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ANOTACE

Tato bakalarskd prace se zamétuje na aplikaci pulzni laserové depozice pro vyrobu
tenkych vrstev, které se pouzivaji ke zvySeni kvality medicinalnich materialii. Poskytuje
podrobny popis procesu PLD, jeho mechanismu a vybaveni pro lepsi pochopeni toho, jak tato
technika funguje. Kromé toho predvadi konkrétni studia, kde PLD technika byla Gspésné
aplikovéana pfi depozici riznych materialti, coz slouzi jako ptiklady ti¢innosti dané techniky v

oblasti medicindlnich materialu.

KLIiCOVA SLOVA

Pulzni laserovd depozice, tenké vrstvy, medicindlni materidly, biokompatibilita,
implantaty.

ANNOTATION

This bachelor's thesis focuses on the application of pulsed laser deposition for the
fabrication of thin films that are used to enhance the quality of medical materials. It provides a
detailed description of the PLD process, its mechanism, and equipment for a better
understanding of how this technique functions. Additionally, it showcases specific studies
where PLD has been successfully applied to deposit various materials, serving as examples of

its effectiveness in the field of medical materials.

KEYWORDS

Pulsed laser deposition, thin films, medical materials, biocompatibility, implants.
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1 Introduction

Advanced materials used in the field of medical materials are applied in order to increase
the efficiency, security, and longevity of medical devices. Thin films have emerged as a
promising approach for achieving these purposes, as they possess distinct qualities such as
enhanced biocompatibility and customizable surface properties. Out of the numerous
techniques available for depositing thin films, pulsed laser deposition has gained significant
attention as a versatile and efficient method for producing thin films with precise control over
their composition, thickness, and structure. PLD's capability to deposit films with precise
atomic-scale accuracy allows for the production of coatings using different materials like
metals, polymers, ceramics, and composites. These films exhibit exceptional adhesion,
durability, and compatibility with a diverse range of substrates. Furthermore, the PLD process
enables the incorporation of therapeutic agents such as antimicrobial substances, growth
factors, and etc. Overall PLD is a technique with rich history and a promising future in the
development of innovative medical materials with improved performance, biocompatibility,

and patient outcomes.
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2 Aim of the work

This thesis aims to investigate the application of PLD in the preparation of thin films for
medical materials. The mechanism of pulsed laser deposition technique, while making accents
on the most important parameters and its connection to the quality of obtained thin film, will
be described. As well as equipment which is used and commercially available for PLD as the
moment. Additionally, the thesis will explore specific case studies that highlight successful
implementations of PLD in fabricating medical devices and implants, along with evaluations

of their performance.
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3  WhatIs PLD and How it works?

Pulsed laser deposition (PLD) is a popular technique used for growing thin films. This
method became popular because of its simplicity [1,2] and the ability to deposit thin films with
precise control over properties such as composition, thickness, and crystal structure [3,4]. By
changing different characteristics of a process, such as a laser wavelength, background gas,
target material and etc. It is possible to apply this technique for growing thin films of different
kinds of materials [1,2]. Another factor that makes PLD highly intriguing and desirable is the
possibility of stoichiometric transfer of target material towards the substrate in case of
appropriate choice of ablation laser wavelength and absorbing target material [1,2,5]. PLD
involves using a pulsed laser to focus on the material target that needs to be deposited. When
the laser energy density is high enough, the material is vaporized or ablated by each laser pulse,
resulting in the formation of a plasma plume. This plume is highly forward-directed and
contains the ablated material that is ejected from the target. As a result, the ablation plume
serves as the source of material flux for the growth of the film [1,2]. Although the design of
PLD is simple, the actual process is surprisingly intricate and complicated [2]. The principle of

PLD involves four complex physical processes [6,7]:

e interaction of a laser beam with a target
e ablation dynamics and plume formation
e ablated material deposition onto the substrate

e film growth

— = Gate valve
target
carousel

To sample
load lock

/... Rotating heater
I(‘- Lasér beam
Laser window

B timet=0 [ Short(0.1-20 ns), high energy
5 (0.1-10 J/em?) laser pulse
R\ impinges on ablation target

diatomic, molecular, ionic) forms

t~0.1 ps Laser-induced plasma (atomic,
on target surface with ablation

- plume traverses away from

B2 Highty forward directed plosta
targef

substrate, deposited plume
species on the substrate surface

H t~4 us Ablation plume impinges on
¢

Figure 1: Schematic of the PLD process [1].
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Interaction of a laser beam with a target

The PLD uses a high-intensity pulsed laser as a source of energy for evaporating a solid
or liquid target material. When an incident laser beam hits the surface of'the target, it is absorbed
and energy is transferred to the electrons in a material [6]. When the material absorbs energy
from the laser beam, it triggers oscillations of the electrons within the material. If the energy
transferred by the laser beam to a single atom surpasses the atom's binding energy, the atom is

expelled from the surface of the material [1,8].

Ablation dynamics and plume formation:

Pulsed laser deposition involves the ablation of a target material's surface through
intense heating and material vaporization, which is primarily determined by the condition of
the target surface and the bulk material's optical and thermal diffusion lengths. Due to the high
pressure the vapor layer expands from the surface of the target and forms what is known as a
plasma plume. The composition of the formed plume is similar in stoichiometry to that of the
target material [6]. Plasma plume contains various species, such as ground- and excited-state
neutral atoms, electrons, and ions, which expand out from the target [9,10]. These species then
are deposited on the substrate and form the film [8]. The resulting vapor plume, consisting of
partially ionized material, expands primarily in a forward direction due to pressure gradients.
As the vapor plume moves away from the target surface, its thermal energy is converted into
the directed kinetic energy of the atoms and ions. It is fundamental to control the composition
of the plasma plume generated by the laser since this has a significant impact on the quality of
the resulting film. If the plume contains macroscopic particles and liquid droplets, it can result

in low-quality deposited films [11].

The ablation mechanism and, in turn, the quality of the resulting film depends on the key
growth parameters, which can be broadly divided into three categories: (i) laser properties, such
as pulse duration, wavelength, and fluence, (ii) the type and pressure of the background gas,

and (iii) the substrate type and temperature [12,13].

(1) laser properties

The laser wavelength that is employed for ablation must be taken into account. In order to
effectively ablate the target material, it is necessary to stimulate the ablated volume into a non-

equilibrium state at temperatures significantly higher than those required for evaporation [1].
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The laser's wavelength primarily determines how deeply it penetrates into the target material.
To prevent the production of numerous particles on the film surface, the laser must be absorbed
mainly in a thin layer close to the target surface, without causing subsurface boiling [14]. For
instance, common laser wavelengths PLD users select are ArF (193 nm, or 6,42 eV), KrF (248
nm, or 4,99 eV), XeCl (308 nm, or 4,03 eV), and Nd:YAG (1064 nm, or 1.16 eV) [8]. Types of
lasers used in the PLD technique will be discussed in the Chapter 4.

Laser fluence is another important laser quality that has a great effect on film growth. If the
laser has low fluence or if the target material doesn't absorb the laser's wavelength well, the
laser will only heat the target. This can cause the target to evaporate due to the heat. When the
laser fluence (energy density) increases, it will reach a point where the energy absorbed by the
target is more than the energy required for evaporation. This point is called the ablation
threshold and depends on the material's absorption coeftficient, which is also related to the laser's
wavelength. At even higher fluences, the ablated material will absorb the laser, creating a

plasma on the target surface [1].

(11) Background gas

PLD can occur either in a vacuum or with the addition of a dilute background gas to control
the composition of the film [10]. When PLD is carried out in a vacuum, the plume doesn't
expand only in one direction, but also in the opposite direction because of the high plasma
density [15,16]. The particles released in the plume spread out and interact with each other,
which makes them quickly lose their energy. Also, the plume in a vacuum is only visible near
the target [10]. Selecting the appropriate type and pressure of the background gas is fundamental
for producing a thin film with the desired composition, thickness, and crystalline structure
[15,17]. This is an important factor in controlling the kinetic energies of the deposited particles
on the substrate, controlling the addition of other elements such as O from O2, C from CHa4, or
N from NHj3 for example, and regulating the thickness of the film [2]. Usually, the thin films
are created in the presence of a reactive background gas, like oxygen which is used to make
oxide films, nitrogen which is used for nitride films, or hydrogen [2,18]. Alternatively, noble
background gases like helium, neon, and argon are commonly used as background gases in
PLD. These gases are relatively inert and can provide a low-pressure environment for the

ablated plume to expand and reach the substrate [2,15,19]. They can also help to cool down the
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substrate and the deposited film, which is important for preventing unwanted reactions or

thermal damage to the substrate [15,19].

(iii)  the substrate type and temperature

The substrate material used in PLD depends on the application of the deposited film [1,8].
In general, the substrate should be chemically stable and have a crystal structure similar to that
of the deposited material to promote epitaxial growth [8]. Selecting a substrate with the highest
structural and chemical match with the thin film material significantly contributes to superior
surface morphology and lower defect density of the thin film [20]. The substrate can be made
of materials like silicon, quartz, sapphire, or other materials, depending on the properties of the
deposited film required. For example in Group III nitride film growth sapphire is the most

widely used [12].

The substrate temperature is one of the PLD technique's process parameters that directly
influences the mobility rate, re-evaporation, nucleation, growth, and crystallization of deposited
species on the substrate surface, which in turn impacts the microstructure and thin film's
characteristics [21]. Typically in thin-film growth, the substrate temperature is chosen to be 50-
75% of the melting temperature of the film. The substrate temperature is generally in the range
of 200-1000°C, depending on the target material and the desired film properties [12]. For
instance, to deposit high-quality thin films of oxide materials like YBCO, the substrate
temperature should be maintained at around 700°C to ensure the proper stoichiometry and
crystallinity of the film [22]. It is worth mentioning that if the amorphous thin film is being
deposited, the substrate is not heated. They are deposited at low temperatures, which leads to
reduced mobility of the adatoms on the substrate, preventing crystalline structure formation

[23].

The Evaporation of the Ablated Materials onto the Substrate

There are three phases in the mechanisms of interaction between the incident plume flux
and the substrate: (1) atoms being sputtered by an intense incident plume from the substrate's
surface and (2) a collision region (thermalized region) being formed between the incident plume
and the sputtered atoms. The area of collision acts as a source for particle condensation, which

triggers the last stage of the process, that is, (3)the growth of the film [6]. How the ablated
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species is evaporated onto the substrate greatly affects the thin film's quality. The various laser
characteristics, such as the laser energy, pulse repetition rate, and number of pulses, may have
an impact on this. These laser characteristics may have an impact on the energy of the species
that are ejected and land on the substrate [18]. In particular, very high plume densities could

cause harm to the substrate [6].

Film growth

Thin film growth consists of nucleation, growth, and coalescence (Figure 2) [8,24]:

Figure 2: Transmission electron microscope images of (b) nucleation, (c) growth,

and (d) coalescence of Ag films on NaCl substrates (Modified by [24]).

The film undergoes a transition from the plasma (plume) phase to a crystalline (solid)
phase during the nucleation and growth stage on the substrate surface. The nucleation and
growth of crystalline thin film are dependent on various factors such as laser energy, pulse
repetition rate, density and degree of ionization of the ablated material, substrate temperature,
physicochemical properties of the substrate, and background pressure. However, the substrate
temperature (T) and the supersaturation (Ap) between the plasma and solid phase during
crystallization are the two significant thermodynamic parameters involved in the growth

mechanism. These two parameters are related by an equation [6,11]:

Au = kT In2 (1)
Ro
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where kg is the Boltzmann constant, R is the actual deposition rate, and Ro is its equilibrium
value at temperature T [11]. Equation (1) indicates that the degree of supersaturation increases
proportionally with the temperature of the substrate. A low level of supersaturation results in
the formation of large nuclei, which leads to the development of scattered patches (or islands)
of'the film on the substrate's surface [6]. For all phase transitions, the formation of thin films is
characterized by the formation of nuclei and their growth. Depending on the interaction energies
of substrate atoms and film atoms [24] any of the common modes of thin film growth can occur

[8,25] (Figure 3):

(@) Frank-vander Merwe |(b) Stranski-Krastanov |(¢) Volmer-Weber

9.0.0.0.0.0.000.0.000.0.000 ('%

! | [l
el | B B

Figure 3: Basic modes of thin film growth (a) layer by layer in the two-dimensional Frank-van der Merwe mode, (b) layer
plus island in the Stranski-Krastanov mode, (c) island in the Volmer-Weber mode [25].

2D layer-by-layer, or Frank—van der Merwe, growth happens when the energy that binds
adatoms (atoms on the surface) to each other is the same as, or weaker than, the energy that
binds them to the substrate (the surface they are growing on) [26,27]. This particular mode is
utilized to carry out the epitaxial synthesis of two-dimensional (2D) materials such as silicene,

germanene, or stanene, as well as multi-layered structures containing quantum wells [28].

In 3D, or Volmer-Weber; island growth, stable clusters form into 3D islands that combine
to create a complete film. The shape of the formed islands can be different [8]. This type of
growth happens when the adatoms stick more tightly to each other than to the substrate, which
is common for metal films on insulators or dirty substrates (surfaces that don't interact strongly
with the film and have high energy at the interface) [26,27]. Metals being deposited on gas-

metal compounds such as SiO», NaCl, and TiO; is a classic example of island growth. These
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gas-metal compounds have comparatively low surface energies with saturated surface bonds,

whereas metal surface energies are considerably higher [27].

The third growth mode, called Stranski-Krastanow, is a mixture of the first two. Initially,
one or more 2D layers of a heterostructure are formed. However, it becomes harder to add more
layers, and 3D islands form instead. This process is also called islanding or strain-induced
roughening. The switch from 2D to 3D happens when it takes more energy to add another layer

than to create 3D islands, which can partly relieve the strain through expansion [26,27].

In PLD, deposition and growth occur at different times, allowing to measure kinetic
parameters for various growth conditions. This is achieved by monitoring the decay of the
adatom density between the deposition pulses [27]. Reflection high-energy electron diffraction
(RHEED) is commonly employed to examine film surface processes and mechanisms during
growth. It relies on the diffraction of electrons by surface atoms and offers valuable insights
into the periodic arrangement of these atoms [27,29], the surface quality of the substrate, the
growth mode of the film and the number of atomic layers deposited when following a layer-by-

layer growth mode [8].

4 Pulsed laser deposition equipment

PLD equipment typically includes a laser, a target material, a vacuum chamber, and a
substrate holder (Figure 4). PLD equipment can be designed to deposit a wide range of
materials, including metals, oxides, nitrides, and semiconductors. The equipment can also be
designed to deposit films on a variety of substrate materials, including silicon, glass, and

polymers [22].
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Figure 4: Simplified schematic diagram illustrating the pulsed laser deposition set-up [2].

With the rediscovery of PLD in the late 1980s [1] the materials science community was
filled with an immense sense of enthusiasm, which led to significant in-house development of
PLD tools. These tools were specifically designed for small areas, usually around 1 cm? in size
[30]. As one scales up the PLD process, various obstacles needed to be overcome, such as laser
power and beam stability, proper design of the optical components, robust substrate heaters,

large target size and motion, and deposition rate monitoring [22].

Figure 5: The world’s first large-area PLD tool developed in 1988 (Modified by [30] ).

Since 1992, laser beam rastering has been used to scale up to larger substrate sizes
(Figure 6). A mirror mounted on a kinematic mount is used to raster the laser across a rotating

ablation target, while the substrate is rotated offset from the target. The raster pattern depends
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on various parameters, including laser beam size, shape, orientation, target-to-substrate
distance, background gas pressure, and substrate temperature. Typically, the target diameter is
larger than the substrate, and the raster scan rate is slow compared to substrate or target rotation

speeds [22].
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Figure 6: Schematic of a large-area PLD system utilizing laser rastering over large-diameter targets [1].

As the size of the substrate increases, it becomes increasingly important to use higher
laser power to achieve practical average film growth rates. When it comes to producing films
with useful deposition rates, lasers with higher repetition rates and slightly lower pulse energy
are more suitable than those with higher energy per pulse and lower repetition rates. Excimer
lasers are the most cost-effective option for large-scale commercial implementation of the PLD
process. This is because they can reliably deliver average powers ranging from 6 W up to 300

W at 248 nm (KrF) or 308 nm (XeCl) [22].

Ensuring constant fluence at the target surface is a crucial challenge that must be
adequately addressed when implementing large-area PLD with large-diameter targets and laser
beam scanning. To overcome this issue, modern optical beam delivery systems incorporate
active beam compensation with large-diameter targets. To maintain a consistent laser beam
path, the positioning of the focusing lens is synchronized with the raster mirror. This means that
when the focusing lens is positioned at point a, the raster mirror ensures that the laser beam is
focused at point a on the target. The same applies to position ¢ and any other position along the

target surface (Figure 7) [22].
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Figure 7: Schematic of an active fluence compensation scheme for a large-area PLD system using large-diameter targets

[22].

Intelligent Windows

The Intelligent Window (IW) (Figure 8) was developed in 1992 to resolve the issue of
maintaining a clean laser beam path for prolonged periods [3]. The window in the IW is made
up of two vacuum flanges that hold a large, see-through, ultraviolet (UV) fused silica disk. This
disk is located between an anti-reflective (AR) coated optic, which lets the laser beam enter the
deposition chamber, and a molybdenum aperture on the other side. The fused silica disk catches
the ablated material that travels back toward the AR-coated optic. The coated section of the disk
is only as large as the aperture, which reduces the laser energy by a certain amount (usually
around 10%). To ensure even coating, the window can be rotated to expose a new section of the
disk to the laser and backscattered material. Once the entire disk is coated, it can be replaced

with a new one [22].

Joule Meter
AR Coated
Optic
Linear Actuator with
Internal Beam Splitter

Flanges Housing
Fused Silica Disk

Figure 8: Photographs of an Intelligent Window (Modified by [22,30]).
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The IW has a useful feature that allows for the measurement of energy that travels
through the entire optical system. A beam splitter can be inserted into the beam path using a
linear actuator, which reflects the beam back out of the chamber to a UV detector. This allows
for the precise monitoring and adjustment of energy that passes through the system, including
the laser, lens, mirrors, and window, before or during deposition. Additionally, the IW's disk

rotation and energy measurement features can be automated if needed [22].

Lasers used for ablation

The laser used in PLD is a critical component that provides the energy necessary to
generate the plasma plume and deposit high-quality thin films. There are several types of lasers
that can be used for PLD, but the most common are excimer lasers, gas lasers, and Nd:YAG
lasers [8,22]. Inert gases are used in gas lasers, which primarily emit visible light. On the other
hand, excimer lasers employ a combination of reactive gases such as fluorine and chlorine with
inert gases such as argon, krypton, or xenon. Upon electrical stimulation of excimer lasers,
dimers are formed, and this results in the emission [19] of short pulses of ultraviolet light,
typically at 193 nm or 248 nm wavelengths. These lasers (exomers) are commonly used for
depositing thin films of oxides and nitrides, as well as other materials. Ultraviolet (UV) laser
radiation is, in general, much better absorbed by most materials, so short wavelengths are

preferable in many applications with picosecond lasers [22].

Excimer lasers offer significant advantages over Nd:YAG lasers in thin film
manufacturing due to their superior ablation characteristics and better energy stability. These
advantages are particularly evident in terms of optical properties. Conversely, Nd:YAG lasers
are associated with a number of major drawbacks in the context of pulsed laser deposition.
These include an inherently inappropriate gaussian beam profile, which does not provide a flat-
top profile. Additionally, temperature-induced polarization and thermal lensing effects can
create a donut-shaped beam profile and lateral distortions, further compromising the suitability

of Nd:YAG lasers for PLD (Figure 9) [2,31].
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Figure 9: Typical spatial beam distributions of high pulse energy excimer (left) and Nd:YAG lasers (right) [31].

Other types of lasers that can be used for PLD include dye lasers, Ti:sapphire lasers, and
copper vapor lasers. The choice of laser depends on the specific material being deposited, the

desired film properties, and the available equipment [22].

Substrate Heaters

In PLD growth processes, the substrate temperature is an essential factor to consider.
However, when the substrate is rotating, it can be challenging to monitor its temperature using
a thermocouple. Measuring the temperature of materials like silicon is relatively easy using
most pyrometers at temperatures above 600°C. But for transparent substrates like sapphire or
LaAlOs3, measuring their temperature using pyrometers is difficult at wavelengths where
measurements are typically taken. Pyrometers will usually measure the temperature of any
structure behind the transparent substrate. A pyrometer that can measure the temperature of IR

transparent substrates would be highly beneficial for the PLD process [22].

Substrate heaters are an important component of any PLD system, as they help to heat
up the sample being studied. There are three different types of heating systems used in PLD:

resistive-type heaters, infrared (IR) lamp heaters, and laser heaters [22].

Resistive-type heaters are the most basic and inexpensive type of heater. They usually
consist of a metal block with a heating element inside, basic low-cost resistive heaters usually
utilize an Inconel sheath heating element brazed to an Inconel block, which can heat samples
up to 950°C. However, when using resistive heaters, the sample must be bonded to the heater
block using a silver or platinum paste to ensure good thermal conductivity. This method works

well for small samples but can become problematic for larger samples [22].
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Other types of heaters, such as IR and boroelectric heaters, are also available. However,
these heaters should not be used with oxygen and should not be raised above 750°C, as this can

cause damage to the system [22].

Laser heaters are another option, which can heat small samples to very high
temperatures. Figure 10 shows a schematic of the laser heater principle. Laser heaters work by
using a laser to heat up the substrate, which is placed near the heater block. Laser heating is
good for small sample sizes and provides fast ramp times, high substrate temperatures, and the
ability to work with most process gases. However, it is not practical for substrates larger than

2.5 cm in diameter [22].

Pyrometer Head

Fiber Optic
Beam Expander.

SiC Susceptor

Substrate

/

Figure 10: Schematic of laser heater assembly showing the fiber-optic beam expander and pyrometer head (Modified by
[22]).

IR lamp heaters are effective for heating samples in PLD systems without using silver
paste. Lamps emit IR and visible light, with peak blackbody emission at 1200 K or higher.
Water-cooled housings minimize the heat load on internal components and chamber walls.
Substrates are placed in Inconel rings at the edges, and reflective coatings or shields minimize

heat losses. Figure 11 shows a range of substrate holders for a 5-inch PLD system [22].
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Figure 11: Photograph of a set of Inconel substrate holders from a 5-inch PLD system [22].

Overall, the type of heater chosen depends on the particular application and budget of
the end user [22].

Target Size

Selecting the appropriate target size is important when designing a PLD system. Small
I-inch-diameter targets work well for small substrates, but larger targets are necessary for
achieving consistent results and uniform films as the substrate size increases. This is important

not only from run to run but also within a single run [22].

When using large substrate heaters, heating the target can become an issue if the target
diameter is also large. Most commercial PLD systems prevent this problem by placing a large
water-cooled plate directly above the target's surface. This plate has a slot that allows the laser
beam to reach the target and for the plume to expand toward the substrate. The radiation from
the substrate will heat the center of the target more than the edges, leading to uneven thermal
expansion and causing the large-diameter target to crack. Despite this, cracked targets are
frequently used in large-area PLD systems without any significant impact on the quality of the

resulting films [22].

Deposition Rate Monitors

Deposition Rate Monitors (DRMs) are used in PLD to measure and control the

deposition rate of the material onto the substrate during the process to achieve uniform films
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with reproducible results. Typically, a quartz crystal is used as the DRM, which vibrates at a
known frequency. As the material is deposited onto the crystal, its mass increases, causing a
shift in the crystal's vibration frequency. This shift in frequency is then used to calculate the
deposition rate. Regrettably, a Quartz Crystal Microbalance (QCM) is not suitable for large-
area PLD processing. A rate monitor based on atomic absorption was developed, but it
experienced various problems. Ellipsometry can be used for monitoring deposition rates, but
it's limited to specific materials. Reflection high-energy electron diffraction is another technique
used for monitoring film growth rates, but it's not practical for large-area systems when
deposition pressures are high. Typically, for large-area films of a particular thickness, the
deposition process relies on the total power incident on the target, time, and previous experience
with the target and material. However, using an in situ fluence monitor like the Intelligent
Window can help achieve more precise thickness measurements. By monitoring the energy
before it hits the target, the Intelligent Window can improve the accuracy of film thickness

measurements, leading to better quality films [22].

5 Use of PLD for the preparation of thin layers on medical
materials

In the context of medical materials, PLD is particularly attractive due to its ability to
produce thin films of bioactive, biocompatible, and highly adherent materials [32,33]. These
properties are important for applications such as implants and prosthetics, where the material
needs to integrate with the body's tissues without causing any adverse reactions or immune
responses [32,34]. PLD is also a versatile method that can be used to deposit a wide range of
materials, including ceramics [33], metals [35,36], and polymers [32,37]. This makes it useful
for producing medical materials with specific mechanical, chemical, and biological properties
to suit a variety of clinical needs. Overall, the use of pulsed laser deposition for producing
medical materials offers many advantages, including ease of implementation, efficiency, and
the ability to create uniform and complex structures. As such, it is a promising technique for
the development of new and improved medical materials in the future [32]. This section of the
thesis aims, to discuss the fabrication of diverse biomaterials utilizing the pulsed laser

deposition technique while highlighting their inherent qualities and potential applications.
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5.1 Calcium phosphate thin films

Calcium phosphate (CaP) is an example of an orthophosphate. There are many different
types of CaP compounds, including hydroxyapatite, fluorapatite, oxyapatite, octacalcium
phosphate, etc. The molar Ca/P ratio and solubility are the main factors that set them apart from
one another. The atomic ratio of Ca to P in pure compounds ranges from 0.5 to 2 [32]. The
stability, reactivity, degradability, and mechanical properties of calcium phosphates are largely
influenced by the Ca/P ratios [38]. As the Ca/P ratio decreases, materials tend to become more
acidic and water-soluble [32]. The Ca/P ratio of films obtained is dependent on the specific
deposition control parameters applied during the PLD process [39,40]. For example, calcium
phosphates with a Ca/P ratio of 1.67 are known as hydroxyapatite (HA) [41,42]. HA is one of
the most popular and well-studied calcium phosphates, Chapter 5.1.1 will be entirely devoted
to this material. Tricalctum phosphate (TCP), which has a Ca/P ratio of 1.5 is another example
of calcium phosphate. TCP has been the subject of extensive research for its applications as a

drug-delivery agent and as an injectable cement used to fill bone defects [41].

When it comes to medical devices, the surface of the implant is the first point of contact
with the host body. Therefore, surface modifications are significant in improving the
biocompatibility and osteoconductive properties of these devices [43]. One way to improve the
compatibility of implant surfaces with bone is by coating an artificial material with a thin layer
of calcium phosphate. This method has proven effective in enhancing the biocompatibility and
osteoconductivity of the base material [44]. Calcium phosphate makes up a significant portion
of bone (about 60% by weight) and is the primary component of tooth enamel (around 90%)
[42]. CaP, promote the formation of bone tissue and form a direct bond with the surrounding
bone tissue [45]. The primary process involved in the bioactivity of CaP is the partial dissolution
of the material, which leads to the release of ionic products inside the body [46,47]. Depositing
calctum phosphate films on medical implants allows for the combination of the superior
mechanical strength of metallic implants with the excellent bioactivity provided by the surface

layers of calcium phosphates [48].

The deposition of CaP thin films by PLD was first described by Cotell [49]. When PLD
is used to prepare biocompatible CaP thin films, depositions are mostly performed using a UV
KrF excimer laser [50-53], Nd:YaG [54,55], or ArF excimer laser [48,56]. The pulsed laser
deposition method provides flexibility in controlling the morphology, phase, crystallinity, and

chemical composition of the resulting thin films. These characteristics play a big role in the bio-
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resorption or dissolution process, which directly affects the osseointegration of the calcium
phosphates films [39,57]. The significance of surface characteristics in determining the
effectiveness of an implant is widely acknowledged [58]. Regardless of the initial surface
roughness, coatings produced using the PLD technique tend to exhibit a rough texture (Figure

12) [51].
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Figure 12: SEM micrograph of the cross-section of a PLD coating, showing a dense HA film [51].

The upcoming chapters will be dedicated to exploring different types of calcium
phosphate materials, their applications, and the synthesis of coatings using the pulsed laser

deposition technique.

5.1.1 Hydroxyapatite thin films

Hydroxyapatite is one of the most significant calcium phosphate compounds with regard
to Dbioactivity and biocompatibility. Hydroxyapatite, with the chemical formula
Cai0(PO4)s(OH), is a crystalline hydrated calcium phosphate. Its crystal structure and chemical
composition are the same as the minerals found in bones and teeth [59]. Of all calcium
phosphates, HA is the most stable and least soluble in aqueous media [32]. Due to its chemical
and structural resemblance to human hard tissues (50% mass, 70% volume), and the fact that it
is the main constituent of bones and teeth [60], it is one of the most well-known and extensively
studied biocompatible materials and is utilized as an implantable ceramic [61]. HA does have
some drawbacks, though. For instance, HA ceramics have poor mechanical qualities, are

exceedingly fragile, and break readily in bulk, especially in damp settings [62]. Because of this,

31



HA cannot be employed in orthopedic devices that need to sustain heavy loads for the duration
of their predicted lives. To get around this problem, HA can be coated on metallic implants or
other non-load-bearing surfaces as a very thin layer [63]. PLD has significant advantages when
used to produce bioceramics based on HA. It can create HA films that are pure, crystalline, and
have the correct composition. Additionally, it allows for control over the shape, structure,
crystallization, and chemical properties of the obtained films [32]. Chapter 5.1.1 provide

examples illustrating the production and application of thin films made from hydroxyapatite.

5.1.1.1 Hydroxyapatite thin films on titanium substrate

Orthopedic implant materials are now primarily made of titanium and alloys based on
titanium [64]. But it is known that Ti-based alloys are classified as bioinert materials, as they
do not stimulate bone growth on their surfaces [65]. Titanium in its unmodified state is
susceptible to bacterial infections, which can cause inflammation and eventually lead to implant
failure. It is widely acknowledged that preventing the initial bacterial adhesion is essential to
impede the formation of biofilms [66,67]. To improve the qualities of titanium and its alloys it
is possible to modify titanium surface with various coatings. This would result in an implant
with higher wear resistance since the coatings would provide biocompatibility, oxidation
protection, increased corrosion resistance, and hardness [4]. Coatings made of hydroxyapatite
have been used to solve the issue of bioinertness because they have been shown to boost the

bioactivity of implant surfaces [65].

Dinda and his colleagues conducted an investigation where hydroxyapatite was
deposited on a titanium substrate. The study employed commercially accessible sintered HA-
dense discs as target materials, while rolled sheets of Ti-6Al-4V were utilized as substrates. The
deposition was performed in an ultrahigh vacuum deposition chamber using a KrF excimer
laser source with laser wavelength set at 248 nm and laser fluence set at 3 J/cm?, at ambient

temperatures with the use of oxygen as a background gas [51].

Regardless of laser deposition parameters (laser fluence, chamber pressure, gas
environment), using pulsed laser deposition at room temperature resulted in the formation of
amorphous thin films, according to the research [51]. However, for medical implants, it is
important for the hydroxyapatite films to be crystalline as amorphous HA films dissolve slowly

in bodily fluids [68]. Achieving crystalline structure from amorphous films is possible through
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annealing these films. In the case, of Dinda's work desired crystalline structure was achieved at

300 °C after 4 hours of annealing [51].

SEM and AFM analysis of the PLD-produced HA thin films demonstrated their dense
nature, along with uniformly distributed droplets on the surface of the deposited films (Figure
13). These surface droplets are significant as they enhance the bioactivity of the implants by
increasing the total surface area, thereby promoting cell growth and proliferation, which is

improving implant performance [51].

Figure 13: SEM micrographs revealing the surface morphology of the HA thin films by PLD on Ti-6Al-4V: (a and b) as
deposited HA; (c) HA coating annealed at 300 °C for 4 h [51].

Dinda's findings indicate that when comparing crystalline hydroxyapatite films to
amorphous HA films, the former demonstrate superior mechanical strength, hardness, and
Young's modulus. These crystalline films also display excellent adhesion to Ti-6Al-4V
substrates even at lower annealing temperatures. Furthermore, the crystalline HA coatings
exhibit enhanced resistance to dissolution when exposed to simulated body fluid (SBF).
Obtained results of described research showed that a combination of PLD and annealing is a
suitable method for the preparation of crystalline HA films on titanium substrate for medical

applications [51].
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5.1.1.2  Carbonate-substituted hydroxyapatite thin films on titanium substrate

Julietta Rau and her colleagues conducted an investigation where carbonate-substituted
hydroxyapatite was deposited on titanium substrates. Carbonate-substituted hydroxyapatite
(CHA) was synthesized according to reaction (1) between calcium oxide, ammonium hydrogen

phosphate, and ammonium carbonate [4]:
10Ca0 + 6(NH4),HPO4 + (NH4)>CO3 + 4H,0 — Cajo(PO4)6-yCO3(OH),-z + 14NH3.H,O; 3y +z=2 (1)

Films were deposited on the treated Ti substrates at different substrate temperatures
(namely: 30, 200, 400, 500, 700, and 750 °C) in a high-vacuum PLD chamber. Depositions
were performed by focusing a pulsed KrF excimer laser (A = 248 nm, T = 17 ns) on the sintered

CHA rotating target. The total deposition time was 15 min [4].

After analyzing the obtained samples, it was found that in the temperature range of 30-
500 °C, about 9 um thick amorphous films were formed, characterized by large domains (Figure
14) (500-600 nm of average height, 60 nm of average roughness). At higher deposition
temperatures (700 °C), 4 um thick CHA films with a more compact and finely granulated
surface morphology (Figure 12) (15-30 nm of average grain height, 20 nm of average
roughness) were obtained. At this temperature, the achieved films were crystalline and medium-

textured [4].
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Figure 14: SEM micrographs of CHA films deposited on Ti substrates at 500 °C at (a) 1500 and (b) 10 000
magnification(left) and at 700 °C at (a) 1500 and (b) 10 000 magnification(right) [4].
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From systematic analysis it can be seen that PLD deposition carried out at 700 °C
enables the production of CHA films with all the essential properties needed for biomedical
implant application. These films also exhibited good crystallinity, a medium degree of

roughness, and increased hardness [4].

5.1.1.3 Si-substituted hydroxyapatite thin films on titanium substrate

Human bone tissues contain silicon, a benign trace element whose ion form, silicate, has
a direct impact on bone growth and development [69]. Hydroxyapatite, changed with the
inclusion of small concentrations of silicon has shown an improvement in osteoblast
proliferation and bone extracellular matrix production [70]. Additionally, it is hypothesized that
Si substitution can boost solubility, provide a more electronegative surface, and thin out the

microstructure, changing the implant surface into a more biologically comparable apatite [71].

The pulsed laser deposition approach is one of the many methods for creating Si-HA
films that are now accessible, and it shows great promise for producing coatings of excellent
quality. Due to the employment of laser light in a vacuum, this method has several special

advantages such as the lack of contamination [72,73].

Solla and co-workers have done two studies comparing the composition transfer in
pulsed laser deposition of Si-HA thin films, using Si of different sources: metallic Si, synthetic

Si0,, and diatomaceous earth, a biological source of Si0, [72,73].

The initial study on incorporating Si into HA structure involved creating Si-HA film
coatings on Ti substrates using laser ablation of commercial HA and metallic Si powder
mixtures. The proportion of Si in the ablation targets (ranging from 0-10 at.%) determined the
composition of the coatings. The ablation process was conducted using an ArF excimer laser
and the films were deposited in a water vapor atmosphere at 460°C. XPS (X-ray photoelectron
spectroscopy) experiments gave information about how Si atoms were bonded and how much

Si was transferred to the coating from the ablation target [72].

The second study investigated the use of synthetic SiO> and diatomaceous earth as
sources of Si for producing silicon-substituted hydroxyapatite coatings on pure HA targets
through laser ablation. It followed the same direction as previous research. Results showed that
both sources were suitable for incorporating Si into the film and controlling the desired quantity

of Si. However, the diatomaceous earth series showed a higher concentration of ionic traces as
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found by RBS (Rutherford Backscattering Spectrometry), which makes it a better candidate for
producing Si-HA thin films that mimics the composition of biological bone more efficiently

[73].

Overall both studies concluded that utilizing PLD in a water vapor atmosphere is a

viable technique for producing Si-HA thin films on Ti substrates [72,73].

5.1.1.4 Ag-doped hydroxyapatite thin films on titanium substrates

In Chapter 5.1.1.1, titanium and its alloys were mentioned as highly suitable
biomaterials. However, despite their benefits, the use of these materials does not always
guarantee successful outcomes. It was mentioned earlier that unmodified titanium, in particular,
is susceptible to bacterial infections, which can cause inflammation and ultimately lead to
implant failure [67]. As mentioned above, using HA coating could help improve the
osteoconductivity and biocompatibility of titanium implants [65]. Recent studies have
emphasized that using a silver-doped HA thin films could improve antimicrobial and osteogenic
properties [74,75]. According to research, silver has been identified as one of the most effective
agents for controlling bacterial adhesion and preventing biofilm formation. Silver has been
recognized for its broad antibacterial spectrum and oligodynamic bactericidal activity in various
biomedical applications since ancient times, and has been the subject of extensive study due to
its potent antimicrobial properties [76,77]. Furthermore, silver has been found to be effective
against a broad spectrum of drug-resistant microorganisms and has been approved for use in
various medical devices for more than two decades [78]. It is important to highlight that an
excessive amount of Ag can be harmful and result in severe illness if it's not accurately
incorporated into the hydroxyapatite structure [79]. Because of that, it is essential to optimize
the amount of silver in the HA lattice, so it is possible to obtain optimal antimicrobial activity

in the samples without causing any harm [80].

In the manuscript done by Erakovic and team, HA and Ag-HA thin films were
synthesized by pulsed laser deposition on pure Ti and porous Ti, which is Ti modified with 100
nm diameter TiO2 nanotubes substrates (Figure 15). The deposition of the HA and Ag-HA thin
films was conducted by ablation of respective targets with a KrF excimer laser source (A = 248
nm, T < 25 ns). Applied laser fluence was set at 4.5 J/cm? (with a corresponding laser energy of

435 m)). For the deposition of each film, 15000 subsequent laser pulses have been applied [81].
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Figure 15: SEM images of different diameter sizes of TiOz nanotubes, (a) 30; (b) 50; (c) 70 and (d) 100 nm using a 200 nm
scale bar [82].

According to the findings of physical-chemical investigations and cytotoxicity testing,
heat-treated Ag-HA thin films deposited on Ti modified by TiO> nanotubes substrates have a
radical antifungal action against the two strains, causing the reduction of colonies by 99.73%
in the case of Aspergillus niger and complete extermination in case of Candida albicans colonies

(Figure 16) [81].

Figure 16: Comparative photographs of fungal populations (Candida albicans — a and b; Aspergilus niger — ¢ and d), 24 h
after incubation, on the heat-treated Ag-HA/nTiO2/Ti films (b and d) and standard control samples (a and c) [81].
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In summary, the study found that depositing Ag-HA thin films on Ti modified with TiO2
nanotubes substrates using PLD, effectively creates barriers that prevent adherence and

contamination by pathogenic fungi [81].

5.1.1.5 Mg-doped hydroxyapatite thin films on porous titanium substrate

Another alternative for enhancing titanium implant proliferation and osseointegration is
magnesium. Studies have shown that Mg®" has a stimulating effect on proliferation when
incorporated into HA [83]. When assessed in vivo, Mg-HA granulate was found to be as
effective, if not superior to traditional HA as a bone substitute. Specifically, Mg-HA displayed
superior osteoconductivity over time and higher material resorption compared to stoichiometric

HA [84].

In a study done by Mro6z and the team, they deposited Mg-HA on porous titanium alloy
implants (Figure 17) using pulsed laser deposition [85]. Titanium porous alloys were mentioned
in a previous chapter. They offer several advantages over solid scaffolds. These advantages
include a larger surface area for the bone to attach, the possibility of bone growing into the
holes or spaces, which improves the connection between the implant and bone, and a lower
stiffness that reduces the difference in stiffness between the implant and bone, lowering the risk

of bone loss caused by stress [86].
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Figure 17: Porous titanium-based implant used in the described study [86].
The PLD process was performed in a water vapor atmosphere with an average
temperature of implant 410°C. The deposition of thin film was conducted by ablation of the
respective target with a yttrium-doped fiber laser with the laser fluence set at 4.7 J/cm?. For the

deposition of a film, 2200 subsequent laser pulses have been applied [85].

38



In vivo studies of the received implant with magnesium-doped hydroxyapatite thin film
coating have been done. This studies involved the placement of implants in the femoral
condyles of rabbit hind paws. According to pCT (X-ray microtomography) studies, implants
coated with Mg-HA showed a clear superiority over uncoated implants in terms of bone volume.
Furthermore, the studies also revealed that newly formed bone was able to penetrate through

the mesh and reach the center of the implanted material [85].

5.1.2 Calcium phosphate coatings on a polymeric ferroelectric substrate

Fluoropolymers are widely used in medical implants due to their advantageous
properties [87]. These include excellent chemical resistance, strong mechanical characteristics,
heat resistance, thermal stability, and biological inertness [88]. Some specific fluoropolymers,
such as polyvinylidene fluoride (PVDF), vinylidene fluoride with tetrafluoroethylene
copolymer (VDF-TeFE), and vinylidene fluoride copolymer with trifluoroethylene (VDEF-
TrFE), possess piezoelectric and ferroelectric properties [89]. The ferroelectric nature of PVDF
and its copolymers allows for the active manipulation of biological cell populations on their
surfaces. Studies have shown that an increase in the ferroelectric f phase promotes the
differentiation of MSC (mesenchymal stem cells) into osteoblasts [90,91]. leading to
accelerated bone tissue regeneration [92]. One significant drawback of PVDF and its
copolymers in implant applications is their limited ability to integrate effectively with tissues,
primarily due to their low surface-free energy [93,94]. To overcome this limitation and facilitate
bone tissue regeneration on fluoropolymer surfaces, calcium phosphate coatings are commonly
applied [95]. Pulsed laser deposition emerges as a promising technique for creating calcium
phosphate coatings on ferroelectric polymer materials, as it addresses two crucial requirements:
achieving the desired roughness of the CaP coating and preserving the crystal structure of the

polymer while retaining its ferroelectric properties [55].

In a work conducted by Bolbasov and co-workers two types of targets were utilized:
hydroxyapatite and Dicalcium Phosphate Anhydrous (CaHPO4, DCPA) in the form of pressed
powders [55]. HA is a widely used compound in calcium phosphates, its properties were
described in Chapter 5.1.1. DCPA is notable for its bioactivity and has practical applications in
dental cements and restorative materials [96]. In vitro evaluations revealed that DCPA
facilitated active osteoclast resorption and stimulated higher expression levels of osteogenic

genes in bone marrow cells [97,98]. Additionally, it was reported that DCPA fillers accelerated
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bone regeneration and achieved a better balance between substitute resorption and new bone

formation compared to HA [99].

Bolbasov and co-workers used as a substrate copolymer VDF-TeFE. For ablation, the
fundamental harmonic of a repetitively pulsed solid-state Nd:YAG laser was applied with a
wavelength of 1064 nm and a maximum laser fluence of 5 J/cm?. The whole process was carried
out in vacuum. The research findings obtained through SEM and AFM techniques revealed
that under the chosen conditions of coating formation, both types of sputtering targets resulted
in a complex and multiscale roughness structure on the coated surface (Figure 18, Figure 19).
This suggests that the rough surface of the coatings formed in this study can enhance the

attachment of osteoblasts and promote bone formation in vivo [55].
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Figure 19: SEM images of coatings derived from PLD with DCPA target [55].

The described study showed that PLD is an applicable technique for the deposition of
HA and DCPA on a polymeric ferroelectric substrate, as obtained coatings preserved the

properties of the ferroelectric film without altering the substrate's crystal structure. Furthermore
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the rough surface topography and high Ca and P content in the PLD-formed HA and DPCA

coatings contributed to their cell-rich surface [55].

5.1.3 Tricalcium phosphate thin films on calcium-doped magnesium alloys

The use of magnesium and its alloys as degradable materials for implants has sparked
considerable interest [100-102]. These alloys hold promise for orthopedic and cardiovascular
implants, as they eliminate the need for additional removal surgeries [103]. A notable advantage
is the release of Mg?* ions upon degradation, which contribute to various cellular reactions,
regulating metabolism and protein synthesis [104]. However, a significant drawback of
magnesium-based alloys is their limited corrosion resistance [105,106]. To address this
problem, a possible solution is to apply biocompatible and biofunctional coatings on
magnesium-based alloys. This can effectively enhance their corrosion resistance and improve
their suitability as implant materials [107,108]. Applying CaP thin films is a way to improve
the compatibility of implant surfaces with bone. In Chapter 5.1 it was mentioned that a thin
layer of CaP material has the ability to improve the biocompatibility and osteoconductivity of
the underlying material [44]. Tricalcium phosphate is a favorable choice for coating inorganic
implant surfaces due to its outstanding biocompatibility and degradability. It is frequently

utilized as a bone repair material in various applications [109].

In a work implemented by Antoniac and co-workers, TCP thin films were applied on
biodegradable Mg-Ca alloys using the PLD technique [109]. The inclusion of Ca in the alloy
system is advantageous as it contributes to a low density (1,55 g/cm?), similar to that of bone
[110]. Additionally, magnesium plays a big role in facilitating calcium incorporation into the
bone [111], which can be beneficial for bone healing by enabling the co-release of Mg and Ca
ions [110]. The aim of Antoniac’s work was to enhance the corrosion resistance and reduce the
degradation rate of the alloys. In addition to pure TCP coatings, they also explored the
deposition of iron-substituted tricalcium phosphates (Fe-TCP). Fe was chosen as a doping
element because it is one of the trace elements in living tissue that participates in oxidation-
reduction reactions in energy metabolism. In general, doping TCP with the necessary trace
elements may impart it with extra-functional properties [109]. Recent studies have investigated
iron-substituted tricalcium phosphate, which has shown promising characteristics such as low

cytotoxicity, high cell viability, and antibacterial activity [108,112].
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As an irradiation source, a Nd:YAG laser with four harmonics was used. Laser fluence
was adjusted on 2 J/cm?. Four films were deposited, two thin films from the TCP target and
two thin films from the Fe-TCP targets, both from the substrate heated at 300 °C and substrate
kept at RT. The thicknesses of deposited coatings were approximately 2 pm = 5%. SEM analysis
showed that pure TCP thin films had uniform dispersion of particles, while Fe-TCP layers had
a dense structure with nanoparticle accumulation. TCP samples obtained at room temperature
exhibited rod-like particle morphology, with particle size reduction at higher temperatures.
Incorporating Fe transformed rods into spheres, resulting in a mixture of spheres and rods in

Fe-TCP thin films (Figure 20B), with particle size reduction observed at 300 °C [109].
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Figure 20: SEM micrographs of TCP and Fe-TCP thin films obtained by PLD at RT and 300 °C. Scale bar A) 50 um, B) 20
um, C) 3 um (upper images) and 5 um (lower images) [109].

A particular study revealed that Fe-TCP thin films, deposited on biodegradable Mg-Ca
alloys using the PLD technique, demonstrated smoother microstructures compared to TCP
coatings. SEM micrographs (Figure 20) showed that the presence of iron in the Fe-TCP coatings
modified their structure and morphology, resulting in improved corrosion resistance and
reduced degradation rates. Furthermore, the temperature set at 300°C was proved to be the best
for the deposition process, as the Mg-Ca alloy coated with Fe-TCP at this particular temperature
showed the highest protective efficiency in simulated body fluid and exhibited good
cytocompatibility, inhibiting the growth of Escherichia coli [109].
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5.1.4 Octacalcium phosphate thin films on titanium substrate

Titanium implants are widely used for load-bearing implants and inner fixation devices
due to their relevant mechanical properties. Their integration with bone tissue depends on the
physico-chemical characteristics of the implant/tissue interface [113]. The application and

properties of Ti were mentioned before in Chapter 5.1.1.1.

Octacalcium phosphate (OCP) is related to calcium phosphate materials [114], it is a
salt that is considered a precursor of bone and tooth apatite crystals [115]. When applied as a
coating on metallic implants, OCP has been found to enhance osteoconductivity more compared
to original surfaces like BCA or amorphous CA coating for example [116,117]. When synthetic
OCP is implanted in bone defects, it undergoes a transformation into HA [118,119]. OCP
stimulates the formation of osteoblastic cells, leading to improved bone formation, possibly
through the formation of apatite and the conversion process itself [118,120]. Additionally, OCP-
based materials have demonstrated the ability to promote osteoblastic cell differentiation in
vitro [121] and potentially facilitate new bone formation in vivo, indicating osteotransductive
properties [114]. Consequently, utilizing OCP material for coatings holds significant potential

for enhancing the biological performance of metallic implants.

Mroz et al. performed the deposition of OCP film on the surface of 316L stainless steel
[122]. Due to its mechanical characteristics, biocompatibility, and corrosion resistance, 316L
stainless steel is regarded as one of the alluring metallic materials for biomedical applications
[123]. The deposition process involved the use of an excimer ArF laser with a laser fluence of
approximately 7 J/cm?. 316L stainless steel acted as a substrate, which had a nanocrystalline
diamond (NCD) buffer layer. The purpose of the NCD buffer layer was to combine materials
with different structural and mechanical properties, allowing for better integration and

performance. The substrate temperature during the process was controlled at 150 +30°C [122].

The deposited OCP layer showed a well-developed structure characterized by round-
shaped grains measuring approximately 200 nm in size. The grains had different heights (Figure

21) while maintaining a homogeneous distribution across the surface [122].
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Figure 21: OCP deposited on 316L stainless steel with NCD buffer layer: (a) 2D AFM image, (b) phase map [122].

Cells culturing on the surface of OCP showed that obtained layers of OCP were deemed

suitable for cultivating osteoblast cells [122].

In a research done by Smirnov et al., a new method for OCP thin films synthesis was
developed. Because of the low temperature at which OCP's thermal disintegration occurs, it is
generally known that this material is exceedingly challenging to deposit via direct physical
methods. This method includes a combination of PLD and chemical treatment. They deposited
CaCOs layer on Ti substrate using a Nd:YAG laser source with laser fluence fixed at 30 J/cm?.
During deposition, the Ti substrate was kept at room temperature, for a deposition time of 5 h.
The CC coating, with a thickness of approximately 10 um, exhibited strong adhesion to the Ti
substrate and displayed a uniform appearance (Figure 22A). After obtaining CC coating, it was
exposed to chemical treatment. Shortly CC films were transformed into dicalcium phosphate
dihydrate (DCPD) (CaHPO4:2H;0, Brushite) via a chemical soaking procedure in calcium
nitrate solution for 168 h. The DCPD films were found to be thinner, measuring about 2 pm in
thickness (Figure 22B). Further, the obtained DCPD films were transformed into OCP upon
168 h of soaking in sodium acetate. The final OCP films had a thickness of less than 1 pm
(Figure 22C) [113].

Figure 22: SEM images of the cross section of CC films (4); DCPD films (B) formed after CC soaking in calcium nitrate
solution for 168 h and final OCP films (C) formed after DCPD soaking in sodium acetate for 168 h [113].
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The films that were prepared displayed a consistent and smooth surface, devoid of
cracks, indicating excellent adhesion to the Ti substrate. Furthermore, the OCP films exhibited
higher rates of proliferation for both myofibroblasts and BMMSs (Bone Marrow Mesenchymal
Stem Cells). This fact indicates that applying an OCP coating to titanium surfaces could create

a favorable environment for successful osseointegration in clinical settings [113].

5.2 Bioactive glass and ceramic thin films

Bioactive glasses (BGs) belong to a unique category of biocompatible ceramics primarily
composed of oxides. These glasses possess the ability to form bonds with both hard and soft
tissues and simultaneously promote the growth of new tissue. Additionally, they gradually
dissolve over time, making them highly desirable materials for applications in healthcare and
regenerative medicine [124,125]. Larry Hench, a professor at the University of Florida,
pioneered the invention of the first bioactive glass in 1969. Recognizing the issue of
bioinertness with existing materials like metals and polymers, which led to fibrous
encapsulation rather than a stable tissue interface, Professor Hench developed a degradable
glass with a high calcium content to address this issue [126]. It was discovered that a glass of
the composition 46.1 mol.% SiO», 24.4 mol.% NaO, 26.9 mol.% CaO and 2.6 mol.% P»Os,
later termed 45S5 and Bioglass®, formed a bond with bone so strong that it could not be
removed without breaking the bone [127]. The current knowledge indicates that the presence
of inorganic ions released from the surface of the glass has an impact on cellular processes.
Bioactive glasses have the ability to interact with living tissue, triggering a beneficial response
that promotes healing, regeneration, and the growth of damaged or diseased tissue, particularly

in the case of bone [128].

Bioactive glass is characterized by its amorphous structure, while glass-ceramics are
crystallized glasses comprising a combination of crystalline and residual glassy phases. The
bioactivity of 45S5 glass, specifically, is attributed to its compositional features. These include
a lower SiO2 content compared to more chemically durable silicate glasses, higher
concentrations of Na>O and CaO (acting as glass network modifiers), and a higher CaO/P,0s
ratio [129]. Research findings suggest that the bonding between 45S5 glass and bone occurs
through the creation of a carbonate-substituted hydroxyapatite-like layer on the glass surface
when in contact with bodily fluids. This CHA layer, resembling the mineral composition of

natural bone, establishes a strong bond with living bone and tissue [130,131].
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Currently, there exist various types of bioactive glass, including conventional silicate
glasses like Bioglass 45S5, as well as phosphate-based glasses and borate-based glasses [129].
Remarkably, despite decades of extensive research conducted by multiple research groups, no
alternative bioactive glass composition has been discovered to exhibit superior biological

properties compared to the original Bioglass® composition [125].

A glass-ceramic refers to a type of glass that contains both micro- and nanocrystalline
phases. There is no specific standard or norm that dictates the exact composition required to
classify a material as glass-ceramic [132]. Extensive research has demonstrated that annealing
bioactive glass to induce the formation of crystalline phases and transform it into glass-ceramic
results in increased mechanical strength compared to glass. However, this enhanced mechanical

strength comes at the cost of reduced bioactivity in the glass-ceramic form [133].

Pulsed Laser Deposition is among the various techniques employed for acquiring
bioactive glass coatings [134]. When applying a bioactive glass coating, it is important to
carefully control the thickness. BGs exhibit a rapid bioactive response, and an insufficient
coating thickness can result in complete dissolution before the formation of a crystalline apatite
layer. Conversely, overly thick coatings can negatively impact substrate adhesion due to stress
accumulation. Therefore, finding the right balance is essential to ensure proper coating

performance [135].

BGs have found wide application in the field of hard tissue engineering due to their
remarkable bioactivity, osteoconductive properties, and ability to stimulate bone growth
[133,136]. Another useful property of bioactive glasses is their ability to minimize the rapid
corrosion of alloys. BGs exhibit a slower rate of biodegradation, which is accompanied by the
advantageous release of trace elements that play a role in physiological biochemical cycles
[137]. The next chapters will be dedicated to bioactive glasses and glass-ceramics film growth

utilizing the PLD method on different substrates.

5.2.1 Bioactive glass thin films and coatings on titanium substrate

The application of Ti and its alloys as implants was mentioned in detail in Chapter
5.1.1.1 Another way to solve the problem of bioinertness and susceptibility to bacterial

infections of titanium implants is to apply bioglass film. For PLD technique bioactive glass
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system can be synthesized by the sol-gel method [131] or by mixing the powders of glass

components [138].

Kwiatkowska et al. conducted bioactive glass coatings synthesis on Ti substrate. They
used the Q-switched Nd:YAG laser, operating at 1064 nm with fluence 15 J/cm?. The target
used in the process was a melt-derived bioactive 42S5.2 Na-K glass of composition: 42.34 wt%
Si0», 23.06 wt% CaO, 11.50 wt% Na,O, 17.47 wt% K»0, 5.63 wt% P>Os with Ca/P molar ratio
equal to 5,18. A polycrystalline titanium plate was employed as a substrate [ 139].

The material deposited by PLD exhibited uniform coverage on the titanium substrate.
However, it was observed that small spherical particles, resembling droplets and measuring a
few micrometers in diameter, were also present on the surface of the coating. It was reported
that the bioactive glass, which was transferred from the target to the titanium substrate, retained

its bioactive properties [139].

Sanz et al. conducted a study to investigate the influence of laser fluence on the
morphology and roughness of deposited films. They utilized the third harmonic of an Nd:YAG
laser at two laser fluences (50 and 100 mJ/cm?), with a wavelength of 355 nm, to deposit a
niobo-phosphate bioactive glass (NbP-BG) in a vacuum environment [140]. Niobium was
chosen as a doping element as it has been found that Nb has the potential to enhance both the
mechanical and biological properties of synthetic implants [141]. Niobium-doped bioactive
glass has shown promising results in stimulating the formation of new bone tissue in areas with
bone defects [142]. Furthermore, when compared to other metal ions ( e.g., Ag, Sr, Cu, Nb),
niobium has been reported to exhibit lower cytotoxicity and the ability to improve the
mineralization process in human osteoblast populations [143]. Through the use of SEM and
AFM analysis on films produced under these two different conditions (Figure 23), it can be
observed that higher laser energy resulted in a greater number of larger droplets on the films,
leading to increased roughness values. The researchers attributed the presence of these droplets
to a splashing mechanism observed during the ablation process, which typically intensifies with

higher laser energy [140].
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Figure 23: SEM images (a) Titanium substrates; NbP-BG thin films deposited on Titanium substrates deposited (b) 50
mJ/em?® and (c) 100 mJ/cn?’ laser fluence, 10000x magnification. AFM inserts are at the same scale of figures. Modified by
[140].

5.2.2 RKKP glass-ceramic thin films on titanium substrate

RKKP (stands for Ravaglioli, Krajewski, Kirsch and Piancastelli) [144] is a bioactive
glass-ceramic system of the composition 43.68 Si0O,, 11.10 P,0s, 31.30 CaO, 4.53 NayO, 2.78
MgO, 4.92 CaF», 0.19 K»0, 0.50 Lay03, 1.00 Ta20s, in wt% [33]. The RKKP shows significant
promise as a glass-ceramic material due to its impressive biological properties, such as excellent
biocompatibility and the ability to support bone growth. Extensive research has demonstrated
its high bioactivity and osteoconductive properties [ 145]. In vitro experiments have shown that
fibroblasts and osteoblasts exhibit favorable responses when exposed to solid RKKP pellets,
while in vivo studies have shown their ability to bond not only with healthy bone but also with

osteopenic bone [146].

Rau et al. conducted a deposition of glass-ceramic thin films from the RKKP target on
Ti substrate. As the ablation laser source doubled Nd:YAG laser was used with a laser fluence
12 J/cm?. The experiment was carried out in a high vacuum. In this work, two different RKKP

targets, prepared by the melt-processing and the sol-gel synthesis routes were applied [33].

From the SEM images it is clear that while both films share a compact, dense, and
relatively uniform morphology, the film obtained through melt processing displays sporadic
droplets on its surface (Figure 24A). On the other hand, the sol-gel coating exhibits a highly
compact and smoother surface(Figure 24B). These notable differences in morphology suggest
that the deposition process in PLD is influenced by the preparation procedure of the target

material [33].
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Figure 24: SEM micrographs of film deposited at 500 °C: (A) from the melt-processing RKKP target and (B) from the sol-gel
RKKP target [33].

Despite the film deposition conditions being nearly identical, the difference in thickness
between the two types of films is also noted: the film derived from the melt-processing target
has a thickness of 0.6 £ 0.1 um, whereas the film obtained from the sol-gel target is much

thicker, measuring 4.3 £ 0.3 um [33].

Presented research demonstrated that the optimal parameters for depositing RKKP films
via PLD are a laser fluence of 12 J/cm? and a temperature of 500 °C. These specific conditions
enable the deposition of crystalline films with a composition that closely resembles that of the
initial targets. The films obtained under these conditions exhibit a compact and uniform
microstructure, significantly improved mechanical properties, and varying surface roughness

depending on the type of target used [33].

5.2.3  Cu-containing bioactive glass/eggshell membrane nanocomposites

Copper-containing bioactive glass/eggshell membrane nanocomposites have been
utilized to enhance the processes of angiogenesis, antibacterial effectiveness, and wound
healing [147]. The inclusion of Cu" ions in the bioactive glass was specifically selected because
of their capacity to stimulate angiogenesis [148], in addition to their established antimicrobial
properties against Escherichia coli, methicillin-resistant Staphylococcus aureus, and

Clostridium difficile [149].

Chapter 5.2 discusses the utilization of bioactive glasses in the field of hard tissue
engineering. However, more recently, there has been a growing interest in exploring the
potential of bioactive glasses for interacting with soft tissues and promoting wound healing.

These studies encompass various areas such as vascularization, cardiac, lung, nerve,

49



gastrointestinal, and laryngeal tissue repair [129,150,151], indicating a broadening scope for

the application of bioactive glasses in these contexts.

Eggshell membrane (ESM) is a thin fibrous connective tissue consisting of inner and
outer layers, with a typical thickness ranging from 60 to 80 pum. It is primarily composed of
collagen, making it highly collagenized [152]. ESM is an inexpensive material that is easily
obtainable, and it possesses a high level of biosafety. Being a natural substance, ESM exhibits
a porous structure with a biopolymeric fibrous network, with proteins comprising around 80-
85% of its composition. Collagens, make up approximately 10% of the fibers present in ESM.
One of the remarkable features of ESM is its porous and fibrous structure, which provides it
with a large surface area, promotes reasonable adhesion and allows for gaseous exchange.
Moreover, the antibacterial properties of ESM, which are important for wound healing, have

been confirmed in previous studies [ 153].

There are three notable advantages of PLD that encourage the choice of this particular
technique for work with ESM. firstly, Its highly energetic nature enables in situ synthesis of
uniform nanocomposite coatings [154]. This eliminates the issues of inhomogeneity and
instability commonly associated with other conventional modification methods. Another
advantage of PLD is its ability to prepare nanocoatings without requiring additional heat
treatment. This allows for the preservation of the porous fibrous structure in materials like
eggshell membrane while maintaining the activity of collagen [155]. Additionally, the
deposition time in PLD can be adjusted to easily control the thickness of the nanocoatings,

providing flexibility in tailoring the coatings according to specific requirements [ 147].

Li and co-workers prepared Cu-BG film on an eggshell membrane using PLD. The as-
sintered Cu-containing glass-ceramic discs with different Cu contents (0.2 and 5 mol%) were
used for the target materials. They were synthesized by a sol-gel method. ESM films acted as
substrates. The Cu-containing glass-ceramic discs were ablated using focused laser fluence of
71 kJ/em?. The ambient O was used as a background gas with a pressure of 20 MPa and a

treating time of 40 min [147].

SEM analysis demonstrated that the pure eggshell membrane film surface (Figure 25 a,
b) exhibited a fibrous structure with smooth fiber surfaces. Following a 40-minute PLD process,
where xCu-BG was applied as a coating, a uniform nanocoating of xCu-BG comprising

consistent nanosized particles was observed on the surface of the ESM films [147].
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Figure 25: SEM analysis of the xCu-BG nanocoating on the surface of ESM films by the PLD technique. Outer ESM (a, b),
0Cu-BG/ESM (c, d), 2Cu-BG/ESM (e, ), 5Cu-BG/ESM (g, h). (a, c, e, and g) are low-magnification images, and (b, d, f, and
h) are high-magnification images [147].

Notably, the ESM films retained their fiber-like microstructure even after the coating

process (Figure 25 c-h) [147].

Cu-BG/ESM films obtained during particular research exhibited remarkable
enhancements in surface physicochemical properties, antibacterial activity, and angiogenic
potential in both in vitro and in vivo experiments. These facts indicate that the PLD-prepared

Cu-BG/ESM nanocoatings can be effectively used for wound healing applications [147].

5.3 Diamond-like Carbon thin films

Enhancing the body's acceptance of prostheses can be achieved by applying a
biocompatible coating to the implants. Over the last ten years, apart from other materials carbon

has emerged as a highly suitable material for such coatings in medical contexts. Carbon has
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proven to possess excellent biocompatibility, likely attributable to its fundamental role as a
foundational element in all organic systems [ 156]. Carbon is a unique element. It is able to form
tetrahedral (sp3), trigonal (sp2), and linear (spl) bond coordinations. A wide array of both
natural and synthetic forms of carbon exist, encompassing diamond, graphite, fullerenes,
nanotubes, and diamond-Like carbon (DLC). These materials represent just a fraction of the

diverse range of carbon-based substances available [157].

Diamond-like carbon is a term used to describe a metastable phase of amorphous
carbon, encompassing a class of hard carbon-based materials [158]. DLC films are amorphous
coatings composed of a blend of sp2 (graphite-like) and sp3 (diamond-like) bonds of carbon
atoms, with varying ratios and the potential inclusion of hydrogen. The characteristics of DLC
coatings are significantly influenced by the amount of hydrogen present and the ratio of sp3 to
sp2 bonds, which, in turn, depends on the deposition process and its parameters [156,159,160].
In recent times, DLC films have gained significant biomedical applications, particularly in
situations that demand low cell adhesion [161,162]. DLC coatings are highly appealing as
biomedical coatings because of their unique physiochemical, mechanical, and tribological
properties [163,164]. They exhibit corrosion resistance [165], exceptional biocompatibility
[157,166], high hardness, low friction coefficient, and low wear rates [157]. These
characteristics make DLC coatings well-suited for medical applications, particularly in artificial
implants like hip and knee joints [167], bone plates [168], heart valves [162,169], heart
diaphragms [162,171], catheters [171], stents [172], and splints [173].

PLD is one of the several types of deposition techniques employed for synthesizing DLC
films. The initial attempt to grow DLC films using pulsed laser deposition was documented in
the 1980s [174]. An advantage of using pulsed laser deposition for DLC coatings is its ability
to provide sufficient energy (approximately 100 eV) to the carbon ions in the plasma. This
energy facilitates the transition from the hybridized sp2 bond to the hybridized sp3 bond, as
proposed by the subplantation model of DLC film growth [175]. Additionally, PLD enables
control over the composition of the deposited film. By utilizing a hydrogen-containing target
or introducing a hydrogen-containing gas, PLD can yield hydrogenated DLC films, whereas,
without these factors, it typically produces non-hydrogenated DLC films [176]. Hydrogenated
DLC can be characterized as a highly dense polymer. These films consist of an amorphous
carbon matrix with a hydrogen content of up to 30 atom % and oxygen content of up to 10 atom
% [157]. Non-hydrogenated DLC films generally demonstrate greater hardness when compared
to hydrogenated DLC films [177], higher thermal stability [178], and higher physical and
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chemical inertness [176]. PLD offers several other advantages, such as the ability to co-ablate
different materials for doping or alloying DLC films [174]. It allows for the deposition of DLC
films at low temperatures [179,180], enables micro-area deposition, and facilitates in situ
introduction of gases during the process [174]. PLD is not as widely utilized as other
technologies, likely due to the challenge of achieving uniform film growth, which is attributed
to the directional nature of laser-induced plasma. One approach to partially overcome this
limitation is to introduce substrate rotation or motion during the deposition process. However,
the versatility of PLD enables the deposition of doped or alloyed DLC films, even beyond the

solubility limits, offering opportunities for exploring unconventional compositions [157,174].

Pulsed laser deposition of DLC is a direct and uncomplicated process that entails
ablating a carbon-containing target, leading to the formation of a film containing a certain
proportion of sp3-hybridized carbon atoms. The commonly employed target material is high-
purity graphite, although other materials such as pressed diamond powder, glassy carbon, and
polycarbonate have also been used as targets [157]. Incorporating additional materials offers
the possibility of fine-tuning the properties of DLC films to meet specific application
requirements. The fundamental process of solid doping in PLD can be accomplished through
three methods: sintering graphite and doping material powders into a doped target [181], a
doping patch is inlaid onto/into the graphite target [182,183], or an independent graphite target
and doping material target are alternately ablated by the laser beam [ 184].

While DLC films possess various properties, the hybridized sp3 bond content stands out
as the most significant characteristic [185]. By conducting depositions of DLC films using
various laser wavelengths: 193 nm [186], 248 nm [186,187], 532 nm [188], 1064 nm [179], and
800 nm [189] with various fluences, it became apparent that reducing the laser wavelength
(except for 780-800 nm) or increasing the fluence leads to an elevated sp3 content in the DLC
films [174]. A KrF excimer laser with a 248 nm wavelength is most widely used for the growth
of DLC films by PLD, it can achieve a high sp3 content (above 80%) at relatively low fluences
(around 8-20 J/cm?). However, when the highest laser fluence (80 J/cm?) is utilized, it results

in a lower sp3 content (approximately 60%) in the DLC films [191,191].

The incorporation of a suitable ambient gas can enhance the characteristics of DLC
films. By introducing a moderate ambient gas during the process, the properties of the laser-
induced plume, such as quality, species, distribution, and kinetic energy, can be significantly

altered [192,193]. As a background gas, both inert and reactive gases can be used. In
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comparison to inert gases like argon and helium, reactive gases such as hydrogen or
hydrogenated gas (C2H» and CH4), oxygen, and nitrogen undergo partial ionization and actively
contribute to the formation of DLC films. These elements can also be doped into the DLC film
during the deposition process. Hydrogen plays a vital role in defining the tribological, optical,
and mechanical properties of DLC films [174]. Using hydrogen as an ambient gas results in the
formation of hydrogenated DLC (HDLC) films, which were mentioned earlier. Deposition of
DLC coatings in the O2 atmosphere results in the formation of O-doped DLC films. However,
the hardness of these films decreases primarily due to two factors: porosity, which reduces the
film density, and the substitution of C-C sp3 bonds with C-O bonds [194]. The use of nitrogen
results in the dissociation of nitrogen molecules, facilitated by the collision between carbon
species and nitrogen. This dissociation allows nitrogen to actively participate in the formation
of N-doped DLC films [174]. The involvement of nitrogen verifies the electrochemical activity,
tribological, and photoluminescence properties of DLC films [195], and effectively releases the
internal stress in the films [196]. In the upcoming chapters, the focus will be on the examples

of growth of DLC films through the employment of the PLD method.

5.3.1 Ag-incorporated Diamond-like Carbon thin films

DLC coatings can be enhanced in their biological performance by incorporating Ag
[197]. The presence of Ag in DLC coatings enables the release of metal ions, which exhibit
antimicrobial properties [198] and contribute to reducing the clot-forming potential of artificial
implants like coronary stents [199]. Consequently, Ag is extensively employed to enhance
various biomedical aspects of DLC coatings, including biocompatibility [200], genotoxicity
[201], antimicrobial activity, hemocompatibility [202], and inhibition of bacterial and tumor
growth [203]. To maintain biocompatibility and prevent cytotoxicity, DLC coatings should be
carefully designed with an optimal amount of Ag doping. This ensures effective antimicrobial
protection without harming human cells during their service life [204]. Ag-DLC can be applied
as a coating for joint implants to improve its mechanical, biological and antibacterial properties

[200].

Various techniques were employed to prepare Ag-DLC films, with different
representations of silver, for the purpose of studying their antibacterial properties against
various types of bacteria [202,205,206]. When the films contained a high concentration of

silver, the results consistently demonstrated an antibacterial effect of more than 80% [202,205].
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On the other hand, the antibacterial impact varied greatly when the silver concentration was

low, from 10% to 90% [206].

In the research done by Pisafik and co-workers a dual pulsed laser deposition technique
(dual-PLD - two lasers, two targets) was utilized to deposit Ag-DLC coatings. The deposition
process involved employing two KrF excimer lasers with a wavelength of 248 nm. One laser
was directed toward a high-purity graphite target with an energy density of 8 J/cm?, while the
second laser was focused on a silver target with an energy density of 5 J/cm?. The entire
deposition process took place at room temperature, and argon was used as the ambient gas. By
varying the deposition parameters, the Ag content in the resulting films ranged from 1.1 at% to
9.3 at%, while the silver concentration on the film surface varied from 1.4 at% to 7.9 at%. The
AFM analysis revealed an increase in surface roughness as the silver content in the films
increased. It is worth noting that the roughness parameters exhibited variations across different

locations on the sample, indicating some degree of surface irregularity or heterogeneity [197].

The study demonstrated that as the silver content increased in the Ag-DLC films, there
was a notable increase in the proportion of sp2 contribution, while the proportion of sp3
contribution decreased from 81% to 36%. This resulted in an increased sp2/sp3 ratio with higher
silver concentrations [197]. Previous research by Zhang had also shown that silver doping
reduced the sp3 content in hydrogen-free DLC, while the sp2/sp3 ratio remained relatively
constant in hydrogenated DLC [207]. Similarly, Ahmed observed similar trends in hydrogen-
free DLC [208]. The findings of Pisatik et al. aligned with these previous studies, indicating
that silver doping leads to a decrease in the diamond-like carbon content and an increase in the

graphitic carbon content in the Ag-DLC films [197].

To summarize, Ag-DLC layers with the highest silver content (9.3 at%) showed strong
antibacterial efficacy. Pisatik and co-workers study revieled that after 3 hours, they achieved
98.6% efficiency against Pseudomonas aeruginosa and 81.6% against Staphylococcus aureus.
After 24 hours, the efficiency increased to nearly 100% for both types of bacteria. Such results
are confirming that PLD is an applicable method for the preparation of Ag-DLC thin films for
medical purposes [197].
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5.3.2 Diamond-like Carbon coating of textile blood vessels

In Chapter 5.3 was mentioned the notable hemocompatibility and reduced risk of
thrombus formation associated with DLC thin films. Heart valves and stents with DLC coating
are already commercially available [209]. Polyethylene, polyurethane, textile, and other
materials are commonly used to fabricate artificial blood vessels, which have inner diameters
ranging from several tenths of microns to several millimeters. The application of a coating to
these tubes reduces the likelihood of thrombosis formation and enhances their compatibility

with living tissue surfaces [156].

Research conducted on animal models has demonstrated that stents coated with DLC
thin film are more effective in preventing the development of intimal hyperplasia compared to
uncoated stents [210]. Controlled studies conducted on human subjects have also yielded

similar findings, confirming the superiority of DLC-coated stents in this regard [211].

vessel holder -
rotated, shifted

Figure 26: Deposition system for coating of textile blood vessels: a photo of a vertical coating system, b scheme of the
deposition system [156].

Kocourek and co-workers conducted a study to examine the coating process of artificial
textile blood vessels with hydrogen-free amorphous DLC layers. The films were produced
using PLD with a KrF excimer laser (A = 248 nm). A high-purity graphite target was used to
ablate the carbon species, with the laser beam energy density on the target ranging from 10 to
20 J/cm?. The deposition of the DLC layers was carried out either in a vacuum or in an argon
environment. For in vivo tests, textile blood vessels served as the substrate (Figure 27). In this

setup, the carbon material being deposited passed through the tube, covering both the inner and
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outer surfaces. Importantly, the DLC layers were applied at room substrate temperature to

prevent any damage to the vessel material during the coating process [156].

| pa— e ] cm

Figure 27: DLC-coated textile blood vessel of 7 mm diameter and 30 cm length (created in 0,25 Pa of argon, 20 J/cmi’)
[156].

The deposited DLC films demonstrated excellent biocompatibility. The results obtained
from the in vivo experiments of films with different DLC thicknesses, indicated that the
performance of the films was not significantly influenced by the type or thickness of the DLC
layers [156].

5.3.3 Si-incorporated Diamond-like Carbon thin films

Silicon-infused carbon coatings not only show decreased internal stress but also possess
superior mechanical [212], tribological [213,214], corrosion [214] and biological properties
[215]. Regarding the biocompatibility of Si-DLC coatings, research has shown that higher
concentrations of silicon promote the adherence of human endothelial cells [215]. Furthermore,
experiments conducted by Okpalugo et al. verified that Si-DLC coatings do not display any
toxic effects on these cells [216,217].

It has been proposed that incorporating silicon into the DLC matrix can potentially
enhance the osseointegration process [218]. Silicon plays a vital role in bone calcification,
enhancing bone density and inhibiting osteoporosis. It is essential for the metabolic processes
associated with bone formation, particularly during the initial stages, promoting osteogenesis
[219]. In addition to the positive qualities mentioned earlier, Eisinger et al. demonstrated that

silicon induced a notable rise in femoral bone mineral density in women with osteoporosis
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[220]. Furthermore, it has been observed that Si-DLC coatings can achieve a slight
improvement in the adhesion and proliferation of osteoblasts [218]. Si-DLC coatings also offer
the advantage of high hemocompatibility, enabling appropriate interaction between the surface
of'the implant and blood [221,222,223]. It was proved that a higher silicon content is correlated
with a reduced number of platelets adhering to the surface [221]. Okpalugo et al. conducted
experiments that showed a decrease in the formation of platelet aggregates on Si-doped DLC

coatings [222,223].

H. Nakazawa et al. performed the deposition of Si-DLC coatings in their study. They
used two types of targets: a graphite target (99.9%) and 10% and 20% Si-containing C targets.
The purpose was to deposit unhydrogenated and hydrogenated Si-DLC films in order to
examine their structure, mechanical properties, and tribological properties. The substrate
utilized for deposition was a Si wafer. A KrF excimer laser with a wavelength of 248 nm was
employed to ablate the targets. The laser parameters were set to a fixed repetition rate of 20 Hz
and a power of 0.25 J/pulse. Additionally, hydrogen gas was introduced into the chamber to
generate atomic hydrogen for the synthesis of hydrogenated films [224].

Summarizing, the deposition of Si-DLC coatings was accomplished successfully.
Results of described research showed that the critical loads of the films deposited with hydrogen
were observed to be higher compared to those deposited without hydrogen. Furthermore, it was
discovered that the Si-DLC films subjected to hydrogen irradiation exhibited a tendency

towards enhanced wear resistance in comparison to the unhydrogenated Si-DLC films [224].
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6 Conclusion

This thesis has provided a comprehensive study of the use of pulsed laser deposition for
the preparation of thin films in the context of medical materials. Through the study the
significant contribution of PLD in advancing the field of medical materials manufacturing was

emphasize.

Firstly, the principles of PLD operation were thoroughly studied, including the interaction
of the laser with the material, the dynamics of ablation and the expansion of the plume.
Understanding these mechanisms is important for optimization the deposition process and
achieving the desired film properties. The study ofthe process parameters, such as laser fluence,
substrate temperature, ambient gas pressure and etc., revealed their strong influence on the
growth, morphology and crystallinity of thin films. This knowledge allows to change the

properties of the film in accordance with specific medical applications.

The successful implementation of PLD in the production of medical devices and implants
was demonstrated through specific case studies. These studies have showed the ability of PLD
films to promote cell adhesion, proliferation, non-toxicity and hemocompatibility, making them
suitable for biomedical applications. Performance evaluations of PLD-based thin films have
demonstrated their effectiveness in real-world applications, showing increased productivity,
biocompatibility and patient treatment outcomes. These results open up promising prospects

for the development of medical technologies and improved patient care.

Overall, this thesis highlighted the significant contribution of PLD to the production of thin
films for medical materials. The precise control of the composition, thickness and structure of
the film provided by PLD allows the development of coatings with exceptional properties and
functionality. These advances have the potential to revolutionize the production of medical

equipment, which contributes to improved treatment outcomes and improved patient care.

In the future, further researches may be aimed at optimizing PLD processes, exploring new
materials and surface modifications, as well as studying the long-term biocompatibility and
performance characteristics of thin films obtained using PLD. By continuing to deepen our
understanding and use of PLD in medical materials, we can drive innovation, shape future

medical technologies, and ultimately improve the quality of healthcare worldwide.
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