases of BB,Og and TaBQ exist in the samples
microstructure was observed, due to the evaporation of ZnOwith 0.3 and 3wt.% BO3. Therefore, it is assumed that the
during the sintering procesBi@. 2(a)). The grain size of the  addition of B;O3 improved the 1:2 ordering of the BZT ce-
B,0O3-added BZT sample after sintering at 14@was in the ramics. Further details about the ordering will be discussed
sub-micrometer range, however, no remarkable variation in in the next section, in the light of the results of the Raman
the microstructure depending on the amount g®Badded analysis.
was found Fig. 2(b)—(d)). Kawashima et &ireported a slow
rate of grain growth between 1350 and 16@Dand a dra-
matic variation in grain size at temperatures above €00
Although the grain growth mechanism was not clarified and
no evidence of liquid phase sintering was given in their report,
Reaney et al/ observed grain rounding, which is character-
istic of the presence of a liquid phase at the grain boundaries.
Therefore, itis considered that the large grain size of the sam-
ple sintered at 1650C is related to the formation of a liquid
phase at high temperature (above 160

—
*BasB.0;

oTaBo,

(110)

212)

100)
(101)
002)

(@

(
Z(.
3
=

|
I

(c)

()

e G

3.2. XRD
. JL (@)

— e = = (214)

Fig. 3 shows the XRD patterns of the samples shown in S S TS R
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Fig. 2in the range of 10-80 All of the diffraction peaks e
. . Diffraction angle (26)

were indexed based on the 1:2 ordered hexagonal superstruc-
turze; The (1 (10) peak, which arises from the 1:2 ordering of Fig. 3. X-ray diffraction patterns for the BZT-Bs ceramics. (a) Pure BZT
Zn?* and T&*, is known to be one of the strongest reflec- sintered at 1650C for 2h; (b)—(d) samples with 0.1wt.%, 0.3wt.% and
tion. However, no superstructure reflections associated with 3wt.% B,0s, respectively, sintered at 140G for 2 h.
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3.3. Raman spectra 2g
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From the viewpoint of the lattice vibration, a BZT crys- 355

tal with an ideal cubic perovskite structure (space group of 00 03 06 O_‘? 12 1518 21 24 27 80
Pm3m symmetry, in which the B-site cations are randomly ®) Addition of B,O5 (wt%)
distributed) does not show any Raman active mode. How- Fig. 5. Parts (a) and (b) are the intensity ch fthe th ta R

i . . 1g. 5. Parts (a) an are the intensity changes of the three extra Raman
ever, a 1:1 ordered perovskite with a space group of Fm3m lines and the Raman shifts of thegrand Ajg modes as a function of the

symmetry allows for four strong Raman lin&s: B,O3 content, respectively.

I" = A1g[O] + Exg[O] + 2Rxg[A + O], 1)
loss of both transitional and inverse symmetries, due to dis-
ordering in the B-site cations. In the case of the pure BZT
sample sintered at 163C for 2 h, the Raman lines ofxf
and Ayg, which originate from the tortional vibration modes
of the B-site ions are broadened and move towards a lower
I = 4A14A, B", O] + 5E4A, B”, O]. ) wavenumber, as compared with the Raman lines of the cal-
cined powder. However, the three extra lines in the range
The Raman spectra of the calcined powder and the four of 150-300 crmt, which are the characteristic feature of the
sintered samples describedRig. 2are given inFig. 4. The 1:2 ordered complex perovskite, were not observed. On the
strongest Raman line was indexed based on the 1:1 ordereather hand, the Raman lines ofjgand Ayg in the samples
perovskite with the space group®#:3m symmetry, in which sintered at 1400C for 2 h with 0.1, 0.3 and 3wt.% 3
another kg line also existed at around 101 ch(not shown contents were sharp and moved towards a higher wavenum-
in this figure). It was expected that the mixed powder calcined ber, as compared with those of the calcined powder; also,
at 1100°C for 2 h would have a cubic perovskite structure the characteristic lines of a 1:2 ordered structure appeared
and, thus, show no Raman lines. However, contrary to our at around 156, 211 and 260 cf The intensity of the three
expectations, four strong and some extra Raman lines wereextra Raman lines increased with increasingB content,
observed. Siny et & showed that no considerable differ- as shown irFig. 5a). As shown irFig. 5b), the vibrational
ence in shape, position or intensity can be found betweenmodes, bg and Ayg, shifted to a higher wavenumber, i.e.
the Raman spectra of ceramics and crystal fibers; the formerfrom 361 to 376.8 cm! and from 794.5 to 806.9 cm, re-
exhibiting 1:2 ordering, while the latter remain disordered. spectively, with increasing 3 content. From the results of
Raman lines in a disordered structure are attributed to thethe XRD and Raman analysis, it was concluded that the ad-

where the square brackets shows the ions involved in a par-
ticular normal vibration mode. On the other hand, the 1:2
ordered perovskite structure basedR3m1 symmetry gives
nine Raman active modés:
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dition of BoO3 improved the ordering in the BZT ceramics, used here for measuringy, from the bulk BZT ceram-
due to the ZA* and T&" ions being able to easily rearrange ics. The residual stresses were considered to be equi-triaxial
their position in the B-site, because of the presence of Ba orin the first approximation, and were calculated based on a
Ta vacancies resulting from the formation of3BaOg and hydrostatic (and isotropic) piezo-spectroscopic coefficient,
TaBOy second phases. Itis reasonable to assume that the sam#l, = 311 .

ple sintered at 165TC for 2 h deviated from the 1:2 ordering, The wavenumber used as the standard value for zero ex-
because no characteristic features of 1:2 ordering were foundternal stress was obtained by averaging about 50 spectra col-
in either the XRD pattern or Raman spectra. lected for a mixed powder calcined at 1@ for 2 h. Al-

though it is difficult to conclude that the calcined powder
has a completely disordered structure, it would be a mistake
4. Discussion to affirm that the wavenumber obtained from the calcined
powder represents the standard value for stress-free condi-
In order to evaluate the relationship between the ordering tions, because of the low calcined temperature and short
and the quality factor, the appearance of superlattice peakssintering time. The stress dependence of the Raman band
and the splitting of reflections related to the deviation of of Fog and Ay was calibrated using the bulk BZT ceram-
the c/a ratio from the ideal cubic perovskite structure were ics. A specially designed jig was used to apply an uniax-
investigated-5-° Until recently, no attention was paid to the ial compressive stress field to a specimen with dimensions
quantitative amount of distortion caused by ordering. Our re- of 2mmx 3mmx 1 mm. A compressive load well below
sults show that the shift in the Raman lines towards the left the fracture stress threshold of the calibration specimen was
or right is associated with the ordering. In this section, we applied and its magnitude could be precisely estimated by
discuss the relationship between the shift of the Raman linesmeans of standard equations. Further details of the stress cal-
and the ordering. ibration procedure using the four-point bending method are
If the B’ and B’ ions in the A(B,,3B4,5)O3 complex per-  given elsewheré? The entire jig was placed under the opti-
ovskites, which normally have a disordered structure, are re-cal microscope situated in the Raman microprobe device, and
arranged to from a 1:1 or 1:2 ordered structure, the crystal- the Raman lines were recorded, while increasing the exter-
lographic structure is changed from cubic to face-centered nal compressive stress. The stress dependence ojdlae &
cubic in the case of 1:1 ordering or trigonal in the case of AigRaman lines are shown Kig. §a) and (b), respectively.
1:2 ordering. During this process, lattice distortion associ- The uniaxial piezo-spectroscopic coefficients for thgdnd
ated with ordering is produced, and it is this lattice distortion A1glines werel7,=8.57+0.2 and 7.43:0.2cnT 1 GPa'l,
that is the origin of the shift in the Raman lines. This shift respectively.
in the Raman lines can be explained in terms of the residual ~ Fig. 7 shows the stress caused by the lattice distortion
stress. for the samples without BD3 sintered at 1650C and those
In a first-order approximation for a single-crystal whose with 0.1, 0.3 and 3wt.% BO3 sintered at 1400C, where
principal applied stresses are exactly oriented along the crys-the stress was obtained by scanning a @100x 100um
talline axes, the stress dependence of a Raman band positioarea with a step size ofdm and averaging the approxi-

is governed by the following tensorial expression: mately 2500 spectra collected for each sample (laser spot
size~1um). The stress was always compressive in nature
Av = ITjjoi; 3) in the pure BZT sample sintered at 16%Dwithout B;Os:

approximately 219 MPa for theofr mode and 478 MPa for
the Ajg mode, while there was also tensile stress (maximum
value of 140 MPa for the 5 mode and 339 MPa for the
A1g mode) in the samples with 3 sintered at 140€C.

The stress increased with increasing® content. From the
viewpoint of the crystallographic structure, it is reasonable
to conclude that compressive or tensile stress is produced
when the crystallographic structure changes from cubic to
face-centered cubic in the case of 1:1 ordering or trigonal
in the case of 1:2 ordering, respectively. Therefore, it was

whereAv is the wavenumber shift;; the stress tensor, and
IT;; is the matrix of the piezo-spectroscopic (PS) coefficients.
However, in the case of polycrystalline samples with a ran-
domly oriented stress tensor, E8) can only be applied with
statistical significance, provided that a statistically meaning-
ful number of microcrystals are probed during the measure-
ment. The measured frequency shiftv), usually obeys a
linear relationship with the applied stress, independent of the
nature of the stress:

(AV) = MMy (o) 4) concluded from the XRD results and the shift in the Ra-
man lines (c.fFigs. 3, 5 and Ythat the 1:2 ordering was
where ITy is the trace of the PS tensor akd) is the av- replaced by 1:1 ordering in the sample sintered at 265@r

erage stress value. When applying simple uniaxial stress2 h.

to a polycrystalline body, the uniaxial piezo-spectroscopic  Fig. 8illustrates the intensity changes in thgyand Axg
coefficient, ITy (=I1y), can be calculated from the peak- modesresulting fromthe addition 0§83 as a function of the
shift measurements using the phenomenological relation de-degree of dielectric losgX x /). In this figure, 0, 0.1, 0.3 and
scribed by Eq.(4). This was the experimental procedure 3 indicate the wt% of BO3, The maximum value o0 x f
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value.

stabilization of antiphase boundaries with a random layer. It
is believed that in the present system too, the kilgh/value

can be attributed to the variation of the antiphase boundary,
resulting from the replacement of the 1:2 ordering by 1:1
ordering, while the decrease in thex fvalue with increasing
degree of 1:2 ordering can be attributed to the presence of a
liquid phase whose amount increased with increasis@:B
content.

5. Conclusion

Fig. 6. Parts (a) and (b) are the stress dependence of the Raman lines of the
F2g and Ajg modes, respectively.

was observed in the 1:1 ordered pure BZT sample without
B,Oj3 sintered at 1650C. The value ofQ x f decreased as
the degree of 1:2 ordering increased. Based on the results
it can be concluded that the increas@d f value cannot

be explained simply in terms of the 1:2 ordering. Davies et
al1%reported that the improvement in tievalues in the 1:1
ordered Ba(ZiysTap/3)O3—BaZrQ; system is caused by the
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Fig. 7. Residual stress caused by lattice distortion as a function obtbe B

05 10 15 20 25 30
Addition of B,O3 (wi%)

content, as analyzed using thgyland Ay modes.

The ordering and lattice distortion related to cation order-
ing in the Ba(Zn/3Tag/3)03—B>03 system were investigated
using XRD and Raman spectroscopy. The 1:2 ordered struc-
ture of the pure BZT ceramic was replaced by a 1:1 ordered
Structure at 1650C. The addition of BO3 improved the or-
dering in the BZT ceramics. The degree of 1:2 ordering in-
creased with increasingBs content. The Raman lines of the
1:1 ordered structure were shifted towards lower wavenum-
bers, as compared to those of the disordered structure. Thus,
itwas concluded thatthe 1:1 ordered ceramics were subjected
to compressive residual stress. In the case of the 1:2 ordered
structure, the Raman lines shifted towards higher wavenum-
bers, thus indicating that the lattice was subjected to tensile
residual stress. The maximu@hx f value was obtained for
the 1:1 ordered structure of the BZT ceramics sintered at
1650°C. The value oD x fdecreased with increasing®3
content, in spite of the presence of a highly ordered 1:2 struc-
ture.
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