
JOURNAL OF MATERIALS SCIENCE 28 (1993) 2163-2168 

Microwave dielectric properties of 
Ba(Sn Zno-x)/3Nbo-,,) 2/3)O3 (0 x 0.32) 
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The dielectric properties of the (1 - x)Ba(Znl/3ab2/3)O3-xBaSnO 3 (0 ~ x <~ 0.32) 
composition at microwave frequencies were investigated in this study. With the addition of 
BaSn03, the dielectric Q(Qd) value of Ba(Znl/3Nb2/3)O 3 (BZN) can be improved and a small 
temperature coefficient of resonant frequency ('of) can be achieved. When 22.6 mol % of Sn is 
added to BZN, the characteristics of the Ba(Sno.226Zno.25sNbo.515)03 ceramics sintered at 
1 500 ~ are as follows: dielectric constant sr --- 32, 1;f = 4- 1 2 p.p.m. ~ 1 and high Qd value of 
9700 at 10 GHz. Based on the classical dispersion theory and the logarithmic mixing rule, the 
effects with additions of substitutional element of BaSn03 on the microwave dielectric 
properties of Ba(Znl/3Nb2/3)O 3 can be mostly explained. 

1. Introduction 
A dielectric material acting as a resonator was first 
proposed by Richtmyer in 1939 [1]. With recent 
improvements, dielectric resonators (DRs) [2] with 
the small re, low loss and high er are widely used as the 
frequency-determining elements in microwave integ- 
rated circuits (MICs) such as dielectric resonator oscil- 
lators (DROs) [3], dielectric resonator filters (DRFs) 
[4], etc. 

In recent years complex perovskite-type com- 
pounds with the chemical formula AZ+~lqz+t~l/3 B2/3)O35+ 
have attracted considerable interest for use as high-Q 
microwave dielectric resonators. These include 
Ba(Mgl/Ja2/3)O 3 (BMT) [5], Ba(Znl/3Ta~/3)O3 
(BZT) [6, 7], Ba(Znl/3Nb2/3)O 3 (BZN) [8, 9], 
Ba(Ni l /3Nb2 /3 )O3-Sr (Ni l /3Nbz /3 )O 3 [10] and 
Ba(Znl/3Nb2/3)O3-Sr(Znl/3Nb2/3)O3 [11], etc. 

It has been found that the Q value of the dielectrics 
of BMT [5] and BZT [6, 7] can be improved with 
proper additions of Sn and Zr, respectively. In spite of 
the existence of Zr and Sn ions with their large ionic 
radii as impurities in the lattice of BZN and BMT, the 
spacings between ions are smaller in their respective 
compositions. It seems that the anharmonic inter- 
action should decrease and thus improve the Q value 
[12]. 

Onoda et al. [11] suggested that an improvement 
in the zf can be obtained by mixing different materials 
of 4-zf such as the compound of BZN 
(+28p.p.m. ~ -1) and Sr(Znl/3Nb2/3)O3 (SZN, 
- 3 8  p.p.m. ~ [11], which gives a very small ~f of 

0.3BZN 0.7SZN to be - 5  p.p.m. ~ Upon this 
consideration, BaSnO 3 with its negative z r added to 
BZN forming the compound (1 - x) BZN-xBaSnO3 
with minor ~f is, therefore, Predictably achieved. 

0022-2461 �9 1993 Chapman & Hall. 

The main purpose of this study was to survey the 
microwave properties of ( 1 - x )  BZN-xBaSnO3 
dielectrics and try to use the classic dispersion 
theorem and logarithmic mixing rule to explain the 
behaviour of these dielectrics. Making use of BaSnO 3 
as the substitutional additive in BZN, it was found, as 
expected, that smaller Tf, lower ~r and higher Q values 
of (1 - x) BZN-xBaSnO3 were attainable. 

2. Experimental procedure 
Samples were prepared from reagent grade BaCO3, 
ZnO, SnO 2 and Nb205. The purity of these raw 
powders was > 99.9%. The raw materials prepared 
for experiments were weighed to the composition of 
(1 - x) Ba(Znx/3 Nb2/3) O3-xBaSnO3 (0 ~< x ~< 0.32). 

The starting powders were mixed in a ball mill in a 
plastic pot with agate balls and distilled water for 12 h, 
then dried and calcined at 1100 ~ for 2 h. The pow- 
ders were then milled again with organic binder for 
forming granulation. Cylindrical specimens were pres- 
sed under a pressure of 2000 Kg c m  - 2  then debin- 
dered for 20 h at 650 ~ These pellets were sintered in 
air at 1380, 1430, 1470 and 1500~ The density of 
these ceramics was measured by the Archimedes 
method. The porosity ratio of a specimen was estim- 
ated as 

( 0  1 - -  D2) 
porosity (%) - x 100% (1) 

D1 

where D 1 and D 2 a r e  the X-ray theoretical densityand 
the measured density, respectively. 

The post method (Fig. 1), first introduced by Hakki 
and Coleman [13] then modified by Courtney [14], 
was applied to estimate the er of DRs. The Kobayashi 
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Figure 1 The post method with a radial dielectrometer for micro- 
wave dielectric measurements. 
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Figure 2 Microwave dielectric properties, at 10 GHz, 
Ba(SnxZntl_x)/3Nb(l_xl 2/3)O3 compositions, calcined at l l00~ 
for 2 h and sintered for 6 h at 1430~ as a function of the Sn 
content. 

and Katoh method [15] and that of Higashi and 
Makino [16] were utilized to measure the Qd and zf 
values, respectively, of DRs. Experimental equipment 
included the HP8350B + HP83592A sweep oscillator 
and the HP8510B network analyser. 

X-ray diffraction (XRD) analysis with CuK~ radi- 
ation through a nickel filter, scanning electron micro- 
scopy (SEM) and energy-dispersive X-ray spec- 
trometry (EDS) were utilized to investigate the 
microstructures of the dielectrics. 

3 .  R e s u l t s  
Fig. 2 shows the microwave dielectric properties of 
(l-x) Ba(Znl/3Nb2/s)O3-xBaSnOa(O ~ x <~ 0.32); sin- 
tered at 1430 ~ for 6 h, as a function of the Sn content 
at 10GHz.  It can be seen that Sr decreased with 

Figure 3 The lattice constant of (1 - x )  BZN-xBaSnO 3 composi- 
tions with various Sn contents: ( ) theory and (- - -) experiment. 

increasing BaSnO 3 when its content was > 1 mol %. 
When BaSnO 3 was added to 2 tool %, a r~  40 and 
Qd > 7500 were obtained; however, its z f (>  
+ 30 p.p.m. ~ was too large to be used in prac- 

tice. It was found that zf decreased with increasing Sn 
content when the quantity was > 1 tool %. In addi- 
tion, when the Sn content was > 30 mol %, a small zf 
of + 9 p.p.m. ~ -1 and a small Qd value of 4100 were 
obtained. For  the considerations of small zf and avail- 
able Q value of a DR, the composition of 
0.774Ba(Zn~/sNb2/a)Os-O.226BaSnOa (BSZN) was 
chosen as the fundamental composition for further 
study in this work. 

According to the Joint Committee on Powder Dif- 
fraction Standards international centre for diffraction 
data, BZN and BaSnO3 were indexed on the same 
perovskite cubic cell with lattice constant of 
a = 0.4094 and a = 0.411 63 nm, respectively. The 
lattice constant of ( l - x )  BZN-xBaSnO3 was calcu- 
lated on the assumption that it is a linear combination 
of BZN and BaSnO 3 initially. This hypothesis (full 
line) was verified by the experimental XRD data 
(closed circles) shown in Fig. 3 with errors 
< 0.001 nm. Therefore, the theoretical curve of lattice 

constant a in Fig. 3 can be thought of as almost the 
same as the presumptive value of a linear combination 
of ( 1 -  x) BZN and xBaSnO 3. The broken line in 
Fig. 3 is derived by curve fitting of the XRD experi- 
mental results, where 

a = 0.048261x + 4.0987 (2) 

The grain size of (1 - x) BZN-xBaSnO a in Fig. 2 
indicates that it initially increased with Sn content. 
When the amount  of Sn was > 2 tool %, grain growth 
was evidently inhibited with the suppression of gr, yet 
the number of pores increased in the meantime. Con- 
sequently, BaSnO3 acted as a sintering promoter  
when the quantity of it added to B Z N  was 
< 2 m o 1 % .  For the case of > 30mo1% Sn added 

specimens with small grainsize, rich porosity as well as 
low Qd value were found (Fig. 2). 

The effects of sintering at various temperatures for 
6 h  on the microwave dielectric properties of 
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Ba(Sno.zz6Zno.258Nbo.516)O a (BSZN) are shown in 
Fig. 4. The figure indicates that the ~f and ~r decreased 
slightly with sintering temperature. However, the Qd 
values of BSZN increased with sintering temperature. 
An obvious increase was found starting at 1430~ 
and then gradually peaked when the temperature was 
above 1470~ with Qd > 9000. The Qd value was 
determined as 9700 at 10 GHz when the BSZN com- 
position was sintered at 1500 ~ for 6 h, for which an 
~r of 32 and smaller rf of +12p.p.m. ~ were 

achieved. The grainsize of BSZN had almost the same 
trend as the Qa values, with the porosity ratio increas- 
ing slightly from 4.1 to 4.6% as shown in Fig. 4. 

Fig. 5 shows the microwave dielectric properties of 
the BSZN dielectrics as a function of the sintering time 
at 1380 ~ It was found that ~r was not sensitive to the 
sintering conditions, whereas the value of Qa evidently 
depended on it. The grainsize seemed to have no 
obvious change with sintering time. The XRD pat- 
terns of the sintered surface of BSZN are shown in Fig. 
6. The patterns in Fig. 6a-c indicate its surface un- 
polished, polished once (about 0.2 mm removed) and 
polished twice (about 0.4 mm removed), respectively. 
It is difficult to identify the new phases shown in Fig. 
6a and b with the existing powder diffraction file. 

It was found that the Sn, Zn and Nb evaporated 
during sintering because diminished contents of them 
were observed by the EDS analyses. This explains the 
new peaks in the XRD diffraction patterns taken from 
the sintered surface of BSZN in Fig. 6a and b. These 
new peaks disappeared in Fig. 6c, showing that the 
bulk of BSZN has a simple cubic perovskite unit cell. 
The volatile materials were found to be diminished 
within about 0.4 mm. The depletion of these volatile 
materials increased with sintering time, and its effects 

on the surface of BSZN can be seen in Fig. 7a-c. Fig. 7 
shows surface SEM micrographs of BSZN under vari- 
ous sintering conditions. The number of pores of the 
BSZN ceramics was found to be slightly increased 
with sintering time and temperature, as shown in Figs 
4, 5 and 7. 

4 .  D i s c u s s i o n  

Principally, the ~f and ~, of the solid solution of 
(1 - x) BZN-xBaSnO3 can be explained by the logar- 
ithmic mixing rule with three elements which includes 
BZN (~r = 40, temperature coefficient of dielectric con- 
stant �9 ~ = - 7 8  p.p.m.~ -1) [8], BaSnO 3 (~r = 14, 
~ =  + 180p.p.m.~ -1) and pores filled with air 
(at = 1, r~ = 0 p.p.m. ~ 1). In essence, the temperature 
coefficient of resonant frequency ~f of a dielectric 
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Figure4 Microwave dielectric characteristics of Ba(Sno.n6Zno.2s 8- 
Nbo.sx6)O3 (BSZN) ceramics sintered for 6 h at various temper- 
atures. 

Figure5 Microwave dielectric properties of the Ba(Sno.226- 
Zno,2ssNbo.516)O 3 (BSZN) ceramics sintered at 1380~ as a func- 
tion of the sintering time. 
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Figure6 XRD patterns on the Ba(Sn0.226Zno.a58Nbo.516)O 3 
(BSZN) sintered surface, where the surface is (a) unpolished; (b) 
polished once, about 0.2 mm removed and (c) polished twice, about 
0.4 m m  removed. 
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Figure 7 Surface SEM micrographs of the 0.774BZN-0.226BaSnO 3 dielectrics under various sintering conditions: (a) 1380~ for 6 h, 
(b) 1380~ for 24h, (c) 1380~ for 36h, (d) 1430~ for 6h, (e) 1470~ for 6h and (f) 1500~ for 6h. 

is a function of the thermal expansion coefficient (~) 
and the temperature coefficient of dielectric constant 
(re), where r f ~  - (~ + �89 [17]. It was seen that the ~r 
of (1 - x)BZN-xBaSnO3 decreased with the BaSnO3 
content when its amount  was > 1 mol %. The ~r of 
0.999 BZN-0.01 BaSnO3 is slightly higher than that of 
BZN, owing to its minor porosity content. However, 
with more Sn added, sr evidently decreased owing to 
the increasing amount  of BaSnO3 (ar = 14). ~f in Fig. 
2 had a similar trend to a~, which could also be 
described as due to the increase of BaSnO3 quantity 
which offset the ~f of BZN. 

It is worthwhile to note that although the grainsize 
of(1 - x)BZN-xBaSnO3 (0.04 ~< x ~< 0.226) is smal- 
ler than that of BZN and the porosity ratio of its 
relative composition is not less than that of BZN, the 
Qa values of Ba(SnxZn~l_x~/3Nb{1 x) 2/3) 03 are still 
higher than that of BZN (Fig. 2). Consequently, not 
only do the material imperfections affect the Q value of 
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(1 - x ) B Z N  xBaSnO3, but some other factors also 
exist. 

According to the classical dispersion theory 
[12, 18], the dielectric loss at microwave frequencies is 
due primarily to the damping factor of a Lorentz 
oscillator. The nature of this factor was ascribed to the 
overlapping of electron clouds of cations and anions 
[19]. Plendl [20] calculated this factor and deter- 
mined that it depends on the anharmonicity of the 
bonding forces and on the ratio of the cation and 
anion radii of a composition. It is discernible that the 
dielectric loss of a composition increases with increas- 
ing damping factor caused by the difference between 
the cation and anion radii. 

The origin of the damping constant is explained by 
the lattice anharmonic interaction, and lattice imper- 
fections, e.g. impurities, dislocations and grain bound- 
aries [21]. Table I indicates the ionic radii found in 
several kinds of complex perovskite structures. The Q 



values in Table II indicate that the compositions in 
each group (i.e. from a to d) of ABO 3 perovskite- 
structure having a larger ionic radius in the A site have 
better Q values than those with smaller ionic radii in 
the A site. Concurrently, the radius ratio of Ba 2 + to 
0 2- is larger than that of Sr 2 + to 0 2 - ,  and therefore 
the Q value of the former is greater than that of the 
latter. Furthermore, the average radius of B-site ions 
of Ba(Sn,Zn,Nb)O 3 (a3) , Ba(Sn,Mg,Ta)O 3 (c2) and 
Ba(Zr,Zn,Ta)O 3 (d3) in Table II are also larger than 
those structures without Sn, Sn and Zr, respectively. 
This brings the B-site cations' average radius and the 
anion radius of oxygen closer, so the spacings between 
ions become smaller. This decreases the anharmonic 
interaction, and higher Q values are obtained. 

With more than 2mo1% Sn added to BZN, a 
smaller grainsize and more pores (Fig. 2) of ( l - x )  
BZN xBaSnO 3 were found; the increase in these im- 
perfections will cause a decrease in the Q values. 
Consequently, due to the increase of the imperfect 
damping factor and anharmonic interaction, the gain 
in Q value by addition of Sn described above is offset. 
When the amount  of Sn added increased to 32 tool %, 
the Q value apparently decreased to 4100. 

Fig. 4 shows the grainsize increased with sintering 
temperature from 1380 to 1470~ with a slightly 

increasing porosity. This might cause a decrease in the 
number of imperfections and the improvement of Q 
values. When the sintering temperature was above 
1470 ~ the effects of pores in the dielectric bulk offset 
the Q value upgrade to a saturated level. The presence 
of new phases on the sintered surface of BSZN, shown 
in Fig. 6a and b, shown by the appearance of new 
XRD peaks, is due to the depletion of the volatile 
materials of Sn, Zn and Nb. The amount of these 
vanished materials estimated by EDS analyses in- 
creased with sintering temperature and sintering time. 
However, the real effects caused by these volatile 
phenomena on the microwave dielectric properties of 
BSZN are not very clear and warrant further study. 

Surface SEM micrographs of BSZN under various 
sintering conditions are shown in Fig. 7. Note that if 
the sintering time is > 24 h at 1380 ~ the loss of the 
volatile materials Sn, Nb and Zn on the surface of 
BSZN causes the appearance of new phases in Fig. 7b 
and c. This can be verified by XRD analysis (Fig. 6a). 
Obviously, the grainsize of the BSZN specimen sin- 
tered at 1430 ~ for 6 h shown in Fig. 7d is greater 
than that at 1380~ for 6 h shown in Fig. 7a, which 
can be also seen .in Fig. 4. In addition, the porosity 
ratio of BSZN at the various sintering temperatures in 
Fig. 7c-e is also indicated in Fig. 4. 

T A B L E  I Table of ionic radii 

Ion Radius (nm) 

O 2- 0.140 

Ba 2+ 0.136 

Sr 2+ 0.116 

Zn 2 + 0.075 

Mg 2 + 0.072 

Ni 2 + 0.069 

Zr # + 0.072 

Sn 4 + 0.069 

Ta 5 + 0.064 

Nb 5 + 0.064 

5. Conclusions 
We investigated the dielectric properties of the 
Ba(Snx Zn(x-x}/3Nb(1-x) 2/3)03 (0 ~ x ~ 0.32) system 
at microwave frequencies and found that the 
Ba(Sno.226Zno.258Nbo.516)O3 (BSZN) dielectrics have 
excellent properties for use as microwave devices. The 
er, r r and Q value of the (1 - x)BZN-xBaSnO 3 com- 
positions can be mostly explained by the logarith- 
mic mixing rule and classical dispersion theory, re- 
spectively. With the addition of BaSnO3 to 
Ba(Znl/3Nb2/3)O3, the average radius of the B-site 
ions of ABO3 increased. This reduced the ionic radius 
difference between the average cation radius of the B 
site and the anion radius of oxygen; since the Sn ion 
has a larger ionic radius, the spacings between ions 

TAB LE I I The Q values of several kinds of complex perovskite dielectrics 

Group Composition Q value Reference 

a 1 Sr(Znl/3Nb2/3)O3 2000 (10 GHz) [11] 

az Ba(Znl/3Nb2/3)03 5400 (10 GHz) [11] 

a 3 Ba(Sno.226Zno.zs8Nbo.516)03 9700 (10 GHz) Present 

bl Sr(Ni 1/3Nb2/3)O3 3180 (9 GHz) [22] 

b2 Ba(Nit/3Yb2/3)O 3 4000 (9 GHz) [22] 

cl Ba(Mgl/3Ta2/3)O3 6000 (10 GHz) 15] 

c2 Ba(Sno.14Mgo.2vNbo.59)O3 10 800 (10 GHz) [5] 

dl Sr(Znl/3Ta2/3)O 3 3100 (7 GHz) [6] 

d2 Ba(Znl/3Ta2/3)O3 9800 (7 GHz) [6] 

d3 Ba(Zro.osZno.32Tao.63)O 3 14 800 (7 GHz) [6] 

' "  2 1 6 7  



become smaller in the Ba(Sn,Zn,Nb)O3 solid solution 
and the anharmonic interaction is decreased. 

The resultant composition of BSZN gives a high-Q, 
temperature-stable, well-sintered dielectric resonator 
for use at microwave frequencies. In this study the Qo 
value of BZN could be improved by the proper addi- 
tion of Sn, and the resultant composition of the BSZN 
could be greatly improved by increasing the sintering 
temperature or prolonging the sintering time. Under 
calcination at 1100 ~ for 2 h and sintering at 1500 ~ 
for 6 h, the ~f of + 12 p.p.m. ~ and the high Qo 
value of 9700 of Ba(Sno.z26Zno.z58Nbo.516)O3 dielec- 
trics were achieved. 
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