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ABSTRACTS

The microwave dielectric characteristics of (1-x)(Al,,Ta,,)0,-x(Mg,,Ta,,)0, (0<x<1.0) ceramics were investigated by crystal
structure, variations of ionic polarizability, and microstructures. As x increased, (1-x)Al ,Ta,,)0,x(Mg,,Ta,,)O0, transformed to
tetragonal structure. Because the ionic radius of [Mg,,Ta,,]* was slightly bigger than one of [Al ,Ta ,]*, the cell parameters
increased with increase of (Mg,;Ta,,)O, concentration and coincided with prediction of the molecular additivity rule. As x
increased, the compositions revealed ordered phase and were of single phase above 60 mol%. The increase of the ordered phase
and grain size enhanced the Q and when ordering was completed at x over 0.6, the grain size was major factor for the increase in
the Q. Though the grain size increased, however, the porosity deteriorated the Q. Therefore, the Q depended on the order/disor-

der, the porosity, and the grain size in regular order.
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1. Introduction

ecently, the use of high frequency dielectric ceramics for
R applications such as resonators, band pass (stop) filters,
duplexers, antennas has increased in the practical use of
mobile communications such as cellular (800 MHz), PCS
(1.9 GHz), IMT2000(2GHz), and UMTS (3-4 GHz)."”
Therefore, materials for microwave application have to
exhibit three dielectric characteristics,>® namely relatively
low dielectric constant (¢)), high quality factor (Q), and sta-
ble (=0 ppm/°C) temperature coefficient of the resonant
frequency (1,). Among these requirements, the dielectric con-
stant and the temperature coefficient of resonant frequency
depend on composition and the dielectric loss depends on
phonon anharmonic interaction, porosity, grain size, impu-
rity, defects, etc. Therefore, the investigation of methods to
predict for these three characteristics is necessary.

The purpose of the present work is to predict and compare
with the experimental dielectric constant for (1-x)(Al,,Ta,,)
0,-x(Mg,;Ta,,)0, solid sclutions using dielectric mixing
rule from Vegards law and the molecular additivity rule
based on ionic polarizability and crystallographic data. The
dielectric constants (g) of aluminum tantalate and magne-
sium tantalate which are B-site of complex perovskites were
9.3 and 27.4, respectively. The other purpose of the present
work is to establish the extrinsic dielectric loss mechanism

'Corresponding author : Ji-Won Choi
E-mail : jwchoi@kist.re.kr
Tel : +82-2-958-5556 Fax : +82-2-958-6720

for (1-x)(Al,,Ta,,)0,-x(Mg,,Ta,,)O, ceramics based upon
microstructures obtained by Scanning Electron Microscopy
(SEM) and Transmission Electron Microscopy (TEM). The
effects of order/disorder, grain size, and porosity on the Q
factor are discussed.

2. Experimental Procedures

(1-x)Al,,Ta,,)O,-x(Mg, s Ta,,;)0, (0<x<1.0) powder compo-
sitions were synthesized using the conventional solid-state
reaction method. The starting materials were ALQ, (Ald-
rich, 99.7%), Ta,O, (Aldrich, 99%), and MgO (Aldrich, 98%).
Stoichiometric compositions were mixed for 24 h with stabi-
lized ZrO, media and distilled water, then dried and cal-
cined. The calcined powders were re-milled and pressed into
discs of 12 mm in diameter and 6 mm in thickness under a
pressure of 150 MPa. The pellets were sintered at 1450°C
for 3 h in air. The sintered specimens were ground and pol-
ished to precise dimensions to achieve the ratio of thickness
to diameter of 0.4-0.5.

X-Ray Diffractometry (XRD, Cu Ka radiation, Model Rint/
Dmax 2500, Rigaku, Japan) was conducted on powders
obtained by crushing the sintered specimens for phase iden-
tification and lattice parameter measurements. The bulk
densities of the sintered pellets were determined by the
Archimedes method. The microstructures of the sintered
specimens were investigated using SEM (Model S-4200,
Hitachi, Japan) and TEM (Model H9000-NAR, Hitachi,
Kastsuda, Ibaraki, Japan). The polished surfaces of the
ceramics were investigated by SEM after thermal etching at
1380°C for 20 min in air. The TEM specimens were pre-
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pared by ultrasonic cutting 3 mm diameter disks and
mechanical polishing them to a thickness of ~100 um. The
central parts of the disks were further reduced to ~10 um by
mechanical dimpling followed by final polishing. The final
perforation of the specimen was conducted by precision
argon-ion milling (Model 691 Gatan, San Francisco, CA)
with an acceleration voltage of 3 KeV. These specimens
were examined using a side-entry-type high resolution TEM
operated at 300 KV with a point resolution of 0.18 nm. The
Selected Area Diffraction (SAD) and bright field TEM (BF-
TEM) images could be obtained. The dielectric properties
were measured at 6-11 GHz using the parallel-plate
(Hakki and Coleman) method interfaced with a network
analyzer (HP-8720C, Hewlett Packard, USA).”

3. Results and Discussion

Fig. 1 shows x-ray diffraction patterns for (1-x)(Al,,Ta,,)
0,-x(Mg,,Ta,,)O, ceramics sintered at 1450°C for 3 h. The
diffraction peaks can be indexed based on orthorhombic (Al ,
Ta,,)0, and tetragonal (Mg,,Ta,,)0, with four formula
units per unit cell. As x increased, (1-x)(Al,,Ta,,)0,-x(Mg,,
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Fig. 1. X-ray diffraction pattern of (1-x)(Al,Ta ,)0,-x(Mg,,
Ta,,,)O, ceramics sintered at 1450°C for 3h : (a) x=0,
(b) x=0.2, (¢) x=04, (d) x=0.6, (e) x=0.65, () x=0.8,
and (g) x=1.0.
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Ta,,)O, transformed into tetragonal structure. The tetrago-
nal single phase was obtained in the range of 0.6=x=1.0.
Some of the crystallographic data for (1-x)(Al,Ta,,)0,x
(Mg,,Ta,,)0, are listed in Table 1 and the unit cell parame-
ters are derived from a computerized least-squares refine-
ment technique.'” The unit cell parameters generally
increased with an increase of (Mg,,Ta,,)O, concentration
because of the difference of average ionic radii of [Al"+
Ta*)/2 (0.059 nm) and [Mg**+2Ta*’l/3 (0.067 nm)."” This
was confirmed from the shift of 2 peaks of the X-ray diffrac-
tion patterns to smaller values with increasing (Mg;,;Ta,;)
O, concentration.

Fig. 2 shows the measured and the calculated dielectric con-
stants as a function of x for (1-x)(Al,,Ta,,)0,-x(Mg, ,Ta,)O,
ceramics sintered at 1450°C for 3 h. The dielectric constant
may be calculated from Vegards law' using equation (1):

E=1-x)kAT)+xk(MT) 1

where EAT) and k(MT) are the dielectric constants of (Al ,
Ta,,)0, and (Mg, ;Ta,;)0,.

The dielectric constant may also be calculated from the
molecular additivity rule'® using ionic polarizability and
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Fig. 2. The measured and the calculated dielectric constant

as a function of x for (1-x)(Al ,Ta,,)0,-x(Mg,;5Ta,,)0,
ceramics sintered at 1450°C for 3 h.

Table 1. Crystallographic Data for (1-xXAl,,Ta,,,)0,-x(Mg,,Ta,,)0, Ceramics Sintered at 1450°C for 3 h

Orthorhombic Tetragonal Vol per unit cel ~ X-ray density

a (x 107 nm) b (x 10! nm) ¢ (10 nm) a (x 107" nm) ¢ (x 10" nm) (x 10 nm®) (g/em®)

0 6.1340 7.3620 8.7912 X X 397.00 6.8222
0.2 6.1410 7.3981 8.8506 4.6406 9.0593 X X
0.4 6.1364 7.4090 8.8742 46354 9.0444 X X

0.6 X X X 4.6543 9.0851 196.80 7.6332

0.65 X X X 4.6619 9.0986 197.74 7.6595

0.8 X X X 4.6843 9.1429 200.61 7.7342

1.0 X X X 4.7602 9.1710 203.02 7.8854
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Table 2. Calculated Dielectric Constants for (1-x)(Al,,Ta,,)O,-
x(Mg, ,Ta,,)O, Solid Solutions Sintered at 1450°C for
3 h Based on Dielectric Polarizability Data

X Op Viniteell Z Vi K.

0 13.56 397.00 6 66.17 19.19
0.6 21.84 196.80 2 98.40 40.68
0.65 21.97 197.74 2 98.87 41.22
0.8 22.34 200.60 2 100.30 42.76
1.0 22.84 203.02 2 101.50 50.25

lattice parameter data as follows (Table I):

ap(M;M'X,) = 20p(MX) + op(M'X)
= 20(M* )+ a(M"™") + 4(X™) @)
where o, and o are dielectric and ionic polarizability.

_ (3V, +87a)

A
(3V,, - 4zal)

3)

where £’ is the dielectric constant and V, is molar volume,
and o, is total ionic polarizability.
The measured dielectric constants of (Al,,Ta,,)0, and
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(Mg, ;Ta,,)0, are 9.3 and 27.4, respectively. As the (Mg,
Ta,,)0, concentration having high dielectric constant
increased from 0 to 60 mole%, the measured dielectric con-
stant increased from 9.3 to 25.8. As the (Mg, Ta,,)O, con-
centration increased from 60 to 100 mole%, however, the
measured dielectric constant increased only slightly from
25.8 to 27.4. The calculated dielectric constant, using molec-
ular additivity rule, increased from 19.2 to 50.3 as the (Mg,
Ta,,,)O, concentration increased from 0 to 100 mole%, these
values compare well with the experimental results. It was
found that the measured values were lower than the calcu-
lated values due to the electronic structure of tantalum.
Tantalum ion has vacant 5d-orbital and prefers to ionic
bonding. The niobium ion prefers covalent bonding. The
ionic radius of tantalum and niobium is nearly same as
0.064 nm. It is reported that the Nb-O bond length in case of
MNb, Oy is 2.015 to 2.021. However, the Ta-O bond length in
case of MTa,0, is 1.989 to 2.009.'¥ Therefore, it can be
thought that tantalum ion was subjected compressive stress
which decreased the actual dielectric constant. This result
shows that it is possible to predict the behavior of dielectric
constant using molecular additivity rule and crystallographic
data if we know the dielectric constant of the end members.
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Fig. 3. SEM photographs of (1-x)(Al,,Ta,,)0,-x(Mg, .Ta,,)0, ceramics sintered at 1450°C for 3 h: (a) x=0, (b) x=0.2, (c) x=0.4,

(d) x=0.6, (e) x=0.8, and (f) x=1.0.
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The trends for the calculated dielectric constant, using Veg-
ards law closely, compare well with the measured ones.

Fig. 3 shows SEM photographs of (1-x)(Al,,Ta,,)0,-x(Mg, .
Ta,,)0, ceramics sintered at 1450°C for 3 h. It is necessary
to note that the SEM photographs have different magnifica-
trons for convenience. (Al,,Ta, )0, (Fig. 3(a)) has a small
grain size. As the (Mg,,Ta,,)O, concentration increases
from 20 to 65 mole%, the grain size increases from 2 to 12
um and porosity decreases. When (Mg, ,Ta,;)O, concentra-
tion is 80 mole%, however, the grain size is significantly
large (15 um) and the pore size inside the grains is also
large. The decrease of apparent density at (Mg,,Ta,,)0,
concentration of 80 mole% stems from these increase of
porosity as shown in Fig. 4. It is an interesting result that
Mg, ,Ta,,)0, (Fig. 3(D) has small grain size.

Fig. 5 shows the SAED patterns for (1-x)(Al,Ta,,)0,-x
(Mg, ;Ta,,)0, ceramics sintered at 1450°C for 3 h. (Al ,Ta,,)
0, (Fig. 5(a); does not show any ordered phase. (Mg, Ta,)
0, (Fig. 5(e)) shows 1:2 ordered tri-rutile structure. As (Mg,
Ta,,)O, concentration increased from 20 to 40 mole%, the
ordered phase starts to appear and is mixed with disordered
one. In the case of (Mg,,Ta,,)O, concentration over 60
mole%, (1-x)(Al,,Ta,,)0,x(Mg,,Ta,,)0, ceramics shows fully
1:2 ordered phase.

(d)
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Fig. 4. Densities for (1-x)Al,,Ta,,)0,-x(Mg,.Ta,,)0, ceramics
sintered at 1450°C for 3 h.

Fig. 6 shows the BF-TEM images for (1-x)(Al,,Ta,,)0,-x
(Mg,;Ta,,,)O, ceramics sintered at 1450°C for 3 h. These
images agree with SAED patterns shown in Fig. 4. (Al ,Ta,,)
O, (Fig. 6(a)) does not show any anti-phase boundaries

Fig. 5. SAED patterns of (1-x)(Al ,Ta,,)0,x(Mg,,Ta,,)O, ceramics sintered at 1450°C for 3 h: (a) x=0_with [001] zone axes,
(b) x=0.2 with [001] zone axes, (c) x=0.4, (d) x=0.6 with [110] zone axes, and (e) x=1.0 with [110] zone axes.
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(d)

(d) x=0.6, and (e) x=1.0.

(APBs)." This means (Al,,Ta, ,)O, is not an ordered phase.
(Mg,,Ta,,)0, (Fig. 6(e)) shows APBs. As the (Mg,,Ta,,)O,
concentration increases from 20 to 40 mole%, the APBs
start to appear and when (Mg,,Ta,,)O, concentration is 60
mole%, (1-x)(Al ,Ta ,)0,-x(Mg,,Ta,,)0, ceramics show
many APBs.

Fig. 7 shows the Q- variation for (1-x)(Al, ,Ta,,)0,-x(Mg,
Ta,,,)O, ceramics sintered at 1450°C for 3 h. As (Mg, Ta,,)
O, concentration increased from 0 to 65 mole%, the Q-f, lin-
early increases from 30900 to 112500 GHz, and slightly
decreases to 103200 GHz at 80 mole% and then increases
again to 117200 GHz at 100 mole%. The variation of Q-f,can
be explained by microstructures. As shown in Figs. 5(a), (e)
and 6(a), (e), (Al,,Ta,,)O,is not ordered and (Mg,,Ta,,)O,
has an 1:2 ordered trirutile structure. These compositions
have small grain size and porosity in comparison with (Al ,
Ta,,)0,Mg,,Ta,,)O, compounds shown in SEM photo-
graphs (Fig. 3(b)-(e)). The large difference of Qf, between
(Al,,Ta,,)0,(30900 GHz) and (Mg, ,Ta,,)0, (117200 GHz) is
not generated from grain size or porosity but is due to cation
ordering. On the other hand, Fig. 7 can be divided into two
regions which are 0 to 60 mole% and 60 to 100 mole%. As
(Mg, ,Ta,,)0, concentration increases from 0 to 60 mole%,

(e)
Fig. 6. BF-TEM images of (1-x)Al,,Ta,,)0,-x(Mg,,Ta,,)O, ceramics sintered at 1450°C for 3 h: (a) x=0, (b) x=0.2, (c) x=0.4,
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Fig. 7. Qf, value of (1-x)(Al,,Ta,,)0,-x(Mg,,Ta,,)0, ceramics
sintered at 1450°C for 3 h.

the Q-f, linearly increases, and the ordering started from 20
mole% and completed at 60 mole% shown in Figs. 5(b)-(d)
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Fig. 8. 7, of (1-x)(Al,,,Ta,,)0,-x(Mg,,Ta,,)0, ceramics sintered
at 1450°C for 3 h.
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and 6(b)-(d). Of course, the grain size also rapidly increases
in the region. As (Mg, Ta,,)O, concentration increases from
60 to 100 mole%, the Q-f, varies, with both increase and
decrease but the Q-f, variation is small. The ordering state
is nearly the same as shown in Fig. 5(d)-(e) but the grain
size also increases rapidly in the region. The decrease of Qf;
at 80 mole% is due to the increase of porosity in grains.
From these results, the variation of Q-f, due to ordering is
dominant, however the variation of Qf, due to grain size is
not so large as ordering and when the porosity in grain
increases, the Q-f decreases though the grain size increases.
Therefore, the main factor which affects the Q- is cation
order/disorder and the grain size is secondly important fac-
tor and Q-f, depends on not only the grain size but also the
perosity in grains.

Fig. 8 shows 7, of the (1-x)Al,Ta,)0,x(Mg,,Ta,,)0,
ceramics sintered at 1450°C for 3 h. The 1, value increased
from 56 to 51 ppm/°C with an increase of (Mg, ,Ta,,,)O, having
pesitive 7. value. A 7, value of 0 ppm/°C was realized for
0.35(Al1,,Ta,,)0,-0.65(Mg,,Ta,,)0, (x=0.65). This composition
has ¢ and Q- value of 26.1 and 112470 GHz respectively.

4. Conclusions

The dielectric characteristics of (1-x)(Al,,Ta,,)0,-x(Mg,,
Ta,,.)O, ceramics were investigated by crystal structure,
variations of ionic polarizability and microstructures. The
behavior of calculated dielectric constant using molecular
additivity rule coincided with the measured result. It is pos-
sible to predict the behavior of dielectric constant using
molecular additivity rule and crystallographic data if we
know the dielectric constant of the end members. The
trends for the calculated dielectric constant, using Vegards
law closely, compare well with the measured ones. The
extrinsic loss of microwave dielectrics depended on cation
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ordering, grain size, and porosity. The variations of Q-f, due
to ordering is very large, however those of Q-f,due to grain
size is not large when the porosity in grains increase, the
Q- decreases though the grain size increases. Therefore,
the main factor increasing the Q-f;is cations order/disorder
and the grain size is secondly important factor and Q-
depends on not only the grain size but also the porosity in
grains. A z,value of 0 ppm/°C was realized for 0.35(Al,,Ta,,)
0,-0.65(Mg,;Ta,,,)O, (x=0.65). This composition has & and
Q-f value of 26.1 and 112470 GHz respectively.
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