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Abstract

Perovskite solid solution ceramics of (Ba;_,Bi( 33,51 67,)(T1,_,Big 67, V033,003 and (Ba,_,Bi; 5,51 5,)(Ti,_,Biy5,Tij 5,005
(BBSTBYV, BBSTBT, 0.02 <x<0.2) were prepared by the traditional solid state reaction technique. The phase evolution,
microstructure and dielectric properties of BBSTBV and BBSTBT ceramics were researched. X-Ray diffraction results illus-
trated that both BBSTBV and BBSTBT could form a homogenous solid solution which has a similar structure with BaTiOj.
The optimized properties of (Ba, gBi ;Sr, ;)(Tij gBi ; Tij ;)O3 ceramics with stable &, (~1769-2293), small Ae/e,s - values
(15%) over a broad temperature range from —58 to 151 °C and low tan § <0.03 from — 11 to 131 °C were obtained. In
the high-temperature region, the relaxation and conduction process are attributed to the thermal activation and the oxygen
vacancies may be the ionic charge carriers in perovskite ferroelectrics.

1 Introduction

Multilayer ceramic capacitors (MLCCs) are extensively
used in electronic industry, which are closely related to our
lives. Recently, some MLCCs are required to possess good
temperature stability in a wide working temperature range
owing to their work environments [1, 2]. The rapid increased
working temperature of MLCCs induced that the EIA (the
Electronic Industries Association) X7R (the change of the
capacitance is less than 15% in the temperature range of — 55
to 125 °C) could not meet the requirements. So, the materi-
als with excellent performance for X8R (the temperature
range from — 55 to 150 °C) are developed [3].

Recently, as the main component of MLCCs, BaTiO; has
attracted much attention [4]. But pure BaTiO; ceramics could
not satisfy the requirements of temperature stability because
of their phase transitions at ~5 and ~ 125 °C [5]. There-
fore, many researchers are focused on the solid solutions
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between BT and Bi-based perovskite compounds [6], such
as BaTiO;-Bi(Li, sZr, 5)O5 [7], BaTiO3—(Bi,, sNa, 5)TiO5 [8,
9], BaTiO;-Bi(Mg,,3Nb, ;)05 [10], BaTiO3-Bi(Mg sTi 5)
O; [11] and so on. These systems exhibited good properties,
showing that the modified barium titanate compositions are
widely used in MLCCs due to their stable dielectric constant
and the required temperature-stable dielectric behavior [12,
13].

In this paper, (Ba,_,Bi 33,5t 67,)(Ti; - Big 67,V 033003
and (Ba,_,Big 5,51 5,)(Ti;_Biy5,Tij 5,)O5 ceramics were
designed and prepared by the solid state reaction method.
Furthermore, the phase evolution, microstructure, dielec-
tric properties and impedance analysis of BBSTBV and
BBSTBT ceramics were also systematically studied.

2 Experimental

(Ba,_,Big 33,510.67,)(Ti;_Big47,V033.)0; and
(Ba,_,Bi 5,51 5,)(Ti;_Bij 5,Tiy 5,005 (0.02<x<0.2) sam-
ples were synthesized by the traditional solid state reaction
technique as reported in our previous work [14]. The sam-
ples were sintered at 1200—1360 °C for 2 h in air. Dielec-
tric properties were measured using a precision impedance
analyzer (Model E4980AL, Hewlett-Packard Co, Palo Alto,
CA) with an applied voltage of 500 mV over 100 Hz—1 MHz
from — 150 to 200 °C at a heating rate of 2 °C/min. Other

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-018-1833-9&domain=pdf

423 Page2of8

X.Chen etal.

test instrument models are also described in our previous
work [15].

3 Results and discussion

Figure 1 illustrates the XRD patterns of (Ba,_,Bi 33,51 67,)
(Ti,_ Big67,V033,)0; and (Ba,_Big;,Srg5,)
(Ti,_,Bij 5, Tij 5,005 (0.02 <x <0.2) samples sintered at their
optimized temperatures. No second phase was observed in
Fig. 1, indicating that BBSTBV and BBSTBT have formed
a homogenous solid solution. The enlarged XRD patterns
in the range of 20 from 44° to 46° are demonstrated in
Fig. 1a2, b2. In Fig. 1a2, it is clearly seen that the samples
with compositions of x <0.1 display an obvious splitting
of (002)/(200) diffraction peaks, which correspond to the
tetragonal symmetry. And the reducing intensities of (200)
and (002) peaks could be clearly observed at around 45°. By
contrast, the tetragonal characteristics of (Ba,_ Bi 5,51 5,)
(Ti,_,Bij 5,Tiy 5,005 (0.02 <x <£0.2) could also be observed
at 0.02 <x <0.08. With further increasing the x values, the
merging of (002)/(200) diffraction peak into (200) peak is
illustrated in Fig. 1b2, which is the feature of pseudo-cubic,
indicating that the tetragonal transformed into pseudo-cubic.
Therefore, Ti** is easier to promote phase change than V>*
in the BaTiO;-based ceramics.

To clarify the phase evolution of (Ba,_,Bi 35,51 ¢7,)
(Ti;_,Big67,V033.)05 and (Ba,_,Bigs,Srg5s,)
(Ti,_,Biy 5, Tij 5,005 (0.02 <x <0.2) ceramics, Raman spec-
tra in the frequency range of 100-1000 cm™" at room tem-
perature were carried out, the results are shown in Fig. 2.
All samples demonstrated the existence of tetragonal or

orthorhombic phases [16]. The negative Raman peak
at 177 em™" for (Ba;_Big 33,570 67.)(Ti;_Big 67,V 033:)
O; ceramics could be observed at 0.02<x<0.1 in
Fig. 2a, which is the sign feature of the tetragonal [17].
When 0.02 <x<0.08, the similar characteristic could
be also obtained around 184 cm™! for (Ba,_ Bi,s,Stos,)
(Ti,_,Bij 5,Tij 5,)O5 ceramics, as shown in Fig. 2b. Differ-
ent bands at 177 and 304 cm™', 184 and 306 cm™! were the
characteristic of long-range ferroelectric phase in Fig. 1a, b,
respectively [18, 19]. The characteristics of the tetragonal
and long-range ferroelectric vanished, pseudo-cubic phase
appeared in its position with increasing x values. These
results are consistent with the analysis of XRD patterns.
Figure 3 illustrates the SEM images of the thermally
etched surfaces for (Ba,_ Big 33,591 ¢7,)(T1;_,Big 67,V 33,)
O; [(a)~(b)] and (Ba,_,Bi, 5,51 5,)(Ti;_,Big 5,Tig 5,005
[(c)~(d)] (x=0.1, 0.2) ceramics sintered at their opti-
mized temperatures. Dense microstructure was observed in
(Ba,_Bi 33,51067,)(T1;_ Big 67,V 33,)03 samples as x=0.1,
as shown in Fig. 3a. With increasing x values, the grain size
of the samples decreased slightly. For the compositions with
the same x values, it could be clearly found that the grain size
of (Ba;_Big 33,510,67.)(Ti; Bl 67,V 033,003 samples was
smaller than that of (Ba,_,Bi, 5,51y 5,)(Ti,_,Biy5,Ti 5,005,
indicating that the ability of inhibiting for the grain growth
of (Ba,;_,Bi 33,51 7.)(Ti;_Big 67,V 33,)03 ceramics was
better than (Ba,_ Bi, 5,Sr, 5 )(Ti,_ Big 5, Tij 5,)O3 ceramics.
Figure 4 shows the Nyquist plots for the
(Ba,_Big 33,5107, (Ti;_Big7,V033,)05 and
(Ba,_,Big 5,514 5,)(Ti;_Bijs,Tips,)05 (0.02<x<0.2)
ceramics with x=0.2 at six temperatures. The Debye-
like semicircles of both BBSTBV and BBSTBT ceramics
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Fig.1 X-ray diffraction patterns of (Ba,_ Bi 33,51 ¢;0)(Ti;_Bij¢7, V(33,05 (al) and (Ba,_Bi, 5,51, 5 )(Ti;_ Big 5,Tiy 5,005 (b1) (0.02<x<0.2)
ceramics, a2 and b2 are the enlarged XRD patterns of the samples in the range of 26 from 44° to 46°
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Fig.2 Room temperature Raman spectra of (Ba;_,Bi( 33,51 67,)(Ti;_Big 67,V 33,003 and (Ba,_,Bi, 5,51 5,)(Ti;_,Bi 5,Ti 5005 (0.02<x<0.2)

ceramics

Fig.3 SEM micrographs of (Ba,_,Bij 33,51 ¢7,)(Ti;_Bip 67, V033003
and (Ba,_Biy 5,51 5,)(Ti;_Bij s, Tiy5,)03 ceramics sintered at their
optimized temperatures: a x=0.1, 1280 °C and b x=0.2, 1200 °C of

became distorted and the center of the semicircles fell on
below the real axis, demonstrating that the pure Debye-type
relaxation is not observed in the dielectric response of all
samples. With increasing the measured temperature, the

(Ba,_,Bi 33,510 67 (Ti,_,Big 67,V 33,03 samples, ¢ x=0.1, 1280 °C
and d x=0.2, 1200 °C of (Ba,_,Bi, 5,51, 5,)(Ti;_Big5,Tiy5,)03 sam-
ples

impedance decreased, indicating that the conductivity of
samples increased.

Figure 5 represents the real (Z') and imaginary (Z")
parts of the impedance with different frequency at six
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Fig.4 Nyquist plots of impedance for (Bay gBi 06651 134)(Tig sBig 134 V0.066)03 and (Bag gBiy St )(Tiy gBij  Tij 1)O; ceramics at selected tem-

peratures
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Fig.5 Frequency dependences of the real part Z' (a) and imaginary
part Z” (b) of impedance for the (Bay gBi( (6651 134)(Ti sBig 134V .066)
05 and (Bay¢Bi, ; Sty )(Ti, gBiy 1 Tij ;)O3 ceramics at selected temper-

temperatures for (Ba;_ Bi 33,51 7,)(Ti;_,Big 67,V 33,003
and (Ba,_,Bi, 5,510 5,)(Ti;_Big 5,Tiy 5,005 (0.02 <x<0.2)
ceramics with x=0.2. As the frequency and temperature
increased, the decrease of the Z' and Z” could be observed
clearly. And the values of these two parts at different tem-
peratures are combined separately in the high-frequency
region, showing that the decrease in the barrier properties
of the samples may lead to the release of the space charge.
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atures [Insert shows the Arrhenius plot for relaxation time. The dotted
line through the data is a linear fit to Eq. (2)]

And it may be the dominant factor in the increase of ac con-
ductivity for ceramics in high temperatures [20]. At lower
frequency, higher impedance value is a characteristic of the
space charge polarization of the materials, as demonstrated
in Fig. 5al, bl. In Fig. 5a2, b2, the peak of Z" could be
observed with increasing the frequency. Furthermore, the
appearance of the peaks is a sign of the relaxation at dif-
ferent measured temperatures. The peak is asymmetric,
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and their positions move to high frequency with increas-
ing measured temperatures. With increasing the measured
temperature, the symmetry of the peak became worse and
wider, indicating that the existence of electrical processes in
the material with different relaxation times [21].

The relaxation time (7) of the (Ba;_,Bij33,51(¢7,)
(Ti,_,Big67,V033,)0; and (Ba,_Bijs,Srg5s,)
(Ti,_,Big 5,Ti 5,005 (0.02<x<0.2) ceramics with x=0.2
as a function of the absolute temperature is illustrated in the
insert of Fig. 5a2, b2, respectively. In the relaxation system,
the relaxation time (7) can be calculated from the imaginary
part (Z") and frequency (f) curve of the impedance [Fig. 5].
The following relationship was used:

1 1

T=—= y
() 27tfmax

(M

where f;,, is the relaxation frequency. According to Eq. (1),
the value of 7 decreases with increasing the measured tem-
perature, which indicates a typical semiconductor behavior.
The activation energy (E,) of this compound was calculated
from Arrhenius relation:

7 = 75 exp(E, /kgT), 2)
where 7, kg, E,, and T are the preexponential factor, the
Boltzmann constant, the activation energy required for
the relaxation and the absolute temperature respectively.
From the slope of In 7 vs 10® T~!, the values of E, are 1.51
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Fig.6 Frequency dependences of ac conductivity for the
(Bag §Big 066570,134)(Tig sBig 134 Vo 066)03  (al) and  (BaggBig Sty )
(Tiy¢Biy Tiy )O; (b1) ceramics at selected temperatures. a2, b2
are the Arrhenius plot of dc conductivity of the (BaggBi 5651 134)

and 1.64 eV for (Ba,_,Big 33,51 67)(Ti;_Big 67,V 3303
and (Ba,_Bi 5,51 5,)(Ti;_,Bi, 5,Tiy 5,005 (0.02<x<0.2)
ceramics with x=0.2, respectively.

Figure 6 demonstrates the frequency dependence of the AC
conductivity (o,.) for (Ba,_ Bi 33,510 67.)(Ti; _,Big 67,V 0.33,)
O; and (Ba,_,Biy 5,51y 5,)(Ti;_ Bl 5,Tig 5,005 (0.02<x<0.2)
ceramics at six temperatures. With increasing the meas-
ured temperature, a dispersion of the conductivity could be
observed. Meanwhile, the o, increased with increasing x
values, and the o, of (Ba,_Bigs,Srys,)(Ti;_Bijs,Tigs,)
O; is slightly bigger than that of (Ba,_,Bij33,5r)¢7,)
(Ti,_,Big 67,V 33,005 sample. This result is consistent with
the analysis of the complex impedance. It is worth noting that
the 6, became independent of the frequency after reaching
a certain value with decreasing the frequency. So, extrapo-
lation of this part towards lower frequency could yield the
direct-current conductivity. It could be expressed through the
universal dielectric response law [22]:

Oac = Odc +Aa)n’ (3)
where o, is the dc conductivity, w is the angular frequency
of ac field. The A and n (0<n< 1) are two temperature-
dependent adjusting constants. The temperature dependence

of the o, could be obtained by the Arrhenius law:

4. = 00 exp(—Eq./xpT), 4)
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fit to Eq. (4)

@ Springer



423 Page6of8

X.Chen etal.

where o is the pre-exponential factor, E;_ is the acti-
vation energy of conduction. E;. was calculated from
the slope of In(o) vs 1000/T. The values are 1.44 and
1.81 eV for (Ba,_ Bi 33,510 67,)(Ti;_Big 67,V.33,)0; and
(Ba,_,Biy 5,51 5,)(Ti;_,Bijs,Tip5,)05 (0.02<x<0.2)
ceramics with x=0. 2, respectively, as shown in Fig. 6a2,
b2. These activation energies are approximately the same
as the activation energies of relaxation, indicating that these
two processes may be caused by the same factor of charge
carriers, oxygen vacancies. In perovskite ferroelectric mate-
rials, oxygen vacancies are considered the one of the mobile
charge carriers [23].

The oxygen vacancy could be produced from the sub-
stitution of B-site by mulitvalence V cation. Vanadium
has multiple valences, such as V(0), V(III), V(IV), V(V),
so X-ray photoelectron spectroscopic (XPS) analysis of
the (Bag gBig 0665r0.134)(Tig sB1g.134V0.066)O03 sample was
carried out to obtain the valence of V. Figure 7 shows
the survey spectrum and V 2p high resolution XPS of
the (Bay ¢Big 66570 134)(Tig sBig 134V0.066)O03 sample, all
peaks are calibrated with respect to C 1 s peak at 284.8 eV.
There are XPS signals for Ba, Ti, Bi, Sr, V, O, and C ele-
ments. Kurmaev et al. [24] reported the BE values of V
2ps, (51595 eV) and V 2p,,, (523.48 V) in the single
crystal VO,. Biesinger et al. [25] reported the BE values
of V 2p;;, (517.20 eV) and V 2p,, (524.50 eV) in V,0s.
Comparing with the V 2p spectra, the V oxidation states
in (Bay gBig 066570.134)(Tig 8Bi 134 V0.066)03 contained both
V(IV) and V(V), as shown in Fig. 7b. The mass percentages
of V element are 96.29% for V(IV) and 3.71% for V(V).
Therefore, oxygen vacancies could be created. Besides, oxy-
gen vacancy may be also obtained from the evaporation of
Bi in high-temperature sintering [26]. The charge compensa-
tion follows reaction (Krdger and Vink) [27]:

600k
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L(a :
( ) Ba3ds

500k

400k

300k

Counts/s

200k

100k

0 200 400 600 800 1000 1200 1400

Binding energy (eV)

\,O =:\/OH +-Ze’

The double charge oxygen vacancy is deemed to be
the most mobile charge and has an important impact on
conduction.

Figure 8 shows the temperature dependences of
the relative permittivity (&) and dielectric loss (tan §)
for the (Ba,_Bij 33,510 67,)(Ti;_Big 67,V 33,)03 and
(Ba,_,Biy 5,514 5,)(Ti;_,Bij 5,Tiy 5,005 (0.02<x<0.2)
ceramics at various frequencies in the measured tempera-
ture range from — 90 to 200 °C. With increasing x values,
the peak of the relative permittivity depressed and became
extremely broad at the Curie temperature, and the peak
value decreased from ~7312 (x=0.02, 1 kHz) to ~1906
(x=0.1, 1 kHz), ~9068 (x=0.02, 1 kHz) to ~2175 (x=0.1,
1 kHz), respectively. For the relative permittivity, the
value decreased with increasing frequency. The Ae/e,s o¢
and tan 6 of ceramics got the ideal optimization as x=0.2.
So, the Ae/eys o, €, and tan & of (Baj gBij 66510 134)
(Tig §Big 134V0.066)03 and (Bag gBig Sty 1)(Tig §Big Tig 1)
O; ceramics at 1, 10 and 100 kHz from — 120 to 200 °C are
illustrated in Fig. 9a, b, respectively. (Bag ¢Bij 6651 134)
(TiggBij 134V 066)O3 samples with high e, (~1694-1906),
small Ae/e,s o values (+15%) over a broad temperature
range from —44 to 158 °C and low tan 6 <0.03 from — 130
to 105 °C. (Bag 4Bi, ;Sr( )(Tij gBi, ; Tiy ;)O; samples with
high ¢, (~1769-2293), small Ae/e,s o values (+ 15%) over
a broad temperature range from — 58 to 151 °C and low
tan 6§ <0.03 from — 11 to 131 °C were observed, indicating
that the (Ba 3Bi ; Sty 1)(Ti, ¢Bij ; Ti, ;)O5 ceramics may be
an ideal candidates for MLCCs.

or \70/ =:\/OH +e'.

17k m
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Fig.7 Survey spectrum (a) and high resolution XPS of V 2p for (Bay gBij 6651 134)(Tig gBig 134V0.066)O3 samples sintered at their optimized

temperatures

@ Springer



(Ba;_Big 33, 50,67 (Ti1_xBio 67,V0.3303 and.... Page70f8 423
(al) BSV [(a2) Bsv (bl) BST (b2) BST
- 0.28 8000 .
2000} "2 014} =002 f 4000}=0-02 0.06} +=0-02
0 0.00 0 0.00!
— 0.28} 8000 4
2000 x=0.04 0.14 x=0.04 4000 x=0.04 0.06 x=0.04
0 0.00 ﬁ 0 0.00 ——-
«1kHz ~1kHz
5800 0-28¢ ~10kHz 8000 0.12 «10kHz
Z 100 kHz =0.06 ~0.06 100 kHz
g oo o T g _“__,.’—-—/\_ - -~
E 0 £0.00 £ 0 S0.00
S = 0.28} g =
& 5800 - 5 8000 0.12
= =™ 2=0.08 2=0.08
-~ M 0.14} x=0.08 4000 M 0.06
0 0.00 W 0 0.00 %
0.28}
5800 8000 0.12
= x=0.1 0. x=0.1
200001 0.14f x ] 000} 1 e
| M
= 0.00/ 0 0.00!
_— 0.28} 8000 2o
” =0.2
2000[=02 0.14} x=0.2 4000} ¥=0-2 0.06}
-100 50 0 50 100 150 2 0% S0 0 50 100 150 200 Joo =050 o0 150 200 MOV TET0 0 100 150 200
Temperature(°C) Temperature(°C) Temperature(°C) Temperature(°C)
Fig.8 Temperature dependences of the relative permittivity and dielectric loss for (Ba;_ Big33,Sr)¢;,)(Ti;_Bigs7.V33)0; and

(Ba,_,Bij 5,514 5,)(Ti,_,Big 5, Ti( 5,005 (0.02 <x<0.2) ceramics measured at 1, 10 and 100 kHz
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4 Conclusions

(Ba,_,Big 33,51067,)(Ti;_Bigg7,V033,)03 and
(Ba,_,Biys,S1¢5,)(Ti;_,Bijs,Tips5,)05 (0.02<x<0.2)
ceramics have been prepared by the solid-state process-
ing techniques. The phase evolution, microstructure and
dielectric properties of BBSTBV and BBSTBT ceramics
were investigated. The transformation of (Ba,_ Bi 5,51 5,)
(Ti,_,Bij5,Tiy 5,)O5 sample from tetragonal to pseudo
cubic phase occurred at 0.08 <x<0.1. (Bayg4Bij;Srg ;)
(Ti, ¢Biy ; Tiy 1)O5 samples exhibited good performances
with high €, (~ 1769-2293), small A¢/e,s o values (+15%)
over a broad temperature range from — 58 to 151 °C and low
tan 6 <0.03 from — 11 to 131 °C. The relaxation and the con-
duction process in the high-temperature region are attributed
to the thermal activation, and the oxygen vacancies may be
the ionic charge carriers.
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