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Abstract

Dependence of microwave dielectric properties on the structural characteristics of (1 — x)Cag gsNdy ; TiO3—xLnAlO; (Ln = Sm, Dy and Er) ceramics
were investigated as a function of LnAlO3 content (0.05 <x < 0.25). For the specimens with SmAIlOs3, a single phase with orthorhombic perovskite
was obtained through the entire composition, however, Dy, Ti,O; and Er,Ti,O; were detected as a secondary phase along with the orthorhombic
perovskite phase for the specimens with DyAlOs (x=0.25) and ErAlO; (0.10 <x <0.25), respectively. With an increase of LnAlO; content, the
dielectric constant decreased due to the smaller ionic polarizability of LnAlO; than CaggsNdy; TiO3. The temperature coefficient of the resonant
frequency (TCF) decreased with LnAlO; content resulted from an increase of oxygen octahedral distortion.
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1. Introduction

With the rapid progress of microwave integrated circuits
for wireless telecommunications, it has been required the
microwave dielectric materials with the predictable dielectric
properties of a high dielectric constant (K), a high quality fac-
tor (Q=1/tan§), and a nearly zero temperature coefficient of
the resonant frequency (TCF). Microwave dielectric properties
of CaTiOs3-based materials have been investigated, because of
their high dielectric constant. However, TCF is too large to
apply the devices. Much attention has been paid to improve their
microwave dielectric properties with La**, Nd**, and Sm>* sub-
stitution for Ca®*.!~3 Even though such substitution is done, TCF
is still positive.

Recently, considerable efforts have been done to adjust
the TCF of Ca-based materials by the formation of solid
solutions of two or more compounds having negative and pos-
itive TCF values.*> However, the affecting factors on TCF of
microwave dielectrics should be studied to control and predict
the microwave dielectric properties of materials.

* Corresponding author. Tel.: +82 31 249 9764; fax: +82 31 244 6300.
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The change of K and TCF is related with the dielectric polar-
izabilities, temperature coefficient of dielectric constant (TCK)
and structural stability of compound, respectively.%” Structural
stability of perovskite compound could be evaluated by elec-
tronegativity of A- and B-site ions as well as the tolerance factor
of ABO3 perovskite compound. Also, the tolerance factor calcu-
lated from the effective ionic radii is closely related to the tilting
of oxygen octahedra. However, the change of TCF cannot be
fully explained in terms of the tolerance factor, because the effec-
tive ionic size in the center of the oxygen octahedra is changed
with tilting, as reported by Shannon.® Also TCF of dielectric
materials with tilted oxygen octahedra could be explained by
the bond valence which is independent on effective ionic size.”
As the bond valence was calculated from the average bond length
of crystal structure, the dependence of TCF on the bond valence
could be applied if the individual bond lengths were similar to
the average bond length of oxygen octahedra. Therefore, for the
remarkable change of individual bond lengths of oxygen octa-
hedra, the tilting of oxygen octahedra could be quantitatively
evaluated by the octahedral distortion, which is independent on
effective ionic size,® so that, the octahedral distortion could be
applied to explain the TCF of dielectric materials with perovskite
structure.

In our previous report, 10 (Cag g5sNdg,10)TiO3 with orthorhom-
bic perovskite structure showed high dielectric constant and
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good Qf value, even though TCF was too large, while LnAIO3
(Ln=Sm, Dy and Er)!! with same or distorted perovskite struc-
ture showed a negative value of TCE.

In this study, the microwave dielectric properties and crystal
structure of the (1 —x)Caggs5Ndg 10TiO3—xLnAlO3 (Ln=Sm,
Dy and Er) system were investigated as a function of the amount
of LnAlO3 (0.05 <x <0.25). Dependence of dielectric constant
on the dielectric polarizability and the dependence of TCF on the
octahedral distortion of oxygen octahedra were also discussed.

2. Experimental procedure

CaCO3, Nd»03, Smy03, Dy>03, Er,03, TiO,, and Al,O3
powders with reagent-grade were used as starting materi-
als. They were weighed according to the compositions of
Ca0,35Nd0,10TiO3, SmAlO3, DyAlOg and ErA103, and then
milled with ZrO, balls for 24 h in distilled water. Powders with
a composition of CaggsNdo.10TiO3 were calcined at 1100 °C
for 3h, while powders with a composition of SmAIO3; were
calcined at 1400 °C for 3h and powders with a composition
of DyAlO3 and ErAlO3; were calcined at 1450°C for 24 h.
These calcined powders were mixed according to the formula
of (1 —x)Cagg5Ndp.10TiO3—xLnAlO3 (Ln=Sm, Dy and Er,
0.05 <x <0.25). The mixed powders were milled again with
7ZrO, balls for 24 h in distilled water and then dried. The dried
powders were pressed into 10 mm diameter disk at 1500 kg/cm?
isostatically. These pellets were sintered at 1400 °C for 4h in
air.

Crystalline phases of the specimens were identified with the
powder X-ray diffraction patterns (D/Max-3C, Rigaku, Japan).
From the Rietveld refinements of X-ray diffraction patterns, the
lattice parameters and unit cell volume of the sintered specimens
were determined, and the bond lengths between A-/B-site ions
and oxygen ions were obtained. Microstructure was observed
using a scanning electron microscope (Hitachi S-4200, Japan).
The compositions were analyzed by energy dispersive spectrom-
eter (Hitachi S-4200, Japan). The dielectric constant, unloaded

Q value at frequencies of 5-7 GHz were measured by the post-
resonant method developed by Hakki and Coleman.'? TCF was
measured by the cavity method'? at frequencies of 9-11 GHz
and the temperature range of 25-80 °C.

From the lattice parameters of orthorhombic perovskite struc-
ture, the individual bond length of oxygen octahedra was
obtained in the following equations:

Va>+ 2
R,(=Ry=T (1)
R—b (2)
)

where Ry, Ry, and R, are the individual bond length of x-, y-,
and z-axes in oxygen octahedra, and a, b, and ¢ are the lattice
parameters of a-, b-, and c-axes in orthorhombic perovskite,
respectively. From the individual bond length of oxygen octa-
hedra, the octahedral distortion (A) of orthorhombic perovskite
was calculated in the following equation®:

1 R — RY?
A=6Z{ = } 3)

where R; is the individual bond length and R is the average bond
length of oxygen octahedral.

3. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of (1 —x)
Cag g5Ndp 10TiO3—xLnAlO3 (Ln=Sm, Dy and Er, 0.05 <x <
0.25) ceramics sintered at 1400 °C for 4 h. For the specimens
with SmAlO3, a single phase with orthorhombic perovskite was
obtained through the entire composition, however, Dy, Ti» O
and Er,TioO7 were detected as a secondary phase along with
the orthorhombic perovskite phase for the specimens with
DyAlO3 (x=0.25) and ErAlO3 (0.10 <x <0.25), respectively.
These results were consistent with the stability of the perovskite
structure which could be evaluated by the tolerance factor and
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Fig. 1. X-ray diffraction patterns of (1 —x)Cagg5Ndp 10TiO3—xLnAlO3 (Ln=Sm, Dy and Er) specimens sintered at 1400 °C for 4 h.
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electronegativity differences.'* Due to the smaller ionic size
of AP*ion (0.535A)® than that of Ti** ion (0.605A)® for B-
site ion, and the smaller ionic size of Ln3* ion (Sm=1.079 A,
Dy=1.027A, Er=1.004 A)® than the average ionic size of
(Cag.gsNdo. 10)2+ (1.2499 A)S for A-site, the tolerance factor of
the specimens with SmAIO3 was larger than those with DyAlO3
and ErAlOs. Also, the average electronegativity differences of
the specimens with SmA1O3 was larger than those with DyAlO3
and ErAlOs3, which was resulted from the smaller electronega-
tivity of Sm3* ion (1.17) than those with Dy3* ion (1.22) and
Er’* jon (1.24).1°

Within the solid solution range, the unit cell volume of the
specimens was decreased as the LnAlO3 (Ln=Sm, Dy and Er)
content was increased, as shown in Fig. 2. Unit-cell volume of the
specimens with SmAlO3 was larger than those with DyAlO3 and
ErAlOs3, which was due to the larger ionic size of Sm3* (1.079 A)
than that of Dy3* (1.027 A) and Er?* (1.004 A)8. Density of the
specimens with SmAlO3 showed a maximum value at x=0.15,
while those with DyAlO3 and/or ErAlO3 decreased as the results
of the increase of DyAlOs and/or ErAlO3 content, respectively.
Relative densities were higher than 96% of theoretical values
for all of the specimens.
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Fig. 2. Lattice parameters and unit-cell volume of (1 —x)CaggsNdo.10
TiO3—xLnAlO3 (Ln=Sm, Dy and Er) specimens sintered at 1400 °C for 4 h.

Table 1

Microwave dielectric properties of LnyTioO7 (Ln=Dy and Er) ceramics
Compound K 0 Structure

Dy,Ti, O7 57.1 301 Cubic pyrochlore
Er, Ti, O 58.8 230 Cubic pyrochlore
Er, Tio 07 61 200 Cubic pyrochlore

@ Mater. Res. Bull. 37 (2002) 2077.

Fig. 3 shows SEM micrographs of the specimens sintered at
1400 °C for 4 h. The grain size of the specimens with SmAIO;
increased slightly with SmAIO3 content up to 0.15 mol, and
then decreased drastically after further addition. However, the
grain size decreased with DyAlO3; and/or ErAlO3 content,
and the secondary phase was detected for the specimens with
DyAlO3 and/or ErAlOs. To confirm the secondary phase of
0.75Cag g5Ndp.10TiO3-0.25LnAlO3 (Ln = Dy and Er), the back-
scattered electron images and EDS analysis were performed, as
shown in Fig. 4. From the EDS results, the cubic pryochlore
Dy, TipO7 phase (D) and Er,Ti»O7 phase (E) were detected for
the specimens with DyAlO3 and ErAlQOg3, respectively. These
results are agreed with XRD patterns of Fig. 1.

Fig. 5 shows the microwave dielectric properties (K, Qf)
of (1 —x)Cagg5Ndp 10TiO3—xLnAlO3 (Ln=Sm, Dy and Er)
specimens sintered at 1400°C for 4h. Quality factor (Qf)
of the specimens with SmAIO3 increased with SmAIO3 con-
tent up to x=0.15, and then decreased due to the changes
of density and grain size as there was no detection of sec-
ondary phase, moreover, Qf of the specimens with DyAlO3
and ErAlOs3 decreased with DyAlO3; and ErAlO3 content due to
the decrease of density and the formation of secondary phase,
Dy, TipO7 and Er, Ti» O7, which has a lower Q value than that of
Cag.gsNdp.10TiO3-LnAlO3 (Ln = Sm, Dy and Er) solid solution,
as shown in Table 1.

Dielectric constant (K) was significantly dependent upon
the relative density and ionic polarizability at microwave fre-
quencies. Effects of density on the dielectric constant could
be neglected because the relative density of the specimens
was higher than 96% of X-ray density. The dielectric constant
(K) of the specimens decreased with LnAlO3 (Ln=Sm, Dy
and Er) content due to the smaller dielectric polarizability of
SmAIO3 (11.56 A), DyAlO3 (10.89 A) and ErAlO3 (10.63 A)
than CaggsNdg 15TiO3 (12.15 A).10 Moreover, K of the speci-
mens with SmAIO3 was higher than those of specimens with
DyAlO3 and ErAlOs. These results could be attributed to the
larger ionic polarizability of Sm** (4.74 A) than those of Dy>*
(4.07 A) and Er?* (3.81 A) (Table 2).1°

Table 2
EDS results of 0.75Cag g5Ndo,.10TiO3-0.25LnAlO3; (Ln =Dy and Er) specimens
sintered at 1400 °C for 4 h

(a) Grain D (b) Grain E

Element Element (%) Atomic (%) Element Element (%) Atomic (%)

o 17.68 74.04 (6] 19.27 73.56
Dy 22.17 12.87 Er 23.98 13.22
Ti 60.15 13.10 Ti 56.75 13.22
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Fig. 3. SEM micrographs of (1 —x)Cag g5Ndp 10 TiO3—xLnAlO3 specimens sintered at 1400 °C for 4 h: (a) Ln=Sm; (b) Ln=Dy; (c) Ln=Er.
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Fig. 4. Back-scattered electron images of 0.75Cag g5Ndy,10TiO3—0.25LnAlO3 specimens sintered at 1400 °C for 4 h: (a) Ln=Dy; (b) Ln=Er.
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Table 3

Octahedral distortion and TCF of (1 — x)Cag g5Ndg.10TiO3—xLnAlO3 (Ln=Sm, Dy and Er) ceramics sintered at 1400 °C for 4 h

Ln x a(A) b(A) c(A) Ru, Ry (A) R. (A) Average Rg_o Distortion, A (x109) TCF (ppm/°C)
0.05 5.4300 7.6392 5.3822 3.8227 3.8196 1.9108 0.1492 107.28
0.10 5.4229 7.6315 5.3788 3.8190 3.8158 1.9090 0.1605 81.06
Sm 0.15 5.4200 7.6291 5.3792 3.8181 3.8146 1.9085 0.1963 52.37
0.20 54111 7.6199 5.3767 3.8141 3.8099 1.9064 0.2656 12.83
0.25 5.4027 7.6107 5.3722 3.8095 3.8054 1.9041 0.2629 —5.53
0.05 5.4317 7.6345 5.3771 3.8216 3.8173 1.9101 0.2797 90.66
D 0.10 5.4200 7.6155 5.3636 3.8126 3.8078 1.9055 0.3622 54.20
y 0.15 5.4191 7.6135 5.3622 3.8118 3.8068 1.9051 0.3910 29.82
0.20 5.4077 7.5968 5.3510 3.8038 3.7984 1.9010 0.4484 243
Er 0.05 5.4315 7.6329 5.3754 3.8209 3.8165 1.9097 0.2965 87.23
Table 3 summarized the oxygen octahedral distortion of
CaggsNdg 10TiO3-LnAlO3; (Ln=Sm, Dy and Er) ceramics 120 e Ln=Sm
obtained from Egs. (1)-(3), and TCF of the specimens mea- X x=0.05¢ = Ln=Dy
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Fig. 5. Microwave dielectric properties of (1 —x)CaggsNdp.10TiO3—xLnAlO3
(Ln=Sm, Dy and Er) specimens sintered at 1400 °C for 4 h.

Thermal stability (TCF) of the specimens was strongly
depended on the degree of oxygen octahedral distortion (A).
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Typically value of K=58.85, Qf=14,574 GHz, TCF=12.83
ppm/°C were obtained for 0.80Cag g5Ndg.10TiO3-0.20SmAIO3
specimens sintered at 1400 °C for 4 h.
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