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Abstract The microwave dielectric properties and the
microstructures of Sm(Coy,,Tiy)O5 ceramics with
B,0; additions (0.25 and 0.5 wt%) prepared by
conventional solid-state route have been investigated.
The prepared Sm(Coy,Ti;»)O5 exhibited a mixture of
Co and Ti showing 1:1 order in the B-site. Doping with
B,O5 (up to 0.5 wt%) can effectively promote the
densification of Sm(Coy,Ti;,)O3 ceramics with low
sintering temperature. It is found that Sm(Coq,,Ti12)O3
ceramics can be sintered at 1,260 °C due to the grain
boundary phase effect of B,O; addition. At 1,290 °C,
Sm(Coy,Tiy2)O5 ceramics with 0.5 wt% B,O3
addition possess a dielectric constant (&) of 27.7, a
QO x f value of 33,600 (at 9 GHz) and a temperature
coefficient of resonant frequency (t¢) of -11.4 ppm/ °C.
The B,03-doped Sm(Coy,Tiy;;)O3 ceramics can find
applications in microwave devices requiring low
sintering temperature.

Introduction

Due to the development in mobile communication,
mobile telephone systems, as well as in satellite

H.-T. Soong - C.-L. Huang - M.-T. Kuo
Department of Electrical Engineering, National Cheng
Kung University, 1 University Rd., Tainan 70101, Taiwan

C.-H. Hsu (IX)

Department of Electrical Engineering, National United
University, No. 1, Lien-Da, Kung-Ching Li,, Miao-Li 36003,
Taiwan

e-mail: n2888147@nckualumni.org.tw

broadcasting systems was rapidly, how to design the
high quality devices is very important. In order to
achieve miniaturization of the dimensions of the
devices and for the system work with high efficiency
and stability, many researches have been focusing on
developing dielectric materials. Much research has
been focused on developing dielectric materials with
high quality factor (Q X f), high dielectric constant (&)
and zero temperature coefficient of resonant frequency
(¢) for use as dielectric resonators and microwave
device substrates. High dielectric constant material can
effectively reduce the size of resonators since the
wavelength (1) in dielectrics is inversely proportional
to /¢, of the wavelength (4,) in vacuum (1= o/ /).
The inverse of the dielectric loss (Q = 1/tand) is
required to be high for achieving prominent frequency
selectivity and stability in microwave transmitter com-
ponents and small temperature coefficient of the
resonant frequency is required to ensure the stability
of the microwave components at different working
temperature. Several compounds such as (Zr, Sn)TiOy,
Ba(Mg;3Tay;3)O5 and (Mg, Ca)TiO; have therefore
been developed [1-3]. Ln(Mg;,,Ti1/2)O3 (Ln = La, Sm,
Nd, Dy, Y) ceramic has been widely used as a substrate
for superconducting microwave devices since it pro-
vides a high quality factor, excellent lattice matching
and a good matching for thermal expansion [4-6].
Ln(Mg;,Ti;2)O3 compositions which were mea-
sured quality factor (Q X f) of the ceramic specimens
was larger than 30,000 (GHz) and dielectric constant
revealed between 22 and 27 have noncubic symme-
try and the GdFeOj;-type structure [4]. Since Sm(Mg;»
Tiy»)O3 has a dielectric constant (e;) of 25, a quality
factor (Q x f) of 65,500 (GHz) and a temperature
coefficient of resonant frequency (t¢) of =26 (ppm/ °C),
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it is one of Ln(Mg;,,Ti;»)O5 compositions was deter-
mined to be suitable substrates for YBCO thin film and
resonator used in microwave applications. In addition,
because of the ion radius of Co™ (0.082 nm) is similar
to that of Mg** (0.078 nm), the ion of Mg** can be
substituted by the ion of Co*? to form Sm(Co1,,Tiy2)O03
compositions. It also possess suitable microwave
dielectric properties (& ~25.5, Q x f~ 76,000 GHz,
1t ~-163 ppm/ °C at sintering temperature of
1,360 °C) for applications in dielectric resonators [7].
However, the sintering temperatures of conventional
microwave dielectric ceramics used for dielectric
resonators, filters and other communication devices
normally at lower then 1,300 °C. For practical appli-
cations, it is necessary to reduce the sintering temper-
ature of Sm(Coq/,Tiy;)O5 ceramics. Low melting glass
addition, chemical processing and small particle sizes
of the starting materials are generally advantageous to
reduce the sintering temperature of dielectric materials
[3, 8-10]. The first method using liquid phase sintering
was found to effectively lower the firing temperature.
However, it also decreased the microwave dielectric
properties of dielectric resonators. The chemical pro-
cess often required a flexible, expensive and time
consuming procedure. In the past, liquid phase flux
such as B,O; and CuO were added to lower the
sintering temperature of ceramics [11, 12]. In this
paper, B,O5; was added to further lower the sintering
temperature. The crystalline phases, the microstruc-
tures and the microwave dielectric properties of B,Os-
doped Sm(Coy/;Tiy/2)O3 ceramics were investigated.

Experimental method

Sample of Sm(Coy,,Tiy;;)O5 was prepared using con-
ventional solid-state method from individual high-
purity oxide powders(>99.9%): Sm,0;, CoO and
TiO,. The starting materials were mixed according to
a stoichiometric ratio to synthesize Sm(Coy,,Tij»)O03
ceramics. The powders were ground in distilled water
for 12 h in a ball mill with agent balls. The mixture was
dried at 100 °C, and thoroughly milled before it was
calcined at 1,100 °C for 2 h. The calcined powder
Sm(Coy/,Tiy2)O5 was ground and sieved through 100-
mesh screen. Phase formation of Sm(Coy,,Tij;)O3 was
confirmed using X-ray diffraction (XRD). The calcined
powders with different amount of B,O3 additions were
then re-milled for 12 h with PV A solution as a binder.
The milled powders were pressed into disk 11 mm in
diameter and 5 mm in thickness. A pressing pressure of
2,000 kg/cm?® was used for all samples. The pellets were
sintered at temperatures 1,200-1,350 °C for 4 h in the
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air. The heating rate and the cooling rate were both
controlled at 10 °C /min.

The X-ray diffraction (XRD, Rigaku D/Max III.V)
data of powder and bulk samples were collected using
Cu Ko radiation (at 30 Kv and 20 mA) and a graphite
monochromator in the 26 range of 20-60°. The
microstructural observations and analysis of sintered
surface were performed using a scanning electron
microscopy (SEM, Philips XL-40FEG) and an energy
dispersive X-ray spectrometer (EDS). The density of
the sintered specimens, as a function of sintering
temperature, was measured by the liquid Archimedes
method using distilled water as the liquid.

The dielectric constants (g) and Q x f values at
microwave frequencies were measured using the
Hakki—Coleman dielectric resonator method, as mod-
ified and improved by Courtney [13, 14]. The dielectric
resonator was positioned between two brass plates
such like cavity. Microwave dielectric properties of
sintered samples were measured by HP8757D network
analyzer and HP8350B sweep oscillator. For temper-
ature coefficient of resonant frequency (t), the tech-
nique is the same as that of quality factor
measurement. The test cavity is placed over a thermo-
stat and the temperature range used is +25 °C to
+80 °C. The 7; (ppm/ °C) is calculated by noting the
change in resonant frequency (Af) by,

L-h

T AT T W

where f; is resonant frequency at 77 and f, is the
resonant frequency at 75.

Results and discussion

Figure 1 shows the XRD patterns of B,0O3-doped
Sm(Coy/,Tiy2)O5 ceramics at different sintering tem-
peratures (1,200-1,350 °C). Homogeneous Sm(Coy,,
Tiy»)O5 phase with an orthorhombic structure could
be obtained. Similar XRD patterns were detected for the
Sm(Coq,,Tiy2)O3 ceramics with various B,O3 addition
at sintering temperatures 1,200-1,350 °C. Second phase
was not observed at the level of various B,O3 additions
since detection of a minor phase by X-ray is extremely
difficult. In addition, identical XRD patterns were
observed for the ceramics irrespective of the amount
of B,Oj5 additions.

The SEM photographs of B,Os-doped Sm(Coy,,Tiyy)
O; at sintering temperatures of 1,200-1,350 °C are
shown in Fig. 2. The grain size increased with the
increase of sintering temperature as well as amount of
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B,0;5 addition due to the sintering aid. In addition,
porous specimens were observed for Sm(Coy,Tiy;)03
ceramics at temperatures 1,200 and 1,230 °C with B,O;
additions. However, rapid grain growth and grain
boundary phases appeared for Sm(Coy/,;Tiy;2)O5 spec-
imens with B,O3; additions at sintering temperatures
higher than 1,320 °C. This may directly affect the
microwave dielectric properties of the ceramic sam-
ples.

The density of B,O3z-doped Sm(Coq,,Tii;)03
ceramics at different sintering temperatures is shown
in Fig. 3. The density initially increased with increasing
sintering temperature due to enlarged grain size as
observed in Fig. 2. On the other hand, the density is
also related to the porosity and increased with the
decreased of porosity. After reaching the maximum at
1,290 °C with 0.5 wt% doped B,O; addition, it
decreased thereby owing to the rapid grain growth as
well as the grain boundary phases. It seemed that B,O;
did contribute to the densification of Sm(Coy,,Tij;)O03

ceramics at low temperatures. The maximum density
was found to be 6.96 g/cm’ for specimen with 0.5 wt%
B,0Oj3; addition at 1,290 °C. It is difficult to synthesize
ceramics with ultra-high relative density by the con-
ventional solid-state method unless it is augmented by
other methods, such as chemical processing.

Figure 4 demonstrates the dielectric constants of
Sm(Coy,,Tiy2)O3 ceramics with different amounts of
B,05 additions as functions of sintering temperatures.
The relationships between dielectric constant and
sintering temperature reveal the same trend as that
for density and sintering temperature since higher
density represents lower porosity. The dielectric con-
stants slightly increased with increasing sintering tem-
perature. The increase in the ¢ value could be
explained owing to higher densities. However, an
observable degradation in the ¢ value appeared at
the higher sintering temperature with various B,Oj;
additions. The dielectric constants varied from 27.7 to
21.4 as the amount of B,0O5 addition increased from

@ Springer



2396

J Mater Sci (2007) 42:2393-2398

Fig. 2 SEM photographs of
Sm(Coy/,Tiy2)O3 ceramics
with different B,O3 additions
at different sintering
temperatures
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um
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Sum

0.25wt%-1290°C

0.5wt%-1290°C
Sum Sum

0.25wt%-1320°C

0.25 to 0.5 wt%. The highest dielectric constant was
obtained for 0.5 wt% B,03-doped Sm(Coy/,Tii»)03
ceramics sintered at 1,290 °C. The variation of the ¢,
value was mainly a result from the density of the
specimen.

Figure 5 shows the Q x f values of B,0Os-doped
Sm(Coy/,Tiy2)O5 ceramics with various sintering tem-
peratures. The microwave dielectric loss is mainly
caused not only by the lattice vibrational modes, but
also by the pores and the secondary phases [15]. With
0.5 wt% B,05 addition, Q x f increased from 8,400 to
33,600 GHz as the sintering temperature increased
from 1,200 to 1,290 °C for 4 h and thereafter decreased.
The decrease in Q X fwas due to the rapid grain growth
as observed in Fig. 2. Abnormal grains as well as larger
grain boundary phases degraded the Q x fvalues of the
as-sintered samples with B,O; addition at high sintering
temperatures. On the other hand, it may due to the
small grain size and porous specimens were observed at
the lower sintering temperature, and this is the reason
causing Q X f value to be diminished. However, the
relationships between Q X f values and sintering tem-
peratures reveal the same trend as those between
densities and sintering temperatures. Relative density
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0.5wt%-1320°C

0.25wt%-1350°C
Sum

Sum
also plays an important role in controlling the dielectric
loss and this has been shown for other microwave
dielectric materials. On the other hand, the sintering
temperatures of the optimum Q X f value for various
B,0;5 additions were decreased with increasing B,Oj;
contents. It may ascribed the reduction of sintering
temperature of the optimum Q X f value to the dense
and uniform grain size were produced at the lower
sintering temperature with increased B,O3 contents as
also observed in Fig. 2. With 0.5 wt% B,0O; addition, an
excellent Q x fvalue of 33,600 (GHz) was obtained for
Sm(Coy/,Tiy2)O5 ceramics sintered at 1,290 °C for 4 h.
The quality factors of B,Os-doped Sm(Co;,Tiy;)03
ceramics at low sintering temperatures were relatively
lower than that of pure Sm(Co4/,Ti;;)O5 ceramics due
to the grain boundary phase and abnormal grains.

The temperature coefficients of resonant frequency
(z¢) of B,Os-doped Sm(Co4/,Ti;,)O5 ceramics at dif-
ferent sintering temperatures are illustrated in Fig. 6.
The temperature coefficient of resonant frequency is
well known related to the composition, the additives
and the second phase of the material. The t; value, as
presented, was a function of the B,Oj3 content. It varied
from average —16.7 to —10.2 ppm/ °C as the amount of
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Fig. 3 Dependence of density on sintering temperature of
Sm(Coy,,Tiy;)O3 ceramics with various B,O5 additions
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Fig. 6 Dependence of t; value on sintering temperature of
Sm(Coy,,Tiy;»)O3 ceramics with various B,O5 additions

B,0; addition increased from 0.25 to 0.5 wt%. Signif-
icant change was not observed in the t; value with fixed
B,O; addition at different sintering temperatures.
However, it revealed the t; values were varied toward
the positive direction with increasing B,O; content due
to the formation of the grain boundary phase. It
implies that the t; value was not sensitive to the
sintering temperature.

Conclusion

The dielectric properties of B,Osz-doped Sm(Coy),
Tiy»)O5 ceramics have been investigated. The B,O;
addition was employed as a sintering aid to lower the
firing temperature of the Sm(Coy/,Ti12)O3 ceramics.
A sintering temperature reduction (about 100 °C) can
be achieved by adding B,O3 to the Sm(Coq/,Ti;/2)O03
ceramics. The dielectric constants saturated at 26-27
with the higher sintering temperatures (1,260—
1,350 °C). The quality factor of B,O3-doped
Sm(Co,,,Tiy,)O3 ceramics were relatively lower than
the value of purity Sm(Coy/,Tij;2)O5 ceramics due to
grain boundary phases and abnormal grains. The
temperature coefficient of the resonant frequency was
varied toward O ppm/ °C with increasing the B,Os;-
doped values and has a small amount variation with
different sintering temperatures. With 0.5 wt% B,0O;
addition, a dielectric constant of 27.7, a Q X f value of
33,600 (GHz) and a t; value of -11.4 ppm/ °C were
obtained for Sm(Coy/,;Tij;2)O3 ceramics at 1,290 °C
for 4 h. The B,05-doped Sm(Coy/;Tiy;)O5 ceramics
can find applications in microwave devices requiring
low sintering temperatures.
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