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Abstract

SrBi, sCe, ,Nb,O, (SBCN) and SrBi, ;Ce, ,Ta,0, (SBCT) powders were prepared via solid-state reaction
method. X-ray diffraction analysis reveals that the SBCN and SBCT powders have the single phase orthorhom-
bic Aurivillius structure at room temperature. The contribution of Raman scattering and FTIR spectroscopy of
these samples were relatively smooth and resemble each other. The calcined powders were uniaxially pressed
and sintered at 1250 °C for 8 h to obtaine dense ceramics. Dielectric constant, loss tangent and AC conduc-
tivity of the sintered Ce-doped SrBi,Nb,O, and SrBi,Ta,0, ceramics were measured by LCR meter. The Ce-
doped SBN (SBCN) ceramics have a higher Curie temperature (T¢) and dielectric constant at T¢ (380 °C and
g ~3510) compared to the Ce-doped SBT (SBCT) ceramics (330 °C and & ~115) when measured at 100 Hz.
However, the Ce-doped SBT (SBCT) ceramics have lower conductivity and dielectric loss.
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I. Introduction Boullay et al. [7] reported the investigation of
the phase transition sequence in SrBi,Ta,O, and
SrBi,Nb,O, using single-crystal X-ray diffraction.
They showed that by monitoring specific reflections as
a function of temperature, sensitive either to the super-
structure formation or to polar displacements, it is pos-
sible to check the existence of an intermediate phase
of two isostructural Aurivillius phases. This latter was

Aurivillius phases have been extensively investigated
since they were discovered in 1949 by Aurivillius [1].
Among different ceramics with Aurivillius structures,
SrBi,Nb,O, and SrBi, Ta, O, are of high importance as
a lead-free system due to good dielectric and ferroelec-
tric properties. They belong to a multilayer family of
so-called Aurivillius phase with a general chemical for- . a4 in SBT, but within experimental accuracy
mula (Bi,0,)**(A,,B,,05,,,,)*", where A is a combi-  ;u14 not be detected in SBN. Miura [8] investigated
nation of one .01‘ more n.]ono-, q]- and tr].Vale.nt ions with SrBiZNbZOQ, SrBizTaZO() and PbBlszZOQ using a first-
12-fold coordinated cation, Bis a combination of tetra-,  principles calculation method with optimized structures.
penta-, and hexavalent ions with 6-fold coordinated 1, e optimized structures, the displacement of Ta in
cation and m refers to the number of BO, octahedra be- TaO octahedra of SBT is small compared to the dis-

tween neighbouring Bi,0, layers along the c-axis [2].  ,jacement of Nb in NbO, octahedra of SBN which is
SrBi,Nb,O, (SBN) and SrBi,Ta,O, (SBT) are attract- larger.

ing interest for. their application in ferroelectric random Substitution with Ce®* ions plays a significant role in
access memories (FeERAM) [3-6]. o . . . .
tailoring a desirable structure and appropriate dielctric

“Corresponding author: +2126 42 37 94 83 properties of different ceramic systems. To our knowl-
| edge, there is only a few papers [9,10] investigating the
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Figure 1. XRD patterns of Ce-doped: a) SBT and b) SBN calcined powders

substitution of bismuth by cerium in SrBi,Nb,O, and
SrBi, Ta,O,. The influence of the cerium substitution in
SBN and SBT on structure and properties is of funda-
mental interest in condensed matter chemicals. For that
reason we prepared Ce-doped SBN and Ce-doped SBT
by the solid-state method, investigated their structures
(X-ray diffraction, FTIR, Raman) and analysed dielec-
tric properties of the sintered ceramics.

II. Experimental

Cerium doped SBN and SBT were prepared by the
solid-state reaction method. Stoichiometric amounts of
raw materials, Bi, O, (Rectapur, 99%), SrCO, (Labosi),
Ta,O4 (Fluka, 99.9%), Ce,O; and Nb,Oy (Acros Or-
ganics, 99.5%), were intimately ground manually in a
mortar for one hour. Excess of Bi,O; (10wt.%) was
introduced to compensate evaporation of Bi,O, during
heat treatments. The obtained powders were calcined at
1200 °C during 12 h.

The samples were then uniaxially pressed at 0.5 MPa
into pellets having 6 mm in diameter. The pellets were
coverd with powders of the same materials and heated
at 1250 °C for 8 h. Anchor paste was deposited on both
surfaces of the ceramic disc and fired at 200 °C for 1h
to form appropriate electrodes for electrical measure-
ments.

The powders were examined by X-ray diffraction
(PANalytical/Philips X pert) with CuKa radiation to de-
termine phase purity. The samples were also character-
ized by Raman (Bruker, Vertex 70) and Fourier trans-
form infrared spectroscopy (KBr-pellet/ Bruker, Vertex
70 DTGS). Conductivity and dielectric properties were
measured at temperatures ranging from room tempera-
ture to 500 °C using an LCR meter HP 4284 A (Hewlett
Packard Co).

III. Results and discussion

3.1. X-ray diffraction

Figure 1 shows the XRD patterns of the calcined
SBCT (Ce-doped SBT) and SBCN (Ce-doped SBN)
powders. The patterns of SBCT and SBCN were identi-
fied to match with the standard XRD card of SrBi, Ta, O,
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(PDF #00-049-0609) and SrBi,Nb,O, (PDF #00-049-
0607). Both powders show the presence of the pure
single Aurivillius phase with an orthorhombic A2;am
space group. The highest peak corresponds to (115) ori-
entation for both samples, which is consistent with the
highest diffraction peak in bismuth layered structured
ferroelectrics systems [11]. The peak position shifts
slightly, indicating that cerium ions have diffused into
the crystal lattice formed a solid solution.

The effect of Ce-ions on the crystal structure of SBT
and SBN samples is summarized in Table 1. The differ-
ence observed in lattice parameters for the same mate-
rials may be due to the incorporation of Ce** ions into
the Bi-sites. The radius of Bi*" (0.093nm) is smaller
than that of Ce** (0.101 nm) [12]. The value of the or-
thorhombic distortion (b/a) almost retains the same. The
tetragonal strain (c/a) decreases significantly for SBCN,
but it decreases smoothly for SBCT powder.

Table 1. Lattice parameters of pure and doped SBT and SBN
SBT Ce-doped SBT SBN Ce-doped SBN

alA] 5.554 5.533 5519 5.518
b[A] 5.551 5.529 5.515 5.512
c[A] 25.144 25030  25.112 25.073
ca  4.527 4.524 4.838 4.543
bla 0.999 0.999 0.999 0.998

3.2. FTIR and Raman measurements

Figure 2 illustrates the Raman spectra of the calcined
SBCT (cerium doped SBT) and SBCN (cerium doped
SBN) powders. The band at 89 cm™' appeared may be
due to the Ajz mode, involving the vibrations of Sr
atoms. The A, mode is due to the heavy atom vibra-
tions at 89cm™ (Sr) and 140cm™ (Bi). The peak at
172cm™ and 164 cm™ originates from vibration in a—
b plane of Nb and Ta, respectively [13]. The band at
210cm™ for both samples represents the mode Ajg of
Sr—O with a rock salt structure. The bands at 567 (for
SBCN) and 600 cm™ (for SBCT) can be assigned to the
vibrations of oxygen atoms in the Bi—O planes. Whereas
the A, mode is attributable to the vibration of the O3
oxygen atom in Bi-O plane [14]. The modes at 812 cm™!
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Figure 2. Raman spectra of SBCT and SBCN powders

and 835cm! reflect the stretching mode of TaOg and
NbO, [15], respectively. The observed shift is due to a
large difference in the atomic mass of Nb (92.90 g/mol)
and Ta (180.94 g/mol) and may be ascribed to the bind-
ing strength (Nb—O; 753 kJ/mol and Ta—O; 805 kJ/mol).
Note that the displacement of Nb in NbO, octahedra in
SBN is much larger than that of Ta in TaOg4 octahedra in
SBT. This mode is associated with £, modes related to
the stretching of oxygen bonds in the octahedron [16].
The infrared spectra of the calcined SBCT and
SBCN powders were obtained from transmission data
and can be found in Fig. 3. Three observed absorp-
tion bands, at around 426 cm™ (SBCT) and 432cm’!
(SBCN); 640cm™ (SBCT) and 615cm™ (SBCN);
788 cm™ (SBCT) and 808cm™ (SBCN), are in good
agreement with the reported data [17]. The strongest
bands at 640cm’! and 615cm’! are assigned to Nb—O
and Ta—O stretching vibration, respectively. The weak-
est bands at 426 cm™ and 432 cm! are assigned to Nb—
O and Ta-O bending vibration, respectively. The bands
at 788 cm™! and 808 cm™! are assigned to the vibrations
arising from the strangely covalently bonded (Bi202)2+
layers. The spectra show also a band at 550cm™ for
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Figure 3. FTIR spectra of SBCT and SBCN powders

SBCT which was found to be sharper for SBCN sample,
these bands are related to Ce—O vibration bonds [18].

It is found that FTIR and Raman spectra of these
species show a strong resemblance. The effect of Ce
substitution does not bring significant change in the
structure.

3.3. Dielectric measurements

Figure 4 illustrates the frequency dependence of di-
electric constant (&) and dielectric loss (tan ¢) at room
temperature of the sintered Ce-doped SBT (SBCT) and
Ce-doped SBN (SBCN) ceramics. The room tempera-
ture dielectric constant of the SBCN ceramics decreases
with frequency from ~1000 at 1kHz to ~20 at 1 MHz,
whereas &’ is almost constant (~100) for the investigated
frequencies in the case of the SBCT ceramics. It is also
evident that, in the studied frequency range, there is no
significant change in the dielectric loss (which are rel-
atively low) of the SBCT sample, but the variation is
more pronounced for the SBCN ceramics (Fig. 4).

Figure 5 shows the temperature dependence of the di-
electric constant (¢’) and dielectric loss (tan 6) at 100 Hz
and 1kHz. The broad peak of dielectric constant at
100 Hz, corresponding to the Curie temperature 7¢, can
be seen at 380 °C and 326 °C for the SBCN and SBCT
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Figure 4. Frequency dependence of dielectric constant and dielectric loss of: a) SBCT and b) SBCN ceramics
at room temperature
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Figure 5. Temperature dependence of dielectric constant, &’ (a,b) and dielectric loss, tan 6 (c,d) of SBCN and SBCT ceramics

ceramics, respectively. These values are close to the val-
ues which can be found in literture, i.e. ~440°C for
SrBi,Nb,O, and ~335 °C for SrBi,Ta, 04 [19-21]. The
fact that orbital hybridization of Ta—O bands is weaker
than that of Nb—O is the reason for the difference in
Tc between tantalates and niobates [22]. In addition,
the observed difference between T¢ in the pure and Ce-
doped SBN/SBT ceramics is due to the lattice distor-
tion and presence of Ce ions. This tendency was already
confirmed by other authors [10], which showed that the
substitution of cerium ions onto the sites of bismuth in
bismuth layer-structured ferroelectric (BLSF) leads to
decrease T¢.

Dielectric constant at T¢ and 100Hz was found to
be 3510 and 115 for the sintered SBCN and SBCT
samples, respectively. This could be due to the large
difference between the ionic polarizabilities of Nb>*
(0.242 A%) and Ta>* (0.185 A%).

The dielectric loss measured at 100 Hz for the sin-
tered SBCN ceramics increases steeply with tempera-
ture from ~1.5 at 200 °C to ~26 at 400 °C. However,
much lower values of tan¢ are characteristic of the
SBCT ceramics.
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3.4. Conductivity measurements

The conductivity of the sintered SBCT and SBCN ce-
ramics as a function of temperature at 100 Hz are plotted
in Fig. 6. Conductivity was calculated by:

oc=w-g-& -tand

)

and the activation energy (E,) for the conductivity was
determined from the Arrhenius equation given by:

Ea)

ksT

where w is the angular frequency, gy is the dielectric
constant in free space, o is a constant, E, is the acti-
vation energy, kg is the Boltzmann’s constant and 7 is
temperature. The Ce-doped SBT (SBCT) ceramics has
low conductivity and relatively complex behaviour (Fig.
6a). On the other hand, the conductivity of the Ce-doped
SBN (SBCN) ceramics increases with an increase in
temperature (Fig. 6b). At low temperatures conductiv-
ity is dominated by mobility of extrinsic defects. How-
ever, at high temperatures conductivity is due to ther-
mally formed (intrinsic) defects. The room temperature

2)

o-=o-0-exp(
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Figure 6. Arrhenius plots of: a) SBCT and b) SBCN ceramics

resistivity of the SBCN sample varies in the order of
10'° to 10> Qcm. At high temperatures it is due to the
thermally activated oxygen vacancies [23]. The activa-
tion energy estimated from 2.2K™! (181°C) to 1.5K"!
(393°C) is found to be 0.51eV and 0.41eV for the
SBCN and SBCT samples, respectively.

The ionization of oxygen vacancies can be described
by Kroger-Vink notation. Excess oxygen vacancies and
electrons are formed through the reduction reaction:

05 — 3 0,( 1)+ Vg +2¢

3)

Thus, the generation of oxygen vacancies and elec-
trons, leads to a rise in conductivity by the hopping
mechanism between the available sites. The presence
of Ce*" in the lattice may also reduce the oxygen va-
cancy formation. The bond dissociation energy of Ce—
O (353 kJ/mol) is larger than that of Bi—O (343 kJ/mol)
[24]. Hence, the substitution of Bi by Ce suppresses the
formation of oxygen vacancies.

In the light of the above mentioned, the Ce-doped
SBN (SBCN) ceramics show the high value of T, but
suffer from high dielectric loss and low dielectric con-
stant at room temperature. On the other hand the Ce-
doped SBT (SBCT) ceramics show dielectric properties
at room temperature, which are desirable in nonvolatile
FeRAM applications.

IV. Conclusions

In this paper synthesis of SrBi, (Ce,,Nb,0O, (SBCN)
and SrBi, (Ce,,Ta,O, (SBCT) powders by solid-state
reaction method and sintering of uniaxially pressed pel-
lets were presented. XRD patterns showed the presence
of the parent (SrBi,Nb,O,, SrBi,Ta,0,) phase without
any secondary phase. Raman and FTIR studies for both
samples, show that the spectra comprise identical na-
ture, suggesting that the incorporation of Ce*" in SBN
and SBT systems does not bring significant change in
the structure. Dielectric measurements showed that the
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Ce-doped SBN ceramics have a higher Curie temper-
ature (T¢) and dielectric constant at T¢ (380°C and
g ~3510) compared to the Ce-doped SBT ceramics
(330°C and & ~115) when measured at 100 Hz. How-
ever, the Ce-doped SBT ceramics have lower conductiv-

ity and dielectric loss.
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