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Abstract. The electrical properties of BaO-Nd2O3-Sm2O3-TiO2 ceramics doped with low loss glass or low melting
point oxide B2O3 are evaluated by impedance spectroscopy. Glass or B2O3 is doped as liquid phase sintering aid.
Doping of glass/B2O3 enhances both the growth in the longitudinal direction of the columnar crystal and the
preferred orientation of (002). The grain size increases and grain boundary decreases with the increase of dopant.
Both the grain and grain-boundary resistivities decrease with the increase of dopant. The grain boundary activation
energy for charge transport is larger than that of the grain activation energy. Possible mechanisms for the electrical
behavior of the liquid-phase sintered BaO-Nd2O3-Sm2O3-TiO2 ceramics are proposed and discussed.
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1. Introduction

BaO-(Ln2O3, Ln = La, Nd, and Sm)-TiO2 system has
excellent dielectric properties for dielectric resonator
applications used in the microwave telecommunication
such as mobile telephone systems and satellite broad-
casting [1]. These properties are high quality factor
(Q × f ) near 9000 GHz, high dielectric constant (εr )
about 80, and low temperature coefficient of resonant
frequency (τ f ) around +9 ppm/◦C for BaO-(Nd2O3,
Sm2O3)-TiO2 (hereafter referred to as BNST) system
[2]. However, BNST ceramics have to be sintered at
1400◦C, and therefore only platinum or refractory met-
als can be used as the inner conductors. These metals
are expensive, their electrical performances are poor,
and the cost-effective fabrication of high-quality com-
ponents is thus difficult. Reduction of the sintering tem-
perature of BNST to 960◦C would enable the use of
less expensive and better electrode materials, such as,
silver. Furthermore, low temperature sintering would
allow true integration of such BNST components with
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low temperature co-fired ceramic (LTCC) structures in
a most convenient way.

A common method to decrease the sintering tem-
perature of ceramic materials is to add some glass
or low melting point materials [3, 4]. The liquid that
formed during sintering promotes densification and
grain coarsening at lower temperatures, but these addi-
tives generally degrade electrical properties if not se-
lected properly. With an appropriate addition of B2O3,
the sintering temperature of the BNST ceramic is re-
duced by 200◦C [4–6]. The dielectric properties of the
B2O3-doped dielectrics sintered at lower temperature
were commensurate with that of un-doped ones sin-
tered at higher temperature.

This is a continuing research, in our previous work
[7, 8], the effects of glass (a low loss Al2O3-doped silica
glass abbreviated as AS-glass) and B2O3 addition on
the sintering behavior and dielectric microwave prop-
erties of BNST have been investigated. It is found that
B2O3 addition reduces the sintering temperature to be-
low 1020◦C. Besides, specimens with sintering aids
exhibit columnar structure and significant (002) pre-
ferred orientation. However, the correlation between
the columnar structure and the dielectric property of
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the ceramic is not clear. In this work, the effects of the
columnar grain on the electrical properties are investi-
gated with impedance spectroscopy.

2. Experimental Procedures

A BNST-based powder supplied by Phycomp Inc. was
used as the starting material. An Al2O3-doped silica
glass designed as AS-glass and B2O3(>99%) powders
are employed as additives in this study. Host materi-
als were mixed with either AS-glass or boric oxide in
distilled water. In the case of B2O3doped system, the
mixture was stirred at 90◦C for 3 hr and then cooled
to room temperature. The mixture was milled for 12 hr
with zirconia balls. After milling, the slurry was dehy-
drated and granulated by mixing with 3 wt% polyvinyl
alcohol solution. Pellets with 10 mm in diameter and
5.5 mm or 1.2 mm in thickness were pressed using uni-
axial pressing. A pressure of 750 kg/cm2 was used for
all samples. After debinding, sintering was carried out
in air at a temperature range of 1000 to 1250◦C in the
case of AS-glass doped BNST, 900 to 1100◦C in the
case of B2O3 doped BNST, and 1000 to 1450◦C in the
case of undoped BNST ceramics.

The X-ray diffraction spectra were collected by us-
ing Cu Kα (λ = 0.15406 nm) radiation with 30 kV
and 20 mA in the 2θ range of 20◦ to 50◦ (XRD,
MAC Science MXP18), the intensity of the main peak
was then integrated. The microstructure observations
of sintered samples were performed with a scanning
electron microscope (SEM, Hitachi S4700). An elec-
tron probe microanalyzer (EPMA, Joel JXA-8800M)
was used to analyze the composition of the sintered
samples. The bulk densities of the sintered specimens
were measured by the Archimedes’ method. Accord-
ing to the rule of mixing, the density of BNST ceramics
is:

Dcal = (W1 + W2)/(W1/D1 + W2/D2) (1)

where W1 and W2 are the weight per cent of the BNST
dielectric and AS-glass/B2O3 in the mixtures, respec-
tively; D1 and D2 are the densities of the BNST and
AS-glass/B2O3, respectively.

Silver electrodes were initially painted on both faces
of the samples and cured at 600◦C for 15 min to en-
sure good electrical contacts. Impedance analysis was
performed using an Impedance/Gain-Phase Analyzer

(Hewlett Packard HP4194), controlled by a PC, which
covers a frequency range between 100 Hz and 15 MHz.
Measurements were made at the temperature range of
25 to 350◦C. The Cole-Cole diagrams are then plot-
ted. The complex impedance Z of the specimen is ex-
pressed as Z ′ = Z + j Z ′′. An equivalent circuit model
was proposed on the basis of the Z ′′ versus Z ′ plot.
The dielectric constant and resistivity of the specimen
were calculated from the measured capacitance and re-
sistance, respectively.

3. Results and Discussions

Figure 1 shows the XRD patterns of some BNST spec-
imens with and without additives. The (511) peak is
the main characteristic peak of the phase of undoped
ceramics. While for both AS-glass and boric oxide
doped BNST, the (002) peak is more prominent than
the (511) peak, as exhibited in Fig. 1(b) and (c), re-
spectively. Table 1 summarizes the sample designation,
additive concentration, sintering conditions, lattice pa-
rameters, unit cell volume, and relative unit cell volume
of the specimens in this study. Specimens are desig-
nated as A − T , where A represents the additive type
and concentration and T is the sintering temperature
in ◦C. As shown in Table 1, the lattice parameters a

Fig. 1. XRD patterns for BNST ceramics (a) without additive, sin-
tered at 1250◦C for 2 hr, (b) with 20 wt% AS-glass, sintered at
1250◦C for 2 hr, and (c) with 2 wt% B2O3 sintered at 950◦C for 1 hr.
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Table 1. The sample designation, additive concentration, sintering conditions, lattice parameters, unit cell volume, and relative unit cell volume
of BNST specimens in this study.

Lattice parameters
Sample

designation
A-T ∗

Additive Sintering a b c Unit cell Relative unit
concentration conditions (Å) (Å) (Å) volume (Å3) cell volume V/Vk-1050

K-1050 0 1050◦C, 1 hr 21.469 12.007 3.922 1011.1 1.000
K-1250 0 1250◦C, 1 hr 21.894 12.008 3.874 1018.5 1.007
G5-1050 5 wt% AS glass 1050◦C, 1 hr 21.805 12.003 3.882 1016.1 1.005
G10-1050 10 wt% AS glass 1050◦C, 1 hr 22.044 12.088 3.838 1022.7 1.011
G5-1250 5 wt% AS glass 1250◦C, 1 hr 21.985 12.101 3.863 1027.7 1.016
G10-1250 10 wt% AS glass 1250◦C, 1 hr 22.117 12.118 3.829 1026.2 1.015
B1-1050 1 wt% B2O3 1050◦C, 1 hr 22.368 12.262 3.775 1035.3 1.024
B2-1050 2 wt% B2O3 1050◦C, 1 hr 22.531 12.218 3.745 1030.8 1.019
B5-1050 5 wt% B2O3 1050◦C, 1 hr 22.452 12.293 3.761 1035.2 1.024

∗ A:additive type and concentration, T : sintering temperature in ◦C.

and b increase while c slightly decreases with boric
oxide/AS-glass content. A small increase of the unit
cell volume is observed for the doped specimens. The
B2O3-doped ceramics exhibit larger volume increase
than the AS-added BNST’s do. Our previous work [8]
suggests that: there was no specific boron compound
observed at grain boundaries in sintered specimens,
and the EPMA (crystal number: LDE2H0094/JEOL
LTD., average 2d = 9.77 nm, gives a resolution of
0.001%) analysis results indicated that the boron con-
tent of the sintered specimens was same as that of the
unsintered-sample. Besides, the unit cell volumes of
B2O3-doped specimens are larger than those of the un-
doped ones, as listed in Table 1. The atomic radii of B,
Ba, Nd, Sm, Ti and O are 0.023, 0.136, 0.100, 0.096,
0.061, and 0.14 nm, respectively. If the small boron
atoms would incorporate into the lattice sites, a de-
crease, instead of increase, of the unit cell volume will
be observed. Hence, it is argued that the increase of
the unit cell volume for specimens sintered at higher
temperature and/or doped with more B2O3 is attributed
to the diffusion of B atoms to the interstitial sites. In
addition, our previous work revealed the existence of
glassy phase between BNST grains when too much
glass is added [7]. The surface SEM micrographs indi-
cate that samples sintered at higher temperatures and/or
with additives exhibit columnar grains with a high ra-
tio of length (l) to diameter (φ) as shown in Fig. 2 and
summarized in Table 2. The columnar structure is more
obvious for samples sintered at high temperatures. The
l/φ’s are 11.22, 9.44, and 17.17 for the undoped-BNST
sintered at 1450◦C (K-1450), 5 wt% AS-BNST sin-

Table 2. Peak ratio I(002)-s/I ∗
(002)-p , ratio of grain length to diameters

(l/φ), grain capacitance (Cg), grain boundary capacitance (Cgb),
grain resistance (Rg), and grain boundary resistance (Rgb) of the
samples.#,+

Peak ratio
(I(002)−s l/φ Cg Cgb Rg Rgb

Sample /I(002)−p) (um/um) (10−11F) (10-9F) (�) (104�)

K-1050 1.28 1.00 0.69 1.57 402 16.93
K-1250 1.71 1.00 1.04 2.02 279 12.33
K-1450 1.76 11.22 1.52 2.28 191 10.74
G5-1050 1.82 1.05 1.10 2.53 175 5.23
G10-1050 1.95 1.11 1.22 2.09 143 9.53
G5-1250 2.82 9.44 1.64 3.21 105 4.06
G10-1250 4.12 17.17 1.74 2.19 95 6.17
Bl-1050 2.25 2.03 1.36 3.6 159 2.94
B2-950 3.41 2.58 1.52 4.38 191 3.30
B2-1000 5.16 4.28 1.82 4.76 163 2.98
B2-1050 6.90 5.00 1.94 5.09 155 2.75

∗ I(002)-s/I(002)-p : the (002) peak intensity of the as-sintered specimen
I(002)-s to that of the as-pressed specimen I(002)-p .
# Sintering time is 1 hr in air.
+The capacitance and resistance from the impedance data measured
at 350◦C and analyzed with impedance spectroscopy.

tered at 1250◦C (G5-1250), and 10 wt% AS-BNST
sintered at 1250◦C (G10-1250), respectively. Possibly
because sintering at elevated temperatures is needed
for grains to grow with preferred orientation via
rearrangement.

Three typical impedance diagrams (Z ′′ versus Z ′)
of BNST ceramics are given in Fig. 3 which suggest
loci of two semicircles for each sample. An equivalent
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Fig. 2. Surface SEM micrographs and ratios of grain length to diameter (l/φ) of undoped BNST ceramics sintered at (a) 1050◦C, (b) 1250◦C,
(c) 1450◦C, (d) BNST doped with 2 wt% B2O3 sintered at 1050◦C, and (e) BNST doped with 10 wt% AS-glass sintered at 1250◦C.

circuit model with two parallel RC’s in series is pro-
posed. As indicated in Fig. 4, when R2C2 � R1C1, the
impedance diagram of the equivalent circuit exhibits
two distinct semicircles. The angular frequency ωi is
the frequency at the peak of the semicircle i in the Cole-

Cole diagram shown in Fig. 4(b). While the intercepts
at Z ′ axis give R1 and (R1 + R2) values, the capacitance
Ci is obtained using the equation ωi = 1/Ri Ci . The
first semicircle, shown in Fig. 3(b), exhibits the high
frequency (>104 Hz) impedance data and corresponds
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Fig. 3. (a) Typical impedance diagrams of undoped BNST sintered
at various temperatures and (b) the enlargement of the plot inside the
square area of (a). Impedance measured at 350◦C.

to the dipole polarization of the lattice (bulk) material
inside the grain, i.e., the resistance (Rg) and capacitance
(Cg) attributed to the grains. The second semicircle, ob-
served in the low frequency range (102–104 Hz) and/or
at high measurement temperature (>300◦C) represents
space charge polarization at the grain boundaries (Rgb

and Cgb) [9]. Also summarized in Table 2 are the Rg ,
Cg , Rgb, and Cgb obtained from the impedance plots of
various specimens. In addition, the (002) peak inten-
sity of the as-sintered specimen to the as-pressed one
(I(002)-s/I(002)-p) is listed in Table 2. Figure 5 exhibit
the Cg versus peak ratio plot, the grain capacitance Cg

increases with the peak ratio I(002)-s/I(002)-p for both

Fig. 4. Schematic diagram of two parallel RC’s in series, the complex
impedance of the circuit is Z , and (b) the impedance diagram −Z ′′
vs Z ′ of the circuit in (a), when R1C1 � R2C2.

Fig. 5. Grain capacitance Cg versus the (002) peak intensity ratio of
the as-sintered sample to that of the as-pressed one, I(002)-s/I(002)-p .

the undoped BNST and doped BNST. The higher the
(002) preferred orientation is, the larger the dielec-
tric constant is. The peak ratios of samples K-1050,
G10-1050, and B2-1050 are 1.28, 1.95, and 6.90, re-
spectively. And the calculated grain dielectric constant
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Fig. 6. Grain boundary capacitance Cgb versus the (002) peak
intensity ratio of the as-sintered sample to that of the as-
pressed one, I(002)-s/I(002)-p . Cgb increases with the increase of
I(002)-s/I(002)-p , however, a drop in Cgb is observed for speci-
mens with too much glass (10 wt% AS glass) as indicated by
arrow.

are 15.5(K-1050), 27.7(G10-1050) and 43.9(B2-1050).
Similar trend is observed for the grain boundary
capacitance Cgb of the undoped and boric oxide doped
specimens. The capacitance of the grain-boundary also
increases with the ratio of I(002)-s/I(002)-p, as observed
in Fig. 6. No clear correlation between the resistance
(both Rg and Rgb) and the peak ratio, i.e., the preferred
(002) orientation, is observed.

Samples with AS glass contents of less than 5 wt%
show an initial increase of Cgb with the peak ratio,
however, a drop in Cgb is observed for the 10 wt% AS-
doped ones. Our previous work revealed the existence
of glassy phase between BNST grains when too much
glass is added [7]. This is the root cause for the small
Cgb for specimens doped with 10 wt% AS-glass. The
resistivity as a function of temperature is given in Fig. 7.
Both the grain (ρg) and grain boundary (ρgb) resistiv-
ities decrease with the presence of the sintering aids.
The presence of the sintering aid increases the dielec-
tric loss. The grain boundary resistivityρgb of B2O3-
doped sample is less than one-tenth of that of undoped
ones. The grain resistivity decreases with the increase
of additive content and/or the sintering temperature. As
shown in Fig. 7, the 300◦C ρg of K-1050 (7.83 × 103

�cm) is 2 times higher than that of G5-1050 (3.58×103

�cm), and 4 times higher than that of G5-1250 (1.97×
103 �cm).

Fig. 7. Grain and grain boundary resistivities as a function of tem-
perature.

The resistivity of the specimen is described by the
Arrhenius equation:

ρ = ρ0 exp(
Ea/kT ) (2)

where ρ0 is the pre-exponential factor, 
Ea is the
activation energy for charge transportation and k is
the Boltzmann constant. The activation energy is ob-
tained from the slope of the Arrhenius plot and sum-
marized in Table 3. The grain boundary activation en-
ergy (
Ea-gb) is larger than the grain activation energy
(
Ea-g) for all the specimens studied. There is a slight
decrease of the activation energy for B2O3-doped sam-
ples. No apparent difference in the activation energy is
observed between the undoped and glass-doped BNST
ceramics. The grain activation energy ranges from 0.79
to 0.89 eV, and the grain boundary activation energy
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Table 3. Activation energies for charge transport via the grain
(
Ea-g) and grain boundary (
Ea-gb) of the BNST samples sin-
tered in air for 1 hr.

Sample 
Ea-g (eV) 
Ea−gb (eV)

K-1050 0.89 ± 0.03 1.18 ± 0.03
K-1250 0.88 ± 0.03 1.08 ± 0.03
K-1450 0.81 ± 0.03 1.05 ± 0.03
G5-1050 0.86 ± 0.03 1.09 ± 0.03
G10-1050 0.85 ± 0.03 1.12 ± 0.03
G5-1250 0.81 ± 0.03 1.07 ± 0.03
G10-1250 0.79 ± 0.03 1.11 ± 0.03
Bl-1050 0.84 ± 0.03 0.90 ± 0.03
B2-950 0.82 ± 0.03 0.95 ± 0.03
B2-1000 0.83 ± 0.03 0.93 ± 0.03
B2-1050 0.85 ± 0.03 0.91 ± 0.03

ranges from 0.90 to 1.18 eV. They are typical values
of the activation energy for charge transportation in
electronic ceramics [10].

4. Conclusions

In this study, glass or B2O3 is used to lower the sinter-
ing temperature of the BNST ceramics, and impedance
spectroscopy is employed to analyze the electrical be-
havior of the specimens. Preferred (002) orientation
and elongated grain structure are observed in samples
doped with B2O3/glass and/or sintered at elevated tem-
peratures. Both the grain capacitance Cg and the di-
electric constant increase with the increase of degree
of preferred (002) orientation. Similar trend is observed
for the grain boundary capacitance Cgb of the undoped
and B2O3-doped BNST ceramics. However, for glass-
doped specimens, a decrease after the initial increase
of Cgb with the increase of preferred orientation is ob-

served due to the presence of the glassy phase in the
grain boundaries when too much glass is added. Both
the grain (ρg) and grain boundary (ρgb) resistivities
decrease with the presence of the sintering aids. The
activation energies for charge transport via bulk ma-
terial and via grain boundaries are derived from the
Arrhenius plots of the ρg versus 1/T and ρgb versus
1/T curve, respectively. The grain boundary activation
energy is larger than the grain activation energy for all
the specimens studied.
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