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Abstract

The large amount of Q factor variation within dense, highly ordered region of Ba(Zn,;3Tay3)O3 (BZT) system were studied by means of crystal
structure analysis, micro-structural analysis and electrical measurements using samples around stoichiometric BZT. Presence of small amount of
secondary phase (e.g., less than 1%) affects Q factor decrements even in the dense (density = 7.15-7.78 g/cm?), highly ordered (estimated ordering
ratio around 70-80%) samples. This suggests that the structural order and the presence of the secondary phase are playing an important role on Q
factor in BZT system. Therefore, suppressions of small amount of secondary phase (e.g., less than 1%) by strict composition control can provide
further Q factor improvements. Single phase ordered perovskite obtained in the vicinity of stoichiometric BZT showed an improvement in Q factor

(Q x f=133,000 GHz) by extended sintering up to 400 h at 1400 °C.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The complex perovskite type Ba(Znj;3Tay3)O3 (BZT) has
an exceptionally high Q factor (Q x f~10 x 10* GHz) at
microwave frequency, and has been used as dielectric res-
onator material for the mobile communication.!-> The complex
perovskite with the general formula A(B% /3 B% /3)03 can form
disordered or ordered phases. The driving force for the order-
ing has been explained in relation to the difference in ionic
charges or ionic radii between B' and B2.3 In the case of BZT,
both ordered-type with a trigonal space group of P3m1 and
disordered-type with a cubic phase space group of Pm3m were
formed, depending on the synthesis conditions.? By long-time
sintering (e.g., around 100 h), the Q factor of BZT was improved
with superlattice ordering enhancement.? Therefore, the struc-
tural order has been considered playing a crucial role in the
Q factor improvement.”~ Quantitative analysis of the relation-
ship between the Q factor and the ordering was reported by
Koga and Moriwake. © The Q factor of BZT system was found
to depend not only on the ordering but also on their ceramic
microstructure. Recently, influences of composition deviation

* Corresponding author.

0955-2219/$ — see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2005.09.041

from around BZT on superlattice ordering and microwave Q
factor were reported by Koga et al.” The superlattice ordering
ratio (ordered—disordered structure formation) was found to be
dependent on the slight composition deviation around BZT. The
ordered structure with perovskite single phase was obtained in
vicinity of the stoichiometric BZT. In this region, a significant
high Q factor of Q x f=110,000 GHz was found. The disordered
perovskite and the secondary phase in the ordered perovskite
were thought to be the causes of Q factor decrements. Suppres-
sions of the secondary phase and the disordered phase by strict
composition control for further Q factor improvements of the
BZT system were suggested.

Despite of these efforts, the detailed mechanism of high Q
factor of this system has not been fully understood, namely, quite
large amount of Q factor variation within dense, highly ordered
single phase region of the BZT system. If we could understand
the origin of this large amount of the Q factor variation, then we
could suggest methods for further Q factor improvements of the
BZT system.

In this paper, we performed precise secondary phase analysis
by backscattered electron image (BEI) using scanning electron
microscope (SEM) equipped with X-ray microanalyzer (XMA)
and then discussed the relationship between the presence of the
secondary phase and the Q factor improvements. Additionally,
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the QO x f improvement limit of the single phase ordered
perovskite of this system by extended sintering was also
studied.

2. Experimental procedure

All samples of the general formula xBaO-y(1/3ZnO)-
2(2/3TaOsp) (x, y and z=0.97-1.03, x +y +z=3.00) were pre-
pared by the conventional mixed-oxide reaction method and
were sintered at 1400°C for 100h in air. Additionally, for
some samples extended sintering was performed up to 400 h.
The crystal structure of the sintered ceramics was examined
by powder XRD and Rietveld analysis using Rietan 2000.%
Details on the synthesis conditions and on the XRD analysis
are given elsewhere.’ The microstructure were observed by BEI
using the well-polished samples. Quantitative analyses of the

contents of the secondary phases were done using BEI pho-
tograph (x 1.0k, area of 100 pm x 120 wm). The contents of
the secondary phases were estimated from the area ratio of the
secondary phase to the matrix phase, excluding the area of the
pore region. The dielectric properties were measured at 4—6 GHz
using a network analyzer. Dielectric constant was measured by
Hakki and Coleman’s method.” Q factor was determined by res-
onant cavity method using the TE( 1 5 mode.

3. Results and discussion

3.1. Precise secondary phase analysis by backscattered
electron image

Fig. 1 shows BEI photograph of each sample. Assuming
that the secondary phase has different composition from the

(1) x =1.01  z=1.0 @)y =1.01 x =10 (3)z =1.0 ¥y =1.0(BZT)
(A) 20KV X1.008
(Dx =097 2z=1.0 2)y =097 x=1.0 B)z=103 y=10
(B)
()z =0.97
©

Fig. 1. Polished surface backscattered electron image of xBaO—y(1/3Zn0)—z(2/3TaOs;) (x +y +z=3.0), (a) the matrix phase (gray), (b) the secondary phase (white)
and (c) the pore (black): S shows the contents of secondary phase detected by BEI. (A) Ordered perovskite with secondary phase not detected by XRD: (1) §=0.0%,
(2) §=0.2% and (3) S=0.8%; (B) ordered perovskite with secondary phase detected by XRD: (1) S=6.7%, (2) S=2.5% and (3)S =4.0%; (C) single phase disordered

perovskite.
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matrix phase, BEI can detect much smaller amount of the sec-
ondary phase than XRD by their high spatial resolution (e.g.,
=0.01 pwm). Results of phase identification by XRD and of quan-
titative analysis using Rietveld analysis have been described
in the previous work.” BEI of our samples consisted of three
regions as follows: the matrix phase (BZT), the secondary
phase and the pore. The secondary phases detected by XRD
were found to be distinguished apparently from matrix phases
by BEI observation also. From BEI, the contents of the sec-
ondary phases which were detected by XRD at (1) x=0.97, (2)
y=0.97 and (3) z=1.03 were estimated to be about 6.7, 2.5
and 4.0%, respectively. In addition, a small amount of the sec-
ondary phases were found even in the samples which were not
detected by XRD for (2) y=1.01 and (3) z=1.00 (BZT). The
contents of the secondary phases were estimated to be about
0.2 and 0.8%, respectively. These results suggest that XRD
is not able to detect the secondary phases less than 1%. By
means of both BEI and XRD, the single phase ordered per-
ovskite was found only in the composition of (1) x=1.01 in
this study. The single phase ordered perovskite was found in
slightly Ba-rich and Zn-poor region in nominal composition
rather than the stoichimetric BZT. However, a small compo-
sition deviation in the synthesis process cannot be ignored. We
cannot determine the exact chemical composition of the single
phase ordered perovskite. This has to be discussed with pre-
cise composition analysis. By quantitative composition analysis
using XMA, the secondary phases were found to be a solid solu-
tion of BaTapOg with certain amount of Zn. In contrast to the
samples in the ordered perovskite region, the secondary phase
was not observed in the samples in the disordered perovskite
region by BEI observation also. By the BEI analysis, crystal
structural phase diagram as shown in previous work’ by XRD
should be corrected more accurately. The revised crystal struc-
tural phase diagram is shown in Fig. 2. The crystal structural
phases of BZT are distinguished into three parts as follows: (I)
single phase ordered perovskite (vicinity of the stoichiometric
BZT), (II) ordered perovskite with the secondary phase (Ta-
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Fig. 2. Partial ternary phase diagram around BZT in xBaO-

¥(1/3Zn0)—z(2/3Ta0sp2) (x+y+2z=3.0). S shows the presence of sec-
ondary phase detected by BEI. Order: ordered perovskite (trigonal); Disorder:
disordered perovskite (cubic).
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Fig. 3. Microwave dielectric properties dependence of composition devia-
tion around BZT in xBaO-y(1/3Zn0)—z(2/3TaOs,) (x+y+z=3.0) sintered at
1400°C.

rich region) and (IIT) disordered perovskite (Ba-rich or Ta-poor
region).

3.2. The Q x fimprovement limit of the single phase
ordered BZT system

The composition dependence of microwave dielectric prop-
erties of ceramics has been shown in Ref. 7. That is shown
here in Fig. 3. ¢, and Q x f showed large variation depending
on their composition. The stoichiometric BZT (x=y=z=1.00)
shows &; =29.7, O x f=71,360 GHz. The maximum Q X fvalue
(~108,600, 101,007 GHz) was obtained at (1) x=1.01 and
(2) y=1.01 slightly deviated from stoichiometric BZT with &,
value of 29.7 and 30.0, respectively. Fig. 4 shows the relation-
ship between the ordering ratio and Q x f. Even in the dense
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Fig. 4. Q xf vs. ordering ratio on composition deviation around BZT in
xBaO-y(1/3Zn0)—z(2/3TaOs2) (x+y+2z=3.0). S shows the presence of sec-
ondary phase detected by BEI Ord: ordered perovskite (trigonal); Dis: disor-
dered perovskite (cubic).
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Fig. 5. O xf dependence of composition deviation around BZT in
xBaO-y(1/3Zn0)—z(2/3TaOs/2) as a function of sintering time at 1400°C
(x+y+z=3.0). S shows the contents of secondary phase detected by BEIL Ord:
ordered perovskite; Dis: disordered perovskite; S: secondary phase.

(density =7.15-7.78 g/cm?), highly ordered region (estimated
ordering ratio around 70-80%), Q x f showed large variation
(~20,000-110,000 GHz). The samples containing small amount
of secondary phase detected by BEI in the highly ordered per-
ovskite region showed relatively lower value of the O x f in
comparison to samples without secondary phase. This result
indicates that decrease of Q x fin the highly ordered samples can
attribute to the presence of the secondary phase. Therefore, the
maximum Q X f value (=108,600 GHz) was obtained in single
phase ordered perovskite at (1) x=1.01.

To find out the Q x f improvement limit of the single phase
ordered perovskite, we performed extended sintering duration
up to 400h at 1400 °C using several samples with high O x f
value for comparison. The results are shown in Fig. 5. The O x f
of the single phase ordered perovskite continued to improve with
sintering time up to 200 h and reached the maximum value of
133,000 GHz. Then, the Q x f showed saturation for sintering
duration exceeding 200 h. On the other hand, samples with the
secondary phase, the Q x fimprovement saturated with a lower
QO x f value and at shorter sintering time than that of the single
phase ordered perovskite. This saturation in sintering time seems
to depend on the amount of the secondary phase in the samples.
For example, the contents of the secondary phase were 0, 0.2
and 0.8%, and the corresponding saturation points were about
200, 120 and 80 h, respectively.

4. Conclusions

Influences of composition deviation from the stoichiomet-
ric BZT on the structural order and the Q factor were studied.
Our findings are listed below. (1) The crystal structure phases
strongly depend on the slight composition deviation from the
stoichiometric BZT. (2) Single phase ordered perovskite was
obtained only in the vicinity of the stoichiometric BZT. In this
region, an improvement in Q factor (Q x f=133,000 GHz) was
found in extended sintering up to 400 h at 1400 °C. (3) In the
other regions, the single phase of the disordered perovskite or
the ordered perovskite with the secondary phase were formed.
In these regions the Q factor was found to be low. (4) Pres-
ence of small amount of secondary phase (e.g., less than 1%)
affects Q factor decrements. This suggests that the structural
order and the presence of the secondary phase were playing
an important role on Q factor in the BZT system. Therefore,
suppressions of small amount of secondary phase (e.g., less
than 1%) and increase of ordering ratio by strict composition
control can provide further Q factor improvements in the BZT
system.
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