
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 2

/7
/2

02
6 

8:
10

:2
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Effect of erbium
aLaboratoire de Physique des Matériaux

l’Environnement, Faculté des Sciences de G
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concentration on the structural,
optical and electrical properties of a Bi4Ti3O12

system

A. Bettaibi,a R. Jemai,a M. A. Wederni,a R. M'nassri,b M. Barbouche,c H. Rahmouni *b

and K. Khirounia

We have studied the influence of erbium doping on the optical and electrical properties of a Bi4Ti3O12

compound. Bi4�xErxTi3O12 (x ¼ 0.0, 0.1, 0.2 and 0.3) samples are prepared by the solid state reaction

method. X-ray diffraction (XRD) revealed that our samples are homogenous and crystallize in the

orthorhombic system with the Fmmm space group. Absorbance measurement reveals that the peak

intensity increases with increasing erbium concentrations and this behavior confirms the good

homogeneity of the samples. DC-conductivity measurements show that all samples are characterized by

a semiconductor behavior. It is found that electrical conductivity is reduced considerably with increasing

erbium content up to x ¼ 0.3. This is due to the decrease in oxygen vacancy density. For the free

compound, dc-conductivity is characterized by the appearance of a saturation region at a specific

temperature (Tsat ¼ 480 K). For Er doped compounds, Tsat goes beyond 600 K. An AC-conductivity study

shows that the conductivity is governed by the jump relaxation model (JRM) and conduction through

grain boundaries. We found that the conductivity spectrum of the investigated materials obeys the

Jonscher universal double power law. The deduced activation energy increases when increasing the

erbium content from Ea ¼ 467 meV for x ¼ 0 to Ea ¼ 670 meV for x ¼ 0.3. Increasing the Er substitution

reduces the frequency dispersion of the real part of the dielectric constant 30. Also, the tan d plot

indicates that the investigated samples exhibit the characteristics of a relaxor dielectric.
1. Introduction

Recently, bismuth layer-structure ferroelectric (BLSF) materials
have been attracting intensive attention from several research
groups1–3 due to their high Curie temperatures (TC), exceptional
thermal stability, excellent resistance to depolarization and
fatigue, interesting crystal structures, strong anisotropic char-
acters and peculiar electrical properties.4–6 Also, BLSF
compounds are environmentally friendly and are lead (Pb) free.
Such properties open up wide potential applications in the
electronics industry which include the manufacture of memory
devices, sensors, pyroelectric detectors, displays, switching
devices, etc.7

The bismuth titanate Bi4Ti3O12 (BIT) is a BLSF element
which generated special interest for light up-conversion, visible-
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light-driven photocatalytic and ferroelectric studies due to its
excellent electrical, intensive optical properties and high
stability under the harsh photocatalytic reaction conditions.8

BIT shows variety characteristics such as ferroelectric–para-
electric phase transition at the Curie temperature (TC) of 675 �C.
Usually, it crystallizes in the polar orthorhombic system.9 The
BIT exhibits an anisotropy in its ferroelectricity and electrical
conduction which are depending on its structural properties.10

Many studies reported that bismuth titanate compounds have
oen been synthesized by adding or substitution element in
order to ameliorate its electrical properties.11 The effect of
introducing trivalent rare earth ions on the physical properties
of diverses materials has been reported in the literature.12,13

Among these ions, erbium is found to be a good dopant which
affects optical properties.14,15 Recently, it is found that erbium
content modies the electrical properties.3 It is noticed that the
electrical properties show a continuous improvement with the
increasing Er concentration. Such improvements in the elec-
trical resistivity and reduction in dielectric losses are attributed
to the suppression of the oxygen vacancy concentration.
However, the correlation between optical and electrical prop-
erties is not investigated in detail. Accordingly, the present work
presents the investigation of some physical properties of BIT
ceramics. The latters have been doped with different erbium
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) XRD patterns of Bi4�xErxTi3O12 ceramics with (0.0# x# 0.3).
(b) X-ray powder diffraction patterns and refinement at room
temperature for: (i) x ¼ 0.0 and (ii) x ¼ 0.3.
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content in order to study their optical and electrical properties.
Many techniques have been used for the preparation of BIT
such as solid state reaction, sol–gel, hydrothermal, metal
organic decomposition, coprecipitation and combustion.16–20 It
is well known that the solid–state reaction method is expected
to be a potential candidate for preparation ceramics materials
which is easy to prepare. Using such method, Er doped BIT
samples are elaborated. Then, we report in this paper, the effect
of erbium doping on the structural, optical and electrical
properties of Bi4Ti3O12 system.

2. Experimental details

The Bi4�xErxTi3O12 (x ¼ 0.0, 0.1, 0.2 and 0.3) samples are
synthesized using high purity precursors: Bi2O3, TiO2 and Er2O3

(purity > 99.9%) in the desired proportions. To prepare the
samples, the conventional solid state reaction method at high
temperature is used. The starting materials are weighted in the
appropriate stoichiometric amounts then intimately mixed in
an agate mortar. The powder is placed in an platinum crucible
and calcined at 650 �C and 850 �C for 3 h. Then, the powder is
mixed with 2 wt% polyvinyl alcohol (PVA) binder. The obtained
product is pressed into pellets of about 1 mm of thickness.
Pellets are sintered at 1050 �C for 3 h aer various heat-
treatments. The sample undergo several cycles of grinding–
pelleting–sintering.21 Finally, these pellets are cooled from high
temperature to room temperature following the cooling inertia
of the furnace (�8 h).22,23 A great care has been taken over the
preparationmethod, the physical properties depend strongly on
the synthesis route and also on the cooling method.

Structural characterizations are carried out bymeans of X-ray
diffraction at room temperature utilizing a powder diffractom-
eter using CuKa radiation (l¼ 1.5406 Å). Scanning is performed
at room temperature in the diffraction angle range between 2q
¼ 5� and 80� with a step size of 0.016�. Structural analysis is
carried out with Rietveld analysis using Fullprof program.24,25 A
scanning electron microscope (SEM) JEOL-JSM-5400 was used
to observe the microstructure. Optical reectance spectra of the
lms are obtained using an UV-Vis-NIR Shimadzu 3100 spec-
trophotometer equipped with an integrate sphere. A thin silver
lm is deposited through a circular mask of 6 mm of diameter
on the both side of the pellet. A plane capacitor conguration is
obtained and permits the investigation of electrical properties
of the synthesized material. Measurements are conducted with
an Agilent 4294A analyzer under vacuum and in dark with
signal amplitude of 20 mV.

3. Results and discussion
3.1. X-ray diffraction

The Bi4�xErxTi3O12 with x ¼ 0, 0.1, 0.2, and 0.3 samples are
investigated by X-ray powder diffraction analysis. The XRD
patterns of Bi4�xErxTi3O12 compounds registered at room
temperature are depicted in Fig. 1a. The phase identication
and structural analysis of samples are performed using the
FullProf program24,25 and it is found that the samples are crys-
tallized in the orthorhombic structure with Fmmm space group.
This journal is © The Royal Society of Chemistry 2017
These patterns reveal the presence of Bi2O3 peaks as the minor
secondary phase with space group I23 in addition to the primary
phase of Bi4�xErxTi3O12. This may be due to the mobility and
segregation of particular bismuth at some places resulting in
the formation of secondary phases during the process of calci-
nation. This impurity is identied with X'Pert HighScore Plus
soware. Given the small concentration of the impurity, we
RSC Adv., 2017, 7, 22578–22586 | 22579
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assume that the secondary phase have a small inuence on the
microstructural development of Bi4�xErxTi3O12 system and have
a little effect on the subsequent measurements of physical
properties. This secondary phase will have no effect on electrical
conductivity as it should be exist as isolated crystallites very
spaced. It is important to note that the Bi2O3 is known as an
excellent ionic conductor (with r z 1 U cm at 1073 K26). Then,
we investigate the electrical properties in the temperature range
80–700 K. Consequently, in this temperature range, the contri-
bution of the impurity on the conductivity can be neglected. The
structural renement patterns including the observed and
calculated proles as well as the difference prole for the end
members, Bi4Ti3O12 and Bi3.7Er0.3Ti3O12, are depicted in Fig. 1.
The calculated XRD patterns coincide with the observed
patterns as shown in Fig. 1b and c. Summary of structural
parameters and the unit cell values obtained for each sample
are listed in Table 1. Due to the smaller ionic radius of erbium
(0.88 Å) as compared to bismuth (1.03 Å), the unit cell should
monotonically decreases. But, in this study, it is observed that
the lattice parameters and the unit cell did not show signicant
monotonic changes. The observed results indicates that the
presence of the impurity corroborate the inuence of the
secondary phase on the structural parameters.
Fig. 2 SEM photographs of compounds with x ¼ 0 and x ¼ 0.2.
3.2. SEM observations

The pellets used for optical measurements were observed by
SEM and typical images are shown in Fig. 2. The white grains
are from the residual BaSO4 (used in optical measurement)
powder on the pellet surface. Otherwise, we note a compact
compound with big size of grain elongated in one direction.
This is due to the fact that the growth rate is higher in the
direction perpendicular to the c-axis.27 No precipitates or
secondary phase were observed. Each pellet was cleaved and the
cross section was observed. The images of Fig. 3 show plate-like
morphology for all samples. The plate-like grains have a large
area, indicating good crystallinity, and are of random orienta-
tion.28 These images reveal also few pore and conrm the high
density of the sample.
3.3. optical absorbance

At room temperature, Fig. 4 shows the absorbance spectra, of the
investigated compounds, in the range of wavelength between
200 and 2400 nm. For free erbium compound (x ¼ 0.0), the
absorbance increases when the wavelength increases from 200
to 376 nm, then, it decreases continually for the longer wave-
length. When erbium is introduced several peaks appear in the
spectra. These peaks correspond to the transition from the
Table 1 Structural data obtained after Rietveld refinement for Bi4�xErxT

compound Symmetry a (Å)

x ¼ 0.0 Fmmm – orthorhombic 5.409(1)
x ¼ 0.1 Fmmm – orthorhombic 5.410(6)
x ¼ 0.2 Fmmm – orthorhombic 5.406(1)
x ¼ 0.3 Fmmm – orthorhombic 5.405(9)

22580 | RSC Adv., 2017, 7, 22578–22586
ground state 4I15/2 to excited one. Both positions and attribution,
of each peak, are indicated in the Fig. 4 and its inset. The peaks
are situated on 1530, 970, 795, 657, 543, 520, 487, 450 and
390 nm and are attributed to the transition to excited states 4I13/2,
4I11/2,

4I9/2,
4F9/2,

4S3/2,
2H11/2,

4F7/2,
2H9/2 and

4G11/2 respectively.
Another peak should appear at 406 nm corresponding to the
transition to the 4F5/2 state. But, its position is situated in the
large absorbance band of the matrix and it can be identied.
These obtained spectra are similar to those obtained by Zannen
et al.29, in which the transition to 4I13/2 was not explored. The peak
intensity increases with the increase of the erbium content. As
these spectra are recorded at the same conditions, this behavior
means that the peak intensity is correlated to erbium content.
Thus, the evolution of the intensity with erbium content is
another indicator of the good homogeneity of the samples.
i3O12 (with 0.0 # x # 0.3)

b (Å) c (Å) V (Å)3

5.446(4) 32.819(4) 966.869(1)
5.447(8) 32.831(7) 967.745(1)
5.441(1) 32.809(2) 965.078(9)
5.442(4) 32.821(3) 965.627(7)

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Cross section morphology of the compounds obtained by SEM observation.

Fig. 4 Absorbance spectra of Bi4�xErxTi3O12 ceramics with (0.0# x#
0.3).

Fig. 5 Temperature dependence of dc-conductivity of Bi4�xErxTi3O12

ceramics with (0.0 # x # 0.3).
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3.4. AC conductivity

Fig. 5 shows the variation of the electrical conductivity versus
temperature for different erbium concentrations. In the whole
explored temperature range, Fig. 5 shows that dc-conductance
increases with increasing temperature. Consequently, the
material exhibits a semiconductor behavior. Also, the conduc-
tivity decreases when increasing erbium concentrations from x
¼ 0.0 to x ¼ 0.3 in the temperature range 300–480 K. In ferro-
electric perovskite, the element substitution is related to the
temperature dependence of conductivity. In such systems,
This journal is © The Royal Society of Chemistry 2017
oxygen vacancies are considered to be the most mobile charge
carriers30 and mostly in titanates. At higher temperatures,
oxygen vacancies will be ionized and release electron which
contribute to the conduction. These electrons can be trapped by
Ti3+ ions or oxygen vacancies and it can be thermally activated.
The value of activation energy can help on distinguishing which
trap is efficient. When erbium content increases, the oxygen
vacancies are seen to be reduced. As continuous decrease is
observed in the measured dc-conductivity for a change in Er
content from x ¼ 0.0 to 0.3. For the parent compound, the
appearance of a saturation region, at Tsat ¼ 480 K, is observed.
RSC Adv., 2017, 7, 22578–22586 | 22581
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Fig. 6 Conductivity spectra of Bi4�xErxTi3O12 compounds with x ¼ 0.0, 0.1, 0.2 and 0.3.
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When Er is introduced, the Tsat goes beyond the value 480 K.
The rise on such specic temperature is related to several
effects. In fact, the density of free carriers increases while
increasing temperature. The carriers acquired a sufficient
thermal energy to exceed the encountered barrier. In addition,
the thermal activation contributes to a reduction of the
Fig. 7 Plot of log(sdc) vs. 1000/T.

22582 | RSC Adv., 2017, 7, 22578–22586
efficiency of the capture of charge traps. At T > 480 K and for the
erbium free compound, we suggest that the available density of
trapped charge is vanished, then, the saturation region appear
at higher temperature. The increase of Tsat increases with
introducing erbium can be related to the trapping of charge
carriers by defects created by erbium. So, a higher thermal
Fig. 8 Activation energy value for different erbium content.

This journal is © The Royal Society of Chemistry 2017
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energy is needed to release such carriers. Then, the conductivity
increase again and the appearance of the saturation region is
expected over the explored temperature range.

Fig. 6 shows the variation of conductivity versus frequency at
different temperatures for x ¼ 0.0, 0.1, 0.2 and 0.3. The
conductivity spectrum possesses the following characteristics:
(i) at low frequency, a plateau is observed and the conductivity
increases with increasing temperature. Such observation indi-
cates that conduction mechanism is thermally activated. (ii) At
high temperature region, the conductivity plots are character-
ized by a change in the slope twice at low and high frequency.
The variation of conductivity as a function of frequency is
typical of a conductivity which is explained by the jump relax-
ation model (JRM)31 and conduction through grain boundaries.
Fig. 9 Variation of dielectric constant (30) with frequency and temperatu

This journal is © The Royal Society of Chemistry 2017
The JRM introduced by Funke and extended by Elliot,32 to
account the ionic conduction in solids, is based on the existence
of high probability for a jumping ion to jump back (unsuc-
cessful hop). However, if the neighbourhood becomes relaxed
with respect to the ion's position, the ion stays in the new site.
In the low-frequency region, the conductivity is associated with
successful hops. Beyond the low-frequency region, many hops
are unsuccessful and as the frequency increases, more hops are
unsuccessful. The change in the ratio of successful to unsuc-
cessful hops results in dispersive conductivity. The JRM
suggests that different activation energies are associated with
unsuccessful and successful hopping processes. Applying JRM
to the frequency response of ac conductivity, the experimental
re of Bi4�xErxTi3O12 ceramics with (0.0 # x # 0.3).

RSC Adv., 2017, 7, 22578–22586 | 22583
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conductivity data are found to be described by the double power
law proposed by Jonscher,33

sac ¼ sdc + AuS1 + BuS2

where sac is the total conductivity, sdc is the transitional
hopping, giving the long-range electrical transport in the long
time limit. The coefficient (A and B) and the angular frequency
exponent (S1 and S2) are temperature and material intrinsic
property dependent constants34,35

The dc conductivity is determined from the frequency
independent region. Fig. 7 shows the variation of sdc against
1000/T. For oxide materials, the dc-conductivity is usually
dependent upon the carrier concentration and mobility. At
higher temperature, the conductivity follows the thermally
activated transport of Arrhenius type described by the equation:

sdc ¼ s0 exp(Ea/kBT)

where s0, Ea, and kB represent the pre-exponential term, the
activation energy of the mobile charge carriers and Boltzmann's
constant respectively. The activation energy is calculated from
the linear portion of the plot of dc-conductivity versus 1000/T
(Fig. 7).

It is found that the activation energy increases with increasing
erbium content as shown in Fig. 8. Thus, it can be assumed that
the Er ion contributes indirectly in electrical conductivity. In
ferroelectric perovskite,30 at higher temperature, the ionization of
oxygen vacancies creates conducting electrons which are easily
thermally activated. The large values of activation energy and
conductivity evolution suggest that the conduction at higher
temperature region, for charge carriers, may be oxygen vacan-
cies.36 The rise in activation energy can be related to the reduc-
tion on motivating the oxygen vacancies jumping.1

3.5. Dielectric properties

In order to study the effect of substitution with erbium ion on
dielectric properties, the variation of dielectric constant 30 as
Fig. 10 Dielectric constant (30) of Bi4�xErxTi3O12 ceramics for different
erbium content (at 520 K for 1 kHz).

22584 | RSC Adv., 2017, 7, 22578–22586
a function of frequency, for all investigated samples, is shown in
Fig. 9. It is observed that dielectric constant decreases with
increasing frequency. Such behavior can be related to the
contribution of different polarization types (interfacial, dipolar,
atomic, ionic, and electronic).37,38 At high frequency region, only
dipolar and space charge polarization contribute to polarization
leading to a decrease of the dielectric constant. At low
frequency, the increase of the dielectric constant can be
explained according to the Maxwell–Wagner polarization
effect.39,40

The increase of dielectric constant 30 at low frequencies is
associated to the heterogeneous conduction in the grain and
grain boundary. The grain boundary region is characterized by
a much higher resistivity. As shown in Fig. 10, the dielectric
constant decreases with increasing Er content. In fact, this is
attributed to the reduction in the A-site bismuth concentration
and the reduction of oxygen vacancy concentration because the
Fig. 11 Plot of (tan d) versus frequency of Bi4�xErxTi3O12 at different
temperatures.

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra27906f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 2

/7
/2

02
6 

8:
10

:2
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
increasing of the substitution of Bi3+ by stable Er3+.41 The vari-
ation of tan d as function of frequency and temperature is
shown in Fig. 11. It is obvious that the dielectric loss increases
with increasing temperature for all investigated samples. The
tan d plot shows a relaxation peak. The latter shis toward high
frequency side as temperature increases conrming the pres-
ence of dielectric relaxation in the material.42 Such relaxation
can be explained by Maxwell–Wagner polarization.39,40 The
observed behavior indicates that the investigated samples
exhibit a characteristic of relaxor dielectric.
4. Conclusion

We have investigated the structural, optical and electrical
properties of polycrystalline Bi4Ti3O12 where the bismuth was
substituted by erbium. The X-ray diffraction analysis revealed
that all samples exhibit orthorhombic Fmmm structure. The
feature peak of erbium is observed in absorbance spectra and
their intensities increase with erbium content. DC-conductivity
measurements indicate that the materials exhibit a semi-
conductor behavior in the whole explored temperature range. A
signicant decrease in sdc is observed when introducing Er
content. For undoped sample, a saturation region appeared at
a specic temperature (Tsat¼ 480 K) in sDC (T) curves. For the Er
doped compounds, Tsat go beyond 600 K. It is found that
conduction process is thermally activated and the values of the
deduced activation energy suggest the possibility of electrical
conduction due to the mobility of oxide ions or oxide ion
vacancies at higher temperature. Conduction mechanism is
well described by the jump relaxation model and conduction
through grain boundaries. The frequency dependence of
conductance followed the Jonscher law. The increase of Er leads
to the decrease of the dielectric dispersion 30. The tan d plot
indicates the presence of dielectric relaxation in the materials.
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