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Abstract: In the present paper, composite thin films of barium strontium titanate (BaxSri-~xTiOs)
with an acceptor modifier (magnesium oxide—MgO) were deposited on metal substrates (stainless
steel type) using the sol-gel method. The composite thin films feature BaxSri~TiOs ferroelectric
solid solution as the matrix and MgO linear dielectric as the reinforcement, with MgO concentra-
tions ranging from 1 to 5 mol%. Following thermal treatment at 650 °C, the films were analyzed for
their impedance response. Experimental impedance spectra were modeled using the Kohl-
rausch-Williams-Watts function, revealing stretching parameters ((3) in the range of approximately
0.78 to 0.89 and 0.56 to 0.90 for impedance and electric modulus formalisms, respectively. Notably,
films modified with 3 mol% MgO exhibited the least stretched relaxation function. Employing the
electric equivalent circuit method for data analysis, the “circle fit” analysis demonstrated an in-
crease in capacitance from 2.97 x 102 F to 5.78 x 10710 F with the incorporation of 3 mol% MgO into
BST-based thin films. Further analysis based on Voigt, Maxwell, and ladder circuits revealed trends
in resistance and capacitance components with varying MgO contents, suggesting non-Debye-type
relaxation phenomena across all tested samples.

Keywords: dielectric materials; composite thin films; impedance spectroscopy; equivalent circuit
method

1. Introduction

The history of electroceramics traces its roots to the pivotal discovery of barium ti-
tanate (BaTiOs), a breakthrough that reshaped our understanding of ceramics’ properties,
applications, and technological possibilities. The identification of ferroelectric properties
in barium titanate in 1942 marked the initiation of the modern era of ceramic dielectric
materials [1]. In addition to its applications as a fundamental dielectric material, barium
titanate has also been explored for its unusual semiconductor properties [2,3], exhibiting
a unique positive temperature coefficient of resistance [4,5].

The piezoelectric properties of barium titanate played a crucial role in the devel-
opment of ultrasonic transducers, opening up new avenues for the application of piezo-
electric ceramics [6]. Due to the advantages of environmental friendliness, structural
stability and high electromechanical conversion efficiency, barium titanate is one of the
mainstream and sustainable piezoelectric materials for developing clean energy har-
vesting technologies [7].

The piezoelectric generation of ferroelectric BaTiOs thin films on flexible substrates
has been applied to convert mechanical energy into electrical energy [8]. Metal-insulator
(BaTiOs)-metal-structured ribbons were transferred onto flexible substrates. The results
showed that such flexible piezoelectric nanogenerators (PENGs) could power
self-charging wearable electronic devices through mechanical agitations.
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Research on BaTiOs-based nanogenerators is an important and promising area. For
instance, a novel flexible nanogenerator was built by coating ITO/PET layers with a
ZnO/BaTiOs heterojunction composite [9]. It was found that the electrical output per-
formance was enhanced due to the nanonetwork constructed by BaTiOs microspheres
and ZnO nanorods.

Polymeric matrix composites are scalable and environmentally friendly solutions to
applications in harvesting mechanical energy. The use of piezoelectric polymers such as
polyvinylidene fluoride (PVDF) and nano- or microparticles of rigid crystalline lead-free
piezoelectric materials such as BaTiOs has made it possible to fabricate flexible composite
materials for piezoelectric nanogenerators (PENGs) [10].

When added to PVDF as a filler, BaTiOs enhances the piezoelectric coefficient while
maintaining the flexibility of the composite. The addition of BaTiOs dramatically im-
proves the electric field within the composite, leading to major improvements in the en-
ergy harvesting capabilities of the composite, specially at low BaTiOs concentrations [11].

The literature survey indicates the extensive use of BaTiOs as a PENG material for
harvesting mechanical energy. Notable achievements include the preparation of multi-
layered BaTiOs/PVDEF nanogenerators with 20 wt% BaTiOs nanoparticles [12], a tailored
structure by sandwiching a graphene layer between BaTiOs and PVDF to enhance nega-
tive charges and improve dipole alignment [13] and a flexible PENG using Ag nanowires
as the conductive filler and BaTiO:s as the inorganic piezoelectric material in a PVDF ma-
trix [14].

Additionally, polymethylmethacrylate-coated BaTiOs nanowires were incorporated
into PVDF nanofibers [15], and polydopamine-modified BaTiOs/PVDF fibers were used
as flexible PENGs [16]. A composite consisting of 10 wt% dopamine-modified
0.5(Bao.7Ca03)TiOs-0.5Ba(Zro2Tios)Os/PVDF showed promise as a candidate for simulta-
neous energy storage and harvesting by integrating into a single device [17].

Beyond its role in electronics, energy harvesting, energy storage and biomedicine
(e.g., [18,19]), barium titanate and its solid solutions present promising prospects as novel
photocatalysts for efficiently removing hazardous organic pollutants from water and
wastewater [20]. Recent developments have also extended their use in energy and envi-
ronmental protection [21].

In thin film form, ferroelectrics have three main domains of applications: namely,
various sensor and actuator applications, memories and high-frequency electrical com-
ponents [22]. Interest in the problem of using ferroelectric materials in microwave engi-
neering is governed by high dielectric nonlinearity, low losses, fast switching time, low
power consumption and the possibility to work under a high level of operating power
[23]. The physical phenomenon that can ensure the design of, for instance, phase shifters
is based on the dielectric nonlinearity of ferroelectrics [24]. Barium strontium titanate,
represented as BaxSr1-«xTiOs (BST), has emerged as a noteworthy candidate for application
in tunable electronically controllable microwave devices such as phase shifters, capaci-
tors, oscillators, filters, delay lines and parametric amplifiers [6]. Despite the significant
attention and potential applications, several challenges persist in the utilization of BST
thin films, particularly in high-frequency scenarios [25]. In this connection, it is worth
noting that one of the main challenges is the concurrent reduction of dielectric loss and
augmentation of dielectric tunability.

The most interesting materials for tunable ferroelectric applications are the
paraelectric phases of displacive ferroelectrics (or incipient ferroelectrics) due to their
high values of dielectric permittivity and tunability even far above the Curie tempera-
ture, reduced sensitivity of the permittivity to temperature changes and the low loss level
caused by the absence of ferroelectric domains [26]. The Curie point of BaxSr1-xTiOs can be
controlled by varying the amount of Sr substitution, and the material can be brought into
the paraelectric phase at room temperature. In the paraelectric phase, there is no spon-
taneous polarization and, hence, no fatigue problem, and the dielectric properties can be
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tuned by an applied DC electric field. That is why paraelectric BST finds extensive ap-
plications in tunable microwave devices.

Apart from variations of the dielectric constant with the applied field, a lower value
of the loss tangent (the loss factor dissipates or absorbs the incident microwave energy) is
one of the most favorable properties for BST application in microwave tunable devices.
To decrease the electrical losses (and dielectric permittivity) of ferroelectric barium
strontium titanate, efforts include adding minor amounts of acceptor dopant ions (such
as Niz, Fe?, Fe¥, Mn2t, Mn3¥, Co?, Co¥, Cr¥, Bi*, etc., [6]). Other endeavors involve cre-
ating composites encompassing a ferroelectric substance and the so-called linear dielec-
tric—recognized for its minimal dielectric losses and low permittivity —such as MgO
[27,28], Al2Os [29] and SiO2 [25,30].

The suitable ionic radii of Mg? (0.72 A) make it easy to diffuse into the lattice of BST
thin films to substitute the Ti* (0.61 A) ions on the B-site of the (A2B#Qs2) structure. By
using small concentrations of acceptor ions such as Mg?, the dielectric loss of the BST
material can be lowered [31,32]. The dielectric loss is mainly controlled by mobile elec-
trons. The main advantage of incorporating Mg into barium titanate is to prevent the
reduction of Ti* to Ti* by neutralizing the donor action of oxygen vacancies, thus help-
ing to lower the loss tangent and decreasing the dielectric loss [33].

The most important lead-free ferroelectrics crystallize in the perovskite structure,
and many of them possess excellent properties under specific conditions. For example,
barium titanate-based materials have exceptionally high piezoelectric coefficients at
room temperature but depolarize at relatively low temperatures (~120 °C) [34]. On the
other hand, potassium niobates (KNbOs) have high Curie temperatures (Tc). In this re-
gard, it should be noted that, in the case of the KNbO:s single crystal, the structural phase
transitions from a cubic to tetragonal structure are clearly visible at 420 °C and 410 °C
during heating and cooling, respectively [35,36]. In the case of KNbOs ceramics, the cu-
bic-to-tetragonal structural phase transition was found at approximately 398 °C [37]. In-
terest in KNbO:s has been renewed by a recent proposal on its potential as a base material
for both nanogenerators [38] and photovoltaic applications [39]. However, the fabrication
of KNbO:s ceramics is difficult. Among the fabrication difficulties, one can mention un-
successful densification caused by low melting temperatures (<1100 °C), the presence of
the residual KuNbsO17 phase and the substantial influence of moisture on the structural
stability of KNbOs ceramics [37].

The main advantage of barium and strontium titanate (BST) solid solutions in
thin-film form, over other lead-free ferroelectric compounds (e.g., KNbO:s [36], ZnO [40],
AlScN [41,42], etc.), is that BaxSr1«TiOs exhibits a dielectric permittivity ranging from 150
to 6000 when the x parameter changes from 0 to 0.6 while the material remains in the
paraelectric state at room temperature [23]. Solid solutions and doping studies on KNbOs
revealed that the Curie temperature decreases by approximately 15 °C for 6 mol%
AgNDbQO:s. The lowest Curie temperature observed in the KNbOs-PbTiOs system was 175
°C for a composition with 20% PbTiOs. For the KNbOs-BaTiOs system, the temperature
for the structural phase transitions of KNbOs decreases rapidly with the incorporation of
BaTiOs [35,43]. For instance, the dielectric constant as a function of temperature in the
solid solution system of (100 — x)BaTiOs + xKNbOs for x values of 96 and 90 shows the
cubic-tetragonal transition characterized with the maximum temperature of the dielec-
tric constant at approximately 325 °C and 50 °C, respectively. For the system Ba-
TiOs-KNbOs, a rather wide minimum of the Curie temperatures extends from about 35 to
75 mol% KNbQO:s as a result of the occurrence of the complex region [35,43].

It is also worth mentioning that ferroelectricity in undoped ZnO is not a likely
physical phenomenon. Only a few papers were found to claim ferroelectricity in un-
doped ZnO. ZnO nanostructures doped by metal ions, such as Li*, Mg?, Co?, V5, Cr?,
Cu?, Ba, Ni%, K+, Ce?*, Eu®, La®, Gd*, Nd*, Y3, Ho*, Sm* and Dy?, exhibit a dielectric
anomaly (ferro-to paraelectric phase transition) and display a nonlinear hysteretic trace
(ferroelectric hysteresis loop) with non-zero switchable polarization; i.e., they are ferroe-
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lectric in nature (though feeble) [40]. In the case of AIN, the addition of rare-earth metal
elements into a IlI-nitride lattice, such as scandium (Sc) in AIN, transforms conventional
[II-nitrides into ferroelectrics [41,44].

One can see from the above mentioned that, even 80 years after its discovery, barium
titanate and its solid solutions remain the most important engineering materials. Various
techniques have been developed for the growth of BST thin films, including radio fre-
quency (RF) magnetron sputtering [45], pulsed laser ablation deposition (PLAD) [46], DC
microarc oxidation [47] and chemical vapor deposition (MOCVD). In addition to vapor
deposition methods, chemical solution deposition (CSD) has been employed [48,49].
Common solution preparation methods include metal organic decomposition (MOD)
and the sol-gel method [50]. Compared with the conventional synthesis methods, the
sol-gel process is considered a form of nanostructure manipulation [51]. The noteworthy
aspect is that the sol-gel process initiates at the nanometer scale, involving molecules,
and undergoes reactions at the same level, resulting in a material with nanometer-scale
characteristics [52]. Among the advantages of the sol-gel technique, one can mention the
high interdiffusion of cations, control of stoichiometry at the molecular level, low syn-
thesis temperature and small particle size [53].

An essential process widely employed in numerous domains of modern advanced
technology involves depositing thin films of ferroelectric materials onto diverse sub-
strates. For ferroelectric devices currently employed in the electronics industry, silicon
(Si) stands out as the preferred substrate. Previous efforts have aimed to grow BST thin
films on various substrates, including single-crystal silicon, platinum-coated silicon,
Pt/Ti/Si0:/Si substrates and perovskite structure substrates [32,54]. There are a number of
studies describing the influence of the deposition temperature on the properties of ori-
ented BST films grown on lanthanum aluminate, magnesium oxide and sapphire ori-
enting sublayers [55]; Pt/Ti-buffered sapphire substrate [56]; semi-insulating silicon car-
bide [57] or diamond substrate with a SiC buffer layer [58].

However, silicon and glass substrates, despite their use in these deposition attempts,
do not meet the necessary strength requirements for materials intended for electrome-
chanical devices like actuators or energy harvesting devices, and their use can lead to
failures due to brittleness. Moreover, if ferroelectrics were to find application as inte-
grated sensors in aerospace contexts, the substrate would need to be an integral part of a
structural component, often composed of metal. Integrating functionality into structural
materials, primarily metals and their alloys, holds potential for the real-time health
monitoring of structural components in constructions and devices, thereby extending
maintenance cycles. Furthermore, this integration opens up avenues for developing new
structural functional systems [59,60]. It is clear that steel substrates offer economic bene-
fits. However, when stainless steel is used as a substrate, lattice misfit strain, thermal
strain and mutual diffusion between films and substrates can arise. These factors con-
tribute to the development of numerous imperfections and pose challenges for the crys-
talline expansion and dielectric properties of thin coatings [61]. Hence, considering the
practical requirements of industrial applications, it appears highly advisable to develop
technology for growing efficient thin ferroelectric films on metallic substrates [61,62].

The primary objective of this investigation was to assess how the introduction of a
minor amount of MgO addition (ranging from 0 to 5 mol%) affects the impedance char-
acteristics of (Bao.sSro4)TiOs thin films infused with Mg. Furthermore, a key objective of
the study was to illustrate the feasibility of employing various methods for the analysis,
simulation and modeling of experimental impedance spectra. The ultimate aim was to
provide a comprehensive explanation of the fit results from a physical perspective.

What is new in our experiments is the use of advanced methods for modeling
experimental impedance spectra recorded for BST ferroelectric thin films in the
paraelectric state at room temperature. The BST thin films were grown on stainless steel
substrates. By combining factors such as the composition of the BST solid solution, the
type of acceptor dopant used and the selection of the substrate material, conditions were
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created to reduce dielectric losses, adjust the dielectric permittivity value and enable the
functional integration of thin ferroelectric films with construction materials such as steel.

Particular attention was paid to the use of a convenient representation of the Kohl-
rausch-Williams-Watts (KWW) function [63,64] in the frequency domain [65]. The
methods used for the analysis and simulation of immittance spectra included the com-
bined utilization of complex impedance and modulus spectroscopy [66] and the electrical
equivalent circuit method [67].

2. Materials and Methods
2.1. Material Synthesis

Thin films of barium strontium titanate (BST) electroceramic were applied to pol-
ished stainless steel substrates through the sol-gel spin coating technique. Spin coating is
a widely used method for producing uniform and homogeneous thin films on substrates
by leveraging centripetal force and surface tension. In this technique, a small volume of
solution containing the coating material is dispensed onto the center of the substrate. The
substrate is then rapidly rotated for a brief duration (typically a few seconds) to evenly
distribute the coating material across its surface [68]. The key advantage of spin coating
lies in its ability to effortlessly and rapidly produce uniform thin films of varying thick-
nesses from a few nanometers to several microns thick [69].

In addition to its advantageous features such as ease of operation, quick processing
time (achieved through high spin speeds leading to rapid drying), consistent production
of uniform, thin films and the ability to adjust the coating thickness, spin coating offers
the possibility of automation for depositing multiple layers, such as functionally graded
structures [70,71], making it a highly cost-effective option compared to alternative
methods. However, spin coating is hindered by its reliance on a single substrate and sig-
nificant solution wastage (approximately 80-90%) during the process [68]. Furthermore,
it often results in uneven film thickness across the surface, compromising the overall
uniformity of the final product, and is not suitable for solutions with high viscosity. Ad-
ditionally, spin coating is inconsistent when dealing with large area samples [72].

Barium acetate (Ba(CHsCOOQ)2, Sigma-Aldrich, Darmstadt, Germany, 99%), stron-
tium acetate (Sr(CHsCOO)., Sigma-Aldrich, 99%) and tetra-butyl titanate (Ti(OCsHo)4,
Sigma-Aldrich, 97%) served as sources of the metal elements for preparation of the
(BaoeSro4)TiOs solution. Magnesium acetate (Mg(C2HsCOz)2) was used as the source of
magnesium. Glacial acetic acid (CHsCOOH) functioned as the catalyst, while n-butanol
(CH3(CHz)30H) acted as the solvent. Acetylacetone (CHs:COCH2COCH3) was introduced
as a stabilizing agent, and water was included to initiate a hydrolysis reaction. It is im-
portant to note that all the aforementioned reagents exhibited analytical purity.

Once complete dissolution was achieved in a stoichiometric manner, the precursor
solution was thoroughly mixed and stirred before being applied to polished AISI 304
stainless steel substrates using the spin coating technique. Spin coating was performed at
3500 rpm for 30 s using a KW-4-type spin coater from Chemat Technology Inc., Brussels,
Belgium. After coating, the films were heat-treated at 150 °C for 5 min to evaporate the
solvent and volatile products. Then, the films were pyrolyzed at T = 350 °C for t = 5 min.
The coating process was repeated up to 30 times, resulting in a film thickness of 600 nm
[73].

The final crystallization of the freshly applied BST thin films took place in a standard
environment at a temperature of T = 650 °C for t = 2 h, with a heating rate of 2 °C per
minute, achieved through conventional furnace annealing.

2.2. Model

To facilitate electrical testing, silver electrodes were deposited on the upper surface
of the thin layers using the sputtering method. This process involved employing a
shadow mask to precisely define capacitors for subsequent electrical measurements. The
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evaluation of dielectric characteristics employed a metal-insulator-metal (MIM) capaci-
tor arrangement. Impedance properties of the barium strontium titanate thin layers were
investigated within a frequency range spanning from 10 Hz to 1 MHz under room tem-
perature conditions, utilizing impedance spectroscopy (IS) [67,74].

The assessments were conducted using a Solartron 1260 Frequency Response Ana-
lyzer Solartron Analytical (Houston, TX, USA) and a 1296 Dielectric Interface, Solartron
Analytical (Houston, TX, USA) with the amplitude of the alternating current perturba-
tion signal set at 10 mV.

Modeling experimental impedance data involves expressing experimental data us-
ing mathematical functions or equivalent electrical circuits. A strong correspondence
between the computed and observed impedance is expected while minimizing the
number of parameters. It is important to highlight that, in the context of measurement
modeling, the parameters frequently lack a distinct physicochemical significance.

The empirical data underwent scrutiny within the frameworks of complex imped-
ance and complex electric modulus. Nyquist plots of complex impedance were examined
using the “circle fit” method. The spectroscopic plots of both the imaginary part of im-
pedance and the imaginary part of a complex electric modulus were modeled using the
modified Kohlrausch-Williams-Watts formula. Finally, the electric equivalent circuit
method was adapted to known electric equivalent circuits such as Voigt’s, Maxwell’s and
ladder (or nested) circuits.

3. Results and Discussion
3.1. Impedance Spectroscopy Measurements of Sol-Gel-Derived BST-Based Composite Thin Films

Spectroscopy is the scientific study of the interactions between matter and electro-
magnetic radiation. This field examines phenomena such as the absorption or emission of
specific types of radiation, which can be characterized by frequency, wavelength or en-
ergy. Spectroscopy plays a crucial role in various scientific disciplines, including chemis-
try, physics, astronomy and biology, providing valuable information about the composi-
tion, structure and behavior of matter. Different types of spectroscopy, such as
UV-Visible spectroscopy, infrared spectroscopy and nuclear magnetic resonance (NMR)
spectroscopy, are employed to analyze and elucidate the properties of diverse materials
and substances.

Broadband dielectric spectroscopy (BBDS) refers to the field of spectroscopic re-
search that covers the frequency range from 106 to 10'2 Hz [75]. Coined in the late 1980s,
the term is still prevalent in contemporary research. Impedance spectroscopy (IS) is a
specific technique that can be considered a subset of BBDS. While broadband dielectric
spectroscopy covers a wide frequency range and includes various methods for studying
the dielectric properties of materials, impedance spectroscopy specifically focuses on
measuring the impedance of a material as a function of frequency.

Impedance spectroscopy (IS) involves the measurement of a material’s impedance as
a function of frequency. Widely applied in various fields, including electrochemistry,
material science, battery research, corrosion studies and biology (e.g., [74,76]), IS is a
versatile tool. Impedance, a complex quantity, characterizes the resistance a material
presents to the flow of alternating current (AC) at a given frequency. It comprises two
components: resistance (real part) and reactance (imaginary part). Researchers can gain
valuable insights into the electrical behavior of materials and the underlying processes by
measuring impedance across a range of frequencies. IS is particularly useful for analyz-
ing systems with multiple charge transfer processes, diffusion phenomena and other
dynamic behaviors. It can provide information about electrode-electrolyte interfaces,
charge storage mechanisms and more [67,76].
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|Z| - impedance

3.1.1. Bode Plot Representations of Impedance Data

Impedance data can be effectively presented through Nyquist and Bode plots,
graphical representations that offer valuable insights into the electrical behavior of ma-
terials or systems. In the context of BST-based composite thin films, the results of im-
pedance spectroscopy measurements are depicted in Figure 1. A Bode format plot was
chosen for the presentation, consisting of two distinct plots: one illustrating the magni-
tude of complex impedance as a function of frequency (Figure 1a) and another displaying
the phase angle of impedance as a function of frequency (Figure 1b). It is noteworthy that
the Bode format plot is recommended in this context due to the absence of frequency in-
formation in the Nyquist format, which can make it challenging to estimate initial values
for fitting parameters.
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Figure 1. (a) Bode format plot of a modulus of complex impedance (1Z!) and (b) phase angle (®)
vs. frequency for MgO-modified BST thin films at T =RT.

From Figure 1a, it is apparent that an increase in MgO content leads to a decrease in
the modulus of complex impedance across the entire frequency range for the BST-based
ceramic thin films. The pure BST-based thin film (black empty squares; MgO_0; Figure
la) exhibits a frequency-independent region (plateau) up to approximately v = 10 kHz.
This plateau region signifies the pure resistance of the sample. As the amount of MgO
additive increases, the curve representing the modulus of complex impedance shifts to-
wards lower frequencies and smaller values of 1Z1, indicating a decay in the “plateau
region” and a shift towards a more capacitive nature in the impedance response.

Simultaneously, the slope of the dependence of the modulus of complex impedance
|Z] on frequency remains almost constant, as observed in a log-log scale. Moving to
Figure 1b, the dependence of the phase angle of the complex impedance on frequency
reinforces the capacitive nature of the dielectric response in BST-based thin films modi-
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fied with MgO additive. In Figure 1b, the phase angle (0) reaches a value of approxi-
mately © = -80° in the high-frequency region. This information collectively suggests that
the addition of MgO induces significant changes in the dielectric properties of the
BST-based thin films, altering their impedance response and capacitive behavior across
different frequencies.

The analysis of the impedance data presented in Figure la, aided by linear fit,
yielded the following results for the slope corresponding to the linear part of the de-
pendence and the estimated values of capacitance:

e for MgO_0: slope =-0.88, C=9.78 x 10-12 F,
for MgO_1: slope =-0.93, C=513 x 102 F,
for MgO_3: slope =-0.93, C=690 x 1012 F,
for MgO_5: slope =-0.90, C=1.76 x 10 F.

These results indicate a substantial increase in the estimated value of capacitance,
with an increase in the MgO content, in the BST-based thin films. The negative slope
values suggest a more capacitive nature of the impedance response, and the increase in
capacitance highlights the impact of MgO modification on the electrical characteristics of
the thin films.

The choice of scaling the imaginary part of impedance and the subsequent normal-
ization (Figure 2) has proven to be an excellent technique for revealing the relaxation
mechanism within the measured frequency range. Spectroscopic plots of the normalized
(to a peak) imaginary part of complex impedance (Z"/Z"max) are depicted in Figure 2. This
representation is characterized by a peak, signifying the presence of a dielectric relaxa-
tion in the sample. The observed peak provides insights into the dynamics and behavior
of the relaxation mechanism, allowing for a more detailed analysis of the dielectric re-
sponse within the material.

-
o
T

-0%
-1%
-3%
-5%

0.8

0.6

- impedance

0.4

max

0.2

ZII/ZII

0.0

10> 10> 10* 10° 10° 10
o - angular frequency [rad/s]

Figure 2. Variation of the normalized (to a peak) imaginary part of impedance (Z"/Z"max) with an-
gular frequency () for different MgO contents (semi log scale).

It is well established (e.g., [77]) that peaks on the Z"/Z"max spectroscopic curve are
utilized to assess the relaxation frequency of the most resistive contribution, such as the
electrode (~100 Hz) and/or grain boundary (~10 kHz). However, these peaks may be in-
sufficient for minor terms, such as the bulk contribution of titanate materials with very
resistive grain boundaries.

In Figure 2, it is evident that the peak is shifted to a lower frequency with the addi-
tion of even a small amount (1% by mole) of MgO. This frequency shift is notable, from w
= 5 x 10% rad/s to 300 rad/s, representing an approximate ~two orders of magnitude shift.
Moreover, as the MgO content further increases, the frequency shift of the Z"/Z"ma(w)
peak becomes smaller, approximately two times, compared to the MgO-1% by mole
sample.
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On the contrary, the position of the Z"/Z"max(w) peak characterizes the frequency
response of charge carriers. When the applied frequency approaches the frequency of
electron hopping, the maxima in Z"/Z"ma(w) originate [78].

It is worth noting that the relaxation frequency of polarization mechanisms refers to
the characteristic frequency it takes for the electric dipole moments of molecules or atoms
to return to their original equilibrium state after being perturbed by an external electric
field. Real dielectrics, however, are not perfect devices, as the resistivity of the material is
not infinite and the lag or “relaxation time” of the polarization mechanisms with fre-
quency generates losses. Ceramic dielectrics consist of atoms and ions, the latter of which
largely contribute to dielectric losses. The loss contribution is maximized at the frequency
where the applied field has the same period as the relaxation process (i.e., relaxation
frequency = field frequency). Therefore, losses are small when the relaxation time and
period of the applied field differ significantly. The practical importance of shifting the
relaxation frequency by two orders of magnitude is to provide a large difference between
the relaxation frequency and the field frequency, which ensures low dielectric losses
during device operation.

3.1.2. Modulus Formalism

The electric modulus has proven to be a valuable tool for researchers in analyzing
and interpreting electrical relaxation data across diverse materials. Initially suggested
and defined as the reciprocal of the complex relative permittivity [79], the concept of the
electric modulus draws an analogy to mechanical shear and tensile moduli, which are
complex reciprocals of shear and tensile compliances [80]. The modulus formalism
proves to be particularly suitable for extracting and understanding specific phenomena
such as electrode polarization and conductivity relaxation times, which are critical as-
pects in the study of materials, especially in the context of electrochemical and electrical
properties (e.g., [81]). In essence, the modulus formalism serves as a powerful tool for
dissecting and quantifying complex electrical behaviors in materials, making it instru-
mental in the study of various scientific and engineering applications.

The complex electric modulus (M*) is often represented using the following equa-
tion [66]:

* 1 *
M =M'+jM"=— = joC,Z (1)
&

Here:

e M'is the real part of the complex electric modulus,

e  M"is the imaginary part of the complex electric modulus,
e  wisthe angular frequency (27tf), where fis the frequency,
e  (Cois the geometrical capacitance of the cell,

e  Z*isthe complex impedance.

Figure 3 presents the real part of the electric modulus (M') as a function of the an-
gular frequency for BST-based thin films with varying amounts of MgO additive at room
temperature. Several key observations can be made from the data.

First, at lower frequencies, M’ tends to be very small. This indicates that electrode
effects are negligible, allowing for a more focused analysis in the modulus formalism.
The impact of electrode polarization, which might be significant at low frequencies, can
be ignored in this frequency range [81]. Secondly, at higher frequencies, M’ exhibits a
constant value (M~ = 1/e=). This constant value is related to the high-frequency dielectric
permittivity (e=). Third, in the intermediate frequency range, M' shows dispersion. This
dispersion is indicative of relaxation processes occurring in the material. The spread of
relaxation processes over a range of frequencies contributes to the observed variations in
M’ in this frequency range.
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Figure 3. Dependence of the real part of the modulus (M) on angular frequency at room tempera-
ture for the BST-based thin films with different amounts of MgO additive.

Figure 4 illustrates how the imaginary part of the electric modulus (M") varies with
frequency for BST thin films with different amounts of MgO additive. One can see in
Figure 4 that M" exhibits a single broad relaxation peak. This peak is centered within the
dispersion region of M', as shown in Figure 3. The presence of a relaxation peak in the
imaginary part of the electric modulus suggests the occurrence of relaxation processes
within the material. The peaks observed in the M" plot are broader and asymmetric on
both sides of the maxima compared to the ideal Debye behavior. This asymmetry and
broadening indicate that the relaxation processes in the material are more complex than a
simple Debye relaxation.
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Figure 4. Variations of the normalized (to a peak) imaginary part of the modulus (M"/M"max) with
angular frequency (w) for different MgO contents (semi log scale).

The observed peak in the imaginary part of the electric modulus (M") provides
valuable insights into the mobility of charge carriers within the BST thin film. Here are
some key points. The peak in the M" plot signifies a transition in the mobility of charge
carriers with the increasing frequency. Below the peak maximum, carriers exhibit
long-range mobility, suggesting they can move over relatively long distances. However,
as the frequency increases beyond the peak, carriers become confined to potential barri-
ers, resulting in short-range mobility where they can only move over shorter distances.

The transition from long-range to short-range mobility indicates the existence of a
hopping-type mechanism for charge transport within the material. In a hopping mecha-
nism, charge carriers hop between localized states or sites, and the transition in mobility
reflects changes in the dynamics of this hopping process [82].
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The broad and asymmetric nature of the peak in the imaginary part of the electric
modulus (M") is attributed to the distribution of relaxation times within the material.
This distribution implies that relaxation processes occur over a range of timescales, re-
sulting in the observed broadening and asymmetry of the peak.

Combining impedance and modulus spectroscopy provides a comprehensive un-
derstanding of a material’s electric response (e.g., [66]), particularly when dealing with
overlapping bulk and grain boundary arcs. Figure S1 presents combined plots of the
normalized imaginary part of the modulus (M"/M"max) and the imaginary part of the
impedance (Z"/Z"max) as functions of angular frequency (w). The vertical lines in Figure S1
indicate the frequencies at which the curves for BST thin films modified with different
amounts of MgO reach their maxima.

Peaks on spectroscopic graphs of Z"/Z"max(v) and M"/M"max(v) highlight different
aspects of electrical behavior. The Z"/Z"max(v) plot emphasizes phenomena with the
highest resistance, while M"/M"max(v) identifies those with the lowest capacitances [66].
The modulus representation often exhibits a peak for the bulk contribution, characterized
by the lowest capacitance, typically in the order of picofarads (~1 x 102 F [83]). Con-
versely, the impedance representation is more suitable for assessing the relaxation fre-
quency of the most resistant contribution [77]. In the case of titanates (e.g., [77,84]), this is
often associated with grain boundaries, with a capacitance in the order of nanofarads (~1
x 10 F [83]).

Visual inspection of the modulus of the complex impedance in Figure 1a suggests
that the nonmodified BST thin film exhibits relaxation polarization processes occurring at
grain boundaries. The combined modulus and impedance spectroscopic plots in Figure
S1 further support this observation, indicating that the relaxation frequency range is
characteristic of processes occurring at grain boundaries.

3.2. Circle Fit of Impedance Data of Sol-Gel-Derived BST-Based Composite Thin Films

A Nyquist plot provides a graphical representation of impedance data in the com-
plex plane, where the real part of impedance (typically representing resistance) is plotted
on the x-axis, and the negative imaginary part of impedance (typically representing re-
actance) is plotted on the y-axis. Each point on the Nyquist plot corresponds to a specific
frequency of the AC signal used in the measurement.

The shape and features of the Nyquist plot offer valuable insights into various pro-
cesses occurring within a material. Characteristic patterns such as semicircles or arcs in
the Nyquist plot may indicate specific electrochemical or physical phenomena, and ana-
lyzing the size and position of these features can extract information about the material’s
properties. Nyquist plots are commonly used in impedance spectroscopy to understand
and interpret the behavior of materials in response to alternating the current over a range
of frequencies.

In an ideal scenario, the Nyquist plot exhibits a semicircle shape, which represents a
combination of resistance and capacitance. This often corresponds to phenomena like
electrode—(solid)electrolyte interfaces or relaxation processes within the material. How-
ever, for real materials, the Nyquist plot’s shape may deviate from the idealized semicir-
cle. It can appear as a depressed, with the center lying below the x-axis, or a distorted
semicircle, indicating more complex behavior. The complexity in the Nyquist plot is often
referred to as non-Debye relaxation.

The Cole-Cole equation [85] is commonly used to describe non-Debye relaxation
phenomena observed in impedance spectroscopy. It provides a mathematical model that
accounts for the presence of multiple relaxation processes or a distribution of relaxation
times within a material. The equation is expressed as [86]

RGB

zZ'=7 iz
Y L+(joRg,C)

=R, +

Im
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Here:

e  Z*isthe complex impedance,
e  Zreand Zm are the real and imaginary components of the impedance,
e  Rszis the resistance of the grain interior (bulk),
e Rasis the resistance of the grain boundary region,
e  Crepresents the capacitance of the grain boundary region,
e ais a constant; parameter « is related to the depression angle § by the equation a =
Bl(m/2).
Figure 5a shows the simulated Nyquist plot for a system exhibiting non-Debye re-
laxation. The simulation parameters used were Rz =2 x 105 Q) (bulk resistance), Rcs =5 x
106 Q (grain boundary resistance) and C =2 x 10-° F (capacitance).
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Figure 5. (a) An example of a simulated impedance plane plot for a depressed circular arc;
B-depression angle; simulation parameters: Rs = 0.2 M(; Res =5 MQ); C =200 pF; and g =0°, 18°, and
36°. (b) Impedance plane plot for BST-based composite thin films modified with MgO additive and
measured at T = RT. Symbols—denote measured impedance data points; solid lines—results of
“circle fit” of the experimental data.

Figure 5a, provides a visual comparison between an ideal semicircle and depressed
semicircles (arcs) with varying angles of depression (B). The colored frequency scale il-
lustrates how the position of the maximum of the arc (wm x Tm = 1) shifts to higher fre-
quencies as the depression angle increases.

In Figure 5b, the experimental impedance data points are presented by symbols,
while the solid lines depict the theoretical calculations based on the “arc” model using a
circle fit. This approach allows for a quantitative comparison between the theoretical
model and the experimental results. The parameters obtained from the “circle fit” pro-
cedure are provided in Table 1, enabling a detailed analysis and interpretation of the
complex impedance behavior observed in the study.

Table 1. Parameters of the “circle fit” procedure of the BST-MgO thin film impedance data.

Circle Fit Parameter MgO-0% MgO-1% MgO-3% MgO-5%

Real Centre, [Q] 3.5699 x 106 3.3761 x 106 5.4666 x 10° 1.2765 = 100

Imaginary Centre, [Q] 1.0952 = 10¢ 8.22 x 10° 7.3195 x 10° 2.2366 x 10°

Diameter, [Q] 7.6146 x 100 6.9825 x 106 1.1036 = 107 2.5946 x 10°
Deviation, [Q] 47,334 28,750 9277.3 4703.5
Low Intercept, [Q] -76,471 -17,020 -2716.6 -1341.6

High Intercept, [Q] 7.2163 x 10° 6.7692 x 106 1.0936 = 107 2.5544 x 106
Depression Angle, [deg] 16.718 13.618 7.6225 9.9276
Wmax, [rad/s] 44,180 301.25 156.84 284.59
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Relaxation time 7, [s] 2.263467 x 105 0.003319 0.006375 0.003513
Estimated R, [Q] 7.2927 x 106 6.7862 x 100 1.0939 x 107 2.5558 x 109
Estimated C, [F] 2.9726 x 1012 4.754 x 10710 5.7772 x 1010 1.3543 x 10

In Figure 5b, it is evident that the impedance spectra of the BST thin films, modified
with a MgO additive and annealed at T = 650 °C, share some common features. The
spectra are characterized by the presence of semicircles, each starting at the origin of the
coordinate system (—Zm vs. Zre). It is crucial to note and emphasize that the origin of the
coordinate system in this representation of impedance data corresponds to the
“high-frequency end” of the spectroscopic dependence of complex impedance.

In the ~Zm vs. Zre representation of the impedance spectra (Figure 5b), the experi-
mental points exhibit a monotonic increase, reaching a maximum at the point corre-
sponding to the relaxation frequency (w x 7 = 1). Subsequently, the dependence (—Zm vs.
Zre) starts to decrease and smoothly tends to intersect with the real impedance value axis
(Zre). However, not all experimental curves reach this intersection with the abscissa axis.
Only the impedance relationship for thin films without MgO admixture (MgO-0%, Fig-
ure 5b) achieves this intersection.

This observation suggests that the experimental “low-frequency end” of the im-
pedance spectroscopy spectrum is “too high” to display symmetrical behavior of the re-
laxation function when viewed against a logarithmic frequency scale as the abscissa [65].
The diameter of the semicircle varies depending on the MgO dopant content. For low
MgO content (1 mol%), the diameter of the semicircle is similar to the diameter observed
for zero dopant content. The numerical parameters obtained from fitting the theoretical
semicircle to the experimental impedance data of the BST-MgO thin films (using the
“circle fit” method with a parallel RC circuit) are presented in Table 1.

In Figure 6, the influence of the MgO additive is visualized through the plotted es-
timated resistance (R), estimated capacitance (C) and calculated angular frequency cor-
responding to the relaxation processes. Notably, the estimated capacitance shows a sub-
stantial increase with an increase in MgO admixture. This increase is evident as the value
rises by two to three orders of magnitude compared to the values observed for the pure
BST thin film composition.
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Figure 6. Circle fit parameters of the impedance data for BST thin films modified with a MgO ad-
ditive, annealed at T =650 °C: (a) estimated capacitance (C) and estimated resistance (R) of the grain
boundary region; (b) estimated relaxation frequency.

The results obtained from the “circle fit” are consistent with the “linear fit” con-
cerning capacitance. However, the “circle fit” provides valuable additional information.
The relaxation frequencies of the polarization processes were calculated and are pre-
sented in Table 1 and Figure 6b. It is noteworthy that the addition of a small amount of
linear dielectric (MgO) to ferroelectric (BST) led to a significant decrease in the relaxation
frequency, with a reduction of two orders of magnitude. This observation further em-


http://mostwiedzy.pl

A\ MOST

Materials 2024, 17, 2491

14 of 26

phasizes the influence of MgO admixture on the electrical behavior and polarization
processes within the BST-MgO thin films.

3.3. Modeling of Impedance Data Using the Kohlrausch—Williams—Watts Function

In the analysis of the experimental spectroscopic impedance data (Figure 2), a gen-
eral dielectric susceptibility function was employed, based on the postulation of power
laws at high and low (limiting) frequencies [65]. This dielectric susceptibility function
likely provided a framework for interpreting the impedance behavior across a wide fre-
quency range, capturing the characteristics at both extremes of the frequency limits. Such
an approach can offer a more comprehensive understanding of the dielectric response
within the material under investigation.

It is noteworthy that a comparison of available phenomenological relaxation models,
which are empirical relaxation functions describing the imaginary part of the dielectric
susceptibility (X"(w)), with the experimental data indicates that, when the logarithm of
X"(w) is plotted against the logarithm of frequency (log-log-scale plot), straight lines
appear on both sides of a susceptibility peak. These straight lines are present at both high
and low frequencies.

The slopes of these straight lines are determined by the exponents present in various
relaxation models, including symmetrical ones like the widely used Debye response
[87,88], the Cole—Cole equation [85] and the Fuoss—Kirkwood equation [89]. Additionally,
asymmetrical empirical relaxation functions such as the Cole-Davidson function [90] and
the Havriliak-Negami (HN) equation [91,92] also exhibit straight lines with slopes de-
termined by their respective exponents.

Given the sufficiently general formulation of the formula describing the imaginary
part of the susceptibility function, there was some flexibility for adapting the formula to
accommodate other types of relaxations. Therefore, a three-parameter formula for relax-
ation in the frequency domain was applied to the analysis of the normalized amplitude
(scaled) imaginary part of the impedance Z"/Z"max(w). This formula allows for a more
versatile analysis of the relaxation behavior, with the parameters offering flexibility to
adapt to different relaxation processes observed in the experimental data [65]:

"
z" I . 0<b<l

Z - L o Jo)+(oao. )
(1=0)+ 7 (o j0)+ (0/@,)

In Equation (3), Z" represents the current value of the imaginary part of the complex
impedance, Z"max and wmax define the height and position of the peak and “b” is an in-
ternally independent shape parameter for high frequencies. Notably, Equation (3) in-
corporates only one shape parameter (b) along with two parameters (wmax and Z"max) for
the peak position and height, respectively. These parameters can be easily estimated di-
rectly from spectra, providing good initial values for the curve fit routine. This simplicity
enhances the applicability of the formula for curve fitting and analysis of the relaxation
behavior in the material.

Equation (3) serves as a convenient representation of the Kohl-
rausch-Williams—Watts (KWW) function in the frequency domain [65], providing a use-
ful frequency representation of the KWW equation. This is particularly reassuring, as the
KWW equation is commonly employed to describe time domain a-relaxation data. The
KWW equation describing the relaxation function is expressed as follows [63,64]:

s
¢(f)=feXp[—(;j }; 0<p<1 (4)

®)

In the KWW equation (Equation (4)), § is the stretching parameter, and 7 is the re-
laxation time. The amplitude parameter fis a measure of the fraction of the experimental
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quantity being investigated that is relaxed via the a-relaxation. A lower g value indicates
a more stretched relaxation function ¢(t). This equation is particularly useful for charac-
terizing relaxation processes in the time domain, and its representation in the frequency
domain (Equation (3)) allows for a convenient analysis and interpretation of the relaxa-
tion phenomena in the material under investigation. The approximate relations of the
parameters of Equation (3) to the KWW parameters (Equation (4)) are employed [65]:

bzﬁ’ Zl;ax zgﬂ’ a)max zl 1

T
IF(IJ Q
B \p
Here, I' is the gamma function [93].

These relationships provide a bridge between the parameters used in the analysis of
the frequency domain representation (Equation (3)) and the parameters characterizing
the time domain relaxation function (Equation (4)). They facilitate the interpretation and
translation of findings between different domains, aiding in a more comprehensive un-
derstanding of the relaxation behavior within the material.

Equation (3) is demonstrated to be a robust frequency domain representation of the
KWW equation (Equation (4)). This correspondence underscores the effectiveness of
Equation (3) in capturing the essential characteristics of the relaxation phenomena de-
scribed by the KWW equation. The suitability of Equation (3) for the analysis of fre-
quency domain data further enhances its utility in elucidating the underlying relaxation
processes within the BST-based electroceramic thin films.

The outcomes of modeling the normalized (in amplitude) imaginary part of im-
pedance (Z"/Z"max) with the normalized frequency (v/vmax) for BST thin films modified
with varying contents of the MgO additive, carried out according to the function exhib-
iting the skewed shape given by Equation (3) (modified KWW formula), are depicted in
Figure S2. The visual examination of Figure S2 reveals that the experimental data align
well with the model. This representation demonstrates the effectiveness of the modified
KWW formula (Equation (3)) in capturing and describing the observed frequen-
cy-dependent behavior of the imaginary part of impedance in relation to the MgO con-
tent.

The mutual alignment of the experimental points and the nonlinear fit curves con-
firms the high quality of the fitting procedure. Numerical indicators of the fit quality,
expressed in terms of “chi-squared” (x?) and “R-squared” (R?) parameters, are presented in
Table 2. These parameters provide quantitative assessments of how well the model fits
the experimental data, further supporting the validity of the modeling approach.

Table 2. The value of the fitting parameters obtained by a modified KWW equation (Equation (3))
for BST-based composite thin films deposited on stainless steel. Modeling of (Z"/Z"max) vs. (V/Vmax).

Fit Parameter

MgO-O% MgO-l% Mg0-3% MgO-S%

Stretching parameter, f (or “b” parameter) 0.7833 +0.00691 0.76936 + 0.00696 0.89248 +0.00203 0.81356 + 0.00511

Amplitude parameter, f [Q)] 6.97654 x 106 6.83641 x 106 10.7322 x 106 2.62313 x 10¢
Relaxation time, 7 [s] 1.86788 x 10~ 0.00307 0.00619 0.00342
“chi-squared” x? 0.0005 0.00041 0.00001 0.00018
“R-squared” R? 0.99552 0.99767 0.99991 0.99895

The values of the fitting parameters “b” (analogous to the stretching parameter f§ in
the KWW equation), amplitude parameter (f) and relaxation time (7) are provided as
functions of the MgO composition in Table 2. Notably, the maximal values for these pa-
rameters, derived from the modified KWW formula (Equation (3)), i.e., stretching pa-
rameter (B), amplitude parameter (f) and relaxation time (7), were observed for the
BST-based thin film with 3 mol% of MgO. Considering that a higher § value indicates a
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less stretched relaxation function (Equation (3)), it can be inferred that the relaxation
function for BST thin films modified with 3 mol% of MgO additive is the least stretched
among those tested. The results of these calculations are depicted in Figure 7.
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Figure 7. (a) Normalized imaginary part of impedance (Z"/Z"max) vs. normalized frequency (v/vmax)
for different MgO contents (symbols). (b) A theoretical fit of Z"/Z"max vs. v/vmax performed accord-
ing to the modified KWW function given by Equation (3) (semi log scale). (c¢) Histogram of the
stretching parameters f. (d) Histogram of the relaxation times 7 calculated at the base of the modi-
fied KWW function for MgO-modified BST thin films at T =RT.

Figure 7 presents a comprehensive summary, featuring both the dependence of the
normalized imaginary part of impedance (Z"/Z"max) on the normalized frequency (v/Vmax)
and the fitting curves obtained in accordance with the modified KWW formula given in
Equation (3). This plot consolidates the key insights derived from the modeling ap-
proach, illustrating the influence of the MgO composition on the frequency-dependent
behavior of the imaginary part of impedance in the BST thin films.

The curves depicted in Figure 7a,b closely align on a nearly identical “master curve”.
While the general trend follows a uniform behavior, small deviations from the master
curve are discernible. These deviations are captured in the distribution of the shape pa-
rameter “b” (Equation (3)) for high frequencies, approximating f, the stretching parame-
ter of the KWW function (Figure 7c). Figure 7c illustrates that the median (=0.80) and
mean values (0.81) of the stretching parameter f are in close proximity. Additionally,
Figure 7d presents the distribution of the relaxation times (1), with mean and median
values around 7 = 0.0032 s. These analyses offer insights into the statistical variations in
the relaxation behavior across different MgO compositions in the BST thin films.

3.4. Modeling of Modulus Data Using the KWW Function

The asymmetric nature of the M" plot (shown in Figure 4) suggests a stretched ex-
ponential character of the relaxation times, which can be described by the Kohl-
rausch-Williams-Watts (KWW) function [63,64]. Figure S3 presents the results of the
modeling process of the normalized imaginary part of the modulus (M"/M"max) vs. nor-
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malized frequency (v/vmax). Figure S3 shows how well the chosen function, derived from
the KWW equation (Equation (3)), fits the experimental data for BST thin films with dif-
ferent MgO additive contents. The numerical indicators of the fit quality are given in Ta-
ble 3.

Table 3. The values of the fitting parameters obtained by the modified KWW equation (Equation
(3)) for BST-based thin films. Modeling of (M"/M"max) vs. (V/Vmax).

Fit Parameter

Amplitude parameter, f [-] 17.366
Relaxation time, 7 [s]
“chi-squared” x?

MgO-O% MgO-l% Mg0-3°/o Mg0-5°/o
Stretching parameter, g (or “b” parameter) 0.56013 +0.00574 0.70085 + 0.00524 0.9043 +0.00261 0.83614 + 0.0142
9.769 x 102 5.438 x 102 2.703 x 102
8.75599 x 10 0.00113 0.00444 0.0017
0.00071 0.00022 0.00001 0.00051
0.99397 0.99683 0.99983 0.98872

“R-squared” R?

1.0
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0.6
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The scaling behavior of the samples was studied by replotting the normalized pa-
rameters (i.e., M"/M"max) VS. V/Vmay; Vmax is the frequency corresponding to M"max (Figure
8). The term “scaling behavior” implies an examination of how certain parameters
change concerning one another, often with a focus on whether there is a consistent pat-
tern or relationship that holds across different conditions or samples.
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Figure 8. (a) Normalized imaginary part of the modulus (M"/M"max) vs. normalized frequency
(v/vmax) for different MgO content (symbols). (b) A theoretical fit according to the modified KWW
function (semi log scale). (c¢) Histogram of the stretching parameters f. (d) Histogram of the relax-
ation times 7 calculated at the base of the modified KWW function for MgO-modified BST thin
films at T=RT.

The curves depicted in Figure 8a,b show how the normalized parameters (i.e.,
M"/M"max) change concerning this characteristic frequency (v/vmax). The significance of the
modulus scaling behavior is that, on the high-frequency side, the curve represents fre-
quencies where charge carriers are confined to their potential wells, making localized
motions, whereas the low-frequency side of the peak in the M"/M"max vs. v/vmax curve
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represents the frequencies at which charge carriers can move over long distances, indi-
cating successful hopping between sites.

Based on Figure 8a,b, it can be concluded that deviations from the “master curve”
are visible mostly on the high-frequency side. These deviations have been revealed by the
statistical variations in the relaxation behavior across different MgO compositions in the
BST thin films. First, Figure 8c illustrates the distribution of the shape parameter “b”,
approximating the stretching parameter  of the KWW function. The normal distribution
overlay curve was supposed, and the median (=0.77) and mean values (0.75) of the
stretching parameter § were derived. Furthermore, Figure 8d presents the distribution of
relaxation times (7), with mean and median values 7 = 0.0018 s and t = 0.0014 s, respec-
tively.

3.5. Modeling of Impedance Data with the EEC Method

The electric equivalent circuit (EEC) method is a powerful technique used to model
and analyze the behavior of complex electrical systems. It aims to represent a real-world
electrical system with a simplified circuit that possesses equivalent electrical characteris-
tics. The simplified circuit is designed to mimic the behavior of the original system under
specific conditions, such as steady-state or transient conditions. Selecting an appropriate
equivalent circuit model requires careful consideration and validation based on the spe-
cific characteristics of the system under investigation. One of the main challenges in
equivalent circuit modeling is the fact that different equivalent models can exactly rep-
resent the same data.

The most often used in measurement modeling electrical circuits are known in the
literature as the Voigt, ladder (or nested) and Maxwell circuits, as presented in Figure 9
[67,76].

R2

R2 CPE2

(b)

Figure 9. Typical circuits used in AC modeling; they are experimentally indistinguishable: (a)
Voigt, (b) Maxwell and (c) ladder.

The Nyquist plots illustrating the impedance spectra of BST thin films, which have
been modified with a MgO additive and annealed at T'= 650 °C, are depicted in Figure 1b.
It is essential to note that the impedance semicircles are displaced from the origin, with
their centers positioned below the x-axis. Alternatively, for the estimation of the initial
values for the fitting parameters, it is advisable to represent the impedance data in Bode
format, indicating the magnitude of complex impedance with respect to frequency (Fig-
ure 1a) and the phase angle of impedance as a function of frequency (Figure 1b).

The outcomes of modeling the impedance spectra of BST thin films, which have
been modified with varying amounts of MgO additive (0%, 1%, 3% and 5% by mole),
utilizing the EEC method and three formally equivalent electrical circuits, namely Voigt,
Maxwell and ladder, are presented below.

The illustration of the fitting outcomes for BST thin films modified with 3% MgO
additive in Figure 10 demonstrates the close correspondence between the experimental
data and fitted curves, particularly in the spectroscopic trend of the modulus of the
complex impedance (Bode plot, Figure 10a). All curves, encompassing both experimental
and fitting ones, exhibit significant overlap. The insets in Figure 10a (linear scale) reveal
that the differences are negligible at both the low-frequency and high-frequency ends of
the measuring frequency range. The calculated results illustrating the spectroscopic de-
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pendence of the complex impedance phase angle, as displayed in Figure 10b, indicate
slight variations in the dielectric response of the models used for fitting at the
high-frequency end of the spectrum (inset in Figure 10b; linear scale).
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Figure 10. (a) Bode format plot of the modulus of complex impedance (|Z1) (log-log scale) and (b)
phase angle (©) vs. frequency (semi-log scale) for the BST-based thin film modified with 3 mol% of
MgO. (c) The impedance response of electrical equivalent circuits, namely Voigt, Maxwell and
ladder, are shown in the figures (red solid line, blue dashed line and green dotted line, respective-
ly). (d) Fit-quality plot for Maxwell electric equivalent circuit. For the graphs inserted in the main
graph, a linear scale was used to visualize the differences in the curves.

The complex impedance plane plot (—~Zmm vs. Zre) presented in Figure 10c demon-
strates that the impedance responses of the model circuits employed for fitting align well
with the experimental data. The relative deviations of the real and imaginary parts of the
complex impedance (residuals) computed under the assumption of the Maxwell electric
equivalent circuit are depicted in Figure 10d. It is recognized that, for a satisfactory fit,
these deviations should exhibit a random distribution around the frequency axis. In our
experiment, it is apparent that the residual values fall within the range of +2% up to the
frequency of v = 100 kHz. For frequencies beyond 100 kHz, the approximation error for
both the real and imaginary parts of the complex impedance increases. The deviation of
the models from the experimental points is evident in Figure 10b for the same frequency
range.

Nevertheless, as an indicator of the fitting procedure’s quality, the terms
“chi-squared” (x?) and “weighted sum of squares” (WSS) were employed [94]. In this
study, “modulus data weighting” was implemented. As shown in Tables 4-6, the pa-
rameters obtained from the fitting process for the spectroscopic plots of the BST-based
thin films display low values of WSS and x? parameters, signifying a high-quality fit.
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Table 4. Electrical parameters of the Voigt model for BST-based thin films.

Electrical and Fit Value Value Value Value
Quality Parameters BST-MgO-0% BST-MgO-1% BST-MgO-3% BST-MgO-5%
R1, [Q] 3.5502 x 10¢ 1.7558 x 106 1.0877 x 105 4.2916 x 10°
CPEI1-T, [QQ1 sP] 42293 x 1011 8.3366 x 10710 9.0551 x 10~? 44485 x 102
CPE1-P, [1] 0.88476 0.93774 1 0.91206
R2, [Q] 3.6778 x 10¢ 49903 x 106 1.0631 x 107 2.2225 % 106
CPE2-T, [QQ1 s7] 7.2833 x 1012 1.2024 x 10  8.4394 x 100 29591 x 10
CPE2-P, [1] 0.93795 0.9462 0.92907 0.92125
“chi-squared” x2 0.00038978 0.00031905 0.00027061 0.00037669
WSS 0.075618 0.063171 0.052228 0.067804

Table 5. Electrical parameters of the Maxwell model for BST-based thin films.

Electrical and Fit Value Value Value Value
Quality Parameters BST-MgO-0% BST-MgO-1% BST-MgO-3% BST-MgO-5%
R1, [Q] 7.3769 x 106 1.0526 x 107 1.0994 x 107 3.0928 x 10¢
CPE1-T, [QQ1sP] 4.773 x 1012 4.1147 x 10-10 7.8023 = 10-10 1.3999 x 109
CPE1-P, [1] 0.94414 0.9542 0.93231 0.93559
R2, [Q] 6.2357 x 106 100 (fixed) 4.3673 x 107 1.5862 x 105
CPE2-T, [QQ1sF]  1.1824x1010  1.4119 x 108 2.0024 x 10-10 8.6415 x 10
CPE2-P, [1] 0.55547 0.33138 0.68523 0.5038
“chi-squared” x? 0.00026467 5.1416 x 10-> 0.00027315 0.00016193
WSS 0.051347 0.010232 0.052445 0.029148

Table 6. Electrical parameters of the ladder model for BST-based thin films.

Electrical and Fit Value Value Value Value
Quality Parameters BST-MgO-0% BST-MgO-1% BST-MgO-3% BST-MgO-5%
R1, [Q] 33792x 106 9712 (fixed) 966.3 1.5097 x 105 (fixed)
CPEI1-T, [Q1sP] 4.773 x 1012 4.116 x 1010 1.7671 x 1010 1.3999 x 10-°
CPE1-P, [1] 0.94414 0.95418 1 (fixed) 0.93559
R2, [Q] 3.9976 x 106 1.051 x 107 1.083 x 107 2.9418 x 10¢0
CPE2-T, [QQ1 sP] 4.0263 x 10-10 1.4118 x 108 7.4196 x 1010 9.5512 x 10~
CPE2-P, [1] 0.55547 0.33175 0.87912 0.50379
“chi-squared” x?2 0.00026467 5.1427 x 10-5 7.2684 x 10> 0.00016104
WSS 0.051347 0.010234 0.014028 0.029148

The circuits illustrated in Figure 9 are characterized by two time constants and yield
two semicircles on complex plane plots (if the time constants are “separated”). In Voigt’s
model (Figure 9a), there are two parallel R, CPE subcircuits in the series. One of these
subcircuits (e.g., R1, CPE1) could be interpreted as the contribution of the most resistive
grain boundary, while the next one (e.g., R2, CPE2) could represent the contribution of
bulk or electrode processes, including the formation of the double layer, to the total im-
pedance of the sample. In this interpretation, the R and CPE elements constituting the
circuit (Figure 9a) can be described as follows: R1 is the total electrical resistance of the
sample (Rv); R2 can be interpreted as the charge transfer resistance (R«t); CPE1 represents
the constant phase element related to the geometrical capacitance of the sample (Cy);
CPE2 is the constant phase element related to the double layer capacitance (Cay) [95]. It is
important to note that the Voigt circuit, in general, does not allow for the separation of
the electronic and ionic components of the total electrical conductivity.
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The electrical parameters of the Voigt model (Figure 9a) for BST-based thin films
deposited on a stainless steel substrate are given in Table 4.

Individual, series-connected parallel R-CPE subcircuits represent the contribution of
a specific polarization process (electrodes and contacts, grain boundaries and grain inte-
rior) to the total impedance of the sample. Here are the trends observed for the parame-
ters.

R1 (total resistance of the sample): It decreases with an increase in the MgO additive
up to 3% and then slightly increases. R2 (charge transfer resistance): It increases with an
increase in the MgO additive up to 3% and then slightly decreases. CPE1 (geometrical
capacitance of the sample): It increases with an increase in the MgO additive up to 3%
and then slightly decreases. CPE2 (double layer capacitance; contribution of bulk or
electrode processes): It increases with an increase in the MgO additive; however, for 3%
additive of MgO, a small decrease occurs.

In the Maxwell’s model (Figure 9b), the interpretation of the electric parameters
might be as follows: R1, R2 = the resistances related to the electronic (Re) and ionic (Ri)
components, respectively, CPE1 and CPE2 have the same meanings as in the Voigt’s cir-
cuit case, although the values of the parameters for both models might be different.

The electrical parameters of the Maxwell model (Figure 9b) for BST-based thin films
deposited on a stainless steel substrate are given in Table 5.

The Maxwell circuit permits separation of the electronic and ionic components of the
total electrical conductivity. R1—resistance of the electronic components—and
R2—resistance of the ionic components—increase with an increase in the MgO additive
up to 3%, then decreases. CPE1 (geometrical capacitance of the sample): It increases with
an increase in the MgO additive.

In the nested (or ladder) circuit, the electrode/bulk interface is modeled by the dou-
ble layer capacitance represented here by the constant phase element CPE1 connected in
parallel with the Faradaic impedance. The Faradaic impedance is given by the charge
transfer resistance R1 connected in a series with the parallel (R2 CPE2) subcircuit of a re-
sistance and a generalized constant phase element that models the nonlinear diffusion
impedance.

The electrical parameters of the ladder (nested) model (Figure 9c) for BST-based thin
films deposited on a stainless steel substrate are given in Table 6.

The charge transfer resistance (R1) measures the change in the faradaic current as
the potential across the double layer is changed while keeping the composition at the
surface constant [96].

In contrast to the polarization resistance (Rp = limZ(w) | w — 0) where the potential is
changed slowly so that the surface condition changes during the perturbation, here, the
potential is changed rapidly so that the surface condition has no time to change. It is the
limit of the faradaic impedance at high frequencies. Therefore, it may be found from an
equivalent circuit as the effective resistance in parallel with Ca (CPE1, Figure 9c). For this
reason, it is better to think of R« (R1, Figure 9c) as representing the dissipation of energy
associated with an activation energy rather than as being specifically associated with
electron transfer.

4. Conclusions

BST-based electroceramic thin films with (0-1) connectivity were successfully fabri-
cated via the sol-gel method on a stainless steel substrate, incorporating BaosSro4TiOs as
the matrix and MgO as a “dispersant”. Impedance spectroscopy revealed significant ef-
fects of the MgO concentration on the electrical properties of the thin films. Different
visualizations highlighted how MgO impacts the electrical characteristics (complex im-
pedance) and dielectric (complex electric modulus) and relaxation processes.

The key observations include (i) a substantial increase in the estimated value of ca-
pacitance with the MgO content (e.g., from 2.97 x 102 F to 5.78 x 10-° F as compared to
the values of a pure BST thin film composition); (ii) a significant decrease in the relaxation
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frequency (for two orders of magnitude from 8500 Hz to 25 Hz) and (iii) the identification
of non-Debye-type relaxation phenomena, as evidenced by the analysis of the stretching
parameter  of the KWW function and the distribution of the relaxation times (7). Elec-
trical equivalent circuit analysis further supported these findings, revealing changes in
the sample resistance and component capacitances with the MgO addition.

Overall, this study provides valuable insights into the influence of the MgO con-
centration on the electrical properties of BST-based thin films, offering potential avenues
for optimizing their performance in various applications.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/ma17112491/s1, Figure S1: Normalized plots of imaginary
part of electric modulus (M"/M"max) and impedance (Z"/Z"max) of MgO modified BST thin films as a
function of angular frequency (w) (semi log scale) for different MgO content at T = RT; (a) 0% by
mole MgO content; (b) 1% by mole MgO content; (c) 3% by mole MgO content; (d) 5% by mole
MgO content. The vertical dashed lines show the position of the maxima; Figure S2: Normalized
imaginary part of impedance (Z"/Z"max) versus normalized frequency (v/vmax) for different MgO
content (symbols) and theoretical fit according to the modified KWW function given by Equation
(5); (a) 0% by mole MgO content; (b) 1% by mole MgO content; (c) 3% by mole MgO content; (d) 5%
by mole MgO content. Values of quality parameters (x> and R?) and stretching parameter  from
KWW equation are given in the legend; Figure S3: Normalized imaginary part of modulus
(M"/M"max) versus normalized frequency (v/vmax) for different MgO content (symbols) and theo-
retical fit according to the modified KWW function given by Equation (5); (a) 0% by mole MgO
content; (b) 1% by mole MgO content; (c) 3% by mole MgO content; (d) 5% by mole MgO content.
Values of quality parameters (x? and R?) and stretching parameter  from KWW equation are given
in the legend.
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