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1 Introduction

SrBi,Nb,Og (SBN) has been regarded as a promising
ferroelectric material due to the attributes of low
dielectric constant, high mechanical quality factor,
low electromechanical coupling coefficient, and an
excellent electro-optic property. At present, bismuth-
layered structure ferroelectrics (BLSFs) such as
SrBi,Nb,Oy (SBN) and SrBi,Ta,Og (SBT) are under
good investigation as they have the most promising
energy storage applications such as non-volatile
random-access memories (NVRAM), sensors, actua-
tors, fine tolerance oscillators, and high-capacitance
capacitors [1-10]. When compared to non-layered
ferroelectric Pb(Zr,Ti)O; (PZT), the layered ferro-
electric SBN has several advantages such as fatigue-
free, lead-free, minimum operating voltages, a high
mechanical quality factor, and low-temperature
coefficient of resonance frequency [11, 12]. SBN
material of (Bi;O,)*" interleaved with pseudo-per-
ovskite blocks (An_an03n+1)2+ is sensitive to doping
with various elements [13] and the bismuth layer
influences the structural, electrical, and ferroelectric
properties of the materials [14]. Sintering conditions
and doping at different sites will lead to a change in
the physical properties of the materials. As per our
literature survey, rare earth group elements (or) lan-
thanides with incomplete 4f shell-doped interleaved
structures find important technical applications in the
field of electronics and optoelectronics. The studies
based on perovskite-structured materials such as
RMnO (R =Y, Dy, Ho, Tb, YD, etc.,) have exhibited
multiferroic properties [15-19]. Lanthanides-doped
SBN compound demonstrated a rise in the dielectric
loss due to the annihilation of bismuth during the
sintering process. Because of this, it is desirable to
dope SBN with rare earth ions [20-22]. Hence, we
have attempted to investigate the properties of SBN
doped with gadolinium at Bi-site. In the present
study, sintering conditions in the processing of SBN
and gadolinium-doped SBN have been established
and studied the effect of gadolinium on the structure,
microstructure, and dielectric properties.

2 Experimental

Traditional solid-state sintering method was used to
prepare the ceramic compositions, SrBi;Nb,Og (SBN),
SrBil,ﬁGdOAszOg (SBQ4GN), SrBi1,4Gd0A6Nb209
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(SBpsGN), and SrBi; ;GdosNb,Os (SBysGN), using
high pure powders of oxides and carbonate. The
powders upon mixing were subjected to calcination
at 800 °C for 2 h twice to enhance the homogeneity of
the materials. The calcined materials were sintered in
the temperature range of 1120 °C to 1150 °C. Either
side of the pellet was electroplated using silver paste
and was cured at 600 °C for 15 min. X-ray diffraction
data were collected for these samples using CuKa
radiation in the range (10° <20 < 90°). Scanning
electron microscope (SEM) measurements are per-
formed using VEGA3 TESCAN. Fourier transform
infrared (FTIR) spectra of samples using KBr were
recorded between 3500 and 400 cm ™' using YLS-QC-
WQP-004. The Raman spectra were recorded by
Raman microscope using 785 nm solid-state laser
beams. Dielectric measurements were carried out in
the temperature and frequency range (RT—500 °C)
and (50 Hz to 1 MHz), respectively, using an
HP4284A impedance analyzer.

3 Results and discussion
3.1 Density

The optimum value of sintering temperature to
obtain maximum sintered density has been achieved
from density versus composition response, over a
wide range of temperature (1120 to 1150 °C) as

shown in Fig.1 from Archimedes water
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Fig. 1 Density versus composition response over the wide
sintering temperature range in SrBi,_,Gd,Nb,Oy (x = 0.0, 0.4,
0.6, and 0.8) ceramic compositions
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displacement method (TTB15) by using Archimedes
principle [23] with water as immersion liquid with its
density p, =1 g/cm® and the expression for the
determination of experimental density is

Wair

- Wwater

— po g/cm’ (1)

p:

where W,;, = weight of the prepared sample in the
air and Wiyater = weight of the prepared sample when
it is immersed in water. The maximum density for
the studied samples has been obtained at 1120 °C for
2 h

The theoretical density (p;) was calculated from
the X-ray diffraction patterns applying the formula:

Nf x N

Pr =

3
- NV xV g/Cm (2)

where N¢ is the number of formula units, N is the
molecular weight of the compound, Ny is the Avo-
gadro number, and V is the cell volume of the sam-
ple. The density percentage (p %) after sintering was
carried out using the following formula:
p(%) = PE % 100 (3)

Pt

where pg is the experimental density g/cm® and pr is
the theoretical density in g/cm® of the ceramic
sample.

3.2 X-ray diffraction analysis

X-ray diffraction pattern for SrBi,_,Gd,Nb,Oy com-
positions (x is varying from 0.4 to 0.8 in steps of 0.2) is
shown in Fig. 2. A close examination of XRD spectra
reveals a single-phase bismuth oxide layer-type
structure with pseudo-perovskite units. The (1 1 5)
peak shifted to a lower angle side as Gd>* content
increased from 0.4 to 0.8. It indicates Gd has suc-
cessfully diffused into SBN lattice [15] and also the
expansion of the crystal lattice compared to pure
SBN. Meanwhile, substituting Gd>* ion for Bi’* ion
with smaller ionic radii (0.938 A) in SBN would
release tensions between the perovskite units and the
(Bi,O,)*" layers, altering the structural distortion of
the Aurivilius structure [24, 25] However, for Gd
content at x = 0.8, additional peaks related to Gd,O3
could be identified. Furthermore, the (1 1 5) is not
split but asymmetric and broadened. The relative
intensity of (1 1 5) plane was found to decrease for
gadolinium-substituted compositions and the peak
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Fig. 2 Rietveld refinement of SBN and gadolinium-modified
SBN ceramic powders

profiles became wider, as shown in Fig. 2. This
indicates an increase in interplanar spacing (d) be-
tween the planes compared to SBN. The refinement
parameters were tabulated in the table. 1, the
obtained lattice parameters indicated that the crystal
symmetry of all ceramic compositions is orthorhom-
bic. It was noted that there was an insignificant
change in the unit cell volume and orthorhombic
distortion (b/a) with gadolinium substitution. The
intensity variation in the peak may be due to an
increase in internal stress in SBN particles resulting in
an elastic compressive volume strain. This result
indicates a significant relaxation of the unit cell at
high doping levels, leading to a decrease in the cell
volume. Generally, the complex arrangement of
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Table 1 Rietveld refinement parameters for SBN and gadolinium-modified SBN ceramics

Compound SBN

SBy.4GN

SBysGN SBy.sGN

Lattice parameter (A) 5.5096; 5.1743; 25.0577

5.4633; 5.4984; 25.0583

5.5319; 5.4049 25.0669  5.4840; 5.4840;

25.0551
Cell Volume(A) 761.726 (0.142) 752.754(0.699) 749.499 753.536
Orthorhombic distortion (b/a) 0.939 1.006 0.977 1.000
Atomic positions
Sr
X — 10.02394 -0.05978 -0.06613 -0.07169
y 0.25683 0.27470 0.25427 0.24332
VA 0.00000 0.00000 0.00000 0.0000
Occupancy 0.734 0.941 1.012 0.999
Bi
X 0.45801 0.47240 0.40443 0.39932
y 0.76618 0.74600 0.78075 0.70415
VA 0.19978 0.19858 0.19947 0.19710
Occupancy 0.769 0.532 0.767 0.564
Gd
X - 0.47240 0.50912 0.44529
y - 0.74600 0.76198 0.75670
z - 0.19858 0.19944 0.19912
Occupancy - 0.958 0.990 0.953
Nb
x 0.48312 0.48953 0.47187 0.47988
y 0.76423 0.76827 0.76247 0.75130
z 0.41261 0.41355 0.41566 0.41682
Occupancy 1.017 1.402 1.544 1.786
(0]
X 0.72337 -0.3603 0.70716 0.67254
y 0.98276 0.94976 0.98101 0.97428
z 0.93120 0.93363 0.93299 0.93464
Occupancy 0.900 3.619 3.476 3.574
e 1.77 1.16 1.13 1.88

cations in the ABOj; structure shows changes in the
vibrational spectra compared to the original. There-
fore, in the present study, Raman scattering is con-
sidered to investigate the prepared samples.

The XRD patterns are used for Rietveld refinement
using the Fullprof program [26]. In the Rietveld
method, the difference between experimental and
generated patterns is minimized by using user-se-
lected parameters as given in Table 2. This model is
developed using instrumental parameters and a
known crystal structure as a starting point. This
program refines the structural parameters (atomic
positions, occupancies, and lattice parameters),
instrumental parameters (background, peak profile
parameters (1, v, w), and error correction parameters
(zero shift) and asymmetric factors. This program

@ Springer

uses the pseudo-Voigt function to fit the experimental
dataset. Refinement is carried out by considering the
stoichiometry for all the concentrations studied. Fig-
ure 2 shows the Reitveld refinement fit of the SBN
and gadolinium-modified SBN and they match well
with the experimental XRD profile. Figure 3 repre-
sents the orthorhombic structure of SBN and
gadolinium-modified SBN by Rietveld parameters.
The obtained refinement parameters for the studied
ceramics such as crystal lattice parameters, cell vol-
ume, atomic positions, and occupancies along good-
ness parameters (y°) are tabulated in Table 1.
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Table 2 Details of Rietveld
refinement parameters for Composition SBN SBy4GN SBy.«GN SBy sGN
(S).rf‘é‘giig\g’g())z(fégog'g;ns Wavelength (A) 154186 154186 154186 154186
T ' Step scan increment (26) 0.02 0.02 0.02 0.02
20 range (°) 20-60 20-60 20-60 20-60
Program FULLPROF FULLPROF FULLPROF FULLPROF
Caglioti parameters U =0.17352 U =0.31420 U =2.25188 u=1.77356
V =0.01147 V =0.61263 V =0.43501 V =0.21092
W = 0.04975 W=10.10191 W = 0.58674 W = 0.02468
No of reflections 40 40 40 40
No. of refined parameters 06 16 08 16
Space group A2lam A2lam A2lam A2lam
Rr 9.87 6.91 5.36 5.71
Ry 12.4 9.5 10.5 12.5
Rp 13.8 12.1 13.2 13.0
Ryp 17.7 15.2 16.7 18.9
Rexp 13.32 14.08 15.71 13.81
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Fig. 3 Schematic representation of SrBi,_,Gd,Nb,Oq (x = 0.0,
0.4, 0.6, and 0.8) packing diagrams generated by Rietveld
parameters

3.3 Microstructure- SEM

Figure 4 depicts SEM micrographs containing grains
of a random and unsystematic shape that indicate the
polycrystalline nature of the samples sintered at
1120 °C. The plate-like morphologies are observed in
the undoped (SBN) sample is symbolic of the char-
acteristic Aurivillius phase of ceramics [27, 28]. The
microstructure of the prepared compounds is very
much comparable to that of other compounds of the
bismuth layer-structured materials family [29, 30].
The average grain size of the irregular-shaped grains
has been calculated using Image ] software, ass given
in Table 3. The grain size decreased on increasing Gd
concentration in SBN may be due to the sintering
temperature causing grain boundary movement
retardation due to a lack of activation energy, which
could prevent densification without grain growth
while maintaining grain boundary diffusion. Grain
growth mainly depends on the sintering temperature,
the concentration of oxygen vacancies, and the rate of
ion diffusion [31, 32]. In addition, an optimized sin-
tering temperature would result in the minimization
of pores and therefore a reduction in grain size,
which helps to suppress grain growth [33]. Further,
the microstructural characteristics may also be linked
to matter transport phenomena between the grains
during the sintering process [34]. High concentra-
tions of gadolinium, i.e., more than 40 weight % may
induce the formation of defects [35] in the structure,
which is mainly due to possibility of occupancy onto
other sites and high solid solubility nature. The

@ Springer
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Fig. 4 SEM micrographs of SBN and gadolinium-doped SrBi, ,Gd,Nb,Og (x = 0.4, 0.6, and 0.8) ceramics
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Table 3 Values of density,

grain size, and porosity of Composition pE(gm/cm3) pT(gm/crnS) Relative density ~ Grain size (um)  Porosity (%)
fﬁﬁﬁ dg:‘g’ll\llmum' SBN 7.246 7.641 95 1.02 0.051
ul

SB(4GN 6.900 7.074 97 0.83 0.024

SBy «GN 6.414 6.955 92 0.70 0.077

SBy sGN 6.404 6.962 92 0.67 0.080

porosity of the prepared samples was calculated from
Eq. (4).

Porosity = 1 — Z—i 4)

3.4 FTIR and Raman studies

FTIR and Raman spectra of the powders of SBN and
SBGN calcined at 800 °C, as shown in Fig. 5. FTIR
absorbance peaks were observed at 413 cm™’,
437 em™!, 462 em™!, 484 cm™!, and 503 cm™'. The
aforesaid IR peaks are inconsistent with earlier
reported data [35]. The vibrational bands from 413 to
462 cm™' corresponding to the Nb-O bending
vibration [36] and mode at 503 cm™' that can be
assigned to Nb-O stretching vibration of NbOg
octahedra are shown in Fig. 5a. Thus, the vibrational
bands (437 cm™!, 462 cm ™!, and 484 cm™!) are iden-
tified shifting toward the lower wavenumber side in
gadolinium-doped SBN, indicating that the

interatomic force constant between the Nb-O band is
decreased. The observed shift of vibrational band
(413 cm™ " and 503 cm™") to the higher wavenumber
side in SBGN ceramics can be attributed to a change
in the bond strength and the atomic force constant
due to the higher mass of Bi atoms to that of Gd, as
shown in Fig. 5a [37-41].

Raman spectroscopy is a very effective and sensi-
tive tool for identifying the phase purity of multi-
component oxide material. Raman spectra obtained
at room temperature on SBN and SBGN calcined
powders are shown in Fig. 5b. The well-defined
phonon modes around 203 em™!, 577 em™!, and
839 cm ! were observed for SBN ceramic, which is in
good agreement with the reported data [42-44]. The
Raman mode observed at 839 cm™' was assigned to
symmetrical stretching of the NbOg octahedron and
the modes at 203 cm™" and 577 cm™! to the rotation
or inclination of NbOg octahedra [45]. When Gd was
introduced into SBN, a significant shift in phonon
modes was observed, especially above x > 0.4. It has

Fig. 5 FTIR and RAMAN
spectra of SrBi,_,Gd,Nb,Og
(x =0.0, 0.4, 0.6, and 0.8)
ceramic powders
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been observed that the phonon modes shift to a
higher frequency side with the increase in Gd-doping
concentration at the Bi-site of SBN. The NbOg octa-
hedral linked to the Bi layer can shrink through the
substitution of gadolinium at the bismuth site leading
to an increase in the binding energy of NbOg, thereby
resulting in a stronger bond and increased oscillation
frequency for the modes at 203 cm™', 577 cm ™, and
839 cm™!. The structural distortion with increasing
dopant concentration as observed in XRD has pro-
duced a shift in Raman peaks.

3.5 Dielectric studies

Figure 6a, b shows the dielectric constant (¢) and
dielectric loss (tand) against frequency for SBN and
gadolinium-doped SBN samples, at room tempera-
ture (RT). The observed high dielectric constant and
tané values for SBN could be interpreted as an
extrinsic mechanism, which was assumed to result
from the sample’s microstructure such as an interface
or interfacial effects [46]. As reported by Gerson et al,,
the increased porous presentation in a solid dielectric
(porous ceramics) may reduce dielectric strength as it
influences electrical breakdown [47], evident from
Fig. 6a. Further, it was found that with an increase in
gadolinium concentration in SBN, dielectric constant
and Tand values were decreased, as mentioned in
Table 4. The dielectric loss of the undoped (SBN)
ceramic is many times higher than that of the doped
ceramics when measured at RT (Table 4). A decrease
in dielectric constant can be ascribed to the presence
of Gd* ions in SBN, which is similar to the reports

240 =
{1 = (a) | —=—SBN
- 2104 '!. ‘ bBo4(rN
:‘_‘)' J ‘.-\. | ‘;Bof,(u
£ 1804 n | SﬂosbN
o - = -
= 1 ®e =
S 1504, "%tea,. ™
= 1 °e
; 1 “ ..‘.'.=‘.'.".O0.0....-QG
- =
E 1204 Ny - "y -...'_“'“...
= 1 N
.E 904 L.*‘“““i““lﬁh‘ﬁ-‘&&-‘
1w,
60 ""’Yivvvvvvvvvvvvvvvvvvvvvvvvi

10" 10" 100 100 100 10° 10°

Frequency (Hz)

J Mater Sci: Mater Electron (2022) 33:12997-13011

Table 4 Dielectric properties of SrBi,_,Gd,Nb,Og (x = 0.0, 0.4,
0.6, and 0.8) specimens

Composition T. (°C) ¢(RT) &(T.) Tand (RT)
SBN 430 235 598 3.354
SBo.4GN 350 168 201 0.395
SBo.cGN 340 146 95 0.277
SBosGN 330 73 60 0.264

from the literature survey [48-50]. The flattening of
dielectric permittivity and low dielectric loss was
observed from the present study as concluded by
Afqir et al., [51].Fig. 7a-d) hows the variation of
dielectric permittivity (¢/) versus temperature (RT-
500 °C) at selected frequencies for SBN and Gd>* ion-
doped SBN materials. A transition from Ferroelectric
to Para electric phase was observed in all the studied
materials. In the case of relaxor ferroelectric materi-
als, broadening of dielectric peaks can be seen with
the temperature at different frequencies. The tem-
perature-based extensive broadening was observed
with increasing doping concentration as shown in
Fig. 7c and d. The value of transition temperature (T.)
in SBN has been found at 430 °C, noticed to be in
close agreement with the literature value [52, 53]. The
transition temperatures (T.) of the studied ceramics
are found to lie in the temperature range of
430-330 °C. Predominantly, the transition tempera-
ture of ferroelectric materials depends on their
polarizability. The lower transition temperature in
Gd’* ion substituted samples is may be due to the

3.5
3.0+
2.5+
2.0

Tand

1.54
1.0

0.54

0.0+

Frequency (Hz)

Fig. 6 Frequency dependence of the dielectric permittivity (¢) and dielectric loss (tand) at room temperature of Gd-doped SrBi,Nb,Oq

ceramics
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Fig. 7 Dielectric permittivity as a function of temperature at different frequencies of SBN and gadolinium-doped SrBi,_,Gd,Nb,Oq

(x = 0.4, 0.6, and 0.8) ceramic materials

size-dependent electronic polarization and decreased
tetragonal strain in the sample [14, 54], as given in
Table 3. The decrease in the Curie temperature with
Gd>" ion doping can also be due to changes in the
Nb-O-Nb angles, which leads to a smaller rattle
space for the Nb ions in the oxygen octahedron
NbQOg, which in turn reduces the ion shifts [55, 56].
The response of dielectric permittivity with the tem-
perature at different frequencies showed a broad
response. The broadness is found to increase with an
increase in frequency. This suggests that the prepared
materials are of relaxor type, which is in good
agreement with earlier reports [57-59]. Hence, the
studied relaxor ferroelectrics may find energy storage
applications.

Figure 8a to d shows the typical dielectric constant
versus frequency (100 Hz to 1 MHz) plots at different
temperatures for all the ceramic samples. The varia-
tion of permittivity with an increase in frequency
reveals the relaxor-type behavior of the samples. It
indicates the typical thermally activated Debye

relaxation behavior in these frequency regions. The
increase in dielectric permittivity at higher tempera-
tures can be assigned to an increase in conductivity
[48, 60] due to the rise in mobile charge carriers from
the formation of oxygen vacancies due to the
volatilization of bismuth during the sintering [61, 62].
The substitution of Gd*" ion at Bi-site of SBN not
only restrains the bismuth losses but also causes a
decrease in conduction phenomenon, therefore
dielectric permittivity decreased [63], as given in
Table 4. Meanwhile, small polarization of Gd®* ion in
comparison with Bi** ion may also be the reason for
small & [64].

Figure 9a—c shows the typical dielectric loss mea-
sured at different frequencies as a function of tem-
perature. The dielectric loss measured at different
temperatures as a function of frequency is shown in
Fig. 9d—f. The decrease in dielectric loss with an
increase in frequency in SBg4GN, SBy¢GN, and
5B sGN is due to the space charge and domain wall
relaxation [65]. From Fig. 9a—c, we observed a
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Fig. 8 Frequency dependence of dielectric permittivity at different temperatures of SBN and gadolinium-doped SBN ceramics

decrease in dielectric loss (tan 6) with an increase in
frequency. It is also observed that the dielectric loss
(tan 0) increases with an increase in doping concen-
tration, which is similar to the dielectric behavior of
the relaxor ferroelectrics. The appearance of a
broadened dielectric loss peak as a function of tem-
perature indicates a transition from one type of
relaxation process to another occurring at a charac-
teristic temperature and can be attributed to the
combined effect of reorientation of thermally acti-
vated polarization when the temperature rises [66]. In
addition, the high dielectric loss at higher tempera-
tures is said to be induced by the thermally activated
space charge contribution (Maxwell-Wagner type)
[67]. As observed from Fig. 9d—f, the dielectric loss
value increases with an increase in temperature for
5Bp4GN, SBy¢GN, and SBysGN samples. Further-
more, the structural distortion observed from XRD
analysis was realized from dielectric properties as a
function of frequency. The dielectric constant was
found to increase with the increase in dopant
concentration.
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3.6 Diffusivity parameter

The modified Curie-Weiss law is employed to
understand diffuse phase transition and relaxation
behavior in the material. The modified Curie-Weiss
law was given in Eq. (5).

1 1 (T — Tm)V

- T Tmy 5

& e,max C ( )
where ¢ is maximum permittivity at Ty,, ¢ is the

permittivity, T is the temperature above T, (in the
paraelectric region), C is a constant, and vy is the dif-
fuseness parameter representing the degree of
dielectric relaxation (1 < y < 2). For a normal ferro-
electric, y = 1. For a completely disordered ferro-
electric, y = 2 [68-70]. When 1 < y < 2, the material is
called relaxor ferroelectric. Figure 10 shows the In (1/
¢—1/¢,,) versus In (T — T,,) plots of SBN and Gd-
doped SBN samples at 1 MHz. The diffuseness
parameter (y) was found to be 1.28 in SBy4GN [71].
This shows the diffuse nature of phase transition in
SBy4GN. The diffuse phase transition (DPT) can

mainly be due to the substitution of cation-host with
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Fig. 9 a Dielectric loss versus temperature at different frequencies of gadolinium-doped SrBi, _,Gd,Nb,Og (x = 0.4, 0.6, and 0.8) ceramic
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Fig. 10 In (1/¢/ — 1/¢',,) versus In (T — T,) plots of SBN and SBGN ceramics at 1 MHz

Table 5 Variation of

diffuseness parameter with Ceramic material

Gd content (weight %) Diffuseness parameter ()

gadolinium (Gd) content in
SBN

SBN
SBy4GN
SBy ¢GN
SBy sGN

0.0 1.05
0.4 1.28
0.6 1.49
0.8 1.57

some elements having different ionic radii [72, 73].
The y values increased from 1.28 to 1.57 with an
increase in gadolinium content implying the dif-
fuseness behavior, as given in Table 5. The diffusion
of Gd*' ion into the (Bi,O,)*" slabs and hence
resulting in distortion may be a possible reason for
the diffuseness behavior in the present ceramic
materials [74, 75]. The revision in the diffusivity
parameter values can also be accorded to the struc-
tural distortion. The relaxor behavior along with
diffuseness was noticed in the fabricated ceramics.

@ Springer

4 Conclusion

Polycrystalline SrBi, ,Gd,NbOy (x = 0.0, 0.4, 0.6,
and 0.8) ceramic materials were prepared by the
traditional solid-state sintering method. High dense,
about 92-97%, ceramic samples are obtained by
optimizing sintering conditions. X-ray diffraction
analysis showed that single-phase-layered perovskite
structures were obtained for all compositions with
shrinkage of the unit cell of SBN with the incorpo-
ration of Gd** dopant having lone pair of electrons.
The plate-like morphology revealed from SEM is
symbolic of the characteristic Aurivillius phase of
ceramics with an average grain size of 0.6-1.0 pm.
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FTIR shows the distortion of NbOg octahedral with
Gd doping. Substitution of gadolinium at Bi-site
resulted in the reduction rattling space for NbOs
octahedral giving a significant shift in the Raman
mode corresponding to NbOg (203 cm™' and
577 cm ') and soft mode disappeared at x = 0.8. The
increased concentration of Gd in SBN decreased T.
from 430 to 330 °C. The dielectric constant versus
temperature response at different frequencies
showed a broad response, suggesting that the present
samples are of ferroelectric relaxor type. The degree
of relaxor behavior (y) increased from 1.05 for x = 0.0
to 1.57 for x = 0.8, confirming that the materials
belong to relaxor ferroelectrics (y =1 < x < 2).
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