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Due to the growing demand of energy and wastage of energy, there exists an interest of storing energy so that it could be utilized
efficiently. Capacitors are materials designed for such an application. Ferroelectric materials are known for their application as
capacitors. Of such materials, perovskites are the preferable classes of materials that have been used as capacitors. Barium
strontium titanate nanomaterial is a member of perovskites which encompasses a smaller dielectric loss, elevated dielectric
constant, and good thermal stability. Research studies also clarified that incorporating dopants into a barium strontium titanate
nanomaterial of high dielectric materials including metal/metal oxides enhances their efficiency and effectiveness. Moreover,
multielement doping or codoping has shown better dielectric properties as compared to the unidoping of BST. In this review,
barium strontium titanate capacitors codoped with more than one metal/metal oxides have been studied most of which have
shown that the codoped barium strontium titanate materials possess improved and sufficient dielectric properties to be utilized as
capacitors. We believe that this work will have of its own contribution on understanding the doped barium strontium titanate
nanomaterial by clarifying the most probable and detail reasons behind the enhancement of dielectric properties of codoped
barium strontium titanate nanomaterials.

1. Introduction energy sources and storing mechanisms [1-4]. Hence,

studies on renewable energy initiate the preparation of

The high-level consumption of traditional fuel energy and  energy accumulating devices such as batteries, electro-

the ongoing elevation of demands for energy have become
a big concern where loss of energy is simultaneously ob-
served, leading a way to develop environmentally-friendly

chemical capacitors, and dielectric capacitors [5, 6].
A variety [1] of materials possesses a variety of energy
and power accumulation capacity due to variable techniques
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of energy accumulation as well as charging-discharging
processes [7]. For instance, batteries possess enhanced en-
ergy accumulating capacity and comparatively lower power
density as a result of the delayed charge transporters flow
during the charging-discharging step [8]. On the other hand,
electrochemical capacitors possess enhanced power density
and longer charging-discharging time (in seconds) during
their utilization [7]. Batteries are being highly applied and
tfavoured by charge storing devices. But for massive energy
production as well as a large amount of power, capacitors
have been found as the preferable devices [9]. Out of these,
solid-state dielectric devices utilized as energy accumulating
capacitors of minimized size (mostly at nanoscale) are
gaining much interest because of their popular pulsed power
technology utilizations. Ferroelectrics (FE) as well as anti-
ferroelectrics (AFE) have been found as suitable materials
for the pulsed power capacitors because of the enhanced
energy-accumulating capacity and better charge-discharge
characteristics relative to ferroelectrics and dielectrics
[10-16].

The performance of a charge and energy storage system
is affected by two factors: the amount of energy that is stored
in a system (volumetric energy density or specific energy)
and the speed where energy is either added or released from
it (power density or specific power) [17]. Batteries, fuel cells,
capacitors, and supercapacitors have different combinations
of power density and energy density which is illustrated in
Figure 1.

The measured electrical energy accumulated by a device
is expressed through its respective capacitance. Capacitance
is used to derive the dielectric constant value of a device or
a sample, which refers to a measurement of amount of
polarization of a sample. It is affected by content, growth
steps as well as the crystal arrangement of the sample. The
dielectric constant is the ratio of electrostatic energy accu-
mulated around a unit volume per unit potential rise. It is
expressed as follows:

€ _C7d3 (1)

T gA

where ¢, refers to dielectric constant, C refers to capacitance,
d refers to thickness, and A and ¢, refer to a material surface
area and permittivity of free space, respectively [18, 19].

Three classifications of capacitors are known which
include electrostatic, electrolytic, and a supercapacitor. An
electrostatic capacitor possesses a dry separator, extremely
less capacitance which is primarily applied in changing radio
frequencies as well as filtering. It encompasses a size range in
between picofarads (pF) and small microfarad (uF). An
electrolytic capacitor has elevated capacitance as compared
to an electrostatic capacitor where its accumulating capacity
is at the microfarads range. It has a watery separator which is
utilized for filtering, buffering, and signal coupling.
Supercapacitors store enormous quantities of electrical
charge and frequently involve short charge and discharge
period at elevated current. They have the unique advantages
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of enhanced power density and durability, small mass, and
a higher heat scope of —40°C to 70°C [9, 20].

Capacitors are composed of an electrolyte, two elec-
trodes, and a separator (dielectric material) that isolates the
electrodes electrically which is inserted in between the
electrodes, as can be seen in Figure 2. Capacitors use sample
materials full of porosity, as separators, so as to accom-
modate ions and ultimately store electrical charge. Elec-
trodes are the most crucial and fundamental constituent of
capacitors. As a result, the efficiency of capacitors relies on
the electrochemical behaviour of electrodes, the range of
voltage applied as well as the electrolyte solution [21-24].
Capacitors are being applied in fuel cell automobiles, hybrid
vehicles of less emission, electric automobiles, forklifts, and
weight cranes [25].

Obviously, charge accumulated by the capacitor, Q, is
expressed via the following equation:

Q=CxV. (2)

Here, C refers to capacitance, while V corresponds to the
applied potential.

Meanwhile, capacitance of a parallel plate capacitor is
expressed as follows:

A
C = 8081,2. (3)

Here, ¢, corresponds to free space permittivity
(8.854 x 1072 F/m), C refers to capacitance (F), ¢, belongs to
a dielectric constant (F/m), A corresponds to a plate cross-
sectional area (m?), and d refers to thickness of a dielectric
layer (m).

Meanwhile, the normalized dielectric loss or loss
tangent is determined by the corresponding distribution
of the imaginary permittivity, ¢”, and an actual
relative permittivity, &, using the following simple
equation [26]:

8//
tand = — . (4)
€
The dielectric loss, D, is also determined from the ca-
pacitance and resistance of parallel plate capacitors using the
following formula:

D =tanéd =cotf = !
=tand = cotf = 2 fCoRy (5)

Here, § refers to a loss angle; while 0 refers to a phase
angle, f refers to frequency, Rp belongs to an equivalent
parallel resistance, and Cp also refers to a respective
capacitance.

Generally, an enhanced energy-accumulating property
of a capacitor is expressed through higher recoverable en-
ergy density (W..), larger energy efficiency (), a speedy
charge-discharge process, higher current density (Cp), and
larger power density (Pp,). These parameters are determined
through the following equations [27, 28]:
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Here, E represents an applied field, P, corresponds to the
remnant polarization, P, refers to saturation polarization,
W refers to the loss energy density, Cp,, refers to the
maximum current density, Pp,.. represents a peak power
density, I, refers to a maximum current, and S represents
an electrode area [29-31].

The energy, E, accumulated at a capacitor is directly
related to the capacitance, that is,

2

Here, C represents the capacitance, while V refers to an
applied voltage [29-31].

As a general fact, power is also the ratio of energy spent
to unit time. The internal parts of capacitors such as the
current collector, electrodes, and dielectric material affect
the resistance that is determined together with the equivalent
series resistance (ESR). A voltage obtained during dis-
charging is calculated by such resistances. At a fitting im-
pedance (R=ESR), the maximum power, P_., of
a capacitor is expressed through the following equation:

1%
P= Z xESR, (8)

where ESR controls the maximum power of a capacitor
[29-31].

To elevate charge-storing characteristics of a capacitor,
its capacitance needs to be increased. This is possibly done
through lowering of a dielectric thickness. However, con-
ventional dielectric materials, such as SiO,, decreasing di-
electric thickness results in an increased leakage current. The
other possibility is increasing the cross-sectional area of the
capacitor which is difficult to fabricate such structures due to
the enormous size. The ultimate option is therefore using
a material with a higher dielectric constant [21]. Nano-
materials with higher dielectric constant have been utilized
in the electronic device industry to a larger extent. Perovskite
oxide ferroelectrics, ABO;, are being used as higher di-
electric constant materials during the preparation of ca-
pacitors. They are highly affected by inner resistance, the
oxidation state of an element at the B-site, and surface area.
Perovskite nanomaterials, such as BaTiOs;, SrTiOs;, and
barium strontium titanate (BST), have possessed suitable
properties which make them become perfect candidates for
many energy storage applications [32-37]. Meanwhile,
doping involves significant effects on a dielectric property
and capacitive application of BST nanomaterials. More
specifically, doping with multielements at a time has an even
higher impact on improving the performance of BST as
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a capacitor. BST nanomaterials have been doped with
a variety of single elements (unidoping) and multielements
(co-doping). Therefore, this review is aimed at pointing out
the specific effects of codoping on BST nanomaterial di-
electric property and capacitive application as well as ex-
ploring the possible detailed mechanisms by which the
changes were obtained.

1.1. Dielectric Properties of BST Nanomaterial. BST is a metal
oxide dielectric substantial sample where more focus has
been given to it as a result of the small dielectric loss, elevated
dielectric constant, good thermal stability, adjustable cure
temperature, and high breakdown field strength properties
possessed by it. BST belonging to perovskite materials has
a typical perovskite arrangement of atoms [38-41], as is
observed in Figure 3.

BST nanomaterial has shown its own dielectric
properties which make it to be the right candidate for
a variety of capacitor-containing materials. For instance,
a report by Balachandran et al. has explored the dielectric
parameters of BST synthesized through the gradual in-
jection sol-gel method. A dielectric constant of 1,164 Pa/
cm?, a leakage current density of 49.4 Pa/cm?, and a di-
electric loss of 0.063 Pa/cm® have been observed when
calcined at 800°C and sintered at 1,350°C [42]. Baniecki
et al. also reported a BST thin film used as a capacitor in
a small inductance decoupling utilization where the ca-
pacitance density was reported as 1.2 uF/cm”. The leakage
current density has been found lower than 107 A/cm?
during an applied voltage of 2V, while the breakdown
field was observed as higher than 2.5 MV/cm at 20°C [43].
Before ten years, a work on BST thin film used as a ca-
pacitor has reported that they have been used in micro-
wave utilizations with a dielectric loss range of
0.003-0.009 [44]. Another work by Balachandran et al,
reported work on dielectric characteristics of BST-based
metal insulator metal capacitors for DRAM cell where
silver was used as upper as well as a lower electrode.
Kumari and Dasgupta Ghosh have synthesized BST
through doping of barium titanate by strontium during
a sol-gel method. They have reported that the storing
capacity of BST nanoparticles which was expressed by its
dielectric constant was found at its maximum value of
4,915 while its dielectric loss was as low as 1.91 [45]. A
cubic structured BST nanomaterial was synthesized
through a polymeric precursor method using citric acid as
well as ethylene glycol, for the first time, by Arya et al. A
dielectric constant of 190 and dielectric loss of 0.001 at
500°C and 100kHz have then been reported [46]. There
was also a report by Zhang et al. where BST thin film over
the surface of platinum has been synthesized through an
electrophoretic deposition method and was investigated
for its capacitive nature. It possessed a dielectric constant
as well as dielectric loss of 3,446 and 0.011, respectively, at
10 kHz and at room temperature. Therefore, reports have
confirmed that BST nanomaterial has possessed sufficient
dielectric properties which help it to be utilized as a ca-
pacitor in a variety of energy storing devices [47].
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F1GURE 3: Nonpolar structure of BST at the room temperature.

1.2. Effect of Unidoping and Codoping on Dielectric Property of
BST Nanomaterial. The dielectric behaviour of BST is
modified by varying and managing the ratio of Ba to Sr as
well as a limited exchange of cations at the A- as well as B-
sites of its ABOj; structure through doping. Reports also
clarified that the parameters of dielectrics such as dielectric
constant, dielectric loss, and leakage current do usually get
affected by the synthesis technique, chemical content, mi-
crostructure, identity, and the amount of dopants added
where acceptor (lower valance than A or B components) and
donor (higher valance than A or B components) dopants
effectively change the properties of BST nanomaterial
[18, 48-55]. Acceptor ions easily substitute Ti at the B-site
where a one-phase arrangement is formed that leads to extra
ionization of dopants which results in the occurrence of
vacancies as well as lattice irregularities [56, 57]. Dopants
generally alter the physicochemical as well as charge carrier
characteristics of the BST due to the formation of oxygen
vacancies. These vacancies usually result in higher oxygen
diffusion rates as the transport lengths are lowered which
ultimately changes the specific capacitance of BST nano-
material [58]. During the synthesis process of BST nano-
materials, larger temperature annealing in the air (slightly
reducing ambient) is a common task where intrinsic oxygen
vacancies (V) are generated. They are expressed by the
following equation [59, 60]:

0 1
Oo—’Vo+26+EozT- (9)

On the other hand, the reduction from Ti** to Ti’* also
causes additional oxygen vacancies to appear. As a result,
a leakage current is usually increased which diminishes
dielectric parameters of a dielectric which hinders the ap-
plication of BST nanomaterial devices. This problem is
usually solved through ion substitution [61-63]. The charge-
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compensating heterovalent replacement of Ti*" ions of BST
resulted in the formation of complex defects which sub-
sequently trapped the electrons in a motion. This invites
lowering of dielectric loss along with leakage current as well
as a dielectric constant elevation. Therefore, complex-defect
design is utilized in enhancing the dielectric constant and
capacitance of a capacitor [64-66]. Therefore, the addition of
single dopants to the BST base material is effective in im-
proving the capacitive application of the BST nanomaterial.
This has primarily resulted from the formation of defects
such as oxygen vacancies following the incorporation of the
dopants and replacing the A- and/or B- sites of the BST
perovskite structure. It is also caused by further ionization of
the dopants after they obtain electrons from the Ti**
component of BST. Hence, doping is considered to be one of
the successful methods employed to advance the utilization
of BST as a dielectric material in capacitors.

These days, scholars are performing a significant number
of research studies on unidoped BST materials where the
dielectric properties and capacitive nature of BST have been
enhanced. Hence, there have been many suggestions given
for the mechanism of how the dopants affect the micro-
structural as well as electrical characteristics of the BST
material. For instance, Mn doping involves the trapping of
electrons which lowers the dielectric loss being an acceptor-
class impurity located on the grain boundaries [67, 68]. Attar
et al. reported work on dielectric characteristics of BST
nanopowder doped with Bi prepared through the sol-gel
technique where the dielectric constant has been observed
increasing to a maximum value at a temperature of 80°C, due
to enhancement of the grain size and was then lowered above
the Curie temperature. Meanwhile, the dielectric loss de-
creased as a result of balancing of the oxygen vacancies
formed by doping, through reduction of free electrons. The
highest amounts of both dielectric constant and dielectric
loss were lowered during elevation of Bi concentration [69].

A report by Eswaramoorthi et al. explored the changes in
electrical characteristics of BST thin film by Ga which was
incorporated as a dopant. As a result, both the dielectric
constant as well as dielectric loss was lowered as the Ga
concentration was increased. The dielectric constant was
observed decreasing due to the reason that the dipoles hardly
pursue an enforced field and lowering of particle size of BST
after the addition of Ga. Introduction of Ga to BST has
resulted in the lowering of dielectric loss as Ga>* attracted as
well as neutralized bouncing electrons found within various
Ti**. On the other hand, Ga has an ionic radius of 0.62 A,
while Ti has 0.61 A ionic radii which are about identical, and
hence, ions of Ga®* are expected to take up the space initially
occupied by Ti** ions found at the B-sites of ABO3 which
behaves as an electron collector [70].

Bay ;Sry3TiO3 in the form of ceramics doped with Ni
synthesized through the slow-injection sol-gel technique had
a minimum dielectric loss equal to 0.02 and a 1,603 dielectric
constant value. The dopant Ni occupied site B of the ar-
rangement, and Ni** substituted Ti*" site where oxygen
vacancies were formed which reduced the dielectric loss. An
increase in sintering and calcination temperature is also
another driving force for the lowering of the dielectric loss.

When computed with BST, the dielectric constant of Ni
doped BST ceramics has been found higher. This is the result
of conduction state formation around grain edges [71-73].
Similarly, a report by Novianty et al. has revealed their
finding where the addition of the dopant Ta,Os into
Bag 5S,.5TiO5 caused the value of the dielectric constant to be
increased. Ta,Os increased the number of donor dopants.
This derived elevation in the amount of negative charge
carrier content and inner electric potential. Hence, all these
changes make the depletion region grow larger. Ultimately,
BST doped with Ta,Os in the form of thin films shown
improved dielectric characteristics as compared to pure BST
[74]. Another work by Chen Zhang et al. has shown that as
Sb,05 content was increased, the dielectric constant elevated
at first which later lowered. Dielectric loss of the BST, on the
other hand, has been found elevated. These phenomena are
due to the formation of vacancies and defects after the A-
and B-sites of the BST were occupied by the Sb>* ions [75].
The effect of zircon on the dielectric property has been
investigated where the replacement of Ti*" by Zr*" ions
caused a dielectric constant increment as well as dielectric
loss lowering. However, these were due to the enhancement
of frequency stability [76].

A report on the impact of gold over some properties of
BST by Wang et al. has explored the improved properties of
BST. Increased crystallization, lower leakage current density,
and enhanced dielectric constants have been observed as
a result of doping of the BST with gold. When the dopant
gold was introduced to BST, it catalyzes nucleation of the
BST nanoparticles and enhances their crystallinity. This
resulted in an elevation of the grain size which resulted in
higher dielectric constants and lowers leakage current as
compared to the pure BST. According to this report, the
grain size and dielectric constants values are directly
proportional [77].

In contradiction to many reports, doping Bag ¢St 4TiO;
BST with iron has resulted in decreased dielectric constant
value relative to the pure BST. But no adequate reason and
explanation have been given to this unusual result [26].
Meanwhile, another report on the Fe doped Bay 5Sr(5TiO;
BST synthesized through slow rate injection sol-gel has
shown expected results where the dielectric constant value of
doped BST has elevated as a result of increment in Fe
concentration, starting at 0.1 to 1 mol % while the sintering
temperature was increased. But the dielectric loss was ob-
served decreasing which is mainly caused by the evolution
oxygen vacancies, lowering of oxygen, and appearance of
space charge polarization by an electric potential. Mean-
while, the dielectric constant was elevated when the sintering
temperature was increased and got lowered when the cal-
cination temperature was elevated. On the other hand, the
dielectric loss has shown higher values as calcination tem-
perature was elevated. It was lowered as a result of the el-
evation of sintering temperature [78].

Hence, it was described that the addition of dopants to
BST might not always result in enhancement of the dielectric
parameters and capacitive application of BST at any con-
dition, rather there are optimized values of calcination
temperature and the amounts of dopants. On the other
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hand, increment in sintering temperature brings about
advancement of the capacitive utilization of the doped BST
samples.

As can be observed from the previous reports, unidoping
resulted in an enhanced dielectric property of BST. How-
ever, more enhancements in the dielectric property of BST
and its capacitive application can be obtained using
codoping or multielement doping of the BST. These days,
multielements codoping has got more focus since it en-
hances the surpassing dielectric properties that are difficult
to be achieved by either single A-site or B-site doping. There
exist two ways of codoping: one way is doping the A- as well
as B-sites with variable elements; the second way is doping
the A- or B-site with varied elements [79]. When BST is
codoped with more than one dopant, the radius is taken as
a major factor for the site where dopants are added. The A-
site containing Ba** (1.35A) and Sr** (1.15A) is preferably
substituted by the dopant with a higher ionic radius, while
Ti** (0.68 A) are replaced by the smaller dopant [80-82]. To
obtain a capacitor of minimum dielectric loss, elevated
tunability, and solve the synchronous alternation of di-
electric properties, methods such as compositing or forming
heterojunctions using complementary components and
codoping are usually practiced [83-86]. Codoping has
usually been used as a better and efficient way of increasing
the dielectric properties of BST. It solves some of the
problems faced during unidoping where enhancement of
a dielectric parameter occurs along with lowering in other
ones. Doping of BST sometimes results in elevation of the
dielectric constant along with the leakage current. It might
also end with a reduced dielectric constant and leakage
current. This could be due to the occurrence of a paraelectric
hexagonal phase which is visibly observed when the amount
of the dopant added is higher. It then results in Jahn-Teller
distortion which hinders the real utilization of BST capac-
itors. On the other hand, unidoping leads to the formation of
oxygen vacancies that lower the dielectric property of BST.
Hence, codoping notably prevents the formation of the
hexagonal phase and lowers the number of oxygen vacan-
cies. On the other hand, elements of the codopant act as
a donor and acceptor dopant at a compensated concen-
tration [48, 87-96].

The advantage of codoping over unidoping, in en-
hancing the dielectric properties of BST, has been clearly
observed when BST was doped with K*' and Mg** ions
through a sol-gel method. The dielectric constant became
greater than BST for the K™'/Mg*" ions codoped BST by
a larger value relative to the K-doped BST as well as Mg-
doped BST. Dielectric loss of the BST sample has gone to
a minimum value for the K*'/Mg>* ions codoped BST than
for the K-doped BST as well as Mg-doped BST. The K"/
Mg”* ions codoped BST film possessed larger density and
small amount cracks which made it to own enhanced di-
electric properties. On the other hand, while the codoped
BST is heated at elevated temperature, O*~ found at the BST
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lattice is removed as O,. This results in one oxygen vacancy
and two free electrons. The electrons are easily absorbed by
the K*' and Mg”* ions which lower the carrier concentration
as well as dielectric loss. After the K* ions substituted the
Sr** and Ba®* ions, the Ba/Sr ratio has been elevated which
resulted in increased dielectric constant [97].

Multielement doping has an impact of on the micro-
structure and electrical properties of BST thin film. Such
a phenomenon has been clearly observed when BST was
codoped with Ce’*/Mn** ions in a work by Qian et al.
Elevated capacitance along with a higher dielectric constant
and a lower dissipation factor of a codoped BST capacitor
was obtained. This is mainly due to the formation of defect
complexes of Cey, — V& or Mny, — Vg which lower the
number of free oxygen vacancies and decrease the leakage
current. Particle size of the BST was also lowered after the
addition of the codopants, Ce and Mn. This brings about
a higher volume fraction of grain boundaries which in-
creased the length of conduction paths and lowered the
leakage current [98]. In analogous to this report, impact of
codoping on the dielectric characteristics of BST nano-
material has also been observed when BST was codoped with
Bi and Li according to a report by Alkathy et al. Dielectric
constant has increased as a result of the space charge po-
larization in between grain boundaries that derives a po-
tential barrier and free electrons obtained after the
replacement of the Ti** ion by Li*! ion. The acceptor-donor
defect complex was formed after the replacement of Ba™ ion
by Bi*! ion and that of Ti** ion by Li*! ion. This produced an
electron-pinned defect dipole where the hopping electrons
were accumulated and attached at the defects. Hence, the
dielectric loss has been reduced to a smaller value [99]. The
same reasoning has been used to clarify the enhancement of
dielectric permittivity of (Al, Nd) codoped BST [100].

As reported by Singh, codoping has the advantage of
altering a dielectric parameter without affecting the other
properties of the BST nanomaterial. Codoping of perovskites
involves the formation of holes, electrons, and oxygen va-
cancies. Moreover, this results in an enhanced conductivity
through the hopping of electrons among the ions of the
dopants [101]. Such a phenomenon has been observed when
BST was codoped with Ba (Mn;;3Nb,,303) (BMN) in a re-
port by Alema and Pokhodnya. The dopants have surpris-
ingly lowered the dielectric loss up to 38% where tunability
of the BST nanomaterial film has not been affected. This is
due to the balancing act of the small Nb>* on the tunability
effect of large Mg®*, during which both ions replaced Ti**
ions. Coupling of Mgy, as well as V¢ charged defects re-
duced dielectric loss of the film through the removal of
electrons at hopping among Ti*" ions due to the variation of
valance state of the dopants. Such a phenomenon also
resulted in the reduction of leakage current of BST. The
dielectric constant has been lowered due to the lowering of
grain size after Mn and Nb were added to BST [102, 103].
The doping process of BMN is possibly represented by
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a defect reaction known as Kroger—Vink notation which is
expressed in the following equation [104]:

3Ba(Mg,3Nby,,05) + BaO — iO, 4Ba’, + Mgy + 2Nby, + 1005, (10)

Almost opposite to this report, Xiaofeng et al. have
shown that adding Mn, La, along with Nb dopants to BST,
resulted in the substantial increase of dielectric loss which
has been sharply lowered when the amounts of Mg, Fe, and
Al were elevated. There was also an observation that the
preliminary results of Mn-doped BST ceramics deviated in
relation to earlier works by a larger extent [48].

Sometimes, codopants might enhance the dielectric
constant which could still be lower than the pure BST. Such
a case has been observed when Stemme et al. were studying
the impact of fluorination of Fe-doped BST thin films on the
number of oxygen vacancies. Fluorine acted as a donor
codopant, while iron acted as an acceptor dopant so that
electroneutrality is kept where the holes are filled by F~ ions
and electrons taken by Fe’* ions. The highest permittivity or
dielectric constant value of 535+ 12 has been obtained for
the BST nanomaterial. Moreover, it was reduced to 348+ 5
after BST was first doped with Fe due to distortion of the
perovskite structure and the formation of defect dipoles by
the internal bias field. But in the end, the value has been
elevated to 398 + 11 when fluorine was added as a codopant
to the annealed Fe-doped BST. This is the result of the
movement of the F~ ions into the oxygen vacancies [105].

Codoping is expected to lower the leakage current
density to its lowest value as compared to unidoping. A
decrease of leakage current densities from 2.79 x 10~ A/cm?
of pure BST nanomaterial to 1.23x1077 A/cm* through
efficient lowering of the charge carriers and formation of
oxygen vacancies has been observed when BST was codoped
with Mn and Y in a report by Liu et al. Lowering of dielectric
loss to a minimum value of 0.0073 at 1kHz was also ob-
served [106]. Here, the acceptor dopant (Mn) diminished the
negative charge carriers, electrons, while the donor dopant
(Y) usually lowered the positive charge carriers, oxygen
vacancies. Preheating decreased the amount of organic
substances which cause leakage current densities. As a result,
the amount of leakage current densities got lowered
[107, 108]. In a similar way, the leakage current density of
BST has been lowered when La and Co codopants added to
BST through a metalorganic solution deposition method as
reported by Zhang et al. This is the result of decreasing of the
intrinsic oxygen vacancy by the La donor dopant through
the formation of the cation vacancy [109].

On the other hand, a study on dielectric characteristics of
BST codoped with La, O3 as well as Sb,03 has found that the
ions La>" ions, as well as Sb>*, occupied A-sites of the pe-
rovskite structure. BST doped by La,O; has shown a large
dielectric constant, which is higher than 4,500, which helps
them to be proved candidates for the capacitor applications.
An increase in La,O; doping content also resulted in the
lowering of dielectric loss as a result of replacement of A-sites

in BST perovskite structure by the rare earth ions. It is due to
the fact that electrons generated during the doping process
were trapped by Ti*" ions causing the formation of Ti>* ions
and the deoxidization of Ti** ion. Elevation of a dielectric
constant has been observed as crystal lattice is shrinked and
consequently, the lattice structures have also been deformed.
At higher content of Sb,O3 concentration, the separation
length of the centre ion to the nearest octahedron neigh-
bours becomes shorter where the motion of Ti*" ions gets
confined. As a result, the unforced polarization of grain
structure got weakened. Hence, both dielectric loss and
dielectric constant were lowered [19].

Sometimes, codoping might not produce the expected
sharp elevation of the dielectric characteristics of the BST
nanomaterial. A study by Gao et al. dealing with the impact
of BizNbZrOy on the dielectric characteristics of BST ce-
ramics has explored that the addition of more BisNbZrOq
resulted in enhancement of dielectric constant first which
got lowered later and has finally shown a little increment.
This is due to the formation of strontium vacancies at the A-
site, as a result of the substitution of three Sr** ions by two
Bi’* ions. This drove the free movement of titanium ions
and easy polarization. The dielectric loss became low at first
which then got higher and higher constantly. Replacement
of the Ti** ions by Nb>* and Zr** ions resulted in lowering
of the space in between anion and cation of oxygen oc-
tahedral where a higher amount of repulsion between
oxygen ions has occurred. Therefore, the extent of polar-
ization became lower [110]. The same codopants have been
employed in another report, but different results have been
obtained due to the variation in the synthesis method and
conditions. Codoping BST nanomaterial with Mn and Y
has resulted in dielectric constant, dielectric loss, and
leakage current values which have been simultaneously
impacted through the introduction of Mn and Y codopants.
The dielectric constant value of the BST nanomaterial
reached its possible maximum value as a result of enhanced
crystallization at an annealing temperature of 750°C and
400kV/cm applied voltage. Meanwhile, the dielectric loss
lowered due to the formation of a higher amount of
charged defects. The leakage current density has been
similarly reduced. This is caused by the acceptor property
of Mn and Y that replaced Ti, the lowering of electron
density, and enhancement in crystallinity of the BST thin
film. Besides these effects, codoping of BST with Mn and Y
has also resulted in enhanced remnant polarization value.
This is due to the increment of defect concentration as
a result of a reaction between Y** ions and oxygen va-
cancies. Ultimately, polarizability or ferroelectric charac-
teristics of the BST have been enhanced which matches
with elevation of the dielectric constant [111].
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Multielement doping also has effects on the conductivity
of BST ceramics. Deepa et al. reported that the addition of Ag
together with 50PbO : 30B,05 : 20SiO, dopants into BST has
improved the dielectric and conductivity of BST. This is due
to the lowering of the space between the dopant particles
which led to lowered multipolar interaction among the
particles. However, this caused the free motion of electrons
over a large range of areas where an applied field existed.
Hence, a radical elevation of dielectric constant as well as
conductivity has been observed [112]. But this is not always
true. A report by Bomlai et al. has shown that conductivity of
BST has been decreased after 0.08 mol% MnO,, 3mol %
SiO,, and 3mol % SbO, are added as codopants to BST
during the synthesis of Sb, Mn-codoped BST ceramics
containing TiO,, and SiO, sintering additives through
a conventional mixed-oxide process. The resistivity has been
increased from 48 to 911 Q-cm. The codopant Mn acted as
an acceptor by replacing the Ti of BST where the charge
density from the trapped electrons was elevated. This en-
larged the barrier height which caused the conductivity to
get lowered [113].

Grain size has variable effects over the dielectric char-
acteristics of BST capacitors. It is sometimes directly pro-
portional and other times inversely proportional with them.
For instance, the elevation in grain size has been resulted in
enhancement of relative permittivity to 419 and lowering of
dielectric loss when BST was codoped through incorporation
of cobalt along with fluorine in a report by Friederich et al.
However, the reason behind the results was not adequately
explained [114]. The same result has been obtained in an-
other report dealing with the sintering properties and di-
electric nature of B,O3/CuO codoped BST [115]. The
increase in grain size has also been resulted in increasing the
dielectric constants of Cu-F codoped BST, Fe-F codoped
BST, and Co-F codoped BST as reported by Zhou et al. Here,
F~ ions fill the oxygen vacancies found at the B-site which
were obtained after the replacement of Ti** by Cu**, Co**,
and Fe**. There upon, the internal field was reduced leading
to the elevation of the dielectric constants [116].

Codoping has its own response to another characteristic
parameter of dielectric materials, the Curie temperature T..
In a report by Liang et al.,, the Curie temperature of BST
nanomaterial has been reduced after the codopants Mn and
Co were added to it. This is the result of the replacement of Ti
of BST by Mn** and Co’* ions which formed oxygen va-
cancies. Consequently, the vacancies were followed by the
rupture of Ti-O chains which derived reduction of T of the
codoped BST [117]. Similarly, lowering of Ba/Sr ratio of BST
matrix has been resulted in lowering of T, from —57.5 to
—142°C after doping BST with MgMoO,. Unlike many other
works, codoping has also shown lowering of dielectric
constant of BST. Here, elevation of MgMoO, content caused
the dielectric constant to lower steadily. This is caused by the
smaller dielectric constant values of both MgMoO, (¢ =7.07)
and BaMoO, (¢ =9.3) [118]. Likely, doping of (Bag 74Sr0 26)-
TiO; with La and Sb has resulted in lowering of T, from 23°C
to a value lower than —25°C as the maximum amount of
0.8 mol % of Sb,O5 and 1.6 mol % La,0O5; was added to the
ceramics through a solid state method [19]. In contradiction
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to this report, the Curie temperature was elevated to larger
temperature when BST was codoped with a glass containing
PbO-Si0,-B,0; according to a report by Zhang et al. It has
been reported that after the addition of codopants into BST,
the compositional variation in the ferroelectric material was
observed. Mainly, the formation of PbTiOj; is responsible for
the steady increment of T,. PbTiO; has a T, value of 485°C
which is greater than the value for BST (120°C) [119]. T¢ of
BST has been observed first elevated which was then lowered
when codoped with 2.0 wt % Mg as well as 2.0 wt % Mn
through a solid-state reaction method. According to Zhang
et al,, this was due to the lowering of the internal stress and
microstructural change from cubic to hexagonal [120].

It is known that the phase transition temperatures, T, of
the codoped BST samples explore the temperature at which
a maximum dielectric constant value is obtained. It is used to
determine the amount of the codopants needed to make the
BST sample to be a better capacitor. For instance, the
Bi;NbZrOo-doped BST has shown a varied T, as the amount
of the codopant was fluctuated. Elevation of BizNbZrOy
from 0.5 wt. % to 5 wt. % has lowered the T. value from
-10.8°C to —57.2°C. Here, elevation of the dopant amount
resulted in enhancement of the number of Bi, Zr, and Nb
ions which are going to be incorporated to the BST lattice.
However, this became the deriving g force for the lattice
distortion, lowering of volume of the crystal cell, reduction
of the gaps between oxygen octahedrons, and prohibiting the
motion of Ti ions. Hence, decreasing of long range static
force, increasing of the potential well depth, as well as
lowering of heat of transformation were observed. These all
caused the phase transition temperature to be lowered [110].
The extent of variation of T, with the amount of dopant
incorporated to a BST sample is useful to perfectly predict
the type of application where the doped BST is going to be
utilized. 0.5mol % Mn and 1.0 mol % Y-codoped BST ce-
ramics has shown no lowering of T, and this made it to be an
appropriate material for a pyroelectric application. Its T, has
been found as ~25.38°C which belongs to a phase transition
from paraelectric to ferroelectric [121]. In a report by Hu
et al., a T, value of 305K has been recorded for a phase
transition of ferroelectric phase to a paraelectric one when
BST was doped with 0.5 wt % B,O3 [122].

On the other hand, codoped BST materials possess di-
electric constant values which vary with temperature. Jiang
et al. reported that a BST codoped with 2.5 mol % B,O; and
2.5mol % CuO synthesized using a solid-state reaction route
at a sintering temperature of 950°C has shown elevation of
dielectric constant value with increasing temperature of the
process starting from the smallest value of € equal to 7.4.
Such a phenomenon is the result of increase in density as
well as grain size [115]. Similarly, in a research work reported
by Wang et al., enlargement of crystallization temperature
from 850°C to 1,000°C has been resulted in the enhancement
of dielectric constant, starting at 119 all the way to 317,
during codoping of BST with BaAl,Si,Og to produce a BST
ceramics possessing the 3.0J/cm® highest energy density.
This value is recorded as a larger value as compared to the
classical capacitor making the BaAl,Si,Og codoped BST
[123]. In the same trend, incorporation of 2, 4, and 8 mol %
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Bi and Li codopants to BST through a solid-state reaction
method has resulted in an elevated dielectric permittivity in
line with the increase in temperature from 75°C to 200°C,
according to the report by Alkathy et al. This is due to the
formation of the acceptor-donor defect complex where the
bouncing electrons are attracted to the vicinity of the defects
[99]. Unlike many reports, BST films accumulated on Pt/Ti/
SiO,/Si target through RF magnetron sputtering has been
resulted in almost the same dielectric constant value at
varied temperatures illustrating the most homogeneous film
as well as the nonappearance of interfacial barriers inside the
film, as have been explored by Yan et al. [124].

From the previous works, it is possible to summarize
the mechanisms of how unidopants and codopants affect
the performance of a BST as a capacitor. One thing for
sure is that substitution of the A- and B-sites of BST
dielectric material by the metals is the main cause for the
changes in the dielectric property and capacitive appli-
cation. For instance, the dielectric constant was en-
hanced due to an increase in the polarization as the result
of the formation of oxygen vacancies, generation of free
electrons as well as inner electric potential, and for-
mation of conduction state at the grain edges. The defect
dipoles’ defect clusters, electrons, and holes are accu-
mulated in a specified region producing elevated di-
electric permittivity. The dielectric constant reaches its
maximum value at a specific amount of the dopant. It
increases up to a specific temperature where it started
falling called the Curie temperature.

Dopants also neutralize bouncing electrons found at the
crystal as a result of the substitution of B-site of BST. The
electrons are also trapped by the replaced Ti*" ions. These
ultimately resulted in lowering the dielectric loss and the
leakage current density. The oxygen vacancies formed after
substitution can act as donors of the perovskite structure
which produces conduction electrons that are attached to
Ti*" and reduced to Ti’*. Then, electrons are surrounded by
the completely ionized oxygen vacancies which produce
enlarged electron defect-dipole. This ultimately lowers the
dielectric loss [99].

It has also been clear that an optimized amount of the
dopant mixed with BST increases the rate of polarization
of BST and this results in higher energy and enhanced
power densities of the BST capacitor where these pa-
rameters are usually used as additional criteria for the
study of capacitive properties of the BST [125-127]. All
these improvements become significant when BST is
codoped with more than one element. This is the result of
the existence of both acceptor and donor dopants at the
codopant material. Holes and electrons are balanced, and
therefore, simultaneous improvement in both dielectric
constant and dielectric loss is observed. Therefore,
codoping BST nanomaterial is a preferable means of
synthesizing a BST capacitor with improved energy storing
capacity performance [128].

Thus, codoping is often taken as a better doping method
as compared to unidoping where more polarization, higher
vacancies as well as defects and immobilization of extra
electrons were obtained. The codopants substitute A- and/or

B-site components of BST at a time, and hence, more
changes or improvements in properties are observed.

The dielectric constants as well as the dielectric loss
values of BST samples obtained after addition of the
codopants to the BST material, at optimized calcination and
sintering temperature, are summarized in Table 1. Values of
a few unidoped BST nanomaterials are also included just for
comparison purposes. The dielectric properties of doped
BST materials, in general, are affected by the calcination and
sintering temperature. This is due to the fact that these
temperature values do have their own impact on the mi-
crostructural arrangement and growth rate of the doped BST
crystals. Therefore, it affects the grain size which possesses
a significant contribution to the dielectric properties of
doped BST materials. Hence, studying and considering the
calcination and sintering temperatures are by far very
crucial [19].

Looking at Table 1, it is clearly understood that there is
a tremendous enhancement in the capacitive nature of al-
most all doped BST nanomaterials. The dielectric constant
values of doped BST have been found much higher than
those of pure BST nanomaterial. The dielectric loss has also
been lowered more. On the other hand, more improvements
in dielectric properties have been observed when BST was
codoped with multielements than unidoped with single
elements or ions [128]. For instance, La,03/Sb,03 codoped
BST has shown a higher dielectric constant than Sb,0Os-
doped BST. Dielectric loss has also been found very small for
La;05/Sb,05 codoped BST relative to that of Sb,Oj uni-
doped BST. Such trends are clearly observed in other uni-
doped and codoped BST. Therefore, it is worthy to conclude
that multielement doped BTSs are better capacitors relative
to the unidoped BST ones [19, 75, 129]. However, there is
also a possibility where codopants might reduce the di-
electric properties of BST due to a variety of reasons. (Fe, F)-
codoped BSTs have shown smaller dielectric constant along
with elevated dielectric loss than the Fe-doped BST and pure
BST which means that codoping did not improve the di-
electric parameters of the unidoped and pure BST. This is of
course due to the fact that the Fe dopant added on the Ti site
caused distortion of the perovskite framework [78, 105, 130].
In another observation of Table 1, dielectric properties of the
doped BST are affected by variation of sintering and calci-
nation temperatures due to their effect on the number of
oxygen vacancies and space charge polarization of the doped
BST where increase in sintering temperature mostly resulted
in enhanced dielectric constant. Varied relationship of the
dielectric loss and sintering temperature has also been ob-
served [73, 78]. Calcination temperatures have the capacity
to alter particle size of doped BST which further affect the
dielectric properties of the doped BST nanomaterial [73].
Saeed et al. reported lowering of dielectric constant as well as
elevation of dielectric loss of Fe-doped BST as a result of
increment in calcination temperature [78].

On the other hand, lowered leakage current value of
capacitors is an important characteristic of an improved
efficiency of the material as well as its respective electric
charge accumulating capacity [131]. Table 2 explores the
change related to the leakage current of BST as the result of
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addition of codopants. As can be observed from the table
most unidoping as well as codoping of the BST nanomaterial
resulted in a reduced leakage current due to the substitution
of the A- and/or B-sites of the BST perovskite which hin-
dered the formation of free electrons and lowered the
number of oxygen vacancies [132].

2. Method

2.1. The Synthesis of Codoped BST Nanomaterial.
Different methods have been employed to synthesize
codoped BST nanomaterials. These include a conventional
solid-state reaction technique [19, 32], hydrothermal [133],
and sol-gel techniques [70]. The methods at which materials
are prepared have significant effects on the surface mor-
phology as well as microstructure of the sample materials
[134].

Some of the synthesis methods and the structural change
observed as a result of doping are summarized in Table 3.
The optimized amount of dopant and the change on the
grain of the doped BST are also included. This is due to the
fact that they possess an impact on the dielectric charac-
teristics and capacitive application of BST nanomaterial
[109]. As can be observed from Table 3, it is clear that most
multielement doping processes of BST are carried out
through the solid-state reaction method even though there is
a question of labour intensiveness, homogeneity, and purity.
On the other hand, sol-gel is known for its easiness, small
cost, superb composition management, elevated molecular
uniformity, enhanced purity, small processing temperature,
complex materials’ utility of preparation, crystallization rate
of the final product, and smaller polluting extent. It is
a simple method for doping and to obtain uniform products.
Therefore, the sol-gel method is taken as the suitable
technique to be utilized during the synthesis of doped BST
samples even though it has a disadvantage of resulting in
a porous structure as a result of the removal of organic
substance and gases while drying [42, 70, 135-137].

3. Results and Discussion

3.1. Characterization of Codoped BST Nanomaterials. The
codoped BSTs are usually characterized using methods in-
cluding XRD, SEM, EDS, XPS, Raman spectroscopy, TGA,
and LCR meter measurements to study its crystal structure,
grain size, morphology, elemental composition, response to
heating, and dielectric properties which determine its ca-
pability to be utilized as a capacitor.

X-ray diffraction (XRD) is utilized to resolve the ar-
rangement of a single crystal, crystal structure, and crystallite
size of material. The characteristic XRD patterns of pure BST
as well as BST codoped with NigsZng sFe,0O, (NZF) where
the amount of the NZF codopant has been varied as 0.4, 0.6,
and 1.0 mol % was obtained. The pure ferroelectric BST has
shown a cubic perovskite arrangement, but the addition of
1.0mol % NZF has changed its structure to a cubic spinel
structure. As the NZF composition was elevated, the in-
tensity peak (311) of the spinel phase went to higher values,
but the intensity of the pure BST peak (110) has been lowered

11

in the same ratio. This explores the better distribution of
ferrite in the composite having perfect homogeneity [138].

It is known that SEM is used to study the surface ap-
pearance, topography, composition and microstructure,
homogeneity, necking, grain boundary, grain size, and
porosity of samples. For instance, it has been used to approve
the formation of BaO-SiO,-B,0; glass codoped BST thin
film composed of 5 vol %, 10 vol %, and 20 vol % of the
dopants. A uniform structured BaO-SiO,-B,O; glass
codoped thin film without fracture was synthesized. The
grain size has been reduced from 15 ym of the pure BST to
less than 1 um of the codoped BST. It clearly described the
effect of the dopants on the microstructural property which
is one of the major factors that determine the energy storing
capacity of BST nanomaterials [127].

On the other hand, EDS is a technique applied in ex-
ploring the composition of a sample. EDS has been used as
a verifying method for the formation of NigsZngsFe,Oy
codoped Bay ¢Sr 4TiO;5. The intense peaks corresponding to
the major components of the BST, Ba, Ti, Fe, and Ni have
shown higher amount of abundance at the surface of the
Nig 5Zng sFe,04 codoped Bay ¢St 4TiO; material. Therefore,
the formation of codoped BST has been experimentally
confirmed [138].

AFM is also another technique that has been utilized as
a characterizing parameter of codoped BSTs for its 3D image.
The surface morphologies of the BiggLagiFeg9sMngsO;3
doped BST and BST have been used to approve the for-
mation of doped BST and to investigate the effect of the
BigoLag FegosMng 9503 on the microstructure of BST.
Hence, both materials have uniform arrangements with no
cracks on their surfaces. The mean grain of the
BiggLag FegosMng os0O; codoped BST surface was found
higher than the BST film [139].

In more detail but similar to EDS, XPS study is usually
used to confirm the surface chemical states, defects as well as
compositions of samples. It has been used during the syn-
thesis of Bi/Li codoped BST ceramics. The XPS spectrum of
the elements, Ba, Sr, Bi, Li, Ti, O, and C, has confirmed that
the ceramics was pure. From the spectrum of the codoped
BST ceramics, element peaks for Ba, Sr, Bi, Li, Ti, O, and C
have been observed, but only peaks for Ba, Sr, Ti, O, and C
were explored at the XPS spectrum of the pure BST. This is
an evidence for the effective addition of Bi and Li to BST. The
binding energies, 778.19 and 793.14 eV, correspond to the Ba
3ds,, and Ba 3d3/,, while 133.28 and 131.31€eV are the re-
spective binding energies for Sr 3ds/,, and 131.59 and 131.63
belong to Sr 3ds/,. The Ti** 2ps/, and Ti** 2p,,, have re-
spective binding energy values of 456.64, 456.67 eV at the
undoped BST (BST6:BL0%), and 462.35, 462.67 eV at the
4 mol % (Bi, Li) codoped BST (BST6: BL4%). The 528.44 eV
major peak corresponds to the BST, while 528.28 eV belongs
to the peak of (BST6:BL4%) revealing an oxygen vacancy
lattice located at the Ti-O bond. This was not found in the
pure BST. On the other hand, the binding energies 157.43 eV
and 162.71 eV are the values for the Bi 4f;,, as well as Bi 4f5,,
respectively, referring to Bi**. Finally, the peak found at
60.06 eV that is identified as Li,COj3 expresses the existence
of Li* ion [99].
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Reports have usually been using Raman spectroscopy as
a very sensitive spectroscopic method that is utilized to
obtain the structural data. It has been used as a confirmatory
technique for the formation of (Al, Nb) codoped BST. A
peak at 150 cm™" which belongs to the movement of Ba**
and Sr** ions that is responsive to the A-site replacement
(ETO mode) has been observed. Another peak at ~237 cm™!
peak which corresponds to Al (TO) part of the cubic Flu
soft mode was also obtained. On the other hand, a peak
observed at 500-700 cm ™" is the result of oxygen octahedron
TiOg stretching mode (Alg (O)), while the ~760cm™"
represents the movement of Ti along with oxygen (Alg and
Eg mode), that is related to the altering of the Ti-O-Ti bond
angle. It also shows the replacement of Ti*" by (Aly sNby 5)**
[100].

Thermal gravimetric (T'G) analysis is another technique
of characterization that is employed for the thermal in-
vestigation which determines weight variation of a sample
due to temperature as well as time change, in a managed
surrounding. It has been used as an identifier of the pre-
cursors and reaction types during the synthesis of Fe, Co, Ni,
Cu, and F codoped BST. TG curves of BST and Fe, Co, Nij,
Cu, F codoped BST starting materials which are heated at
a maximum temperature of 1,200°C were observed at the
spectrum. Three possible reductions of sample weights were
obtained. The peaks belong to the barium-titanium acetate
as well as BST gel precursors. The first one corresponds to the
evaporation of water as well as acetic acid found at the
starting materials as a result of spray drying. This occurs at
the range of 100°C-220°C and explored a weight loss of
6-8%. The other one is the one which appeared at 250 to
400°C and represented a weight loss of 36-45%. This step
explored and then changed the metallorganic precursor into
metastable oxycarbonate. The last step occurred at the range
of 550°C to 650°C having a weight loss of 9-12%. It rep-
resented the decomposition of metastable oxycarbonate to
BST crystal. The second stage expressed that weight loss of
Cu-F codoped BST is smaller as compared to that of BST
precursors. On the other hand, the remaining codoped BST
had larger weight losses than BST precursors. At the third
stage, the decomposition for the Fe-F codoped as well as Cu-
F codoped raw materials occurred at smaller temperatures
relative to the pure BST precursor [116].

Finally, the collective impacts of the codopants over the
dielectric characteristics of BST nanomaterial are in-
vestigated by using an LCR meter. It is used to determine
dissipation factor D or quality factor Q and capacitance
which are helpful to determine the dielectric constant as well
as dielectric loss specimen understudy [70, 140-142]. These
properties are crucial preconditions for the codoped BST
nanomaterial to be utilized as a capacitor of different energy-
storing materials. The dielectric constant is highly affected by
thermal motion as well as thermal expansion of BST sample.
In general, the dielectric constant value increases when the
sintering temperature is lowered, while for the dielectric loss,
it is almost a reverse phenomenon. Such a result was ob-
tained when BST was codoped with Bi and Li. The codoped
samples have been resulted in enhanced dielectric permit-
tivity possessing a dielectric loss of less than 0.1 in the
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temperature range of 75°C-200°C, but at a temperature
higher than 200°C, the materials result in higher dielectric
loss [99].

The impact of codopants over the dielectric property of
BST can be expressed through the determination of the
leakage current (LC) of BST and the codoped BST nano-
material where lower LC is the goal to be achieved. For
instance, Alema and Pokhodnya used LC versus voltage
graphs to examine the leakage current and studied the
impact of the BaMg, ;Nb, ;03 over the leakage current of
BST. The leakage current of Mg/Nb codoped BST film was
found smaller as compared to the BST film, where Mg/Nb
codoping confirmed that the charge neutrality balancing
lowers leakage current of the BST film [102].

3.2. BST Nanomaterial as a Capacitor. BST nanomaterial is
a known perovskite nanomaterial with an elevated dielectric
constant, smaller dielectric constant, and lower leakage
current density. It is being broadly studied in search of its
application as a capacitor because of its improved energy
accumulation capacity as well as performance. BST nano-
material possesses favourable ferroelectric as well as di-
electric premises including polarizability, piezoelectricity,
pyroelectricity, and electro-optic activity which make it
a perfect energy-storing material with a minimum refreshing
time or charging time of 1-10seconds [143-146]. BST is
conveniently applied in the preparation of energy-storing
electronic devices such as capacitors, dynamic random ac-
cess memories (DRAM), magnetic core memory (MCM),
monolithic microwave integrated circuit (MMIC), piezo-
electric sensors, voltage-controlled oscillators, microwave
state changers, and tunable filter. When BST ceramics, with
Sr content <0.4 and Curie temperature lower than room
temperature, it is taken as the encouraging capacitor ma-
terial of fluctuating potential electronics. This is because of
the necessary ferroelectric along with dielectric properties it
possesses [32, 42, 147-149, 156-158]. It is then on the verge
of completely replacing the conventional dielectric materials
such as Ta,O5 and SiO,. It is also a crucial component during
the preparation of fixed capacitors acting as a charge-
accumulator where no space is needed at the outer part
of printed-circuit-board (PCB) [156]. BST is a preferable
nominee of post-1 Gbit DRAM capacitors. BST multilayered
capacitor must fulfil the requirements where it must possess
upper as well as lower electrodes. The electrodes must
possess high metallic conductivity; they should be chemi-
cally inert toward oxidation, having appreciable adhesion as
well as flat interfacial rows that result in enhanced capaci-
tance along with small current leakage [105]. Adding BST
within a DRAM cell has been found as largely needed since
the small leakage current assures the electronic charge data
accumulated during DRAM functioning [78]. However,
electrode material of BST thin films must be selected
carefully so as to block the occurrence of a small dielectric
interfacial row. For such an objective, electrodes of ex-
pensive metals including platinum (Pt), ruthenium (Ru),
and iridium (Ir) have been normally used. This definitely
tells that the electrical passage techniques are highly
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impacted by the interfacial region located between BST and
the electrode [150]. It is now clear that BST nanomaterial has
been widely used as a capacitor material.

On the other hand, it is already reported and clarified
that both unidoping and codoping have been observed
enhancing the dielectric properties of BST capacitors. This is
done through enhancement in the number of holes and
electrons which results in highly polarized samples, and
hence, higher dielectric constant as well as higher capaci-
tance is obtained. Meanwhile, the number of oxygen va-
cancies is lowered through the formation of a defect-dipole
complex with the dopants which results in the reduction of
dielectric loss. Electrons are also trapped by the dopant ions
causing the leakage current to get reduced. These improved
properties ultimately result in enhanced capacitive appli-
cations of BST. The effect of dopants on the energy storing
capacity of BST are mainly expressed through energy den-
sity, efficiency, electrical breakdown strength, and power
density of the doped BST capacitor [125-127].

For instance, pure Bag4Srg¢TiO; nanopowders have
been produced through a sol-gel method at 750°C which
resulted in electrical breakdown strength of ~240kV/cm,
and energy storage density ~1.23 J/cm” has been reported
[151]. A study by Xie et al. has also explored that doping of
BST with Fe via the sol-gel deposition method resulted in an
enhanced polarization which led to a higher discharged
energy density equal to 7.6 J/em® [152]. Diao et al. reported
that a SiO, dopant added to BST (Bag 4Sr¢TiO3) ceramics
through the traditional solid-state reaction method resulted
in improved breakdown strength of 134kV/cm and in-
creased energy density of 0.86J/cm”, due to the increase in
the amount of oxygen vacancies [153]. It has also been
explored that creating a heterostructure system with BST
forms an interfacial layer which has visible impacts over the
dielectric parameters, breakdown strength, power density,
and energy accumulating capacity of the thin films. A
heterostructure composite of BaSng 5Tipg503/Bag ¢Sr0.4TiO;
encompassing a 4mm thickness as well as about 30 mm
diameter was gained via traditional ceramic processing. It
possessed an energy storage density of 43.28 J/cm” and a bias
electric field of 2.37 MV/cm possessing an enhanced power
density of 6.47 MW/cm®. An increased dielectric constant as
well as lowered loss tangent was also resulted [154]. Likewise,
elevated dielectric constant, breakdown strength, and energy
density were explored when polyimide/sub-10 nm
Bay ;Sr( 3TiO3 nanocomposites were prepared via an in situ
polymerization technique in which BST has been blended
with 1,3-bis(4-aminophenoxy)benzene (BAPB) and pyro-
mellitic dianhydride (PMDA) monomers prior to spin
casting along with thermal imidization [155]. Many other
reports confirmed that the addition of an optimized amount
of dopant or formation of a heterostructure composite
resulted in enhanced capacitive parameters (energy density
and power density) of the BST capacitive material [125-127].

It is now inferred that codoping of BST has an effect on
the energy storing capacity of BST. Such an impact has been
observed when BST was codoped with BaO-SiO,-B,0;
containing glass. The addition of the dopants has resulted in
an elevation of breakdown strength from 12.1kV/mm of
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pure BST to 23.9kV/mm of the doped one. On the other
hand, the remnant polarization has also been lowered from
2.7mC/cm” of pure BST to a minimum value of 0.29 mC/
cm? of codoped BST. These two results were mainly driven
by the lowering of grain as well as pore sizes and the re-
duction of porosity. The enhancement in breakdown
strength as well as lowering in remnant polarization of the
codoped BST led to an elevated energy density. It has been
elevated from 0.37]/cm® to 0.89)/cm’ after having been
codoped by BaO-SiO,-B,0; containing glass [127]. Simi-
larly, a BST glass-ceramics prepared after doping of BST with
BaAl,Si,Og has shown enhanced dielectric constant elevated
from 119 to 317 and lowered breakdown strength from 56.8
to 36.6kV/mm at a higher crystallization temperature of
950°C. These parameters led to the achievement of the
highest energy density of 3.0J/cm’ that is higher as com-
pared to the value for the conventional capacitors. Hence,
BaAl,Si,Og codoped BST is selected as an efficient dielectric
sample that can be utilized in enhanced energy storage
density capacitors [123]. A codoped BST capacitor has
shown enhanced energy density and efficiency when BST
was codoped with Ce and Mn dopants. (Ce, Mn) codoped
BST has been resulted in an energy density (W) of 18.01]/
cm® and higher energy storage efficiency (17) of 75.1% under
2,000 kV/cm relative to the BST, Ce, as well as Mn-doped
BSTs were recorded. This is even higher than other types of
capacitors such as PbZrO; thin films [98].

Since most of the dielectric properties of unidoped BST
have been improved through multielement doping, multi-
element doped (codoped) BSTs have shown sufficient di-
electric properties to be selected as perfect capacitors of
different energy-storing materials [98].

Looking at both the unidoped BST and multielement
doped (co-doped) BST samples synthesized through a vari-
ety of methods, it is possible to point out that the im-
provements in the dielectric properties and capacitive
application are not smooth. That is, addition of the dopants
into BST might increase the dielectric constant which can
possibly lead to the elevation of the dielectric loss and
leakage current density of BST. Only few dopants are able to
increase the dielectric properties and capacitance of BST
while lowering the dielectric loss and leakage current density
of BST. On the other hand, most of the enhancements of the
capacitive application of BST following the incorporation of
multielement dopants to BST are still at a small scale. Hence,
all the points explained previously are taken as limitations of
doping BST so as to enhance the capacitive utilization of
BST. Thus, we believe that large scale application of the
doped BST samples in capacitors is recommended as a future
work. Finding the best conditions where increment of ca-
pacitance while reducing the dielectric loss and leakage
current density of BST as the result of incorporation of
multielements is also supposed to be a forthcoming task.

4. Conclusion

From the articles, it is possible to summarize that BST
nanomaterial has of its own proved capacitive nature.
However, it is one of the possible materials to be utilized
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during the fabrication of capacitors. Meanwhile, doping
changes the dielectric and physical characteristics of BST
nanomaterial where most of the capacitor characteristics of
BST are enhanced. The dielectric constant is increased up to
a certain optimized amount of the dopant until which cure
temperature is reached. Dielectric loss and leakage current
density are reduced to a lower value. According to many
reports, codoping is in the way of bringing about improved
dielectric parameters of BST nanomaterial which helps it to
be the right choice for its capacitive application by en-
hancing its energy storage density and efficiency. However,
doping does not always improve the dielectric properties of
BST, and there are cases where it results in lowering of the
properties. It is also worthy to say that all the single metal
dopants which are expected to increase the dielectric pa-
rameters as well as capacitive application of BST were al-
ready disclosed except for a few. Hence, attention must now
be given to the codopants (multielement doping) which can
improve the properties of capacitors composed of BST
nanomaterial. Therefore, doped BST capacitors are good
future candidates to be used.
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