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Abstract

Sh,Os were selected to substitute Mby and the effects of substitution on the sintering behavior and the microwave dielectric properties
of BiNbO, ceramics were studied. Solid solutions formed in sintered BilN{5b,.O, ceramics withx value being no more than 0.4. The unit
cell volume of orthorhombic phase BilNb,,Sh.O, decreased from 331.86 to 324.99\ith x value increasing from 0 to 0.4. The densified
temperatures increased from 800 to 980 The microwave dielectric properties of Biplb, Sh,O, ceramics were found to be affected by the
substitution of Sb for Nb and the sintering temperature. The satwatatlies first increased from 44.00 to 44.61 witincreasing from O to
0.1 and then decreased to 40.69 witlo 0.4. The saturate@ x f values decreased with increasing«afalue. Ther values were correlated
to the unit cell volume of BiNR-,,Sh,0, and continuously decreased from a positive value of 14.191#pfiat x = O to a negative value
of —30.94 ppni/C for x = 0.4. At a sintering temperature of 820 andx value of 0.05, BiNk,_,,Sh.O, ceramics exhibited the optimum
microwave dielectric properties of ~ 44.49,0 x f ~ 14,278 GHz, and; ~ —5.19 ppm/C.
© 2004 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction atures. Low melting glass additions, chemical processing
and smaller particle sizes of the starting materials are three
Recently, the rapid growth of communications using methods normally used to reduce the sintering temperature
microwave frequencies, such as portable phones and cawof dielectric material$5—8]. However, they also result in the
telephones, has created a demand for the miniaturizationdeterioration of microwave dielectric properties, or require a
of components such as band pass filters and local oscilla-flexible procedure. Furthermore, the sintering temperatures
tors. The application of multilayer microwave devices will for those commercial dielectric materials using these meth-
contribute to this goall]. In the fabrication of multilayer  ods are still too high to use low-melting-point electrodes.
microwave devices, low-firing microwave dielectric mate- Bismuth-based dielectric ceramics are well-known as
rials with high dielectric constant;, low dielectric loss low-fired materials and have been investigated for the ap-
and near-zero temperature coefficient of resonant frequencyplication as multilayer capacitorf®,10]. The microwave
75 are needed to co-fire with low loss, low-melting-point dielectric properties of BlO3—Nb,O5 systems were firstly
conductors such as Ag (melting poiat 961°C) or Cu studied by Kagata et al[11]. The results showed that
(1064°C). (Zr,Sn)TiQ,, BaTigO20, and Ba(MgTa)@ sys- BiNbO4 ceramics with CuO/yOs additions had & value
tems have excellent microwave dielectric properties and areof 4260 (at 4.3 GHz)g, value of 43 and a large; value
the most common dielectric materials for ultra-high fre- of 38 ppm?C (—25 to 20°C). In order to lower ther;
quency applicationf2—4]. But they are not compatible with ~ values, some lanthanide ions @ Ln = La, Nd, Sm)
the co-fire process because of their high sintering temper-were used to substitute for 8i in A site of BiNbOy and
the effects of substitution on densification and microwave
- , dielectric properties of BiNb@ceramics were investigated
* Corresponding author. Tek86-21-52412014; -
fax: 186-21-52413903. by several researchefd2-15] For Ln substitution, the
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BiNbO4 ceramics was lowered due to the lattice distortion
caused by the ionic difference betweerftrand BPt. The
7t values of Ln-modified BiNb® ceramics could be ad-
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the line intercept method. The dielectric constanésd the
quality valuesQ at microwave frequency were measured
using the Hakki—Coleman’s dielectric resonator method,

justed to near zero. That might be caused by the existenceas modified and improved by Courtn¢f0,21] An Ad-

of triclinic phase of BiNbQ. However, only the Ta was
used to substitute for Nb in B site of BiNRGo modify
the microwave dielectric properties of BiN@Qreramics
by Huang and Wengl16,17] By adjusting the amount of
Ta additive, a near zeres value could also be obtained
although no phase transition (orthorhombic to triclinic)
occurred in BiNlp;_,)Ta,O4 ceramics.

In this study, BiNbQ was used as the host material and
ShOs was selected to substitute for Mbs. The influ-
ences of Sb substitution for Nb on the sintering behavior
and microwave dielectric properties of BiNh@eramics
were investigated. A small amount of CuO®% mixtures
(CuO:V»,05 = 1:1 in weight ratio) were used as sintering

vantest R3767CG network analyzer was employed in the

measurement. The temperature coefficient of the resonant
frequencyt; was measured in the temperature range of

—25 to+85°C. Thers value was defined as follows:

fes— f-25

T 110x f2s

Wherefgs, f_s5, andfos are the Thy11 resonant frequency
at 85,—25, and 25C, respectively.

x 10° (ppmy/°C) 1)

fin

3. Results and discussion

Fig. 1(a)—(c)show the XRD patterns of BiNp_,)Sh,O4

aids. The correlation between the crystal structure and thepowders calcined at 80@ for 3h. According to the XRD

microwave dielectric properties was also discussed.

2. Experimental procedures

Samples of BiNp_,)ShO4 (x = 0, 0.05, 0.1, 0.2, 0.4)
were prepared by conventional solid-state reaction meth-
ods. High-purity oxide powders: BD3 (>99.99%), NbOs
(>99.97%) and S4D5 (>99.9%) were used as the starting

results, the BiNb@ powder after calcination led to the for-
mation of thea-BiNbO,4 (orthorhombic structure, the low
temperature form of BiNbg) as major crystalline phase
and BgNbzO15 as minor phase. The diffraction intensity
of BisNb3zO;5 phase increased witk value increasing to
0.1 and the BiSb@ and 3-BizSbG; phases could also be
identified in the BiNlg gSkp 404 calcined powder. Only the
orthorhombic phase was revealed in the sintered BijNt
ramics, as shown iRig. 1(d) But forx > 0.1, orthorhombic

materials. These powders were mixed according to the de-and triclinic phases were found to be coexisted in sintered
sired stoichiometry and ball-milled for 24 h with deionized ~specimens and the triclinic peaks intensified with increas-
water in a nylon bottle with agate balls. The mixtures were ing of x value and sintering temperature. It was well-known

dried and calcined at 80@ for 3 h. The crystalline phases
of the calcined powder were identified by X-ray diffrac-
tion patterns using Cu & radiation for 2 from 20 to 60
(Rigaku D/max 2550V X-ray diffractometer). The calcined
powders were added with a small amount of Cu@ey

that the orthorhombic phase, the low temperature phase
of BiNbOQy, is stable below 1020C and then gradually
transforms to the triclinic phase as the temperature is in-
creased22,23] The existence of triclinic phase proved that
Sb substitution lowered the phase transition temperature,

mixtures (0.3wt.%) and then remilled for 24 h. After dry-
ing, the powders with 6 wt.% PVA binder were uniaxially
pressed into pellets in a steel die. Typical dimensions of the
pellets were 16 mm in diameter and 7 mm in thickness. The
pellets were sintered from 780 to 920 for 3 h. To prevent
from the vaporization of BiO3, the pellets were placed in

a sealed alumina crucible filled with BiNk@owders.

The bulk densities of the sintered ceramics were mea-
sured using the Archimedes method and the crystalline
phases were also identified by X-ray diffraction patterns as
above. To calculate the lattice parameters of the prepared
samples, the phase analysis was based on X-ray powder
diffraction data from a Guinier-Hagg camera with use of Cu
Kaj radiation and Si as the internal standard. The obtained
photographs were evaluated with a computerized scanner
system[18]. The determination of unit cells of samples
was performed by means of PIRUM program based on
Gwmer-Hagg film data[19]. .Mlcrostructure ob;ervatlon (8)x— 0, (b)x = 0.1, (c) — 0.4, and BiNby_.,Sb.0s ceramics with (d)
of the sintered surface of BINilx)beO4 ceramics was x =0, (e)x = 0.1, (f) x = 0.2 sintered at 820C, and (g)x = 0.4 sintered
performed by scanning electron microscopy (SEM) (JEOL at 900°C. () «-BiNbOy; (0) B-BiNbO4; (+) BisNbsOss: BiSbOs; (x)
JSM-6700F). The average grain sizes were calculated fromg-BizSbo;.
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Fig. 1. XRD patterns of BiNQ_,)Sh,O4 powders calcined at 80€ with
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00 01 02 03 04 The densities of BiNR_,)Sb.O4 ceramics with differ-
ent x values as a function of sintering temperatures are
shown inFig. 3. As the sintering temperature increased,
Fig. 2. Lattice parameters of BiNj.,)Sb.O4 as a function o value. the densities of BiNtlfx)Sch4 ceramics increased and
reached the maximum values. The sintering temperatures of
not as Ta substitution difll6,17] The difference in ionic BiNb(1—x)Sh,O4 ceramics required for obtaining their max-
radii between Sb" (0.62A) and NBt (0.69A), which is  imum densities (defined as the densified temperatures) in-
larger than that between Ta (0.68 A) and NB*, might creased from 800 to 94 as thexvalue increased from 0 to
account for this resu[@4]. However, the ratioR) values of 0.4. This suggests that the substitution of Sb for Nb reduces
ltri/[ Iri + orthal, Wherelyi andlgrino are intensities of triclinic the sinterability of BiNbQ ceramics. Further increasing
(202), 210) and orthorhombic (04 0) reflection peaks the sintering temperature above the densified temperatures
of XRD patterns, respectivefjl2—14] of BiNb(1_,)Sb,O4 caused the densities of BilNb.,)Sb,O4 ceramics decreased
ceramics with differenk values at different sintering tem-  slightly. The saturated bulk densities of BiNb,)Sb,O4 ce-
peratures were all less than 0.1. This suggests that the deramics increased from 7.18 g/énf97.75%TD, TD is de-
gree of triclinic phase transition of Sb substitution for Nb in fined as the theoretical density) to 7.53 gfc(@7.58% TD)
BiNbO,4 ceramics is far smaller than that of Ln substitution with the increase of value from 0 to 0.4 owing to the sub-
for Bi in BiNbO4 ceramics, although the amount of substi- stitution of heavier Sb atoms for lighter Nb atoms.
tution for Sb to Nb is more than that of Ln to Ri2—15] It The SEM micrographs of BiNkb-,Sb.Os ceramics
was worth noting that only the two forms of BiNb@hases  with variousx values sintered at different temperatures are
were present and the BiSh@nd 3-BizSbO; phases were  shown inFig. 4 The homogeneously fine microstructures
not found in sintered BiN§sSky 404 ceramics Fig. 1(g). with almost no pores were revealed for Bifb,)Sh,O4
This result shows that the solid solutions still can be formed ceramics withx = 0-0.2 sintered at 82 (Fig. 4(a)—(c).
in BiNb(1—,Sbh.O4 ceramics withx value being no more  The average grain sizes of all those compositions were
than 0.4. Further investigation showed that the Bilylz@d distributed around 0.77-0.86n. The BiNkygSky 404 ce-
BiSbOy phases were co-existed and the solid solutions did ramics with 0.3wt.% CuO-%Os mixtures could not be
not form in the sintered BiNdySkysO4 ceramics (which densified until sintered at 92C for 3 h, as shown ifrig. 3.
will be discussed in other place). Fig. 4(d)shows the SEM micrograph of as-sintered surface
Ignoring the peaks of the triclinic phase because of of BiNbgsSky 404 ceramic at 920C. The average grain
their very weak intensities, the lattice parameters of sizes of this ceramic were also 0,861 but the amount of
a-BiNb(1—)Sh,O4 in sintered specimens were calculated bar shape grains were more than that of above threes shown

x value

and the results are shown kig. 2 The a-axis andc-axis in Fig. 4(a)—(c) This resulted from the growth anisotropies
decreased anb-axis increased with increasing of Sb sub- of BiNbO,4 grains and the higher sintering temperature. The
stitution. The unit cell volume of BiNh-,)Sb.O4 solid amount of bar shape grains increased for BjpBly 104

solutions also linearly decreased from 331.86 to 32499 A ceramics with the sintering temperature increasing from
with x value increasing from 0 to 0.4. The substitution of 820 to 840°C and an abnormal grain growth, which exhib-
large NIBt cations by smaller St cations will account ited large discontinuous grains existing in the fine-grained
for this result. The changes of lattice parameters also reflectmatrix, could be observed with temperature further increas-
the formation of solid solutions, as shownhig. 1 ing to 860°C (Fig. 4(e) and (f) respectively). This means
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Fig. 4. Bulk densities of BiNQ_,)Sh.O4 ceramics withx = 0-0.4 as a function of sintering temperature.

that too high a sintering temperature is unnecessary for thisvalues of BiNk;_,)Sb,O4 ceramics with sintering temper-

system. ature is due to the increase of density and reduced porosity
Fig. 5 shows the plots of the dielectric constants of (the dielectric constant of pore equals 1.0). The decrease

BiNb(1—,Sh:Os ceramics as a function of sintering in ¢ values above the densified temperatures is associated

temperatures for varioug values. Theg, values of all with the abnormal grain growth and the increase of poros-
BiNb(1—»)Sh,O4 ceramics increased with sintering temper- ity, as shown inFig. 4. It was found that the; values of
ature and saturated at 800—940Ddepending on thevalue, BiNb(1—)Sh,O4 ceramics were also correlatedxwalues.

then decreased with further increasing in temperature. TheThe saturated, values first increased from 44.00 to 44.61
relationships between sintering temperatures gangalues with x increasing from 0 to 0.1 and then decreased to 40.69
revealed the same trend with those between sintering tem-with x to 0.4. At microwave frequencies the dielectric con-
peratures and densities. It implies that the increasesfor  stant of ceramic is closely related with the sum of electronic
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as a function of sintering temperature.

trinsic losses are caused by crystal defects, grain boundaries,
second phases, and pof26]. The densities and grain sizes
of BiNb(1—,)Sb.O4 ceramics increased with increasing of
sintering temperature and then the pores and grain boundary
areas decreased, which meant less lattice imperfections and
lower dielectric loss. The abnormal grain growth occurred in
‘sintered BiNR1—)Sb,O4 ceramics with further increasing
n sintering temperatures above the densified temperatures,
which led to the increase in the crystal defects and the de-
crease in the) x f values. The saturate@ x f values of
the BiNh1-,)Sb,O4 ceramics were strongly dependent on
the Sb content. Th@ x f value decreased from 14296 to
10174 GHz withx value increasing from 0 to 0.4. Such a
significant decrease might arise from substitutional impurity
effects in BiNQ;_,)Sh.O4 solid solutions, which increase
the anharmonicity of phonon vibratiofia7—29]

The s values of dense BiNk_,)Sh,O4 ceramics with
) . ) variousx values are shown iRig. 7. It was found that the;
phonon decay process in the pure crystal lattice while the X" decreased to negative values with increasing of Sb content.
Compared wittFigs. 2 and 7the change in; value with Sb

and ionic polarizabilities of components. The slight increase
in g value might result from the increase of electronic
polarizabilities of BiNRi_, Sh,O4 ceramics with the in-
crease ok value. The lattice parameters of BijNb,)Sh,O4
ceramics decreased with increasing the amount of Sb sub
stitution for Nb, as shown irfrig. 2 The decrease of the
lattice parameters promotes the shrinkage of the octahedra
and decreases the ionic polarizabilities of BiNk)Sh,O4
ceramics. It also decreases the dielectric constant indirectly.
Fig. 6 illustrates theQ x f values of BiNRQi—_x)Sh.O4
ceramics as a function of the sintering temperatures. The
0O x f values of all samples increased with increasing of
sintering temperatures. After reaching the maximum values,
the Q x f values decreased. Many factors are believed to
affect the microwave dielectric losses of dielectric ceramics
and can be divided into two fields, i.e. intrinsic loss and ex-
trinsic loss[25]. The intrinsic loss is caused by anharmonic

780 800 820 840 860 880 content was in accord with that in unit cell volume with Sb
L content. Lee et al30,31] reported that;, which may de-
14000 | ~_ \ pend on the lattice energy of’Mb,Og compounds, is cor-
I /. " - related to the unit cell volume of MIb,Og. They suggested
that the unit cell volume is inversely proportional to the lat-
12000 / >V4 . E tice energy if compounds are same structure. Fhealues
T:ET | | . of dense BiNlp_,)Sb.O4 ceramics linearly decreased with
© 10000 - ‘/A v increasing ok value. This might also be attributed to the cor-
% . - responding decrease in unit cell volume as showfign 2.
C 0ol v ax=0 The yalue changed from 14.19 ppﬁif for BiNbO4 to
/ \ —&—x=0.05 a negative value of-13.86 ppn/C for BiNbg gSky 104 ce-
—o—x=0.1 ramics. An extra point withk = 0.05 was examined to fur-
o000 oy ther confirm the trend of ther value with various amounts

— L - — of the Sb content. It was found that the BifaSky 0504
840 860 880 900 920 940 . . : : :
ceramics sintered at 82C had the optimunt; value of
—5.19 ppm/C. This implies that thes can be adjusted to
function of sintering temperature. tweenx = 0 andx = 0.05 in BiNbQy ceramics.

Sintering temperature (°c)
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4, Conclusion

The solid solutions could be formed in sintered
BiNb(1—x)Sh,O4 ceramics withx value being no more than
0.4. The phase transition temperature of BiNb&@ramics
was lowered by the substitution of Sb for Nb but the de-
gree of triclinic phase transition was far smaller than that
of Ln (Lh = La, Nd, Sm) substitution for Bi in BiNb®
ceramics. The unit cell volume of orthorhombic phase
BiNb(1—,)Sh,O4 decreased with increasing of Sb content.
The densified temperatures increased from 800 to°@40
with x value increasing from O to 0.4. The microwave di-
electric properties of BiNk— ) Sb,O4 ceramics were found
to be affected by the substitution of Sb for Nb and the sin-
tering temperature. The saturatedvalues first increased
from 44.00 to 44.61 withx increasing from 0 to 0.1 and
then decreased to 40.69 wittto 0.4. The saturate@ x f
values decreased with increasing>ofialue due to substi-
tutional impurity effects. Thes values were correlated to
the unit cell volume of BiNp—,)Sh,O4 and continuously
decreased from positive (14.19 pp@/for x = 0) to neg-
ative (—30.94 ppmiC for x = 0.4). A near zeror; value
could be obtained by carefully adjusting the Sb content. The
BiNb(1—)Sb,O4 ceramics withw = 0.05 sintered at 820C
showed good microwave dielectric propertiespf- 44.49,

0 x f~14278 GHz, and; ~ —5.19 ppm/C.
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