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Abstract

Microwave dielectric properties of the BaO-Ta,Os-TiO, system were investigated by the solid-state reaction method. It was recognized that the
BajgTaz04(Ti; 2 - xSn, )O3 solid solutions have the higher Q - f value in comparison with the Bag(Tas _ ,Nb,)Ti;O,4 solid solutions. The limit of the
BayoTa;,04(Tij - »Sn, )O3 solid solutions was approximately x =0.75; the lattice parameter ¢ of the solid solutions, which is related to the change
in the B(1)Og octahedron, was significantly increased in the composition range from 0 to 0.75. The Q - f values of the Ba;gTa74(Ti; 2 - Sn,)O3
solid solutions are remarkably improved by the Sn substitution for Ti; the highest Q - f value of 59,100 GHz is obtained at x=0.75. Moreover, the
& and 7¢ values of the BajTa; 04(Ti; 2 ,Sn,)O3¢ solid solutions at x=0.75 were 25.6 and 30.3 ppm/°C, respectively.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Most of the commercially used microwave dielectric ceram-
ics have a perovskite-type crystal structure; a variety of
microwave dielectric ceramics with such perovskite-type struc-
ture have been studied to date.! The Ba(Mg3Tay/3)03 (BMT)
compound is one and it has a 1:2 cation ordering of B-site; this
material is well known to have a high quality factor (Q - f) of
350,000 GHz, a dielectric constant (¢;) of 25 and a temperature
coefficient of resonant frequency (zy) of 2 ppm/°C.* Thus, the
complex oxides with a perovskite-type structure are considered
to be attractive candidates for use in a wireless communication
technology which requires a combination of a relatively high
dielectric constant, a high Q - f value and a near zero tempera-
ture coefficient of resonant frequency. The continuous develop-
ment of wireless communication technology will rely upon the
identification of new dielectric ceramics with the appropriate
microwave dielectric properties as described above.

In recent work that focused on the crystal structure analy-
sis of perovskite-like structures, Shpanchenko et al.> reported
the crystal structures of BagTasTi3024 and BajpTa7,04Ti1 2030
compounds; these compounds have the complex perovskite-
like structures with space group of P63/mcm and P63/mmec,
respectively. However, the microwave dielectric properties of
BagTasTi30p4 and BajgTaz04Ti; 2030 compounds have not
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been clarified to date. Thus, the Bag(Tas — ,Nb,)TizOp4 and
BajoTay,04(Ti; 2 — xSny)O3p solid solutions were prepared by
solid state reaction method; the microwave dielectric properties-
crystal structure relationship of the solid solutions were investi-
gated in this study.

2. Experimental method

High-purity (>99.9%) BaCO3, Ta;Os, NbyOs, TiO, and
SnO, powders weighed on the basis of their stoichiometric
composition were mixed and calcined at 1100°C for 10h in
air. These calcined powders were milled and mixed with a
polyvinyl alcohol, and then pressed into a pellet of 12 mm
in diameter and 7mm in thickness under the pressure of
100 MPa. Subsequently, these pellets of Bag(Tas — \Nb,)TizOn4
and BajgTa7.04(Tij2—Sn,)O3¢ solid solutions were sintered
at the various temperatures ranging from 1430 °C to 1450°C
and from 1530°C to 1650°C for 10h in air, respectively.
The crystalline phases were identified by the X-ray powder
diffraction (XRPD). The lattice parameters and crystal struc-
tures of the samples were refined by using the Rietveld analysis
(RIETAN).%7 Moreover, the morphological changes in the sam-
ples were investigated by using a field emission scanning elec-
tron microscopy (FE-SEM) and energy dispersive X-ray (EDX)
spectroscopy. The dielectric constants and the quality factors
were measured by the Hakki—-Coleman method.® The ¢ val-
ues were determined from the difference between the resonant
frequencies obtained at 20 °C and 80 °C.
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Fig. 1. XRPD patterns of Bag(Tas — xNb,)TizO04 (x=0, 1, 2, 3 and 4) solid
solutions.

3. Results and discussion
3.1. Bag(Tay—_Nb,)Ti3;074 solid solutions

XRPD patterns of Bag(Tas — Nby)TizO»4 solid solutions are
shown in Fig. 1. From the XRPD results of Nb-substituted
Bag(Tas — xNb,)TizO»4 solid solutions, no secondary phase was
detected over the whole composition range. The solid solutions
are identified to be a hexagonal crystal structure with P63/mcm
space group as reported by Shpanchenko et al.’> The lattice
parameters and the unit cell volumes of Bag(Tas — xNb,)TizO24
solid solutions are shown in Fig. 2 and the detail on these
values are listed in Table 1. The lattice parameter a was
increased slightly with increasing composition x, whereas the
lattice parameter ¢ varied linearly. Thus, as the lattice param-
eters varied linearly throughout the entire composition range,
the Bag(Tas — ,Nb,)Ti3024 solid solutions satisfy Vegard’s Law,
which confirms the formation of solid solutions. The unit cell
volumes of Bag(Tas — ,Nb,)TizO24 solid solutions were slightly
decreased by the Nb substitution for Ta; the decrease in the unit
cell volume of the solid solution depended upon the variations
in the lattice parameter c.

The microwave dielectric properties of Bag(Tas_ Nby)
Ti3Oy4 solid solutions are shown in Fig. 3. The &, values of
the solid solutions range from 34.1 to 38.1 and the variations of

Table 1
Lattice parameters and unit cell volumes of Bag(Tas_ Nby)TizOp4 solid
solutions

Composition x Lattice parameter (A) Unit cell volume (A%)
a c

0 10.0334(2) 18.8670(4) 1644.88(7)

1 10.0340(2) 18.8621(5) 1644.64(8)

2 10.0342(1) 18.8571(6) 1644.28(1)

3 10.0334(5) 18.8544(7) 1643.77(1)

4 10.0341(2) 18.8530(4) 1643.56(3)
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Fig. 2. Effects of Nb substitution for Ta on lattice parameters and unit cell
volumes of Bag(Tas _ ;Nb,)Ti3004 (x=0, 1, 2, 3 and 4) solid solutions as a
function of composition x.

those have not been remarkable in the solid solutions (x=0-4).
The Q - f values of the solid solutions decreased from 23,000 to
12,700 GHz, depending on the composition x. The highest Q - f
value of 23,000 GHz was obtained at x=0, and so the Nb sub-
stitution for Ta is not effective in improving the Q - f values in
this system. The temperature coefficients of resonant frequency
range from 75.8 to 124.9 ppm/°C; therefore, the substitution of
the other elements in this system is necessary in order to improve
the t¢ values.

The microstructures of the Bag(Tay — . Nb,)Ti3O04 solid solu-
tions were investigated by using the FE-SEM in order to clarify
the effects of Nb substitution for Ta on the microwave dielectric
properties. The FE-SEM photographs of Bag(Tas — xNby)TizO24
solid solutions sintered at 1430 °C for 10h in air are shown in
Fig. 4. Although the grain sizes of Bag(Tas — \Nb,)Ti3024 solid
solutions were increased with increasing composition x, the for-
mation of porosities and secondary phases was not observed
in the compositions ranging from O to 4. It is generally known
that the variations in the Q - f values are closely related to the
morphological changes in the microwave dielectric ceramics.’
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Fig. 3. Microwave dielectric properties of Bag(Tas — \Nb,)Ti3024 (x=0, 1,2, 3
and 4) solid solutions as a function of composition x.

The increase of the grain size reduces the dielectric loss, though
the increase of the grain size in Bag(Tas — xNby)TizOo4 solid
solutions increased the dielectric loss. However, the result of
Al,O3 was showed at the single composition. In this study, the
morphological changes in the samples, which arise from the
compositional changes in the solid solutions, are observed as
shown in Fig. 4. Thus, it is considered that the compositional
change in the samples may exert an influence on the variations
in Q - f value, because the composition x of each solid solutions
were not of same composition.

3.2. BajoTaz04(Tij2—xSny,)O30 solid solutions

Fig. 5 shows the XRPD patterns of BajgTa704(Tij2—x
Sn, )O3 solid solutions sintered at 1580 °C for 10 h in air. The
XRPD results showed the presence of four phases (BasTasOs,
BasTayO9, SnO; and an unknown phase) at x = 1.2 instead of the
formation of BajpTa7,04Sn; 2,039 compound, whereas the sam-
ples in the compositions ranged from O to 0.75 showed a single
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Fig. 5. XRPD patterns of BajgTa7,04(Tij 2 — xSny)O30 (x=0, 0.3,0.45, 0.6, 0.75,
0.9 and 1.2) solid solutions.

Table 2
Lattice parameters and unit cell volumes of BajgTa7,04(Tij2— »Sn,)O3p solid
solutions

Composition x Lattice parameter A) Unit cell volume (A3)
a c
0 5.8022(5) 23.7951(1) 693.76(1)
0.3 5.8078(1) 23.8208(5) 695.86(3)
0.45 5.8098(1) 23.8312(5) 696.63(3)
0.6 5.8112(1) 23.8430(5) 697.31(3)
0.75 5.8139(2) 23.8571(6) 698.38(4)
0.9 5.8155(4) 23.8742(8) 699.25(6)
1.2 5.8164(5) 23.8617(8) 699.11(6)

phase, which was a hexagonal crystal structure with P63/mmc
space group. In the crystal structure of BajgTa704Ti; 2030
ceramic, two types of the corner-sharing octahedra, i.e., B(1)Og,
B(2)O¢ and B(3)Og, are present in the unit cell; these octahedra
are occupied by the Ta and Ti atoms. The site occupancies of
Ta and Ti cations in the B-site of B(1)Og and B(2)Og octahedra
are known to be 0.9 and 0.1, respectively, whereas the site occu-
pancies of Ta and Ti ions and oxygen vacancy in the B-site in
B(3)Og octahedron is 0.41, 0.15 and 0.44, respectively.5 In order
to clarify the influence of the difference in ionic radii between
Ti** and Sn** ions on the crystal structure, the lattice parameters
of the solid solutions were determined by the Rietveld method,
and the results obtained are shown in Fig. 6 and Table 2. The
lattice parameters, a and ¢, of BajgTa7,04(Tij.2 — »Sn,)O3¢ solid
solutions (x=0-0.75) are increased linearly with increasing the

Fig. 4. FE-SEM photographs of Bag(Tas — y\Nb,)TizO24 (x=0, 2 and 4) solid solutions sintered at 1430 °C for 10h in air.
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Fig. 6. Effects of Sn substitution for Ti on lattice parameters of
BajoTa7,04(Ti1 2 — xSny)O3 solid solutions as a function of composition x.

composition x, and then these lattice parameters are approxi-
mately constant in the composition range of 0.9—1.2. Therefore,
it is recognized that the limit of the solid solutions is approxi-
mately x=0.75.

The variations in the atomic distances of B(1)Og, B(2)O¢
and B(3)Og octahedra caused by the Sn substitution for Ti
were shown in Fig. 7 and Table 3. In the B(1)O¢ polyhedron,
the increases in oxygen-oxygen distances such as O(2)-O(2)
and O'(2)-0’(2) were observed with the Sn substitution for
Ti. Since the direction of the O(2)-O(2) and O'(2)-0'(2) dis-
tances in the B(1)O¢ polyhedron is parallel to that of the c-axis,
it is considered that the increase in the lattice parameter ¢ as
shown in Fig. 6 closely relates with the variations in the atomic
distances of O(2)-0(2) and O’(2)-0’(2). Moreover, these vari-
ations of the lattice parameters and the atomic distances were
related to the changes in the volume of each octahedron. The
effects of Sn substitution for Ti on the volume of polyhedron in
BajpTa7,04(Ti1 2 — xSn,)O3¢ solid solutions in the single phase
region are shown as a function of composition x in Fig. 8. The
volumes of the B(1)Og¢, B(2)O¢ and B(3)Og¢ octahedra were con-
stant with all the samples in the composition range from 0 to
0.75, whereas a linear dependence of volume in the Ba(1)O12,

Table 3
Atomic distances of B(1)Og, B(2)Og and B(3)Og¢ polyhedron

Atomic distances (A) BajgTa7.04(Tij 2 - xSn,)Oy4 solid solutions

x=0:B1=Ti x=0.75: B1=Sn

B(1)-0(2) 1.998 2.003

0(2)-0(2) 2.832 2.908

0(2)-0'(2) 2.82 2.76

0'(2)-0'(2) 2.832 2.908

0(2)-0"(2) 2.82 2.76

0'(2)-0"(2) 2.82 2.76
BajgTa7,04(Tij 2 — »Sn,)Oy4 solid solutions
x=0:B2=Ti x=0.75: B2=Sn

B(2)-0'(2) 2.10 2.11

B(2)-0'(3) 2.379 2.267

0(2)-0(2) 2.99 3.06

0(2)-0'(2) 2.94 2.92

0(2)-0(3) 2.94 2.92

0(2)-0'(3) 3.76 3.46

0(3)-0(3) 3.76 3.46

0(3)-0'(3) 2.94 2.92
BajoTa7,04(Ti1 2 — xSny)Oz4 solid solutions
x=0: B3=Ti x=0.75: B3=Ti

B(3)-0'(1) 2.075 2.085

B(3)-0'(3) 1.916 1.95

O(1)-0(1) 2.04 3.04

O(1)-0/(1) 2.04 3.04

O(1)-0(3) 3.044 2.98

O(1)-0'(3) 3.044 2.98

0(3)-0(3) 3.04 2.35

0(3)-0'(3) 3.04 2.35

Ba(2)O1; and Ba(3)O1, polyhedra on the composition x was
observed; the volume of the Ba(2)O1, and Ba(3)O1, polyhe-
dra slightly increased. Furthermore, the volume of the Ba(1)O1,
polyhedra significantly decreased with increasing the composi-
tion x.

The microwave dielectric properties of BajgTa704(Tijo—
Sn, )O3 solid solutions are shown in Fig. 9. With increased
composition x from 0 to 0.75, the ¢ values of the solid solu-
tions varied from 35.0 to 26.5; at the compositions higher
than x=0.75, the &, values were drastically decreased because
of the presence of a secondary phase. The Q-f values of
BajgTay,04(Tij 2 — xSny)O30 solid solutions at the composition
range from 0 to 0.75 vary from 33,200 to 59,100 GHz, and the
maximum Q - f value is obtained at x=0.75. The Sn substitution
for Ti is effective in improving the Q - f values in this system.
Moreover, the ty values of the solid solutions in the composi-
tion range of 0-0.75 vary from 52.0 to 30.3 ppm/°C; a near zero
7¢ values was not obtained, though the Q - f value of the solid
solutions was improved by Sn substitution for Ti.

In order to clarify the relationship between the microstruc-
ture and the Q-f values caused by Sn substitution for
Ti, the microstructural changes in BajoTa704(Tij 2 — xSny)O39
solid solutions were investigated by using the FE-SEM
and EDX. Fig. 10 shows the FE-SEM photographs of
BajgTa7,04(Ti1 2 — xSn,)O3q solid solution at x=0, 0.6 and 1.2,
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Fig. 7. Variations in atomic distances of B(1)Og, B(2)O¢ and B(3)Og octahedra in BajgTa7,04(Tij 2 — +Sn,)O39 (x=0to 0.75) solid solutions caused by Sn substitution

for Ti.

respectively. When comparing these microstructures, porosity is
not observed at x=0 and 0.6, whereas a number of porosities and
cracks are recognized at x = 1.2; it is known that the formation
of porosity and cracks lowers the e, and Q - f values of the solid
solutions.” The EDX results of the samples marked A, B and C
were found to be Ba;TasO15, BasTayOg and an unknown phase,
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Fig. 9. Variations in dielectric constants (g;) and quality factors (Q-f) of
BajgTa7,04(Tii 2 — xSny)O3¢ solid solutions as a function of composition x.

Fig. 10. FE-SEM photographs of BajgTa7,04(Tij 2 - xSn,)O30 (x=0, 0.6 and 1.2) solid solutions.
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respectively. From these results, it is considered that the forma-
tion of secondary phase exerts an influence on the decrease in
&r and Q - f values at the compositions higher than x=0.75.

4. Conclusions

The hexagonal perovskite-like solid solutions, i.e., Bag
(Tag — xNb,)Ti30,4 and BajpTa7,04(Tij 2 — »Sny)O3p solid solu-
tions, were synthesized; the microwave dielectric properties
of the solid solutions were investigated. When comparing
the microwave dielectric properties of Bag(Tas — \Nb,)Tiz024
solid solutions with those of BajgTa704(Tij2_xSn,)O30
solid solutions, a high Q-f value was obtained in the
BajgTa7,04(Ti1 2 — xSn,)O3p solid solutions. In the BajgTa7 04
(Ti12 — »Sny)O3 solid solutions, the limit of solid solutions was
approximately x=0.75.

It was found that the variations in the lattice parameters
closely related to the variations in the atomic distances of
BajgTa7.04(Ti1 2 — xSn,)O3¢ solid solutions, which arises from
the differences in the ionic radii of Sn** and Ti** ions. In partic-
ular, the increase in the lattice parameter ¢ was responsible for
the variations in the atomic distances of the B(1)Og octahedron.

As for the microwave dielectric properties of BajgTa704
(Ti1 2 — »Sn,)O3¢ solid solutions, the Sn substitution for Ti was
effective in improving the Q - f value; a dielectric constant of

25.6,a Q- fvalue of 59,100 GHz and a t¢ value of 30.3 ppm/°C
were obtained at x=0.75.
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