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1. INTRODUCTION

Ferroelectric materials have attracted considerable attention because
of their distinctive features [1], which render them essential in diverse
technological applications, including sensors [2], actuators [3], memory
devices [4], and energy storage systems [5]. Among these, the
perovskite oxide family is one of the most intriguing ferroelectric
material groups. The class of perovskites was first discovered in 1839
when Gustav Rose identified calcium titanate (CaTiO3) and designated
it "perovskite" in tribute to the Russian mineralogist L. A. Perovski [6].
This group comprises multiple compounds with a general formula of
ABO:s3, where A and B denote distinct cation elements or a combination
of two or more such ions. The physical properties of the entire family
are highly variable; they can be metallic or dielectric and display many
types of structural and ferroelectric order, depending on the
composition and cationic arrangement [7].

One of the most important members of this perovskite family since
their discoveries were lead-based perovskites, such as lead zirconate
titanate (PbZr2Tio8O3) and lead hafnate tin (PbHf5.92Sno.0803). The
lead ions in these materials induce substantial lattice distortions,
augmenting spontaneous polarization — a fundamental attribute of
ferroelectric materials. The substantial ionic radius of lead induces
lattice strain that enhances the material's overall ferroelectric properties.
Another aspect of these materials is that they are multi-component solid
solution systems, and various properties can be achieved by altering the
Zr: Ti or Hf: Sn ratio accordingly [8], [9].

One of the simple but effective methods to adjust stoichiometry for
precise control of material properties is Pulsed Laser Deposition (PLD),
which has become a versatile and successful technique for creating
ferroelectric high-quality thin films [10]. The development of such
materials into thin films has become a crucial research topic due to the
demand for smaller sizes and improved performance in electronic
devices [11] and the possibility of reaching properties that exceed the
bulk properties of such materials [12], [13].



One of the main problems with lead-based ferroelectrics is the lead
element itself, which gives them this unique property. Lead is a toxic
heavy metal, and its use poses a substantial risk to the environment,
health hazards, and problems with waste disposal and recycling issues
[14]. To overcome this issue, the legislation from the European Union
regarding the restriction of hazardous substances [15], along with an
article published in Nature [16], served as significant catalysts for an
initiative in the science and technology surrounding lead-free
piezoceramics. Potential candidates to replace lead-based ferroelectrics
include sodium bismuth titanate (NaosBiosTiO3), bismuth ferrite
(BiFeO3), and their modification with barium titanate (BaTiO3) [17].

Sodium bismuth titanate (Nao.sBiosTiO3, NBT or BNT in literature)
is seen as a possible substitute for lead zirconate titanate (PZT). Itis a
perovskite  ferroelectric  characterized by a rhombohedral
crystallographic structure (space group: R3c) at room temperature. Due
to its high Curie temperature of approximately 320 °C and a substantial
polarization of around 45 pC/cm?, NBT-based ceramics have garnered
significant interest for energy storage applications. However, the high
remanent polarization and the low breakdown strength harm energy
storage applications [18]. Consequently, researchers primarily focus on
reducing remanent polarization and enhancing the breakdown strength
of NBT ceramic materials to enhance energy storage properties by
creating a solid solution with barium titanate [19].

Another option is a bismuth ferrite (BiFeOs or BF), especially for
high-temperature scenarios, owing to its elevated Curie temperature (Tc
~ 825 °C) [20]. Still, pure BiFeOs ceramics are widely considered
impractical as lead-free piezoceramics due to challenges such as high
leakage current, difficulties in poling caused by a high coercive field,
and poor piezoelectric coefficients, which restrict its practical use [20],
[21]. In the BiFeO3-BaTiOs (BF-BT) solid solution system, it has been
discovered that a small quantity of dopant is sufficient to decrease the
significant leakage current [22]. A possible option for substitution could
be Nb>* donors on the B-site in BF-BT. It has been found that replacing
Fe’* with Nb>* in BF-BT solid solutions can significantly reduce
electronic conductivity and promote temperature stability [23].
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One of the features of a pulsed laser deposition is an excellent base
vacuum pressure and a flexible choice of the ambient atmosphere. This
allowed us to work not only with oxygen-based perovskite materials,
which require an oxygen atmosphere during deposition, but also with
halide perovskites (ABX3, where A, B — metals, X — Se, S) that have
applications in optoelectronic devices and must be deposited in an inert
argon atmosphere to avoid oxygen impurities. One example of such
material is a tin zirconium selenide (ZrSnSes), which can be used as the
bottom electrode in solar cell devices. It’s predicted to have a narrow
bandgap of about 0.65 eV, be stable under ambient conditions, and is
made up of earth-abundant, low-toxicity chemical components [24],
[25].

This dissertation centers on the pulsed laser deposition of various
perovskite films and broadband dielectric measurement of ferroelectric
bulk materials and films. The objective is to investigate the pulsed laser
deposition parameters of:

1. lead zirconate titanate (PbZr2Tio803);

2. the composition of 80 % sodium bismuth titanate and 20 % of
barium titanate (0.8(Nao sBiosTi03)-0.2(BaTiO3)) and;

3. tin zirconium selenide (ZrSnSe3).

Another significant aspect of the dissertation is the dielectric
characterization of:

1. the lead zirconate titanate (PbZro.2Ti0.803);

2. lead hatnate doped with tin (PbHf0.92Sno.0803) and;

3. undoped composition of 70% bismuth ferrite with 30 % barium
titanate (0.7(BiFe03)-0.3(BaTiO3) and doped with 0.5% Nb;

and how these characteristics develop in a temperature range and a
frequency domain. This research is a thorough investigation that
examines the impact of doping, heating, and, in the case of thin film
samples, different deposition conditions by PLD on the dielectric
relaxation behavior and phase transitions.
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1.1. The aims of the work

This thesis investigates the deposition of thin films of complex
perovskite materials, namely PbZro2Tios03, 0.8(Nao.sBiosTiO3)-
0.2(BaTiO3), ZrSnSes, using Pulsed Laser Deposition (PLD). It also
explores the temperature- and frequency-dependent dielectric
properties of PbHfi.«SnxO3, Nb-doped and undoped BiFeOs;-BaTiOs,
and PbZr( 2 Tio30s.

1.2. The tasks of the dissertation

1. Prepare thin films of PbZroTio.sO3 by Pulsed Laser Deposition
and measure their dielectric and ferroelectric properties.

2. Prepare thin films of 0.8(Nao.sBio.5Ti03)-0.2(BaTiOs3) by Pulsed
Laser Deposition and analyze the effect of various deposition
parameters on the quality and stoichiometry of the films.

3. Prepare thin films of ZrSnSe; by Pulsed Laser Deposition and
optimize the deposition parameters to achieve the required properties
for photovoltaic applications.

4. Measure the dielectric properties of pure and Nb-doped BiFeOs;—
BaTiO; and investigate the effects of Nb doping on the dielectric
relaxation dynamics in BiFeO3—BaTiO3 samples.

5. Investigate the dielectric properties and phase transition behavior
of PbH{f0.920Sno.0803 crystals.

1.3. Scientific novelty

1. The new metal-ferroelectric—-metal device structure was
developed to investigate the dielectric properties of the PbZro2Tio 303,
prepared by the Pulsed Laser Deposition method. This approach
allowed us to reduce the adverse effects of the lattice defects in the film
and achieve the remanent polarization value of 93 puC/cm?, which is
higher than the theoretical value of 70 uC/cm? in a bulk material.

2. The influence of the substrate buffer layer and deposition
parameters on the quality and stoichiometry of the thin films of

12



0.8(Nao.sBig5sTi03)-0.2(BaTiO3), prepared by the Pulsed Laser
deposition, was investigated. The samples prepared with different
buffer layers, target-to-substrate distance, substrate temperatures,
ambient pressure, and laser fluence were analyzed by x-ray diffraction
and scanning electron microscopy, allowing us to achieve optimal
quality for dielectric applications.

3. For the first time, thin films of the ZrSnSes were created with
optimized deposition parameters by the Pulsed Laser Deposition from
a single composition target, a modified composition target, and two
partial composition targets (ZrSe: and SnSe) for a photovoltaic
application.

4. Relaxor behavior of an Nb-doped BiFeOs;-BaTiOs3 solid solution
was investigated for the first time using broadband dielectric
spectroscopy, exploring a wide frequency range from 20 Hz to 30 GHz
and a temperature range from 200 to 500 K. The results reveal the
presence of thermally induced transitions between ordered and
disordered states.

5. The permittivity of PbHfo92Sno.0sO3 crystals was investigated
using broadband dielectric spectroscopy in a region from 20 Hz to 200
GHz, with a particular interest in the 10-100 GHz region where
dispersion was expected to occur. A wide range of temperature
measurements from 300 to 500 K allowed us to analyze the shifts of the
dispersion peak from 20 Hz to 100 GHz between 470 and 500 K and
the decrease in damping as the temperature approaches T, which is 494
K, as proven by measurement and the modified Cole-Cole model.

1.4. Author’s contribution

The author prepared the sample using the Pulsed Laser Deposition
of 0.8(Na0.5Bi0.5TiO3)-0.2(BaTiO3). ZrSnSe; was prepared in
collaboration with Dr. Rokas Kondratas, and PbZro2TipsO3; was
prepared by the author under the supervision of Dr. Marin Alexe at
Warwick University. The author made most technological preparations
using the Pulsed Laser Deposition facility (substrate preparation,
facility maintenance). The author personally prepared all samples for
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the dielectric investigations in the thesis (measurement of dimensions
of the samples, contact preparation, cutting a sample into a thin rod for
waveguide system measurement, etc.). The author also performed all
dielectric measurements of the samples except for a terahertz range
measurement in the investigation of PbHf(.92Sno.0sO3 crystals. The
author analyzed and fitted dielectric spectroscopy data and wrote the
published articles with excellent support and discussion with S.
Svirskas, O. Suvorova, R. Grigalaitis, J. Banys, and other co-authors.
Al technologies assisted with some of the aspects of the dissertation
project.

1.5. Statements presented for defense

1. Lead Zirconate Titanate (PbZro2Tio803) thin film deposited on
SrTiO3 substrate demonstrates significantly enhanced remanent
polarization with a value of 93 uC/cm?, attributed to strain-induced
effects caused by the substrate film lattice mismatch and highlights the
unique impact of the film-substrate interactions on ferroelectric
properties.

2. The structural quality, stoichiometry, and uniformity of
0.8(Nao.sBio5Ti03)-0.2(BaTiO3) and ZrSnSes thin films were strongly
influenced by deposition parameters of the pulsed laser deposition
method, such as buffer layer, laser fluence, substrate temperature,
ambient pressure, and target-to-substrate distance. Optimized
deposition parameters for NBT-BT film include a platinum buffer layer,
laser fluence of 1.5 — 2.1 J/cm?, substrate temperature of 600 °C, 0.3
mbar Oz ambient pressure, and 55 mm target to substrate distance. For
ZrSnSes, optimal parameters include a 0.3 J/cm? laser fluence,
deposition pressure of 0.01 mbar of argon gas, substrate temperature of
150 °C, target-to-substrate distance of 95 mm, and minimal spot size.
Following this parameter, we are enabling the fabrication of high-
quality crystalline films with precise stoichiometry and structural
control, highlighting their potential for advanced technological
applications.
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3. The relaxor behavior in a solid solution of bismuth ferrite and
barium titanate (70% BiFeOs; and 30% BaTiO3) shows complex
thermally induced transitions between ordered and disordered states in
the temperature range of 270 K to 400 K, revealed through broadband
dielectric spectroscopy over a wide frequency range of 20 Hz to 30 GHz
and temperature range of 200 K to 500 K.

4. Lead Hafnate Tin (PbHf0.92Sn0.0s03) crystals exhibit notable shifts
of the dielectric dispersion peak from 20 GHz to 100 GHz and changes
in the damping coefficient between 470 and 500 K, near the Curie
temperature, as identified through broadband dielectric spectroscopy
and supported by the resonance dispersion model.

1.6. Articles published on the topic of the dissertation

1. V. Haronin, Z. Yang, R. Grigalaitis, I. Calisir, J. Banys, and D. A.
Hall, “Broadband dielectric spectroscopy of Nb-doped 0.7BiFeO3-
0.3BaTiO3 ceramics,” J. Phys. Commun., vol. 8, no. 6, pp. 0-8, 2024,
doi: 10.1088/2399-6528/ad55a2.

2. Haronin, V., Jankowska-Sumara I., Kadlec C., Majchrowski A.,
Suvorova O., Grigalaitis R., & Banys J. (2024). Broadband dielectric
spectroscopy of a PbHf;_xSnxO3; material. Phase Transitions, 1-6. doi:
10.1080/01411594.2024.2369838.

3. V. Haronin, M. Alexe, R. Grigalaitis, J. Banys. Semiconductive
lead zirconate titanate thin films grown by pulsed laser deposition,
Lithuanian Journal of Physics, Vol. 64, No. 2, pp. 101-106 (2024). doi:
10.3952/physics.2024.64.2.3.

1.7. Conference contributions
1. Growth of strontium titanate film by pulsed laser deposition, V.
Haronin, S. Svirskas, A. Selskis, R. Grigalaitis, J. Banys, 44th

Lithuanian National Physics Conference — 2021, October 6-8, Vilnius,
Lithuania.
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coatings, V. Haronin, S. Svirskas, A. Selskis, R. Grigalaitis, J. Banys,
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3. Broadband dielectric investigations of 0.7BiFe03-0.3BaTiO3
ceramics, V. Haronin, R. Grigalaitis, J. Banys, Z. Yang, Y. Li, D. A.
Hall, Ceramics in Europe — 2022, July 10-14, Krakow, Poland.

4. Structural and electrical properties of epitaxial lead zirconate
titanate grown by pulsed laser deposition, V. Haronin, M. Alexe, R.
Grigalaitis, J. Banys, 15th International Meeting on Ferroelectricity —
2023, March 26-30, Tel-Aviv, Israel.

5. Broadband dielectric properties of re-entrant relaxor Nb-doped
BiFeOs-BaTiO; ceramics, V. Haronin, R. Grigalaitis, J. Banys, Z. Yang,
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6. Microwave measurement of PbHf1xSnxO3 single crystal, V.
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2. LITERATURE REVIEW

2.1. Ferroelectric materials

Ferroelectric materials constitute a significant category of
electroceramic components and are commonly utilized as thermistors,
transducers, and capacitors [26]. Even though it was discovered as a
phenomenon in 1920 by Joseph Valasek, who was a graduate student
working under the supervision of William Swann at the University of
Minnesota, Minneapolis, US, it wasn’t researched before 1946 after the
future Nobel prize-winning physicist Vitaly Ginzburg wrote a classic
paper called “Seignettoelectric” At the time the name was given by
effect that had been originally observed in Seignette salt [26]. The
works of prominent crystal physicists Weiss, Pasteur, Pockels, Hooke,
Groth, Voigt, and the Curie brothers from the previous century served
as the historical foundation for the discovery of ferroelectricity. The
discovery of barium titanate during World War II marked a significant
acceleration in the research of ferroelectrics, which had started with the
groundbreaking work on Rochelle salt and potassium dihydrogen
phosphate [27].

Materials can be called ferroelectrics if the application of an external
electric field reverses spontaneous electric polarization. Additionally,
every ferroelectric material possesses reversible electrical polarization
by nature, making it piezoelectric and pyroelectric. Since the internal
electric dipoles of ferroelectric material are related to the lattice
structure, modifications will alter the dipole's strength, specifically, the
spontaneous polarization. The key concept for a ferroelectric material
is a dipole moment, defined in equation (1):

P = Z e;ri, (1)

where e; is the charge of the ith particle, and 7; is the radius vector of
this charge.
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Approximately one thousand ferroelectrics have been discovered.
Table 1 lists a few of them, their year of discovery, and some key
characteristics.

Table 1. A list of ferroelectric materials and their properties [28].

Compound | Chemical Year | Curie Remanent | Crystal
formula disco | temperatur | polarizati | structure (at
vered | e, Tc (K) on, P room
(nC-cm?) | temperature)
Rochelle KNaCsH4O64 | 1921 | 255 and 0.25 Monoclinic
salt H,O 297 between the
Curie points,
Orthorhombic
at other
temperatures
Potassium | KH,PO4 1935 | 123 6.1 Orthorhombic
dihydrogen
phosphate
Barium BaTiO; 1945 | 398 25 Tetragonal
titanate
Lithium LiNbO3 1949 | 1415 10-30 Trigonal
niobate
Potassium | KNbO3 1949 | 400 2040 Orthorhombic
niobate
Lead PbZr1«TixO3 1949 | Depends 20-97 Tetragonal for
zirconate on Ti-rich,
titanate compositio Rhombohedra
n 1 for Zr-rich
Lead PbTiO; 1950 | 763 20-96.5 Tetragonal
titanate
Lead PbZrOs 1951 | 503 20-50 Orthorhombic
zirconate

Key characteristics of ferroelectric materials include their values of
the spontaneous polarization Ps and the Curie point, or transition
temperature, T., at which the crystal transitions from the low-
temperature polarized state to the high-temperature unpolarized state.
Ferroelectric order tends to be destroyed by thermal motion at
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temperatures above Tc¢ and becomes paraelectric. Above the transition
temperature, the permittivity of the material follows the law (2):

C

S
C

2)

where C is the Curie constant, unique to the material correlated with the
density and alignment of dipoles in the substance, T is an absolute
temperature, and T is the Curie temperature. This law is called the
Curie-Weiss law [29] and it’s essential for predicting permittivity above
Tc. The Curie-Weiss law does not hold for ferroelectric materials at
temperatures significantly below T. when spontaneous polarization
dominates the material's activity [30].

2.2. Underlying principles of ferroelectricity

There are typically 230 space groups in crystals, of which 32 are
crystalline classes, 11 classes of centrosymmetric structures possess a
center of inversion and cannot exhibit macroscopic electric dipoles, as
in these systems, the center of positive charges coincides with the center
of negative charges. 20 of the 21 non-centrosymmetric classes are
piezoelectric. Materials that belong to ten piezoelectric classes are also
pyroelectric because they exhibit temperature-dependent spontaneous
electric polarization. A unique polar axis of the crystals defines the
direction of spontaneous polarization. The complete classification of
the crystalline materials is presented in Figure 2.1.
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mechanical stress are absent [31].

Figure 2.1. Hierarchical classification of crystalline material.

From another classification, ferroelectric material belongs to the
ferroic material group (figure 2.2), which includes ferroelastic,
ferroelectric, ferromagnetic, and ferrotoroidic, depending on time and
space invariance and change. Any physical system can be defined by its
behavior when subjected to space and time reversal. These parity
operations exhibit just two eigenvalues, +1 and -1, which signify a sign
change or no sign change, respectively, upon applying the parity
operation. A ferroelectric crystal is defined, so other properties had to
be defined. A crystal is said to be ferroelastic when it can be moved
from one orientational state to another by applying mechanical stress
and has several orientational states when both an electrical field and

Space X
Time Invariant Change
Ferroelastic Ferroelectric
Invariant (()) @ @
‘ | @&
Ferromagnetic Ferrotoroidic
- T
Change € S
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Figure 2.2. The four ferroic orders are categorized under the space
and time parity operations. (Ferroelastic - deforms under stress with




spontaneous strain; ferroelectric - shows reversible electric
polarization; ferromagnetic - has permanent magnetic moments due to
aligned spins; ferrotoroidic - features a closed-loop toroidal magnetic
structure.) [32].

Ferromagnetic crystals possess a spontaneous magnetic moment
even in the absence of an applied magnetic field [33]. Ferrotoroidic
crystals have an ordered arrangement of magnetic vortices, but it's
currently debated whether to include them as a fourth form of ferroic
order [32].

The phase transition refers to a change in the crystal structure of
certain materials that causes spontaneous electric or magnetic
polarization or depolarization, depending on the type of material and
heating or cooling situation. The material changes symmetry during a
ferroelectric phase transition, usually going from a high-temperature
paraelectric phase to a low-temperature ferroelectric phase (or vice
versa). The material's electric dipoles are randomly oriented and cancel
each other out in the paraelectric phase, producing a net zero
polarization [34].

The macroscopic polarization P for any finite-size system is defined
as the dipole moment per unit volume averaged over the volume of a
cell.

1
P = qu, 3
Vcelln mn ()

where Ve — cell volume, 1, - is the position vector of the charge qn, P
— polarization as in Maxwell equation (&,V - E + V - P = pgpee, Where
€0 is the permittivity of the vacuum, E is the electric field, P is the
polarization field, psec is the free charge density, V and is the divergence
operator.

Summation of the overall charge in the elementary unit cell of the
crystal. Polarization is parallel and proportional to the electric field E
in a homogeneous, linear, non-dispersive, and isotropic dielectric
medium:
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P = x&kE, (4)

where g 1s the vacuum permittivity, y is the electric susceptibility of the
medium [33]. Consequently, the connection between displacement and
electric field is:

D = g,(1+ y)E = €E, (5)

where D is a vector electric displacement that appears in Maxwell's
equations and g=gog; is permittivity (&; is the relative permittivity of a
material). Equation 5 can be substituted with the general linear relation.

P = EO(szxEx + )(sxyEy + szzEz)
Py = EO(XsyxEx + )(snyy + )(syzEz). (6)
P, = EO(stxEx + )(szyEy + XEZZEZ)

The susceptibility tensor is made up of nine coefficients, y, .,
Xeyr- [35]. In this case, P results from the convolution of the electric

field E with the impulse response susceptibility y. This convolution
takes on a more straightforward form in the frequency domain. The
connection for a linear time-invariant medium can be obtained by
Fourier transforming it and using the convolution theorem.

D(w) = e"(w)E(w), (7

where ® is the applied field's frequency and &* is complex-valued
permittivity. The Kramers-Kronig relations, which restrict the form of
frequency dependence, result from the restriction of causality. One
example of this phenomenon of frequency-dependent permittivity is
material dispersion. The types of relaxation are presented in figure 2.3.
This diagram illustrates a dielectric material exhibiting several optically
active modes (N modes), as evidenced by the dielectric function's
various peaks in the imaginary component (¢"). Each peak represents
the contribution of a distinct optical mode to the dielectric response.
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Figure 2.3. A spectrum of dielectric permittivity with N optically
active modes, covering a broad frequency range. The real and
imaginary parts of the permittivity are represented by & and &”,
respectively. The picture labels several processes, including electronic
and atomic resonances at higher energies, dipolar and ionic relaxation
[36].

Consequently, the definition of permittivity turns into
Dye~ @t = g*E et (8)

The displacement and electric field amplitudes are denoted by D,
and E,, respectively; i represents the imaginary unit. The low-frequency
limit of permittivity, or static permittivity €o, describes how a medium
reacts to static electric fields. At the high-frequency limit (meaning
optical frequencies), the real part of complex permittivity is commonly
referred to as €. (or sometimes €qp¢ [37]). Lyddane describes the ratio of
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a static permittivity and the permittivity of optical frequencies in a
Sachs—Teller relation, which connects the natural frequency of
longitudinal optic lattice vibrations (phonons) (wro) (1% peak on image
2.3) to the natural frequency of the transverse optical lattice vibration
(wto) (2" and 3™ peak on figure 2.3):

2

&o n Wro;

— = J 9
o . 2 9)

€oo j=1Wro;

The €0 and &, permittivity values are essential for a relaxation model
to describe the dielectric response in ferroelectric materials. Examples
of such relaxation models include the Debye model, Cole—Cole model,
Cole—Davidson model, and Havriliak—Negami model [38].

2.3. Phase transition in ferroelectric materials

Based on an interpretation of permittivity data, it is possible to
determine and categorize the kind of ferroelectric material being
studied. At the Curie temperature T., conventional ferroelectrics
dielectric permittivity (¢*) exhibits a distinctive sharp peak (figure 2.4).
The atomic locations in the crystal structure shift to align dipoles in a
uniform direction during a well-defined phase transition from the
paraelectric to the ferroelectric state, represented by this peak. The
dielectric constant usually lowers and stabilizes as the temperature
drops below T., which indicates the stable dipole alignment in the
ferroelectric phase. One well-known example of a typical ferroelectric
that displays this kind of activity is BaTiOs [39], in which the titanium
atoms move out from the oxygen octahedra's core, resulting in the
required dipolar moment for a larger average polarization than in a non-
perovskite material.
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Figure 2.4. The ratio of real and imaginary parts of the dielectric
function to the vacuum permittivity in BaTiOs; material versus
temperature [39].
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Figure 2.5. Crystal structures of (a) cubic, (b) tetragonal, and (c)
hexagonal BaTiO3 were drawn using refined crystal parameters. The
green, light blue, and red spheres denote Ba, Ti, and O atoms. The
arrows in (b) indicate the direction of displacements for Ti and O atoms
with respect to the Ba atom. The solid line denotes the unit cell [40].

The displacement during this Ti substructure motion relates to the O
and Ba substructures and can be categorized as a displacive phase
transition (figure 2.5). A definition of the transition's nature could be
found in the dynamics of the lowest frequency ("soft") optical phonon
modes. The transition is displacive if a soft mode can move through the
material at that point. There is almost no phonon if the soft mode is only
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diffusive (non-propagating), but rather a large amplitude hopping
motion between the order-disorder system's wells. Soft modes in many
ferroelectrics lie between these two extremes [19].

The displacive group of ferroelectrics includes perovskite ABOs-
type structures like LiNbO3, BaTiOs, and KNbO3, among others. The
ferroelectric phase transition in the order-disorder group of
ferroelectrics is linked to a distinct ordering of ions. These are the H-
bonds containing crystals with ferroelectric characteristics correlated
with phonon mobility. Some instances include KH>PO4, RS, TGS,
CsH2POg4, PbHPO4, RbH2PO4, and other [49].

Another classification of a phase transition process comes from
Landau's phase transition theory. The central concept of this theory is
an “order parameter,” a quantity that is zero in the disordered phase and
non-zero in the ordered phase. In the case of ferroelectrics, such an
order parameter can be a polarization P. The free energy F of the system
is expanded as a power series in the order parameter P:

F(P,T,E) = Fy + aP? + BP* + yP® — EP, (10)

where Fo - the free energy in the absence of polarization, a, 5, y are
coefficients dependent on temperature T, and Tc is the Curie
temperature at which the phase transition occurs. We must assume that
the coefficient o of the term in P? passes through zero at some
temperature To to produce a ferroelectric state:

a=AT-T,), (11)

where A is a linear coefficient, and T, is a temperature lower or equal
to a transition temperature. This equation connects the soft mode
frequency with a Curie temperature, called the Cochran law [41]. When
the a value is positive, the lattice is "soft" and on the verge of instability.
In the event where a is negative, the unpolarized lattice is unstable.

If p>0 and y is negligible, the phase transition is second order
(continuous). In this case, the energy minimum occurs at P=0 at T > Tc.
When T < T, two symmetric minima develop at P=+Po, which
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describes a behavior of ferroelectric material with a spontaneous
polarization.

Otherwise, when <0, we have to retain a y term, and at the
paraelectric and ferroelectric phases, the free energy will be equivalent
at the transition temperature T.. Figure 2.6 represents all possible
configurations for a centrosymmetric prototype lattice of atoms and a
phase transition process.

T>T, T<T, T<T,
O O O O
Ferrodistortive @) O @) O AP@“
G O
O
Antidistortive O @] O @]
S = CINS) S SIS S O
Pyroelectric ® ® ©] @ ® ®
© O O e O © = )
Ferroelectric ® ® ® ® ® ®
, - \_) , - i -
© CINS) = 0 O © O
Antipolar ® ® ©] ® ® ®
© = © G = D G = Q
= SIS = = = O
Antiferroelectric ® O] €] ® ©] ®

(® © Charged atoms or groups

(O Uncharged atoms or groups
Figure 2.6. Schematic representation of fundamental types of
structural phase transitions for a centrosymmetric prototype structure
[42].

Based on this classification, let’s look at some of the material types
related to this thesis.
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2.3.1. Relaxor ferroelectric

Relaxor ferroelectrics are ferroelectric materials with diffuse phase
transitions and frequency-dependent dielectric properties. Unlike
conventional ferroelectrics, relaxor ferroelectrics have a broad phase
transition over a range of temperatures (thereof title “relaxors’), which
exhibit a quick phase transition from a paraelectric to a ferroelectric
phase at the Curie temperature. Polar nanoregions (PNRs), which are
nanoscale areas where the local polarization is aligned in the order of
nanometers, are thought to be responsible for this unusual behavior.
This material is characterized by a few temperature values: Tr is a
“freezing” temperature, where the material exhibits glass-like behavior,
with less sensitivity to temperature changes and external fields, Tq
which is depolarization temperature; Tc is a Curie temperature; Tm
corresponds to maximum dielectric permittivity, Tg - Burn temperature,
above which material properties follow the classic Curie-Weiss law. A
graphical representation of the permittivity of such material is presented
in figure 2.7.

T Curie-Weiss

o
o
1

.

(3, ]
1

Dielectric Constant (x 103)
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Temperature (°C)

Figure 2.7. Various characteristic temperatures are associated with a
temperature-dependent real part of the dielectric permittivity of relaxor
ferroelectric [43].
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The difference between ferroelectric and relaxor response also lies
in the plane of movement of the atom inside the lattice structure. An
example of such is presented in Figure 2.8.

JEIFOCIECINIC e relaxor

Figure 2.8. A schematic illustration showing how isovalent doping
influences the atom movement in BaTi;—«xSnxO3 (BTS) [44].

Such materials enter an ergodic relaxor state upon cooling from a T,
forming these polar nanoregions. This transformation is not structural
because there is no crystal structure change, but PNR still affects
material properties. As the material cools further, from T. down to Ty, it
enters a nonergodic phase in which polar nanoregions (PNRs) become
‘frozen’, ceasing to influence the material’s properties. The nonergodic
phase can change into the FE phase with a strong external electric field.
This characteristic sets relaxor ferroelectric apart from dipolar glasses.

Another type of anomalous phase sequence is known to occur where
the material returns to a disordered phase after passing through ordered
and disordered phases after additional cooling. The re-entrant or
reappearing phase is the term used to describe the low-temperature
phase. While it loses the order parameter in the intermediate (ordered)
phase, it is not precisely the same as in the high-temperature parent

29



phase. This indicates that the considered order parameter does not fully
reflect the order-disorder processes in the system and can occur if the
entropy of the reentrant disordered phase is smaller than that of the
ordered phase. In addition to the actual reentrant behavior, there are
circumstances in which the low-temperature phase preserves the order
parameter of the intermediate phase. Still, the latter's macroscopic
characteristics resemble those of a disordered phase. This may occur if
the reentrant transition involves certain extra degrees of freedom that
do not affect the principal order parameter [45].

An example of such materials is commonly a solid solution of doped
PbTiOs: lead magnesium niobate (PMN) [46], lead lanthanum zirconate
titanate (PLZT) [47], lead scandium niobate (PSN) [48] and other.

2.3.2. Antiferroelectric materials

Another class of dielectric materials with good energy storage
properties 1s antiferroelectric materials. The primary cause of
macroscopic spontaneous polarization in antiferroelectric materials is
the antiparallel orientation of their dipoles. Moreover, antiferroelectric
materials have low dielectric loss and exceptionally low remnant
polarization — even lower than relaxor ferroelectrics. Because they
may go from the antiferroelectric state to the ferroelectric phase with
substantial saturation polarization when an electric field is applied to
them and back again when the electric field is removed, antiferroelectric
materials are prominent for various applications. The cause of this
reversible change is thought to be a tiny variation in charge carrier-free
energy between the field-induced ferroelectric phase and the initial
antiferroelectric phase [49]. Since antiferroelectric materials typically
have a double hysteresis loop (figure 2.9(d)), the discharge energy
density area is square-shaped. As a result, it is generally higher than that
in relaxor ferroelectrics.
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Figure 2.9. Schematics show the typical hysteresis loop for (a) linear
dielectric, (b) ferroelectric, (c) relaxor ferroelectric, and (d)
antiferroelectric materials. The insets show the type of domain
orientation [50].

The phase diagrams of antiferroelectric material may also include
phase transitions from antiferroelectric states into intermediate
ferroelectric states before transition into the paraelectric state. This state
of a material is not sharp, and in some materials, FE and AFE phases
can exist at the same time if the external electric field and temperature
have particular values specific to each material system, as shown in
figure 2.10 [51].

Moreover, the phase transition in this case could produce a new
incommensurate (IC) phase, which develops due to an IC transition
triggered by the AFD (antiferrodistortive) soft mode. This implies that
two distortions—one connected to octahedral tilts and the other to
cation displacement ordering—co-occur at the phase transition in the
case of PbHf1xSnxO3 [52].
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Figure 2.10. An antiferroelectric material's E-T phase diagram was
obtained numerically by minimizing the free energy. Solid lines
represent lines of first-order transitions. There are two mixed FE-AFE
phases, () and (B) (shaded area) [51].

A well-known example of such material is lead zirconate [53], lead
lanthanum zirconate titanate [54], sodium niobate [55] and others.

2.4. Ferroelectric domains

At the microstructural level, areas of homogeneous electrical
polarization form domains in ferroelectric materials. When a crystal is
cooled below T. without any external electric field, each energetically
degenerate path of spontaneous polarization occurs with equal
likelihood throughout the crystal, resulting in the development of
domain structures [56]. A domain, then, is a crystal section containing
only one type of polarization. If ferroelectric crystals adhere to their
boundary conditions - the overall average strain and polarization states
brought about by forced displacements and charges at the crystal
surfaces — they can adopt a stable, minimum-energy configuration of
domains and domain walls.

The domain wall energy, the potential energy of the external loads,
and the total energy stored in free space and crystal distortion are all
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reduced when a ferroelectric crystal is in its equilibrium state [57]. To
determine domain compatibility in a tetragonal crystal, we require that
both strain and polarization match at the interface between domains
according to these equations:

&—%=%M®n+n®@ (12)

(pi—pj) n=0 (13)

where 1 and j are two ferroelectric domains with a strain stress &; and g;,
polarization vectors p; and pj, and the interface normal vector n to a
compatible domain. According to this equation, there are two types of
domain walls in the tetragonal crystal; orthorhombic crystals produce
four domains, while rhombohedral crystals have three types of domains
[58].

Ferroelectric domain walls, which exhibit localized variations in
strain and symmetry, can be interpreted as topological defects within
the material's parent crystal structure; moreover, their narrow width
results in structural interfaces with intrinsic nanometer-scale
dimensions. However, the formation and structure of domain walls in
ferroelectric thin films cannot be fully explained solely by depolarizing
fields and screening charges. The presence of structural defects in the
crystal primarily dictates the actual conditions of the sample. To
accommodate local symmetry variations, movable defects—often
point-like—may accumulate at domain walls. Conversely, defects can
pin domain walls, lowering their potential energy [59].

Several parameters, including the chemical composition,
temperature, system size and shape, and crystal orientation, can
influence the equilibrium domain structures of ferroelectric crystals.
Going down from bulk material to a thin film can alter the domain
composition of the material since it experiences continual strains within
the plane of the film and low stress outside of the plane. This effect
allows for a ferroelectric domain architecture by choosing a matching
lattice constant between the film and the substrate [59]. This, of course,
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is not without withdrawal of such methods as a significant amount of
thread dislocations, which releases enormous stress inside the film [60].

Domain wall dynamics, reorientation of domains, complex domain
structure, and elevated temperature contribute to the relaxation
phenomena observed in these materials. Understanding and analyzing
these relationships is essential for accurately predicting and
customizing the electrical properties of materials. Different relaxation
models, which are explained further, make this possible.

2.5. Dielectric relaxation models in ferroelectrics
2.5.1. Debye model

Relaxation, in a general sense, refers to the delayed response of a
linear system to an external perturbation. The frequency dependence of
permittivity, described by the Debye equation for ideal systems,
characterizes this relaxation process. In contrast, resonance effects arise
from distortions in electrical and ionic polarization, and these
polarization distortions are influenced by the sample's environment,
composition, and structural properties.

The physicist Peter Debye (1913) introduced and gave a name to this
relaxation model [61]. According to the Debye theory, dipoles
responded independently to the alternating field with a single relaxation
time, and molecules had a spherical form. This model characterized
dynamic polarization by a single relaxation time, so all the dipoles have
the same time to respond to changes in an external electric field and
return to their equilibrium state once the field is removed. The formula
for this model is the following:

& — Ex

& =€t/
1+ iwt

(14)

where & is the static, low-frequency permittivity, T is the medium's
characteristic relaxation period, €. is the permittivity at the high-
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frequency limit, and o is an angular frequency. Graphically, this model
is presented in figure 2.11.
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Figure 2.11. An example of the Debye model illustrating the real (&')
and imaginary (&") parts of the complex permittivity function £* for the
following initial parameters: =10, €x=2, T=1*107 s.

Since this model is characterized by a single relaxation time, the
probability density function f(t) for the Debye model is a Dirac delta
function centered at the relaxation time to:

f@) =6(—10). (15)

A graphic representation of this function is shown in figure 2.12.

10—17 L
10-55¢
10—93 L
10—131 -
10—169 L
10—207 -
10—245 L

Probability Density

107283 -

103 1072 107! 10° 10! 102 103
Relaxation Time (T1)

Figure 2.12. Probability Density Functions of the Debye model.
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The Debye permittivity model is applied to various materials that
show basic dipolar relaxation behavior. Most of these examples are
simple materials, such as water and ethanol [62], biological tissues [62],
concrete [63].

Though helpful, the Debye model has a few drawbacks, such as a
single relaxation time, idealized conditions, a frequency range, and
temperature dependency.

2.5.2. Cole-Cole model

Further development of this model was continued by K. S. Cole and
R. H. Cole in their proposed work on a new model for nonhomogeneous
dielectrics [64]. In this model, the distribution of relaxation times was
introduced as a parameter, a (0 < a < 1), to account for a spread in
relaxation times. Using this model, it’s possible to describe a more
gradual relaxation process in complex systems with numerous
relaxation processes and intricate interactions.

L&
“ 14 (D)% (16)

*

E =€

where all parameters are the same as in the Debye equation.

Compared to the Debye model, the Cole-Cole model provides a
more flexible and accurate description of materials with a broader
distribution of relaxation times, accounting for deviations from ideal
Debye behavior (figure 2.13).
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Figure 2.13. An example of the Cole-Cole model illustrating the real
(¢") and imaginary (&") parts of the complex permittivity function &* for
the following initial parameters: &,=10, €x=2, T=1* 1073 s, 0=0.2.

The corresponding probability density functions for the relaxation
times 7 can be expressed as [65]:

Gne) = o) ) (7
2m \cosh(aIn(t/7y)) + cos (na)

At a=1, this distribution is reduced to a Debye distribution, as seen
in figure 2.14. Reducing the a coefficient broadens the time distribution

symmetrically.
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Figure 2.14. Probability Density Functions of the Cole-Cole model.
(Black (o =10.99), red (o = 0.95), blue (o = 0.90) and green (o = 0.80))
[66].

Examples of materials whose permittivity is explained by the Cole-
Cole model include acrylic-based material [67], lead magnesium
niobate (PMN) [68], alkylammonium halogenoantimonates (111), and
bismuthates (111) [69].

The disadvantage of this model lies in the limitation of describing
only the symmetrical broadening of a dispersion.

2.5.3. Cole-Davidson model

Some cases of permittivity data include asymmetrical broadening of
dispersion. To have a better interpretation of the data observed on
propylene glycol and glycerol, Davidson et al. proposed the following
equation [70]:

L&
A +iwt)? (18)

*

E =€

where all parameters are the same as in the Debye equation, 3 (0 <3 <
1) controls the distribution's width. An example of such a function is
presented in figure 2.15.
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Figure 2.15. An example of the Cole-Davidson model illustrating the
real (¢') and imaginary (&") parts of the complex permittivity function
g* for the following initial parameters: £~=10, €.=2, T=1*%10"> s, f=0.8.

The corresponding probability density function is [65]:

sin(ym)/ t Y
( ) , T < Ty
s To—T

0, T>71

(19)

A graphic representation of this probability density function is
presented in figure 2.16:
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Figure 2.16. Simulated annealing direct signal analysis (SADSA)
results for a computer-generated €”(®) with a Davidson-Cole function
(y=0.5); G histogram, G In(t) — from the analytical expression [65].
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2.5.4. Havriliak—Negami model

To go even further with a description of dielectric data for some
cases of complex dielectric data of polymers, S. Havriliak and S.
Negami in 1967 reported the equation that integrated the Cole-
Davidson and Cole-Cole formulas for 21 polymers [71], [72]. The
equation for the Havriliak—Negami model is as follows:

. £ — Eo
A+ (lwr)t—0)F’

*

& =&

(20)

A graphical representation of such relaxation is presented in figure
2.17.
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Figure 2.17. An example of the Havriliak—Negami model illustrating
the real (¢') and imaginary (¢") parts of the complex permittivity
function e* for the following initial parameters: £=10, €.=2, 7=1*10"3
s, a=0.8, p=0.3.

The formula for the probability density function of the Havriliak-
Negami model is expressed as:
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(sin(y6))/m

(1+2(2) cos (B) + (2))

with

s tan-1 ((TO/T)“ + cos (noc))

o= 2 sin ()

Graphically, this distribution is presented in figure 2.18.
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Figure 2.18. SADSA results for a computer generated £”(®) with a

2.5.5. Resonance model

the Havriliak-Negami function (0=0.6, y=0.3); G histogram, G In(t) —
from analytical expression [65].

According to figure 2.3, we also have different types of relaxation.
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The graph shows a sharper peak in the imaginary part near the THz
range. Due to its sharpness, this peak could not be fitted by equations
that describe relaxation processes at lower frequencies, so the resonance
dispersion model must be used. The equation for this model is the
following:



Asw?
£ = €p + —, (23)
0) - 0)0 + lwoy

where &, — permittivity at infinite frequency, Ae is a contribution to
permittivity, ® is the measured frequency, wo is the oscillation
frequency, and v is the damping coefficient [73].

From a perspective of lattice dynamics, the phonons begin to lag
behind the external field as the frequency rises and gets closer to the
resonant frequency mo. A maximum energy exchange and a peak in &"
indicate significant energy dissipation when the energy from the
external field matches the natural frequency of phonons. The phase
difference between the applied field and the polarization causes a sharp
change in €'. The graphic representation of this process is presented in

figure 2.19.
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Figure 2.19. Frequency dependence of real and imaginary parts of

the dielectric function in PbMg1,3Nb2303 taken at various temperatures

[74].
2.5.6. Empirical Cole-Cole model

Some of the processes in materials may include more than one
relaxation happening in a measurement range and mutually affect each
other, as shown in figure 2.20. To resolve that and fit multiple processes
simultaneously, an empirical Cole-Cole equation [64], modified to

42



include the conduction contribution to losses at low frequencies/high
temperatures [75].

n
=1

. Ag; o
&= Z (SOO" * 1+ (iwr)l‘“i> * 2mif* 24
where o is the angle frequency, 1 is the mean relaxation time, Ag is the
strength of the relaxation process, €« is the dielectric constant at infinite
frequency, and a is a parameter that characterizes the dispersion's width.
The number of relaxation processes, denoted by the integer n,
fluctuates between 1 and 2 based on the dispersion's complexity and is
present in the dielectric spectra at a particular temperature. The third

part of this expression represents the conduction contribution to the
permittivity, which has been adjusted with an extra fitting parameter, k.
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Figure 2.20. Frequency dependencies of the (a) real and (b)
imaginary parts of dielectric permittivity of 0.5Nb-BiFeO3;—BaTiO3
ceramics at different temperatures. Lines show the best fits of
experimental data points according to equation (24) [75].

Other formulas that can also be used for a relaxation description,
such as the Kohlrausch-Williams-Watts (KWW) relaxation functions
[76], extended FZ model [77], fractional Zener (FZ) model [78] and
modified FZ (MFZ) model [79], generalized gamma distribution model
[80] are out of the scope of this dissertation.
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2.6. Modeling variation of relaxation time in non-uniform materials

All these model equations, from Debye to extended Cole-Cole
models, (14), (16), (18), (20), (23), (24), are required to estimate the
relaxation time distribution on different molecular or atomic processes
within a material while accounting for all possible flaws in a real
sample. The Arrhenius equation can be used for samples with a single
activation energy:

©(T) = 15 exp (ki_aT)' (25)

where 1(T) - relaxation time at temperature, 1o - pre-exponential factor
(characteristic time scale), Ea - activation energy, ks - Boltzmann
constant, T - absolute (measured) temperature.

In materials where the relaxation dynamics deviate from a basic
Arrhenius behavior, the Vogel-Fulcher-Tammann equation describes
the temperature dependence of relaxation times. This model is well-
fitted for supercooled liquids and glasses, where the relaxation period
grows considerably as the temperature approaches the glass transition
temperature.

E,
7(T) = 1y exp (W_Tf))’ (26)

where T, Eq, kB, and T are the same as in the Arrhenius equation. Tt is
the temperature at which the relaxation process "freezes."

For some other cases, it’s worth mentioning the Williams-Landel-
Ferry (WLF) model [81] that can specifically be used for the description
of the temperature dependence of viscoelastic characteristics in
polymers close to their glass transition temperature, and the Adam-
Gibbs model that connects the configurational entropy of a supercooled
liquid to the relaxation period, offering a thermodynamic viewpoint on
the glass transition [82].
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2.7. The importance of thin films and their applications

Concurrently, developments in synthesis, particularly those based on
thin films, have made it possible to regulate the final materials with a
level of control never before. These days, it is feasible to construct
artificial heterostructures down to the unit cell, apply high strains
through epitaxial lattice mismatch with a substrate, and precisely
manipulate cation/anion chemistries and defect structures, all of which
open new states of matter and phenomena.

Developing thin films of ferroelectric material can create complex
structures of multiple materials. In Ho Nyung Lee at el. publication
tricolor BaTiO3/SrTiO3/CaTiO; superlattices are one example; they
cause a 50% boost in the ferroelectric polarization by hetero-interfacial
coupling and coherent straining of the BaTiOs layer [83]. Another
example of improvement of ferroelectric materials might be strain
management, as comparable thin-film counterparts may tolerate biaxial
strains of up to +3% [84], [85]; the highest compressive strain yet
recorded in BiFeO3/YAIO; (110) is 6%, while the bulk material of it
cracks or deforms at moderate tensile or compressive strains (~0.1%)
[86].

These improved parameters of materials can be used in such
applications as ferroelectric random-access memory (FeERAM) [87],
energy storage capacitors [88], ferroelectric photovoltaic devices [89],
tunable microwave devices [90] and other devices.

2.8. Motivation for using Pulsed Laser Deposition (PLD) in thin film
fabrication

Because of its ability to produce thin films with stoichiometry
similar to the target material, the pulsed laser deposition (PLD)
technique has been successfully applied to a variety of chemically and
structurally complex materials, including superconducting materials
and chalcogenide glasses [91]. Several types of nanostructures have
also been successfully created utilizing the PLD process without the
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need for etching or a catalyst [92], [93]. Using the PLD process, nearly
every material may be produced as high-quality thin films.

PLD-fabricated thin films are used in devices for wvarious
technologies, such as environmental medical implants, light and
electron emitters, sensors, micromechanical devices, and different
coatings. Furthermore, PLD has been applied to create a variety of
nanostructures, including quantum dots, nanorods, and nanotubes of
diverse materials [94], [95]. Compared to other deposition processes,
PLD technology is more adaptable since it has virtually no constraints
on the target material employed. Experimental research has also been
done on PLD using liquid target materials and even frozen nitrogen and
methane targets [96], [97]. Owing to the improvements made to the
traditional PLD technology, it can now treat thin films of organic
polymers, biomaterials, and inorganic solids that previously could not
be deposited with such a deposition technique without irreversibly
harming them [98].

2.9. PLD fundamentals

Pulsed Laser Deposition (PLD) is a physical vapor deposition (PVD)
method for creating a thin film in materials science and engineering. A
schematic image of this facility is presented in figure 2.21. It is a
method for depositing thin films of various materials onto a substrate,
and it involves the use of a pulsed laser to ablate (remove material from)
a target, which then deposits onto a substrate to form a thin film [91].
Basic steps to create a sample with this method include several steps,
such as target preparation, choosing and preparing a suitable substrate,
ambient pressure, laser energy and fluence, deposition temperature and
pressure, heating and cooling rate, and subsequent annealing. Also,
parameters such as target scanning, substrate rotation, and gas flow
speed might not be necessary for successful deposition, but they are still
worth discussing.
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Figure 2.21. Scheme of pulsed laser deposition facility [99].

2.9.1. Target

The target (usually in a cylindrical tablet-like shape) of the desired
material to be deposited is prepared and placed in a vacuum chamber.
Usually, such targets are commercially available or could be prepared
via the solid-state method by grinding and sintering powders, pressing
them into a target, and finally sintering again. The compositional
transfer between the target material and the substrate is a crucial factor
for deposition. The composition of the thin film can deviate up to 30%
from that of a target [100]. There are several variables here, including
the density of the targets, how the grinding was performed, how many
times the powders were ground, and the highest temperature used to
sinter the target [101], volatility of elements of the target, and
crystalline state of the target (monocrystal or polycrystal powder, as
well as the crystalline size).

Density is one of the critical aspects of the target that affects the
quality and properties of the film. The low density of the target could
affect the sample's superconducting property and surface morphology
[102]. The density of the target should be as high as possible because
the formation of the microscopic particle [103] during the ablation of
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the target could disturb the layer growth process and change that
process to an island growth, which is usually not preferable for an
epitaxial film. Also, a low density could lead to a faster usage of the
target surface, which produces trenches on the surface of the target and
deflects the plasma plume, which is also not preferable for the optimal
deposition process [104].

Another aspect is the consideration of the atomic mass of the
elements the target contains. The lighter elements tend to accelerate
faster and scatter further away from the target-to-substrate direction
compared to the heavier elements. For instance, the AuCu composition
deposited by S. Canulescu et al. shows off-stoichiometric growth that
varies significantly as a function of laser fluence [105]. Likewise,
alterations in the volatility of the constituent species within the focal
point can impact the composition of the film. High volatility of
elements leads to the selective liquefaction and expulsion of the
substance from the target during ablation, followed by re-vaporization
from the substrate upon arrival. The resultant films may frequently lack
sufficient light and volatile elements, potentially modifying the film's
structural or functional attributes. The target can be configured with
excess volatile atomic species to mitigate these effects. Such an
example could be the targets of the lead zirconate titanate that, due to
the volatility of lead from the target, can be prepared with a 10% excess
of lead to compensate for that issue [106].

The target could also be in a monocrystal state, and this kind of
material is usually a metal and a simple oxide that could be produced
quickly in a monocrystal state. From a density point of view, such a
target would have maximum theoretical density and reduce the amount
of microparticles produced during ablation. However, V. Jakes et al.
report that the LiNbO3 layers fabricated utilizing a polycrystalline target
exhibited better surface smoothness and increased thickness in
comparison to those deposited from a monocrystal under analogous
experimental conditions [107]. The target question is complex and
requires many parameters that should be counted to optimize the
deposition parameters.
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2.9.2. Vacuum chamber and ambient atmosphere

The entire process occurs in a vacuum chamber to prevent
interference from the surrounding atmosphere. Usually, the pressure
inside the chamber can vary from 107 up to 107! mbar [108]. To get to
that level of vacuum, the tandem of 2 pumps is conventionally used: a
rough scroll pump and a turbomolecular pump. The vacuum level is
generally affected by the time this vacuum is supported, prior
depositions inside the chamber, and the amount and quality of the
targets and substrates loaded before the deposition. Factors that reduce
the base pressure inside PLD chambers include the nanolayer of water
vapor and elements of materials deposited and desorbed at the
chamber's walls.

The size of the chambers is specified for a laser used for a specific
facility, since highly energetic particles can induce sputter processes.
Compact chambers are ideal for femtosecond laser-based systems
requiring minimal working distance due to the short plasma plume
[109].

Another aspect of pulsed laser deposition is ambient pressure.
Typically, the chamber is filled with an inert gas to regulate the kinetic
energy of the deposited adatoms [110] that can be stopped by collision
with a gas molecule species while arriving on the substrate. Another
functionality is the usage of reactive gas for the incorporation of other
components into the film, such as O from O, C from CH4, or N from
NH; [111], as well as the adjusting thickness of the film itself. For
example, Choopun et al. show that oxygen pressure strongly influences
the nucleation and growth of the layers and determines the defect
densities and the electrical and optical properties of the ZnO layers. The
oxygen pressure should be optimized to grow high-quality layers with
smooth surfaces for each growth stage. Low oxygen pressures are
employed for nucleation, followed by higher oxygen pressures for the
next stages of growth to obtain a smooth layer surface. The elevated
oxygen pressure reduces surface desorption. Excessive increase of the
oxygen pressure, however, leads to 3D growth of the film and high
surface roughness [112].
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2.9.3. Ablation of the target

A high-energy laser pulse is directed at the target, causing it to
vaporize and ablate. This process creates a plume of material from ions,
atoms, and molecules. For the PLD facility, the laser is one of the
important aspects because the choice of laser matters for the deposition
process and the material being deposited. The conventional wavelength
range is 150-350 nm, corresponding to ultraviolet (UV) light. These
wavelengths can be produced by an excimer laser, which relies on high-
voltage discharges to excite noble gas mixtures, forming short-lived
excimer molecules such as ArF and KrF that exist only in their excited
state and rapidly decay, emitting ultraviolet (UV) photons as they return
to their dissociated ground state. The following equation can estimate
the electric field generated by the beams of this laser:

E = /2@ /cgyn, (27)

where ® — power density (10° W/cm?), ¢ — velocity of light, g —
permittivity of vacuum, n — refractive index (1.5), E — electric field (10°
V/em). The electric field inside the material (10° V/cm) is sufficiently
high to cause a dielectric breakdown. Thus, the material absorbs energy
beyond its ablation threshold at high laser intensities, leading to
ionization and plasma formation.

Each of the materials has its laser fluence, which is required for the
stoichiometric deposition of a target material to a substrate [113]. The
change of the laser fluence also changes the plasma plume size, which
inherently changes the area of the distances where the deposition of the
material will be stochiometric. This also affects the film's uniformity,
so all deposition parameters must be carefully adjusted to achieve
optimal film uniformity (figure 2.22).
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Figure 2.22. Plasma plume size versus uniformity of the films [114].
2.9.4. Thin film formation

The ablated material condenses on a substrate placed in the chamber,
forming a thin film. The substrate can be of various materials,
depending on the application. Chemical compatibility, comparable
thermal expansion coefficients, and thermodynamically and chemically
stable substrate surfaces are essential for epitaxial growth. For some
applications, it is also crucial to choose selectively the chemical
termination of the surface [115]. Examples of materials with a matching
lattice constant are presented in figure 2.23.
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Figure 2.23. Survey of lattice parameters of commercially available
substrate materials (bottom section), a select list of perovskites
electrode materials (middle section), and ferroelectric, incipient
ferroelectric, and anti-ferroelectric materials (top section) [116].

Different film growth regimes can be achieved depending on the
substrate and film material lattice constant match. There were three
primary schools of thought on epitaxial growth, which led to the
following designation of the three epitaxy development modes
according to the criterion of the case described by such an equation of
three macroscopic surface tensions:

Yom) T Vi) < Vs (28)
where yo is a free energy per unit area at the overlayer—vacuum
interface, v; is the overlayer—substrate interface, and vys is the substrate—

vacuum interface. Potential modifications to the lattice constant and
structure at the overlayer surface are reflected in the n-dependence of y.
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If v, and y; are small compared to ys, the system gains energy when
covered by the overlayer called Frank-Van der Merwe (FM) growth
mode (2D morphology, layer-by-layer, or step-flow growth). This is a
type of growth in which adsorbate-surface and adsorbate-adsorbate
interactions are balanced in the development mode. Since lattice
matching is necessary for this growth, it is regarded as the "ideal"
growth process [117].

In the heteroepitaxial case, the structural mismatch of the overlayer
and substrate leads to a monotonic increase in volume strain energy in
a 2D pseudomorphic layer with increasing film thickness n. As a result,
according to equation (28), the system transitions from 2D to 3D growth
morphology at a specific thickness, creating an unstable condition. This
kind of growth is called Stranski—Krastanov (SK) development mode
(layer-plus-island growth at first, 3D morphology after critical
thickness) [118], schematically presented in figure 2.24.
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Figure 2.24. Evolution of Frank-van der Merwe (FM) to a Stranski—
Krastanov (SK) growth mode [119].

If the layer-vacuum interface's free energy becomes more significant
than the substate-layer interface energy, then deposited material will
form so-called mounds. This is called Volmer—Weber (VW) growth
mode (3D morphology, island growth) [120]. All three modes are
schematically presented in figure 2.25.
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Figure 2.25. Schematic representations of (a) Volmer-Weber, (b)
Stranski-Krastanov, (c) Frank-van der Merwe growth modes [121].

The interplay between the interaction of the film with the substrate
and the interaction among adatoms within the film shapes the structure
and morphology of a heteroepitaxial thin film at equilibrium. This
interplay highlights the differences in chemical bond strength parallel
and perpendicular to the interface. Critical measures of these
interactions are the isosteric heat of adsorption (Vo) and the lateral
adatom attraction (e1). The molecular dynamics simulation results,
presented in figure 2.26 as a "phase diagram," show how different
growth modes arise based on the relationship between V,, €,, and the
lattice misfit (m) [122] The lattice constant can be directly measured
using diffraction techniques such as X-ray diffraction (XRD) or
electron diffraction. In contrast, surface tensions require indirect
estimation methods that depend on complex thermodynamic models
and interface conditions.
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Figure 2.26. Phase diagram of growth mode on an f.c.c. (100) surface
in the substrate strength Vo/e; versus misfit m plane [123].

The strain relief factors mentioned above and the categorization of
growth modes into FM, VW, and SK are only relevant for growth
circumstances near thermodynamic equilibrium, that is, at high substrate
temperatures and low deposition fluxes. This is one of the reasons for the
elevated temperature of the substrate during deposition. This temperature
rise may facilitate the creation of crystalline structures. It has been shown
that surface mobility and the temperature of the surface substrate aid the
distribution of energetic particles around the substrate, as shown in figure
2.27 [124]-126]. A different instance is bringing a sample in a match with
a thin film, which will be deposited and nucleated in a high-temperature
phase. This can induce stress during cooling inside deposited films and
enhance the piezoelectric properties of the film due to differences in lateral
thermal expansion coefficients [127]-[129].

Atom deposition Atom deposition

on substrate on cluster O
Ridy s ‘ Re-evaporation
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Figure 2.27. Nucleation and growth processes involved in film
fabrication [130].
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Figure 2.28 illustrates the processes taken into consideration during
epitaxial deposition. Following deposition (a), surface atoms are free to
move (b—e) or desorb (g), at which point structural flaws may develop
(f). A crystal surface is defined as the outermost atomic layer, where
atoms experience reduced coordination, resulting in dangling bonds.
When a vacancy (missing atom) is present, neighboring atoms exhibit
one or more dangling bonds, making them energetically unstable. As a
result, bulk diffusion can occur when nearby atoms migrate to fill the
vacancy, restoring local coordination and minimizing surface energy.
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Figure 2.28. Processes during epitaxial thin film growth: (a)

deposition of atoms, arriving from the solid sources on the surface of a
growing film; (b) surface diffusion to a more stable position; (c) atom
in an unstable position, without lateral bonds, which can either desorb
to the vacuum volume or diffuse to a more stable position; (d) surface
diffusion or migration to a higher kink lattice; (e) possible surface
diffusion forming overhang; (f) hole formed in the structure volume;

and (g) desorption [131].
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2.9.5. Film growth control

Adjusting parameters such as laser energy, the pulse length, the
target-substrate distance, and the deposition time can control the
thickness and composition of the thin film.

Fluence and laser energy are commonly used terms to describe laser
light. Laser energy is one part of a controllable parameter of the laser
fluence — the quantity of energy a laser beam projects onto a surface per
unit area. The standard unit of measurement is joules per square
centimeter (J/cm?). Fluence, which is frequently used to characterize
the intensity of laser irradiation on a target material, is a crucial
characteristic in laser-material interactions [132].

Laser interaction with a solid target could be described as energy
transfer by exciting free electrons or by exciting electronic or
vibrational transitions in atoms, ions, molecules, or optically active
defects. In the case of laser-irradiated dielectric, where hv is smaller
than Epg, the laser may cause multiphoton or multiple-photon transitions
between valence and conduction bands or one-photon transitions
between surface or defect states to the conduction band.

Multiphoton band-to-band transitions also result in the production of
excitons and electron-hole pairs; however, given that the volume, the
number of electron-hole pairs, and the desorption yields produced by
multiphoton transitions are comparable to those made by one-photon
band-to-band transitions driven by much weaker light sources, such as
electron storage rings. The density of electronic excitation generated by
multiphoton transitions is extremely low. Defect states can resonantly
boost multiphoton band-to-band transitions, which significantly
increases the number of electron-hole pairs and the density of electronic
excitation [133].

I(z), the laser light's intensity as a function of depth, is described by
the equation:
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where I is the incoming intensity and o, 3, and v, respectively, the one-
, two-, and three-photon absorption coefficients corresponding to the
absorbing species (i, j, k). The ellipses in equation (29) denote higher-
order absorption processes. While specific laser systems may produce
transitions for excitation when one photon is in a material, in the case
of dielectrics, multiphoton or multiple-photon transitions are required
to create a plasma deposition plume.

The plasma kinetic energy and density rise in response to increased
laser incident energy. Higher laser incident energy can improve the
mobility of deposited atoms on the substrate surface; hence, additional
laser incident energy can improve the crystallinity of as-deposited
films. On the other hand, excessive laser incident energy might result
in excessive plasma density. Furthermore, bulky granules may result
from excessive laser incident energy [134]. So, the laser fluence has a
short window of fluences during which the facility will produce smooth
and stoichiometric films.

Another aspect of the laser pulses is their duration. Pulse duration
affects the energy absorbed by the bulk material target, determining
how much material is eliminated during laser ablation. Usually, the
laser pulse interaction with the target is followed by the dissipation of
the absorbed laser energy. The removal of material by laser ablation can
be explained by two main mechanisms: thermal vaporization, which
occurs when electron-phonon collisions raise the local temperature
above the vaporization point, and the Coulomb explosion, which occurs
when the bulk materials release excited electrons and create a relatively
strong electric field that expels the ions inside the impact area [135].
Depending on the type of laser, pulse duration can last from a few tens
of femtoseconds up to tens of nanoseconds. While femtosecond and
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picosecond lasers are considered ultrafast pulses, a nanosecond pulse is
a long pulse, causing different interactions with solid matter, as shown
in figure 2.29.

This laser interaction duration affects the number of particles
produced during the ablation, photochemical reaction, and phase
transition, which can start after one nanosecond of pulse duration on a
target. The duration of the laser pulse, as well as the target material's
characteristics and the usage of nano-, pico-, and femtosecond laser
regimes, determine the size and shape of the nanoparticles [136].
According to Hamad et al. [137] the picosecond laser (10 ps and 1064
nm wavelength) created more significant quantities of spherical silver
nanoparticles than the nanosecond (5 ns and 532 nm wavelength) and
femtosecond (100 fs and 800 nm wavelength) lasers.
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Figure 2.29. Long-pulse and ultrafast-pulse laser interaction with
target material [138].

On the other hand, while using a short pulse can reduce the particle
size, less interaction with the target leads to a smaller amount of ejected
matter and longer deposition time while striving to achieve the required
film thickness. C. Ristoscu and I. Mihailescu show that the speed of
deposition is reduced from a 0.7 A/pulse for a nanosecond pulse to a
0.0033 A/pulse for a femtosecond pulse (but need to notice that a laser
fluence was 10 times smaller, but for a same laser fluence and
picosecond pulse rate of deposition was 0.05 A/pulse which is
consistent with this statement) [139].

Another issue might arise from the absorption of one or multiple
photons, which could be relevant for large bandgap materials. It is
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necessary to note if the material removal occurs at or below the ablation
threshold, which denotes the lowest laser intensity required for material
removal. Below the ablation threshold, most of the laser energy is
converted into heat, and only a tiny amount of material is ejected from
the target [137]. The ablation threshold vs pulse length dependency is
depicted in figure 2.30.

Target-substrate distance is one of the minor but still helpful
parameters that could assist in depositing high-quality films. As
discussed before, laser fluence can drastically change the stoichiometry
of the material. Still, at the same time, a long laser pulse tends to create
multiple particles during laser-to-target interaction. Y. Ma et al. show
that at shorter target-to-substrate distances (30-35 mm), high kinetic
energy particles caused surface defects and larger grains. At 40 mm, a
balance of kinetic energy and particle concentration resulted in the best
film quality. Increasing the distance beyond 40 mm reduced particle
energy and poor film quality due to lower surface migration rates [ 140].
Also, this parameter is indirectly connected to ambient pressure by the
interaction of a plasma plume with an ambient atmosphere. R. Castro-
Rodriguez et al. describe that the target-substrate distance is critical for
determining the final energy and angular distribution of atoms in the
plasma plume. The ratio between the oxygen atom density and the
system’s characteristic density determines the optimal target-to-
substrate distance for film growth [141].

aai =
Cold ablation Hot ablation’ l Melt
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— =
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Figure 2.30. The three physical domains, which correspond to the
respective time scales for the laser pulse length, are melt expulsion, hot
ablation, and cold ablation [100].
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Precise laser rastering is essential to ensure even target ablation and
prevent surface morphology from causing plume deviation. The plume
should always be perpendicular to the substrate surface. If the target is
eroded unevenly, the plume will be displaced from its original position
and can form off-stoichiometric films. To achieve uniform laser
ablation, a top-hat beam profile (shaped by a beam mask) must be
scanned across the target to ensure consistent material removal [109].

Other parameters, such as laser frequency, affect deposition in a way
that alters the deposition rate while possibly increasing the porosity of
the films [142]. At some critical pressure, most of the ablated species
will condense in the gas phase due to the ablation plume's extremely
efficient confinement, which is also visible through the luminescence
part of the excited plasma species. Also, differences in deposition
pressure can increase the surface roughness of the film and promote a
growth mode change [143]. Another aspect is preventing micrometer-
sized particulates (“‘boulders’’) that could be ripped off from the target
surface from reaching the substrate and disturbing the growing [10].

Based on all aspects above, deposition time for desirable thickness
can be achieved by optimizing the combination of all these parameters,
plus pulse frequency, which is in a range of 1 to 30 Hz and sometimes
even up to 4 kHz in the case of excimer laser [144] and 40 kHz in the
case of Ti:sapphire laser [145]. However, in most cases, the optimal
repetition rate is usually less than 10 Hz [146], [147].

2.9.6. Additional deposition parameters

Before deposition, the target should be treated with sandpaper to
remove the upper layer, which has already been irradiated by the laser
and represents a non-stoichiometric composition of the target [148].
Then, the target is mounted on a carousel, rotated, and rastered during
deposition. This ensures uniform deposition and prevents pits from
forming on the target, which could hinder plasma distribution.
Additionally, for more uniform deposition, the substrate should also be
rotated. This effect is negligible in the case of small substrate sizes, but
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it becomes more noticeable with larger-diameter substrates. Examples
of these parameters and their effects are shown in figure 2.31.

With Substrate Rotation

Figure 2.31. Effect of the other parameters, such as laser spot
geometry and substrate rotation on the uniformity of the film [114].
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3. EXPERIMENTAL METHODS AND MEASUREMENT
TECHNIQUES

3.1. Pulsed Laser deposition systems

Commercial pulsed laser deposition systems provided by the TSST
company (The Netherlands), equipped with a Coherent COMPex Pro
205F KrF laser (A = 248 nm, pulse length 20 nm (FWHM), maximum
repetition rate 50 Hz, maximum pulse energy 700 mJ, and average
power of 5 W), were used for film growth. Schematically, this system
is presented in figure 2.21, and the actual facility with signed main
components is viewed in figure 3.1.

Main and load-lock chambers were equipped with a tandem of rough
and turbomolecular pumps: Agilent Technologies SH-110 and Pfeiffer
Vacuum HiPace 300 water-cooled for the main chamber and Pfeiffer
Vacuum MVP 015-2 and HiPace 80 water-cooled for the load-lock
chamber.

This pumping system allowed a vacuum level of around 10”7 mbar
for load-lock and 10" mbar for the main chamber. Substrates and targets
are loaded and unloaded through the load lock, which reduces pumping
time while allowing for keeping an ultra-high vacuum and avoiding

contamination.
—‘ K
L "‘--.
lens

am EHTEI’QHCE

Figure 3.1. Photo of the pulsed laser deposition system.
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The laser beam, guided through a variable beam mask to cut
inhomogeneous parts of a beam, as an output energy distribution, is
described as nearly “top hat” along the horizontal axis and near-
Gaussian along the vertical axis. Guidance of this beam from the laser
to a target is aided by UV-grade fused silica mirrors, with a laser beam
incident on the coating side and a planoconvex lens with a 75 mm
diameter so that the beam is passed through the lens and focused on a
target. Each mirror and lens reduces the beam energy by ~10%, so the
final energy on the target may vary. To control it, on the opposite side
of the chamber, related to the beam window, a laser energy meter is
installed (Coherent EnergyMax). The scheme of a beam path is
presented in figure 3.2. This scheme for the current facility can differ
depending on the employed laser and desired laser fluence (usually, the
laser path is around 5 meters).

Figure 3.2. Scheme of a laser beam path from the laser to the target.

For the newly filled gas, the beam energy measured by the internal
laser detector is around 740 mlJ at the highest discharge voltage of 27
kV and approximately half that at the lowest discharge voltage of 19
kV. In contrast, behind a target carousel (and outside the chamber), our
detector shows us energy of around 50 mJ (in the case of 27 kV). This
energy, combined with an adjustable beam mask, which allowed spot
sizes to be varied from 4.42 mm? to 0.34 mm?, and the focus distance
(figures 3.3 (a) and (b)), resulted in a laser fluence range from 3 J/cm?
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to 1 J/cm?. The fluence is calculated using the equation: F = SE, where

SS

F is the fluence, E is the detected energy (corrected by +10% due to the
chamber window transmission loss), and Sgs represents the beam spot
area.

The current configuration does not allow for higher energy levels,
while lower energy levels can be achieved through gas degradation. As
gas degradation progresses, beam energy decreases, and the production
of the beam by the laser ceases at approximately 70 mJ, as measured by
the laser detector.

The beam path from a laser exit to the main chamber entrance
window is enclosed with plexiglass panes to ensure that any reflection
and diffraction of the beams will not interfere with operation. Thus, the
facility can be operated without personal protection equipment.

(b)
Figure 3.3. Image of (a) the adjustable position of a beam mask with
a different mask and (b) the adjustable position of a lens near the

entrance window.

Substrates were heated by a resistive heater integrated into the
sample holder, reaching temperatures up to 950°C. The substrate
temperature was monitored using a thermocouple. Three process gases
were available: pure Oz, N2, and Ar.

Lead Zirconate Titanate (PbZro.2Tio.s03) thin films were deposited
using a custom-built NELE PLD facility at Warwick University under
the supervision of Prof. Marin Alexe. This facility has specifications
similar to standard PLD systems; minor variations do not significantly
affect the results.

65



3.2 Dielectric spectroscopy measurement facilities

The connecting link of all scientific publications included in this
thesis is the measurement method of dielectric spectroscopy over a wide
frequency and temperature range. The principles and techniques of
operation of these measuring systems are given below.

3.2.1. Low-frequency region

The bridge method is an excellent approach to determining the
dielectric characteristics of materials in the low frequency range from
20 Hz to 1 MHz. Samples were measured using the precision LCR
meter HP4284A (Hewlett-Packard, USA). This technique compares the
dielectric material containing unknown capacitance with reference
capacitors in a bridge circuit.

The following formulas can be used to recalculate the dielectric
permittivity based on the capacitance (C) and loss tangent (tg § = €"'/€")
of the sample, which is measured by an LCR meter:

C; —Cy)d
oo G Co)d (30)
&oS
C,tgds — Cotgd,
g”:g'tg6_ Sg S 0 g 0 (31)
CS_CO

where index s indicates parameters of this system with the sample and
zero means without it; C are the capacitances, tgd are the tangent
losses, d is the distance between the capacitor plates (sample thickness),
S is the area of the sample, & is the dielectric permittivity of vacuum.
Contacts were made of painted silver and magnetron-sputtered
copper/gold. The measurement was carried out during the cooling cycle
using the standard cooling rate of 1 K/min. To break frozen PNRs
(where applicable) and maintain the same starting conditions, bulk
ceramics samples were typically annealed up to 500 K during
measurement. Samples with silver paste contacts were annealed at
500°C for 2 hours to eliminate ethanol residues, preventing potential
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interference with electrical characterization. In all studies, a handmade
furnace was utilized for the heating mode (300 — 500 K). The vapor
from liquid nitrogen (which cools to 120 K) and the closed-cycle helium
cryostat (which cools down to 40 K) were employed for cooling below
room temperature. Temperature was measured with different platinum
RTDs and thermocouples, depending on temperature ranges.

3.2.2. High-frequency region

High-frequency dielectric measurements in a range from 1 MHz up
to 1 GHz were performed by a coaxial line spectrometer. Due to cable
inductance, the traditional flat capacitor approach measurements with
LCR meters are unreliable above 1 MHz. This technique uses vector
network analyzers (VNAs) to measure the scattering parameters. The
specimen is positioned at the end of the coaxial transmission line,
between the inner conductor and the short piston, forming a capacitor
[149]. The typical setup for measurements is displayed in figure 3.4.
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l conductor
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l conductor

Figure 3.4. Coaxial measurement line.

The complex reflectivity coefficient was measured with an Agilent
8714 ET (Agilent Technologies, USA) vector network analyzer. It is
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expected that only the primary (TEM) mode can propagate at the
measuring frequencies due to the size of the coaxial lines R; and Ra. A
quasi-static method performs well at low frequencies of this range
(wavelength is A = % >> R,,d and wavelength in the sample A* =
A
Ver
explain the complex impedance and complex reflection coefficient of
the measured capacitor:

> r,d). In this instance, a quasi-static approach can be used to

_Zs =2

R* = ,
Z;i+ Zy

(32)

where Z; and Z,, are measured and the system impedance, respectively,
R+ is the complex reflection coefticient. This condition also implies that
the sample size and coaxial line dimensions should be small enough for
higher frequencies in this range.

For this frequency range, the plane capacitor model is applicable

with Z; = % Following the real and imaginary part of permittivity:

, d —2Rsing (33)
&= SO_S<0)ZO(1 + 2Rcosp + R?) CO)
, d 1—R?
¢ = €S <wZO(1 + 2Rcosp + R2>' (34

where R and ¢ are the modulus and phase of complex reflection
coefficients, which are directly measured.
At high frequencies, related to a sample permittivity, the field in a

sample will become inhomogeneously distributed: E = 4J, %, where

A is a model constant, depending on the geometry of the shape, r is the
distance from the disc-shaped sample center, Jo — is the order Bessel
function, and k is a wavenumber. The field in the sample can be
considered quasihomogeneous when the following conditions are
fulfilled:
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r< (35)

Inhomogeneities in the coaxial line introduce systematic errors,
which increase with increasing frequency. To tackle this issue,
calibration procedures using short, open, and 50-ohm load calibration
procedures were utilized before the measurement of samples [150].

3.2.3. Microwave region

Since the relaxation frequency in many materials with order-disorder
phase transitions only softens in the microwave region, the minimum in
€*(T) is not seen in dielectric data acquired in the frequency range most
examined, below 1 MHz. Because the soft mode is infrared active in
both the paraelectric and ferroelectric phases, this technique is more
suitable than alternative techniques [74].

Based on a limitation that imposes measurement of the dominant
TE10 mode and its cutoff frequency in our measurement, we use three
different waveguides in the X band (8-12.5 GHz), Ka-band (26 — 40
GHz), and Q band (36 — 55 GHz). The material sample, shaped like a
rectangular rod, is positioned in the middle of the rectangular
waveguide (figure 3.5). The sample was glued by silver paste into a
sample holder, a metallic plate with a hole the same size as a waveguide
cross-section. Additionally, two metallic plates, solid and with a hole,
were used to calibrate the measurement facility and reduce systematic
error.

81 |-

-
Figure 3.5. Diagram of a partially filled waveguide with a
rectangular rod positioned in the middle [151].
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Generators (I'KU-60 for X band, P2-65 for Ka-band, and P2-68 for
Q band, USSR) together with a scalar network analyzer (Elmika R2400,
Lithuania) were used to measure frequency-dependent reflection R*
and transmission coefficient T*. If the sample satisfies the conditions
ay = kr « 1, the R* is expressed as follows:

_ 4(e* — 1)J1(Bo)

R* =
7 (36)
na(52) -1
And
t=eh) [P @) +2) GO mk)|

- \/Efo (Bo)H, (ap),

where J,, J; are the Bessel functions, Héz), H, are the Hankel functions,
Lo = ko\er, ais the width of the waveguide wall and A — wavelength
in a vacuum.

When dielectric losses in permittivity are near zero. The frequency

at which it reflects: vy = When the losses increase, the

C
2mrye
measurement method error also increases. For a frequency higher than
Vo, one of the possible solutions is to decrease the radius of the sample
further. The optimal range for determining €* lies in 0.2<R*<0.85.

Then, the Newton method was chosen to calculate dielectric
permittivity. Values were calculated by iteration, and the limits and
initial values of ¢’ and & were selected based on a measurement in

bridge and coaxial systems. Final conditions were
R—fi(e",e")<Sand T — f,(¢', €"), (38)

where 0 is the accuracy of calculations, and it was usually selected at
0.001, which is comparable to the accuracy of the measurement.
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4. RESULTS AND DISCUSSION

4.1. Investigation of dielectric and piezoelectric properties of
PbZro2Tio803 film

Lead Zirconate Titanate (PZT) is one of the most widely used
commercial piezoelectric ceramics, valued for its high piezoelectric
response, thermal stability, and cost-effectiveness. Several deposition
techniques have been developed to meet the diverse requirements of
PZT film fabrication, including chemical and physical vapor-phase
deposition methods (CVD and PVD), Chemical Solution Deposition
(CSD), and the sol-gel method [152].

CVD techniques, such as metal-organic CVD (MOCVD) and atomic
layer deposition (ALD), provide precise film composition, thickness,
and conformality control. CVD allows for the deposition of PZT films
at lower temperatures than PVD, reducing the thermal budget for device
integration. Nonetheless, CVD methods can be complex, requiring
expensive precursors and specialized equipment [153]. Achieving the
precise stoichiometry of the mixed oxide phase presents challenges,
particularly in the quantity of lead. This is due to the high volatility and
diffusivity of both lead precursors and their ions [154].

Chemical Solution Deposition (CSD) is an alternative deposition
technique for PZT films that has gained significant attention due to its
unique advantages. CSD involves the transformation of precursor
solutions into a solid film through controlled chemical reactions. This
method offers several benefits, including low processing temperatures,
compatibility with various substrates, and the capability to fabricate
complex multilayer structures. Despite its advantages, CSD does have
limitations, including the potential for residual impurities and the need
for post-annealing to achieve optimal film properties [155], [156].

Sol-gel deposition offers several advantages, including low-
temperature processing, compatibility with a wide range of substrates,
and achieving dense, crack-free films [157]. Sol-gel methods provide
reasonable control over film composition and thickness and the
potential for multilayer structures. However, sol-gel films may exhibit
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lower piezoelectric coefficients [ 158] and increased porosity than those
deposited using other methods. The requirement for multiple deposition
and annealing steps can also extend the overall fabrication time [159].

PVD techniques, such as sputtering and evaporation, offer excellent
film thickness and composition control. One of them is Pulsed Laser
Deposition. PLD is a highly effective method for PZT film deposition,
providing a high growth rate (>100 nm/h), superior crystalline quality,
and stoichiometric accuracy [91], as well as exceptional surface
morphology, facilitating the fabrication of high-performance test
structures such as plan-parallel capacitors [160].

Pulsed laser deposition was employed to produce epitaxial oxide
heterostructures consisting of Laoe7Sr033Mn0O3; (LSMO) and
PbZro2Tios03 (PZT) on a SrTiOs (STO) single-crystal substrate
oriented along the (100) direction, covering an area of 25 mm?. The
structure of this sample is presented in figure 4.1.

Figure 4.1. Scheme of the structure (not on scale).

Selecting a comparable substrate and buffer layer with minimal
difference in lattice constant is essential for facilitating layer-by-layer
film formation and achieving high-quality epitaxy, as lattice constant
compatibility is vital for epitaxial deposition (figure 2.23). The lattice
constant of our PZT composition at the deposition temperature is 3.953
A [181]. For bottom contact, we chose the lanthanum strontium
manganite (LSMO) with lattice constant a = 3.876 A [182], and for
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substrate, we chose a strontium titanate (STO) substrate with lattice
constant a = 3.905 A [183]. Both these materials have minimal lattice
mismatch with our film and will benefit epitaxial growth and the
excellent quality of the PZT film.

Copper and gold contacts, each with a thickness of 25 nm, were
deposited by sputtering using a TEM support grid with a square pattern.
Copper was directly applied to the PZT layers to enhance the robustness
of the top contact pad during needle connection to the device. To
minimize the effect of defects inside a single device, the mesh of the
TEM grid was chosen to be 300, and the square size of each top contact
was 3346 um?.

SrTiO; (001) substrates with a miscut angle of less than 0.5° were
acquired for this work. For the epitaxial growth of high-quality LSMO
and PZT thin films, SrTiOs (001) substrates with either a TiO2- or SrO-
terminated surface are often required. To achieve this, the STO substrate
underwent ultrasonic cleaning using acetone to remove all oils, greases,
and organic residues that may have accumulated on the substrate during
handling or storage. Then, it was cleaned with isopropanol to remove
any residual organic contaminants and acetone traces, leaving a clean
and residue-free surface. After that, the substrate was chemically etched
using a 10:1 buffered hydrofluoric solution for 20 seconds [161]. A
picture of the untreated surface of the STO substrate by the atomic force
microscope is presented in figure 4.2.

56 nm

-3.6 nm

x Q'Oﬂm

¥:20pm

Figure 4.2. Atomic force microscope image of strontium titanate
substrate before BHF treatment.
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This figure illustrates the surface features of a strontium titanate
(STO) substrate before any treatment. The surface exhibits irregularities
characterized by distinct ridges and valleys. The height variation spans
roughly from -3.6 nm to +5.6 nm across a 4 um? area. The observed
characteristics show a surface exhibiting considerable roughness and
irregularities, which are characteristic of untreated STO substrates.

While chemical etching can help expose crystallographic planes, it
does not provide the same energy-driven atomic reorganization as
annealing. So, the next step was annealing at 1100°C for 2 hours. This
process formed a vicinal surface with atomically flat terraces, as shown
in figure 4.3.

5.7 nm

0.0 nm

x: 4.0 yum

Figure 4.3. Atomic force microscope picture of strontium titanate
sample after etching and annealing.

(oo
.,,G— I One unit cell

Figure 4.4. Schematic representation of a SrTiO3(001) surface with
TiO> terminations only. Sr atoms are represented in green, Ti in blue
and O in red. (adapted from a [161]).
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Figure 4.3 shows an STO substrate's atomic force microscopy
(AFM) scan following BHF treatment and annealing. A schematic
depiction of the resulting surface is provided in figure 4.4. The
treatment has led to a significantly smoother surface, clearly
demonstrated by the uniformity of the features. The distance between
each terrace is around 260 nm. The step height is around 220 pm,
around half of a strontium titanate lattice length (390.5 pm) across a
surface area of 16 pm?, which confirms that we successfully produced
a TiO>-terminated layer. The enhanced surface reflects the effective
preparation of the substrate, increasing its efficiency for future
deposition procedures. The treatment effectively diminishes roughness
and ensures a more consistent termination layer, which is advantageous
for epitaxial growth.

The PZT film was deposited under precise parameters to optimize its
growth and characteristics. Deposition parameters include a substrate
temperature of 555 °C, an ambient pressure of 0.2 mbar, and 10,000
laser pulses. The laser maintained a consistent energy fluence of 1
J/em?. Following the deposition, the samples were subjected to an in-
situ annealing procedure in an environment of O at a pressure of 200
mbar. The annealing process began once the temperature cooled to 250
°C and continued for 30 minutes. Annealing is performed to reduce the
number of oxygen vacancies and minimize film leakage. The cooling
rate of the sample was 20 °C per minute. The film’s thickness was
around 90 nm. The dielectric properties of the film were measured using
an HP4284A LCR meter equipped with a needle probe station. The
measurements were conducted across a frequency range of 20 Hz to 1
MHz, and the temperature range was set between 300 and 500 K.

During the initial stages of growth, the PZT layer progresses by
filling the terraces of the underlying LSMO template layer (which
reflects initial STO substrate characteristics), with a layer-by-layer
growth mode prevailing even for thicker PZT films (t = 90 nm) [159].
Once the layer-by-layer growth regime is established, epitaxial growth
is typically observed, provided the substrate surface. In this regime, the
substrate exerts a significant influence on the morphology of the
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growing film, compelling the film to adopt an epitaxial orientation and
achieve optimal growth [159]. In our study, the quality of the STO
crystals used as substrates has proven to be a critical factor, as shown
in figure 4.5.

wiozh

0.0 nm

Figure 4.5. Atomic force microscope image of PZT film.

A close match of the lattice constant is also required to promote the
growth of ai/a;-domains for the out-of-plane phase polarization. As we
can see from figure 4.6, our sample has a partly relaxed film showing
mixed a/c-domains [162].

' .. W i | I :i :‘ r. i ._.'-.

BRI
Figure 4.6. Characterization of the epitaxial PZT thin films by
Piezoelectric Force Microscopy (PFM). The scan dimensions were 4

pm?,
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During PZT deposition, part of the material is also deposited on the
side of the sample. To contact the bottom contact, our LSMO layer, the
sample angle was crushed to expose it, and painted with silver paste. As
part of a probe station, the needles were attached to a top electrode and
a brass plate with silver paste on top to establish a connection with a
bottom contact. The schematic of this measurement setup is presented
in figure 4.7.

The temperature was recorded using a Keithley Integra 2700
multimeter linked to the probe station. The ferroelectric characteristics
were examined at room temperature using the aixACCT measurement
equipment (Aachen, Germany).

Figure 4.7. Scheme of the measurement setup.

Figure 4.8 displays the standard hysteresis loops for the sample's
polarization and switching current. The polarization loop demonstrates
characteristic ferroelectric behavior, characterized by a clear remnant
polarization and coercive voltage. Moreover, the present loop exhibits
hysteresis, which signifies the existence of ferroelectric characteristics
in the device. The distinct peaks of positive and negative current
measurements in the sample are evidence of a polarization reversal.
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Figure 4.8. The polarization and current hysteresis loops were
measured for a ferroelectric capacitor of LSMO/PZT/Cu/Au layers. The
measurements were achieved by applying a triangle voltage pulse with
a frequency of 1 kHz.

The remanent polarization of our strained tetragonal 20/80 PZT is 93
+ 5 pC/cm?, which is the typical value [128]. The value of the remnant
polarization and the coercive field (E. = 301 £ 10 kV/cm) is almost
identical to that of the a/c-domain samples. The remnant polarization
value is considerably lower than in the c-domain samples because
polydomain samples can be easily polarized. In addition, it is essential
to mention that the polarization value P; achieved through
experimentation exceeds the theoretical value of 70 nC/cm?, which is
commonly estimated for bulk single crystals, as stated in the reference
[163]. This can be explained by residual strain inside the film that
promotes out-of-plane polarization.

The piezoelectric loop exhibits a slight loop displacement towards
the positive side, indicating the presence of a minor internal field (Ein)
oriented towards the top electrode, likely due to the utilization of
distinct electrode types. The internal field is often associated with defect
pairs of negatively charged acceptor ions and positively charged oxygen
vacancies, forming electric dipoles [12]. The IV curve exhibits
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substantial leakage at high fields, restricting the range of applicable
fields.

The dielectric permittivity was estimated from capacitance
measurements (see figure 4.9). The dielectric loss, which usually occurs
due to the relaxation of space charge and domain walls, has been
observed to decrease as the frequency of the external field increases.
Two significant factors can explain the decrease in the imaginary part
of the dielectric permittivity with frequency. The first one is related to
extrinsic sources and can be attributed to the leakage current in
interfaces between an Au/Cu contact and PZT layers. The second cause
is related to the ferromagnetic-metal to paramagnetic-insulator
transition of our LSMO layer.

The high-frequency tail dispersions can be precisely modeled using
classical Cole-Cole functions. Nevertheless, these functions are
deficient in describing the low-frequency plateaus of € and . Instead,
the constant phase-angle (CPA) function offers a more precise
description of the data in the low-frequency section of the graphs. This
phenomenon can be attributed to numerous charge carriers, which alter
the characteristics of the material, transforming it from a dielectric to a
semiconductor [164].
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Figure 4.9. The frequency dependence of the real (a) and imaginary
(b) parts of the permittivity data of the PZT film. The solid lines
accurately correspond to the data points using the Raicu relation.

The fit was calculated using formula (39), which combines Debye-

type and “universal” responses and considers the contribution of
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conduction, which may be observed experimentally at the low-
frequency side, was proposed by Raicu [165].

N €0 — oo
iw [(iw1)® + (iwt)1=FY

c(iw) = e + (39)

This function, initially proposed by Dr. Raicu for biological tissues,
can also be used in nonbiological systems, where the existence of
particles and particle aggregates is a factor that strongly affects the
notion of interparticle interactions. This is probably the case for our film
since, during deposition, particles are produced and can affect the result
of the dielectric measurement.

Figure 4.10 depicts the correlation between the average relaxation
time and the reciprocal value of the temperature. The data points reflect
the mean relaxation times at specific temperatures, and the line is a
result of fitting by the Arrhenius equations (25) [12].
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Figure 4.10. The mean relaxation time in PZT ceramics vs inverse
temperature. The data points are fitted using the Arrhenius equation
(25).

According to this fit, the activation energy is determined to be 436

K (37.6 meV). When applying heat to a ferroelectric sample, a low-

intensity measurement field with a strength of less than 10 V-mm™' is
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used. This phenomenon induces oscillations in domain walls. The
investigated PZT samples exhibit a process with an energy magnitude
of approximately U = 40 meV. This energy represents the early
oscillations of the domain walls within the local potential well [166].

The impedance data, comprising the real component (Z') and the
imaginary part (Z"), can be visualized as a Nyquist plot to illustrate the
impedance spectrum of the system, as depicted in figure 4.11. The
distinct time constants of each RC element result in a clear
differentiation between the semicircles of the PZT film and the LMSO
film within the temperature range. The real part of the characteristic
impedance between the different minima in the imaginary part
represents the macroscopic resistivity of LSMO (the left semicircle) and
PZT (the right semicircle).
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Figure 4.11. The Nyquist plot displays the relationship between Z'
and Z" (including the characteristic resistivity of the high-frequency
region in the inset).
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As the temperature rises, the diameter of the conduction-related arc
in the bulk material decreases, and the center of the semicircular arc
shifts toward the origin of the complex plane plot. The displacement of
the starting point of the semicircular curve towards the center of the
complex plane graph indicates a decrease in the sample's resistive
properties.

This change is linked to the temperature rise and attributed to grain
boundary conduction. As the Nyquist plots indicate, the dielectric
response in the sample studied is primarily intrinsic.

4.1.1. Conclusion

High-quality epitaxial PbZro2TiosO3 (PZT) thin films were
successfully deposited using pulsed laser deposition (PLD),
demonstrating the versatility and precision of this method. The films
showed exceptional ferroelectric characteristics with a remanent
polarization of 93 nC/cm?. This figure is significantly greater than the
70 uC/cm? theoretical value in bulk PZT. This enhancement was
attributed to internal stresses resulting from lattice constant and thermal
expansion coefficient mismatches between the PZT layer and the
underlying Lao7Sro3MnO3; (LSMO) buffer layer. Atomic force
microscopy (AFM) was used to determine the homogeneity of the PZT
films, which came out to be about 2.3 nm. The film's thickness was
estimated at 100 nm.

The frequency-dependent dielectric behavior of the films, modeled
using the Raicu relation, revealed a transition from dielectric-like to
semiconductor-like behavior at lower frequencies. This finding
emphasizes how interface effects and inherent material characteristics
affect the dielectric relaxation processes. Additionally, Nyquist plot
analysis identified two distinct relaxation regions: one linked to the
resistivity of the PZT film itself and the other associated with the LSMO
buffer layer. These observations highlight how important substrate and
film characteristics are in influencing the device's overall performance.

Further stoichiometry and interface engineering advancements may
allow additional ferroelectric and dielectric property improvements.

82



Future work should also focus on the effects of film thickness and
substrate material on polarization and relaxation behavior.

4.2. Optimization of pulsed laser deposition parameters of
0.8(Nao.sBi0.5Ti03)-0.2(BaTiO3) thin films

A Pulsed Laser deposition facility was used to prepare the samples
from a custom-made 0.8(NaosBiosTiO3)-0.2(BaTiO3) target. The
substrates used were silicon with silver deposited via thermal
evaporation and silicon with platinum deposited by sputtering.

The target was tested with an X-ray diffraction (XRD) measurement
to ensure that our film's chemical composition was identical to the target
and could achieve stoichiometric growth.
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Figure 4.12. XRD pattern of 0.8(Nao 5sBio.5T103)-0.2(BaTiO3) target.

As we can see from the X-ray diffraction pattern, plotted in figure
4.12, the signal mostly matches a [96-210-3298] Crystallography Open
Database entry for a sodium bismuth titanate, with some alteration due
to the presence of Barium Titanate (entry [96-901-4274]).
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Phases and Elements (Weight %) calc. by RIR method

Figure 4.13. Reference Intensity Ratio (RIR) method diagram of our
target.

The percentage value of elements, analyzed by the Reference
Intensity Ratio (RIR) method (figure 4.13), shows an almost identical
composition of intended NBT-BT, close to 20% of BT.

X-ray Fluorescence (XRF) also estimated the target's chemical
composition and confirmed this estimation.

Table 2. Comparison of data from the RIR and XRF methods

Method/Element | Bi Ba Ti Na 0]
RIR 41.3 9.6 22.3 4.5 22.3
XRF 46.289 | 16.87 23.71 5.5 5.695

This analysis is only partly correct since organic elements (e.g., H,
C, N, O) do not give a strong signal in XRF analysis. Our sample should
contain around 22.26 weight % of O, which this method incorrectly
detects. Fluorescence photons from these elements are too low in
energy to be transmitted through air and are not efficiently detected
using conventional Si-based detectors.
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Effect of laser fluence (substrate with silver buffer layer)

One of the significant parameters that can be optimized and investigated
is fluence, which is essential for a complex material. We prepared a set of
samples with varying fluence to evaluate its impact on film stoichiometry.
Table 3 contains all the sample deposition parameters that have been used
to investigate the effect of laser fluence on the quality of the film for the
first type of substrate with silver as a buffer layer. The silver layer was
prepared by thermal evaporation and had a thickness of around 250 nm.

Table 3. Pulsed laser deposition (PLD) parameters for all samples
were used to investigate the effect of fluence.

Deposition Sample | Sample | Sample | Sample | Sample
parameter 34 35 36 41 42
Fluence, J/em*> | 0.9 0.6 0.3 1.2 1.5

Common parameters: T: 600 °C, P: 0.3 mbar O, f: 5 Hz, T-S distance:
55 mm, N: 72000

The scanning electron microscope (SEM) images of sample 34 in
figure 4.14 illustrate a surface scan of the sample. Our thin layer is
characterized by a porous, granular structure exhibiting diverse
morphologies at various magnifications. At a magnification of 50,000x
(figure 4.14(a)), the material exhibits interconnecting holes and
irregular crystalline grains, suggesting a rough surface morphology
potentially affected by the quality of the buffer layer. At a lower
magnification of 500x (figure 4.14(b)), with a scale of 200 pm, the
surface has a more uniform appearance with a repetitive texture,
indicating consistent porosity throughout a broader region.

85



(b)

Figure 4.14. Scanning electron microscope images at (a) 50000x
magnification and (b) 500x magnification of sample 34 grown at 0.9
J/em? fluence.

Since the deposition temperature was chosen to be 600 °C, some of
the silver evaporated from the surface of the samples, together with our
film. This is probably due to the thermal evaporation method's poor
adhesion between the silicon substrate and the silver deposited. In this
case, silver is evaporated from the surface of our substrate before
deposition and during heating to the deposition temperature. This idea
is supported and presented further by the fact that on an energy-
dispersive x-ray (EDX) measurement, we see the difference in
composition between the hill area and the pits.

Another option might be that silver deposited this way is inherently
unevenly distributed on the top of our sample. This idea is supported by
the fact that different areas of that sample look similar under
magnification and contain the same patterns of polycrystalline layers.
Also, some residual silver is still included in the pit area. Hence, the
idea is that silver can move under high temperatures and low pressure
and, instead of maintaining a uniform layer, create a porous structure.

An energy-dispersive X-ray analysis was performed to investigate
the element distribution in our film. Figure 4.15 depicts a scanning
electron microscope picture of areas where the spectrum of elements
was measured.
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The SEM-EDX

10pm

Figure 4.15. SEM image of EDX analysis areas for sample 34.

image

shows

a porous morphology with

interconnected channels and moderately defined features. Particles can
be observed on a whole surface, and the shapes of channels can be
attributed to island growth. Table 4 contains data on the energy-

dispersive X-ray of sample 34.

Table 4. EDX analysis of the areas in sample 34.

Area/Element | O Na | Si Ti Ag Ba | Bi
Spectrum 1 58.61 | 1.19 |2.19 |[8.79 |20.17 |2.01 | 7.05
Spectrum 2 35.72 | 0.76 |49.21 | 6.56 | 0.18 | 1.88 |5.69

The EDX data for this sample highlights significant oxygen content
(58.61%) in Spectrum 1, alongside silver (20.17%), titanium (8.79%),
and bismuth (7.05%), indicating a forming film with off-stoichiometric
elemental distribution. In contrast, Spectrum 2 shows higher silicon
content (49.21%) with oxygen (35.72%), suggesting significant silver

removal from this area.
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(b)
Figure 4.16. SEM images at (a) 50000x magnification and (b) 500x
magnification of sample 35 grown at 0.6 J/cm? fluence.

SEM pictures of sample 35 (figure 4.16) deposited with a 0.6 J/cm?
exhibit analogous characteristics, suggesting no significant changes in
the film's morphology. Both high-magnification image sets (50,000x)
exhibit a granular, crystalline structure with interconnecting pores,
indicating a rough surface morphology. Nonetheless, there may be
minor discrepancies in grain size and crystalline density, which show
the effect of fluence. Both samples' low-magnification photos (500x)
show a homogeneous surface texture with recurring patterns,
suggesting consistent porosity or surface morphology across large
areas.
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Figure 4.17. SEM image of EDX analysis areas for sample 35.
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The energy-dispersive X-ray of sample 35 (figure 4.17) reveals a
porous structure like sample 34, characterized by sharper edges and
more distinct voids, presumably resulting from decreased energy
deposition at 0.6 J/cm?.

Table 5. EDX analysis of the areas in sample 35.
Area/Element | O Na Si Ti Ag Ba | Bi
Spectrum 1 57.84 | 0.61 |0.67 |837 |23.29 |2.15 |7.07
Spectrum 2 36.19 1 0.92 |50.02 | 584 |0.41 |1.67 |4.95

EDX examination of spectrum 1 indicates a significant silver content
(23.29%) alongside oxygen (57.84%), titanium (8.37%), and bismuth
(7.07%), demonstrating a clear trend with a slightly elevated silver
concentration compared to sample 34. This might be an effect, and
Spectrum 2 reveals elevated silicon concentration (50.02%) and oxygen
(36.19%), implying regions of diminished material coverage where the
substrate may be more exposed. These characteristics correspond to a
reduced fluence, resulting in a less dense deposition.

(a) (b)
Figure 4.18. SEM images at (a) 50000x magnification and (b) 500x
magnification of sample 36 grown at 0.3 J/cm? fluence.

The SEM images of sample 36 (figure 4.18), grown at the smallest
fluence of 0.3 J/cm?, contrast with samples 34 and 35 on surface shape
and structure. At a magnification of 50,000x, the present sample
exhibits bigger, plate-like patterns mixed with bigger grains, in contrast
to the finer, more uniformly distributed granular structures shown in
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previous photos. At low magnification (500x), both samples display a
consistent, repeated surface texture; nevertheless, the current image
seems somewhat rougher, potentially suggesting an even smaller film
thickness, which is consistent with the effect of reducing fluence for
deposition.

10pm ' Electron Image 1

Figure 4.19. SEM image of EDX analysis areas for sample 36.
Figure 4.19 displays a clear skeletal architecture featuring bigger,
well-defined voids, suggesting limited material deposition resulting

from the lowest fluence of 0.3 J/cm?.

Table 6. EDX analysis of the areas in sample 36.

Area/Elements | O Na Ti Ag Bi
Spectrum 1 24.57 0.32 1.56 72.01 1.55
Spectrum 2 84.67 4.00 5.09 1.79 4.46

The Energy-dispersive X-ray data from spectrum 1 reveals a
predominant silver content of 72.01%, accompanied by somewhat
lower levels of oxygen at 24.57% and titanium at 1.56%, suggesting the
presence of discrete silver-rich areas. Spectrum 2, conversely, exhibits
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a significantly elevated oxygen content (84.67%), accompanied by little
contributions from sodium (4.00%) and titanium (5.09%), presumably
indicative of a predominant concentration of NBT material since
energy-dispersive X-ray didn’t detect any traces of Ba. These
observations indicate a significant decrease in material coverage and a
quality change of deposited film from a higher to lower barium titanate
content in our sodium bismuth titanate—barium titanate composition at
the lowest deposition energy.

As observed, further decreases in deposition fluence negatively
affect the stoichiometry of the film to the point where not all elements
of the material are present or detectable by EDX. We can also see that
the sample's chemical composition deviates from the target, so to fix
that, we must increase the fluence above 1 J/cm?.

(b)
Figure 4.20. SEM images at (a) 100000x magnification and (b)
2500x magnification of sample 41 grown at 1.2 J/cm? fluence.

The scanning electron microscope pictures in figure 4.20 of a sample
grown at 1.2 J/cm? exhibit a compact, crystalline architecture
characterized by distinct, angular grains at high magnification
100,000x, starkly contrasting the more granular and porous
morphologies noted in earlier samples. The prominent, well-defined
grains in the present sample indicate improved crystal formation,
perhaps resulting from increased deposition energy. "At a low
magnification of 2,500x, the sample shows a homogeneous texture
without visible flaws, indicating consistent material coverage and better
surface quality than the coarser, more heterogeneous textures in
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previous images. These observations indicate that the sample is coming
toward optimum fluence to facilitate dense, crystalline growth and
homogeneity.

20um ' Electron Image 1

Figure 4.21. SEM image of EDX analysis areas for sample 41.

Table 7. EDX analysis of the areas in sample 41.
Area/Element | O Na Ti Ag Ba Bi
Spectrum 1 62.39 | 2.71 13.06 [9.20 |331 |9.33
Spectrum 2 70.31 | 2.49 13.85 [0.18 |3.00 |10.17

This energy-dispersive X-ray picture (figure 4.21) depicts a surface
characterized by a generally homogeneous distribution of grains and
dispersed voids. The designated areas, Spectrum 1 and Spectrum 2,
emphasize regions of significance for elemental analysis. The EDX
readings for Spectrum 1 indicate elevated oxygen content (62.39%),
substantial titanium (13.06%), and bismuth (9.33%), suggesting an
approaching balanced elemental ratio. Spectrum 2 exhibits a higher
oxygen concentration (70.31%) alongside comparable titanium levels
(13.85%) and a somewhat increased bismuth content (10.17%). In
comparison, silver is present in minor amounts (0.18%), indicating an
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area with a diminished silver presence and potentially higher film
thickness.

Compared to the prior EDX results, this sample demonstrates a more
uniform and oxygen-enriched composition on the surface, presumably
indicating variations in deposition conditions. This sample has a more
homogeneous distribution of elements than prior samples with
pronounced silver-dominated zones (e.g. Sample 36), particularly with
titanium and bismuth uniformly present in both spectra. The findings
indicate that the existing deposition parameters facilitate a more
uniform film development with less material separation and silver
aggregation.

(b)
Figure 4.22. SEM images at (a) 100000x magnification and (b)
2500x magnification of sample 42 grown at 1.5 J/cm? fluence.

The scanning electron microscope images (figure 4.22) of sample 42
reveal a crystalline structure characterized by distinct, angular grains
and sharp edges at high magnification 100,000x, suggesting regulated
growth conditions and an enhanced degree of faceting relative to earlier
samples with smaller or more porous configurations. The granules are
closely packed and homogeneous, indicating optimum deposition
conditions such as elevated temperature or fluence. At a low
magnification of 2,500x, the surface exhibits a uniform texture with
consistent feature distribution and no discernible defects or significant
voids, indicating enhanced material coverage and deposition
uniformity. These data indicate improved crystal growth and surface
quality relative to previously studied samples.
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Figure 4.23. SEM image of EDX analysis areas for sample 42.
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Table 8. EDX analysis of the areas in sample 42.
Area/Element | O Na Ti Ag Ba Bi
Spectrum 1 62.17 |2.74 | 11.81 |11.57 |3.16 |8.56
Spectrum 2 60.92 |4.46 |18.44 |O0.16 526 |10.76

This scanning electron microscope picture in figure 4.23, depicting
a sample deposited at 1.5 J/cm?, reveals a moderately smooth surface
with dispersed voids and consistent grain distribution. The EDX data
indicates apparent compositional differences between spectrum 1 and
spectrum 2. In Spectrum 1, oxygen (62.17%) predominates,
supplemented by modest titanium (11.81%) and silver (11.57%),
indicating a future increase in our film elemental distribution with well-
integrated silver areas. In Spectrum 2, oxygen levels are elevated
(60.92%), while titanium (18.44%) and bismuth (10.76%) are markedly
enhanced, accompanied by little silver (0.16%), indicating a silver-
deficient area. This sample demonstrates a more uniform elemental
distribution than prior samples, yet the compositional heterogeneity
among spectra reveals localized differences, possibly affected by the
increased fluence of 1.5 J/cm? The increased fluence promotes
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reducing isolated silver-rich areas seen in lower-fluence samples,
leading to a more uniform and well-integrated film.

Data from Spectrum 1 of EDX analysis of all samples (Table 9) were
plotted against a deposition fluence to analyze the fluence's effect on
our film's stoichiometry. We can see a clear trend in the case of each
component that a linear fit can describe. The results of this analysis are

presented in figure 4.24.

Table 9. EDX analysis of all samples to include only elements of our

material composition.

Fluence | Oxygen | Sodium | Titanium | Barium | Bismuth

(J/em?)
0.3 87.78 1.14 5.57 -- 5.54
0.6 76.06 0.8 11 2.83 9.3
0.9 75.49 1.53 11.32 2.59 9.08
1.2 68.71 2.98 14.38 3.65 10.28
1.5 70.3 3.1 13.36 3.57 9.68
Ideal 60 8 20 4 8

As we can see, the increase in fluence allows us to approach
stoichiometric growth and better cover the substrate's surface.
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Figure 4.24. Atomic percentage of the element in a film against
fluence during deposition.
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In figure 4.24, arrows represent an atomic percent in an ideal
0.8(Nag.sBio5Ti03)-0.2(BaTiO3) material (O 60%, Ti 20%, Ba 4%, Bi
and Na 8%)), and solid lines are projections of the fluence's effect on the
film's chemical composition (the red line of Na also represents the
concentration of Bi, the green line). Zooming at a lower atomic percent
is demonstrated in figure 4.25.
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Figure 4.25. The atomic percentage of the element in a film against
fluence during deposition (zoom to a lower atomic percentage of
elements).

Based on these projections, we can assume each element's optimal
fluence for a match with perfect target stoichiometry. In our case, it is 2
J/em? for O, 2.3 J/ecm? for Ti, 0.66 J/cm? for Bi, 3.9 J/cm? for Na, and
1.8 J/ecm? for Ba. Assuming this is a correct estimation and adjusting for
an abundance of the element inside our sample, we can safely say that
the optimal fluence for stochiometric growth will be around 2.1 J/cm?.

This data also tells us that achieving stochiometric growth is hard for
such complex material, and one of the future works might be creating a
new target with element composition adjusted to the deposition rate of
each element.

This might include adding the Na element with a reduction of the Bi
element since both elements require very different fluence for the ideal
composition of the 0.8(Nao.sBi0.5T103)-0.2(BaTiO3) films.
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Effect of substrate temperature (substrate with silver buffer layer)

We also investigated the increase in substrate temperature up to 650
°C and the decrease to 550 °C with scanning electron microscope
images and energy-dispersive X-ray analysis measurements.

Table 10 presents key deposition parameters for all samples used to
investigate the effect of temperature. Sample 34 was chosen as a
reference point since this sample was made before fluence analysis, and
based on the literature review, 0.9 J/cm? was used as an arbitrary
reference fluence.

Table 10. Pulsed laser deposition (PLD) parameters for all samples
were used to investigate the effect of substrate temperature.

Deposition Sample 38 Sample 34 Sample 37
parameters
Temperature 550 °C 600 °C 650 °C

Common parameters: F: 0.9 J/cm?, P: 0.3 mbar Oy, f: 5Hz, T-S
distance: 55 mm, N: 72000

Sample 34 was presented before in a chapter about fluence
optimization, so we shall continue to sample 38, whose SEM images
are in figure 4.26.

(b)

Figure 4.26. Scanning electron microscope images at (a) 99965x
magnification and (b) 2500x magnification of sample 38 grown at 550
°C substrate temperature.
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The scanning electron microscope pictures of a sample grown at
550°C exhibit notable variations when contrasted with the initial
sample grown at 600°C under identical fluence conditions. Under high
magnification, the present sample displays angular, slightly elongated
grains with a densely packed yet less crystalline structure, in contrast to
the initial sample's smaller, more uniform grains and distinct crystalline
characteristics. At low magnification, the latest sample has a consistent
texture with minor changes, akin to the first sample, although devoid of
the pronounced surface definition noted. The reduced deposition
temperature hindered proper distribution, resulting in a smaller, more
porous, and less organized surface than the sample deposited at 600°C.

| 40pm Electron Image 1

Figure 4.27. SEM image of energy-dispersive X-ray analysis areas
for sample 38.

Table 11. EDX analysis of the areas in sample 38.
Area/Elements | O,% | Na, % | Ti,% | Ag, % | Ba, % | Bi, %
Spectrum 1 61.18 |3.12 |11.22 |14.13 |[2.81 |[7.54
Spectrum 2 68.43 |3.56 |13.81 |0.90 3.44 19.87
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The scanning electron microscope picture and energy-dispersive X-
ray data (table 11) for the sample grown at 550°C exhibit a similar
concentration of elements compared to the initial sample grown at
600°C. The porosity changes underscore the impact of reduced
deposition temperature, leading to better coverage of the sample's
surface with angular, slightly elongated grains.

(b)

Figure 4.28. SEM images at (a) 100000x magnification and (b)
2500x magnification of sample 37 grown at 650 °C substrate
temperature.

The scanning electron microscope pictures of the sample grown at
650°C exhibit notable disparities compared to those grown at 550°C
and 600°C. At higher magnification, the 650°C sample displays larger,
well-defined grains with sharp edges, signifying improved crystal
growth and surface energy-induced faceting resulting from the
increased deposition temperature. Conversely, the sample at 550°C has
smaller, less distinct grains with a denser structure, while the 600°C
sample displays moderately sized, homogeneous grains with a more
polished crystalline look. At low magnification, the 650°C sample
exhibits a reasonably uniform surface with enhanced texture
consistency compared to the slightly porous texture noted at 550°C and
the smoother, more continuous look at 600°C. The elevated deposition
temperature of 650°C significantly enhances grain development and
refines crystalline characteristics, indicating a better substrate
temperature for producing well-faceted, high-quality thin films.
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Figure 4.29. SEM image of EDX analysis areas for sample 37.

Table 12. Energy-dispersive X-ray analysis of the areas in sample
37.
Area/Elements | O Na Ti Ag Ba Bi
Spectrum 1 67.45 1296 |14.78 |0.31 |3.85 |[10.65
Spectrum 2 6439 284 |1424 |495 |3.19 |10.39

The SEM picture and EDX data from figure 4.29 and Table 12 for
the sample grown at 650°C exhibit distinct differences from those
developed at 550°C and 600°C. The 650°C sample has a surface with
more pronounced voids and stronger grain boundaries. The energy-
dispersive X-ray examination of Spectrum 1 indicates a high oxygen
content of 67.45% and notable titanium presence at 14.78%, with
negligible silver at 0.31%. In contrast, Spectrum 2 exhibits a marginally
reduced oxygen level of 64.39% and an increased silver content of
4.95%. This data advises us that most of our buffer layer of silver has
already been evaporated from the surface of our substrate at this
temperature. The increased growth temperature of 650°C seems to have
the same chemical composition as samples prepared at other
temperatures.

Table 13 contains all the data needed to estimate the effect of
deposition temperature on the stoichiometry of our films.
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Table 13. Energy-dispersive X-ray analysis of all samples to include
only NBT-BT material elements.

Substrate O Na Ti Ba Bi
temperature

550 71.25 3.63 13.06 3.27 8.78
600 75.49 1.53 11.32 2.59 9.08
650 67.66 2.97 14.83 3.86 10.68

A graphical representation of the data in Table 13 is presented in
figure 4.30.
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Figure 4.30. The atomic percentage of the element in a film against
deposition temperature during deposition.

Changing the deposition temperature shows no traceable changes to
film composition, as shown in figure 4.30. One outstanding feature in
this analysis is that the bismuth content steadily increased with the
substrate temperature. We may assume that higher deposition
temperatures may shift the sodium bismuth titanate and barium titanate
material balance in our composition toward the 1* one.
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In all previous samples, one of the main problems that prevented our
sample from our further dielectric measurement was the fact that a
silver layer that we deposited on top of the silicon substrate had a small
adhesion to our silicon and could easily be removed by annealing,
which unintentionally happens during our deposition at such
temperatures. To combat this issue, other samples with sputtered
platinum layers were used, and the results of this sample work as a base
for future optimization of deposition parameters.

Effect of target to substrate (T1-S) distance (substrate with platinum
buffer layer)

Based on a previous analysis, samples 58, 59, and 60 were made with
the following deposition parameters. 1.5 J/cm? fluence was chosen as a
reference fluence to investigate the effect of variation of other
deposition parameters on the morphology and composition of the
sample.

Table 14. Pulsed laser deposition (PLD) parameters for all samples
were used to investigate the effect of target-to-substrate distance.

Deposition parameter Sample 58 | Sample Sample 60
59

Target to substrate (T-S) | 55 75 95

distance, mm

Common parameters: T: 600 oC, P: 0.3 mbar, F: 1.5 J/cm?, f: 5 Hz,
N: 100000 pulses

Based on previous optimizations of fluence, the best-estimated
fluence value was around 2.1 J/cm?. Unfortunately, due to the limitation
of the facility at the time, the maximum fluence was around 1.5 J/cm?,
which we are used. This is also based on a fluence investigation, so we
would not have any unprecedented effect from elevated fluence. The
slightly elevated number of counts was introduced to make the film
even thicker and ease the dielectric measurements of these samples,
which goes parallel to this research.
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The effect of a target-to-distance ratio was investigated by creating
three samples at various distances: 55 mm, 75 mm, and 95 mm. The
samples were analyzed using SEM and XRD methods.

Sample 58 was deposited at a 55 mm target-to-substrate distance.
The SEM scan of its surface is shown in figure 4.31.

(b)
Figure 4.31. SEM images at (a) 30000x magnification and (b) 700x
magnification of sample 58 grown at a 55 mm target to the substrate
distance.

We can see the effect of a better substrate by the absence of visible
voids on our surface in both higher and lower magnification. The
surface exhibited distinct grains characterized by sharp, cubic forms.
The composition includes clearly defined granular structures, probably
in the form of crystallites. The particles exhibit a relatively uniform size
and shape, characterized by cube-like forms and irregular triangular
configurations. At increased magnification, the particles exhibit sharp
edges, suggesting a high level of crystalline quality. Clustering is
observed in specific areas, likely resulting from aggregation during the
deposition process.

Sample 59 was deposited at a considerable distance of 75 mm. The
scanning electron microscope images of the surface of this sample are
presented in figure 4.32.
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(b)

Figure 4.32. SEM images at (a) 30000x magnification and (b) 700x
magnification of sample 59 grown at a 75 mm target to the substrate
distance.

The grain size was slightly reduced compared to the sample
deposited at 55 mm. The crystallites in this sample exhibit a more
irregular shape than those in Sample 58. Observations suggest an
increased presence of voids or spaces among the crystallites, which
indicates a reduction in coverage density. Observations of larger
particles or agglomerates indicate potential differences in the deposition
rate. Sample 59 exhibits a coarser texture, characterized by more
significant and irregularly shaped particles mixed with smaller ones.

Sample 60 was deposited at the biggest target-to-substrate distance
of 95 mm. Such a significant distance reduces the deposition rate and
creates an uneven surface. If the deposition temperature is not high
enough to promote material exchange between platelets by surface
migration, succeeding layers will form on top of the first islands,
resulting in a discontinuous layer [167]. This elucidates the platelet-like
characteristics of the film presented in figure 4.33.
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(b)
Figure 4.33. Scanning electron microscope images at (a) 30000x
magnification and (b) 700x magnification of sample 60 were deposited
at a 95 mm target to the substrate distance.

The grain structure exhibits irregularity, characterized by smaller
grains in contrast to samples subjected to higher temperatures. The
surface shows a greater variety of irregularly shaped and distributed
crystallites. Certain regions exhibit dark characteristics indicative of
insufficient film coverage or clustering. Crystallites exhibit a flatter
morphology characterized by less defined edges, suggesting possible
variations in their growth dynamics. It exhibits flattened or distorted
crystallites, which may mean reduced mobility during deposition.

This result shows that each of the samples has polycrystal film
features, and the X-ray diffraction method was employed to distinguish
between the quality of this film.
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Figure 4.34. X-ray diffraction spectrum of x-ray intensity vs 20 angle
for sample 58 (55 mm), sample 59 (75 mm), and sample 60 (95 mm).

Since platinum, in (111) crystallographic order, matches our film,
some of the preset peaks on this figure belong to our platinum buffer
layer or our silicon substrate layer, described in figure 4.34. To compare
the quality of the film, we can discuss the peaks around 22.5 ° and
46 ° cannot be attributed to our contact layer or substrate.

Pure NaosBiosTiO3 at room temperature possesses rhombohedral
symmetry, while BaTiOj3 has a tetragonal structure. The rhombohedral
phase of pure NBT at room temperature is characterized by a single (2
0 2) peak. The ceramic has a rhombohedral perovskite structure for all
(1-x)NBT-xBT systems with x < 0.065. As x (i.e.,, the mole
concentration of BT) increases, a tetragonal phase rises continuously.
At x = 0.08, the ceramic becomes a pure tetragonal phase. This is
evident by the splitting of the (2 0 2) diffraction peak to (0 0 2) and (2
0 0) peaks, as observed in the (1-x)BNT-xBT ceramic [168], [169].

From our data, we can assume that our sample deposited at the
lowest distance is an NBT-BT film with a BT concentration of less than
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6.5%. The sample deposited at 75 mm has a splitting of the (202)
diffraction peak figure, so the concentration of BT is more than 6.5%.
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Figure 4.35. Zoom to a region of 46° 20 angle of X-ray diffraction
data graph of the samples deposited at various distances.

Another explanation for this data is that this prominent peak in the
x-ray diffraction measurement of sample 58 indeed belongs to our
composition. Scan peaks in our target x-ray diffraction (figure 4.35) are
slightly offset from the Crystallography Open Database entry. Further
confirmation from a dielectric spectroscopy method is required to
resolve this question, and it is one of this project's future and current
topics.

This effect is also visible from a 22.5 * 20 angle, with the possibility
of distinguishing a very weak tetragonal peak in sample 60.
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Figure 4.36. Zoom to a region of 22.5 20 angle of the X-ray
diffraction data graph.

Based on X-ray diffraction analysis, sample 60 is mostly amorphous,
with possible traces of a distorted tetragonal phase as indicated by the
minor feature at 21.6°. The NBT-BT film here is poorly crystallized.
Sample 59 has 2 tetragonal orientations. The film may also contain
amorphous regions, indicating incomplete crystallization or strain.
Sample 58 has a well-crystallized rhombohedral phase, with sharp
peaks indicating good crystallinity and a well-oriented film. The
absence of a second peak or broadening suggests fewer defects and no
significant amorphous content.

Effect of substrate temperature (substrate with platinum buffer
layer)

Two more samples with 550 and 650 °C deposition temperatures
were made to investigate the effect of deposition temperature on a new
substrate, since the porosity of the films skewed the last one. Table 15
contains all samples that were created to explore this parameter.
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Table 15. Pulsed laser deposition (PLD) parameters for all samples
were used to investigate the effect of substrate temperature.

Deposition parameter | Sample 61 Sample 58 Sample 62
Substrate temperature | 550 °C 600 °C 650 °C
Common parameters: P: 0.3 mbar, F: 1.5 J/em?, f: 5 Hz, N: 100000
pulses, T-S distance: 55 mm.

SEM images of sample 58, deposited at 600 °C, presented earlier,
and SEM images of sample 61, deposited at 550 °C substrate
temperature are shown in figure 4.37.

*

:

SU8230 5.0kV 5.5mm x30.0k SE(U)

(b)
Figure 4.37. SEM images at (a) 30000x magnification and (b) 700x
magnification of sample 61 deposited at a 550 °C substrate temperature.

The SEM images (figure 4.37) of Sample 61 display consistent and
compact thin film characteristics by distinct crystallites, primarily
triangular and irregular in form. The surface exhibits uniform coverage
at low magnification with few defects or voids. The crystallites display
distinct facets and surfaces at elevated magnifications, suggesting
average crystalline quality. The distribution of grain sizes seems
somewhat broader, featuring occasionally larger grains mixed in with
the smaller ones. The film exhibits adequate packing and minimal gaps,
indicating semi-optimized deposition conditions at 550°C. Sample 61
demonstrates good morphology, showcasing only slight surface
imperfections.
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(b)
Figure 4.38. SEM images at (a) 30000x magnification and (b) 700x
magnification of sample 62, deposited at a 650 °C substrate
temperature.

The SEM image analysis of sample 62 reveals a non-uniform surface
with prominent triangular and plate-like crystallites scattered across the
film. These more extensive features are distinct and irregularly
distributed at lower magnifications, suggesting nucleation or growth
dynamics variations. Higher magnification shows a densely packed
matrix of minor, angular crystallites beneath the larger structures,
indicating a multi-scale morphology. The crystallites exhibit sharp
edges and well-defined facets, reflecting good crystalline quality. The
observed structure suggests a deposition process influenced by elevated
substrate temperature (650 °C), leading to anisotropic growth and a
mixed granular and columnar morphology.

XRD analysis of the effect of the substrate temperature is presented
in figure 4.39.
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Figure 4.39. X-ray diffraction spectrum of x-ray intensity vs 20 angle
for samples deposited at various substrate temperatures: sample 61 (550
°C), sample 58 (600 °C), and sample 62 (650 °C).

We can see the changes in the peaks of our film depending on
deposition temperature, similar to the effect of deposition distance.
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Figure 4.40. Zoom to a region of 46° 20 angle of X-ray diffraction
data graph of the samples deposited at various temperatures.
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The XRD patterns for Samples 62, 58, and 61 demonstrate
significant differences affected by deposition temperature. Sample 58,
deposited at 600°C, exhibits a pronounced and sharp peak of about
46.5°, indicative of high crystallinity and a dominant thombohedral
orientation corresponding to the NBT-preferred crystal structure.
Sample 61, deposited at a lower temperature of 550°C, shows a broader
and less intense peak at the same place, combined with higher
background noise, signifying a more amorphous structure or increased
disorder in the film. Sample 62, deposited at the maximum temperature
of 650°C, has two pronounced peaks attributed to a tetragonal structure
of NBT-BT material with a BT concentration of more than 6.5%. These
results indicate that elevated deposition temperatures (as shown in
Sample 62) may change the BT composition inside an NBT-BT film.

Effect of deposition pressure (substrate with platinum buffer layer)

The pressure effect was also investigated with scanning electron
microscopy and the x-ray diffraction method and presented further.

(b)
Figure 4.41. SEM images at (a) 30000x magnification and (b) 700x
magnification of sample 63, deposited at a 0.06 mbar.

The SEM images of NBT-BT deposited at an oxygen pressure of
0.06 mbar display a dense and notably granular morphology. At lower
magnifications, the surface exhibits a consistent layer of small
crystallites interspersed with occasional larger, rounded agglomerates.
At the highest magnifications, the crystallites display distinct edges and
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a stratified structure, suggesting anisotropic growth. The lower oxygen
pressure probably enhanced the mobility of adatoms, leading to the
compact growth seen in the film. Another aspect of low pressure is less
resistance to high-energy particles and ions, which causes prevention
orientation to grow, as shown further on an XRD scan.

Figure 4.41 compares the x-ray diffraction pattern of sample 58,
growing at 0.3 mbar, and sample 63, growing at 0.06 mbar oxygen
pressure during deposition.
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Figure 4.41. XRD data of x-ray intensity vs 26 angle for samples 58
(0.3 mbar) and 63 (0.06 mbar).

X-ray diffraction (XRD) results for samples 63 and 58 are shown in
the image. Both samples appear to have crystalline structures based on
the strong peaks, particularly in the higher 20 range. Sample 63,
prepared at lower oxygen pressure, displays almost no peak at 22.5° and
46.5° 20 angle, indicating disordered growth. XRD data show us that
reducing the oxygen pressure dramatically reduces the oriental growth
of the film. This is visible in a zoom of 46.5 ° 20 angle in figure 4.42.
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Figure 4.42. Zoom to a 46 20 angle of the X-ray diffraction spectrum
of x-ray intensity vs. 20 angle for sample 58 (0.3 mbar), sample 63 (0.06
mbar).

4.2.1. Conclusion and future work

The optimization of deposition parameters for 0.8(Nao.sBiosTiO3)-
0.2(BaTiO3) (NBT-BT) thin films resulted in significant improvements
in crystalline quality and surface morphology.

Films deposited at 600°C showed strong crystallinity with a
dominating rhombohedral phase, with a lattice parameter of 4.04 A,
according to X-ray diffraction (XRD) research. In contrast, higher
deposition temperatures promoted a transition to a tetragonal phase,
which may influence the dielectric and ferroelectric properties. These
results highlight the importance of precisely regulating the deposition
temperature to preserve the intended phase composition.

SEM analysis revealed that lower oxygen pressures during
deposition led to disordered growth and increased surface roughness.
Nevertheless, films with the best stoichiometry and smoothness were
created at an intermediate oxygen pressure of 0.3 mbar, reaching the
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smallest roughness compared to other samples. This intermediate
pressure also helped maintain a uniform distribution of bismuth and
sodium ions, as confirmed by energy-dispersive X-ray spectroscopy
(EDX), ensuring phase stability and improved dielectric performance.

Despite these advances, the study identified areas requiring further
investigation. Future research should concentrate on intermediate
oxygen pressures and substrate material variations to improve film
quality. Incorporating dielectric spectroscopy and detailed phase
transition studies would also provide deeper insights into the impact of
deposition conditions on material properties.

The future direction of the investigation of deposition parameters
might include these changes:

- Temperature: 600°C or marginally elevated (up to 700°C with
careful consideration).

- Pressure: Evaluate intermediate pressures such as 0.15 mbar.

- Distance: A 55-75 mm range appears to be a favorable compromise
for balancing crystallinity and surface quality.

- Fluence: A minor increase (approximately 1.8-2.1 J/cm?) is
recommended to manage the chemical composition.

Evaluating these adjusted conditions and integrating the resulting
XRD, SEM, and electrical measurements will help optimize the process
for optimal dielectric properties.

4.3. Optimization of pulsed laser deposition parameters of ZrSnSe;
thin films

Thin-film fabrication of SnZrSes is crucial for enhancing the
optoelectronic performance of photovoltaic applications. Thin films
provide high absorption efficiency with minimal material usage,
making them ideal for large-scale applications where material cost and
sustainability are key concerns. Additionally, thin films enhance device
performance by enabling precise control over thickness, uniformity, and
interface quality, directly impacting the efficiency and stability of
devices such as solar cells and infrared photodetectors.
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The application of Pulsed Laser Deposition (PLD) for the fabrication
of SnZrSes thin films presents numerous significant benefits. Initially,
PLD demonstrates strong compatibility with intricate materials such as
chalcogenides, as it effectively preserves the stoichiometry of the target
material in the deposited film. This preservation is essential for
maintaining the distinct optoelectronic properties of SnZrSes. PLD
enables meticulous regulation of film thickness at the nanometer level,
a critical factor for adjusting the optical and electrical properties
required for peak device performance. Furthermore, PLD functions
within a regulated setting (typically a vacuum or a designated gas
atmosphere), minimizing contamination risks and improving the film's
purity and quality.

Moreover, PLD's adaptability to modifying deposition parameters
(including fluency, frequency, and substrate temperature) enables the
customization of the film’s properties to satisfy application
requirements, such as attaining the optimal bandgap alignment in multi-
junction solar cells. The fabrication of high-quality, uniform, and
stoichiometrically accurate thin films through PLD significantly
improves the efficiency, stability, and scalability of SnZrSes-based
devices, positioning it as a highly beneficial technique for advancing
sustainable photovoltaic technology.

Initial condition

Initially, four targets of ZrSe», SnSe, SnZrSes (and later, this target
was modified with the addition of 40% ZrSe>, so the overall
composition was 40% ZrSe2 + 60% SnZrSes3) were used for deposition.
ZrSe; and SnSe were purchased from Testbourne Ltd., and SnZrSe; was
made using a solid-state reaction (starting elements Sn, Zr, Se) mixed
in the ampoule and annealed at 700 °C for 48h. Then, crystals were
ground into powder and cold-pressed under 100 MPa pressure into a
pellet.

We used two approaches to create desired thin films:
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1. Optimize deposition parameters of ZrSe; and SnSe targets to
create a multilayer of these materials and anneal them into a single thin
film.

2. Use a custom-made SnZrSes target to create a thin film of such
material in a single deposition.

The criteria for a good film would be:

1. Clean surface morphology without any droplets or structures.

2. Accurate Sn/Zr/Se ratio (Se concentration could be adjusted later
by annealing in a Se-rich atmosphere)

3. Absent or minimal traces of oxygen and any other contamination.
Contamination of oxygen is critical to any Ti, Zr-containing
compounds. Since our target is not a single material, oxygen may be
bound to Ti or Zr elements, and preventing oxide creation is critical.
Selenides are not exactly very stable, so breaking them and forming Zr-
oxides in the presence of oxygen is much easier.

Both approaches have pros and cons, so let's discuss them.
Optimization of ZrSe: deposition
Laser fluence

Since this material had never been made before by a Pulsed Laser
Deposition system, we had to optimize the deposition parameters,
including substrate temperature, ambient pressure, laser fluence, target-
to-substrate distance, laser repetition rate, and spot size.

One of the first tests was made to find optimal fluence, a critical
parameter in this system, due to the requirement for a precise ZrSn ratio.
Another aspect is oxygen contamination. The SnZr(Se, O); alloy forms
if oxygen is added to the lattice. Oxygen can’t be easily removed
afterward, and the bandgap would be greater than anticipated and
required for further purposes. An argon atmosphere with ambient
pressure was chosen for deposition to combat this issue.

Initial deposition parameters were chosen arbitrarily based on Dr.
Rokas Kondratas' previous experience with the material.
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Table 16. Deposition parameters for investigation of the effect of
laser fluence for ZrSe:.
Parameters/Samples | ZRO1 ZR02 ZRO03
Fluence, J/cm? 1 0.63 0.3
Common parameters: T: = 23 °C (here and further room temperature
(RT), P: 0.01 mbar Ar, T-S distance: 55 mm, f: 5 Hz

Scanning electron microscopy images of these samples are presented
in figure 4.43.

Figure 4.43. SEM images of ZrSe> samples that were made using
different fluences.

One of the main problems — “boulders” — affects these films and
prevents the growth of a uniform films. This is caused by high energy
and prolonged beam interaction with the material, which produces
shockwaves and creates particles simultaneously with our plasma
(figure 2.29). We can also see that the number of particles on the surface
is reduced together with the reduction of the fluence, so later, the
fluence for the sample was chosen between 0.3 and 0.6 J/cm?.

The Se/Zr ratio was not optimal (according to the chemical formula,
the ideal ratio would be 2:1). Oxygen concentration was estimated
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based on energy-dispersive X-ray analysis. It showed no traces of it,
which is required for good film quality (table 17).

Table 17. Se/Zr ratio and oxygen percentage dependence on fluence.

Sample Se/Zr ratio Oxygen

ZRO1, F: 1 J/cm2 3.6 If present, minimal

ZR02, F: 0.63 J/cm? | 4.0 If present, minimal

ZR03,E: 0.3 J/cm? | 4.1 If present, minimal
Ambient pressure

To investigate the effect of the pressure on surface morphology, three
samples were prepared at 0.3 J/cm? fluence with the following pressure:
vacuum, 0.01 mbar, and 0.1 mbar, and presented in figure 4.44.

Ao o o § o

Figure 4.44. SEM images of the ZrSe> sample that were deposited
under various pressures.

As we can see, in a vacuum, the film looks smooth, but a large
abundance of small particles (~50 nm in diameter) appeared in the film.
The film deposited at 0.1 mbar of argon pressure shows some big
particles and increased porosity of the film, which is also an undesirable
feature for our samples. The most optimal deposition pressure is around
0.01 mbar, with fewer small particles and almost no big particles. Also,
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some particles have irregular, nonspherical shapes, which could
indicate the Stranski—Krastanov (SK) film growth mode.

Substrate temperature

Figure 4.45 presents the effect of temperature on the morphology of
the ZrSe» film. As we can see, increasing temperature helps to reduce
the number of irregular particles, suppressing SK film growth mode by
increasing surface energy (28). Also, further increasing the substrate
temperature to 250 °C helps reduce the number and size of the particles.

Figure 4.45. SEM images of the ZrSe> sample that were deposited
under various substrate temperatures.
The temperature increase also positively affects the amount of

oxygen contamination while driving the Se/Zr ratio off from its ideal
point of 2.0.

Table 18. Se/Zr ratio and oxygen percentage dependence on

temperature.
Sample Se/Zr ratio Oxygen
ZR06, Tsup = RT 2.0 ~ 6%
ZRO08, Tsup = 150 °C 1.8 ~1%/0.7%
ZRO7, Tsup = 250 °C 0.9 If present, minimal
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Based on this analysis, we assume that a temperature of 150°C helps
suppress particle issues without significantly affecting our Se/Zr ratio.
Also, as we should have mentioned, the composition of the droplets
deviates from a film composition, and these droplets are Zr-rich with an
increased amount of oxygen. So, reducing the number of droplets would
benefit both directions, reducing the amount of oxygen and bringing the
Se/Zr ratio to optimal.

Target to substrate distance

To explore this deposition parameter, three samples were made from
55 mm (a default T-S distance) to 115 mm, which is near the maximum
of our facility. The SEM images of the analysis of the morphology of
these samples are presented in Figure 4.46.

Figure 4.46. SEM images of ZrSe; samples that were deposited at
various T-S distances.

As we can see from the figure, closer distances have the most
significant number of particles and the largest particles from all the
samples, which is logical since our nanosecond impulse laser may
create many particles during the target's ablation. Distance 95 mm
shows better performance with fewer particles. Still, surface roughness
starts to increase, probably due to the lower energy of the incoming
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material and less mobility of adatoms on top of the substrate. Distance
115 mm shows more unclear particles and increased roughness, as
expected. Another aspect of particles is that they gather more oxygen
than our film, so removing them would benefit the surface roughness
and decrease oxygen contamination.

Table 19. Se/Zr ratio and oxygen percentage dependence on the
target-to-substrate distance.

Sample Se/Zr ratio | Oxygen

ZR08, d=55 | 1.8/2.2/0.72 | ~1% / 0.7% [without droplets from the
mm selected area] / 5% [on the droplet]
ZR09, d=95 | 1.55/1.8 ~0.65 / 0.56 [without droplets]

mm

ZR10, 1.8/2.0 ~1.1/0.9 [without droplets]

d=115 mm

Sr/Zr ratio remains stable, and oxygen contamination was kept at a
low level.

The thickness of the film was estimated based on a cross-section
measurement of sample ZR10 and was around 65 nm, as shown in
figure 4.47. The average deposition speed per pulse was estimated to be
around 2.7 pm per pulse (24000 pulses and 65 nm thickness), so each
pulse made less than a layer of material. Of course, all the parameters
above significantly affect the deposition speed so that each sample
would have a slightly different thickness based on a change in
deposition parameters.

65 nm 65 nm

671.8 nm

Figure 4.47. SEM image of the thickness measurement of ZrSe; film.
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Pulse frequency

One possible parameter that could affect the deposition of the
materials is the laser's repetition rate, which could be changed between
1 and 20 Hz (in our facility).

Two samples at 5 and 2 Hz were prepared and analyzed.

In short, no apparent effect of reducing the repetition rate was
observed, except for slightly reducing the number of particles on the
sample's surface (figure 4.48). This could be because laser interaction
creates a shockwave that dissipates inside a target, so the next
shockwave created by the beam could interact with the echoes of the
previous one and make more particles.

Figure 4.48. SEM images of ZrSe; samples that were deposited at
various repetition rates.

Spot size

One of the important and rarely observed effects of the pulsed laser
deposition is the spot size of the laser since the laser energy is usually
described in the form of laser energy reading from the internal laser
(which gives us no information about actual laser energy after all-
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optical system and laser mask), laser energy measured before laser
window or after a target (which is close to an exact value) or as a laser
fluence, which is a correct way, but from this value it's hard to estimate
a spot size without information about an energy that is delivered to the
target.

SEM image of 2 samples, prepared at different spot sizes while
maintaining the same fluence, is presented in figure 4.49.

Figure 4.49. SEM images of ZrSe; samples that were deposited at
various beam spot sizes.

As we can see, smaller spot sizes, while maintaining the same
fluence, may promote a cleaner surface with fewer particles. This is
probably connected to the size of the shockwave produced and the
thickness of the film (which is smaller because smaller spot sizes
generally produce less deposition material per pulse).
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Table 20. Se/Zr ratio and oxygen percentage dependence on the spot
size.

Sample Se/Zr ratio Oxygen
ZR12, SS=0.344 1.3/1.5 0.75/0.82 [without droplets]
ZR13, SS=2.82 1.75 ~1.1

Optimization of deposition parameters of SnSe material
Laser fluence

Unlike a ZrSe; material, SnSe can be quickly produced without
changing any parameters from a ZrSe deposition and shows an
excellent morphology without particles. SEM images of the SnSe
sample are shown in figure 4.50.

Figure 4.50. SEM images of SnSe samples deposited at various
fluences.

Increase of fluence of the laser producing a more compact surface
with fewer visible grains.

Optimization of deposition parameters for ZrSnSes single target
In creating a ZrSnSe; film from ZrSe» and SnSe targets, we

encountered a problem with a ZrSe; target. We cannot have a clear
surface and correct stoichiometry simultaneously. To tackle this issue,

125



we tried using a single target of ZrSnSe; material made by a solid-state
method. The result of parameter optimization is presented next.

Deposition pressure

Figure 4.51. SEM images of ZrSnSe; thin film deposition from a
single target.

As pressure has decreased from 0.06 mbar to 0.01 mbar, the surface
roughness has reduced, as seen in figure 4.51. However, the overall
number of particles has increased, so there is a tradeoff in decreasing
pressure even in such a small range of values.

Table 21. Se/Zr ratio and oxygen percentage dependence on the
argon pressure

Sample Sn/Zr ratio Oxygen, at%
TZS03, 1x10-2 mbar | 2.5/1.5 If present, minimal
TZS01, 3x10-2 mbar | 1.0 ~14%

TZS02, 6x10-2 mbar | 1.61 ~36-48%

However, we chose to continue with the least pressure since
increasing the argon pressure during deposition significantly increases
the oxygen concentration in a film, which is a critical parameter for the
film.

126



Laser fluence

During the optimization process of ZrSe>, we determined that the
fluence should be in the range of 0.3 — 0.6 J/cm? since increasing to a
higher value leads to even more significant amounts of particles and
oxygen contamination.

Another path to investigate was to reduce further the laser fluence,
which wasn’t available during the previous deposition due to a facility
limitation.

Figure 4.52 shows the effect of reducing fluence from 0.3 J/cm? to
0.1 J/em?.

Figure 4.52. SEM images of ZrSnSe; samples deposited with a 0.1
J/em? and 0.3 J/cm? fluence.

As we can see from the figure, no visible changes are observed; the
surface roughness and number of particles are the same. But another
problem is that such low fluence produces almost no plasma, and this
film is extremely thin. So, no benefits of using even lower fluence were
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observed, and our range of chosen fluence was confirmed from both
sides.

Table 22. Se/Zr ratio and oxygen percentage dependence on the
fluence.

Sample Sn, at% | Zr, at% | Se, at% | Sn/Zr Oxygen, at%
ratio

TZS03, 85/1.7 |34/ 15.5/ 25/1.5 If present,

E=0.3 J/cm? 1.1 3.34 minimal

TZS04, 1.7 0.6 2.6 2.8 If present,

E=0.1 J/cm? minimal

This was also confirmed by EDX measurement. All element
concentrations are deficient compared to a signal from a Si substrate.
This issue also affects the precision of confirmation of the Sn/Zr ratio,
so there are no benefits in any direction.

Target to substrate distance

Figure 4.53. SEM image of ZrSnSe; films with different T-S
distances.

As in the case of ZrSe», for ZrSnSes, we also see a beneficial effect
of increasing the target-to-substrate distance with an observable
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reduction of particles. The Sn/Zr ratio is the same, and oxygen
contamination is minimal in both cases.

Substrate temperature

Figure 4.54 shows the SEM images of ZrSnSe; films deposited at
different substrate temperatures. At 200 °C, surface roughness has increased,
and SnSe composition starts to form, which is undesirable for our film. This
is also confirmed at 300 °C, where we can see Zr-rich droplets and
needle/pallet shapes on the surface, which is how a SnSe looks.

Figure 4.54. SEM images of ZrSnSes deposited at various substrate
temperatures.

Table 23. Se/Zr ratio and oxygen percentage dependence on the

temperature.

Sample Sn, at% | Zr,at% | Se, at% Sn/Zr Oxygen, at%
ratio

TZS03,T= [ 85/1.7 [34/1.1 | 155/ 2.5/1.5 | If present,
RT 3.34 minimal
TZS06, 83/1.6 |27/1.1 |153/3.4 |3.0/1.5 | If present,
T=200 °C minimal
TZS07, 1.3/03 [08/03 |1.7/04 1.6/1.0 | ~1%
T=300 °C
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Also, at such high temperatures as 300 °C, we see a significant
reduction in thickness, which is observable by reduced atomic
percentage in EDX measurements.

Figure 4.55. SEM images of ZrSnSes deposited at various substrate
temperatures.

Further temperature increases significantly reduce the thickness of
the film as the surface's energy becomes so great that material coming
to the surface is easily thermally removed from it.

Table 24. Se/Zr ratio and oxygen percentage dependence on the

higher temperature.
Sample Sn, at% | Zr, at% | Se, at% | Sn/Zr Oxygen,
ratio at%
TZS09, 1.10 0 1.16 N/A If present,
T=320°C minimal
TZSO08, 0 0.26 0.16 N/A If present,
T=350°C minimal
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This is also confirmed by EDX measurement, where film at 320 °C
is extremely thin and looks like a SnSe (needle/plate shapes), while film
at 350 °C loses all tin element and is probably just a ZrSe».

Based on this measurement, we can draw a projection showing how
deposition parameters change our film and in which direction we should

proceed.
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Figure 4.56. Dependence of atomic ration in ZrSnSes; samples from
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From this projection, we can see that the ideal ratio between Zr and
Sn is unreachable for the current target, so another target with an
additional excess of Zr must be prepared and used to achieve the ideal
Zr/Sn ratio. This has also been done but hasn’t brought any
improvement.

Optimization of new ZrSnSes target

To tackle the issue of nonstoichiometric growth from a single
ZrSnSe; target, it was modified with the addition of 40% of ZrSez, so
the overall composition was 40% ZrSe2 + 60% SnZrSes. The deposition
results from this target with the following deposition parameters are
presented in Table 25.

Table 25. Se/Zr ratio and oxygen percentage dependency on
temperature and fluence for new SnZrSe; target.

Sample composition 0, at % Sn/Zr | Se/(Sn+Zr) | Si,
at.%

TZS11, F=0.3 J/cm? none 7.5 1.20 94
Tsup=200°C

TZS12, F=0.3 J/cm? none 6.5 1.07 94
Tsup=250°C

TZS13,F=0.3 J/cm*> | ~1.0 4.1 |07 97
Tsub=300°C

TZS14, F=0.5 J/cm? not clear, 2.7 1.60 30
Tsup=200°C but some

As we can see, increasing the Zr content in a target still does not
bring us to the desired element ratio, so this approach isn’t beneficial.

4.3.1. Conclusion and future work.

ZrSnSes thin films were successfully fabricated using pulsed laser
deposition (PLD) with a custom-made solid-state target. Optimization
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of the deposition parameters revealed several critical findings. The
approach to making this film from a single target was unsuccessful. Zr
and Sn components have different ionization values and can be
deposited simultaneously with the proper stoichiometry (unless a
tailored target is created). With particle sizes ranging from 50 to 100
nm, films produced at lower pressures showed higher particle density
but decreased surface roughness. Higher substrate temperatures (above
300 °C) caused significant material loss and the formation of
undesirable SnSe phases, as observed in SEM analysis. These findings
demonstrate how carefully the deposition pressure and substrate
temperature must be balanced to maintain the films' stoichiometry and
structural integrity.

Future studies should focus on minimizing oxygen contamination
and optimizing the Sn/Zr ratio to enhance film quality and performance
for a future device. Investigating a stacked layer of ZrSe, and SnSe
films and annealing it in an argon atmosphere to create a single ZrSnSes
film with the desired surface quality and stoichiometry may be a viable
option for future research on the stoichiometry and homogeneity of the
film.

4.4. Dielectric investigation of Nb-doped and pure 0.7(BiFeO3)—
0.3(BaTiO3) ceramics.

The pure (0.7BiFe03-0.3BaTi03) and Nb-doped
(0.7BiFe0.995Nbo.00s03—0.3BaTiO3) ceramics were created using the
solid-state reaction method. This method is the earliest, most
straightforward, and still predominant process for producing inorganic
solids. It involves combining powdered reactants, potentially shaping
them into pellets or other forms, and heating them in a furnace for
extended durations. Solid-state reactions are inherently slow because
they exhibit significant atomic inhomogeneity despite the reactants
being thoroughly mixed at the particle level (e.g., on a size of 1 um). To
attain atomic-level mixing of reactants, it is essential to facilitate solid-
state counter diffusion of ions among distinct particles to combine
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atoms of various elements in the appropriate ratio to synthesize the
desired product [170].

The powders used in the synthesis were Bi2O3 (99%), Fe203 (99%),
BaCOs3 (99%), TiO2 (99%), and Nb20s (99.99%) obtained from Sigma-
Aldrich in Gillingham, UK. The powders were subjected to calcination
at 800 °C for 4 hours. The choice of calcination temperature is essential,
as changes in this temperature may alter the dielectric properties of the
material. T. Zheng et al., in their work, show that a calcination
temperature of 800 °C helps to reduce dielectric losses by 2 times [171].

Subsequently, the samples were sintered at 1010 °C for 3 hours. This
process produced ceramic samples with a relative density of 95% [172].
Sintering temperature also similarly reduces dielectric losses, as a
temperature higher than 950 °C helps to increase grain size [171].

The X-ray diffraction measurements revealed that these samples
possess a perovskite structure with a single phase and rhombohedral
R3c crystal symmetry [172]. Planar capacitor structures were created
by applying silver contacts on both sides of the disk-shaped sample.

The dielectric spectra of the BF-BT ceramics were studied across a
wide frequency range spanning from 20 Hz to 30 GHz, at temperatures
ranging from 200 to 500 K. Three distinct dielectric measurement
equipment were utilized to cover a broad spectrum of frequencies, and
they are described in a previous section of this work (3. Measurement
techniques).

Figure 4.58 displays the temperature variations of the complex
dielectric permittivity's real and imaginary components for pure
(undoped BF-BT) and Nb-doped (0.5Nb-BF-BT) BF-BT ceramics.
Both cases show that the actual component of the material's properties
changes with frequency and increases dramatically when heated from
200 K. There is a noticeable increase at 350 K, followed by a more
steady rise before reaching the maximum dielectric value at the Curie
point of 740 K [172]. This is also consistent with Curie temperature,
which was measured in another sample with the same calcination
temperature. A calcination temperature of 800 °C allowed us to reach
the maximum Curie temperature compared to other possible calcination
temperatures. The increase of the Tc may be associated with

134



compositional variations during calcination, particularly for the loss of
Bi[171].

The imaginary part of permittivity for the Nb-doped ceramic exhibits
a frequency-dependent maximum between 270 and 400 K. This
maximum shifts towards higher temperatures as the frequency
increases. It also correlates with the abnormal rise in rhombohedral
distortion within this temperature range, as reported in the reference
[172]. The undoped BF-BT also exhibited relaxing effects but to a lesser
extent.
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Figure 4.58. The temperature dependence of the real (&') and
imaginary (&'') components of the complex dielectric permittivity of
undoped (a)-(b) and 0.5Nb-doped BiFeOs-BaTiO; (BF-BT) ceramics
(c)-(d) was measured across a wide range of frequencies [75].
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Thermally activated dielectric behavior is typically associated with
disordered solids such as dipolar glasses or relaxor ferroelectric
materials. These materials exhibit a wide range of relaxation periods
due to polar nano regions (PNRs) or frustrated dipoles. The rapid
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increase in the imaginary part of the dielectric constant (&;"") when the
temperature is above 400 K, as illustrated in figures 4.58 (b) and (d), is
caused by the growing conductivity (o) due to the clear inverse
relationship with frequency in this temperature range [173].

Unlike most relaxor ferroelectrics (RF), where the relaxor-type
dielectric dispersion happens at greater temperatures compared to the
phase transition to the ferroelectric state (if it happens), in this case, the
ferroelectric phase occurs at a higher temperature than the RF state. As
previously mentioned, the above sequence of transitions is typical of
reentrant phenomena. It typically involves disrupting an organized
state, resulting in a disorganized state, or the simultaneous presence of
organized and disorganized states at varying scales [174]-[176].
Interpreting such behavior can be tricky since comparable types of
dielectric dispersion may arise from several mechanisms, such as
domain wall relaxation or charge accumulation at grain interfaces.
However, the previous findings indicate that these impacts are linked to
the disturbance of ferroelectric arrangement at lower temperatures,
potentially caused by the migration of Bi*" ions away from the polar
axis [172], [177]-[179]. This investigation explicitly examines the
dielectric relaxation in Nb-doped BF-BT ceramics, with a particularly
noticeable relaxation intensity.
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Figure 4.59. The impedance spectroscopy data for Nb-doped BF-BT
ceramics is displayed in various forms to demonstrate the shift from a
primarily capacitive (f<—45°) to resistive (f>—45°) electrical response
at lower frequencies and elevated temperatures. The requested charts
include (a) impedance magnitude and (b) phase angle bode plots, (c)
complex impedance plots, and (d) bode plots for the imaginary parts of
complex modulus and impedance [75].

When the temperature is high enough, and the frequency is low, the
resistive component of the complex impedance, Z', becomes more
significant than the capacitive component, Z", and the phase angle, f,
changes from -90° to closer to zero. These changes can be seen in
figures 4.59 (a) and (b) of the Bode plots. The extrapolated interception
of the semi-circular arc in figure 4.59 (c) corresponds to the resistance
of the analogous circuit, represented by a parallel C-R network when it
intersects with the real Z' axis. This resistance is inversely proportional
to conductivity and dielectric loss. The relationship between
temperature and electrical properties is clear: as temperature rises,
resistance falls while conductivity and dielectric loss increase. The
analogous circuit also includes bulk permittivity and conductivity,
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which contribute to reduced resistance at higher temperatures due to the
thermal activation of charge carriers [180]. The Bode plots for the
imaginary parts of complex impedance and modulus, Z"” and M"
correspondingly (figure 4.59(d)), show peaks that align closely at the
peak frequency, suggesting a high level of electrical uniformity [181].

Figure 4.60 displays the frequency-dependent complex permittivity
data acquired at different temperatures, providing further insights into
the dielectric relaxation characteristics. To analyze the dielectric
spectra, we utilized an empirical Cole-Cole equation (24) [64] that was
modified to incorporate the conduction contribution to losses at low
frequencies/high temperatures [182]. This equation was used to model
experimental complicated permittivity data and provide estimates of the
dielectric parameter values. The fitting approach utilized the
Levenberg—Marquardt algorithm, a nonlinear least square method. The
OriginLab software was utilized to create these algorithms to fit the
experimental data using the formula (24).
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Figure 4.60. The frequency dependence of the real and imaginary
components of the dielectric permittivity of 0.5Nb-BiFeO3;—BaTiO3
ceramics at various temperatures are shown. The lines represent the
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optimal matches of the experimental data points based on equation (24).
The complex permittivity (Cole-Cole) graphs depict the thermally-
activated conduction losses at both low (c) and high (d) temperature
ranges [75].

The dielectric measurements measured between 300 and 350 K
exhibit a single dispersion across the tested frequency range, as depicted
in figures 4.60 (a) and (b). The dispersion becomes more pronounced at
lower frequencies as the temperature decreases. However, it remains
symmetrical and was modeled using equation (24) with a single
relaxation process (n = 1). A single dielectric relaxation mechanism is
also evident from the semi-circular shape observed in the Cole-Cole
plot for the complicated permittivity, as depicted in figure 4.60(c).
Between 350 K and 400 K, the dielectric dispersion curves show the
emergence of an extra low-frequency lossy process, as depicted in
figures 4.60 (b) and (d). This phenomenon is attributable to rising
electrical conductivity, as mentioned before. At temperatures beyond
450 K, there is a slight rise in the fundamental part of the dielectric
permittivity that occurs alongside the increasing dielectric losses. The
observed phenomenon can be explained by the accumulation of
localized electrical charges at the interfaces between grains and their
movement at high temperatures, commonly referred to as Maxwell-
Wagner relaxation [183].

At temperatures above 400 K, low and high-frequency dispersions
remain present. The way they change with temperature follows a
consistent pattern, and the same method may be used to analyze their
frequency variations. However, a more meticulous examination
revealed slight flaws in the alignment at the frequency range of 10*-10°
Hz (around the point of minimal dielectric losses). The most accurate
alignments were achieved by incorporating a secondary Cole-Cole
method. Due to the mild nature of this relaxation and its significant
overlap with the high-frequency relaxation, it is not feasible to conduct
a detailed analysis of the process. The calculated k values (1.001 at 500
K, 1.006 at 475 K, 1.012 at 450 K, and 1.069 at 425 K) were
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consistently near 1, indicating that the conduction contribution to & is
the main factor at higher temperatures.

As previously mentioned, the high-frequency dispersion exhibits
significant changes due to temperature, and we successfully determined
the temperature dependence of the parameters associated with the Cole-
Cole process (figure 4.61). The parameter o, which denotes the extent
of the dielectric dispersion, exhibits a linear increase from around 0.68
at 500 K to 0.85 at ambient temperature. This indicates that the system
shows a wide range of polar entities with varying relaxation durations,
even at the highest temperature of 500 K. This figure exhibits a distinct
deviation from Debye-type dispersion (¢=0), which is characterized by
the presence of only one type of dipole and one relaxation time. Another
parameter, Ag, exhibits an inverse relationship with temperature, in
contrast to the parameter a. This indicates that the relaxation process
diminishes overall dielectric permittivity as the temperature decreases.
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Figure 4.61. The temperature dependence of the dielectric dispersion
parameter, o, and the strength of the relaxation, Ag, in 0.5Nb-BiFeOs—
BaTiO3 ceramics.

The relationship between the mean relaxation time and the inverse
temperature is demonstrated in figure 4.62. The presented data
corresponds to fitting results obtained by approximating the frequency
dependencies of the dielectric permittivity using the Cole-Cole formula,
along with the Vogel-Fulcher-Tamman law (26). These laws are
commonly used to describe the relaxation dynamics in inhomogeneous
systems, such as relaxor ferroelectrics [184]. The Vogel-Fulcher-
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Tamman relationship can be understood as a standard Debye relaxation
characterized by a temperature-dependent activation energy. The
activation energy grows as the temperature diminishes, reaching
indeterminate near freezing. In the context of relaxors, a more practical
interpretation of this relationship is that E, stands for the activation
energy for polarization fluctuations of an isolated cluster, with Tt
serving as a measure of the interaction energy and the temperature
dependence resulting from the formation of short-range order between
nearby clusters. It is possible that dipole and dipole-induced dipole
exchanges could be used to interact between the ferroelectric clusters.
Additionally, the clusters might interact elastically through local
rhombohedral distortions, which would suggest that they are
superparaelastic above the freezing temperature and may freeze into an
orientational glassy form [185].
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Figure 4.62. The mean relaxation time in 0.5Nb-BiFeO3—BaTiOs;
ceramics exhibits an inverse relationship with temperature.

The curve fitted to the experimental data strongly correlates with the
following parameters: To=1.73x10"'2 s, T=158+16K, and E,=0.194 eV.
Based on the acquired data, it is apparent that the average relaxation
time grows as the temperature decreases and significantly diverges from

the Arrhenius rule at a temperature of zero (Tt=0). Therefore, this
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relaxation process has similarities to the relaxation processes observed
in dipolar glasses or relaxor ferroelectrics, which are characterized by a
wide range of relaxation periods [186]-[188]. The activation energy is
within the normal range observed for these systems [187]. Compared to
a pure BF-BT composition, Nb doping of BF-BT material greatly
increases the activation energy of the material, showing that the long-
range ordered dipole configuration is complex to develop under an
electric field because of the weak contact between PNRs [189], [190].

4.4.1. Conclusion

The dielectric and ferroelectric properties of Nb-doped 0.7(BiFeO3)-
0.3(BaTiO3) (BF-BT) ceramics were comprehensively analyzed,
indicating the presence of a relaxation mechanism at low temperatures.
A wide distribution of relaxation times was found using broadband
dielectric spectroscopy, characterized by a noticeable deviation in the
average relaxation time. The utilization of the empirical Cole-Cole
relaxation model demonstrates a wide range of relaxation times,
characterized by a noticeable deviation in the average relaxation time.

This mechanism is like the relaxor ferroelectric or dipolar glass
relaxations and occurs in the temperature range of 250 to 500 K. The
adherence to the Vogel-Fulcher-Tamman law is critical, as it exhibits a
freezing temperature of 158 K and a corresponding activation energy of
0.194 eV. These values are in line with those observed in other relaxor
ferroelectric materials.

It is important to note that this temperature range is significantly
lower than the ferroelectric phase transition temperature of 740 K. The
material's activation energy was changed by Nb doping, suggesting a
higher energy barrier for dipole reorientation. This improvement
indicates that Nb doping effectively suppresses leakage currents and
stabilizes the ferroelectric phase. Furthermore, the dielectric response
exhibited nonergodic relaxor behavior, characterized by a low-
frequency dependence at low temperatures. The measured dielectric
constant reached a maximum of 2500 at 1 kHz and 500 K, with a loss
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tangent of 0.21, highlighting the material's potential for low-loss
applications.

Future work should explore the effects of varying Nb doping levels
on phase transition dynamics and dielectric performance. Combining
dielectric spectroscopy with structural characterization techniques such
as transmission electron microscopy (TEM) could provide further
insights into the microstructural origins of the observed relaxor
behavior.

4.5. Dielectric investigation of PbHf;.xSnyO3 material

PbHfy92Sno.0s03 crystals were grown by a spontaneous
crystallization technique at the Institute of Applied Physics MUT in
Warsaw, Poland, as detailed in the reference [191]. The crystals were
transparent and shaped like little cubes and rods. Using silver paste,
electrodes were applied to the opposing faces of the crystals for
dielectric measurements in bridge and coaxial systems.

The dielectric spectra of PbHf.92Sno.0sO3 (PHS) crystals were
analyzed across a wide frequency range spanning from 20 Hz to 3 THz.
The measurements were conducted at temperatures ranging from 300 K
to 500 K. Four measuring facilities were used to cover this extensive
frequency range:

The 20 Hz up to 12.5 GHz range was covered by method, explained
in a (3. Measuring method section).

Time-domain THz spectroscopy was used to collect data within the
frequency range of 200 GHz to 3 THz. Terahertz (THz) pulses were
generated using a Ti: sapphire femtosecond laser and a commercially
available large-area semiconductor interdigital emitter TeraSED
(GigaOptics). The sample was affixed to a c-cut sapphire substrate to
prevent breakage and then thinned to 16 micrometers. The object was
inserted into a furnace equipped with optical ports, utilizing a
transparent opening of 2 mm in diameter, and subjected to temperatures
reaching up to 500 K. As the experiment was performed in transmission
mode, a sapphire substrate without any additional layers was also tested
up to a temperature of 500 K. This allowed for the assessment of the
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permittivity of the sample. Further information regarding the
experimental configuration and data computation can be found in
References [192], [193].

Figure 4.63 illustrates the relationship between temperature and the
complex permittivity of the PHS crystal. The temperature T1, which is
433 K during the cooling process, represents the point at which the
transition between phases A2 and Al occurs [194]. During the
measurement, we notice the occurrence of temperature hysteresis, a
characteristic trait of first-order phase transitions. Adding tin (Sn) ions
to PbHfO3 does not cause the intermediate (IM) phase formation. This
could be because the tin concentration in our PHS (PbHfi—xSnxO3)
compounds was below 6%, the minimum level required for the
intermediate phase to form [194]. The transition from phase A2 to phase
PE occurs at the critical temperature T, around 490 K. The fluctuations
in the imaginary permittivity component at the critical temperature (T¢)
can be ascribed to imperfections in the crystal structure, leading to
increased losses at lower frequencies.
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Figure 4.63. The temperature dependencies of the real (a) and
imaginary (b) part of the complex permittivity of PHS crystals at
various frequencies.

The frequency dependence of the complex permittivity (figures 4.64
and 4.65) exhibits three separate phenomena: low-frequency dispersion
below 10 Hz, substantial loss of permittivity starting from 1 GHz, and
small dispersion in the terahertz (THz) range. The latter process takes

144



place at temperatures over 450 K. As the Curie temperature approaches,
the graph exhibits a maximum value in the imaginary component at a
frequency of 8.5 GHz. The sharpness of this peak prevented it from
being accurately described by classical equations that explain relaxation
processes. By measuring the complex reflection coefficient R and the
complex transmission coefficient of the dominant TE ¢ electromagnetic
wave from the sample, we can calculate the possible values of €' and &"
that satisfy the relation between €* and R and T. This leads to multiple
possible solutions for the inverse problem ex, px (R, T) [151].
Consequently, the data obtained from the X-band waveguide
measurement may only be correlated with the experiment's fitting.

To examine that peak, we can employ the resonance dispersion
formula (23) by combining two fitted peaks: one in the gigahertz (GHz)
range and another in the terahertz (THz) range. The peak frequency
shifts from 20 to 100 GHz as the temperature increases from 470 to 500
K, but the damping reduces as the temperature approaches T..
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Figure 4.64. Frequency-dependent changes in the real component of
the permittivity data of PHS ceramics at various temperatures.
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The first term in the equation's summation accounts for the increase
in the imaginary component of the permittivity observed in the higher
frequency range of our coaxial measurements (about 1 GHz) and the
lower frequency range of our waveguide measurements (starting from
8.5 GHz). The second component of the equation represents a
significantly smaller peak in the measurements’ terahertz (THz) range
[195].

Figure 4.66 displays the experimental findings, indicating that the
PHS sample's primary variation in dielectric properties occurs within
the 10-100 GHz range. This variation is characterized by a substantial
increase in permittivity and a notable rise in losses at frequencies
exceeding 1.2 THz. Moreover, the temperature dependence of
permittivity at frequencies below the dispersion region matches the
static permittivity behavior, indicating the absence of dispersion at
lower frequencies. The results are comparable to the findings reported
in another study involving AgTaO3-AgNbOs solution [196].
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Figure 4.66. The frequency dependence of the real (a) and imaginary
(b) parts of the permittivity data of PHS ceramics at high temperatures
are shown. The lines represent the optimal alignment of the
experimental data points according to formula (23).

Figure 4.67 displays the plotted relationship between temperature
and the oscillator's frequency, representing the resonance dispersion
peak around the phase transition temperature.
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Figure 4.67. The soft mode's frequency dependence.

The soft mode in antiferroelectric materials exhibits a temperature-
dependent softening behavior, as described by the Cochran law (11)
[197].
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Figure 4.68. THz mode frequency dependence.

Figure 4.68 displays the relationship between temperature and the
second mode's frequency, representing the resonance dispersion peak in
the THz zone. This mode exhibits minimal deviations in temperature
dependence at T within the reported temperature range.

4.5.1. Conclusion

PbHf0.92Sn0.0s03 (PHS) crystals exhibited unique dielectric and
structural properties, providing valuable insights into their phase
transition dynamics. Broadband dielectric spectroscopy revealed a first-
order phase transition near the Curie temperature of 494 K,
accompanied by significant hysteresis effects. Resonance-type
dispersion was observed, which can be attributed to the presence of a
soft mode. The material maintains its structural integrity while
displaying improved dielectric performance, as seen by the lack of
intermediate phases at low Sn concentrations (<6%).

Previous studies using Raman scattering [194] And diffuse X-ray
scattering [191]. We hypothesized the presence of at least two soft
modes in PHS compounds with different levels of Sn. The low-
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frequency soft mode has been associated with a disturbance in the Pb
ion substructure. This condition causes changes in polar areas above the
critical temperature, even at elevated temperatures. The current
dielectric dispersion of the resonance type is likely associated with the
low-frequency mode stated. Therefore, this behavior indicates that the
transition from the paraelectric phase is primarily characterized by an
order-disorder mechanism and influenced by dynamic polar regions.
These regions transform ferroelectric fluctuations below the critical
temperature, forming an intermediate phase. This phase is particularly
evident in samples with higher concentrations of Sn [194].
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5. SUMMARY

This thesis describes the experimental application of pulsed laser
deposition to enhance the properties of these materials and a broadband
dielectric investigation of various materials (films and bulk). The
following conclusions are obtained:

1. Lead Zirconate Titanate (PbZro2Ti0.803) thin films on strontium
titanate (SrTiOs3) substrates demonstrate enhanced piezoelectric effect
by 32% from bulk samples, highlighting the unique impact of nanoscale
dimensions and strain effect.

2. The effect of deposition parameters of 0.8(NagsBiosTiO3)-
0.2(BaTiO3) was investigated, and various methods confirmed the
optimal quality of the films and showed good smoothness of the film
with a stoichiometry close to our target material.

3. Thin films of ZrSnSe; were investigated with multitarget and
single-target approaches. The effect of deposition parameters of thin
films of ZrSe> was obtained and can be used to prepare multilayer
structures to achieve the required quality of ZrSnSe; films.

4. The re-entrant relaxor behavior in a solid solution of bismuth
ferrite and barium titanate (70% BiFeOs and 30% BaTiO3) solid
solutions show complex thermally induced transitions between ordered
and disordered states, revealed through broadband dielectric
spectroscopy over a wide frequency from 20 Hz to 20 GHz and
temperature range 270 K to 400 K.

5. Lead Hafnate Tin (PbHf0.92Sn0.0803) crystals exhibit notable shifts
in the dispersion peak and changes in the damping coefficient near the
Curie temperature, which is 494 K, as identified through broadband
dielectric spectroscopy and supported by the resonance dispersion
model.
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6. SANTRAUKA LIETUVIU KALBA

Feroelektrinés medziagos, ypac perovskity oksidai, sulauké démesio
dél jvairiapusio jy taikymo jutikliuose [1], aktuatoriuose [2], atminties
jrenginiuose [3] ir energijos kaupikliuose [4]. Perovskitai, pirma karta
aptikti 1839 m., pasizymi jvairiomis fizikinémis savybémis,
priklausanc¢iomis nuo jy sudéties ir katijony issidéstymo. Perovskitai
pagaminti §vino pagrindu, tokie kaip PbZroTio 8O3 ir PbHf0,920Sn0,0803,
ilga laikg dominavo dél stipriy feroelektriniy savybiy, kurias lemia
Svino jonai. Taciau aplinkos ir sveikatos problemos, susijusios su §vinu,
paskatino tyrinéti alternatyvius $vino neturin¢ius junginius, pavyzdziui,
natrio bismuto titanata (NBT), bismuto ferita (BiFeOs3) ir jy
kompozicijas, modifikuotas bario titanatu.

Impulsinis lazerinis nusodinimas (PLD) yra precizinis metodas
ploniems perovskity sluoksniams formuoti, leidziantis pasiekti
geresnes medziagy savybes miniatitirinése elektronikos sistemose.
Disertacijoje tiriami PbZro»Tio 303, 0,8(Nag,sBio,sTi03)-0,2(BaTiO3)
bei ZrSnSe; sluoksniy PLD parametrai ir dielektrinés savybeés, taip pat
PbZro»Tiog03, PbHfo02SneesO3 ir BiFeO3-BaTiOs (legiruoto ir
nelegiruoto Nb) dielektrinés savybés temperatiiros ir daznio srityse.
Darbe analizuojamas legiravimo poveikis Sioms medziagoms, terminis
stabilumas ir nusodinimo salygy jtaka siekiant pagerinti tokias savybes
kaip dielektriné relaksacija ir faziniai virsmai.

Disertacijos tikslai ir uzdaviniai

Sioje disertacijoje nagrin¢jamas kompleksiniy perovskitiniy
medziagy, tokiy kaip PbZro2Tio.s03, 0,8(Nao sBio,sTi03)-0,2(BaTiO3) ir
ZrSnSe;, plony sluoksniy formavimas naudojant impulsinj lazerinj
nusodinimg (PLD). Taip pat tiriamos dielektriniy PbHfo,92Sno,0803 bei
PbZr,Tios03 sluoksniy savybiy priklausomybé nuo temperatiiros ir
daznio ir BiFeO3—BaTiO; sluoksniy legiravimo Nb jtaka minétiems
efektams.
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Disertacijos tikslams pasiekti buvo sprendZiami Sie uZdaviniai

1. Pagaminti PbZrTiogO3 plonas pléveles impulsinio lazerinio
nusodinimo biidu ir iSmatuoti jy dielektrines bei feroelektrines savybes.

2. Pagaminti 0,8(Nao;sBiosT103)-0,2(BaTiO3) plonas pléveles
impulsinio lazerinio nusodinimo biidu ir iSanalizuoti jvairiy
nusodinimo parametry poveikj pléveliy kokybei ir stechiometrijai.

3. Pagaminti ZrSnSesz plonas pléveles impulsinio lazerinio
nusodinimo biidu ir optimizuoti nusodinimo parametrus, siekiant gauti
reikiamg kokybe fotovoltiniams taikymams.

4. ISmatuoti gryno ir Nb legiruoto BiFeOs:—BaTiO3; sluoksniy
dielektrines savybes bei istirti Nb legiravimo jtaka BiFeO3;—BaTiO3
dielektrinés relaksacijos dinamikai.

5. Istirti PbHfo,92Sn0,0s03 kristaly dielektrines savybes ir faziniy
virsmy elgsena.

Disertacijos ginamieji teiginiai

1. Svino cirkonato titanato (PbZro2TiosO3) plonoji plévele,
nusodinta ant SrTiO; padéklo, pasizymi zZymiai padidé¢jusia liekamaja
poliarizacija (93 pC/cm?), kurig lemia deformaciniai efektai dél
substrato ir plévelés kristaliniy gardeliy neatitikimo, iSrySkinantys
unikalig plévelés ir padéklo sgveikos jtakg feroelektrinéms savybémes.

2. 0,8(Nao;sBio;sT103)-0,2(BaTiOs3) ir ZrSnSes plony pléveliy
struktiiros kokybei, stechiometrijai ir tolygumui didele jtaka turi
impulsinio lazerinio nusodinimo parametrai, tokie kaip buferinis
sluoksnis, lazerio spinduliuotés srautas, padéklo temperattira, aplinkos
slégis, atstumas tarp taikinio ir padéklo. Optimaliomis sglygomis NBT-
BT pléveliyngamybainaudojamas platinos buferinis sluoksnis, 1,5-2,1
J/cm? lazerio spinduliuotés srautas, 600 °C padéklo temperatira, 0,3
mbar O: slégis ir 55 mm atstumas tarp taikinio ir padéklo. Optimaliis
ZrSnSes parametrai yra 0,3 J/cm? lazerio srautas, argono dujy slégis
0,01 mbar, substrato temperatiira 150 °C, atstumas tarp taikinio ir
substrato 95 mm ir minimalus lazerio démés dydis. Sie parametrai
leidzia pagaminti aukStos kokybés kristalines pléveles su tikslia
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stechiometrija ir kontroliuojama struktiira, iSrySkinant jy potencialg
pazangioms technologijoms.

3. Bismuto ferito ir bario titanato (70 % BiFeOs ir 30 % BaTiO3)
kietojo tirpalo relaksoriné elgsena 270-400 K temperatiry intervale
pasizymi kompleksiSkais termiskai indukuotais peréjimais tarp
tvarkingy ir netvarkingy biiseny, nustatytais placiajuoste dielektrine
spektroskopija plaiame dazniy diapazone (20 Hz-30 GHz) ir
temperatiiry intervale (200-500 K).

4. Svino hafnato, praturtinto alavu, (PbHfo92SnosOs) kristalai
pasizymi pastebimais dielektrinés dispersijos poslinkiais nuo 20 GHz
iki 100 GHz ir slopinimo koeficiento pokyciais 470-500 K temperattry
ruoze Curie temperatiiros aplinkoje. Sie poky¢iai nustatyti placiajuoste
dielektrine spektroskopija ir paremti rezonansinés dispersijos modeliu.

Mokslinio darbo naujumas ir aktualumas

1. Siekiant iStirti impulsinio lazerinio nusodinimo biidu paruosto
PbZroTiogO3 sluoksnio dielektrines savybes, buvo sukurta nauja
metalo—feroelektriko—metalo struktiira. Taileido sumazinti neigiamag
gardelés defekty poveikj ir pasiekti 93 pC/cm? liekamosios
poliarizacijos verte, virSijancia teorin¢ tlirinés medziagos vertg (70
uC/cm?).

2. Istirta padéklo buferinio sluoksnio ir nusodinimo parametry
(buferinis sluoksnis, atstumas tarp taikinio ir pagrindo, padéklo
temperatiira, aplinkos slégis ir lazerio spinduliuotés srautas) jtaka
impulsiniu  lazeriniu nusodinimu paruosty  0,8(Nao,5BiosTiO3)-
0,2(BaTiO3) plonyjy sluoksniy struktiiros kokybei ir stechiometrijai.
Bandiniai buvo analizuoti rentgeno spinduliy difrakcijos ir
skenuojancios elektroninés mikroskopijos metodais ir nustatyti
optimaliis parametrai geriausiai slouksniy dielektrinei kokybei pasiekti.

3. Pirmg kartg, taikant optimizuotus parametrus, impulsinio
lazerinio nusodinimo biidu 1§ nemodifikuotos bei modifikuotos sudéties
ir dviejy dalinés sudéties taikiniy (ZrSez ir SnSe), sukurtos ZrSnSe;
plonosios plévelés, skirtos fotovoltiniams taikymames.
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4. Pirma karta Nb legiruoto BiFeOs;—BaTiOs; kietojo tirpalo
relaksoriné elgsena iStirta placiajuoste dielektrine spektroskopija
placiame dazniy (nuo 20 Hz iki 30 GHz) ir temperattry diapazone (nuo
200 iki 500 K). Rezultatai atskleidé termiskai indukuotus peréjimus tarp
tvarkingy ir netvarkingy biseny.

5. Placiajuoste dielektrine spektroskopija (20 Hz — 200 GHz dazniy
diapazone) isStirtos PbHfo02Sno0sO3 kristaly dielektrinés savybés,
ypatingg démes] skiriant dispersijai 10-100 GHz dazniy srityje.
Temperatiiriniai matavimai 300-500 K diapazone leido iSanalizuoti
dispersijos poslinkius nuo 20 Hz iki 100 GHz (470-500 K intervale) bei
slopinimo koeficiento maz¢jima artéjant prie Curie temperatiiros (Tc =
494 K), kas buvo patvirtinta eksperimentiniais matavimais,
aproksimuotais modifikuotu Cole'o—Cole'o modeliu.

Autoriaus indélis

0,8(Nao,5Bi0,5Ti03)-0,2(BaTiO3) plongsias pléveles impulsinio
lazerinio nusodinimo biidu pagamino autorius, ZrSnSes plévelés buvo
pagamintos bendradarbiaujant su Dr. Rokas Kondrotas, 0 PbZro>Tio O3
—Voriko universitete koordinuojant gamyba Dr. Marin Alexe. Autorius
asmeniSkai atliko daugumg technologiniy paruoSimo darby, jskaitant
padékly paruoSima ir jrangos priezitirg. Autorius taip pat paruos$¢ visus
bandinius dielektriniams tyrimams, atliko jy matavimus (iSskyrus
PbHf0,02Sn0,0s03 kristaly tyrimus teraherciniame diapazone), analizavo
gautus duomenis ir para$¢ publikacijas bendradarbiaujant su S. Svirsku,
O. Suvorova, R. Grigalai¢iu, J. Baniuir kitais bendraautoriais. Kai
kuriuos disertacijos projekto aspektus padéjo igyvendinti dirbtinio
intelekto technologijos.

Disertacijos struktiira

Disertacija sudaro penki skyriai santrauka ir cituotos literatiiros
saraSas, kuriame yra 198 literattiros Saltiniai.
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6.1 Apzvalga
Feroelektrinés medzZiagos

Medziagos vadinamos feroelektrinémis, jei iSorinis elektrinis laukas
pakei¢ia jy savaimine elektring poliarizacijag. Be to, kiekviena
feroelektriné medziaga pasizymi kartu ir  grjztamaja elektrine
poliarizacija,  tod¢l  yra  pjezoelektriné  ir  piroelektriné.
FeroelektriSkumas yra susijgs su kristalinés gardelés struktiira; jos
pakeitimai kartu su elektriniu lauku veikia savaiming poliarizacijg.
Esmin¢ feroelektriniy medziagy savoka yra dipolinis momentas,

apibréztas lygtimi (1):
P = Z e;n, (1)
i

Cia e; yra i-tosios dalelés kriivis, o 1; — Sios dalelés vektorius.
Faziniy peréjimy feroelektrinése medZiagose analizé

Remiantis dielektrinés skvarbos duomeny interpretacija, galima
nustatyti ir klasifikuoti tiriamg feroelektringe medziagg. Iprasty
feroelektriky dielektriné skvarba (g*) ties Kiuri temperatira Tc
pasizymi aiskiai iSreikStu smailiu maksimumu. Ties Sia temperattra
atomy padétys kristalinéje gardeléje persitvarko taip, kad dipoliai
18sidésto viena kryptimi.

Relaksoriai feroelektrikai

Relaksoriai feroelektrikai yra feroelektrinés medziagos, kurioms
budingas difuzinis fazinis peréjimas ir nuo daznio priklausancios
dielektrinés savybés. Skirtingai nei jprastiniuose feroelektrikuose,
relaksoriuose feroelektrikuose fazinis peré¢jimas vyksta placiame
temperatiiry intervale, neturint aiskios ir staigios fazinio peréjimo ribos.
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Manoma, kad tokig nejprastg elgseng sukelia polinés nano sritys (PNR),
kuriose vietiné poliarizacija yra tvarkinga nanometry mastu.

Antiferoelektrinés medZiagos

Pagrindiné antiferoelektriniy medziagy makroskopinés savaiminés
poliarizacijos priezastis yra prieSingos (antiparalelinés) dipoliy
orientacijos. Be to, antiferoelektrinéms medziagoms biuidingi mazi
dielektriniai nuostoliai ir itin maza likutiné poliarizacija — mazesné nei
relaksoriniuose feroelektrikuose. Sios medziagos yra svarbios jvairiems
taikymams, nes elektrinio lauko veikiamos gali pereiti i$
antiferoelektrinés i feroelektring faze, pasiZzyminCig didele soties
poliarizacija, ir vél grjzti j pradine biiseng elektrinj lauka pagalinus. Sio
griztamojo pokyc¢io priezastimi laikomas nedidelis kriivininky
laisvosios energijos skirtumas tarp lauko sukeltos feroelektrinés ir
pradinés antiferoelektrinés fazés [5].

Dielektrinés relaksacijos modeliai feroelektrikuose

Keletas dielektrinés relaksacijos modeliy apraso, kaip poliarizacija
reaguoja | iSorinj elektrinj lauka:

1. Debye modelis: paprasc¢iausias modelis, darantis prielaida, kad
nesaveikaujautiems dipoliams budingas vienas relaksacijos laikas.

2. Cole-Cole modelis: jveda relaksacijos laiky pasiskirstyma
dielektrikuose.

3. Cole’o-Davidsono modelis: jvertina asimetrinj relaksacijos laiky
pasiskirstyma.

4. Havriliako-Negami modelis: iSplecia ankstesnius modelius ir
apraSo sudétingesne dielektring elgsena.

Relaksacijos laiko Kkitimo modeliavimas nevienalytése
medziagose

Dielektriné relaksacija realiose medziagose daznai susijusi su
relaksacijos laiko pasiskirstymu dél sudéties ir struktiiriniy

178



nehomogeniskumy. Sis modelis apima Arrenijaus lygtj, kuri tinka
bandiniams, turintiems vieng aktyvacijos energija:

(T) = (E“) 2
T(T) = 19 exp ko, T) (2)
¢ia 1(T) — relaksacijos laikas esant temperatirai T, T -

prieseksponentinis koeficientas (charakteristin¢ laiko skal¢), E, —
aktyvacijos energija, ks — Bolcmano konstanta, T — absoliutiné
temperatura.

Medziagoms, kuriy relaksacijos dinamika nukrypsta nuo Arrenijaus
elgsenos, relaksacijos laiky priklausomybé nuo temperatiiros aprasoma
Vogelio-Fulcherio-Tammano lygtimi. Sis modelis tinka perSaldytiems
skysCiams ir stiklams, kuriuose relaksacijos trukmé Zzymiai ilgéja,
art¢jant prie stikléjimo temperatiros:

E,
(T) = 14 exp <m>, 3)

kur 7o, Ei, kg ir T yra tokie patys kaip ir Arrenijaus lygtyje. Tr —
temperatiira, kurioje relaksacijos procesas ,,uzsala®.

Impulsinio lazerinio nusodinimo (PLD) naudojimo motyvacija

PLD leidzia tiksliai kontroliuoti plony sluoksniy stechiometrija,
nusodinimo greitj ir kristaliSkuma, tod¢l yra tinkamas metodas aukstos
kokybés feroelektrinéms plonoms pléveléms gaminti. Siuolaikinémis
technologijomis galima sukurti dirbtines heterostruktiiras iki pat
vienetinés gardelés tikslumu, sukelti dideles deformacijas dél
epitaksiniy neatitikimy tarp sluoksnio ir substrato, bei tiksliai valdyti
katijony ir anijony cheming sudét] ir defekty struktiiras. Visa tai leidzia
tirti naujas medziagy biisenas ir nejprastus fizinius reiskinius.
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Impulsinio lazerinio nusodinimo (PLD) pagrindai

Impulsinis lazerinis nusodinimas (PLD) yra fizikinis gary
nusodinimo (PVD) metodas, naudojamas plony sluoksniy gamybai
medziagy moksle ir inZinerijoje. Sio jrenginio schematinis vaizdas
pateiktas 1 paveiksle. Tai metodas, skirtas jvairiy medziagy plony
sluoksniy nusodinimui ant substrato, kurio metu impulsiniu lazeriu
vykdoma taikinio abliacija (medziagos paSalinimas), po kurios
abliatuota medziaga nuséda ant substrato ir suformuoja plong plévele
[6]. Esminiai bandiniy paruo$imo $iuo metodu etapai apima taikinio
paruos$ima, tinkamo substrato parinkimg ir paruo§ima, aplinkos slégio
nustatymg, lazerio energijos ir srauto reguliavimg, nusodinimo
temperatiiros ir slégio nustatymg, kaitinimo bei auSinimo greicio
kontrolg ir vélesn;] atkaitinima.

Rotatable
substrate holder

Focusing lens
Fulsed f\
lasar beam

Ablation

lume
' P

| Target

{ To vacuum
pumps
1 pav. Impulsinio lazerinio nusodinimo jrenginio schema [7].

180



6.2. Eksperimentin¢ jranga ir metodai
Impulsinis lazerinis nusodinimas

Naudotos komercinés impulsinio lazerinio nusodinimo (PLD)
sistemos, pagamintos TSST kompanijos (Nyderlandai), apriipintos
,»Coherent COMPex Pro 205F KrF* lazeriu (A = 248 nm, impulso
trukmée 20 ns (FWHM), didziausias kartojimo daznis 50 Hz, didziausia
impulso energija 700 mJ, vidutiné galia 700 mJ).

PLD sistema turi dvi vakuumo kameras: pagrinding ir jkrovimo
kamerg. Pagrindinéje kameroje jrengtos Pfeiffer Vacuum MVP 015-2 ir
HiPace 80 vakuuminés pompos, o jkrovimo kameroje — Pfeiffer
Vacuum MVP 015-2 ir HiPace 80 pompos. Si sistema leidzia pasiekti
vakuumo lygj apie 1077 mbar jkrovimo kameroje ir apie 10~° mbar
pagrindin¢je kameroje. Substratai ir taikiniai jkeliami ir iSimami per
tkrovimo kamerg, taip sumazinant siurbimo laika, palaikant itin auksta
vakuumag ir i§vengiant medziagy uzterSimo.

Lazerio spindulys, nukreiptas per kintamaja spindulio kauke, skirta
pasalinti nehomogeniSkas spindulio dalis, pasizymi energijos
pasiskirstymu, artimu ,virSutinés kepurés®“ profiliui  iSilgai
horizontalios aSies ir beveik Gauso profiliui iSilgai vertikalios aSies.
Spinduliui nukreipti naudojami ultravioletiniy spinduliy lydyto silicio
dioksido veidrodziai, o spindulys fokusuojamas j taikinj per 75 mm
skersmens planin] iSgaubtg lesj. Kiekvienas optinis elementas —
veidrodis ar leSis — sumazina spindulio energijg apie 10 %, todél
galutiné lazerio energija, pasiekianti taikinj, gali skirtis. Siekiant
kontroliuoti lazerio energijg, prieSingoje kameros puséje jrengtas
lazerio energijos matuoklis (,,Coherent EnergyMax*). Lazerio
spindulio kelio schema pateikta 2 paveiksle. Si schema gali skirtis
priklausomai nuo naudojamo lazerio ir pageidaujamos lazerio
fluencijos (paprastai lazerio kelias yra apie 5 metrus).
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2 pav. Lazerio spindulio kelio nuo lazerio iki taikinio schema.
Dielektrinés spektroskopijos matavimo jranga
Zemo daznio sritis

Tilto metodas yra patikimas buidas nustatyti medziagy dielektrines
savybes Zemo daznio diapazone nuo 20 Hz iki 1 MHz. Matavimai buvo
atlikti naudojant precizinj LCR matuokl] HP4284A (,,Hewlett-
Packard”, JAV). Sis metodas remiasi neZinomos talpos dielektrinés
medziagos palyginimu su etaloniniais kondensatoriais tiltelio
grandinéje.

Auks$to daznio sritis

Auksto daznio dielektriniai matavimai diapazone nuo 1 MHz iki 1
GHz buvo atlickami naudojant koaksialinés linijos spektrometrg. D¢l
kabelio induktyvumo jtakos matavimo rezultatai Siame diapazone
atlickami naudojant bendraaS¢ linijg ir spektrometrg su vektoriniu
tinklo analizatoriumi (VNA). Bandinys talpinamas bendraasés
perdavimo linijos gale, tarp vidinio laidininko ir trumpojo stimoklio,
tokiu biidu suformuojant kondensatoriy [8].
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Mikrobangy srities matavimai

D¢l matavimo apribojimy, kuriuose reikia matuoti dominuojantj
TE10 moda ir jo ribinj daznj, buvo naudojami trys skirtingi
bangolaidziai: X juostos (8—12,5 GHz), Ka juostos (18-26,5 GHz).
Bandiniai buvo tvirtinami sidabrine pasta prie bandinio laikiklio —
metalinés plokstelés su anga, kurios dydis atitinka bangolaidzio
skerspjiivi. Be to, matavimo jrangos kalibravimui ir sisteminiy paklaidy
sumazinimui naudotos dvi papildomos metalinés plokstelés — vientisa
ir su anga.

Daznio priklausomiems atspindzio (R*) ir perdavimo (T%*)
koeficientams matuoti naudoti generatoriai I'KY-60 (X juostai) ir
vektorinis tinklo analizatorius (VNA) (,,’KU-60%, X juostoje; ,, ' KU-
60“ Ka juostoje). Bandiniai buvo pritvirtinti sidabro pasta prie
metalinio laikiklio, kuriame buvo anga, atitinkanti bangolaidzio
skerspjuvio dyd;j.

6.3. PbZro2TiosO3 plévelés dielektriniy ir pjezoelektriniy savybiy
tyrimas

PbZro>TiogO3 (PZT) epitaksinés oksidy heterostruktiiros buvo
pagamintos impulsiniu lazeriniu nusodinimu ant SrTiO; (STO)
monokristalinio substrato, orientuoto (100) kryptimi, 25 mm? plote.

Siam darbui naudoti SrTiOs; (001) substratai, kuriy nupjovimo
kampas buvo mazesnis nei 0,5°. Substratai buvo valomi ultragarsu
acetone, siekiant pasalinti alyvas, tepalus ir organines lieckanas, galimai
susikaupusias ant substrato pavirSiaus laikymo ar tvarkymo metu. Tada
substratas buvo papildomai valomas izopropanoliu, kad bty pasalinti
acetono likuciai ir organiniai terSalai, taip uztikrinant Svary ir be likuciy
pavirSiy. Galiausiai substratas buvo chemiskai ¢ésdinamas 10:1
buferiniame vandenilio fluorido tirpale 20 sekundziy [9].

PZT plévelé buvo nusodinta naudojant tikslius parametrus, siekiant
optimizuoti jos augimg ir savybes. Nusodinimo parametrai: substrato
temperatiira — 555 °C, aplinkos slégis — 0,2 mbar, lazerio impulsy
skai¢ius — 10 000, lazerio energijos srautas — pastovus, 1 J/cm? Po
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nusodinimo bandiniai buvo atkaitinami in-situ deguonies atmosferoje,
esant 200 mbar slégiui. Atkaitinimo procesas buvo pradétas atvésus
temperattrai iki 250 °C ir truko 30 minuciy. Atkaitinimas buvo atliktas
siekiant sumazinti deguonies vakansijy skai¢iy bei minimizuoti
plevelés elektrinj nuotékj. Bandiniai buvo auSinami 20 °C per minute
greiciu. Gautos plévelés storis buvo apie 100 nm.

3 paveiksle pavaizduotos tipiSkos bandinio poliarizacijos ir
perjungimo srovés histerezés kilpos. Poliarizacijos kilpa rodo
charakteringg feroelektring elgseng, pasiZzymincig aiskia likutine
poliarizacija ir prievartine jtampa. Be to, histerezés kilpos forma
patvirtina jrenginio feroelektrines savybes. AiSkios teigiamos ir
neigiamos perjungimo srovés matavimo virsiinés rodo poliarizacijos
persijungima.

60 + Current ‘ 100

{ = Polarization ~
40 / f, :

207 / N
= 7T '

AL —

6 -4 -2 0 2 i 6

3 pav. LSMO/PZT/Cu/Au sluoksniy feroelektrinio kondensatoriaus
poliarizacijos ir sroves histerezes kilpos. Matavimai atlikti naudojant
trikampio formos jtampos impulsg, kurio daznis 1 kHz.

Current (yA)
[}
[=]
Polarization (4C/cm?)

-100

Dielektriné skvarba buvo nustatyta i§ talpos matavimy (zr. 4 pav.).
Pastebéta, kad dielektriniai nuostoliai, kurie dazniausiai atsiranda dél
erdvinio kriivio ir domeny sieneliy relaksacijos, mazé¢ja didéjant
1Sorinio lauko dazniui. Dielektriniy duomeny tinkinimas buvo atliktas
naudojant formulg¢ (4), apjungiancig Debye tipo ir ,,universaligja™
reakcijas bei jvertinancig laidumo indélj, kuris eksperimentiskai
stebimas zemy dazniy diapazone, pagal Raicu pasiiilyma [10].
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4 pav. PZT plévelés dielektrinés skvarbos realiosios (a) ir
menamosios (b) daliy priklausomybé nuo daznio. IStisinés linijos
tiksliai atitinka duomeny taSkus pagal Raicu sarys;.

5 pav. pateikiama vidutinio relaksacijos laiko priklausomybé nuo
atvirksStinés temperatiiros vertés. Taskai atspindi vidutinius relaksacijos
laikus konkreciose temperatirose, o linija gauta pritaikius Arenijaus

lygti (2) [11].

m In(7)
Arrhenius fit

-10.1

-10.2+
-10.3+
-10.4 -

< 105+
~10.6 e
-10.7 4 »

-10.8

T T T T T T T T T
0.0020 0.0022 0.0024 0.0026 0.0028 0.0030 0.0032 0.0034

5 pav. Vidutinés

relaksacijos

/T (1/K)

trukmeés priklausomybé nuo

atvirkStinés temperatiiros PZT keramikoje. Duomeny taskai rodo
vidutinius relaksacijos laikus, o linija gauta pritaikius Arenijaus lygti

2.
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Si priklausomybé atspindi ankstyvuosius domeny sieneliy
svyravimus vietiniame potencialo Sulinyje [12].

6.4. 0,8(Na0,5Bi0,5Ti03)-0,2(BaTiO3) plony pléveliy nusodinimo
impulsiniu lazeriu parametry optimizavimas

Taikinio ir substrato paruoSimas

Pagal uzsakyma pagamintas NBT-BT taikinys buvo iSanalizuotas
rentgeno spinduliy difrakcijos (XRD) metodu, patvirtinant fazés
grynumg ir stechiometrijag. Buvo naudojami substratai i§ silicio su
sidabro sluoksniu (nusodintu terminiu garinimu) ir silicio su platinos
sluoksniu  (nusodintu dulkinimo metodu). Rentgeno spinduliy
difrakcijos (XRD) matavimai patvirtino, kad plévelés cheminé sudétis
atitinka taikinj ir leidzia pasiekti stechiometrinj augimg. Gauti XRD
rezultatai daugiausia atitiko [96-210-3298] ,,Crystallography Open
Database* jrasg, skirta natrio bismuto titanatui, taCiau pastebéti
poky¢iai dél bario titanato priemaisy (jrasas [96-901-4274]).

Plévelés sudéties analizé

Plévelés elementiné sudétis buvo patvirtinta energinés dispersinés
rentgeno spektroskopijos (EDX) ir rentgeno spinduliy difrakcijos
metodais.

Nusodinimo parametry optimizavimas (pagrindinés iSvados)

Lazerio fluencijos optimizavimas

Pléveles stechiometrijai itin didele jtaka daré lazerio fluencija.
Siekiant iSanalizuoti fluencijos poveik] plévelés sudéciai, visy bandiniy

EDX analizés duomenys buvo pateikti pagal nusodinimo fluencijg 1
lenteléje, jtraukiant tik tiriamos medziagos sudéties elementus.
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1 lentelé. Visy bandiniy EDX analiz¢, kad biity jtraukti tik misy
medziagos sudéties elementai.

Energijos | Deguonis | Natrio | Titanas | Baris Bismutas
tankis

(J/em?)

0.3 87.78 1.14 5.57 - 5.54

0.6 76.06 0.8 11 2.83 9.3

0.9 75.49 1.53 11.32 2.59 9.08

1.2 68.71 2.98 14.38 3.65 10.28
1.5 70.3 3.1 13.36 3.57 9.68
Idealus 60 8 20 4 8

Kaip matyti, didinant energijos tankj galima pasiekti stechiometrinj
augimg ir veiksmingiau padengti substrato pavirSiy. Kiekvieno
komponento atveju pastebéta aiski tiesiné priklausomybé. Sios analizés
rezultatai pateikti 6 paveiksle.

.
B - . ‘E
AT
80 20
. v a
70 — ¢ Bi
60

104 %—/ v
o .

IS —

H
DwHzZ
T

mw-Hz0

atomic
atomic %
3
*

R o T T T T T T T T T
R e e

00 03 06 09 12 15 18 21 24 27 30 00 03 06 09 12 15 18 21 24 27 30

Fluence (Jlcm?) Fluence (J/cm?)

(a) (b)
6 pav. a) Elementy atominés procentinés dalies priklausomybé nuo
fluencijos nusodinimo metu, b) mazesniy elementy atominiy

procentiniy daliy priartintas vaizdas.
Nustatyta, kad optimalus energijos tankis beveik stechiometriniam

augimui yra mazdaug 2,1 J/cm?. Esant mazam srautui (pvz., 0,3 J/cm?),
nusodinimas buvo nebaigtas ir medziaga iSsisklaidé.
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Padéklo temperatiiros poveikis

SEM ir EDX analizés buvo atliktos esant skirtingoms substrato
temperatiroms (550 °C, 600 °C ir 650 °C). Aukstesné¢ nusodinimo
temperatiira (650 °C) reikSmingai pagerina griideliy vystymagsi ir
kristalines savybes, todé¢l §i temperatiira laikoma optimalia aiskiai
suformuotoms, aukstos kokybés plonoms pléveléms gauti.

Nustatyta, kad kei¢iant nusodinimo temperatiirg plévelés cheminé
sudétis iSlieka beveik nepakitusi. Taciau auksStesné temperatiira gali Siek
tieck pakeisti natrio bismuto titanato ir bario titanato balansg
medziagoje, didindama pirmojo komponento dalj.

Atstumas tarp taikinio ir substrato (T-S atstumas)

Trys bandiniai (58, 59 ir 60) buvo nusodinti naudojant skirtingus
atstumus tarp taikinio ir substrato: 55 mm, 75 mm ir 95 mm.

log(l rel)
17
16

Sample 60 (95 mm)

154 "
= Sample 58 (55 mm)

124 (202) Rh

T T T T T T T T
43.00 4400 45.00 46.00 47.00 48.00 49.00 50.00
Cu-Ka (1541874 A) Ztheta

7 pav. Rentgeno spinduliuotés difrakcijos spektras (XRD) 58 (55
mm), 59 (75 mm) ir 60 (95 mm) bandiniams, pateikiantis rentgeno
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spinduliuotés intensyvumo priklausomybe nuo 26 kampo, su priartinta
sritimi ties 46° 20 kampu.

XRD rezultatai, pateikti 7 paveiksle, patvirtina per¢jimag tarp
rombings ir tetragoninés faziy, kuris priklauso nuo nusodinimo salygy.
Tai matyti 1§ (2 0 2) difrakcinés smailés skilimo j (0 0 2) ir (2 0 0)
smailes, kaip buvo pastebéta (1-x)BNT-xBT keramikoje [13], [14].

ISvados ir buisimi darbai

Tyrimo metu buvo sékmingai nustatytos optimalios impulsinio
lazerinio nusodinimo (PLD) salygos NBT-BT plonoms pléveléms,
derinant stechiometrija, kristaliSkumg ir morfologinj vientisuma.

Tolesnés nusodinimo parametry optimizacijos kryptys:

1. Temperatiira: rekomenduojama 600 °C arba Siek tiek aukStesne
(iki 700 °C, atsizvelgiant j galimas pasekmes).

2. Slégis: sitiloma istirti tarpinius slégius, pavyzdziui, 0,15 mbar.

3. Atstumas: optimalus atstumas tarp taikinio ir substrato yra 55-75
mm, siekiant geriausiai subalansuoti kristaliSkumg ir pavirSiaus
kokybe.

4. Energijos tankis: siekiant optimalios cheminés sudéties,
rekomenduojama fluencijg palaikyti apie 1,8-2,1 J/cm?.

6.5. ZrSnSes plony pléveliy nusodinimo impulsiniu lazeriu parametry
optimizavimas

Siame skyriuje nagrinéjama ZrSnSes plony pléveliy gamyba ir
optimizavimas naudojant impulsinj lazerinj nusodinimg (PLD). Buvo
tiriamos pléveliy struktiirinés, morfologinés ir sudéties savybeés,
siekiant optimizuoti nusodinimo parametrus ir gauti aukstos kokybés
plonas pléveles optoelektroniniams taikymams.
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Pagrindinés iSvados ir eksperimentinis metodas
Motyvacija ir ZrSnSes plony pléveliy svarba

ZrSnSes  yra  perspektyvi medziaga  fotovoltiniams ir
optoelektroniniams taikymams dé¢l siauro juostos tarpo (~0,65 eV) ir
stabilumo aplinkos salygomis. Plonos plévelés pasizymi dideliu
absorbcijos efektyvumu ir mazomis medziagos sanaudomis, todél jos
tinkamos plac¢iam taikymui.

Impulsinis lazerinis nusodinimas (PLD) ir taikiniy gamyba

Pradzioje nusodinimui buvo naudojami 4 taikiniai: ZrSe2, SnSe,
SnZrSes (Sis taikinys véliau modifikuotas pridedant 40 % ZrSe:, tad
galutin¢ sudétis tapo 40 % ZrSe: + 60 % SnZrSes). ZrSe: ir SnSe buvo
1sigyti 1§ ,,Testbourne Ltd.“, o SnZrSes; pagamintas kietojo kiino
reakcijos budu (pradiniai elementai Sn, Zr, Se sumaiSyti ampul¢je ir
kaitinti 700 °C temperatiiroje 48 valandas). Kristalai sumalti j miltelius
ir Saltai suspausti 100 MPa slégiu i granules.

Naudoti du metodai norint gauti plonas pléveles:

1. Optimizuoti ZrSe: ir SnSe taikiniy nusodinimo parametrus, kad
bty suformuoti daugiasluoksniai sluoksniai, kuriuos véliau atkaitinant
bity gauta vientisa plévelé.

2. Naudoti pagal uzsakyma pagamintg SnZrSes taikin] vientisos
plévelés suktirimui vieno nusodinimo metu.

Geros kokybés pléveles kriterijai:

1. Svari pavir§iaus morfologija, be laseliy ar kity struktiiriniy
defekty.

2. Tikslus Sn/Zr/Se elementy santykis (Se koncentracijg galima
koreguoti vélesniu atkaitinimu seleno prisotintoje aplinkoje).

3. Minimalus deguonies ar kity priemaiSy kiekis. Deguonies
uzterStumas kritiSkai svarbus junginiams, turintiems Ti ar Zr, todél
butina vengti oksidy susidarymo. Kadangi selenidai yra jautriis
oksidacijai, jie lengvai suyra, formuodami Zr-oksidus esant deguoniui.
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Nusodinimo impulsiniu lazeriu parametry optimizavimas
Srauto poveikis
Optimalus lazerio srautas buvo nustatytas remiantis skenuojancios

elektroninés mikroskopijos (SEM) vaizdais, gautais 1§ bandiniy,
nusodinty esant skirtingoms lazerio fluencijoms (pateikta 8 pav.).

5 S0L e LI a0, (5.8 %

8 pav. SEM vaizdai, gauti 1§ bandiniy, nusodinty esant skirtingoms
lazerio fluencijoms.

Pagrindiné problema, kuri pastebima Siose plévelése — ,rieduliai‘
(stambios dalelés), kurios trukdo tolygiam plévelés augimui. Matyti,
kad daleliy kiekis ant pavirSiaus mazéja maze¢jant lazerio fluencijai,
todél tolesniems eksperimentams buvo pasirinktas fluencijos intervalas
tarp 0,3 ir 0,6 J/cm?.

Se/Zr santykis nebuvo optimalus (pagal chemin¢ formule idealus
santykis turéty biiti 2:1). Deguonies koncentracija buvo ijvertinta
naudojant energinés dispersinés rentgeno spektroskopija (EDX). Si
analizé neparodé deguonies pédsaky, o tai biitina auksStos kokybés
pléveléms gauti (2 lentelé).
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2 lentelé. Cheminé sudétis ir elementy santykis ZrSnSes plévelése,

nustatyta pagal EDX analizés rezultatus.

Pavyzdys Se/Zr santykis Deguonis

ZRO1, F: 1 J/em? 3,6 Jei yra, minimalus
ZR02, F: 0,63 J/em? | 4,0 Jei yra, minimalus
ZRO03,E: 0,3 J/cm®> | 4,1 Jei yra, minimalus

Aplinkos slégio poveikis

Siekiant jvertinti aplinkos slégio poveik] pavirSiaus morfologijai,
buvo pagaminti trys bandiniai, naudojant 0,3 J/cm? lazerio fluencija,
esant skirtingoms aplinkos slégio salygoms: vakuume, 0,01 mbar ir 0,1
mbar. Gauty bandiniy SEM vaizdai pateikti 9 paveiksle.

9 pav. SEM vaizdai ZrSe; bandiniy, nusodinty esant skirtingam

aplinkos slégiui.

Kaip matyti, plévelé, nusodinta vakuume, yra lygi, taciau joje
susidaré¢ daug mazy daleliy (~50 nm skersmens). Nusodinant plévele
esant 0,1 mbar argono slégiui, pastebimos didesnés dalelés. Geriausi
rezultatai gauti naudojant 0,01 mbar slégj, kuomet mazy daleliy kiekis
minimalus, o didelés dalelés praktiSkai nesusidaro. Dalies daleliy
netaisyklinga forma gali rodyti Stranskio—Kranstanovo (SK) augimo

rezima.
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Pagrindo temperatiiros poveikis

10 pav. pateiktas substrato temperatiros poveikis ZrSe> plévelés
morfologijai. Did¢jant substrato temperatiirai, maz¢ja netaisyklingy
daleliy kiekis ir dydis, o tai leidzia iSvengti SK augimo rezimo.
Substrato temperatiiros padidinimas iki 250 °C taip pat padeda
sumazinti daleliy kiekj ir jy dydj.

10 pav. ZrSe: bandinio, nusodinto esant skirtingoms substrato
temperatiroms, SEM vaizdai.

Esant aukStesnei nei 300 °C temperatiirai, pastebétas medziagos
praradimas ir susiformavo nepageidaujamos SnSe fazés.

Remiantis §iais matavimais, galima prognozuoti, kaip nusodinimo

parametrai veikia plévelés savybes ir kuriomis kryptimis vertéty testi
tyrimus.
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11 pav. Atomy santykio priklausomybé ZrSnSes bandiniuose nuo
nusodinimo temperatiiros.
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12 pav. Atomy santykio priklausomybé ZrSnSes; bandiniuose nuo
nusodinimo slégio.
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ISSukiai ir ateities kryptys

nusodinimo grei¢iy. Tolesniuose tyrimuose rekomenduojama:

1. Sumazinti deguonies uzterStuma, kad bity iSsaugotos
optoelektroninés savybés;

2. Formuoti daugiasluoksnes ZrSe. ir SnSe struktiiras, siekiant
pagerinti pléveliy homogeniskuma;

3. Istirti atkaitinimo procediiras argono atmosferoje, siekiant
padidinti pléveliy kokybe.

ISvados

Siame skyriuje parodyta impulsinio lazerinio nusodinimo (PLD)
metodo tinkamumas ZrSnSes plonyjy pléveliy gamybai, aptarti
pagrindiniai i8Sukiai ir galimi jy sprendimo btidai. Tyrimas sudaro
pagrindg tolesniam auksStos kokybés stechiometriniy ZrSnSes pléveliy
vystymui, siekiant jas panaudoti naujos kartos optoelektroniniuose
prietaisuose.

6.6. Nb legiruotos ir grynos 0,7(BiFe0s)-0,3(BaTiOs) keramikos
dielektriniy savybiy tyrimas

Sintezé ir apdorojimas

Gryna (0,7BiFe0:—0,3BaTiOs) ir Nb legiruota
(0,7BiFeo,90sNbo,00s0:—0,3BaTiOs) keramika buvo pagaminta kietojo
kiino reakcijos metodu. Naudoti Bi2Os (99 %), Fe20s (99 %), BaCOs
(99 %), TiO2 (99 %) ir Nb20s (99,99 %) milteliai (Sigma-Aldrich,
Jungtiné Karalyst¢). Milteliai buvo kalcinuoti 800 °C temperatiiroje 4
valandas, po to sukepinti 1010 °C temperatiiroje 3 valandas. Gauty
keramikos bandiniy santykinis tankis siek¢ 95 %. PlokStuminés
kondensatoriaus struktiiros buvo suformuotos ant abiejy disko formos
bandinio pusiy uzdedant sidabrinius kontaktus.
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Dielektrinés savybés

13 pav. pateikta grynos (nedopuotos BF-BT) ir Nb legiruotos
(0,5Nb-BF-BT) keramikos kompleksinés dielektrinés skvarbos
realiosios ir menamosios daliy priklausomybé nuo temperatiiros.
Abiem atvejais realioji skvarbos dalis kinta priklausomai nuo daznio ir
stipriai iSauga pradedant nuo 200 K. AiSkus padidé¢jimas matomas ties
350 K, véliau skvarba tolygiai didéja iki maksimumo, pasiekto ties
Kiuri tasku (740 K) [15]. Nb legiruotos keramikos menamoji
dielektrinés skvarbos dalis turi daznio priklausoma maksimuma tarp
270 ir 400 K, kuris did¢jant dazniui slenkasi ] aukStesnés temperatiiros
puse. Nedopuota BF-BT keramika taip pat pasiZzymi relaksaciniais
efektais, taciau silpnesniais.

(a) (b)
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13 pav. Nedopuotos (a)-(b) ir 0,5Nb legiruotos BiFeOs-BaTiOs (BF-
BT) keramikos (c)-(d) kompleksinés dielektrinés skvarbos realiosios
(&) ir menamosios (&) daliy priklausomybé nuo temperatiiros,
1Smatuota placiame dazniy diapazone [16].
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Termiskai aktyvuota dielektriné elgsena paprastai budinga
netvarkingiems kietiesiems kiinams, tokiems kaip dipoliniai stiklai ar
relaksorinés feroelektrinés medziagos. Siose medZiagose pastebimas
platus relaksacijos laiky diapazonas, kuris kyla dél poliariniy nanosri¢iy
(PNR) arba frustruoty dipoliy. Spartus dielektrinés skvarbos
menamosios dalies (&) padidéjimas esant auksStesnei nei 400 K
temperatiirai, kaip parodyta 14 pav. b ir d grafikuose, susijes su
1Saugusiu medziagos elektriniu laidumu (o), kurio priklausomybé nuo
daznio Siame temperatiiry intervale yra aiskiai atvirkstiné [17].
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14 pav. Nb legiruotos BF-BT keramikos impedanso spektroskopijos
duomenys pateikti jvairiomis formomis, parodant elektrinio atsako
pokytj 18 talpinio (fazés kampas < -45°) | varzinj (fazés kampas > -45°)
zemuose dazniuose ir aukStose temperatiirose. Diagramose pateikiami:
(a) impedanso dydzio, (b) fazés kampo Bode grafikai, (¢) kompleksinio
impedanso grafikai ir (d) kompleksinio modulio bei impedanso
menamyjy daliy Bode grafikai [16].
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15 pav. pateikiami kompleksinés dielektrinés skvarbos duomenys,
priklausantys nuo daznio esant skirtingoms temperatiiroms. Sie
duomenys leidzia iSsamiau analizuoti dielektrinés relaksacijos
charakteristikas. Dielektriniai spektrai buvo analizuoti naudojant
empiring Cole-Cole lygt (5), papildyta laidumo indéliu j nuostolius
esant zemiems dazniams ir auk$toms temperatiiroms. Sia lygtimi buvo
modeliuojami eksperimentiniai kompleksinés dielektrinés skvarbos
duomenys bei apskaiciuoti dielektriniai parametrai.

n
= u )+5 )
£ = Eo; T - - + ——,
. P14+ (iwt)t%)  2mifk
i=1
(a)
10° * 500K —500K
o 475K ——475K
450 K 450 K
Measured 425K 425K | Cole-Cole
data 400 K 400K Fitting
104 AEK I5K | (gqa)

* 350K 350K

10°4

10°

10" 10° 10" 10% 10° 10* 10° 10° 107 10° 10° 10'°10™ 10" 10° 10" 10% 10* 10* 10° 10° 107 10° 10° 107°10"
f (Hz) f (Hz)
C| d
250 ) 500 @
* 300K ; 425K 425K
Cole-Cole type . 325K Cole-Coletype . 450K —— 450K
2004 relaxations s 350K 4004 helisocetions * 475K ——475K
375K o e 500K ——500K
Conductivity
—— 300K
150 4 — 325K 3004 &
S e BOK =0 .
375K 3 D
100 2004 N
20
504 1004 .
0 0
0 500 1000 1500 2000 ] 500 1000 1500 2000 2500

15 pav. Parodyta 0,5Nb-BiFeO;-BaTiOs keramikos dielektrinés
skvarbos realiosios ir menamosios komponentés priklausomybé nuo
daznio esant jvairioms temperatiroms. Linijjomis pazyméti optimalis
eksperimentiniy duomeny tasky atitikimai pagal (5) lygti.
Kompleksinés dielektrinés skvarbos (Cole-Cole) grafikai atspindi
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termiSkai aktyvuotus laidumo nuostolius zemos (c) ir aukstos (d)
temperattiros diapazonuose [16].

Dielektrinés savybes, iSmatuotos tarp 300 ir 350 K, rodo vienalyte
dispersijg visame tiriamajame dazniy diapazone, kaip parodyta 15 pav.
(a) ir (b). Mazéjant temperatiirai, dispersija tampa rySkesné
zemesniuose dazniuose, taciau iSlieka simetriSka ir buvo modeliuojama
naudojant lygt] su vienu relaksacijos procesu (n = 1). Vienas
dielektrinés relaksacijos mechanizmas taip pat aiskiai matomas
pusapskritimio formos Cole-Cole grafike (15 pav. c).

Tarp 350 K ir 400 K dielektrinés dispersijos kreivés rodo papildomo
7emo daznio nuostoliy proceso atsiradima (15 pav. b ir d). Sis reiskinys
susijes su didéjanciu elektriniu laidumu. Esant temperatiirai virs 450 K,
pastebimas nedidelis dielektrinés skvarbos padidéjimas kartu su
auganciais dielektriniais nuostoliais. Tai galima paaiskinti lokalizuoty
elektros kriiviy kaupimusi grudeliy sgsajose ir jy judéjimu aukstoje
temperatiiroje, vadinamu Maksvelo-Vagnerio relaksacija [20].

Vir§ 400 K isliecka Zemo ir aukSto daznio dispersijos, kuriy
temperatiiriniai  pokyc¢iai vyksta pagal nuosekly désninguma. Jy
dazninés priklausomybés buvo analizuotos tuo paciu metodu.
Kruopstesné analizé¢ atskleidé nedidelius neatitikimus 10*-10° Hz
dazniy diapazone (minimaliis dielektriniai nuostoliai). Tiksliausias
suderinimas buvo pasiektas pritaikant antrinj Cole-Cole modelj. Taciau
del Sios relaksacijos silpnumo ir persidengimo su aukSto daznio
relaksacija detalesné analizé néra jmanoma. Apskaiciuotos k reikSmés
(1,001 esant 500 K, 1,006 esant 475 K, 1,012 esant 450 K ir 1,069 esant
425 K) isliko artimos 1, patvirtindamos, kad pagrindinj indélj j & lemia
laidumo poveikis aukStesnése temperatiirose.

RySys tarp vidutinés relaksacijos trukmeés ir atvirkStinés
temperatiiros pateiktas 16 pav. Duomenys atitinka pritaikymo
rezultatus, gautus aproksimuojant dielektrinés skvarbos dazning
priklausomybe pagal Cole-Cole formule kartu su Vogel-Fulcher-
Tamman désniu (3). Sie modeliai daznai naudojami relaksoriniy
feroelektriky relaksacinei dinamikai aprasSyti [21].
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16 pav. 0,5Nb-BiFeO3-BaTiO3 keramikos vidutiné relaksacijos
trukme yra atvirkS¢iai proporcinga temperatiirai.

Eksperimentiniams duomenims pritaikyta kreivé stipriai koreliuoja
su §iais parametrais: to=1,73x10"2 s, T=158+16 K ir E,=0,194 eV.
Remiantis gautais duomenimis, akivaizdu, kad vidutiné relaksacijos
trukme didéja mazéjant temperatiirai ir gerokai skiriasi nuo Arrenijaus
taisyklés esant nulinei temperatirai (Tf=0). Todél Sis relaksacijos
procesas yra panaSus ] dipoliniuose stikluose ar relaksoriniuose
feroelektrikuose stebimus relaksacijos procesus, kuriems biidingas
platus relaksacijos periody diapazonas [23]-[25]. Aktyvacijos energija
yra jprastame Sioms sistemoms stebétame intervale [24]. Palyginti su
gryno BF-BT sudétimi, BF-BT medZziagos papildymas Nb labai
padidina medZziagos aktyvacijos energija, o tai rodo, kad ilgo nuotolio
sutvarkyta dipolin¢ konfiglracija sudétingai vystosi veikiant
elektriniam laukui dél silpno kontakto tarp PNR [26], [27].

ISvada

Nb legiruojant sékmingai pagerinamos BF-BT keramikos
dielektrinés, feroelektrinés ir elektrinés savybés. Empirinio Cole-Cole
relaksacijos modelio panaudojimas rodo platy relaksacijos laiky

diapazong, kuriam biidingas pastebimas vidutinio relaksacijos laiko
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nuokrypis. Sis mechanizmas pana$us j feroelektriniy arba dipoliniy
stikly relaksacijas ir vyksta temperatiiry intervale nuo 250 iki 500 K.
Vogelio-Fulcherio-Tammano désnio laikymasis yra labai svarbus, nes
jis pasizymi 158 K uzSalimo temperatiira ir atitinkama 0,194 eV
aktyvacijos energija. Sios vertés atitinka vertes, pastebétas kitose
relaksorinése feroelektrinése medziagose. Ateityje reikéty iStirti
skirtingo Nb dopingo lygio jtaka fazinio peréjimo dinamikai ir
dielektriko savybéms. Dielektrinés spektroskopijos derinimas su
struktiirinio apibiidinimo metodais, tokiais kaip perdavimo elektrony
mikroskopija (TEM), galéty padéti geriau suprasti mikrostruktiirines
stebimo relaksorinio elgesio priezastis.

6.7. Dielektrinis PbHf1xSnxO3; medZziagos tyrimas

PbHf0.92Sn0.0s03 kristalai buvo iSauginti savaiminés kristalizacijos
metodu Taikomosios fizikos institute MUT VarSuvoje (Lenkija).
Kristalai buvo skaidris, jy forma - mazi kubeliai ir strypeliai. Naudojant
sidabro pasta, ant priesingy kristaly pavirsiy buvo pritvirtinti elektrodai,
kuriais buvo atliekami dielektriniai matavimai tiltinése ir bendraasése
sistemose.

17 paveiksle pavaizduota temperatiiros ir PHS kristalo kompleksinés
skvarbos priklausomybé. Temperatiira T1, kuri Saldymo proceso metu
yra 433 K, rodo taska, kuriame jvyksta peréjimas tarp faziy A2 ir Al
[29]. Alavo (Sn) jony prid¢jimas | PbHfO3 nesukelia tarpinés (IM) fazés
susidarymo. Taip gali biiti todé¢l, kad alavo koncentracija musy PHS
(PbHf1«SnxO3) junginiuose buvo mazesné nei 6 %, t. y. maziausia
koncentracija, reikalinga tarpinei fazei susidaryti [29]. Per¢jimas i$
fazés A2 i fazg PE jvyksta esant kritinei temperatirai Tc, apie 490 K.
Isivaizduojamosios skvarbos komponentés svyravimai esant kritinei
temperatiirai  (T¢) gali buti priskiriami kristalinés struktiiros
netobulumui, dé¢l kurio padidéja nuostoliai zemesniuose dazniuose.
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17 pav. PHS kristaly kompleksinés skvarbos tikrosios (a) ir
isivaizduojamos (b) dalies priklausomybé nuo temperatiiros jvairiais

dazniais.

Kompleksinés elektrinés skvarbos priklausomybé nuo daznio (18
pav. (a ir b)) rodo tris atskirus reiskinius: Zemo daZnio dispersija
zemiau 10%> Hz, didelj elektrinés skvarbos praradima nuo 1 GHz ir
nedidele dispersija terahercy (THz) diapazone. Pastarasis procesas
vyksta esant aukStesnei nei 450 K temperatiiroje. Art¢jant Kiuri
temperatiirai, grafike matoma didziausia jsivaizduojamos komponentés
vert¢ 8,5 GHz dazniu. Sio maksimumo a$trumas neleido jo tiksliai
aprasSyti klasikinémis lygtimis, aiSkinanciomis relaksacijos procesus.
Norédami iSnagrinéti Sig virSiing, galime pasinaudoti rezonansinés
dispersijos formule (6), sujungdami dvi pritaikytas virSiines: vieng
gigahercy (GHz) diapazone, o kita - terahercy (THz) diapazone.
Did¢jant temperatiiroje nuo 470 iki 500 K, smailés daznis pasislenka
nuo 20 iki 100 GHz, ta¢iau slopinimas mazéja, kai temperatiira artéja

prie Te.

Asw ©)
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18 pav. Pavaizduota PHS keramikos leidZziamosios gebos duomeny
realiosios (a) ir menamosios (b) daliy priklausomybé nuo daznio esant
aukstai temperatiirai. Linijjomis pazymétas optimalus eksperimentiniy
duomeny tasky iSsidéstymas pagal (6) formulg.

19 paveiksle pavaizduota nubrézta temperatiiros ir osciliatoriaus
daznio priklausomybe, vaizduojanti rezonansinés dispersijos smaile
apie fazinio per¢jimo temperatiirg.
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19 pav. MinkStojo rezimo priklausomybé nuo daznio.

Antiferoelektrinése medziagose minkStasis rezimas pasiZymi nuo
temperattiros priklausomu minks$téjimu, kurj apibiidina Cochran désnis
[30].
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ISvados

PbHf0.92Sn0.0s0Os  (PHS)  kristalai  pasizymejo  unikaliomis
dielektrinémis ir struktlirinémis savybémis, suteikian€iomis vertingy
1zvalgy apie jy fazinio peréjimo dinamika. Placiajuosté dielektriné
spektroskopija atskleidé pirmosios eilés fazinj peré¢jima netoli 494 K
Curie temperatiiros, kurj lydi reikSmingi histerezés efektai. Pastebéta
rezonansinio tipo dispersija, kuri gali biti siejama su minkstojo rezimo
buvimu. Medziaga iSlaiko savo strukttirinj vientisumg ir kartu pasizymi
geresnémis dielektrinémis savybémis, kaip matyti i§ tarpiniy faziy
nebuvimo esant mazai Sn koncentracijai (<6 %).

6.8. Apibendrinimas

Sioje disertacijoje apraSomas eksperimentinis impulsinio lazerinio
nusodinimo taikymas §iy medziagy savybéms pagerinti ir placiajuostis
jvairiy medziagy (pléveliy ir biriyjy medziagy) dielektriniy savybiy
tyrimas. Gautos §ios i§vados:

1. Svino cirkonato titanato (PbZro2TiosO3) plonosios plévelés ant
stroncio titanato (SrTiO3) substraty pasizymi 32 9% didesniu
pjezoelektriniu poveikiu, palyginti su biriu bandiniu, iSrySkinant
unikalig nanomasteliniy matmeny ir deformacijos poveikio jtaka.

2. Istirtas nusodinimo parametry 0,8(Nao sBiosTi103)-0,2(BaTiO3)
poveikis ir jvairiais metodais patvirtinta optimali pléveliy kokybé bei
parodytas geras plévelés glotnumas, o stechiometrija artima miisy
tikslinei medziagai.

3. Plonosios ZrSnSe;3 plévelés buvo tiriamos taikant daugiatikslj ir
vienatikslj metodus. Gautas ZrSnSes, ZrSe; ir SnSe plony pléveliy
nusodinimo parametry poveikis, kuris gali buti panaudotas
daugiasluoksnéms struktiroms ruosti, kad biity pasiekta reikiama
ZrSnSe;s pléveliy kokybe.

4. Bismuto ferito ir bario titanato (70 % BiFeO; ir 30 % BaTiO3)
kietyjy tirpaly reentrantinio relaksoriaus elgsena rodo sudétingus
termiskai indukuotus per¢jimus tarp tvarkingy ir netvarkingy biiseny,
atskleistus placiajuostés dielektrinés spektroskopijos budu placiame
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dazniy diapazone nuo 20 Hz iki 20 GHz ir temperattiry intervale nuo
270 K iki 400 K.

5. Svino hafnato alavo (PbHfy92Sn0,0sO5) kristalai pasizymi Zymiais

dispersijos smailés poslinkiais ir slopinimo koeficiento poky¢iais netoli
Curie temperaturos, kuri yra 494 K, kaip nustatyta placiajuoste
dielektrine spektroskopija ir patvirtinta rezonansiniu dispersijos
modeliu.
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