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Abstract

In the present work, we studied the influence of substituting Pr for Bi on the structural and dielectric properties of
SrBi, Pr Nb,Og (x = 0, 0.2) ceramics at room temperature. The samples were prepared by the solid-state reaction
method. The XRD patterns of the doped sample corresponded well with those of the undoped samples. SEM revealed
that the Pr doping brings significant change to the microstructure. The results obtained from different experimental
dielectrics at room temperature are correlated to discuss the structure-property relationship with consideration of
the internal microstructure, the strengths of chemical bonds (Pr-O and Bi-O) and the oxidation of Pr3* to Pr#+.
The dielectric constant increased with Pr-doping, while the dielectric loss decreased. Praseodymium is introduced into
SrBi,Nb,Oy to reduce the number of oxygen ion vacancies available for the conduction process.

Keywords: SrBi;NbyOg, Pr3+/Prt+, crystal structure, dielectrics

I. Introduction

Bismuth layer-structured ferroelectrics (BLSFs) can
be described as a regular intergrowth of (Bi,O,)2+
layers with (A,1B,O3m:1)% perovskite-type layers.
The general chemical formula for BLSFs is (Bi,O,)2+
(A-1BO3m41)%, where A is mono-, di- or trivalent
cations, B is a transition metal, and m is a number of post-
perovskites (A, 1B1O3mi1)?

SrBi,Nb,Og like SrBi,Ta,Og, with its high Curie tem-
perature and excellent resistance to fatigue, has been used
in soldering materials for FeRAM applications. Howev-
er, these materials suffer from high dielectric loss arising
from volatilization of bismuth during the sintering pro-
cess. The substitution of rare earth ions for Bi3* ions re-
sulted in a reduction in oxygen vacancies 1> 2, 3. Recently,
we have found that the substitution of Gd3+* ions for Bi3+
ions in SrBi,_ Gd Nb,Og (0 < x < 0.5) ceramics signifi-
cantly reduces dielectric loss 4. Shiming Huang et al. > re-
ported thatStBig gPry ,Nb,Og ceramic exhibited a relaxor
behavior of frequency dispersion. The substitution of Pr
ions for Bi3+ ions resulted in a shift of the Curie tempera-
ture to lower temperatures, a decrease in remanent polar-
ization and a reduction of the coercive field. Hua Zou et
al. ¢ reported that SrBi,_Pr,Nb,Og (0 < x <0.03) ceram-
ics presented the red emission excited by ultraviolet light.
The remanent polarization values of the hysteresis loops
(P-E hysteresis loops) increased with increasing Pr con-
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tent. Maximum dielectric constant and Curie temperature
decreased with increasing Pr doping, while the dielectric
loss did not change significantly. The lower shift of the
Curie temperature and the better shapes of P-E hystere-
sis loops may be attributed respectively to the degree of
structural distortion 7 and the elimination of oxygen va-
cancy and vacancy complex defects. For holmium-substi-
tuted SrBi,_Ho,Ta,Og (x = 0.00-2.0), the compositions
showed asingle-phaselayered perovskite structure forma-
tion for a holmium content up to x<0.1, the dielectric loss
is reduced significantly with holmium substitution. The
specimen with x = 0.01 exhibits highest remanent polariza-
tion (Pr = 9.22 uC/cm?2) while the bismuth-free specimen
shows the lowest value of remanent polarization 8.

The experimental approach of this work is very similar
to that described in our recently published papers Dielec-
tric properties of SrBij gREq,Nb,Og (RE = Yb, Tm, T,
Gd, Er, Sm and Ce) ceramics ? and Dielectric properties
of gadolinium-doped SrBi,Nb,Og ceramics 4. The mate-
rial characterization results are mostly alike between the
two papers except that the data were obtained from sam-
ples with slightly different compositions.

Despite that, there is alack of data in respect of structural
and electrical characterization of Pr-doped SrBi,Nb,0gq
materials. This manuscript describes a study of the doping
effects of praseodymium ions on the structural dielectric
properties at room temperature of SrBi,  Pr.Nb,Og (x =
0, 0.2) ceramics.
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II. Experimental

SrBi,_Pr,Nb,Og (x=0,0.2) ceramic powders were pre-
pared with the solid-state reaction method, using Bi,03,
Nb,Os, SrCO3, PryOq as raw materials. A stoichiomet-
ric ratio with Bi,O3-excess was ground in an agate mor-
tar. The powders were pelletized into discs, measuring
6 mmin diameter and about 1 mm in thickness, which were
then sintered at 1200 °C (x = 0) and 1230 °C (x = 0.2) for
12 h. Both sides of the sintered pellets were painted with
silver paste and fired to form electrodes. X-ray diffrac-
tion (XRD) was performed with a Philips X’Pert Pro with
CuKa radiation. The microstructure was analyzed with a
JEOL JSM-840 scanning electron microscope (SEM). Di-
electric measurements were conducted using a HP4284A
impedance analyzer in the frequency range 1000 Hz —
1 MHz.

The value of AC conductivity was calculated using the
formula:

O.c = W€ €’ tand (1)
where o is the angular frequency, ¢ is dielectric constant,

tand is the dielectric loss tangent and ¢ is the permittivity
of free space.

The complex impedance of the samples was calculated
using the relations:

e/ 1 ¢/
8'2 + 8”2] Z// = (DCO [8/2 + 8”2] (2)

where Cy is the capacitance of vacuum.
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I11. Results and Discussion

XRD patterns of the Pr-doped SrBi,Nb,Og ceramic
powers are shown in Fig. 1. All the spectra show well-
defined peak reflections corresponding to orthorhombic
(space group A21am) phase according to the JCPDS card,
without forming any secondary phases. The high intensity
of the diffraction peak (115) is shifted from 29.03° for the
undoped sample to 28.97° for the doped sample. Table 1
summarizes the XRD data parameters of the Pr-doped
SrBi,Nb,Og. It can be seen that the values of the vol-
ume and lattice parameters have increased with Pr doping.
The orthorhombic distortion (b/a), and orthorhombicity
[2|a-b|/(a+b)] were found to decrease, confirming the dis-
tortion of the Nb,Og octahedral 10. The observed results
could be related to the incorporation of praseodymium
ions on Bi3+ sites in Bi,O, layers. The crystallite size was
calculated using the Debye-Scherrer formula:

0.9
" Bcos6 3)
where §is a half-width of the peak and 1= 1.5406 A is the
wavelength of CuKo radiation. The crystallite size varies
from 20 nm for x =0 to 25 nm for x = 0.2. All these results
indicate that Pr ions may have diffused in the lattice struc-
ture.
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Fig. 1: XRD patterns of SrBi, ,Pr,Nb,Og ceramic powders.

Fig. 2 shows SEM images of the Pr-doped SrBi,Nb,Oyq
ceramics. Plate-like grains are observed for the undoped
ceramics with a mean grain size of 1 pm in width and
0.2 um in thickness. The plate-like morphology is the
characteristic feature of Aurivillius phases 11> 12. Howev-
er, rod- and plate-like grains are obtained for the doped ce-
ramics with the mean grain size is 0.75 um. The undoped
ceramic is denser than the doped ceramic. This is shown
by the x = 0 micrograph in Fig.2. In addition, the x =
0.2 micrograph reveals the presence of porosity, indicat-
ing that the sintering conditions are not optimal to achieve
adense ceramic. The crystallite size results from the Scher-
rer equation are not consistent with the micrographs. The
average crystallite size estimated from the XRD data is
found to be around nanoscale, unlike in the SEM micro-
graphs, which showed the presence of micrograins. In ad-
dition, the seemingly very different densities do not allow
the true effect of the Pr to be separated from the effect of
density.

Fig.3 shows the frequency dependence of the dielec-
tric constant (¢') and dielectric loss (tand) for Pr-doped
SrBi,Nb,Og ceramics. As frequency increases, the di-
electric constant of undoped sample decreases dramati-
cally. The different electric dipoles having different re-
laxation frequencies and the conductivity cause the di-
electric constant of the material to decrease dramatically.

Table 1: XRD data of SrBi,_ Pr,Nb,Og ceramic powders.

x=0 x=0.2

a(A) 5.5023 5.5092

b (A) 5.5083 55117
c(A) 25.0985 25.1439
cell vol (A3) 760.6978 763.5055

2|a-b|/(a+b) 0.0011 0.0005

b/a 1.0011 1.0005

D (nm) 25 24
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Fig. 2: SEM images of SrBi,_,Pr,Nb,Og ceramics.

However, ¢ remains constant as the frequency is increased
for the doped sample. At higher frequency (insert graph),
the response from Pr-doped SrBi,Nb,Og becomes high-
er than that of SrBi,Nb,Og. The Pr-doped SrBi,Nb,O4
sample has a dielectric constant of around 133 when it is
measured at 1 MHz, which is about 43 higher than that of
SrBi,Nb,Og. With reference to Fig. 3, the evolution of the
dielectric loss as a function of frequency is the same as ¢-
Frequency plots. The dielectric loss of the undoped ceram-
ic is several times more than that of the doped ceramic. It
is found to be 0.17 and 0.02 respectively for the undoped
and doped ceramics when these are measured at 10 kHz.
Note also the two curves converge at the high frequencies
(<100 kHz), the value of the dielectric loss is estimated to
be 0.02 and 0.015 respectively for the undoped and doped
ceramics when these are measured at 1 MHz.

The high dielectric constant could be interpreted as an ex-
trinsic mechanism, which was assumed to come from the
sample microstructure such as boundary or interface ef-
fects13. Thus, the holes in a solid dielectric offer little re-
sistance to electrical breakdown, causing the very rapid
decline in dielectric strength with increasing porosity 14.
In our experimental results, the undoped sample, which
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has a denser microstructure than that of the doped sam-
ple, as can be seen from Fig. 3, exhibits the lower dielec-
tric constant at higher frequencies. This result is in con-
tradiction to those reported in the literature, which reveal
that the dielectric properties may be improved by increas-
ing the density of ceramics. On the other hand, the rela-
tive amount of the Pr3+ and Pr#+ electronic state concen-
trations present in the sample could lead to an increase in
the hopping electrons that are oriented in the direction of
the applied field, causing an increase in the dielectric po-
larization. Additionally, we observed changes in the color
of the Pr-doped SrBi,Nb,Og ceramic from colorless (be-
fore sintering) to spring green (after sintering), confirming
the presence of the Pr3+/Pr#+ couple. Referring to the fer-
rite materials, the electronic exchange between ferrous and
ferricions (Fe2+/Fe3+). The dielectric behaviour of the fer-
rites was attributed to the mechanism of the polarization
process arising from the electronic exchange between Fe2+
and Fe3+ 15,16 On the basis of the above, the high dielec-
tric constant at room temperature is due in particular to
the activity of charge carriers resulting from the electron
exchange between Pr3+ions and Pr4+ ions.
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Fig. 3: Frequency dependence of dielectric constant (¢') and dielectric loss (tan 8) for SrBi,_ Pr,Nb,Ogq ceramics at room temperature.
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Fig. 4 shows the variation of AC conductivity as a func-
tion of frequency at room temperature for Pr-doped
SrBi,Nb,Og ceramics. The AC conductivity of both
samples increases with frequency and then converges
at high frequency. It is found to be in the order of
10-6-10-4Q-1m-1 in all the samples, indicating that the
oxygen ion vacancies might be the responsible charge car-
rier species in the conductive mechanism 7. Meanwhile,
the AC conductivity of the undoped ceramic is twice that
of the doped ceramic when this is measured at a frequency
lower than 100 kHz. Taking into consideration chemical
bond, the bond dissociation energy (enthalpy change) for
a bond Pr-O broken during sintering is 753 kJ/mol (Pr-
O), and for Bi-O it is 343 kJ/mol (Bi-O) 18. The presence
of supplementary bonding (Pr-O) in the crystal could
hamper the formation of oxygen vacancies arising from
the volatilization of bismuth when the material is exposed
to the sintering process, because Pr-O is not easily broken.
Moreover, the occupation of an oxygen vacancy site by a
praseodymium ion could reduce the electron trap sites.
These dual roles of the praseodymium-doping (reduction
of electron trap sites and oxygen ion vacancies) lead to a
reduction in the value of AC conductivity. However, the
highly polarized Bi3+ cations and weak Bi-O bonds are
helpful for the migration of oxygen ions, leading to higher
AC conductivity 19.
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Fig.4: Plot of AC conductivity versus frequency for Sr-
Bi, Pr,Nb,Og ceramics at room temperature.

The frequency dependence of the complex impedance at
room temperature of Pr-doped SrBi,Nb,Og ceramics is
showninFig. 5. The Z’ versus Z” plot reveals a single semi-
circle for x = 0 and an uncompleted arc for x = 0.2. The
equivalent circuit model is interpreted as the parallel com-
bination of R, (resistance) and CPE (Constant Phase El-
ement) in series with R (resistance) as shown in the inset
figure. The diameter of the semi-circle of the doped ceram-
ic is much larger than that of the undoped ceramic, ow-
ing to the development of porosity 20, which is corrobo-
rated in the SEM results. Taking in consideration the inter-
nal microstructure, the grain boundary resistance decreas-
es with the decreasing semi-circle diameter in the Z’ versus
7’ plot. This is due to the grain boundary effect, which
has assisted in lowering the barrier to the motion of charge
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carriers 21, The grain boundary involves an energetic bar-
rier which separates the grains. Thus, this potential barrier
opposes the migration of electron transfer between Pr3+
and Pr#* ions in grains. It is accompanied by a small ed-
dy current, hence the decrease in the dielectric loss in Pr-
doped ceramic. In contrast, StBi,Nb,Og shows a small-
er decrease because of the diameter of the semi-circle and
therefore its good conductivity 22.
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Fig.5: Z’ versus Z” plot for SrBi, ,Pr,Nb,Og ceramics at room
temperature.

IV. Conclusions

This manuscript reports on the structural and dielec-
tric properties of Bi-based Aurivillius layered-structure
oxides prepared with a solid-state method. The dielec-
tric polarization created by the exchange of electrons be-
tween Pr3+ and Pr#+ could be the origin of the higher
dielectric constant. Therefore, in contrast to the doped
phase of praseodymium oxide, the phase contains intrinsic
oxygen vacancies. These oxygen vacancies are disordered
throughout the lattice, yielding a conductivity approxi-
mately. A dopant such as Pr, which has been introduced
into SrBi,Nb,Oy to help stabilize the phase, will reduce
the number of oxygen ion vacancies available for the con-
duction process. The flattening of the dielectric constant at
high frequencies with lower dielectric loss means that Pr-
doped SrBi,Nb,Og material can be considered as a candi-
date for FeRAM applications.
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