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Abstract—We have studied the formation of zinc niobate, ZnNb,Og, with the columbite structure and the
microstructure and microwave dielectric properties of Zn, , ,Nb,Og , , Ceramics. The results demonstrate that,
in the range 0.005 < x < 0.03, the excess zinc reduces the porosity of the material and increases its microwave
quality factor Q. For x > 0.03, the Q of the ceramics decreases because of the formation of an additional, zinc-
enriched phase. Sintering in an oxygen atmosphere is shown to improve the dielectric properties of stoichio-

metric ZnNb,Og.
DOI: 10.1134/S0020168507030120

INTRODUCTION

MNb,Og (M = Mg, Zn) columbite-structure nio-
bates feature low dielectric losses in the microwave
region and are, accordingly, of considerable scientific
and technological interest for designing high-perfor-
mance microwave dielectrics for advanced communi-
cation systems [1-5]. In the columbite family, the low-
est microwave losses (the highest microwave quality
factor, Q = 1/tand) are offered by zinc niobate,
ZnNb,Og [1-4]. Based on this compound, Pullar et a.
[4] fabricated polycrystalline materialswith adielectric
permittivity € = 23 and Qf product of 84000 GHz. In
addition to their superior dielectric properties,
ZnNb,O4-based materials offer the lowest sintering
temperature among the columbite niobates, =1100—
1200°C [3, 4], and are, therefore, potentially attractive for
thelow-temperature cofired ceramic technology [5, 6]. In
earlier studies, the diel ectric properties of zinc-contain-
ing niobates, in particular their Qf product, were found
to depend significantly on sintering conditions. More-
over, increasing the sintering timeto 50 h and more was
shown to raise the quality factor of the material [3].
Those changesin the properties of ZnNb,Og; wereinter-
preted by Pullar et al. [4] interms of structural defects,
such as anion vacancies. In light of the above, it isrea-
sonable to assume that the formation of structural
defects in zinc-containing niobates is associated with
deviations from the ZnNb,Og stoichiometry through
zinc losses at high sintering temperatures. One would
also expect the sintering atmosphere, in particular the
oxygen pressure, to have a significant effect on the

structural perfection of the material and, hence, on
its Of.

The objective of this work was to investigate the
effects of chemical composition and sintering atmo-
sphere on the microstructure and microwave dielectric
properties of ZnNb,O,.

EXPERIMENTAL

Polycrystalline Zn, , ,Nb,Og ., materials were pre-
pared by solid-state reactions, using ZnO (99.95%
purity) and Nb,Og (99.9%) as starting chemicals.
Appropriate amounts of these oxides were mixed by
grinding with water in a vibratory mill for 4 h. After
drying, the powders were pressed into disks. To study
phase changes preceding ZnNb,Og formation, the
green compacts were heat-treated for 4 h at tempera-
tures of up to 1300°C. To obtain polycrystalline mate-
rials, the starting mixtures were preheat-treated at tem-
peratures from 1100 to 1150°C, ground in a vibratory
mill, and pressed. The compacts were then sintered in
the range 1200-1300°C for 2-8 hin air and an oxygen
atmosphere at a pressure of 1 MPa. Nonstoichiometric
samples, Zn, . ,Nb,Og, ., were prepared in the compo-
sition range 0 < x < 0.05 with x varied in steps of 0.005.

The phase composition and structural parameters of
heat-treated samples were determined by x-ray diffrac-
tion (XRD) with a DRON-3M powder diffractometer
(CuK,, radiation). The microstructure and chemical
composition of the synthesi zed phases were determined
by scanning electron microscopy (SEM) on a JEOL
JXA 840A equipped with an energy-dispersive x-ray
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Fig. 1. Phasetransformationsin the ZnO—Nb,Og system at (1) 500, (2) 700, and (3) 800°C; Z = ZnO (PDF, no. 21-1486), N = Nb,Og

(PDF, nos. 27-1003, 26-0885, 32-0711); synthesisin air for 4 h.
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Fig. 2. XRD patterns of Zn, , ,\Nb,Og .. , Samples hest-treated at 1150°C for 4 h: x = (1) 0, (2) 0.005, (3) 0.01, (4) 0.03, (5) 0.04.

(EDX) spectrometer (Tracor Northern Series |l x-ray
microanalyzer system). The dielectric properties of the
synthesized materials were studied at afrequency of 8—
10 GHz by a dielectric resonator method using HP
8719C and Agilent PNA-L N5230A network analyzers.

RESULTS AND DISCUSSION

XRD results showed that ZnNb,Og was formed in
the temperature range 500-800°C, with no reaction
intermediates. At 800°C, we obtained phase-pure

ZnNb,Oy (Fig. 1). At higher temperatures or longer
heat-treatment times, no additional phases appeared,
just as in the case of the columbite niobate MgNb,Og
[2]. Thisfeature of ZnNb,Og synthesis allows the start-
ing mixture to be preheat-treated at relatively low tem-
peratures, on the order of 800—1000°C, which insures
its high reactivity during sintering.

XRD examination of theZn, , ,Nb,Os .., nonstoichi-
ometric samples hest-treated for 4 h at 1150°C showed
that the only phase present was ZnNb,Og (Fig. 2), sug-
gesting that Zn, . ,Nb,Og.,  (or ZnNb, _,O;_, 5, Where
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Fig. 3. SEM micrographs of polished Zn, ;. \Nb,Og ; x Samples sintered in air for 4 h: x = (&) 0, (b) 0.005, (c) 0.01, (d) 0.04; A=

Zn-enriched phase.

y = 2xX/I(x — 1)) has a significant homogeneity range.
This assumption is supported to some extent by SEM
data: at x = 0 and 0.005, the ceramic samples contained
no additional phases (Figs. 3a, 3b). At higher zinc con-
tents (0.005 < x < 0.04), the sintered sampl es contained
slight amounts of an additional, zinc-enriched phase.
We failed to determine the chemical composition of
that phase by EDX spectrometry. Its concentration was
significant only at x = 0.04 (Fig. 3d). Microstructural
analysis of the Zn,,,Nb,Og,, samples sintered at
1250°C indicates that the porosity of the ceramics
decreases notably with increasing zinc content
(Fig. 3b). The densest samples were obtained at x =
0.01 (Fig. 3c). It seems likely that the high porosity of

10-GHz dielectric properties of Zn, , ,Nb,Og . , CEramics

theZn, . ,Nb,Og , , ceramicsat low x valuesisthe result
of zinc vaporization and the associated deviations from
stoichiometry, whereas the decrease in density for
0.01 £x<0.04 isdueto theformation of the additional,
zinc-enriched phase.

The microwave dielectric properties of our samples
are summarized in the table. Analysis of our data indi-
cates that, independent of the sintering atmosphere, the
dielectric permittivity of the ceramicsis a weak func-
tion of zinc content and liesin therange e = 22-24. The
temperature coefficient of resonant frequency (TCF),
related to the temperature coefficient of permittivity
(TCP) by TCF = —TCP/2 — o (where o is the linear

€ TCF, ppm/K Qf, GHz € TCF, ppm/K Qf, GHz
X
sintering in air sintering in oxygen atmosphere

0 239 74 60000 23.46 —-68 108000
0.005 225 =75 102000 22.50 -71 101000
0.01 238 73 120000 23.68 -71 98000
0.03 23.0 -71 92000 23.76 -71 110000
0.04 23.7 72 87500 23.99 72 92000

Note: TCF = temperature coefficient of resonant frequency.
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Fig. 4. Composition dependence of Qf (=10 GHz) for air-
sintered Zn; 4 \Nb,Og ;. « CEramics.

thermal expansion coefficient), is independent of zinc
content.

At the same time, the Q of the air-sintered materials
passes through a maximum at x = 0.01 (Fig. 4). The
observed risein Q in the composition range 0 < x<0.01
may be due to the increase in the density of the ceram-
ics, whereasthe drop in Q for x> 0.01 is attributable to
the influence of the additional, zinc-enriched phase.
The Q of the samples sintered in an oxygen atmosphere
is aweak function of zinc content in the range 0 < x <
0.03 and decreases dightly as x increases to 0.04 (the
material contains asignificant amount of the additional
phase). The effect of the sintering atmosphere on the Q
of our samples seems to be associated with the slower
zinc vaporization at ahigher oxygen pressure. Thelarg-
est increase in Q (by as much as 80%) in going from air
to oxygen sintering was observed for stoichiometric
ZnNb,Og. With increasing zinc content, the effect of
sintering atmosphere on Q becomes notably weaker.
These findings suggest that a major contribution to
dielectric losses in our samples comes from the struc-
tural defects related to zinc deficiency in ZnNb,Og,
whereas an excess of zinc does not impair the dielectric
properties of the samples in the composition range
studied. Note, however, that the Q of theair-sintered x =
0.01 materia is somewhat higher than that of the oxy-
gen-sintered one. It is reasonable to assume that partia
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zinc vaporization from dightly zinc-enriched samples
has a favorable effect on the sintering behavior of the
material, thereby improving its microstructure and rais-

ingits Q.

CONCLUSIONS

The present results suggest that the excess zinc
enhances the sinterability of zn,, ,Nb,Og.,, thereby
raising the Q of the resulting ceramics. The Q of sto-
ichiometric ZnNb,Og sintered in an oxygen atmosphere
is found to be notably higher than that of air-sintered
ZnNb,Og, which is attributable to the lower density of
defects resulting from zinc vaporization.

In the composition range 0.01 < x< 0.04, the forma-
tion of an additional crystalline phase enriched in zinc
impairs the dielectric properties of Zn;, ,Nb,Og., .
Some of the dielectric materials synthesized here offer
record high microwave quality factors.
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