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Ba,Ca;_,Sr,WOg¢ (x =0-1) microwave dielectric ceramics
have been prepared using the two-steg solid-state reaction
method. The substitution of Sr?* for Sr*™ can effectively lower
the densification temperature of the ceramics from 1500° to
1200°C. Single-phase ceramics with double perovskite struc-
tures were obtained, and structural transitions occurred in
Ba,Ca; ,Sr,WQg¢ via the phase sequence: cubic— rho-
mbohedral - monoclinic with an increase of x. The microwave
dielectric properties of the Ba,Ca; ,Sr,WOyg ceramics can be
effectively tuned by tailoring x. The dielectric constant ()
remains almost unvaried, the quality factor (Q X f) decreases
monotonically, and the temperature coefficient of resonant
frequency (t¢) changes in sign with the increase of x. A good
combination of the microwave dielectric properties was
obtained for Ba,Cag975Srg02sWOs sintered at 1250°C:
& =239, O x =80 200 GHz, and t;= +18 ppm/°C.

L.

ANY works have been focusing on developing dielectric

materials with high dielectric constant (), high quality
factor (Q x f), and near zero temperature coefficient of resonant
frequency (tr) to be used for dielectric resonators, oscillators,
and filters at microwave frequencies.'? A;B'B”,0 complex
perovskites (where A = Ba, Sr; B’ = Mg, Zn, Ni, Co; B” = Nb,
Ta) are one of the most investigated materials because of the
outstanding and tunable dielectric properties present in a num-
ber of compositions.> '* The highest reported Q values have been
observed in these systems that exhibit the so-called 1:2 type of
cation order on the B-sites. It is revealed that the good dielectric
properties of these materials are related closely to the B-site
cation ordering. However, to obtain a high degree of ordering,
prolonging high-temperature sintering and soaking time or in-
troducing small amounts of dopants is often necessary, which is
not suitable for practical applications. Moreover, microwave
dielectric properties of some 1:1 ordered perovskites with a gen-
eral formula A,(B'B”)O¢ (A = Ba, Sr, Ca; B’ = lanthanides and
Y, B” = Nb, Ta) were also investigated.'>'” It is concluded that
ionic ordering driving force is favored by larger differences in
charges and ionic radii between the two B-site ions. Recently,
the dielectric properties of tungstate-based double perovskites
with the general formula A,(B'W)Og¢ (A = Ba, Sr, Ca; B’ = Mg,
Co, Zn, Ni) have been reported.'®2° Most of the compounds are
characterized by a cubic perovskite structure, with an almost
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complete 1:1 ordering between the B-site ions. The B-site order-
ing is much easier to achieve for those double perovskites.

Considerable effort has been made toward understanding the
relationship between microwave dielectric properties and the
structure of the complex perovskite materials to gain better
insight into the basic factors that influence the dielectric
properties.'” > In general, tolerance factor (¢) is used as a mea-
sure of the stability of the perovskite phases, which influences
the structure and then the dielectric properties.

Double perovskite Ba,Ca; . Sr,WOg undergoes a phase tran-
sition with an increase of x.2* To the best of our knowledge, no
investigations on the microwave dielectric properties of
Ba,CaWOg4 or Ba,SrWOg4 have been carried out. This spurs
us to examine how the structure symmetry in the double perovs-
kites influences the microwave dielectric properties. Then, the
relationship between dielectric properties and ¢ can be estab-
lished, which will be helpful for the development of structure—
property correlations. In addition, the systematic study of
Ba,Ca;_,Sr,WO4 may reveal potentially useful materials for
microwave applications. In the present work, the sintering
behavior, microstructure, and microwave dielectric properties
of the Ba,Ca,_,Sr,WQg ceramics were investigated. The influ-
ence of crystal structure on the microwave dielectric properties
of Ba,Ca;_,Sr,WO¢ was discussed.

1L

Samples of Ba,Ca;_,Sr,WOg4 (x = 0-1) were prepared using a
precursor route. High-purity BaCO;3 (>99%), CaCO5; (>99%),
SrCO; (>99%), and WO; (>99.99%) chemicals were used as
raw materials. First, CaWQO, and StWO, were prepared as
precursors by calcining mixtures of CaCO;, SrCO3, and WO;
chemicals at 800°C for 4 h, respectively. Secondly, nominal
amounts of BaCO3, CaWOy,, and SrtWO, were weighed, ground,
and calcined at 1000°C for 4 h. The calcined powder was re-
milled and dried. The resultant powder was added with a poly-
vinyl alcohol (5 wt%) solution as a binder and palletized into
cylindrical pellets of 10 mm diameter and 6 mm thickness under
a uniaxial pressure of 200 MPa. These pellets were debindered at
600°C for 4 h, and then sintered in the temperature range of
1150°-1500°C in air for 4 h.

The bulk densities of the sintered ceramics were measured
using the Archimedes method. The crystal structures were
determined by X-ray diffraction (XRD), using CuKo radiation
(D/Max-2500, Rigaku, Tokyo, Japan). Selected area electron
diffraction (SAED) patterns were recorded in a transmission
electron microscope (Tecnai G2 20, FEI, Hillsboro, OR), oper-
ating at 200 kV. The microstructure was observed by scanning
electron microscopy (JSM-6301F, JEOL, Tokyo, Japan), and
the chemical component elements were characterized by an en-
ergy-dispersive spectrometer (EDS) attached to the SEM. Ra-
man spectra were excited with an argon laser and recorded using
a Raman spectrometer (HR800, Horiba Jobin Yvon, Villeneuve
Drascq, France). Microwave dielectric properties of the polished
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samples were determined using a network analyzer (HP8720ES,
Hewlett-Packard, Santa Rosa, CA). The dielectric constants
were measured using the Hakki—Coleman postresonator method
by exciting the TE(;; resonant mode of the dielectric resonators
usm§ the electric probe of an antenna as suggested by Court-
ney.”>2° The unloaded quality factors were measured using the
TE;5 mode in the cavity method.>” The temperature coefficients
of 1 were measured by noting the variation of resonant fre-
quency of the TE(;; mode in the reflection configuration over a
temperature range of 25°-80°C.

III. Results and Discussion

Ba,Ca;_,Sr,WOg4 ceramics were well sintered at 1500°C for
x =0, 1250°C for x =0.025, 1225°C for x =0.05, and 1200°C
for x =0.1-1, respectively. Figure 1 shows the XRD patterns of
the well-sintered Ba,Ca;_,Sr, WO ceramics. It can be seen eas-
ily that every sample adopts a single perovskite structure, with-
out any second phase detected within the detectable level of
XRD. All superlattice lines indexed as (111), (311), (331), (511),
and (531), respectively, exist in a double cubic cell, indicating the
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Fig.1. XRD patterns (a) of well-sintered Ba,Ca,_,Sr,WOQOjq ceramics
(*supper lattice reflections), and enlarged (222) and (400) reflection pat-
terns (b) of some representative samples.
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ordered arrangement of (Sr, Ca)Ogs and WOy octahedra. More-
over, the diffraction peaks shift to lower angles with an mcrease
of x owing to the different ionic radii of Ca *(1.00 A) and Sr**
(1.18 A) 2 According to Fu er al.** the structural transition
occurs in Ba,Ca;_,Sr,WQOg via a phase sequence: cubic—rho-
mbohedral-monoclinic with an increase of x, which was derived
from the splitting of the basic (222) and (400) reflections. It is
said that neither the (222) reflection nor the (400) reflection splits
for the cubic structure. The (222) reflection splits into a doublet
with an intensity ratio of about 3:1 and the (400) reflection
shows no splitting for the rhombohedral structure. The (222)
reflection splits into a triplet and the (400) reflection into a dou-
blet for the monoclinic structure. The enlarged region contain-
ing the basic (222) and (400) reflections shown in Fig. 1(b)
indicates the phase transition compositions at x =0.1 and 0.9,
respectively.

As the deviation of rhombohedral and monoclinic perovskite
structures from the cubic structure is very slight, an equivalent
cubic cell about the three perovskite structures can be used in the
research of some physical problems. The equivalent lattice
parameter (a) and unit cell volume (V;,) of well-sintered
Ba,Ca;_,Sr,WQOg4 were calculated, as shown in Fig. 2. It is
obvious that the lattice parameter increases with increasing x,
and the unit cell volume also increases accordingly because of
the larger ionic radius of Sr** than Ca®*

Figure 3 shows the SAED patterns of the well-sintered
Ba,Ca;_,Sr,WQg4 ceramics, with x=10.025, 0.05, and 0.9,
respectively. All the maxima can be indexed on the basis of a
double pseudocubic perovskite, in accordance with the XRD
results.

Figure 4 shows the normalized Raman spectra of the well-
sintered Ba,Ca;_,Sr,WOQOg ceramics. Narrow and intense bands
are usually observed for well-ordered structures. The 1:1 ordered
perovskites with the Fm-3m symmetry allow the appearance of
four Raman-active modes (F(Fm-3m):A1g+Eg+2F2g).29 As
can be seen in Fig. 4(a), three main modes were observed for
all samples. These results were observed previously in 51m11ar 1:1
ordered perovskites.***! The lowest band at ~103 cm™' corre-
sponds to one of the F», modes, the weaker band at ~410 cm ™!
corresponds to the other F,, mode, and the highest band
at ~830 cm™! can be ascribed to the Ay, mode for cubic
Ba,CaWOsq, respectively. The E, mode is too weak to be de-
tected here. Raman spectra are suitable to study dynamic
changes in the structure.”® The F,, modes should split into a
doublet (Fog— Ao t+Ey) if the cubic Fm-3m symmetry is re-
duced.” Nine Raman-active modes were expected for the te-
tragonal /4/m symmetry and 24 for the monoclinic P2/n
structure, based on a new group-theory analysis.' Thus, more
than four Raman-active modes are expected for the rho-
mbohedral and monoclinic structures with a lower symmetry
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Fig.2. Lattice parameter («) and unit cell volume (V) of well-sintered
Ba,Ca;_ ,Sr,WOg ceramics vs. x.
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Fig.3. SAED patterns of some well-sintered Ba,Ca,_,Sr,WO¢ ceram-
ics: (a) x =0.025, (b) and (¢) x=0.05, and (d) x=0.9. All maxima are
indexed in a pseudocubic structure.

than the cubic structure. In Fig. 4(b), an enlarged region con-
taining both of the F,, modes is shown. The splitting and broad-
ening behavior of the F,, modes further confirms the structure
transitions in the Ba,Ca;_,Sr,WO¢ matrix. For x =0.025, no
splitting of the modes was detected. The lower F», mode seems
to split into a doublet for x =0.05 and into a multiplet for
x=0.9. As the octahedral tilting is too small to be detected by
XRD and appears to be sufficient to be detected by Raman
spectroscopy,’! the structure transition compositions of Ba,.
Ca;_,Sr,WOQOg can be fixed at x=0.05 and 0.9, respectively,
based on the Raman results.

Figure 5 shows the SEM images and EDS spectra of some
well-sintered Ba,Ca;_,Sr,WOg ceramics. Small grains and sev-
eral pores were observed for Ba,CaWOyg sintered at 1500°C
(Fig. 5(a)). In contrast, pores are less for all the other samples,
even with a small substitution (x =0.025) of Sr** for Ca*"
(Fig. 5(b)). The grain size of the Ba,Ca;_,Sr,WOg (x>0) ce-
ramics was influenced by both the sintering temperature and the
Sr content. High sintering temperatures accelerate the grain
growth (see Figs. 5(b)—~(d)), while at the same sintering temper-
ature, the grain size increases more markedly with the increase
of x. Moreover, degradation in grain uniformity becomes more
significant with a high Sr content (see Figs. 5(d)—(f)), which
would damage its dielectric properties. The EDS spectrum for
x =0.05 shows Ba, Ca, Sr, and W signals, and that for x =1
shows Ba, Sr, and W signals. This is consistent with the
compositions.

Figure 6 and Table 1 show the relative density and microwave
dielectric properties of the Ba,Ca;_,Sr,WQOq ceramics. It was
confirmed that it was really hard to sinter Ba,CaWQg into dense
bodies. However, the substitution of Sr>* for Ca®" can effi-
ciently reduce the sintering temperature of Ba,CaWOg, and all
the Ba,Ca;_,Sr,WOQOg ceramics with x>0 were well sintered in
the temperature range of 1200°—1250°C. As shown in Fig. 6, the
relative densities of most Ba,Ca;_,Sr,WOg ceramics are >97%.
As Sr*™ is larger in size than Ca®", the instability of the crystal
structure is induced by the Sr?* substitution for Ca’*, and
lattice activation increases, which promotes the sintering of
Ba,Ca;_,Sr,WQg. This may be the reason for the lower sinte-
ring temperature of Ba,Ca;_,Sr,WOg (x>0) ceramics. The
dielectric properties of Ba,CaWOg sintered at 1500°C were mea-
sured as g, = 22.8, Q x f=22 800 GHz, and t;= +46 ppm/°C,
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Fig.4. Raman spectra (a) of well-sintered Ba,Ca;_,Sr,WOQOq ceramics
and enlarged F,, mode patterns (b) of some representative samples.

and those of Ba,SrWOq sintered at 1200°C were measured as
g = 23.5, O x f=39 700 GHz, and 1= —34 ppm/°C. By tailor-
ing x, the dielectric properties of Ba,Ca;_,Sr,WOg can be effec-
tively tuned. The best combination of the microwave dielectric
properties was obtained for x = 0.025: &, =23.9, Q x f'= 80 200
GHz, and 1= +18 ppm/°C.

The dielectric constants of the Ba,Ca;_,Sr,WQOg ceramics
with x>0 are between 23 and 24. In general, the dielectric con-
stant is highly dependent on the relative density and ionic
polarizability at microwave frequencies, and increases with an
increase of B-site ionic polarizability.'**° It can be seen that the
relative density of well-sintered Ba,Ca;_,Sr,WQOg (x>0) is
>97%:; hence, its influence on the dielectric constant can be ig-
nored. The relationship between dielectric constant and micro-
scopic polarizability for cubic perovskites can be expressed
through the Clausius—-Mossotti formula,>

&1 _4mom
&+2 3 Vm

(M

where ¢, is the relative dielectric constant, o, is the macroscopic
polarizability, and V7, is the molar volume. The theoretical di-
electric constant gy, calculated from Eq. (1) is also shown in
Table 1. The deviation between € and g, is slight with a small
value of x, and seems to increase with a large value of x due to a
greater distortion from the cubic structure. Any deviation from
cubic symmetry results in extra polarization; the larger the de-
viation from cubic symmetry, the larger the dielectric constant.'®
Thus, compared with the calculated dielectric constant ggeo, the
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Fig.5. SEM images of well-sintered Ba,Ca;_,Sr,WOg ceramics: (a) x = 0, (b) x = 0.025, (c) x = 0.05, (d) x = 0.1, (e) x = 0.5, and (f) x = 1. EDS spectra

where crosses mark are also shown.

real dielectric constant should be less changed with x. This is
why the measured ¢, is almost unvaried.

However, the dielectric loss of Ba,Ca;_,Sr.WOg is much
more sensitive to x than the dielectric constant. Basically, the
QO x f value of the well-sintered Ba,Ca;_,Sr,WOg ceramics de-
creases monotonically with the increase of x. The dielectric loss
measured represents the overall loss, including intrinsic loss re-
lated to the lattice anharmonicity and extrinsic contributions

related to microstructure, second phase, porosity, etc.>>* Be-
cause the relative density is >97%, and no second phase was
detected, the effects of the density and second phase on Q x ffor
Ba,Ca;_,Sr,WO¢ may be neglected. The decreased Q x f value
may be related to the increase of lattice anharmonicity caused
dielectric loss.”***> Moreover, the degradation in grain unifor-
mity could result in dielectric loss, which also causes the Q x f'
value to decrease.
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Fig.6. Variations of relative density, dielectric constant, and Q x f
value vs. x for Ba,Ca,_,Sr, WO ceramics.

The 17 value of Ba,Ca;_,Sr,WO4 was not affected by the
sintering temperature, but actually the composition. The com-
position induces a change in structure and then a change in the
sign of 1, as shown in Table 1. In a perovskite structure, t¢ is
closely related to oxygen octahedra tilting, which could be eval-
uated by the tolerance factor (¢). For the Ba,Ca;_,Sr,WOg sys-
tem, ¢ is defined as

R(Ba) + R(O)
= C s @
\/§|:(1—X)R( a)+;R( r)+R(W) +R(O)}

where R(Ba), R(ZCa), R(Sr), R(W), and R(O) correspond to the
ionic radii of Ba**, Ca®*, Sr**, W, and O’ respectively. The
relationship between the temperature coefficient of dielectric
constant (t;) and the tolerance factor in Ba- and Sr-based com-
plex perovskites was found by Reaney et al.,?*> whereas the data
of Ba,Ca;_,Sr,WQOg were not included. To make a comparison,
a graph of 1, vs. f for Ba,Ca,_,Sr,WOQg is shown in Fig. 7. Note
that t, was calculated by the equation

Te = —2(t1e+ L) (3
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where oy is the coefficient of linear thermal expansion. The o
values are usually almost independent of composition for most
ceramics; hence, a common value of 8 ppm/°C was used here. ¢
was calculated using the Shannon ionic radii.?® As a function of
decreasing ¢, the phase transition sequence is considered to be
cubic — rhombohedral - monoclinic. In the cubic phase region,
T, increases steeply as ¢ decreases and changes in sign near the
edge of the cubic stability range. After the onset of the cubic-
rhombohedral phase transition, t, varies slightly and is once
again slightly close to zero. That is to say, the decrease of 7 does
not result in a huge change in the value of t, in the rho-
mbohedral region. T, increases abruptly again as ¢ decreases
with the onset of the rhombohedral-monoclinic phase transi-
tion, and then increases slightly in the monoclinic region. The
trend of 1, variation vs. ¢ is similar in nature to that observed in
Ba- and Sr-based complex perovskites.”> Therefore, it can
be concluded that the onset of phase transitions is the major
factor that influences the behavior of t, as well as t; for
BaZCa] ,v\.erWO@

IV. Conclusions

Ba,Ca;_,Sr,WO¢ (x =0-1) double perovskites were prepared
using a precursor route and their dielectric properties were stud-
ied in the microwave frequency range. Ba,CaWOgq has poor sin-
terability, and its sintering temperature is > 1500°C, which leads
to a low dielectric constant and Q x f value. The substitution of
Sr** for Ca>" can lower the sintering temperature and improve
the sinterability; therefore, all the Ba,Ca;_,Sr,WOg (x>0) ce-
ramics can be sintered into dense bodies in the temperature
range of 1200°-1250°C. Furthermore, a structural transition in
the Ba,Ca,_,Sr,WOQg system via the phase sequence: cubic—
rhombohedral - monoclinic with an increase of x was confirmed
by the XRD and Raman results.

Table I. Sintering Temperature, Relative Density, and Microwave Dielectric Properties of Ba,Ca;_,Sr,WQg Ceramics

Composition x Sintering temperature (°C) Relative density (%) fo (GHz) & €iheo 0 % f(GHz) T (ppm/°C)
0 1500 95.1 9.773 22.8 24.01 22800 +46
0.025 1250 98.9 9.669 23.9 24.05 80200 +18
0.05 1225 99.1 9.536 24.0 23.95 77800 -20
0.1 1200 98.7 9.751 23.5 23.89 60100 —16
0.25 1200 98.5 9.851 23.4 22.60 54100 —15
0.5 1200 98.3 10.060 23.3 22.55 45200 —14
0.75 1200 98.6 10.302 23.7 21.66 40600 —14
0.9 1200 97.6 10.143 23.3 20.1 36100 —31
1 1200 97.9 10.218 23.5 19.36 39700 -34
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The change in structure does not produce significant altera-
tions in the dielectric constant, but does have a significance effect
on Q x f and 1 values. The Q x f value of the well-sintered
Ba,Ca;_,Sr,WQOg4 ceramics decreases monotonically with the
increase of x, which may be related to the increase of lattice-
anharmonicity-caused dielectric loss. The t; value changes in sign
with the increase of x. The onset of phase transitions is the major
factor that influences the behavior of t¢ for Ba,Ca;_ Sr,WOs.

Ba,Cag 975519.0osWOg ceramics sintered at 1250°C for 4 h
show excellent microwave dielectric properties: g, = 23.9,
QO x =280 200 GHz, and ;= +18 ppm/°C. The low dielectric
loss and the small t¢ value make the ceramics very promising in
practical microwave applications.
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