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1. Abstract

Technologies related to low-temperature plasma have gained tremendous importance in recent
years due to the numerous advantages they present. These types of treatments allow modifying
surfaces without changing their volume properties, in a durable way and according to affordable
processes. The mixture of reactive species that cold plasma produces also makes it possible to
disinfect surfaces and treat biological tissues. However, the existing cold plasma production
techniques are expensive, polluting, and use rigid components that cannot conform to irregular
surfaces. To overcome those limitations, this dissertation's objective consists of production,
optimization, and testing plasma generators that take advantage of the principle of dielectric barrier
discharge (DBD).

The generators developed were produced by two methods, a laser made shadow mask and inkjet
printing process, and consist of a structure with one or two electrodes. Three different types of paper
were used as the DBD dielectric layer: two commercial papers used for printed electronics, Felix
Schoeller smart type 3 and Powercoat ™ XD 125, and a third one mostly used for drawing purposes,
Canson vegetal paper.

It has been proven that generators patterned by a laser made shadow mask and by inkjet printing
can generate plasma in a vacuum chamber, in a pressure range of 0.55 to 10.5 Torr (23 to 1400 Pa)
and with a power range from 2 to 16W. It is shown that generators with two electrodes can confine
plasma better than the ones using a single electrode. Also, it was observed that the gas atmosphere,
patterning method, and structure of the paper influences the lifetime of the paper-based generators.
Moreover, it was noticed that the generators made with vegetal paper and powercoat XD paper
withstand for a longer period of time.

The use of plasma generators for surface modification was tested on different surfaces. The
wettability of cork, vegetal paper, and spinach leaf surfaces was assessed for different plasma times.

Keywords: low-temperature plasma, dielectric barrier discharge, plasma generators, reactive
species, surface modification.



2. Resumo

As tecnologias relacionadas com o plasma de baixa temperatura ganharam muita importancia nos
Gltimos anos devido as inUmeras vantagens que apresentam. Estes tipos de tratamentos permitem
modificar superficies sem alterar suas propriedades em volume, de forma duradoura e de acordo com
processos acessiveis. A mistura de espécies reativas que o plasma frio produz também permite
desinfetar superficies e tratar tecidos bioldgicos. No entanto, as técnicas de producdo existentes sao
caras, poluentes e utilizam componentes rigidos incapazes de se conformar sob as mais diversas
irregularidades.

Com o intuito de responder as limitacdes apresentadas, o objetivo da presente dissertacdo consiste
na producéo, otimizacdo e teste de geradores de plasma que tiram partido do principio da descarga de
barreira dielétrica (DBD). Os geradores desenvolvidos foram produzidos por gravacdo de padrdes a
laser e por impressdo a jato de tinta, e sS40 compostos por uma estrutura com um ou dois elétrodos.
Trés tipos de papeis diferentes foram utilizados como camada dielétrica do DBD, dois papéis
comerciais usados para eletronica impressa, Felix Schoeller smart type 3 e Powercoat ™ XD 125, e
um terceiro usado principalmente para desenho (papel vegetal Canson).

Foi provado que os geradores padronizados por uma mascara feita a laser e por impresséo a jato de
tinta podem gerar plasma numa camara de vacuo segundo uma gama de pressao de 0.55 a 10.5 Torr
(23 a 1400 Pa) e com uma gama de poténcia de 2 a 16W. Comprovou-se também que os geradores
com dois elétrodos conseguem confinar melhor o plasma do que os geradores com um Gnico elétrodo.
Foi ainda observado que o tipo de gas, 0 método de padronizacéo e a estrutura do papel influenciam
0 tempo de vida Util dos geradores. Para além disso, observou-se que os geradores produzidos com
papel vegetal e papel powercoat XD conseguem suportar maiores periodos de tempo a gerar plasma.

O uso de geradores de plasma para modificacdo de superficie foi testado em diferentes superficies.
A molhabilidade das superficies da cortica, do papel vegetal e das folhas de espinafre foi avaliada
para diferentes tempos de plasma.

Palavras-chave: plasma de baixa temperatura, descarga de barreira dielétrica, geradores de plasma,
espécies reativas, impressao por laser, modificacdo de superficies.
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3.

Abbreviations

AC
ATR
COVID-19
DBD
DC
DPI
EDX
FS
FTIR
LTP
OES
RF
RFID
RMS
RONS
SCCM
SEM
TGA
ULS
VEG
XD
XDR

Alternating Current

Attenuated Total Reflectance

Severe Acute Respiratory Syndrome Coronavirus
Dielectric Barrier Discharge

Direct Current

Dots Per Inch

Energy Disperse X-ray

Felix Schoeller smart paper type 3
Fourier Transform Infrared Spectroscopy
Low-Temperature Plasma

Optical Emission Spectroscopy

Radio frequency

Radio Frequency ldentification Devices
Root Mean Square

Reactive Oxygen and Nitrogen Species
Standard Cubic Centimeters per Minute
Scanning Electron Microscope
Thermogravimetric Analysis

Universal Laser System

Canson Vegetal Paper

Powercoat™ XD 125

X-ray Diffraction



4. Symbols

P%
Phoase
Pgas
\Y
w

0

Pcellulose

psample

Pressure

Porosity

Base Pressure

Gas Pressure

Voltage

Watt

Bragg Angle

Cellulose Density

Apparent Density of the Sample
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Motivation and Objectives

Nowadays, more and more information is gathered on low-temperature plasma treatments for
medical and sanitizer purposes and surface modification. This approach provides a non-contact,
painless and harmless treatment for the management of lesions in large areas due to its regenerating
properties and is capable of eliminating microorganisms, such as bacteria and viruses [1]. It is
important to bear in mind that delivering health care and sanitation at an affordable expense is one of
the most important problems facing this century, according to the 2030 Agenda for Sustainable
Development [2]. In this way, technologies that can improve the life quality at a reduced cost, such
as plasma technology, would be of immense commercial and social benefit. Likewise, providing
treatment of surfaces such as cork, paper, fabric, metal, food, and many others in a sustainable way
and without chemicals or high temperatures is also extremely necessary due to the growing daily need
for this type of treatment in the most varied modern industries. However, current manufacturing
methods are costly, polluting, and use rigid components that cannot conform to irregular and intricate
shapes. Therefore, this thesis emerges following the growing need to develop low-cost, conformable,
disposable, and efficient low-temperature plasma generators made of recyclable material.

Currently, there is a strong interest in the scientific and industrial community in using cellulose-
based materials for electronic applications. Cellulose-based papers are lightest, biodegradable, cheap
substrates, and the main biopolymer on earth, of immense global economic importance [3]. Paper-
based electronics are projected to positively impact environmental emissions caused by electronic
waste [4]. In this way, cellulose-based papers seem to be an excellent bet for the development of
plasma generators. Thereby, the objectives of this thesis are related to the fabrication of plasma
generators with a focus on:

o Development of paper-based plasma generators according to the working principle of
dielectric barrier discharge;

e Optimization of the generators' production process (shadow mask design by laser engraving
and inkjet printing);

e Test of the plasma generators produced and study the best characteristics of each one;

e Study of the plasma produced by the paper generators and the generation parameters:
pressure, power, DC-bias, and reactive species produced by the plasma;

¢ Study of surface modification caused by the generators in cork, vegetal paper, and spinach
leaf.

xvi



1| Introduction

1.1 The Fourth State of Matter

The different types of matter can be identified as solid, liquid, gas, and, last but not least, plasma.
Plasma is the fourth fundamental state of matter and was first described in 1920 by the chemist
Irving Langmuir [5]. It is an ionized gas composed of a lot of species (including ions, electrons,
radicals, non-radicals, ultraviolet photons, among others). In contrast to the other three states,
plasma does not exist in normal conditions on the earth's surface but can be found in everyday life
in particular circumstances (like fluorescent lamps and plasma monitors). However, in the
universe, it is the most abundant state (99%) found in various natural phenomena (like lightning
and northern lights) [6].
Most of the transitions to the different states occur in the following order: solids-liquids-gases-
plasma (Figure 1.1). Plasma is generated when sufficient energy is supplied to gas to expel at least
one electron from the outer shells of the gas constituents. So, the atomic layer breaks down,
forming negatively and positively charged particles like electrons and ions, respectively. Although
the plasma incorporates both positive and negative particles, it has a neutral character, as there are
equal amounts of particles with opposite charges [7].
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Figure 1.1 - Order in which state transitions occur by increasing temperature/energy [8].

Unlike the gaseous state that is electrically neutral, the plasma state is the best conductor of
electricity and can respond to magnetic fields, being the highest energy state. Therefore, there are
two different types of plasma depending on the environment and the conditions under which they
are created: thermal or high-temperature (hot) plasma and low-temperature (cold) plasma. Hot
plasmas (usually arc discharges and torches) are of the equilibrium type, which means all their
particles share the same energy [9]. Low-temperature plasmas (LTP) exhibit electron energies far
superior to other ions and neutral molecules. Because of the comparatively cold ions and neutrals,
its temperature remains below 50°C and does no thermal damage to the items it comes into contact
with [10]. This type of plasma is obtained using less energy than the hot plasma and generally by
dielectric barrier discharge, corona discharge, brightness discharge, and spark discharge [11].

This function opened the possibility of using plasma to treat heat-sensitive materials, including
biological materials such as cells and tissues.

In the scope of this thesis, only LTP will be addressed.



1.2 Dielectric Barrier Discharge

Among the multiple plasma generation sources, the dielectric barrier discharge (DBD) enables
the obtention of one of the most cost-efficient LTPs. DBDs consist of electrical discharges that
support themselves in electrode configuration, and their concepts are characterized in the discharge
path through a dielectric material. An electrical discharge is the release and transmission of
electricity in a gaseous medium due to the gas's ionization [12].

In its basic architecture, a DBD plasma source is composed of two electrodes, a dielectric
material and the gap between electrodes is filled with gas [13]. The discharge gap (distance
between the electrodes when the reaction occurs) is generally in the range of 0.1 to 10 mm for
operating an LTP [14]. This process typically operates with most types of gases and mixtures as
well as different waveforms of the alternating current (AC) over a wide range of pressure and
frequency [15].

Plasma is generated when energy (usually high AC voltage) is applied to the active electrode so
that the area around the electrodes forms an electric field to ionize the gas. In this process, electrons
with higher energy are formed [16]. So, plasma sustainability depends on the voltage across the
gap, which must exceed the gas's breakdown voltage. When this voltage is attained, the gas loses
its dielectric properties and turns into a conductor. Plasma formation is explained by the transfer
of energy and momentum from the charged particles to the neutral gas components [17].

A DBD unique property is that a dielectric layer covers at least one of the electrodes, and
sometimes both. The dielectric layer is the key to the proper functioning of the discharge. A
dielectric is an electrical insulator that, under the action of an external electric field above the limit
of its dielectric strength, allows the flow of electric current. This layer is vital in DBD devices
because it can limit the current flow and the temperature of the discharge, prevent the occurrence
of a plasma arc (forming a glow discharge) and distributes the discharge over the whole electrode
area uniformly [18]. Dielectric materials such as glass, quartz, ceramics, enamel, mica, plastics,
silicon rubber, or Teflon are commonly utilized in this context [19].

Primarily, DBDs were mainly utilized in industrial ozone generators and then are also
implemented in surface modification, pollution control, plasma chemical vapor deposition, and
plasma display screens [20]. More recently, DBD plasma at atmospheric pressure has found new
applications in sterilization and medical sectors [21].

1.3 LTP Applications

As an emerging technology, LTP becomes useful for many applications because they produced
a potent mixture of highly reactive chemical species, that when in contact with a surface, can
change its properties, both chemically and physically. In the plasma process, free electrons collide
with neutral gas molecules transferring energy and momentum. These collisions and transfers of
energy from the reactive species interact with exposed solid surfaces, which leads to the
modification of its surface [22].

Currently, processes that allow disinfecting and sterilizing have gained tremendous attention. A
sustainable alternative to traditional solutions that resort to high temperatures, chemical processes,
such as autoclave and ethylene oxide, is LTP, which is seen as a promising tool for killing
microorganisms. This plasma ability to kill bacteria such as B. subtilis, E. coli, Salmonella
Enteritidis, and viruses like Tulane, HIV-1, among others, has been widely studied [23]-[25].
Therefore, the LTP characteristics become important in today's biggest concern, the fight against
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severe acute respiratory syndrome coronavirus (COVID-19). This disease triggered a once-in-a-
century pandemic, and tests have shown that this virus is viable on many surfaces for many hours.
Surface contamination presents severe risks of COVID-19 transmission, and it is essential to
interrupt the transmission chain by creating new approaches to inactivation such as LTP due to its
promising past in the inhibition of viruses [26].

One of the most important LTP utility is applied to medicine, for example, in treating wounds,
skin diseases, or cancer [27]. The interaction of LTP and biological cells is mediated by reactive
oxygen and nitrogen species (RONS). RONS are composed of superoxide (O2"), hydroxyl (OH),
hydrogen peroxide (H20;), atomic oxygen (O), and nitric oxide (NO). For example, the OH
radicals are one of the cell membrane's key components. The H2O is regulated by its powerful
oxidative properties that influence lipids, proteins, and DNA. The NO serves as an intracellular
messenger and regulator of biological functions and is also responsible for managing immune
deficiency, cell proliferation, phagocytose activation, collagen synthesis regulation, and
angiogenesis [28].

Also, this future-oriented technology is exceptionally versatile and can be used in a vast range
of industries. In food manufacturing, companies are pursuing new methods to satisfy market
demand, along with the quality and protection of finished food products. Cold plasma technology
is ideal for applications that are also efficient in extracting biological contaminants, changing
packaging products, enhancing food safety and functionality, agrochemical removals, seed
germination, and reducing biochemical loads from wastewater [29]. Other types of treatments
include hardening of tools, dies, or metals, manufacture of semiconductor integrated circuits, anti-
corrosion, thermal or electrical coatings, enhance biocompatibility and improve functionalization
adhesion [30], [31].

LTP treatments bring the advantages that no solvent treatment or drying steps are needed,
resulting in a significant reduction of the process's environmental impact and lower operating
costs. Another benefit of this plasma therapy is that the resulting surface properties depend on
easily customizable discharge parameters such as electrical power, treatment duration, gas
composition, and gas pressure. As a result, this mechanism can be well regulated, rendering LTP
treatment a flexible and multifunctional process that can be effectively applied [32], [33].

1.4 Plasma Generators
Considering all the benefits that plasma treatments offer, ways of producing plasma generators
have been abundantly studied. In addition to DBD devices, several techniques and instruments are
used to generate LTP, like plasma jet [34], as shown in Figure 1.2.
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Figure 1.2- Two plasma generators configurations: (A) DBD device; (B) plasma jet [34].



In 2020, Ghorashi and his team produced a plasma jet device. This device consists of two
concentric electrodes through which the medium gas flows: one is radiofrequency (RF) biased,
and the second one is grounded. A quartz tube is placed between the electrodes to prevent arcing.
The discharged gas is ignited by applying RF power to the inner electrode, and the ionized gas
flows through a nozzle. This research aims to develop an ideal cold plasma generating device to
inactivate Aspergillus flavus from the nuts' surface [35].

Also, in 2020, Sharma et al. developed a DBD device to disinhibit COVID-19. The plasma is
produced between 90 mm diameter copper electrodes and a Petri dish of 100 mm (where the
samples are placed) between the electrodes. The high voltage power supply produced uniform
DBD plasma at 15 kV-20 kHz [36].

These plasma generators generally use rigid components, which cannot bend or conform under
the most diverse shapes. Scalable, flexible, and portable plasma generators can be beneficial in
different environments. Therefore, it became essential to develop new techniques to produce LTP
with the characteristics previously described.

1.4.1 Paper-based Plasma Generators

In recent decades, cellulose-based technologies have gained tremendous significance, and it is
easy to mention some of its many advantages such as three-dimensional fibrous structure,
biocompatibility, biodegradable displaying hierarchical fibers porous structure, lightweight, ease
of processing and modification, low-cost and availability all over the world [37], [38].

Nowadays, devices are manufactured from non-renewable and toxic materials. Electronics made
of paper has incredible economic and environmental improvement that allow modern recyclable
electronic devices such as paper displays, smart packaging, radio frequency identification devices
(RFID) tags, disposable electrochemical sensors, solar cells, and many others [39]-[41].

Amongst the most interesting electrical properties of paper are volume and surface resistivity,
dielectric loss factor, charging potential, decay rate, dielectric constant, and dielectric breakdown
strength [42]. The dielectric properties of paper depend on its molecular constitution, physical
structure, and chemical composition.

The dielectric constants of different materials are reported in Table 1.1. All dielectric materials
are insulators, but a good dielectric is a material that is easily polarized. The amount of polarization
which occurs when a certain voltage is applied to a material influences the amount of electrical
energy that is stored in the electric field. The paper offers a perfect balance in terms of dielectric
constant values because some voltage (but not too much) is necessary for it to start conducting
which helps to control the plasma discharge [43], [44]. In this way, making LTP paper-based

plasma devices seems to be an excellent bet in the field of cheap and biodegradable electronics.
Table 1.1 - Dielectric constant of different materials [44].

Material Dielectric constant
Air (dry) 1.0
Bakelite 4.9
Mylar 3.2
Nylon 34
Paper 3.7
Paraffin-impregnated paper 3.5
Polypropylene 22
Polystyrene 2.6
Polyvinyl chloride 34
Porcelain 6.0
Pyrex glass 5.6
Strontium titanate 233.0
Water 80.0




In 2016, Cheng-Che Et al. manufactured a plasma generator on a paper substrate using the
screen-printing technique. For the generator's production, patterns were set on a mask and then
transferred to a photosensitive emulsion coated screen. A ceiling projector with a halogen lamp
was used as a light source for exposure. Thus, a negative stencil of the electrode geometry is
formed on the screen. Then, carbon paste was used as ink to paint the paper substrate and define
the electrode. This works demonstrated that plasmas are sustained using a DC power source in a
helium atmosphere, and that plasma can be maintained stably on a paper substrate when the paper
is flat, rolled, or folded along various orientations (Figure 1.3). For all configurations, plasmas
can sustain for more than 15 minutes with only minor damage on the paper substrate [45].

Figure 1.3 - Cheng-Che Et al plasma generator on a paper substrate among various orientations [45]

Aaron D. Mazzeo and his research group proposed in 2017 disposable plasma generators made
from layered and patterned sheets of metalized paper obtained by laser engraving capable of
eliminating bacteria. The plasma generators produced (Figure 1.4) rely on the working principle
of DBD. For the generation of the plasma, they produced sinusoidal signals with frequencies
ranging from 1 to 8 kHz, and high oscillating voltages of + 1 + 10 V. The paper-based generators
are conformable to curved surfaces, compatible with user interfaces, and suitable for sanitization
of microbes aerosolized onto a surface, deactivating more than 99% of Saccharomyces cerevisiae
and Escherichia coli cells [46].
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Figure 1.4- Aaron et al. plasma generator structure (A) and generators without (white) and with applied potential (blue) (B) [46].

According to the dielectric barrier discharge principle (DBD), the present thesis aims to develop,
optimize, and test plasma generators on paper substrates. The DBD plasma sources produced are
composed of one or two aluminum electrodes, separated by a dielectric layer, that in this case, is
a paper substrate that gas can penetrate due to paper porosity. The characteristics of the three
different papers utilized (Felix Schoeller smart paper type 3, Powercoat™ XD 125, and Canson
Vegetal Paper, also known as tracing paper) were studied and compared to perceive how the
dielectric influences plasma generation. The generators were produced by shadow mask design by
laser engraving and by inkjet printing. A comparison between the two production methods was
made in order to understand each method's advantages. Besides, the plasma generation parameters
are also studied, such as pressure, power, DC-bias voltage, atmosphere (argon and air), and
reactive species released by the plasma. Finally, the impact of the plasma produced by these
generators on the modification of surfaces such as cork, vegetal paper, and spinach leaf will also
be evaluated.



2| Materials and Methods
2.1 Characterization techniques
2.1.1 X-Ray Diffraction
X-ray diffraction (XRD) is a non-destructive technique that assesses the crystallographic structure
of the different papers [47]. The results were recorded using an X-ray diffractometer (PANalytical
X'Pert PRO MPD) in Bragg-Brentano geometry with a Cu Ko radiation source (1 = 1.506 A), in a
20 range from 10° to 90°.
2.1.2 Thermogravimetry
The thermogravimetric analysis (TGA) was made using a Simultaneous Thermal Analyzer
(TGADSC- STA 449 F3 Jupiter), from room temperature to 550°C with a heating rate of 5 °C/min,
under nitrogen atmosphere. Studying the TGA of the papers is important because the paper (dielectric
layer of the generator) will increase its temperature during the plasma generation. Thus, perceive if
the temperature influences the generator's functioning enriches this thesis.
2.1.3 Porosity
The paper's porosity is crucial because it allows the gas to penetrate its bulk volume and pass
through the substrate to provide plasma [46]. The cellulose substrates have porosity (P) according to

equation 1: P(%) = ( 1- M) x 100. Where p ermuiose 1S the cellulose density (1.6 g cm®),

Pcellulose

and Psampie the apparent density of the sample (g cm) [48].

2.1.4 Scanning Electron Microscopy
The Scanning Electron Microscope (SEM) was used to analyze the morphology of the generators
produced in this work. They were imaged with an SEM Hitachi TM 3030Plus Tabletop equipped
with Energy Disperse X-ray (EDX) measurements.
2.1.5 Fourier Transform Infrared Spectroscopy
The Fourier Transform Infrared Spectroscopy (FTIR) is a technique capable of examining each
generator's molecular groups. The Thermo Nicolet 6700 FTIR was the system utilized in the mode of
attenuated total reflectance (ATR), measuring wavelengths between 525 and 4500 cm™* with a data
spacing of 1.928 cm™.
2.2 Production of the plasma generators

2.2.1  Shadow mask patterning by laser engraving

In this production method, each type of paper was first covered with Kapton (Figure 2.1A). Then,
a laser was used for engraving the desired pattern on the Kapton. This system is computer-controlled
and functions as a printer where the desired pattern is imported and then is engraved into the substrate.
The pattern used was based on the honeycomb design that allowed plasma generation along the edges
of the hexagonal grid and was provided by Professor Aaron Mazzeo [46]. The laser system utilized
was the Universal Laser System (ULS) VLS3.5. The power and speed conditions of the laser were
3W and 0.0508 m/s, respectively. Then, after the pattern was engraved on the Kapton (Figure 2.1B),
the polymeric layer was removed, keeping only the regions that would be used as shadow mask to
pattern the plasma generators (Figure 2.1C).

# '

: |
Figure 2.1 - (A) Sheet of paper was covered with Kapton; (B) Pattern engraved on the Kapton; (C) Kapton's

interior was removed for aluminum deposition. The 50-cent coin was used for scale purposes (diameter of 24.25mm).




2.2.2 Electron beam evaporation deposition
Electron beam evaporation deposition was the technique selected to produce the electrodes by the
deposition of aluminum on top of the paper using the Kapton as a shadow mask. The deposition of
aluminum was carried out according to the conditions described in Table A.1. The substrate's aspect
immediately after the deposition of aluminum can be seen in Figure 2.2B, and the final aspect after
the Kapton removal can be seen in Figure 2.2C. The data related to the generators produced by this

!/

Figure 2.2 — Photos of the generators: (A) Before the aluminum deposition; (B) After the aluminum deposition; (C) Kapton removed.
2.2.3 Inkjet printing method
The second method for producing the generators is inkjet printing. This method consists in the
deposition of drops of ink poured from a nozzle onto a substrate [49]. It is computer controlled and
prints the desired pattern on the substrate. Due to the time-consuming process for this particular
design, the honeycomb pattern's original size was reduced for half compared to the previous method.
The silver ink used was Sicrys ™ [50T-13. After that, curing was carried out at 150°C on a hot plate
for 30 minutes. The generators were produced with different resolutions in Felix Schoeller paper and
Canson vegetal paper. The resolution is given by dots per inch (DPI) and is the measure of how many
dots of ink a printer can place within an inch [49]. The samples were also covered with another Al
layer on the backside of the generators to act as the second electrode. The characteristics of the
printing method and these generators are found in Annex B.
2.3 Plasma Generation
The DBD generators were tested in a vacuum chamber using a 13.56 MHz rf generator, where argon
and air were introduced to evaluate the paper generator's response under different atmospheres. First,
a piece of Kapton was glued to the tip on the back of the generator. In this way, the crocodile is
connected only to the front electrode (power electrode). Then, an aluminum tape is glued to the back
of the generator and connected to the vacuum chamber. Thus, the back electrode works as the
grounded electrode. Glass support was used to glue the generator, keep it in the desired position, and
allow adequate visualization of what is happening inside the chamber. After the plasma generation, a
thermal analysis was performed using a thermal camera and the computer software PIROSOFT
Compact. Note that the recorded temperatures are approximate values since the measurement is made
immediately after opening the chamber.
2.3.1 Optical Emission Spectroscopy
The Optical Emission Spectroscopy (OES) equipment used to determine the plasma's reactive
species was the Ocean Optics HR4000 spectrometer (with a range of 200 to 1100 nm). The computer
software was the Ocean Optics SpectraSuit, and the integration time of the measures was 2 seconds.
2.3.2 Contact Angle
The equipment used to make contact angle experiments was the Contact Angle DATA PHYSICS
SCA 20. This technique was used to evaluate how plasma affects the wettability of different surfaces
(such as spinach leaf, paper, and cork). The liquid used for the measurements was water, the syringe
utilized to dispense the water was the Hamilton 500 pL, and each drop dispensed had 1 pL.




3| Results and Discussion

In this chapter, all the work done regarding the plasma generators testing is presented and discussed.
Firstly, section 3.1 describes the properties of the three papers used as the DBD dielectric layer. In
section 3.2, the plasma generation process will be explained. Sections 3.3 and 3.4 are devoted to the
optimization of generators design by shadow mask and the study of plasma generation in air and
argon atmospheres. The plasma generation tests, and detection of reactive species will be discussed
in section 3.5, while in section 3.6 will be presented the inkjet generators tests and a comparison
between production methods. Finally, the study of surface modification by the plasma is demonstrated
in section 3.7.

3.1 Characterization techniques of the papers

Since the main objective of this thesis combines the production of plasma generators and their
optimization, three different types of paper were used as the dielectric of the DBD generators: Felix
Schoeller smart paper type 3 (referred to as FS), Canson vegetal paper (referred to as VEG), and
Powercoat™ XD 125 (referred to as XD). So, it was necessary to characterize each paper and
understand the differences between them to perceive how the dielectric influences the plasma
generation. Papers are generally composed of cellulose fibers (a heterogeneous mixture of plant
material such as cellulose, hemicellulose, lignin, among others). A wide variety of chemicals can be
used in the paper forming process, giving them different characteristics [50]. The Felix Schoeller is a
paper-based substrate composed of a hydrophilic nanoporous surface coating, indicated for printed
electronics, with a mesoporous surface that contains a pore size of about 15 nm with a barrier coating
underneath [51]. The Canson vegetal paper is a low opacity paper that allows light to pass through,
suitable for drawing. It is made from sulfite pulp by reducing the fibers to a fine subdivision state and
hydrolyzing them by prolonged beating in water [52]. Powercoat XD is a smooth paper with a
specially adapted coating that provides a surface indicated for printing electronic circuits [53].

3.1.1 Papers characterization

The SEM micrographs in Figure 3.1 presents the morphology of the different papers. The FS
(Figure 3.1A) has a smooth, compact, and homogeneous structure due to the nanoporous coating and
the resin layer before the paper layer. VEG has a high-density structure of intertwined cellulose fibers,
with different shapes and sizes, where the high concentration of small size fibers fills the gaps and
surface between the larger fibers (Figure 3.1B). The XD also exhibits a coating and shows a matrix
formed by large and small fibers (Figure 3.1C). The thickness, grammage, and apparent density were
obtained through each paper's datasheet and factory information (Annex C). The thickest paper is FS
(175 pm), followed by XD (128 pum), and the thinner is VEG (65 pm), with a porosity (determined
by Equation 1) of 39%, 37%, and 45%, respectively. FS has RMS roughness of 0.80 um ([54]), VEG
of 3.90 um ([55]), and XD of 1.50 um. The characteristics of the papers are listed in Table 3.1.

Figure 3.1 - SEM images of the top view of the dlfferent papers: (A) FS; (B) VEG,; (C) XD.



Table 3.1 - Properties of the different papers: FS, VEG, and XD.

. Felix Canson Powercoat
Properties of the papers
Schoeller Vegetal XD 125
Thickness (um) 175 65 128
Grammage (g m?) 170 90 129
Apparent Density (g cm™) 0.97 0.87 1.00
Porosity (%) 39.2 45.6 37.4
Roughness RMS (um) 0.80 3.90 1.50

3.1.2 Paper structure and thermal properties

XRD patterns of the different papers (Figure 3.2 A) shows peaks at 20 around 14.90°, 16.30°, and
22.7°, which are associated with (110), (110), and (002) crystallographic planes of cellulose 1 [56].
In FS and XD diffractograms is observed a peak at 29.70°, which corresponds to the (004) plane of
calcite (CaCOs). Calcite is a calcium carbonate mineral that makes paper brighter and bulkier [57].
In FS's XRD pattern, another peak is visible around 21.50°, corresponding to the (110) plane of
aragonite, that can also match to the calcium carbonate mineral used in coatings and fillers in the
paper production process [58]. The XD's pattern exhibits peaks around 12.50° and 24.60°,
corresponding to the (001) and (002) planes of kaolinite (Al.(OH)4Si»Os), a clay mineral that
improves color and brightness and allows for better printability [59].

Information regarding thermal stability was obtained by TGA (Figure 3.2 B). The FS, VEG, and
XD TGA curves show an initial weight loss of 3.81%, 7.66%, and 5.38%, respectively. This loss
occurs close to 100°C and is related to the desorption of free water from cellulose fibers [60]. In the
TGA of VEG is observed that cellulose thermal degradation starts around 270°C and continues until
350°C, followed by a weight loss of 71.39%. In the XD case, the weight loss was 68.27%, related not
only to the degradation of cellulose but also to the coating layer. In the TGA of the FS paper, a first
abrupt mass loss of 40.17% occurs as the temperature increases up to 370°C, which corresponds to
the degradation of the nanoporous layer and the resin layer simultaneously with cellulose degradation.
Next, two more mass losses occur, 24.37% up to 463°C and 10.99% up to 600°C.
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Figure 3.2 - XRD characterization of FS, VEG, and XD; TGA curves of FS, VEG, and XD.

Knowing the range of temperatures in which the paper substrates remain thermally stable is a crucial
point to consider since, in this process, the generators are heated during the production of the plasma.
Therefore, given the cold plasma application, below 50°C, the mass losses are mostly associated with
water presence.



3.2 Plasma generator configurations
Two different generator configurations were produced in order to verify which one would be the
most suitable to generate plasma. In the first configuration, aluminum was deposited only at the
generator's front (single-electrode configuration). In the second configuration, in addition to the front
aluminum deposition, a similar aluminum deposition was also effectuated on the back of the generator
(but not patterned), presenting two conductive layers (two electrodes) with the dielectric layer (paper)
in the middle, as shown in figure Figure 3.3.

1 ===

- Legend:

w
[ ] Electrode (Al)

o - Insulator (paper)

Figure 3.3 - Schematics of the generator configurations used: (1) One electrode; (2) Two electrodes.

3.3 Plasma generation process

The plasma generators produced in this thesis work according to the principle of dielectric barrier
discharge (DBD). The plasma is originated from the discharge between two electrodes separated by
the paper substrate (dielectric layer). For that to happen, RF power is applied to the generator's active
electrode, and when the gas that permeates the bulk volume of the dielectric paper exceeds its
breakdown voltage, it ionizes and forms a glowing plasma. During this process, free electrons are
accelerated and ionize the gas through collisions, and an electronic avalanche is generated, leading to
an accumulation of charged particles on the paper [61]. In Figure 3.4 is seen the schematic used to
perform the plasma generation experiments.

_sy Pressure valve

gas -
adjustment(_ —\ a(
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grounded
electrode €—

thermal camera
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Figure 3.4 — Schematic representation of the apparatus used for the plasma generation experiments: vacuum chamber
with a generator placed on the glass support, connected with the generator and the OES system.

The plasma generation tests that will be presented below were done in an argon atmosphere, and
the tested generators were patterned by a laser made shadow mask. This first trial was made in VEG
generators with a configuration of one and two electrodes with the following conditions: working
pressure (P) of 0.55 Torr, power of 5 watts (W), base pressure (Puase - €quivalent to the pressure when
starting to make vacuum) of 0.18 Torr, gas pressure (Pgs - equivalent to pressure when gas is
introduced in the chamber) of 0.38 Torr, argon flow of 20 sccm, and 2 minutes of testing time.
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After conducting these tests, it is possible to conclude that the generators with two electrodes
confine the plasma better. In Figure 3.5A, it is observed that the plasma is spread both in the front
and behind the generator, while in Figure 3.5B, the plasma is most evident in the dielectric material,
not seen at the rear nor spread over the camera. A possible explanation for this may be related to the
gap distance (space between electrodes where the DBD principle occurs). In the configuration with
two electrodes, this is a well-defined space with a thickness equal to the paper's thickness, while in
the configuration with only one electrode, this space is not well defined. Beyond what is possible to
see in the photographs, some considerations found in the literature reveal a greater use of DBD with
two electrodes where is reported stability, homogeneity, and greater intensity of reactive species for
this configuration [62]-[65]. )

Figure 3.5 - VEG generators with (A) one electrode and (B) two electrodes during the plasma generation.

The plasma being confined is an important parameter since it is possible to direct the plasma to the
surface area to be treated without affecting surrounding areas. Therefore, the two-electrode
configuration was adopted to develop this master thesis.

3.4 Plasma generation study

In order to understand which are the most indicated values of the plasma generation parameters,
such as pressure, power, and gas flux, optimization tests were performed. The optimization tests were
done in an argon atmosphere, and the tested generators in these subsections were patterned by the
shadow mask made by laser method. The generators were tested with different pressures [0.55; 1; 2;
4; 8; > 10.501] Torr and powers [2; 5; 10; 15; 20; 25] W. For each set of pressure, the rf power was
increased, stabillizing in periods of 2 minutes, and photos were taken with a mobile phone at each
step to analize the plasma status. Also in each set of pressure and power, the DC-bias was measured.
The DC-bias is the parameter that controls the ion energy distribution of the plasma. When a high
frequency powers an electrode, the oscillating RF potential responds with this DC voltage formation
on the generator surface due to the difference in mobility between ions and electrons [66]

After conducting these tests, it was possible to notice that the power range chosen was very high
because both the XD generator and the FS generator started to fail for applied powers of 20W and
25W (0.55 Torr). The diagram of photos taken at each tested conditions of pressure and power of the
first plasma generations and respective photographs after generation are found in Annex D.

Therefore, these preliminary tests allowed to establish the protocol to characterize the paper-based
generators (Table 3.2). In the end of each test, a thermal analysis of the temperature achieved by the
generator was made. This study was done first in argon and then in the air, and finally, a comparison

of plasma generation is made in both atmospheres.
Table 3.2 - Plasma generation parameters: pressure, power, Phase, Pgas, and argon flux.

Pressure (P) Power Pbase Pgas Argon
(Torr) (W) (Torr) (Torr) (sccm)
[0.55;1;2;4;8;> 10.501] [2;5;10;16] 0.18 0.38 20
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3.4.1 Argon Atmosphere
The plasma generation tests presented in this subsection were performed in an argon atmosphere.
Argon (Ar) is a colorless, tasteless, odorless, noncorrosive, noninflammable, and nontoxic gas, and it
is the most abundant noble gas and the third major component of the air. Noble gases are not very
reactive since they have a very stable electron configuration [67].
The results obtained in the plasma generation test with the Felix Scholler (FS) paper are shown in
Figure 3.6. This generator started to shut down at 16W, after 8 minutes of plasma generation. It is

observed that the DC-bias increased with increasing power.

Pressure (Torr)
- DC-bias (V)

14v 42V 58V 260V
0 OO ®
> g %6 16 > Power (W)

Figure 3.6 - Plasma generation test with the Felix Scholler generator in an argon atmosphere. DC-bias represented in

blue. The duration of the plasma generation was 8 minutes.

The generator's status can be seen in Figure 3.7(A-C). A degradation of the generator is observed
once some parts of the aluminum peeled off. A possible explanation for this phenomenon can be an
excessive heating may have occurred due to the existence of defects or even the degradation of the
resin/nanoporous layer leading to the cessing of the plasma generation.

The recorded temperature range (immediately recorded after the vent of the chamber) is between
19.7°C and 34.8°C (Figure 3.7D). It is expected that during the plasma, this temperature should reach

higher values. The thermal image proves that there was a higher temperature in the areas where the
aluminum was removed.

348°C
33.7°C

3.7°C

297 °C

27.7°C

257°C

23.7°C

21.7°C

R st 197 °C
Figure 3.7 - (A) FS generator before plasma generation; (B) and (C) FS generator after plasma generation; (D)
Thermal analysis of the FS generator after plasma. Study made in argon atmosphere.

SEM images from the top and cross-sectional views are shown in Figure 3.8. The edges of the
interface between paper and metal seem more straight after generation, indicating a potential etching
of the edges. The surface after the plasma is significantly degraded, with certain parts destroyed in
the aluminum and the paper area, as already seen in Figure 3.7. According to the cross-view, it is
possible to observe that the paper fibers' definition is much more evident before generating plasma.
After the generation of plasma, the fibers are more compacted, as if the voids of the matrix were
partially filled. Through the analysis of EDX, the components identified in the sample were aluminum
(A, silicon (Si) a constituent of the paper, carbon (C), calcium (Ca), and oxygen (O), which reveals
that the plasma does not alter the chemical composition of the generator.
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Before plasma After plasma

TOP VIEW

CROSS VIEW

Figure 3.8 - SEM images from FS generator of the top and cross-sectional views before and after the plasma
generation. Study in argon atmosphere. Plasma time of 8 minutes.

The results obtained in the plasma generation test with the Canson Vegetal paper (VEG) substrate
are shown in Figure 3.9. For a specific pressure, the rf power was increase untill 16 W (2 min at each
power value), and then it was repeated for increasing pressures to extract the values of DC Bias and
the photographs during plasma generation. This generator was able to sustain the plasma for nearly
50 minutes. It is demonstrated that the DC-bias increases with increasing power (as seen in the FS
generator case) and decreases with increasing pressure. Its dependency on pressure is related to the
mean free path of electrons that determines the average distance a particle travels before a collision
occurs. A smaller mean free path results in a decrease in DC voltage, and its inverse proportional to
the pressure is described by the Kinetic theory of gas (ideally, PV=nRT where P, V, and T are the
pressure, volume, and temperature, n is the amount of substance and R is the ideal gas constant). Gas
pressure is created by the collisions between the molecules of gas and the collisions of those
molecules with the chamber walls. A higher amount of collisions explains an increase in pressure and

a reduction in voltage [68].
Pressure (Torr)

10.5

0.55

> Power (W)

16

Figure 3.9 - Plasma generation test with the vegetal paper generator in argon atmosphere. DC-bias
represented in blue. Plasma time of 50 minutes

13



The appearance of the VEG generator can be seen in Figure 3.10(A-B). Visually, there are no
differences between the images, which indicates that the generator was not damaged during plasma
generation. The recorded temperature range is between 31.3°C and 54.5°C (Figure 3.10C) due to the
long working time. The temperature distribution reached higher values and is more uniform than what
was observed for the FS generator, corroborating the inexistence of macroscopic defects.

545°C

31.31°C

488 °C
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36.3 °C

338°C

313°C

Figure 3.10 - VEG generator before plasma generation; (B) VEG generator after plasma generation; (D) Thermal
analysis of the VEG generator after plasma. Study in argon atmosphere.

SEM images from the top and cross-sectional views are shown in Figure 3.11. Before the plasma
generation, the top micrographs show defined fibers with an evident separation between aluminum
and paper areas. After the plasma, it was verified that the plasma made the surface of the generator
smoother and more compact, with the aluminum-paper interface less evident. The smoothing of the
surface can be justified by the plasma's ability to remove microfibrils, small fragments, or dust present
on the paper's surface. Regarding the cross-view, after the plasma generation, the paper fibers'
definition is more evident, contrary to what happened in the FS case. The EDX analysis of this paper
reveals that the components in this sample were the same before and after plasma: aluminum (Al),
silicon (Si), carbon (C), and oxygen (O).

Before plasma After plasma

TOP VIEW

CROSS VIEW

Figure 3.11 - SEM images from VEG generator of the top and cross-sectional views before and after the plasma
generation. Study in argon atmosphere.
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The graph of the pressure in function of the power obtained in the plasma generation test with the

Powercoat™ XD 125 (XD) paper substrate is shown in Figure E.1 in Annex E. In this case, it was
possible to generate plasma for about 44 minutes until it shut down. As discussed before, the DC-bias
increases with increasing power and decreases with increasing pressure.
There are no evident differences between the generator before and after generating plasma (Figure
3.12(A-B)), which indicates that it was not degraded. Similarly to what was observed for the VEG
generator, the recorded temperature range is between 20.6°C and 50.6°C (Figure 3.12C), as expected
due to the larger time elapsed during the plasma. The uniformity in temperature distribution allows
to conclude that there are no hotspots.

506 °C

456°C

406 °C

356°C

30.6 °C
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Figure 3.12 - XD generator before plasma generation; (B) XD generator after plasma generation; (D) Thermal
analysis of the XD generator after plasma. Study in argon atmosphere.

SEM images from the top and cross-sectional views are demonstrated in Figure 3.13. Considering
the top view, it appears that before the plasma generation, the details of the surface are well defined,
without visible degradation. After the plasma, the surface became smoother and presented a slight
degradation level. In the cross-view, before the plasma, the paper's laminated structure is evident,
while after the plasma, the same is not verified. Fiber matrix presents appear to become denser after
the plasma, suggesting a modification of the generator's surface and bulk due to the plasma. The
interaction of reactive plasma species with the generator surface can lead to surface etching and
modification of some of the paper's different layers, which may justify the visualized changes.
However, no significant chemical modification was observed before and after the plasma since, for
both cases, the elements identified in the EDX analysis were aluminum (Al), silicon (Si), calcium

(Ca), carbon (C), and oxygen (O).
Before plasma After plasma

TOP VIEW

CROSS VIEW

Figure 3.13 - SEM images from XD generator of the top and cross-sectional views before and after the
plasma generation. Study in argon atmosphere.
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3.4.1.1 FTIR analysis

The ATR-FTIR analysis of the different papers is presented in Figure 3.14. It is possible to observe,
for all cases, absorption bands characteristic of cellulose, such as hydrogen-bonded OH stretching at
3600-3000 cm™?, the C—H stretching at 2962 cm™ and the C—O stretching at 1255 and 1064 cm™,

The hemicellulose characteristic peak can be observed at the 1.200-900 cm™ range. Hemicellulose
is a polysaccharide group with an intricate absorption pattern. This area is dominated by ring
vibrations that overlap with the stretching vibrations of the C-OH side groups and the C-O-C
glycosidic bond vibration. Lignin peaks can also be observed between 1000-500 cm™? [69]-[71].

From the three papers, the VEG graph (Figure 3.14B) has the most evident peak at 1640 cm™
corresponding to O—H bending vibration, which is related to the absorbed water [72].

In the XD case (Figure 3.14C), other two peaks are seen, one at 1730 cm™ and another at 1415 cm’
! corresponding to calcite, a constituent of this type of paper [58].

It is concluded that, after the plasma, all spectra exhibited an increase in the intensity of the
absorbance bands (the peaks are at larger absorbance values). This fact may indicate that plasma has
increased the functional groups present on paper [73].
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Figure 3.14 - ATR-FTIR spectrum before and after the plasma generation in argon of the papers: FS paper 8 minutes of
plasma, (B) VEG paper 50 minutes of plasma, and (C) XD paper 44 minutes of plasma.

After performing the previous tests, it was concluded that the VEG and XD generators were the
ones that sustained a more stable plasma generation for a longer time (more than 40 minutes). The
VEG generator showed no evident damage after plasma, while the XD showed a slight degradation.
VEG does not have any coating, is formed only by the fiber matrix layer, showing that simpler papers
are better to produce paper-based generators.
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The FS sustained the plasma only for 8 minutes and was significantly degraded. The degradation
seems to be related to the nanoporous coating and the resin layer presented on the FS structure that
may conduct to the aluminum delamination. Typically, DBD can generate two types of plasma:
volume plasma and surface plasma, depending on the device's configuration [46]. Volume plasma
usually has an air gap between the two electrodes, and thus the volume plasma could cause the
substantial degradation of the resin and nanoporous coating, leading to the cracking and peel-off of
the aluminum layers and consequently compromising the functioning of the device.

3.4.2 Air Atmosphere

These devices' ultimate goal would be its use on atmaospheric pressure using air as the ionizable gas.
In this way, plasma generation tests were also performed in an air atmosphere. Note that, as the
generator made with FS did not support well the generation of plasma in the argon atmosphere, it was
not tested in air.

The air is the gas mixture that forms the earth's atmosphere and is made up of about 78% nitrogen
(N) and 21 % oxygen (O-), and also has small concentrations of other gases, such as carbon dioxide
(CO2), neon (Ne) and hydrogen (H). Reactive gases of air are tropospheric ozone, carbon monoxide,
volatile organic compounds, reactive nitrogen gases, and reactive sulfur gases [74].

The results obtained in the plasma generation test with the VEG paper are shown in Figure 3.15.
This generator was generating plasma for about 6 minutes and then stopped working. The recorded
temperature range is between 22.9°C and 27°C, and the temperature distribution is uniform,
corroborating the lack of hotspots.

According to the SEM images visualized in Figure E.2 of this VEG generator's top view, it is
possible to infer that the plasma resulted in the smoothing of the surface. However, as the generation
time was smaller than for argon atmosphere the changes in surfaces are less evident. The EDX
analysis reveals that the components in this sample were the same before and after plasma.
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Figure 3.15 - Plasma generation test with the VEG generator in air atmosphere. DC-bias represented in blue. Plasma
time of 6 minutes.
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Figure 3.16 - Picture from the thermal camera. Thermal analysis from a generator with VEG paper in air atmosphere.
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The results obtained in the plasma generation test with the XD generator is shown in Figure 3.17.
The generator held up to generate plasma for about 6 minutes. The recorded temperature range is
between 38.7°C and 48.3°C (Figure 3.18). In this case, an increase in temperature is observed, which
can be explained by defects on the generator's surface.
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Figure 3.17 - Plasma generation test with the XD generator in air atmosphere. DC-bias represented in blue. Plasma
time of 6 minutes.
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Figure 3.18 - Picture from the thermal camera. Thermal analysis from the generator with XD paper in air atmosphere.

According to the SEM images presented in Figure E.3 of the top view of this XD generator, it is
possible to verify, besides the smoothing of the surface after the plasma generation, some degradation
of the generator. Once again, it becomes evident that papers with layers of coating are more
susceptible to degradation. Through the analysis of EDX, the components identified in the sample
were aluminum (Al), silicon (Si), carbon (C), and oxygen (O) before the generation of plasma. After
plasma generation, all elements were present except the Si, which suggests that air plasma, led to a
preferenctial removal of Si in the paper.

3.4.3 Influence of the atmosphere on the plasma generation
The analysis of the graphs related to the ATR-FTIR analysis (Figure E.4) shows results similar to

the ones observed with generators in the argon atmosphere (3.4.1). However, in the air case, a lower
intensity of the absorption bands is observed, denouncing a smaller increase in the functional groups.
This may be related to the fact that air generators have only been able to withstand the generation of
plasma for a small fraction of time (6 minutes), while in argon, the generation time was longer.

It was verified that, in the air case, the plasma generation only started when 5 W was applied (for
the pressure of 0.55 Torr). The generators stopped working at a pressure of 0.55 Torr and a power of
16W for both cases, indicating that plasma tests done in argon atmospheres have withstood a much
wider range of pressures and power than in air. Additionally, this shows that the atmosphere changes
the lifetime of the generator.

Furthermore, for the same pressure and power set, the measured DC-bias was much higher in the
air atmosphere than in the argon atmosphere, as seen in the graph of Figure E.5. Reactive gasses are
easily adsorbed or absorbed by exposed surfaces due to their high chemical activity. Being a more
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reactive gas means lower electron density and higher electron temperature, making the value of DC-
bias higher [66].

Thereby, as this air environment is much more reactive than the argon atmosphere, the plasma
production was halted. As a future goal is to approach atmospheric pressure, an atmosphere that
reaches higher pressure values is needed - atmospheric pressure corresponds to 1 atm, equivalent to
750 Torr [75]. Thus, the argon atmosphere was chosen to accomplish the remaining tests.

3.5 Stability of the plasma and Plasma Reactive Species study

As mentioned previously, these generators' interest in sterilization is related to the reactive species
that can be formed in the plasma. Although not being the main focus of this work, the Optical
Emission Spectroscopy (OES) of the Ar plasma was made to evaluate the reactive species present in
the plasma, but also to try to understand if other elements resulting from the paper degradation were
detected.

Thus, it was fixed a power of 16 W and a testing time of 30 minutes. These tests were done with
the exhaustion valve closed (pressure > 10.5 Torr) while the Ar flow was kept constant (20 sccm).
However, it was found that at this pressure, it was not possible to generate the plasma because the
generators turned off after a few seconds. Therefore, a pressure of 9 Torr (the highest pressure that
the generators could sustain the plasma) was used during the remaining tests. The OES acquisition
was made every 5 minutes.

The VEG generator data during the 30 minutes of plasma generation was recorded in Figure 3.19.
As time passed, the intensity of light emitted by the plasma increased. The DC-bias fluctuated
between 12 and 16V, increasing up to 10 minutes of generation and decreasing. The recorded
temperature range is between 32.9 °C and 72.1°C (Figure 3.20). The uniformity of the temperature
distribution reveals that there were no macroscopic defects on the surface.
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3.19 - Photographs of paper generators of VEG paper after plasma generation time test. DC-bias
represented in blue.
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Figure 3.20 - Picture from the thermal camera. Thermal analysis from a generator with VEG paper in
argon after time generation tests.
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The OES spectrum of the VEG generator is shown on the graph of Figure 3.21. The OES spectrum
shows emissions from the OH radical in the range of 305-310 nm related to water release from paper.
The characteristic atomic argon lines (labeled as Ar 1) are observed in 690-850 nm, while at 911 nm
is shown a line of singly ionized Ar (Ar I1). These elements are common in argon plasmas [34], [75],
[76].

The results testify that the concentration of species is higher at the initial instant and then decreases
at 5 minutes. The highest value was reached after 30 minutes of testing. Thereby, it appears that with
the increasing of the plasma generation time, the concentration of all detected reactive species
increases. It is also important to refer that the reactive species present are the same over time,
revealing that the paper does not release new species when generating the plasma.
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Figure 3.21 - OES spectrum of VEG generator during time tests.

The XD generator data during 30 minutes of plasma generation is visualized on Figure 3.22. As
time passed, oscillations in the intensity of the light emitted from the plasma were observed. For
example, at 10 minutes, there was a greater intensity than at 20 minutes. The observed DC-bias
fluctuated between 11 and 14V.

The recorded temperature range is between 31.9°C and 71.7°C (Figure 3.23). Note that, in the case
of time tests, the temperature was higher than the observed in the previous study (3.4.1) because
higher pressure and power values were maintained throughout this test. Besides, defects on the
generator, such as areas of the paper that fell during the generator's production, may have led to
increased temperature in those areas.

The XD OES spectrum is similar to the previous VEG generator (Figure F.1), and also no elements
present in the paper were identified in the plasma.
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Figure 3.22 - Photographs of paper generators of XD paper after plasma generation time test. DC-bias
represented in blue.
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Figure 3.23 - Picture from the thermal camera. Thermal analysis from a generator with XD paper in argon

3.6 Inkjet printing tests

In addition to the generators produced via patterning by shadow masks, another production method
was used to make DBD generators, the inkjet printing. In this way, it was possible to compare the
two production methods and understand each method's advantages. However, in the inkjet printing
case, some parameters had to be changed. The generators' size had to be reduced to almost half due
to the amount of ink and time required to print the large-scale generators, which was unsustainable.
Besides, instead of aluminum electrodes, as seen in the previous method, the printing ink used to
produce the front electrode was silver. In the back of this generators, aluminum was deposited by e-
beam evaporation to form the back electrode.

The tests on printed generators were done with a constant power of 8W, and the pressure was
increased every 2 minutes. The base pressure used was 0.18 Torr, the gas pressure was 0.45 Torr, and
the argon flow was 20 sccm.

First, the tests started with the inkjet generators produced with vegetal paper. Through the SEM
images of these generators taken before plasma generation (viewed in Figure 3.24 and Annex G), it
is possible to infer that the printing in this paper does not present great quality since there are many
flaws in the silver lines, which may have led to the formation of non-conductive paths. Besides, it
was noticed that silver was being released from the paper when attempting to produce plasma. For
these reasons, inkjet VEG paper generators do not work.

TF ST

Figure 3.24 - SEM images from VEG inkjet (200DP1 and 300 DPI) generator of the top view before plasma
generation.after time generation tests.
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Despite the poor performance previously observed, some inkjet generators made in the FS paper
were tested. This type of paper is suitable for printing electronics, and therefore, FS generators were
produced by inkjet printing with good quality and proper definition. In the next subsections, the
plasma generation tables with this generation data are represented. During plasma generation, an OES
analysis was performed every 2 minutes.

3.6.1 Inkjet FS generator (600DPI two layers)

The generators printed in two steps with 600 DPI were able to generate plasma for 12 minutes,
reaching a pressure of 10 Torr (Figure 3.24). In the images of the generation, it is notorious that there
is a brighter zone, where there was a higher concentration of plasma and consequently greater heating.

The generator's pictures taken after the plasma demonstrate that it was burned and degraded at the
front and the back (Figure 3.26(B-C)). The fact that there was a greater heating and the generator
burned may be related to the printing defects on the surface, leading to the formation of hotspots,
compromising the generator's lifetime.
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Figure 3.24 - Plasma generation tests with the inkjet FS generator (600DPI two layers). DC-bias represented in blue.

Figure 3.25 - Photograph of inkjet FS generator (600DPI): (A) before plasma, (B), and (C) after plasma generation.



The SEM images in Figure 3.27 show that this paper's printing presents more continuous, and
therefore conductive lines than in the case of VEG inkjet generator.
As the FS is a specific paper for electronic printing, as opposed to VEG paper, the FS is a better
substrate to produce inkjet plasma generators. However, there is still a lack of coverage that could be
resolved by printing other silver layers, giving greater conductivity and increasing the generator's life.

These SEM images also show significant degradation after the plasma, with cracks in the paper and
silver zones. The printing defects must have led to excessive heating that promoted the appearance of
cracks that consequently compromised the generator's structure.

Before plasma After plasma

TOP VIEW

Figure 3.26 - SEM images from inkjet generator FS (600DPI) of the top view before and after the plasma generation.

The OES spectrum (Figure 3.28) shows the same species observed in previous studies: emissions
from the OH radical in the range 305-310 nm, the Arl in the range of 690-850 nm, and an Arll peak
at 911 nm. However, the reactive species' intensity is lower in the initial instant, then increases up to
4 minutes, but a decrease occurs from 6 to 12 minutes. The decrease of the intensity of the spectral
lines with the increase in pressure could be explained by a reduction in the energetic electrons present.
Furthermore, these decrease in the species' intensity may also be related to the generator degradation
over time, compromising its operation. Once again, the species present were the same over time, so
neither the paper nor ink lead to new species' release.
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Figure 3.27 - OES spectrum of FS inkjet generator 600DPI.
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3.6.2 Inkjet FS generator (700DPI)

The generators printed with 700 DPI started to shut down at 8 minutes of the generation when the
pressure reached 4 Torr (Figure 3.29). The pictures of the generator show its poor print quality, and
it is also verified that after the plasma, the generator was burnt (Figure 3.30).

SEM images (Figure G.3) demonstrate low quality and defective ink printing, with ink flaws. For
these reasons, the generators did not operate for a long time, nor did they show much intensity of
reactive species (Figure G.4) as the previous generator (3.6.1).

In the previous case, two layers of ink were printed, which promoted greater conductivity. In this
case, only one layer was printed, which made the generator less conductive, despite the higher

resolution. This problem could be overcome by printing other layers of ink that would improve
coverage and increase conductivity.
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Figure 3.28 - Plasma generation tests with the inkjet FS generator (700DPI). DC-bias represented in blue.
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Figure 3.29 - Photograph of inkjet FS generator (700DPI): (A) before and (B) after plasma generation.

3.6.3 Silver deposition on shadow mask patterning by laser engraving

In the inkjet generators method, the ink used to form the electrodes was silver. Thus, to perform a
better comparison between production methods, silver was deposited by e-beam evaporation in
generators made with shadow mask patterning by laser engraving, instead of aluminum. In these tests,
the plasma generation parameters were the same as the used for inkjet tests except for the power
utilized, which this time was 16W, once the size of the generator was larger.

The tables with the plasma generation data can be found in Annex G section G.5. Interestingly, the
silver generator that did not last as long linked to generating plasma was the VEG generator, which
turned off when it reached 10 minutes of generation and a pressure of 8 Torr. Both the FS and the XD
silver generators endured generating plasma during the 12 minutes reaching the maximum pressure
(10 Torr), and archive higher DC-bias values. All generators were burned after the plasma generation.
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SEM images shown in Annex G section G.6 demonstrated, in all cases, poor coverage of the silver
with many parts without silver. The paper fibers become more defined, and the surface smoother after
the plasma. However, silver showed crimped areas in FS (Figure G.8) and XD (Figure G.10). This
proves the generators' damage that probably was related to surface defects due to the poor silver
deposition, which leads to the overheating of the device compromising its structure.

OES spectra of the silver generators represented in Figure G.11 show that the reactive species' are
the same over time, but the intensity is lower in the initial instant, increases up to 4 minutes, and
decreases in the remaining test time. The generators started to degrade and burn, which may have
compromised the devices' functioning and, consequently, the plasma generation.

For these reasons, it is possible to infer that the generators produced by inkjet printing, despite they
allow miniaturization and are interesting for design, have low uniformity and insufficient step
coverage, which means that they are not so good for generating plasma as the generators produced
by shadow masks. In addition, the printing parameters vary widely from substrate to substrate, and to
make a print perfectly suited to the different papers, it is necessary to make optimizations, which
would lead to a huge waste of time and money. The shadow mask method, despite being a method
that has some limitations in the miniaturization, allowed to make plasma generators more efficient.

Also, it is seen that aluminum shadow mask generators worked better than silver generators. The
differences between generators with silver and aluminum electrodes can be justified by the fact that
the physical and chemical characteristics of the electrode material affect the input power, which can
increase the energy of the ionized electrons. The intensity of the plasma and the discharge is related
to the electrode material because different electrode materials have different electrical properties
(such as electrical resistivity and conductivity), which can affect the plasma discharge [77]. In
addition, in order for the silver not to be released from the generator, it would be necessary to deposit
a layer that promotes adhesion. Therefore, aluminum generators evidenced better coverage. Also,
aluminum VEG and XD generators made by shadow mask presented a longer lifetime and practically
no degradation.

3.7 Surface modification tests

In addition to the interest shown in plasma generators for sterilization and disinfection purposes,
they can also be used for surface modification. Thereby, contact angle measurements were performed
to analyze the impact of the plasma produced by the DBD generators on the surface wettability.

In this investigation, three different surface samples were studied: cork, vegetal paper, and spinach
leaf. One square of each sample was cut and placed on a glass holder. Five similar glass holders were
made: one served as standard (no treatment was made), another was subjected to vacuum, and in the
rest, plasma treatment was performed for 15, 30, and 45 seconds.

The DBD plasma generator used was a VEG generator made by the shadow mask method. This
was the generator chosen to perform these tests because it was the generator that got the best results
since it was able to generate plasma for a more extended period of time and did not show degradation.

The plasma generation time was optimized according to preliminary tests carried out with the
spinach leaf (Annex H section H.2). In turn, the glass holders were placed on the chamber support
(Figure H.1). Vacuum tests were accomplished for 1:30 minutes, which was the time until a pressure
base of 0.18 Torr was reached. These tests are used to understand if the vacuum causes any changes
in the surfaces. Therefore, in the plasma generation tests, the base pressure used was 0.18 Torr. Next,
it was waited until 0.70 Torr to start plasma, with an argon flow of 1000 sccm and 16W of power.
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During the plasma treatments, the surfaces are bombarded by ionized gas, which induces chemical
reactions on the material's surface to be treated.

The contact angle results are shown in Table 3.3. It is observed a significant difference when
comparing the samples with and without plasma treatment. The contact angle hardly changes with
vacuum treatment, proving that the vacuum did not modify the surfaces. However, the water contact
angle decreased as the plasma treatment time increased, as seen in the graph of Figure H.3. Without
treatment and vacuum treatment, the angles are greater than 90°, indicating that the surfaces are
hydrophobic. With 45 seconds of treatment, all angles decrease to values lower than 90°, becoming
hydrophilic surfaces [78]. These events show the plasma's efficiency in modifying the surface since
the low contact angle implies a greater wetting of the surface.

For the surface's wettability to increase, the surface energy must increase, which may occur by
incorporating polar groups on the surface. In addition, the increase in wettability can also be related
to the increase in surface roughness [79]. Plausible reasons for this to happen are the cleavage of
original functional groups, mechanical alteration of the surface, and hydrophilic functional groups
created by plasma on the different surfaces [80],[81].

Table 3.3 - Contact angle measurements in cork, vegetal paper, and spinach leaf samples without
treatment, with vacuum, and with a plasma treatment of 15, 30 and 45 seconds.

) Vacuum Plasma Plasma Plasma
Without (o plesma) treatment treatment treatment
treatment P 15 seconds 30 seconds 45 seconds
122+ 6° 104+ 9° 91+ 7° 76%5° 51+ 7°
-
Cork
115+ 13° 111#5° 53+ 9° 43+ 8° 39+ 5°
Vegetal }
paper

—-—-a-—:

95+ 9° 92+ 10° 60+ 10°
Spinach
o callda— e e

The SEM images of untreated surfaces and with 45 seconds of plasma treatment were evaluated.
The SEM cork images (Figure 3.31) demonstrate that the thickness of the cell walls of the treated
sample is smaller than the one that had no treatment. The cork walls became narrower, and the walls'
hexagonal prisms more open, suggesting that the plasma treatment is responsible for the erosion of the
cell walls.
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Before plasma After plasma

CORK

Figure 3.30 - SEM images from cork surface top view before and after 45 seconds of plasma generation.

In the vegetal paper case (Figure 3.32), there are no significant differences between the structures
with and without treatment. Without plasma treatment, a tangle of fibers is observed, and with
treatment, the fibers have become more defined.

Before plasma After plasma

VEGETAL PAPER

Figure 3.31 - SEM images from vegetal paper surface top view before and after 45 seconds of plasma generation.

In the SEM micrographs of the spinach leaf (Figure 3.33), before plasma generation, the cutin is
observed. A plant cutin is a protecting film covering the leaves' epidermis that consists of lipid and
hydrocarbon polymers impregnated with wax [82]. After the plasma, it appears that the cutin has been
destroyed. It is noticed that the stomata were exposed along the entire surface of the leaf. The stomata
are apertures in the epidermis and have the function of constituting a channel for the exchange of
gases and the plant's transpiration [83]. These facts suggest that the plasma treatment has been
executed for too long since the leaf's protective layer has been removed.

Before plasma After plasma

SPINACH LEAF

Figure 3.32 - SEM images from spinach leaf top view before and after 45 seconds of plasma generation.
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In addition to the previous information, ATR-FTIR of samples without treatment and with 45
seconds of plasma was analyzed and represented in Figure 3.34.

The infrared absorption of cork (Figure 3.34A) reveals peaks at 2917, 2850, and 1730 cm related
to suberin chains, at 1600-1350 cm™ related to lignin around 1100 cm™ associated with
polysaccharides [84]. The FTIR from the vegetal paper (Figure 3.34B) shows the same peaks seen
previously on the VEG plasma generator (subsection 3.4). In the spinach leaf case (Figure 3.34C),
the ATR-FTIR peaks at 3270 cm™ from O-H stretching and at 1632 cm® from O-H absorption, related
to cellulose and water presence. Cutin and cellulose showed interfering absorptive bands at 1018 cm-
1 (C-O stretching) [85].

Itis verified that, after the plasma, the peaks of the absorption bands are at higher absorbance values,
as noted in previous cases, which is probably related to the fact that the plasma increases the amount
of functional groups present in the surfaces.
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Figure 3.33 - ATR-FTIR spectrum before and after 45 seconds of plasma generation of the different surfaces: (A) cork;
(B) vegetal paper and (C) spinach leaf.
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4| Conclusions and Future perspectives

During this dissertation, a method of producing paper-based plasma generators that rely on the
principle of dielectric barrier discharge was presented. It has been demonstrated that DBD plasma
generators patterned by a laser made shadow mask can be produced by a low-cost method that can
generate plasma in a vacuum chamber. The paper-based generators have been shown to have the
advantage of generating a bulk homogenized volume plasma and a surface plasma, with the stable
plasma area ensuring that the gas is treated uniformly. It is also more efficient and with lower energy
consumption than other plasma techniques [10], [86].

It was successfully demonstrated that generators with two electrodes confine the plasma better than
generators with only one electrode.

The generators patterned by a laser made shadow mask produced with vegetal paper endured the
generation of plasma in a greater power range and lasted for a more extended period of time. Other
works related to paper generators show generators that presented some degradation with only 15
minutes of generation [45]. In this thesis, it was successfully proved that VEG generators can generate
plasma for more than 50 minutes with no visible damage. In addition, these generators are reusable
since they have been tested more than once.

The Powercoat XD generators patterned by a laser made shadow mask also proved to be a good
substrate option, holding up almost as well as the VEG generator and showing minor damage after
the plasma generation.

In the tests performed (except in the time tests when the generators had 30 consecutive minutes to
generate plasma), the temperature range is within the specified for cold plasma (below 50°C). This
indicates that the generators can contact biological tissues without causing damage.

Furthermore, it was concluded that the type of atmosphere changes the lifetime of the generators
and that the argon atmosphere proved to be a more suitable atmosphere than air.

Inkjet printing proved to be a suitable choice to miniaturize the generators' size. Despite the poor
robustness of the plasma, it was found that the best paper to produce inkjet generators is the FS
because it is devoted to printed electronics, unlike VEG. However, VEG and XD generators produced
by laser engraving achieved better results than all the generators produced by inkjet.

In all plasma generation tests performed, it was checked that the DC-bias increases with increasing
power and decreases with increasing pressure. Furthermore, the type of gas used in the process would
also give the DC-bias a different outcome.

Besides the development and study of the paper-based generators, they were used for surface
modification. It was observed that the longer plasma exposure time, the smaller the surface contact
angle due to the increase of the surfaces’ wettability. Thus, it is concluded that water contact angle
results in this study suggested that the DBD plasma produced could effectively improve surface
hydrophilicity and, consequently, modify surfaces in a very short time (15-45 seconds).

By concluding this dissertation with great and promising results, it is possible to continue studying
and improving paper-based plasma generators' utility. One of the most demanding research topics
would be performing this generation of plasma at atmospheric pressure without requiring high power.
Upon reaching this goal, it will be possible to make intelligent dressings that heal wounds instantly
and simultaneously flexible, conformable, reusable, and biodegradable. Besides, it will be possible to
make portable surface modifiers and disinfectants. This will also pave the way for the development
of new applications of these cost-effective plasmas.
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Annex

A. | Annex

This annex will provide additional information regarding the Materials and Methods chapter, which
could not be incorporated in the main text for lack of space. The data related to the deposition of
aluminum, height, length, and images taken from Jiusion digital microscope of the generator's design
by a laser made shadow mask are presented.

A.1 Parameters of the deposition of aluminum in the
generator's design by a laser made shadow mask

Table A.1- Parameters of the deposition of aluminum in the generator's design by a laser made shadow mask.

Growth

Initial P InitialT  H20T Density Z Thickness ke Current Final P Final T
o] iy (o]
{mbar) (2C) (2C) Factor (nm) (nm/s) (mA) (mbar) (2C)
8.5 x 1075 27 9 2.7 8.2 100 0.5 012 1.1x10°% 35

Table A.2- Data on the thickness, diameter, and height of the generator's design by a laser made shadow mask.
Thickness 1 is referred to generators with one electrode. Thickness 2 is referred to generators with one electrode.

Felix Schoeller Canson Vegetal Powercoat XD
" Thickness 1 (um) 175.2 65.2 128.2

[
Thickness 2 (pm) 175.1 65.1 128.1

ﬁ: | Diameter (cm) 8.5
1

‘ Height (cm) 115



A.2 Images of the Jiusion digital microscope of the
generator's design by a laser made shadow mask

A2.1  Generator with Felix Scholler paper
—

Figure A.1 - Images of the Jiusion digital of FS generator design by a laser made shadow mask.

A2.2  Generator with Canson Vegetal paper

Figure A.2 - Images of the Jiusion digital of VEG generator design by a laser made shadow mask.
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A2.3  Generator with Powercoat™ XD paper

Figure A.3 - Images of the Jiusion digital of XD generator design by a laser made shadow mask.
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B. | Annex

This annex will provide additional information regarding the Materials and Methods chapter, which
could not be incorporated in the main text for lack of space. The data related to the inkjet printing

method's properties, height, length, and images taken from the Jiusion digital microscope of the inkjet
generators are presented.

B.1 Properties of the inkjet printing method

Table B.1 - Properties of the inkjet printing method with generators made with VEG and FS papers.

VEG VEG VEG FS FS
Substrate ® o o o o
temperature 45°C 45°C 45°C 45°C 45°C
200DPI (first .
200DPI (first layer)
Resolution layer) and and x2 300DPI sooppr BO0DPL(wo  a4pp
300DPI (second dl layers)
layer) (second layer)
Print speed 150 mm/s 150 mm/s 150 mm/s 150 mm/s 150 mm/s

Sl

FFEEE R EE N BN
'Y EEE LR RN
$25885855383)
a./o‘v..f""‘
"B R E R
. P 9 2 9 9 ¢ oW
YEI A EAERE L

> w

' 08N

Figure B.1 - Photographs of the generators made by inkjet printing. A 5-cent coin for scale purposes (21.25mm in
diameter).

Table B.2 - Diameter and height of the generators made by inkjet printing method.

Canson Vegetal Felix Schoeller
i
1' ‘ Diameter (cm) 3.6 3.6
? i‘ Height (cm) 6 6
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B.2 Images of the Jiusion digital microscope of the generators
produced by inkjet printing

B2.1  Generator with Vegetal paper

i Inkjet VEG 200DPI (first layer) and 300DPI (second layer)

Figure B.2 - Images of the Jiusion digital of VEG 200DPI generator made by inkjet method.

Figure B.3 - Images of the Jiusion digital of VEG 200DPI and 300 DPI generator made by inkjet method.
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Figure B.4 - Images of the Jiusion digital of VEG 400DPI generator made by inkjet method.

B2.2  Generator with Felix Scholler paper

i Inkjet FS 600DPI (two layers)

Figure B.5 - Images of the Jiusion digital of FS 600DPI generator made by inkjet method.
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Figure B.6 - Images of the Jiusion digital of FS 700DPI generator made by inkjet method.
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C. | Annex

C. Properties of the different papers

C.1  Felix Scholler type 3 smart paper datasheet

p_e:smart paper type 3

White opaque paper based substrate
having hydrophilic nanoporous surface
coating,

Classification/ Type: Substrate
Electrical Specifications: Insulator

Nanoporous
Coating Resin Coating

Raw Paper

Resin Coating

Specifications:
Property Unit Type 3 Range Test Method
Caliper pm 175 t10 DIN 20534
Grammage gim? 170 =10 ISO 536
Gloss frone side 60" 50 210 DIN 67530
surface free energie front side mN{m 65 10 Schoeller Method
surface free energie reverse side mN/m 40 10 Schoeller Methad
Surface resistance front side Ohm >|0E09 Schoeller Method
Surface resistance reverse side Chm <I0EI3 Schoeller Method
Stiffness MD (10mm(7,5%) mN >120 DIN 53121
Stiffness CD {10mm(7,5%) mN >90 DIN 53122
Temperature resistance 4 3 <100 Schoeller Method
Tensile Strength Dry MD N/15mm =120 1SO 1924-1
Tensile Strength Dry CD N/15mm >60 1SO 19241

Figure C.1 - Felix Scholler type 3 smart paper datasheet.
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C.2 Powercoat™ XD 125 datasheet

CHARACTERISTICS  APPARATLS STAMDARDS 1259 200g
7 B NF EN 50 536 RME FCI M- RNE PCITT F] e
g’ [:=1
Thickniss HE ER 150 20534 PO A0
o M 50 534 PCYLFCI01 12 o
Bulk aw 1.0
omiy
smceothness He ¥l 135 H
¥ lnmi] Proflomats: B nm 1500 20
Foresity HEF O A-COIFRAT PE 350
mileman iz LW 150 56353 COFRAC FC390 ? =
Tasr MO 576 81
mH . o M ¥z
el NF EM 1974- RNE PC.A0
Tear Indox i MY 4 4
MK g o 5 5
- M =T =
HF EN B0 1574 7] o - -
Tanzle u:':;h:;’ COFRAC P2
) CIFRAC PC2I Elosgation - 10 255
mm [as] 7ET L
Hiness (1) 1458 408
ﬂ.“_m oiffness testar Frank 1500 M43
o 0564 2371
- = a9
Bursting testor N 0 (5-053- BNE PCILAG
St S 1503 2755 RNE PO0LAN . )
Famiig
Cokr Touch CTHA B ) 0000 BN PO
htness & 4
Brig 05 150 PA0- RNE PC_200 B2 i
el g g Color Buch CTHA nineral method 5 minules at 1507 25 FT )
LA} AMS
Wt waight Bl 1254
Miokture Contert | Cven Gallerkamp: MF BN 20 787 FCAD ) 1 )
% K Baknem 150 57PN ey waight i | 1
Moishrs monlent 4Bl an
MO 036 35
Unrastrained at 20070 # % min
shrinkaga o 71 a7
= M 10 ooy
Recondiionad at 73 § SIERH 1
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Figure C.2- Powercoat™ XD 125 datasheet.



D. | Annex

This annex will be provided additional information regarding the Results and Discussion chapter
that could not be incorporated in the main text for lack of space. Here will be presented the data
related to the plasma generation optimization study made in an argon atmosphere.

D. Plasma generation optimization study
D.1  Argon Atmosphere: Generator with FS paper

Pressure (Torr)

19V 28V 74V 108V 131V 151V

Q l: l 0 l w > Power (W)
2 5 10 16 20 25

Figure D.1 - Plasma generation optimization test with an FS generator in an argon atmosphere. DC-bias represented

in blue. Plasma time of 12 minutes.

After plasma

Figure D.2 - Photograph of the FS generator after the optimization test in an argon atmosphere.

43



D.2  Argon Atmosphere: Generator with VEG paper
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Figure D.3 - Plasma generation optimization test with a VEG generator in an argon atmosphere. DC-bias represented
in blue. Plasma time of 62 minutes.

After plasma

Figure D.4 -- Photograph of the VEG generator after the optimization test in an argon atmosphere.
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D.3  Argon Atmosphere: Generator with XD paper

15V a6V 90V 245V
22v 33v 134V 157V
1 o 0 Q 0
2 5 16 20
Figure D.5 - Plasma generation optimization test with an XD generator in an argon atmosphere. DC-bias represented
in blue. Plasma time of 24 minutes.

Pressure (Torr)

A

> Power

10 25

After plasma

Figure D.6 - Photograph of the XD generator after the optimization test in an argon atmosphere.
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E. | Annex

This annex will be provided additional information regarding the Results and Discussion chapter
that could not be incorporated in the main text for lack of space. Here will be presented the data
related to the plasma generation study, made in argon and then in an air atmosphere.

E. Plasma generation study
E.1  Argon Atmosphere: Generator with XD paper

Pressure (Torr)

1

105 T
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eee
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55 i Power (W)

Figure E.1 - Plasma generation test with an XD generator in an argon atmosphere. DC-bias represented in blue.
Plasma time of 38 minutes.

46



E.2  Air Atmosphere: SEM images from the generator with VEG paper

Before plasma After plasma

TOP VIEW

Figure E.2 - SEM images from VEG generator of the top view before and after the plasma generation in air
atmosphere.

E.3  Air Atmosphere: SEM images from the generator with XD paper

Before plasma After plasma

TOP VIEW

Figure E.3 - SEM images from XD generator of the top view before and after the plasma generation in air atmosphere.
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Normalised absorbance

E.4  Air Atmosphere: ATR-FTIR of the generators before and after plasma

(a) vEG (B) XD
—— raw before plasma —— raw before plasma
——raw after plasma c-0 ——raw after plasma
stretch
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Figure E.4 - ATR-FTIR spectrum before and after the plasma generation in argon of the papers:

(A) VEG paper and (B) XD paper. Plasma time of 6 minutes.

E.5 Comparison between argon and air atmosphere: DC-bias versus Power

graph
250
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Figure E.5 - DC-bias vs Power graph: comparison between argon and air atmosphere.



F. | Annex

This annex will be provided additional information regarding the Results and Discussion chapter
that could not be incorporated in the main text for lack of space. Here will be presented the data
related to the plasma generation time tests and OES analysis, made in an argon atmosphere.

F. Plasma generation time tests and OES

F.1  Optical emission spectroscopy: Generator with XD paper

Arl
0 . | T
o 12 minutes L I
g: - | T T
2 ;
= ~ 8 minutes Lol s i L
c
3
c . 6 minutes . LJ.LlJl- |
w
L
o . 4 minutes Y | Y T
A 2 minutes L |Lul,l. I
" . initial instant : “, ol .
200 400 600 800 1000

Wavelength (nm)

Figure F.1 - OES spectrum of XD generator during time tests.
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G. Anhex

This annex will be provided additional information regarding the Results and Discussion chapter
that could not be incorporated in the main text for lack of space. Here will be presented the data
related to the inkjet printing tests. Also, will be presented the tests with silvers generator made by the
laser method. All the tests were made in an argon atmosphere.

G. Inkjet printing tests
G.1 (200DPI (first layer) and x2 300DPI (second layer))

=N

5 e R e
vﬁf&‘ﬁ%\i l‘g‘;:'}—,f SRt .;-:{ ,

!

Figure G.1 - SEM images from VEG inkjet (200DPI and x2 300 DPI) generator of the top view before plasma
generation.

G.2 400 DPI

Figure G.2 - SEM images from VEG inkjet (400 DPI) generator of the top view before plasma generation.
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G.3

TOP VIEW

SEM images from the inkjet generator with FS (700 DPI)

RGBT, :

%
%

Figure G.3 - SEM images from inkjet generator FS (700DPI) of the top view after the plasma generation.

G4

OES Intensity (a.u.)

OES graphs from the inkjet generators with FS

Arl
OH Arll
TL 6 minUtes PEY llll nl Il T
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A 2minutes o ML
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1 | 1
200 400 600 800 1000
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Figure G.4 - OES spectrum of FS inkjet generator 700DPI.
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G.5 Test from silver laser-based pattern engraving generators

|
MINUTES 10 12 @

Plasma
Generation

P{::i‘,',’e 0.45 0.55

Figure G.5 - Plasma generation tests with the silver FS generator. DC-bias in blue.

)]

miNnuTES O 6 8
Plasma
Generation
Pressure
(ton) 0.45 0.55 2 4
Figure G.6 - Plasma generation tests with the silver VEG generator. DC-bias in blue.
)
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Figure G.7 - Plasma generation tests with the silver XD generator. DC-bias in blue.



G.6 SEM images from the top view of silver generators

Before plasma

After plasma

Figure G.8 - SEM images from silver FS generator of the top view before and after the plasma generation.

Before plasma

After plasma

Figure G.9 - SEM images from silver VEG generator of the top view before and after the plasma generation.
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G.7  OES graphs from the silver generators
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Figure G.10 - SEM images from silver XD generator of the top view before and after the plasma generation.
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Figure G.11 - OES spectrum of silver generators: (A) FS, (B) VEG and (C) XD.
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G.8

G.9

Photos of silver FS generator

Before plasma After plasma

Figure G.12 - Photograph of silver FS generator before and after plasma generation.

Photos of silver VEG generator

Before plasma After plasma

Figure G.13 - Photograph of silver VEG generator before and after plasma generation.
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G.10

Photos of silver XD generator
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Figure G.14 - Photograph of silver XD generator before and after plasma generation.

56



H. | Annex

This annex will be provided additional information regarding the Results and Discussion chapter
that could not be incorporated in the main text for lack of space. The data relating to the surface
modification tests will be presented below.

H. Surface modification study
H.1  Photos of the surfaces studied in the vacuum chamber
Note that the fabric was not used because it was already hydrophilic, and because of that it was not
possible to do the contact angle tests.
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Figure H.1 - Photographs of the different surfaces in the support.
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H.2  Time optimization tests on spinach leaf
Intending to understand whether the spinach leaf would undergo any change in its morphology due
only to the vacuum's exclusive performance, a 5-minute test was carried out with a pressure of 1.18
Torr. Then, the generator and the spinach leaf were placed in the vacuum chamber's support, and a
plasma generation test was executed for 2 minutes, at 3 Torr and 16W. This test is needed to
understand what should be the generation time necessary for the following tests. It was realized that

2 minutes was too long because the spinach leaf was destroyed. Thus, 45 seconds were chosen as the
maximum plasma generation time.

(A)

Figure H.2 - Photographs of spinach leaf: (A) Without treatment; (B) with 5 minutes of vacuum; (C) with 2 min of
plasma treatment.

H.3  Contact angle as function of plasma treatment time graph
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Figure H.3 - Graph of Contact angle in the function of plasma treatment time.
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