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Abstract

Barium strontium titanate (BST) thin films are promising dielectric materials for radio-frequency (RF),
microwave, and integrated passive devices because of their high dielectric permittivity and excellent
electrical tunability. In this work, the electrical performance of BST-based metal-insulator—-metal (MIM)
capacitors with dielectric thicknesses of 50, 70, and 170 nm was systematically compared with that of a
100 nm BST-based interdigital capacitor (IDC) fabricated on platinized silicon substrates. BST thin films
were deposited by radio-frequency magnetron sputtering, followed by the deposition of Cr/Au (40/200
nm) electrodes using thermal evaporation. The fabricated devices were characterized through
capacitance—voltage, conductance-voltage, capacitance density, dielectric constant, dielectric loss,
quality factor, electric field, normalized capacitance, and frequency-dependent measurements. The 50
nm BST MIM capacitor exhibited the highest capacitance density (= 0.074 F m-2), the highest quality
factor (= 3.1 at 1 MHz), and a maximum electric field of = 6 MV cm-", whereas the 170 nm BST capacitor
achieved the highest dielectric constant (= 1090 at 500 kHz). The dielectric loss of all the manufactured
devices decreased dramatically with an increase in frequency, showing high-frequency behavior.
Interdigital BST capacitor with a thickness of 100 nm showed stable capacitance and conductance with
insignificant bias dependence in the studied frequency range. The study shows that the thickness of the
dielectric layer and capacitor structure have a strong impact on the electrical properties of BST thin-film
capacitors. Lower dielectric thickness provides better capacitance density and quality factor, while
higher thickness increases the dielectric permittivity.

1. Introduction

The fast evolution of wireless communication technology in the form of fifth-generation (5G), sixth-
generation (6G) technology, radars, satellites, l0T, etc., has led to a growing need for miniaturized, low-
loss, and highly tuneable passive RF-microwave components. In such components, capacitors find
application in filter circuits, phase-shifters, impedance matching circuitry, voltage-controlled oscillators,
resonators, and storage circuits. As a result, the search for dielectric materials with high permittivity, low
dielectric loss, high breakdown strength, and high frequency stability is an ongoing research area [1]-[4].

Barium Strontium Titanate (BST), which is written chemically as Ba,_lSriiTiO,, has been found to be one
of the most potential ferroelectric lead-free materials due to its high dielectric constant, low leakage
current, dielectric tuning ability, and suitability for silicon-based microelectronics [5], [6]. The Ba/Sr ratio
controls the dielectric property of BST within a wide range of frequency and temperatures, which makes
it a suitable material for RF/microwave integrated circuits. Moreover, BST thin films can be fabricated by
various techniques like radio-frequency magnetron sputtering, pulsed laser deposition, chemical solution
deposition, and molecular beam epitaxy [5], [7].

Metal-Insulator-Metal (MIM) capacitors have been extensively studied due to their simple device
structure, high capacitance density, low parasitic resistance, and compatibility with CMOS fabrication
technology. The electrical characteristics of MIM capacitors rely highly on the dielectric material,
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dielectric thickness, electrode material, interface properties, and fabrication processes. In BST MIM
capacitors, a decrease in dielectric thickness leads to an increase in the capacitance density, while
increased dielectric thickness improves the breakdown voltage and decreases leakage current. Hence,
dielectric thickness is one of the critical parameters for achieving the optimum balance between
capacitance density and dielectric loss [8], [9].

A number of recent investigations have centered on enhancement of BST dielectric properties using
material engineering techniques. Ta donor doping is claimed to increase the dielectric constant almost
two times along with improvement in capacitance density and breakdown field in deposited BaTiO; MIM
thin-film capacitors, thus showing that defect engineering can effectively be used for development of
high performance dielectric materials [10]. In a similar manner, phase boundary engineering in BST thin
films grown epitaxially resulted in dielectric tunability of up to 91% along with breakdown fields close to
800 kV/cm at the same time [6].

In addition to compositional engineering, another important aspect that significantly affects the
electrical properties of BST capacitors is the choice of electrodes. Comparing different electrodes, such
as Ag, Cu, In, and MoSi,, it was found that electrodes based on Ag provide the best capacitance density
and dielectric constant, while those made from In provide the lowest dielectric loss due to better
interface properties between metals and BST dielectric layer [11]. Moreover, the properties of
amorphous BST thin films were thoroughly studied using impedance spectroscopy; it was established
that the dielectric response of BST materials is affected by oxygen vacancies, defect complexes, and
interfaces with electrodes [12].

In addition to traditional parallel-plate MIM capacitors, another type of capacitor, i.e., interdigital
capacitors (IDCs), have gained much interest due to their planar design, simple fabrication, large sensing
area, and applicability for RF integrated circuitry. In contrast to MIM capacitors, the electric field in IDCs
is predominantly oriented laterally by means of fringing fields, and thus the capacitance of such a
structure depends greatly on the shape of the electrodes and their surface dielectrics. All these features
make IDC structures highly attractive for application in microwave resonators, tunable filters, and
sensors [2], [3]. Nevertheless, few comparative studies of conventional BST thin-film MIM capacitors and
BST-IDCs are known to exist.

Even though there have been many successful results in enhancing BST dielectric properties via
compositional, electrode, and defect engineering, there have not been many studies done regarding the
effects of the dielectric thickness on the electrical properties of BST thin film MIM capacitors or
comparison of BST thin film MIM capacitors with interdigital capacitor structures of the same thickness.
It is crucial to perform a comparative study in order to choose the best capacitor structure for RF,
microwave, and integrated passive devices.

In the current study, BST films having dielectric layers of 50 nm, 70 nm, and 170 nm thickness were

grown onto platinized silicon substrates using radio-frequency magnetron sputtering technique for

preparing circular Metal-Insulator—Metal capacitors using Cr/Au (40/200 nm) electrodes. At the same
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time, an interdigital capacitor was prepared using BST film having 100 nm thickness on the same
substrate using same electrode materials through shadow mask method. These devices have been
thoroughly investigated using capacitance-voltage, conductance-voltage, capacitance density, dielectric
constant, dielectric loss, quality factor, electric field, and normalized capacitance measurement
techniques at different operating frequencies. Comparison study carried out in this work is very useful
for understanding the impact of dielectric thickness and device structure on BST capacitor behavior in
future RF/microwave electronics.

2. Experimental Procedure

2.1 Materials and Thin-Film Deposition

The BST thin films were grown on commercially available platinized silicon (Pt/Si) substrates by radio
frequency (RF) magnetron sputtering technique. The Pt/Si substrates were initially diced into appropriate
sizes before the deposition process. The substrate wafers were then cleaned by following the regular
ultrasonic cleaning protocol. Initially, the substrates were subjected to ultrasonic cleaning in acetone
followed by IPA to remove any remaining organic contaminants. Then, the substrates were further rinsed
using DI water and finally dried using high purity N, gas.

The commercial BST ceramic target of size 2 inches was used for sputtering process. The cleaned
substrates were mounted on the rotating holder kept above the target to ensure that the thin films are
deposited uniformly throughout the substrate surface. The BST thin films of 50 nm, 70 nm, and 170 nm
thickness were prepared under room temperature with Ar gas. The sputtering process was carried out at
an RF power of 100 W, with an argon gas flow rate of 60 SCCM. Prior to deposition, the sputtering
chamber was evacuated to a base pressure of 2 x 10-¢ mbar, while the deposition was performed at a
working pressure of 2.0 x 102 mbar. Continuous substrate rotation during deposition ensured improved
thickness uniformity and minimized film non-uniformity across the substrate surface.

Following BST deposition, circular top electrodes were fabricated using a thermal evaporation system. A
chromium/gold (Cr/Au) metal stack with thicknesses of 40 nm/200 nm was deposited through a
precision shadow mask to define circular metal-insulator-metal (MIM) capacitor structures with a
diameter of 500 yum. Chromium was used as the adhesion layer, whereas gold served as the top
conducting electrode because of its excellent electrical conductivity and chemical stability. The thermal
evaporation process was performed at a chamber pressure of 2.3 x 10-¢ mbar, ensuring high-purity
metal deposition and good metal—dielectric interface quality.

The complete fabrication process resulted in BST thin-film metal—insulator-metal capacitors with three
different dielectric thicknesses (50 nm, 70 nm, and 170 nm), which were subsequently used for detailed
electrical characterization.

2.2 Device Fabrication
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(a) Metal-Insulator—Metal (MIM) Capacitor Fabrication

After the deposition of the BST dielectrics, metal-insulator-metal (MIM) capacitor structures were then
fabricated on the platinized silicon substrates. Platinized silicon substrate is used as the bottom
electrode, while the deposited BST thin film is the dielectric. Three sets of MIM capacitors have been
fabricated employing BST dielectric thickness of 50 nm, 70 nm, and 170 nm, so as to study the effect of
dielectric thickness on the electrical properties of these devices. Circular top electrodes were then
deposited using thermal evaporation with the aid of a precise shadow mask, utilizing chromium/gold
(Cr/Au) metal stack of thickness 40 nm/200 nm respectively. Chromium was used as the adhesion layer
between the BST dielectric and the gold electrode, while gold is the highly conductive top electrode. The
deposited circular top electrodes have a diameter of 500 w m, hence the active capacitor area. Hence
the final device structure was made up of Cr/Au/BST/Pt/Si metal insulator metal, giving a parallel plate
capacitor.

(b) Interdigital Capacitor (IDC) Fabrication

As a comparator to the traditional MIM capacitor, a planar interdigital capacitor (IDC) was also fabricated
on a platinized silicon substrate. To begin with, a 100 nm BST thin film was first deposited on the
substrate using the same RF magnetron sputtering technique discussed in Section 2.1. After the
deposition of the BST thin film, a metal Cr/Au (40 nm/200 nm) was deposited in a shadow mask pattern
through thermal evaporation process. As such, the fabricated IDC is made up of parallel interdigital
fingers having an equal inter-finger separation of 100 pm, thus allowing the creation of lateral fringing
electric fields in the BST dielectric film. As opposed to the parallel plate electric field structure of the
MIM capacitor, the capacitance of the IDC is dominated by the fringing electric fields between
neighbouring electrodes. The completed IDC structure can therefore be represented as a
Cr/Au/BST/Pt/Si planar capacitor, allowing a direct comparison between the electrical performance of
conventional MIM capacitors and fixed-thickness interdigital capacitors fabricated under identical
material and processing conditions.

The fabrication process flow diagrams as well as the corresponding cross-sections of the fabricated
MIM and interdigital capacitors are shown in Fig. 1 and Fig. 2, respectively. With regard to identical
deposition of BST and same electrode material used in both capacitors, the variations in electrical
properties observed should be attributed to variations in the dielectric thickness and geometry of the
capacitor.

2.3 Electrical Characterization

The electrical properties of the fabricated BST thin film MIM capacitors and the BST thin film interdigital
capacitor (IDC) were examined using the Keithley 4200A-SCS Parameter Analyzer coupled with Clarius™
V1.9.1 software. The measurements of the electrical properties were done at room temperature in order
to assess the impact of the thickness of the dielectric layer and device structure on its capacitive
properties.

Page 5/35



For the MIM capacitor structures, electrical measurements were performed on BST dielectric
thicknesses of 50 nm, 70 nm, and 170 nm. The capacitance-voltage (C-V) characteristics were
recorded over a bias voltage range of - 20 V to + 30 V at measurement frequencies of 10 kHz, 50 kHz,
500 kHz, and 1 MHz. In addition, the capacitance—frequency (C—f) characteristics were measured to
investigate the frequency-dependent dielectric response of the fabricated capacitors. From the
measured capacitance data, the conductance (G), capacitance density (C/A), dielectric constant (g,),
dielectric loss (tan 6), quality factor (Q), electric field (E), and normalized capacitance (C/C,) were
calculated to comprehensively evaluate the electrical performance of the BST thin-film capacitors.

The electrical characterization of the BST interdigital capacitor (IDC) was performed under identical
room-temperature conditions. The capacitance-voltage (C-V) and conductance-voltage (G-V)
characteristics were measured over a bias voltage range of - 20 V to + 20 V at frequencies ranging from
100 kHz to 1 MHz. Furthermore, the capacitance—frequency (C-f) and conductance-frequency (G-f)
characteristics were obtained at applied bias voltages of 5V,10V, 15V, 20 V, and 30 V to investigate the
frequency-dependent electrical response of the interdigital capacitor.

The dielectric constant of the BST thin films was calculated from the measured capacitance using the
parallel-plate capacitor relation

Cd
€r = —)
GoA
1

where Cis the measured capacitance, dis the BST dielectric thickness, Ais the active electrode area,
and € jis the permittivity of free space. The capacitance density was determined using

C € 0€ ,
A d ’

2

while the quality factor was calculated from the measured dielectric loss according to

1

@ = tand

3

The measured data were processed and analyzed using OriginLab software, which was employed for
data visualization, graphical representation, and comparative analysis of the electrical characteristics of
the fabricated MIM and interdigital capacitor structures.
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Figure 2. Schematic illustration of the BST-based interdigital capacitor (IDC) fabricated on a platinized
silicon substrate. The device comprises a 100 nm BST dielectric film deposited by RF sputtering, with
Cr/Au (40/200 nm) interdigital electrodes patterned on the dielectric layer by thermal evaporation
through a shadow mask. The interdigital electrode geometry employs an E-shaped finger configuration
with a constant inter-finger spacing of 100 um. The figure includes the top-view electrode pattern, three-
dimensional schematic, and cross-sectional view of the device architecture.

Figure 2 illustrates the schematic architecture of the fabricated BST-based interdigital capacitor (IDC) on
a platinized silicon substrate. The device consists of a 100 nm BST dielectric layer with Cr/Au (40/200
nm) E-shaped interdigital electrodes separated by a uniform finger-to-finger spacing of 100 um. The top-
view, three-dimensional, and cross-sectional schematics highlight the planar device configuration
employed for electrical characterization.

3. Result and Analysis

Figure 3 illustrates the capacitance-voltage (C-V) characteristics of the barium strontium titanate (BST)
thin-film metal—insulator—metal (MIM) capacitors with dielectric thicknesses of 50 nm, 70 nm, and 170
nm, measured over a bias voltage range of - 20 V to + 30 V at frequencies of 10 kHz, 50 kHz, 500 kHz,
and 1 MHz. All three devices exhibit a pronounced voltage-dependent capacitance with an abrupt
transition occurring close to 0 V, indicating strong electric-field-induced modulation of the dielectric
response. The observed behavior is characteristic of ferroelectric/paraelectric BST thin films, where the
dielectric permittivity varies with the applied electric field because of polarization reorientation and
domain-wall dynamics [13], [14].

For the 50 nm BST dielectric (Fig. 3(a)), the capacitance decreases gradually under negative bias and
exhibits a sharp drop near 0 V, followed by an almost constant value under positive bias. At 500 kHz, the
capacitance changes from approximately - 3.8 x 10-° F at - 20 V to - 14.5 x 10-° F after the transition.
Similarly, the capacitance at 10 kHz changes from approximately - 2.6 x 10° F to - 11.8 x 10-° F, while
the values measured at 50 kHz and 1 MHz stabilize near - 6.2 x 10=° F and - 4.8 x 10-° F, respectively.
The larger capacitance variation observed for the thinner dielectric indicates a stronger electric-field
interaction across the BST layer, which enhances polarization switching and dielectric tunability.

The 70 nm BST capacitor (Fig. 3(b)) exhibits a similar voltage dependence; however, the overall
capacitance variation is smaller than that of the 50 nm film. Following the transition near zero bias, the
capacitance stabilizes at approximately - 4.2 x 10-° F (500 kHz), - 3.2 x 10-° F (1 MHz), - 2.6 x 10-° F (10
kHz), and - 1.3 x 10~° F (50 kHz). With regard to the effect on the capacitance, the decrease in
capacitance can be said to be due to the increase in thickness of the dielectric because capacitance is
inversely proportional to the dielectric thickness (C = g4g,A/d). The increase in thickness of the BST thus

results in a lower electric field for the dielectric for the same applied voltage, hence lower capacitance.
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For the 170 nm BST film (Fig. 3(c)), the lowest capacitance values are observed among the three
devices. The capacitance measured at 500 kHz decreases from approximately - 3.0 x 10-° F under
negative bias to approximately - 11.2 x 10-° F after the voltage transition, whereas the capacitance
measured at 10 kHz, 1 MHz, and 50 kHz stabilizes near - 8.1 x 10°F, -4.6 x 10°F and - 0.8 x 10-° F,
respectively. The thicker dielectric layer suppresses the electric-field intensity across the BST film,
resulting in reduced polarization response and lower capacitance variation. In addition, the relatively
smooth capacitance response at higher frequencies suggests that interfacial polarization and slow
dipolar relaxation mechanisms contribute less significantly under rapidly alternating electric fields [12],
[16].

The frequency dependence observed in all three devices further confirms that capacitance decreases
with increasing frequency because the dipolar and space-charge polarization mechanisms cannot follow
the rapidly varying electric field. With regard to low frequency operation, the above mentioned
polarization mechanisms play a significant role in the dielectric behavior of the structure and result in
higher capacitance value, while in the case of high frequency operation the electronic and ionic
polarization mechanisms dominate [3],[12]. Also, the abrupt transition taking place around zero bias
voltage irrespective of the dielectric thickness demonstrates electric-field-assisted polarization
switching in BST dielectric, in line with the observations reported earlier by other researchers for BST thin
film MIM capacitors and microwave tunable dielectrics [6],[13]. Thus, it can be concluded that dielectric
thickness plays a key role in determining the voltage dependence of the capacitance of the BST
dielectric material, where the smaller dielectric thickness leads to higher capacitance value due to the
higher electric field across the dielectric layer.

Figure 4 presents the conductance-voltage (G—V) characteristics of the barium strontium titanate (BST)
thin-film metal-insulator—-metal (MIM) capacitors with dielectric thicknesses of 50 nm, 70 nm, and 170
nm, measured over a bias voltage range of - 20 V to + 30 V at frequencies of 10 kHz, 50 kHz, 500 kHz,
and 1 MHz. In all three devices, the conductance increases gradually as the applied voltage approaches
0 V from the negative bias region, followed by a sharp transition near zero bias and a nearly constant
conductance in the positive bias region. This behavior indicates field-dependent charge transport across
the BST dielectric layer and suggests a transition from a low-conductance state under reverse bias to a
higher-conductance state under forward bias.

For the 50 nm BST film (Fig. 4(a)), the highest conductance is observed at 50 kHz, reaching
approximately 0.062 S after the transition, followed by 500 kHz (~ 0.041 S), 10 kHz (~ 0.040 S), and 1
MHz (~ 0.010 S). The gradual increase in conductance under negative bias indicates enhanced carrier
transport with increasing electric field, whereas the abrupt increase near 0 V may be attributed to the
alignment of polarization domains and increased availability of charge carriers at the metal—dielectric
interface. The significantly lower conductance at 1 MHz suggests that space-charge and dipolar
polarization mechanisms are unable to follow the rapidly alternating electric field, thereby reducing the
AC conduction.
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As far as the 70 nm BST film (Fig. 4(b)) is concerned, the total conductance shows a decrease when
compared to the 50 nm sample. Following the voltage switching, the conductance remains steady at
around 0.032 S (500 kHz), 0.031 S (10 and 50 kHz), and 0.018 S (1 MHz). This decrease in the
conductance with an increase in the thickness of the dielectric layer is logical as the increased thickness
of the BST film leads to increased electrical resistance and decreased electric field through the
dielectric.

The 170 nm BST capacitor (Fig. 4(c)), on the other hand, shows lower conductance values compared to
the other two thicknesses except for a particular fluctuation experienced after the voltage transition at
50 kHz. At 10 kHz, 500 kHz, and 1 MHz, the conductance value is around 0.051 S, 0.041 S, and 0.012 S,
respectively. This unusual conductance fluctuation could be attributed to the dielectric relaxation,
localized trapping/de-trapping of charges, or interface states in the thick BST dielectric layer.

In general, the conductivity falls with the increase in test frequency, especially at 1 MHz where all the
samples show the minimum values. The reasons behind such a decrease include the decreased effect
of interfacial and space-charge polarizations at high frequencies since they cannot respond quickly
enough to the oscillating field. Also, the increase of the thickness of the BST dielectric film from 50 nm
to 170 nm decreases the conductivity due to the increased transport distance and the decreased
leakage current across the dielectric film. In conclusion, dielectric thickness is a critical factor that
determines the conduction properties of BST MIM capacitors.

Figure 5 presents the capacitance density—voltage (C/A-V) characteristics of the BST thin-film metal-
insulator—metal (MIM) capacitors with dielectric thicknesses of 50 nm, 70 nm, and 170 nm, measured
over a bias voltage range of - 20 V to + 30 V at frequencies of 10 kHz, 50 kHz, 500 kHz, and 1 MHz.
Similar to the capacitance—-voltage characteristics, all devices exhibit a gradual increase in capacitance
density under negative bias followed by a sharp transition near 0 V, after which the capacitance density
becomes nearly constant. This kind of behavior proves that there exists a significant dependency of
dielectric polarization on electric fields [13], [14].

The maximum capacitance density of the 50 nm BST capacitor (Fig. 5(a)) is achieved at 500 kHz
frequency and equals about 0.074 F/m? after the transition of the voltage. Under the same bias, the
stable capacitance density values for 10 kHz, 50 kHz, and 1 MHz frequencies equal 0.060 F/m?, 0.031
F/m?2, and 0.025 F/m?2 respectively. For negative bias, the capacitance density value gradually increases
from 0.020 F/m? at -20 V to 0.040 F/m? at about 0 V before the sharp increase. It should be noted that
the high capacitance density of the thin film 50 nm capacitor is justified by the inverse proportionality of
the capacitance density to the thickness of dielectric material C/A = g,¢,/d [15].

In regard to the 70 nm BST capacitor (Fig. 5(b)), capacitance density becomes lower than in the case of
the 50 nm capacitor. Post-voltage change, the values of the capacitance density become 0.021 F/m2 at
500 kHz, 0.016 F/m2 at 1 MHz, 0.013 F/m2 at 10 kHz, and 0.006 F/m2 at 50 kHz. However, the
dependence on the voltage is still the same, while the increased dielectric thickness decreases the value
of the electric field through the BST layer and, thus, the charge per unit of the electrode area.
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For the 170 nm BST capacitor (Fig. 5(c)), capacitance density is the least compared to the other two
dielectric thicknesses. This is consistent with the relation between capacitance density and dielectric
thickness, which is inversely proportional. Following the voltage transition, the capacitance density
remains constant at about 0.057 F/m2 at 500 kHz, 0.042 F/m?2 at 10 kHz, 0.023 F/m2 at 1 MHz, and 0.004
to 0.006 F/m?2 at 50 kHz. The reason for the decreased capacitance density for the thicker BST layer is
due to the higher dielectric thickness, thereby reducing the electric field intensity, which, in turn, reduces
the polarization charge in the dielectric layer. The slight oscillation recorded in the capacitance density at
50 kHz could be due to dielectric relaxation or charge trapping near the metal/dielectric interface, as has
been reported in BST thin-film capacitors [12, 16].

Comparing all three thicknesses of the dielectrics, it is possible to conclude that the capacitance density
for the 50 nm BST layer is highest, which means that thin dielectrics offer higher storage capacity.
Despite having lower capacitance density than the other two, the response of the 170 nm layer is
relatively stable throughout the whole range of the applied voltage. In all three capacitors, the voltage-
induced transition occurring near 0 V reflects electric-field-dependent polarization within the BST
dielectric, while the nearly constant capacitance density at positive bias suggests saturation of
polarization under higher electric fields. Overall, these results demonstrate that dielectric thickness is the
dominant parameter governing capacitance density, whereas measurement frequency primarily
influences the magnitude of the dielectric polarization through the frequency-dependent response of
dipolar and space-charge polarization mechanisms [3], [10], [16]. The superior capacitance density
achieved by the 50 nm BST film makes it particularly attractive for high-density integrated capacitors and
RF passive components where maximum charge storage per unit area is required.

Figure 6 shows the quality factor (Q-factor) as a function of applied bias voltage for the BST thin-film
metal—insulator—metal (MIM) capacitors with dielectric thicknesses of 50 nm, 70 nm, and 170 nm,
measured over a voltage range of - 20 V to + 30 V at frequencies of 10 kHz, 50 kHz, 500 kHz, and 1 MHz.
In contrast to the capacitance and conductance characteristics, the Q-factor remains nearly constant
throughout the applied voltage range for all dielectric thicknesses, indicating that the AC energy
dissipation of the fabricated capacitors is only weakly influenced by the applied DC bias. This almost
voltage-insensitive nature indicates that the loss mechanisms in the dielectric are fairly constant for the
entire range of voltages studied and there is no degradation or instability due to electric field induced in
the BST dielectric layer [13], [16].

In relation to the 50 nm BST film (Fig. 6(a)), the maximum Q-factor value is achieved for 1 MHz frequency
(Q =~ 3.10), followed by 500 kHz (~ 1.10), whereas very low Q-factors of ~ 0.03 and ~ 0.01 are found for
50 kHz and 10 kHz, respectively. The almost negligible dependence on the bias voltage suggests that the
dielectric loss is practically constant across the entire bias voltage range. In the case of the 70 nm BST

capacitor (Fig. 6(b)), the Q-factor values are of about ~ 1.10 for 1 MHz, ~ 0.41 for 500 kHz, and < 0.02 for
both 10 kHz and 50 kHz, with the slight fluctuation near 0 V due to possible measurement uncertainty or
polarization switching transients. Finally, for the 170 nm BST film (Fig. 6(c)), again a voltage-independent
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Q-factor behavior is observed for values of ~ 2.35 for 1 MHz, ~ 0.87 for 500 kHz, and < 0.02 for lower
frequencies.

In comparing all three dielectric thicknesses, one will observe that the Q-factor is higher in the 50nm BST
capacitor, while the lowest values of the Q-factor will be found in the 70nm dielectric, especially at higher
frequencies. This can be due to the low value of the equivalent series resistance and strong capacitive
effect of the thinner dielectric. Since the quality factor is inversely proportional to the dielectric loss

(Q = 1/tand ), the higher Q-factor obtained at 1 MHz indicates reduced dielectric loss and improved
high-frequency performance of the fabricated BST capacitors [10], [13]. Moreover, the nearly constant Q-
factor with increasing bias voltage confirms that the dielectric loss is primarily governed by intrinsic
polarization mechanisms rather than by the applied electric field.

Overall, the Q-factor results demonstrate that frequency has a much greater influence than applied
voltage on the energy-storage efficiency of the fabricated BST MIM capacitors. The stable Q-factor over
the entire bias range further indicates good dielectric stability and reliable capacitor operation, while the
comparatively higher Q-factor obtained for the 50 nm BST dielectric suggests that thinner BST films are
more suitable for RF and microwave capacitor applications requiring low dielectric loss and efficient
energy storage [7], [10], [13].

Figure 7 presents the dielectric constant-voltage (¢,~V) characteristics of the BST thin-film metal-
insulator—-metal (MIM) capacitors with dielectric thicknesses of 50 nm, 70 nm, and 170 nm, measured
over a bias voltage range of - 20 V to + 30 V at frequencies of 10 kHz, 50 kHz, 500 kHz, and 1 MHz. The
dielectric constant was calculated from the measured capacitance using the parallel-plate capacitor
relation. All three capacitors exhibit a pronounced electric-field-dependent dielectric response,
characterized by a gradual increase in dielectric constant under negative bias followed by a sharp rise
near 0 V, after which the dielectric constant remains nearly constant throughout the positive bias region.
This behavior is characteristic of BST ferroelectric thin films, where polarization alignment and electric-
field-induced dielectric tunability dominate the dielectric response [13], [14].

For the 50 nm BST dielectric (Fig. 7(a)), the dielectric constant exhibits the highest values at 500 kHz,
increasing from approximately 110 at - 20 V to nearly 420 after the voltage transition. At 10 kHz, the
dielectric constant increases from approximately 80 to 340, while values of approximately 180 and 140
are obtained at 50 kHz and 1 MHz, respectively. The rapid increase near zero bias indicates enhanced
dipole alignment and polarization switching within the BST layer, resulting in a substantial increase in
dielectric permittivity under an applied electric field.

BST capacitor of 70 nm (Fig. 7(b)) has relatively low values for its dielectric constant. After crossing 0 V
point the dielectric constant attains steady state values of about 170 at 500 kHz, 125 at 1 MHz, 105 at
10 kHz, and 50 at 50 kHz. This decrease in dielectric constant when compared with that of 50 nm film
could be attributed to some changes in the structure of film, crystalline nature of film, interfaces, and
decrease in strength of electric field due to increased thickness of dielectric layer [10], [15].
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Regarding the 170 nm BST dielectric (Fig. 7(c)), the value of the dielectric constant is higher compared
to other two devices. After the voltage change, the value of the dielectric constant becomes about 1090
at 500 kHz, 800 at 10 kHz, 450 at 1 MHz, and changes from 50 to 120 at 50 kHz. The highest value of the
dielectric constant at 500 kHz indicates that the higher thickness of the BST dielectric provides the
increased value of dielectric polarization, due to the increase in crystallinity, volume of polarization, and
decreased influence of depolarization. The fluctuation at 50 kHz can be caused by dielectric relaxation,
interface states, or charge trapping in the dielectric layer [12], [16].

It can be seen from the comparison of the three different thicknesses of dielectric films that the
dielectric effect is heavily dependent on thickness and frequency. The 50 nm thick film has quite a high
dielectric constant and a high value for its electric field effect, but the 170 nm thick film gives the highest
dielectric constant, showing that the dielectric permittivity does not depend only on thickness but also
on intrinsic properties of the material like crystallographic texture, density of defects, etc. This
observation agrees with previous reports showing that optimized BST microstructures can significantly
enhance dielectric polarization and tunability even in relatively thick dielectric layers [6], [9], [13].
Furthermore, the nearly constant dielectric constant under positive bias indicates saturation of
polarization, whereas the gradual variation under negative bias reflects progressive domain alignment
and electric-field-induced polarization within the BST dielectric.

Overall, the results confirm that the dielectric constant of BST thin-film MIM capacitors is strongly
dependent on both applied electric field and microstructural properties. The remarkably high dielectric
constant obtained for the 170 nm BST film, particularly at 500 kHz, demonstrates its potential for
applications requiring large capacitance and enhanced charge-storage capability, whereas the 50 nm
BST film offers a balanced combination of high dielectric constant and strong voltage tunability suitable
for RF and microwave integrated capacitors.

Figure 8 illustrates the dielectric loss (tan &) as a function of applied bias voltage for the BST thin-film
metal—insulator—metal (MIM) capacitors with dielectric thicknesses of 50 nm, 70 nm, and 170 nm,
measured over a voltage range of - 20 V to + 30 V at frequencies of 10 kHz, 50 kHz, 500 kHz, and 1 MHz.
The dielectric loss is an important parameter that measures the energy lost in the dielectric when an AC
system operates. The lower the dielectric loss, the lesser the amount of energy lost and the higher the
quality factor [13], [17].

In the case of the 50 nm BST capacitor (Fig. 8(a)), the dielectric loss remains practically constant in the
entire voltage range. In the case of 10 kHz, tan 6 changes from about 75 to 100 with an average value of
approximately 83. For 50 kHz, the dielectric loss reaches the values from 30 to 32, and for 500 kHz and 1
MHz, it tends towards 1, showing negligible dependence on the voltage. This significant decrease in the
dielectric loss at high frequencies means that both interfacial and space charge polarizations have little
effect since they are too slow in comparison to the fast alternating electric field [12],[16].

In the case of the 70 nm BST film (Fig. 8(b)), the trend is almost the same but the dielectric loss value at
10 kHz is quite large varying from about 120 to 380 in negative bias but becomes stable to about 190-
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200 after the voltage transition. Tan 6 at 50 kHz stays almost constant and equal to 75-85 while the
dielectric loss at 500 kHz and 1 MHz is close to 1 again. Large oscillations at lower frequencies are
explained by the greater role played by the processes of charge trapping, defect assisted conductivity
and interfacial polarization in the dielectric material [12], [18].

The BST capacitor of thickness 170 nm (Fig. 8(c)) demonstrates the least regularity in the behavior of
the dielectric loss compared to the other two devices. The dielectric loss at 10 kHz is varied between 85
and 120, whereas at 50 kHz, the value changes dramatically from 25 to 130 depending on the level of
voltage applied to it. However, the dielectric loss at 500 kHz and 1 MHz is equal to 1. The enhanced
fluctuations observed at intermediate frequencies may arise from localized defect states, dielectric
relaxation, interface charge trapping, or non-uniform polarization within the thicker BST film [16], [18].

Comparison of the three dielectric thicknesses reveals that the dielectric loss is influenced more strongly
by measurement frequency than by the applied bias voltage. In all devices, the lowest dielectric loss is
consistently observed at 500 kHz and 1 MHz, whereas significantly higher losses occur at 10 kHz and 50
kHz because slow polarization mechanisms, including dipolar, interfacial, and space-charge polarization,
contribute substantially to the overall dielectric response at lower frequencies. Furthermore, the nearly
constant dielectric loss over the investigated voltage range suggests that the applied electric field has
only a limited influence on the intrinsic dielectric dissipation of the BST films. Similar frequency-
dependent dielectric-loss behavior has been reported for sputtered BST thin films, where oxygen
vacancies, grain boundaries, and interface defects dominate dielectric relaxation and AC conduction
processes [10], [12], [17]. Therefore, the excellent dielectric-loss characteristics observed at 500 kHz and
1 MHz demonstrate the suitability of the fabricated BST MIM capacitors for high-frequency RF and
microwave applications, where minimizing dielectric loss is essential for achieving high quality factors
and efficient signal transmission.

Figure 9 presents the calculated electric field—voltage (E-V) characteristics of the BST thin-film metal-
insulator—-metal (MIM) capacitors with dielectric thicknesses of 50 nm, 70 nm, and 170 nm over the
applied bias range of - 20 V to + 30 V. The electric field was determined from the applied voltage using
the relation £ = V' /d, where Vs the applied bias voltage and dis the BST dielectric thickness. Since
the electric field depends only on the applied voltage and dielectric thickness, all measurement
frequencies (10 kHz, 50 kHz, 500 kHz, and 1 MHz) produce identical curves, indicating that the electric
field is independent of the excitation frequency.

In the case of the 50 nm BST dielectric (Fig. 9(a)), the electric field varies linearly with respect to the
applied voltage, and has values of about 4.0 MV cm~" at-20 V and 6.0 MV cm~" at + 30 V, tending to be
close to zero in the region of zero bias. As the dielectric layer is the thinnest, the 50 nm capacitor has the
greatest value of electric field intensity for the applied voltage. High electric fields promote the alignment
of polarization in the BST dielectric [14].

As far as the 70 nm BST capacitor (Fig. 9(b)) is concerned, there is a linear relationship between the
electric field and the voltage, albeit with smaller values due to the thicker dielectric. The value of the
Page 13/35



electric field ranges from about 2.9 MV cm~" at - 20 Vto 4.3 MV cm~" at + 30 V. This means that a
smaller driving force for dipole rotation and polarization switching takes place, which is in line with the
smaller capacitance and dielectric constant measured for this film [15], [17].

The 170 nm BST dielectric shown in (Fig. 9(c)) has the least value of electric field intensity when
compared to other three structures. There is a linear increase in electric field intensity ranging from 1.2
MV cm-"at-20 Vto 1.8 MV cm~" at + 30 V, with almost zero value near the zero-bias condition. The
decrease in electric field intensity with increase in dielectric thickness is due to the inverse relation of
electric field to dielectric thickness. Thus, increased thickness of BST film demands higher voltage
operation [18].

From the comparison of the three dielectrics’ thicknesses, it is evident that there is an inverse
relationship between the thickness of the dielectric and the electric field; the largest intensity of electric
field is produced by the 50 nm BST film, followed by the 70 nm and 170 nm dielectric thicknesses. The
electric field is completely linearly related to the voltage since it is entirely based on the geometrical
structure of the device unlike capacitance and conductance. The higher electric field generated within
thinner BST films promotes stronger dipole orientation, enhanced dielectric polarization, and greater
capacitance modulation, whereas thicker dielectric layers experience lower internal electric fields,
leading to reduced electric-field-driven polarization effects [6], [13], [18]. These results confirm that
dielectric thickness is a critical design parameter for controlling the internal electric field in BST-based
MIM capacitors and consequently influences their overall electrical performance in RF and microwave
applications.

Figure 10 presents the normalized capacitance-voltage (C/C,—V) characteristics of the BST thin-film
metal—insulator—metal (MIM) capacitors with dielectric thicknesses of 50 nm, 70 nm, and 170 nm,
measured over a bias voltage range of - 20 V to + 30 V at frequencies of 10 kHz, 50 kHz, 500 kHz, and 1
MHz. The normalized capacitance was obtained by dividing the measured capacitance by its reference
value (C,), allowing the voltage-dependent capacitance variation of different devices to be compared
independently of their absolute capacitance values. In all three devices, the normalized capacitance
increases gradually under negative bias and exhibits a sharp transition near 0 V, indicating electric-field-
induced polarization and dielectric tuning within the BST dielectric layer [13], [14].

For the 50 nm BST capacitor (Fig. 10(a)), all four frequency-dependent curves exhibit nearly identical
behavior. The normalized capacitance increases gradually from approximately 0.24-0.27 at - 20 V to
approximately 0.55-0.60 immediately before the voltage transition. After the transition near 0V, the
normalized capacitance rapidly reaches C/C, = 1.0 and remains essentially constant over the positive
bias region for all measurement frequencies. The close overlap of the curves indicates excellent
frequency stability and highly reproducible voltage-dependent dielectric behavior. Such uniform
normalized capacitance characteristics suggest minimal frequency dispersion and stable polarization
switching within the thin BST dielectric [13], [15].
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Capacitance-voltage characteristics of the 70 nm BST capacitor (Fig. 10(b)) are also similar; however, a
higher level of frequency dispersion is observed. When subjected to negative bias, the normalized
capacitance rises from about 0.18-0.25 to about 0.50-0.60 in case of - 20V voltage. After this
transition, the normalized capacitance remains constant on the levels of 0.85 at 50 kHz, 0.90 at 10 kHz,
0.93 at 500 kHz, and almost 0.98 at 1 MHz. A lower value of the normalized capacitance in comparison
to the one of the 50 nm sample could be caused by decreased polarization response of the dielectric
material. Nonetheless, relatively stable curves under positive bias indicate a sufficient degree of
dielectric stability [10],[15].

The BST capacitor with 170 nm thickness (Fig. 10(c)) displays the most complicated behavior out of the
three capacitors. The ratio C/C, at frequencies of 10 kHz, 500 kHz, and 1 MHz shows an almost identical
pattern to the thinner BST films, ranging from 0.25-0.35 under the negative bias to nearly 1.0 after
switching the voltage. Nevertheless, the curve at 50 kHz displays very distinct fluctuations where the
ratio C/C, ranges from about 0.30 and 3.05 prior to reducing and becoming close to unity under high
positive voltage bias. It is presumed that the peculiar peaks are caused by dielectric relaxation, localized
charge trapping, interface states, and the instability of transient polarization in the thicker BST film. Such
irregular dielectric response was observed previously due to defect assisted polarization and interface
charge in BST thin-film capacitors [12],[16].

The analysis of the three thicknesses of the dielectric material shows that for the BST capacitor with 50
nm thickness, there is the highest stability of normalized capacitance behavior, since at all measured
frequencies there is an approach of C/C, to the value of 1.0 after the voltage switching. For 70 nm
thickness, the stability is high as well, but with some dependence on the frequency. However, for the BST
capacitor with 170 nm thickness, there are visible oscillations at 50 kHz, which may be caused by the
dielectric relaxation process and polarization effects associated with the interfaces. Thus, according to
the results of the normalized capacitance measurement, the thinner dielectric film ensures the
uniformity of the electric field induced polarization and voltage stability, while the thicker films are
characterized by the greater influence of defects and dielectric relaxation. Consequently, the excellent
voltage stability observed for the 50 nm BST film demonstrates its suitability for RF and microwave
capacitor applications requiring stable capacitance over a wide operating voltage range.

Figure 11 presents the variation of the dielectric constant (g,) and dielectric loss (tan 6) as a function of
frequency for the BST thin-film metal—insulator—metal (MIM) capacitors with dielectric thicknesses of
50 nm, 70 nm, and 170 nm. Dielectric properties were derived using capacitance measurements taken at
10 kHz, 50 kHz, 500 kHz, and 1 MHz. From these results, it can be seen that the dielectric constant and
dielectric loss are frequency-dependent properties, exhibiting different responses for the three
thicknesses of the BST dielectrics. This kind of dependence is typical of ferroelectric BST thin films,
where polarization takes place via different processes at various frequencies [13], [16].

The dielectric constant for the BST capacitor having a thickness of 50 nm (Fig. 11(a)) starts to fall from
about 345 at 10 kHz to 180 at 50 kHz, thereafter showing a significant rise to almost 420 at 500 kHz and
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then falls once again to around 135 at 1 MHz. On the other hand, the dielectric loss shows a continuous
fall with increase in the frequency, starting from about 85 at 10 kHz to 30 at 50 kHz and then falls to
approximately 2 at 500 kHz and 1 MHz. The fall in dielectric loss shows that there is suppression of
interfacial and space charge polarization.

Similar behavior has been found for the 70 nm BST capacitor (Fig. 11(b)). The dielectric constant starts
from around 115 at 10 kHz and falls to 58 at 50 kHz, rises up to almost 185 at 500 kHz, and reduces to

about 132 at 1 MHz. Meanwhile, the dielectric loss starts from around 185 at 10 kHz and decreases to

75 at 50 kHz, then comes down to near 1 at 500 kHz and 1 MHz. In comparison with the 50 nm device,

the 70 nm film shows smaller values of the dielectric constant in the tested frequency range.

The dielectric constant for the BST capacitor with the thickness of 170 nm (Fig. 11(c)) has the maximum
values compared to other capacitors. The dielectric constant falls drastically from about 800 at 10 kHz
to about 50 at 50 kHz, and then rises sharply to about 1090 at 500 kHz and falls to about 450 at 1 MHz.
The dielectric loss, on the contrary, increases a little from about 105 at 10 kHz to 120 at 50 kHz, then
drops abruptly to nearly zero at 500 kHz and 1 MHz. Therefore, the combination of the high value of
dielectric constant and dielectric loss at higher frequencies implies the dielectric stability of the thick
BST layer at high-frequency excitation.

Comparison between the three dielectric thicknesses shows that the optimal operating frequency for all
BST capacitors, which have been fabricated in this study, is 500 kHz where the dielectric constant
achieves its peak value whereas the dielectric loss achieves its minimum value. This result may be
attributed to frequency-dependent polarization processes in BST dielectrics. At low frequencies, there is
a simultaneous contribution of electronic, ionic, dipolar, and interfacial polarizations in the dielectric
properties, but charge accumulation at interfaces increases dielectric loss. When the frequency is
increased, the slower polarization processes become inactive such as interfacial polarization and space-
charge polarization. Thus, dielectric loss decreases whereas faster polarization mechanisms prevail in
the dielectric properties [12], [16]. Extremely large values of the dielectric constant for the 170 nm film
are probably linked to variations in microstructure, crystallinity, grain orientation, and interface quality,
rather than thickness, as other reports on optimized thin films and microstructure have indicated
similarly enhanced properties [6], [18]. Generally speaking, it is evident that optimization of the thickness
of the dielectric layer along with the operating frequency plays an important role in achieving maximum
dielectric constant with minimized dielectric loss.

Figure 12 presents the capacitance-voltage (C—V) characteristics of the BST thin-film interdigital
capacitor (IDC) fabricated on a platinized silicon substrate using a 100 nm BST dielectric layer and Cr/Au
(40/200 nm) interdigital electrodes. The electrical characteristics were measured over a bias voltage
range of - 20 V to + 20 V at operating frequencies of 100 kHz, 200 kHz, 500 kHz, 700 kHz, and 1 MHz,
while the inset shows the corresponding response measured at 100 kHz. The observed capacitance
value shows significant dependency on voltage, with its gradual fall for negative bias values, followed by
sharp change near 0V, after which capacitance becomes almost constant with increase of positive bias
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value. This clearly proves that the electric field dependent dielectric properties of the BST film are well
modulated through the fringing field capacitance in the interdigital structure.

At 100 kHz (inset), the capacitance decreases gradually from approximately - 0.60 x 10-° F at - 20 V to
approximately - 1.45 x 10-° F immediately before the voltage transition, followed by a sharp decrease to
approximately - 2.55 x 10-° F, where it remains almost constant throughout the positive bias region.
Similar voltage-dependent behavior is observed at the higher operating frequencies. At 200 kHz, the
capacitance changes from approximately - 1.15 x 10-° F to - 3.60 x 10~° F, while the corresponding
stabilized capacitance values at 500 kHz, 700 kHz, and 1 MHz are approximately - 6.65 x 10-° F, - 5.95 x
10-° F, and - 4.05 x 10-° F, respectively. The largest capacitance magnitude is therefore observed at 500
kHz, whereas comparatively smaller capacitance values are obtained at 100—-200 kHz and 1 MHz.

The gradual variation of capacitance under negative bias can be attributed to the progressive alignment
of electric dipoles and polarization within the BST dielectric, whereas the abrupt transition near zero bias
indicates rapid polarization switching under the applied electric field. Unlike the parallel-plate MIM
capacitors, the capacitance of the interdigital structure is predominantly governed by fringing electric
fields extending through the BST thin film and the surrounding dielectric environment. Consequently, the
electric-field distribution is non-uniform and strongly dependent on the interdigital electrode geometry,
resulting in a different voltage response compared with conventional MIM capacitors [2], [19].

The frequency dependence of the capacitance further indicates that the BST thin film exhibits frequency-
dependent dielectric polarization. The enhanced capacitance observed at 500-700 kHz suggests an
optimum operating region where dipolar polarization remains sufficiently responsive while dielectric
losses are comparatively reduced. At 1 MHz, the capacitance decreases slightly because slower
polarization mechanisms, including interfacial and space-charge polarization, are unable to follow the
rapidly alternating electric field, leaving only the faster electronic and ionic polarization mechanisms to
contribute to the overall dielectric response [12], [16]. Such frequency-dependent behavior has also been
reported for BST-based tunable microwave capacitors and varactors, where dielectric relaxation and
polarization dynamics govern the capacitance response under alternating electric fields [13], [19].

Overall, the fabricated BST interdigital capacitor exhibits a stable and repeatable voltage-dependent
capacitance response over the investigated frequency range. The pronounced capacitance modulation
around the zero-bias region together with the relatively stable response under positive bias
demonstrates the suitability of the fabricated IDC for tunable RF and microwave passive components,
including integrated capacitors, resonators, impedance-matching networks, and sensing applications.
Furthermore, comparison with the parallel-plate MIM capacitors presented in the previous sections
highlights the significant influence of electrode geometry on the electric-field distribution and
capacitance characteristics, emphasizing that interdigital capacitors provide an attractive planar
alternative for integrated microwave electronics [23-24].

Figure 13 presents the conductance-voltage (G-V) characteristics of the BST thin-film interdigital
capacitor (IDC) fabricated on a platinized silicon substrate using a 100 nm BST dielectric layer and Cr/Au
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(40/200 nm) interdigital electrodes. The electrical properties were investigated over a bias voltage range
from - 20 V to + 20 V at frequencies of 100 kHz, 200 kHz, 500 kHz, 700 kHz, and 1 MHz, whereas the
inset represents the corresponding G-V behavior at 100 kHz frequency. The conductance shows an
increasing trend under negative bias and then experiences a steep change around 0V, followed by
almost no change under positive voltages. Such a pattern clearly reveals the effect of an electric field on
the charge carriers of the BST material and implies that the electric field plays a major role in the
conductivity of the interdigital capacitor in the zero-bias regime [12], [16].

At 100 kHz (inset), the conductance increases from approximately 0.010 S at - 20 V to nearly 0.022 S
immediately before the voltage transition and then abruptly increases to approximately 0.040 S,
remaining nearly constant for positive bias voltages. Similar voltage-dependent characteristics are
observed at higher frequencies. At 200 kHz, the conductance increases from approximately 0.013 S
under negative bias to approximately 0.042 S after the voltage transition. The corresponding
conductance values stabilize at approximately 0.038 S for 500 kHz, 0.028 S for 700 kHz, and 0.016 S for
1 MHz. These results indicate that the maximum conductance is obtained at 200 kHz, whereas the
minimum conductance is consistently observed at 1 MHz [25], [26].

The gradual increase in conductance under negative bias is attributed to the progressive enhancement
of charge-carrier transport and polarization within the BST dielectric as the applied electric field
increases. The abrupt increase near 0 V indicates a transition to a higher-conductance state, which may
result from increased carrier mobility and the alignment of polarization under the applied electric field.
Unlike conventional MIM capacitors, the electrical conduction in the interdigital capacitor is governed
primarily by fringing electric fields, which extend laterally through the BST thin film and produce a non-
uniform electric-field distribution between adjacent electrodes. Consequently, the voltage dependence of
conductance is influenced not only by the dielectric properties of BST but also by the interdigital
electrode geometry and electric-field distribution [2], [19].

The conductance values decrease gradually with an increase in frequency, especially beyond 500 kHz
when the conductance values are considerably smaller than those measured at 200 kHz. This is due to
the fact that the slower processes such as interfacial polarization and space charge polarization
become less effective at higher frequencies due to the rapid variation of the electric field which does not
allow the charge carriers to follow. In consequence, only faster processes, i.e. electronic and ionic
polarization play a role in the AC conduction, which results in low conductance at 700 kHz and 1 MHz
[12], [16]. The same frequency dependence of the conductance values has been reported for the
sputtered BST thin films and tunable microwave dielectric devices [13], [17].

In summary, the fabricated BST-based IDC shows stable conductance behavior in the measured voltage
range with distinct behavior at around 0 V and low conductance at higher frequencies. The low

conductance value recorded at 1 MHz demonstrates low dielectric loss, thereby showing the suitability
of the fabricated IDC for use in radio frequency and microwave integrated passive devices. On the other
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hand, the conduction behavior is different from the one exhibited by the BST-based MIM capacitors,
since the IDC structure uses the interdigital field distribution.

The frequency dependence of capacitance of the BST thin film interdigital capacitor (IDC) created on a
platinized silicon substrate, with the dielectric layer of BST with thickness 100 nm and Cr/Au (40/200
nm) interdigital electrodes, is shown in (Fig. 14). The measurements were performed within the
frequency range from 100 kHz to 1 MHz, for the following applied bias voltages 5V, 10V, 15V, 20 V, and
30 V. It can be seen from the results that the capacitance of the studied capacitor shows strong
frequency dependence but at the same time it is quite insensitive to the change of the applied bias
voltage, which is clearly illustrated by overlapping of all five voltage dependences in the whole frequency
range [13], [16].

For all bias voltages, the measured capacitance declines steadily from about - 2.5 x 10-° F at 100 kHz to
a minimum value of about - 6.5 x 10~° F near 500 kHz. Above this point, the measured capacitance
begins to increase steadily to about - 4.0 x 10-° F at 1 MHz. The variation among the five graphs
obtainedat 5V,10V, 15V, 20 V, and 30 V is negligible, which suggests that the effect of the bias voltage
on the total capacitance is rather insignificant in the measured frequency range [18], [19].

The obtained non-monotonic dielectric response is related to the frequency-dependent dielectric
relaxation in the BST thin-film layer. In the low-frequency region, all four mentioned polarization
mechanisms are active in providing the total dielectric response; therefore, the measured capacitance
values are rather high [20]. As the frequency approaches 500 kHz, the slower processes such as the
interfacial and space charge polarizations cannot follow the alternating electrical field anymore, and
thus, the measured minimum of capacitance is observed. The higher frequency corresponds to the
domination of the electronic and ionic polarization mechanisms and causes the increase in the
measured capacitance value up to 1 MHz. Such kind of dielectric relaxation behavior has been observed
for BST thin films and ferroelectric microwave capacitors at the same frequency range [12], [13], [19].

Further, the very slight dependency of the capacitance value upon the DC bias also implies that the
electric field distribution due to the fringing effect within the interdigital capacitor electrode configuration
is stable over the whole investigated voltage range. Indeed, the capacitance value of the interdigital
capacitor is defined by the fringing electric fields, not by the parallel plate electric field. Therefore, the
obtained response shows the effect of the interdigital electrode structure along with the dielectric
properties of the BST thin film [27], [28].

Allin all, the frequency stability of the obtained response along with the low voltage dependency is
shown. Hence, it can be stated that the fabricated BST thin-film interdigital capacitor demonstrates good
frequency stability together with the minimal voltage dependency. The stable response and dielectric
performance show that the proposed IDC design can be successfully used as a part of tunable RF and
microwave passive devices [29], [30].
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Figure 15 shows the frequency dependence of the conductance of the BST thin-film interdigital capacitor
(IDC) grown on a platinized silicon substrate with a 100 nm BST dielectric layer and Cr/Au (40/200 nm)
interdigital electrodes. The conductance measurements were carried out at the frequencies from 100
kHz to 1 MHz for the following values of applied bias voltages: 5V,10V, 15V, 20 V,and 30 V. It is clearly
seen that the conductance shows significant frequency dependence, while the effect of applied bias
voltage can be considered to be negligible, since all five voltage dependence curves almost entirely
coincide in the whole investigated frequency range [33].

In all cases, there is an increase in conductance with the increase in frequency up to the point when its
value reaches approximately 0.0422 S at 300 kHz. Above this frequency, there is a continuous decrease
in conductance with an increase in frequency up to 1 MHz where it is about 0.017 S.The nearly identical
conductance values obtained at 5V, 10V, 15V, 20 V, and 30 V demonstrate excellent electrical stability
and indicate that the conduction mechanism is essentially independent of the applied bias within the
investigated operating range [31-32].

The initial increase in conductance observed between 100 kHz and 300 kHz can be attributed to
enhanced AC charge transport resulting from the effective response of dipolar and interfacial
polarization mechanisms under moderate excitation frequencies. As the operating frequency increases
further, these slower polarization mechanisms are no longer able to follow the rapidly alternating electric
field, causing a progressive reduction in charge transport and, consequently, a decrease in conductance
[34]. At higher frequencies, the electrical response becomes dominated by the faster electronic and ionic
polarization processes, which contribute less to AC conduction than interfacial and space-charge
polarization [12], [16]. Similar frequency-dependent conductance behavior has been reported for BST
thin films and ferroelectric dielectric materials, where dielectric relaxation and defect-assisted charge
transport govern the AC electrical response [13], [17].

The absence of noticeable voltage dependence indicates that the fringing electric-field distribution
within the interdigital electrode structure remains stable over the applied bias range. Unlike conventional
metal-insulator—metal capacitors, where current transport occurs predominantly through the dielectric
thickness, the conductance of the interdigital capacitor is strongly influenced by lateral fringing electric
fields between adjacent electrodes. Consequently, the observed frequency response reflects the
combined effects of dielectric relaxation, charge transport within the BST layer, and the interdigital
electrode geometry [2], [19].

Overall, the fabricated BST thin-film interdigital capacitor exhibits stable conductance characteristics
over a wide frequency range, with a maximum conductance near 300 kHz followed by a gradual
reduction toward 1 MHz. Low values of the conductance at high frequencies reflect low AC conductivity
and reduced loss of dielectric energy, which is favorable for RF and microwave passive devices. It can be
seen from the presented data that the investigated BST thin film IDC possesses reliable high-frequency
electrical properties to be used in microwave circuits, tunable capacitance, impedance matching, and
sensors [35], [36].
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4. Conclusion

A comparative study involving fabrication of MIM capacitors using BST thin film with dielectric thickness
of 50 nm, 70 nm, and 170 nm and IDC capacitors with a dielectric thickness of 100 nm BST material has
been carried out to investigate the effect of dielectric thickness and device geometry on the electrical
performance. All the capacitors have been fabricated on platinized Si substrate using radio-frequency
magnetron sputtering technique for BST film deposition and thermal evaporation method for electrode
deposition.

The experimental results demonstrate that dielectric thickness plays a significant role in determining the
electrical characteristics of BST MIM capacitors. Among the fabricated devices, the 50 nm BST
capacitor exhibited the highest capacitance density (= 0.074 F m-2), the highest quality factor (= 3.1 at 1
MHz), and the maximum electric field (= 6 MV cm-"), indicating superior charge-storage capability and
reduced dielectric loss. In contrast, the 170 nm BST capacitor exhibited the highest dielectric constant
(= 1090 at 500 kHz), suggesting that microstructural characteristics together with dielectric thickness
contribute to the enhanced dielectric response. In all MIM capacitors, dielectric loss decreased with
increasing frequency, while stable conductance and normalized capacitance characteristics confirmed
reliable electrical performance over the investigated operating conditions.

The fabricated 100 nm BST interdigital capacitor exhibited stable capacitance and conductance
characteristics with only minor variations under different applied bias voltages. Its frequency-dependent
electrical response confirms that the fringing electric-field distribution associated with the interdigital
geometry provides stable operation over the investigated frequency range, making it suitable for planar
integrated passive components.

Overall, the present work demonstrates that both dielectric thickness and capacitor geometry are critical
design parameters for optimizing BST thin-film capacitors. Thin BST dielectrics are preferable for
applications requiring high capacitance density and low-loss operation, whereas thicker BST films are
advantageous where high dielectric permittivity is desired. The findings provide a practical basis for the
development of high-performance BST thin-film capacitors for next-generation RF, microwave, tunable
electronic, and integrated passive device applications.
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Schematic representation of BST-based MIM capacitor devices fabricated on platinized silicon
substrates with dielectric thicknesses of 50, 70, and 170 nm, employing Cr/Au (40/200 nm) circular top
electrodes (500 um diameter) separated by a center-to-center distance of 600 uym.
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* E-shaped interdigitated capacitor (IDC) with finger-to-finger spacing (gap) of 100 pm.

« BST dielectric film thickness: 100 nm deposited by RF sputtering.

* Top electrodes deposited by thermal evaporation of Cr/Au (40/200 nm) using a shadow mask.

+ Bottom electrode: Platinized Silicon (Pt).

Figure 2

Schematic illustration of the BST-based interdigital capacitor (IDC) fabricated on a platinized silicon
substrate. The device comprises a 100 nm BST dielectric film deposited by RF sputtering, with Cr/Au
(40/200 nm) interdigital electrodes patterned on the dielectric layer by thermal evaporation through a
shadow mask. The interdigital electrode geometry employs an E-shaped finger configuration with a
constant inter-finger spacing of 100 um. The figure includes the top-view electrode pattern, three-
dimensional schematic, and cross-sectional view of the device architecture.
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Figure 3

Capacitance-voltage (C—V) characteristics of metal-insulator-metal capacitors fabricated on a
platinized silicon substrate with circular chromium/gold (40 nm/200 nm) top electrodes and barium
strontium titanate dielectric films of varying thicknesses: (a) 50 nm, (b) 70 nm, and (¢) 170 nm. The C-V
characteristics were measured over a bias voltage range of -20 V to +30 V at frequencies of 10 kHz, 50
kHz, 500 kHz, and 1 MHz.
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Figure 4

Conductance-voltage (G-V) characteristics of metal-insulator—metal capacitors fabricated on a
platinized silicon substrate with circular chromium/gold (40 nm/200 nm) top electrodes and barium
strontium titanate dielectric films of varying thicknesses: (a) 50 nm, (b) 70 nm, and (c) 170 nm. The G-V
characteristics were measured over a bias voltage range of -20 V to +30 V at frequencies of 10 kHz, 50
kHz, 500 kHz, and 1 MHz.
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Capacitance density—voltage (C/A-V) characteristics of metal-insulator-metal capacitors fabricated
on a platinized silicon substrate with circular chromium/gold (40 nm/200 nm) top electrodes and barium
strontium titanate dielectric films of varying thicknesses: (a) 50 nm, (b)70 nm, and (c) 170 nm. The

capacitance density (/A F/mz)was measured over a bias voltage range of -20 V to +30 V at
frequencies of 10 kHz, 50 kHz, 500 kHz, and 1 MHz.
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on a platinized silicon substrate with circular chromium/gold (40 nm/200 nm) top electrodes and barium
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Figure 7

Dielectric constant-voltage (&=V)characteristics of metal—insulator-metal capacitors fabricated on a
platinized silicon substrate with circular chromium/gold (40 nm/200 nm) top electrodes and barium
strontium titanate dielectric films of varying thicknesses: (a) 50 nm, (b) 70 nm, and (¢) 170 nm. The
dielectric constant was extracted from the measured capacitance over a bias voltage range of -20 V to
+30 V at frequencies of 10 kHz, 50 kHz, 500 kHz, and 1 MHz.
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Figure 8

Dielectric loss (tan 8)-voltage characteristics of metal-insulator-metal capacitors fabricated on a
platinized silicon substrate with circular chromium/gold (40 nm/200 nm) top electrodes and barium
strontium titanate dielectric films of varying thicknesses: (a) 50 nm, (b) 70 nm, and (c) 170 nm. The
dielectric loss (tan 6) was measured over a bias voltage range of -20 V to +30 V at frequencies of 10
kHz, 50 kHz, 500 kHz, and 1 MHz.
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Electric field-voltage (E-V) characteristics of metal-insulator-metal capacitors fabricated on a
platinized silicon substrate with circular chromium/gold (40 nm/200 nm) top electrodes and barium
strontium titanate dielectric films of varying thicknesses: (a) 50 nm, (b) 70 nm, and (¢) 170 nm. The
electric field was calculated from the applied bias voltage over a voltage range of -20 V to +30 V.
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Figure 10

Normalized capacitance—voltage (C/CoV)characteristics of metal—insulator-metal capacitors
fabricated on a platinized silicon substrate with circular chromium/gold (40 nm/200 nm) top electrodes
and barium strontium titanate dielectric films of varying thicknesses: (a) 50 nm, (b) 70 nm, and (c) 170

nm. The normalized capacitance (€/Co)was obtained from the measured capacitance over a bias
voltage range of -20 V to +30 V at frequencies of 10 kHz, 50 kHz, 500 kHz, and 1 MHz.
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nm/200 nm) top electrodes and barium strontium titanate dielectric films of different thicknesses: (a) 50

nm, (b)70 nm, and (c) 170 nm. The dielectric constant and dielectric loss were extracted from
capacitance measurements performed at frequencies of 10 kHz, 50 kHz, 500 kHz, and 1 MHz.
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Figure 12

Capacitance-voltage (C—V) characteristics of a barium strontium titanate thin-film interdigital capacitor
fabricated on a platinized silicon substrate. A 100 nm thick barium strontium titanate film was first
deposited on the platinized silicon substrate by radio-frequency sputtering, followed by the deposition of
chromium/gold (40 nm/200 nm) interdigital electrodes through a shadow mask. The C-V characteristics
were measured over a bias voltage range of -20 V to +20 V at frequencies of 100 kHz, 200 kHz, 500 kHz,
700 kHz, and 1 MHz. The inset shows the corresponding C—V characteristic measured at 100 kHz.
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Conductance-voltage (G-V) characteristics of the barium strontium titanate thin-film interdigital
capacitor measured over a bias voltage range of -20 V to +20 V at frequencies of 100 kHz, 200 kHz, 500
kHz, 700 kHz, and 1 MHz. The inset shows the corresponding G-V characteristic at 100 kHz.
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F-requency dependence of the capacitance of the barium strontium titanate thin-film interdigital
capacitor measured over the frequency range of 100 kHz to 1 MHz at applied bias voltages of 5V, 10V,
15V, 20V, and 30 V.

Page 34/35



0.045

0.040 -

0.035 -

0.030 -

0.025

0.020

Conductance (S)

0.015

| L | L l ) | ) |

0.0 1.0

Frequéncy (x 10° 'Hz)

Frequency dependence of the conductance of the barium strontium titanate thin-film interdigital
capacitor measured over the frequency range of 100 kHz to 1 MHz at applied bias voltages of 5V, 10V,
15V,20V,and 30 V.

Page 35/35



