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Abstract Nb-doped SrBiyTi4O,5 (SBT) was produced by
conventional method. Structural and ferroelectric properties
of SBT were examined as a function of niobium compo-
sition. Analyzing the structure futures of SBT by XRD,
XPS and Raman spectrum, Nb>" substituted Ti*" to form
NbOg octahedron and did not change the structure of SBT.
The XRD patterns indicated the formation of the single
phase of SBT for x=0.01and 0.03 and secondary phase of
Sr3Ti,O5 appeared when x>0.1. To compare the effect of
Nb doping, the ferroelectric properties (hysteresis loop,
piezoelectric coefficient) of Nb-doped SBT were measured.
The SBT doped with x=0.15 was found to exhibit higher
remanent polarization with d33=17 pC/N.

Keywords Bismuth layer structure ferroelectrics (BLSF) -
Dope - Ferroelectric properties

1 Introduction

SrBi4Ti4O;5(SBT) is one of Aurivillius family members,
which is called the bismuth layer structure ferroelectrics
(abbreviated as BLSF). The layered structure consists of
(Bi,0,)*" layers interleaved with perovskite like (A,
B,,03,,+1) layers, where A is a monovalent, divalent, or tri-
valent metallic ion, B is a tetravalent, pentavalent or
hexavalent metallic ion that is located at the center of the
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oxygen octahedral, and m is the number of perovskite layers
[1-3]. BLSF has potential use in device application because
of their relative high Curie temperature, high dielectric
breakdown strength, low dielectric loss, and high anisotropy.
SBT, which contain four perovskite-like TiOg octahedron
units stacked in between (Bi,0,)>" layers, has orthorhombic
symmetry with space group A2lam(C}?)a = 5.4280,b =
5.4380, c = 40.9400A [4] (Fig. 1).

PZT has a relatively low synthesis temperature of around
600 °C and shows a large remanent polarization (Pr), but it
has the problem of fatigue with the Pt electrode to be
overcome. SBT, on the other hand, shows excellent endur-
ance on fatigue, but the relatively small Pr and high
synthesis temperature hindered its commercial use. SBT
have high creepage current and domain pinning resulting
by defect. These defects, which were referenced as space
charges, were captured at interface or grain boundary. Many
investigations have indicated that oxygen vacancies act as
space charge, which causes strong domain pinning. Theo-
retical calculation suggested that the increase in defect
concentration leads to a decrease in 2 Pr. Substitution Ti*"
ion by high valence ion could counteract some defects that
lead to fatigue and domain pinning.

In the present study, the structure and ferroelectric property
of Nb-doped SBT were studied by XRD, XPS, Raman
spectrum, piezoelectric coefficient and hysteresis loop.

2 Experimental

SBT and Nb-doped SBT ceramics were produced by
conventional solid state method. Oxide mixture of Bi,Os,
TiO,, SrCO3 and Nb,Os with 99% purity was used as the
raw materials. The mixture was ball milled with alcohol for
24 h, dried, then calcined at 800~1000 °C for 2 h. After

@ Springer



358

J Electroceram (2009) 22:357-362

@Bi
QTi
vO
@ S1/Bi

Fig. 1 Crystal structure of SBT

dried, the powders were pressed into pellets 15 mm in
diameter and about 2 mm in thickness. These pellets were
conventionally sintered at 1000~1200 °C temperature for
2~3 h. The density of the sintered pellet was measured via
the Archimedes method, using distilled water and a balance

Fig. 2 SEM photographs of
Nb-doped SBT ceramics
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Fig. 3 XRD patterns of SrBisTi;.Nb,Oy5s

2

with precision of £10™*. The relative density of the samples
was the ratio of density to theory density (p=7.45 g/cm’,
obtained from X-ray measurements).

The sintered pellets were subjected to XRD analysis
using Cu K« radiation (PANalytical X’Pert PRO). Narrow
region slow scanning XRD analysis was employed using Si
as standard sample and testing condition was 0.01/step with
20 s. Piezoelectric properties of samples were poled on
polished disks electroded with Ag paste by applying a
direct-current (dc) electric field of 3~4 kV/mm for 30 min,
in silicone oil, at 170 °C. The piezoelectric constant (d33)
was measured using a ds3 meter Model ZJ-2. Hysteresis
loop was measured by Radiant precision work station.
Temperature dependence of the permittivity was tested by
Agilent 4294A. The Raman measurements were performed
using a RENISHAW Raman Microscope with testing
condition excitation source 632.8 nm, He—Ne laser 17 mW,
grating 1800 1/mm.

3 Results and discussion
The density of samples thus obtained was over 97% of the

theoretical value. Surface morphology of Nb-doped SBT
was detected by SEM (Fig. 2). It shows that the plate-like
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Fig. 4 Narrow slow scanning XRD of Nb-doped SBT

grain is distinct and defects of surface after sintering are
hardly found.

3.1 Structure features of Nb-doped SBT

The tolerance factor, ¢, for the perovskite type structure
is given by

‘= (7A+ro)/\/§(73+r0) 09<r<1.1

where 7,;7, and 7, are ionic radius of an average A-site
cation, an average B-site cation, and an oxygen ion,
respectively. For perovskite structure ABO;, ¢ changes
from 0.9 to 1.10.However, for restriction of (Bi,O,) layer,
the range of BLSF’s ¢ is narrowed in 0.81~0.93 [5]. In Nb-
doped SBT, r4 is 0.096 nm (Bi**) or 0.113 nm (S*"), ry is
0.068 nm (Ti*") or 0.07 nm (Nb>") and 7y is 0.14 nm.
Obviously, the tolerance factor of SBT is 0.868.
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Fig. 5 Lattice distortion of Nb-doped SBT

The XRD patterns of the samples show clear SBT phase
(Fig. 3), indicating that Nb substitution do not change the
structure of SBT or generate new phases. The results
indicate the formation of the single phase of SBT for x=
0.0land 0.03; and secondary phase of Sr3Ti,O- appears
when x>0.10. The coincidence of diffraction peaks for
different x imply that Nb doping do not affect the basic
crystal structure [6]. This is because that the Nb content is
very low and the ions radius of Nb>" and Ti*" are closed to
each other (Nb>": 0.070 nm, Ti*": 0.068 nm). Due to Nb>*
substituting Ti*"could result emergency of titanium vacan-
cy, there is affluent Ti when the substitution amount
increases. Bismuth ion is easy to vapor at high temperature
so affluent Ti would react into Sr3Ti,O-.

We employed narrow region slow scanning XRD to
calculate the lattice parameters of Nb-doped SBT. Choosing
(111), (311) and (331) peaks of Si as standard to revise and
according to XRD reference code 043-0973 of SBT, (0010),
(020) and (319) peaks of SBT were applied to calculate the
a, b, ¢ using d% = Z—i + ’lj—i + i—zz Because of larger ion radius
of Nb>" than Ti**, we can see from Fig. 4 that peaks shift
slightly to lower degree. Compared with standard sample
with a=5.4280 A, h=5.4380 A, ¢=40.9400 A, a, b, and ¢
of SBT with different substitution amount all increase,
which is resulted by ion radius difference. a, b, and c
change no obvious when x<0.05 and when x>0.10 the
lattice parameters increase obviously which is consistent
with Fig. 3. Hall method is employed to calculate the lattice
distortion using 29 COSH =K desinb where L is grain size; e
is lattice dlstortlon K= 1 A= 1 5406 A; p=B-b, B is the
half high peak width of the sample, b is half high peak
width of the Si standard sample. Figure 5 indicates that the
lattice distortion increases with x grown and changes
remark when x=0.15, which is coincident with the lattice
parameter. All these prove that Nb doped SBT remains the
SBT structure and lattice parameters, lattice distortion
change a little when x<0.15 (Table 1).

Comparing with SrBi;Nb,O¢(SBN), It was shown by
XPS spectrums of Nb element (Fig. 6) of doped-SBT that
Nb>" jon substituted Ti*" ion and formed NbOg octahedron.
In the spectrum, 209.65 and 206.93 eV peak is respectively
corresponding to 3d3,, and 3ds/, electronic bonding energy.
Peak position and AE}, of both spectrums are approximate.
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Fig. 6 XPS spectrums of Nb 3d5
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The perovskite layer of SBN is composed of two NbOg
octahedron layer and one NbOg octahedron neared the other
NbOg octahedron and (Bi,O,) layer. Chemistry atmosphere
is different from Nb-doped SBT and this results the higher
Nb bonding energy of Nb-doped SBT.

The B-site composition dependence of the Raman
spectra of SrBiyTiz—Nb,O;5 (x=0.0, 0.01, 0.03, 0.05,
0.10, 0.15) was measured at room temperature (Fig. 7).
Compared to SBT, the most prominent feature is the wider
trend of all the modes with increasing Nb content. As for
SrBisTi4O;s, E, modes in the range 200-400 cm ! have
been assigned to O-Ti—O bending and the modes in the
range 470-490 cm ' were described as Ti-O torsional
modes. The modes at 314 and 464 cm ' can be attributed
to the rotating and tilting of TiOg octahedral. The sharp
peak at 870 cm ' has Ay character and represents the
symmetric stretch of the TiOg octahedral [7]. After Nb-
doping, the 270 cm ™' mode shifts opposite to lower wave
number. The 870 cm ' mode also becomes asymmetric

Intensity

0 20 40 60 80 100 120
Wavenumber shift(cm™)

Fig. 7 Raman spectra of SrBisTiy—Nb,O;5 (@) x=0.01; (b) x=0.03;
(¢) x=0.05; (d) x=0.10; (e) x=0.15
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with Nb substitution. As this mode originates from a
symmetric stretching of BOs (B=Ti, Nb) octahedra, the
higher wave number of this mode show the occupation of
B-sites by lighter Nb ions. Not all of the BOg octahedra
could be occupied by single ions in partially doped
samples. Therefore, the presence of both the ions at B-sites
results in two stretching wave numbers, leading to
asymmetry [8—10].

All the testing results concerned with the structure
indicate that Nb ions substitute into the Ti sites in TiOg¢
octahedra and remain the structure of SBT.

3.2 Ferroelectric property of Nb-doped SBT

It is known that the piezoelectric propertiecs of SBT are
poor. One of the reasons is that the restriction of the
permissible rotations of the spontaneous polarization in two
dimensions (a—b plane) as compared to the freedom along
all three dimensions in the ferroelectrics of the perovskite
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Fig. 8 Hysteresis curve of SrBiyTis—Nb,O;5
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type compounds. Many investigations have indicated that
oxygen vacancies act as space charge, which causes strong
domain pinning. Theoretical calculation suggested that the
increase in defect concentration leads to a decrease in 2 Pr
[11, 12]. So the restraint of oxygen vacancies due to Nb
doping bring about the increase in 2 Pr (Fig. 8). Sponta-
neous polarization of BLSF is mainly because O-Ti-O
movement along ab plane. Titanium vacancy and bismuth
vacancy resulted by Nb-doping would make ab plane ion
transplant more easier and spontaneous polarization would
increase. On the other hand, at high temperature bismuth
oxide volatilization also lead to oxygen vacancy, which
resulted domain pinning and restrained a part domain
turning. Nb-doping could reduce the oxygen vacancy
concentration and make domain turning more easy, residual
polarization increased, but coercive field also increased
after doping. This makes poling at higher electric field.
Both aspect make the piezoelectric property increased
slowly (Fig. 9. d53 changed from 6 to 17 pC/N).

Bismuth vacancy and oxygen vacancy were considered
to be highest movability charge and had great influence on
polarization fatigue and conductivity. Sintering at high
temperature, bismuth ion was easy to vapor and form
bismuth vacancy. Due to Nb>" substituting Ti*" could
reduce concentration of oxygen and bismuth vacancy and
depress domain pinning, Nb-doping was an efficient means
to decrease conductivity. Donor doping could make bulk
resistance increase and endure higher electric field and
increase poling electric field. These make domain turning
more completely when poling.

Figure 10 shows temperature dependence of the permit-
tivity of SrBiyTiy— Nb,O;5 at 1 kHz frequency. Compared
with the Curie temperature of SBT (530 °C), sharp
permittivity peak of Nb-doped SBT with x=0.03 appears
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Fig. 9 Piezoelectric coefficient ds; of SrBisTis— Nb,Oy5
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Fig. 10 Temperature dependence of the permittivity of SrBisTis
Nb,O;5 (a) x=0.03; (b) x=0.05; (¢) x=0.10

at about 520 °C and Tc decreases to about 500 °C when x
increases. Because the Curie temperature is always found
associated with the structure distortion, Nb-doping has little
influence on the SBT structure. These is mainly because that
ion radius of Nb>" and Ti*" is approximate and electroneg-
ative of both is approximatively the same (Nb 1.6, Ti 1.54).

4 Conclusion

Nb substitution do not change the structure of SBT or
generate new phases. The XRD patterns indicates the
formation of the single phase of SBT for x=0.01and 0.03;
and secondary phase of Sr;Ti,O; appears when x>0.10. a,
b, and ¢ of SBT with different substitution amount all
increases. It changes no obvious when x<0.05 and when
x>0.10 Sr3Ti,O; appears the lattice parameters increases
obviously. Nb>* ion substitutes Ti*" ion and forms NbOg
octahedron. Compared to SBT, the most prominent feature
of the Raman spectra of SrBiyTiy Nb,O;5 is the wider
trend of all the modes with increasing Nb content.

The restraint of oxygen vacancies due to Nb doping
bring about the increase in 2 Pr. Nb-doping could reduce
the oxygen vacancy concentration and make domain
turning more easy, residual polarization increased, but
coercive field also increases after doping. This makes
poling at higher electric field. Both aspects make the
piezoelectric property increased slowly. Having little
influence on the SBT structure, Tc of Nb-doping decreases
a little with x increased.
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