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Abstrakt

Tato disertacni prace se zabyva pripravou tenkych vrstev vysokoteplotnich supravodici s dirazem
na studium vlivu depozi¢nich parametru metody Ionized Jet Deposition. Ionized Jet Deposition
(IJD) je nova metoda pripravy tenkych vrstev vyuzivajici pulzni eletronovy svazek k ablaci
teré¢iku. Tuto metodu pripravy tenkych vrstev radime mezi metody fyzikalni depozice z par.
Mezi hlavni pfednosti metody IJD patti jeji flexibilita spocivajici v moznosti modifikovat proces
nanaseni pomoci Sirokého spektra depozi¢nich parametrii. Mechanické vlastnosti vysokoteplotnich
supravodici, predevsim jejich znac¢nd kiehkost, limituji jejich praktické vyuziti. Proto je z
technologického hlediska vhodné pripravit je ve formé tenkych vrstev deponovanych na pruznych

P1i podrobném studiu vlivu depozi¢nich parametra na ptipravu tenkych filmu je tfeba nejdiive
popsat teoretické zaklady samotné metody a dale zakladni charakteristiky materiala, které jsou
predmétem prace. Tento teoreticky tivod je obsahem prvni ¢asti této prace.

Druhé ¢ést prace je zaméfena na studium samotnych depozi¢nich parametri, jmenovité
urychlovaciho napéti, vzdalenosti mezi substratem a ter¢ikem, hustoty a chemického slozeni
terciku, typu substratu a teploty substratu béhem depozice. Jako idealni hodnota urychlovaciho
napéti se ukdzelo napéti 14 kV a vzdalenosti mezi substratem a ter¢ikem 110 mm. Zkoumand
hustota teréikii se pohybovala v rozmezi 3,85 g/cm? az 5,6 g/cm3. Hustota teréiki zdsadné
ovlivnila rychlost ristu vrstev, ale ma minimalni vliv na morphologii povrchu zkoumanych vrstev.
Typ susbtratu zdsadné ovliviiuje vnitini strukturu nanesenych vrstev stejné jako teplota substratu
béhem depozice. Bylo nalezeno rozmezi teplot, pti kterém dochazi k zddoucimu usporadni vnitini
struktury. Tato teplota je okolo 780°C pri depozici vrstev na specidlni paskovy substrat vyvinuty
pro pripravu vysokoteplotnich supravodivych tenkych vrstev. K dosazeni plné supravodivé
vrstvy je jesté zapotfebi s nejvétsi pravdépodobnosti upravit chemické slozeni nanesenych vrstev.
Tato tprava muze byt provedena zménou chemického slozeni terciku na zakladé transportnich
koeficientii zjisténych pomoci studia terc¢ikli s raznym slozenim a nebo zvysenim urychlovaciho
napéti coz bude mit za vysledek zvyseni energie jednoho pulzu elektront a tedy lepsi zachovani

stechiometrie mezi tercikem a deponovanou vrstvou.
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Abstract

This dissertation deals with the preparation of thin films of high-temperature superconductors
with emphasis on the study of the influence of deposition parameters of the Ionized Jet Deposition
method. Ionized Jet Deposition (IJD) is a new method of thin film preparation that uses a pulsed
electron beam to ablate the target. This method of preparation of thin films is classified as
Physical Vapor Deposition. The main advantages of the IJD method include its flexibility in the
possibility of modifying the deposition process using a wide range of deposition parameters, which
in turn allows the preparation of layers from almost any material. The mechanical properties of
high-temperature superconductors, especially their considerable fragility, limit their practical use.
Therefore, from a technological point of view, it is advisable to prepare them in the form of thin
layers deposited on flexible substrates and then assemble more complex structures from them,
such as electrical power conductors.

In a detailed study of the influence of deposition parameters on the preparation of thin films,
the theoretical foundations of the method itself must first be described, as well as the basic
characteristics of the materials that are the subject of the work. This theoretical introduction is
the content of the first part of this work.

The second part of the thesis is focused on the study of the deposition parameters themselves,
namely the accelerating voltage, the distance between the substrate and the target, the density
and chemical composition of the target, the type of substrate and the temperature of the substrate
during deposition. The ideal value of the accelerating voltage turned out to be 14 £V and the
distance between the substrate and the target was chosen 110 mm. The investigated target
density ranged from 3.85 g/cm? to 5.6 g/ecm3. The density of the targets significantly affected the
growth rate of the films, but it has a minimal effect on the surface morphology of the investigated
layers. The type of substrate affects the internal structure of the deposited layers; the same holds
for the temperature of the substrate during deposition. A temperature range has been found
at which a suitable arrangement of the internal structure occurs. This temperature is about
780°C' when depositing the films on a special tape substrate developed for the preparation of
high temperature superconducting thin films. To achieve a fully superconducting film, it is still
necessary to adjust the chemical composition of the prepared films. This adjustment can be done
by changing the chemical composition of the target based on the transport coefficients found by
studying targets with different composition or by increasing the accelerating voltage, which will

result in increased energy of one electron pulse and thus better preservation of stoichiometry.
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Introduction

The research goal of this thesis is to elucidate a deposition processes using the ionized jet
deposition (IJD) for preparation of High Temperature Superconductors (HTS) thin films. The
reader will be acquainted with the procedure of step by step examination of the individual
deposition parameters. These parameters are necessary to fully understand the complex problem
of deposition process. For easier understanding of the topic, the first part of this thesis contains
introduction to the theory describing in detail the applied method, IJD, main features of thin
films growth by physical vapour deposition techniques, and basic specifics of the studied class
of materials, high temperature superconductors. The second part of the thesis is then focused
on the obtained results, providing the detail description of individual deposition experiments

performed, characterization of the prepared structures and discussion of the collected findings.



2 1. INTRODUCTION

1.1 Content of Thesis

The thesis is structured in the following way:

1. Chapter [I] The introduction of the thesis. Overview of the planned and achieved goals,
reasons why to use IJD method for preparation of high temperature superconductors (HTS)
thin film, and how the results obtained in this thesis can influence the future of industry

and science.

2. Chapter [2| The theory of IJD, Thin film deposition and HTS. The section dealing with IJD
method describes in detail physical principles and experimental setup of the method. In
the next part, the basic theory of thin films growth process by PVD is given, accompanied
by description of the experimental techniques used to characterize thin films. Finally, the
section is closed by overview of the main features of HT'S materials, in particular of these

important from the point of thin films fabrication.

3. Chapter [3| Overview of the performed experiments, achieved results and their discussion.
Investigation of the influence of different deposition parameters on the properties of the
prepared thin films. The properties of films examined in detail involve their thickness,
surface morphology, chemical composition, structure and superconductive behavior. The
investigated and discussed deposition parameters cover accelerating voltage, substrate

positioning, substrate temperature, target density and target chemical composition.

4. Chapter [ The Conclusion contains detailed summary of all obtained results, and suggestions

for the future research in this field.

This thesis was processed by the author using I¥TEX. Technical drawings and visualisation of

results in this thesis were created using Origin and ImagelJ.
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1.2 Research Goals

1. Creation of a general set of theoretical knowledge needed for 1JD usage

2. Experimental examination of the influence of the chosen IJD deposition parameters on

properties of prepared thin films

3. Development of IJD thin film deposition applicable to HTS

1.3 Publication of Achieved Results

Individual parts of the research contained in this Ph.D. thesis were published in impact journals
and presented on international conferences. Some results were published in bachelor thesis

performed under supervision of the author.

1. The Study of influence of target properties namely target density and target chemical
stoichiometry was performed on series of samples. The examination was focused on
attributes of the thin films such as thickness of the films, surface morphology and chemical
composition of the films. Obtained results were presented on virtual conference ASC' 2020

and published in the IEEE Transactions on Applied Superconductivity. [1] [2]

2. The Study of different substrate types influence on the YBCO thin films deposited by
1JD was presented on the international conference EUCAS 2021 as a poster with name
Influence of the properties of HTS thin films prepared by IJD depending on the

substrate type.

3. Examination of substrate temperature dependence on the structural phase of prepared thin
films was done by X-ray diffraction. It was proven that the phase transformation occurs
around temperature 750°C. Part of the research data is included in the bachelor thesis of
Be. Tibor Kostal [3] performed under supervision of the author. Obtained results were also
presented on conference ASC 2022 and published in the IEEE Transactions on Applied

Superconductivity. [4]
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1.4 Challenges for Future Research

The technology of HTS superconducting films preparation is still far from completeness; there is
much to do in order to further improve and simplify the deposition process, thus making the
production of the devices utilizing these layers more efficient. The general points that might be

improved, regardless the deposition method applied, involve:

1. Increasing the critical current I., which are the HTS thin films capable to withstand.
2. Preparation of buffer layers necessary for HTS thin film grow by 1JD
3. Up-scaling the deposition process to industrial scale.

4. Development of complex process of multi layer deposition (buffer, HTS film and protecting
layer) and post-deposition treatment performed in a single device in order to improve the

efficiency of HTS thin films production.

Restring on IJD only, the most important and ultimate goal is a successful deposition of HTS
layers showing superconducting properties at LN temperature. Aim of the presented thesis is to

provide a valuable initial contribution to this effort.
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1.5 Consequences for Applications and for Future

Development of Science

High temperature superconductors have recently experienced a large increase in usability in
practice. One large group of practical applications attracting a considerable attention recently
focuses on the use of superconductors in devices exploiting effect of magnetic levitation. This
phenomenon allows to contactless transmit motion, which can be applied in many ways. Currently,
magnetic levitation is used, for example, in drug mixers, where non-contact motion transmission
prevents contamination of the agitated substances with materials that may be present at the
engine that drives the agitator. Furthermore, levitation conveyors are being developed, which can
be crucial for objects transportation e.g. in high-risk areas [5]. The properties of superconducting
magnetic levitation make it possible to move all control electronics and conveyor motors to
a separate section, thus eliminating potential sources of danger. Other practically important
property of any superconductor is the ability to shield/compensate the magnetic field, which
is very crucial for highly sensitive measurements of magnetic fields of very low intensity. A
superconducting quantum interference device (SQUID) is usually used for these measurements.

Ability of loss-free transmission of high electric currents belongs then to the main application
domain of superconducting leads composed of laminated HT'S thin films. All recently known HT'S
materials suitable for for application in cable construction belong to ceramics materials, showing
thus very limited mechanical flexibility. Thus, it is necessary to construct the leads as multistrata
assemblies composed of stack of flexible strips, each covered by a thin HTS layer. Technological
progress has enabled the economically advantageous use of superconducting cables cooled by
liquid nitrogen. The use of superconducting cables is particularly feasible over short distances
and lower voltages, where electrical losses are the greatest. These cables also take up significantly
less space than conventional copper conductors. The combination of these properties makes
superconducting cables an ideal choice for the backbone of underground electrical networks in
the cities or short distances between power plants and highly energy-intensive production places,
such as an aluminum factory. HTS cables can also be used in electromagnets with the possibility
of creating an extremely strong magnetic field. These strong magnetic fields are essential eg. for

fusion power plants technologies such as ITER.






Theoretical Part

This chapter deals with three distinguished physical areas playing key role in the performed
research. Knowledge of these subjects is necessary in order to understand the complex issues of
high temperature superconductor thin film preparation by IJD method. The first subsection is
focused on the IJD deposition method itself. Description of the method is divided in two parts,
the detail explanation of the deposition process, and the description of particular parameters
influence. The second section is focused on processes accompanying growth of thin films. The last,
third section then introduces the class of materials denoted as high temperature superconductors

(HTS).
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2.1 Ionized Jet Deposition

The resulting properties of the thin films prepared by different deposition techniques are influ-
enced by many different aspects. Each deposition technique have its unique set of deposition
parameters which define capability of the given method to prepare thin films of particular
type and composition. In this section, the IJD deposition parameters are introduced, with
closer attention given to acceleration voltage, distance between target and substrate, substrate
temperature and target properties (density, heat conductivity and chemical composition).

The rest of the deposition parameters, which are monitored during each deposition process
performed by IJD includes deposition time, frequency of electron beam pulses, working gas, type
of substrate, cleaning pressure, working pressure and distance between the target surface and
the bottom of equipotential space/flight-trough cathode.

The Ionized Jet Deposition method was developed during the last decade by the team of
Italian company Noivion srl. The IJD is a physical vapor deposition method which uses a special
configuration of pulsed electron beam for target ablation. Novelty of this methods requires a
complex approach to development of brand new deposition processes. This is also the case of
the deposition process aimed on preparation of high temperature superconductors thin films.
It is worth to notice that the IJD method has some common attributes with other deposition
techniques, such as pulse laser deposition, magnetron sputtering and mainly channel spark
deposition. Information from deposition processes prepared for these methods has been used as

the basis in creating the deposition process for 1JD.

Cc
| |
1

trigger T

-HV

Figure 2.1: Schematic of channel-spark electron beam source; in the picture, K marks the hollow
cathode, A - anode, C - capacitor, HV - the negative port of high voltage generator, T - target,
S - substrate, and D - dielectric tube. [0]

The IJD method is a direct successor of so-called channel spark deposition method. Schema
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of the latter is shown in Fig. [2.1I] Channel spark method also uses pulsed electron ablation to
vaporize the target [7]. However, the overall design of the two methods differs, and, in case of
1JD, it is optimized to achieve better deposition and utility properties. The main difference
consists in the displacement of the hollow cathode which serves as the main source of electrons
needed for target ablation. In the case of 1JD, this cathode is moved in a close vicinity of the
target, the arrangement thus minimizing undesired energy losses Also, placing the cathode
close to the target eliminates the need of using dielectric tube, which serves in the channel spark
deposition as the electron supply channel to the target. This supply tube has to be frequently
replaced after certain deposition time due to its clogging with the deposited material. Overall,
IJD offers a more mechanically robust system that provides a better deposition performance
than the channel spark deposition due to the improved system geometry. The higher deposition
performance in this context means the better energy transfer between the deposition system and

the target which results in a faster and more controllable process of thin films preparation.
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2.1.1 1JD Deposition Process

The key working tool of IJD method is the pulsed electron beam generated in the IJD source
(Fig. . The whole IJD source is located in vacuum chamber and operates at the pressure
between 104 mbar and 10™3 mbar kept inside the vacuum chamber. During the deposition, the
pressure inside the source itself is around 1 mbar. As shown in Fig. 2.2] the selected working
gas is flowing trough the source from the right side, from the gas inlet, to the deposition target

located at the left side of the picture.

Equipotential space -
flight-through cathode

Target plasma

Trigger electrode  Hollow cathode cavity

Mechanical support

De Laval nozzle

— o B
0—| |-
Auxiliary electrode - v
flight-through anode D
Target C

Figure 2.2: Schematic view of IJD source [§]; the letters A;B,C and D indicate electrical
connections (B, D) and groundings (A, C)

The electric arc ignited in the hollow cathode cavity between the trigger electrode located in
the center and the wall creates the primary electrons. The hollow cathode cavity wall and the
equipotential space/flight-trough cathode (shown on left side of Fig are both set at a high
negative potential(—10kV to —25kV). The trigger electrode in the hollow cathode cavity is
gradually brought to the ground potential. This potential change is done by suitable resistors.
The electric arc is ignited when the potential difference between the trigger electrode and the
outer wall is over the break down voltage of the flowing gas mixture.

The primary plasma created in the hollow cathode cavity is kept at a slightly higher positive
potential than the equipotential space/flight-trough cathode wall. This potential difference is

controlled by the positive potential of the trigger electrode in the hollow cathode cavity. The
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produced plasma then propagates and expands toward the equipotential space/flight-trough
cathode by passing the intermediate De Laval nozzle. The latter creates a laminar flow of the
working gas ionized by the primary electrons during their propagation toward the equipotential
space/flight-trough cathode. The positively charged ions from the working gas effectively shield
electrons in the plasma, allowing thus to increase the electric current density compared to other
methods, using electron beams in vacuum. The increase is from mA up to kA. The laminar flow
of working gas ions also drags surroundings electrons, effectively acting as a pinning done by
magnetic field used in channel spark deposition method.

When the plasma arrives into the equipotential space/flight-trough cathode the latter starts
to behave as an ordinary hollow cathode [9] (Fig. Electrons start to oscillate between the
walls and the cathode axis, where the potential level is more positive due to the spacial expansion
of the anode potential in to the cathode volume. In this situation, the grounded target acts as
a positively charged anode. The oscillation of electrons starts to create secondary electrons by
avalanche ionization of the working gas. When the overall amount of electrons generated by the
hollow cathode effect increases enough, an arc toward the target is ignited, in accordance with

the Paschen law (Fig. [2.4).

i 3 5 4 2
// // // \\ \\
ﬁ // 7
2 S \/’x ;
C T A
— d I—

Figure 2.3: Schematics of hollow cathode effect; 1-hollow cathode, 2-grounded anode, 3- area of
positive charge near the walls, 4-plasma channel, 5-electron trajectory, A,C-electric connections,
D-diameter of the hollow cathode, d1,d2,d-characteristic distances [9]
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The Paschen law describes the dependence of breakdown voltage on the pressure and distance
between two electrodes (Rel. [2.1]). The IJD source operates generally at the pressures corre-

sponding to the left side of the Paschen curve with respect to the minimum of the curve shown

in Fig. [2.4).

aPd
V= hoPd 2

Here V is the breakdown voltage [V], P is the pressure [bar], d is the distance between
electrodes [mm] and a and b are constants reflecting the actual gas composition [I0]. In case of
ambient air, the constants are a = 43.6 * 10°[V//(bar * m)] and b = 3.62 * 10°[1/(bar * m)]. For
IJD system, the typical pressure P = 1 x 1073[bar] and the distance between the equipotential
space/flight-trough cathode and the target (which are the Paschen electrodes in this system) is
d =3 % 1073[m]. After substituting these values into the equation the IJD breaking voltage
V =~ 18[kV] is obtained. This value is in a good agreement with the voltage values measured on
a real IJD system. Table then gives summary of other key parameters characterizing typical
IJD pulsing source [L1].

E[ Y P———— e
=
@
=R N S N
% 10 7
>
c
=
o
o]
©
L 40 ; A
; u
102
10?2 102 10" 10° 10’
P*d[bar*mm]

Figure 2.4: Paschen curve (calculated after Rel. 2.1) providing dependence of the breakdown
voltage on the product of pressure and distance [10]

The arc creates a conductive plasma channel towards the target, however, if a source (in this
case an IJD source) is connected to the circuit providing such an amount of electrons that it

exceeds the capacity of the plasma channel, a charge double layer will form [I2]. The charged
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Table 2.1: Characteristic IJD pulse parameters (unpublished data Noivion srl. and [11])

Discharge voltage 30kV
Electric efficiency 30%
Gas pressure 1% 10 3mbar
Discharge time 200 — 1000ns
Frequency of pulses 5 —600Hz
Maximal electron energy in the beam < 15keV
Total electron current < 3.5kA
beam diameter at target 0.5 —2mm
Current density < 10°A/cm?
Power in the beam < 440MW
Power density in the beam < 14MW/cem?

double layer is in balance with the difference in electrical potential inside the plasma (Fig. ,
such situation can be achieved when the mobility of electrons is higher inside the plasma channel
than in the rest of the electric circuit, and when the electric charge capacity of the plasma
channel is exceeded. Thus, as a result, in one side of the channel a surplus of electrons, and on
the other side their shortage appears, the situation which effectively creates an electric potential.

This potential difference increases the energy of electron beam accelerated toward the target

surface and causing its ablation.

Figure 2.5: Picture of the double layer emitted from the hollow cathode; the negative charge
region appears darker than the positive charge ones, due to the greater emission of light photons
by positive ions comparing the photon emission from the negative electronic cloud [13]
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The plasma of the target material created by the ablation then expands trough the equipotential
space/flight-trough cathode. There are two openings in the cathode. One is in the bottom part,
facing the target and the second one in the top part facing the substrate. These two openings
in the cathode are used to produce a cone-shaped plasma plume with the apex angle ca. 30°
(Fig. . Within this cone, the plasma plume should be highly homogeneous, without clusters
created during the ablation process on the surface of the target. These clusters are mostly solid

particles ripped from the target.

adjusted
plume shape

1, =Y

Figure 2.6: Schematic of the plasma plume ablated by the IJD source from the target (green)[§]
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2.1.2 Ablation Process

The term "ablation" means generally a removal of something by its vaporization. In case of thin
film deposition methods, the ablation of the target material in explosion-like manner, by a source
generated particles with sufficient energy. These particles are ions in the case of magnetron
sputtering, photons for pulse laser deposition, or electrons when a pulse electron source is used.
Further on, we will focus only on ablation of material by means of pulsed electron beams. For
the electron beam ablation, the energy of incoming electrons is crucial, since it has a strong
influence on the penetration depth of electrons in the target material. For electrons within the
energy range lkeV < E < 20MeV, the penetration depth § [um] can be calculated using the

approximation [14]

0.9815 1
0~bBITE (1l — ———— | — 2.2
537 ( 1+ 0.0031E) p 22)

Here p [g/cm?] is the target mass density, and E [eV] is the energy of the incident electron
beam.

The physical mechanisms influencing the actual penetration depth value involve mainly
Coulombic interactions, inelastic electron scattering on ionic cores and emission of secondary
electrons and photons. A part of incident electrons can be also elastically /inelastically reflected.
The probability for Coulomb scattering to occur is very large. Due to the Coulomb scattering,
the electrons interact with the solid material in a zigzag manner, and the energy transfer to
the target is not uniformly distributed along the entire penetration depth. The total power
absorption per unit volume of the target (Ppq[W/cm3]) and its spacial dependence P(z) can be

approximated by the relations and derived in [15].

_ 4 J
Pmax - 5(1 k)Ug (23)

P13 (G-5) =

Here j [A/cm?] is the electron beam current density, z is the depth in the target along its
surface normal, U [eV] is the electron beam energy and k is the reflection coefficient. The
normalized power absorption course calculated using the relations 2.3 and is shown in Fig.
2.7
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Figure 2.7: Normalised absorbed power of electron beam along the depth below the target surface
z [11]

The target material is vaporized anywhere along the beam path where the absorbed specific
energy exceeds, or is equal to the evaporation heat. This process is heavily influenced by the
thermal conductivity of the target. A lower thermal conductivity of the material can help
concentrate enough absorbed energy at one spot, sufficient to overcome the evaporation threshold
before the energy is relaxed away in form of heat. Thus, a prevailing part of the energy loses
occurring during the ablation process is due to the heat flow in the bulk increased further by the
energy absorbed at the locations where the evaporation thresholds is not reached.

The electron beam carries a minimal momentum but a lot of energy to the target, making
possible the ablated material to leave the target surface along the normal direction to the
surface. The angular distribution of the material measured in ref. [11] approximately follows
the distribution cos?®(a) where a denotes the emission angle with respect to the surface normal
(Fig. [2.9).

This incident material distribution results in the growing film thickness distribution on to the
substrate to be proportional to the cos®®(a). As mentioned in the previous section, the IJD
method uses plasma plume with the apex angle ca. of 30° which guarantees the film thickness

deviations lesser than 10% (Fig. [2.9).
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Figure 2.8: Normalized angular distribution of target material ablated by IJD source [11]
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Figure 2.9: The typical normalized distribution of the growing film thickness as function of the
deviation from the IJD plasma plume axis (typically parallel to the sample surface normal) [11]
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2.1.3 Plasma Plume Propagation Between Target and Substrate

Plasma created during the ablation process is the main source of material for the growing thin
film. The plasma plume is propagating along the direction perpendicular to the target surface.
Since ions in plasma undergo several energetic changes during their travel from target to the
substrate, the plasma propagation can be divided into the following four stages [16] (Fig. [2.10).

The first stage consists in creation of the plasma plume during the ablation process itself.
Duration of this phase is governed by duration of the electron pulse. The energy of electrons
is transformed into the internal energy of plasma. The height of the plasma plume during this
phase is typically under 1 mm .

During the second phase of plasma propagation toward the substrate, most of the plasma is
ejected along the target surface normal. The exact direction of the plasma expansion in governed
by its internal pressure. Since the generated plasma is created inside the target bulk, the only
direction along which it can expand is close to the direction opposite to the incoming electron
beam. From other sides the expanding plasma is bounded by the target mass. These conditions
result in the ejection of plasma perpendicular to the target surface. Moreover, the density of
plasma is much higher than the density of the residual gas in the chamber, and the ejection
process is thus not affected by the surrounding atmosphere influence. The distance which plasma
travels in this phase is around 10 mm.

In the third phase, the atoms and ions in plasma start to collide with atoms of the back-
ground /working gas. As a result, the energy of plasma starts to change, the latter effect
influencing the mean free path of the carried particles. The ablated atoms create, trough mutual
interactions with the gas atoms, the so-called "snowplow effect" resulting in dragging the gas
atoms towards the substrate. This effect may be important during a reactive deposition when
the plasma atoms chemically react with the working gas atoms to create the desired chemical
composition of the growing film. Preparation of titanium nitride from a pure titanium target
and nitrogen used as the working gas can serve as an example. During this phase, the plasma
and the dragged atoms decelerate, and decrease their kinetic energy. The expansion of plasma
propagation reaches distance around 100 mm from the surface of the target.

The last phase occurs when the directional velocity of the plasma plume is comparable with
the thermal velocity of its constituting atoms. The expansion of the plasma plume almost stops.
For a standard deposition process, the distance the plasma plume reached (marked further on

as Lg) is the ideal position where the substrate should be placed [16]. The theoretical model
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Figure 2.10: The four phases of plasma plume propagation described in text [16]

proposed in Ref. [I7] can be used for finding this location. The model treats the ablation process
as the adiabatic one. Ny atoms is ablated per unite time and volume, with the initial average
velocity vy and scaling distance Ly considered as function of the particular ablation process and
gas atmosphere parameters. The main phenomena elucidated in this model is the transfer of
kinetic energy from ablated atoms to the thermal energy of plasma mixed with working gas
particles. During the process, the total momentum and energy is assumed to be conserved. As
the result, the directional particle velocity v and the thermal velocity vy can be estimated and

calculated following the relations [2.5| and [2.6| (For more details of the model see Ref. [I7]).

v _ (1+ $3)_1 (2.5)
Vo
ur _ 1‘3/2[3(1 + $3)(1 + le3)]—1/2 (26)

Vo

Here, = M/m is the atomic mass ration between the target material and the gas particles
and x = L/R is the normalized propagating distance. The symbol R marks the distance where
the moving set of particles consists of equal mass of gas atoms and target material atoms. The
intersection of the velocity functions v(z) and vr(x) defines the location where the thermal
velocity and the directional velocity of the plasma are equal to each other, thus providing estimate
to the distance Ly (Fig. . Usually however, this location is found and verified experimentally.
It is safe to assume that the distance Lg is the location where the most homogeneous thin films
are grown. Said homogeneity is achieved due to the ideal energy level of the arriving particles,
which is not to high to cause the film damages, but also sufficient for non-thermal activation of

the substrate surface [16].
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Figure 2.11: Graph of directional velocity v and thermal velocity vy in dependence on normalized
distance; the value Ly is given by the intersection of both velocity curves [16]
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2.2 Growth of Thin Films

This section aims to provide description of processes taking place in growth of thin films by PVD
methods, with the particular reference to the IJD technique.

The thin film growth process starts when the plasma arrives at the substrate surface. The
deposition and redistribution of atoms from plasma on the substrate surface is governed by set
of physical and chemical parameters. Deposition of thin films by physical vapor deposition can
be considered as a highly non-equilibrium process. The real structure of prepared thin films is a
metastable state, thus the structure is easily changeable by exposition to additional energy. In
general, the thin film growth process can by described as driven by kinetics of adsorption and
diffusion, and divided into the following three subsequent parts. The first one is the nucleation,
the second one is the coalescence and the last one is the voluminous growth [I8].

The nucleation is a heterogeneous process of assisted condensation of the arriving plasma atoms
on the substrate. For the nucleation process to start, it is necessary to achieve a supersaturation

state S > 1, with the saturation level S defined as

S = p/po (2.7)

where p is the partial pressure of the arriving plasma and pg is the equilibrium vapor pressure
at the substrate surface. The pressure of the arriving plasma can be deduced from the deposition

rate R using the following relation.

R =p/(2rmKT)"/? (2.8)

where K is the Boltzmann constant, m is the molecular weight of deposited material and T'
is temperature of plasma.

The nucleation can lead to the three growth modes. These growth modes differ in the
interaction energies between the arriving particles and atoms forming the substrate surface.
Systematic division of the growth modes can be derived using Young s equation represented by
Rel. The equation describes ability of liquid to maintain a particular contact angle with a
solid surface in terms of surface specific energies of the involved phases expressed in terms of

their inter-facial surface tensions.

vB ="+ vacosp (2.9)
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where ¢ is the wetting (contact) angle, yp is the surface tension of the substrate, 74 is surface

tension of the growing film material and ~* is the inter-facial tension between the film and the

substrate (Fig. [2.12]).

Figure 2.12: Scheme of the surface tension components acting at the growing film interface [19]

The island growth (¢ > 0), called also as Volmer-Weber growth mode, requires vy < v4 + 7.
Overall contribution to the total free energy of the growing system due to the interaction between
the growing film and the substrate is higher than the contribution from the free substrate and
growing film surface. Thus, separated three-dimensional islands grow on the surface of the
substrate.

The opposite case layer by layer growth (¢ = 0), called also as Frank-van der Merwe growth
mode requires yp > va4 + 7. Interaction of the film and the substrate is energetically more
favourable than the sum of the interactions between the film and substrate surfaces and the
surrounding gas. Thus, regular layers of the film material grow on top of another.

Finally, the layer plus island growth called also as Stranski-Krastanov growth mode occurs
when (in an ideal case) the first grown layer satisfies the condition for the Frank-van den Merwe
growth mode, but the second and all other atomic layers of the growing film are conformal with
the Volmer-Weber process. Growth starts as layer by layer growth and, with the increasing
thickness of the film, changes to the island growth (Fig. .

The next stage of thin film growth process is the coalescence. At this stage, the nucleation
centers fuse together. After solid-like coalescence of two nucleation centers, a grain boundary
is created; after a liquidlike coalescence, a new uniform and boundary-free nucleation center is
formed. End of this stage is defined by the percolation thickness threshold. The percolation
thickness is the minimal thickness needed for the material to fuse together all the nucleation
centers and to create a uniform macroscopic thin film. For most materials, this thickness is

between 1nm and 20nm.
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Figure 2.13: Schematic picture of the growth modes of thin films: Frank-van der Merwe mode
(a), Volmer-Weber mode (b) and Stranski-Krastanov mode (c) [1§]

For most applications however, the thickness of 20nm is not sufficient. Thus, the voluminous
growth stage is needed, which is the last stage of thin films growth process. The complete real
structure formation is then controlled mainly by the following processes.

Shadowing occurs when the arriving plasma flow shows a directional character. It dominates
at low substrate temperatures, and geometric interaction of the arriving atoms and surface
roughness of the growing film plays the key role.

Diffusion in this stage can be understood as a mobility of atoms on the substrate surface.
For most materials, the diffusion is related to their melting temperature 7T;,. The diffusion can
be separated onto the three different zones, depending on the ratio between the substrate actual
temperature Ts and the melting temperature T}, of the growing film material. The first zone,
for which holds Ts/T,, < 0.3, shows a low mobility of the incoming atoms. Thus, the atoms
stay mostly at the positions where they land. In the second zone, with 0.3 < T,/T,, < 0.5, a
surface diffusion occurs with the activation energies between 0.1 — 0.3 eV resulting in a columnar
real structure. In the last third zone, where T,/T,, > 0.5, bulk diffusion dominates, with the
activation energies above 0.3 eV resulting in an evenly grained real structure.

The last process of the growing sequence which affects the resulting real structure is recrys-
tallization. The recrystallization takes place in films of larger thickness at substrates kept at
high enough temperature during the deposition. Phase transitions and orientation changes may

occur in such case[19].
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2.3 Applied Analytic Methods

Analysis of thin films is a complex task. Many of the bulk analysis methods are not suitable
for thin films examination. In this section, several methods are introduced which are used in
this thesis. It is apparent that a careful and detail analysis of the thin films prepared from
HTS materials is crucial for subsequent formulation of correct technological procedure leading to
films with micro-structure showing the desired superconducting properties. Such analysis must
be capable to elucidate the following four main properties: film thickness, surface morphology,
chemical composition and crystalline structure. Thickness, as the basic parameter important for
majority of thin films; surface morphology, since the HTS films are commonly overlaid by further
layers in order to prevent damaging from exterior conditions, and character of the HTS film
surface plays important role in preparation of such covering layers; chemical composition as being
crucial for growth of the desired superconducting phase (for similar chemical stoichiometries,
there are many chemically alike phases, but without superconducting behavior). The last critical
property is the type of crystalline structure. It is highly influenced by the temperature regime
during the deposition. Even with the correct chemical composition, it is necessary to find
out the right temperature window for the film preparation in order to achieve the presence of
superconducting phase. To obtain information about the upper mentioned properties, the below

listed and briefly described methods have been used.

Scanning Electron Microscopy

The scanning electron microscopy (SEM) is an analytical imaging method based on scanning the
sample surface with a focused electron beam and reconstructing the surface morphology from
the recorded intensity of electrons released from the surface (Fig. [2.16]). The primary electrons
interact with the surface and underlying mass of the examined sample. Since the mean free path
of low energy secondary electrons is short, only electrons released from few nanometers below
the surface are detected, and used to reconstruct the surface topology image. This low depth of
analysis is especially important for examination of thin films, because the undesired interference
with the signal from the underlying substrate is depressed. In the particular case of the films
prepared by IJD method, the SEM allows examination of typical surface morphology features,
namely the number and size of "droplets" (Fig.

The SEM method can be also used for examination of the film thickness by scanning the

section of the tested sample where it is possible to distinguish between the substrate and the
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Figure 2.14: SEM image of YBCO thin film prepared by IJD method; "droplets" are clearly
visible

deposited thin film. Orientation of such sample section plane has to be perfectly perpendicular
to the primary beam of electrons. The latter setting is not always possible due to the sample
holder or due to the geometry of the fracture. In latter cases, the obtained thickness is only
approximate one, since it is not possible to precisely distinguish between the interior of the film

fracture and the area belonging already to the surface of the film, visible due to the tilt of the

sample (Fig2.15) [8] [20].
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Figure 2.15: SEM micrograph of the fracture of AlaOs thin film deposited on monocrystalline
silicon wafer; the regions belonging respectively to the film and the substrate are indicated
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Figure 2.16: Schematic of SEM; in addition to the secondary electrons detector, an X-ray detector
can be used too, providing EDS analysis [20]
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Energy Dispersive X-ray Spectroscopy

The primary beam of electrons used in SEM initiates also some other distinguished types
of interactions, resulting in emission of, e.g., Auger electrons, back scattered electrons and
characteristic X-rays (Fig. Energy analysis of the latter forms a base of the method of
energy dispersive X-ray spectroscopy (EDS). Schematic view of the EDS setup is shown in Fig.
[2:16] Due to its unique electronic structure, each element has a unique spectrum of the emitted
characteristic photons. Thus, the emitted characteristic X-rays can be used for qualitative as well
as quantitative determination of chemical composition. Although the particular energies of the
characteristic X-ray lines differ for different elements, the mean penetration depth of the emitted
radiation is in the micrometer range. This poses a problem for thin film analysis, because there
is high a interference with the signal from the substrate. To minimalize the latter effect, it is
desirable to use substrate that contains completely different elements than the tested film. Thus,
the EDS method can be effectively used for examination of the chemical composition of thin film
when the film is thick enough to eliminate the signals from the substrate or if the substrate does

not contain any of the chemical elements contained in the prepared film [21].
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Figure 2.17: Scheme of interaction of primary electron beam with a solid sample [20]
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Atomic Force Microscopy

The atomic force microscopy (AFM) is a useful tool for performing investigation of surface
topology. The standard lateral as well as height resolution of AFM is in the order of nm. The
surface is scanned by a mechanical probe. The probe consists of a tip which is mounted onto a
set of piezoelectric translators. The tip "touches" or "feels" the surface and the bending of the tip
that corresponds to the "landscape" of the surface is captured by the detection system. Typically,
an optical reflection setup is used (Fig or, nowadays, Akiyama probe which directly converts
its bend into electrical signal. The AFM can be also used for film thickness measurement. For
such measurement, it is necessary to create a step from the pure substrate to the thin film surface.

The AFM scan running over the step then directly shows the film thickness [22].
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Figure 2.18: Schematic of AFM measurement with optical detection of the cantilever bend [23]
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X-ray Diffraction

The X-ray diffraction (XRD) is a powerful analytical, nondestructive method for examination
of inner structure of materials. As already mentioned, the penetration depth of X-rays reaches
unites or even tens of microns, the value which seems to be large for analysis of sub micron
thin films. To lower the penetration depth of the incoming X-rays, a techniques called grazing
incidence angle scattering is used (Fig. In this setup, the primary beam of X-rays have
fixed incidence angle w 2° — 5° to the sample plain and the detector is scanning the range of
diffraction angle (260). With this low incidence angle setting, the spot of the incoming X-ray
beam on to the sample is highly prolonged. Information from a large volume of the thin film is
obtained but, on the other hand, the sample has to be large enough to cover the whole spot of
the beam. The X-ray diffraction can be also used for examination of the thickness of the thin
film. There are two methods how the thickness can be obtained. The first approach is to analyse
the reduction of the intensities of the diffraction peaks from the substrate. To be able to use this
approach, it is necessary to have a diffraction record from the bare substrate, without the film
present. In an ideal situation, a calibration standard sample with the film of the known thickness
is used in addition. The second possibility how to measure the thickness by the X-rays is trough
utilization of interference effect. At extremely low incidence angles, part of the X-rays is reflected
from the surface of the film and another part is reflected from the interface between the film and
the substrate. From the interference patterns of these two X-ray beams, the film thickness can
be calculated according to the equation for position of the corresponding progressive interference
maximum . This method is mainly used for the films with thickness in range of tens of nm
[24] [25] [26].

A
2nd cos(0) = (2k — 1)5 (2.10)
Here n is the refractive index of the film at the given wavelength, d is the sought thickness, 6 is
the angle of incidence of the wave on the film/substrate boundary, k is the order of interference

maximum and A is the wavelength of the x-ray beam.

X-ray Photoelectron Spectroscopy

The X-ray photoelectron spectroscopy (XPS) is a nondestructive analytic method used for
determination of surface chemical composition. The XPS uses primary X-ray beam to initiate

electrons emission from the sample (Fig. [2.20). Since the mean free path of the emitted electrons
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Figure 2.19: Schematic of measurement of thin film by grazing incidence angle XRD [27]

in solids is generally very short, only electrons from a surface selvage layer (less than 1nm)
contribute to the analysed signal. The electrons have characteristic energies corresponding
to the emitting atom orbital levels. From analyzing the energetic spectrum of characteristic
photoelectrons, it is possible to find out the elemental composition of the tested sample surface,
as well as the types of chemical bonds. Thus, the XPS method suits for very precise chemical

analysis of the sample surface [28] [29].
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Figure 2.20: Schematic of XPS setup [29]
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Confocal Microscopy

The confocal microscopy is an optical method for examination of surface morphology. The
confocal microscopy uses a laser beam that travels trough a confocal aperture to the sample.
Light scattered from only a very small spot which is in the center of the focus is examined at
one moment (Fig. . This allows the microscope to scan the desired area of the sample and
to create a precise 2D or 3D map of the sample surface. The confocal microscopy can also be
used for thin film thickness measurement. To measure the thickness, it is necessary to have a
sharp edge between the film and the free substrate surface prepared on the tested sample. The
microscope scans over the substrate/film boundary (edge). The film thickness is then determined

from the changes in focus position [30].
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Figure 2.21: Schematic illustration of the confocal microscopy setup. [31]
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2.4 High Temperature Superconductors

The effect of superconductivity was discovered by Kamerlingh Onnes in 1911. The transition
from the normal to the superconducting state is bounded by critical temperature, below which
superconductors show zero electrical resistance and ideal diamagnetic properties. Theoretically,
the superconductivity was first described by so called Bardeen Cooper Schrieffer (BCS) theory
in 1957. According to this theory, the superconductive state is possible to achieve only for the
temperatures bellow 30 K. The HTS, which break this limit, are defined as the superconductors
with the critical temperature exceeding 30 K. Sometimes, it is also the boiling temperature of
liquid nitrogen (77 K) used as the critical temperature defining the group of HTS [32]. The
practical importance of the liquid nitrogen is here in its relatively low fabrication cost and the
relative ease of use.

The high temperature superconductors can be further subdivided according to their chemical
composition and crystalline structure into families of magnesium diboride, iron based supercon-
ductors and cuprates [33]. This thesis is focused on the latter group, namely on the compounds
characterized by the summary formula Y; BasCuszO7_, [34].

Superconductors can be also classified by their response to external magnetic field. Super-
conductors of the type I show a single critical field value above which the material loses all
superconductive properties. Superconductors of the type II are characterized by two different
critical magnetic field values between which the material exhibits existence of an intermediate
phase, mixing together the ordinary and superconducting properties. The state is called "vortex"
state, due to the existence of a vortex lattice within in the superconductor volume. Above the

second critical field, the type II superconductors lose all superconducting properties.

2.4.1 YBCO Structure and Properties

The Y1 BasCusO7—, (frequently abbreviated as "YBCOQO") is one of the most common high
temperature superconductor prepared and used today. It has a perovskite type of crystalline
structure, with a C'u — O sublattice consisting of two CuQOs planes perpendicular to the ¢ axis
and C'u — O chains along top the a axis direction (Fig.

The yttrium atoms separate the CuOy planes. It is assumed that the CuOy planes are the
main source of the high temperature superconductivity effect, however, any definite proven
theory of the high temperature superconductivity is still not available. The superconductive

properties also strongly depend on the amount of oxygen present in the compound. Stoichiometry
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Figure 2.22: Elementary cell of YBCO crystalline structure, the oxygen, barium, copper and
yttrium atoms are marked in red, purple, blue and green color, respectively [35]

Y1 BasCusOg lacks the necessary oxygen and does not exhibit superconductive properties. The
minimal amount of oxygen necessary for the HTS effect to exist has been found as being equal
to the stoichimetry Yi BasCusOg 4 (Fig [36]. Best superconductive properties reported
corresponds then to the stoichiometry Y; BaoCusOg9s [34]. With the oxygen content increasing,
the YBCO crystalline structure also changes from a tetragonal structure with the space group
P4/mmm to the orthorombical structure with the space group Pmmm [37].

For achieving the correct structure during a thin film deposition, it is necessary to heat up
sufficiently the substrate. The temperature window within which the superconductive structure
Y1 BasCugO7_, grows is between 760°C' to 820°C' [38] [39]. This temperature may change when
using different deposition techniques and/or different substrate materials. Unfortunately, at this
temperature, the material looses oxygen crucial for the superconductive properties, as mentioned
above. Thus, the sample has to be annealed after deposition in order to obtain the right structure
with the correct amount of oxygen. The annealing is usually done in the oxygen atmosphere at
the temperatures around 400°C' [40].

For preparation of YBCO thin films by IJD, the mostly used one is a sintered target composed
of the Y1 BasCu3zO7_,. The Y1 BasCu3zO7_, is commonly prepared from precursors CuO, BaCOs
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Figure 2.23: Influence of oxygen stoichimetry on the critical temperature of YBCO superconduc-
tors [36]

and Y203 see reaction below [4I]. For the reaction to be valid, the condition y = 0.5(1 — 2x) must
be met. Through combination of these precursors, a number of other phases can arise, in addition

to the desired phase Y BaoCuzO7_, (which is frequently abbreviated as Y123 Fig. [2.24]).

The ternary phases Y143, Y152, Y211, as well as the other binary phases, does not exhibit
superconductive properties. Only two superconductive phases of YBCO have been identified, the
already mentioned Y123 and the Y385 [43]. During deposition of a thin film, if the deposition
parameters are not correctly set, an undesirable decomposition into the basic precursors can take

place, too [44].
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Figure 2.24: The ternary phase diagram of BaO-CuO-Y203 system [42]






Experimental

The main aim of this thesis is to analyse in depth the IJD deposition process and influence of its
main parameters on properties of the resulting HTS films and, through this analysis, to collect
knowledge necessary for successful fabrication of HTS films showing superconducting behaviour.
The search process for the right deposition parameters is a relatively complex problem treated in
this thesis by a semi-empirical approach. The deposition process has been separated onto several
experimental parts/steps. Each set of experiments is designed to examine a different selected
deposition parameter and its influence onto the prepared HTS films. The initial conditions for
each step were chosen based on the available published information as well as on the general
experience from previous thin film preparation using the IJD method.

Several parameters were fixed during the whole examination process, due to the small
operation window of IJD for these parameters, following from previous studies; the working gas
type, its composition and its pressure. Pure oxygen is selected as the working gas throughout
the studies. Its working pressure is then fixed since the working conditions of IJD source has to

be conformal with Paschen law.

37
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3.1 Accelerating Voltage and Substrate Positioning

The distance between the substrate and the target is a relevant parameter with influence on the
energy of particles approaching the substrate. The placement of substrate in a right position is
thus very important for character of the thin film growth process. A detail description of the
plasma travel process during the I1JD deposition, affecting mainly the ideal distance between the
substrate and the target has been already given in Section For its key importance, the
substrate positioning was already analysed in many studies dealing with deposition of thin films
by IJD method [8], [28], [45] and [46]. The optimal distance following from that extensive data
evaluation amounts 110mm.

The accelerating voltage value affects the energy of electron pulse coming to the target.
According to the the equation the energy of electrons influences their penetration depth i.e,
it correlates with the amount of the ablated material. The latter then further affects the speed
and quality of the resulting layer growth.

The testing set consisting of three samples was prepared in order to examine the influence of
acceleration voltage on the surface morphology playing an important role in the application of
HTS films in industry. From previous experience with IJD, three different values of accelerating
voltages were chosen: 10 kV, 12 KV and 14 kV. Accelerating voltage values lower than 10 £V
were avoided with regard to the resulting low growth rate leading to too long deposition times.
Higher deposition energies, on the other hand, result in creation of large density of impurities in
the form of "droplets" or "splashes", both highly undesirable [46]. For detailed overview of the
deposition parameters used for the first sample set see Table

Table 3.1: Deposition parameters for the set of samples used in examination of acceleration
voltage influence

Name ML,Y-123,900/12 | ML,Y-123,900/12 | ML,Y-123,000,/12
Distance [mm] 110 110 110
Acceleration voltage [kV] 10 12 14
Deposition time [min] 15 15 15
Frequency [Hz] 10 10 10
Substrate tape+Si wafer tape+Si wafer tape+Si wafer
Substrate temperature [°C] R.T. R.T. R.T.

Morphology of the prepared thin films was then analyzed by SEM (see Figl3.1)). After
evaluation of morphology of the prepared samples, the acceleration voltage of 14 kV was
identified as the best one from the options tested. This value was chosen and fixed during

the next investigation steps focused on influence of the target mechanical properties on the
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deposition process. Main reason for choosing the latter voltage consisted in the number of
"droplets", appearing on the film surface and falling down with the acceleration voltage increasing.
The second reasons is the growth rate, rising up with the acceleration voltage value growing.
Achievement of high growth rate is important and desirable, since thicker films allow for reducing

/ avoiding the substrate influence during the subsequent morphology analysis.

SEM HV: 10.0 kV WD: 4.36 mm MAIA3 TESCAN SEM HV: 10.0 kV WD: 4.33 mm ‘ MAIA3 1.'ESCAN
View field: 102 ym Det: SE 20 pm View field: 104 pm
SEM MAG: 2.04 kx | Date(m/dly): 01/27/20 Performance in nanospace Performance in nanospace

; : ) R
~ . . J "
SEM HV: 10.0 kV WD: 5.53 mm MAIA3 TESCAN
View field: 139 um Det: In-Beam SE 20 ym
SEM MAG: 2.00 kx  Date(m/d/y): 02/25/20 Performance in nanospace

Figure 3.1: SEM images of the films prepared using acceleration voltage 10 £V (top left), 12 kV
(top right) and 14kV (bottom); Tescan MAIA3 scanning electron microscope
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3.2 Target Density

The properties of targets play a crucial role in the preparation of HTS thin films using IJD.
This paragraph concentrates on the problem how the mass density of the used target affects the
properties of the prepared thin films. From equation it is possible to deduce the influence of
the target mass density on the penetration depth of electrons. This penetration depth then closely
correlates with the deposition yield per one IJD head pulse. The amount of material deposited
during single pulse defines then the speed of growth and the morphology of the resulting surface.

The targets used to test the influence of mass density were prepared from the powder
Y1 Ba2CusO7—_,, obtained by mixing precursors Y2Os, BaCOs and CuO in the stoichiometric
ratio. Target powder was then calcined in four steps at temperatures from 850° to 880° with
homogenization between the steps. Each of the targets was formed by uniaxially pressing 18¢ of
the raw powder into a disk with diameter 32 mm. In order to obtain different final densities, the
targets were sintered at different temperatures and for different lengths of time. From the set of
18 prepared targets, total of 9 with equal difference in mass density were chosen for subsequent
experiments (see Fig3.2). Let s notice that the theoretical maximal density of the phase Y123

is 6.3g/cm3 [47]; this density is not easily achievable and thus not often used.
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Figure 3.2: Mass densities of the prepared targets and the main preparation parameters (furnace
temperature and the dwell time)
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3.2.1 Thickness

The films prepared by IJD using the nine selected testing targets were deposited on two different
substrates at once. The first substrate consisted of a monocrystalline Si wafer; a special metallic
tape with buffer layers for YBCO deposition was then selected as the second substrate type. At
first, the resulting layer thickness was examined by confocal microscopy method. As explained in
the Section [2.3] the confocal microscope can be used to analyse thickness of film when a sharp
step between the layer and the substrate exists / is prepared during the deposition (see Fig.
. In the performed experiments, the confocal microscope (Sensofar S neox, Spain) with 5Mpx
camera was used to measure the thickness and 3D surface of the prepared thin layers. A 150x
objective with a working distance of 1.5 mm from the sample was used. The microscope was
equipped with four LEDs: Red (630 nm); green (530 nm); blue (460 nm) and white (575 nm;
center) and Ai Focus Variation designed for measuring of thin films. Senso MAP and SensoPRO
software was used to process the recorded data.
For thickness measurement, a 2D profile is sufficient. Fig[3.4]shows an example of profile measured
on the edge of a HTS layer. Presence of local profile peaks is apparent, the latter corresponding
to the droplet-like surface irregularities on the surface of the prepared film. The thickness is
obtained as the mean leverage of the right side of the profile that corresponds to the layer.
This procedure was applied for all prepared layers. The obtained film thickness values are
summarized in Table [3.21

As already mentioned, the equation binds together the mass density of the target and
the depth of electron penetration which directly affects the amount of ablated material. The
influence of target density on the calculated penetration depth and measured layer thickness
is demonstrated in Fig. [3.5] It is possible to see that both dependencies have similar trends.
The largest deviations are found for both the minimal and maximal target density, which fact is
probably due to the influence of other phenomena growing in their influence at these density

margins.
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60 70 80 90 100

Figure 3.3: Example of 2D (left) and 3D (right) picture of prepared layer surface recorded by
confocal microscope; target with mass density 5.4g/cm? used for deposition; edge of the layer is
clearly visible

200 —Average thickness
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Figure 3.4: Example of thickness profile of the film grown with target of the mass density
5.4 g/cm?

Table 3.2: The film thickness grown from the targets with indicated mass densities; identical IJD
growth conditions were applied for all the prepared films

Target density[g/cm?] | Film thickness[nm)|
3.85 205
4.15 162
4.4 150
4.55 157
4.74 146
5.01 123
5.18 126
5.39 127
5.6 104




3.2. TARGET DENSITY 43

r25

220

200

180

160

Thickness [nm]

140 -

120

Normalized penetration depth

100 E

25 30 35 40 45 50 55 60
Target density [g/cm”]

Figure 3.5: Normalized penetration depth depending on the density of the target (full line)

combined with the experimentally obtained thickness of the grown films (full squares with ESD
indicated)
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3.2.2 Surface Morphology

Amount of material transported during one deposition pulse not only contributes to the variations
in the final thickness, but also plays an important role in the surface morphology of the resulting
films. The surface morphology is then a key parameter for deposition of cover layers onto the
HTS layer, as already been described in the Subsection The common phenomena observed
in preparation of thin films by IJD is the presence of "droplets" appearing on surface of the
prepared films [46]. As shown in Fig. on the example of AlsOs layer, the "droplets" are
distinguishable on the surface topology profiles, but the underlying volume of film is homogeneous
without any visible impurities, boundaries, pores, etc.

Quantitative analysis of the surface topology was done by a software for image processing.
Several softwares packages were tested, namely Gwyddion, Matlab and ImageJ. The best results
of the SEM image analysis were achieved with the software ImageJ. The main goal of the
examination was to find out a relation (if any) between the frequency of the "droplets" presence
and the used target densities. In particular, the size, amount and total area covered by the
"droplets" were examined.

The analysis process by Imagej consisted in several steps. First, it was necessary to select the
examined area of the SEM image. Then the particles in the selected area had to be visualized on
the basis of correctly set contrast threshold. The identified particles were then approximated by
elliptical boundaries used afterwards to determine the total count and total area of "droplets"
(see Fig[3.6).

The SEM micrographs for all tested target densities are collected in the Fig. [377] The
average size, amount and total area covered by "droplets" are given in the Table From the
obtained data, it is not easily noticeable any simple functional dependence between the "droplets"
properties and the target densities. The minimum surface coverage is found for the "intermediate"

target mass densities 4.55 and 4.84 g/cm?, showing also the smallest mean size of the droplets.
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SEM HV: 10.0 kV WD: 5.79 mm
View field: 17.8 ym Det: In-Beam SE

SEM MAG: 15.5 kx | Date(m/d/y): 03/16/20
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Figure 3.6: Example of the image processing steps applied in the surface topology analysis of
the prepared layers performed by ImageJ software; the used target density 4.84 g/ecm3. Original
SEM micrograph (top left), selected area for examination (top right), B/W converted picture
with contrast threshold set (bottom left), isolated particle boundaries (bottom right)
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Figure 3.7: Original SEM snaps of layers prepared from targets of different density.

Table 3.3: The characteristics of surface droplets obtained from topological analysis of SEM
micro-graphs shown in Figure

Target density | Average particle size [um] | Number of particles | Coverage [%]
3.85 1.30 383 3.85
4.15 2.81 353 7.66
4.40 1.70 320 4.21
4.55 0.93 350 2.52
4.84 0.68 563 2.14
5.01 2.37 470 7.01
5.18 1.02 785 3.03
5.39 2.68 305 6.33
5.60 1.54 274 3.26
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3.3 Chemical Composition of Target

The stoichimetry of YBCO superconductors plays a crucial role in their superconductive behavior.
The chemical system has several stable phases, which were introduced in the Subsection [2.4.1]
Some of these phases are very similar in their composition, but differ in their properties. Supposing
there is a close relationship between the composition of the deposition target and the stoichiometry
of the grown layer, it is necessary to fine-tune the chemical stoichimetry of the deposition target
very carefully in order to achieve the resulting thin films containing the correct superconducting
phase [48]. With the target chemical composition fixed, the exact composition of the growth film
is determined by the IJD transport coefficients determining the elemental transport from the
target to the film.

To investigate the transport coefficient for IJD deposition, seven targets with different
stoichimetry were prepared. The desired stoichiometric ratio of the targets was obtained by
variation in mixing the precursors Y>Os, BaCosz and CuQO. The obtained target samples are
marked according to their stoichiometry (oxygen content is omitted). Preparation of the target
powders consisted in a four-step calcination, with homogenization applied between each of these
steps. The calcination steps were performed at temperatures ranging between 850°C' and 880°C'.
The resulting powder was then uniaxially pressed into the disks with diameter 32 mm and weight
of 50 g. The following targets were prepared: YiBai5Cu3O,, Y1BasCuszO;, Y1BassCusOy,
Y1Bas5Cu3.50,, Y1 BasCus50,, Y1BasCusO,, and Y1 BasCuy 50,.

3.3.1 Transport Coefficients

The transport coefficient of selected element is defined as the ratio between the atomic content
of the element in the target and the content in the prepared thin film. All other parameters of
deposition were fixed: distance 110 mm, acceleration voltage 14 kV, deposition time 30 min,
frequency of pulses 10 Hz and substrate temperature 650°C'. Si wafer was used as substrate,
since it does not interfere with the composition of the prepared thin films.

The examination of chemical composition was performed by an EDS analyzer (X-Max 150)
with a 20 mm? silicon drift detector (SDD, Oxford Instruments). This analyzer is part of the
scanning electron microscope (SEM) Tescan MAIA3. The data were analyzed by using the
AZtecEnergy software. Prior measurement, all samples were placed onto conductive carbon tape.
The measurements were performed in the high-resolution mode with the acceleration voltage 10

kV. This spectroscopic method is closely described in the Subsection
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Figure 3.8: Example of the obtained distribution of the marked elements in the prepared thin
film and in the substrate. The film was prepared from the Y; BaoCusO, target; the SEM view
of the surface is shown on the left-most picture

Distribution of the elements over the tested film area was found as homogeneous. This
conclusion follows from the obtained EDS maps (see Figf3.8). Since the measurements were done

in proximity of the sharp edge of the film (see Figi3.9)), the signal from Si substrate is also visible.

. i T T 1 |

Figure 3.9: Picture of the thin film with the arrow pointing to the edge where the EDS was
measured

Data from the EDS measurements have form of atomic stoichiometry percentage of elements
(see Fig. The observed presence of carbon is a known consequence of the measuring system
contamination [49]. The signal from silicon follows from the fact that the HTS layer thickness
is lower than the penetration depth of the exciting primary electron beam, allowing thus for
collection of the signal coming from the substrate. The oxygen is not taken into account in the
calculations of the transport coefficients, since it can be easily released from the structure of the
film during deposition and its transport coefficient is therefore poorly defined for the deposition
of a YBCO type superconductor.

After deposition, all samples have to be additionally oxygenated in order to achieve super-

conducting properties (as explained in the Subsection [2.4.1)).
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Figure 3.10: Example of the data obtained from the EDS analysis for the sample prepared from
the Y1 BaaCusO, target

The complete set of EDS composition data for each stoichiometry combination is shown
in Fig. Three sets of EDS measurements were performed: on the target before the first
deposition, on the targets after the last deposition, and on the prepared thin films.

From the measured data, the transport coefficients were then calculated for each of the

evaluated elements. The results are summarized in Tables 3.4l and [3.5

Table 3.4: Transport coefficients for Y, Ba and Cu related to the targets” composition before
deposition

Targets Y Ba | Cu
Y1Ba;5Cus | 0.78 | 1.23 | 0.97
Y1BaaCus | 0.83 | 1.10 | 0.97
Y1BassCus | 0.82 | 1.10 | 0.97
Y1Bas5Cuss | 0.48 | 1.15 | 1.09
YiBasCuss | 0.53 | 1.23 | 1.03
Y1Ba2Cuy | 0.91 | 1.22 | 0.89
Y1BasCuys | 0.80 | 1.38 | 0.87

The correspondence in the chemical composition between the targets after deposition and
the thin films is much better than those of the thin films and the targets before the deposition.
The average difference in elemental composition between the targets after deposition and the
corresponding prepared layers is less than 5%. This phenomenon is probably caused by a change

in the chemical composition of the target at the beginning of deposition. The target is locally



50 3. EXPERIMENTAL

Table 3.5: Transport coefficients for Y, Ba and Cu related to the targets” composition after
deposition.

Targets Y Ba | Cu
Y1Ba15Cus | 0.89 | 1.05 | 1.03
Y1BasClus 1.21 | 1.01 | 0.92
Y1BassCus | 1.01 | 1.01 | 0.97

Y1Bas5Cuss | 0.85 | 0.97 | 1.10
Y1BaoCuss | 0.86 | 0.97 | 1.08
Y1BasCuy 1.01 | 1.00 | 0.99
YlBCLQCU4_5 0.90 1.05 1.01

extremely heated, which may lead to partial evaporation of some elements. Shutter in front of
the samples was used for all other future preparations to prevent film growth before the target is

stabilized.
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Figure 3.11: The atomic percentage of Y ,Ba and Cu obtained from the EDS data for each
initial stoichiometric composition and indicated type of measurement (on the fresh target, on
the prepared layer, and on the target after IJD deposition).



52 3. EXPERIMENTAL

3.4 Characterization of Structural Properties of HTS Films

The crystalline structure of the prepared thin films was analyzed by the X-ray diffraction (XRD)
method. The XRD is a very powerful method for analyzing the real structure of polycrystalline
materials, such as presence of structural phases, internal stresses and crystallographic textures.
This method is described in more details in the Section 2.3

YBCO materials form a relatively complex system with a number of different structural
phases (see Fig. The growth of layer mass organized in a given crystallographic phase is
affected by the exact chemical composition of the growing mixture, the type of substrate, and
the temperature of the substrate. With the right choice of substrate, the epitaxial growth can
be achieved, which is crucial for the growing layer orientation. As described in Section [2.4.T
REBCO-based high-temperature superconductors exhibit anisotropic superconducting properties,
requiring to achieve a parallel orientation of the superconducting a-b planes with the substrate
surface. The ideal thin film structure will have an extreme crystallographic texture with only
(001) reflections observable in a symmetric reflection position, and will consists purely of the
Y1 BaoCuzOr_g5 phase.

A monocrystalline bulk sample supplied by Can Superconductors s.r.o. was measured at first
and used as a reference standard. The monocrystalline bulk crystalline structure is oriented in the
same way as it is necessary to orient the layers, and consists mainly of the Y7 BasCusO7_s phase
with small amount of additional phases (see Fig. The most intensive observed diffraction
lines correspond to the (001) zone of the Y; BaaCusO7_s phase.

All measurement of the thin films samples were done with X Pert PRO MPD (PANa-
lytical) difractometer equipped with the X “Cellerator detector. The X-Ray source CoKa
(=0.179026 nm), was used, set into the grazing angle geometry. The angle between the primary

beam and the film plane was 3°.



3.4. CHARACTERIZATION OF STRUCTURAL PROPERTIES OF HTS FIiLMS 53

) n ©
(@]
3 S 3
60000 -
40000 —
%)
[
>
o]
O,
. 5
‘93 20000 1 \8’ -
£
04— LJ
I | | | | | | I | | | |

20 25 30 35 40 45 50 55 60 65 70 75 80
26[°]

Figure 3.12: The XRD pattern of monocrystalline YBCO bulk, used as the standard, measured
in Bragg-Brentano geometry; the bulk surface normal parallel to the scattering vector.
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3.4.1 Influence of Substrate Type

Four different substrates were tested: monocrystalline Si(111), monocrystalline LaAlO3(100), and
two different special tapes for HTS deposition provided by companies Bruker (further on referrer
as BruTape) and SuperOx (further on referrer as OxTape). To ensure the smallest possible
layer difference caused by different conditions during deposition, all samples were prepared at
once, within the single deposition run. The substrates were fixed on the special holder (see
Fig and, at least a part of each sample was within the main deposition cone where the
growth of the film is most homogeneous. In the subsequent analysis, only the parts of samples
with homogeneous thickness were used. The most obvious demonstration of thickness variations
consists in the interference-caused colour changes of the reflected light visible eg. on the sample

prepared on OxTape substrate (Fig. [3.13]).

Figure 3.13: Substrates in the sample holder before deposition (left), and after deposition (right)

Table 3.6: Deposition parameters for the set of samples used in examination of the substrate
influence

Sample name Si LaAlO BruTape OxTape
Distance [mm] 110 110 110 110
Acceleration voltage [kV] 14 14 14 14
Deposition time [min] 30 30 30 30
Frequency [H z] 10 10 10 10
Substrate Si (111) | LaAlO3 (100) | Bruker tape | SuperOx tape
Substrate temperature [°C] 770 770 770 770

From the recorded XRD patterns (see Fig and , it is clear that the growth of layers
is really strongly influenced by the substrate type. On the two monocrystalline substrates tested,

the films are decomposed into the precursor compounds, the effect being most likely caused
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by the insufficient substrate temperature during deposition. On the BruTape and OxTape, it
is possible to observe diffraction lines belonging to Y2BaiCu; phase, which might appear as
transition phase before formation of Y3 BaaC'uz phase (see Fig. The unidentified diffraction
lines on the tape samples might correspond to the diffraction from the buffer layers, or from the
substrate itself. The tapes are made from a nickle alloy with a buffer layer of MgO and CeO.
For each substrate, it is necessary to optimize the deposition parameters individually in order to

obtain the desired superconductive phase.
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Figure 3.14: The XRD pattern of YBCO thin film on Si (111) and LaAlO3 (100) wafer.

marked diffraction lines corresponds to BaCOs. marked diffraction lines corresponds
to Cug0O. BLUE marked diffraction lines corresponds to Y20s3.
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Figure 3.15: The XRD pattern of YBCO thin film on BruTape and on OxTape. marked

diffraction lines corresponds to BaCOs.

marked diffraction lines corresponds to

Cu20. BLUE marked diffraction lines corresponds to YoOs. BLACK marked diffraction lines
corresponds to Yo BajCui. Unmarked diffraction lines belong to the substrate
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3.4.2 Influence of Substrate Temperature During Deposition

Setting the correct substrate temperature is crucial for successful deposition since it significantly
affects the growth of Y BaaCus phase. According to [50], the right temperature window for
preparation of desired Y;Ba2Cus phase is around 780°C. However, the correct substrate
temperature in various deposition system may vary due to the specifics of individual heaters and
deposition techniques. Therefore, a careful examination of the relation between the substrate
temperature and the phase composition has to be carried out specifically for each particular
deposition system.

The BruTape substrate was chosen to test influence of the substrate temperature.The studied
temperature window was between 700°C" and 830°C, with addition of room temperature as a

reference. The rest of deposition parameters for all samples was set to the values shown in

Table B.7

Table 3.7: Deposition parameters for the set of samples used for examination of the substrate
temperature influence

Sample name YBCO(R.T.-830)
Distance [mm] 120
Acceleration voltage [kV] 14
Deposition time [min] 20
Frequency [H z] 20
Substrate BruTape
Substrate temperature [°C] R.T.-830

Phase composition of the films prepared at the room temperature, and at 700°C' is very similar.
These films have broken down into BaCO3(ICSD 00-005-0378), Cuz0O (ICSD 01-075-1531) and
Y203 (ICSD 01-074-1828). In the XRD patterns of the sample deposited at 730°C), it is possible
to observe an onset of phase transition from the individual precursors to the ternary system
described in the Section The most promising temperature range for sample preparation
appears to be between 750°C' and 770°C. Where phases Y2Ba;Cu; (ICSD 01-079-0238) and
CuY Oy (ICSD 01-077-2497) were identified. The samples prepared at these temperatures are
very similar in their phase composition, corresponding to the ternary diagram shown in Fig.
At these temperatures, there is a chance that the desired phase Y7 BaaCus could be created if the
composition were adjusted according to the data obtained in Section The data obtained from
EDS indicate that the prepared layers have a higher content of yttrium and a lower content of
barium than the desired ratio necessary for the growth of the superconducting Y3 BaeC'us phase.

The last sample then, prepared at 830°C, is again partly broken down to the individual precursors,
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but also contains YoBajCwuj. This result is probably caused by a too high temperature leading

to decomposition of the ternary phases.
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Figure 3.16: The XRD pattern of YBCO thin film deposited at the substrate temperature RT and
700°C GREEN marked diffraction lines corresponds to BaCOs. marked diffraction
lines corresponds to CusO. BLUE marked diffraction lines corresponds to Y20O3. BLACK marked
diffraction lines corresponds to YoBaiCui. RED marked diffraction lines corresponds to CuY Oq
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Figure 3.17: The XRD pattern of YBCO thin film deposited at the substrate temperature 730°C
and 750°C' GREEN marked diffraction lines corresponds to BaCOs. ORANGE marked diffraction
lines corresponds to CusO. BLUE marked diffraction lines corresponds to Y203. BLACK marked
diffraction lines corresponds to YoBaiCui. RED marked diffraction lines corresponds to CuY Oq
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Figure 3.18: The XRD pattern of YBCO thin film deposited at the substrate temperature 770°C
and 830°C' GREEN marked diffraction lines corresponds to BaCOs. ORANGE marked diffraction
lines corresponds to CusO. BLUE marked diffraction lines corresponds to Y20O3. BLACK marked
diffraction lines corresponds to YoBaiCui. RED marked diffraction lines corresponds to CuY Oq
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3.4.3 Oxidation of Films

The amount of oxygen in REBCO materials plays a crucial role for superconducting properties
as is closely described in Section In the previous Section [3.4.2] it was shown that in order
to obtain the desired phase, it is necessary to heat up the substrate to a temperature over 700°C'
at which, unfortunately, oxygen is released from the layer. Therefore, the samples have to be
additionally oxidized after deposition. The oxidation tests were done in a furnace filled with the
ambient atmosphere and kept at temperature of 400°C' for 12 hours. For the oxidation tests,
only the samples that underwent phase transformation were chosen i.e. the samples deposited
with the substrate temperature exceeding 730°C'.

During the oxidation, most of the films mass decomposed into individual precursors. After
oxidation, all tested films also contained a hard-to-identify phase. This might be the phase
Y>Ba1Cuy which is very thermally stable and therefore should not decompose. However the
diffraction lines that could correspond to this phase (marked black in the figures), especially the
one at 60 degrees, do not correspond exactly to the theoretical position expected for this phase.
The discrepancy can be caused e.g. by presence of internal stresses in the layer, incorporation
of impurities or oxygen into the crystalline lattice of this phase or influence of crystallographic
texture. The mentioned phenomena can change the position of the diffraction lines and/or their

intensity.
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Figure 3.19: The XRD pattern of the oxidated YBCO thin film deposited at the substrate tem-
perature 730°C' and 750°C GREEN marked diffraction lines corresponds to BaCOs. ORANGE
marked diffraction lines corresponds to CusO. BLUE marked diffraction lines corresponds to
Y503. BLACK marked diffraction lines corresponds to Yo BajCuy.
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Figure 3.20: The XRD pattern of the oxidated YBCO thin film deposited at the substrate tem-
perature 770°C and 830°C GREEN marked diffraction lines corresponds to BaCOsz. ORANGLE
marked diffraction lines corresponds to CusO. BLUE marked diffraction lines corresponds to
Y50s. marked diffraction lines corresponds to BaOs. BLACK marked diffraction lines

corresponds to YoBa1Cu;.
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3.5 Characterization of Superconductive Properties

Superconducting properties were measured in two ways. By measuring the electrical resistance
or by measuring the response of the sample to external magnetic field. Measurements by both
methods were performed on all oxidized samples.

The measurements of electrical resistance were performed by the four-point method. In the
case of YBCO-based superconductors, there is a significant drop in electrical resistance when the
critical temperature is reached (see Fig. The contacts were attached to the samples with
silver paste (see Fig. The samples were gradually cooled from the room temperature to 10
K, and during this time a continuous resistance measurement took place. Nevertheless, infinite

electrical resistance was measured for all samples and no temperature dependence was observed.
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Figure 3.21: The typical temperature dependency of electrical resistance of superconductive
YBCO film the critical temperature 7, is marked (after [51])

The reason for this result may be an imperfect connection of contacts or that there is no
superconducting channel between the contacts. Imperfections in the connection of contacts can
never be completely avoided. The layers also do not have to contain superconducting phases on
their entire surface but only in separate parts.

To avoid these problems, measurements of the Meissner effect were performed. Meissner
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Figure 3.22: Attached contacts on a separate piece of sample prepared at the temperature of
770°C

effect consists in pushing the magnetic field out of the volume of superconductor, which results in
levitation force acting between the magnetic field source and the superconductor (see Fig.

One large continuous volume is not required to observe the Meissner effect, and levitation
itself is a non-contact phenomenon. Thanks to these properties, measurement of Meissner effect
serves as a convenient method of measuring superconducting properties complementary to the
four-point method used above. A control/reference sample manufactured by the German company
Theva Diinnschichttechnik GmbH was used to ensure that at least a minimal levitation can be
observed in the case of a thin superconducting film. The control tape had silver layer covering
the surface as a mechanical protection of the underlaying superconducting layer. A neodymium
magnet with a magnetic field of 0.3 T on the surface and a weight of 0.14 g was used for the
measurement. The weight of the measured samples, including the control tape, is given in the

table 3.8
Table 3.8: Weight of the measured samples

Sample Weight [g]
Control tape 0.22

730°C 0.10
750°C 0.11
770°C 0.09

830°C 0.11
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T>T, T<T¢

Figure 3.23: Schematic visualization of the Meissner effect. Situation observed for Type 1
superconductors [52]

The control measurement proved the possibility to observe the levitation of the magnet over
the thin superconducting layer (see Fig and it was therefore possible to verify by measuring
the Meissner effect whether the prepared layer is at least partially superconducting or not. The
Meissner effect of the thin film is so strong that it also allowed the control tape to hold itself
levitating, as shown in Fig. Unfortunately, no levitation was observed on all prepared
samples (see Fig[3.26)).

Negative results of the levitation and conductivity measurements implicate the conclusion
that the prepared samples contain no or only very little of the desired superconductive Y1 BasCus
phase. This conclusion is conformal with the results of XRD analysis. At the conclusions of this
thesis, the procedures are proposed how to modify the deposition process in order to achieve the

superconducting thin films.
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Figure 3.24: Picture of the magnet levitating over the control tape

Figure 3.25: Picture of the control tape holding itself levitating below the permanent magnet
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Figure 3.26: Picture of the magnet not levitating over the sample YBCO layer prepared at the
temperature 770°C



Conclusions

The first chapter provides introduction specifying the goals of this thesis. The second chapter
is then devoted to detail theoretical basis needed to fully understand procedures used in the
preparation and analysis of the studied HTS layers prepared by IJD method. First, the IJD
itself is introduced and the physical phenomena involved are described, starting with the the
interaction of electrons with the target which results in ablation of the target mass and converting
it to plasma state. After creating the plasma from the target, a propagation of this plasma is
described. The plasma arriving to the substrate condenses, and the thin film begins to form.
Growth of the film layer and the ways in which its various properties can be examined in detail
are described in the following section. The last section of the theoretical introduction deals
with REBCO based high-temperature superconductors. Their crystalline structure is presented
and the main issues associated with the preparation of these materials are discussed. The most
important for the possibility of using this superconductors in practice is preparing them in a
correct chemical composition, including oxygen content, and orient their crystalline structure
correctly in accordance with their anisotropic superconducting properties.

The third, experimental chapter, constituting the main part of the thesis, describes then the
conditions applied in preparation of several tested sets of samples and the achieved results. Each
of these series of samples was designed and prepared with aim to analyse different property of
the studied HTS films. Gradually, the deposition parameters were optimized on the basis of the
obtained data, in order to achieve the best possible resulting layer.

The first set of deposition parameters optimized involved the acceleration voltage and the distance
between the target and the substrate. The optimal distance between the target and the substrate
was chosen to be around 110 mm, based on the experience with previous sample preparations
and results of a detailed literature search. Three different samples were then prepared for the

acceleration voltage examination. The value of the accelerating voltage of 14 kV appeared to be
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the ideal value to be used in further investigations. The values of the accelerating voltage and
the distance between the target and the substrate have since been fixed for all further iterations
of the sample preparation procedure.

The next two sections are devoted to testing the influence of target properties on the structure
and morphology of the prepared layers. The investigated parameters of targets involved their
density and chemical composition. The density of the target affects the penetration depth of the
electron in the ablation process. This effectively changes the amount of material deposited by
a single pulse of electrons and thus the density of the plasma that is used to deposit the layer
itself. This affects the growth rate of the film and also the film surface morphology due to a
possible change in the formation of "droplets". For the analysis of these properties, a series of
9 target samples with different mass densities was prepared; the other deposition parameters
were fixed. The density of the targets ranged from 3.8 g/cm? to 5.6 g/cm?. The resulting layer
thickness was measured by the confocal microscope and was found to range from 104 nm to
205 nm, the value corresponding well with the theory. The images from SEM were analyzed by
ImagelJ software and used to investigate film surface morphology. From the obtained data, there
is no strong obvious dependence observed between the target density and the change in particle
size or amount of the "droplets" presented on the surface. For further sample preparations, the
highest possible target density was chosen. This decision was based on the literature results
as well as on experience with mechanical handling of the targets during deposition, because in
general, the targets with lower mass densities exhibited larger tendencies to crack during the
deposition.

The chemical composition of the target is expected to affect the resulting composition of the
prepared films, too. A series of targets with different chemical compositions close to the required
composition Y123 was prepared, and a total amount of 7 samples with the same deposition
parameters was prepared. Transport coefficients were calculated based on EDS analysis of the
targets before deposition, targets after deposition, and the prepared layers. From the obtained
data, it was found that during deposition the layer is enriched with yttrium and, conversely, the
layer is depleted of barium.

The last prepared series of samples used the optimised parameters from the previous step,
and focused on examining the crystalline structure of the prepared films. In HTS thin films, the
phase growth is influenced mainly by the chemical composition of the arriving mass mixture, the
substrate temperature and the substrate composition, crystalline structure and its orientation. A

series of 4 samples on different substrates was prepared for the substrate influence analysis. For
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further analyses, BruTape was chosen for its practical use in industry. To investigate the effect of
the substrate temperature, a series of 6 samples was prepared at the temperatures ranging from
700°C to 830°C', and the set was completed by a control layer deposited at room temperature.
The desired phase transition to ternary phases occurred in the samples deposited at substrate
temperatures above 730°C. Unfortunately, the desired superconducting phase Y1 BasCus was
not found in any of the examined samples. Samples in which a phase transition was observed
were then oxidized with aim to increase the oxygen content. This additional oxidation led to
partial decomposition of less thermally stable phases into precursors of which the investigated
material consists.

Superconducting properties of the oxidized samples were analyzed by means of electrical
resistance measurements and by measuring the Meissner effect. These measurements again
confirmed that the prepared HTS films samples are not showing superconducting properties, in
agreement with the previous XRD analysis.

To prepare the desired REBCO superconducting layers using IJD, it will be necessary to
precisely adjust the chemical composition of the films, which in the tested samples did not exactly
match the required Y3 BaoCus stoichiometry. This adjustment can be made in two ways. The
first possible one is to adjust the chemical composition of the targets so that the resulting film
has the desired composition. The required chemical composition of the targets can be calculated
from the values of the transport coefficients holding for the considered deposition conditions.
At present, a second series of targets is prepared, fabricated according to these requirements,
and preparation of the HTS layers is in progress. The second way how to achieve the required
chemical composition of the layers is to increase the accelerating voltage, increasing thus the
energy of the electron beam and ensuring stoichiometrically accurate material transfer between

the target and the layer.
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