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Introduction

A number of very serious challenges, ever increasing due to the impact of human activity
on the environment and climate, have prompted discussions about the need to switch
to alternative energy sources [1]. In addition to reducing environmental impacts, this
transition is important in terms of growing population and economic growth, which drive
an increased demand for energy, especially since fossil fuels are a finite source of energy
[2]. It is projected that by 2050, 39% of global electricity production will come from
renewable sources [3]. The current situation in Europe clearly illustrates the need for more
serious actions aimed at developing new technologies and improving existing ones [4].

Photovoltaic (PV) energy, produced from an infinite and widely available source —
solar radiation, is a promising alternative to energy from fossil fuels [5]. The strong
increase in fossil fuel prices for energy production in recent years, the unfavorable global
economic situation, and the increasing commercialization of solar cells (SC) have led to a
significant reduction in the cost of PV technologies, which makes their use even more
attractive. [6]. However, environmental factors are critically affecting the performance
and lifetime of SCs [7]. In this regard the reliable and efficient technology of glass
inflexible encapsulation for SCs has become widely used. But, the high weight (at least
2/3 of the total weight of the solar panel) and inflexibility significantly limit the use of
standard glass protection for SCs, especially for modern flexible devices. In recent years,
numerous attempts have been made to replace cover glass with other types of
protection, mainly with polymer-based materials [8]. This task is challenging, as such
coatings must meet all functional requirements i.e. excellent barrier protection against
gases, humidity and ultraviolet (UV) irradiation, mechanical protection and often
flexibility, chemical and thermal stability, etc., and, at the same time, the fabrication
technology must be low-temperature, dependable, scalable, and inexpensive. Therefore,
the selection of optimal protection is promising from both a technical and economic
point of view, which is especially important nowadays.

Preceramic polymer perhydropolysilazane (PHPS) is a promising candidate to be an
encapsulant material due to its capabilities to transform/cure into vitreous SiOxNy films
using relatively simple technologies avoiding the use of vacuum and high-energy waste
processes. Diluted in organic solvents, this preceramic material combines the process
ability of liquid polymers and the high functional properties of resulting ceramics
(glasses), and it also offers potential scalability of the technological process. Currently,
PHPS-derived SiOxNy films are actively used as encapsulant coatings, such as for SCs and
microelectronics, due to their high barrier (against oxygen, water and UV irradiation),
dielectric, and anti-corrosion properties, as well as their non-toxicity and high thermal
and chemical stability [9,10]. The high optical transmittance of PHPS-derived films makes
them promising for optical applications [11].

However, there are some disadvantages. Despite the outstanding barrier properties
reported in the literature, the long-term stability of PHPS-derived SiOxNy films raises
questions, as it has not been well studied. Additionally, due to their inorganic nature,
PHPS-derived films exhibit high mechanical hardness but relatively poor ductility. This
effect became increasingly pronounced with an increase in the film thickness, starting
from 250 nm and leading to brittle fracture of the material, which limits its use in the
manufacture of flexible devices. [12]. One experimentally proven way to increase the
flexibility of PHPS-derived layers is the strategy of alternating them with layers of more
flexible (organic) materials. This results in a multilayer protective coating, but this leads



to problems with adhesion (peeling) of the layers during operation [9,12]. Therefore,
composite technology looks promising as another alternative option that has not yet
been widely explored, as the choice of different fillers allows for significant tuning of the
properties of the resulting SiOxNy/filler composite films.

Possessing a high elastic modulus and extremely high strength, carbon nanotubes
(CNTs) have established themselves as a promising reinforcing filler material in a number
of different matrices such as polymers, ceramics, etc. They can also influence the matrix's
thermal and structural properties [13,14]. Moreover, the alignment or orientation of
CNTs within a matrix material gives possibility to prepare composite films with
predictable anisotropy of coatings properties [15]. It should be noted that such
composites based on PHPS-derived films with CNTs have not yet been studied.

Thus, the main focus of this doctoral thesis was to improve the state-of-the-art SiOxNy
protective coatings derived from PHPS by combining them with CNTs. During this work,
a simple and scalable process for the formation of protective nanocomposite coatings
with oriented CNTs was developed. For the first time, the structural and functional
properties of such composites were studied and described, and the effect of optical
antireflection was found and investigated. In addition, several knowledge gaps regarding
filler-free PHPS-derived films were addressed. Extensive work was conducted to compare
the influence of two different low-temperature curing methods of PHPS on the structure
and functional properties of the resulting SiOxNy coatings. For the first time, the optical
constants of PHPS-derived films were measured and compared, and a study of the
long-term stability of the composition and properties of prepared coatings was
conducted. It was found that the PHPS-based coatings developed and investigated during
the project could be promising for a wide range of other applications, not limited to the
protection of flexible SCs.

The doctoral thesis is based on three publications and structurally consists of three
chapters. The first chapter is a literature review that provides an overview of existing PV
technologies, discussing their structure and the factors affecting their stability and
operation. Special attention is given to device encapsulation approaches and the
materials used for this purpose, leading to the consideration of PHPS as an alternative
protective material for thin-film encapsulation. This chapter also describes the structure
and properties of PHPS, the methods of its transformation/curing into SiOxNy, and an
overview of successful strategies for the application of PHPS-derived SiOxNy films in PV
and other fields. In addition, the chapter discusses objective disadvantages, which may
be possible to overcome by creating a nanocomposite SiOxNy/filler coating with
embedded and oriented CNTs as a filler.

Chapter 2 provides detailed information about the materials and methods used to
prepare the samples and to characterize the properties of the SiO«Ny/CNT composite
coatings and SiOxNy matrix films that are the subject of this thesis. Chapter 3, which
contains the main results and their discussion, is divided into two sections. The first
section focuses on the study and comparison of the structure and properties of filler-free
PHPS-derived matrix films cured by two different low-temperature methods. The second
section is entirely devoted to the formation and characterization of SiOxNy/CNT
composite films. Each of these sections is divided into subsections based on the subject
of discussion.

The results obtained during the work on this thesis were presented as poster and oral
presentations at several Estonian and international conferences from 2021 to 2024. They
were also published as three peer-reviewed articles on which this thesis is based.
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Abbreviations and symbols

A

An

A, B,C,and D
AFM
a-Si
CdTe
CNTs
COF
CS
CVvD
d
EDX
EU
EVA
FTIR
k

Lc
MWCNTSs
n

PCE
PET
PHPS
pPSz
PV
PVF
R2
RBM
I'p

rs

RT
SCs
SE
SEM
SLG
SWCNTs
tan W

Phase difference of reflected light

Difference between refractive indices

Material coefficients in the Cauchy dispersion formulas
Atomic force microscopy

Amorphous silicon

Cadmium telluride

Carbon nanotubes

Coefficient of friction

Cross-section

Chemical vapor deposition

Thickness

Energy dispersive X-ray spectroscopy

European Union

Ethylene vinyl acetate

Fourier transform infrared spectroscopy
Absorption index

Critical load

Multi-walled carbon nanotubes

Refractive index

Power conversion efficiency

Polyethylene terephthalate

Perhydropolysilazane

Polysilazane

Photovoltaic

Polyvinyl fluoride

Correlation parameter between measured and calculated SE data
Radial breathing mode

Fresnel reflection coefficient for p-polarization state
Fresnel reflection coefficient for s-polarization state
Room temperature

Solar cells

Spectroscopic ellipsometry

Scanning electron microscopy

Soda lime glass

Single-walled carbon nanotubes

Ratio of the reflection coefficients for different light polarizations
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TCO

TO

uv
UV-Vis-NIR
XPS

p

s

A

Transparent conducting oxide

Transverse optical

Ultraviolet

Ultraviolet-visible-near infrared

X-ray photoelectron spectroscopy

Phase component of the reflected light in p-polarization state

Phase component of the reflected light in s-polarization state

Wavelength
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1 Literature review

1.1 Photovoltaics as one of the most promising alternative energy
sources

The importance of switching from traditional to alternative energy sources has been
discussed for a long time. This discussion was motivated by the need to address the
complex problem of the sustainable development of humanity [16]. This problem is
associated with the increasingly harmful impact of human activities on the environment,
which subsequently threatens the entire ecosystem of the planet. Transitioning to
environmentally sustainable development is one of the major goals of the recent agenda
of European Union (EU) policymakers. The European Commission has developed its
environmental policy under the European Green Deal, which aims to achieve climate
neutrality of the EU by 2050 [17,18].

To achieve these goals, comprehensive work is being conducted to change established
processes in the economic, industrial, agricultural, transportation, energy, and other
related fields. All measures taken in various sectors aim to build a circular economy. This
economy optimizes the consumption of resources, organizes their recycling and reuse,
while simultaneously reducing emissions of harmful gases into the atmosphere and
minimizing the disposal of waste into landfills [19,20]. An aspect that is inextricably linked
to all of the above is energy use. The use of fossil fuels to generate electricity is a catalyst
for the rapid increase in greenhouse gas emissions into the atmosphere [21]. Besides
influencing climate factors, it also affects the environment. Statistics show that about
75% of EU greenhouse gas emissions come from energy use and production. This is why
the change of energy sources is one of the most important steps towards a climate-neutral
EU [17].

A reduction in emissions can be achieved by switching to renewable or green energy
sources [7,22]. The variety of events in recent years and their impact on the EU energy
sector clearly illustrated the need for more serious actions aimed at developing new
technologies and improving existing ones [4,6].

Photovoltaics (PV) is developing rapidly and now is the third largest renewable energy
source after hydroelectric power and wind power, and it has the greatest potential due
to its universal geographical availability [23-26]. The source of electricity for PV is
electromagnetic radiation, which most often comes from the sun but is not limited to it,
thus becoming an abandoned and an inexhaustible source. The tool for this conversion
is special semiconductor devices called solar cells (SCs).

Given these factors, the intensive development of solar power generators is becoming
increasingly important in many areas of the economy, including energy, construction,
agriculture, transportation, and aviation. In recent years, the production of SCs has
become increasingly cost-effective, leading to their increasingly widespread use.

1.1.1 Types and structure of solar cells

Solar cells consist of multiple layers of different materials that perform specific functions

to ensure the successful conversion of photons into electrical energy over the long term.
The entire volume of developed solar cells is usually divided into three generations

according to the architecture and type of material used for photon absorption.
First-generation SCs include devices based on mono- and polycrystalline silicon

wafers, which have the highest certified power conversion efficiency among currently
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existing commercial SC modules (PCE = 26.7%). However, the high cost of these devices,
arising from the need to use very high purity silicon (gives around 40% of the total cost),
as well as the high consumption of materials, high energy usage, the complexity of the
production process of the entire device, significant CO2 emissions accompanying this
production process, and incompatibility with flexible applications has led to the search
for alternative options [27].

Second-generation is often called thin-film SCs and includes a range of different
materials used, such as amorphous silicon, cadmium telluride (Figure 1.1a and b,
respectively), gallium arsenide, copper indium gallium selenide, etc. with PCE in range
from 5 to 20 % [1]. Their main competitive advantage compared to the first-generation
is a reduction in the volume of materials used to form the functional layers of the SC,
which significantly reduces the cost of production [28]. The main disadvantage of this
generation is the use of toxic materials such as cadmium.

Third-generation includes organic SCs, quantum dot SCs, perovskite SCs,
dye-sensitized SCs, and other new technologies that demonstrate promising conversion
efficiency values (up to 26% for perovskite and 19% for organic SCs) comparable to the
previous two generations. Moreover, the cost of the perovskite itself is just 3.1% of the
entire device cost. However, these efficiencies of SCs decrease with increasing device
area [7,27,29].

Frame (16.9%)

AlMg,
Cover glass (67.8%) / / " Superstrate: glass (95.3%)
Anti reflective 5 - EVA(3.74%)
Coating (<0.1%) § X P - _Front contact {0.01%)

o

EVA (3.4%) TCO: SnO, Buffer layer (0.05%)
Front contact Absorber (0.2%)
(04%) Back contact (0.7%)
Absorber (6.1%)
—— Junction box
Back contact
(0.4%)
EVA (3.4%) i
Backsheet (0.8%) ) ) 1/\
Junction box
Ag; 0.07%, Cu;0.7%, Ni;0.001%, Ti;5.8E-6% Cd;0.1%, Cu;0.6%, Al;0.05%, Te;0.1%, Zn; 1.8E-7%
(a) (b)

Figure 1.1. Typical structures of the second-generation SC with absorbers made of (a) amorphous
silicon (a-Si) and (b) cadmium telluride. The figure also shows the mass fractions of the components
relative to the weight of the entire SC. EVA: Ethylene vinyl acetate, TCO: Transparent conducting
oxide, PVF: Polyvinyl fluoride [30].

The first two generations of SCs demonstrate a lifespan exceeding 20 years and are
actively used in the market, with the first-generation SCs being predominant due to its
high photoconversion efficiency, stability, and availability. Meanwhile, the third-generation
SCs are in the laboratory study stage mainly due to problems with the actual efficiency
and stability of the devices. For example, the lifespan for organic SCs with initial PCE of
10.2% not exceeding 6 years [7,21,27,31].

Usually, individual solar cells are connected to form a photovoltaic module, shown in
Figure 1.2. The SCs are covered with an encapsulant, and the opaque back sheet protects
the entire module from environmental factors and mechanical impacts. A fairly thick
glass (about 3—4 mm thick) is used as the front protective cover. The frame is made of
aluminum alloy and serves to create additional mechanical strength, but some types of

14



devices can be manufactured without it, as shown in Figure 1.1b [8,30]. In the case of
flexible SCs, flexible transparent polymer substrates such as polyethylene terephthalate
(PET), metal foil, etc., are used instead of glass [5,32].

<€—— Junction box

b= Front cover

Encapsulant

Photovoltaic cell

Encapsulant

Back sheet

Figure 1.2. Schematic diagram of PV module components [8].

Without protection/encapsulation, solar cells of any generation, even the most stable
ones, will degrade and lose their efficiency under the influence of external factors. Each
generation of SCs has its own vulnerabilities that determine the rate of device
degradation. Based on these vulnerabilities, it is necessary to select the most optimal
encapsulation options. The following section provides an overview of the factors causing
and accelerating the degradation of the SCs.

1.1.2 Factors affecting solar cell operation stability

Factors affecting the operation and lifespan of any SC can be divided into external and
internal, which include normal operational wear and degradation of materials caused by
light irradiation and environmental impact. The quality of the materials used inside the
module and the quality of its installation and maintenance also affect stability and wear
[30,33].

Developments to improve the stability of SCs are being conducted in several directions.
The most popular is additive engineering, which involves the search for special additives
that can increase the stability of the functional layers responsible for photoconversion.
As can be seen from the SC structures presented in Figure 1.1, the SC consists of many
layers, and the interfaces between them make a significant contribution to the efficiency
of the device [34].

Next direction of the SC parameters improvement is interface engineering. This is
important to prevent delamination or the appearance of defects that introduce
recombination losses or other effects that affect the stability and efficiency of the device.
These two directions relate to the management of internal factors that affect stability
[34].

Another important direction is encapsulation engineering, which aims to combat
external factors [34]. As shown in Figure 1.3, the main external factors affecting the
performance and stability of any solar cell are radiation (mainly from the ultraviolet (UV)
part of the spectrum), heating and large temperature changes (standard cyclic test of SCs
is carried out with temperature changes from —40 to 85 °C), such environmental influences

15



as oxygen and water, and mechanical impact, e.g. from hail [7,24,25]. The criticality of
these factors on the operation of the SC depends on the sensitivity and stability of the
materials used inside the device. One of the most important aspects for PV solar power
is ensuring reliable protection of SCs from external damage, as the environment can be
very aggressive.

Fabrication

ey
B

L Mechanical

Figure 1.3. Factors affecting the operation and lifespan of solar cells [7].

Poor stability and rapid degradation of materials involved in photoconversion are
problems that prevent the achievement of higher efficiency values, longer lifespans, and
the commercialization of third-generation SCs. Most studies are related to the
elimination of internal factors affecting stability, with the influence of external factors
being in the shadow of the first ones. Generally, it can be said that the predominant
amount of research and development in the field of photovoltaics aims to find new
materials or optimize existing materials used inside the device [1,35]. However, achieving
a synergistic effect must be considered, as third-generation absorbers often degrade
under the influence of moisture and oxygen. The penetration of these agents can be
significantly reduced by selecting the correct barrier protection for the device [7,24,27].
For example, perovskite technology is significantly cheaper than silicon (more than three
times), but it can be made even cheaper. About 34% of the cost of an SC comes from
glass and other packaging materials. Replacing them with cheaper and lighter options
can further reduce costs while enabling the creation of flexible devices [27].

An additional factor complicating the situation is the high sensitivity of some materials
used in third-generation SCs to high temperatures (e.g. for perovskites temperatures
above 150 °C) and energies. This means that many traditional methods of fabricating SC
layers are not compatible with these materials. This circumstance also stimulates
research and development into alternative materials and methods for producing the
functional layers of SCs [27,32].
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From the above, it becomes clear that developing new options for flexible and reliable
encapsulation is critically important for third-generation SCs. However, the use of new
materials and approaches for encapsulating devices of other generations to reduce their
weight and, if necessary, ensure their flexibility is equally relevant based on the concepts
of sustainable development and the circular economy.

1.1.3 Proper protection as a way to improve the stability of a solar cell

As noted in Section 1.1.1, the conventional approach of the SC protection formation uses
an encapsulant, glass, and a back cover, which are most often connected to the SC by
vacuum hot pressing. The process takes place at temperatures of 150-200 °C and requires
special vacuum equipment [8,33].

A good encapsulating material must meet a number of criteria, such as excellent
barrier properties against moisture and oxygen, high optical transmittance in the
operating wavelength range of the SC, UV irradiation resistance, chemical inertness,
high adhesion, thermal stability, and mechanical strength [7,32]. Meeting these criteria
is important for all types of SCs but is especially critical for the third-generation devices
due to stability issues with the materials used in them.

Due to the long list of requirements, selecting a material for encapsulation is not a
trivial task. A number of encapsulation methods that use high-temperature processes,
like vacuum hot pressing and some materials like polyvinyl butyral, successfully applied
to silicon SCs, are also not applicable to the sensitive third-generation [34,36]. The most
commonly used materials for encapsulating perovskite SCs are currently hollow glass,
UV-curable resins, and polymeric sealants such as ethylene vinyl acetate (EVA) [27,33].

However, EVA having optimal protective properties and optical transmittance of 91%,
which is used in about 80% of all existing PV modules, degrades very quickly under
environmental influences, suffering from aging stability issues and thus reduces the PCE
of the device. Tests showed severe degradation of EVA after 125 days of exposure to
damp heat [33]. Therefore, it cannot be used as a material for encapsulation of sensitive
flexible devices. As a result, many studies are now focused on improving the characteristics
of EVA and finding alternative encapsulates [8,33].

The conventional crystalline silicon solar panel has a weight-to-area ratio of 13.7 kg/m?
and, as shown in Figure 1.1, the glass contributes a minimum of 68% of the total SC
weight [30]. However, the high weight, brittleness, low radiative cooling, and inflexibility
significantly limit the application of this standard glass protection. Numerous attempts
have been made to replace the cover glass with other types of protection, mostly with
polymer-based materials [34,36]. However, this task is challenging as such encapsulation
materials must combine high protective properties with low-temperature, reliable,
scalable, and inexpensive production technology [24]. Reducing the weight of PV modules
is also important not only from economic and technological points of view, but for reducing
the amount of waste in the limited amount of established recycling technologies.

Figure 1.4 shows three approaches to encapsulating third-generation SCs [7,36]. Glass
encapsulation continues to be used in applications where flexibility and low weight are
not required. By analogy with the glass-glass option, double-sided lamination of SCs was
developed. Both of these approaches use the same production algorithm, which consists
of placing the SC between two glasses or two pieces of laminating material (PET and
other transparent polymer foils), with the edges being filled with sealant (EVA, etc.). This
technology is scalable to roll-to-roll processes but still is far from optimal since the
connection of all components is achieved by hot pressing. Thin-film encapsulation is
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becoming increasingly promising due to its advantages, such as direct formation of a
coating on the SC, scalability, cost-effectiveness of the approach, minimal weight, smaller
thickness and the production of high-quality material. This encapsulation option appears
to be the most promising for the protection of flexible SCs [7,24].

PV Device ___.  Top Barrier - Electrical Contacts

P\.: Device

-

Thin-film Protective Layer
lass-Gl lexibl inati Thin-film

Figure 1.4. Encapsulation options for the third-generation of the SC [7].

-
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Inorganic materials used for encapsulation mainly are alumina oxide (Al.Os) and
silicon-containing materials (like SiOx) [24,33], which provide excellent protection against
moisture and oxygen, high optical transmittance but sometimes have defects in the form
of pores and suffer from mechanical fragility. They are applied mainly using atomic layer
or physical vapor deposition and chemical vapor deposition techniques, which are
expensive methods that may create harsh conditions during the deposition process,
which will be detrimental to sensitive materials used inside SC. In addition, these methods
have limited productivity for large-scale production.

Organic materials such as EVA, polyvinyl butyral, epoxy resin and different siloxane
polymer derivatives are more flexible but often provide worse protection from moisture
and oxygen and can be more expensive [7,24,33]. Encapsulation with siloxane derivatives,
which are organic silicon-based polymers (polydimethylsiloxane, etc.), however, gives
good results for perovskite flexible SCs, showing good protective properties of the
thin-film coating [34,37]. Polydimethylsiloxane was successfully used as an encapsulant
in PV before the dominance of EVA. However, due to its higher cost, it was abandoned
in favor of EVA, but in the case of the third generation of SCs, it is again gaining popularity
as an encapsulant [36].

Disadvantages of above-mentioned inorganic and organic encapsulation materials can
be reduced if they are used as layers in a multilayer protective coating. For example,
the addition of protective silicon dioxide films to organic encapsulants during
optimization of the encapsulation stack of perovskite SCs has significantly improved their
stability without reducing the performance of SCs [38].

It should be noted that organic and inorganic silicon-based materials are promising for
use in encapsulation of optoelectronic devices due to the similarity of functional
properties to glass while having several advantages over traditionally used rigid glass,
like flexibility, etc. [39].

Expanding the functionality of encapsulation coatings is an important aspect of
optimization and developing of the SCs design [33]. Many materials used in the preparation
of SCs degrade rapidly under the influence of UV radiation. An additional protective layer
blocking radiation at wavelengths less than 400 nm allows the maintenance of high device
efficiency compared to a 30% loss of efficiency in an encapsulated device not covered by
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this layer over the same period of time [40]. Controlling the optical properties of solar
cells by adding antireflective coatings or patterns increases the penetration of solar
radiation into the device [36,41].

As can be seen from the above, when trying to move away from the traditional
inflexible glass technology of solar cell protection, significant difficulties arise in finding
alternative and flexible materials. Silicon-based materials appear to be the most
promising option currently being explored for encapsulating flexible and sensitive SCs of
the third-generation. Among silicon-based materials, polysilazanes can be singled out
separately. These precursors allow the production of carbon-free (inorganic) glass-like
flexible coatings and appear to be a promising candidate for the role of an alternative to
classical encapsulation glass.

1.2 Polysilazanes as potential encapsulating materials

Polysilazane (PSZ) is a close relative of siloxanes and is also being tested as an
encapsulant for SCs. PSZ belongs to the group of special preceramic silicon-based
polymers (Figure 1.5) with a Si—-N-Si backbone, including various reactive or inert side
groups at the Si and N atom sites [42,43]. PSZs are called preceramic because the result
of transformation of the polymer precursor under certain conditions is ceramics. PSZs
most commonly used in liquid form as solution in organic solvents.

These polymers have received much attention from science and industry in recent
decades due to their wide range of attractive functional properties and corresponding
applications. Due to their chemical structure and reactivity, PZSs are beneficial for
chemical functionalization, allowing for the tuning of material properties [44,45].
Additionally, to achieve the goal of adjusting properties if this is the task, PSZs are often
used as components for the formation of hybrid or composite materials [46].

PSZs can be used to form ceramic fibers, which can then be used as reinforcing
materials in various composites [47]. However, the dominant application area for PSZs is
in formation of coatings and thin films.
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Figure 1.5. Family of preceramic Si-based polymers [42].

The coatings fabricated from PSZ solution have been identified as promising materials
to meet extreme requirements for protection PV in space [48]. Films obtained from PSZs
have a transmission of more than 95% in the visible range of the spectrum, excellent
adhesion to various materials due to the formation of hydrogen bridges [49], excellent
thermal and chemical stability, and recyclability [50]. Due to their liquid compatible
nature, most of the economic, simple, and scalable coating methods are applicable to
PSZ systems, such as spray coating, dip coating, spin coating, etc. [51].

PSZ use as anti-graffiti coatings looks very promising [52], as well as their use as
anti-corrosion coatings for metals [44,46]. PSZ-based flexible transparent coatings are
also known to improve the emissivity of solar cells, which can help to control system
power fluctuations [28].

PSZs are divided into two subgroups: (i) inorganic; and (ii) organic, depending on the
side groups. In the first case, only hydrogen atoms act as substituents. In the second case,
hydrogen can be partially or completely replaced by other functional groups. There is a
wide range of different PSZs on the commercial market, which, in addition to substituents,
differ in solvents and the presence or absence of a catalyst. Inorganic PSZs are of greater
interest as protective coatings due to their greater hardness and better barrier properties
compared to organic PSZs [49].
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1.2.1 Perhydropolysilazane

Inorganic PSZ is also called perhydropolysilazane (PHPS). This preceramic polymer is
synthesized by an ammonolysis reaction from chlorosilanes, during which ammonium
chloride is also formed and removed by filtration. After distillation, which removes
ammonia and solvent, a white powder of PHPS is obtained [53]. This powder is soluble in
organic solvents such as dibutyl ether and xylene. There are many solutions of different
PHPS concentrations manufactured by Merck, I0TA, etc. on the market. One of the
advantages of PHPS is that, depending on the conditions, the polymer can be
transformed into ceramic or vitreous films ranging from silicon dioxide (SiO2) to silicon
nitride (SisN4) PHPS-derived films [53,54].

In the case of preceramic polymers, cross-linking/transformation of precursor to
ceramic material is commonly referred to as curing. Due to the presence of many Si-H
and Si-N groups, PHPS is very reactive with hydroxyl groups and oxygen [55,56].
Consequently, the curing of PHPS occurs by hydrolysis and condensation reactions
(Figure 1.6) in different environments, such as oxygen, moisture, aqueous ammonium
solution, and hydrogen peroxide solution [57-59]. At low temperatures (close to room
temperature (RT)), this transformation with aqgueous ammonium or hydrogen peroxide
solution proceeds slowly, requiring up to 24 hours. The reactions can be accelerated by
introducing additional energy (usually with heating) into the system or by adding a
catalyst [60].
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Figure 1.6. Curing of PHPS through (a) a hydrolysis reaction in humid atmosphere followed by (b) a
condensation reaction [60].

The traditional method of curing PHPS, as recommended by its commercial
manufacturers, is thermal annealing in an air atmosphere at moderate temperatures
between 180 °C to 250 °C. The selected temperature affects the annealing time, which
can range from 1 hour to 5 minutes respectively. At RT under ambient conditions,
the transformation takes about two weeks. Using diethylethanolamine as a catalyst can
reduce this time to 7 days under the same conditions, based on experimental results [49].

Annealing (curing) at high temperatures, known as pyrolysis, transforms PHPS into
amorphous or crystalline ceramics [60—64]. This process is conducted at temperatures
ranging from 400 °C to 1000 °C and can be performed in different atmospheres.
The choice of atmosphere influences the transformation mechanisms of the PHPS and
affects the final properties and composition of the resulting material. Pyrolysis of PHPS
in a nitrogen atmosphere results in nitride ceramics, while an air atmosphere produces
oxide ceramics [53,65]. The ceramic transition of PHPS begins at about 200 °C and ends
at about 700 °C in the case of pyrolysis in air. During pyrolysis in nitrogen, the ceramic
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transition temperatures are slightly higher. The inorganic nature of PHPS allows for
higher ceramic yields and lower shrinkage values, distinguishing it from its organic
relatives [65]. Shrinkage causes a number of technical problems like loss of dimensional
accuracy, creation of porosity and reduction of mechanical strength, etc.

However, high-temperature exposure is not compatible with the application of
PHPS-derived films to heat-sensitive materials, which are now actively used in
photovoltaics and other technologies. For example, PET substrate, often used for
lamination of SCs, cannot be heated above 70 °C, as it will lose its functional properties
(barrier, optical, etc.) [60]. The use of high-humidity atmospheres or immersion of the
PHPS film in solution for its conversion is also incompatible with sensitive PV materials.

An alternative low-temperature dry method is photoinduced curing of PHPS films in
the presence of oxygen under the influence of ultraviolet radiation [9,66,67]. It was
found that with this curing method, it is important to use UV radiation with wavelengths
not exceeding 220 nm. This value is determined by the photon energy required to break
the bonds in Si—H and Si—N groups to initiate the oxidation process of the PHPS to an
amorphous vitreous film [54]. This process also avoids shrinkage due to the introduction
of oxygen into the film [12].

In recent years, many applications of this curing method have been demonstrated using
different UV radiation sources and times, ranging from a few seconds to hours [10,68-70].
By analogy with pyrolysis in different atmospheres, the possibility of obtaining silicon
nitride through photoinduced transformation of PHPS was also investigated [71].

It was reported that PHPS films can be completely converted to SiO2 using thermal
curing. In contrast, UV curing will produce an under-converted silicon oxynitride (SiOxNy)
film with a very high residual content of nitrogen, inexorably affecting the final properties
of the coating. Some studies report non-uniform cross-sectional transformation of PHPS
from UV curing. This is manifested by the formation of a near-surface layer of silicon
dioxide on top of the main volume of the film, which consists of SiOxNy [9,67]. The higher
the overall coating thickness, the more pronounced this effect.

However, these conclusions about the effectiveness of transformation depending on
curing method used are based on a comparison of pyrolyzed films with UV-cured films
[67]. Despite the abundance of literature on the different methods of curing and using
PHPS-derived films, there is still no detailed comparison of their composition and, most
importantly, the morphological and functional properties of films when using UV-induced
and low-temperature thermal curing.

It is important to note that the long-term stability of the composition and properties
of PHPS-derived films has not been extensively studied, although this information is
crucial for using the material as a protective barrier coating.

It was illustrated by several research groups that PHPS-derived films have high optical
transmittance (> 85% with PET substrate) [68,70]. However, there are significant gaps in
the information regarding other optical properties, such as refractive indices (n) of
PHPS-derived films. The refractive index of uncured PHPS film was determined as n = 1.56
[70]. Pyrolysis at 1000 °C leads to the complete transformation of PHPS into silicon
dioxide, which is confirmed by the value of n = 1.463, close to the tabular value for SiO>
(n =1.46) [61]. Curing of PHPS over ammonia vapor leads to the formation of a film with
n = 1.48, subsequent pyrolysis at 900 °C causes a drop in n value to 1.45. This drop
occurs due to the decrease in the residual nitrogen content in the PHPS-derived film
during pyrolysis [57]. As mentioned above, UV curing may result in non-uniform film
transformation across its cross-section (i.e. change in nitrogen content across the
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cross-section), which should affect its optical properties. However, no data on
measurements of such inhomogeneous PHPS-derived films have been found, so it is
necessary to compare the optical properties of films cured by low-temperature
UV-induced and thermally induced methods.

Some mechanical and adhesive properties of PHPS-derived films have been studied.
The literature provides information on the measured hardness and Young’s modulus
(elasticity) of coatings using nanoindentation [61,72]. Adhesion data can be found from
the cross-cut test or a tape peel test [49,66,73]. However, the values given in the articles
may differ from each other by an order of magnitude. This difference in values is caused
by the influence of numerous external and internal factors on the measurement result.
A comparison of the adhesion and mechanical behavior of PHPS-derived films cured by
low-temperature methods under dynamic mechanical influence has not been carried out
for either as-cured or aged coatings.

Due to their inorganic nature, PHPS-derived films demonstrate better barrier
properties compared to organic PSZs and are, therefore, most used for these purposes
[66—73]. 250 nm thick PHPS-derived films show excellent oxygen and moisture barrier
properties on PET substrates [67]. Thinner PHPS-derived films deposited on PET
substrates also show optimal barrier properties [72]. However, as film thickness
increases, it begins to lose its barrier properties on flexible substrates due to increasing
mechanical fragility with thickness [67].

The use of PHPS makes it possible to form a protective film directly on the device,
i.e. it allows for thin-film encapsulation (Figure 1.4) [12]. PHPS-derived films were
successfully tested as one of the functional layers in multilayer protective encapsulants
for perovskite and organic SCs [9,12]. With this encapsulation approach, the perovskite
SC lost less than 10% of its PCE over 250 hours of a dump heat test, while a similar
PET-encapsulated SC degraded completely in less than 50 hours [12].

Mechanical fragility and lack of elasticity negatively affect the possibility of using
PHPS-derived films as flexible encapsulants. Currently, their most successful application
for barrier protection is reported only as a component in a multilayer structure [9,12,66].
Unfortunately, this approach introduces additional interfaces between layers and
associated adhesion and degradation problems.

One prospective way to improve the insufficient mechanical and flexible properties of
PHPS-derived films could be the creation of composites based on them.

1.3 Composites and nanocomposites

Composites are mixtures of two or more different materials that have clearly defined
interfaces. The creation of composites and nanocomposites is a proven strategy for
influencing material properties. The motivation for their use is to improve the insufficient
properties of one material by adding another or to combine the best properties of all
components in one composite material. Thus, composites have properties that differ
from their components, making composite materials unique and very attractive for a
wide range of applications [74].

This strategy can be implemented in bulk materials, thin films, and even fibers
[22,75,76]. If at least one of the components is in the nanometer range, the term
nanocomposite is applicable. The use of nanostructures allows for the creation of
composites with unique properties due to the quantum-size effects of nanomaterials.
The attractiveness of using nanomaterials also lies in their high surface area-to-volume
ratio, resulting in significant changes in the properties of the composite with the
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embedding of a small amount of nanofiller [77]. Nowadays, based on the goals of
sustainable development, great attention is paid to the development of cost-effective
and highly functional composites [78].

In general, a composite consists of a matrix material and filler materials that can be
introduced into the matrix in various ways. Glass, ceramics, and metals are most often
used as matrices, but polymers have become truly widespread [76,79,80]. The filler is
usually either fibers, which are more in the micrometer range, or various forms of
nanostructures [76].

In most cases, composites are created to improve the mechanical properties of the
matrix, but the areas of application are not limited to this [81]. With the active
development of nanomaterials, the possibilities of using composites extend to
electronics, optics, sensors, and PVs [15,82—84]. For example, one strategy for improving
the encapsulation of SCs using EVA is the introduction of various fillers into the polymer
matrix, which positively affects the protective properties and long-term stability of the
composite material [8].

Composites with nanocarbon materials as fillers are especially popular due to the wide
range of unique properties of carbon allotropic forms [79,80]. Among the nanocarbon
allotropes, there are different dimensional forms: diamond (3D), graphite (2D), graphene
(1D), and fullerene (0D) [85]. In addition to the dimensions, they differ in hybridization
of carbon atoms and their volume distribution, which determines the properties of the
material. Graphene is one atomic layer of graphite. Carbon nanotubes (CNTs) are also
one of these forms. They are classified as single-walled carbon nanotubes (SWCNTs) or
multi-walled carbon nanotubes (MWCNTSs), which are one or many seamlessly rolled
sheets of graphene, respectively [86].

The use of CNTs to enhance the mechanical stability or thermal management of
polymers has been intensively explored and confirmed [87-89]. In this regard, CNTs are
a promising candidate for the role of filler to improve the mechanical and flexible
properties of PHPS-derived films.

1.3.1 CNTs as a filler for creating a PSZ-based composite coating
Active research into carbon nanotubes began in the 1990s and continues to the present
day. Like any nanoparticle, CNTs can be synthesized using top-down and bottom-top
methods. Arc discharge, chemical vapor deposition (CVD), and laser ablation methods
are traditionally used for synthesis. Depending on the chosen method, different sources
of carbon and energy are required for the synthesis of CNTs [77,90,91].

As mentioned above, nanotubes can be obtained by rolling a graphene sheet into a
cylinder along the lattice vector of the graphene plane. The number of rolled graphene
sheets determines the number of nanotube walls. The choice of vector determines the
diameter and chirality of the tubes. The diameter of the tubes is in the nanometer range,
while their length can reach hundreds of micrometers. The vector also affects whether
the nanotubes display metallic or semiconductor properties [86,92,93].

It should be noted that the SiOxNy coatings are insulators, which can contribute to the
accumulation of electrostatic charge, potentially leading to damage of the PV module as
a result of discharge. In this regard, embedding a conductive filler such as CNTs can help
mitigate this issue.

CNTs have outstanding optical and mechanical properties, as well as high thermal
conductivity [90,94]. All these properties are directly related to the chemical bonds in
the network of carbon atoms, that is, the backbone of the CNTs. These properties are
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affected by the diameter-to-length ratio of the tubes, chirality, defects, and
functionalization of the tube surface. Due to their physical, chemical, and biological
properties, as well as the ability to form a wide variety of structures — from bundles and
fibers to films — while having a very low weight, these tubes have found an extremely
wide range of applications in completely different fields such as semiconducting inks,
sensors, electrodes, etc. [90,95-97]. CNTs are produced on a large industrial scale,
making their price lower compared to many other nanomaterials, which is an additional
advantage.

Possessing a high elastic modulus, extremely high strength, and irreversible
deformation occurring only under very extreme conditions, CNTs have established
themselves as a promising reinforcing material in some polymer and metal matrices.
Among other things, they can influence the matrix's thermal and structural properties
[13,14,98,99]. However, for CNTs and nanomaterials of other forms, agglomeration
caused by van der Waals interactions is a problem when introducing them into a matrix
[81]. Additionally, the improvements mentioned above depend on the initial
characteristics of the tubes themselves, their interfacial interaction with the matrix, and
their alignment [100].

The successful formation of various CNT composites based on siloxanes and organic
PSZs has been reported [101-103]. On the other hand, studies of the formation and
properties of CNT composites with PHPS has not been reported yet. This opens the door
for research towards the formation of CNT/PHPS-derived thin film composites.

1.3.2 Creating anisotropy of properties within a nanocomposite

In addition to the materials used, the properties of the composite are also influenced by
its architecture, meaning the spatial organization of the filler within the matrix.
The architecture determines how the composite material will respond to external stimuli.
Creating a uniform distribution of filler is a difficult task when producing effective
composites due to the problem of nanomaterial agglomeration. Poor control of the
dispersion of CNTs inside the polymer matrix often leads to less effective results in
achieving the unique properties [100]. In contrast, the alignment of CNTs within a matrix
material leads to anisotropy of properties, which cannot be obtained in disordered
composites [15]. Controlling the orientation of the filler within the matrix is one of the
key challenges in obtaining highly efficient nanocomposite materials [104].

Several types of architectures are used in the formation of composites: homogeneous,
laminate, alignment, and network (Figure 1.7). All of them have their advantages and
disadvantages and are selected based on the final objectives of using the composite
material.
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Homogenous Laminate Alignment Network

Figure 1.7. The schematic illustration of four types of nanocomposite architectures: (a) homogenous,
(b) laminate, (c) alignment, and (d) network [75].

In the case of CNTs, it is difficult to achieve a uniform distribution of the filler in the
matrix because it implies the absence of contact between the fillers, but the nanotubes
are very long. As a result, even when loading a small amount of filler, the CNTs will
encounter each other and form a network architecture of different densities.

An ensemble of CNTs aligned in one direction enhances the properties of each
individual nanotube. In this case, the direction of alignment plays a key role in the
anisotropic properties of the obtained composite. Several possible methods for aligning
CNTs in the polymer matrix include using magnetic or electric fields, acoustic waves,
mechanical force, shear force field, etc. [96,105,106].

The successful creation of a composite with mechanically stretch-aligned MWCNTSs in
a pyrolyzed organic PSZ matrix has been reported, making it possible to achieve
anisotropy of electrical conductivity in the alignment direction for a large volume fraction
of the embedded filler (60 vol%) [103]. There is a lack of studies connected with the
preparation and investigation of oriented nanocomposite coatings with an ordered
distribution of CNTs in the PSZ matrix, cured with low-temperature methods, to induce
unique anisotropic properties (thermal, electrical, optical, etc.) in the obtained films.

From the above mentioned, it can be concluded that new research is needed in this
promising direction of creating composite films with unique properties based on
PHPS-derived films with oriented CNTs as a filler to obtain a promising material for
flexible solar cell encapsulation.

1.4 Summary of the literature review and the aim of the study

To achieve energy security and sustainable development goals, it is important to develop
alternative energy sources [16,22]. Particular attention is given to photovoltaics due to
its significant development potential [23,25]. Research and development in this
field primarily focuses on studying and optimizing materials directly involved in
photoconversion, such as absorbers, buffer materials, etc. [1,35]. However, in recent
years, the importance of research and development in the protection/encapsulation of
PV devices and increasing the functional range of materials used for this purpose has
been emphasized [24,39,41].

Thin films obtained by curing the preceramic polymer PHPS have great potential for
use as an encapsulant coating [11,67]. Several studies have shown promise in this
direction, primarily due to high similarity of PHPS-derives films to the functional
properties of glass, a traditional protective material for SCs. At the same time,
PHPS-derived films have several additional advantages over rigid glass, such as potential
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compatibility with flexible technologies, lower thickness and weight, compatibility with
liquid and low-temperature production processes, the possibility of direct coating
deposition on the surface of devices, and scalability to roll-to-roll processes [54,66,72].
These qualities make the technology potentially economically viable and better aligned
with the sustainable approach.

Despite the diversity of research and development in relation to PHPS-derived
coatings, the following gaps in knowledge have been noted:

e There is no detailed comparison of the structure and properties of
PHPS-derived films obtained by the two most popular low-temperature
curing methods of PHPS, namely (i) low-temperature annealing; and
(ii) UV radiation induced curing.

e Thelong-term stability of PHPS-derived films is not well-studied yet, although
it is a critical aspect for commercialization of the technology.

e The optical constants of PHPS-derived films have not been studied in much
detail, although this knowledge is extremely important for the engineering
design of optoelectronic devices.

e There is a large dispersion of data related to the mechanical properties of
PHPS-derived films and a lack of comparison of these data measured under
the same conditions for layers cured by different low-temperature methods.

The main disadvantages of PHPS-derived films are their mechanical fragility and
limited flexibility caused by the inorganic nature of the precursor, which prevents the use
of these films as stand-alone flexible coatings. Currently, PHPS-derived films are most
successfully used as part of multilayer coatings, alternating with organic layers [9,12].
A promising way to overcome this drawback is the creation of matrix/filler composites.
CNTs appear to be the most promising filler due to their outstanding mechanical
properties and the possibility of their orientation/alignment within the matrix to obtain
anisotropy of reinforcing properties [90,103]. Such composites based on PHPS-derived
matrices have not yet been studied.

In this regard, the novelty and the aim of this study is to develop current
state-of-the-art SiOxNy protective coatings derived from PHPS, combining them with
CNTs in aligned nanocomposite structures. The application area of these coatings is
focused on flexible optoelectronics but is not limited to it.

Based on the information above, the objectives of the work can be formulated as
follows:

=  Comparison of the influence of different low-temperature curing methods
(thermally induced and UV irradiation induced) of PHPS on the compositional
and morphological properties of the resulting SiOxNy matrix films.

= Development of technological route for the formation of oriented composite
SiOxNy/CNT coatings various laminate-type configurations.

=  Study of the compositional, morphological, optical, and mechanical properties
of SiOxNy matrix films and SiOxNy/CNT composite coatings.

= Study of long-term stability of SiOxNy matrix films and SiOxNy/CNT composite
coatings.
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2 Experimental

In this chapter, the formation routes of thin SiOxNy matrix films and SiOxNy/SWCNT
composite coatings, as well as the analytical methods used for their characterization, are
summarized. More details are described in Articles I-lIl.

2.1 Preparation of SiOxNy matrix films from PHPS

A commercially available 20% solution of perhydropolysilazane (PHPS) in dibutyl ether,
purchased from Merck KGaA (NN-120-20, durXtreme GmbH, Germany), was used as a
precursor for the formation of matrix films.

Two types of solid substrates were used in the work: (i) soda lime glass (SLG); and
(ii) SLG coated with a molybdenum layer (SLG/Mo) of 1 um thickness. The choice of
substrate for sample formation was determined by the requirements of the
characterization method. Before deposition of the films, the substrates were
ultrasonically cleaned with analytical grade isopropanol and a 20% aqueous solution of
Decon 90 (Decon Laboratories Ltd, England) for 5 min in sequence. The substrates were
then washed in Millipore water (Simplicity, Millipore Corp., France) and dried with
99.995% pure dry nitrogen.

The PHPS films were formed on the surface of cleaned substrates using the spin
coating method at 2000 rpm for 1 min. For that purpose, in Article | was used spin-coater
KW-4A (Chemat Technology, USA) and in Articles Il and Ill Polos SPIN 150i programmable
spin-coater (S.P.S. Ltd., Netherlands). Afterwards, the samples were dried on a hot plate
at 40 °C for 2 min to remove residual dibutyl ether from the films. The samples were then
converted into SiOxNy vitreous films using two low-temperature methods, which were
compared throughout the work. In the first case, curing was conducted using thermal
annealing in a Brother HD-14S muffle furnace (Zhengzhou Brother Furnace CO Ltd.,
China) at a temperature of 180 °C for 60 min, in accordance with the recommendations
of the PHPS manufacturer. In the second case, the transformation occurred under the
influence of UV radiation at wavelengths of 185 and 254 nm in air using Novascan digital
UV ozone system (Novascan Technologies Inc., USA). The irradiation time was determined
experimentally and was 40 min. Multi-layer PHPS-derived films were formed by
sequentially repeating deposition/drying/curing cycles. More detailed information
regarding PHPS matrix film formation and curing can be found in Article I.

2.2 Preparation of SiOxN,/SWCNT composite coatings

Thin films of horizontally oriented single-walled carbon nanotubes (SWCNTs) synthesized
using aerosol (floating catalyst) chemical vapor deposition (CVD) from two different
batches were used as a filler for the formation of composite layers.

For the synthesis of SWCNTSs used in Article Il, ferrocene vapor was used as a catalyst
precursor for iron nanoparticle formation, and CO was used as a carrier gas and carbon
source for SWCNT growth. The nanotubes were grown in the gas phase by decomposing
carbon monoxide on formed iron nanoparticles in a high-temperature (800 °C) reactor.
SWCNTs were collected downstream onto filter paper in the form of thin films randomly
oriented in the horizontal plane (Figure 2.1a). The thickness of the films was regulated
by the time of SWCNT collection and could vary within + 10%.

The SWCNTSs used for the preparation of the composite coatings described in Article
Il were synthesized by the same CVD method in a high-temperature reactor using
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hydrocarbon feedstock (ethylene and toluene), ferrocene vapor as a catalyst precursor,
and hydrogen as a carrier gas. SWCNTs have a mean bundle length of approximately
30 um, a diameter in the range of 1.4-2.3 nm, and a density of approximately 0.12 g/cm?3.
A major advantage of using the SWCNTs prepared by this technique is the convenience
and ease of their transfer from filter paper to the target surface by dry transfer.
Additionally, the advantage of the technology is the ability to cut filter paper with
SWCNTs lying on it into pieces of any shape and size.

The first batch of SWCNTs were provided by Prof. Albert Nasibulin from Skolkovo
Institute of Science and Technology. The second batch were provided by Prof. Tanja Kallio
from Aalto University. More information on the synthesis, characterization, and
application of these SWCNTs can be found here [107-110].

SiOxNy/SWCNT composite coatings were formed in two architectures/configurations
corresponding to the order of SWCNT transfer: TOP and BOTTOM. A schematic
representation of the technological route for the formation of composites is shown in
Figure 2.1b. In the TOP case, the SWCNT filler film were transferred from paper to a spin
coated and dried PHPS matrix film. In the BOTTOM configuration, the SWCNT film were
dry transferred to the cleaned substrate (SLG or SLG/Mo), followed by the deposition
and drying of the PHPS layer. Both composite architectures were then cured using two
different curing methods, as described in Section 2.1 above. Additional treatment of the
Mo surface with vapors from a 40% aqueous solution of HF acid for 10 minutes facilitated
the dry transfer of the SWCNT film onto the Mo surface. More detailed information on
the formation and curing of the SiOxNy/SWCNT composite coatings is available in Articles
Iland 111

b) Composite coatings formation route

Perhydropolysilazane (PHPS) matrix film-
Spin-coating
SWCNT filler - dry transfer

Filter paper
J Samplesin 2 canf'guratlons

BOTTOM conflguratlon TOP ccnflguratlun

~ S

UV-curmg
Thermal curing

Filter paper

CS SEM images of SiO,N, JSWCNT composite coatings

Figure 2.1. (a) Photograph of SWCNT film on top of the filter paper, (b) illustration of SiOxN,/SWCNT
composite coatings formation route.
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2.3 Elimination of the substrate influence on the FTIR and EDX
measurements results

The PHPS-derived films studied in this work were quite close in chemical composition to
SLG substrates. In some cases, this may affect the interpretation of the analytical data
obtained from measurements. For example, this was clearly evidenced in the case of FTIR
spectroscopy. In Figure 2.2, the red curve corresponds to the spectrum of the SLG
substrate, where the absorption bands were mainly located in the fingerprint region
(the region with wavenumber values between 1500 cm™ and 400 cm™) and showed high
intensity. The positions of these bands almost completely overlap with the peaks of some
vibrations of chemical bonds characteristic of PHPS-derived films, inevitably leading to
distortion of the measured data (red dotted curve). The black curve illustrates the
spectrum of the SLG/Mo substrate, in which only very weak peaks of molybdenum oxide
are evident. Thus, the use of an SLG/Mo substrate makes it possible to avoid the overlap
between the FTIR spectra of the SLG and the prepared PHPS-based structures (black
dotted curve).
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Figure 2.2. FTIR spectra of the SLG and SLG/Mo substrates used in the work and PHPS-derived films
deposited onto these substrates.

Similarly, SLG/Mo substrates were used for EDX measurements of the chemical
composition of prepared PHPS-based samples. When measuring from the surface of the
sample, the accelerating voltage was selected in order to obtain a weak signal from
molybdenum, which was then excluded from the final data received from measurement.

Detailed information on the substrate type used for different sample characterization
methods is presented in the next section of this chapter.
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2.4 Characterization methods

The characterization methods used in this study are represented in Table 2.1. More

detailed information regarding the equipment and conditions for conducting
measurements is available in Articles I-IIl.
Table 2.1. Characterization methods used in the work.
Properties Characterization Characterization Article | Substrate
method tool
Morphology, Scanning electron Zeiss Ultra 55, | SLG and
thickness microscopy (SEM) Germany SLG/Mo
Zeiss Merlin, 11, 1l
Germany
Functional Fourier transform Platinum-ATR ] SLG/Mo
groups infrared (FTIR) Alpha, Bruker Optic
determination | spectroscopy GmbH, Germany
Transmittance | UV-Vis-NIR UV-1800, Shimadzu | I-llI SLG
Absorbance spectrophotometry Corp., Japan I, 1
Reflectance 11, 1l
Surface X-ray photoelectron Kratos Axis | SLG/Mo
elemental spectroscopy (XPS) UltraDLD XPS
composition System, England
Elemental Energy dispersive X- Zeiss Ultra 55, | SLG/Mo
composition ray (EDX) Bruker Esprit 1.82
spectroscopy Zeiss Merlin, Bruker | II, 11l
EDX-XFlash6/30
detector
SWCNT Raman spectroscopy | Horiba LabRam I, 1 SLG
structure HR800
Optical Spectroscopic GES-5E, Semilab 11} SLG
constants, ellipsometry (SE) Co., Hungary
thickness
Mechanical Universal materials CETR UMT-2, 1] SLG/Mo
and adhesive tribo-test device Bruker, USA
properties

2.5 Determination of optical constants

Among the objectives of this work was the determination of the optical constants,
namely refractive index (n) and absorption index (k) of the SiOxNy films and
SiOxNy/SWCNT composite coatings. One of the methods that can be used for this purpose
is spectroscopic ellipsometry (SE), which provides information about not only n and k but
also the film thickness (d). This is an indirect method of obtaining information about the
material and, therefore, requires additional explanation (see also Article Il1).

During SE measurements, the values of the reflection coefficient ratio for different
light polarizations (tan ¥) and the phase difference (A) of light reflected from the sample
were recorded and defined for each wavelength of the range used as:

tan¥ = %and 4= 6,— 6 (1)
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where 7, and r; are Fresnel reflection coefficients for p- and s-polarization states of the
light, and &,, and &, are phase components in p- and s-polarization states of the reflected
light, respectively.

The measured data were modeled and analyzed using SEA software in the energy
range of 1.3 —5.5 eV. In most media, the refractive index is not constant but depends on
the wavelength of the radiation passing through it, thereby demonstrating dispersion.
The dispersion function was modeled using the Cauchy dispersion formulas:

%+%and k=C+/1£2 (2)

n=ngy+
where n is the refractive index, k is the extinction coefficient (absorption index), and A is
the wavelength. A, B, C, and D are material coefficients. For modeling the SLG substrates,
the refractive index was taken as:

0.0081 0.00012

A2 + A%

n = 1535+ (3)

based on former SE measurements.

2.6 Measurement of mechanical and adhesive properties

To study the mechanical and adhesive properties of the samples, a scratch test with
progressive load was performed using a universal materials tribo-test device (Figure
2.3c). This test helps to identify and study many different types of failures, such as coating
peeling, plastic deformation, and film or substrate cracking [111].

Figure 2.3a show the basic diagram of the scratch test with a fixed position of the
stylus and a moving sample [112]. During our tests, the Rockwell (HRC) spherical-shaped
diamond indenter with a diameter of 200 um and a cone angle of 120° was used as the
stylus. The indenter moved along the surface of the fixed samples with a linearly
increasing load of 200 g/mm (1.96 N/mm), starting from 50 g (0.49 N) and ending at
2050 g (20.10 N) in a single pass. The length of each scratch was 10 mm. This approach
allowed us to determine the point of failure of the coating, called the critical load (Lc)
point. Lc values were determined using SEM by measuring the distance from the
beginning of the scratch to the first visible damage to the coating. The type of damage
received by the samples after scratching, as well as the adhesion of the films to the
substrate, were also studied visually using SEM.

During the tests, the change in the coefficient of friction (COF) of the films was also
measured as the load increased. The coefficient of friction became unstable and began
to increase sharply when the adhesion of the coating to the substrate changed (failure is
initiated). Thus, the critical load can also be confirmed by measuring the change in the
COF during the test [112].
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Figure 2.3. (a) A simple diagram of the scratch test [112], (b) SEM image of the Rockwell (HRC)
spherical diamond indenter (stylus) with a diameter of 200 um and a cone angle of 120°, and
(c) photograph of the universal materials tribo-test apparatus with scratch test module.
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3 Results and Discussion

This chapter of the thesis discusses the main results obtained during the work on the
project and published in Articles I-lIl. Section 3.1 focuses on the comparative study of
two low-temperature curing methods of the preceramic polymer PHPS and the resulting
films. In the next stage of work, these PHPS-derived films were used as matrices for the
formation of composites. Section 3.2 provides an overview of the morphological and
functional properties of laminate-type composite coatings obtained by embedding
SWCNTs as a filler into PHPS-derived matrix films.

3.1 Study of SiOxNy matrix films

This section combines the data published in Articles | and Ill concerning the study of
PHPS-derived matrix films. To address the knowledge gaps illustrated in Chapter 1 of this
thesis, the compositions of single-layer PHPS-derived films cured by low-temperature
annealing and UV light irradiation were studied. The study investigated the influence of
the PHPS curing method on the resulting SiOxNy films' morphological, optical, and
mechanical properties, as well as their long-term stability. Additionally, the possibility of
forming multi-layer SiOxNy films and their morphological features were studied.

3.1.1 Comparative study of the influence of the curing method on the
morphology and composition of single-layer matrix films

Deposited and cured PHPS films showed a dense and uniform morphology both on the
surface and in cross-sectional (CS) views, ensuring excellent adhesion to the substrate.
The choice of thermally or UV induced curing method did not visually affect the CS
morphology of single-layer films on the SLG/Mo substrate, as seen in the SEM images in
Figure 3.1. This observation also applied to the surfaces of the samples (images could be
found in Article lll). The choice of substrate affected the thickness of the resulting
coating. On SLG/Mo substrates, the film thickness ranged from 350-460 nm. Films
formed and cured on SLG substrates appeared equally uniform and adhesive but were
slightly thicker, ranging from 550-580 nm. This difference was caused by the different
wettability of the substrate surfaces by the preceramic polymer solution, which was
higher in the case of the molybdenum.

\Lfs ‘W w Ll k“ “’nm

Figure 3.1. Cross-sectional SEM images of SLG/Mo/SiOxN, samples: (a) cured thermally, and (b) under
UV light irradiation.
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As described in the literature review, comparisons of the degree of UV-cured films’
conversion were made only with pyrolyzed PHPS films. This comparison was not entirely
correct because the result of pyrolysis is a ceramic film, while low-temperature (from RT
to 250 °C) curing methods, in some cases, did not even allow the ceramic transition
(which starts at temperatures above 200 °C) of the material to begin. Therefore, in our
work, UV-cured films were compared with samples cured by low-temperature thermal
annealing at a temperature corresponding to the minimum recommended by the
precursor manufacturer (180 °C) and compatible with certain heat-sensitive materials
(Article 1).

In the case of PHPS-derived films, FTIR spectroscopy is a common and reliable method
for assessing the degree of material transformation during the curing procedure, as it
shows the presence of different functional groups [72]. For complete transformation of
the PHPS to silicon dioxide, only absorption bands caused by different vibrational modes
of Si—0 bonds remained on the FTIR spectrum [67].

Figure 3.2 shows a comparison of the FTIR spectra of the samples, where the green
curve corresponds to the spectrum of the thermally cured sample, and the purple curve
corresponds to the spectrum of the UV-cured sample. Both curves have approximately
the same set of characteristic bands, which differ significantly in intensity, thus changing
the shape of the spectrum.
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Figure 3.2. (a) FTIR spectra of the thermally and UV-cured SLG/Mo/SiOxN, samples, (b) enlarged
area of the 'fingerprint region’.

The medium-intensity absorption band at 3365 cm™ in the spectrum of the UV-cured
sample (purple) was caused by stretching vibrations of Si—N bonds [12,113], while the
broad shoulder starting at 3365 cm™ and extending toward lower wavenumbers up to
2500 cm™ was caused by vibrations of —OH groups [11,12]. Bands in the spectra of the
samples around 2160 cm™ were caused by stretching vibrations of Si—H [45,52].

In the fingerprint region (1500-400 cm™), enlarged in Figure 3.2b, there are many
vibrational modes of different functional groups. The close relative position and different
intensities of their absorption bands make it difficult to interpret the obtained spectra
[114]. A slight shift towards lower wavenumbers of several bands in the spectrum of the
UV-cured sample relative to the spectrum of the thermally annealed sample is clearly
visible, as demonstrated in Table 3.1. Similar behavior had already been observed for the
transverse optical (TO) mode of the antisymmetric stretching vibrations of Si—O bonds.
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If a quartz-like silicon structure with bond angles of 144° was formed during curing, the
vibrational peak will be located around 1065 cm™ [66]. Thus, the position of the peak in
the spectrum of our UV-cured film corresponds to this case of the organization of bonds
between silicon and oxygen.

The formation of a cage-like structure of silicon with bond angles of up to 150° in the
thermally cured film was indicated by the shift in the position of the absorption band of
these vibrations towards larger wavenumbers, which could reach up to 1140 cm™
[66,72,115]. This suggests that the curing method influences the structure of the spatial
organization of atoms within the films, which, in turn, affects the properties of the
resulting coatings.

It was possible to clearly determine the presence in both spectra of a peak located
around 1170 cm™, associated with bending vibrations in Si-N [71]. Additionally, bands
caused by stretching vibrations of this bond should be located around 950 and 840 cm™
[67,116,117]. The peak related to Si-H bonds, also located around 840 cm™, complicates
the analysis of this region of the spectrum [118]. Peaks for stretching, bending, and
rocking vibrations in Si—O are located around 1005, 830, and 500 cm™, respectively
[65,67,119,120].

Table 3.1. Displacements of the vibrational band positions in the FTIR spectra for single-layer SiOxN,
matrix films.

Sample Bonds and their spectral positions, cm™

Si—N N-H Si-0 Si-0 Si-0
Thermal curing 2162 1183 1091 1010 501
UV curing 2160 1163 1062 996 499

In the spectra of films cured by both methods, absorption bands of functional groups
containing nitrogen and hydrogen atoms were observed, which indicates incomplete
conversion of PHPS into silicon dioxide. The relative intensity of Si—O peaks compared to
other bands in each of the spectra provides information about the different oxygen
contents in these films.

To evaluate the elemental composition of the studied PHPS-derived films, EDX
analysis was used. Measurements were taken from the surface of the samples to obtain
the elemental composition averaged over the thickness of the films (Table 3.2). Atomic
mass affects the sensitivity of EDX analysis, so atoms lighter than beryllium were beyond
detection, making it impossible to estimate the content of hydrogen atoms in our
samples. The measurement error decreased with increasing atomic mass. The results
showed that UV curing promotes the transformation of PHPS into silicon oxynitride with
a lower concentration of nitrogen atoms compared to thermally cured films. Thus, during
UV curing, more oxygen atoms penetrate into the film, indicating a more successful
curing process of the preceramic polymer towards silicon dioxide.

Table 3.2. Thickness-averaged elemental atomic concentrations of thermally annealed and
UV-cured SiOxN, single-layer matrix films on SLG/Mo substrates measured by SEM-EDX.

Thermally cured UV-cured
Silicon, at% 14.3 17.3
Oxygen, at% 26.4 64.3
Nitrogen, at% 59.3 18.4
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To study the surface chemical composition of the samples at a depth of 2-4 nm, XPS
analysis was used (Figure 3.3). In the spectra of films cured by both methods, peaks of
silicon, nitrogen, oxygen, and carbon were observed. Hydrogen was not detectable using
this analytical method. Oxygen and silicon peaks were dominant in the spectra of both
samples. Nitrogen was present on the surfaces of both films, but in the case of UV curing,
its concentration was three times lower compared to the thermally annealed film. In
Figure 3.3a, the inset shows an enlarged Si 2p peak, its deconvolution into three
components, and its correlation with the chemical bonds that cause these components.
Thus, in the case of thermal curing, the surface of the film represents an incompletely
transformed PHPS due to the presence of Si—-N (101.55 eV) and Si-Si (100.01 eV)
components [121,122]. The Si 2p peak of the UV-cured sample consisted of one
component located at about 103.1 eV, responsible for the Si—O bonds (Figure 3.3b) [123].
The position of this component was shifted towards higher binding energies compared
to the equivalent component for thermal curing, indicating greater oxygen saturation in
the case of UV curing [121]. The presence of a carbon peak in both spectra was due to
adventitious C from the air, as well as possible minimal traces of dibutyl ether.
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Figure 3.3. XPS spectra of near-surface layers with enlarged Si 2p peaks of SLG/Mo/SiOxN, samples
cured (a) thermally, (b) under UV light irradiation.

Additionally, XPS studies enabled limited depth profiles of the elemental composition
to be measured. However, the dielectric nature of PHPS-derived films led to an
accumulation of positive charge during long-term measurements, distorting the obtained
data. Therefore, the qualitative results of this analysis are presented below. The samples
were etched in argon plasma to allow measurements at depths of approximately 12 nm
and 22 nm from the surface. In the case of the thermally cured film, the concentrations
of oxygen, silicon, and nitrogen remained stable over the whole depth profile measured.
For the UV-cured film, a decrease in oxygen content with an increase in nitrogen and
silicon content was recorded at a depth of about 22 nm. The results of XPS studies of
matrix films are schematically presented in Figure 3.4, indicates that in the case of UV
curing, a film with a non-uniform composition in the CS is formed with an upper layer
saturated with oxygen. Low-temperature curing produced a film with a lack of oxygen in
the CS.
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Figure 3.4. Cross-sectional SEM images of the SLG/Mo/SiOxN, samples cured (a) thermally and (b)
under UV light irradiation with XPS measurements data and with trend of the oxygen and nitrogen
content based on limited depth profile XPS data.

Based on all the above-mentioned, thermal curing for 60 min at 180 °C produced a
partially transformed film, while UV curing led to a more complete transformation of the
PHPS into SiO.. This comparative study is detailed in Article I.

3.1.2 Influence of the curing method on morphology and composition of
multi-layer matrix films.

The single-layer SiOxNy films may be too thin for some potential applications. With an
average layer thickness of about 500 nm, the four-layer film thickness should be about
2 um, making it more suitable for use as a protective coating. An improvement in the
protective properties of the films obtained by sequential deposition of several PHPS
layers was also reported [12].

As can be seen from the SEM image (Figure 3.5a), upon sequential thermal curing, the
four-layer film became homogeneous in CS with a maximum thickness of about 4.5 pm.
In the case of UV curing (Figure 3.5b), the four-layer film maintained a uniform thickness
of about 2.5 um. But four layers of PHPS deposition were visually distinguishable in CS,
and the third and fourth layers merged into one. Each layer was about 600 nm thick. This
clearly illustrates the heterogeneous transformation of the film during UV curing
(Article 1). The difference in the thickness of the four-layer structures indicated that the
surface of the thermally cured SiOxNy film was less wettable by the PHPS solution in
comparison to the surface of UV-cured SiOxNy film.
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The analysis of the FTIR spectra of multi-layer films is presented in Section 3.1.3 and
can also be found in Article I.

The thickness of the multi-layer films was sufficient for line-scan EDX analysis of the
CS of the films in order to obtain a depth profile of the elemental composition (Figure
3.5cand d). In the thermally cured sample (Figure 3.5c), the Si content fluctuated around
the average value, which was much higher relative to the O, while the oxygen content
increased closer to the film surface. For the UV-cured sample (Figure 3.5d), the Si content
also fluctuated around the average value. However, the curve illustrating the O content
in the sample showed three clearly distinguishable stand-alone peaks that could be
associated with the film sub-layers, visually identified in the CS SEM image of the
UV-cured film. The O content in the first two sub-layers was relatively low, but in the top
layer, it grew significantly compared to the Si content. This confirmed the XPS data
related to the conversion of the near-surface layers of the UV-cured PHPS film to SiO..

An increase in the O content as it approached the film-air interface for the thermally
annealed film indicated the penetration of oxygen into the sample after the curing
process. This will be discussed in more detail in Section 3.1.3, which covers the long-term
stability of matrix films.

The study of the morphology and structure of multi-layer SiOxNy films can be found in
Article I.
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Figure 3.5. Cross-sectional SEM images of SiOxN, films on SLG/Mo substrate obtained from 4
deposition/drying/curing cycles for (a) thermal curing or for (b) UV-curing; (c) and (d) line-scan
SEM-EDX elemental profiles of the films, respectively.
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3.1.3 Long-term stability study of single- and multi-layer matrix films
As mentioned in the literature review, no detailed study of the long-term stability of the
composition, structure, and properties of PHPS-derived films has been carried out for
either thermal or UV curing methods so far. Therefore, we first studied the stability of
the composition of single-layer and multi-layer films using FTIR spectroscopy (Article I).
Prepared samples were studied both immediately after the curing procedure and after
aging in a desiccator at room temperature (RT) for two months. Figure 3.6 shows the
measured spectra in the fingerprint region, as this is the area where the main changes in
the shape of the spectra occur. The correlation of all the main vibrational bands with the
functional groups that cause them is shown in the Figure 3.6. More noticeable changes
in the shape of the spectra occurred in the case of single-layer samples (Figure 3.6a and
c). After two months of aging, there was a significant increase in the intensity of the peaks
caused by vibrations of Si—-O bonds compared to the other peaks in both spectra,
indicating oxygen penetration into the films during aging. Figure 3.6b and d show the
FTIR spectra of the four-layer PHPS-derived films. The shape of the spectra of these
samples demonstrated relatively smaller changes as a result of aging. This was caused by
the significantly greater thickness of the films compared to single-layer samples, which
complicated the process of oxygen penetration deep into thick films.
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Figure 3.6. FTIR spectra of the (a), (c) thermally cured or (b), (d) UV-cured samples; colored lines are
for as-cured samples, and black lines are for aged samples.
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A detailed study of the dynamics of the aging of matrix films using FTIR spectroscopy
was conducted and the results were published in Article Ill. The single-layer films were
aged in plastic boxes in a desiccator at RT, without any additional influences. FTIR spectra
for each sample were recorded in three marked areas and then averaged. To optimally
track the dynamics of aging, the spectra were recorded immediately after curing, after
24 hours, and after one week, 3 weeks, and 6 months.

For both curing methods, as the films age, the shape of the spectra underwent
changes (the main changes in peak intensity are marked by red arrows in Figure 3.7).
In the spectrum of a thermally as-cured sample, a low-intensity peak of TO mode of
asymmetric stretching vibrations of the Si—0—Si bond was detected at about 1089 cm™,
whose intensity gradually increased with aging, although its position remained
unchanged. More details related to this peak are described in Section 3.1.1. One week
after UV curing, the peak representing this bond began to appear in the spectrum around
1068 cm™. In the spectrum of the as-cured sample, this band overlapped with
neighboring bands, but as the sample aged, the relative intensity of this band increased,
and its position shifted toward lower wavenumbers. After 6 months, this peak was
located at 1050 cm™, indicating a quartz-like structure within the film [54].

In the spectrum of a 6-month-aged UV-cured film, a band around 1123 cm™ appeared,
which could also be attributed to vibrational modes of the Si—O-Si bonds. The position
of these peaks indicated that clusters with a cage-like structure and quartz-like structure
were both formed inside the film during the aging process.
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Figure 3.7. FTIR spectra of SiOxN, films measured during aging/ripening process of (a) thermally
cured sample, (b) UV-cured sample.

In the case of a thermally cured sample, the most noticeable changes in the shape of
the spectrum occurred during the first week after curing, then slowed down significantly.
In contrast, for UV-cured samples, this process took longer. For multi-layer films, this
process took even longer due to their greater thickness. As the films aged, significant
changes occurred in their composition and structure. This process can be called ripening,
where the oxygen content increased significantly, but the nitrogen and hydrogen content
decreased. As a result, the peaks attributable to bonds between silicon and oxygen
dominated in intensity, indicating that the composition of the films became close to
silicon dioxide.
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After six months of ripening, the spectra of films cured by two different methods
exhibited different shapes, reflecting differences in their structure, and therefore, their
functional properties. Notably, immediately after UV curing, the films contained less
residual nitrogen and were closer in composition to silicon dioxide than thermally cured
films. This is visible from the FTIR spectra and is confirmed by the XPS and SEM-EDX data
shown for single-layer films in Section 3.1.1. Therefore, if the goal is to prepare films close
in composition to silicon dioxide, UV curing could be considered as the preferable
method.

3.1.4 Optical properties of single-layer matrix films

In Article | and Article I, the high optical transmittance of prepared SiOxNy matrix films
(near 90% without subtracting the contribution of the SLG substrate and > 98% with
subtracting) was demonstrated. However, there were significant gaps in the information
regarding other optical properties, such as refractive indices (n) of PHPS-derived films
cured by different methods, as well as the long-term stability of the optical properties of
these films. Therefore, in Article Ill, we conducted a study aimed at filling these gaps.

There are various ways to determine the optical constants of films deposited on
optically transparent substrates. In our work, we used spectroscopic ellipsometry (SE).
Since this was an indirect method of obtaining data, the convergence of theoretical data
to experimental data was assessed using the R? correlation parameter. The closer R? was
to 1, the closer the calculated data were to the experimental data.

Generally, the N and O content within the film strongly influences its optical properties
[124]. Additionally, FTIR results showed that during aging/ripening, the SiOxNy matrix
films changed their composition and structure. These changes were expected to affect
the optical properties of the films. Therefore, measurements were carried out the day
after curing the films, as well as at different time intervals after curing, in order to track
the dynamics of changes in the optical parameters of the samples. The measurement
results are presented in Table 3.3.
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Table 3.3. Optical parameters of PHPS-derived films calculated based on SE measurements.

Sample Aging di, n3ss | ness | ksss | d, n3ss | Ness | kass | R?
time mm mm

Uncured 1 day 673 | 1.61 | 1.56 | 0.08 0.99

PHPS

Thermally | 1day 625 | 1.60 | 1.56 | 0.09 0.99

cured

SiOxNy 15 508 | 1.54 | 149 | 0 |44.2 | 151|147 | 0 | 098
month
3.5 598 | 1.51 | 1.49 | 0.06 0.99
months
13 507 | 1.50 | 1.46 0 0.99
months

UV-cured | 1day | 571 | 1.58 | 1.55 | 0.17 | 200 | 1.49 | 1.46 | 0.15 | 0.96
SiOxNy

1.5 752 | 1.49 | 1.47 0 0.99
month
3.5 613 | 1.50 | 1.46 | 0.02 1
months
13 598 | 1.49 | 1.47 0 0.98
months

Figure 3.8 shows the dependences of the refractive index at the wavelengths of 355
and 633 nm on the aging/ripening time of the matrix films, based on the data in Table
3.3. To obtain the highest possible n value as a limiting case, an uncured PHPS film was
prepared and measured, with the results shown in the figures as red triangles. This film
contained the highest amount of nitrogen and the lowest amount of oxygen, which led
to fairly high n values of about 1.6. These data allowed better evaluation of the efficiency
of the transformation of PHPS into SiOxNy using thermal and UV curing.

A thermally cured, 1-day-aged SiOxNy matrix film also exhibited n values very close to
1.6. In contrast, the n values for the 1-day-aged UV-cured film were on average 0.02
lower. In the UV-cured sample, the nitrogen content was lower in comparison to the
thermally annealed PHPS film, which led to a decrease in the refractive index value.
This is consistent with results indicated in Section 3.1.3, which illustrate the influence of
the curing method on the structure and properties of the resulting SiOxNy films.

In the UV-cured, 1-day-aged SiOxNy film, a fairly thick sub-layer in a two-layer model
with d2 of 200 nm and an n value very close to the values for silicon dioxide, was formed
on top of the d: sub-layer, which has a higher refractive index (see Table 3.3 and Figure
3.9b). The typical refractive index value for amorphous stoichiometric silicon dioxide is
1.465 at a wavelength of 633 nm [125].
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Figure 3.8. Dependence of the refractive index values on the sample aging time for n at wavelengths
(a) 355 nm and (b) 633 nm.

The analysis of the transmittance spectra of samples improved the accuracy in
calculating optical constants during modeling of SE data. To achieve this, the transmittance
spectra of SiOxNy matrix films cured by both methods and aged for 1.5 months (Figure
3.9a) were measured. All spectra were measured during a single working session of the
spectrophotometer, with the uncoated SLG substrate placed in the reference channel.
The dried uncured PHPS sample was used for comparison, and its transmittance
spectrum was measured 2 days after the film was prepared. This sample exhibited the
lowest transmittance of all samples measured, indicating the highest refractive index.

Both cured samples had refractive indices lower than those of the substrate,
placing their transmittance curves almost completely above the 99.7% level (our
spectrophotometer channels were unbalanced by approximately 0.3%), as indicated by
the gray line (Figure 3.9a). If the samples were optically homogeneous, the interference
minima would be located at the level of the gray line. The interference minima in the
spectra of the cured samples were located below this level. This shift indicated a negative
inhomogeneity of the films, i.e., a gradient in the refractive index across the CS of the
samples [126]. The beating of interference fringe amplitudes observed in the spectrum
of a UV-cured sample also pointed to possible optical inhomogeneity in the material
[127]. Specifically, the n values at the substrate-film interface were higher than those at
the film-air interface. The gradient was more pronounced in the annealed film, as its
minima were located lower relative to the gray line. Meanwhile, the UV-cured film had
the lowest absolute value of n of all measured samples, since its spectrum was located
above the others. All the observations described above are also reflected in the SE data
(Table 3.3).

From Figure 3.8a and b, it can be seen that the refractive index value showed a
tendency to decrease as the films aged. After 1.5 months of aging, the n values of the
films approached the refractive index (n = 1.535) of the SLG substrate (gray dotted line
in Figure 3.8a and b), or dropped below it, with further aging tending toward the n values
characteristic for silicon dioxide (ness = 1.485). This decrease related to a gradual
reduction in nitrogen content and an increase in oxygen content in films cured by both
methods, showing their gradual ripening towards silicon dioxide. These findings were in
good agreement with the FTIR results presented in Section 3.1.3.
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As the samples ripened, the structure of sub-layers and the magnitude of the n
gradient also changed. According to the SE data, a 1-day-aged UV-cured film had a rather
thick upper sub-layer (% of the total thickness) with a smaller n value and a fairly large
(An = 0.09) gradient value (Figure 3.9b). Previous reports have noted the formation of
this top sub-layer, which was more converted to silicon dioxide than the buried sub-layer
formed during UV curing [67]. We also detected this effect using the XPS and EDX
line-scan techniques for single- and multi-layer SiOxNy films.

It should be noted that when a PHPS film was illuminated from the surface with UV
light, the PHPS located closer to the film-air interface transformed more rapidly into a
silicon dioxide sub-layer. This sub-layer then began to partially block the diffusion of
oxygen deep into the film. As a result, the process of PHPS transformation to SiOxNy in
the underlying volume slowed down. This created a gradient of cross-sectional chemical
composition in the UV-cured SiOxNy film. Therefore, we did not see a step-like change in
the composition and in the refractive index value, but rather a smooth transition, which
is shown by the dash-dotted and solid lines in Figure 3.9b, respectively.

During aging, the magnitude of the gradient decreased so much that it was no longer
noticeable in SE calculations (Table 3.3) and was only detected in the 1.5-month-aged
sample using the transmittance spectrum (Figure 3.9a). In the case of thermal curing, the
as-cured film was uniformly converted into silicon oxynitride, with a higher residual
nitrogen content compared to the UV-cured PHPS film. However, after aging, the
composition became similar to the UV-cured samples. An upper sub-layer with a lower n
value compared to the rest of the material was detected (Figure 3.9c), which then ceased
to be determined due to a decrease in the magnitude of the n gradient in the CS of the
samples as they continued to ripen (Table 3.3).
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Figure 3.9. (a) Transmittance spectra of uncured PHPS film and 1.5-months aged UV and thermally
cured SiOxN, films. (b) The refractive index profiles along the thickness of the SiOxN, films for 1-day
UV-cured and (c) 1.5-months thermally cured matrix films.

This study illustrated the dependence of the optical properties of PHPS-derived films
on the curing method used, specifically on the degree of conversion of the preceramic
polymer to SiO2. The results suggest that SiOxNy matrix films could function as
antireflective coatings for materials with refractive indices higher than theirs. As the
SiOxNy film ripens, the magnitude of the antireflection effect will increase due to an
increase in An between the film and the underlying material.

3.1.5 Mechanical and adhesive properties of as-cured and aged single-layer
matrix films

As discussed in the literature review, no comparison of adhesion and mechanical
behavior of low-temperature-cured PHPS-derived films under dynamic mechanical stress
under the same measurement conditions had been performed. In this regard, in Article
Il a study and comparison of these properties for our samples was conducted.
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SiOxNy matrix films on SLG/Mo substrates were scratched using a universal materials
tribo-test device, 1-day, and 1- and 3-weeks after curing, to evaluate their initial adhesion
and mechanical behavior as well as the long-term stability of those properties.

For thermally annealed films, after contact with the surface of the sample (at the
lowest load of 50 g), the indenter began to damage the coating (Figure 3.10a and d), with
the scratch visually identified along its entire length (Figure 3.10e). The freshly cured film
had very high ductility, and it was subject to a thinning effect, which resulted in a 250 g
critical load (Lc) value at the point of failure of the coating. However, one week after
curing, the behavior of the annealed films changed, with adhesion to the substrate
becoming strong, and hardness increasing noticeably, together with a Lc value up to
970 g (Figure 3.10f).

a) Start point 1-day aged b) 1-week aged ¢} End point 1-dayaged  2050g
Critical load 970 g

appearance of the first visible damage

100 pm

1-day aged indenter movement

Figure 3.10. SEM images of scratches obtained from the progressive load tests taken after 1-day,
1- and 3-weeks of aging of a thermally cured SLG/Mo/SiOxN, sample: (a) the contact point of the
indenter with the surface, (b) the appearance of the first visible damage to the film used to
determine Lc, (c) the end of a scratch, (d) magnified image of the contact point, (e) general
appearance of all scratches, and (f) scratch end point. Aging time and load are indicated in the
images.

1-day-aged UV-cured SiOxNy films exhibited high hardness and excellent adhesion to
the SLG/Mo substrate vs. 1-day-aged thermally cured films, maintaining this behavior
and Lc values during the aging process. After reaching the Lc, semicircular cracks began
to appear on the surface of the sample. As the load increased, semicircular cracks turned
into ring-shaped cracks (Figure 3.11a). At high magnification, it became clear that this
type of damage occurred because brittle SLG was located under the Mo layer, while the
SiOxNy film remained tightly attached to the Mo surface, thus illustrating very good
adhesion to the molybdenum layer (Figure 3.11b). The compressive stress from the
indenter passed deep through the film and molybdenum and led to a brittle fracturing of
the glass [111,128]. Notably, the film did not peel off from the substrate beyond the
scratch, although with very heavy loads, damage could spread beyond the scratch area.
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Figure 3.11. SEM images of UV-cured sample: (a) a fracture of a scratch on an SiOxN, matrix film
under high load (near the end of the scratch), and (b) a magnified image of one of the fragments.

This difference in the behavior of 1-day-aged films was also associated with their CS
structure after curing. The plasticity and lack of hardness of fresh thermally cured films
were associated with the absence of a top layer of silicon dioxide and the presence of a
very high nitrogen content throughout the film thickness. As a result of aging and
ripening, the nitrogen content in the film decreased, and a layer similar in composition
to silicon dioxide appeared on the surface. These changes made the aged film more
comparable to the UV-cured samples.

For all samples, the coefficient of friction (COF) values did not exceed an average of
0.05. Such low COF values indicated the high smoothness of the film surface. The high
smoothness of the film surfaces was also confirmed by the atomic force microscopy
(AFM) results. The average surface roughness of the UV-cured and thermally annealed
SiOxNy films was around 0.6 nm. Figure 3.12 shows COF curves for some samples. For all
samples, the same behavior was observed for the COF value, depending on the
scratching time.
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Figure 3.12. Friction coefficient curves recorded during progressive load scratch tests of SiOxN,
matrix films. Curing method and aging time are indicated in the pictures.

Thus, the scratch test with progressive load showed that the adhesive properties and
mechanical behavior of the coatings are greatly influenced by the composition of the
films. Thermal curing proved to be a less fortunate method for the formation of
protective coatings from PHPS, while UV curing produced harder, more stable films with
excellent adhesion to the SLG/Mo substrate. The low COF values made PHPS-derived
matrix films promising coatings for improved lubricious and scratch-resistant properties,
which is an especially important factor in many industrial processes. More detailed
information regarding progressive load scratch testing of the matrix films can be found
in Article Ill.

3.2 Study of SiOxN,/SWCNT composite coatings

This section involves a discussion about the results obtained for composite samples that
were published in Articles Il and Ill. First, information about the SWCNT films used in the
work was presented. Then, the principles of the formation of composites in different
configurations were described, after which the results obtained during the study of the
functional properties of SiOxNy/SWCNT composite protective coatings were discussed.

3.2.1 Characterization of SWCNT films

As mentioned in Chapter 2, the SWCNTs used were collected on filter paper after
synthesis, thereby forming thin films. For the formation of the composites described in
Articles Il and Ill, SWCNTSs from two different batches were used. The batches differed in
the precursors for synthesis, which was described in detail in Chapter 2, as well as in the
thickness of the films. In both cases, the morphology of synthesized SWCNT films was
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studied using SEM. The micrographs from Article Il showed that the dry transferred to
the SLG substrate SWCNTs composed a uniform, thin, and close-packed film (Figure 3.13a
and b). The SEM images of SWCNTs on the SLG substrate and carbon adhesive tape
published in Article Ill looked similar.
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Figure 3.13. SEM images of SWCNT film on SLG substrate with different scales (a) 10 um and
(b) 200 nm, (c) Raman spectrum of a SWCNT film with an enlarged region of radial breathing
modes, (d) optical absorption spectrum of a SWCNT film on a glass substrate with an absorbance
of 0.06.

The SWCNT layers were studied by Raman spectroscopy (Figure 3.13c and in Article IlI).
The enlarged area of the spectrum in the region of small wavenumbers illustrated the
so-called radial breathing mode (RBM) region, which was observed in the spectra of both
batches of nanotubes. These peaks were caused by synchronous radial vibrations of
carbon atoms perpendicular to the axis of the nanotube. These peaks clearly indicated
the presence of SWCNTs [129].

The D peak (approximately 1350 cm™) indicated the presence of defects in the tube
structure: the lower the intensity of this peak, the fewer defects (vacancies, undesirable
doping etc.) in the tubes. To estimate the level of defects, the ratio of the intensities of
the G peak to the D peak was used. In the case of the first batch (Article Il), this value
was 16, indicating the high quality of the SWCNTSs, based on the values given in the
literature, where it was indicated that 28 is an indicator of a small number of defects,
and 2 is a large number [130,131]. For the second batch of SWCNTs (Article 1l1), this value
was 24.
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The G peak, located at 1591 cm™, corresponded to the tangential stretching of
carbon-carbon bonds in the plane. It is observed in the spectra of any carbon structures
with sp? hybridization [132]. In the spectra of SWCNTSs, this peak is split into two closely
spaced subpeaks of different intensities due to the twisting of the graphene sheet.
Nanotube defects also affect the splitting and broadening of the G peak. With a large
number of defects, it becomes wider and split into more than two subpeaks [129]. In our
case, the shape of this peak confirmed the high quality of the SWCNTSs synthesized in
both batches used.

High transmittance in the visible spectral region is a key requirement for optical coatings.
Additionally, some materials require protection from UV radiation because it is often
harmful to them due to its high energy. Therefore, absorption in this region of the spectrum
is an advantage for a protective coating. The absorbance spectra of SWCNTs (Figure 3.13d)
showed fairly high transmittance in the visible wavelength range, with a characteristic
absorption peak in the nearest UV region, caused by it plasmon absorption [97].

It was possible to determine the thickness of the SWCNT film using its optical
absorption spectrum. To calculate the thickness, the absorption value at a wavelength of
550 nm, which was 0.06, had to be multiplied by the correlation coefficient value of 239
[133,134]. Thus, the SWCNT film from batch 1 (Article II) had a thickness of approximately
14 nm. For SWCNTSs from batch 2 (Article 1l1), the absorption value at the wavelength of
550 nm was 0.054, corresponding to a film thickness of 13 nm.

Thus, in the course of a small preliminary study described in this section, we were able
to verify the high quality of the used SWCNTs, as well as the small thickness of the films
they form.

3.2.2 Formation of SiO«N,/SWCNT composite coatings in different
configurations and study of their morphology

To prepare SiOxNy/SWCNT composite films, SWCNTs could be transferred either on top
of the uncured PHPS layer or directly onto the substrate (SLG or SLG/Mo), followed by
spin coating of the PHPS layer onto the SWCNT layer. A comparison of the adhesion and
morphology of the nanocomposite coatings on the different surfaces was recommended,
since SWCNT films demonstrated different adhesion to the surfaces of different
materials [135]. When transferring a SWCNT film onto cleaned Mo, the adherence was
poor in contrast with adhesion of the SWCNT layer to SLG substrate. To overcome this
problem, we used a dry process of fluorination of the Mo surfaces, described in
Chapter 2. This made it possible to alter the surface properties of the Mo substrate. After
this treatment, the SWCNT film was easily transferred onto the Mo surface, followed by
coverage with a layer of PHPS by the spin-coating technique.

The composite coatings were formed in two configurations: (i) BOTTOM, where the
SWCNT film was transferred to the substrate surface before spin coating the PHPS
solution; and (ii) TOP, where SWCNTs were transferred to the surface of a formed but
uncured PHPS film. The investigation of these different configurations was important for
evaluating the result of SWCNTs transfer to a hard (SLG and SLG/Mo) and soft (uncured
PHPS) substrate. It helped in controlling the distribution of SWCNTs within the matrix
film and determining the possible influence of the configuration on the functional
properties of the composite coating.

The samples of both configurations were cured using both thermal and UV-assisted
methods to thoroughly assess the possible change in their final morphological and
functional properties. We examined the surface and CS morphology of the thermally
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cured samples using SEM (Figure 3.14). For both TOP and BOTTOM architecture,
the surface of the cured samples was mainly uniform, without any noticeable pores. Only
under very high magnification was it possible to see some inhomogeneity points, with its
minor presence on the film surface. The CS micrographs showed that in the case of the
TOP architecture, the composite film thickness was around 400 nm and the SWCNT layer
was predominantly located in the upper part of the SiOxNy matrix, not penetrating into
its depth. For the BOTTOM configuration, the film thickness was 480 nm, with the SWCNT
film layer predominantly located in the bottom part of the SiOxNy matrix. It should be
noted that in both cases, the SWCNT film continued to be densely packed in cross-section
after entering into the coating matrix. When the sample was fractured to create a
cross-section, the SWCNTs were stretched and torn. These fragments could be seen
emerging from the film in the images, illustrating the additional bonding effect of SWCNT
fillers inside the composite film.

THERMALLY CURED COMPOSITES
TOP Configuration BOTTOM

(e

a)

Figure 3.14. SEM cross-sectional and surface (in the red frame) images of SiOxN,/SWCNT composite
films on SLG/Mo substrates with architecture (a) TOP and (b) BOTTOM.

The surface of UV-cured SiOxNy/SWCNT composite films on SLG/MO substrate (Figure
3.15a and d) appeared the same as that of the thermally cured ones. In the CS (Figure
3.15b, c, e), the SWCNT distribution within the matrix showed the trends observed for
thermally cured composite samples. However, in the case of the TOP configuration,
SWCNTs were predominantly located in the upper layers of the SiOxNy matrix film but
might shift and spread deeper, moving from the laminated structure of the composite to
a network (Figure 3.15b and Article Ill). This behavior could be due to the diffusion of
stressed SWCNTSs in viscous matrix material. During UV-induced curing, the film was
gradually cured starting from the surface downward, allowing the SWCNTs to remain
longer in the viscous, uncured matrix film, which could lead to their spreading
throughout the volume of the matrix film.
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Figure 3.15. SEM images of SiOxN,/SWCNT composite films: with TOP architecture, where (a) cracked
surface under high magnification, and (b, c) CS with film thickness 520 nm; with BOTTOM
architecture, where (d) surface with partially removed film, and (e) CS with film thickness 650 nm.

Figure 3.14 and Figure 3.15 showed SEM images of composites on SLG/Mo substrates.
However, the observed morphological properties were similar for composites on SLG
substrates, the images of which are presented in Articles Il and IlI.

During this part of study composites with the different laminate architectures were
successfully obtained using the developed methods. It was found that the filler in the
form of a horizontally oriented SWCNT film is successfully transferred by dry transfer
technique to both hard and soft substrate surfaces. The filler showed excellent
compatibility with the SiOxNy matrix. The developed technological path of composite
coatings formation avoided the problem of SWCNTs agglomeration inside the matrix in
all investigated conditions.

3.2.3 Comparative study of the influence of the SWCNTs embedding on the
composition of SiOxN,/SWCNT composite coatings

Based on the absorption spectrum of SWCNTSs (Figure 3.13d), it was assumed that they
could affect the curing process when embedded in the PHPS matrix because their
absorption peak is in the UV region of the spectrum. In order to study the possible
influence of the SWCNT filler film on the conversion of the PHPS matrix material for both
curing methods in Article II, only half of the total area of the PHPS layer was filled with
the SWCNT film (for both TOP and BOTTOM configurations). Thus, each sample consisted
of a region representing only pure SiOxNy and an area with filler embedded in the SiOxNy
matrix.
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The FTIR spectra were measured at several points in both regions and then averaged
into one curve per region. A detailed description of the correlation of the peaks
appearing in the spectra of PHPS-derived films, with the functional groups that caused
them, is given in the section on the study of the long-term stability of matrix films
(Section 3.1.3). A detailed interpretation of the spectra shown in Figure 3.16 is available
in Article II.

As seen from the comparisons of the spectra in Figure 3.16a and b, in the case of
thermal curing, the presence of the SWCNT film (black curves) did not have any effect on
the shape of the spectra for both sample architectures studied. Small differences in the
film thickness caused minor differences in the peak intensity. Also, differences in sample
architecture did not affect the spectra. In all four spectra, the peak distribution typical
for thermal curing stood out.

Generally, the peaks of Si—O functional groups were the most intense in all the spectra
of thermally cured samples, indicating a high degree of PHPS conversion (peaks near
1085, 1010, 830 and 450 cm™ [65-67,119,120]). However, the signals of nitrogen and
hydrogen were also present in all measured spectra, indicating the formation of an SiOxNy
film.

In the case of UV-cured samples we also did not see a significant difference between
the spectra measured in the area of pure SiOxNy (purple curves in Figure 3.16¢c and d) and
the spectra measured in the area of the composite film (black curves). The difference in
the relative intensities of some peaks was caused by small changes in film thickness in
different areas of the sample. All spectra of UV-cured samples showed a characteristic
shift in the positions of the Si—O vibration bands compared to annealed films.
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Figure 3.16. FTIR spectra of the thermally cured samples measured in the area with SWCNTSs (black
curve) and in the area without SWCNTs (green curve) for (a) TOP and (b) BOTTOM configurations.
FTIR spectra of the UV-cured samples measured in the area with SWCNTs (black curve) and in the
area without SWCNTs (purple curve) for (c) TOP and (d) BOTTOM configurations.

Table 3.4 and Table 3.5 show the results of the EDX elemental analysis of the
SiOxNy/SWCNT composite films on SLG/Mo substrate from the film surface. However,
this data must be considered mainly as qualitative since the limiting factor of this
measurement technique was its sensitivity to the atomic weight of the elements
(relatively low accuracy for determination of light elements), as already mentioned.
However, it was possible to make some remarks regarding the presence of the carbon
filler within the matrix material. From Table 3.4 and Table 3.5, it can be seen that the
contribution of SWCNTSs to overall carbon content was non-detectable by EDX, i.e., very
low. Indicated traces of carbon belong to solvent residues, which were also detected in
the FTIR spectra. It should be noted that the decrease in carbon content in UV-cured
SiOxNy/SWCNT films of both configurations was related to the strong UV irradiation of
prepared layers with a wavelength of 185 nm in the presence of oxygen, accompanied
by the formation of ozone and the oxidation of the organic residues in the cured films
[54].
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Table 3.4. The thickness-averaged elemental atomic percentage of SiOxN,-based TOP configuration
films on SLG/Mo substrate measured by EDX.

Thermally cured film UV-cured film
Without With Without With
SWCNTs SWCNTs SWCNTs SWCNTs
Silicon, at% 33 32 30 29
Oxygen, at% 54 54 68 68
Nitrogen, at% 7 7 0 1
Carbon, at% 6 7 2 2

Table 3.5. The thickness-averaged elemental atomic percentage of SiOxN,.based BOTTOM
configuration films on SLG/Mo substrate measured by EDX.

Thermally cured film UV-cured film
Without With Without With
SWCNTs SWCNTs SWCNTs SWCNTs
Silicon, at% 39 39 31 31
Oxygen, at% 52 52 68 68
Nitrogen, at% 5 6 0 0
Carbon, at% 4 3 1 1

Based on the above, it can be concluded that the embedding of SWCNTs into SiOxNy
matrix and the architecture chosen do not affect the degree of conversion of PHPS to
silicon dioxide during curing. Similarly to the matrix films, the final nitrogen content in
composite films is affected by the choice of curing method. The concentration of the
SWCNT filler inside the SiOxNy matrix remained low and not detectable with EDX.

3.2.4 Optical properties of SiO.N,/SWCNT composite coatings

In Section 3.1.4 we discussed the values of optical constants for matrix films obtained
using the SE technique. It should be noted that the observed patterns of refractive index
behavior and values were the same for the composite samples.

The main area of application of the coatings being developed in this thesis imposed
restrictions in the form of needing high transmittance. The transmittance of the
SiOxNy/SWCNT composite films on the SLG substrate was studied in Article II. The SiOxNy
matrix film (blue curve in Figure 3.17) had very high transparency (near 100%) over a
wide range of wavelengths and had an absorption peak in the near UV region of the
spectrum. The behavior of the spectrum of the pure SWCNT film (black curve) was similar
to the spectrum of the matrix film, except with lower transmittance values over the
entire measurement range (from 82% to 89% for visible light range). The transmittance
spectrum of the UV-cured SiOxNy/SWCNT composite film (purple curve) was located
between the spectra of SWCNTs and SiOxNy. At the same time, the transmittance of the
composite was at least 2% higher than the SWCNT film over the entire range of the visible
and IR regions of the spectrum. We investigated this antireflection effect in more detail
in Article Ill.
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Figure 3.17. The transmittance spectra of a UV-cured SiOxN, matrix film (blue curve), a SWCNT film
(black curve), and a UV-cured SiOxN, /SWCNT composite film (purple curve). The uncoated SLG
substrate was placed in the reference channel of the spectrophotometer during measurements.

In Article 1ll, we extended our measurements to similar composites and the remaining
samples studied to better evaluate the observed effect.

In order to estimate the value of antireflection, the transmittance spectra of the
SWCNT films transferred to the SLG substrate were measured first (Figure 3.18a). Then,
in accordance with the BOTTOM configuration, PHPS/SWCNT composite films were
prepared and cured by both thermal and UV-assisted methods. As shown in Figure 3.18a,
the transmittance of different areas of the SWCNT film varied slightly, making it difficult
to adequately assess the magnitude of the effect in TOP configuration composites. This
was due to the inability to measure the transmittance of the specific piece of SWCNT film
used in the formation of the TOP composite.

After curing, the transmittance spectra of the BOTTOM SiOxNy/SWCNT samples were
measured again within the same operating session of the device, which decreased the
influence of additional errors associated with the operation of the spectrophotometer.
For all spectra in Figure 3.18, measurements were taken against the uncoated SLG
substrate in the reference channel. It can be seen that for both curing methods,
the transmittance of the composite samples increased in comparison with the
transmittance of a pure SWCNT film on the SLG substrate. In the case of UV curing, the
increase in transmittance was higher (approximately 2.5%) compared to the thermally
cured composite (approximately 1.4%).

For better evaluation of the observed effect, we studied the change in transmittance
depending on the stage of formation of the UV-cured composite film (Figure 3.18b). First,
the spectrum of the SWCNT film transferred to the SLG substrate was measured (black
curve). A PHPS film was then spin coated on top of the SWCNTSs, and the spectrum of this
uncured composite sample showed a 1.6% increase in transmittance in the mid-visible
range (blue curve). After curing, the transmittance increased by another 1.4% (purple
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solid curve). All spectra were recorded within a single spectrophotometer run with the
same baseline and without bare SLG substrate in the reference channel.

Thus, in the case of UV curing, we found two factors that influenced the magnitude of
the antireflection effect. The first was associated with the formation of the composite
sublayer in the PHPS matrix (see Figure 3.14a and Figure 3.15e) by the introduction of
SWCNTs into the PHPS. The second factor, which increased the magnitude of the effect,
was related to the curing of the PHPS-derived matrix film accompanied by a decrease in
the refractive index in the formed SiOxNy.

The SE results show that immediately after UV curing, the film had a fairly thick top d>
layer with a low n value, which led to the appearance of an antireflection effect (Table
3.3). The broadband nature of the antireflection effect was caused by the presence of a
gradient in n across the film, which was identified in Section 3.1.4. Broadband antireflection
is in great demand in many areas of photonics, as it replaces the construction of a
traditional package of thin antireflection films with one coating, thereby simplifying and
accelerating the manufacturing process [136,137]. This makes PHPS-derived matrix films
very promising as antireflective coatings.

One week after curing, a new transmittance spectrum of the composite film was
measured (Figure 3.18b, dash-dotted curve). The transmittance value remained virtually
unchanged after one week of aging, indicating that despite noticeable changes in the
FTIR spectra, related changes in composition were not sufficient to significantly affect
the antireflective properties of the UV-cured coating.

An increase of 1.6% in transmittance for the UV-cured sample and a 1.4% increase for
the thermally annealed sample were associated with the formation of the PHPS/SWCNT
composite coating. The increasement effect occurred when a SWCNT film was embedded
into a matrix whose refractive index was higher than that of the SLG substrate. This
phenomenon may be related to the creation of a nanostructured interface from the walls
of SWCNTSs within the PHPS matrix, which affected the propagation of light through the
composite. It should be noted that nanostructuring is one of the promising strategies for
creating antireflection coatings [137].

Previous reports have highlighted a significant increase in transmittance (about 4.5%)
and a decrease in reflection in nanostructured composite polymer electrodes with
SWCNTs, especially when nanotubes were arranged as vertical arrays [138] Additionally,
the antireflection effect was observed for SWCNT films randomly oriented in the
horizontal plane deposited on the surface of a silicon wafer. With a small thickness (about
32 nm), the SWCNT films were semi-transparent while acting as an antireflection coating
for the substrate [136].

From the reflectance spectra (Figure 3.18c and d), it was clear that both matrix films
had less reflection compared to the SLG substrate. However, when SWCNTs were
embedded into the matrix, the reflection of the composite film decreased further,
confirming the presence of a synergistic antireflection effect.

59



95 BOTTOM configuration 851 BOTTOM configuration UV curing
90 1
80
e
85 8
= 80+ £
€ €
o
< g 704
g 75 s
/! ~-=--- SWCNT film for thermally cured composite + —__ SWCNT film
70d - - SWCNT fi!m for UV-cured composite 65 —— SWCNT/uncured PHPS composite
— SWCNT/SiOxNy thermally cured ——— SWCNT/SiOxNy composite as-cured
o —— SWCNT/SiOxNy UV-cured ---- SWCNT/SiOxNy composite 1 week aged
T T T T &0 - T T T
400 600 800 1000 400 600 800 1000
(a) Wavelength, nm (b) Wavelength, nm
TOP and BOTTOM configurations of
BOTTOM configuration 117 SWCNT/SiOxNy composites
= =
& N
g
s,] 8
o |k &
T " =
o« .; e 5 -.=- Uncoated SLG substrate
'Y -.-. Thermally cured SiOxNy matrix A 17 ----- Thermally cured TOP
5 | —-—- UV-cured SiOxNy matrix ’ weeees UV-gured TOP
—— Thermally cured SiOxNy/SWCNT composite 3 Thermally cured BOTTOM
—— UV-cured SiOxNy/SWCNT composite —— UV-cured BOTTOM
4 T T T T 2 T T T T
( } 400 600 800 1000 ( d} 400 600 800 1000
c Wavelength, nm Wavelength, nm

Figure 3.18. (a) and (b) transmittance spectra showing the antireflection effect in the SiOxN,/SWCNT
composite samples; (c) and (d) reflection spectra confirming the presence of an antireflection effect
in the SiOxN,/SWCNT composite samples

It should be noted that the matrix films showed an increase of around 1.4% in
transmittance immediately after UV curing, which is a relatively small value compared to
other specially designed antireflective coatings [139]. On the basis of the results of SE,
an increase in the transmittance value should occur as the value of n decreases with
ripening for films cured by both methods. It was reported that by creating a microporous
structure inside a silica film deposited on a glass slide substrate, it was possible to
increase transmittance by just over 3%. This increased transmittance was caused by a
decrease in the refractive index of the film due to the possible creation of a large number
of pores [140]. Thus, one of the possible ways to increase the antireflection effect in
PHPS-derived films could be controlled creation of inhomogeneous porosity in the
deposited layer to decrease the n value closer to the film-air interface.

3.2.5 Mechanical and adhesive properties of as-cured and aged
SiO«N,/SWCNT composite coatings
By analogy with the SiOxNy matrix films, SiOxNy/SWCNT composite coatings were
scratched 1-day, and 1- and 3-weeks after curing using the universal tribo-test device
under identical conditions.

UV-cured SiOxNy/SWCNT composites exhibited high hardness and excellent adhesion
to the SLG/Mo substrate, maintaining these properties during the aging process
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(Figure 3.19b), like UV-cured matrix films, which were described in Section 3.1.5.
The critical load value did not change noticeably with film aging/ripening. At low loads,
no traces of the indenter remained on the samples (Figure 3.19a). The point of indenter
contact with the film surface could sometimes be determined only by the presence of a
subtle contrast in SEM images or by measuring the length from the end of the scratch.
After reaching the Lc, semicircular cracks (discussed in Section 3.1.5) began to appear on
the surface of the sample. As the load increased, they turned into ring-shaped cracks.
The embedding of SWCNTs into the matrix caused a visible reinforcing effect against
the rupture of the composite coating (Figure 3.19f). However, the presence of one filler
layer was not enough to influence the values of the critical load withstood by the coating.

a) Start point 3-weeks aged 1-day aged Indenter movement <) End point 1-day aged 2050¢g

50g
S50g

1-week aged

10 pm
200 pm

d) Near end point 2 Swecks aeed
3-weeks aged F ~2010¢

e) 1-week aged

g ~ 1850 ¢ %l Critical load 750 ¢ End point 1-day aged

Figure 3.19. SEM images of scratches from progressive load tests taken after 1-day and 1- and
3-weeks of aging of a UV-cured SiOxN,/SWCNT composite film on a SLG/Mo substrate: (a) start point
where the indenter contact with the film, 50 g; (b) general appearance of all scratches; (c) the end
of a scratch, 2050 g; (d) a fragment of the SLG/Mo substrate with a composite film on top of it;
(e) the appearance of the first visible damage to the film, making it possible to determine Lc;
(f) fragments of the substrate with a composite film on top of them, held together by stretched
SWCNTSs.

The results for the thermally cured SiOxNy/SWCNT composite film were similar to
SiOxNy matrix films. High ductility and low adhesion for as-cured films (Figure 3.20),
which, during ripening, turned into high hardness and adhesion. It is important to note
that despite the strong thinning effect on the as-cured annealed composite, the SWCNTs
remain inside the matrix residues, as can be seen in Figure 3.20c and d.
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Figure 3.20. HR-SEM images of as-annealed SiOxN,/SWCNT composite sample: (a) destruction of
the end of a scratch at 2050 g load and (b) magnified image of the plastically deformed and
extruded film beyond the end point of the scratch; (c) and (d) fragments of the substrate with the
remains of the composite film inside the scratch track.

We did not present COF graphs in this section, since they were similar to those
presented in Section 3.1.5. The COF values for composite films also did not exceed 0.05.
The ATM results for composite samples confirmed the high smoothness of the surface,
with an average roughness not exceeding 0.7 nm.

Thus, the embedding of SWCNTSs into the SiOxNy matrix did not affect the adhesive and
surface properties of the resulting composites. However, there was a visible reinforcing
effect by the SWCNT network against the tearing of the SiOxNy/SWCNT coatings.
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Conclusions

The aim of this doctoral work was to develop state-of-the-art protective coatings based
on SiOxNy matrix films derived from the preceramic polymer PHPS with embedded
SWCNTs as a filler in oriented nanocomposite structures (SiOxNy/SWCNTSs). To achieve
this aim, a detailed comparison of the structures and properties of SiOxNy films obtained
by two low-temperature curing methods of PHPS was conducted.

The conclusions drawn from the study of SiOxNy matrix films are as follows:

1.

The method used for curing greatly affected the degree of conversion of the

PHPS to SiOxNy and the functional properties of as-cured films:

. Thermal curing yielded an SiOxNy film with a high nitrogen content
uniformly distributed in the cross-section of the film, as measured by
SEM-EDX (59.3 at%) and XPS. The film had a high nsss = 1.6, according to
the SE results, as well as high plasticity and poor adhesion to the SLG/Mo
substrate, according to the results of the progressive load scratch test.

. UV curing gave an SiOxNy film with a much lower nitrogen content
(18.4 at% by SEM-EDX) with a gradient of nitrogen distribution in the cross-
section, leading to the n gradient with values nsss = 1.49 near the surface
and 1.58 closer to the film-substrate interface. The top sub-layer of almost
completely transformed PHPS (SiO2.0sNo.os by XPS) did not exceed 20 nm.
The films showed higher adhesion and hardness.

Generally, UV curing led to a more complete transformation of PHPS towards

SiO2 compared to thermal curing.

The composition and functional properties of PHPS-derived films changed

during the aging process. Specifically, the films continued to ripen, i.e., gradually

converting more to SiO2 composition with different dynamics:

. For thermal curing, FTIR spectroscopy showed that the most active ripening
occurred during the first week. After that, films started to demonstrate
behavior similar to the UV-as-cured films in scratch tests. After 1.5 months,
films began to show a weakly expressed gradient structure, where the nsss
value at the film-air interface was 1.51, and at the film-substrate interface,
1.54. After 13 months, the An ceased to be determinable, and the film had
an ns3ss = 1.50.

. For UV-cured films, noticeable changes occurred in relation to optical
constants during aging. As films aged, they lost their distinct gradient
structure, and their k and n values decreased. After 1.5 months of ripening,
the films showed an nsss value at the level of 1.49-1.50.

The conclusions drawn from the study on the formation of SiOxNy/SWCNT composite
coatings are as follows:

1.

A simple and effective approach was developed to produce oriented composites
with different architectures of SWCNTSs. Excellent compatibility of SWCNTs with
the PHPS-derived matrix was revealed. The choice of architecture did not affect
the degree of PHPS transformation for both curing methods, as shown by FTIR
and SEM-EDX results.

The morphological and functional properties of the prepared composites were
studied. SiOxNy /SWCNT composite coatings exhibited properties similar to
SiOxNy matrix films. However, the incorporation of SWCNTs to SiOxNy matrix
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films resulted in an increase in the resistance against tearing of the coatings,
thus illustrating the potential for improving mechanical properties.

3. The antireflective effect in composite coatings was identified and confirmed,
manifesting itself in varying degrees of intensity depending on the curing method
used. This antireflective effect was caused by two factors: (i) the embedding of
SWCNTSs into the matrix film; and (ii) the initial values of optical constants of the
as-cured matrix films and their change with the time.

Thus, there is a strong connection between the functional properties of the SiOxNy
matrix films and SiOxNy/SWCNT composite coatings depending on the chosen curing
method, i.e., on the degree of transformation of PHPS into SiO2. Since all cured coatings
exhibited low coefficients of friction, their potential application can be expanded to
industries where scratch protection and enhanced lubrication or sliding properties are of
crucial importance.

Also, our study was the first to compare the optical constants of SiOxNy films cured by
low-temperature thermal annealing and UV irradiation. The findings show that all cured
films have potential to be applied as antireflective broadband coatings in photonics.

Although, the thesis covers the initial stage of the studying and engineering of
oriented SiOxNy/SWCNT thin film nanocomposites and demonstrates their potential for
further research in the direction of the development of the functional composite
coatings. For instance, vertical orientation of CNTs within the matrix can potentially
improve the thermal management of the coating. Additionally, the desired properties
and functionality of the coatings could likely be fine-tuned through the rational selection
of other fillers, expending thus the range of their potential applications.
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Abstract

Development of Silicon Oxynitride Nanocomposites with
Single-Walled Carbon Nanotubes as Protective Coatings for
Solar Cells

The importance of switching to alternative energy sources has been discussed for many
years, but the current situation in Europe clearly illustrates the need for more serious
actions aimed at developing new technologies and improving existing ones. Photovoltaic
solar energy is one of the promising alternatives. However, environmental factors
critically affect the operation and lifespan of solar cells (SCs). Additionally, the use of
standard rigid glass protection is limited due to its substantial weight and inflexibility.
In recent years, mainly polymer-based coatings have been considered as a possible
alternative to glass. But this change is not simple, as such encapsulation coatings must
meet all functional and protective requirements, and their manufacturing technology
must be reliable, inexpensive, compatible with low temperatures, and scalable.

Liquid preceramic polymer perhydropolysilazane (PHPS) has great potential as a
protective material due to its ability to transform into vitreous SiOxNy films using
relatively simple and scalable technologies. Current state-of-the-art research and
development recommends the use of PHPS-derived SiOxNy films as encapsulants for SCs
and microelectronics due to their dielectric and high barrier properties against moisture,
gases, and UV radiation, along with non-toxicity, very high thermal and chemical stability,
and high optical transmittance. However, due to their inorganic nature, PHPS-derived
films exhibit high mechanical hardness but lack elasticity, which negatively affects their
application in some flexible technologies. Therefore, composite film technology appears
promising as the selection of different fillers provides opportunities to improve the
properties of the resulting SiOxNy/filler composite layers. Due to their outstanding
mechanical properties, carbon nanotubes (CNTs) have established themselves as a
promising reinforcing filler material in a number of different matrixes, including
polymers. Moreover, the alignment or orientation of CNTs within a matrix material leads
to anisotropy of coatings properties. Such composites based, on PHPS-derived films with
CNTs, have not yet been prepared and studied.

The aim of this work was to develop current, state-of-the-art SiOxNy protective
coatings derived from PHPS, combining them with single-walled (SW) CNTs in oriented
nanocomposite structures. This work includes: (i) comparison of the influence of different
low-temperature curing methods of PHPS on the compositional and morphological
properties of single-layer and multi-layer SiOxNy matrix films; (ii) elaboration of the
technology for the formation of horizontally oriented composite SiOxNy/SWCNT coatings
in various configurations; and (iii) study of the compositional, morphological, optical, and
mechanical properties, as well as the long-term stability of SiOxNy matrix films and
SiOxNy/SWCNT nanocomposite coatings based on them.

In this work, thin PHPS-derived films were deposited on soda lime glass (SLG) or
SLG/Molybdenum substrates using the spin-coating method. Curing was performed
using two different low-temperature methods: (i) thermally induced curing at 180 °C for
60 min; and (ii) UV-assisted curing under irradiation from UV lamps (wavelengths 185
and 254 nm) for 40 min. The appropriate time for UV curing was determined
experimentally. Multi-layer structures were obtained by cyclically repeating the routine
deposition/curing stages. SWCNTs were synthesized by the aerosol chemical vapor
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deposition method and were collected in the form of randomly oriented thin films with
an approximate film thickness of 13—14 nm on filter paper. SiOxNy/SWCNT composite
coatings were prepared in two configurations/architectures: (i) TOP, where the SWCNT
film was dry transferred from filter paper to a spin-coated PHPS film; and (ii) BOTTOM,
where the SWCNT film was dry transferred to the SLG and SLG/Mo substrates, followed
by deposition of the PHPS layer. Then, laminate-type composites of both configurations
were cured. Characterization of all studied samples was carried out using scanning
electron microscopy (SEM) equipped with energy dispersive X-ray (EDX) spectroscopy,
UV-Vis-NIR spectroscopy, X-ray photoelectron spectroscopy (XPS), Fourier transform
infrared spectroscopy (FTIR), and spectroscopic ellipsometry (SE). A scratch test with
progressive load on an universal materials tribo-test device was used to examine the
behavior of prepared coatings under mechanical influence, with special attention to
adhesive properties.

It was found that the method of PHPS curing dramatically affects the morphology and
chemical composition of the resulting film. Thermal curing produced a uniform SiOxNy
film with high residual nitrogen content. In contrast, UV-assisted curing led to the
formation of a coating with a gradient of nitrogen distribution throughout the film
cross-section (CS). Specifically, the thin top sub-layer (approximately 20 nm) of the
UV-cured film was converted to SiO2, with minimal traces of nitrogen, while in the buried
layers of the film, the oxygen content decreased and the nitrogen content increased
accordingly. These trends were also consistent for multi-layer films. According to
SEM-EDX, XPS, and FTIR analyses, neither method resulted in the complete
transformation of PHPS, but UV curing resulted in a more complete transformation
toward SiO2 compared to thermal curing.

Based on the aim of the study, a simple and effective approach has been developed
to produce oriented laminate-type SiOxNy/SWCNT composite coatings with different
architectures. It was found that the filler does not affect the PHPS conversion process in
either thermal curing or UV-assisted curing. The SWCNT film was compatible with the
matrix film and did not lead to the formation of pores, cavities, or channels inside the
SiOxNy, as visualized in SEM micrographs. Additionally, it did not affect the surface
morphology of the composite coating, which remains very smooth. UV-Vis-NIR
spectroscopy showed that the composite films cured by both methods had better
transmittance than pure SWCNT films, indicating their potential as optical antireflection
coatings, in addition to other promising applications in optoelectronics, microelectronics,
etc. The observed antireflective effect is caused by two factors: (i) the introduction of
SWCNTSs into the SiOxNy matrix film; and (ii) the optical constants of the SiOxNy matrix
film.

The major knowledge gap related to PHPS-derived films was their long-term stability.
We studied the aging of prepared SiOxNy matrix films and SiOxNy/SWCNT composites at
different time intervals after curing. It was found that all investigated samples tend to
ripen from a SiOxNy composition to SiO2, with varying dynamics depending on the curing
method applied. With ripening, samples not only changed their chemical composition
and morphology but also their optical and mechanical properties.

In order to study the optical properties of the SiOxNy matrix films and SiOxNy/SWCNT
composite layers, the SE method was applied. Thermally as-cured SiOxNy films showed a
high refractive index value of nsss = 1.6, reflecting relatively high nitrogen content.
For the UV as-cured film, the nitrogen gradient in the CS resulted in a refractive index
gradient, with values of n3ss = 1.49 near the surface and 1.58 closer to the film-substrate
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interface. During the ripening process, SiOxNy layers cured by both methods showed a
decrease in n values favoring the values attributable to SiO,, and the evident n gradient
in the CS of UV-cured samples disappeared. Thus, all studied films can be potentially
applied as broadband antireflective coatings for a number of optical materials with n
values above 1.5.

It was found that the adhesive properties of the deposited coatings and their behavior
under mechanical influence are critically dependent on the curing method. Indeed,
UV-cured matrix films and SiOxNy/SWCNT composites exhibited high hardness and
excellent adhesion to the SLG/Mo substrate, maintaining these properties during the
aging process. All thermally cured samples showed relatively lower adhesion of the
SiOxNy film to the SLG/Mo substrate, as well as lower hardness and high plasticity.
However, a week after curing, the behavior of the films became similar to that of
UV-cured samples, increasing the critical load withstand value by three times.
The introduction of SWCNTs into the SiOxNy matrix caused a visible reinforcing effect
against the rupture of the composite coating.

In this work, composite thin films with horizontally oriented SWCNT filler inside a
vitreous SiOxNy matrix derived from PHPS were obtained and studied for the first time.
A strong relationship between the PHPS curing method and the composition,
morphology, and optical and mechanical properties of the resultant films was found and
illustrated. Thermal curing has been determined to be a less favorable method for
converting PHPS to a highly reliable protective coating compared to UV-assisted curing.
The data obtained regarding the optical properties indicate that SiOxNy matrix films and
SiOxNy/SWCNT composites can function as broadband antireflective coatings. All cured
films studied in this work demonstrated low coefficients of friction, which could be useful
in applications where scratch protection and increased lubrication/sliding are of critical
importance. All of the above-mentioned results show promising potential for further
research and application of composite coatings based on PHPS matrix films with
nanofillers.
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Lihikokkuvote

Uheseinaliste siisiniknanotorudega ranioksiinitriidist
nanokomposiitmaterjalide arendamine paikesepatareide
kaitsekateteks

Alternatiivsetele energiaallikatele Glemineku tahtsusest on radagitud pikka aega, kuid
praegune olukord Euroopas nditab selget vajadust tOsisemate meetmete jarele, mis on
suunatud uute tehnoloogiate véljatootamisele ja olemasolevate taiustamisele.
Fotogalvaaniline paikeseenergia on ks vdimalikest alternatiivenergiaallikatest.
Keskkonnategurid moéjutavad aga kriitiliselt paikesepatareide t66d ja eluiga. Samal ajal
on standardse jaiga klaasikaitse kasutamine piiratud selle suure kaalu ja paindumatuse
tottu. Viimastel aastatel on klaasile voimalikuks alternatiiviks peetud peamiselt
polimeeripohiseid katteid. Kuid see muudatus ei ole lihtne, kuna sellised kapseldatud
katted peavad vastama koigile funktsionaalsetele ja kaitsenduetele ning nende
tootmistehnoloogia peab olema skaleeritav, tédkindel, odav ja sobima madalate
temperatuuridega.

Vedel eelkeraamiline poliimeer perhidropolisilasaan (PHPS) omab suurt potentsiaali
kaitsematerjali kandidaadina tdnu oma véimele muutuda suhteliselt lihtsate ja
skaleeritavate tehnoloogiate abil klaasjateks SiOxNy kiledeks. Praegune tipptasemel
teadus- ja arendustegevus soovitab PHPS-st saadud SiOxNy kilesid kasutada
kapseldajatena paikesepatareide ja mikroelektroonika jaoks. Need on sobilikud tdénu oma
dielektrilistele omadustele ning kaitsevéimekusele niiskuse, gaaside ja UV-kiirguse vastu,
samuti tdnu oma mittetoksilisusele, vdaga korgele termilisele ja keemilisele stabiilsusele
ning korgele optilisele labilaskvusele. Kuigi anorgaanilise olemuse tottu on PHPS-st
saadud kiledel kdrge mehaaniline kovadus, puudub neil elastsus, mis mdjutab
negatiivselt nende kasutamist painduvates tehnoloogiates. Selle probleemi vdimalik
lahendus on komposiitkilede tehnoloogia arendus, kuna erinevate tditeainete lisamine
vBimaldab parandada SiOxNy/tditeaine komposiitkintide omadusi. Tanu oma
silmapaistvatele mehaanilistele omadustele on sisinik-nanotorud (CNT) téestanud end
tugevdava taitematerjalina mitmesugustes maatriksites, sealhulgas polimeerides. Lisaks
pohjustab CNT-de joondamine vdi orientatsioon maatriksmaterjalis katte omaduste
anisotroopiat. Selliseid CNT-dega PHPS-st tuletatud kilede komposiite ei ole senini veel
valmistatud ega uuritud.

Selle t66 eesmark oli valja tootada PHPS-ist tuletatud SiOxNy kaitsekatted,
kombineerides neid orienteeritud nanokomposiitstruktuurides Uheseinaliste (SW)
CNT-dega. See t66 hdlmab: (i) PHPS-i erinevate madaltemperatuursete
kdvendamismeetodite msju vordlust ihe- ja mitmekihiliste SiOxNy maatrikskilede
koostisele ja morfoloogilistele omadustele; (ii) erinevates konfiguratsioonides
horisontaalselt  orienteeritud  komposiitkatete  SiOxNy/SWCNT  moodustamise
tehnoloogia véljatootamist; ja (iii) SiOxNy maatrikskilede ja nendel pdhinevate
SiOxNy/SWCNT nanokomposiitkatete koostise, morfoloogiliste, optiliste ja mehaaniliste
omaduste ning pikaajalise stabiilsuse uuringuid.

Ohukesed PHPS-st tuletatud kiled kanti naatriumklaasile (SLG) vdi SLG/Mo alusele
kasutades vurrkatmise ehk spin coating meetodit. KGvendamiseks kasutati kahte
erinevat madaltemperatuurset meetodit: (i) termiliselt indutseeritud kdvendamine
180 °C juures 60 minutit; ja (i) UV-lampide kiirgusega kévendamine (lainepikkusel 185 ja
254 nm) 40 minutit. Sobiv kdvendamisaeg UV-kiirguse jaoks maarati katseliselt.
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Mitmekihilised struktuurid saadi korrates tsikliliselt sadestamise/kdvendamise etappe.
SWCNT-d slinteesiti aerosoolide keemilisel sadestamisel aurufaasist meetodiga ja koguti
filterpaberile juhuslikult orienteeritud Ghukeste kiledena, mille paksus oli ligikaudu
13-14 nm. SiOxNy/SWCNT valmistati kahes konfiguratsioonis/arhitektuuris: (i) PEALMINE,
kus SWCNT kile kanti kuivalt filterpaberilt PHPS-kilele; ja (ii) ALUMINE, kus SWCNT kile
kanti kuivalt SLG ja SLG/Mo alustele, millele jargnes PHPS kihi sadestamine. Seejarel
kdvendati molema konfiguratsiooni laminaat-tiitipi komposiidid. Kdikide uuritud proovide
iseloomustamiseks kasutati skaneerivat elektronmikroskoopiat (SEM), mis oli varustatud
energiadispersiivse rontgen-mikroanalisaatoriga (EDX), UV-Vis-NIR spektroskoopiat,
rontgenfotoelektronspektroskoopiat (XPS), Fourier’ teisenduse infrapunaspektroskoopiat
(FTIR) ja spektraalellipsomeetriat (SE). Kriimustuskatse, mille kaigus rakendati
progresseeruvat koormust kasutades universaalset tribomeetrit, viidi l1dbi valmistatud
katte kditumise uurimiseks mehaanilise mdju all, poodrates erilist tdhelepanu
adhesiivsetele omadustele.

Leiti, et PHPS-i kdvendamise meetod mdjutab oluliselt saadud kile morfoloogiat ja
keemilist koostist. Termiline kdvendamine andis tulemuseks thtlase SiOxNy kile, millel oli
korge jaaklammastiku sisaldus. Seevastu UV-kiirguse abil kdvendamise tulemusel
moodustus kile, millel oli lammastiku jaotuse gradient labi kile ristlGike (CS).
UV-kovendatud kile 6huke tlemine kiht (ligikaudu 20 nm) koosnes SiOz-st sisaldades
minimaalselt lammastiku jalgi, samas kui kile sisemistes kihtides vahenes hapniku
sisaldus ja lammastiku sisaldus suurenes vastavalt. Samad tulemused saadi ka
mitmekihiliste kilede puhul. EDX, XPS ja FTIR analliliside tulemuste naitasid, et kumbki
meetod ei taganud PHPS-i tdielikku muundumist. Siiski saavutati UV-kdvendamise
tulemusel vérreldes termilise kdvendamisega oluliselt tdielikum Gleminek SiO2-ks.

Uuringu eesmadrgist lahtuvalt tootati valja lihtne ja tdhus meetod erineva
arhitektuuriga  orienteeritud  laminaat-tiipi  SiOxNy/SWCNT  komposiitkihtide
valmistamiseks. Leiti, et tditeaine ei mGjuta PHPS-i konversiooniprotsessi ei termilisel ega
ka UV-kdovendamisel. SEM analllsi tulemused naitasid, et SWCNT-kile thildub
maatrikskilega ega pGhjusta ndhtavate pooride, 66nsuste ega kanalite moodustumist
SiOxNy sees. Samuti ei mdjuta see komposiitkihi pinna morfoloogiat, mis jaab vaga sile.
UV-Vis-NIR spektroskoopiaga leiti, et mdlemal meetodil kdvendatud komposiitkiledel on
parem labilaskvus kui puhastel SWCNT kiledel. See naditab nende potentsiaali optiliste
peegeldusvastaste kattekihtidena, lisaks teistele paljulubavatele rakendustele
optoelektroonikas, mikroelektroonikas jne. Leiti, et tdheldatud peegeldusvastast toimet
pShjustavad kaks tegurit: (i) SWCNT-de lisamine SiOxNy maatrikskiledesse; ja (ii) SiOxNy
maatrikskile optilised konstandid.

Peamine teadmiste puudujadk PHPS-ist tuletatud kilede puhul oli seotud nende
pikaajalise stabiilsusega. Seega kdesolevas t60s uuriti valmistatud SiOxNy maatrikskilede
ja SiOxNy/SWCNT komposiitide vananemist erinevatel ajavahemikel parast kdvenemist.
Leiti, et kdik uuritud proovid muutuvad kiipsemisprotsessi kaigus SiOxNy koostisest
SiO2-ks. See protsess toimub erineva diinaamikaga soltuvalt kasutatud kdvendusmeetodist.
Kipsemise kdigus muutusid proovidel nii nende keemiline koostis ja morfoloogia, kui ka
optilised ja mehaanilised omadused.

SiOxNy maatrikskilede ja SiOxNy/SWCNT komposiitkihtide optiliste omaduste
uurimiseks kasutati SE meetodit. Termiliselt kdvendatud SiOxNy kiled naitasid korget
murdumisnaitaja vaartust nsss = 1,6, mis viitab suhteliselt kdrgele lammastikusisaldusele.
UV-kiirgusega kdovendatud kile puhul pShjustas lammastikugradient kattekihi ristldikes
murdumisnaitaja gradiendi, mille vaartusted olid n3ss = 1,49 pinna ja 1,58 kile-aluspinna
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siirdeala lahedal. Klpsemisprotsessi kdigus naitasid mdélemal meetodil kdvendatud
SiOxNy kihid murdumisnditaja langust SiO2-le omistatavate vaartuste suunas ning
UV-kdvendatud proovide ristldikes esinenud murdumisnditaja gradient kadus. Seega
saab ko&iki uuritud kilesid potentsiaalselt kasutada lairiba peegeldusvastaste
kattekihtidena mitmesuguste optiliste materjalide jaoks, mille murdumisnditaja vaartus
on ule 1,5.

Leiti, et sadestatud katete adhesiivsed omadused ja nende kditumine mehaanilise
moju all séltuvad kriitiliselt ka kdvendusmeetodist. UV-kévendatud maatrikskiled ja
SiOxNy/SWCNT komposiidid naitasid kdrget kdvadust ja suurepéarast adhesiooni SLG/Mo
aluspinnaga, sdilitades need omadused ka vananemisprotsessi kadigus. Termiliselt
kdvendatud SiOxNy kiled naitasid ndrka adhesiooni SLG/Mo aluspinnaga, madalamat
kdvadust ja kdrget plastilisust. Kuid nadal parast kdvendamist muutus kilede kaitumine
sarnaseks UV-kdvendatud proovidega, suurendades kriitilise koormuse taluvusvaartust
3 korda. SWCNT-de lisamine SiOxNy maatriksisse tugevdas materjali struktuuri ning
parandas komposiitkatte vastupidavust purunemisele.

Kadesolevas t00s valmistati ja uuriti esmakordselt PHPS-st tuletatud horisontaalselt
orienteeritud SWCNT tditeainega klaasjaid SiOxNy komposiitkatteid. Toestati tugev seos
PHPS-i kdvendusmeetodi ja saadud kilede koostise, morfoloogia, optiliste ja mehaaniliste
omaduste vahel. Leiti, et PHPS-i muutmisel likindlaks kaitsekatteks on UV-kiirgusega
kovendamise meetod vorreldes termilise kdvendamisega efektiivsem ja sobivam.
Optiliste omaduste kohta saadud andmed néitavad, et SiOxNy maatrikskiled ja
SiOxNy/SWCNT komposiidid vdivad toimida lairiba peegeldusvastaste katetena. Kdikidel
kovendatud kiledel oli madal hoordeteguri vaartus, mis voib olla kasulik rakendustes, kus
kriimustuskaitse ja maarimine/libisemine on kriitilise tdhtsusega. Saadud tulemused
naitavad, et nanotditeainetega PHPS-maatrikskiledel pd&hinevad komposiitkatted
omavad suurt potentsiaali edasiste teaduslike uuringute ja praktiliste rakenduste jaoks.
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ABSTRACT

Silicon dioxide thin films are a promising alternative to protective glass in solar cells. In this
work, one-layer and four-layer thin films of a perhydropolysilazane (PHPS) were spin-coated
from solution in dibutyl ether and cured by exposure to moderate temperatures or
ultraviolet (UV) light to obtain glassy SiOy layers. Optical and morphological properties as
well as their long-term stability were studied using XPS, FTIR, UV-Vis spectroscopy, and SEM
microscopy with EDX analysis. The results showed that the process of converting PHPS
layers to SiOy continues after the completion of the curing procedure for both methods.
However, the composition of the thermally cured films is similar to silicon oxide, while the
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UV-cured samples demonstrate a composition similar to silicon dioxide due to differences in
the reactions occurring during the curing process. The prolonged transformation process
opens up possibilities for creating self-improving protective coatings based on PHPS.
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Introduction

One of the most important bottlenecks for the photo-
voltaic (PV) technology is to ensure reliable protection
of solar cells (SCs) from external factors because the
environment can be very aggressive. Nowadays, glass
is the main protective material used in PV technology.
Nevertheless, the high weight, brittleness, and inflexi-
bility limit the application of this protection signifi-
cantly, especially for organic and aerospace PVs. For
now, the most successful attempts to substitute cover
glass have been with polymer-based coatings [1-4].
However, this task is not trivial; on the one hand,
such coatings must combine low thickness, low
water, and gas permeability rates, while on the other
hand, the technology must be low-temperature,
reliable, scalable, and inexpensive.

Coatings fabricated from an inorganic pre-ceramic
polymer perhydropolysilazane have a composition
similar to glass and can be considered a promising

characterization
after curing

T T T MR T

Wavenumber em™

alternative. The PHPS layers can be deposited by
spin-coating, and after curing, it forms films with
excellent optical and protective properties as well as
strong adhesion to different substrates [5-7]. A pre-
cursor consisting of repeating monomer units -
(SiH,-NH)- can be converted to SiOx in various
ways, e.g. by hydrolysis in an aqueous solution of
ammonia [8] or in a solution of hydrogen peroxide
[9]. It should be noted, that the process is not fast; it
takes up to 24 h and often leads to incomplete poly
condensation of the PHPS precursor [10]. Pyrolysis
both at sufficiently high temperatures around 600°C
[2,10-14] and at moderate temperatures around 250°
C is also used for curing [15]. Unfortunately, heating
above 100°C is not always compatible with the pro-
duction of devices based on thermosensitive materials.
An alternative method is the photo-assisted conver-
sion of PHPS in the presence of oxygen, where ultra-
violet radiation with wavelengths shorter than
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220 nm is used to break Si-N and Si-H bonds,
followed by oxidation of the material to amorphous
SiOy [1-3,6,11]. This value is defined by photon
energies sufficient to break the covalent bonds
between silicon and nitrogen in PHPS. An important
advantage is the revealed absence of material shrink-
age during curing due to oxygen saturation [16]. Just
a slight heating of the samples up to 40°C was
observed during the irradiation of the samples with
UV lamps. Thus, this approach provides rapid, inex-
pensive, and low-temperature deposition of SiOy
films in an industrial scale, which is extremely impor-
tant for a wide range of applications. However, despite
active study and optimization of that approach over
the past 15 years, there is no unified algorithm to
describe the UV conversion of PHPS.

This promising UV-assisted method has been suc-
cessfully applied to encapsulate flexible perovskite
SCs. A hybrid protective coating based on PHPS
with CdSe/ZnS quantum dots has been fabricated to
increase the photo conversion efficiency of the device
due to the photoluminescence of the quantum dots
and its lifespan in ambient conditions due to the use
of PHPS as a final encapsulating coating [17].

In our studies, we focused our attention on the
deposition of cross-sectionally uniform PHPS layers
to create new protective coatings for solar cells using
the promising UV-assisted technology. Still, according
to the literature, the complete conversion of PHPS to
SiO, can only be achieved by thermal curing [1];
therefore, as a reference, we used samples thermally
cured according to the PHPS manufacturer rec-
ommendations. Thus, it is necessary to compare in
detail the properties of the films obtained by thermal
and UV curing methods and analyse their long-term
stability; such a study has not been previously
reported. In our work, we compared the morphology
and composition of thin films obtained by the two
main curing technologies of PHPS and studied the
long-term stability of the produced films, which was
not studied before.

Materials and methods
Preparation of the coatings

A commercially available 20% solution of PHPS in
dibutyl ether (NN-120-20, durXtreme GmbH,
Germany) was used for the thin film deposition. The
films were prepared by spin-coating either onto the
surface of a soda lime glass (SLG) or onto a SLG coated
with molybdenum (SLG/Mo) substrate. Before the
deposition, the substrates were washed in an ultra-
sonic bath for 5min in isopropanol and then in a
20% Decon 90 solution (Decon Laboratories Ltd, Eng-
land). Next, the substrates were washed in Millipore
water followed by drying under a flow of dry nitrogen

of 99.995% purity. The PHPS solution was deposited
on the surface of the cleaned substrates by spin-coat-
ing at 2000 rpm for 1 min (Chemat Technology
spin-coater KW-4A). Then, the solvent residuals
were evaporated on a hot plate at 40°C for 2 min.
After that, the prepared SLG/PHPS and SLG/Mo/
PHPS structures were subjected to a curing process,
which was carried out in two different ways. In the
first case, the samples were cured in a muffle furnace
(XD-14S, Zhengzhou Brother Furnace CO LTD,
China) at 180°C for 60 min. In the second case, the
samples were irradiated with UV light with wave-
lengths of 185 and 254 nm simultaneously in air
(Novascan UV/Ozone cleaning system). The distance
between the samples and the UV lamps was 15 mm.
The curing time was chosen to be 40 min based on
experimental and literature data [1]. Using the curing
techniques described above, both single-layer and
four-layer films were prepared. Multi-layer structures
were obtained by cyclic repeating of the deposition/
drying/curing stages.

Characterization

To confirm the optical properties of the obtained
films, transmittance spectra were measured by a UV-
Vis-NIR  spectrophotometer (UV-1800, Shimadzu
Corp., Japan) in the 200-1100 nm wavelength range
for samples onto SLG substrates.

To determine the degree of transformation of the
PHPS films into SiO, after curing and control of the
presence of the intermediate compounds and func-
tional groups, the samples were studied using Fourier
transform infrared spectroscopy (FTIR). The spec-
trometer that was used makes measurements by the
attenuated total reflection (ATR) technique in the
range of 400-4000 cm™" with a resolution of 4 cm™
(Platinum-ATR Alpha FT-IR spectrometer, Bruker
Optic GmbH, Germany).

X-ray photoelectron spectroscopy (XPS) (Kratos
Axis Ultra®® XPS System, England) was used to
study the chemical composition of the surface and
near-surface layers of the prepared films. The films
were studied using a monochromatic Al KaX-ray
source (1486.6eV) with a resolution of about
0.68 eV and with a switched-on system for compensat-
ing the accumulated charge on the sample. The energy
scales of the spectra were charge-corrected according
to the position of the Ols peak at 532.6 eV in the
scale of the binding energy (BE).

The surface and cross-sectional morphology of the
obtained samples and the thickness of the cured films
were studied using high resolution-scanning electron
microscopy (HR-SEM) (ZEISS Ultra 55, Germany)
with an accelerating voltage from 5 kV. To eliminate
the low-conductivity effect, the films were covered
with an Au 80%-Pd 20% thin layer that was



approximately 1nm thick by using the radio
frequency sputtering technique. To study the compo-
sition of the films, a Bruker Esprit 1.82 energy disper-
sive X-ray (EDX) spectroscopy system was used at a
15kV accelerating voltage and for X-ray Line-scan
5 kV was used.

Results and discussion
Single-layer films

HR-SEM was applied to study the morphology of the
single-layer films obtained by both curing methods of
PHPS on the SLG/Mo substrates (Figure 1(a,b).
Deposited and cured films showed a dense and uni-
form morphology both on the surface and in the
cross-section views. Usually, for a 20% PHPS solution
and a substrate rotation speed of 2000 rpm during
spin-coating, the expected film thickness is about
600 nm according to studies using polyethylene ter-
ephthalate (PET), polycarbonate, and silicon wafers
as the substrates [5,11]. In our studies, the thermally
and UV-cured films were determined to be 460 and
350 nm thick, respectively. It is noteworthy that
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similar measurements of PHPS/SLG samples
demonstrated the film thickness for both curing
methods to be in the range of 550-580 nm, which is
in good agreement with the literature data. The
decrease in thickness of films on the Mo/SLG substrate
can be caused by the higher wettability of the molyb-
denum surface by the PHPS solution in dibutyl ether
vs. the surface of the above-mentioned substrates.

It should be noted that the window coatings of the
SCs must be transparent in the operating wavelength
range of the device. Our films showed high transmit-
tance (near 90%) in the visible wavelength range,
which is in good agreement with the data published
in the literature [6,17,18].

The positions and intensities of the characteristic
bands in the IR spectra of the samples were compared
and analysed. The transformation of the PHPS can be
considered complete if the bands corresponding to the
Si-N, Si-H, and N-H bonds completely disappear in
the spectrum and only the peaks related to the Si-O
bonds remain [11].

Figure 1(c,d) shows a comparison of the ATR-FTIR
spectra of the UV cured vs. the thermally cured
samples. Both spectra show, in general, a similar set
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Figure 1. Cross-sectional HR-SEM images of PHPS/Mo/SLG samples cured thermally (a) and under UV light irradiation (b); ATR-FTIR
spectra of samples (c) where the black curve is for the thermally cured film and the grey curve is for the UV cured film, (d) enlarged

area of the ‘fingerprints’.
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of characteristic bands, which differ greatly in the peak
intensities. In the thermally cured film spectrum in the
area of the ‘fingerprints’, a slight shift was observed in
the positions of the peaks towards higher wavenum-
bers relative to the spectrum of the UV cured film
(Table 1). A similar behaviour in the position of the
band responsible for the transverse optical (TO)
mode of the antisymmetric stretching vibrations of
Si-O has already been described previously [2]. For
a quartz-like structure of silicon with a bond angle
of 144°, the vibrational band is located at about
1065 cm ™. A shift in the position to higher wavenum-
bers up to 1140 cm™" indicates the formation of a
cage-like structure with larger bond angles up to
150°. The reactions responsible for the conversion of
PHPS to SiO, under UV light irradiation and temp-
erature exposure are different [1], which leads to the
formation of films with relatively different structures.

Absorption bands around 3370 and 1170 cm™
could be assigned to N-Hstretching and bending
vibrations, and a sharp peak near 2160 cm™" belongs
to Si-Hstretching vibrations [19,20]. The spectral
region from 830 to 1100 cm ™" has many closely spaced
characteristic bands; the overlap of these bands com-
plicates the bond assignments of these peaks [21].
Peaks located near 950 and 840 cm™" are related to
the Si-N stretching vibrations [11]. The peaks related
to the Si-O located near 1005, 830, and 500 cm™"
could be assigned to stretching, bending, and rocking
vibrations, respectively [22,23]. The spectra show
strong peaks related to the bonds with N and H, indi-
cating incomplete conversion for both curing methods
used. Thus, the films have the composition SiON,
rather than SiO,. However, this can be regarded as
an advantage because the presence of nitrogen should
increase protective properties and transparency of the
films [24].

The XPS technique was used to more precisely
study the near-surface (2-4 nm) composition of the
films (Figure 2). For both samples, the O 1s, Si 2s,
and 2p peaks are dominant in the spectra. The pres-
ence of residual N in the films for both curing methods
was confirmed. However, for the thermally cured film,
its concentration is noticeably higher. The Si 2p peak
of the thermally cured film decon volutes into three
components, which indicates the morphological
diversity of the film [25]. The peak around
100.01 eV belongs to elemental silicon [26]. Two
remaining peaks at 101.55 and 102.83 eV refer to Si-

Table 1. Displacements of the band positions in the ATR-FTIR
spectra for one-layer thermally and UV cured samples.
Bonds and their spectral positions, cm™

1

Sample Si-N N-H Si-0 Si-0 Si-0
Thermalcuring 2162 1183 1091 1010 501
UV curing 2160 1163 1062 996 499

N bonds in SiO,N, and Si-O bonds in SiO,, respect-
ively [27,28]. The positions of these peaks shift
depending on the content of N and O in the film,
and the composition of the films, in general, can
vary in the range from SizN4 to SiO,. A stronger
shift in the position of the last peak towards higher
binding energies indicates that the film is more O-
rich [26]. The decomposition of the Si 2p peak for
the UV-cured film is simpler and consists of a single
Si-O peak at the 103.01 eV position, which indicates
a higher O concentration in the film and better con-
version compared to the first sample. The presence
of a carbon peak in the spectra is associated with the
contact of the film surface with air and the presence
of carbon-containing impurities from the solvent of
PHPS [15].

Based on the elemental analysis data, the relative O
to Si ratios in the cured films were calculated exclud-
ing N. Near-surface layers of the sample cured by
UV light were completely converted to silicon dioxide
(SiO,,05), while upper layers of the thermally cured
sample showed a composition close to that of silicon
oxide (SiOg og).

Also, the depth profile of the samples can be deter-
mined using XPS. However, due to the dielectric
nature of the prepared films, a constant positive char-
ging occurs in the sample during the long-term
measurements, which cannot be compensated. There-
fore, the results obtained by measuring the depth
profile should be perceived qualitatively, not quanti-
tatively. We measured both samples after 720 and
1320 s of etching in argon plasma, which resulted in
an etching depth of no more than 12 and 22 nm,
respectively. The measurements showed a stable O,
Si, and N content across the depth for the thermally
cured film, while after 1320s, the UV-cured film
showed a significant decrease in the O content with
a simultaneous increase in the Si and N content.
These measurements confirm the formation of a com-
positionally heterogeneous PHPS film after UV cur-
ing, which is in good agreement with other
publications [1,6,11].

In addition, the cured films were studied using EDX
analysis to determine the overall composition (Table
2). In the measurements, the elemental composition
is averaged over the entire thickness of the films,
which is confirmed by the presence of Mo in the
results (Mo excluded from Table 2). The O content
vs. Si is around two times higher for the UV-cured
sample vs. the thermally cured sample. This indicates
a more complete conversion of the film cured under
UV light irradiation to SiO,. This result is supported
by the more significant difference in the intensities
of the bands related to Si-O bonds in the ATR-FTIR
spectra of the UV-cured sample compared with the
intensity of the comparable peaks in the spectra of
the thermally cured one.
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Figure 2. XPS spectra of near-surface layers with enlarged Si 2p peaks of the PHPS/Mo/SLG samples cured (a) thermally (b) under
UV light irradiation.
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Table 2. Thickness-averaged elemental atomic concentrations
of thermally cured and UV cured PHPS/Mo/SLG films measured
by EDX.

Thermally cured, at.-% UV cured, at-%

Silicon 143 17.3
Oxygen 26.4 64.3
Nitrogen 59.3 18.4

Multi-layer films

The single-layer films obtained above may be rather
thin for some potential applications, and improve-
ment of the protective properties of the films obtained
by sequential deposition of several PHPS layers was
also reported [2,16]. The cross-section morphology
of the deposited four-layer films was studied using
HR-SEM (Figure 3(a,b)). As seen from the micro-
graphs, the thermally cured film is the thickest
(around 4.5 um), while the UV-cured film has a thick-
ness around 2.5 um. It is noteworthy that in the micro-
graph of the UV cured film (Figure 3(b)), 4 layers of
PHPS deposition are visually distinguishable and the
third- and fourth-layers merged into one. Each layer
is about 600 nm thick. This clearly illustrates the het-
erogeneous transformation of the film during UV
curing.

Relative concentration

¢)

The films with 4 layers were also studied using
ATR-FTIR spectroscopy. In that case, the shape of
the spectra of the thermally and UV-cured samples
is better matched, which is in contrast to the single-
layer samples. A slight shift in the positions of some
peaks in the area of the fingerprints discussed for the
single-layer films is also observed. In the spectrum of
a thermally cured sample in the higher wavenumber
region, the peak of N-H vibrations is completely
absent.

The thickness of the multi-layer samples was
sufficient for the line-scan EDX analysis of the
cross-section of the films (Figure 3(c,d)). In the ther-
mally cured sample (Figure 3(c)), the Si content
fluctuates around the average value, which is much
higher relative to the O, while the oxygen content
increases closer to the film surface. For the UV-
cured sample (Figure 3(d)), the Si content also fluctu-
ates around the average value. But, instead of
smoothly growing, the curve illustrating the O content
in the sample shows three clearly distinguishable
stand-alone peaks that can be associated with the
film sub-layers, visually identified in the cross-sec-
tional SEM image of the sample. The O content in
the first two sub-layers is relatively low; however, in

Relative concentration

Distance, pm

d)

Figure 3. Cross-sectional HR-SEM micrographs of PHPS/Mo/SLG films obtained from four deposition/drying/curing cycles for (a)
thermal curing or for (b) UV curing; (c) and (d) Line-scan HR-SEM EDX measurements of the films, respectively.



the top layer, it grows strongly vs. the Si content. This
confirms the XPS data related to the complete conver-
sion of the near-surface layers of the film to SiO,. An
increase in the O content as it approaches the edge of
the film in both samples may indicate the penetration
of O into the samples after the end of the curing pro-
cess. Thus, it can be assumed that both curing
methods are insufficient in completing the transform-
ation process of PHPS into SiO,, and the films seem to
‘ripen’ after its completion (see § 3.3).

Change in the film composition over time

To study the hypothesis formulated in the previous
section, single-layer and four-layer samples were
studied using ATR-FTIR spectroscopy immediately
after curing as well as after ageing in a desiccator at
room temperature (RT) for two months.

Figure 4(a,c) shows the spectra of the single-layer
samples. For both curing methods, there is a strong
difference between the spectra of the as-cured and
aged films. The change in the positions of the peaks
makes it difficult to relate the spectra to each other.
In the spectrum of the aged thermally cured sample
(Figure 4(a)), there is a significant increase in the
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intensity of the bands attributable to Si-O compared
to the rest of the peaks. But, the Si-N peak has the
highest intensity. A broad intense band located
from 800 to 1200 cm™" in the spectrum of the as-
cured UV film (Figure 4(c)) changed its shape and
intensity after ageing. The spectrum of the aged
film is dominated by an intense Si-O peak at about
1048 cm™', and the Si-O band at about 485 cm™!
also increased its intensity relative to the entire spec-
trum. It is noteworthy that the N-H and Si-H peaks
in the higher wavenumber region completely disap-
peared after ageing of the film, which indicates an
almost complete transformation of the aged coating
into SiO,.

Figure 4(b,d) shows the ATR-FTIR spectra of the
four-layer PHPS films. The shape of the spectra of
these samples demonstrates relatively smaller
changes as a result of ageing. In the spectrum of the
thermally cured sample (Figure 4(b)), the relative
intensity of the Si-O peaks increased; however, the
Si-N peak remained the most intense, which indi-
cates the formation of a film with a high residual N
content. More noticeable changes occurred in the
spectrum of the UV-cured sample (Figure 4(d)); ana-
logous to the single-layer sample in the higher
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Figure 4. ATR-FTIR spectra of the (a), (b) thermal cured or (c), (d) UV cured samples; black lines are for as cured samples, and grey

lines are for aged samples.
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wavenumber region, the N-H and Si-H bands
disappeared, and the relative intensity of the Si-O
peaks in the smaller wavenumber region became
higher, thereby making them as dominant in the
spectrum of the aged sample.

Thus, the results of the ATR-FTIR spectra analysis
of aged samples confirm our assumption that the films
obtained by both curing methods are not completely
transformed and continue to ‘ripen’ after the end of
the conventional curing procedure. Evaluation of the
dynamics of this process requires a more detailed
study of the films after the completion of the conven-
tional curing accompanied with elaboration of the
more effective curing process, e.g. combination of
the thermal and UV-curing for the single and multi-
layer PHPS.

Conclusions

One-layer and four-layer thermally and UV-cured
thin films based on PHPS were prepared and com-
paratively studied with special attention to the mor-
phology and compositional analysis of the obtained
structures.

The thickness of the one-layer films did not exceed
600 nm, while the maximum thickness of the four-
layer films was around 4.5 pum. ATR-FTIR spec-
troscopy showed a shift in the Si-O peak positions
in the layers cured by different methods, which indi-
cates the formation of films with different structures.
The presence of bonded N and H peaks in the spectra
of the as-cured samples showed the formation of sili-
con oxynitride films with different concentrations of
elements. Results showed the formation of the
O-poor film for the thermal curing method and the
O-rich film after UV curing. However, the UV
cured film is not uniform over the cross-section, i.e.
the process of complete conversion of the obtained
PHPS layers to SiO, is not finished. On the other
hand, it was found that ‘ageing’ of the prepared
films in a desiccator at RT significantly improves
the compositional uniformity to SiO,. This opens
up possibilities for creating self-improving protective
coatings based on PHPS. The presence of residual
bonded N in the films can have a positive effect on
the protective and optical properties of the films.
However, for the industrial use, precise control of
the concentration of N is necessary for the reprodu-
cibility of the coating properties. Thus, this opens up
opportunities for a more detailed study of the ‘ripen-
ing’ dynamics of films and further optimization of
the curing methods.

Acknowledgements

The authors thanks Kaia Ténsuaadu for her help with the
ATR-FTIR measurements.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This research was supported by the European Union
through the European Regional Development Fund
(ERDF) project “Center of Excellence” under [grant number
TK141]; by ERDF project Centre of Technologies and Inves-
tigations of Nanomaterials NAMUR+ under [grant number
2014-2020.4.01.16-0123]; NAMUR+ core facility funded by
the Estonian Research Council under [grant number TT13]
and by the Estonian Research Council under [grant number
PRG1023]. This work has been partially supported by
ASTRA ‘TUT Institutional Development Programme for
2016-2022 ‘Graduate School of Functional Materials and
Technologies’ under [grant number 2014-2020.4.01.16-
0032]".

ORCID

Elizaveta Shmagina
5324

Mati Danilson
Valdek Mikli
Sergei Bereznev

http://orcid.org/0000-0001-5525-

http://orcid.org/0000-0001-8105-6812
http://orcid.org/0000-0002-2406-3562
http://orcid.org/0000-0001-6156-7738

References

[1] Prager L, Dierdorf A, Liebe H, et al. Conversion of
perhydropolysilazane into a SiOx network triggered
by vacuum ultraviolet irradiation: access to flexible,
transparent barrier coatings. Chem - Eur J. 2007;13
(30):8522-8529. doi:10.1002/CHEM.200700351.

[2] Prager L, Helmstedt U, Herrnberger H, et al
Photochemical approach to high-barrier films for the
encapsulation of flexible laminary electronic devices.
Thin Solid Films. 2014;570:87-95. doi:10.1016/].TSF.
2014.09.014.

[3] Kim D, Jeon GG, Kim JH, et al. Design of a flexible thin-
film encapsulant with sandwich structures of perhydro-
polysilazane layers. ACS Appl Mater Interf. 2022;14
(30):34678-34685. doi:10.1021/acsami.2c06699.

[4] Wang Y, Ding G, Mao JY, et al. Recent advances in
synthesis and application of perovskite quantum dot
based composites for photonics, electronics and sen-
sors. Sci Technol Adv Mater. 2020;21(1):278-302.
doi:10.1080/14686996.2020.1752115.

[5] Zhan Y, Grottenmiiller R, Li W, et al. Evaluation of
mechanical properties and hydrophobicity of room-
temperature, moisture-curable polysilazane coatings.
J Appl Polym Sci. 2021;138(21):50469. doi:10.1002/
APP.50469.

[6] Ohishi T, Yamazaki Y. Formation and gas barrier
characteristics of polysilazane-derived silica coatings
formed by excimer light irradiation on PET films
with vacuum evaporated silica coatings. Mater Sci
Appl. 2016;8(1):1-14. doi:10.4236/MSA.2017.81001.

[7] Niizeki T, Nagayama S, Hasegawa Y, et al. Structural
study of silica coating thin layers prepared from per-
hydropolysilazane: substrate dependence and water
penetration structure. Coatings. 2016;6(4):64. doi:10.
3390/COATINGS6040064.

[8] Kubo T, Kozuka H. Conversion of perhydropolysila-
zane-to-silica thin films by exposure to vapor from



[10]

[11]

[12]

(13]

(14]

(15]

[16]

[17]

aqueous ammonia at room temperature. ] Ceram Soc
Jpn. 2006;114(1330):517-523. doi:10.2109/jcersj.114.
517.

Lee JS, Oh JH, Moon SW, et al. A technique for con-
verting perhydropolysilazane to SiOx at low tempera-
ture. Electrochem Solid State Lett. 2010;13(1):1123-
1125. doi:10.1149/1.3264092.

Morlier A, Cros S, Garandet JP, et al. Thin gas-barrier
silica layers from perhydropolysilazane obtained
through low temperature curings: a comparative
study. Thin Solid Films. 2012;524:62-66. doi:10.
1016/].TSF.2012.09.065.

Morlier A, Cros S, Garandet JP, et al. Structural prop-
erties of ultraviolet cured polysilazane gas barrier
layers on polymer substrates. Thin Solid Films.
2014;550:85-89. doi:10.1016/].TSF.2013.10.140.
Funayama O, Tashiro Y, Kamo A, et al. Conversion
mechanism of perhydropolysilazane into silicon
nitride-based ceramics. ] Mater Sci. 1994;29
(18):4883-4888. doi:10.1007/BF00356538.

Kozuka H, Nakajima K, Uchiyama H. Superior prop-
erties of silica thin films prepared from perhydropoly-
silazane solutions at room temperature in comparison
with conventional alkoxide-derived silica gel films.
ACS Appl Mater Interf. 2013;5(17):8329-8336.
doi:10.1021/am400845y.

Kim S-D, Ko P-S, Park K-S. Perhydropolysilazane
spin-on dielectrics for inter-layer-dielectric appli-
cations of sub-30 Nm silicon technology. Semicond
Sci Technol. 2013;28(3):035008, doi:10.1088/0268-
1242/28/3/035008.

Giinthner M, Pscherer M, Kaufmann C, et al. High
emissivity coatings based on polysilazanes for flexible
Cu(In,Ga)Se2 thin-film solar cells. Sol Energy Mater
Sol Cells. 2014;123:97-103. doi:10.1016/].SOLMAT.
2014.01.027.

Channa IA, Distler A, Zaiser M, et al. Thin film encap-
sulation of organic solar cells by direct deposition of
polysilazanes from solution. Adv Energy Mater.
2019;9(26):1900598. doi:10.1002/AENM.201900598.
Kim J, Jang JH, Kim J-H, et al. Inorganic encapsula-
tion method using solution-processible polysilazane
for flexible solar cells. ACS Appl Energy Mater.
2020;3(9):9257-9263. doi:10.1021/ACSAEM.0C01593.

(18]

(19]

(21]

[22]

(23]

(24]

(25]

[26]

[27]

(28]

SURFACE ENGINEERING (&) 9

Wang D, Ma J, Li P, et al. Flexible hard coatings with
self-evolution behavior in a low earth orbit environ-
ment. ACS Appl Mater Interfaces. 2021;13
(38):46003-46014. doi:10.1021/acsami.1c13807.

Rossi S, Deflorian F, Fedel M. Polysilazane-based coat-
ings: corrosion protection and anti-graffiti properties.
Surf Eng. 2018;35(4):343-350. doi:10.1080/02670844.
2018.1465748.

Zhu ], Shen G, Jiang W, et al. The preparation and
properties study of novel hydrophobic/superhdropho-
bic coatings based on fluorine modified perhydropoly-
silazane. ] Dispers Sci Technol. 2021. doi:10.1080/
01932691.2021.1974871.

Chen N, Reeja-Jayan B, Liu A, et al. ICVD cyclic polysi-
loxane and polysilazane as nanoscale thin-film electrolyte:
synthesis and properties. Macromol Rapid Commun.
2016;37(5):446-452. doi:10.1002/MARC.201500649.
Shokri B, Firouzjah MA, Hosseini SI. FTIR analysis of
silicon dioxide thin film deposited by metal organic-
based PECVD. In Proceedings of 19th international
symposium on plasma chemistry society; Bochum,
Germany; 2009. p. 26-31.

Derrick MR, Stulik D, Landry JM. Infrared spec-
troscopy in conservation science. Los Angeles (CA):
The Getty Conservation Institute; 1999.

ShiY, He L, GuangF, et al. A review: preparation, per-
formance, and applications of silicon oxynitride film.
Micromachines (Basel). 2019;10(8):552, doi:10.3390/
mil0080552.

Major GH, Fairley N, Sherwood PMA, et al. Practical
guide for curve fitting in X-ray photoelectron spec-
troscopy. J VacSci Technol A: Vac, Surf Films.
2020;38(6):061203, doi:10.1116/6.0000377.

Akkaya A, Boyarbay B, Etin HC, et al. A study on the
electronic properties of SiO x N y /p-Si interface.
Silicon. 2018;10:2717-2725. doi:10.1007/s12633-018-
9811-6.

Moulder JF, Stickle WF, Sobol PE, et al. Handbook of
X-Ray photoelectron spectroscopy. In: Chastain J, edi-
tor. Perkin-Elmer corporation. Eden Prairie: Physical
Electronics Division; 1992.

NIST X-ray Photoelectron Spectroscopy (XPS)
Database, Version 3.5. [cited 2022 Sep 19]. Available
from: https://srdata.nist.gov/xps/Default.aspx.






Appendix 2

Publication Il

E. Shmagina, O. Volobujeva, A.G. Nasibulin, S. Bereznev, Fabrication of novel
SiOxNy/SWCNT laminate-type composite protective coating using low-temperature
approach, Ceram. Int. 50 (2024) 34312-34320,
https://doi.org/10.1016/j.ceramint.2024.06.250

95






i An update to this article is included at the end

Ceramics International 50 (2024) 34312-34320

LSEVIER

Contents lists available at ScienceDirect
Ceramics International

journal homepage: www.elsevier.com/locate/ceramint

CERAMICS

INTERNATIONAL

Fabrication of novel SiOxNy/SWCNT laminate-type composite protective

coating using low-temperature approach

L))

Check for
Updates

Elizaveta Shmagina® ", Olga Volobujeva®, Albert G. Nasibulin®, Sergei Bereznev *

“ Department of Materials and Environmental Technology, School of Engineering, Tallinn University of Technology, Ehitajate tee 5, 19086, Tallinn, Estonia
b Skolkovo Institute of Science and Technology, Nobel Str., 3, 121205, Moscow, Russian Federation

ARTICLE INFO ABSTRACT

Handling Editor: P. Vincenzini

Keywords:

Carbon nanotube network
Perhydropolysilazane
Transparent thin films
Nanocomposite coating

Multifunctional thin films are becoming extremely popular in many technological fields. An increase in their
functionality can be achieved by the creation of nanocomposite structures. This study represents novel thin
composite coatings with a horizontally oriented single-walled carbon nanotube (SWCNT) filler inside a silicon
oxynitride (SiOxNy) matrix obtained by (i) low-temperature thermal curing or by (ii) UV radiation-induced
curing. The SiOxNy/SWCNT composite structures were prepared by simple dry transfer of a SWCNT film into
a perhydropolysilazane (PHPS) polymer matrix film deposited by the spin-coating technique followed by curing.
The structural, morphological, and optical properties of the SiOxNy/SWCNT composite films were studied using
HR-SEM/EDX, ATR-FTIR, and UV-Vis spectroscopy. It was found that SWCNT films were uniformly transferred
into the PHPS matrix, maintaining their horizontally oriented close-packed structure, and avoiding the problem
of agglomeration, thereby forming a laminate-type composite. SWCNTs had no effect on the curing process of the
PHPS matrix. The SWCNT concentration remained relatively low, resulting in highly transparent composite
films. An antireflection effect in the composite film relative to the transmission of the SWCNT film was observed.
The results indicate that SiOxNy/SWCNT composites are attractive for applications as protective, antireflective

optical coatings.

1. Introduction

Modern photonic and electronic technologies are moving towards
miniaturization, increasing efficiency, and overcoming factors limiting
their wider use. The limitations are frequently related to providing
adequate, often multifunctional, protection from a number of factors.
Key requests are flexibility, gas barrier, corrosion, heat and mechanical
protection, depending on the needs of the devices being implemented.
Reality imposes restrictions on maintaining production scalability,
economic profitability, and environmental friendliness. In this regard,
polymer-derived ceramic (PDC) technology has become increasingly
popular among scientists due to its high potential for industrial appli-
cations [1,2].

Perhydropolysilazane (PHPS) is a member of a large family of
silicon-containing liquid pre-ceramic polymers. Its molecular skeleton
consists only of a chain of Si and N atoms, with H atoms as substituents.
PHPS has gained great popularity among researchers in recent years
[3-6]. The increased interest is caused by the ability of this polymer to
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Shmagina),

transform, depending on conditions, into vitreous inorganic SiOx or
SiOxNy films (and after pyrolysis to ceramics) that demonstrate a wide
range of attractive properties [7-9]. The key ones are non-toxicity,
variability in film thickness (from decades of nanometers to microns),
relatively simple methods of thin film deposition and curing, and the
scalability of the entire coating formation process from laboratory to
industrial-scale production. Transformation of PHPS to SiOx or SiOxNy
thin films or so-called curing occurs by hydrolysis in an oxygen and/or
moisture atmosphere and can be induced in various ways [10].
Low-temperature curing technologies are very promising because of
their compatibility with heat-sensitive materials that are now widely
used. Therefore, the most promising and studied methods of PHPS
transformation are thermal curing (at temperatures below 200°C) and
curing under vacuum UV irradiation (A < 200 nm) [11,12]. It should be
noted that broad comparative study of the both curing methods was
reported in our previous study for the first time [13]. Table 1 shows the
main data of the properties of PHPS-derived films cured by two above
mentioned methods, which we obtained in our previous research [13].
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Table 1

Main properties of PHPS-derived films after curing by two different methods.
Properties Thermal curing UV curing
Thickness, nm ~460 ~350
Surface composition by XPS (atomic ratio)  SiOgo6No 15 Si02.0sNo.06
Changes of surface composition after Ar No changes Trend to decrease

plasma etching (approximately 20 nm) inO
in XPS chamber Trend to increase

in Si and N
FTIR main Si-O peak position, cm™! 1091 (bond 1062 (bond
angles 150°) angles 144°)
Compositional uniformity through the Uniform Non-uniform
thickness
Transmittance in visible range, % >95 >95

Summarizing the findings, we can say that the method of curing the
PHPS dramatically affects the morphology and chemical composition of
the resulting film. Thermal curing results in the formation of a uniform,
oxygen-depleted film. On the other hand, UV-assisted curing leads to the
formation of a coating with a gradient of chemical composition through
the film cross-section. Indeed, the thin surface layer of the UV-cured film
is converted to silicon dioxide with minimal traces of nitrogen, but in
buried layers of the film, the relative concentration of oxygen decreases,
and the concentration of nitrogen increases accordingly. All this should
affect the optical and mechanical properties of the cured films. Thus, it
can be assumed that changing the curing parameters makes it possible to
change the properties of the coatings based on PHPS [13].

High optical transmittance makes PHPS-derived films promising for
use in optics. Due to their mechanical properties, the coatings are
compatible with flexible technologies [14]. PHPS based SiOxNy films are
actively used as encapsulants (e.g., for solar cells) because of their very
high barrier properties against moisture and gases [15]. Their dielectric
properties can be effectively used in different electronic devices such as
transistors, etc. [16]. In addition, SiOxNy films have very high thermal
and chemical stability, as well as anti-corrosion properties, which makes
them promising for the protection of steel and other metals [4,17]. Also,
PHPS-derived films demonstrate excellent adhesion to various mate-
rials, such as plastic, glass, and even cellulose-based films [18,19].
However, some disadvantages occur. Due to their inorganic nature,
PHPS-derived films have high mechanical hardness but limited elastic-
ity, which negatively affects the possibility of application in some flex-
ible technologies [9,20].

One of the common ways to improve the properties of a number of
materials is to combine them with another material and obtain a com-
posite that joins the best properties of both components [21-24].
Composites with nanocarbon materials as fillers are especially popular
due to the wide range of unique properties of carbon allotropic forms
[25-28]. Carbon nanotubes (CNTs), which can be presented as one
(single-walled, SWCNT) or multiple (multi-walled, MWCNT) seamlessly
rolled sheets of graphene, are one of these forms. CNTs have outstanding
optical and mechanical properties, as well as high thermal conductivity.
These properties are determined by the diameter-to-length ratio of the
tubes, chirality, which determines the type of CNT (metallic or semi-
conducting), defects, and functionalization of the tube surface. Due to
their physical, chemical, and biological properties, as well as the ability
to form a wide variety of structures from bundles and fibers to films
while having a very low weight, these tubes have found an extremely
wide range of applications in completely different fields [29-31].

Possessing a high elastic modulus and extremely high strength, CNTs
have established themselves as a promising reinforcing material in some
polymer and metal matrixes. Among other things, they can influence the
matrix’s thermal and structural properties [32-35]. However, for CNTs
and nanomaterials of other forms, agglomeration is a problem when
introducing them into a matrix. In addition, the improvements
mentioned above depend on the initial characteristics of the tubes
themselves, their interfacial interaction with the matrix, and their
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alignment [36]. Random dispersion of CNTs into a polymer matrix often
leads to less effective results [36]. In contrast, the alignment of CNTs
within a matrix material leads to anisotropy of properties. Anisotropy
can also be achieved by creating a laminate type of composite in which
the filler layer alternates with layers of matrix material [37].

The idea of influencing the mechanical properties of PDC by creating
a composite with CNTs is not new [2]. Moreover, although CNTs have
high thermal stability, the preparation of composites with ceramics is
still difficult due to the high pyrolysis temperatures of the matrix, which
can exceed 1000 °C. Such high temperatures lead to degradation of the
properties of CNTs. The disadvantages of this technological approach
also include the long time required for cross-linking and pyrolysis of
ceramics (about 7 h), which adversely affects the industrial potential of
the method [1,38]. However, new methods for producing coatings based
on polysilazanes and their relatively low-temperature curing technology
may open up new opportunities for creating a variety of composites with
CNT fillers without losing their unique properties.

In this work, for the first time, we propose a simple low-temperature
technique to obtain thin, highly transparent, protective films based on
PHPS with embedded, well packed and horizontally oriented, SWCNT
filler. Such anisotropic composites could improve the durability of the
coating compared to SiOxNy films and extend their potential for use in
solar cells and other optoelectronic devices. Thin SWCNT films were
introduced into the PHPS matrix film by a simple dry transfer method,
avoiding liquid chemistry purification and the tube agglomeration
problems. The composites were cured by low-temperature annealing or
irradiation under UV light. The structural, morphological, and optical
properties of the composite coatings prepared in different laminate
configurations were studied using Fourier transform infrared spectros-
copy (FTIR), high-resolution scanning electron microscopy with energy
dispersive X-ray spectroscopy system (HR-SEM/EDX), and ultra-
violet-visible (UV-Vis) spectroscopy techniques.

2. Materials and methods

A commercially available 20 % solution of PHPS in dibutyl ether
(NN-120-20, durXtreme GmbH, Germany) was used as the matrix ma-
terial for thin film formation. Layers were deposited by using a Polos
SPIN 150i programmable spin-coater at a rotational speed 2000 rpm for
60 s. Soda-lime glass (SLG) and SLG coated with a 1 pm thick molyb-
denum layer (SLG/Mo) were used as substrates depending on the re-
quirements of the characterization method. Curing of thin films was
performed by low-temperature methods: thermally induced at 180 °C
for 60 min or under the irradiation of UV lamps (185 and 254 nm) for 40
min. The experimental details of the spin-coating and curing of PHPS
thin films were described in more detail in our previous study [13].

SWCNTs were obtained by the aerosol (floating catalyst) chemical
vapor deposition (CVD) method using ferrocene vapor as a catalyst
precursor for iron nanoparticles formation and CO as a carrier gas and
carbon source for nanotubes growth. SWCNTs with an average diameter
of 2 nm and a low fraction of metallic impurities grown in the gas phase
of a high temperature reactor (more than 800 °C) by CO decomposition
on formed iron catalyst nanoparticles were collected downstream in the
form of randomly oriented thin films on a filter paper [39]. Detailed
information related to the material characterization can be found else-
where [40].

SiOxNy/SWCNT composite coatings were formed in two configura-
tions: “top” and “bottom”. In the “top” case, the SWCNT film was
transferred from paper to a spin-coated and dried PHPS film using dry
transfer. In the “bottom™ configuration, the SWCNT film was transferred
to the substrate (SLG or SLG/Mo), followed by deposition of the PHPS
layer. Then, composites of both configurations were cured thermally
(180 °C, 1 h) in a Brother HD-14S oven or under UV irradiation (40 min)
in a Novascan digital UV ozone system in exactly the same way as re-
ported for pure PHPS films in our previous work [13]. Appropriate
adhesion of the SWCNT film to the cleaned Mo was achieved after
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treating the Mo surface with acid vapor from 40 % aqueous HF solution
for 10 min.

High transparency is a key requirement for optical coatings. For the
SLG-based samples, UV-Vis transmittance, absorbance and reflectance
spectra were measured by a spectrophotometer (UV-1800, Shimadzu
Corp., Japan) in the 280-1100 nm wavelength range with subtraction of
the substrate contribution from the transmittance and absorbance
measurement results.

Fourier transform infrared spectroscopy (FTIR) is the main method
used to study the degree of PHPS film transformation after the curing
procedure. A Platinum-ATR Alpha (Bruker Optic GmbH, Germany)
spectrometer equipped with an attenuated total reflection (ATR) module
was used for that purpose. To avoid the contribution of the SLG signal to
the spectra, the Mo-coated glass substrates were used. The measure-
ments were carried out in the range of 400-4000 cm ™! with a resolution
of 4 em ™. For each sample, a minimum of 4 measurements were taken
at different points to control the uniformity of layers and avoid possible
“random” fluctuations. The practically identical spectra were then
averaged into one.

The thickness, surface, and cross-sectional morphology of the ob-
tained layers on both substrates were studied using high-resolution
scanning electron microscopy (HR-SEM, Zeiss Merlin, Germany) with
an accelerating voltage of 4 kV. To eliminate the low-conductivity effect,
the samples were covered with a 1 nm Au 80%-Pd 20 % layer using the
radio frequency sputtering technique. To study the composition of the
films, an energy dispersive X-ray (EDX) spectroscopy system was used at
a 10-15 kV accelerating voltage (Bruker EDX-XFlash6/30 detector).
Samples only on Mo/glass substrates were used for EDX measurements
to study the composition throughout the thickness of the films and avoid
the influence of SLG.

A Horiba LabRam HR800 spectrometer equipped with a multi-
channel CCD detection system in the backscattering configuration was
used for the Raman studies of SWCNTs. The second harmonic (532 nm)
of a solid-state Nd:YAG laser with a spot size of 5 pm was applied for
excitation of the scattering. To achieve more accurate results, the spectra
were recorded at a minimum of 4 different areas of the sample surface
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and then averaged. Measurements were carried out in the range from 55
to 1700 cm 1.

3. Results and discussion
3.1. SWCNT films

Initially, films were formed on the surface of a filter paper and then
cut to obtain pieces of any size and shape. The morphology of deposited
SWCNT films was studied using HR-SEM. The micrographs show that the
nanotubes compose a uniform, thin, close-packed film (Fig. 1a and b).

Also, the SWCNT layers were studied by Raman spectroscopy (Fig. 1
c). The enlarged area of the spectrum in the region of small wave-
numbers illustrates the so-called radial breathing mode (RBM) region.
These peaks are caused by synchronous radial vibrations of carbon
atoms perpendicular to the axis of the nanotube. These peaks are a sign
that clearly indicates SWCNTs [41].

The D peak (~1350 ecm™!) indicates the presence of defects in the
tube structure: the lower the intensity of this peak, the fewer defects in
the tubes. To estimate the level of defects, it is possible to use the ratio of
the intensities of the G peak to the D peak. In our case, this value is 16,
which indicates the high quality of the SWCNTs [42,43].

The G-peak located at 1591 cm ' corresponds to the tangential
stretching of carbon-carbon bonds in the plane. It is observed in the
spectra of any carbon structures with sp? hybridization [44]. In the
spectra of SWCNTSs, this peak is split into two closely spaced subpeaks of
different intensities due to the twisting of the graphene sheet. Nanotube
defects also affect the splitting and broadening of the G-peak. In the case
of a large number of defects, it becomes wider and splits into more than
two subpeaks [41]. In our case, the shape of this peak confirms the high
quality of the SWCNTs.

High transmittance in the visible spectral region is a key requirement
for optical coatings. Also, some materials require protection from UV
radiation because it is often harmful to them due to its high energy.
Therefore, absorption in this region of the spectrum is an advantage for a
protective coating. The absorbance spectra of SWCNTs (Fig. 1d) show
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Fig. 1. (a) and (b) HR-SEM images of SWCNT film with different magnifications, (c) Raman spectrum of a SWCNT film with an enlarged region of radial breathing
modes, (d) optical absorption spectrum of a SWCNT film on a glass substrate with an absorbance of 0,06 at a wavelength of 550 nm (at the middle of visible

wavelength range).
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fairly high transmittance in the visible wavelength range, with a char-
acteristic absorption peak in the nearest UV region, which is caused by
the © plasmons absorption [31]. Peaks corresponding to the second
electronic excitation in semiconductor (Syy) and metal (M;;) tubes are
not visible in the spectrum, which is caused by doping of SWCNT film by
environmental species [45]. The optical transmission of SWCNT films
depends on their thickness. Based on the measured absorbance value of
0.06 at a wavelength of 550 nm (Fig. 1d) multiplied by a correlation
coefficient of 239, the thickness of the SWCNT film can be calculated to
be approximately 14 nm [46,47].

3.2. SiOxN,/SWCNT composite films

Our previous results showed that when using different PHPS curing
methods, the resulting SiO4Ny film has different contents of nitrogen and
oxygen. It is known that it is possible to change the film’s optical and
electrical properties by changing the composition of the SiOxNy layer
[48]. This leads to an expansion of the range of possible applications of
these films and the possibility of adjusting their properties depending on
the final requirements. Therefore, we continue to use both curing
methods in our research.

To prepare SiOxNy/SWCNT composite films, SWCNTs can be trans-
ferred either on top of the spin-cast PHPS layer or directly onto the SLG
substrate, followed by spin-coating of the PHPS layer onto the SWCNT
layer. In some cases, we used glass coated with a 1 pm thick layer of
molybdenum as a substrate. This substrate is required for more accurate

TOP

CONFIGURATION
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ATR-FTIR and EDX measurements of deposited SiOyNy and SiOxNy/
SWCNT films to eliminate parasitic signals from the glass. Moreover, a
comparison of the adhesion and morphology of the nanocomposite
coatings on the different surfaces is recommended. SWCNT films
demonstrate different adhesion to the surfaces of different materials
[49]. When transferring a SWCNT film onto cleaned Mo, the adherence
of the SWCNT layer is poor. To overcome this, we used a dry process of
fluorination of the Mo surface under hydrofluoric acid (HF) vapors for
300 s. This made it possible to change the surface properties of the Mo
substrate. After this treatment, the SWCNT film was easily transferred
onto the Mo surface, and then it could be covered with a layer of PHPS
by the spin-coating technique. A shorter processing time of treatment
with HF was not sufficient to change the surface properties of Mo and
thus did not allow successful transfer.

A total of 4 types of single-layer samples were studied. There were
two curing methods for composite films (UV radiation-induced or
thermal), and the order of the layer formation (laminate architecture)
for the final composite films differed. During the formation of the
“bottom” architecture, the SWCNT film was transferred to the surface of
the substrate (Mo or SLG) and then filled with a layer of PHPS. In the
case of the “top” architecture, SWCNTs were transferred to a dried but
not cured PHPS layer. The study of these two architectures was neces-
sary to evaluate the result of SWCNTs transfer to a hard (SLG and SLG/
Mo) and soft (PHPS) substrate. This made it possible to evaluate the
interaction of the SWCNT film with the matrix as a result of transfer,
including the orientation of the SWCNTs inside the matrix and the effect
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Fig. 2. HR-SEM images of SiONy;/SWCNT composite film architecture "top": (a) surface, (b) cross-section. (c) ATR-FTIR spectra of the “top” sample were measured
in the area with SWCNTs (black curve) and in the area without SWCNTs (blue curve). HR-SEM images of sample “bottom™: (d) surface and (e) cross-section; (f) ATR-
FTIR spectra of sample “bottom”. All measurements performed for samples on Mo/glass substrates. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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of the filler on the surface smoothness of the SiOxNy.

3.2.1. Thermally cured SiOxNy/SWCNT samples

As described above, PHPS/SWCNT structures of the “top” and
“bottom” configurations were thermally cured at 180 °C for 1 h to
prepare SiOxNy/SWCNT composite films.

We examined the surface morphology of the prepared samples as
well as their cross-sections using HR-SEM (Fig. 2 a, b, d, e). For both
“top” and “bottom” architectures, the surface of the cured samples is
mainly uniform, without any noticeable pores. Only with very high
magnification, it is possible to see some inhomogeneity points with its
minor presence (Fig. 2a, d). The cross-sectional micrographs show that
in the case of the “top” architecture, the thickness is around 400 nm and
the SWCNT film is predominantly located in the upper part of the matrix
and does not penetrate into its depth. For the “bottom™ configuration,
the thickness is 480 nm and the trend is the opposite. It should be noted
that in both cases, the SWCNT film continues to be densely packed in
cross-section after entering the coating matrix. The micrographs also
show that the SWCNTs protrude beyond the edge of the matrix film
(Fig. 2 b and e). This is caused by crashing the sample to obtain a cross-
section and illustrates the high mechanical properties of the SWCNTs
used.

FTIR spectroscopy is one of the key techniques for studying PHPS-
derived films. It allows us to determine the degree of conversion of
the polymer into a SiOyNy film and its structure.

In order to study the possible influence of the SWCNT filler film on
the conversion of the PHPS matrix material, only half of the total area of
the PHPS layer was filled with the SWCNT film (for both “top” and
“bottom” configurations). Thus, each sample consisted of a region rep-
resenting only pure SiOxNy and an area with filler embedded in the
SiOxNy matrix. The FTIR spectra were measured at several points in both
regions and then averaged into one curve per region. As can be seen from
the comparisons of the spectra in Fig. 2 ¢ and f, in the case of thermal
curing, the SWCNT film (black curves) did not have any effect on the
shape of the spectra for both sample architectures studied. Small dif-
ferences in the film thickness cause minor differences in intensity. Also,
differences in sample architecture did not affect the spectra. In all four
spectra, peaks already typical for thermal curing stand out [13]. Peaks in
the region of 1500-1700 cm™! may be caused by residual traces of
dibutyl ether, the solvent for PHPS as well as by contamination of at-
mospheric carbon [50,51].

There is no peak in the spectra near 3380 cm ™!, which is responsible
for stretching vibrations of N-H bonds. That indicates densification of
the film during the curing process [52]. This is a typical feature of
thermally cured PHPS films. The medium-intensity peak caused by the
bending vibrations of N-H bond is clearly visible near 1174 cm ™! [19].
The peaks near 2160 em™! are caused by stretching vibrations of the
Si-H bond [53]. The region from 1000 to 800 cm ! is replete with
closely spaced and, therefore, overlapping peaks of vibrations of
different bonds of silicon with nitrogen, hydrogen, and oxygen [7].
Therefore, this area looks like one wide absorption band with a certain
number of distinguishable peaks that do not greatly facilitate their
analysis but allow us to conclude that these chemical elements are
present in the film after the curing procedure. Si-N stretching vibrations
bands located near 950 and 840 cm ™! [54].

Peaks near 1087, 1007, 834, and 450 em™! are caused by different
vibration modes of the Si-O bond [14]. The peak near 830 cm ™! over-
laps the peaks of other bond vibrations, which does not allow its anal-
ysis. As in our previous work [13], the position of the first of the listed
peaks is shifted towards the higher wavenumbers. This peak is caused by
the transverse optical (TO) mode of asymmetric stretching vibrations of
the bond, and its shift indicates the formation of a cage-like structure
with a bond angle of 150° [55].

The peaks of silicon-oxygen bonds are the most intense in all the
spectra. This indicates a high degree of PHPS conversion. However, the
signals of nitrogen and hydrogen are also present in all measured
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spectra, which indicates the formation of a silicon oxynitride film.

Table 2 and S1 show the results of the EDX elemental analysis of the
SiOxNy/SWCNT composite films on Mo/glass substrate from surfaces.
However, these data must be considered mainly qualitative since the
limiting factor of this measurement technique is its sensitivity to the
atomic weight of the elements (relatively low accuracy for the light el-
ements determination). Hydrogen is below the sensitivity limits of EDX,
so we cannot determine its concentration inside the film. However, we
can make some remarks regarding the concentration of the carbon filler
within the matrix material. From Table 2 and S1, it can be seen that the
contribution of SWCNTs to overall carbon content is non-detectable by
EDX, i.e., very low. These traces of carbon belong to solvent residues,
which are also detected in the FTIR spectra. It should be noted the
decrease of the carbon content in UV-cured SiOxNy/SWCNT films of both
configurations. This effect is connected with strong UV irradiation of
prepared layers with the wavelength of 185 nm in presence of oxygen
accompanied with formation of ozone and oxidation of the organic
residues in the cured films [53].

Based on the data obtained, we can conclude that novel composites
of different laminate configurations were successfully obtained using
our proposed methods. We found that the filler in the form of a hori-
zontally oriented SWCNT film is successfully transferred by dry transfer
to both hard and soft substrate surfaces. The filler does not have a sig-
nificant effect on the composition of the SiOxNy matrix film. The SWCNT
film retains its orientation after transfer to the matrix and does not
agglomerate both in the case of transfer to a hard surface (SLG or Mo) or
to a soft surface (uncured PHPS). It remains densely packed and does not
affect the surface properties of the SiOxNy coating. The filler concen-
tration is low throughout the entire volume of the matrix. The filler does
not form new chemical bonds with PHPS.

3.2.2. Samples cured under UV radiation

An alternative to the thermally induced transformation process of
PHPS is curing induced by exposure of the formed film to UV radiation.
We used the optimal parameters (40 min under UV lamps with wave-
lengths of 185 and 254 nm at a distance of 15 mm) that we selected in
our previous study [13].

The surface of these SiOxNy/SWCNT composite layers on Mo/SLG
substrate (Fig. S1) and on SLG substrate (Fig. S2 a) looks the same as that
of the thermally cured ones. In the cross-section (Fig. 3 b, ¢, f and Fig. S2
b), the SWCNT distribution within the matrix shows the trends observed
for thermally cured composite samples.

Based on the absorption spectrum of SWCNTs (Fig. 1 d), it can be
assumed that they can affect the curing process when embedded in the
PHPS matrix because their absorption peak is in the UV region of the
spectrum and the spectrum of the matrix film also contains an absorp-
tion peak in the near-UV region (Fig. 4). This can be clarified by studying
the FTIR spectra of samples of both architectures (Fig. 3 d, g). For these
purposes, just as in the case of thermally cured samples, only half of the
total area of each sample was covered with a SWCNT film.

As in the case of thermally cured samples, we did not see a significant
difference between the spectra measured in the area of pure SiOxNy
(purple curves in Fig. 3 d, g) and the spectra measured in the area of the
composite film (black curves in Fig. 3 d, g). The difference in the relative

Table 2
The thickness-averaged elemental atomic percentage of SiON, based “top”
configuration films on Mo/SLG substrate measured by EDX.

Thermally cured film UV cured film

Without CNTs, With CNTs, Without CNTs, With CNTs,
at % at % at % at %
Silicon 33 32 30 29
Oxygen 54 54 68 68
Nitrogen 7 7 0 1
Carbon 6 7 2 2
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this article.)

intensities of some peaks is caused by small changes in film thickness in
different areas of the sample. The peak near 3380 cm™!, which is
responsible for stretching vibrations of N-H bonds, occurs in all spectra
[52]. It is more pronounced for “bottom” sample because wide band of
OH vibrations occurred close to it [20]. The peak near 2160 cm ™' is a
sign of stretching vibrations of the Si-H bond [53]. Near 1500 cm’l,
traces of the residual dibutyl ether, a solvent for PHPS, are observed in
all spectra [50]. In the fingerprint region (the region with wavenumbers
less than 1500 em™!), the mutual superposition of a large number of
peaks from vibrations of silicon bonds with oxygen, nitrogen, and
hydrogen is traditionally observed [56]. The peak caused by the bending
vibrations of N-H bond is located near 1168 cm™' and creating a
shoulder of wide multi bond peak in the fingerprint area [52]. The po-
sition of the peak of the transverse optical (TO) mode of asymmetric
stretching vibrations of the Si-O-Si bond at about 1064 cm ™" is an in-
dicator of the quartz-like structure of silicon atoms inside the film, with
bond angles of about 144° [55]. This confirms our previous conclusions
about the different structures of PHPS films cured in different ways.
Peaks near 834 and 480 cm ™! are caused by Si-N bond and Si breathing
or Si-O stretching vibrations [20,57,58]. Shifts in the positions of the
Si-O bond peaks compared to the results of thermally cured samples
indicate the formation of the films with different structure [55].

The optical transmittance spectra of SWCNT film, cured SiOxNy and

SiOxNy/SWCNT composite layers on SLG substrates are represented in
Fig. 4. To measure the spectra, the SWCNT film was transferred to the
SLG surface, after which its transmittance was measured. Then, a PHPS
film was spin-cast on top of the SWCNT film and cured according to the
“bottom” architecture. After curing, the transmittance of the SiOxNy/
SWCNT composite was measured within the same spectrophotometer
operating session. Thus, both spectra measurements were carried out
with the same baseline and for the same SWCNTs. To measure the
transmittance of the pure SiOyNy film, another sample deposited on the
cleaned SLG substrate was used. For all measurements, the SLG substrate
signal was subtracted from the results.

As was written above, the main area of application of the coatings
being developed imposes restrictions in the form needing high trans-
mittance. The SiOyNy matrix film (blue curve in Fig. 4) has very high
transparency over a wide range of wavelengths and has an absorption
peak in the near UV region of the spectrum. The behavior of the spec-
trum of the pure SWCNT film (black curve) is similar to the spectrum of
the matrix, only with lower transmittance values over the entire mea-
surement range. The transmittance spectrum of the SiOxNy/SWCNT
composite film (red curve) is located between the spectra of SWCNTs
and SiO4Ny. At the same time, the transmittance of the composite is at
least 2 % higher than the SWCNT film over the entire range of the visible
and IR parts of the spectrum. This can be explained within the
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framework of the theory of antireflection of optics. By introducing
SWCNTs inside the matrix, we add additional interfaces in the form of
SWCNT walls. Here, we need to remember the composition gradient of
the matrix film across its thickness, which in turn causes a gradient of
the refractive index across the thickness. All this leads to the creation of
a package of thin films inside the composite, which affects the propa-
gation of radiation through the composite and creates the antireflection
effect that we observe in the optical spectrum of the composite [59]. The
antireflection effect in the composite is confirmed by the reflectance
spectra presented in the Supplementary Information (Fig. S3).

This observation requires us to study the properties of the composite
coating in more detail in the continuation of our research. Also, this
opens up new opportunities for using the coatings we are developing in
optical technologies.

4. Conclusions

In summary, novel composite thin films with horizontally oriented
SWCNTs inside a SiOxNy matrix derived from PHPS were obtained and
studied for the first time. Different configurations of SiOxNy/SWCNT
composite films were prepared and studied depending on the location of
the SWCNT filler layers within the matrix and depending on the matrix
curing method. The behavior of the SWCNT film after transfer to hard
and soft surfaces was also studied. In addition, we proposed a simple and
effective way to activate the molybdenum surface to enhance the
adhesion of SWCNTs to it during dry transfer.

According to the results of HR-SEM, EDX, and FTIR data, the filler in
the form of a thin film of SWCNTs does not affect the PHPS conversion
process either during the thermal curing method or the UV-assisted one.
The proposed novel technological path of composite formation avoids
the problem of SWCNTs agglomeration inside the matrix in all studied
conditions. The SWCNT film remains tightly packed and does not lead to
the formation of pores, cavities, or channels inside the SiOxNy matrix.
Also, it does not affect the surface morphology of the composite coating,
which remains very smooth and homogenious. All studied composite
configurations illustrate the excellent compatibility of SWCNTSs and the
SiOyNy matrix film. The concentration of the SWCNT filler inside the
SiOxNy matrix during single-layer embedding remains very low. UV-Vis
spectroscopy has shown that the composite films have better trans-
mittance than pure SWCNT films, indicating their innovative potential
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as optical antireflection coatings, in addition to other promising appli-
cations in optoelectronics, microelectronics, etc.
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Abstract: The development of new encapsulating coatings for flexible solar cells (SCs) can help ad-
dress the complex problem of the short lifespan of these devices, as well as optimize the technolog-
ical process of their production. In this study, new laminate-type protective composite coatings were
prepared using a silicon oxynitride thin-film matrix obtained by curing the pre-ceramic polymer
perhydropolysilazane (PHPS) through two low-temperature methods: (i) thermal annealing at 180
°C and (ii) exposure to UV radiation at wavelengths of 185 and 254 nm. Single-walled carbon nano-
tubes (SWCNTs) were used as a filler via dry transfer, facilitating their horizontal orientation within
the matrix. The optical, mechanical, adhesive, and structural properties of the matrix films and Si-
OxNy/SWCNT composite coatings, along with their long-term stability, were studied using FTIR
and UV-Vis spectroscopy, HR-SEM, spectral ellipsometry, and a progressive-load scratch test. In
this work, the optical constants of PHPS-derived films were systematically studied for the first time.
An antireflection effect was observed in the composites revealing their two-component nature asso-
ciated with (i) the refractive index of the SiOxNy matrix film and (ii) embedding of a SWCNT filler
into the SiOxNy matrix. The curing method of PHPS was shown to significantly affect the resulting
properties of the films. In addition to being used as protective multifunctional coatings for SCs, both
SiOxNy/SWCNT composites and SiOxNy matrix films also function as broadband optical antireflec-
tive coatings. Furthermore, due to the very low friction coefficients observed in mechanical tests,
they show potential as scratch resistant coatings for mechanical applications.

Keywords: Barrier protective coating; Carbon nanotube network; Polysilazane; Transparent optical
thin films; Nanocomposite coating

1. Introduction

One of the key factors limiting the widespread use of flexible solar cells (SC) is their
short lifespan [1]. This is primarily due to the degradation of the materials used inside the
SC caused by oxygen, moisture, mechanical stress, temperature changes, and UV radia-
tion [2]. The development of encapsulating barrier coatings, also known as protective
coatings, is one possible way to overcome this complex problem [3-5]. By using different
approaches to form such a coating, together with focusing on high barrier properties
against moisture and gases, it is possible to achieve a positive effect on the optical, me-
chanical, thermal, and other properties of the protective film [2]. In addition, such a
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strategy can reduce the number of functional layers involved, positively affecting the over-
all thickness and weight of the device, without the necessity of optimizing layer adhesion
[3]. The creation of composite films is one of prospective approach, for enabling the inte-
gration of additional functional and protective properties into the framework of one single
coating [6].

Various materials, such as epoxy resins [3], polymers [6], metallic glasses [7], etc., are
being actively studied as protective coatings for flexible solar cells. When forming a com-
posite coating, they can function as a base/matrix or as interlayers, depending on the ar-
chitecture used [5,8]. Inorganic oxide and nitride films based on silicon are also actively
studied barrier materials due to their long list of attractive properties [1], which are similar
to those of glass, which is traditionally used for rigid SC protection [8]. These materials
offer additional advantages, including the ability to create flexible, thin coatings that ex-
hibit excellent adhesion to a wide range of materials, high resistance to temperature
changes, and, in some cases, can be formed using low-temperature, vacuum-free pro-
cesses [9-11]. These processes can be achieved by using a liquid pre-ceramic polymer from
the extensive silazane family as a coating precursor. A prominent representative of this
family is perhydropolysilazane (PHPS), which has recently attracted great interest from
scientists due to its inorganic nature, allowing the production of high-hardness barrier
coatings [12,13]. The backbone of PHPS consists of a —-S5i-N-Si— chain with H atoms as
substituents. [13]. It is compatible with liquid film formation methods, which are also scal-
able to industrial roll-to-roll processes, providing a substantial economic advantage [5,14].

Depending on the conditions of transformation or so-called curing (temperature and
atmospheric composition), a deposited PHPS layer can be transformed into silicon diox-
ide, silicon nitride, and silicon oxynitrides (SiOxNy) of different compositions [8]. It should
be noted that curing can occur even at room temperature [11]. The range of attractive
properties of PHPS is illustrated by the growing variety of applications of this pre-ceramic
polymer. PHPS-derived films have already proven their effectiveness as water, oxygen,
and anti-UV barrier encapsulation layers for SC and microelectronic devices [15,16]. It has
been demonstrated that PHPS-derived films can act very successfully as an anti-corrosion
coating for low-carbon steel [17] and show promise as biodegradable materials for pack-
aging applications due to their excellent barrier and optical properties [12]. More recently,
PHPS-derived films have been shown to serve as a hydrogen permeation barrier, opening
up new possibilities for their applicability in green energy technologies [18].

The creation of composites based on PHPS films can expand the range of functional
properties of such coatings. For example, an optimally designed antireflective coating can
significantly increase the efficiency of a SC. Due to reduced reflection, more light pene-
trates inside the device and participates in photoconversion [19]. This strategy has been
demonstrated to work successfully for silicon dioxide thin films, increasing the efficiency
of a perovskite solar cell by an additional 1% while having a positive effect on the self-
cleaning properties of the coating [20]. A similar effect can be achieved for PHPS-derived
films by manipulating the optical constants of the coating in various ways, including cre-
ating composites.

One of the disadvantages of PHPS-derived films is their high fragility, a consequence
of the inorganic nature of the precursor. The creation of laminated composite coatings in
which layers of PHPS alternate with organic polymer interlayers is a successful strategy
for increasing the flexibility and reducing the brittleness of the protective coating, in ad-
dition to improving its barrier properties [5,8,21]. The unique properties of a composite
coating are determined by the architecture and materials used. For example, PHPS-de-
rived films have been successfully applied as interface layers in Cu/epoxy molding com-
pound composites used in microelectronics. In these composites, PHPS-derived films in-
crease the adhesion between the functional layers of the coating and improve barrier prop-
erties against moisture and ionic components [22].

The introduction of carbon nanotubes (CNTs) can potentially enhance the mechanical
and thermal emission properties of the composite. The use of CNTs as a reinforcing
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material is widely used in tandem with polymers and other matrices [23]. However, their
application in PHPS-derived films has not yet been studied. Alignment of CNTs inside the
matrix, or in other words, the creation of a special architecture of the composite, can in-
troduce additional anisotropy of these properties [24].

In our previous study, we reported the successful formation of laminate-type com-
posite thin films based on a PHPS-derived matrix with embedded single-walled carbon
nanotubes (SWCNTs) as a filler [25]. During the initial characterization of the resulting
SiOxNy/SWCNT composite structures, an antireflection effect was observed. To explain
the effect, it is critically important to know the optical constants of PHPS-derived films
cured by different methods. However, such data were not available in the literature, mak-
ing it essential to obtain these measurements for the prepared SiO«Ny matrix films and
their SIOXNy/SWCNT composites.

In this work, we characterized the optical, mechanical, and adhesive properties of
similar SiOxNy/SWCNT composite coatings. For the first time, we systematically meas-
ured the optical constants of PHPS-derived and cured films using various low-tempera-
ture approaches. The mechanical and adhesive properties, as well as the long-term stabil-
ity of the PHPS-derived films, were also studied. The relationships between the chemical
composition of the films and their properties immediately after curing and during the
aging process of all the structures are reported. The antireflection effect observed in the
SiOxNy/SWCNT composites was confirmed and associated with composite structure and
curing of the coating.It was also determined that the SiO«Ny matrix films can inde-
pendently function as antireflective optical protective coatings. The data obtained are par-
ticularly important for the practical application of the studied coatings in photovoltaic
(PV) technology and other fields.

2. Materials and Methods
2.1. Samples preparation

As a pre-ceramic precursor for SiOxNy matrix layer formation, a commercially avail-
able 20% solution of perhydropolysilazane (PHPS) in di-butyl ether (NN-120-20, durX-
treme GmbH, Germany) was used. PHPS thin films were deposited using a Polos SPIN
150i spin-coater at 2000 rpm speed for 60 seconds. Soda-lime glass (SLG) and SLG coated
with a 1 um thick molybdenum layer (SLG/Mo) were used as substrates. PHPS curing to
SiOxNy was performed using two low-temperature approaches: (i) thermally induced (an-
nealing at 180 °C for 60 min) in a Brother HD-14S oven and (ii) under UV-irradiation (185
+254 nm for 40 min) in a Novascan digital UV ozone system. Detailed information related
to the PHPS films deposition, curing, and characterization can be found elsewhere [26].

Single walled carbon nanotubes (SWCNTs) used as a filler were obtained via the aer-
osol (floating catalyst) chemical vapor deposition (CVD) method using hydrocarbon feed-
stock (ethylene and toluene), ferrocene vapor as a catalyst precursor and hydrogen as a
carrier gas. The SWCNTs grown in the gas phase of a high temperature reactor have a
mean bundle length of ~ 30 um, diameter in range of 1.4 — 2.3 nm and density of approxi-
mately 0.12 g/cm?3. These nanotubes were collected downstream of the reactor as thin
films, oriented randomly in a horizontal plane on filter paper. Detailed information re-
lated to the filler material characterization can be found elsewhere [27-29].

SiOxNy/SWCNT composite coatings were formed in two configurations: TOP and
BOTTOM. In the TOP case, the SWCNT filler film was transferred from paper to a spin-
coated and dried PHPS matrix film using dry transfer method. In the BOTTOM config-
uration, the SWCNT film was transferred to the substrate (SLG or SLG/Mo), followed by
deposition and drying of the PHPS layer. Both composite configurations were then cured.
Treatment of the molybdenum surface with vapors from a 40% aqueous solution of HF
acid for 10 minutes facilitated the dry transfer of the SWCNT film onto the Mo surface.
More details related to the formation of SIOXNy/SWCNT composites and their primary
characterization were reported in our previous study [25].
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2.2. Characterization

For the SLG-based samples, UV-Vis transmittance and reflectance spectra were rec-
orded by a UV-Vis spectrophotometer (UV-1800, Shimadzu Corp., Japan) in the 280 — 1100
nm wavelength range.

Spectral ellipsometry (SE) for samples on an SLG substrate was measured on the
GES-5E (Semilab Co., Hungary) device, equipped with the microspot option, in immer-
sion mode with other glass sample. Propanol was used as the immersion fluid, and the
angle of light incidence was set to 75°. Values of the reflection coefficients-ratio for differ-
ent light polarizations (tan W) and the phase difference (A) of light reflected from the sam-
ple were recorded and defined as:

tan¥ = % and 4 = 6, — & 1)

where 7, and r; are Fresnel reflection coefficients for p- and s- polarization states, and
0y, and &, are phase components in p- and s- polarization states of the reflected light. The
measured data were modeled and analyzed using SEA software in the energy range of 1.3
— 5.5 eV. The dispersion function was modeled using the Cauchy dispersion formulae:

n=ng+ 4/, +B/, and k=c+D/, @)

where 1 is the refractive index, k is the extinction coefficient (absorption index), and A is
the wavelength. A, B, C, and D are material coefficients. For modeling the glass substrates,
refractive index was taken as:

n = 1.535 + 0.0081/12 + 0.00012/}.4 (3)

based on former SE measurements.

A Horiba LabRam HR800 micro-Raman spectrometer equipped with a multichannel
CCD detection system in the backscattering configuration was used for the Raman studies
of SWCNTs. The second harmonic (532 nm) of a solid-state Nd:YAG laser with a spot size
of 5 um was applied for the excitation of the scattering. To achieve more accurate results,
the spectra were recorded at a minimum of 4 different areas of the sample surface and
then averaged. Measurements were conducted in the range from 55 to 1700 cm-.

Fourier transform infrared spectroscopy (FTIR) is the main method used to study the
degree of PHPS film transformation after the curing procedure. A Platinum-ATR Alpha
(Bruker Optic GmbH, Germany) spectrometer equipped with an attenuated total reflec-
tion (ATR) module was used for that purpose. To exclude the influence of the glass signal
on the measurement results, glass/Mo substrates were used. The measurements were con-
ducted in the range of 400 — 4000 cm! with a resolution of 4 cm™!. For each sample, a min-
imum of 4 measurements were taken at different points to control the uniformity of layers
and avoid possible random fluctuations. The nearly identical spectra were then averaged
to obtain a representative result.

The thickness, surface, and cross-sectional morphology of the obtained layers were
studied using high-resolution scanning electron microscopy (HR-SEM, Zeiss Merlin, Ger-
many) with an accelerating voltage of 4 kV. To eliminate the low-conductivity effect, the
samples were covered with a 1 nm Au (80%) and Pd (20%) coating using the magnetron
sputtering technique.

To study the mechanical and adhesive properties of the samples on Mo/glass sub-
strates, a scratch test with progressive load was performed using a universal materials
tribo-test device, the CETR UMT-2 (Bruker, USA). For the tests, an HRC Rockwell spheri-
cal diamond indenter, with a radius of 100 um and a cone angle of 120°, was used. The
surface of the indenter was cleaned with ethanol prior to each scratch. During the tests,
the indenter moved along the surface of the films with a linearly increasing load of 200
g/mm (1.96 N/mm), starting from 50 g (0.49 N) and ending at 2050 g (20.10 N). The length
of each scratch was 10 mm. The scratching results were examined using HR-SEM. The
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critical load (Lc) was determined by the distance from the beginning of the scratch to the
first visual appearance of cracks on the surface of the samples. The position of indenter,
applied load and coefficient of friction (COF) were In-Situ monitored and recorded during
the test to trace the changes in materials performance under the load.

3. Results and Discussion
3.1. Long-term stability of SiOxNy matrix films

As described in the Materials and Methods section, the SiOxNy matrix films were ob-
tained by curing the pre-ceramic polymer PHPS using UV irradiation or thermal anneal-
ing. In our previous works, we reported that PHPS films cured by both these methods are
not completely converted to silicon dioxide. Nitrogen is retained inside the films in differ-
ent quantities, which was detected using FTIR, SEM energy dispersive X-ray (EDX) spec-
troscopy, and X-ray photoelectron spectroscopy (XPS). In addition, samples exhibited a
tendency to age or ripen in a desiccator at room temperature, gradually replacing residual
nitrogen with oxygen [26].

It should be noted that the long-term stability of the composition, structure, and
properties of polysilazane-derived films in general has not been sufficiently studied. There
is a lack of data on PHPS-derived films. Therefore, in this work, we conducted a detailed
study of the dynamics of aging of matrix films using FTIR spectroscopy. The samples were
aged in plastic boxes in a desiccator at room temperature without any additional influ-
ences. FTIR spectra for each sample were recorded in three marked areas and then aver-
aged. To best track the dynamics of aging, spectra were recorded immediately after cur-
ing, after 24 hours, after one week, 3 weeks, and 6 months.

For both curing methods, as the samples age, the shape of the spectra underwent
changes (the main changes in peak intensity are marked by red arrows in Fig. 1a and 1b).
In both cases, the samples had the same set of characteristic peaks, but their intensities
differed, which leading to spectra of different shapes.

The spectra of both freshly cured films reveal a band corresponding to the N-H bond
stretching vibrations near 3365 cm! [30]. After a week of aging, this peak was no longer
visible in either spectrum, and very broad, low intensity vibration bands of the -OH group
formed near this position [14], likely due to the penetration of a small amount of water
from the atmosphere into the film. Around 2170 cm, bands corresponding to the stretch-
ing vibrations of Si-H bonds were observed. The position of this peak shifted towards
lower wavenumbers relative to standard values, which may indicate the presence of Si
clusters inside the films [30]. During aging, the intensity of this peak noticeably decreased,
almost disappearing after six months. Its position shifted slightly towards higher wave-
numbers, which may indicate a decrease in silicon clusters and the formation of chemical
bonds between silicon, and oxygen or hydroxyl groups as the samples age.

All other bands fall within the fingerprint region (1500 to 600 cm™), where many dif-
ferent vibrational modes of silicon, nitrogen, hydrogen, and oxygen bonds are closely lo-
cated, making their determination difficult. The band responsible for the stretching vibra-
tion of N-H in Si-NH-Si units is distinguishable in both spectra around 1180 cm and is
especially pronounced in the spectrum of the annealed sample [31,32]. As the films age,
the intensity of this peak decreased; after a week it was no longer clearly detectable for
either curing method. Immediately after curing by both methods, the most intense band
in the spectra was located around 954 cm™ and was caused by Si-N stretching vibrations
[33]. With aging, the intensity of this band decreased significantly. However, since at the
same time vibration bands of the hydroxyl groups appear in the region of large wave-
numbers, a low intensity Si-OH stretching vibration may also emerge around 950 cm-
1[14]. In this regard, for aged samples we cannot correctly interpret the peak located in
this position.

In the spectrum of a freshly thermally cured sample, a low-intensity peak was de-
tected at about 1089 cm, whose intensity gradually increased with aging, although its
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position remained unchanged. That is the transverse optical (TO) mode of asymmetric
stretching vibrations of the Si-O-5i bond, and its position, indicates the formation of clus-
ters with a cage-like structure [31]. One week after UV curing, the peak representing this
bond began to appear in the spectrum around 1068 cm-. In the spectrum of a freshly cured
sample, this band overlaps with neighboring bands, but as the sample ages, the relative
intensity of this band increases, and its position shifted toward lower wavenumbers. After
6 months, this peak was located at 1050 cm, a peak position indicative of a quartz-like
structure within the film [31].

In the spectrum of a six-month aged UV film, a band around 1123 cm™ appeared,
which can also be attributed to vibration modes of the Si-O-Si bonds. The position of these
peaks indicates that during the aging process, clusters with a cage-like structure and
quartz-like structure are both formed inside the film. Bending vibrations of the Si-O-Si
bonds are located around 830 cm[14,34], but due to the change in intensity of the Si-H
vibration peak located at 840 cm it is difficult to analyze this region [35]. The rocking
vibration of the Si-O-Si bond is localized around 490 cm! [8,36]. The intensity of this band
increased most significantly during aging, eventually becoming the most prominent in the
spectra of samples prepared using both curing methods.
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Figure 1. ATR-FTIR spectra of SiOxNy matrix films measured during aging/ripening process of a)
thermally cured sample, b) UV-cured sample.

In the case of a thermally cured sample, the most noticeable changes in the shape of
the spectrum occur during the first week after curing, then slowing down significantly. In
contrast, for UV-cured samples, this process takes longer. As the films age, significant
changes occur in their composition and structure. This process can be called ripening,
where the oxygen content increases significantly, but the nitrogen and hydrogen content
decreases. As a result, the peaks attributable to bonds between silicon and oxygen domi-
nate in intensity, indicating that the composition of the films is close to silicon dioxide.

After six months of ripening, the spectra of films cured by different methods exhibit
different shapes, reflecting differences in their structure, and, therefore, their properties.
Notably, immediately after UV curing, the films contain less residual nitrogen and are
closer in composition to silicon dioxide than thermally cured films. This is evident from
the FTIR spectra and is confirmed by the XPS and SEM-EDX data from our previous stud-
ies [25,26]. During the films' aging, this trend continues, as confirmed by the SE results
presented below. Therefore, if the goal is to obtain films close in composition to silicon
dioxide, UV curing is the preferable method.
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3.2. SiOxNy composite films with SWCNT

As described in the Materials and Methods section, SWCNTs were collected on filter
paper to form thin films, with their thickness controlled by the deposition time. The paper
with deposited SWCNT layers were then cut to produce pieces of any smaller size and
shape. Fig. 2a and 2b show HR-SEM images of the SWCNT film transferred by dry transfer
to the surface of the SLG substrate and carbon adhesive tape, respectively. The thickness
of the SWCNT film can be determined using its optical absorption spectrum (Fig. 2d). To
calculate the thickness, the absorption value at a wavelength of 550 nm, which is 0.054,
must be multiplied by the correlation coefficient value of 239 [37]. Thus, the SWCNT film
used in this study had a thickness of approximately 13 nm.

The absorption spectrum contains only one peak at the wavelength of about 290 nm,
caused by the absorption of 7 plasmons [38]. The absence of other absorption bands is
due to the doping of SWCNTSs by environmental species, such as oxygen, during storage
of the films in the lab [39].

Fig. 2c shows the Raman spectrum of a SWCNT film on the SLG substrate. The spec-
trum contains peaks of the radial breathing mode (RBM), clearly indicating the presence
of single-walled carbon nanotubes. The very low intensity of the D peak around 1350 cm-
Tindicates a small number of defects in the tubes. The splitting of the G peak at about 1591
cm! into two closely spaced components is also a sign of SWCNTs. The shape of this peak
corresponds to high-quality nanotubes [40,41].
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Figure 2. HR-SEM images of SWCNT film (a) onto SLG substrate and (b) onto carbon adhesive film,
(c) Raman spectrum of a SWCNT film, and (d) optical absorption spectrum of a SWCNT film on a
glass substrate with an absorbance of 0.054 at a wavelength of 550 nm (in the middle of visible
wavelength range).
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In this work, SWCNT films were used as a filler to obtain laminate-type nanocompo-
sites in PHPS-derived thin film matrices. The composites were formed in two configura-
tions: (i) BOTTOM, where the SWCNT film was transferred to the surface of the substrate
before spin-coating the PHPS solution; and (ii) TOP, where SWCNTs were transferred to
the surface of a formed, but uncured, PHPS film. Investigating these different configura-
tions is important for controlling the distribution of SWCNTs within the matrix film, de-
termining the possible influence of the configuration on the properties of the composite
coating. Samples of both configurations were cured using both thermal and UV-assisted
methods to thoroughly assess the possible change in their final properties.

Fig. 3 shows cross-sectional images of cured SLG/SiOxNy/SWCNT composite samples
in different configurations. For the BOTTOM configuration, the SWCNT film is located
close to the SLG/SiOxNy interface (Fig. 3c and 3d). In the TOP configuration, SWCNTs are
located predominantly in the upper layers of the SiOxNy matrix film but may shift and
spread deeper (Fig. 3a). This behavior could be due to diffusion of the stressed SWCNTs
in viscous matrix material. During UV-induced curing, the film is cured gradually, start-
ing from the surface downward, allowing the SWCNTs to remain longer in the viscous
uncured matrix film, which can lead to their spreading throughout the volume of the ma-
trix film (Fig. 3b). When the sample is fractured to create a cross-section, the SWCNTs are
stretched and torn. These fragments can be seen emerging from the film in the images.
This illustrates the additional bonding effect of SWCNT fillers inside the composite film.

Thermally cured UV-cured

Figure 3. Cross-sectional HR-SEM images of SiOxNy/SWCNT composite films of the studied config-
urations (TOP and BOTTOM) on an SLG substrate, thermally cured (a, c) or UV-cured (b, d).

The process of formation of SiOxNy/SWCNT composites, along with their initial char-
acterization, is described in more detail in our previous work [25]. In this study, we fo-
cused on studying the optical and mechanical properties of these composites.

3.3. Optical constants and properties of prepared SiOxNy and SiO=Ny/SWCNT coatings
Silicon-containing thin films with varying oxygen and nitrogen contents have been

widely used as functional layers and coatings for optical and electronic devices for dec-

ades [30]. To successfully integrate such films into these kinds of applications,
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determining their optical parameters is critically important. While, these data are well
known for the boundary cases of silicon dioxide and silicon nitride obtained under differ-
ent conditions [42], beyond their high optical transmittance, there are large gaps in infor-
mation regarding the refractive indices (1) of PHPS-derived films cured by different meth-
ods, as well as the long-term stability of the optical properties of these films.

As was shown in our previous study, the degree of conversion of PHPS into SiOxNy
depends on the curing method used, which leads to the formation of films with different
chemical compositions and structures [26]. The nitrogen and oxygen content within the
film strongly influences its optical properties [43]. Additionally, FTIR results show that
during aging/ripening, the SiOxNy matrix films change their composition and structure.
These changes are expected to affect the optical properties of the films.

There are various ways to determine the optical constants of films deposited on opti-
cally transparent substrates. These include spectroscopic ellipsometry (SE), which pro-
vides information about the refractive index (1), absorption index (k), and thickness (d) of
the film. SE detects the amplitude and phase of the light reflected from the sample for each
wavelength of the range used. These quantities allow the optical constants to be calculated
mathematically using suitable dispersion models. In our study, we used the Cauchy dis-
persion formulae to determine the optical constants of the samples (Table 1). The conver-
gence of theoretical data to experimental data was assessed using the R? correlation pa-
rameter. The closer R?is to 1, the closer the calculated data are to the experimental data.

Fig. 4a and 4b show the dependences of the refractive index at wavelengths of 355
and 633 nm, respectively, on the aging/ripening time of the matrix films. To obtain the
highest possible 1 value, an uncured PHPS film was prepared and measured, with the
results shown in the figures as red triangles. This film contained the highest content of
nitrogen and the lowest content of oxygen, which led to fairly high n values of about 1.6.

A thermally cured, 1-day aged SiOxNy matrix film also exhibited 1 values very close
to 1.6, in contrast to the UV-cured film, where n values are on average were 0.02 lower. In
the UV-cured sample, the nitrogen content was lower in comparison with the thermally
annealed PHPS film, which led to a decrease in the refractive index value. This is con-
sistent with our previous results illustrating the influence of the curing method on the
structure and properties of the resulting SiO«Ny films.

In the UV-cured, 1-day aged SiO«Ny film, a fairly thick sub-layer in two-layer model
with d2 of 200 nm and an 7 value very close to the values for silicon dioxide, was formed
on top of the di sub-layer, which has a higher refractive index (Fig. 4d). The typical refrac-
tive index value for amorphous stoichiometric silicon dioxide is 1.465 at a wavelength of
633 nm [44].

The analysis of the transmittance spectra of samples makes it possible to improve the
accuracy in calculating optical constants when modeling SE data. To achieve this, we
measured the transmittance spectra of SiOxNy matrix films cured by both methods and
aged for 1.5 months (Fig. 4c). All spectra were measured during a single working session
of the spectrophotometer, and the uncoated SLG substrate was placed in the reference
channel of the spectrophotometer. The uncured PHPS sample was used as a control, and
its transmittance spectrum was measured 2 days after the film was formed. This sample
exhibited the lowest transmittance of all measured, indicating the highest refractive index,
a value that exceeded the n value of the substrate.

Both cured samples had refractive indices lower than those of the substrate, which
places their transmittance around the 99.7% level (our spectrophotometer channels are
unbalanced by approximately 0.3%). The interference minima in the spectra of the cured
samples are located below this level, as indicated by the gray line in Fig. 4c. This indicates
a negative inhomogeneity of the films, i.e., a gradient in the refractive index across the
cross-section of the samples [45]. The beating seen in the spectrum of a UV-cured sample
also points on a possible inhomogeneity in the material [46]. Specifically, the n values at
the substrate-film interface were higher than those at the film-air interface. The gradient
was higher in the annealed film, as its minima are located lower relative to the gray line.
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Meanwhile, the UV-cured film had the lowest absolute value of 1 of all measured samples,
since its spectrum is located above the others. All the observations described above are
also reflected in the SE data (Table 1).

Based on Fig. 4a and b, we claim that the refractive index value shows a tendency to
decrease as the films age. This decrease is connected with a gradual reduction in nitrogen
content and an increase in oxygen content in films cured by both methods, signaling their
gradual ripening towards silicon dioxide. This is in good agreement with the FTIR results
presented in Section 3.1. After a month of aging, the n values of the films approached the
refractive index of the SLG substrate (gray dotted line in the Fig. 4a and 4b), or dropped
below it, with further aging tending towards the n values characteristic for silicon dioxide.

As the samples ripen, the structure of sub-layers and the magnitude of the n gradient
also change. According to the SE data, a 1-day-aged UV-cured film had a rather thick up-
per sub-layer (V4 of the total thickness) with a smaller n value and a fairly large gradient
value (Fig. 4d). Previous reports have noted the formation of this top sub-layer, which is
more converted to silicon dioxide than the buried sub-layer formed during UV curing [47].
In our previous work, we also detected this effect using the XPS and EDX line-scan tech-
niques [26].

When a PHPS film was illuminated from the surface with UV light, the PHPS located
closer to the film-air interface transformed more rapidly into a silicon dioxide sub-layer.
This sub-layer begins to partially block the diffusion of oxygen deep into the film. As a
result, the process of PHPS conversion in the underlying volume slows down. This creates
a gradient of cross-sectional chemical composition in the UV-cured SiOxNy film. There-
fore, we do not see a step-like change in the composition and in the refractive index value,
but rather a smooth transition, which is shown by the dash-dotted and solid lines in Fig.
4d, respectively.

With aging, the magnitude of the gradient decreased so much that it was no longer
noticeable in SE calculations (Table 1) and was only detected in the 1.5-month-aged sam-
ple using the transmittance spectrum (Fig. 4c). In the case of thermal curing, the as-cured
film was uniformly converted into silicon oxynitride, with a higher residual nitrogen con-
tent than the UV-cured PHPS film. However, after aging, the composition became similar
to the UV-cured samples. An upper sub-layer with a lower 1 value compared to the rest
of the material was detected (Fig. 4e), which then ceased to be determined due to a de-
crease in the magnitude of the n gradient in the cross-section of the samples as they con-
tinued to ripen (Table 1).
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Figure 4. Dependence of the refractive index values on the samples aging time for n at wavelengths
(a) 355 nm and (b) 633 nm. Transmittance spectra of uncured PHPS film and 1.5-months-aged UV
and thermally cured SiOxNy films (c). The refractive index profiles along the thickness of the SiOxNy
films for 1-day UV-cured (d) and 1.5-months thermally cured (e) SiOxNy films.

Table 1 Optical parameters of PHPS-derived films calculated on the basis of SE measurements.

Sample Aging dimm nss nes  ksss dpmm nsss ness ks R2
Uncured
PHPS lday 673 1.61 1.56  0.08 0.99
lday 625 1.60 1.56  0.09 0.99
15 508 1.54 1.49 0 442 151 147 0 0.98
Thermally months
cured 3.5
SiO.N, months 598 1.51 149  0.06 0.99
13 507 1.50 1.46 0 0.99
months
lday 571 1.58 155 017 200 149 146 015 096
mj:ths 752 1.49 1.47 0 0.99
UV-cured 35
SiO«Ny ) 613 1.50 146  0.02 1
months
13
598 1.49 1.47 0 0.98
months

We observed a decrease in both refractive and absorption index values for cured films
as aging time increased. This change can be explained by the film composition shifting
towards SiO2. The film thickness values are not representative due to the relatively non-
uniform film thickness. The beam positions for SE measurements were not checked during
the measurement. The SE data illustrates the general trends of changes in the optical
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values of films during their ripening, since the table represents data measured for different
aging periods of the different films.

From the results of these measurements, it is clear that the ripening of UV-cured Si-
OxNy matrix films proceeds noticeably faster compared to thermally cured samples. At the
same time, UV-cured films exhibit refractive index values closer to the typical n values for
silicon dioxide, due to a lower residual nitrogen content compared to annealed samples.
This finding complements and expands the data obtained in this and our previous studies.
The observed patterns were the same for the composite samples.

The results suggest that SiOxNy matrix films can function as antireflective coatings
for materials with refractive indices higher than theirs. As the SiOxNy film ripens, the mag-
nitude of the antireflection effect will increase due to an increase in An between the film
and the underlying material.

3.4. Antireflection effect in SiOxNy and SiOxN,/SWCNT structures

In our previous work, we discovered an antireflection effect in a UV-cured Si-
ONy/SWCNT composite sample in a BOTTOM configuration, which was confirmed by
measuring the reflectance spectra [25]. In this work, we extended our measurements to a
similar composite and the remaining samples studied in this work.

In order to estimate the value of antireflection, the transmittance spectra of the
SWCNT films transferred to the SLG substrate were first measured (Fig. 5a). Then, in ac-
cordance with the BOTTOM configuration, PHPS/SWCNT composite films were pre-
pared, which were cured by both thermal and UV assisted methods. As shown in Fig. 5a,
the transmittance of different areas of SWCNT film varied slightly, making it difficult to
adequately assess the magnitude of the effect in TOP configuration composites. This was
due to the inability to measure the transmittance of the specific piece of SWCNT film used
in the formation of the TOP composite.

After curing, the transmittance spectra of the BOTTOM SiO«Ny/SWCNT samples
were measured again within the same operating session of the device, which eliminated
the influence of additional factors associated with the operation of the spectrophotometer.
For all spectra in this figure measurements were taken vs. the uncoated SLG substrate in
the reference channel. It can be seen that for both curing methods, the transmittance of the
composite samples increased in comparison with the transmittance of a pure SWCNT film
on the SLG substrate. In the case of UV curing, the increase in transmittance was higher
(approximately 2.5%) than the thermally cured composite (approximately 1.4%).

For better evaluation of the observed effect, we studied the change in transmittance
depending on the stage of formation of the composite film during UV curing (Fig. 5b).
First, the spectrum of the SWCNT film transferred to the SLG substrate was measured
(black curve). A PHPS film was then spin-coated on top of the SWCNTs, and the spectrum
of this uncured composite sample showed a 1.6% increase in transmittance in the mid-
visible range (blue curve). After curing, the transmittance increased by another 1.4% (pur-
ple solid curve). All spectra were recorded within a single spectrophotometer run with the
same baseline and without bare SLG substrate in reference channel.

Thus, in the case of UV curing, we have two factors that influence the magnitude of
the antireflection effect. The first is associated with the formation of the composite sub-
layer in PHPS matrix (see Fig. 3¢, d) by the introduction of SWCNTs into the PHPS. The
second factor, which increases the magnitude of the effect is related to the curing of the
PHPS-derived matrix film accompanied by a decrease in the refractive index in the formed
SiO«Ny.

The increase in transmittance after curing of PHPS is associated with a change in the
refractive index of the coating during the curing process. The SE results showed that im-
mediately after UV curing, the film had a fairly thick top d2 layer with a low 1 value, which
led to the appearance of an antireflection effect. The broadband nature of the antireflection
effect was caused by the presence of a gradient in the n across the film, which was identi-
fied in Section 3.3. Broadband antireflection is in great demand in many areas of
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photonics, as it replaces the construction of a traditional package of thin antireflection
films with one coating, thereby simplifying and accelerating the manufacturing process
[48,49]. This makes PHPS-derived matrix films very promising as antireflective coatings.

A week after curing, a new transmittance spectrum of the composite film was meas-
ured (dash-dotted curve). The transmittance value remained virtually unchanged after a
week of aging, indicating that despite noticeable changes in the FTIR spectra, these
changes are not sufficient to significantly affect the antireflective properties of the UV-
cured coating.

An increase of 1.6% for the UV-cured sample as well as an increase of 1.4% for the
thermally annealed sample are associated with the formation of the PHPS/SWCNT com-
posite coating. The effect occurs when a SWCNT film is introduced into a matrix whose
refractive index is higher than that of the SLG substrate. This phenomenon may be related
to the creation of a nanostructured interface from the walls of SWCNTs within the PHPS
matrix, which affects the propagation of light through the composite. Nanostructuring is
one of the promising strategies for creating antireflection coatings [49].

Previous reports have a highlighted significant increase in transmittance (about 4.5%)
and a decrease in reflection in nanostructured composite polymer electrodes with
SWCNTs, especially when nanotubes arranged as vertical arrays [50] Additionally, the
antireflection effect has been observed for SWCNT films randomly oriented in the hori-
zontal plane deposited on the surface of a silicon wafer. With a small thickness (about 32
nm), the films were semi-transparent while acting as an antireflection coating for the sub-
strate [48].

In the reflection spectra (Fig. 5¢ and 5d), it is clear that both matrix films had less
reflection compared to the SLG substrate. However, when SWCNTs were introduced into
the matrix, the reflection of the composite film decreased even more, which confirms the
presence of a synergistic antireflection effect.
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Figure 5. (a) and (b) transmittance spectra showing the antireflection effect in the SiOxXNy/SWCNT
composite samples; (c) and (d) reflection spectra confirming the presence of an antireflection effect
in the SIOXNy/SWCNT composite samples.

It should be noted that the matrix films allowed an increase of around a 1.4% in trans-
mittance immediately after UV curing, which is a relatively small value compared to other
developed coatings. On the basis of the results of SE, an increase in the transmittance value
should occur as the value of n decreases with ripening for films cured by both methods. It
is reported that by creating a microporous structure inside a silica film deposited on a
glass slide substrate, it is possible to increase transmittance by just over 3%. This is caused
by a decrease in the refractive index of the film due to the possible creation of a large
number of pores [20]. Thus, one of the possible ways to increase the antireflection effect in
PHPS-derived films can be connected with controlled creation of inhomogeneous porosity
in the deposited layer to decrease the n value closer to the film-air interface.

3.5. Mechanical and adhesive properties of SiOxNy and SiOxNy/SWCNT coatings

The scratch test is a standard method for assessing the mechanical resistance and
adhesion of a coating to the underlying substrate. It helps to identify and study many
different types of failures, such as coating peeling, plastic deformation, and film or sub-
strate cracking. This test is conducted by pressing a special indenter onto the surface of
the coating being evaluated and moving it with a constant or increasing load at a constant
speed [51,52]. In our studies, we used a single pass of the indenter along the film surface
under increasing load. This approach allowed us to determine the point of failure of the
coating, which is called the critical load (Lc) point. Lc values were determined using HR-
SEM by measuring the distance from the beginning of the scratch to the first visible
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damage to the coating. The initial load at the point of contact was 50 g, the rate of load
increase was 200 g/mm, and the length of each scratch was 10 mm. In this study, we de-
termine the Lc when the first visible damage occurred since the remaining modes of de-
struction were difficult to accurately determine.

During the tests, the change in the coefficient of friction (COF) of the films was also
measured as the loaded increased. The coefficient of friction became unstable and began
to increase sharply when the adhesion of the coating to the substrate changed (failure is
initiated). Thus, the critical load can also be confirmed by measuring the change in the
COF during the test.

The SiOxNy matrix films and SiOxNy/SWCNT composites were scratched 1 day, and
1 and 3 weeks after curing. It was found that mechanical and adhesive properties were
also critically dependent on the curing method.

UV-cured SiOxNy/SWCNT composites exhibited high hardness and excellent adhe-
sion to the Mo/SLG substrate, maintaining these properties during the aging process (Fig.
6b). The critical load value did not change noticeably with film aging/ripening. At low
loads, no traces of the indenter remained on the samples (Fig. 6a). The point of the indenter
contact with the film surface can sometimes be determined only by the presence of a subtle
contrast in SEM images or by measuring the length from the end of the scratch. After
reaching the Lc, semicircular cracks began to appear on the surface of the sample. As the
load increased, they turned into ring-shaped cracks. At high magnification, it becomes
clear that fractures occurred in the substrate, while the film remained tightly attached to
the substrate fragments, thus illustrating very good adhesion to the molybdenum layer
(Fig. 6d and 7c). This type of damage occurred due to the fact that brittle glass was located
under the Mo layer. The compressive stress from the indenter passed deep into the film-
substrate system and led to brittle fracturing of the glass [52]. Notably, the film did not
peel off from the substrate beyond the scratch, although with very heavy loads, damage
can spread beyond the scratch area.

The results for the UV-cured SiO«Ny matrix films are identical (Fig. 7a and 7c). The
introduction of SWCNTs into the matrix caused a visible reinforcing effect against rupture
of the composite coating (Fig. 6f, 7b, and 7d), however, the presence of one filler layer was
not enough to influence the values of the critical load withstood by the coating.

a) Start point 3-weeks aged 1-day aged Indenter movement €) End point 1-day aged 2050g

50g

10 um

d) Near end point
3-weeks aged

50g
1-week aged

3-weeks aged
2pum

e) 1-week aged

~ 1850 g%y el Critical load 750¢ End point 1-day aged

Figure 6. HR-SEM images of scratches from progressive load tests taken after 1-day and 1- and 3-
weeks of aging of a UV-cured SiOxNy/SWCNT composite sample on a Mo/SLG substrate: a) area of
the indenter contact with the film, 50 g; b) general appearance of all scratches; c) the end of a scratch,
2050 g; d) a fragment of the Mo/SLG substrate with a composite film on top of it; e) the appearance
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of the first visible damage to the film, making it possible to determine Lc; f) fragments of the sub-
strate with a composite film on top of them, held together by stretched SWCNTs.

SiO,N, film
su_rface

Figure 7. HR-SEM images of UV-cured samples: (a) a fracture of a scratch on a SiOxNy matrix film
under high load (near the end of the scratch) and (c) a magnified image of one of the fragments; (b)
a scratch fragment on a SIOXNy/SWCNT composite sample and (d) its enlarged area.

In contrast, all thermally cured samples showed relatively lower adhesion to the
Mo/SLG substrate, as well as lower hardness and high ductility (Fig. 8a, 8c, 8d, 8e, and
Fig. 9). Immediately after contact with the surface of the sample (at the lowest load of 50g),
the indenter began to damage the coating (Fig. 8a and 8d), with the scratch visually iden-
tified along its entire length (Fig. 8e). The freshly cured film had very high ductility and
was subject to a thinning effect. Under heavy loads leaving behind only a very thin and
uneven layer on top of Mo (Fig. 9). Notably, the SWCNT film remained inside this very
thin layer (Fig. 9c and 9d). However, one week after curing, the behavior of the annealed
films became similar to UV-cured samples, with adhesion to the substrate becoming
strong, and hardness increasing noticeably (Fig. 8f). The Lc value increased several times,
from 250 g for 1-day aged to 970 g for 1-week aged film. The results for the thermally
cured SiONy/SWCNT composite film were similar.

This difference in the behavior of 1-day aged films is also associated with their cross-
sectional structure after curing, which was studied in our previous works [25,26]. The
plasticity and lack of hardness of fresh thermally cured films is associated with the ab-
sence of a top layer of silicon dioxide and the presence of a very high nitrogen content
throughout the film thickness. As the films age and ripen, the nitrogen content in the film
decreases and a layer similar in composition to silicon dioxide appears on the surface.
These changes make the aged film more comparable to the UV-cured samples.

The value of Lc depends on many factors, including the thickness of the coating. The
SE results indicate that the samples have different thicknesses, and the HR-SEM cross-
sectional images showed some variation in thickness within the sample. Since we cannot
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always determine the thickness of the film over the entire scratch area precisely, it would
be incorrect to compare the values of Lc without considering the thickness of the coating.
Therefore, we do not present the Lc values of samples for all studied samples and
scratches.

a) Start point 1-day aged b) 1-week aged

Critical load 970 g

appearance of the first visible damage

100 pm

_1-day aged indenter movement

—_ %

SiO N,

surface [

1-week aged

3-weeks aged

50g

Figure 8. HR-SEM images of scratches obtained from the progressive load tests taken after 1-day
and 1- and 3-weeks of aging of a thermally cured SiOxNy matrix film on a Mo/SLG substrate: a) the
contact point of the indenter with the surface, 50 g; b) the appearance of the first visible damage to
the film used to determine Lc; c) the end of a scratch, 2050 g; d) magnified image of the contact point,
50 g; e) general appearance of all scratches; f) end point, 2050 g. Aging time and load are indicated
in the images.
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SiO,N, film remains
with SWCNTs

Mo substrate

Figure 9. HR-SEM images of as-annealed SiOxNy/SWCNT composite sample: (a) destruction of the
end of a scratch at 2050 g load and (b) magnified image of the plastically deformed and extruded
film beyond the end point of the scratch; (c) and (d) fragments of the substrate with the remains of
the composite film inside the scratch track.

For all samples, COF values did not exceed an average of 0.05. These values are an
order of magnitude lower than those obtained by another scientific group during similar
progressive load scratch tests for PHPS-derived films, but under completely different ex-
perimental conditions [17].

Such low COF values indicate the high smoothness of the film surface. Fig. 10 shows
coefficients of friction curves for some samples. For all samples, the same behavior was
observed for the COF value depending on the scratching time. Several areas can be distin-
guished on the graphs. Initially, when the indenter made contact with the film surface
(load close to 50 g), the COF had the highest values. This was followed by a significant
decrease, with COF values sometimes approaching zero during the first 30 seconds. Then
there was a slight increase in COF, which then stabilizes (with a very steady increase) as
the indenter moves along the surface of the film.
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Figure 10. Typical friction coefficient curves recorded during progressive load scratch tests of Si-
OxNy matrix films. Curing method and aging time are indicated in the pictures.

Thus, the scratch test with progressive load showed that the composition of the films
greatly influences the mechanical and adhesive properties. The introduction of SWCNTs
into the SiOxNy matrix did not affect the adhesive properties of the resulting composites.
However, there was a visible reinforcing effect of the SWCNT network against the tearing
of the SiOxNy /SWCNT coatings. Thermal curing has proven to be a less fortunate method
for the formation of protective coatings from PHPS, while UV curing produces harder,
more stable films with excellent adhesion to the Mo/SLG substrate. The low COF values
make PHPS-derived matrix films and composites based on them promising coatings for
improved lubricious and scratch-resistant properties, which is an especially important
factor in many industrial processes [17,53].

4. Conclusions

In this work, the optical and mechanical properties of PHPS-derived SiO«Ny films
cured by two low-temperature methods, as well as their long-term stability, were studied.
Similar studies were conducted for laminate-type composite coatings prepared by intro-
ducing a SWCNT filler film into a SiOxNy matrix film via dry transfer in different config-
urations. It was found that the PHPS-derived oxynitride films obtained by UV and ther-
mal curing methods continue to ripen to silicon dioxide during the aging process. Active
ripening during the first week after thermal curing leads to a change in the mechanical
and adhesive properties of the films. The initial ductility and low adhesion are replaced
by high strength and adhesion similar to UV-cured films.

The incorporation of SWCNT fillers leads to an improvement in the mechanical prop-
erties of the composite SIOxNy/SWCNT coatings. It has been confirmed that UV-cured
films have a gradient in composition and refractive index in the cross-section, and ther-
mally cured films also acquire this feature during the ripening process. In this work, the
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optical constants of SiOxNy PHPS-derived films, as well as their changes over time, were
systematically studied for the first time. An antireflection effect was detected in the Si-
OxNy/SWCNT composite films, caused by the optical properties of the cured matrix film
and the interaction of the matrix with the SWCNT filler. It was found that in addition to
the presence of a refractive index gradient, when films age, its value tends to approach the
values for silicon dioxide, which, coupled with excellent barrier properties, make these
coatings a promising material for broadband antireflection and encapsulation of optics.
The low friction coefficients of the studied films can be useful to improve the sliding of
mechanical parts and increase resistance to scratching.
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	Introduction
	A number of very serious challenges, ever increasing due to the impact of human activity on the environment and climate, have prompted discussions about the need to switch to alternative energy sources [1]. In addition to reducing environmental impacts, this transition is important in terms of growing population and economic growth, which drive an increased demand for energy, especially since fossil fuels are a finite source of energy [2]. It is projected that by 2050, 39% of global electricity production will come from renewable sources [3]. The current situation in Europe clearly illustrates the need for more serious actions aimed at developing new technologies and improving existing ones [4]. 
	Photovoltaic (PV) energy, produced from an infinite and widely available source – solar radiation, is a promising alternative to energy from fossil fuels [5]. The strong increase in fossil fuel prices for energy production in recent years, the unfavorable global economic situation, and the increasing commercialization of solar cells (SC) have led to a significant reduction in the cost of PV technologies, which makes their use even more attractive. [6]. However, environmental factors are critically affecting the performance and lifetime of SCs [7]. In this regard the reliable and efficient technology of glass inflexible encapsulation for SCs has become widely used.  But, the high weight (at least 2/3 of the total weight of the solar panel) and inflexibility significantly limit the use of standard glass protection for SCs, especially for modern flexible devices. In recent years, numerous attempts have been made to replace cover glass with other types of protection, mainly with polymer-based materials [8]. This task is challenging, as such coatings must meet all functional requirements i.e. excellent barrier protection against gases, humidity and ultraviolet (UV) irradiation, mechanical protection and often flexibility, chemical and thermal stability, etc., and, at the same time, the fabrication technology must be low-temperature, dependable, scalable, and inexpensive. Therefore, the selection of optimal protection is promising from both a technical and economic point of view, which is especially important nowadays. 
	Preceramic polymer perhydropolysilazane (PHPS) is a promising candidate to be an encapsulant material due to its capabilities to transform/cure into vitreous SiOxNy films using relatively simple technologies avoiding the use of vacuum and high-energy waste processes. Diluted in organic solvents, this preceramic material combines the process ability of liquid polymers and the high functional properties of resulting ceramics (glasses), and it also offers potential scalability of the technological process. Currently, PHPS-derived SiOxNy films are actively used as encapsulant coatings, such as for SCs and microelectronics, due to their high barrier (against oxygen, water and UV irradiation), dielectric, and anti-corrosion properties, as well as their non-toxicity and high thermal and chemical stability [9,10]. The high optical transmittance of PHPS-derived films makes them promising for optical applications [11].
	However, there are some disadvantages. Despite the outstanding barrier properties reported in the literature, the long-term stability of PHPS-derived SiOxNy films raises questions, as it has not been well studied. Additionally, due to their inorganic nature, PHPS-derived films exhibit high mechanical hardness but relatively poor ductility. This effect became increasingly pronounced with an increase in the film thickness, starting from 250 nm and leading to brittle fracture of the material, which limits its use in the manufacture of flexible devices. [12]. One experimentally proven way to increase the flexibility of PHPS-derived layers is the strategy of alternating them with layers of more flexible (organic) materials. This results in a multilayer protective coating, but this leads to problems with adhesion (peeling) of the layers during operation [9,12]. Therefore, composite technology looks promising as another alternative option that has not yet been widely explored, as the choice of different fillers allows for significant tuning of the properties of the resulting SiOxNy/filler composite films. 
	Possessing a high elastic modulus and extremely high strength, carbon nanotubes (CNTs) have established themselves as a promising reinforcing filler material in a number of different matrices such as polymers, ceramics, etc. They can also influence the matrix's thermal and structural properties [13,14]. Moreover, the alignment or orientation of CNTs within a matrix material gives possibility to prepare composite films with predictable anisotropy of coatings properties [15]. It should be noted that such composites based on PHPS-derived films with CNTs have not yet been studied.
	Thus, the main focus of this doctoral thesis was to improve the state-of-the-art SiOxNy protective coatings derived from PHPS by combining them with CNTs. During this work, a simple and scalable process for the formation of protective nanocomposite coatings with oriented CNTs was developed. For the first time, the structural and functional properties of such composites were studied and described, and the effect of optical antireflection was found and investigated. In addition, several knowledge gaps regarding filler-free PHPS-derived films were addressed. Extensive work was conducted to compare the influence of two different low-temperature curing methods of PHPS on the structure and functional properties of the resulting SiOxNy coatings. For the first time, the optical constants of PHPS-derived films were measured and compared, and a study of the long-term stability of the composition and properties of prepared coatings was conducted. It was found that the PHPS-based coatings developed and investigated during the project could be promising for a wide range of other applications, not limited to the protection of flexible SCs.
	The doctoral thesis is based on three publications and structurally consists of three chapters. The first chapter is a literature review that provides an overview of existing PV technologies, discussing their structure and the factors affecting their stability and operation. Special attention is given to device encapsulation approaches and the materials used for this purpose, leading to the consideration of PHPS as an alternative protective material for thin-film encapsulation. This chapter also describes the structure and properties of PHPS, the methods of its transformation/curing into SiOxNy, and an overview of successful strategies for the application of PHPS-derived SiOxNy films in PV and other fields. In addition, the chapter discusses objective disadvantages, which may be possible to overcome by creating a nanocomposite SiOxNy/filler coating with embedded and oriented CNTs as a filler.
	Chapter 2 provides detailed information about the materials and methods used to prepare the samples and to characterize the properties of the SiOxNy/CNT composite coatings and SiOxNy matrix films that are the subject of this thesis. Chapter 3, which contains the main results and their discussion, is divided into two sections. The first section focuses on the study and comparison of the structure and properties of filler-free PHPS-derived matrix films cured by two different low-temperature methods. The second section is entirely devoted to the formation and characterization of SiOxNy/CNT composite films. Each of these sections is divided into subsections based on the subject of discussion.
	The results obtained during the work on this thesis were presented as poster and oral presentations at several Estonian and international conferences from 2021 to 2024. They were also published as three peer-reviewed articles on which this thesis is based.
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	1.4 Summary of the literature review and the aim of the study

	The importance of switching from traditional to alternative energy sources has been discussed for a long time. This discussion was motivated by the need to address the complex problem of the sustainable development of humanity [16]. This problem is associated with the increasingly harmful impact of human activities on the environment, which subsequently threatens the entire ecosystem of the planet. Transitioning to environmentally sustainable development is one of the major goals of the recent agenda of European Union (EU) policymakers. The European Commission has developed its environmental policy under the European Green Deal, which aims to achieve climate neutrality of the EU by 2050 [17,18]. 
	To achieve these goals, comprehensive work is being conducted to change established processes in the economic, industrial, agricultural, transportation, energy, and other related fields. All measures taken in various sectors aim to build a circular economy. This economy optimizes the consumption of resources, organizes their recycling and reuse, while simultaneously reducing emissions of harmful gases into the atmosphere and minimizing the disposal of waste into landfills [19,20]. An aspect that is inextricably linked to all of the above is energy use. The use of fossil fuels to generate electricity is a catalyst for the rapid increase in greenhouse gas emissions into the atmosphere [21]. Besides influencing climate factors, it also affects the environment. Statistics show that about 75% of EU greenhouse gas emissions come from energy use and production. This is why the change of energy sources is one of the most important steps towards a climate-neutral EU [17].
	A reduction in emissions can be achieved by switching to renewable or green energy sources [7,22]. The variety of events in recent years and their impact on the EU energy sector clearly illustrated the need for more serious actions aimed at developing new technologies and improving existing ones [4,6].
	Photovoltaics (PV) is developing rapidly and now is the third largest renewable energy source after hydroelectric power and wind power, and it has the greatest potential due to its universal geographical availability [23–26]. The source of electricity for PV is electromagnetic radiation, which most often comes from the sun but is not limited to it, thus becoming an abandoned and an inexhaustible source. The tool for this conversion is special semiconductor devices called solar cells (SCs).
	Given these factors, the intensive development of solar power generators is becoming increasingly important in many areas of the economy, including energy, construction, agriculture, transportation, and aviation. In recent years, the production of SCs has become increasingly cost-effective, leading to their increasingly widespread use.
	Solar cells consist of multiple layers of different materials that perform specific functions to ensure the successful conversion of photons into electrical energy over the long term.
	The entire volume of developed solar cells is usually divided into three generations according to the architecture and type of material used for photon absorption.
	First-generation SCs include devices based on mono- and polycrystalline silicon wafers, which have the highest certified power conversion efficiency among currently existing commercial SC modules (PCE = 26.7%). However, the high cost of these devices, arising from the need to use very high purity silicon (gives around 40% of the total cost), as well as the high consumption of materials, high energy usage, the complexity of the production process of the entire device, significant CO2 emissions accompanying this production process, and incompatibility with flexible applications has led to the search for alternative options [27]. 
	Second-generation is often called thin-film SCs and includes a range of different materials used, such as amorphous silicon, cadmium telluride (Figure 1.1a and b, respectively), gallium arsenide, copper indium gallium selenide, etc. with PCE in range from 5 to 20 % [1]. Their main competitive advantage compared to the first-generation is a reduction in the volume of materials used to form the functional layers of the SC, which significantly reduces the cost of production [28]. The main disadvantage of this generation is the use of toxic materials such as cadmium.
	Third-generation includes organic SCs, quantum dot SCs, perovskite SCs, dye-sensitized SCs, and other new technologies that demonstrate promising conversion efficiency values (up to 26% for perovskite and 19% for organic SCs) ​​comparable to the previous two generations. Moreover, the cost of the perovskite itself is just 3.1% of the entire device cost. However, these efficiencies of SCs decrease with increasing device area [7,27,29]. 
	/
	Figure 1.1. Typical structures of the second-generation SC with absorbers made of (a) amorphous silicon (a-Si) and (b) cadmium telluride. The figure also shows the mass fractions of the components relative to the weight of the entire SC. EVA: Ethylene vinyl acetate, TCO: Transparent conducting oxide, PVF: Polyvinyl fluoride [30].
	The first two generations of SCs demonstrate a lifespan exceeding 20 years and are actively used in the market, with the first-generation SCs being predominant due to its high photoconversion efficiency, stability, and availability. Meanwhile, the third-generation SCs are in the laboratory study stage mainly due to problems with the actual efficiency and stability of the devices. For example, the lifespan for organic SCs with initial PCE of 10.2% not exceeding 6 years [7,21,27,31].
	Usually, individual solar cells are connected to form a photovoltaic module, shown in Figure 1.2. The SCs are covered with an encapsulant, and the opaque back sheet protects the entire module from environmental factors and mechanical impacts. A fairly thick glass (about 3–4 mm thick) is used as the front protective cover. The frame is made of aluminum alloy and serves to create additional mechanical strength, but some types of devices can be manufactured without it, as shown in Figure 1.1b [8,30]. In the case of flexible SCs, flexible transparent polymer substrates such as polyethylene terephthalate (PET), metal foil, etc., are used instead of glass [5,32]. 
	/
	Figure 1.2. Schematic diagram of PV module components [8].
	Without protection/encapsulation, solar cells of any generation, even the most stable ones, will degrade and lose their efficiency under the influence of external factors. Each generation of SCs has its own vulnerabilities that determine the rate of device degradation. Based on these vulnerabilities, it is necessary to select the most optimal encapsulation options. The following section provides an overview of the factors causing and accelerating the degradation of the SCs.
	Factors affecting the operation and lifespan of any SC can be divided into external and internal, which include normal operational wear and degradation of materials caused by light irradiation and environmental impact. The quality of the materials used inside the module and the quality of its installation and maintenance also affect stability and wear [30,33].
	Developments to improve the stability of SCs are being conducted in several directions. The most popular is additive engineering, which involves the search for special additives that can increase the stability of the functional layers responsible for photoconversion. As can be seen from the SC structures presented in Figure 1.1, the SC consists of many layers, and the interfaces between them make a significant contribution to the efficiency of the device [34]. 
	Next direction of the SC parameters improvement is interface engineering. This is important to prevent delamination or the appearance of defects that introduce recombination losses or other effects that affect the stability and efficiency of the device. These two directions relate to the management of internal factors that affect stability [34].
	Another important direction is encapsulation engineering, which aims to combat external factors [34]. As shown in Figure 1.3, the main external factors affecting the performance and stability of any solar cell are radiation (mainly from the ultraviolet (UV) part of the spectrum), heating and large temperature changes (standard cyclic test of SCs is carried out with temperature changes from –40 to 85 °C), such environmental influences as oxygen and water, and mechanical impact, e.g. from hail [7,24,25]. The criticality of these factors on the operation of the SC depends on the sensitivity and stability of the materials used inside the device. One of the most important aspects for PV solar power is ensuring reliable protection of SCs from external damage, as the environment can be very aggressive.
	/
	Figure 1.3. Factors affecting the operation and lifespan of solar cells [7].
	Poor stability and rapid degradation of materials involved in photoconversion are problems that prevent the achievement of higher efficiency values, longer lifespans, and the commercialization of third-generation SCs. Most studies are related to the elimination of internal factors affecting stability, with the influence of external factors being in the shadow of the first ones. Generally, it can be said that the predominant amount of research and development in the field of photovoltaics aims to find new materials or optimize existing materials used inside the device [1,35]. However, achieving a synergistic effect must be considered, as third-generation absorbers often degrade under the influence of moisture and oxygen. The penetration of these agents can be significantly reduced by selecting the correct barrier protection for the device [7,24,27]. For example, perovskite technology is significantly cheaper than silicon (more than three times), but it can be made even cheaper. About 34% of the cost of an SC comes from glass and other packaging materials. Replacing them with cheaper and lighter options can further reduce costs while enabling the creation of flexible devices [27]. 
	An additional factor complicating the situation is the high sensitivity of some materials used in third-generation SCs to high temperatures (e.g. for perovskites temperatures above 150 °C) and energies. This means that many traditional methods of fabricating SC layers are not compatible with these materials. This circumstance also stimulates research and development into alternative materials and methods for producing the functional layers of SCs [27,32].
	From the above, it becomes clear that developing new options for flexible and reliable encapsulation is critically important for third-generation SCs. However, the use of new materials and approaches for encapsulating devices of other generations to reduce their weight and, if necessary, ensure their flexibility is equally relevant based on the concepts of sustainable development and the circular economy.
	As noted in Section 1.1.1, the conventional approach of the SC protection formation uses an encapsulant, glass, and a back cover, which are most often connected to the SC by vacuum hot pressing. The process takes place at temperatures of 150–200 °C and requires special vacuum equipment [8,33]. 
	A good encapsulating material must meet a number of criteria, such as excellent barrier properties against moisture and oxygen, high optical transmittance in the operating wavelength range of the SC, UV irradiation resistance, chemical inertness, high adhesion, thermal stability, and mechanical strength [7,32]. Meeting these criteria is important for all types of SCs but is especially critical for the third-generation devices due to stability issues with the materials used in them.
	Due to the long list of requirements, selecting a material for encapsulation is not a trivial task. A number of encapsulation methods that use high-temperature processes, like vacuum hot pressing and some materials like polyvinyl butyral, successfully applied to silicon SCs, are also not applicable to the sensitive third-generation [34,36]. The most commonly used materials for encapsulating perovskite SCs are currently hollow glass, UV-curable resins, and polymeric sealants such as ethylene vinyl acetate (EVA) [27,33]. 
	However, EVA having optimal protective properties and optical transmittance of 91%, which is used in about 80% of all existing PV modules, degrades very quickly under environmental influences, suffering from aging stability issues and thus reduces the PCE of the device. Tests showed severe degradation of EVA after 125 days of exposure to damp heat [33]. Therefore, it cannot be used as a material for encapsulation of sensitive flexible devices. As a result, many studies are now focused on improving the characteristics of EVA and finding alternative encapsulates [8,33].
	The conventional crystalline silicon solar panel has a weight-to-area ratio of 13.7 kg/m2 and, as shown in Figure 1.1, the glass contributes a minimum of 68% of the total SC weight [30]. However, the high weight, brittleness, low radiative cooling, and inflexibility significantly limit the application of this standard glass protection. Numerous attempts have been made to replace the cover glass with other types of protection, mostly with polymer-based materials [34,36]. However, this task is challenging as such encapsulation materials must combine high protective properties with low-temperature, reliable, scalable, and inexpensive production technology [24]. Reducing the weight of PV modules is also important not only from economic and technological points of view, but for reducing the amount of waste in the limited amount of established recycling technologies.
	Figure 1.4 shows three approaches to encapsulating third-generation SCs [7,36]. Glass encapsulation continues to be used in applications where flexibility and low weight are not required. By analogy with the glass-glass option, double-sided lamination of SCs was developed. Both of these approaches use the same production algorithm, which consists of placing the SC between two glasses or two pieces of laminating material (PET and other transparent polymer foils), with the edges being filled with sealant (EVA, etc.). This technology is scalable to roll-to-roll processes but still is far from optimal since the connection of all components is achieved by hot pressing. Thin-film encapsulation is becoming increasingly promising due to its advantages, such as direct formation of a coating on the SC, scalability, cost-effectiveness of the approach, minimal weight, smaller thickness and the production of high-quality material. This encapsulation option appears to be the most promising for the protection of flexible SCs [7,24].
	/
	Figure 1.4. Encapsulation options for the third-generation of the SC [7].
	Inorganic materials used for encapsulation mainly are alumina oxide (Al2O3) and silicon-containing materials (like SiOx) [24,33], which provide excellent protection against moisture and oxygen, high optical transmittance but sometimes have defects in the form of pores and suffer from mechanical fragility. They are applied mainly using atomic layer or physical vapor deposition and chemical vapor deposition techniques, which are expensive methods that may create harsh conditions during the deposition process, which will be detrimental to sensitive materials used inside SC. In addition, these methods have limited productivity for large-scale production.
	Organic materials such as EVA, polyvinyl butyral, epoxy resin and different siloxane polymer derivatives are more flexible but often provide worse protection from moisture and oxygen and can be more expensive [7,24,33]. Encapsulation with siloxane derivatives, which are organic silicon-based polymers (polydimethylsiloxane, etc.), however, gives good results for perovskite flexible SCs, showing good protective properties of the thin-film coating [34,37]. Polydimethylsiloxane was successfully used as an encapsulant in PV before the dominance of EVA. However, due to its higher cost, it was abandoned in favor of EVA, but in the case of the third generation of SCs, it is again gaining popularity as an encapsulant [36]. 
	Disadvantages of above-mentioned inorganic and organic encapsulation materials can be reduced if they are used as layers in a multilayer protective coating. For example, the addition of protective silicon dioxide films to organic encapsulants during optimization of the encapsulation stack of perovskite SCs has significantly improved their stability without reducing the performance of SCs [38].
	It should be noted that organic and inorganic silicon-based materials are promising for use in encapsulation of optoelectronic devices due to the similarity of functional properties to glass while having several advantages over traditionally used rigid glass, like flexibility, etc. [39].
	Expanding the functionality of encapsulation coatings is an important aspect of optimization and developing of the SCs design [33]. Many materials used in the preparation of SCs degrade rapidly under the influence of UV radiation. An additional protective layer blocking radiation at wavelengths less than 400 nm allows the maintenance of high device efficiency compared to a 30% loss of efficiency in an encapsulated device not covered by this layer over the same period of time [40]. Controlling the optical properties of solar cells by adding antireflective coatings or patterns increases the penetration of solar radiation into the device [36,41].
	As can be seen from the above, when trying to move away from the traditional inflexible glass technology of solar cell protection, significant difficulties arise in finding alternative and flexible materials. Silicon-based materials appear to be the most promising option currently being explored for encapsulating flexible and sensitive SCs of the third-generation. Among silicon-based materials, polysilazanes can be singled out separately. These precursors allow the production of carbon-free (inorganic) glass-like flexible coatings and appear to be a promising candidate for the role of an alternative to classical encapsulation glass.
	Polysilazane (PSZ) is a close relative of siloxanes and is also being tested as an encapsulant for SCs. PSZ belongs to the group of special preceramic silicon-based polymers (Figure 1.5) with a Si–N–Si backbone, including various reactive or inert side groups at the Si and N atom sites [42,43]. PSZs are called preceramic because the result of transformation of the polymer precursor under certain conditions is ceramics. PSZs most commonly used in liquid form as solution in organic solvents.
	These polymers have received much attention from science and industry in recent decades due to their wide range of attractive functional properties and corresponding applications. Due to their chemical structure and reactivity, PZSs are beneficial for chemical functionalization, allowing for the tuning of material properties [44,45]. Additionally, to achieve the goal of adjusting properties if this is the task, PSZs are often used as components for the formation of hybrid or composite materials [46].
	PSZs can be used to form ceramic fibers, which can then be used as reinforcing materials in various composites [47]. However, the dominant application area for PSZs is in formation of coatings and thin films.
	/
	Figure 1.5. Family of preceramic Si-based polymers [42].
	The coatings fabricated from PSZ solution have been identified as promising materials to meet extreme requirements for protection PV in space [48]. Films obtained from PSZs have a transmission of more than 95% in the visible range of the spectrum, excellent adhesion to various materials due to the formation of hydrogen bridges [49], excellent thermal and chemical stability, and recyclability [50]. Due to their liquid compatible nature, most of the economic, simple, and scalable coating methods are applicable to PSZ systems, such as spray coating, dip coating, spin coating, etc. [51].
	PSZ use as anti-graffiti coatings looks very promising [52], as well as their use as anti-corrosion coatings for metals [44,46]. PSZ-based flexible transparent coatings are also known to improve the emissivity of solar cells, which can help to control system power fluctuations [28].
	PSZs are divided into two subgroups: (i) inorganic; and (ii) organic, depending on the side groups. In the first case, only hydrogen atoms act as substituents. In the second case, hydrogen can be partially or completely replaced by other functional groups. There is a wide range of different PSZs on the commercial market, which, in addition to substituents, differ in solvents and the presence or absence of a catalyst. Inorganic PSZs are of greater interest as protective coatings due to their greater hardness and better barrier properties compared to organic PSZs [49].
	Inorganic PSZ is also called perhydropolysilazane (PHPS). This preceramic polymer is synthesized by an ammonolysis reaction from chlorosilanes, during which ammonium chloride is also formed and removed by filtration. After distillation, which removes ammonia and solvent, a white powder of PHPS is obtained [53]. This powder is soluble in organic solvents such as dibutyl ether and xylene. There are many solutions of different PHPS concentrations manufactured by Merck, IOTA, etc. on the market. One of the advantages of PHPS is that, depending on the conditions, the polymer can be transformed into ceramic or vitreous films ranging from silicon dioxide (SiO2) to silicon nitride (Si3N4) PHPS-derived films [53,54].
	In the case of preceramic polymers, cross-linking/transformation of precursor to ceramic material is commonly referred to as curing. Due to the presence of many Si–H and Si–N groups, PHPS is very reactive with hydroxyl groups and oxygen [55,56]. Consequently, the curing of PHPS occurs by hydrolysis and condensation reactions (Figure 1.6) in different environments, such as oxygen, moisture, aqueous ammonium solution, and hydrogen peroxide solution [57–59]. At low temperatures (close to room temperature (RT)), this transformation with aqueous ammonium or hydrogen peroxide solution proceeds slowly, requiring up to 24 hours. The reactions can be accelerated by introducing additional energy (usually with heating) into the system or by adding a catalyst [60].
	/
	Figure 1.6. Curing of PHPS through (a) a hydrolysis reaction in humid atmosphere followed by (b) a condensation reaction [60].
	The traditional method of curing PHPS, as recommended by its commercial manufacturers, is thermal annealing in an air atmosphere at moderate temperatures between 180 °C to 250 °C. The selected temperature affects the annealing time, which can range from 1 hour to 5 minutes respectively. At RT under ambient conditions, the transformation takes about two weeks. Using diethylethanolamine as a catalyst can reduce this time to 7 days under the same conditions, based on experimental results [49].  
	Annealing (curing) at high temperatures, known as pyrolysis, transforms PHPS into amorphous or crystalline ceramics [60–64]. This process is conducted at temperatures ranging from 400 °C to 1000 °C and can be performed in different atmospheres. The choice of atmosphere influences the transformation mechanisms of the PHPS and affects the final properties and composition of the resulting material. Pyrolysis of PHPS in a nitrogen atmosphere results in nitride ceramics, while an air atmosphere produces oxide ceramics [53,65]. The ceramic transition of PHPS begins at about 200 °C and ends at about 700 °C in the case of pyrolysis in air. During pyrolysis in nitrogen, the ceramic transition temperatures are slightly higher. The inorganic nature of PHPS allows for higher ceramic yields and lower shrinkage values, distinguishing it from its organic relatives [65]. Shrinkage causes a number of technical problems like loss of dimensional accuracy, creation of porosity and reduction of mechanical strength, etc.
	However, high-temperature exposure is not compatible with the application of PHPS-derived films to heat-sensitive materials, which are now actively used in photovoltaics and other technologies. For example, PET substrate, often used for lamination of SCs, cannot be heated above 70 °C, as it will lose its functional properties (barrier, optical, etc.) [60]. The use of high-humidity atmospheres or immersion of the PHPS film in solution for its conversion is also incompatible with sensitive PV materials.
	An alternative low-temperature dry method is photoinduced curing of PHPS films in the presence of oxygen under the influence of ultraviolet radiation [9,66,67]. It was found that with this curing method, it is important to use UV radiation with wavelengths not exceeding 220 nm. This value is determined by the photon energy required to break the bonds in Si–H and Si–N groups to initiate the oxidation process of the PHPS to an amorphous vitreous film [54]. This process also avoids shrinkage due to the introduction of oxygen into the film [12].
	In recent years, many applications of this curing method have been demonstrated using different UV radiation sources and times, ranging from a few seconds to hours [10,68–70]. By analogy with pyrolysis in different atmospheres, the possibility of obtaining silicon nitride through photoinduced transformation of PHPS was also investigated [71].
	It was reported that PHPS films can be completely converted to SiO2 using thermal curing. In contrast, UV curing will produce an under-converted silicon oxynitride (SiOxNy) film with a very high residual content of nitrogen, inexorably affecting the final properties of the coating. Some studies report non-uniform cross-sectional transformation of PHPS from UV curing. This is manifested by the formation of a near-surface layer of silicon dioxide on top of the main volume of the film, which consists of SiOxNy [9,67]. The higher the overall coating thickness, the more pronounced this effect. 
	However, these conclusions about the effectiveness of transformation depending on curing method used are based on a comparison of pyrolyzed films with UV-cured films [67]. Despite the abundance of literature on the different methods of curing and using PHPS-derived films, there is still no detailed comparison of their composition and, most importantly, the morphological and functional properties of films when using UV-induced and low-temperature thermal curing.
	It is important to note that the long-term stability of the composition and properties of PHPS-derived films has not been extensively studied, although this information is crucial for using the material as a protective barrier coating.
	It was illustrated by several research groups that PHPS-derived films have high optical transmittance (> 85% with PET substrate) [68,70]. However, there are significant gaps in the information regarding other optical properties, such as refractive indices (n) of PHPS-derived films. The refractive index of uncured PHPS film was determined as n = 1.56 [70]. Pyrolysis at 1000 °C leads to the complete transformation of PHPS into silicon dioxide, which is confirmed by the value of n = 1.463, close to the tabular value for SiO2 (n = 1.46) [61]. Curing of PHPS over ammonia vapor leads to the formation of a film with n = 1.48, subsequent pyrolysis at 900 °C causes a drop in n value to 1.45. This drop occurs due to the decrease in the residual nitrogen content in the PHPS-derived film during pyrolysis [57]. As mentioned above, UV curing may result in non-uniform film transformation across its cross-section (i.e. change in nitrogen content across the cross-section), which should affect its optical properties. However, no data on measurements of such inhomogeneous PHPS-derived films have been found, so it is necessary to compare the optical properties of films cured by low-temperature UV-induced and thermally induced methods.
	Some mechanical and adhesive properties of PHPS-derived films have been studied. The literature provides information on the measured hardness and Young’s modulus (elasticity) of coatings using nanoindentation [61,72]. Adhesion data can be found from the cross-cut test or a tape peel test [49,66,73]. However, the values ​​given in the articles may differ from each other by an order of magnitude. This difference in values ​​is caused by the influence of numerous external and internal factors on the measurement result. A comparison of the adhesion and mechanical behavior of PHPS-derived films cured by low-temperature methods under dynamic mechanical influence has not been carried out for either as-cured or aged coatings.
	Due to their inorganic nature, PHPS-derived films demonstrate better barrier properties compared to organic PSZs and are, therefore, most used for these purposes [66–73]. 250 nm thick PHPS-derived films show excellent oxygen and moisture barrier properties on PET substrates [67]. Thinner PHPS-derived films deposited on PET substrates also show optimal barrier properties [72]. However, as film thickness increases, it begins to lose its barrier properties on flexible substrates due to increasing mechanical fragility with thickness [67]. 
	The use of PHPS makes it possible to form a protective film directly on the device, i.e. it allows for thin-film encapsulation (Figure 1.4) [12]. PHPS-derived films were successfully tested as one of the functional layers in multilayer protective encapsulants for perovskite and organic SCs [9,12]. With this encapsulation approach, the perovskite SC lost less than 10% of its PCE over 250 hours of a dump heat test, while a similar PET-encapsulated SC degraded completely in less than 50 hours [12].
	Mechanical fragility and lack of elasticity negatively affect the possibility of using PHPS-derived films as flexible encapsulants. Currently, their most successful application for barrier protection is reported only as a component in a multilayer structure [9,12,66]. Unfortunately, this approach introduces additional interfaces between layers and associated adhesion and degradation problems. 
	One prospective way to improve the insufficient mechanical and flexible properties of PHPS-derived films could be the creation of composites based on them.
	Composites are mixtures of two or more different materials that have clearly defined interfaces. The creation of composites and nanocomposites is a proven strategy for influencing material properties. The motivation for their use is to improve the insufficient properties of one material by adding another or to combine the best properties of all components in one composite material. Thus, composites have properties that differ from their components, making composite materials unique and very attractive for a wide range of applications [74].
	This strategy can be implemented in bulk materials, thin films, and even fibers [22,75,76]. If at least one of the components is in the nanometer range, the term nanocomposite is applicable. The use of nanostructures allows for the creation of composites with unique properties due to the quantum-size effects of nanomaterials. The attractiveness of using nanomaterials also lies in their high surface area-to-volume ratio, resulting in significant changes in the properties of the composite with the embedding of a small amount of nanofiller [77]. Nowadays, based on the goals of sustainable development, great attention is paid to the development of cost-effective and highly functional composites [78].
	In general, a composite consists of a matrix material and filler materials that can be introduced into the matrix in various ways. Glass, ceramics, and metals are most often used as matrices, but polymers have become truly widespread [76,79,80]. The filler is usually either fibers, which are more in the micrometer range, or various forms of nanostructures [76].
	In most cases, composites are created to improve the mechanical properties of the matrix, but the areas of application are not limited to this [81]. With the active development of nanomaterials, the possibilities of using composites extend to electronics, optics, sensors, and PVs [15,82–84]. For example, one strategy for improving the encapsulation of SCs using EVA is the introduction of various fillers into the polymer matrix, which positively affects the protective properties and long-term stability of the composite material [8].  
	Composites with nanocarbon materials as fillers are especially popular due to the wide range of unique properties of carbon allotropic forms [79,80]. Among the nanocarbon allotropes, there are different dimensional forms: diamond (3D), graphite (2D), graphene (1D), and fullerene (0D) [85]. In addition to the dimensions, they differ in hybridization of carbon atoms and their volume distribution, which determines the properties of the material. Graphene is one atomic layer of graphite. Carbon nanotubes (CNTs) are also one of these forms. They are classified as single-walled carbon nanotubes (SWCNTs) or multi-walled carbon nanotubes (MWCNTs), which are one or many seamlessly rolled sheets of graphene, respectively [86].
	The use of CNTs to enhance the mechanical stability or thermal management of polymers has been intensively explored and confirmed [87–89]. In this regard, CNTs are a promising candidate for the role of filler to improve the mechanical and flexible properties of PHPS-derived films.
	Active research into carbon nanotubes began in the 1990s and continues to the present day. Like any nanoparticle, CNTs can be synthesized using top-down and bottom-top methods. Arc discharge, chemical vapor deposition (CVD), and laser ablation methods are traditionally used for synthesis. Depending on the chosen method, different sources of carbon and energy are required for the synthesis of CNTs [77,90,91].
	As mentioned above, nanotubes can be obtained by rolling a graphene sheet into a cylinder along the lattice vector of the graphene plane. The number of rolled graphene sheets determines the number of nanotube walls. The choice of vector determines the diameter and chirality of the tubes. The diameter of the tubes is in the nanometer range, while their length can reach hundreds of micrometers. The vector also affects whether the nanotubes display metallic or semiconductor properties [86,92,93]. 
	It should be noted that the SiOxNy coatings are insulators, which can contribute to the accumulation of electrostatic charge, potentially leading to damage of the PV module as a result of discharge. In this regard, embedding a conductive filler such as CNTs can help mitigate this issue.
	CNTs have outstanding optical and mechanical properties, as well as high thermal conductivity [90,94]. All these properties are directly related to the chemical bonds in the network of carbon atoms, that is, the backbone of the CNTs. These properties are affected by the diameter-to-length ratio of the tubes, chirality, defects, and functionalization of the tube surface. Due to their physical, chemical, and biological properties, as well as the ability to form a wide variety of structures – from bundles and fibers to films – while having a very low weight, these tubes have found an extremely wide range of applications in completely different fields such as semiconducting inks, sensors, electrodes, etc. [90,95–97]. CNTs are produced on a large industrial scale, making their price lower compared to many other nanomaterials, which is an additional advantage.
	Possessing a high elastic modulus, extremely high strength, and irreversible deformation occurring only under very extreme conditions, CNTs have established themselves as a promising reinforcing material in some polymer and metal matrices. Among other things, they can influence the matrix's thermal and structural properties [13,14,98,99]. However, for CNTs and nanomaterials of other forms, agglomeration caused by van der Waals interactions is a problem when introducing them into a matrix [81]. Additionally, the improvements mentioned above depend on the initial characteristics of the tubes themselves, their interfacial interaction with the matrix, and their alignment [100]. 
	The successful formation of various CNT composites based on siloxanes and organic PSZs has been reported [101–103]. On the other hand, studies of the formation and properties of CNT composites with PHPS has not been reported yet. This opens the door for research towards the formation of CNT/PHPS-derived thin film composites.
	In addition to the materials used, the properties of the composite are also influenced by its architecture, meaning the spatial organization of the filler within the matrix. The architecture determines how the composite material will respond to external stimuli. Creating a uniform distribution of filler is a difficult task when producing effective composites due to the problem of nanomaterial agglomeration. Poor control of the dispersion of CNTs inside the polymer matrix often leads to less effective results in achieving the unique properties [100]. In contrast, the alignment of CNTs within a matrix material leads to anisotropy of properties, which cannot be obtained in disordered composites [15]. Controlling the orientation of the filler within the matrix is ​​one of the key challenges in obtaining highly efficient nanocomposite materials [104]. 
	Several types of architectures are used in the formation of composites: homogeneous, laminate, alignment, and network (Figure 1.7). All of them have their advantages and disadvantages and are selected based on the final objectives of using the composite material.
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	Figure 1.7. The schematic illustration of four types of nanocomposite architectures: (a) homogenous, (b) laminate, (c) alignment, and (d) network [75].
	In the case of CNTs, it is difficult to achieve a uniform distribution of the filler in the matrix because it implies the absence of contact between the fillers, but the nanotubes are very long. As a result, even when loading a small amount of filler, the CNTs will encounter each other and form a network architecture of different densities.
	An ensemble of CNTs aligned in one direction enhances the properties of each individual nanotube. In this case, the direction of alignment plays a key role in the anisotropic properties of the obtained composite. Several possible methods for aligning CNTs in the polymer matrix include using magnetic or electric fields, acoustic waves, mechanical force, shear force field, etc. [96,105,106]. 
	The successful creation of a composite with mechanically stretch-aligned MWCNTs in a pyrolyzed organic PSZ matrix has been reported, making it possible to achieve anisotropy of electrical conductivity in the alignment direction for a large volume fraction of the embedded filler (60 vol%) [103]. There is a lack of studies connected with the preparation and investigation of oriented nanocomposite coatings with an ordered distribution of CNTs in the PSZ matrix, cured with low-temperature methods, to induce unique anisotropic properties (thermal, electrical, optical, etc.) in the obtained films. 
	From the above mentioned, it can be concluded that new research is needed in this promising direction of creating composite films with unique properties based on PHPS-derived films with oriented CNTs as a filler to obtain a promising material for flexible solar cell encapsulation.
	To achieve energy security and sustainable development goals, it is important to develop alternative energy sources [16,22]. Particular attention is given to photovoltaics due to its significant development potential [23,25]. Research and development in this field primarily focuses on studying and optimizing materials directly involved in photoconversion, such as absorbers, buffer materials, etc. [1,35]. However, in recent years, the importance of research and development in the protection/encapsulation of PV devices and increasing the functional range of materials used for this purpose has been emphasized [24,39,41].
	Thin films obtained by curing the preceramic polymer PHPS have great potential for use as an encapsulant coating [11,67]. Several studies have shown promise in this direction, primarily due to high similarity of PHPS-derives films to the functional properties of glass, a traditional protective material for SCs. At the same time, PHPS-derived films have several additional advantages over rigid glass, such as potential compatibility with flexible technologies, lower thickness and weight, compatibility with liquid and low-temperature production processes, the possibility of direct coating deposition on the surface of devices, and scalability to roll-to-roll processes [54,66,72]. These qualities make the technology potentially economically viable and better aligned with the sustainable approach.
	Despite the diversity of research and development in relation to PHPS-derived coatings, the following gaps in knowledge have been noted:
	 There is no detailed comparison of the structure and properties of PHPS-derived films obtained by the two most popular low-temperature curing methods of PHPS, namely (i) low-temperature annealing; and (ii) UV radiation induced curing.
	 The long-term stability of PHPS-derived films is not well-studied yet, although it is a critical aspect for commercialization of the technology.
	 The optical constants of PHPS-derived films have not been studied in much detail, although this knowledge is extremely important for the engineering design of optoelectronic devices.
	 There is a large dispersion of data related to the mechanical properties of PHPS-derived films and a lack of comparison of these data measured under the same conditions for layers cured by different low-temperature methods.
	The main disadvantages of PHPS-derived films are their mechanical fragility and limited flexibility caused by the inorganic nature of the precursor, which prevents the use of these films as stand-alone flexible coatings. Currently, PHPS-derived films are most successfully used as part of multilayer coatings, alternating with organic layers [9,12]. A promising way to overcome this drawback is the creation of matrix/filler composites. CNTs appear to be the most promising filler due to their outstanding mechanical properties and the possibility of their orientation/alignment within the matrix to obtain anisotropy of reinforcing properties [90,103]. Such composites based on PHPS-derived matrices have not yet been studied.
	In this regard, the novelty and the aim of this study is to develop current state-of-the-art SiOxNy protective coatings derived from PHPS, combining them with CNTs in aligned nanocomposite structures. The application area of ​​these coatings is focused on flexible optoelectronics but is not limited to it.
	Based on the information above, the objectives of the work can be formulated as follows:
	 Comparison of the influence of different low-temperature curing methods (thermally induced and UV irradiation induced) of PHPS on the compositional and morphological properties of the resulting SiOxNy matrix films. 
	 Development of technological route for the formation of oriented composite SiOxNy/CNT coatings various laminate-type configurations.
	 Study of the compositional, morphological, optical, and mechanical properties of SiOxNy matrix films and SiOxNy/CNT composite coatings.
	 Study of long-term stability of SiOxNy matrix films and SiOxNy/CNT composite coatings.
	2 Experimental
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	2.2 Preparation of SiOxNy/SWCNT composite coatings
	2.3 Elimination of the substrate influence on the FTIR and EDX measurements results
	2.4 Characterization methods
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	In this chapter, the formation routes of thin SiOxNy matrix films and SiOxNy/SWCNT composite coatings, as well as the analytical methods used for their characterization, are summarized. More details are described in Articles I–III.
	A commercially available 20% solution of perhydropolysilazane (PHPS) in dibutyl ether, purchased from Merck KGaA (NN-120-20, durXtreme GmbH, Germany), was used as a precursor for the formation of matrix films.
	Two types of solid substrates were used in the work: (i) soda lime glass (SLG); and (ii) SLG coated with a molybdenum layer (SLG/Mo) of 1 µm thickness. The choice of substrate for sample formation was determined by the requirements of the characterization method. Before deposition of the films, the substrates were ultrasonically cleaned with analytical grade isopropanol and a 20% aqueous solution of Decon 90 (Decon Laboratories Ltd, England) for 5 min in sequence. The substrates were then washed in Millipore water (Simplicity, Millipore Corp., France) and dried with 99.995% pure dry nitrogen.
	The PHPS films were formed on the surface of cleaned substrates using the spin coating method at 2000 rpm for 1 min. For that purpose, in Article I was used spin-coater KW-4A (Chemat Technology, USA) and in Articles II and III Polos SPIN 150i programmable spin-coater (S.P.S. Ltd., Netherlands). Afterwards, the samples were dried on a hot plate at 40 °C for 2 min to remove residual dibutyl ether from the films. The samples were then converted into SiOxNy vitreous films using two low-temperature methods, which were compared throughout the work. In the first case, curing was conducted using thermal annealing in a Brother HD-14S muffle furnace (Zhengzhou Brother Furnace CO Ltd., China) at a temperature of 180 °C for 60 min, in accordance with the recommendations of the PHPS manufacturer. In the second case, the transformation occurred under the influence of UV radiation at wavelengths of 185 and 254 nm in air using Novascan digital UV ozone system (Novascan Technologies Inc., USA). The irradiation time was determined experimentally and was 40 min. Multi-layer PHPS-derived films were formed by sequentially repeating deposition/drying/curing cycles. More detailed information regarding PHPS matrix film formation and curing can be found in Article I.
	Thin films of horizontally oriented single-walled carbon nanotubes (SWCNTs) synthesized using aerosol (floating catalyst) chemical vapor deposition (CVD) from two different batches were used as a filler for the formation of composite layers. 
	For the synthesis of SWCNTs used in Article II, ferrocene vapor was used as a catalyst precursor for iron nanoparticle formation, and CO was used as a carrier gas and carbon source for SWCNT growth. The nanotubes were grown in the gas phase by decomposing carbon monoxide on formed iron nanoparticles in a high-temperature (800 °C) reactor. SWCNTs were collected downstream onto filter paper in the form of thin films randomly oriented in the horizontal plane (Figure 2.1a). The thickness of the films was regulated by the time of SWCNT collection and could vary within ± 10%.
	The SWCNTs used for the preparation of the composite coatings described in Article III were synthesized by the same CVD method in a high-temperature reactor using hydrocarbon feedstock (ethylene and toluene), ferrocene vapor as a catalyst precursor, and hydrogen as a carrier gas. SWCNTs have a mean bundle length of approximately 30 μm, a diameter in the range of 1.4–2.3 nm, and a density of approximately 0.12 g/cm3. A major advantage of using the SWCNTs prepared by this technique is the convenience and ease of their transfer from filter paper to the target surface by dry transfer. Additionally, the advantage of the technology is the ability to cut filter paper with SWCNTs lying on it into pieces of any shape and size.
	The first batch of SWCNTs were provided by Prof. Albert Nasibulin from Skolkovo Institute of Science and Technology. The second batch were provided by Prof. Tanja Kallio from Aalto University. More information on the synthesis, characterization, and application of these SWCNTs can be found here [107–110].
	SiOxNy/SWCNT composite coatings were formed in two architectures/configurations corresponding to the order of SWCNT transfer: TOP and BOTTOM. A schematic representation of the technological route for the formation of composites is shown in Figure 2.1b. In the TOP case, the SWCNT filler film were transferred from paper to a spin coated and dried PHPS matrix film. In the BOTTOM configuration, the SWCNT film were dry transferred to the cleaned substrate (SLG or SLG/Mo), followed by the deposition and drying of the PHPS layer. Both composite architectures were then cured using two different curing methods, as described in Section 2.1 above. Additional treatment of the Mo surface with vapors from a 40% aqueous solution of HF acid for 10 minutes facilitated the dry transfer of the SWCNT film onto the Mo surface. More detailed information on the formation and curing of the SiOxNy/SWCNT composite coatings is available in Articles II and III. 
	/
	Figure 2.1. (a) Photograph of SWCNT film on top of the filter paper, (b) illustration of SiOxNy/SWCNT composite coatings formation route.
	The PHPS-derived films studied in this work were quite close in chemical composition to SLG substrates. In some cases, this may affect the interpretation of the analytical data obtained from measurements. For example, this was clearly evidenced in the case of FTIR spectroscopy. In Figure 2.2, the red curve corresponds to the spectrum of the SLG substrate, where the absorption bands were mainly located in the fingerprint region (the region with wavenumber values between 1500 cm–1 and 400 cm–1) and showed high intensity. The positions of these bands almost completely overlap with the peaks of some vibrations of chemical bonds characteristic of PHPS-derived films, inevitably leading to distortion of the measured data (red dotted curve). The black curve illustrates the spectrum of the SLG/Mo substrate, in which only very weak peaks of molybdenum oxide are evident. Thus, the use of an SLG/Mo substrate makes it possible to avoid the overlap between the FTIR spectra of the SLG and the prepared PHPS-based structures (black dotted curve).
	/
	Figure 2.2. FTIR spectra of the SLG and SLG/Mo substrates used in the work and PHPS-derived films deposited onto these substrates.
	Similarly, SLG/Mo substrates were used for EDX measurements of the chemical composition of prepared PHPS-based samples. When measuring from the surface of the sample, the accelerating voltage was selected in order to obtain a weak signal from molybdenum, which was then excluded from the final data received from measurement.
	Detailed information on the substrate type used for different sample characterization methods is presented in the next section of this chapter.
	The characterization methods used in this study are represented in Table 2.1. More detailed information regarding the equipment and conditions for conducting measurements is available in Articles I–III.
	Table 2.1. Characterization methods used in the work.
	Substrate
	Article
	Characterization tool
	Characterization method
	Properties
	SLG and SLG/Mo
	I
	Zeiss Ultra 55, Germany
	Scanning electron microscopy (SEM)
	Morphology, thickness
	II, III
	Zeiss Merlin, Germany
	SLG/Mo
	I–III
	Platinum-ATR Alpha, Bruker Optic GmbH, Germany
	Fourier transform infrared (FTIR) spectroscopy 
	Functional groups determination
	SLG
	I–III
	UV-1800, Shimadzu Corp., Japan
	UV-Vis-NIR spectrophotometry
	Transmittance
	II, III
	Absorbance
	II, III
	Reflectance
	SLG/Mo
	I
	Kratos Axis UltraDLD XPS System, England
	X-ray photoelectron spectroscopy (XPS)
	Surface elemental composition
	SLG/Mo
	I
	Zeiss Ultra 55, Bruker Esprit 1.82
	Energy dispersive X-ray (EDX) spectroscopy 
	Elemental composition
	II, III
	Zeiss Merlin, Bruker EDX-XFlash6/30 detector
	SLG
	II, III
	Horiba LabRam HR800
	Raman spectroscopy
	SWCNT structure
	SLG
	III
	GES-5E, Semilab Co., Hungary
	Spectroscopic ellipsometry (SE)
	Optical constants, thickness
	SLG/Mo
	III
	CETR UMT-2, Bruker, USA
	Universal materials tribo-test device
	Mechanical and adhesive properties
	Among the objectives of this work was the determination of the optical constants, namely refractive index (n) and absorption index (k) of the SiOxNy films and SiOxNy/SWCNT composite coatings. One of the methods that can be used for this purpose is spectroscopic ellipsometry (SE), which provides information about not only n and k but also the film thickness (d). This is an indirect method of obtaining information about the material and, therefore, requires additional explanation (see also Article III).
	𝑡𝑎𝑛𝛹=𝑟𝑝𝑟𝑠 and 𝛥= 𝛿𝑝−𝛿𝑠      (1)
	During SE measurements, the values of the reflection coefficient ratio for different light polarizations (tan Ψ) and the phase difference (∆) of light reflected from the sample were recorded and defined for each wavelength of the range used as:
	where 𝑟𝑝 and 𝑟𝑠 are Fresnel reflection coefficients for p- and s-polarization states of the light, and 𝛿𝑝 and 𝛿𝑠 are phase components in p- and s-polarization states of the reflected light, respectively. 
	𝑛=𝑛0+ 𝐴𝜆2+𝐵𝜆4  and   𝑘=𝐶+𝐷𝜆2     (2) 
	The measured data were modeled and analyzed using SEA software in the energy range of 1.3 – 5.5 eV. In most media, the refractive index is not constant but depends on the wavelength of the radiation passing through it, thereby demonstrating dispersion. The dispersion function was modeled using the Cauchy dispersion formulas:
	𝑛=1.535+0.0081𝜆2+0.00012𝜆4      (3) 
	where n is the refractive index, k is the extinction coefficient (absorption index), and λ is the wavelength. A, B, C, and D are material coefficients. For modeling the SLG substrates, the refractive index was taken as: 
	based on former SE measurements.
	To study the mechanical and adhesive properties of the samples, a scratch test with progressive load was performed using a universal materials tribo-test device (Figure 2.3c). This test helps to identify and study many different types of failures, such as coating peeling, plastic deformation, and film or substrate cracking [111].
	Figure 2.3a show the basic diagram of the scratch test with a fixed position of the stylus and a moving sample [112]. During our tests, the Rockwell (HRC) spherical-shaped diamond indenter with a diameter of 200 μm and a cone angle of 120° was used as the stylus. The indenter moved along the surface of the fixed samples with a linearly increasing load of 200 g/mm (1.96 N/mm), starting from 50 g (0.49 N) and ending at 2050 g (20.10 N) in a single pass. The length of each scratch was 10 mm. This approach allowed us to determine the point of failure of the coating, called the critical load (Lc) point. Lc values ​​were determined using SEM by measuring the distance from the beginning of the scratch to the first visible damage to the coating. The type of damage received by the samples after scratching, as well as the adhesion of the films to the substrate, were also studied visually using SEM.
	During the tests, the change in the coefficient of friction (COF) of the films was also measured as the load increased. The coefficient of friction became unstable and began to increase sharply when the adhesion of the coating to the substrate changed (failure is initiated). Thus, the critical load can also be confirmed by measuring the change in the COF during the test [112].
	/
	Figure 2.3. (a) A simple diagram of the scratch test [112], (b) SEM image of the Rockwell (HRC) spherical diamond indenter (stylus) with a diameter of 200 μm and a cone angle of 120°, and (c) photograph of the universal materials tribo-test apparatus with scratch test module.
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	This chapter of the thesis discusses the main results obtained during the work on the project and published in Articles I–III. Section 3.1 focuses on the comparative study of two low-temperature curing methods of the preceramic polymer PHPS and the resulting films. In the next stage of work, these PHPS-derived films were used as matrices for the formation of composites. Section 3.2 provides an overview of the morphological and functional properties of laminate-type composite coatings obtained by embedding SWCNTs as a filler into PHPS-derived matrix films.
	This section combines the data published in Articles I and III concerning the study of PHPS-derived matrix films. To address the knowledge gaps illustrated in Chapter 1 of this thesis, the compositions of single-layer PHPS-derived films cured by low-temperature annealing and UV light irradiation were studied. The study investigated the influence of the PHPS curing method on the resulting SiOxNy films' morphological, optical, and mechanical properties, as well as their long-term stability. Additionally, the possibility of forming multi-layer SiOxNy films and their morphological features were studied. 
	Deposited and cured PHPS films showed a dense and uniform morphology both on the surface and in cross-sectional (CS) views, ensuring excellent adhesion to the substrate. The choice of thermally or UV induced curing method did not visually affect the CS morphology of single-layer films on the SLG/Mo substrate, as seen in the SEM images in Figure 3.1. This observation also applied to the surfaces of the samples (images could be found in Article III). The choice of substrate affected the thickness of the resulting coating. On SLG/Mo substrates, the film thickness ranged from 350–460 nm. Films formed and cured on SLG substrates appeared equally uniform and adhesive but were slightly thicker, ranging from 550–580 nm. This difference was caused by the different wettability of the substrate surfaces by the preceramic polymer solution, which was higher in the case of the molybdenum.
	/
	Figure 3.1. Cross-sectional SEM images of SLG/Mo/SiOxNy samples: (a) cured thermally, and (b) under UV light irradiation.
	As described in the literature review, comparisons of the degree of UV-cured films’ conversion were made only with pyrolyzed PHPS films. This comparison was not entirely correct because the result of pyrolysis is a ceramic film, while low-temperature (from RT to 250 °C) curing methods, in some cases, did not even allow the ceramic transition (which starts at temperatures above 200 °C) of the material to begin. Therefore, in our work, UV-cured films were compared with samples cured by low-temperature thermal annealing at a temperature corresponding to the minimum recommended by the precursor manufacturer (180 °C) and compatible with certain heat-sensitive materials (Article I).
	In the case of PHPS-derived films, FTIR spectroscopy is a common and reliable method for assessing the degree of material transformation during the curing procedure, as it shows the presence of different functional groups [72]. For complete transformation of the PHPS to silicon dioxide, only absorption bands caused by different vibrational modes of Si–O bonds remained on the FTIR spectrum [67].
	Figure 3.2 shows a comparison of the FTIR spectra of the samples, where the green curve corresponds to the spectrum of the thermally cured sample, and the purple curve corresponds to the spectrum of the UV-cured sample. Both curves have approximately the same set of characteristic bands, which differ significantly in intensity, thus changing the shape of the spectrum.
	/
	Figure 3.2. (a) FTIR spectra of the thermally and UV-cured SLG/Mo/SiOxNy samples, (b) enlarged area of the 'fingerprint region'.
	The medium-intensity absorption band at 3365 cm–1 in the spectrum of the UV-cured sample (purple) was caused by stretching vibrations of Si–N bonds [12,113], while the broad shoulder starting at 3365 cm–1 and extending toward lower wavenumbers up to 2500 cm–1 was caused by vibrations of –OH groups [11,12]. Bands in the spectra of the samples around 2160 cm–1 were caused by stretching vibrations of Si–H [45,52]. 
	In the fingerprint region (1500–400 cm–1), enlarged in Figure 3.2b, there are many vibrational modes of different functional groups. The close relative position and different intensities of their absorption bands make it difficult to interpret the obtained spectra [114]. A slight shift towards lower wavenumbers ​​of several bands in the spectrum of the UV-cured sample relative to the spectrum of the thermally annealed sample is clearly visible, as demonstrated in Table 3.1. Similar behavior had already been observed for the transverse optical (TO) mode of the antisymmetric stretching vibrations of Si–O bonds. If a quartz-like silicon structure with bond angles of 144° was formed during curing, the vibrational peak will be located around 1065 cm–1 [66]. Thus, the position of the peak in the spectrum of our UV-cured film corresponds to this case of the organization of bonds between silicon and oxygen.
	The formation of a cage-like structure of silicon with bond angles of up to 150° in the thermally cured film was indicated by the shift in the position of the absorption band of these vibrations towards larger wavenumbers, which could reach up to 1140 cm–1 [66,72,115]. This suggests that the curing method influences the structure of the spatial organization of atoms within the films, which, in turn, affects the properties of the resulting coatings.
	It was possible to clearly determine the presence in both spectra of a peak located around 1170 cm–1, associated with bending vibrations in Si–N [71]. Additionally, bands caused by stretching vibrations of this bond should be located around 950 and 840 cm–1 [67,116,117]. The peak related to Si–H bonds, also located around 840 cm–1, complicates the analysis of this region of the spectrum [118]. Peaks for stretching, bending, and rocking vibrations in Si–O are located around 1005, 830, and 500 cm–1, respectively [65,67,119,120]. 
	Table 3.1. Displacements of the vibrational band positions in the FTIR spectra for single-layer SiOxNy matrix films.
	In the spectra of films cured by both methods, absorption bands of functional groups containing nitrogen and hydrogen atoms were observed, which indicates incomplete conversion of PHPS into silicon dioxide. The relative intensity of Si–O peaks compared to other bands in each of the spectra provides information about the different oxygen contents in these films.
	To evaluate the elemental composition of the studied PHPS-derived films, EDX analysis was used. Measurements were taken from the surface of the samples to obtain the elemental composition averaged over the thickness of the films (Table 3.2). Atomic mass affects the sensitivity of EDX analysis, so atoms lighter than beryllium were beyond detection, making it impossible to estimate the content of hydrogen atoms in our samples. The measurement error decreased with increasing atomic mass. The results showed that UV curing promotes the transformation of PHPS into silicon oxynitride with a lower concentration of nitrogen atoms compared to thermally cured films. Thus, during UV curing, more oxygen atoms penetrate into the film, indicating a more successful curing process of the preceramic polymer towards silicon dioxide.
	Table 3.2. Thickness-averaged elemental atomic concentrations of thermally annealed and UV-cured SiOxNy single-layer matrix films on SLG/Mo substrates measured by SEM-EDX.
	To study the surface chemical composition of the samples at a depth of 2–4 nm, XPS analysis was used (Figure 3.3). In the spectra of films cured by both methods, peaks of silicon, nitrogen, oxygen, and carbon were observed. Hydrogen was not detectable using this analytical method. Oxygen and silicon peaks were dominant in the spectra of both samples. Nitrogen was present on the surfaces of both films, but in the case of UV curing, its concentration was three times lower compared to the thermally annealed film. In Figure 3.3a, the inset shows an enlarged Si 2p peak, its deconvolution into three components, and its correlation with the chemical bonds that cause these components. Thus, in the case of thermal curing, the surface of the film represents an incompletely transformed PHPS due to the presence of Si–N (101.55 eV) and Si–Si (100.01 eV) components [121,122]. The Si 2p peak of the UV-cured sample consisted of one component located at about 103.1 eV, responsible for the Si–O bonds (Figure 3.3b) [123]. The position of this component was shifted towards higher binding energies compared to the equivalent component for thermal curing, indicating greater oxygen saturation in the case of UV curing [121]. The presence of a carbon peak in both spectra was due to adventitious C from the air, as well as possible minimal traces of dibutyl ether.
	/
	Figure 3.3. XPS spectra of near-surface layers with enlarged Si 2p peaks of SLG/Mo/SiOxNy samples cured (a) thermally, (b) under UV light irradiation.
	Additionally, XPS studies enabled limited depth profiles of the elemental composition to be measured. However, the dielectric nature of PHPS-derived films led to an accumulation of positive charge during long-term measurements, distorting the obtained data. Therefore, the qualitative results of this analysis are presented below. The samples were etched in argon plasma to allow measurements at depths of approximately 12 nm and 22 nm from the surface. In the case of the thermally cured film, the concentrations of oxygen, silicon, and nitrogen remained stable over the whole depth profile measured. For the UV-cured film, a decrease in oxygen content with an increase in nitrogen and silicon content was recorded at a depth of about 22 nm. The results of XPS studies of matrix films are schematically presented in Figure 3.4, indicates that in the case of UV curing, a film with a non-uniform composition in the CS is formed with an upper layer saturated with oxygen. Low-temperature curing produced a film with a lack of oxygen in the CS. 
	/
	Figure 3.4. Cross-sectional SEM images of the SLG/Mo/SiOxNy samples cured (a) thermally and (b) under UV light irradiation with XPS measurements data and with trend of the oxygen and nitrogen content based on limited depth profile XPS data.
	Based on all the above-mentioned, thermal curing for 60 min at 180 °C produced a partially transformed film, while UV curing led to a more complete transformation of the PHPS into SiO2. This comparative study is detailed in Article I.
	The single-layer SiOxNy films may be too thin for some potential applications. With an average layer thickness of about 500 nm, the four-layer film thickness should be about 2 µm, making it more suitable for use as a protective coating. An improvement in the protective properties of the films obtained by sequential deposition of several PHPS layers was also reported [12]. 
	As can be seen from the SEM image (Figure 3.5а), upon sequential thermal curing, the four-layer film became homogeneous in CS with a maximum thickness of about 4.5 µm. In the case of UV curing (Figure 3.5b), the four-layer film maintained a uniform thickness of about 2.5 µm. But four layers of PHPS deposition were visually distinguishable in CS, and the third and fourth layers merged into one. Each layer was about 600 nm thick. This clearly illustrates the heterogeneous transformation of the film during UV curing (Article I). The difference in the thickness of the four-layer structures indicated that the surface of the thermally cured SiOxNy film was less wettable by the PHPS solution in comparison to the surface of UV-cured SiOxNy film. 
	The analysis of the FTIR spectra of multi-layer films is presented in Section 3.1.3 and can also be found in Article I.
	The thickness of the multi-layer films was sufficient for line-scan EDX analysis of the CS of the films in order to obtain a depth profile of the elemental composition (Figure 3.5c and d). In the thermally cured sample (Figure 3.5c), the Si content fluctuated around the average value, which was much higher relative to the O, while the oxygen content increased closer to the film surface. For the UV-cured sample (Figure 3.5d), the Si content also fluctuated around the average value. However, the curve illustrating the O content in the sample showed three clearly distinguishable stand-alone peaks that could be associated with the film sub-layers, visually identified in the CS SEM image of the UV-cured film. The O content in the first two sub-layers was relatively low, but in the top layer, it grew significantly compared to the Si content. This confirmed the XPS data related to the conversion of the near-surface layers of the UV-cured PHPS film to SiO2.
	An increase in the O content as it approached the film-air interface for the thermally annealed film indicated the penetration of oxygen into the sample after the curing process. This will be discussed in more detail in Section 3.1.3, which covers the long-term stability of matrix films.
	The study of the morphology and structure of multi-layer SiOxNy films can be found in Article I.
	/
	Figure 3.5. Cross-sectional SEM images of SiOxNy films on SLG/Mo substrate obtained from 4 deposition/drying/curing cycles for (a) thermal curing or for (b) UV-curing; (c) and (d) line-scan SEM-EDX elemental profiles of the films, respectively.
	As mentioned in the literature review, no detailed study of the long-term stability of the composition, structure, and properties of PHPS-derived films has been carried out for either thermal or UV curing methods so far. Therefore, we first studied the stability of the composition of single-layer and multi-layer films using FTIR spectroscopy (Article I).
	Prepared samples were studied both immediately after the curing procedure and after aging in a desiccator at room temperature (RT) for two months. Figure 3.6 shows the measured spectra in the fingerprint region, as this is the area where the main changes in the shape of the spectra occur. The correlation of all the main vibrational bands with the functional groups that cause them is shown in the Figure 3.6. More noticeable changes in the shape of the spectra occurred in the case of single-layer samples (Figure 3.6a and c). After two months of aging, there was a significant increase in the intensity of the peaks caused by vibrations of Si–O bonds compared to the other peaks in both spectra, indicating oxygen penetration into the films during aging. Figure 3.6b and d show the FTIR spectra of the four-layer PHPS-derived films. The shape of the spectra of these samples demonstrated relatively smaller changes as a result of aging. This was caused by the significantly greater thickness of the films compared to single-layer samples, which complicated the process of oxygen penetration deep into thick films.
	/
	Figure 3.6. FTIR spectra of the (a), (c) thermally cured or (b), (d) UV-cured samples; colored lines are for as-cured samples, and black lines are for aged samples.
	A detailed study of the dynamics of the aging of matrix films using FTIR spectroscopy was conducted and the results were published in Article III. The single-layer films were aged in plastic boxes in a desiccator at RT, without any additional influences. FTIR spectra for each sample were recorded in three marked areas and then averaged. To optimally track the dynamics of aging, the spectra were recorded immediately after curing, after 24 hours, and after one week, 3 weeks, and 6 months.
	For both curing methods, as the films age, the shape of the spectra underwent changes (the main changes in peak intensity are marked by red arrows in Figure 3.7). In the spectrum of a thermally as-cured sample, a low-intensity peak of TO mode of asymmetric stretching vibrations of the Si–O–Si bond was detected at about 1089 cm–1, whose intensity gradually increased with aging, although its position remained unchanged. More details related to this peak are described in Section 3.1.1. One week after UV curing, the peak representing this bond began to appear in the spectrum around 1068 cm–1. In the spectrum of the as-cured sample, this band overlapped with neighboring bands, but as the sample aged, the relative intensity of this band increased, and its position shifted toward lower wavenumbers. After 6 months, this peak was located at 1050 cm–1, indicating a quartz-like structure within the film [54].
	In the spectrum of a 6-month-aged UV-cured film, a band around 1123 cm–1 appeared, which could also be attributed to vibrational modes of the Si–O–Si bonds. The position of these peaks indicated that clusters with a cage-like structure and quartz-like structure were both formed inside the film during the aging process.
	/
	Figure 3.7. FTIR spectra of SiOxNy films measured during aging/ripening process of (a) thermally cured sample, (b) UV-cured sample.
	In the case of a thermally cured sample, the most noticeable changes in the shape of the spectrum occurred during the first week after curing, then slowed down significantly. In contrast, for UV-cured samples, this process took longer. For multi-layer films, this process took even longer due to their greater thickness. As the films aged, significant changes occurred in their composition and structure. This process can be called ripening, where the oxygen content increased significantly, but the nitrogen and hydrogen content decreased. As a result, the peaks attributable to bonds between silicon and oxygen dominated in intensity, indicating that the composition of the films became close to silicon dioxide.
	After six months of ripening, the spectra of films cured by two different methods exhibited different shapes, reflecting differences in their structure, and therefore, their functional properties. Notably, immediately after UV curing, the films contained less residual nitrogen and were closer in composition to silicon dioxide than thermally cured films. This is visible from the FTIR spectra and is confirmed by the XPS and SEM-EDX data shown for single-layer films in Section 3.1.1. Therefore, if the goal is to prepare films close in composition to silicon dioxide, UV curing could be considered as the preferable method.
	In Article I and Article II, the high optical transmittance of prepared SiOxNy matrix films (near 90% without subtracting the contribution of the SLG substrate and > 98% with subtracting) was demonstrated. However, there were significant gaps in the information regarding other optical properties, such as refractive indices (n) of PHPS-derived films cured by different methods, as well as the long-term stability of the optical properties of these films. Therefore, in Article III, we conducted a study aimed at filling these gaps.
	There are various ways to determine the optical constants of films deposited on optically transparent substrates. In our work, we used spectroscopic ellipsometry (SE). Since this was an indirect method of obtaining data, the convergence of theoretical data to experimental data was assessed using the R2 correlation parameter. The closer R2 was to 1, the closer the calculated data were to the experimental data.
	Generally, the N and O content within the film strongly influences its optical properties [124]. Additionally, FTIR results showed that during aging/ripening, the SiOxNy matrix films changed their composition and structure. These changes were expected to affect the optical properties of the films. Therefore, measurements were carried out the day after curing the films, as well as at different time intervals after curing, in order to track the dynamics of changes in the optical parameters of the samples. The measurement results are presented in Table 3.3. 
	Table 3.3. Optical parameters of PHPS-derived films calculated based on SE measurements.
	R2
	k355
	n633
	n355
	d2,mm
	k355
	n633
	n355
	d1, mm
	Aging time
	Sample
	0.99
	0.08
	1.56
	1.61
	673
	1 day
	Uncured
	PHPS
	0.99
	0.09
	1.56
	1.60
	625
	1 day
	Thermally cured
	SiOxNy
	0.98
	0
	1.47
	1.51
	44.2
	0
	1.49
	1.54
	508
	1.5 month
	0.99
	0.06
	1.49
	1.51
	598
	3.5 months
	0.99
	0
	1.46
	1.50
	507
	13 months
	0.96
	0.15
	1.46
	1.49
	200
	0.17
	1.55
	1.58
	571
	1 day
	UV-cured
	SiOxNy
	0.99
	0
	1.47
	1.49
	752
	1.5 month
	1
	0.02
	1.46
	1.50
	613
	3.5 months
	0.98
	0
	1.47
	1.49
	598
	13 months
	Figure 3.8 shows the dependences of the refractive index at the wavelengths of 355 and 633 nm on the aging/ripening time of the matrix films, based on the data in Table 3.3. To obtain the highest possible n value as a limiting case, an uncured PHPS film was prepared and measured, with the results shown in the figures as red triangles. This film contained the highest amount of nitrogen and the lowest amount of oxygen, which led to fairly high n values ​​of about 1.6. These data allowed better evaluation of the efficiency of the transformation of PHPS into SiOxNy using thermal and UV curing.
	A thermally cured, 1-day-aged SiOxNy matrix film also exhibited n values ​​very close to 1.6. In contrast, the n values for the 1-day-aged UV-cured film were on average 0.02 lower. In the UV-cured sample, the nitrogen content was lower in comparison to the thermally annealed PHPS film, which led to a decrease in the refractive index value. This is consistent with results indicated in Section 3.1.3, which illustrate the influence of the curing method on the structure and properties of the resulting SiOxNy films.
	In the UV-cured, 1-day-aged SiOxNy film, a fairly thick sub-layer in a two-layer model with d2 of 200 nm and an n value very close to the values ​​for silicon dioxide, was formed on top of the d1 sub-layer, which has a higher refractive index (see Table 3.3 and Figure 3.9b). The typical refractive index value for amorphous stoichiometric silicon dioxide is 1.465 at a wavelength of 633 nm [125]. 
	/
	Figure 3.8. Dependence of the refractive index values on the sample aging time for n at wavelengths (a) 355 nm and (b) 633 nm.
	The analysis of the transmittance spectra of samples improved the accuracy in calculating optical constants during modeling of SE data. To achieve this, the transmittance spectra of SiOxNy matrix films cured by both methods and aged for 1.5 months (Figure 3.9a) were measured. All spectra were measured during a single working session of the spectrophotometer, with the uncoated SLG substrate placed in the reference channel. The dried uncured PHPS sample was used for comparison, and its transmittance spectrum was measured 2 days after the film was prepared. This sample exhibited the lowest transmittance of all samples measured, indicating the highest refractive index.
	Both cured samples had refractive indices lower than those of the substrate, placing their transmittance curves almost completely above the 99.7% level (our spectrophotometer channels were unbalanced by approximately 0.3%), as indicated by the gray line (Figure 3.9a). If the samples were optically homogeneous, the interference minima would be located at the level of the gray line. The interference minima in the spectra of the cured samples were located below this level. This shift indicated a negative inhomogeneity of the films, i.e., a gradient in the refractive index across the CS of the samples [126]. The beating of interference fringe amplitudes observed in the spectrum of a UV-cured sample also pointed to possible optical inhomogeneity in the material [127]. Specifically, the n values ​​at the substrate-film interface were higher than those at the film-air interface. The gradient was more pronounced in the annealed film, as its minima were located lower relative to the gray line. Meanwhile, the UV-cured film had the lowest absolute value of n of all measured samples, since its spectrum was located above the others. All the observations described above are also reflected in the SE data (Table 3.3).
	From Figure 3.8a and b, it can be seen that the refractive index value showed a tendency to decrease as the films aged. After 1.5 months of aging, the n values of the films approached the refractive index (n = 1.535) of the SLG substrate (gray dotted line in Figure 3.8a and b), or dropped below it, with further aging tending toward the n values characteristic for silicon dioxide (n633 = 1.485). This decrease related to a gradual reduction in nitrogen content and an increase in oxygen content in films cured by both methods, showing their gradual ripening towards silicon dioxide. These findings were in good agreement with the FTIR results presented in Section 3.1.3.
	As the samples ripened, the structure of sub-layers and the magnitude of the n gradient also changed. According to the SE data, a 1-day-aged UV-cured film had a rather thick upper sub-layer (¼ of the total thickness) with a smaller n value and a fairly large (∆n = 0.09) gradient value (Figure 3.9b). Previous reports have noted the formation of this top sub-layer, which was more converted to silicon dioxide than the buried sub-layer formed during UV curing [67]. We also detected this effect using the XPS and EDX line-scan techniques for single- and multi-layer SiOxNy films.
	It should be noted that when a PHPS film was illuminated from the surface with UV light, the PHPS located closer to the film-air interface transformed more rapidly into a silicon dioxide sub-layer. This sub-layer then began to partially block the diffusion of oxygen deep into the film. As a result, the process of PHPS transformation to SiOxNy in the underlying volume slowed down. This created a gradient of cross-sectional chemical composition in the UV-cured SiOxNy film. Therefore, we did not see a step-like change in the composition and in the refractive index value, but rather a smooth transition, which is shown by the dash-dotted and solid lines in Figure 3.9b, respectively.
	During aging, the magnitude of the gradient decreased so much that it was no longer noticeable in SE calculations (Table 3.3) and was only detected in the 1.5-month-aged sample using the transmittance spectrum (Figure 3.9a). In the case of thermal curing, the as-cured film was uniformly converted into silicon oxynitride, with a higher residual nitrogen content compared to the UV-cured PHPS film. However, after aging, the composition became similar to the UV-cured samples. An upper sub-layer with a lower n value compared to the rest of the material was detected (Figure 3.9c), which then ceased to be determined due to a decrease in the magnitude of the n gradient in the CS of the samples as they continued to ripen (Table 3.3).
	/
	Figure 3.9. (a) Transmittance spectra of uncured PHPS film and 1.5-months aged UV and thermally cured SiOxNy films. (b) The refractive index profiles along the thickness of the SiOxNy films for 1-day UV-cured and (c) 1.5-months thermally cured matrix films.
	This study illustrated the dependence of the optical properties of PHPS-derived films on the curing method used, specifically on the degree of conversion of the preceramic polymer to SiO2. The results suggest that SiOxNy matrix films could function as antireflective coatings for materials with refractive indices higher than theirs. As the SiOxNy film ripens, the magnitude of the antireflection effect will increase due to an increase in ∆n between the film and the underlying material.
	As discussed in the literature review, no comparison of adhesion and mechanical behavior of low-temperature-cured PHPS-derived films under dynamic mechanical stress under the same measurement conditions had been performed. In this regard, in Article III a study and comparison of these properties for our samples was conducted.
	SiOxNy matrix films on SLG/Mo substrates were scratched using a universal materials tribo-test device, 1-day, and 1- and 3-weeks after curing, to evaluate their initial adhesion and mechanical behavior as well as the long-term stability of those properties. 
	For thermally annealed films, after contact with the surface of the sample (at the lowest load of 50 g), the indenter began to damage the coating (Figure 3.10a and d), with the scratch visually identified along its entire length (Figure 3.10e). The freshly cured film had very high ductility, and it was subject to a thinning effect, which resulted in a 250 g critical load (Lc) value at the point of failure of the coating. However, one week after curing, the behavior of the annealed films changed, with adhesion to the substrate becoming strong, and hardness increasing noticeably, together with a Lc value up to 970 g (Figure 3.10f). 
	/
	Figure 3.10. SEM images of scratches obtained from the progressive load tests taken after 1-day, 1- and 3-weeks of aging of a thermally cured SLG/Mo/SiOxNy sample: (a) the contact point of the indenter with the surface, (b) the appearance of the first visible damage to the film used to determine Lc, (c) the end of a scratch, (d) magnified image of the contact point, (e) general appearance of all scratches, and (f) scratch end point. Aging time and load are indicated in the images.
	1-day-aged UV-cured SiOxNy films exhibited high hardness and excellent adhesion to the SLG/Mo substrate vs. 1-day-aged thermally cured films, maintaining this behavior and Lc values during the aging process. After reaching the Lc, semicircular cracks began to appear on the surface of the sample. As the load increased, semicircular cracks turned into ring-shaped cracks (Figure 3.11a). At high magnification, it became clear that this type of damage occurred because brittle SLG was located under the Mo layer, while the SiOxNy film remained tightly attached to the Mo surface, thus illustrating very good adhesion to the molybdenum layer (Figure 3.11b). The compressive stress from the indenter passed deep through the film and molybdenum and led to a brittle fracturing of the glass [111,128]. Notably, the film did not peel off from the substrate beyond the scratch, although with very heavy loads, damage could spread beyond the scratch area.
	/
	Figure 3.11. SEM images of UV-cured sample: (a) a fracture of a scratch on an SiOxNy matrix film under high load (near the end of the scratch), and (b) a magnified image of one of the fragments.
	This difference in the behavior of 1-day-aged films was also associated with their CS structure after curing. The plasticity and lack of hardness of fresh thermally cured films were associated with the absence of a top layer of silicon dioxide and the presence of a very high nitrogen content throughout the film thickness. As a result of aging and ripening, the nitrogen content in the film decreased, and a layer similar in composition to silicon dioxide appeared on the surface. These changes made the aged film more comparable to the UV-cured samples. 
	For all samples, the coefficient of friction (COF) values ​​did not exceed an average of 0.05. Such low COF values indicated the high smoothness of the film surface. The high smoothness of the film surfaces was also confirmed by the atomic force microscopy (AFM) results. The average surface roughness of the UV-cured and thermally annealed SiOxNy films was around 0.6 nm. Figure 3.12 shows COF curves for some samples. For all samples, the same behavior was observed for the COF value, depending on the scratching time.
	/
	Figure 3.12. Friction coefficient curves recorded during progressive load scratch tests of SiOxNy matrix films. Curing method and aging time are indicated in the pictures.
	Thus, the scratch test with progressive load showed that the adhesive properties and mechanical behavior of the coatings are greatly influenced by the composition of the films. Thermal curing proved to be a less fortunate method for the formation of protective coatings from PHPS, while UV curing produced harder, more stable films with excellent adhesion to the SLG/Mo substrate. The low COF values ​​made PHPS-derived matrix films promising coatings for improved lubricious and scratch-resistant properties, which is an especially important factor in many industrial processes. More detailed information regarding progressive load scratch testing of the matrix films can be found in Article III.
	This section involves a discussion about the results obtained for composite samples that were published in Articles II and III. First, information about the SWCNT films used in the work was presented. Then, the principles of the formation of composites in different configurations were described, after which the results obtained during the study of the functional properties of SiOxNy/SWCNT composite protective coatings were discussed.
	As mentioned in Chapter 2, the SWCNTs used were collected on filter paper after synthesis, thereby forming thin films. For the formation of the composites described in Articles II and III, SWCNTs from two different batches were used. The batches differed in the precursors for synthesis, which was described in detail in Chapter 2, as well as in the thickness of the films. In both cases, the morphology of synthesized SWCNT films was studied using SEM. The micrographs from Article II showed that the dry transferred to the SLG substrate SWCNTs composed a uniform, thin, and close-packed film (Figure 3.13a and b). The SEM images of SWCNTs on the SLG substrate and carbon adhesive tape published in Article III looked similar.
	/
	Figure 3.13. SEM images of SWCNT film on SLG substrate with different scales (a) 10 µm and (b) 200 nm, (c) Raman spectrum of a SWCNT film with an enlarged region of radial breathing modes, (d) optical absorption spectrum of a SWCNT film on a glass substrate with an absorbance of 0.06.
	The SWCNT layers were studied by Raman spectroscopy (Figure 3.13c and in Article III). The enlarged area of the spectrum in the region of small wavenumbers illustrated the so-called radial breathing mode (RBM) region, which was observed in the spectra of both batches of nanotubes. These peaks were caused by synchronous radial vibrations of carbon atoms perpendicular to the axis of the nanotube. These peaks clearly indicated the presence of SWCNTs [129]. 
	The D peak (approximately 1350 cm–1) indicated the presence of defects in the tube structure: the lower the intensity of this peak, the fewer defects (vacancies, undesirable doping etc.) in the tubes. To estimate the level of defects, the ratio of the intensities of the G peak to the D peak was used. In the case of the first batch (Article II), this value was 16, indicating the high quality of the SWCNTs, based on the values ​​given in the literature, where it was indicated that 28 is an indicator of a small number of defects, and 2 is a large number [130,131]. For the second batch of SWCNTs (Article III), this value was 24.
	The G peak, located at 1591 cm–1, corresponded to the tangential stretching of carbon-carbon bonds in the plane. It is observed in the spectra of any carbon structures with sp2 hybridization [132]. In the spectra of SWCNTs, this peak is split into two closely spaced subpeaks of different intensities due to the twisting of the graphene sheet. Nanotube defects also affect the splitting and broadening of the G peak. With a large number of defects, it becomes wider and split into more than two subpeaks [129]. In our case, the shape of this peak confirmed the high quality of the SWCNTs synthesized in both batches used. 
	High transmittance in the visible spectral region is a key requirement for optical coatings. Additionally, some materials require protection from UV radiation because it is often harmful to them due to its high energy. Therefore, absorption in this region of the spectrum is an advantage for a protective coating. The absorbance spectra of SWCNTs (Figure 3.13d) showed fairly high transmittance in the visible wavelength range, with a characteristic absorption peak in the nearest UV region, caused by π plasmon absorption [97]. 
	It was possible to determine the thickness of the SWCNT film using its optical absorption spectrum. To calculate the thickness, the absorption value at a wavelength of 550 nm, which was 0.06, had to be multiplied by the correlation coefficient value of 239 [133,134]. Thus, the SWCNT film from batch 1 (Article II) had a thickness of approximately 14 nm. For SWCNTs from batch 2 (Article III), the absorption value at the wavelength of 550 nm was 0.054, corresponding to a film thickness of 13 nm.
	Thus, in the course of a small preliminary study described in this section, we were able to verify the high quality of the used SWCNTs, as well as the small thickness of the films they form.
	To prepare SiOxNy/SWCNT composite films, SWCNTs could be transferred either on top of the uncured PHPS layer or directly onto the substrate (SLG or SLG/Mo), followed by spin coating of the PHPS layer onto the SWCNT layer. A comparison of the adhesion and morphology of the nanocomposite coatings on the different surfaces was recommended, since SWCNT films demonstrated different adhesion to the surfaces of different materials [135]. When transferring a SWCNT film onto cleaned Mo, the adherence was poor in contrast with adhesion of the SWCNT layer to SLG substrate. To overcome this problem, we used a dry process of fluorination of the Mo surfaces, described in Chapter 2. This made it possible to alter the surface properties of the Mo substrate. After this treatment, the SWCNT film was easily transferred onto the Mo surface, followed by coverage with a layer of PHPS by the spin-coating technique.
	The composite coatings were formed in two configurations: (i) BOTTOM, where the SWCNT film was transferred to the substrate surface before spin coating the PHPS solution; and (ii) TOP, where SWCNTs were transferred to the surface of a formed but uncured PHPS film. The investigation of these different configurations was important for evaluating the result of SWCNTs transfer to a hard (SLG and SLG/Mo) and soft (uncured PHPS) substrate. It helped in controlling the distribution of SWCNTs within the matrix film and determining the possible influence of the configuration on the functional properties of the composite coating. 
	The samples of both configurations were cured using both thermal and UV-assisted methods to thoroughly assess the possible change in their final morphological and functional properties. We examined the surface and CS morphology of the thermally cured samples using SEM (Figure 3.14). For both TOP and BOTTOM architecture, the surface of the cured samples was mainly uniform, without any noticeable pores. Only under very high magnification was it possible to see some inhomogeneity points, with its minor presence on the film surface. The CS micrographs showed that in the case of the TOP architecture, the composite film thickness was around 400 nm and the SWCNT layer was predominantly located in the upper part of the SiOxNy matrix, not penetrating into its depth. For the BOTTOM configuration, the film thickness was 480 nm, with the SWCNT film layer predominantly located in the bottom part of the SiOxNy matrix. It should be noted that in both cases, the SWCNT film continued to be densely packed in cross-section after entering into the coating matrix. When the sample was fractured to create a cross-section, the SWCNTs were stretched and torn. These fragments could be seen emerging from the film in the images, illustrating the additional bonding effect of SWCNT fillers inside the composite film.
	/
	Figure 3.14. SEM cross-sectional and surface (in the red frame) images of SiOxNy/SWCNT composite films on SLG/Mo substrates with architecture (a) TOP and (b) BOTTOM.
	The surface of UV-cured SiOxNy/SWCNT composite films on SLG/MO substrate (Figure 3.15a and d) appeared the same as that of the thermally cured ones. In the CS (Figure 3.15b, c, e), the SWCNT distribution within the matrix showed the trends observed for thermally cured composite samples. However, in the case of the TOP configuration, SWCNTs were predominantly located in the upper layers of the SiOxNy matrix film but might shift and spread deeper, moving from the laminated structure of the composite to a network (Figure 3.15b and Article III). This behavior could be due to the diffusion of stressed SWCNTs in viscous matrix material. During UV-induced curing, the film was gradually cured starting from the surface downward, allowing the SWCNTs to remain longer in the viscous, uncured matrix film, which could lead to their spreading throughout the volume of the matrix film. 
	/
	Figure 3.15. SEM images of SiOxNy/SWCNT composite films: with TOP architecture, where (a) cracked surface under high magnification, and (b, c) CS with film thickness 520 nm; with BOTTOM architecture, where (d) surface with partially removed film, and (e) CS with film thickness 650 nm.
	Figure 3.14 and Figure 3.15 showed SEM images of composites on SLG/Mo substrates. However, the observed morphological properties were similar for composites on SLG substrates, the images of which are presented in Articles II and III.
	During this part of study composites with the different laminate architectures were successfully obtained using the developed methods. It was found that the filler in the form of a horizontally oriented SWCNT film is successfully transferred by dry transfer technique to both hard and soft substrate surfaces. The filler showed excellent compatibility with the SiOxNy matrix. The developed technological path of composite coatings formation avoided the problem of SWCNTs agglomeration inside the matrix in all investigated conditions.
	Based on the absorption spectrum of SWCNTs (Figure 3.13d), it was assumed that they could affect the curing process when embedded in the PHPS matrix because their absorption peak is in the UV region of the spectrum. In order to study the possible influence of the SWCNT filler film on the conversion of the PHPS matrix material for both curing methods in Article II, only half of the total area of the PHPS layer was filled with the SWCNT film (for both TOP and BOTTOM configurations). Thus, each sample consisted of a region representing only pure SiOxNy and an area with filler embedded in the SiOxNy matrix. 
	The FTIR spectra were measured at several points in both regions and then averaged into one curve per region. A detailed description of the correlation of the peaks appearing in the spectra of PHPS-derived films, with the functional groups that caused them, is given in the section on the study of the long-term stability of matrix films (Section 3.1.3). A detailed interpretation of the spectra shown in Figure 3.16 is available in Article II.
	As seen from the comparisons of the spectra in Figure 3.16a and b, in the case of thermal curing, the presence of the SWCNT film (black curves) did not have any effect on the shape of the spectra for both sample architectures studied. Small differences in the film thickness caused minor differences in the peak intensity. Also, differences in sample architecture did not affect the spectra. In all four spectra, the peak distribution typical for thermal curing stood out.
	Generally, the peaks of Si–O functional groups were the most intense in all the spectra of thermally cured samples, indicating a high degree of PHPS conversion (peaks near 1085, 1010, 830 and 450 cm–1 [65-67,119,120]). However, the signals of nitrogen and hydrogen were also present in all measured spectra, indicating the formation of an SiOxNy film. 
	In the case of UV-cured samples we also did not see a significant difference between the spectra measured in the area of pure SiOxNy (purple curves in Figure 3.16c and d) and the spectra measured in the area of the composite film (black curves). The difference in the relative intensities of some peaks was caused by small changes in film thickness in different areas of the sample. All spectra of UV-cured samples showed a characteristic shift in the positions of the Si–O vibration bands compared to annealed films.
	/
	Figure 3.16. FTIR spectra of the thermally cured samples measured in the area with SWCNTs (black curve) and in the area without SWCNTs (green curve) for (a) TOP and (b) BOTTOM configurations. FTIR spectra of the UV-cured samples measured in the area with SWCNTs (black curve) and in the area without SWCNTs (purple curve) for (c) TOP and (d) BOTTOM configurations.
	Table 3.4 and Table 3.5 show the results of the EDX elemental analysis of the SiOxNy/SWCNT composite films on SLG/Mo substrate from the film surface. However, this data must be considered mainly as qualitative since the limiting factor of this measurement technique was its sensitivity to the atomic weight of the elements (relatively low accuracy for determination of light elements), as already mentioned. However, it was possible to make some remarks regarding the presence of the carbon filler within the matrix material. From Table 3.4 and Table 3.5, it can be seen that the contribution of SWCNTs to overall carbon content was non-detectable by EDX, i.e., very low. Indicated traces of carbon belong to solvent residues, which were also detected in the FTIR spectra. It should be noted that the decrease in carbon content in UV-cured SiOxNy/SWCNT films of both configurations was related to the strong UV irradiation of prepared layers with a wavelength of 185 nm in the presence of oxygen, accompanied by the formation of ozone and the oxidation of the organic residues in the cured films [54].
	Table 3.4. The thickness-averaged elemental atomic percentage of SiOxNy-based TOP configuration films on SLG/Mo substrate measured by EDX.
	UV-cured film
	Thermally cured film
	With SWCNTs
	Without SWCNTs
	With SWCNTs
	Without SWCNTs
	29
	30
	32
	33
	Silicon, at%
	68
	68
	54
	54
	Oxygen, at%
	1
	0
	7
	7
	Nitrogen, at%
	2
	2
	7
	6
	Carbon, at%
	Table 3.5. The thickness-averaged elemental atomic percentage of SiOxNy-based BOTTOM configuration films on SLG/Mo substrate measured by EDX.
	UV-cured film
	Thermally cured film
	With SWCNTs
	Without SWCNTs
	With SWCNTs
	Without SWCNTs
	31
	31
	39
	39
	Silicon, at%
	68
	68
	52
	52
	Oxygen, at%
	0
	0
	6
	5
	Nitrogen, at%
	1
	1
	3
	4
	Carbon, at%
	Based on the above, it can be concluded that the embedding of SWCNTs into SiOxNy matrix and the architecture chosen do not affect the degree of conversion of PHPS to silicon dioxide during curing. Similarly to the matrix films, the final nitrogen content in composite films is affected by the choice of curing method. The concentration of the SWCNT filler inside the SiOxNy matrix remained low and not detectable with EDX.
	In Section 3.1.4 we discussed the values of optical constants for matrix films obtained using the SE technique. It should be noted that the observed patterns of refractive index behavior and values were the same for the composite samples. 
	The main area of application of the coatings being developed in this thesis imposed restrictions in the form of needing high transmittance. The transmittance of the SiOxNy/SWCNT composite films on the SLG substrate was studied in Article II. The SiOxNy matrix film (blue curve in Figure 3.17) had very high transparency (near 100%) over a wide range of wavelengths and had an absorption peak in the near UV region of the spectrum. The behavior of the spectrum of the pure SWCNT film (black curve) was similar to the spectrum of the matrix film, except with lower transmittance values over the entire measurement range (from 82% to 89% for visible light range). The transmittance spectrum of the UV-cured SiOxNy/SWCNT composite film (purple curve) was located between the spectra of SWCNTs and SiOxNy. At the same time, the transmittance of the composite was at least 2% higher than the SWCNT film over the entire range of the visible and IR regions of the spectrum. We investigated this antireflection effect in more detail in Article III.
	/
	Figure 3.17. The transmittance spectra of a UV-cured SiOxNy matrix film (blue curve), a SWCNT film (black curve), and a UV-cured SiOxNy /SWCNT composite film (purple curve). The uncoated SLG substrate was placed in the reference channel of the spectrophotometer during measurements.
	In Article III, we extended our measurements to similar composites and the remaining samples studied to better evaluate the observed effect.
	In order to estimate the value of antireflection, the transmittance spectra of the SWCNT films transferred to the SLG substrate were measured first (Figure 3.18a). Then, in accordance with the BOTTOM configuration, PHPS/SWCNT composite films were prepared and cured by both thermal and UV-assisted methods. As shown in Figure 3.18a, the transmittance of different areas of the SWCNT film varied slightly, making it difficult to adequately assess the magnitude of the effect in TOP configuration composites. This was due to the inability to measure the transmittance of the specific piece of SWCNT film used in the formation of the TOP composite.
	After curing, the transmittance spectra of the BOTTOM SiOxNy/SWCNT samples were measured again within the same operating session of the device, which decreased the influence of additional errors associated with the operation of the spectrophotometer. For all spectra in Figure 3.18, measurements were taken against the uncoated SLG substrate in the reference channel. It can be seen that for both curing methods, the transmittance of the composite samples increased in comparison with the transmittance of a pure SWCNT film on the SLG substrate. In the case of UV curing, the increase in transmittance was higher (approximately 2.5%) compared to the thermally cured composite (approximately 1.4%).
	For better evaluation of the observed effect, we studied the change in transmittance depending on the stage of formation of the UV-cured composite film (Figure 3.18b). First, the spectrum of the SWCNT film transferred to the SLG substrate was measured (black curve). A PHPS film was then spin coated on top of the SWCNTs, and the spectrum of this uncured composite sample showed a 1.6% increase in transmittance in the mid-visible range (blue curve). After curing, the transmittance increased by another 1.4% (purple solid curve). All spectra were recorded within a single spectrophotometer run with the same baseline and without bare SLG substrate in the reference channel.
	Thus, in the case of UV curing, we found two factors that influenced the magnitude of the antireflection effect. The first was associated with the formation of the composite sublayer in the PHPS matrix (see Figure 3.14a and Figure 3.15e) by the introduction of SWCNTs into the PHPS. The second factor, which increased the magnitude of the effect, was related to the curing of the PHPS-derived matrix film accompanied by a decrease in the refractive index in the formed SiOxNy.
	The SE results show that immediately after UV curing, the film had a fairly thick top d2 layer with a low n value, which led to the appearance of an antireflection effect (Table 3.3). The broadband nature of the antireflection effect was caused by the presence of a gradient in n across the film, which was identified in Section 3.1.4. Broadband antireflection is in great demand in many areas of photonics, as it replaces the construction of a traditional package of thin antireflection films with one coating, thereby simplifying and accelerating the manufacturing process [136,137]. This makes PHPS-derived matrix films very promising as antireflective coatings.
	One week after curing, a new transmittance spectrum of the composite film was measured (Figure 3.18b, dash-dotted curve). The transmittance value remained virtually unchanged after one week of aging, indicating that despite noticeable changes in the FTIR spectra, related changes in composition were not sufficient to significantly affect the antireflective properties of the UV-cured coating. 
	An increase of 1.6% in transmittance for the UV-cured sample and a 1.4% increase for the thermally annealed sample were associated with the formation of the PHPS/SWCNT composite coating. The increasement effect occurred when a SWCNT film was embedded into a matrix whose refractive index was higher than that of the SLG substrate. This phenomenon may be related to the creation of a nanostructured interface from the walls of SWCNTs within the PHPS matrix, which affected the propagation of light through the composite. It should be noted that nanostructuring is one of the promising strategies for creating antireflection coatings [137].
	Previous reports have highlighted a significant increase in transmittance (about 4.5%) and a decrease in reflection in nanostructured composite polymer electrodes with SWCNTs, especially when nanotubes were arranged as vertical arrays [138] Additionally, the antireflection effect was observed for SWCNT films randomly oriented in the horizontal plane deposited on the surface of a silicon wafer. With a small thickness (about 32 nm), the SWCNT films were semi-transparent while acting as an antireflection coating for the substrate [136].
	From the reflectance spectra (Figure 3.18c and d), it was clear that both matrix films had less reflection compared to the SLG substrate. However, when SWCNTs were embedded into the matrix, the reflection of the composite film decreased further, confirming the presence of a synergistic antireflection effect.
	/
	Figure 3.18. (a) and (b) transmittance spectra showing the antireflection effect in the SiOxNy/SWCNT composite samples; (c) and (d) reflection spectra confirming the presence of an antireflection effect in the SiOxNy/SWCNT composite samples                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
	It should be noted that the matrix films showed an increase of around 1.4% in transmittance immediately after UV curing, which is a relatively small value compared to other specially designed antireflective coatings [139]. On the basis of the results of SE, an increase in the transmittance value should occur as the value of n decreases with ripening for films cured by both methods. It was reported that by creating a microporous structure inside a silica film deposited on a glass slide substrate, it was possible to increase transmittance by just over 3%. This increased transmittance was caused by a decrease in the refractive index of the film due to the possible creation of a large number of pores [140]. Thus, one of the possible ways to increase the antireflection effect in PHPS-derived films could be controlled creation of inhomogeneous porosity in the deposited layer to decrease the n value closer to the film-air interface.
	By analogy with the SiOxNy matrix films, SiOxNy/SWCNT composite coatings were scratched 1-day, and 1- and 3-weeks after curing using the universal tribo-test device under identical conditions.
	UV-cured SiOxNy/SWCNT composites exhibited high hardness and excellent adhesion to the SLG/Mo substrate, maintaining these properties during the aging process (Figure 3.19b), like UV-cured matrix films, which were described in Section 3.1.5. The critical load value did not change noticeably with film aging/ripening. At low loads, no traces of the indenter remained on the samples (Figure 3.19a). The point of indenter contact with the film surface could sometimes be determined only by the presence of a subtle contrast in SEM images or by measuring the length from the end of the scratch. After reaching the Lc, semicircular cracks (discussed in Section 3.1.5) began to appear on the surface of the sample. As the load increased, they turned into ring-shaped cracks.
	The embedding of SWCNTs into the matrix caused a visible reinforcing effect against the rupture of the composite coating (Figure 3.19f). However, the presence of one filler layer was not enough to influence the values of the critical load withstood by the coating.
	/
	Figure 3.19. SEM images of scratches from progressive load tests taken after 1-day and 1- and 3-weeks of aging of a UV-cured SiOxNy/SWCNT composite film on a SLG/Mo substrate: (a) start point where the indenter contact with the film, 50 g; (b) general appearance of all scratches; (c) the end of a scratch, 2050 g; (d) a fragment of the SLG/Mo substrate with a composite film on top of it; (e) the appearance of the first visible damage to the film, making it possible to determine Lc; (f) fragments of the substrate with a composite film on top of them, held together by stretched SWCNTs.
	The results for the thermally cured SiOxNy/SWCNT composite film were similar to SiOxNy matrix films. High ductility and low adhesion for as-cured films (Figure 3.20), which, during ripening, turned into high hardness and adhesion. It is important to note that despite the strong thinning effect on the as-cured annealed composite, the SWCNTs remain inside the matrix residues, as can be seen in Figure 3.20c and d.
	/
	Figure 3.20. HR-SEM images of as-annealed SiOxNy/SWCNT composite sample: (a) destruction of the end of a scratch at 2050 g load and (b) magnified image of the plastically deformed and extruded film beyond the end point of the scratch; (c) and (d) fragments of the substrate with the remains of the composite film inside the scratch track.
	We did not present COF graphs in this section, since they were similar to those presented in Section 3.1.5. The COF values for composite films also did not exceed 0.05. The ATM results for composite samples confirmed the high smoothness of the surface, with an average roughness not exceeding 0.7 nm.
	Thus, the embedding of SWCNTs into the SiOxNy matrix did not affect the adhesive and surface properties of the resulting composites. However, there was a visible reinforcing effect by the SWCNT network against the tearing of the SiOxNy/SWCNT coatings.
	Conclusions
	The aim of this doctoral work was to develop state-of-the-art protective coatings based on SiOxNy matrix films derived from the preceramic polymer PHPS with embedded SWCNTs as a filler in oriented nanocomposite structures (SiOxNy/SWCNTs). To achieve this aim, a detailed comparison of the structures and properties of SiOxNy films obtained by two low-temperature curing methods of PHPS was conducted.
	The conclusions drawn from the study of SiOxNy matrix films are as follows:
	1. The method used for curing greatly affected the degree of conversion of the PHPS to SiOxNy and the functional properties of as-cured films:
	 Thermal curing yielded an SiOxNy film with a high nitrogen content uniformly distributed in the cross-section of the film, as measured by SEM-EDX (59.3 at%) and XPS. The film had a high n355 = 1.6, according to the SE results, as well as high plasticity and poor adhesion to the SLG/Mo substrate, according to the results of the progressive load scratch test. 
	 UV curing gave an SiOxNy film with a much lower nitrogen content (18.4 at% by SEM-EDX) with a gradient of nitrogen distribution in the cross-section, leading to the n gradient with values n355 = 1.49 near the surface and 1.58 closer to the film-substrate interface. The top sub-layer of almost completely transformed PHPS (SiO2.05N0.06 by XPS) did not exceed 20 nm. The films showed higher adhesion and hardness. 
	Generally, UV curing led to a more complete transformation of PHPS towards SiO2 compared to thermal curing.
	2. The composition and functional properties of PHPS-derived films changed during the aging process. Specifically, the films continued to ripen, i.e., gradually converting more to SiO2 composition with different dynamics:
	 For thermal curing, FTIR spectroscopy showed that the most active ripening occurred during the first week. After that, films started to demonstrate behavior similar to the UV-as-cured films in scratch tests. After 1.5 months, films began to show a weakly expressed gradient structure, where the n355 value at the film-air interface was 1.51, and at the film-substrate interface, 1.54. After 13 months, the ∆n ceased to be determinable, and the film had an n355 = 1.50. 
	 For UV-cured films, noticeable changes occurred in relation to optical constants during aging. As films aged, they lost their distinct gradient structure, and their k and n values decreased. After 1.5 months of ripening, the films showed an n355 value at the level of 1.49–1.50. 
	The conclusions drawn from the study on the formation of SiOxNy/SWCNT composite coatings are as follows:
	1. A simple and effective approach was developed to produce oriented composites with different architectures of SWCNTs. Excellent compatibility of SWCNTs with the PHPS-derived matrix was revealed. The choice of architecture did not affect the degree of PHPS transformation for both curing methods, as shown by FTIR and SEM-EDX results.
	2. The morphological and functional properties of the prepared composites were studied. SiOxNy /SWCNT composite coatings exhibited properties similar to SiOxNy matrix films. However, the incorporation of SWCNTs to SiOxNy matrix films resulted in an increase in the resistance against tearing of the coatings, thus illustrating the potential for improving mechanical properties.
	3. The antireflective effect in composite coatings was identified and confirmed, manifesting itself in varying degrees of intensity depending on the curing method used. This antireflective effect was caused by two factors: (i) the embedding of SWCNTs into the matrix film; and (ii) the initial values of optical constants of the as-cured matrix films and their change with the time.
	Thus, there is a strong connection between the functional properties of the SiOxNy matrix films and SiOxNy/SWCNT composite coatings depending on the chosen curing method, i.e., on the degree of transformation of PHPS into SiO2. Since all cured coatings exhibited low coefficients of friction, their potential application can be expanded to industries where scratch protection and enhanced lubrication or sliding properties are of crucial importance. 
	Also, our study was the first to compare the optical constants of SiOxNy films cured by low-temperature thermal annealing and UV irradiation. The findings show that all cured films have potential to be applied as antireflective broadband coatings in photonics. 
	Although, the thesis covers the initial stage of the studying and engineering of oriented SiOxNy/SWCNT thin film nanocomposites and demonstrates their potential for further research in the direction of the development of the functional composite coatings. For instance, vertical orientation of CNTs within the matrix can potentially improve the thermal management of the coating. Additionally, the desired properties and functionality of the coatings could likely be fine-tuned through the rational selection of other fillers, expending thus the range of their potential applications.
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	Abstract
	Development of Silicon Oxynitride Nanocomposites with Single-Walled Carbon Nanotubes as Protective Coatings for Solar Cells
	The importance of switching to alternative energy sources has been discussed for many years, but the current situation in Europe clearly illustrates the need for more serious actions aimed at developing new technologies and improving existing ones. Photovoltaic solar energy is one of the promising alternatives. However, environmental factors critically affect the operation and lifespan of solar cells (SCs). Additionally, the use of standard rigid glass protection is limited due to its substantial weight and inflexibility. In recent years, mainly polymer-based coatings have been considered as a possible alternative to glass. But this change is not simple, as such encapsulation coatings must meet all functional and protective requirements, and their manufacturing technology must be reliable, inexpensive, compatible with low temperatures, and scalable. 
	Liquid preceramic polymer perhydropolysilazane (PHPS) has great potential as a protective material due to its ability to transform into vitreous SiOxNy films using relatively simple and scalable technologies. Current state-of-the-art research and development recommends the use of PHPS-derived SiOxNy films as encapsulants for SCs and microelectronics due to their dielectric and high barrier properties against moisture, gases, and UV radiation, along with non-toxicity, very high thermal and chemical stability, and high optical transmittance. However, due to their inorganic nature, PHPS-derived films exhibit high mechanical hardness but lack elasticity, which negatively affects their application in some flexible technologies. Therefore, composite film technology appears promising as the selection of different fillers provides opportunities to improve the properties of the resulting SiOxNy/filler composite layers. Due to their outstanding mechanical properties, carbon nanotubes (CNTs) have established themselves as a promising reinforcing filler material in a number of different matrixes, including polymers. Moreover, the alignment or orientation of CNTs within a matrix material leads to anisotropy of coatings properties. Such composites based, on PHPS-derived films with CNTs, have not yet been prepared and studied.
	The aim of this work was to develop current, state-of-the-art SiOxNy protective coatings derived from PHPS, combining them with single-walled (SW) CNTs in oriented nanocomposite structures. This work includes: (i) comparison of the influence of different low-temperature curing methods of PHPS on the compositional and morphological properties of single-layer and multi-layer SiOxNy matrix films; (ii) elaboration of the technology for the formation of horizontally oriented composite SiOxNy/SWCNT coatings in various configurations; and (iii) study of the compositional, morphological, optical, and mechanical properties, as well as the long-term stability of SiOxNy matrix films and SiOxNy/SWCNT nanocomposite coatings based on them.
	In this work, thin PHPS-derived films were deposited on soda lime glass (SLG) or SLG/Molybdenum substrates using the spin-coating method. Curing was performed using two different low-temperature methods: (i) thermally induced curing at 180 °C for 60 min; and (ii) UV-assisted curing under irradiation from UV lamps (wavelengths 185 and 254 nm) for 40 min. The appropriate time for UV curing was determined experimentally. Multi-layer structures were obtained by cyclically repeating the routine deposition/curing stages. SWCNTs were synthesized by the aerosol chemical vapor deposition method and were collected in the form of randomly oriented thin films with an approximate film thickness of 13–14 nm on filter paper. SiOxNy/SWCNT composite coatings were prepared in two configurations/architectures: (i) TOP, where the SWCNT film was dry transferred from filter paper to a spin-coated PHPS film; and (ii) BOTTOM, where the SWCNT film was dry transferred to the SLG and SLG/Mo substrates, followed by deposition of the PHPS layer. Then, laminate-type composites of both configurations were cured. Characterization of all studied samples was carried out using scanning electron microscopy (SEM) equipped with energy dispersive X-ray (EDX) spectroscopy, UV-Vis-NIR spectroscopy, X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR), and spectroscopic ellipsometry (SE). A scratch test with progressive load on an universal materials tribo-test device was used to examine the behavior of prepared coatings under mechanical influence, with special attention to adhesive properties.
	It was found that the method of PHPS curing dramatically affects the morphology and chemical composition of the resulting film. Thermal curing produced a uniform SiOxNy film with high residual nitrogen content. In contrast, UV-assisted curing led to the formation of a coating with a gradient of nitrogen distribution throughout the film cross-section (CS). Specifically, the thin top sub-layer (approximately 20 nm) of the UV-cured film was converted to SiO2, with minimal traces of nitrogen, while in the buried layers of the film, the oxygen content decreased and the nitrogen content increased accordingly. These trends were also consistent for multi-layer films. According to SEM-EDX, XPS, and FTIR analyses, neither method resulted in the complete transformation of PHPS, but UV curing resulted in a more complete transformation toward SiO2 compared to thermal curing.
	Based on the aim of the study, a simple and effective approach has been developed to produce oriented laminate-type SiOxNy/SWCNT composite coatings with different architectures. It was found that the filler does not affect the PHPS conversion process in either thermal curing or UV-assisted curing. The SWCNT film was compatible with the matrix film and did not lead to the formation of pores, cavities, or channels inside the SiOxNy, as visualized in SEM micrographs. Additionally, it did not affect the surface morphology of the composite coating, which remains very smooth. UV-Vis-NIR spectroscopy showed that the composite films cured by both methods had better transmittance than pure SWCNT films, indicating their potential as optical antireflection coatings, in addition to other promising applications in optoelectronics, microelectronics, etc. The observed antireflective effect is caused by two factors: (i) the introduction of SWCNTs into the SiOxNy matrix film; and (ii) the optical constants of the SiOxNy matrix film.
	The major knowledge gap related to PHPS-derived films was their long-term stability. We studied the aging of prepared SiOxNy matrix films and SiOxNy/SWCNT composites at different time intervals after curing. It was found that all investigated samples tend to ripen from a SiOxNy composition to SiO2, with varying dynamics depending on the curing method applied. With ripening, samples not only changed their chemical composition and morphology but also their optical and mechanical properties. 
	In order to study the optical properties of the SiOxNy matrix films and SiOxNy/SWCNT composite layers, the SE method was applied. Thermally as-cured SiOxNy films showed a high refractive index value of n355 = 1.6, reflecting relatively high nitrogen content. For the UV as-cured film, the nitrogen gradient in the CS resulted in a refractive index gradient, with values of n355 = 1.49 near the surface and 1.58 closer to the film-substrate interface. During the ripening process, SiOxNy layers cured by both methods showed a decrease in n values favoring the values attributable to SiO2, and the evident n gradient in the CS of UV-cured samples disappeared. Thus, all studied films can be potentially applied as broadband antireflective coatings for a number of optical materials with n values above 1.5. 
	It was found that the adhesive properties of the deposited coatings and their behavior under mechanical influence are critically dependent on the curing method. Indeed, UV-cured matrix films and SiOxNy/SWCNT composites exhibited high hardness and excellent adhesion to the SLG/Mo substrate, maintaining these properties during the aging process. All thermally cured samples showed relatively lower adhesion of the SiOxNy film to the SLG/Mo substrate, as well as lower hardness and high plasticity. However, a week after curing, the behavior of the films became similar to that of UV-cured samples, increasing the critical load withstand value by three times. The introduction of SWCNTs into the SiOxNy matrix caused a visible reinforcing effect against the rupture of the composite coating.
	In this work, composite thin films with horizontally oriented SWCNT filler inside a vitreous SiOxNy matrix derived from PHPS were obtained and studied for the first time. A strong relationship between the PHPS curing method and the composition, morphology, and optical and mechanical properties of the resultant films was found and illustrated. Thermal curing has been determined to be a less favorable method for converting PHPS to a highly reliable protective coating compared to UV-assisted curing. The data obtained regarding the optical properties indicate that SiOxNy matrix films and SiOxNy/SWCNT composites can function as broadband antireflective coatings. All cured films studied in this work demonstrated low coefficients of friction, which could be useful in applications where scratch protection and increased lubrication/sliding are of critical importance. All of the above-mentioned results show promising potential for further research and application of composite coatings based on PHPS matrix films with nanofillers.
	Lühikokkuvõte
	Üheseinaliste süsiniknanotorudega ränioksünitriidist nanokomposiitmaterjalide arendamine päikesepatareide kaitsekateteks
	Alternatiivsetele energiaallikatele ülemineku tähtsusest on räägitud pikka aega, kuid praegune olukord Euroopas näitab selget vajadust tõsisemate meetmete järele, mis on suunatud uute tehnoloogiate väljatöötamisele ja olemasolevate täiustamisele. Fotogalvaaniline päikeseenergia on üks võimalikest alternatiivenergiaallikatest. Keskkonnategurid mõjutavad aga kriitiliselt päikesepatareide tööd ja eluiga. Samal ajal on standardse jäiga klaasikaitse kasutamine piiratud selle suure kaalu ja paindumatuse tõttu. Viimastel aastatel on klaasile võimalikuks alternatiiviks peetud peamiselt polümeeripõhiseid katteid. Kuid see muudatus ei ole lihtne, kuna sellised kapseldatud katted peavad vastama kõigile funktsionaalsetele ja kaitsenõuetele ning nende tootmistehnoloogia peab olema skaleeritav, töökindel, odav ja  sobima madalate temperatuuridega.
	Vedel eelkeraamiline polümeer perhüdropolüsilasaan (PHPS) omab suurt potentsiaali kaitsematerjali kandidaadina tänu oma võimele muutuda suhteliselt lihtsate ja skaleeritavate tehnoloogiate abil klaasjateks SiOxNy kiledeks. Praegune tipptasemel teadus- ja arendustegevus soovitab PHPS-st saadud SiOxNy kilesid kasutada kapseldajatena päikesepatareide ja mikroelektroonika jaoks. Need on sobilikud tänu oma dielektrilistele omadustele ning kaitsevõimekusele niiskuse, gaaside ja UV-kiirguse vastu, samuti tänu oma mittetoksilisusele, väga kõrgele termilisele ja keemilisele stabiilsusele ning kõrgele optilisele läbilaskvusele. Kuigi anorgaanilise olemuse tõttu on PHPS-st saadud kiledel kõrge mehaaniline kõvadus, puudub neil elastsus, mis mõjutab negatiivselt nende kasutamist painduvates tehnoloogiates. Selle probleemi võimalik lahendus on komposiitkilede tehnoloogia arendus, kuna erinevate täiteainete lisamine võimaldab parandada SiOxNy/täiteaine komposiitkihtide omadusi. Tänu oma silmapaistvatele mehaanilistele omadustele on süsinik-nanotorud (CNT) tõestanud end tugevdava täitematerjalina mitmesugustes maatriksites, sealhulgas polümeerides. Lisaks põhjustab CNT-de joondamine või orientatsioon maatriksmaterjalis katte omaduste anisotroopiat. Selliseid CNT-dega PHPS-st tuletatud kilede komposiite ei ole senini veel valmistatud ega uuritud.
	Selle töö eesmärk oli välja töötada PHPS-ist tuletatud SiOxNy kaitsekatted, kombineerides neid orienteeritud nanokomposiitstruktuurides üheseinaliste (SW) CNT-dega. See töö hõlmab: (i) PHPS-i erinevate madaltemperatuursete kõvendamismeetodite mõju võrdlust ühe- ja mitmekihiliste SiOxNy maatrikskilede koostisele ja morfoloogilistele omadustele; (ii) erinevates konfiguratsioonides horisontaalselt orienteeritud komposiitkatete SiOxNy/SWCNT moodustamise tehnoloogia väljatöötamist; ja (iii) SiOxNy maatrikskilede ja nendel põhinevate SiOxNy/SWCNT nanokomposiitkatete koostise, morfoloogiliste, optiliste ja mehaaniliste omaduste ning pikaajalise stabiilsuse uuringuid.
	Õhukesed PHPS-st tuletatud kiled kanti naatriumklaasile (SLG) või SLG/Mo alusele kasutades vurrkatmise ehk spin coating meetodit. Kõvendamiseks kasutati kahte erinevat madaltemperatuurset meetodit: (i) termiliselt indutseeritud kõvendamine 180 °C juures 60 minutit; ja (ii) UV-lampide kiirgusega kõvendamine (lainepikkusel 185 ja 254 nm) 40 minutit. Sobiv kõvendamisaeg UV-kiirguse jaoks määrati katseliselt. Mitmekihilised struktuurid saadi korrates tsükliliselt sadestamise/kõvendamise etappe. SWCNT-d sünteesiti aerosoolide keemilisel sadestamisel aurufaasist meetodiga ja koguti filterpaberile juhuslikult orienteeritud õhukeste kiledena, mille paksus oli ligikaudu 13–14 nm. SiOxNy/SWCNT valmistati kahes konfiguratsioonis/arhitektuuris: (i) PEALMINE, kus SWCNT kile kanti kuivalt filterpaberilt PHPS-kilele; ja (ii) ALUMINE, kus SWCNT kile kanti kuivalt SLG ja SLG/Mo alustele, millele järgnes PHPS kihi sadestamine. Seejärel kõvendati mõlema konfiguratsiooni laminaat-tüüpi komposiidid. Kõikide uuritud proovide iseloomustamiseks kasutati skaneerivat elektronmikroskoopiat (SEM), mis oli varustatud energiadispersiivse röntgen-mikroanalüsaatoriga (EDX), UV-Vis-NIR spektroskoopiat, röntgenfotoelektronspektroskoopiat (XPS), Fourier’ teisenduse infrapunaspektroskoopiat (FTIR) ja spektraalellipsomeetriat (SE). Kriimustuskatse, mille käigus rakendati progresseeruvat koormust kasutades universaalset tribomeetrit, viidi läbi valmistatud katte käitumise uurimiseks mehaanilise mõju all, pöörates erilist tähelepanu adhesiivsetele omadustele.
	Leiti, et PHPS-i kõvendamise meetod mõjutab oluliselt saadud kile morfoloogiat ja keemilist koostist. Termiline kõvendamine andis tulemuseks ühtlase SiOxNy kile, millel oli kõrge jääklämmastiku sisaldus. Seevastu UV-kiirguse abil kõvendamise tulemusel moodustus kile, millel oli lämmastiku jaotuse gradient läbi kile ristlõike (CS). UV-kõvendatud kile õhuke ülemine kiht (ligikaudu 20 nm) koosnes SiO2-st sisaldades minimaalselt lämmastiku jälgi, samas kui kile sisemistes kihtides vähenes hapniku sisaldus ja lämmastiku sisaldus suurenes vastavalt. Samad tulemused saadi ka mitmekihiliste kilede puhul. EDX, XPS ja FTIR analüüside tulemuste näitasid, et kumbki meetod ei taganud PHPS-i täielikku muundumist. Siiski saavutati  UV-kõvendamise tulemusel võrreldes termilise kõvendamisega oluliselt täielikum üleminek SiO2-ks.  
	Uuringu eesmärgist lähtuvalt töötati välja lihtne ja tõhus meetod erineva arhitektuuriga orienteeritud laminaat-tüüpi SiOxNy/SWCNT komposiitkihtide valmistamiseks. Leiti, et täiteaine ei mõjuta PHPS-i konversiooniprotsessi ei termilisel ega ka UV-kõvendamisel. SEM analüüsi tulemused näitasid, et SWCNT-kile ühildub maatrikskilega ega põhjusta nähtavate pooride, õõnsuste ega kanalite moodustumist SiOxNy sees. Samuti ei mõjuta see komposiitkihi pinna morfoloogiat, mis jääb väga sile. UV-Vis-NIR spektroskoopiaga leiti, et mõlemal meetodil kõvendatud komposiitkiledel on parem läbilaskvus kui puhastel SWCNT kiledel. See näitab nende potentsiaali optiliste peegeldusvastaste kattekihtidena, lisaks teistele paljulubavatele rakendustele optoelektroonikas, mikroelektroonikas jne. Leiti, et täheldatud peegeldusvastast toimet põhjustavad kaks tegurit: (i) SWCNT-de lisamine SiOxNy maatrikskiledesse; ja (ii) SiOxNy maatrikskile optilised konstandid.
	Peamine teadmiste puudujääk PHPS-ist tuletatud kilede puhul oli seotud nende pikaajalise stabiilsusega. Seega käesolevas töös uuriti valmistatud SiOxNy maatrikskilede ja SiOxNy/SWCNT komposiitide vananemist erinevatel ajavahemikel pärast kõvenemist. Leiti, et kõik uuritud proovid muutuvad küpsemisprotsessi käigus SiOxNy koostisest SiO2-ks. See protsess toimub erineva dünaamikaga sõltuvalt kasutatud kõvendusmeetodist. Küpsemise käigus muutusid proovidel nii nende keemiline koostis ja morfoloogia, kui ka optilised ja mehaanilised omadused.
	SiOxNy maatrikskilede ja SiOxNy/SWCNT komposiitkihtide optiliste omaduste uurimiseks kasutati SE meetodit. Termiliselt kõvendatud SiOxNy kiled näitasid kõrget murdumisnäitaja väärtust n355 = 1,6, mis viitab suhteliselt kõrgele lämmastikusisaldusele. UV-kiirgusega kõvendatud kile puhul põhjustas lämmastikugradient kattekihi ristlõikes murdumisnäitaja gradiendi, mille väärtusted olid n355 = 1,49 pinna ja 1,58 kile-aluspinna siirdeala lähedal. Küpsemisprotsessi käigus näitasid mõlemal meetodil kõvendatud SiOxNy kihid murdumisnäitaja langust SiO2-le omistatavate väärtuste suunas ning UV-kõvendatud proovide ristlõikes esinenud murdumisnäitaja gradient kadus. Seega saab kõiki uuritud kilesid potentsiaalselt kasutada lairiba peegeldusvastaste kattekihtidena mitmesuguste optiliste materjalide jaoks, mille murdumisnäitaja väärtus on üle 1,5.
	Leiti, et sadestatud katete adhesiivsed omadused ja nende käitumine mehaanilise mõju all sõltuvad kriitiliselt ka kõvendusmeetodist. UV-kõvendatud maatrikskiled ja SiOxNy/SWCNT komposiidid näitasid kõrget kõvadust ja suurepärast adhesiooni SLG/Mo aluspinnaga, säilitades need omadused ka vananemisprotsessi käigus. Termiliselt kõvendatud SiOxNy kiled näitasid  nõrka adhesiooni SLG/Mo aluspinnaga, madalamat kõvadust ja kõrget plastilisust. Kuid nädal pärast kõvendamist muutus kilede käitumine sarnaseks UV-kõvendatud proovidega, suurendades kriitilise koormuse taluvusväärtust 3 korda. SWCNT-de lisamine SiOxNy maatriksisse tugevdas materjali struktuuri ning parandas komposiitkatte vastupidavust purunemisele.
	Käesolevas töös valmistati ja uuriti esmakordselt PHPS-st tuletatud horisontaalselt orienteeritud SWCNT täiteainega klaasjaid SiOxNy komposiitkatteid. Tõestati tugev seos PHPS-i kõvendusmeetodi ja saadud kilede koostise, morfoloogia, optiliste ja mehaaniliste omaduste vahel.  Leiti, et PHPS-i muutmisel ülikindlaks kaitsekatteks on UV-kiirgusega kõvendamise meetod võrreldes termilise kõvendamisega efektiivsem ja sobivam. Optiliste omaduste kohta saadud andmed näitavad, et SiOxNy maatrikskiled ja SiOxNy/SWCNT komposiidid võivad toimida lairiba peegeldusvastaste katetena. Kõikidel kõvendatud kiledel oli madal hõõrdeteguri väärtus, mis võib olla kasulik rakendustes, kus kriimustuskaitse ja määrimine/libisemine on kriitilise tähtsusega. Saadud tulemused näitavad, et nanotäiteainetega PHPS-maatrikskiledel põhinevad komposiitkatted omavad suurt potentsiaali edasiste teaduslike uuringute ja praktiliste rakenduste jaoks. 
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