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bstract

he effect of B-site cation deficiency on the structure and microwave dielectric properties of Ba(Co1/3Nb2/3)O3 (BCN) was investigated. Stoichio-
etric and co-deficient compositions based on Ba(Co1/3−xNb2/3)O3 [x = 0.0, 0.01, 0.02, 0.03 and 0.04] were prepared using the conventional mixed

xide route. Small amounts of V2O5 (0.1 wt%) were added to promote densification. The dielectric loss is very sensitive to the composition; it

as found that co-deficiency degraded the microwave dielectric properties. The stoichiometric formulation (x = 0) exhibited the best microwave
roperties. The improvements in the microwave dielectric properties were achieved by increasing the degree of 1:2 cation ordering. The highly
rdered, stoichiometric BCN ceramics showed a relative permittivity (εr) of 32, quality factor (Q × f) of 66,500 GHz and a negative temperature
oefficient of resonant frequency (τf) of −10 ppm/◦C at 4 GHz.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Complex perovskite oxides based on Ba(B′
1/3B′′

2/3)O3
B′ = Zn, Co, Ni and Mg; B′′ = Ta and Nb) are suitable mate-
ials for dielectric resonator (DR) applications due to their high
ielectric constant, high quality factor, and temperature stability
f the resonant frequency.1–4 Recently, due to the high cost of
a2O5, niobium based complex perovskites have attracted con-
iderable attention. For example, BCN has a relative permittivity
f 32, a quality factor (Q × f) greater than 50,000 GHz and neg-
tive temperature coefficient of resonant frequency (τf) which
an adjusted to zero by Zn substitution.5–8 BCN crystallizes in
ither a disordered cubic structure or in an ordered hexagonal
tructure. The ordered structure results from the 1:2 ordering of
′ and B′′ cations along the 〈1 1 1〉 directions of the cubic unit
ell. It is well established that B-site cation ordering in complex
erovskites has a significant influence on the dielectric losses
t microwave frequencies.9,10 Stoichiometry of the B-site may
lso affect the rate of 1:2 ordering. Twenty years ago, Desu

nd O’Bryan11 made the first attempt to correlate the excellent
icrowave quality factor of Ba(Zn1/3Ta2/3)O3 (BZT) with B-site

ation stoichiometry. They explained the low-loss behaviour on

∗ Corresponding author. Tel.: +44 161 306 3564; fax: +44 161 200 8877.
E-mail address: Robert.Freer@manchester.ac.uk (R. Freer).

B
o
m
t
(
o
a

955-2219/$ – see front matter © 2006 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2006.02.004
he basis of zinc evaporation. They suggested that the loss of
inc from the sample leads to crystallographic distortion, which
n turn may promote 1:2 ordering. Kawashima12 subsequently
ound that ZnO evaporation caused inhomogeneous densifica-
ion. The latter problem can be minimised and compensated
y muffling the samples in ZnO; however muffling reduced the
uality factor.12 Kim et al.13 studied the effect of 1:2 ordering
n Ba(Zn1/3Ta2/3)O3 ceramics doped with 0–4 mol% BaWO4
nder varying sintering conditions. The sintering atmosphere
as either air or ZnO powder muffling. The Q × f values were

xtremely low for samples prepared under ZnO-muffling regard-
ess of the degree of 1:2 order. The maximum Q × f values were
60,000–200,000 GHz at 0.5–1.5 mol% BaWO4 doping. The air
intered samples showed Ba7Ta6O22 as the major extra phase. In
nO-muffled specimens BaWO4 was the dominant extra phase.

In the related materials, Ba(Mg1/3Nb2/3)O3, Paik et al.14

ound that Mg deficiency had a significant effect on the
icrowave dielectric properties. They reported an improvement

n both density and the dielectric Q value when x = 0.02 in
a(Mg1/3−xNb2/3)O3. The densification was explained in terms
f enhanced grain boundary mass transport because of the for-
ation of additional lattice defects. Lu and Tsai15 examined
he effect of Ba-deficiency in the analogous Ba(Mg1/3Ta2/3)O3
BMT) ceramics and found an improvement in the degree of 1:2
rder, sinterability and microwave dielectric properties. Lee et
l.16 also demonstrated that grain growth is significantly faster

mailto:Robert.Freer@manchester.ac.uk
dx.doi.org/10.1016/j.jeurceramsoc.2006.02.004
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(Fig. 2a). The lack of secondary phases in the X0 samples is
in contrast to the behaviour of Ba(Zn1/3Nb2/3)O3 (BZN) and
Ba[(Zn,Co1/3)Nb2/3]O3 (BCZN) ceramics where two types of
secondary phases (i.e. Ba8Zn1Nb6O24 and Ba5Nb4O15) are
878 F. Azough et al. / Journal of the Europ

n Mg-deficient BMT than in stoichiometric BMT ceramics. In
ontrast, they found that the nonstoichiometric samples exhib-
ted lower Q values.16

Recently, Hughes et al.17 investigated the system
a(Zn1/3Nb2/3)O3–Ba(Ga1/2Ta1/2]O3. For even moderate

intering times, the Zn-deficient phases Ba8Zn1Nb6O24 and
a5Nb4O15 were formed on the surface of ceramics; the
mount of the secondary phase increased with sintering time.
imilarly for Ba[(Zn,Co)1/3Nb2/3]O3 ceramics, Azough et
l.18 confirmed the formation of Ba8(Co,Zn)1Nb6O24 and
a5Nb4O15 as secondary surface phases, as a result of the loss
f both zinc and cobalt during sintering.

In the present study, the effect of Co deficiency on the
icrostructure, structural ordering and microwave dielectric

roperties of BaCo1/3Nb2/3O3 (BCN) has been investigated.

. Experimental

Specimens were prepared by a conventional mixed oxide
oute. High purity (>99.9%) BaCO3, CoO, Nb2O5 and V2O5
ere used as raw materials. The powders were weighed to yield

ompositions Ba(Co1/3−xNb2/3)O3 (where x = 0.0, 0.01, 0.02,
.03 and 0.04; denoted as X0, X1, X2, X3 and X4, respectively).
hey were mixed in propan-2-ol with zirconia media for 18 h
nd calcined at 1100 ◦C for 4 h. After adding 0.1 wt% V2O5 as
intering aid, the powders were again wet milled for 18 h and
ried. Pellets were formed by pressing at 100 MPa in cylindrical
ies (20 mm diameter). They were then sintered in air at 1450 ◦C
or times of 4, 8 or 12 h in and cooled at 60 ◦C/h. Selected
amples were cooled at rates of 360 or 5 ◦C/h after sintering.
he final dimensions of the sintered products were typically
5.5 mm diameter and 9 mm thick. Densities were determined
y the Archimedes method.

Phase identification and crystal structure analysis of sintered
roducts were undertaken using a Philips Analytical X’PERT-
PD X-ray diffraction system employing Cu K�1 radiation

operating conditions 50 kV and 40 mA). The samples were
canned over the 2θ range 10–70◦ with a step size of 0.04◦;
he scan rate was 0.01◦ 2θ/s.

Microstructures of the sintered ceramics were examined by
canning electron microscopy (SEM) (Philips XL30). Sample
urfaces were ground (to 1200 grade SiC) then polished (to
�m diamond paste) and coated with carbon prior to SEM
nalysis. For more detailed microstructural studies, TEM spec-
mens were prepared from the sintered ceramics. After lapping
nd polishing, discs of 3 mm diameter discs were prepared.
hese were reduced to a thickness of 30 �m in the centre by
echanical dimpling and then thinned to electron transparency
ith a Gatan Precision Ion Polishing System (PIPS). The spec-

mens were investigated using a Tecnai G2 TEM operating
t 300 kV.

Microwave dielectric properties (εr and Q) were determined

t ∼4 GHz by the parallel plate method.19 The temperature
oefficient of resonant frequency was determined using a silver-
lated, aluminium cavity at temperatures between −10 and
60 ◦C.
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. Results and discussion

The density of undoped stoichiometric BCN (X0) ceramics
fter sintering at 1450 ◦C was only 70% theoretical. Samples
repared with Co deficiency exhibited a slight improvement
n the sintered density but only achieved 80% of the the-
retical values for the formulation with x = 0.04 (X4), i.e.
a(Co0.29Nb0.67)O3. Adding 0.1 wt V2O5 to the starting pow-
ers increased the sintered density to above the 95% theoretical
or all formulations. Increasing the sintering time from 4
o 12 h did not have any significant effect on the specimen
ensities.

X-ray diffraction analysis of the low density, stoichiometric,
nd member (X0) specimens confirmed a simple cubic structure.
n the higher density, non-stoichiometric specimens prepared
ith sintering aid, the X-ray spectra are characteristic of a 1:2

ype, ordered hexagonal structure. Fig. 1 shows an X-ray diffrac-
ion spectrum for specimen X3, which is typical for all the non-
toichiometric products. In addition to the primary phase, there
s clear evidence of additional phases. The minor peaks, such as
hose at 27.3◦ and 30.0◦ 2θ (Fig. 1 inset), increased in intensity
s sample nonstoichiometry (x) increased and also as cooling
ate after sintering decreased. These minor peaks occur at very
imilar 2θ values as those for Ba8Zn1Nb6O24 and Ba5Nb4O15
n Ba(Zn1/3Nb2/3)O3 ceramics,6,18 and are, by analogy, inferred
o be Ba8Co1Nb6O24 and Ba5Nb4O15 in this case. The enlarged
ersion of the spectrum (inset, Fig. 1) revealed the presence of
uperlattice reflections, for example at 17.6◦ 2θ. Superlattice
eflections, indicating 1:2 ordering, were present in the spectra
or all high-density specimens; peak intensity increased as the
ooling rate after sintering decreased, indicating the enhance-
ent of ordering.
SEM microstructural analysis of the as-fired surfaces of sto-

chiometric X0 samples revealed only one phase, with a typical
rain size of 1 �m after sintering for 4 h. Increasing the sin-
ering time to 12 h led to an increase in grain growth to 3 �m
ig. 1. X-ray diffraction spectrum for specimen X3 cooled at 60 ◦C/h after
intering. The inset is an enlargement of the region between 15◦ and 25◦ 2θ.
econdary phases are inferred to be Ba8Zn1Nb6O24 (�) and Ba5Nb4O15 (�);
ee text. Superlattice peaks for 1:2 ordering are denoted by (�).
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Fig. 2. FEGSEM micrographs of sample X0 sintered for 12 h: (a) as-fired sur-
face; no evidence of any secondary phases; (b) backscattered image of polished
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a
ples. In contrast they were both found in samples X2–X4.
ross section of the sample indicating the presence of Ba–V–Nb rich secondary
hases.

eported to form on the sample surfaces17,18 as a result of Zn
oss during sintering.

Fig. 2b is a backscattered FEGSEM image of a polished
ross section of sample X0. An irregularly shaped second phase,
ypically 2–3 �m in size, can be seen throughout the microstruc-
ure. Energy dispersive analysis (EDS) showed that this phase
s rich in (Ba–V–Nb) and possibly acts as liquid phase dur-
ng sintering process. The irregular shape and absence of any
dditional X-ray reflections tends to suggest that it is a residual
lass product. A low meting point eutectic, as low as 650 ◦C,
as been reported for the system BaO–V2O5–Nb2O5.20 The
ffectiveness of V2O5 in lowering the sintering temperature of
a(Mg1/3Ta2/3)O3 (BMT) was reported by Huang et al.21 The
ddition of as little as 0.25 wt% V2O5 lowered the sintering
emperature of BMT ceramics by 150 ◦C. However, there was a
irect impact on the dielectric properties and the Q × f was only
49,000 at 10 GHz.

The as-fired surfaces of co-deficient samples (X1–X4) exhib-

ted no obvious secondary phases, behaving the same as the
toichiometric sample (X0). Backscattered FEGSEM images of
he polished surface of sample X3 (Fig. 3a and b) confirm the

T
i
t

ig. 3. FEGSEM micrographs of sample X3 sintered for 12 h showing the
rregularly shaped Ba–V–Nb rich secondary phase and needle shaped grains
f Ba8Co1Nb6O24.

resence of the irregularly shaped (Ba–V–Nb) rich phase plus
eedle shaped grains. EDS analysis of the latter phase indicated
hat it is rich in Ba–Nb–Co, with a chemical formula close to
a8Co1Nb6O24. Thus the cobalt analogue of BZN may suffer

ome loss of divalent species during sintering, leading to the
ormation of an “8-1-6-24” phase. However, evaporation during
intering appears to be much less effective in the cobalt ana-
ogue than in BZN, because there no evidence of co-deficient
hases on the surface of the specimens and a smaller quantity of
econdary phases within the bulk of the material. More detailed
icrostructural studies by TEM confirmed the composition of

he Ba8Co1Nb6O24 phase in X3 samples (Fig. 4a). In addi-
ion, very small quantities of the cobalt-free phase Ba5Nb4O15
ere identified (Fig. 4b). This reflects the differing behaviour
f BZN and BCN; significant amounts of Ba8Co1Nb6O24 and
a5Nb4O15 were found within the bulk and on the surface of
ZN-based ceramics.2,6,11,17

There was no evidence of the second phases Ba8Co1Nb6O24
nd Ba5Nb4O15 in the microstructure of either X0 or X1 sam-
hus deliberately reducing the amount of cobalt in the start-
ng mixture to promote non-stoichiometry is sufficient to form
he co-deficient phases when x ≥ 0.02 in Ba(Co1/3−xNb2/3)O3.
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that from area a, but the ordering was in another unique 〈1 1 1〉
ig. 4. TEM micrographs of sample X3 sintered for 12 h: (a) needle shaped
rain (arrowed) is Ba8Co1Nb6O24; (b) grain identified by arrow is the Co-free
hase Ba5Nb4O15.

his explains why the intensity of the X-ray diffraction peaks
or the second phases and the volume of the secondary phases
ncreased as non-stoichiometry increased. It is concluded that
obalt evaporation from the BCN samples was minimal in com-
arison with that for Zn in BZN.

Fig. 5 shows TEM images for X0 ceramics cooled at
0 ◦C/h after sintering. The grain size varies between 0.3 and
�m. The presence of dislocations can be seen throughout the
icrostructure. In some grains, the dislocations form a core-

hell type structures in BCN. Such core-shell structures were not
bserved in BZN or BCZN ceramics but are common in BMN
nd BMT ceramics.22 There are clear differences between the
ehaviour of these 1:2 ordered perovskites; subtle microstruc-
ural changes can have a significant impact on dielectric losses.

tacking faults were also frequently observed in the BCN ceram-

cs; an example is presented in Fig. 5b for the end member
a(Co1/3Nb2/3)O3.

d
b
H

ig. 5. TEM micrographs of sample X0 cooled at 60 ◦C/h after sintering, show-
ng dislocations (a and b) and stacking faults (b).

In additions to dislocations and stacking faults, other sub-
rain features were observed in BCN ceramics (Fig. 6). An
lectron diffraction pattern collected from area a in Fig. 6a
long the [1 1 0] direction of the pseudocubic perovskite sub-cell
s shown in Fig. 6b. The strong superlattice reflections visible
t positions of (h ± 1/3, k ± 1/3, l ± 1/3) from the fundamental
eflections originate from the Co and Nb ordering and corre-
pond to the tripling of the cell along one unique 〈1 1 1〉 direction.
he electron diffraction pattern from the area b was similar to
irection (Fig. 6c). Thus the boundary between area a and area
is a twin, related to the anti-phase domain boundary. The FEG
RTEM image (Fig. 7a) of the two areas (shown in Fig. 6a)
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ig. 6. TEM micrograph (a) and electron diffraction patterns (b and c) collecte
hat locations a and b are separated by a twin boundary.

onfirms the twin relationship. Within these two areas another
wo types of anti-phase boundaries with displacement vectors of
1
2 (1 1 0) and 1

2 (1 0 0) were observed. Fig. 7b is a FEG HRTEM
mage showing that domain A and domain B are related by a
hift of 1

2 (1 1 0) of the cubic unit cell. Fig. 7c is a FEG HRTEM
mage showing that domain C and domain D are related by a
hift of 1

2 (1 0 0) of the cubic unit cell. The existence of these
hree types of antiphase domain boundaries has been reported
or Ba3Co0.7Zn0.3Nb2O9 (BCZN) ceramics.18
Relative permittivities and the temperature coefficient of res-
nant frequency for the Ba(Co1/3−xNb2/3)O3 ceramics were
lmost independent of composition and processing conditions.
he typical values for εr and τf were 32.4 and −14 ppm/◦C,

d

r
t

areas a and b in (a), for sample X0. The electron diffraction patterns indicate

espectively. In contrast the Q × f values were found to be sen-
itive to non-stoichiometry and processing conditions. Fig. 8a
hows the Q × f values of BCN ceramics (sintered at 1450 ◦C
or 4 h and cooled at 60 ◦C/h) as a function of composition.
toichiometric BCN has the highest Q × f value of 38000 GHz.
ith increasing non-stoichiometry the Q × f values decreased

o ∼34,000 GHz (X2), to 30,000 GHz (X3) to ∼15,000 GHz for
ample X4. Hence stoichiometry is critically important in BCN
eramics. Even small levels of vacancies on the B sub-lattice are

etrimental to the dielectric Q values.

Increasing the sintering time from 4 to 12 h caused a slight
eduction in the Q × f values, typically by no more than 5%, but
he losses were significantly affected by the cooling rate after
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ig. 7. FEG TEM images for sample X0. (a) Locations a and b are those show
omain A and domain B are related by a shift of 1

2 (1 1 0) of the cubic unit cell.
ubic unit cell.

intering (Fig. 8b). Rapidly cooled A0 samples (i.e. 360 ◦C/h)
xhibited very low Q × f values of 22,000 GHz. Reducing the
ooling rate increased the Q × f values for all compositions.
ample X0 exhibited the highest Q × f values of 64,500 GHz
hen cooled at 5 ◦C/h. The increase in the Q × f values on reduc-
ng the cooling rate is due to an increase in 1:2 ordering of Co
nd Nb cations in the hexagonal structure.

Previous studies of the effect of non-stoichiometry in com-
lex perovskites yielded conflicting trends. Paik et al.14 sug-

f
t
o
t

ig. 6a, confirming that they are related by a twin boundary. Part (b) shows that
(c) shows that domain C and domain D are related by a shift of 1

2 (1 0 0) of the

ested Mg-deficiency (B-site) in Ba(Mg1/3−xNb2/3)O3 was
dvantageous to dielectric properties. Lu and Tsai15 reported the
eneficial effects of Ba deficiency (A-site) in Ba(Mg1/3Ta2/3)O3,
hilst Lee et al.16 found that Q × f values were reduced in Mg
eficient BMT (B-site modification). The present study again

ound B-site non-stoichiometry disadvantageous; the introduc-
ion of vacancies on the B-site must impact on the degree of
rdering and affect loss mechanisms. The use of V2O5 as sin-
ering aid has both advantages and disadvantages. Without it,
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Fig. 8. Dielectric Q × f values at 4 GHz for BCN ceramics (sintered at 1450 ◦C
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face phases in Ba(Zn1/3Nb2/3)O3–Ba(Ga1/2Ta1/2)O3 microwave dielectric
or 4 h and cooled at 60 ◦C/h) (a) as a function of composition, (b) as a function
f cooling rate after sintering (X0 (�); X1 (�); X2 (�)).

he samples do not achieve sufficiently high density, but there
emains the question as to whether its presence degrades the
× f values. Huang et al.21 noted that the use of V2O5 as a

intering aid BMT lowered the Q × f values. Incorporation of V
nto any site other than that occupied by either Nb in BCN, or Ta
n BMT is likely to lead to unwanted vacancies and a reduction
n the Q × f value.

. Conclusions

High-density BCN ceramics, with a high degree of 1:2 cation
rdering, were prepared with the aid of additions of vanadium
xide. Surface phases were not formed in any specimens, but
obalt deficient phases (Ba8Co1Nb6O24 and Ba5Nb4O15) devel-
ped internally as non-stoichiometry increased. Three types of
omain boundaries were observed in the microstructure: (i)
oundaries with displacement vector of 1

2 (1 1 0) of the cubic
nit cell, (ii) boundaries with displacement vector of 1

2 (1 0 0) of
he cubic unit cell, and (iii) boundaries with twin relationships.

The microwave dielectric properties were very sensitive to
he composition. The highest Q values were associated with

rdered structures. Slowly cooled stoichiometric BCN ceram-
cs exhibited εr = 32, τf ∼ −10 ppm/◦C and (Q × f) = 66500 at
GHz.
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