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bstract

he sintering behavior, ordering state and microwave dielectric properties of Ba1+x(Zn0.3Co0.7)1/3Nb2/3 Ceramics (−0.015 ≤ x ≤ 0.015) were inves-
igated in this paper. The X-ray diffraction (XRD) results show that all samples exhibit a single phase except for the sample with x = −0.015.
canning electron microscopy (SEM) observation and energy dispersion analysis (EDS) indicate that the second phase is barium niobate. Raman
pectrum reveal the presence of long range order (LRO) of B-site ions when −0.015 ≤ x < 0 and only short range order (SRO) when 0 ≤ x ≤ 0.015.
he sinterability is decreased for the samples with x > 0. The dielectric constant slightly decreases when x < 0 and decreases greatly when x > 0.

he Q × f value of the samples with x > 0 is much lower than that with x < 0. The maximum Q × f value of 70,917 GHz is obtained when x = −0.01.
he temperature coefficient of resonant frequency exhibits positive value for the samples with x ≥ 0 and negative value for the samples with x < 0.
ear zero temperature coefficient of resonant frequency was obtained when x = 0.002.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

With the development of wireless communication, espe-
ially the third generation telecommunication (3G), low cost
icrowave dielectrics with high Q factor are desired. Require-
ents for these dielectric materials must be the combined
icrowave dielectric properties of high dielectric constant

εr > 30), high unload quality factor (Q × f > 40,000 GHz) and
temperature coefficient of the resonant frequency (τf) tun-

ble through zero. Recently dielectric resonators of Nb-based
ompounds with a complex perovskite structure have been
xtensively studied due to their very high quality factor in
icrowave frequency and relative low cost compared with
a-based complex perovskite ceramics.1–4 Among these mate-
ials, Ba(Co0.7Zn0.3)1/3Nb2/3O3 (BCZN) has been reported to
ossess high dielectric constant (εr ∼ 34.5), a high Q value
Q × f = 56,000–97,000 GHz) and small temperature coefficient
f resonant frequency (τf ∼ 0).3 However, its Q value is very

ensitive to processing conditions. The poor reproducibility of

values was considered to be related to the difficult con-
rol of the B-site ordering degree and valence state of Co.2
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he effect of B-site doping on the structure, sinterability and
icrowave dielectric properties of BCZN have been investigated

y Azough et al.5–6 It is well established that the Q values of
omplex perovskite ceramics increase with the increase of B-site
ation ordering degree. It was reported that the B-site order-
ng degree of Ba(Mg1/3Ta2/3)O3 (BMT) and Ba(Zn1/3Nb2/3O3
BZN) was enhanced by the introduction of small amount of
-site deficiency.7,8

In this research paper, the effect of A-site nonstoichiome-
ry on the densification, microstructure, structural ordering, and

icrowave dielectric properties of Ba(Co0.7Zn0.3)1/3Nb2/3O3 is
nvestigated.

. Experiment

Ba1+x[(Co0.7Zn0.3)1/3Nb2/3]O3 (−0.015 ≤ x ≤ 0.015) cera-
ic samples were prepared by conventional solid-state reac-

ion process from the starting materials including Nb2O5
99.9%), CoO (99.8%), BaCO3 (99.7%, impurities of Ca2+

nd Sr2+ are less than 0.15 wt.%) and ZnO (99.6%).
he Ba1+x[(Co0.7Zn0.3)1/3Nb2/3]O3 (−0.015 ≤ x ≤ 0.015) com-

ounds were weighed and mixed with ZrO2 balls in ethanol for
4 h, dried and calcined at the temperature of 1150 ◦C for 2 h in
alumina crucible. The calcined powders were grounded, dried
nd mixed with 7 wt.% PVA. The mixtures were pressed into

mailto:jjbian1@sohu.com
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ig. 1. Variation of bulk density of samples sintered at 1450 ◦C/10 h as function
f x value.

ellets. The compacts were sintered between 1450 ◦C for 10 h.
n order to prevent the Co and Zn evaporation loss, the compacts
ere muffled with powder of the same composition. A cooling

ate of 100 ◦C/h was employed.
The phase constitutes of the sintered samples were identi-

ed by X-ray powder diffraction (XRD) with Ni-filtered Cu
� radiation (40 kV and 20 mA, Model Dmax-RC, Japan).

n order to avoid the influence of the second phases formed
n the surface during sintering, the surface of the specimen

or XRD was abraded. Powder diffraction patters were taken
or 60◦ < 2θ < 140◦ with 0.01◦ step scanning for precise lat-
ice parameter measurement. Silicon powders were mixed as
n internal standard. Bulk density of the sintered specimens

m
i
s
w

Fig. 3. SEM photographs of specimens with d
ig. 2. XRD patterns of the sintered specimens with different x value: (*, super-
attice reflection caused by B-site ordering; �, reflection caused by second
hase).

as identified by Archimedes’ method. The Raman experiments
ere carried out for the sintered samples (Model Jobin Y’von
1000). A laser line of 532 nm and 500 mW average power
as used. The spectra were recorded from 0 to 1000 cm−1.
he microstructure of the sintered sample was characterized
y scanning electron microscopy (SEM) (Model XL20, Philips
nstruments, Netherlands). All samples were polished and ther-

al etched at the temperature which was 200 C lower than

ts sintering temperature. Microwave dielectric properties of the
intered samples were measured between 7 and 8 GHz using net-
ork analyzer (Hewlett Packard, Model HP8720C, USA). The

ifferent x value sintered at 1450 ◦C/10 h.
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ig. 4. Raman spectrum of the sintered specimens with different x value.

uality factor was measured by the transmission cavity method.
he relative dielectric constant (εr) was measured according to

he Hakki–Coleman method using the TE011 resonant mode, and
he temperature coefficient of the resonator frequency (τf) was

easured using invar cavity in the temperature range from 20 to
0 ◦C.

. Results and discussions
Fig. 1 shows the variation of bulk density of specimens
intered at 1450 ◦C/10 h as function of x value. The bulk den-
ity varies slightly when x ≤ 0, and decrease greatly with the

r
m
p
b

ig. 5. 〈1 1 0〉p zone axis SAD pattern obtained from grains in the sintered specimen w
rom the 1:2 LRO on B-site).
ramic Society 27 (2007) 2817–2821 2819

ncrease of x value when x > 0. The specimens with x > 0 show
oor densification compared with the specimens with x ≤ 0.
he improvement of sinterability for the specimens with x < 0

s related to high bulk diffusion due to vacancies created by
a-deficiency. This result is consistent with the similar obser-
ations made in BMT.5 Fig. 2 shows the XRD patterns of
he sintered specimens with different x value. All the peaks
ere indexed according to a simple perovskite cell. No sec-
nd phase was detected within the limits of experimental error
xcept for the sample with x = −0.015. The Ba-deficient sam-
les exhibit small weak superlattice reflection marked by star
ymbol. In addition it is noted that the reflection peaks shift
o lower degree for Ba-excessive specimens compared with the
amples with x ≤ 0. It indicates increase of unit-cell volume for
he Ba-excessive specimens, which is agreement with the results
f Ba1+x(Zn1/3Nb2/3)O3 reported by Davies.8 The expansion of
he unit-cell for Ba-excessive specimens was considered to be
aused by the partial substitution of the larger Ba cation onto the
-site.8 Fig. 3 shows the typical SEM photographs of samples
ith x = 0, 0.015, −0.01 and −0.015 sintered at 1450 ◦C/10 h.
he microstructure of Ba-deficient specimen is denser than that
f Ba-excessive specimens, which is agreement with the bulk
ensity data presented in Fig. 1. The grain size of Ba-deficient
pecimen is larger than that of the Ba-excessive specimens,
hich is consistent with the XRD patterns exhibiting weak and
ide peak for Ba-excessive specimens. The excessive Ba would
emain in the grain boundary as BaO and hinder grain boundary
igration. For the sample with x = −0.015, a plate like second

hase exists, which is identified as barium niobate compound
y EDS analysis.

ith x = −0.01 (diffraction spots at the {h ± 1/3, k ± 1/3, l ± 1/3} position arises
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decrease with the increase of x value, which is mainly related
820 J.J. Bian et al. / Journal of the Europe

Raman spectroscopy was considered to be an ideal tool for
robing the degree of cation ordering.9 For an ideal simple cubic
tructure, there is no Raman active mode in the first order vibra-
ional spectrum. The existence of ordered regions with particular
ymmetry allows additional Raman scattering. 1:1 ordered per-
vskites with the Fm3m symmetry allow four Raman active
odes (A1g + Eg + 2Fg), and 1:2 ordered perovskites with P3m1

ymmetry allow nine Raman active modes (4A1g + 5Eg).10 Each
f the F2g modes in an Fm3m structure (1:1 compounds) splits
nto a doublet A1g + Eg in a P3m1 structure (1:2 compounds).9

ig. 4 presents the Raman spectroscopy of the sample with dif-
erent x values. As can be seen, four intense and three weak
ines can be observed in Ba-deficient samples, and only two
ines can be observed in stoichiometric and Ba-excessive sam-
les. The spectrum of Ba-deficient samples is similar to the
pectrum of BCZN-BGT reported by Reaney et al.11 The low-
st band at 100 cm−1 corresponds to the motion of Ba ions
gainst oxygen octahedral. The band at 430 cm−1 is associ-
ted with internal vibration of oxygen octahedral. The bands
ear 782 and 372 cm−1 are characteristic of ordering in B-site
omplex perovskites. The band at 372 cm−1 is only sensitive
o long-range order (LRO) on the B-site whereas the band at
82 cm−1 (A1g(O)) may result from either LRO or short-range
rder (SRO).9 Narrow and intense peaks are usually observed
or well-ordered structures, and generally sharpness and inten-
ity of the Raman lines may be taken as a measure of the degree
f ordering. Fig. 4 reveals that the Ba-deficient samples exhibit
RO and the degree of LRO increases up to x = −0.01 and
lightly decreases with the further increase of Ba-deficiency. The
RO disappears and only SRO exists in stoichiometric and Ba-
xcessive samples. The increased LRO in Ba-deficient samples
ight result from the barium defects in crystalline to enhance

he movement of cations. Slight decrease of LRO for the sam-
le with x = −0.015 may be caused by the presence of barium
iobate second phase as shown in Fig. 3. It is noted that the
hift to higher frequency of A1g(O) band (782 cm−1) can be

bserved in Ba-deficient samples. The frequency of this band is
ainly affected by the strength of B–O bonds (B: Nb, Zn and
o). As discussed above, the Ba vacancy will expand due to
harge imbalance, which results in the compactness of oxygen

Fig. 6. Variation of dielectric constant as function of x value.

t
F
f

F
x

Fig. 7. Variation of Q × f value as function of x value.

ctahedron and hence the bond strength of B–O is increased.
ig. 5 shows the 〈1 1 0〉p zone axis SAD pattern obtained
rom the grains in the sintered sample with x = −0.01. The
resence of diffraction spots at the {h ± 1/3, k ± 1/3, l ± 1/3}
osition indicates the existence of 1:2 LRO in the sample with
= −0.01.

Fig. 6 shows the variation of dielectric constant as function
f x value. The dielectric constant decrease slightly with the
ncrease of Ba-deficiency, and decrease greatly with the increase
f Ba-excess. The low permitivities of the Ba-excessive sam-
les are mainly caused by their low bulk density. Fig. 7 shows
he variation of Q × f value as function of x value. The Q × f
alue increases up to x = −0.01 and decreases with the further
ncrease of barium deficiency. The improvement of Q × f value
f barium-deficient samples is mainly due to the increase of
RO degree. The decrease of Q × f value for the sample with
= −0.015 is mainly caused by the presence of barium nio-
ate second phase. For the samples with x ≥ 0, although present
nly SRO and no big variation with x value, their Q × f values
o the decrease of bulk density with the increase of x value.
ig. 8 shows the variation of temperature coefficient of resonant
requency (τf) as function of x value. The absolute value of τf

ig. 8. Variation of temperature coefficient of resonant frequency as function of
value.
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ncreases with the increase of barium nonstoichiometry. τf is
egative when −0.015 ≤ x < 0 and changed into positive value
hen 0 ≤ x ≤ 0.015.

. Conclusions

The effects of A-site nonstoichiometry on the sintering
ehavior, microstructure and microwave dielectric properties of
ZCN have been studied in this paper. Ba-deficiency improves
nd Ba-excess retards the sinterability of BZCN, respectively.
he LRO on B-site is greatly increased by slight Ba-deficiency
n A-site (−0.01 ≤ x < 0). Further increase of Ba-deficiency
x = −0.015) results in slightly decrease of 1:2 LRO degree due
o appearance of barium niobate second phase. The stoichiomet-
ic and Ba-excessive samples exhibit only SRO on B-site. The
× f value at microwave frequency is also greatly increased

y slight Ba-deficiency due to the improvement of 1:2 LRO
egree. The absolute value of τf increases with the increase of
arium nonstoichiometry. τf is negative when −0.015 ≤ x < 0
nd changed into positive value when 0 ≤ x ≤ 0.015. Good
ombination microwave dielectric properties were obtained for
he sample with x = −0.01: εr = 33.7, Q × f = 70917 GHz and
f = −4.07 ppm/◦C.
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