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Abstract

(BaTiO;—S1TiO5)/(WO;), ceramics with x=0 up to 5% were synthesized using solid-state reaction via high-energy ballf
milling technique. Various characterization techniques were used including X-ray powder diffraction (XRD), scanning
electron microscope (SEM), Fourier transform-infrared spectroscopy (FT-IR), and UV-visible diffuse reflectance (DR)
spectrophotometer. Structural analysis via XRD indicates the formation of two separate phases of SrTiO; (STO) and BaTiO;
(BTO) having both cubic structures. The presence of BaWO, as impurity was detected for higher concentration. SEM obser-
vations show a reduction in the average grains size with increasing WO; addition. In comparison with free-added ceramic,
the optical band gap energy (E,) shows a slight increase with WO; addition. Contextual investigations on the electrical and
dielectric properties of various WO; added to BTO-STO ceramics have been used to evaluate conductivity (o), dielectric
constant and loss (e; and si ", and dissipation factor (tand) against both frequency and dc bias voltages. Generally, both ¢
and €/’ correspond to the tendency of the power law to frequency. However, dc bias has been noticed to be lesser affecting
the conduction mechanisms, which has a small variation for various WO; addition ratios. In addition, the dissipation factor
was found to be highly dependent on both the addition ratio and the frequency as well as dc bias applied.

1 Introduction

Nowadays, complex oxides of transition metals are of
increased concern because of the large opportunities of their
utilization as components of catalytically active membranes,
solar and lithium-ion batteries, supercapacitors, solid-oxide
fuel cells, sensors, transistors, photodetectors and gas sen-
sors, and so far [1-7]. Several scientists around the world
have been concentrated on complex metal oxides based on
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iron ions that showed good magnetodielectric character-
istics [8—10]. All their features are decided principally by
their crystal structure and morphology, formed due to the
interactions of components of complex oxygen-containing
compounds. The stoichiometry is very crucial in oxide com-
pounds. The deviation of the content of the original cations
from a given amount could conduce to a variation in the
state charges of the cations that in turn will considerably
alter the physical parameters [11]. Particularly, piezoelec-
tric ceramics based on lead, PbTi Zr,_ O; (noted PZT),
have been widely employed in numerous applications, such
as sensors, actuators, and transducers actuators because of
their excellent electro-mechanical, ferroelectric, and piezo-
electric characteristics [12]. Recently, the developments of
lead-free piezoelectric materials are of great interests due
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to the high contents of lead that is toxic and leads to envi-
ronmental pollution. During the last years, new lead-free
piezoelectric ceramics having outstanding characteristics,
and are friendly to the human health and environment have
been greatly investigated to invent an alternate for the toxic
PZT ceramics [13]. Among them, barium titanate BaTiO;
(BTO) attracted great interest as promise lead-free systems
with excellent ferroelectric and piezoelectric characteristics,
relatively large resistivity and dielectric constant (¢), and
low dielectric loss (/). These characteristics lead them to
be largely used in numerous electronic and optical devices,
such as sensors, capacitors, storage devices, actuators, etc.
[14, 15]. The phase composition of ferroelectrics and the
inclusion of different additives of lanthanides or rare-earth
elements to the structure of ceramics showed a great impact
on the variation in conductive properties [11]. Some other
researches tried to combine ferroelectricity and ferromag-
netism and to investigate the correlation between microstruc-
ture, electric, and magnetic properties [16—19]. Strontium
titanate SrTiO; (STO) is another excellent lead-free parae-
lectric and piezoelectric system. It is usually employed in
analogous BTO applications, but at much lower tempera-
tures [20]. Interestingly, STO materials showed better bio-
logical compatibility, excellent photochemical properties,
and higher catalytic activities [21].

Recently, combined barium and strontium titanate sys-
tems have received much attention as a result of their better
dielectric characteristics in comparison to individual BTO
or STO materials [22-24]. Barium strontium titanates (noted
BTO-STO) ceramics demonstrate outstanding piezoelectric,
ferroelectric, and pyroelectric features, which lead them to
be widely exploited in the fabrication of high dielectric
capacitors, uncooled infrared detectors, microwave phase
shifters, piezoelectric sensors, etc. [22-24]. BTO-STO
nanocomposite ceramics comprise of paraelectric cubic
and ferroelectric tetragonal phases. Several preparation tech-
niques could be used including sol-gel route, hydrothermal
procedure, state reaction method, etc. [24-27]. BTO-STO
nanocomposite ceramics have been also prepared by means
of high-energy ball milling and showed better dielectric
features than conventional solid-state reaction and high-
temperature synthesis [28, 29].

The dielectric performances of these perovskite ceram-
ics are developed remarkably. The manipulation of such
microstructure is essential to improve their features. The
microstructure could be controlled via some particular
effects, such as the temperature, the existence of impuri-
ties or doping. Adding dopants is one of the best ways to
tailor the microstructure and thus improve the dielectric
performances. Diverse additives have been incorporated
into BTO-STO nanocomposites and significantly altered
their dielectric properties [24, 30-33]. On the other hand,
tungsten oxide (WO;) materials are largely incorporated

in various applications, including sensors, photocatalytic,
optical, and electrochromic devices because of their prom-
ising electrical, optical, and electrochromic characteristics
[34-36]. Furthermore, it is showed that WO; nanomateri-
als exhibit the performances of ferroelectric ceramics and;
hence, could be used smart windows, house building solar
energy, and automotive glasses, etc. [37]. Lately, WOj; thin
films have been developed due to their sensing character-
istics, making them promise for industrial pollution moni-
toring and environmental applications [38]. During the last
years, WO; nano-entities were employed as additives in
superconducting YBa,Cu;0, superconductor [39-42]. It
was revealed that WO; nano-entities are good candidates to
improve significantly the electrical (particularly to transport
high-critical current densities) and magnetic (particularly to
generate high magnetic fields) performances of supercon-
ductors. WO; has been used as additive in the BTO materials
[43, 44]. It was showed that an appropriate amount of WO,
increases the dielectric constant and reduces the tangent loss
in BTO system.

In the present work, we study the impact of WO; nano-
entities addition on the structural, microstructural, optical,
and dielectric features of BTO-STO ceramics. Accordingly,
nanocomposites of (BTO-STO)/(WO;), with x=0 up to 5%
were produced.

2 Experimental

The raw materials of BaTiO;-SrTiO5 and WO; nanopowders
with average particles size of 100 nm were purchased from
Sigma Aldrich. BTO-STO and WO; nanoparticles were
grinded separately using high-energy ball milling (HEBM)
in order to further reduce the grains size. Different WO,
content of x=0.5, 1, 2, and 5% were added to BTO-STO
nanophase, mixed in agate mortar and then grinded by the
HEBM process for 12 h. BTO-STO without WO; addition
(x=0) was also considered as reference for comparison.
Thereafter, the mixed nanopowders were compacted into
pellets and finally subjected to heat treatment in air atmos-
phere at 1000 °C for 6 h.

Rigaku Benchtop Miniflex X-ray powder diffraction
(XRD) was used to identify the phase compositions and
examine the structure. FEI Quanta FEG scanning electron
microscope (SEM) was employed for morphology obser-
vations. Bruker alpha-II FT-IR spectrometer was used to
collect the spectra of different ceramics. The optical proper-
ties were analyzed using UV-Visible JASCO V-780 diffuse
reflectance spectrophotometer. The electrical and dielectric
measurements were carried out by means of Novocontrol
Technologies (Alpha-N high-resolution analyzer). For these
measurements, few drops of polyvinyl alcohol (PVA) solu-
tion was added to act as binders.
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3 Results and discussion
3.1 Structural examination

Figure 1 shows the XRD patterns of various prepared
(BTO-STO)/(WO5;), ceramic samples with x=0-5%. The
Rietveld refinement by means of Match 3! and Fullprof soft-
ware was performed in order to estimate the lattice param-
eters and phase fractions. The Ry factor and the goodness
of fit y> were used as the numerical criteria of fitting. The
indexed peaks are associated with the two BaTiO5 and
SrTiO; phases, which approve the development of various
nanocomposites without any extra phase except the x=5%
sample. At higher additive content, a secondary phase of

x=5.0

Intensity (a. u.)

Fig.1 XRD patterns of various synthesized (BTO-STO)/(WOj),
nanocomposite ceramics with x=0, 0.5, 1, 2, and 5%

BaWO, has been appeared. The extracted structural and fit-
ting parameters are summarized in Table 1. Both BaTiO;
and SrTiO; phases are cubic, which is obvious from the non-
splitting of (200) and (211) planes. The larger lattice param-
eters belong to BTO phase and the smaller lattice constants
are associated with STO phase. It is clear that the amount of
BaTiOj; phase decreased while that of SrTiO; increased with
increasing the WO, additive content. The lattice parameters
are fluctuating with increasing WO; content. This effect may
be understood by the inhomogeneous distribution of WO,
nanoparticles into the BaTiO; and SrTiO; crystals. The crys-
tallites size was calculated via Scherrer’s equation for both
compositions [45]:
KA

Pxro Prwnm cos 0 M
where fpwy 1s full width at half maximum, A= 1.5418 A
for Cu—Ka radiations, 0 is Bragg’s angle and K is a constant
close to unit. The calculated Dyy values are registered in
Table 1. BTO and STO phases display Dygpp values in the
range of 27.4-9.3 and 36.3-29.6 nm, respectively. It is obvi-
ous that the average crystal size is decreasing with increas-
ing WO; additive content.

3.2 Morphological observation

The morphology of different prepared ceramic sam-
ples was observed using SEM. The SEM micrographs of
(BTO-STO)/(WO3), ceramics with x=0, 1, 2, and 5% are
presented in Fig. 2. The non-added BTO-STO ceramic sam-
ple showed homogeneous nano-sized spherical grains. No
evident change in shape morphology of grains was noticed
with WO, addition. Nevertheless, it is observed a reduc-
tion in the grains size with adding WO; nanoparticles to
BTO-STO ceramic compared to non-added one.

3.3 FT-IR study

FT-IR spectra for various (BTO-STO)/(WO,), ceramic sam-
ples with x=0-5% are illustrated in Fig. 3. The observed
absorption bands at 540 cm™! in different products is asso-
ciated with the metal-oxygen Ti—O vibration mode, which

Table 1 The struc.tural x content (%) Dygp (nm) Phase fractions (%) a (AD ) Ve RB

parameters of various prepared

(BTO-STO)/(WO;), ceramics BTO STO BTO STO BaWwoO, BTO STO

with x=0.5, 1, 2, and 5%
0.0 274 36.3 53.2 46.8 0.0 4.0076 3.9049 1.2 34
0.5 21.8 314 494 50.6 0.0 4.0050 3.9066 1.4 39
1 21.5 30.0 47.5 52.5 0.0 4.0060 3.9063 1.1 32
2 20.1 30.8 453 54.1 0.6 4.0031 3.9071 1.5 4.8
5 19.3 29.6 34.6 59.2 6.2 4.0054 3.9061 1.3 4.7
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Fig.2 SEM micrographs of synthesized (BTO-TO)/(WO,), ceramics with a x=0%, b x=1%, ¢ x=2%, and d x=5%

established the development of BTO-STO [46, 47]. No new
bonds were observed in the various prepared nanocomposites
except the x=5% one. At highest level (i.e., x=5%), a small
absorption band at around 830 cm~! was observed, which is
mostly assigned to W-O stretching mode [44, 48]. The FT-IR
findings agree very well with XRD analysis.

3.4 Optical analysis

UV-Vis DR spectra operated in the 200-800 nm range for
different prepared (BTO-STO)/(WOs;), ceramic samples with
x=0-5% are presented in Fig. 4a. By using these data, the opti-
cal band gap energy (E,) can be estimated via Kubelka—Munk
approach and Tauc plots according to the following expres-
sions [49, 50]:

(1-R?

F(R)=a= R

2

ahv = a(hv—Eg)r 3)

where F(R) is Kubelka—Munk factor, R is diffused reflec-
tance, hv is the photon energy, and «a is a constant. For a

direct band gap transition, the exponent r is equal to 1/2 [50,
51]. Accordingly, by plotting (ahv)? against hv, the E, values
could be determined by the extrapolation of the linear part
to the low energies as indicated in Fig. 4(b). The BTO-STO
nanocomposite displays E, value of around 3.30 eV. Com-
pared to BTO-STO sample, E, value increases slightly to
around 3.35-3.37 eV with the WOj; addition. The increase
of E, is mostly attributed to the reduction in grains size with
adding WO, nanoparticles as observed in SEM observations
[52].

3.5 Electrical and dielectric properties

Studies on impedance spectra are also important in evaluating
electrical and dielectric properties of many different ceramics
and nanostructures, such as dielectric behaviors, conductiv-
ity and relaxation characteristics. Such investigations lead to
explore the contributions of numerous parameters, such as
grains size effects, grain—grain boundaries as well as interface
characteristics. Furthermore, it includes various characteris-
tics, such as conductivity, dielectrics, applied electric fields,
various additive levels, and distributions as a function of fre-
quency. In such spectroscopic investigations, the impedance of
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nanosized grains could be separated from the more prominent
grains boundaries, similar to electrode effects at low frequen-
cies [53]. Thus, if complex impedance spectra are basically
expressed by an equivalent circuit, it can be seen that WO,
added to BTO-STO ceramics provide some perspectives on
physical development. That is, equivalent circuit implementa-
tion comprises two subsystems; one for grain effects, and the
other for grain boundaries [54]. Detailed explanations will be
discussed in the following sections.

In evaluating complex impedance spectra, an informative
embodiment of the Fourier transform is synchronized with the
response signal to the ac electric field stimulus. Therefore, it
should be noted that the complex permittivity is expressed as
follows [55]:

£ * (w,x) = €/ (w,x) — ie] (0, x)

here w =2xf is the angular frequency and x is additive wt%
ratio of WO; in BTO-STO ceramics. Accordingly, the com-
plex conductivity is expressed as [55]:

o % (w,x) = o' (w,x) — ic” (0, x)

The ac conductivity (o,.), dielectric constant (g/), and
dielectric loss (¢”'), and dielectric tangent loss (tand) are cal-
culated by the following spatial capacitance (C) equation [55]:

A
C(w,x) = gy€ (o, x)g
where g is the vacuum permittivity with a constant value of

8.852x 10~'2 F/m, d is the separation between the two con-
nected electrodes and A is the cross-section. It is obvious to

hv (eV)

Fig.4 a UV-vis diffuse reflectance spectra of various (BTO-STO)/(WO,), ceramics. b Tauc plots of (ahv)? versus photon energy of used to

estimate the optical band gap energy
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notice that there exists a relationship between ac conductiv-
ity,o,., and dielectric loss £”’ (w) as follows [55]:

0,.(@, X) = we e (, X) = weye! (w, x) tan §

in relation to a tangential ratio given by [55]:

It should be highlighted meaningfully that the analysis
of the conduction mechanisms with respect to frequency is
useful to determine the transport progressions in various
prepared WO; nanoparticles added to BTO-STO ceram-
ics. Under this concept, any contribution to the conduction
mechanism can be ascribed within two components; the
dc conductivity because of “band conduction” and ac con-
ductivity because of “hopping mechanism”. This could be
explained with the trend of power law dependence to angular
frequency [56]. So, 6, €/, €/, and tand against frequency
(10 Hz-10 MHz), dc bias voltage (—20 V and 20 V) and
WO; addition (x=0.5, 1, 2, 5%) were carried out and ana-
lyzed. Consequently, these parameters could be very signifi-
cant for the usage of (BTO-STO)/(WO;), ceramics or films
in microelectronic technology.

3.5.1 Electrical conductivity

Using impedance spectroscopy, ac conductivity of the
(BTO-STO)/(WO,), ceramics with x=0.5, 1, 2, and 5%
was measured at room temperature against frequency up to
10 MHz and under a dc bias application range of +20 V. Fre-
quency dependency of conductivity for all added BTO-STO
ceramics shown in Fig. 5 were obtained from the following
expression [57, 58]:

o'(w,x) = O, (w,x) = £;(w, X)we

It is obvious a practical linear trend in all log—log plots,
whereas there are lesser effects for applied dc bias. Such
type of tendencies illustrates that the conductivity for each
of WOj; additions follows a power exponent (n) law against
angular frequency as [57, 58]:

o, T,x) =o(T,x)a"

‘n’ exponent changes marginally versus WO; addition
but shows a less dependency over the applied dc bias volt-
age. It should be highlighted that the conductivity curve
for each of the WO; additive ratios contains three regions
along the frequency elevation, however, this variation is
found to become more influential and firmly definite
when the WOj ratio increases. Power exponent values
are tangentially risen with the increase of addition ratio.

It is also noted that any variation in conductivity lead to
promising tendencies for some important application in
the electronics technology for a variety of special usage.
In addition, it is clear that some conductivity values at a
frequency as low as 10 Hz can vary between 22 nS/cm
and 7.5 nS/cm for x=0.5 and 10 nS/cm and 2.5 nS/cm
for x=15, with a dc bias increment from —20 V to 20 V.
However, its lowest value is obtained from a sample of
x=2. It can be concluded that high WO; addition ratio
present high influential contribution in ac conductivity
characteristics while less contribution in the lower addi-
tion ratio. It is also observed that addition ratio has no
significant effect over the magnitude of ac conductivity
while it has a technologically important parameter in con-
ductivity variation as function of frequency according to
the level of WO; added to BTO-STO ceramics.

3.5.2 Dielectric properties

3.5.2.1 Dielectric constant A variety of the characteristic
3D plots of dielectric constant versus frequency and dc bias
voltage for (BTO-STO)/(WO3), ceramics with x=0.5, 1, 2,
and 5% is shown in Fig. 6. It is obvious that the applied
dc bias voltage between —20 V and 20 V presents a com-
parable trend for different additive levels with minor fluc-
tuations except for x=35. Therefore, the dielectric constant
first decreases down to the level of medium frequency as it
shows an almost different trend at medium frequency region
for x=>5. Later, it increases sharply to saturate and decreases
again. Here, two important trends are observed that sam-
ples with a low x value have a less sharp magnitude increase
while the one with high x values shows a high sharp incre-
ment almost reaches a value of the one with a lowest fre-
quency value. Generally applied dc bias causes a fluctuation
at lower frequencies; however, not much significant effect
on dielectric constant at higher frequencies except for the
one at medium frequency, showing that dielectric constant
decreases sharply over the increase of bias from —20 V
to+20 V side.

The aim of our study on series of BTO-STO ceramics is
to investigate the possibility of increasing the high ¢/ by a
modification of the WO; addition to BTO-STO ceramics.
It is important to understand how to regulate the develop-
ment of grains—grains boundaries based on the conduction
mechanisms, and also crucial to evaluate the addition related
interface contribution to dielectric constant among them.
In general, both the conductivity and the frequency—rela-
tive functionality of the dielectric constant indicate that the
WO, addition provides a noticeable effect on the conduction
mechanisms. It is also emphasized that the prevention of
propagated Ti species is a significant defy for the aware-
ness of an alternate “high-k gate dielectric” used in elec-
tronic technologies [59]. Furthermore, BTO-STO ceramics
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Fig.5 The ac (3D) and dc conductivities of (BTO-STO)/(WOj), ceramics with x=0.5, 1, 2, and 5%

provide outstanding dielectric characteristics and could be ~ 3.5.2.2 Dielectricloss The 3D graphs of the dielectric loss,
used favorably for dielectric films of Si-based implanted e;’ , of (BTO-STO)/(WOy), ceramics with x=0.5, 1, 2, and
capacitors in packaging substrates modules [60]. 5% as functions of frequency are demonstrated in Fig. 7. It is
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clear from the log—log graphs that the dielectric loss follows
a power as [24]:

(@, T,x) =€/ (T,x)0™"

All the dielectric loss curves present similar tendencies
at low and medium frequencies except for the one with an
addition ratio of x=2 while they show some discrepancies
with a kick and sharp drop at higher frequencies. The x=2
ceramic sample indicates both less magnitude and differ-
ent trend at frequencies over 2 MHz. Subsequently, a sharp
drop is observed in those frequency ranges for all the curves,
but further drops in negative side of log function for x=2.
According to the variation of bias values between —20 V
and + 20 V, the dielectric loss obeys the above power law.
In the higher frequency range, lower dielectric loss and
somewhat high dielectric constant and polarization capa-

bility provide a pioneering benefit for BTO-STO ceramics

in electronic component technology [61]. The reason for the
fluctuation of dielectric loss at high WO; addition, particu-
larly 2% by weight, could be assigned to the grains—grains
boundaries contained therein. It is clear also the dielectric

constant is less varied for the addition level than the dielec-
tric loss [62].

3.5.2.3 Dissipation factors Log-log plots of tan as a func-
tion of frequencies for various prepared (BTO-STO)/
(WO5;), ceramics with x=0.5, 1, 2, and 5% are presented
in Fig. 8. It is clear from all these graphs that tan obviously
gives a completely different trend as the addition increases
to x=35. Other significant effects on the dissipation factor
are bias and polarity between —20 V and 20 V. What’s
more, the curves for all additive ratios contain more fluctua-
tions at higher frequencies as well as dc bias varying across

the value of 40 V (from —20 V to+20 V). At elevated fre-
quencies (above 2 MHz), tan showed an abrupt fall reach-
ing a minimum value for different ceramics and rises again
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just for ceramic with x=5% in the nearer higher frequency
region for positive bias side. It is also emphasized for all
the additive ratios that dissipation factor at lower frequency
fluctuates along the bias variation.

4 Conclusion

In this report, (BTO-STO)/(WO;), ceramic samples with
x=0, 0.5, 1, 2, and 5% were produced. Two separate phases
of STO and BTO having both cubic structures were identi-
fied via XRD analysis. At higher WO, additive level, an
impurity of BaWO, was detected. The average grains size
was found to decrease with WO; addition. E, values were
slightly increased with adding WO; nanoparticles. The ac/
dc conductivities, dielectric constant/loss, and dissipative
factors of the WO; added to BTO-STO ceramics have been

@ Springer

studied against frequencies and external applied dc bias
voltages. These parameters give some promising features
based on changes in frequency, bias voltage, and WO; addi-
tion ratio and tendencies of these parameters are perceived
to be essential for the applications of (BTO-STO)/(WO;),
ceramics in numerous kinds of electronic tools. The major-
ity of these parameters comply with the exponent power
laws, which has both positive and negative exponent values
against frequencies. According to the log—log plot, the anal-
ysis of electrical conduction mechanisms showed that the
o, 18 linearly connected to frequency; however, practically

independent to external applied dc bias with the exception

of a few regional tendency actions. The €/, €” as well as
tand obey a power law exponent and are reduced with higher
frequencies. In addition, some contributions have been

observed in the dissipation factor, which include exemption
cases for addition.
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