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Abstract

Surgical instruments are intended to come into direct contact with the patients’ tissue
and therefore need to be sterilized and decontaminated in order to prevent infections,
inflammations and transmission of diseases. In the last years low-pressure plasma
discharges have been successfully applied to remove various biomolecules from
surfaces. However, the knowledge of the physical-chemical interaction mechanisms
between plasma and biomolecules is still rather poor, which is a major limiting factor
for the optimization of this type of plasma treatment. In this work an original
contribution to the field is presented, either in terms of process development, of
physical mechanisms investigation and process diagnostic protocols assessment.
Experimental results were obtained with a low pressure double coil planar inductively

coupled plasma reactor.

Plasma interactions with low bio-contamination levels (less than 5 pg/mm?) typical of
biological residuals present after standard hospital sterilization protocols were studied.
Removal mechanisms of biological thin films during plasma treatment with oxygen
and water vapor containing discharge mixtures were characterized in-situ by means of
quartz crystal microbalance (QCM), time resolved mass spectrometry and optical
emission spectrometry. A novel QCM measurement technique was developed in this
work as a quasi-online diagnostic tool in pulsed plasma operation. After plasma
treatment, surfaces analysis techniques (XPS and AFM and profilometry) have been
used to investigate ex-situ chemical and morphological changes at the surface of the
protein films.

Moreover mass removal rates as measured by QCM were found to depend on
treatment time, showing a self limiting etching kinetics. Removal rates dynamics has
been characterized in different plasma conditions by a set of descriptive parameters
and correlated with plasma induced chemical composition changes and morphological

modification of the protein film.

The interaction mechanism between plasma and protein films have been studied in-
situ. In the last years several authors presented experimental investigations devoted to

isolate potential agents effective in plasma decontamination (UV, radicals, ions, heat)



and to identify possible synergic mechanisms between them, but in most cases
particle fluxes have been produced outside plasma environments (beam experiments)
or the effect on biofilm was studied by physically decoupling the effects of single
mechanisms (UV screen, afterglows). In this work experiments were designed to
quantitatively measure the fluxes of different potentially sterilizing species in the
plasma phase (ions, radicals, UV and heat) and their interaction effects with a model
protein biofilm. Particle fluxes have been calculated using data from Langmuir probe,
mass spectrometry, optical emission actinometry and infrared pyrometry
measurements. Different experiments have been performed using plasma internal
parameters (e.g. fluxes) as independent variables for the decontamination treatments,
modifying one flux component at time while keeping the others constant the influence
of synergetic effects between decontamination agents have been measured.
Furthermore the control of the DC bias applied on the sample holder allows changing
the energy of the ions (moderate voltages from 10 to 150 V were applied) interacting
with the surface.

Within the confidence limits of the statistical method implemented for validation, ion
assisted chemical etching operating in an ion limited regime proved to be the
mechanism which describes more accurately the etching rates for our biological

substrates
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1. Introduction

Developments in the medical field produced, in the last years, several new healing
strategies; along with the introduction of novel technologies new tasks and technical
challenges arise in order to accomplish their full implementation in the medical
practice. An important example is the class of new materials synthesized especially
for medical purposes or for surgical tools components and the processing needed
before their utilization. These materials are undergoing a steady development for
improving mechanical properties and, in the case of implants, tissue interface
properties; at the same time new materials have new demands, compared to
conventional materials, associated to the surface decontamination processes.

Special materials such as composite metals, ceramics and plastics assembly require
cold and gentle decontamination mechanisms and are incompatible with common
sterilization techniques, mainly because of the chemical and thermal stress imposed to
the polymer-based components of the treated materials. Moreover other disadvantages
are associated with traditional sterilization techniques. A y-radiation sterilization
device requires large and costly installations and radioactive source like cobalt 60 are
needed. Distributors for cobalt are mainly based in Canada and Russia and the
availability of such material is affected also by the international political situation.
Sterilization using ethylene oxide (EO) requires long treatment times and the
processing gas mixture is very toxic and highly explosive thus imposing special
requirements on the infrastructure and users. As a last drawback, outgassing of EO
based sterilization chambers may takes days.

A new sterilization process which is cold, dry, non-toxic and fast is required.
Additionally, new requirements (which are beyond the capabilities of the actual
decontamination methods) have to be fulfilled, i.e. the deactivation of harmful viruses
and infectious proteins like prions.

In principle low pressure plasma discharges have the potential to fulfill all these
requirements and hey have been proposed in the last years as an alternative
technology for medical materials sterilization and decontamination. However, both
the efficiency and physical mechanisms of plasma —biomaterials interaction processes

have to be investigated in order to achieve a better understanding of the



sterilization/decontamination processes and a reliable implementation of the new
technology. Additionally, the effect of plasma particle fluxes on treated materials
must be characterized.

The aim of the experiments described in this PhD dissertation is the characterization
of the plasma processes used for decontamination of materials and the investigation of
the basic physical mechanism involved in the interaction between biological materials

and plasma discharges.

1.1 Organization of the Dissertation

Basic information about state-of the-art of actually employed decontamination
methods, fore-front research activity and the contribution of this PhD. dissertation are
given in the first chapter /ntroduction.

An historical overview of the evolution of inductively plasma sources as well as a
summary of the basic physical principles governing the operation of this class of
plasma reactors is given in chapter 2: Reactor and diagnostics. This chapter includes
and overview and a brief description of the standard diagnostics tools employed in
this work, both for plasma diagnostics and surface analysis.

Results and discussion of this research work are presented and discussed through
chapters from 3 to 6.

Chapter 3: Plasma discharges characterization describes investigations on plasma
parameters relevant for decontamination processes for oxygen containing discharges
(paragraph 3.1) together with basic findings on decontamination capabilities of such
plasmas, water vapor discharges are also investigated (paragraph 3.2) as an low-cost
environmental-friendly alternative for surfaces decontamination. Finally plasma
process byproducts analysis by means of time resolved mass and optical spectrometry
(paragraph 3.2) are characterized.

Chapter 4: Quartz crystal microbalance in-situ diagnostic describes the development
of a new approach for protein mass loss measurements (paragraph 4.1), in-situ
diagnosis and good time resolution of this experimental strategy allows a deeper and
novel investigation on biomaterials etching kinetics, (paragraph 4.2).

Chapter 5: 5 Plasma biomaterials interaction, presents a series of quantitative

measurements of plasma fluxes performed by means of RF compensated Langmuir



probe and threshold ionization mass spectrometry (paragraph 5.1). Using the results
of the former paragraph the second part of chapter 5 describes investigations of a
series of possible plasma biomaterials interaction mechanisms tested against protein
removal measurements using a statistical approach (paragraph 5.2).

Chapter 6: Biological measurements, summarizes a series of experiments aimed to the
definition of a fast and easily applicable protocol for surface contamination qualitative
quantification using fluorescent molecules labeling (paragraph 6.1). An
immunological staining experiment for the determination of residual biological
functionality of plasma treated proteins is also described in the second part of this

chapter (paragraph 6.2)

1.2 Cooperation

Joint Research Centre — Institute of Health and Consumer Protection —
Nanobiotechnology Laboratory

The Institute for Health and Consumer Protection (IHCP) is one of the seven
scientific institutes of the Joint Research Centre (JRC) of the European Commission.
The mission of the JRC-IHCP is to protect the interests and health of the consumer in
the framework of EU legislation on chemicals, food, and consumer products by
providing scientific and technical support, including risk-benefit assessment and
analysis of traceability. [HCP activities are supporting EU policies in the following
areas: genetically modified organisms, health and environment, consumer products

and nutrition, alternatives to animal testing and nanotechnology.

The main activity of the NanoBiotechnology Laboratory deals with Bio interface
Engineering, Nanotoxicology and molecular detection applied in the field of life
science. The group develops and characterizes different processes based on electro
chemistry, self assembled monolayers and plasma technologies for surface
modification and patterning of materials at the nanometer scale. In parallel, detection
and characterization techniques allow the precise study of the mechanisms of

interaction of surfaces and biological entities such as proteins or cells.



Major topics of IHCP research are the following:

e Development of Bio-functional surfaces: surface functionalisation and
controlled immobilisation of proteins for biomaterials and biosensors.

e Surface patterning by soft lithography, UV and E- beam lithography and
colloidal techniques for applications in the field of cell based biosensors and
protein chips.

o Biomaterials interfaces: plasma treatment of polymers and alloys for
improvement of biocompatibility of implants

o Development of Microsystems for cell toxicology studies

e Nanotoxicology and interaction of cells with nanostructures and

nanomaterials.

BIODECON Project

The Decontamination of Biological Systems using Plasma Discharges (BIODECON)
project investigates cold plasma discharges as a novel method for decontaminating
surfaces. The partners hope to pioneer a highly effective decontamination procedure
that avoids the damage to the decontaminated thermolabile substrates associated with
existing techniques. Contamination with microorganisms and toxins is one of the
biggest hygiene problems facing medical personnel. The Decontamination of
Biological Systems using Plasma Discharges (BIODECON) project explores the
feasibility of developing new decontamination procedures using plasma discharges.
BIODECON is being coordinated by the Center of Plasma Science and Technology at
the Ruhr-Universit“at Bochum. Other partners are the Joint Research Center (JRC) in
Ispra, Italy, the French SME ACXYS in Saint-Martin le Vinoux, France, and the
French Atomic Energy Commission contributes their facilities for secure research into
prion proteins. Specialist expertise in the application of plasma discharges to
biological samples is provided by the Fraunhofer Institute for Process Engineering
and Packaging (IVV) in Freising near Munich, Germany. The partnership brings
together an ideal trans-disciplinary mix of expertise in plasma physics, microbiology
and commercial production. The project has been funded by Europen Commission -

Framework Plan 6.



1.3 Definitions

The colloquial meaning of sterile is the absence of augmentable microorganisms like
bacteria and moulds. In every day life, this ideal case is not guaranteed. Among other

things, this ideal case can not be verified. According to Wallhauser [

Sterile means the absence of biological units which are augmentable like
microorganism or are able to pass genetic information e.g. like viruses, prions

or infectious nucleic acids.

The term decontamination refers to a more radical elimination process which has to
be able to prevent the health risk associated with the presence of material of biological
origin on a surface, from this point of view the definition of contamination enlarges to
include not only microorganisms but also biomolecules or portions of them.

According to Segen *I:

Decontaminated means that blood borne or other pathogens on a surface or
item are removed, destroyed or inactivated to the point where they are no
longer capable of transmitting infectious particles, and the surface or item is

rendered safe for handling, use, or disposal.

1.4 State of the art for medical devices sterilization and
decontamination

Medical devices such as tools and implants are sterilized to eliminate living organisms
including bacteria, yeasts, mould and viruses ). Many sterilization/decontamination
techniques are available today and these include the traditional methods of
autoclaving, ethylene oxide (EtO) and gamma irradiation and the more recently
introduced systems involving low-temperature gas plasma and vapor phase sterility.
Despite the availability of a wide range of techniques, it is generally agreed that no
single process is capable of sterilizing or decontaminate all medical devices without

adverse effects. All processes have their own inherent advantages and disadvantages



and many adverse effects relate to incompatibilities between polymers used in
biomedical applications and sterilization process parameters.

Decontamination processes act on biological material in a chemical or physical way.
Generally, each process results in a change in the structure or function of the organic
macromolecules, leading to physical destruction or to inability to perform biological
activity. The macromolecules of biomedical polymers can be attacked by the same
mechanisms, and different forms of sterilization may result in hydrolysis, oxidation,
softening, melting, chain scission and depolymerisation. Research has shown that
sterilization can modify the bulk and surface properties and alter the physiochemical

stability of biomedical polymers [*>¢7}

Sterilization may also result in the formation
of degradation products, which may present a toxicological risk 8],

When selecting a method, an analysis of the compatibility of each device, particularly
the chemical composition of the materials, with the process parameters of the
sterilization method and the chemicals used, is necessary.

In the following the most widely used methods of sterilization will be briefly

described for medical devices and some of their effects on biomedical polymers.

Heat. Steam sterilisation or autoclaving is a relatively simple process that exposes the
device to saturated steam at 121°C for a minimum of 20 minutes at a pressure of
121kPa ). The deactivation of prions proteins requires a higher temperature (around
134~ C) and additional treatment time. The process is usually carried out in a pressure
vessel designed to withstand the elevated temperature and pressure and kills micro-
organisms by destroying metabolic and structural components essential to their
replication. It is the method of choice for sterilisation of heat-resistant surgical
equipment and intravenous fluid as it is an efficient, reliable, rapid, relatively simple
process that does not result in toxic residues. The high temperature, humidity and
pressure used during the steam sterilisation process can lead to hydrolysis, softening
or degradation of many biomedical polymers ©*! such Ultra High Molecular Weight
Poly Ethylene (UHMWPE) and polymers with low glass transition temperature in
general. Several workers "' have reported that autoclaving is unsuitable for the
sterilisation of many biomedical polymers due to unacceptable changes in mechanical
properties and surface degradation. A further issue is the potential formation of

degradation products "% during autoclave sterilisation of these materials.



y-Radiation. A dry sterilization process at room temperature is the treatment using y-
rays from a Cobalt 60 source in the wavelength range from 0.001 nm to 0.01 nm.
Either gamma rays from a cobalt-60 (60Co) isotope source or machine generated
accelerated electrons can be used. Gamma irradiation is the most popular form of
radiation sterilisation and is used when materials are sensitive to the high temperature
of autoclaving but compatible with ionizing radiation. Exposure is achieved when the
materials to be sterilized are moved around an exposed 60Co source for a defined
period of time and the sterilization result depends on the radiation dose and not on
treatment time. The most commonly validated dose used to sterilize medical devices
is 25kGy.”) 1t is a simple, rapid and efficacious method of sterilisation. However,
high capital costs are a major disadvantage.

The penetration depth of y-radiation for polyvinyl chloride (PVC) like materials is
above 10 centimeters and it is therefore possible to treat devices in a package.
Sterilisation of biomedical polymers using gamma irradiation is also known to result
in physical changes in some biomaterials, including embrittlement,

[12,13,14] 15,16]

discolouration, odor generation, stiffening, [ softening, an increase or

decrease in melt temperature [''] and decreases in molecular weight [-'!-16:18:19-20-211
For example glass, PVC and polystyrene (PS) cannot be treated more than once since

after one treatment they start to discolor.

Hydrogen Peroxide. A common sterilization process exploits hydrogen peroxide
(H20;) and heat. The material is first immersed in or sprayed with H,O, and then, to
enhance the efficiciency, the immersion bath is heated up to 80 "C. In this case the
treatment time is less than 10 s. A problem with this process is that the treated
materials must be free of adipose films on the surface before sterilizing with H202.
Another problem is the residual H,O, on the surface and in the material. The U.S.
Food and Drug Admistration (FDA) require less than 0.5 ppm of H,O; left on the
materials. The process of using hydrogen peroxide and a surrounding plasma for
sterilization is patented by Johnson & Johnson and is called SterradR. The hydrogen
peroxide dissociates in the sterilization device and the oxidation capability of
hydrogen and oxygen as OH and O deactivates organisms. At a relatively low

temperature around 50° C the treatment time lasts for 70 minutes.



This process is capable of treating heat sensitive materials but is also known to change

for example the surface characteristics of UHMWPE.

Ethylene Oxide. Ethylene Oxide (EtO) sterilization is used routinely to sterilize
materials that cannot withstand the high temperatures of autoclaving. The EtO
sterilisation procedure involves drawing a vacuum in the sterilisation vessel, after
which EtO is injected at a concentration of 600-1,200mg/litre. The sterilizer is
maintained at the desired conditions of 30-50°C and 40% to 90% humidity for the
duration of sterilisation, usually between two to eight hours. The critical parameters of
the cycle are temperature, pressure, humidity, EtO concentration and gas dwell time.
Following the sterilisation cycle, the chamber is then evacuated several times to
remove residual EtO. Further aeration is usually required after removal from the
chamber, with aeration time ranging from two hours to two weeks, depending on the
device and packaging. ™ EtO is the most widely used industrial sterilant for medical
devices today. Its primary advantages are the low processing temperature and the
wide range of compatible materials. Its bactericidal, sporicidal and viricidal effects
result from alkylation of sulthydryl, amino, carboxyl, phenolic and hydroxyl groups in
nucleic acids, causing cell injury or death. The main disadvantage of EtO relates to
the toxicity and suspected carcinogenicity of the gas and residuals in the product and
manufacturing environment. A long aeration process is also required to remove EtO
and its by-products from sterilized materials and this can affect inventory

requirements.

1.5 Definition of the research task

The role of the research activities described in this dissertation is investigating cold
plasma discharges as a novel method for decontaminating surfaces. The goal is to
pioneer a highly effective decontamination procedure that avoids the damage of the
decontaminated thermo labile substrates associated with existing techniques. This
work is especially relevant for the inactivation of the infectious proteins known as
“prions” (PrP) (22

Contamination with biomolecules and toxins is one of the biggest hygienic problems

facing medical personnel *****°1. Some of the most difficult contaminations to deal



with, such as the “prion” protein that are the transmissible agents of
neurodegenerative diseases (like the Creutzfeld-Jakob disease in humans, more

26270 " are resistant to heat and other

commonly known as “mad cow” disease !
traditional disinfecting procedures [28.29.30.31,32.33.34.35.36.37] 1 some cases the treatment
needed to deal with these contaminants can cause major damage to the solid materials,
such us surgical instruments or the living tissues that are being treated. The unique
advantage of plasma discharges is that they are relatively harmless to sensitive
substrate materials. Effects of interaction between plasma and bio-materials are

studied in order to increase knowledge about processes of biomolecules destruction.

1.6 Plasma decontamination research overview

Research performed in recent years in the field of plasma sterilization uses plasmas
ranging widely different operating pressures (from high vacuum to atmospherics
pressure), electromagnetic power coupling mechanism to ignite the discharge
(inductive or microwave in vacuum, dielectric barrier or plasma jet at atmospheric
pressure) or position of the treated object with respect to the plasma (ionization or
recombination plasma region). Many research groups focus on non-thermal plasmas
in order to achieve low processing gas temperature and maintain the integrity of
thermo labile materials. Special care is taken in order to limit the operating gas
mixture to non-toxic gaseous components (argon, oxygen, nitrogen, hydrogen, helium
are among the most widely used). The main task in several published works is first to
prove and then to increase the efficiency (e.g. reduce the treatment time) of a specific
plasma treatment setup. Moreover methods to control the material characteristic’s
plasma induced modifications has been investigated in more recent times. Lately
interest appears also concerning the understanding of the basic physical mechanism
governing the interaction between plasma fluxes and microorganisms or
biomolecules.

Hereafter a short synthesis of relevant peer reviewed publications in the field of
plasma sterilization/decontamination is presented. Atmospheric and low pressure

plasma reactors are treated separately.



1.6.1 Atmospheric Pressure Discharges.

At atmospheric pressure dielectric barrier discharge (DBD) %2441 resistive barrier
discharge (RBD) [42.43.44] " cascaded dielectric barrier discharge (CDBD) 451 or corona
plasma discharge (CPD) ** *1 have been applied to plasma sterilization/
decontamination processes. In this class of discharges the samples are in direct
contact with the plasma ionization region. Other discharge geometries investigated for

I 491 Wwhich have a

sterilization purposes are the plasma jet **! or the plasma plume
compact setup and are intended for living tissue plasma treatment. For bacterial 6-Log
reduction treatments, depending on the discharge (gas mixture, power and setup) and
the type of microorganism and substrate, treatment time varies from seconds to
minutes. [***) The mechanisms responsible for microorganism death and biomaterial
removal at atmospheric pressure are still discussed in literature. In atmospheric
discharges with oxygen it seems that reactive oxidative species like atomic oxygen
and ozone play a significant role. In the presence of hydrogen and oxygen the
hydroxyl-radical OH also reacts with biological surfaces. The role of UV photons in
atmospheric plasma is controversially discussed °*! as opposed to low pressure
processes, where radiation with a wavelength below 300nm is known to play an

important role %!,

1.6.2 Low Pressure Discharges.

In low pressure plasma sterilization/decontamination processes a distinction has to be
done between direct (ionization plasma region) and remote treatment (recombination
plasma region) of samples.

For the case of remote exposure to a flowing afterglow from microwave plasma many

52,53, 54,551 and Rossi et al. 2. 1t is shown that

results are presented by Moisan ef al. [
UV radiation plays a key role in the deactivation of spores whereas adding oxygen to
the plasma enhances the physical erosion of living spores. Substrate temperature also
shows a direct influence on the erosion by oxygen radicals.

Rossi et al. %

show the sterilization feasibility in a low pressure inductively coupled
plasma (ICP) reactor with direct samples exposure in the ionization region. Moreau et
al. " give a two- (in the case of a pure argon discharge) and three- (argon with added
oxygen discharge) step kinetics for the reduction of B. atrophaeus spores. Kylian et

(571

al. investigate the sterilization agents of Geob. stearothermophilus in a low

10



pressure ICP discharge with an O,:N, mixture they claim the role of oxygen atoms by
erosion as the main sterilization agent in the case of a multilayer structure.

Efficacy of low pressure ICP and MW reactor has bee investigated by Kylian et al. on
Bovine Serum Albumine (BSA) protein model contamination, proving the key role of
oxygen containing discharge in order to achieve high biomaterials etching rates ).
Kylian et al. also investigated the selectivity of plasma removal comparing plasma
efficacy on different model contaminations ranging from amino-acid homopolymers
(Lysine, Arginine, Cisteine) and model proteins (BSA, Ubiquitine, Lisozyme). They
found plasma interaction, in terms of etching rates, doesn’t change while changing the

contaminant material treated. )

1.6.3 Basic interactions mechanisms.

The role of chemical sputtering, as a driving biomaterial erosion mechanism,
independently of the discharge setup, is the focus of Opretzka et al. ” and Keudell
et al (1. They show how only the simultaneous interactions of chemically reactive
radicals and ions leads to biomaterial significant modifications while single fluxes
(ions or radicals only) are incapable to induce significant changes in the treated

substrates.
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2 Reactor and Diagnostics

2.1 Brief history of inductively coupled plasma reactors

The first inductively coupled plasma (ICP) was produced in 1884 by J.H. Hittorf by
discharging a Leyden jar through a coil surrounding a glass chamber "\, At the end of
the 19th century, the development of alternating current (AC) sources allowed the
stationary generation of ICP discharges.

The electrodeless mechanism that sustains ICP generation was disputed until 1929 when
McKinnen showed that these discharges were usually capacitively sustained by power
coupling between the low- and high-voltage ends of the coil. He believed that only at
high applied powers and erroneously at high gas pressures the plasma was inductively
coupled to the coil ). Mainly due to higher power costs, capacitively coupled plasmas
(CCPs) and microwaves were used in place of ICPs for electrodeless discharge
technology.

As an initial application in 1961, T.B. Reed proposed an ICP **! for atomic emission
spectroscopy (AES). In AES, inorganic materials are dissociated using a gaseous
discharge. The plasma emissions determine qualitatively the elemental composition of
the sample. Direct current plasma (DCP) discharges were used before 1964, when
Greenfield S. et. al. " and then Wendt R.H. and Fassel V.A. '*! performed AES using an
ICP. The new ICP-AES method was more accurate than the DCP-AES, because
impurities from sputtering the walls and electrodes were reduced. ICP-AES has been

Pl and was the most expensive AES

available commercially since the middle of 1970s
technique at the time.

In 1973, the IBM Corporation experimented ICPs for semiconductor manufacturing.
Early studies were performed on ICP-assisted silicon oxidation for the thin-film

101 "They were looking for

transistor’s (TFT) fabrication on glass for flat panel displays
a low temperature alternative to direct thermal oxidation. A 1 MHz oxygen ICP at about
4 Pa produced similar quality materials then thermal oxidation. This study also contained

the very important innovation of using an additional electrode with the ICP source. The
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silicon substrate was placed on the electrode, and the energy of coming ions was
controlled by DC biasing.

Widespread use of ICPs in industry began at the end of the 1980s after the successful
study and commercialization of the helicon discharge ") However, this discharge was
later developed independently from other ICPs. Because of the unusually high ionization
efficiency, the plasma densities achieved in the helicon discharge were almost one order
of magnitude higher then in other discharges for comparable gas pressures and input
powers. The view that ICPs are inefficient had completely changed. However, normal
ICPs operate by capacitive coupling at lower powers and then shift to an inductive
coupling mechanism at a threshold transition power. At this threshold, the total power
coupling in the plasma has minimum efficiency. To operate a normal ICP efficiently, it
needs to be operated at a power lever much higher than the threshold. ICP reactors are
therefore only efficient for high-density plasma sources.

Today the ICP discharges are widely used for lighting and technological processes,
because of their high charged particle density and their low power losses in the sheath.
The inductive power coupling mechanism does not generate a large voltage across the RF
sheath, and therefore reduces the interaction of the ions with chamber walls. This reduces
chemical reactions on the wall surface, sputtering, and etching in comparison to a CCP.
Several contemporary applications of ICPs are presented below.

In 1990s, the DCP-AES was totally replaced by high-density ICP-AES. Increased power
costs were compensated by shorter measurement times. This caused a major change in
the techniques, methodology, and apparatus used for AES. Today ICP-AES is widely
used for the elemental analysis of metallic aerosols and powders, dusts, and fly ashes.

A high-density ICP was also used as an ion source for analytical mass spectrometry (ICP-
MS) 1314 In ICP-MS, the test sample is typically converted to an aerosol, injected into
the plasma and measured by a coupled mass spectrometer.

In 1993, D.P. Myers and G.M. Hieftje combined an ICP with time-of-flight mass
spectrometry (ICP-TOF-MS). The TOF-MS acquires data at least two orders of
magnitude faster than a quadrupole. The application of ICP-TOF-MS for elemental
analysis is reviewed in "), Commercial ICP-TOF-MS instruments have been available

since 1998.
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The plasma-assisted thin-film deposition, etching, surface cleaning, oxidation, and
hardening play a crucial role in the multibillion-dollar semiconductor industry. The
requirements of this industry continue to spawn a large variety of different ICP source
designs. For example, the efficiency of ICPs generated by the internal and external
antennas was investigated by several research groups !'®'"). In 1995, an ICP source with a
neutral magnetic loop inside the plasma cell was developed !'*!. The presence of magnetic
field gradients inside the vacuum chamber increases the power coupling efficiency at low
pressures. The etching rate of the neutral loop discharge (NLD) was several times higher
than a conventional ICP for otherwise identical conditions. A number of particular
improvements for ICP sources can also be found in the literature, and ICP generation is
now available for powers as low as several Watts and at gas pressures below 0.1 Pa.

Up until 1990, almost all ICPs had a cylindrical, barrel-like geometry with the antenna
wrapped around the diameter. This monopoly ended with the introduction of planar
antennas ' ). These new discharges had reduced plasma losses, better power coupling,
and were more uniform for flat surfaces. Since silicon wafers are flat, planar ICPs were
immediately applied in the microelectronics industry.

It is interesting that early research in using ICPs for spectral chemistry did not vary the
geometry from the original 1884 design. Designers varied the cell dimension, the gas
composition, the power, and the pressure; but it was always a cylindrical coil surrounding
the reactor vessel. For ICP lamps, cylindrical antennas placed within re-entrant cavities
have been used since 1936 2%, Most innovations in ICP design have been for materials
processing. It seems as though this is the most flexible, complicated, and progressive
application for ICPs, and an area where many technological requirements still need to be

satisfied.
2.2 ICPs fundamentals

Since the discovery of RF discharges, a broad variety of experimental data and theoretical
facts about this phenomenon have been collected. Today this allows a detailed
interpretation of the physical processes occurring in RF plasmas. Of course, all of this

material cannot be reviewed in the framework of this dissertation. In this paragraph, the
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underlying physical principles of ICP plasma sources operated at low pressures, p < 100
Pa are briefly considered.

Radio frequency gas discharge plasmas are produced when the electromagnetic energy
released in a certain discharge volume is sufficient to ionize the gas and maintain the
density of charged particles. RF discharges are excited by applying an oscillating
electromagnetic field across a discharge gap. Under regulations set up by the
International Telecommunication Agreements (ITA) and the Industrial, Scientific and
Medical use (ISM), the standard frequency that should be used in commercial RF

generators is = 13.56 MHz and its higher harmonics. Systems using non ITA/ISM

fre
frequencies must be fully shielded to emissions to ensure that they will not interfere with
communications equipment. However, also nonstandard frequencies below this limiting
frequency are used *'.

In a qualitative sense, we can define two operating regimes for RF discharges
which are distinguished by the ratio between the exciting-field frequency ® and the

electron ®_and the ion o, plasma frequencies:

2 2
ne n.e
w, = |- , 0= |— [2.1]
M .e
m.,g, €0

In a “low-frequency regime”, where @ << w, << @, , the motion of all charged particles is

governed by electromagnetic-field oscillations. In a “high-frequency regime”, where

o, << o << w, , the spatial positions of ions vary only slightly in time.

Breakdown of a neutral gas is an avalanche-like process. The gas always contains a small
quantity of free electrons produced by cosmic rays. These primary electrons are
accelerated by the applied electric field to high energies and collide with neutrals and
walls of the chamber producing more charged particles. This gives rise to an avalanche,
resulting in the gas breakdown. The final state of the produced plasma and its parameters
are determined by a balance between the input and loss power and a particle balance.

The processes outlined above is based on energy transfer from electrons accelerated in an
RF E-field to the background gas, and is an illustration of the dominant role of electron-

neutral collisions in a plasma. Therefore, it is named collisional or Ohmic heating. The
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electron elastic collision frequency, v, , is proportional to the gas density and, at a

m >

constant gas temperature, to the gas pressure:

v, cNoxp [2.2]

Figure 2.1 shows the dependence of the ratio v, /p on the electron energy &, for hydrogen
and argon. In particular, the value of v, /p for hydrogen is constant over a wide range of

electron energies:

v, =a-p,where o =4.5- 10" Pa’'s™ [2.3]
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Fig.2.1. Collision frequency versus electron Fig.2.2. Experimental determination of

energy for hydrogen and argon gases **. the effective collision frequency in the
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v/ P10, s'Pa”)
[s7]

|
L

mercury !,

In RF discharges collisionless or stochastic heating is an additional heating mechanism.

In order account for stochastic heating, the effective electron collision frequency, v _, is
used instead of the elastic-collision frequency, v _. Figure 2.2 shows measurements of v .
in an RF discharge at a frequency of f, = 40.8 MHz in mercury (23] and demonstrates

that the stochastic heating is more efficient at low gas pressures.
Theoretical descriptions of the stochastic heating are still been disputed. Two models are

encountered in the literature. One model is based on Fermi acceleration, where electrons
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gain additional energy due to their reflections from the moving edge of the sheath **,
The alternative model is based on the effect of repetitive compression and rarefaction of

25,26,27,28]

the electron cloud at the sheath edge ! . The stochastic heating in this case is

attributed to pressure variations.

A strategy for RF discharge maintainance is by inductive coupling *. An ICP is used for
technologies where a low-temperature, dense and uniform plasma is needed. A typical

diagram and the equivalent electric circuit of the ICP source are presented in figure 2.3
[30,31]

quartz RF power

gas >

inlet [

/!

to pun

= matching unit ]

RF generator ]

Fig.2.3. Diagram of the ICP cell and the equivalent electric circuit of an antenna-plasma
transformer. R; and L, are the antenna resistance and induction. R,, L, and L(;) are the

plasma resistance, geometrical plasma inductance and inductance due to inertia of

electrons. L, and L,; are the interactive inductions between antenna and plasma.

An inductively coupled discharge is a plasma created applying an oscillating,
radiofrequency potential to an inductive coil. The oscillating current in the coil generates
an RF magnetic flux penetrating the plasma region. Time-varying magnetic flux density
induces a solenoidal RF electric field according to Maxwell-Faraday law. Power is
coupled to the plasma and the discharge is sustained through the acceleration of free

electrons in the induced RF electric field.
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Different configurations of reactors are possible:

e Cylindrical geometry in which a spiral antenna is rolled up around a cylindrical
quartz glass vacuum tube. Historically this was the first ICP configuration.
e Plane geometry in wich a planar antenna is placed above a flat dielectric window
of the vacuum chamber. This configuration is actually widely used in the industry
of microelectronics 23334371,
Some technical solutions of ICP exists with the antenna placed inside the vacuum
chamber immersed into the plasma exist. In this case the coil is floating with the plasma

potential and it is connected to the tuning circuit by means of two capacities at antenna’s

ends.

All the possible different geometric configurations of ICP discharges work with respect
to the same basic principles, in the following the plane configuration with axial symmetry

will be taken as example.

No Plasma Case
(n, < 108 cm) showing
extended B field lines

8>>chambe

Fig. 2.4) Magnetic field streamlines without plasma in the discharge gap.

Accordingly to the definition given before the RF oscillating current into the antenna
induces an electromagnetic field inside the discharge region with components H(r,z),
H,(r,z) and Eqg(r,z). Here is considered a cylindrical reference system with the z axis
perpendicular to the antenna plane, passing through its center and directed from discharge

region towards the coil.

If vacuum is considered to fill the discharge gap the fields streamlines can be considered,

as a rough approximation (picture 2.4), circular around antenna wirings and symmetrical

23



with respect to antenna axis, the electric field is azimuthal and parallel to the antenna

plane.

More detailed calculations proves that the actual radial and height dependencies of
magnetic streamlines are described analytically by an infinite sum of terms containing
first type Bessel functions of the zeroth and first order. Leading term approximation of
this result describes fields proportional to a single Bessel Ji(A;r) with i=0 for magnetic

filed and i=1 for electric field argument and A; being the first root of the function itself
[36]

After Plasma Ignition (n, > 10'° cm)
(with opposing i, and fields)

[

!

Gf/%

&8<<chamber J
z

dimension

Plasma

Fig. 2.5) Shielded magnetic and electric fields streamlines with plasma on.

Free electrons in the discharge create an oscillating current parallel to the antenna
winding and are thus accelerated on a mean length depending on the gas pressure. It
follows that the ions are created by inelastic collisions between these electrons and the
gas molecules or atoms. As it was theoretically predicted *” and then experimentally
verified **, the induced electric field is shielded by dielectric plasma effect and its value

decreases exponentially with the distance from the dielectric window (picture 2.5).

The characteristic length for this damping can be derived solving the Maxwell equations
system for this configuration and choosing normal modes solution. The damping factor
corresponds to the inverse of the imaginary component of the wave number of the normal

mode and can be written as the so called “skin depth™:
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Sy = [#J oo |1 Un [2.4]

HoO 1 Dpp n, Oprp

where in the second form principal scaling are given explicitly in terms of basic plasma
properties, the screening is more efficient when many particles built up an appropriate
volume charge density, the second multiplicative term accounts for collisions effect. In
the approximation of collisionless plasma (vp,<wgrr) only the imaginary part of the plasma

conductivity is important and an approximate equation can be written as:

Ogp = —— [2.5]

In the collisional case this depth is multiplied by the real part of the plasma conductivity
taking in account that the effective collisional momentum transfer frequency is composed

by the sum of three collision frequency, electron-neutrals, electron ions and stochastic:
Uy =0, +U, T, [2.6]

the letter is given by the interaction of electrons traversing the sheath with the averaged
electric field, this actually collisionless electron heating mechanism is important only at

low pressures (p < 10mTorr) °).

2.3 Biodecon-ICP reactor

Biodecon-ICP (Figure 2.6) is a reactor designed for basic studies on plasma processing, it
is laboratory scale and it allows plasma monitoring by several different diagnostics.

Specifically biodecon-ICP is a double coil planar
plasma reactor, fully computer controlled, that allows
plasma discharges to be ignited with powers up to 600
W allowing pulsed power delivery operation with
frequencies ranging from 1 Hz to several tenth of kHz,

the working pressure range from 1 to 30 Pa and gas

Fig. 2.6) Biodecon reactor flows from 1 to 50 sccm with different gases mixtures
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comprising Argon, Nitrogen, Oxygen, Hydrogen and water vapor. The reaction chamber

(5 L volume) is evacuated by a mechanical pump backed by a turbomolecular (Varian

milliTorr L50) pumping system down to a minimum pre-vacuum pressure of 1:10~ Pa.

The vacuum chamber is fed by a gas inlet system composed of MKS flow controllers.

The scheme of the plasma reactor components is depicted in figure 2.7, the components

marked in red are computer controlled.

Pirani Gauge

Full range
pressure

gauge

Quartz windows

Capacitance
Gauge

Pirani Gauge

Mechanical Turbo Butterfly
pump pump valve
Manual o
E > Venting —lﬂd—@—ﬁq— 2
Dq valve
Py PSR- N
[)IQ Baratron Load Lock System H
@ K Samples holder @ D= H,
Forevacuum 3::3?;22 Free
—® ® @ LN N N
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= Matchbox = @ pump
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I|| RF eoo0w pressure gauge
generator
'Il RF 1000w Waveform
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Fig. 2.7) Schematics of Biodecon-ICP reactor equipment.

The picture shows the actual configuration of the reactor, with respect to the former

(2008) configuration, during this PhD work the following modifications have been

implemented:

v" New AE matching box, enables automatic match operations with almost all the

gas mixtures in use.

New power stage with 1000W RF power at 13.56 MHz, the new generator can be
piloted by an external waveform generator with a TTL logic signal, trigger signals
can be used to synchronize plasma diagnostics for time resolved measurements.

Pressure controllers enable to monitor the base pressure

<\

New hydrogen gas line, MFC 100 sccm
New kripton gas line, MFC 100 sccm
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v' Water vapor dry vacuum tank, actual flow is controlled Liquiflow MKS
controller.

v New principal pumping system (both turbo pump and rotary pump were changed)

v A load-lock system for quick samples insertion without braking the vacuum has

been installed (independent pumping system and pressure control)

2.4 Direct discharge ignition into H-mode.

In order to assure repeatability and uniformity of plasma treatment is important to obtain
direct ignition of the plasma discharge in the inductive mode at the selected combination
of treatment parameters (power, pressure, gas flow and gas mixture). This is particularly
important when the discharge is operated in pulse mode. Due to the narrowness of the
stable operative matching box electrical point for direct plasma ignition without
reflection of power, the automatic RF generator feature cannot be used and the tuning
must be found manually.

As explained in paragraph 2.2 in an inductive discharge, the RF power is coupled to the
plasma by an electromagnetic interaction with the current flowing into the coil. The
inductive electric field is non-propagating and penetrates into the plasma over a distance
of the plasma skin depth 6. When the RF generator is switched on and the antenna is
excited through a matching circuit the voltage across the exciting coil can be as high as
several kilovolts, so that a capacitive current can also be driven into the discharge
through the dielectric window, providing a second power deposition mechanism. While
both power coupling mechanism normally coexist in an inductive discharge, it is now
widely recognized that they represent two distinct modes of the discharge operation.

As the excitation RF power (or antenna current) is increased from zero in electrodeless
plasmas, the gas first breaks down into a capacitively coupled plasma or E-mode. This is
characterized by low electron density (10" — 10'? cm™) and a faint glow localized near
the coil. Above a certain threshold current, the discharge switches abruptly to an H-mode
where inductive power deposition dominates. In this mode the plasma density is high

(10" — 10" cm™) resulting in a much brighter glow. By looking at the plasma brightness
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by means of optical emission spectroscopy techniques it is thus, in general, possible to

determine whether the plasma is operating in E- or H-mode.
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Fig.2.8 Left panel. Optical emission intensities of selected atomic emission lines as a
function for delivered RF power for different gas mixtures. Right panel. Extrapolated E to H

transition power for different gas mixture composition.

In figure 2.8 is shown the optical emission intensity as a function of the delivered RF
power from different ICP discharges operated with various gases (Ar, Oz, N2, Hy water
vapor and some oxygen containing gas mixtures ). With increasing power the intensity of
the plasma optical emission increases with a clear jump in the first derivative at certain
power values depending on the gas composition, this discontinuity is identified with the
transition of the discharges between E and H modes. Since different emission lines
exhibit different relative changes in the emission intensity, indicating a complex change

in the electron density, energy distribution function and degree of dissociation between
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modes, for this measure was chosen to acquire the full spectral emission intensity at
wavelengths from 200 to 800 nm.

It has been observed that argon and argon containing mixtures exhibit a substantially
lower power threshold for the mode transition the other molecular gases containing
mixtures. Low power E-mode operation of an ICP discharge has to be avoided, in our

application, in order to enhance plasma treatment efficiency.

2.5 In-situ diagnostics

For discharge and plasma process characterization the reactor was coupled with the
following diagnostic systems (not shown in the picture 2.7):

In this section, the diagnostics used to study RF plasmas are described: Langmuir probe
diagnostic (Subsection 2.5.1), optical emission spectroscopy (Subsection 2.5.2), ion mass
and energy analyzers (Subsection 2.5.3), quartz crystal microbalance (Subsection 2.5.4)

and infrared pyrometry Subsection 2.5.3).

2.5.1 RF compensated langmuir probe

In order to monitor plasma ion density a movable RF compensated Langmuir probe
(SmartProbe, Scientific Systems LTD) was used. Data acquisition was performed at the
centre of the discharge chamber and at a vertical distance of 5,5 cm from the quartz glass
facing the inductive antenna. This is the same position of the samples inserted in the
reactor via the QCM diagnostic flange. Because of the presence of negative ions the
analysis of the acquired I/V characteristics was performed with a MatLab™ routine in the
framework of the ABR radial motion theory (thin sheath case), modified by the presence
of negative ions. [*”

An advantage of Langmuir probe is the simplicity of the measurements, and ability to

measure the key plasma characteristics. Probe diagnostics are used extensively in plasma

studies, and considered a classical experimental method. The information about the
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plasma potential, density, and electron temperature that are obtained by this technique are
commonly used as a reference for other types of plasma diagnostics '##*),

In this study, the analysis method invented by Druyvesteyn in 1930 was used
[22:4445.4647.9899] This method calculates the electron energy distribution function (EEDF)
from the second derivative of the I-V characteristic of the probe.

The Druyvesteyn method is applicable for I-V characteristics measured in a static sheath.
However, an RF sheath has a constant component and a time-varying component that
oscillates. When measurements are performed in an IPC discharge, the RF component of
the sheath potential should be compensated because the Druyvesteyn theory is unable to

account for the oscillations P!,

equivalent internal coil capacitances compensation electrode

]

——100pF

: : : probe tip
150 pH 150 pH 100 pH 47 pH

100 nF blocking inductors
27.12 MHz 13.56 MHz

Fig.2.9. Langmuir probe with passive compensation of the RF component of sheath

potential.

An example of RF compensation is shown in figure 2.9. In comparison to a standard
Langmuir probe, a probe with passive RF compensation has an additional electrode. This
electrode is large, and connected with a probe tip through a capacitor. Therefore, the
electrode potential will be near the RF floating potential. The probe tip is connected to
the power supply through an electrical filter to suppress the RF frequency. During
measurement, the probe tip is DC biased through the electrical filter and RF biased by the
additional electrode. The probe tip’s RF biasing is effective due to the high impedance of
the filter. The RF component of the voltage drop across the probe’s sheath is suppressed

1 %331 n active compensation, the RF component of the sheath

by the RF biasing signa
potential is suppressed in a similar fashion, except that the RF biasing signal is generated
by the probe power supply. The wave form of the biasing signal can either be

independently synthesized or be an amplification the signal from small additional
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electrode. For proper compensation, it is critical that the phase of the probe power supply

and the RF floating potential of the plasma be synchronized .

2.5.2 Optical Emission Spectroscopy

In low-temperature plasmas, light emission is a relaxation of excited states of
background species. Since atomic excitation is predominantly obtained by electron
impact, the spectral emissions contain information about the portion of electron

>l and about the density of the

population with enough energy to cause transition !
beckground species that are excited from their round or metastables states.

The optical emission spectroscopy measurements described in this dissertation were
obtained by means of an Avantes AVS-PC 2000 monochromator, equipped with a 2048-
elemnt linear CCD array. The emitting light of the plasma was collected through a silica
optical window for analyzing. The lattice parameter is 1200 grooves per millimeter and
the spectral range is between 200 and 880 nm, recorded in three channels.

The relative ground state oxygen and hydrogen atoms as well as hydroxyl molecules
density was estimated by optical emission actinometry. For costant Ar flow rate and no
lines overlapping argon 2p;—1s; transition at 750.4 nm was chosen for actinometric
measurements. % Otherwise Argon spectral line at 750.4 nm, was not used because total
argon flow was changed during the experiments, Kr line at 826.3 nm (Ex=12,2 eV)
emission intensity from the Paschen 2p, level was used to normalize emission intensities
of O 844 nm, H 656 nm and OH 309 nm. The dominant mechanism for excitation of the
Kr 2p;, level is a one step electronic excitation from the ground state and, in addition its
energy threshold for this process is (~12 eV), near the respective excitations of O (~11

eV), H (~12 eV) and OH A-X (~10eV).
2.5.3 Mass spectrometer/Residual Gas Analyzer
The neutral atoms composition of plasma discharge during the processing of samples was

determined by means of mass spectroscopy measurements (PSM probe, Hiden Analytical

Ltd.) operated in residual gas analyzer mode. The instrument was placed on the upper
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diagnostics flange. The 50 um entrance orifice of the mass spectrometer was at distance
of 100 mm from the bottom quartz window.

This device is generally used to measure either the ion energy distribution with ions mass
being a constant or to measure the ion mass spectra for a constant kinetic energy. The
PSM construction scheme includes an ion-optical system, an ion energy filter, and a
quadrupole mass analyzer (QMA).

detector

-1

resonant ion

ion source | |
| U=U_ +U._ cos(o}r)

Fig.2.10. Schematic of the quadrupole mass analyzer.

The ion-optical system of the PSM is mounted in the front section of the device. It
consists of a small entrance orifice and a system of electrostatic lenses. The entrance
orifice is electrically isolated and can be biased positively, biased negatively, or floated.
If the bias voltage is lower than the plasma potential, positive ions are extracted from the
plasma and enter to the PSM. A system of electrostatic lenses directs these ions into the
entrance of the energy filter, and is designed to transmit 100% of ions traveling within a
small solid angle around of the device axis. An ionization chamber behind the entrance
orifice allows neutrals to be analyzed also.

Operation of the PSM, in which ions are selected depending on the mass-to-charge ratio

(M/Q), is shown schematically in figure 2.10. The device consists of four parallel metal

rods. Two oppositely placed rods are biased positively (U), whereas the other two are
biased negatively (-U). Only ions with a fixed mass-to-charge ratio will be able pass
through the QMA and measured by the detector. The ion motion trajectory along the axis

of the QMA is described by the Mathieu-equations .
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2.5.4 Infrared pyrometer

Infrared pyrometers are a class of non-contact thermometers that infer temperature using
a portion of the thermal radiation emitted by the object of measurement. An IR-pyrometer
(Raynger MX4, Raytek) was used to measure the temperature at a spot on the sample
surface (actually a small area determined by the distance-to-spot ratio, the DS ratio is the
ratio of the distance to the object and the diameter of the temperature measurement area).
This kind of device is particularly useful in our experimental situation where the object is
surrounded by an electromagnetic field and it is contained in a vacuum chamber.

The sensor has an adjustable emissivity setting, which can be set to measure the
temperature of reflective and non-reflective surfaces depending on the composition

material.

2.5.5 Quartz crystal microbalance

The quartz crystal microbalance is a commonly used diagnostic in the study and
monitoring of deposition and etching processes. The principle of the QCM is based on a
quartz crystal resonating at a high frequency (5-30 MHz), which is exposed to a reactive
environment. When a molecule adheres or leaves the exposed surface of the crystal, the
oscillation frequency of the crystal deviates due to the increase/decrease in mass. A small
change in mass during device operation (less than 2% of the total mass of the crystal) is

accompanied by a proportional change in the resonant frequency.”™

In optimal
conditions the mass density of the chemisorbed species can be calculated with great
precision (~0.3 ng cm?) from the measured frequency shift. Because of its mass
sensitivity, the QCM has been used to monitor the mass removal during each separate
step of a pulsed plasma treatment. In this fashion insight into the etching mechanism of
biofilms can be obtained. In particular, in this work, the QCM has been used to study
biofilm etching during plasma-assisted decontamination treatments. A major difference

compared to standard QCM apprach proved to be the exposure of the QCM to the plasma

environment, in which charged particles are present. A large spike in signal, not related to
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the actual plasma-biomaterials interaction process, was observed when the plasma was
ignited. It remains unclear if this can be attributed to a temperature increase, an electrical
interference, or a combination of both causes. When the plasma was turned off, the QCM
signal recovered over a time period of ~10 s after which a correct value of the mass
change could be deduced.

In the experiments described in chapter 4 protein film mass removal was monitored by a
quartz crystal microbalance (QCM, Inficon). The QCM water cooled crystal holder is
mounted to diagnostic flange that holds the sample upright and exposes a circular area of
0.785 cm’ to plasma particle fluxes. All experiments were performed at a substrate
temperature of 303 + 7 K pulsing the plasma discharge and cooling the QCM crystal. The
QCM crystal was monitored on line with an USB oscilloscope (Picoscope2003). The
conversion factor between the measured voltage V and the mass of the protein deposit

was in this study M/V =4.36 pg/V.

2.6 Ex-situ surface analysis techniques.

In this section, plasma induced modifications of biofilms were analyzed by means of the
following surface analysis techniques: X-ry photoelectron spectroscopy (Subsection
2.6.1), atomic force microscope (Subsection 2.6.2), stylus profilometry (Subsection

2.5.3), and ellipsometry (Subsection 2.6.4).

2.6.1 X-ray Photoelectron Spectroscopy

XPS measurements for protein film surface analysis have been performed with an AXIS
ULTRA Spectrometer (KRATOS Analytical, UK). Instrument calibration was performed
using a clean pure Au/Cu sample and pure Ag sample (99.99%). Measured values for
electron binding energies (BE) were 84 + 0,02 eV, and 932 + 0,04 eV. The samples were
irradiated with monochromatic AlKq X-rays (hv = 1486,6 eV) using X-ray spot size of

400x700 pm’ and a take off angle of 90° with respect to the sample surface. The base
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pressure of the instrument was better than 1107 Pa and the operating pressure better than
3.3x10° Pa. An electron flood gun was used to compensate for surface charging and all
spectra were corrected by setting hydrocarbon Cls peak to 285.00eV. For each sample, a
survey spectrum (0-1150eV), from which the surface chemical compositions without
hydrogen were determined, was recorded at pass energy of 160eV. In addition one set of
high-resolution spectra as also recorded on each sample-

Sample compositions were obtained from the survey spectra after linear background
subtraction and using the RSF (Relative Sensitivity Factors) included in the software

derived from Scofield cross-sections.

2.3.2 Atomic Force Microscope

The morphological changes of the protein deposits at the nanometer scale were
determined by atomic force microscopy (AFM type Solver P47H, NT-MDT Co. operated
in the tapping mode). The AFM measurements were made using silicon AFM probes
(NSG11 from NTMDT) with sharp conical tips (nominal tip radius 10 nm and cone angle
of 22°) and stiff cantilevers (elasticity constant of 5 N'm™'). The scanning speed was
around 8 microns per second. The topography images were corrected to compensate for

the tilting of the sample surfaces.

2.3.3 Stylus profilometry

Stylus profilometry is a technique that is commonly used to characterize the surface
roughness of materials. The technique uses a fine cone-shaped diamond stylus, with a
given load, which is drawn across a surface by a precision motion stage. Variation in
surface topography cause vertical movement of the stylus that is sensed by a transducer.
Although it is clearly a surface contact tool, the low stylus application force typically
makes this technique non destructive for many materials. The shape of deposited BSA
before and after plasma treatments was investigated by means of Alpha-step IQ® (KLA-
Tencor) profilometer. In all measurements maximum lateral resolution was 0.4 pm with
scan speed of 20 um/s and sampling rate of 50 Hz. Equivalent force exerted from the

stylus tip on the surface corresponded to 27,4 mg.
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2.3.6 Ellipsometry

Ellipsometry can be used for non-contact optical characterization of organic layers,
including proteins, down to the sub-monolayer. °*! For the acquisition of 2D maps of the
ellipsometric D and J angles we employed a variable angle, multi-wavelength imaging
ellipsometer (EP3, Nanofilm Surface Analysis GmbH). All measurements were
performed in air at room temperature at an angle of incidence of 42° and a field of view
of 2000 mm x 2000 mm. A monochromatized Xe-arc lamp was used as light source at
554.3 nm wavelength. A PCSA (Polariser — Compensator — Sample — Analyser) null-
ellipsometric procedure is used to obtain 2D maps of the A and ¥ angles. '*”!

Protein deposits volumes were determined from the ellipsometric parameters maps using
standard classical electromagnetic theory in conjunction with a parallel layer model
consisting of a silicon/silicon oxide/protein. The analysis of A and ¥ maps assumes that
the total sample consists of semi-infinite parallel slabs, each a uniform material of
homogeneous composition described by a single set of optical constants. The film

thickness was determined using values for the substrate and film optical functions

obtained by best fit of a set of three different incidence angle measurements.
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3 Plasma discharges characterization

3.1 Oxygen containing plasma discharges efficacy

The experiments described in this section were focused on the evaluation of
mechanisms responsible for the removal of BSA proteins from the surfaces exposed
to plasma discharge generated by Biodecon ICP plasma source. The removal of
proteins residues from surfaces in medical applications began to attract researchers

(12 and the results presented in this chapter are a summary

attention in the last years
of initial know-how on decontamination by low pressure plasma discharges. The
information presented form the foundation of the research work described in this
dissertation. Main understandings of the author former research work are presented in
the subsequent paragraph in order to lay down the necessary background information
to understand the advanced aspects treated in this PhD. dissertation. Basic
investigation of the most efficient plasma treatments parameters set up and interaction
mechanisms in an ICP plasma is described extensively by Fumagalli ) (master thesis)
and in several papers by JRC-IHCP group both about plasma sterilization *>*"*) and
plasma decontamination ['*!1:1%13-14.15.16.17.18.19]

Non-equilibrium discharges are effective sources of chemically active particles,
charged particles, as well as UV photons, which can inactivate, erode or destroy
biomolecules at relatively low temperatures desired for the treatment of polymeric
materials. These processes has been demonstrated for sterilization of bacterial spores
in the works of many authors.”**'*?! Focus of the work presented in the subsequent

text will be determination of the most efficient process parameters for protein

contamination removal.

3.1.1 Samples preparation

The method of protein deposition employed for profilometry measurement presented

in this work results in a reproducible and spatially well organized structure of BSA on
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the substrate surface. This can be seen in the stylus profilometry scan shown in figure
1 and the optical microscopy image of figure 2a, where two distinctly different
regions can be distinguished. At the border of the dried droplet a well defined ring is
formed with a height of about 1 micrometer and a width of 80 micrometers, whereas
in the central region a film with a thickness of less than 100 nm is observed. To assure
that the observed pattern reflects the BSA distribution over the surface and is not
caused, e.g., by accumulation of salts or airborne impurities at the border of the drying
drop, additional tests have been performed using fluorescently labelled BSA
(Fluorescein isothiocyanate, Sigma Aldrich), which allows direct visualization of the

protein distribution.

1.2
1.0 4 0.14
0.12
1 0.10 L
0.08
0.8 1 0.06 3
0.04
=3 1 0.02 r
= 564 0.00 L
Y 800 850 900 950
ey
D
()
T
0.4
0.2
0.0 . . : ; . :
0 200 400 600 800 1000

X [um]

Figure 1. Profilometric scan of the untreated BSA sample. Drop volume 5 pL, spotted

on silicon wafer, protein dilution in H;O 1 mg/ml.

The images obtained by fluorescent optical microscopy (see figure 2b) showed a
similar distribution as those observed by optical microscopy and profilometry
measurements. Hence, the topography of the observed structure is indeed determined
by the distribution of BSA.

The formation of such a “coffee-ring” structure in the deposits allows for a fast and

reliable determination of the protein etching rate by measuring, by means of a
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profilometer, the height decrease after plasma exposure of the ring structure. This

method has been employed every time a profilometric measurement is claimed in the

text.

Al B]

Figure 2) Optical (A) and fluorescent (B) microscope images of deposited BSA

droplets. Standard drops radius is 1 mm.

3.1.2 Binary mixtures testing

As a first step, estimation of the removal kinetics has been studied employing binary
mixtures plasma discharges (argon mixed with oxygen, nitrogen and hydrogen).
Samples were treated at different time steps (30 seconds each up to 2 minutes) and
reduction of the height of the protein border ring was measured by means of

profilometry in order to evaluate the rate of protein removal.

1,64 ——E-—Ar (Al (B 0,8
Ar/H,
]
1,44 -—=— Ar/N
= Ar/O
1,2
e m

= S
e 1,0 1 =
< 1 , «Q
1) | 3
m 08 - T
© 4 d —
2 =
£ 06- 3
L p 3

04 A 2 =

0,2 1 TR

AT -
0,0 =" ' : . . . . .
0 30 60 90 120 Ar ArH, ArN, Ar/O,

Treatment time [s]

43



Figure 3. Profilometric measurements of BSA protein film heght decrease as a
fucntion of time (a) and etch rates (b) recorded in different discharge binary mixtures.
Plasma discharge parameters are: power 300W, pressure 10 Pa and total gas flow 20

Sccm.

As it can be seen in figure 3 the fastest protein removal was observed employing
oxygen containing discharge. Much slower decrease rate of BSA ring height was
observed for pure argon, argon-nitrogen and argon-hydrogen discharges, moreover all
this gas mixtures yield similar removal rates thus indicating that the different non
oxygen containing plasma-phase chemistries have no important role in the interaction
with the protein film. Argon-oxygen plasma instead marks a very different behavior
suggesting that plasma species generated by oxygen containing plasma chemistry
interacts strongly with the surface. Ar/O, plasma etch rate under experimental
conditions indicated in figure 3 is found to be approximately 3.5 times higher then in

other tested gases.
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Figure 4. Surface RMS roughness measured from AFM images of protein films
before and after different treatment in argon and binary mixtures discharge plasma.
Plasma discharge parameters are: treatment time 1 minute, power 300W, pressure

10Pa and total gas flow 20 sccm.
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Data analysis on AFM images recorded before and after plasma treatment was
performed in order to obtain values for the mean roughness (average value of the
small scale height variations measured peak to valley) of the protein films surfaces
(see figure 4) treated with different gas mixtures plasmas. Results are also shown in
picture 5 in the form of cross sectional profiles of the protein film surface for the
untreated case and for 1 minute treatment in different discharges. It can be seen that
only oxygen based plasma treatment are enough to induce morphological changes on
initially smooth surface of BSA. Plasma treatments performed using pure argon,
argon/hydrogen and argon/nitrogen discharge mixtures result only in a moderate
increase of the surface roughness. These results shows, on a smaller spatial scale, the
same oxygen-containing discharge efficacy behaviour seen in the profilometric

measurements described in figure 3.
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Figure 5. Surface cross sections taken from AFM images of protein films before and
after different treatment in argon and binary mixtures discharge plasma. Note change
of scale in the lower panel [e] showing the effect of argon-oxygen diascharge. Plasma
discharge parameters are: treatment time 1 minute, power 300W, pressure 10 Pa and

total gas flow 20 sccm.
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3.1.3 Argon-Oxygen plasma characterization

In the gas pressure range typical of ICP applications, several Pascals, these plasmas
are weakly ionised non-equilibrium discharges with charged particle densities much
smaller than neutrals densities. Electrons in such plasma are not in thermo dynamical
equilibrium with atoms and ions, resulting in electron temperature much higher than
ions and gas temperature, usually of the order of some electronVolts. Electrons are
also usually not in thermo dynamic equilibrium with their own ensemble, thus
manifesting a non Maxwellian energy distribution function, so T, here is an effective
electron temperature relating to the electrons averaged energy.

Hereafter (figures 6 and 7) plasma parameters and electron energy distribution
functions for argon/oxygen discharge at different mixture composition are shown.

Data are derived from measured Langmuir characteristic recorded at the centre of the

discharge.
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Figure 6. Electron energy distribution functions (EEDF) for different oxygen
fractional flow rates in an Ar/O, discharge. Plasma parameters: pressure 10 Pa, RF

delivered power 350W, total flow rate 20 sccm.

Figure 6 shows the electron energy probability function for Ar/O, plasma at 10 Pa and
350 W of delivered power for different oxygen fractional flow rates. All the data
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series are normalized and the shapes of the EEDFs at all investigate mixture
combinations appears to be clearly non-Maxwellian. The main difference in electron
energy distributions, arising when gas mixture composition is modified, appears in the
high energy region of the energy distributions. Increasing the oxygen concentration
leads to an increasly populated high-energy tail (above 7 eV).

Figure 7 shows the electron temperature Te and the positive ion density nj,, versus the
oxygen content in O»/Ar plasma at 10 Pa (20 sccm) at 350W of absorbed power. The
calculated electron temperature increase from 1.6 eV as oxygen content is increased,
to a plateau around 2.55 eV in a argon-rich mixtures plasma. The onset of the Te
plateau region starts when oxygen fractional flow rate has been increased above 25%.
The ion density decreases with increased oxygen content. Shifting towards pure argon
plasma the ion density approaches to its maximum value. The ion density increases
more steeply when oxygen fractional flow rate has been decreased below 25%. By
varying the Ar/O; ratio from pure oxygen plasma to pure argon plasma the ion density

span over more than one order of magnitude ranging from 1:10'° to 1-10'? cm™.
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Figure 7. Positive ion density and electron temperature for different oxygen fractional
flow rates in an Ar/O; discharge. Plasma parameters: pressure 10 Pa, RF delivered

power 350W, total flow rate 20 sccm.
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The effect of gas mixture variation on plasma density can be understood in terms of
power and energy balance in the discharge, zero dimensional models describing
energy and particle number conservation equation derivation can be found in

literature [23,24,25,26,27]

. According to these models plasma density is determined
predominantly by power balance. For a stable H-mode discharge to exist the power
absorbed by electrons P,,s must be identically balance the power dissipated Pg;ss in the
discharge processes. If the energy lost per ionization event is considered fixed the
power dissipated by the plasma electrons varies linearly with the electron density ne

(28]

and a simple relationship exists between P, and n. " given from the combination of

particle and power balance expressed in a spatially avareged form for the steady state.

P
N, =— e [3.1]
€1/lB Aeﬁ" glaxs

For a binary mixture formed by an atomic and a molecular species the collisional
contribution to the energy loss term can be further divided into the sum of different
contributions arising from collisional processes of electrons with different particle

species present in the gas phase:

0, .
coll

Ry, +85,-Ry+&", R, ) [3.2]

& = ge +gi +é = ge +gi +(€ coll coll *

tot coll
Where & is the avarage energy of electrons escaping to the walls (2Te), & is the
avarage energy lost per ion lost (VsheatntTe/2) and o represent the power loss due to
elastic and inelastic collisions per electron-ion pair created, and includes all
excitations energies such as vibrational, dissociative and electronic excitations. In the

right hand side term of equation 3.2 where the collisional term allows for different

. o) ..
neutral species, ¢;, and &2, are the collisional energy electron energy loss per

Ar

ionization event of oxygen molecule and atom respectively, and ¢, is the collisional

energy loss per ionization event of argon atom. The terms Ry are the ratio between a
given species number density (specified by the subscript x) and the electron number
density; they account for the electron collision probability with the different
background gas target species.

Considering again the results shown in figure 8 the trend of plasma density

measurament as a function of mixture composition can be explained. As the Ar
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0, .
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o Ar
Ry, +£2,-R,+&l -R,)

coll coll

content in the background gas increases, the term (8

0. : A :
decreases because £, and &£°, are several times larger than &7, in the average

coll
energy range of impacting electrons (1-3 eV) as it was measured by several authors
(2939 " Therefore for a fixed absorbed power N. increases with increased Ar content

and the avarage energy available per electron decreases.

3.1.4 Argon oxygen plasma protein removal efficacy

An important agent that influences the global efficiency of plasma based
decontamination of surfaces from biological pathogens is their erosion and
volatilization by chemically active species. Although it has been reported that some
limited volatilization of biological substances can be attributed to O, molecules, (311
the role of the etching agent in Ar/O, mixtures can be related to atomic oxygen being
much more reactive than O,. Therefore, we have determined the O atom density as a
function of the initial binary mixture composition by optical emission actinometry
using the ratio of the Ar line at 750.4 nm (transition 2pl = 1s2) and the O atom line
at a wavelength of 844.6 nm (transition 3p°P = 3s’S"). According to several authors
3233 this emission line is less influenced from dissociative excitation processes
contributions, compared to more intense 3p’P > 3s°S" transition at 777 nm, and thus
is a more reliable indicator for oxygen atoms ground state density in actinometric
measurements. As can be seen in figure 8, data referred to the right y-axis, the density
of atomic oxygen in the plasma increases with increasing portion of O, in the working
gas mixture, up to an oxygen content around 7.5% then has a plateau for higher

concentrations.

Figure 8 also shows BSA etching rate against the discharge binary mixture
composition. This data are plotted as columns and are referred to the left y-axis.
Reactive molecular gases (O, N, and H») concentration was increased with respect to
background Argon flow until a partial flow of 2 sccm is reached. Maximal efficiency
is reached for oxygen contents around 5 %. A higher oxygen concentration leads to a
decreasing etching rate. Hydrogen and nitrogen containing discharges show no
substantial variation of the BSA etching rates when the gas mixture ratio is varied,
moreover the etching rate of N, and H, containing discharges are not different form

pure Argon values, confirming the results shown in figures 3-5, that indicate the poor
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efficacy of non oxygen-containing plasma chemistries. Profilmetric measurements
were taken over three samples for each data point, on the right and the left part of the

protein ring.
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Figure 8. Right x-axis: BSA protein etching rates for different binary mixture flow
rate combinations in an Argon containing discharge, as measured by profilometry.
Left y-axis: oxygen atom and argon emission intensities ratio for different oxygen
fractional flow rates in an Ar/O, discharge. Plasma parameters: pressure 10 Pa, RF

delivered power 350 W, total flow rate 20 sccm.

As can be seen comparing etching rates and atoms densities plotted in figure 8, the
increasing of the removal rate with oxygen addition follows similar trend the O atom
density although the proportionality is not perfect. One possible explanation is the
possibility of oxygen driven chemical sputtering as leading removal mechanism in the

(6] The simultaneous impact of Ar positive ions, O, molecules and O

discharge
atoms leads to an enhanced protein removal (see also chapter 5). Another hypothesis
that agrees with the data in figure 9 is a simple chemical etching process due to the O

atoms capability to form volatile compounds (also discussed in chapter 5).

50



References

! Whittaker A G, Graham E M, Baxter R L, Jones A C, Richardson P R, Meek G,
Campbell G A, Aitken A and Baxter H C 2004 Journal of Hospital Infection, 56, pp.
37-41.

? Baxter H C, Campbell G A, Whittaker A G, Jones A C, Aitken A, Simpson A H,
Casey M, Bountiff L, Gibbard L and Baxter R L 2005, Journal of General Virology,
86, pp. 2393-99.

3 Fumagalli F. 2007 Thesis “I/CP discharge for plasma sterilization” University of
Milano Bicocca.

* Kylian O, Sasaki T and Rossi F 2006 Europhysics Conference Abstract, 30(G), pp.
457-58

> Rossi F, Kylian O and Hasiwa M 2006 Plasma processes and polymers 3(6-7) pp.
431-42.

% Kylian O Hasiwa M and Rossi F 2006 IEEE Transactions on plasma science, 34(6)
,pp- 2606-10.

7 Kylian O, Hasiwa M and Rossi F 2006 Plasma processes and Polymers, 3(3), pp.
272-75.

¥ Kylian O, Sasaki T and Rossi F 2006 European Physical Journal — Applied Physics,
34(2), pp. 139-42.

? Ceccone G, Gilliland D, Kylian O and Westermeier M 2006 Czechoslovak Journal
of Physics, 56(B), pp. 672-77.

1 Stapelmann K, Kylian O, Denis B and Rossi F 2005 Journal of Physics D — Applied
Physics, 41, 19 192005(6).

" Hasiwa M, Kylian O, Hartung T and Rossi F 2008 Journal of endotoxins research,
14(2), pp. 89-97.

'2 Rossi F, Kylian O, Rauscher H, Gilliland D and Sirghi L Pure and Applied
Chemistry, 80(9), pp. 1939-51.

13 Kylian O Rauscher H Sirghi L and Rossi F 2008 Journal of Physics Conference
Series, 100(6), pp. 062017(4).

' Kylian O, Rauscher H, Gilliland D, Bretagnol F and Rossi F Journal of Physics D
Applied Physics, 41, 095201(8).

"> Kylian O, Hasiwa M, Gilliland D and Rossi F Plasma Processes and Polymers,
5(1), pp. 26-32

51



16 Kylian O, Benedikt J, Sirghi L, Reuter R, Rauscher H, Von Keudell A and Rossi F
2009 Plasma Processes and Polymers, 6(4), pp. 255-61.

17 Kylian O, Rauscher H, Denis B, Ceriotti L and Rossi F 2009 Plasma Processes and
Polymers, 6(12), pp. 848-54.

'8 Rossi F, Kylian O, Rauscher H, Hasiwa M and Gilliland D 2009 New Journal of
Physics, 11, 115017(33).

1 Kyian O and Rossi F 2009 Journal of Physics D Applied Physics, 42(8), pp.1-7.

* Moisan M, Barbeau M, Moreau S, Pelletier J, Tabrizian M, Yahia L H 2001
International Journal of Pharmacology, 226(1), pp. 1-21.

2 Moisan M, Barbeau J, Crevier M C, Pelletier J, Philip N and Saoudi B 2002 Pure
Applied Chemistry, 74, pp. 349-58.

2 Lerouge S, Wertheimer M R and Yahia L H 2001 Plasma and Polymers 6, pp. 175-
87.

> Monahan D D and Turner M M 2008 Plasma Sources Sci Technol, 17, 045003(10).

4 Roberson G, Roberto M, Verboncoeur J and Verdonck P 2007 Brazilian Journal of
Physics, 37(2A), pp. 457-65.

% Lee C, Graves D B Lieberman M A and Hess D W 1994 J Electrochem Soc,
141(6), pp. 1546-55.

% Chung T H, Yoon H J and Seo D C 1999 Journal of Applied Physics, 86(7), pp.
3536-42.

" Lee C and Lieberman M A 1995 J Vac Sci Technol A, 13(2), pp. 368-80.

28 Cunge G, Crowley B, Vender D and Turner M M 1999 Plasma Sources Sci.
Technol., 8, pp. 576-86.

2 Thorsteinsson E G and Gudmundsson J T 2009 Plasma Sources Sci. Technol., 18,
045001(15) .

3% Gudmundsson J T, Kimura T and Liebermann M A 1999 Plasma Sources Sci.
Technol., 8, pp. 22-30.

3! Raballand V, Benedikt J, Wunderlich J and Keudell A 2008 J. Phys. D: Appl.
Phys., 41, 115207(14).

32 Jasik J, Macko P, Martisovits V, Lukac P and Veis P 2004 Czechoslovak Journal of
Physics, 54(6), pp. 661-76.

33 Katsch H M, Tewes A, Quandt E, Goehilich A, Kawetzki T and Dobele H F 2000
Journal of Applied Physics, 88(11), pp. 6232-38.

52



3.2 Ar/H20 plasma characterization

Among the different working gas mixtures tested oxygen gas containing binary
mixtures have been proven to lead, in general, to fastest etching rates in low pressure
systems. Depending to the reactor design Ar/O, gas mixture showed best biomaterial

1,2,3,4]

removal efficiency in RF discharges [ while plasmas ignited in the MW range

showed highest efficiency with H,/O, gas mixtures. !

Water vapor plasma is an interesting possibility to address the decontamination
problem and this type of discharge has already been studied for several surface
modification processes, in between them we cite: corrosion resistance ), polymers

. . 1
activation (89,10

1'UV light source "' and microorganisms sterilization ['*. The rich gas
phase chemistry generated in such low pressure plasmas comprises reactive ions as
well as O, H and OH radicals, which all have different chemical activity.

Furthermore, water vapor discharges are considerably cheaper, safer and easier to
handle then high purity commercial gas mixtures of hydrogen and oxygen. On the
other side, one of the limitations arising in the applications is the strong chemical
reaction occurring between such plasmas and inner metal electrodes surfaces. From
the very beginning the use of electrodeless discharges (either under vacuum or at
atmospheric pressure) like inductive coupling, microwave or dielectric barrier
discharge has to be preferred.

In the field of decontamination, large cleaning installations will be required to treat
the load of contaminated objects produced daily from a hospital facility. The main
characteristics of a hospital-scale reactor will be: (i) the capability to treat large
volumes and multiple objects in a reasonably short time, (ii) the capability to treat
thermo-labile materials without damage, (ii) a superior decontamination efficacy
compared to actually implemented methods and finally (iv) low installation and
maintenance costs. The first two tasks can be issued employing large-area low-
pressure plasma reactor with state-of-the-art plasma sterilization and decontamination
processes. At the present state of the research last two objectives present diverging
requests, the most efficient discharge mixtures containing oxygen and/or hydrogen
demand the installation of expensive precision gas delivery systems and severe safety
protocols due to fire and explosion hazards, while a process based on water vapor

may need only a simple dry vacuum evaporator tank. A water vapor plasma might
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represent an interesting trade-off between low costs and efficacy as long as the
decontamination efficiency of such plasmas is kept in the same order of magnitude

with respect to oxygen-based gas mixtures.

3.2.1 Samples Preparation

Microspotting of protein and brain homogenate samples on silicon wafers was
performed using a Scienion S3 sci-FLEXARRAYER (Scienion AG, Germany) spotter
equipped with an automated piezo driven non-contact dispensing and with a three-
axis micro-positioning system. A glass nozzle with a diameter of 80 um was applied
to generate drops of the 10 pg/ml solutions of bovine serum albumin (BSA) protein
(from Fluka) and brain homogenate (BrH) dispersed in 5 mM TrisHCI pH 7,5. An
integrated horizontal CCD camera allowed controlling drop volumes for determining
the deposited protein amounts. Brain Homogenate stock was prepared according to
the method described in Vigano et al. '*! and stored at -20°C. Aliquots from the stock
were thawed and used for suspensions preparation right before the microspotting..

The experimental results presented are divided in three sections. First, the efficacy of
a water vapor discharge on BSA and BrH contamination models is demonstrated and
compared, in terms of mass loss rates, with other gas phase chemistries; second the
water vapor discharge particle fluxes are characterized by means of Langmuir and
OES measurements and finally some mass removal experiments results are discussed

in terms of the chemical sputtering removal mechanism.

3.2.2 H,0 and Ar/H,0 plasma decontamination efficacy tests.

Figure 3.2.1 shows a typical optical emission spectrum of the inductively coupled
water vapor plasma. Spectral signatures of O, H and OH radicals were observed. The
characteristic low pressure atomic lines of hydrogen (H, at 656 nm, Hg at 486 nm and
H, at 434 nm) and oxygen (3p°P-3s’S at 777 nm and 3p°P-3s’S at 844 nm) were the
most prominent. The (0,0) A = X transition of the OH molecular band at 309 nm was
observed as well. As low intensity background between 600 and 775 nm molecular
nitrogen vibrational bands, due to impurities present into the vacuum chamber, can be

seen at larger integration times.
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Figure 3.2.1. Typical optical emission spectrum from a water vapor discharge.

All of the radicals detected in the spectra have potential reactivity in the plasma phase
with organic materials, O and H atoms together with OH molecules can be produced
through different electron impact processes, the most important dissociation channels

4] for water molecules are listed in Table 1

Table 3.2.1. Dissociation channels of H,O produced by electron impact.

Reaction Ewn(eV)
(1) e + H,0 > O(3P) + Hy(X) +e 5.03
(2) e + H,0 > OH (X) + H(1s) + e 5.10
(3) e + Ho0 > O*('D) + Ha(X) + e 7.00
(4) e + H,0 > OH*(A) + H (1s) + e 9.15
(5) e + Ho0 > 0*('S) + Hy(X) + e 9.22
(6) & + Ho0 > O(3P) + 2H 9.51
(7) e + Ho0 > 0*(3s°S%) + Hy(X) +e 14.56
(8) e + Ha0 > OH*(A) + H*(n=2) + e 15.3
(9) e + H,0 > OH*(A) + H*(n=3) + e 17.19
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Figure 3.2.2. Residual dry volume measured by imaging ellipsometry of microspotted
Brain homogenate (upper panel) and BSA protein (lower panel) after H,O and
Ar/H,O [1:1] plasma discharge treatment. Pw = 350 W, Pr =10 Pa, ®,«~=10 sccm.

To test the potential efficiency of water vapor plasma against biological residuals both
BSA and brain homogenate model contamination have been treated. After the plasma
treatment with H,O and Ar/H,O ICP discharge, pronounced modifications of both
protein and brain homogenate film have been observed in the ellipsometric height-
maps indicating a substantial removal degree of the protein deposit as shown in figure
3.2.2. The volume of the dry residual is reduced, in both cases, by more than one
order of magnitude after 18 seconds of plasma treatment indicating substantial
volatilization of the biological film induced by the plasma. The dynamics of the
biological films removal shows a two-phases behavior: mass loss is faster (i.e. higher
etching rates) in the first 3 seconds of treatment when the initial volume is reduced to
about 10% of its initial value while for longer treatment times material removal phase
appears to be much slower. This behavior for thin biological films can be interpreted
as the transition from etching of the bulk biological material to a non-etchable

. . . [15
residuals covered surface as explained in /'),
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Pr =10 Pa, & = 22 sccm and tyear = 2 sec. All binary mixtures gas flows ratio is [1:1],
except Hy/O, mixture, which is [2:1]. Data are normalized to O, discharge mass loss

rate.

To assess the efficiency of water vapor plasma decontamination in comparison with
other gas-phase chemistries, BSA protein film mass loss induced by different
discharges mixtures have been compared by means of in-sifu QCM measurements 1!
(see figure 3.2.3). In these experiments all the treatment parameters such as plasma-
ON time, RF delivered power, gas pressure and gas flow were kept constant and for
all the binary mixtures investigated the ratio of gas flows was 1:1 except for H,/O;
discharge were the ratio used was 2:1, i.e. ratio of hydrogen to oxygen in water
molecule. Data have been normalized to pure oxygen discharge induced mass loss.

As can be seen, discharges sustained in pure Ar and H, show little effect on the
biological film while discharge in pure oxygen leads to significant removal., Both
pure water vapor and “synthetic” water vapor (H,/O,, 2:1) discharges show removal
rates slightly higher than pure oxygen plasma (+ 20% for H,O and +2% for H,0O,).

In analogy with oxygen containing mixtures, an attempt was done to promote mass

removal rates of BSA by argon gas addition. Ar/H, discharge removal efficacy is
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augmented, but the absolute rate remains negligible compared to oxygen or water
vapor discharge. Ar/H,O discharge shows a mass removal rate enhancement of 38%
as compared to pure water vapor and of +66% as compared to pure oxygen, while
being about two times less efficient than the Ar/O, mixture.

Poor performances of the H, and Ar/H, discharges suggest that H atoms have little
efficiency in the surface chemistry, while comparable removal rates between O,, H,O
and O;H, discharges may indicate that oxygen radicals are crucial for fast
volatilization of biological matters. These hypotheses will be investigated more
carefully in the subsequent discussion.

From an applicative point of view, these data show that pure water vapor plasma as

well as Ar/H,O plasma represent efficient alternatives for protein removal treatments.

3.2.3 Argon - Water vapor plasma characterization
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Figure 3.2.4. RF power density required for E to H mode transition as a function of
the water vapor fraction contained in the gas mixture. Background gas is Argon; total

gas flow was kept constant at 22 sccm.
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Power and pressure dependences of the ICP mode transition are shown in figure 3.2.4.
As it is reported in several papers the emission intensity rises with increasing power
and suddenly change to much higher values (up to 2 orders of magnitude) when the
discharge turns into H mode. The modes transition was identified by monitoring the
intensity of Ha atomic line at 656 nm as function of the delivered RF power.

Transition power is observed to shift towards higher values when the pressure
increases, meaning that sustainment of the inductive mode requires more power due
to the decreased mean free path experienced from the capacitively generated
electrons. As soon as a small amount of water vapor is introduced in the gas mixture
the power required for mode transition increases abruptly. This is explained by
considering the energy supplied by the electrons in order to sustain the gas phase
chemistry of the water molecules which is not available anymore to sustain ionization
processes. In some cases, e.g. electron attachment process, the water molecule plasma
chemistry acts as an electron sink thus pushing the transition threshold to higher
energies. As long as the water vapor fraction in the mixture is increased the
importance of the loss processes increase determining higher transition powers

required for the mode transition.
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Figure 3.2.5. Electron temperature derived from Langmuir characteristics as function
of operating pressure Argon/H,O and H,O discharge. Fixed plasma parameters are:

Ar/H,O 1:1 ® =10 sccm P = 0,08 W-em®,
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Hereafter (figure 3.2.5 and figure 3.2.6) plasma parameters positive ion density and
electron temperature are derived from measured Langmuir characteristic recorded at
the centre of the discharge. As is common for this class of discharges, the electron

temperature in ICP is mainly controlled by ionization balance '°

, resulting in a
dependence from the working gas pressure p and a typical length size for the plasma
L and practically does not depend on plasma density and discharge power. Indeed it is
found that also in our discharge electron temperature decreases with increasing

pressure, as is shown in figure 3.2.5.

Particles number density (figure 3.2.6) derived from Langmuir characteristic is
decreasing with increasing pressure and is found linearly dependent from discharge
power in the inductive H mode region. Data points corresponding to measurements on
Ar/H,O discharge at 20 Pa with less than 0,05 W-cm™ of RF delivered power show
deviations from the linear trend. In this parameter region the discharge it is observed

to ignite in the E mode.
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Figure 3.2.6. Positive ion density derived from Langmuir characteristics as function of
operating pressure for several RF delivered power density values. Fixed plasma

parameters are: Ar/H,O 1:1 ® = 10 sccm.
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Figure 3.2.7 shows the intensity ratio between 309 nm OH band head and 826 nm
kripton line, chosen as actinometer, as a function of the pressure in an Ar/H0
discharge. All intensities are corrected for instrument spectral calibration curve.
Parametric dependence from RF delivered power density is plotted. The line intensity
ratio is proportional, under actinometric assumptions, to the OH molecular radical
density in the plasma. For Ar/H,O discharge parameters combinations allowing
plasma ignition directly in the H-mode the concentration of OH molecules increases
when both pressure or power are increased in the investigated range.

Hydroxyl radical concentrations corresponding to 0,03, 0,04 and 0,05 W-em™ in the
discharge ignited at 20 Pa (points in the black circle in Figure 3.2.7) are lower then
the corresponding power levels at 10 Pa, for this three data points OH density shows a
peak value at 10 Pa. This different behavior is attributed to the fact that in this
parameter region the discharge is ignited in E mode where the density of electrons

available for impact dissociation reaction decreases.
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Figure 3.2.7. Relative OH molecule density as a function of the discharge pressure for
several RF delivered power density values. Plasma parameters are: Ar/H,0 [1:1], ® =

10 scecm.
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Figure 3.2.8 shows the intensity ratio between 844 nm O atom line head and 826 nm
kripton line, chosen as actinometer, as a function of the pressure in an Ar/H,0
discharge. All intensities are corrected for instrument spectral calibration curve.
Parametric dependence from RF delivered power is plotted. The line intensity ratio is
proportional, under actinometric assumptions, to the O atomic radical density in the
plasma. In the pressure range investigated the concentration of O atoms initially
increases and then shows a peak value at 5 Pa. For higher operating pressures all the

densities decrease when increasing the pressure.
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Figure 3.2.8. Relative O atom density as a function of the discharge pressure for
several RF delivered power values. Plasma parameters are: Ar/H20 [1:1], ® = 10

sccm.

The peak is explained by two competitive effects: first, the H20 molecule density
increases with increasing pressure (as a reactant for the production of O according to
reaction 7 in table 1 or second order electron impact dissociation reactions of OH
molecule), so one would expect a monotonous increase of the emission intensity as
the pressure is increased. Second, however, both the electron temperature and electron

density decreases with increasing pressure. Since the emission occurs in transitions
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from the excited states close to 11 eV, this factor becomes dominant at higher
pressure. Delivered RF power density dependency shows that O atoms concentration
increase with delivered power (proportional to the electron density) in all the

parameter range investigated.
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Figure 3.2.9. Hydrogen atom over oxygen atom and hydroxyl molecule over oxygen

atom density ratios at 0,09 W-em™ as a function of pressure. Gas mixture Ar:H,O

[1:1].

Hydrogen atom over oxygen atom and hydroxyl molecule over oxygen atom density
ratios as derived from actinometric measurements are shown in figure 3.2.9 as a
function of discharge mixture pressure and for a fixed RF power of 0,09 W-cm™.
Intensities ratios are corrected for spectrometer relative efficiency at different
wavelengths. Data show that hydrogen and hydroxyl densities are always at least one
order of magnitude higher than oxygen atoms densities. Given that these species
experience the same gas temperature the OH and H radical fluxes at the walls always

greatly overcame the O flux in all the experimental conditions investigated.
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3.2.4 Role of the radicals species in H,O plasma biomaterials

interaction

Mass loss rates for BSA protein were derived by QCM measurements data for the first
60 seconds of plasma treatments. Every etching rate value is the average of 5
independent measurements. Column bars in figure 3.2.10 show the measured pressure
dependence of the mass loss rates and corresponding errors at fixed power density and
discharge mixture composition (0,09 W-cm® and Ar:H,O [1:1]). For better
comparison, all the data are normalized to the mass loss rate measured at 20 Pa. It can
be seen that as the pressure is increased, the efficacy of the plasma removal drops

significantly: mass removal is more than four times slower at 20 Pa than at 2 Pa.
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Figure 3.2.10. In-situ QCM measurement of water vapor plasma induced relative
mass loss rates. BSA covered QCM crystals, fixed plasma parameters are Ar:H,O =

[1:1], P=400 W, Pr= 10 Pa, ¢, = 22 sccm and ty,c = 60 sec. Data are normalized to

the 20 Pa discharge mass loss rate.
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The dependency of the measured mass loss rates shown in figure 3.2.10 is explained
according to the process of chemical sputtering !'”), postulating that the combined
interaction of ions and chemically reactive species with the surface is important for an
efficient removal of biomolecules. Chemical sputtering was already proven to be a
solid framework for sterilization and biomolecules etching data interpretation.
[*1181920] Plasma characterization described in the previous section provides a dataset
for reactive particle fluxes, which are proportional to the bulk densities of radical
atoms and molecules as measured by actinometry. The ion flux is a function of the
ions bulk density and the electron temperature as measured by Langmuir probe
experiments.

As a rough hypothesis, it is possible to state that the mass loss rate is proportional to
the product of ion flux and oxygen species flux, as already illustrated *'! for plasma

etching of a hydrogenated carbon film. The model equation has the form:

ER =const-T". -T

ion radical

(3.3)

where ER is the mass removal rate, const is a proportionality constant and [j,, and
[ adical are the ion and radical fluxes directed to the surface.

The possibility of a leading role of hydrogen atoms in the surface chemistry is ruled
out by results of the experiments shown in figure 3.2.4, where hydrogen containing
mixtures show little effect on biomolecules film, at a level comparable with non
reactive argon discharges. The hypothesis of chemical sputtering process chemically
driven by oxygen atoms adsorption on the protein surface is tested by plotting the
product of ion flux and O densities (no*['ion) in dependence of the working pressure
of the discharge. In figure 3.2.9, another model (non*['ion) is tested as well; in this
case it is assumed that the adsorbed hydroxyl radicals react on the surface to form a
chemical compound that can be removed by ion bombardment, leading to biomaterial

removal.

Figure 3.2.11 shows the mass removal rates calculated using values of the particle
fluxes (ions and radicals) measured as described in the previous paragraphs plotted
against the corresponding measured mass removal rates. The overall behavior of the
measured mass loss rate (ER,) is well reproduced by the mass removal rates

calculated using the best parameter estimate obtained regressing the particle fluxes
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dataset using an equation of the form ER;,=cost*no*I'ion, while the values calculated
using OH molecules and H atoms densities and the same equation structure cannot
reproduce the trend of the measured mass loss rates. For pure hydroxyl and hydrogen
chemistries the calculated datasets are heavily skewed with respect to the real
measurements.

This result indicates that oxygen radicals plays a major role in water vapor plasma
chemical sputtering of protein films. However, even if the mass loss values calculated
using the oxygen atom density reproduce the parametric discharge pressure
dependency, the magnitude of the model residuals are comparable with the magnitude
of the experimental error on the mass removal rates. The possibility of secondary
mechanisms involving contribution of hydroxyl molecule to the overall process

cannot be absolutely ruled out.
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Figure 3.2.11. Measured BSA protein mass removal rates in Ar/H,O discharge at
different pressures (see figure 3.2.10 plotted against etching rates calculated using
equation (1) and different radicals densities. Solid black line shows the measured

mass removal rates values.
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Two possible contributions to the removal mechanism can be addressed to the OH
molecules itself. First emission of the excited molecular state OH A — X at 309 nm in
th UV region may promote proteins removal rates by photodissociation processes on
the surface. ¥ Second, hydrogen abstraction processes by OH radicals has been
reported ! as being an effective reaction in surface chemistry of water vapor plasma-
protein films interaction. Rate constants for H-abstraction processes from
hydrocarbons by OH radicals are 3 orders of magnitude faster than the hydrogen atom
driven H-abstraction and two orders of magnitude faster than oxygen atom driven H-
abstraction reactions >4/,

Even if the initial H abstraction event is not a direct fragmentation reaction that
attacks the protein structure, the resulting radical centre formed on the biomolecule
may produce in a surface site that is activated for chain scission reactions driven by
oxygen atoms, thus contributing to enhance mass removal rates above the values
calculated using only pure oxygen chemistry.

In conclusion the use of oxygen-based plasma discharges for biomolecules
decontamination has been studied in detail in the past few years, relatively fewer
results have been published concerning the removal of proteins and biological
matrices from surgical instruments by means of a water vapor discharge. Recent

studies 12>2¢!

revealed, however, that the present decontamination medical protocols
show little efficacy. Therefore, the possibility to eliminate biomolecular
contaminations by low-pressure H,O plasma treatment was addressed in this study.
Plasma decontamination of silicon surfaces was achieved using water vapor plasma;
model contaminations created either with pure protein or with a biological matrix
were effectively reduced by the interaction with the plasma on a reasonable time
scale. Mass removal rates for water vapor based discharges are found to be lower then
corresponding oxygen-based discharges operated in identical conditions but the
absolute values are nevertheless of the same order of magnitude. This result indicates
that a water vapor based mixture might be used to implement an efficient cost-
effective decontamination device.

Water vapor plasma was characterized by means of optical emission spectroscopy
and langmuir probe, plasma fluxes were measured in several operating parameters

conditions ranging from 2 to 20 Pa and 0,03 to 0,09 W/cm™. Plasma fluxes data have

been used to predict mass removal rates behavior within the framework of chemical
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sputtering plasma biomaterial interaction mechanism. Comparison of different
interaction schemes indicates that the leading interaction is chemically favored by
oxygen atoms reactions on the surface. Anyway oxygen atoms contribution to mass
removal rates cannot alone fully explain the measured data, it is postulated that
hydroxyl molecules plays an auxiliary role both in terms of UV emission and H-

abstraction processes.
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3.3 Etching by-products analysis

3.3.1 Reaction byproducts during plasma treatment
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Figure 3.3.1) Optical emission spectra from Ar/O, plasma recorded without protein
samples in the chamber (a, top and right axes) and during the first plasma pulse of BSA
treatment (b, bottom and left axes). Transitions between atomic configurations and
molecular bands systems are indicated. Plasma conditions are Pw = 350 W, Pr = 10 Pa,

Dot = 22scem, Or/Ar=0.37.

The excitation of plasma chemical species gives also insights into the biomaterials
removal plasma process. In figure 3.3.1 a portion from 300 to 675 nm of the emission
spectrum of Ar/O; plasma is shown (data a], upper and right axes). Spectra are dominated
by the emission by Argon atoms ( group of transitions from ‘P > *S) and by O
transitions to metastables levels (5P > °S, 777 nm; and P> 3S, 844 nm) which can be
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observed at higher wavelengths but are saturated at the integration time used to collect

data of figure 1.

Table.3.3.1 Ar/O; plasma spectrum between 300 and 675 nm.

Line | Wavelength (hnm) | Transition/Band

Arl | 415,96 3s°3p°(°P°312)4s - 3s°3p°(°P°31)5p
Arl | 419,28 3s523p°(°P°31)4s - 3s23p°(°P°31)5p
Arl | 420,1 3s23p°(?P°3)4s - 3s%3p°(*P°3)5p
Arl | 426 3s523p°(°P°31)4s - 3s23p°(°P°31)5p
Arl | 430,17 3523p°(2P°3)4s - 3s%3p°(*P°31)5p
Arl | 433,45 3s23p*(CP)4s - 3s%3p*(*P)4p
Ol 436,89 25°2p°(*S°)3s - 25°2p°(*S°)4p
Arl | 451,18 3523p°(°P°110)4s - 3823p°(2P°3)5p
Arl | 555,91 3523p°(2P°3)4p - 35°3p°(?P°32)5d
Arl 560,74 3523p°(°P°310)4p - 3s%3p°(?P°32)5d
Arl | 603,33 3s23p°(2P°3)4p - 3s23p°(?P°312)5d
Arl 615,85 3s23p*('D)3d - 3s23p*('D)4p
Arl | 641,71 3s23p°(2P°32)4p - 3s23p°(?P°312)6s
ol 645,53 25°2p°(*S°)3p - 2s%2p*(*S°)5s

When a sample with protein layer is present in the vacuum chamber (data b], lower and
left axes), the emission in the first seconds of the plasma pulse is remarkably different
from the Ar/O, plasma emission without sample. Moreover, it is also shown in figure
3.3.1 that there is an intense, but evanescent group of emission lines, whose appearance
can be clearly observed by naked eye as a white flash in the plasma glow. After several
plasma pulses the emission becomes again identical to the normal emission of a clean
Ar1/O; discharge. The difference in emission at the beginning of the plasma treatment can
be attributed to the plasma excitation of reaction byproducts released from the surface
which become less intense as soon as most of the protein on the substrate is removed.
From the analysis of the spectra is found that, besides argon and oxygen, the most
prominent evanescent lines can be attributed to OH* (A System, A *X">X *II), CO*
(Angstrom system, B 'S > A 'IT ), CO" * (Comet tail system, A *IT 2 X °%), H*
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(Balmer series), and a very low intensity line from NO* (y system ,A *Z">X °IT) can
also be distinguished from the background (not shown in figure 3.3.1). The emission lines
from CO*, OH*, NO* and H* likely originate from electron-impact excitation processes
of the corresponding ground state molecules and atoms. Possible excitation channels are
direct excitation or ionization of CO, OH, NO molecules and H atom or dissociative
excitation / ionization of the CO,, NO, and H,O molecules which are, most probably,
present in the gas phase as by-products of the surface reactions between oxygen radicals
from the plasma and the protein film. The cross section energy threshold for electron
impact excitation and dissociative excitation for these molecules are between 15 - 25 eV
1), these electron energies are readily available in ICP plasma from the high energy tail of

the electron energy distribution.

Table 3.3.2 Ar/O,+ BSA spectrum between 300 and 675 nm.

Line | Wavelength (hm) | Transition/Band

NO |247.8 AZS*>X 211 (y system, very low)
OH | 309 AZs*S>X 211 (A system)

Hg 486,18 n=4-2 Balmer

H, 656 n=3->2

CO | 4519 B'=>A (Angstrom series)
CO | 4835 B'x>AN

CO |519,82 B'=>A'l

CO |561.0 B'=>A'l

CO |607.9 B'=>A'n

CO* |427.4 ATI> X% (Comet-tail system)
CO* | 456,5 A’ > X%

CcCO* |507,2 AT > X%

CO+ |549,9 AT > X%

CO* |569,3 A’ > X%
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3.3.2 Dynamics of oxygen atoms and byproducts during the plasma
pulse
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Fig. 3.3.2) Optical emission spectroscopic time resolved measurements of several plasma
treatment cycles. Peak intensity of selected bands heads and emission lines is plotted
against total treatment time, continuous black line refers to O* 844 nm emission from 3p’
P metastable state without the sample in the vacuum chamber. Dotted data series refers
to spectra recorded with the sample inserted in the chamber. Plasma conditions are Pw =

350 W, Pr=10 Pa, ®; = 22sccm, O,/Ar = 0.37.

Time resolved OES data, plotted in figure 3.3.2, allow investigation of the relevant time
scale necessary for the surface reactions to reach steady state. Emission from selected
CO*, OH*, NO* bands heads and O* and H* atomic lines was monitored by OES to

qualitatively determine variations of relative densities of the corresponding excited states.
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Fig. 3.3.3) Mass spectrometric time resolved measurements of several plasma treatments
cycles. Parent molecules contributing to the signals at the selected m/z ratios are
indicated. Bottom x-axis display total treatment at 20% DC and f = 100 mHz, top x-axis
display effective plasma-ON time. . Plasma conditions are Pw = 350 W, Pr = 10 Pa, @y
=22sccm, Oy/Ar = 0.37.

Because of the possibility of dissociative excitation and ionization processes in the
plasma phase it is possible to relate temporal evolution of these spectral peaks also as
qualitative information about the parent molecules NO,, CO, and H,O. A 6 seconds
plasma pulse was used in order to collect enough data points to distinguish trends in the
detected emission intensities. This was necessary due to the low time resolution

capability of our instrument. Transient emission after plasma switch off cannot be
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resolved with this measurement resolution. In figure 3.3.2 the emission intensity from a
pure Ar/O; plasma discharge without the protein film covered crystal inserted is shown,
as reference, as a black continuous line. In the pure discharge the level of excited oxygen
atoms rises within the time resolution of the spectrometer to a fixed level and remains
constant for the duration of the pulse. When the protein covered crystal is present the
oxygen signal rises almost to the same level of the previous case, but instead of being
constant shows a slow decay and a plateau after about two seconds of plasma-on time,
indicating that oxygen atoms are consumed by the surface reactions with the proteins. On
the other hand dynamics for the reaction by-products CO*, OH*, NO* and H* intensities
appears to be complementary, all the signals rise from the background and reach a steady
state level after about two seconds, with the exception of the NO* signal which exhibits a
maximum and a decay back to zero emission within the plasma pulse duration, this trends
indicate that, during the plasma-protein surface chemical kinetics, steady state
equilibrium is reached on a time scale of about a second, oxygen atoms are consumed in
the reaction and organic oxidized compounds and water are released into the gas phase.
Figure 3.3.3 shows QMS time resolved detector counts at three mass to charge ratios, m/z
=28, 30 and 32 for several plasma pulses after plasma ignition. At the selected duty cycle
(20%) and pulse frequency (100 mHz), presented data span the firsts 30 seconds of
effective plasma treatment. Because of the high energy of the electrons in the QMS
ionizer at m/z values 28 and 30 signals arise from the contribution either of the
corresponding direct ionization of CO and NO molecules either of the dissociative
ionization of CO, and NO,, as the most probable parent molecules.

Before the plasma ignition only the argon — oxygen gas mixture is sampled and the
signals show constant values at their background levels. Data were not corrected for ions
transport efficiency in the QMS (ions lens extraction, mass filter transmission and
channeltron detector) but a standard calibration with test rare gases mixture results in a

correction factor a{m/z) changing from of 1.47 at m/z =28 to 1.25 at m/z = 32, too small

to be appreciated on the full scale of this analysis. The background levels from channels
30 and 28 most probably arise because of impurities present on the walls of the
processing vacuum chamber; in fact the oxygen signal from the gas mixture is 2-3 orders

of magnitude higher. When the plasma is ignited signals at m/z = 28 and 30 increase
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indicating the detection of CO, NO and probably CO, and NO, reaction products. The
consumption of O radicals as it was detected with OES measurements has probably an
influence also on the molecular oxygen mass balance but the evolution of the signal at
m/z = 32 is also affected by bulk plasma dissociation of the O, molecule and degassing of

chamber walls and these different effects cannot be distinguished.

3.3.3 Analogy with fuel combustion.

The general picture arising from the data presented in this section naturally leads to
describe oxygen plasma etching of biomolecules in terms of fuel combustion concepts.
Typical biomolecules mainly consist of C, N, H, and O. These are burnt in oxygen
containing plasma where the final products (ash) are in principle CO,, NO, and H;O.
There are also intermediary molecules that can be divided in two groups: active progress
agents of the reaction process and stable non-reactive molecules. Since the triplet ground
state oxygen molecules is relatively non reactive the radical chain reactions are driven by
the flux of highly reactive excited singlet oxygen molecule (a’4,, £=0, 98 e¢V) and
atomic oxygen radicals (metastable levels 3S and 5S, direct excitation and dissociative
cross sections for production processes of both states have energy thresholds between 10
and 11 eV [?]).

In a plasma discharge these excited species are very easily provided at relatively high
volume densities by electron impact collisions with molecular oxygen, whereas in a
normal combustion process the energy required to force molecular oxygen into its spin
paired singlet excited state a’4, must be provided by gas internal thermal energy, i.e. it is
electron temperature rather then gas temperature that sustains the radicals production, the
loop equilibrium between fuel exothermic energy release, gas heating and high kinetic
energy molecular collisions is broken and a combustion-like process can be sustained
even at very low (gas) temperatures. The idea of a low temperature combustion process
in turn creates a problem in the surface reaction mechanism definition. Since the oxidant
species diffuse at the fuel surface at low temperature, i.e. at low kinetic energy and a very
small proportion of them will then have the required energy to react on the collision with

the surface upper atomic layers, in this scenario the probability of a collision leading to

77



the formation of reaction products is very low and the fuel mass loss negligible (this
scenario was confirmed by beam experiments from Kylian et al. [*]

Most common oxidation reactions for hydrocarbons are exothermic but with a certain
activation energy threshold, typical bond breaking energies of interest for biomaterials
are: C-C, 3.58 eV; C-H, 4.27 eV; C=0, 8.32 eV; C=C, 6.24 ¢V; C-N, 3.16 eV and O-H,
4.80 eV. ¥ These energies are much higher then the average kinetic energy of near room
temperature, around 0.025 eV. In a plasma discharge the missing energy for the bond
breaking mechanism is supplied by ions (and eventually UV radiation, from 3.10 to 12.4
eV). Even without the high ion energies of capacitive coupled discharges, ions falling
through the sheath potential difference of an ICP discharge gain a typical energy of 10-15
eV, well above typical bond energies, and are able to efficiently supply the activation
energy for surface oxidation reactions between the oxygen atoms and molecules and the

protein surface leading to formation of the reaction byproducts.
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3.4 Heat control

Heat characterization and control is of primarerast for plasma treatments of thermo-
labile materials, such as polymeric materials, Whace very often components of real
medical tools undergoing decontamination and &atibn treatments.

Characterization of the heat generated by the @adischarge in BIODECON reactor
was performed by means of IR pyrometry. Infraredssian from plasma discharge was
acquired through a high pass borosilicate windoth wiansmittance above 95% for the
near infrared spectrum.

The alignment of the laser system of the IR-detest@s used in order to acquire the IR
signal from a spot centred on the silicon sampleainted on the holder inside the
discharge chamber; a correction of the emissiorffic@nt for metals was used to
calibrate the temperature reading of the pyromdtee. distance of the acquisition system
from the sample was adjusted in order to acquirertision from an area around 1°cm
on the silicon sample.

It is important to note that the temperature measents presented in the following of
this chapter are not direct readings of the negaaltemperature in the vacuum chamber
but are related to the surface temperature of thjgaced in the plasma discharge that
are heated mainly because of physical impact ofnpda ions and, less important
mechanism at low pressures, because of heat coonlficim gas phase.

The temperature raise due to exposition to plasammonitored for periods of about 60
seconds. Based on the maximum temperature readtexd68 seconds, corresponding
heating rates (in a linear approximation) were waked to be used for estimates.

A first set of measurements (Figure 3.4.1) involdetermination of heating curves, as a
function of treatment time, of many different oxpgeontaining discharge mixtures
which are of interest for plasma decontaminatios sterilization.

The heating characteristics corresponding to diggheonditions of 500 W, 5 Pa and 10
sccm total gas flow shows a monotonic increase aughe final treatments times
investigated; for this parameters set, no saturatibthe temperature due to thermal
equilibrium was observed. Considering the heatatgs corresponding to different gas

mixtures, we find that argon/oxygen combinationsprés the faster heat transfer to the
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samples, up to 2.6 °C/sec while oxygen/hydrogenoxygen/nitrogen mixtures, the

heating rate ranges from 1.1 to 1.7 °C/sec.

Pr=5 Pa, Pw =500W, cbmt =10 sccm.
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Figure 3.4.1. Measured heating curves and calaulaeating rates for polystyrene

substrates in different plasma chemistries.

This difference between atomic or molecular gadtedcan be explained considering
that, of all the electromagnetic power effectivelglivered by the antenna into the
vacuum chamber and absorbed by electrons, a cdréaition is dissipated by losses, a
certain fraction is spent in plasma discharge se#tainment through ion-electrons pair
creation by ionization events, while the rest i®rgpin sub-ionizing collisions like
particles excitation or elastic collisions. Whemalecular gas is added, some energy is
consumed to excite rotational and vibrational Is\althe gas molecules and this energy
is not available for both gas heating and ionizegjothus damping both heating
mechanisms that determine sample final temperafims.sort of loss term is not present

when an atomic gas, like argon, is added to oxygen.
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It is also interesting to note how water vapourspia and the corresponding
stechiometric hydrogen/oxygen mixture present #mesheating behaviour despite of the
differences in the volume plasma chemistry (e.ghmrelative steady-state atomic and

molecular species densities).
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Figure 3.4.2 Measured heating curves and calculatating rates for polystyrene

substrates at different duty cycles.

From the data shown in figure 3.4.1, it appearsttieese parameter combinations lead to
a very fast heating of the samples at levels netdble for polymeric materials plasma
treatment (in these experiments we set a generashbld at 70 °C for irreversible
structural changes of polymeric objects exposeglasma conditions, in order to stay
below typical glass-transition temperatures).

The sample temperature is a sensitive parameter pfasma sterilization and
decontamination treatments and affects etch rat#sthe following scaling: etch rates
increases with sample temperature and both sarepipetrature and etch rates increase
with delivered RF power and operating pressure.avoid a reduction of etching

efficiency, when acting on plasma parameters likevgr and pressure to limit the
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temperature to acceptable values, it was decidegutee the discharge in the low
frequencies range. In this way, allowing coolingés during the power OFF phase,
samples temperature can be limited to low valuegewhaintaining high etching rates;
the drawback of this method is an increase of thatment-time proportional to the

inverse of the duty cycle.
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Figure 3.4.3 Measured heating curves for polysgrenbstrates at different pulsing

frequencies.

In figure 3.4.2 the heating characteristics as tioncof treatment time are reported for
different values of the duty cycle, for oxygen/hyglen gas mixture. Corresponding
heating rates expressed in °C/sec and calculatdunwihe first 60 seconds of total
treatment time are shown in the right panel.

It can be seen that despite the high power, lowsure plasma conditions chosen for this
experiment, pulsing the discharge with DC < 50%ehavdramatic effect on sample
heating curves; experiments performed at DC = 25% BC = 10 % shown not only
saturation of the heating curves with treatmentetifhalance of heat influx and heat
losses over a pulsing cycle) but also a final tewpee, after 90 seconds of effective

plasma treatments, comparable or lower than thesiimid temperature for thermo-labile
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objects processing. Corresponding heating ratethése DC values are in the range of
0.15 to 0.30 °C/sec.

The driving frequency of the plasma pulsing as als@ffect on the heating characteristic
(see figure 3.4.3) and this additional parameter ba further exploited to tune the

temperature values during treatments.

T T T T T

T
[ | w202 24 1204
202 /0,

120 -

NJjO, HJO,
- A 400 W

z
s)
3
)

shhe
bho

T

T
A
g
=
S

100 -f

100 -

T T
a
AT - 18
y Ak k16 F
y A 80
y - L t-14
./ » melting limit 70°C o 12 melting limit 70°C
60 | A A b
W) W & - f10 0 ]
A
P ¢ L Los
} L L 1o
w4 B g
L fo1 401 1
/ - o1
T T T T T T - 00
T T T T T
0 5 10

0 10 20 30 40 50 60 400 500 600

AT (°Cls)

Temperature (°C)
L |
Temperature (°C)
AT (°Cl5)

Time (s) Power (W) Time ) Pressure (Pa)
a
b
T T 1120
140 | 70"t 10 | oo ore
——02 40w o,
—8—H225%
—ati250% —8-75% o,
120 | —w—H275% 1204 50% O,
& H2 —¥-25% O,
—=—100% 0O,
g 100 Q 100 7
g z g g
T O 2 2 Y
< g 'n
g oo £ S s 0
£ : g 1
£ 2 9
60 " 60 ] é é
/ / =1
4 00 ) JHoa
/s 11 LE
' T T T T T — U a0 0.0
° w0 0 10 20 30 40 50 60 0 25 50 75 100
Time (s) O, content (%) Time (s) O, content (%)
¢ d

Figure 3.4.4 Measured heating curves and calculatating rates for polystyrene
substrates at different (a) delivered RF powerspfierating pressures (c and d) oxygen

content in the discharge mixtures.

In order to have a full characterization of sampdating during plasma treatments, the
complete set of external discharge parameters (pgwessure, oxygen content) was
investigated in the range accessible with BIODEQ®aLtor by means of IR pyrometry

(see figure 3.4.4 a,b,c and d). In this way a ceteptlataset about sample temperature
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was obtained in order to forecast final temperanfreghermo-labile materials after a
specific plasma treatments or sequence of treain&his was important especially for
polystyrene well-plates decontamination experimen¢gsented in the next section.

Being able to predict the final temperature aflasma treatment with a given parameters
set up allowed to decide a suitable sequence afnents steps before experiments, in
order to avoid substantial damage to the treatgectsh A simple Excel tool calculator
based on heating rates data was developed to psatigples final temperature, where
two examples of the output are presented in fi@ueba and 3.4.5b. This graphs show
final temperature of plasma treatments as a functb treatment time for nitrogen
oxygen discharge (chosen as example) at two differalues of duty cycle. The others
treatment parameters are the same in the two casesell as the total effective
treatments time (4 minutes). The black dots in gsapf figure 3.4.5 represent control
measurements performed at the end of the plasraaneats to check the correctness of

the calculation.
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Figure 3.4.5 Calculated heating rates and meagurademperatures for polystyrene
substrates at different cooling times combinatmnN,O, discharge for different duty
cycles (a) 25% DC (b) 50% DC.

In both cases it is shown how tuning of the coolimges between treatments steps at
given DC and pulsing frequency conditions can bedus keep the overall temperature
below the threshold for the complete duration o€ tplasma treatment. During

experiments involving decontamination of polystyewell plates (described later, in
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chapter 6.1) it was found that extended objectsib&xhrreversible structural
deformations at temperatures well below the nomgtads transition temperature of the
polymer. This lower temperature threshold was datleformation temperature and is
most likely linked to the action of internal strefssces within different parts of the
treated objects. In graph 5b it is shown how longiihe ratio between treatments and
cooling times this new temperature limit can bdilfatl even if the total treatments times
became much longer compared to the effective pladMaimes ( effective time / total
time = 0.14).

In conclusion at the actual level the measuremprésented here provides a fast and
efficient operational tool to perform plasma treahts at a controlled temperature.

The limit of this approach is implicit in its emjmal character, these data and the Excel
calculator tool are limited to polystyrene objefs to materials with similar specific
heat) and they cannot be used for extrapolatiosideithe parameters space investigated.
The IR diagnostic and the measurement techniquerided here could be used for
further investigation of energy flux balance betwgéasma and substrate’] in order to
asses the relative importance of mechanisms leddisgbstantial sample heating within
different plasma conditions of interest for decomteaation/sterilization treatments. It
follows the scheme for experiments:

When a solid comes in contact with plasma, energgster takes place. The general

power balance at the substrate is given by:

Qin = HS + Qout
PlasmaON: H;=Q, -Q,, [3.4]
PlasmaOFF : H,=-Q,,

Where H ¢ = mc(dT, / dt) is the substrate enthalpyi,@ the total energy influx ando@

summarizes the heat losses due to radiation, thewnaluction by the surrounding gas
and substrate holder. The difference between thgmm@ ON and plasma OFF balances

gives the total influx:

o [ATs ) _(dTs
Qi“‘mcﬁ ot ]hw (dt L} 135]
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That can be calculated by measuring the slopearopke temperature in experiments like
the ones described in this chapter (Fig. 3.4.5).
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Fig. 3.4.5 Example of temperature slope measureament

The measured total energy influx can be then linkgdurface integration to the energy
flux density J, and this quantity can be expressed in terms dicpes fluxes and plasma

parameters.

Jn is in general the sum of different terms, différenergy fluxes related to electrons,
ions, neutrals and photons, but in a plasma enwviesrt usually the leading terms is the

ionic bombardment and this can be expressed irstefrmeasurable quantities as:

- KT,
‘]ilr?n = ne < exd— 05)90 (Vplasrna _Vfloating) [36]

on

If a correlation could be established between iomiardment and samples heating it
will be possible to simplify the picture of etchingechanism in the plasma — biomaterials

interaction by merging two mechanisms into a sirsgleeme.
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4 Quartz crystal microbalance in situ diagnostic.

4.1 In-situ QCM diagnostic assessment

4.1.1 Samples preparation

The similarity of the elimination rates independently on the amino acid chemical
structure of proteinaceous residues ! (e.g., prions), allows comparing results obtained
from non-pathogenic proteins as BSA to those of their pathogenic forms. Model
contaminations used in this work consist of BSA protein films deposited on QCM gold
coated crystals with a calibrated pipette. For cleaning, the QCM crystals were placed in
an acetone bath and ultrasonicated for 5 minutes and then rinsed with milliQ water.
Afterward, the crystals were kept for 30 minutes in an oxidizing bath (H,SO4 and H,0O,
3:1, standard chemical grade) to remove organic traces from the surface and then rinsed
again with milliQ water. Cleaned crystals were stored in an ethanol bath and dried with
compressed nitrogen just before protein deposition. BSA protein was diluted at different
concentrations in 2,2,2 TriFluoroEthanol (TFE, CF;CH,OH, from Fluka, assay > 99%),
which is commonly used as a solvent in biochemistry for proteins and peptides to probe
biomolecular structure,”?! and spotted on the QCM crystals. TFE was chosen also for its
low boiling point (351,15 °K) that results in its fast evaporation. A low evaporation time
is desidered to reduce the coffee ring effect ¥ in the protein films deposited on QCM
crystals.

Protein films deposited according to protocol described above results in homogenous
coverege of the QCM crystals without formation of a distinguishabe coffee ring edge for
all the tested solutions (profilometric measurments of the coated samples reveal no
structures above the rms roughness value of the bare crystals, 300 + 25 nm), after protein

deposition the measured rms roughness value is 250 + 25 nm.
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4.1.2 In-situ QCM measuraments

Examples of the QCM signal as recorded by an oscilloscope during the plasma process

are shown in figure 4.1.1 and figure 4.1.2.
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Figure 4.1.1. Top panel: apparent mass change due to plasma-crystal interaction during
QCM measurements on a clean crystal exposed to several cycles of plasma treatment,
O,/Ar=10.27,P =350 W, p = 10 Pa, @y = 20 sccm, 80% DC and f = 100 mHz, the black

circles indicate the measured relaxation voltages. Lower panel: distribution of the

measured relaxation voltages.

The strategy for QCM measurements during the plasma discharge is derived from the
work of Heil at al. ™ and consists in pulsing the plasma discharge and measuring the
crystal frequency shift during the plasma-off phase after each treatment cycle. The effect
of plasma discharge on a blank QCM crystal is shown in Figure 1. In the top panel the
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QCM response to a series of plasma pulses is plotted: a sharp increase in the monitor
output voltage signal is observed when the discharge is ignited, while during the off
phase, the signal relaxes at the initial voltage offset level V). The black circles in figure
4.1.1a indicate the relaxation voltage measurement points after each plasma cycle. The
spike during the plasma-on phase can be considered as an artifact due to AT-cut crystal
response to pressure and temperature variation as well as to parasitic voltages developing

during the active phase of the discharge.
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Figure 4.1.2. Single plasma pulse QCM measurements, apparent mass change due to
plasma-crystal interaction A) Left panel: clean crystal exposed to Ar/O, plasma B) Right

panel: protein coated crystal exposed to Ar/O, plasma

The lower panel of figure 4.1.1 shows the histogram of the final relaxation voltages
measured after each plasma cycle. The statistics has been calculated using a voltage
measurements dataset from a sixty plasma cycles experiment. The mean value of the

recorded voltages is -2 + 4 mV, with the lowest and highest recorded voltages of -9.7 mV
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and +4.5 mV respectively. Experimental errors due to fluctuations in the offset voltage
became comparable to measured etching rates only for values below 0.1 ng's”-mm™. It
can be seen that the mean of the histogram is not precisely zero. This is because of the
numerical algorithm used for automatic identification of the voltage measurement points
based on the identification of the minima in the smoothed QCM output signal, which
results in a clean crystal voltage measurements distribution slightly unbalanced towards

negative values.
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Figure 4.1.3. QCM measurements, apparent mass change due to plasma-crystal
interaction for different pulsing frequencies but identical total treatment time (t ¢ = 4
sec.). Black columns indicate the plasma ON time, shaded columns indicate the standard
plasma OFF time at 20% DC wused in the decontamination experiments. Plasma
parameters are Oy/Ar = 0.27, P = 350 W, p = 10 Pa, @y = 20 sccm and BSA solution

concentration = 10 mg-ml™.
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An example of single plasma pulse measurements on protein covered crystals are shown
in figure 4.1.2b, a sharp increase in the monitor output voltage signal (proportional to the
crystal frequency shift) is observed when the discharge is ignited, while during the off
phase the signal relaxes to a new voltage level, V;, slightly higher than the starting
voltage. The same kind of peak is observed even if a clean crystal is measured. However
in this case the signal relaxes at the initial voltage offset level V) (see figure 4.1.2a). The
spike during the plasma-on phase can be considered an artifact due to AT-cut crystal
response to pressure and temperature variation as well as to parasitic voltages developing
during the active phase of the discharge. According to these observations, the difference
between the offset voltage and the relaxation voltage is interpreted as a quantity
proportional to the mass loss occurred during a plasma treatment and the difference
between two consecutive relaxation voltages is interpreted as the mass loss occurred

during a plasma-on cycle.
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Figure 4.1.4. QCM measuraments, apparent mass change due to plasm crystal interaction
for different plasma ON time. Relaxation voltages at 80% DC are indicated on curves

corresponding to the BSA coated crystals.
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An example of QCM measurements on protein-covered crystals is shown in figure 4.1.3.
Three series of plasma pulses at different repetition frequencies are shown for a total
plasma-on time of 4 seconds for each series. After each run, the frequency is changed and
the QCM monitor is reset to zero voltage. When the discharge is ignited on a protein
covered crystal a sharp increase in the monitor output voltage signal is again observed but
now, during the off phase, the signal relaxes to a new voltage level, V7, slightly higher
than the starting voltage Vo. Moreover, it is observed that the same final relaxation
voltage is reached using different treatment time steps, but keeping the total plasma on
time fixed. An example of the identification of the relaxation voltage is shown in figure
4.1.4. Data show that at 20% DC the artifact signal induced by plasma ignition relax to
the plateau voltage, at the end of a full cycle, therefore this minimum ratio between
plasma ON and plasma OFF time must be used during experiments in order to avoid

overestimation of the relaxation voltages and consequently of the deposit mass change.

5.1.3 Analysis and parameterization of the mass loss curves
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Figure 5.1.5. Data analysis for raw QCM data. a) QCM monitor output b) numerical
smoothing c) identification of the relaxation points (null first derivative in the plasma

OFF phase) after each plasma treatment cycle.
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Figure 4.1.6. In situ QCM measurements during protein film removal pulsed plasma
process. Plasma treatment parameters are O/Ar= 0.27, P =350 W, p = 10 Pa, @, = 20
scem, BSA solution concentration = 1.5 mg'ml™. Bottom x-axis display total treatment at

20% DC and f= 100 mHz, top x-axis display effective plasma-ON time.

If the analysis procedure shown in figure 4.1.3 is applied during a pulsed plasma
treatment (see figure 4.1.5 and 4.1.6), mass loss curves describing the evolution of the
material removal from the surface exposed to plasma are obtained by measuring the
QCM voltage signal at consecutive relaxation points. The open circles in figure 4.1.6
identify the measurement points after signal relaxation.

The mass loss curves can be described by an exponential function of the form:

t

M, =M,  (1-e*) [4.1]
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In the above equation, M;,;;, is the mass initially deposited on the crystal, ¢ is the effective
plasma treatment time, and 7 is the characteristic etching time. In this work, the end point
is defined as the moment when the etch rate, i.e. the voltage difference between the
measurement points of two successive plasma cycles, doesn’t change anymore or drops
below the sensitivity of the monitoring oscilloscope. The self-limiting nature of the

process is described by the term (1 - ¢ °

), which may be related to two factors: the
raising concentration of non-volatile compounds on the film surface and the reduction of
the effective interaction area due to substrate exposure, as shown later in the text. In the
example of figure 4.1.6, the values of M;,;; and 7, as determined from least square fit of

the data, are respectively 0.19 pg-mm™ and 12.07 s.

The time dependent protein mass removal rate ER(?) can be expressed by the time

derivative of Equation (4.1):

dM M. . L -
() - (Mo ). g .2
dt T

The constant multiplicative term (M;,;/ 1), or ER, represents the initial mass removal
rate, and is plotted in figure 4.1.6 as the slope of the ER(?) curve at ¢t = 0 s. This specific
functional form was chosen as an empirical model for the following two reasons: (i) it is
the simplest model that both fits the data (see Figure 3) and exhibits the proper
asymptotic behavior (finite etching rate at = 0 and zero etching rate at ¢ = o); (ii) under
the assumption that the etching rate ER(?) is limited by the number of non-etchable sites
on the surface 4, and proportional to the number of etchable sites on the surface /-6, the
non-etchable film formation can be compared to a simple model which assumes a
constant exposure rate for non-etchable compounds:

do

—=k-(1-6 4.3

- =k-(1-0) [4.3]
where k ~ 7 ' is the rate constant. This leads to an integrated expression for the etching

rate of the form:
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ER(t)oc1- 0 = exp(—k 1) [4.4]

Additional blocking mechanisms (e.g. substrate exposure) under similar hypothesis might
contribute to the lowering of the etching rate by introducing additional time constants.
Time dependent mass removal rates for protein films have already been reported in
plasma decontamination experiments, when low levels of biological contamination were
present. ) Equations (4.1) and (4.2) in their simple forms are a parameterization of the
experimental data and serve to determine the principal features of the mass loss curves
time dependency, allowing thus a direct and quantitative comparison between the

different experimental conditions.

5.1.4 Thermal effects on the QCM signal

If the temperature of the quartz crystal is constant during the plasma treatment, then the
detected change of mass per time is accurate. If the temperature fluctuates, real mass
changes versus time are measured concurrent with the apparent mass changes caused by
the temperature dependence of the quartz crystal. Consequently, the temperature
dependent apparent mass changes must be characterized and minimized to allow the
QCM to provide an accurate monitoring of surface reactions and biomaterials etching.

In quartz crystal resonators, the change of frequency (f) responds to a change in

temperature (7 - T,) according to 17

A =(f=f)=af(T-T))+a /(T T,V +a, /(T - T,) +... [4.5]

where f; is the frequency at T, Tp is any reference temperature, and a;, a,, and a; are
empirically determined constants related to the crystal orientation.® For the AT-type
quartz resonators employed in the following experiments, equation 4.1.5 is cubic and
dominated by the a; and a3 values.” Consequently, the first derivative (df/dT) provides a
frequency-temperature dependence that is essentially quadratic with respect to
temperature. The local minimum is centered near room temperature and is typically
negative in value. This produces two “crossover” temperatures that display zero
frequency-temperature dependence. Typical AT-type resonators have relatively small

frequency-temperature dependence over a large temperature range between -45 and 90
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°C. For an angle of crystal cut near 35° 20”, the error is < +1 ppm/°C. *! At temperatures
greater than 90 °C, the frequency-temperature dependence is positive and dramatically
increases with increasing temperature.
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Figure 4.1.7. QCM crystal temperature profiles during different plasma processes.
Pulsing frequency is 100 mHz at 20% DC.

QCM crystal temperature was monitored during plasma pulses by means of an IR
pyrometer. Figure 4.1.7 shows QCM crystal temperature profiles evolution for three
different plasma parameter combinations, at different RF delivered power and different
oxygen gas content in the gas discharge mixture. Several experimental runs in identical
plasma conditions are indicated in figure 4.1.7 by the same data point color but different
shape. These temperature profiles are measured on clean crystals by pulsing the discharge

at 100 mHz with 20% DC. The QCM crystal holder is kept thermally floating and the

98



cooling circuit is switched off in order to record consistent df/d7” values when plasma

induced temperature variations determine apparent mass changes.
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Figure 4.1.8. QCM crystal frequency shift and corresponding time-averaged crystal

temperatures in typical etching experiments conditions.

It is evident form the data shown in figure 4.1.7 that even in absence of forced cooling
the average temperature of the crystal (averaged over a full plasma pulse cycle) is not
exceeding boundaries the stability region for our AT quartz. In order to establish the
influence of the average temperature drift on the frequency shift measurements the
temperature of the QCM crystal was measured simultaneously with the clean crystal
frequency shift during a plasma process operated in typical etching experiments
conditions, results are shown in figure 4.1.8.

The black circles in figure 4.1.8 mark the relaxation points at which the frequency shift

measurements are recorded. The instantaneous effect of the temperature variation (spikes
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in the QCM output signal) is more pronounced at the initial stages of the treatment where
temperature variation with time is higher (between 1 and 2 °C/min. depending on the
experimental conditions). Anyway the temperature variation averaged over each cycle
(see figure 4.1.7) is not affecting the response of the measurement technique. The
relaxation points lie always close to the QCM monitor reset voltage and within the
voltage measure precision, dominated by the signal discretization introduced by the

oscilloscope, indicating no average frequency shift and thus no net mass loss or gain.

4.1.5 Test calibration for the frequency shift

PMMA spin coated ® 1000 rpm e 2000 rpm

- L) L) l L) L) l L) L) l L) L) l L) L) L) L) l
143 ER = 0.029+/-0.003 pg/s 16
1.3 - 14
1.1 - 12
2 o] 5
09— 10
2 =
] @®
2 074 8 5
= ] 50% mass lost UE)
@ 05 A 6 15
= ] A =314cm’
0.4 crystal 4
i _ 3
Sen=1-18 glcm
0.2+ CF = 11.072 Ving 2
00 t+———T————T7—— -0

L) L) I L) L) I L) L) I
0 30 60 20 120 150 180
Treatment time (sec.)

Figure 4.1.9. Test mass-voltage calibration experiments for spin coated PMMA. Plasma

treatment parameters are O,/Ar= 0.27, P =350 W, p = 10 Pa, @, = 20 sccm.

Depending on the material deposited QCM crystal a calibration procedure for the

conversion between frequency shift and mass change (i.e. between QCM monitor voltage
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output and mass change in our experiments) have been developed. The procedure for
calibration is internal to the experiment and uses the horizontal asymptotic voltage values
of the mass loss curves that indicate the end-point mass removed by plasma treatment. By
measuring different initial mass deposit conditions and by simple geometric arguments
the conversion between mass change and voltage output can be derived, as it is shown in
figure 4.1.9 for spin coated PMMA etching experiments. A series of calibration

experiments for protein films will be described in chapter 4.2.
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4.2 Self limiting etching kinetics

4.2.1 Mass-voltage calibration experiments for protein film

The effect of Ar/O, plasma treatment on protein films is shown in figure 4.2.1 for
different concentrations of the protein solution. All the discharge parameters (i.e. applied
RF power, processing pressure and gas flow) were kept constant for all the treatments

and every data series is the average of at least three independent experiments.
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Figure 4.2.1. Mass loss curves as a function of different initial BSA protein solution
concentration deposited on the QCM crystal. Plasma treatment parameters are O,/Ar =

0.27,P =350 W, p =10 Pa, ®= 20 sccm.
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The mass loss curves show a saturation behavior for long treatment times indicating that
the etching process of the protein layer approaches its endpoint, the position of M;,; is
concentration-dependent and shifts to higher values as the amount of deposited material
increases, also the characteristic etching time 7 shifts to higher values following the same
trend. The ratio of these two quantities, ERy, remains almost constant (with the possible
exception of the curve at 2 mg-ml™), therefore in the initial phase, all the curves show the
same removal kinetics indicating that the same plasma-biomaterial interaction
mechanism is operating. A summary of the descriptive parameters for this set of curves is

given in Table 4.2.1.

Table 4.2.1. Summary of the descriptive parameters for different initial protein

concentration set of mass loss curves.

Concentration Minit 1(s) ER, tirans
mg*ml” pg*mm s ng*s”" 'mm™ J
2 023+0.04 20.0+05 11.7+22 nm.?
3,5 066006 403+25 16.5+2.4 nm.?
5 097+0.04 60.2+0.8 16.2 +0.8 43+ 8
7.5 1.54+0.14 922+1.5 16.7+1.8 75+5
10 263+0.22 152.0=+1.6 173+ 1.6 155+ 13
15 3.06+0.28 181.0+1.7 193+1.9 205+ 14

 not measurable.

From the analysis of the mass loss curves presented, it results that the simple forms of
equation (4.1) and (4.2) describes the main features of the mass loss kinetics, but poorly
describe the details of the QCM signal evolution. This is evident, for example, from the
mass loss rates (plotted in Figure 4.2.2 in a log scale) calculated from the mass loss
curves already presented in figure 4.2.1. If equation (4.1.2) strictly holds a linear trend for
ER(t) would be expected in semi-logarithmic plot against the treatment time. Data in
figure 4.1.2 shows instead that the data trends in the range 0.97 to 3.06 pugmm™ are
closely described by equation (4.1.2) when a two-valued characteristic etching time is

considered, i.e. the process is described using two different time constants. In these
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curves in figure 4.1.2 the kinetic of the mass loss rate at short treatment times is described
by time constant value higher than the average characteristic etching time calculated on
the complete dataset, while after a certain transition time the time constant describing the
exponential decay assumes suddenly a value lower than 1, i.e. the decay of the mass loss
rates is slower at short treatment times and is faster at long treatments times. Since the
mass loss rate curves (equation 4.2) are described by the same set of parameters of the
mass loss curves (equation 4.1) it is possible to derive from the observations described
above that at the beginning of the treatment, the protein mass loss due to plasma exposure
proceeds with a slower kinetic i.e. the material removal rate deviates slowly from ER,
while after the transition point a new regime with a faster kinetics is observed, i.e. the

instantaneous ER(?) drops rapidly to zero.
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Figure 4.2.2. Kinetics of the time dependent mass loss rate for different initial solution

concentration. Rates are calculated from mass loss curve shown in figure 4.2.1.
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This sudden jump in the value of the parameter t at the time ¢, is the indication of a
modification in the conditions of the removal process. We note also that data points for
the low contamination experiments (0.23 -0.66 pug'mm™) are well approximated by
equation 2 and 3 using a single valued time constant.

Some indications about the surface processes related to the phenomenona described

above can be derived from XPS and AFM surface analysis described in paragraph 4.2.4.

4.2.2. Influence of applied RF power on etching kinetics.
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Figure 4.2.3) Mass loss curves as a function of different delivered RF power. Plasma
treatment parameters are Oy/Ar= 27%, p= 10 Pa, ®—= 20 sccm, BSA initial solution

concentration was 10 mg/ml.
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Figure 4.2.3 shows the protein film mass loss curves from Ar/O; plasma taken at constant
pressure (10 Pa) and flow (20 sccm total), RF delivered power was varied between 350
W and 550 W, for our 5 L reactor chamber these values correspond to a power density
variation between 0,07 and 0,11 W/em? , at this power levels the discharge was observed
to be always in the inductive H-mode. The descriptive parameters M,,;, T and ER, for
these curves are summarized in table 4.2.2. At all the power density levels the mass loss
curves show approach to saturation region indicating substantial removal of the protein
film. Characteristic etching time becomes shorter at higher power density level, changing
from 152 s at 0.07 W/em® to 63 s at 0,11 W/cm®. Since the same BSA solution was used
in all these experiments the values of M,,;, are the same within their experimental error
(which is caused mostly by the reproducibility of the pipetting procedure), their average
value is indicated as reference asymptotic mass loss in figure 4. These data show that
increasing the power delivered to the plasma decreased t while M;,;, was not affected.
This means that the initial etching rate increases with RF power. Quantitatively ER,

varied from 1,26 ug/s to 2,82 ug/s.

Table 4.2.2) Summary of the descriptive parameters for different RF delivered power set

of mass loss curves.

RF Power Spower Minit T ER,
W W/em® ug s ug/s
350 0,07 191 £ 17 152+ 2 1,26 £0,13
450 0,09 183 + 16 95+ 2 1,93 £ 0,20
550 0,11 178 + 14 63 +1 2,82 +0,27

4.2.3. Influence of positive ions density on etching kinetcs

The experiments described in this section were designed to measure the fluxes of
different species in the plasma phase (argon ions, oxygen radicals) and evaluation of
their role in the volatilization of a model protein layer (BSA). Particle fluxes have been
calculated using data from Langmuir probe and optical emission actinometry

measurements. The key role for biomolecules etching of radical — ion combined
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mechanism has been suggested by Stapelmann et al. ' and a pure chemical scheme has
been excluded by the results of the beam experiments.™

Also the influence of UV and heat on sterilization processes has been reported in
literature™), but in our experiments no significant levels of UV radiation have been
recorded for Ar/O, discharge in the range 200 - 300 nm, and since the temperature of the
quartz crystal as monitored in-situ by infrared pyrometry was kept below 42 °C for the

whole treatments duration also the influence of temperature may be ruled out.
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Fig. 4.2.4) Atomic oxygen radicals relative fluxes as a function of molecular oxygen
content in the discharge working gas mixture for two different power levels. Optical
emission actinometry measurements. Point [A] at @p,/ Oy = 0.05, P = 350 W and point

[B] at Do,/ Dyt = 0.27, P=450 W show the same relative oxygen atom flux .

Figure 4.2.4 and 4.2.5 shows the variation of argon ions volume density and oxygen
atoms relative concentration as a function of the oxygen gas concentration on the

working gas mixture for two different power density levels. Changing the composition of
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the Ar/O; mixture and the power level causes changes both in O atom and positive ion
density, therefore to investigate the effect of ions on mass removal curves, two
operational reactor parameters sets have been selected (points marked with the tags A and
B in figures 4.2.4 and 4.2.5) for protein removal experiments. These two plasma
conditions are characterized by the same O atoms density but different ions densities,
such conditions can be obtained by simultaneously decreasing the O, over Ar flow ratio
in the gas mixture and increasing the RF delivered power. Discharge condition B presents
an ion density 6.2 times higher than discharge conditions A with the same O atoms
density. However, the sheath voltage, measured by Langmuir experiments as Vpean =
Vtasma=Voar» was (11,5 £ 0,5) Volts for condition A and (12,3 + 0,4) Volts for condition

B, which means that in both situations nearly the same values of ion bombarding

energies.
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Figure 4.2.5. Argon ions fluxes as a function of molecular oxygen content in the
discharge working gas mixture for two different input power levels. Langmuir probe
measurements. Point [A] at ®p,/ D= 0.05, P =350 W and point [B] at @,/ D= 0.27,

P=450 W refers to the same relative oxygen atom flux (see figure 4.2.4).
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Figure 4.2.6 shows the experimental data of BSA removal measured by QCM for plasma
conditions A and B described in the previous paragraph. The ion density changed from
3.55 x 10" em™ to 22 x 10" ecm™, while the oxygen density remained constant. The
calculated descriptive parameters for the two situations are summarized in table 4.2.3.
Both mass loss curves approach the asymptotic mass loss value (which is the same since
the same solution concentration was used) indicating an efficient biomaterial removal
plasma process. The characteristic etching time t decreases from 144.5 s to about 77 s if
the higher ion density discharge is used, which gives rise in ERO from 1,29 ng/s to 2,42
ng/s. These data show that the ion density has a substantial effect on the mass removal
process when other process internal parameters like ion bombarding energy, oxygen

atom density, heat andUV radiation flux are kept constant.
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Figure 4.2.6) Mass loss curves as measured by QCM for protein layers deposited from a
10 mg/ml BSA solution. Triangles correspond to a sample treated with an high ion flux
plasma discharge (condition [A] from figure 4.2.4 and 4.2.5) while circles correspond to

a low ion flux from the plasma discharge (condition [B] from figure 4.2.4 and 4.2.5).
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Table 4.2.3] Summary of the descriptive parameters for plasma positive ion density set of

mass loss curves.

Name Nion Minit T ER,
cm™ ug s pg/s
B 3,55x10"° 185+ 17 144 + 6 1,29+ 0,16
A 22.1x10'" 184 + 17 77+ 1 2,42 + 0,24

4.2.4 Plasma induced chemical and morphological modifications

BSA survey XPS spectra (not shown) recorded for different plasma treatment times
generally shows peaks corresponding to oxygen (O, Is at 532 eV), nitrogen (N, 1s at 400
eV), carbon (C, Is at about 285 eV), sulphur (S, 2p at about 164 eV) and, for long
treatment times, Au (Au, 4f at 84 eV) , i.e. the substrate. Oxygen carbon and nitrogen are
the main components of the protein molecular structure while sulphur is attributed to the

cysteine present in the BSA. [/

Traces of sodium and calcium together with a
substantial peak from fluorine (F 1s, 684 eV) are also detected, probably originated from
the protein solution preparation, crystal cleaning protocol or from contamination of the
vacuum chamber. XPS data presented in this section are summarized in Table 4.2.2.

Figure 4.2.7 shows in a stack plot the elemental composition of the protein film at
different plasma treatment times. The three most important elements present in our
samples that do not form volatile compounds after oxygen driven plasma reactions (gold,
fluorine and sulphur) are shown. As the treatment time increases, the signals
corresponding to gold and fluorine increases: this is due to the plasma etching process
which removes the protein layer exposing the substrate (therefore the increase of the Au
signal) and increasing the concentration of non-removable species (increase of F, from
5% to 12% after one characteristic etching time). Sulphur signal rises immediately at
about three times its initial concentration, and then accounts for about 2% of the total
composition, showing no further kinetics. Moreover, strong oxidation of sulphur was

observed during the treatment and consequent shift of the XPS peak. The BSA as
deposited shows the S2p doublet around 164 eV, which is typical of C-S bonding.”” On
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the other hand, after exposure to the plasma a second peak around 168 eV binding energy

that can be attributed to oxidized sulphur starts appearing.!®!

Table 4.2.4. Summary of the XPS data .

Treat. Time Au F S Au/(C+N) C/N

at7.5 at 10 at 15
mg*ml’  mg*ml’  mg*ml’
Fig.6 Fig.6 Fig.6  Fig.7 Fig. 7 Fig.7  Fig. 10

s Y% Y% Y% Y% Y% Y% Y%
0 0.000 0.003  0.006 0.000 0.000 0.000 0.246
2 0.000 0.043 0.012 - 0.000 - 0.245
6 0.000 0.047 0.018 - - - -
20 0.001  0.072  0.025 0.029 0.001 - 0.246
40 0.016 0.093  0.025 0.032 0.018 - 0.245
50 - - - - - 0.030
60 0.029  0.098  0.019 0.024 0.034 - 0.195
80 0.031  0.120  0.024 0.023 0.038 - -
100 0.042  0.097  0.032 0.119 0.040 0.059 0.040
150 0.153  0.147  0.022 0.366 0.051 0.038 0.000
200 0.227  0.132  0.017 0.500 0.226 0.063 0.000
250 - - - - 0.464 0.233 -
300 - - - 0.510 0.465 0.452 0.000
400 - - - - - 0.427 -

The total concentration of these three elements raises to (31 = 5) % in one characteristic
etching time (152.0 = 1.6 seconds) for the specific plasma treatment under investigation,
indicating substantial build up of inorganic non-volatile compounds at the surface. This
implies the progressive and fast depletion of potential reaction sites for excited atoms and
molecules from the surface. This in turn explains the reduction of the mass loss rates as
the treatment time progresses. It must be underlined that as soon as the gold substrate
signal is observed at a significant concentration (above 3-5%), the BSA protein film has
became most likely thinner than 10-12 nm, which is the typical analysis depth of XPS at
90° TOA. "
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Figure 4.2.7 Surface elemental composition (at %) of Au, AutF and Au+F+S as a
function of plasma treatment time. Data refers to deposits obtained from 10 mg ml” BSA
solution, plasma treatment parameters are O,/Ar = 0.27, P =350 W, p = 10 Pa, ¢, = 20

sccm. Typical elemental composition measurement error is around £+ 10%. All XPS data

are summarized in Table 4.2.4.

Figure 4.2.8 shows, as a function of the plasma treatment time, the elemental composition
concentration ratios of gold over the sum of nitrogen and carbon, for the three different
initial deposit situations. The transition time for the corresponding process is indicated as
the shaded area below the data and the width corresponds to the experimental error. The
Au/(N+C) ratio is zero at the beginning of the treatment, when the crystal surface is still
fully covered with the protein layer, and it remains very low for the early stages of the
treatment. At treatment times comparable with the transition times points derived from
data plotted in Figure 4.2.2, the Au/(N+C) ratio shows a fast increase and reaches plateau

values around 0.5. This behavior indicates that in the initial stages the plasma interaction
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happens with a bulk biological material while later, as soon as this material is removed,
the substrate is exposed and the surface covered with proteins is reduced to about half the

initial value.
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Figure 4.2.8. Elemental composition (at %) ratio of gold over the sum of carbon and
nitrogen as a function of the plasma treatment time obtained from XPS analysis recorded
at 90° TOA (mean of three independent measurements). The transition time for the
corresponding plasma process is indicated as the shaded area below data. Plasma
treatment parameters are O,/Ar = 0.27, P = 350 W, p = 10 Pa, @ = 20 sccm. Typical
elemental composition measurement error + 10%. All the XPS data are summarized in

Table 4.2.4.

Evidence of substrate exposure for long treatment times is supported also by AFM
measurements of protein layers microscopic RMS roughness (calculated over an area of 1

um?) as a function of the treatment time (see Figure 4.2.9). Deposits obtained from three
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different initial solution concentrations were investigated. It can be seen that just few
seconds of plasma treatment are enough to induce morphological changes on initially
smooth surface of BSA. Further plasma treatment leads to the increase of the maximum
peak to valley height difference which reaches its maximal value, after the peak a
flattening effect is observed. The transition between these two phases happens around the
transition time derived from the etching rates curves, which is consistent with
interpretation of the XPS data shown in Figure 4.2.8. Measured roughness evolution as
shown in Figure 4.2.9 is representative of the different stages of the material removal
process *1, for short treatment times the increasing roughness is relate to inhomogeneous
etching, where the surface reactions happens at preferential sites: for long treatment

times, the average roughness decreases indicating exposure of the flat substrate layer.
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Figure 4.2.9. Microscopic average roughness of the protein surface layer (1pum x 1 pm)
as a function of the plasma treatment time as measured by means of AFM. The transition
time for the corresponding plasma process is indicated as the shaded area below data.

Plasma treatment parameters are O,/Ar = 0.27, P =350 W, p = 10 Pa, ®,;= 20 sccm.
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To further explain the slower kinetic of the mass removal rates after the transition time
Cls XPS high resolution spectra recorded at 90° TOA at different plasma treatment times
have been analyzed. In Figure 4.210 are shown spectra of as-deposited protein, 2 and 20
seconds plasma treated protein (before transition time) and 200 seconds plasma treated
protein (after transition time). It is known that BSA Cls peak is the envelope of five
components (CO — C4) which can be attributed respectively to C-C/C-H (&ping = 285 eV),

C-N (Ebina = 285.8 €V), C-0, N-C-O (Epina = 286.8 eV), C=0, N-C=0 (Epina = 288.4 eV)
and COOH/R (&pina= 289.5 V). I
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Figure 4.2.10. Cls high resolution XPS spectra recorded at 90° TOA on plasma treated
BSA protein films before (A), after 2” (B), after 20” (C) and after 200” (D) Ar/O, plasma
exposure. Data refers to deposits obtained from 10 mg ml” BSA solution, plasma

treatment parameters are O,/Ar = 0.27, P =350 W, p = 10 Pa, @, =20 sccm.

Comparing the as deposited protein spectrum with the spectra recorded at 2 and 20

seconds treatment time, a general reduction of the intensity in all the components is
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observed, with the exception of the high energy edge arising from the contribution of
peak C4 which is increasing. This is an indication that the percentage of carbon bonded to
oxygen is increasing and support the idea of oxidation processes at the surface. The
spectrum recorded at 200 seconds plasma treatment time, well after the transition time for
the corresponding mass loss curves (¢,.,s = 155 + 13 sec.), appears to be dominated by the
CO0 peak with probably some minor contribution by C-O, C2 peak. Eventual contribution
from the C1 (C-N) peak is ruled out by the elemental analysis displayed in Figure 4.2.11

showing that at 200 seconds the nitrogen concentration is zero.
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Figure 4.2.11. Elemental composition (at %) ratio of nitrogen over carbon as a function
of the plasma treatment time obtained from XPS survey spectra recorded at 90° TOA
(mean of three independent measurements). The transition time for the corresponding
plasma process is indicated as the shaded area below data. Plasma treatment parameters
are O,/Ar =0.27, P =350 W, p = 10 Pa, @y = 20 sccm. Typical elemental composition

measurement error £10 %. All the XPS data are summarized in Table 4.2.4.
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These results (Figures 4.2.8 — 4.2.11) show that in the second phase, the residual protein
film is localized and composed mainly of amorphous carbon-based deposit, the protein
chemical structure being destroyed by the plasma interaction. Films of amorphous carbon
show in general slower etch rates under exposure to oxygen-argon plasma. Benedikt et al.
1 using a plasma setup very similar to the one used in this study, measured amorphous
hydrogenated carbon film etching rate around 0.3 nm's™'. On the other hand, Kylian et al.
(191" always in very similar conditions, measured for bulk BSA etching rates around 20
nm-s”. The substantial modification of the chemical identity of the material and the
corresponding reduction in the mass removal rates after the transition point, together with
the reduction of the effective area available for plasma interaction (substrate exposure
and residuals build up) can explain the slower kinetics of the mass loss curve second
regime after the transition.

The ratio N/C shown in Figure 4.2.11 is an indicator of the presence of the protein
backbone structure. The N/C ratio exhibits for short treatment times values around 0.25
compatible with the macromolecular elemental composition of the undamaged BSA
protein (2932 C and 780 N per protein, ratio N/C is 0.266), This is considerably changed
at long treatment times, namely beyond the transition time, when this ratio falls almost to
zero in both cases. This indicates the destruction in the surface layer of the basic building
blocks of the proteins primary structure.

Comparison of the data for N/C and Au/(N+C) ratios shows that the destruction of the last
protein units and the substrate exposure are simultaneous events and both happens just
around the transition time.

From the overall picture derived from the data shown in Figures 4.2.7 — 4.2.11, it is
possible to define the general mechanisms related to the two mass loss curves regimes
observed in Figure 4.2.2. The first regime, when the plasma mass removal is faster
(higher ER(?) values), correspond to the ion enhanced plasma etching of the bulk protein
film.!"'! Hydrogen, oxygen, carbon and nitrogen in the protein are consumed by surface
reactions with oxygen and removed from the surface as volatile by-products. This process
initiates at a rate described by the characteristic etching rate ERj), and slows down
because of the increasing surface concentration of inorganic compounds, that corresponds

to superficial non-reactive site. When the process approaches the transition time, it is
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found that most of the biological material has been removed and the non reactive sites on
the surface (either due to exposed substrate or non reactive surface site) determine a
slower kinetic of the mass removal, being the plasma etching mechanism less efficient in

attacking the residuals left at the end of the processes.

4.2.5 Bi-phasic etching kinetcs
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Figure 4.2.12 Bi-phasic kinetics of the time dependent mass loss rate for two plasma
conditions, low ion density (circle) and high ion density (cross) with the same atomic

oxygen concentration.

XPS surface analysis results allows a deeper interpretation of the mass loss curves
kinetics. From the analysis of the mass loss curves presented in paragraph 4.2.1 results
that the simple forms of equations (4.1) and (4.2) describes the main features of the mass
loss kinetics, but poorly describe the details of the QCM signal evolution. This is evident,

for example, from the mass loss rates (re-plotted in figure 4.2.12 in a log scale) calculated
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from the mass loss curves already presented in figure 4.2.6. If equation (4.2) strictly holds
a linear trend for ER(?) would be expected in semi-logarithmic plot against the treatment

time.
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4.2.13) Elemental composition (at %) ratios of the superficial protein layer as a function
of the plasma treatment time obtained from XPS survay spectra recorded at 90° TOA
(mean of three independent measuraments) for two plasma conditions, low ion density

(A) and high ion density (B) with the same atomic oxygen concentration.

Data in figure 4.2.12 shows instead that the data trends are closely described by equation

(4.2) when a two-valued characteristic etching time is considered, i.e. the process is
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described using two different time constants. In each curve in figure 4.2.12 the kinetic of
the mass loss rate at short treatment times is described by higher value of the
characteristic etching time, as compared to the average value calculated on the complete
dataset, while after a certain transition time the time constant describing the exponential
decay assumes suddenly a lower value, i.e. the decay of the mass loss rates is slower at
short treatment times and is faster at long treatments times. Since the mass loss rate
curves (equation 4.2) are described by the same set of parameters of the mass loss curves
(equation 4.1) it is possible to derive from the observations described above that at the
beginning of the treatment, the protein mass loss due to plasma exposure proceeds with a
slower kinetic i.e. the material removal rate deviates slowly from ER,, while after the
transition point a new regime with a faster kinetics is observed, i.e. the instantaneous
ER(t) drops rapidly to zero.

This sudden jump in the value of the parameter 1 at the time tyans 1S the indication of a
modification in the conditions of the removal process. Some indications about the surface
processes related this phenomenon can be derived from XPS and AFM measurements.
Figure 4.2.13a and 4.2.13b shows, as a function of the plasma treatment time, the
elemental composition concentration ratios for nitrogen over carbon, gold over the sum
of nitrogen and carbon and the sum of sulphur and sodium over the sum of nitrogen and
carbon, for the two different plasma conditions described in figures 4.2.6 and 4.2.12. The
transition time for the corresponding process is indicated in the graph with its
experimental error. These ratios are representative of important characteristics of the
surface. The ratio C/N is an indicator of the presence of the protein backbone structure,
the ratio Au/(C+N) represents the relative amount of exposed gold substrate with respect
to the protein and (S+Na)/(C+N) is an indicator of the accumulation of non-volatile
compounds at the surface of the protein layer. The trends of the different elemental
concentration ratios (see figure 4.2.13) exhibit behavior compatible with the bi-phasic
interpretation of the mass loss curves. The N/C ratio exhibits for short treatment times
values around 0,25 compatible with the macromolecular elemental composition of the
undamaged BSA protein (2932 C and 780 N per protein, ratio N/C is 26,6), This is
considerably changed at long treatment times, namely after the transition time, when this

ratio falls almost to zero in both cases. This indicates the destruction of the surface layer
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of the basic building blocks of the proteins primary structure. The Au/(N+C) ratio is zero
at the beginning of the treatment, where the crystal surface is still fully covered with the
protein layer, and it remains very low for the early stages of the treatment.At treatment
times comparable with the transition time the Au/(N+C) ratio shows a fast increase and
reaches a plateau values comprised between 0,35 and 0,5. This behavior indicates that in
the initial stages the plasma interaction happens with a bulk biological material while
later, as soon as this material is removed, the substrate is exposed and the surface covered
with proteins is reduced to about half the initial value. The comparing of the data for N/C
and Au/(N+C) ratios shows that the destruction of the last protein unities and the
substrate exposure are simultaneous events and both happens just around the transition
time. The last ratio, (S+Na)/(C+N), shows initial values around 0,1. The starting sulphur
over C and N concentration ratio in the BSA protein is around 0,01 (39 sulphur atoms per
protein), while the rest is the sodium concentration coming form the deposition and
cleaning protocol which is difficult to estimate. Moreover sodium concentration exhibited
high variability between different experiments. The ratio (S+Na)/(C+N) doesn’t show a
two levels behavior like the former ratios examined, but instead is increasing with the
treatment times (with the exception of one point, 300 seconds treatment time for the high
ion flux plasma treatment). This behavior indicates that as the plasma treatments
proceeds the ion driven etching depletes the material of carbon and nitrogen (and most
likely hydrogen as well) by forming volatile reaction by-products like CO,, NO, and
H,O. These elements thus leaves the surface and the concentration of C and N falls, while
non reactive compounds remain on the surface and their concentration grows as the mass

removal proceeds, therefore the ratio (S+Na)/(C+N) raises.
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5 Plasma biomaterials interaction.

5.1 Absolute measurements of particles flux.

5.1.1 Langmuir I/V characteristic data analysis

In order to understand the role of the different particles present in the plasma phase
during etching processes quantitative measurements of particle fluxes were carried out
for species of interest in decontamination processes (oxygen atoms and ions). The
diagnostic techniques used to measure fluxes were Langmuir probe and residual gas
analysis mass spectrometry.

In order to monitor plasma parameters like ion density and electron temperature a

movable RF compensated Langmuir probe was used !

. Data acquisition was
performed at the centre of the discharge chamber and at a vertical distance of 5.5 cm
from the quartz glass facing the antenna. This is the same position of the samples inserted
in the reactor via the load lock system.

Since the most performing discharges for decontamination processes were found to be the
oxygen containing ones, all the plasmas to be characterized shows a certain degree of
electro-negativity.

Because of the presence of negative ions the system routine for plasma parameters
calculation performed by the Langmuir probe commercial software was disregarded and
a dedicated Mat Lab routine was developed to analyse probe raw data output. The
analysis of the characteristics was performed in the framework of the ABR radial motion
theory in the case of a thin sheath, modified by the presence of negative ions. Several
references for I/V characteristics analysis can be found in literature *>¢"%

A typical I/V characteristic and signal analysis are shown in figure 5.1.1, it can be
divided in three parts, for sufficiently negative probe voltage the probe collects mainly

positive ions, and the corresponding current is called ion saturation current (see equation

5.1), in the transition region close to the floating voltage (when ionic current equals
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electronic current, see figure 5.1.2) the probe collects both ions and electrons. For

positive voltages the probe collects only electronic current.
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Fig. 5.1.1 Typical Langmuir probe I/V characteristic for pure oxygen plasma discharge.
Plasma parameters are P = 500W, p= 10 Pa, ®,; = 20 sccm. Bleu line is the recorded
signal from the discharge, cerulean line is the fitted ion current (using equation 5.1),
green line is the calculated electron current and red line is the analytical fit (using

equation 5.2) for the electron current.

For plasma parameters estimation the positive ion density n; is extracted from the ion

saturation current [, according to equation (5.1):

I, =q,5n, < [5.1]

Where I. is the positive ion current, S is the probe surface, n; is the positive ion density,
kg is the Boltzmann constant, e the electron charge and M. the principal positive ion

mass.
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Fig. 5.1.2 Second derivative of the electron current, calculated from the analytical fit.

Plasma voltage is measured from the zero current point indicated by the red arrow.

Once that the negative ion current contribution is subtracted from the characteristic the
second derivative of the positive carriers current is numerically calculated by smoothing
the data ! with a four parameters function, the form of this equation being the usual form

for floating double probes characteristics (',

I, =a, tanh(a,V +a,)+a, [5.2]

The four parameters control the position of the I/V curve with respect to the coordinate
system origin (a3 and a4), the maximum amplitude of the saturation currents (a;) and the
slope of the transition region (a2).

The plasma potential is taken (Figure 5.1.2) as the voltage coordinate at null voltage
second derivative. The electron temperature is calculated from the slope of the I/V

characteristic semi-log plot (related to the parameter a, in the analytical fit formula for
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electron current). Evaluation of the EEDF via the druyvenstein equation was attempted
but practical limits to data analysis arose because of the secondary electron emission

from the probe tip even at moderately high positive voltages.

Quantities of interest for plasma-biomaterials interaction at the interface are the positive
ion flux directed towards the sample and the average energy of the ion population
crossing the sheath. Both quantities can be calculated from the Langmuir probe
characteristics data analysis

The ion flux Jio, expressed in ions/cm®-s can be calculated from positive ion density and

electron energy (for the Bhom velocity of the ions crossing the sheath) via the relation:

+ 5 | k,T
J;o'n — nl(}ﬂ vmean — _nl‘;n BT e [5.3]
4 4

And the ion bombarding energies €0 at the plasma-sample interface can be calculated by

subtracting the plasma voltage Vpiasma to the floating voltage Voating:

Eion = Vsheath -

won

Vﬂoating [54]

5.1.2 lon flux and ion energy measuraments
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Figure 5.1.3 — 5.1.6. Langmuir probe measuraments for ion total flux, left y-axis in black,
and ion energy (sheath potential), right y-axis in bleu. Pure Argon discharge paramenters
as a function of power (fig. 5.1.3) and pressure (fig. 5.1.4). Pure Oxygen discharge

paramenters as a function of power (fig. 5.1.5) and pressure (fig. 5.1.6).

The behaviour of ions flux and energies for both electropositive (Ar) electronegative (O,)
and also for slightly electronegative discharge like pure hydrogen (H,), varying pressure
and RF power, was investigated. Results are shown in Figure 5.1.3 — 5.1.6.

The ion flux in the discharge results to be monotonically increasing with the RF power in
the parameters range investigated. This behaviour is well supported by the RF discharge
theoretical framework that states the independency at a given operating pressure of the
electron temperature from the delivered power and on the other way states that raising the
RF power feed delivered into the vacuum chamber more energy is available for ion
electron pair creation and thus densities of charged particles raise. From these
considerations results of figure 5.1.3 and 5.1.5 are explained by equations 5.3 and 5.4.
The pressure dependencies are more complicated because positive ion densities are
proportional to the operating pressure e.g. more molecules that undergo ionizations
events are available per unit volume, but the electron temperature drops as the pressure
raises because of the effect of the collisions. Always referring to equations 5.3 and 5.4 the
overall trends of figures 5.1.4 and 5.1.6 are determined from the extent at which one of

the two effects dominate.
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Figure 5.1.7 Langmuir probe measurements for ion total flux, left panel in black, and ion
energy (sheath potential), right panel in bleu, for pure Argon, Oxygen and Hydrogen

discharges. Common plasma parameters are P = 500W, p= 10 Pa, @, = 20 sccm.
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For electropositive discharges the trend is monotonically increasing showing that the
density increment is more efficient but for electropositive discharges the electron
temperature drop causes the ion flux to decrease as the pressure is raised.

In figure 5.1.7 a summary of the Langmuir measurements concerning pure gases
discharges is shown. Plotted data refer to 500 Watts, 10 Pa discharges and serve to
illustrate differences between these discharges. In the left panel the ion fluxes are shown
and argon plasma have values more than on order of magnitude higher then oxygen and
hydrogen, while, on the right panel the sheath potentials are not varying so much and thus
ions bombarding energies are comprised between very low values (10-15 eV) for all the
discharges.

After determination of pure gases discharges properties their mixtures were also
investigated. In Fig. 5.1.8 and 5.1.9 results from Langmuir measurements of ions flux and
sheath potentials are shown as a function of the argon content in the working gas mixture

for discharges at 5S00W and 5 Pa.
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Figure 5.1.8 Langmuir probe measuraments for ion total flux, black, and ion energy
(sheath potential), bleu, for Argon-hydrogen plasma as a function of the argon fractional
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As example here are shown, among all the possible binary combinations, data concerning
Ar/O; and Ar/H, gas mixtures. A common feature between the two graphs is the sharp
raise of the ion fluxes when the argon content in the discharge approaches unity. The
trends of sheath potentials instead are more flat and are always comprised between 10
and 15 eV for all the combinations tested. With reference to Figure 5.1.7 showing a
summary of results for pure gases discharges it is possible to see how tuning the gas
composition by argon addiction to oxygen or hydrogen is possible to vary the ion flux
and, at a certain extent, the sheath potentials between the limiting values corresponding to
pure argon or pure oxygen/hydrogen.

In figures 5.1.8 and 5.1.9 is also shown, as an area marked in red, the location of
maximum production of oxygen or hydrogen radicals, according to independent optical
emission spectrometry measurements. The relative concentration of radicals is measured

via an actinometric technique (data not shown).

5.1.3 Radicals density mass spectrometric measuraments

In order to evaluate the radicals density in the discharge a mass spectrometric technique
was applied. The mass spectroscopy signals of the gas species from a plasma are detected
by a residual gas analyzer (Hyden RGA). The RGA is a mass spectrometer consisting of
a quadrupole probe and an electronics control unit mounted directly on the probe’s
flange. The probe consists of three parts: the ionizer, the quadrupole filter and the ion
detector. Positive ions are produced in the ionizer by bombarding gas molecules with
electrons derived from a heated filament. After filtering by the quadrupole according to
z/m ratio, ions are collected on the detector stage where, by means of an electron
multiplier a current signal proportional to the ion current is recorded.

In plasmas are present several classes of molecules but only neutral atoms were sampled
by RGA mass spectrometry. Ions were removed by adding a suitable electromagnetic
field at the sampling orifice. To avoid difficulties arising from plasma chemistry of
binary mixtures a discharge composed only by pure oxygen gas was analyzed in the

following experiments. In experiments on the BIODECON reactor the signals from
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atomic oxygen radicals created by molecular dissociation processes in the plasma phase
were very weak over the signal background made up mostly by desorbed species from
reactor walls and from carbohydroxy compounds arising from the mechanical pump oil
vapour. Moreover the peak at 16 a.m.u. carries the contribution of atomic oxygen
sampled from the plasma chamber and dissociations products of oxygen molecules in the

ionizing chamber of the mass spectrometers.
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Figure 5.1.9 Oxygen background gas mass spectrum, pressure 5 Pa.

In order to separate these contributions a two step measurement technique for the density
of atomic oxygen, shown in Fig. 5.1.9 and Fig. 5.1.10, was used !'"'*!%,

As a first step in the evaluation of the contribution of dissociative ionization of molecular
oxygen in the ionization chamber, mass spectra of oxygen gas at 5 Pa with the plasma
discharge OFF were acquired. After base vacuum background signal subtraction the two
most intense peaks left were 32 a.m.u. and 16 a.m.u. In this experiments, since no atomic
oxygen was present in the gas inside the chamber, the peak at 16 a.m.u. is representative

of the processes of molecular dissociation in the ionizer at a given electron energy (here

70 eV). Peak intensity contributions can be also ascribed to double ionization processes
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of the oxygen molecule but at this electron bombarding energies the yield is negligible
compared to dissociative ionization.

The intensity of the peak at 16 a.m.u. as measured in these experiments was taken as
reference to account for these two processes in measurements of the plasma phase. The
value derived by our experiments was 4.4 + 0.8 % of the intensity of the principal peak
(32 a.m.u.) which is not too far from the average of a selection of similar measurements
reported in literature, 9 + 3 %.

Second step of the measurement involves data acquisition in the plasma phase. The
discharge was switched on at 5 Pa and 500W and then several replicas of plasma mass
spectra were acquired. One example of such a measurement after base vacuum
background signal subtraction is shown in Figure 5.1.10. Here again the most prominent
peaks in the mass spectra are the ones at 16 and 32 a.m.u., while several new peaks at
lower intensities arise most probably due to wall desorption, between them the most
interesting are the peaks at 17 and 18 a.m.u. attributed to OH and H,O molecules.

At this stage to quantify the portion of the signal at 16 a.m.u. arising from O" direct
ionization of atomic oxygen sampled from the plasma phase, the cracking pattern derived
from the plasma OFF measurements shown in Figure 5.1.9 was subtracted to the
intensities recorded with the plasma ON. The remnant was attributed to plasma phase
atomic oxygen.

For quantification of the mass spectrometer signal expressed in counts/s formula 5 was

used.
I
PP =S —"—— [5.5]
FFA%BXFm

This semi-empirical expression relates the partial pressure (PPy) for the signal on a
certain m/z channel to the mass spectrometer intensity signal (I,,) on the same channel.
The proportionality factors taken into account are the transmission efficiency of the
instrument with respect to mass (S), the fragmentation factor (FFa,p) that takes into
account contribution for dissociative ionization processes with respect to a specific

reaction pattern and ionization factor (XF,) that takes into account the ionization
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efficiency of the ionization stage of the spectrometer. Proper values for FF4 5B and XF,
for m=16 and 32 can be found on the instrument manual or in the literature where, to
evaluate the transmission efficiency S, the approximation that S was mass-independent
was used. Within the limits of this approximation (around 10% variation between the two
mass channels as will be shown in Figure 5.1.12) the efficiency value can be calculated

from plasma OFF measurement when the partial pressure of molecular oxygen is known.
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Figure 5.1.10 Oxygen plasma mass spectrum, plasma parameters are P= 500W, p= 5 Pa

and &= 20 sccm.

Once that the partial pressure of atomic oxygen is calculated from the mass spectra the
corresponding neutrals flux can be derived from gas dynamics equations:

J — nneut vthermal — l P 8kB Tgas [5 6]
neut 4 4 kB T 72_']\4 .

gas

neut

Results of the measurements process described in the previous sections (both ions flux by
means of Langmuir probe experiments and neutrals fluxes by mass spectrometry

experiments) are summarized in fig. 5.1.11.
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On the right panel are shown absolute data corresponding to particles fluxes in an oxygen
discharge at 5 Pa as a function of the discharge RF power. On the left panel the data
values corresponding to 500 W discharges are normalized to the oxygen molecules flow
to show the ratios between ionic, atomic and molecular fluxes. It can be seen from both
panels that the atoms flux is about 2 orders of magnitude weaker than the molecules flux
while the ions flux is about 5 orders of magnitude weaker than the molecules flow.
Within the common approximation of Tg.~Tion usually valid for plasma discharges in
local thermodynamic equilibrium from this data is possible to derive directly the
dissociation ratio (~107) and the ionization ratio (~107°) for the BIODECON reactor,
where the precise values depends on the particular discharge parameters (here RF

delivered power).
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Fig. 5.1.11 Summary of Langmuir probe and mass spectrometric measurements. In the
left panel absolute particles fluxes (O, molecules, O atoms and positive ions) are shown
as a function of RF delivered power. In the right panel, relative fluxes at 500 W are

shown.
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The second stage of the experiments described in this section involves determination of
the densities of oxygen radicals, i.e. the excited states of the oxygen atoms or molecules

present in the discharge.
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Fig. 5.1.12 Energy resolved mass spectra utilized for a typical TIMS measure. Bleu data
refers to argon plasma energy spectra on m/z = 40 mass channel, black data refers to
oxygen background gas energy spectra on m/z= 16 mass channel and red data refers to
oxygen plasma energy spectra on m/z = 16 mass channel. Common plasma parameters

are P=500W, p=5 Pa and ®= 20 sccm.

The technique used for determination of radicals is called TIMS (Threshold Ionization

14,15,16,17]

Mass Spectrometry) | . The electron energy spectra from detection of neutral

species in the mass spectrometer is given by equation (5.7):

S = a(m/e)]eo-(g)nionizer [57]

where S is the measured signal in counts/s, L. is the electron current in the ionizer in the
mass spectrometer, o(€) is the cross section of the ionizing process, Nignizer 1S the number
density of the species sampled by the ionizer, and a(m/e) is a transmission coefficient

made up by the product of extraction efficiency of the ions from the ionizer, species mass
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to charge transmission efficiency of the quadrupole mass filter and detection coefficient
of the channeltron detector.

TIMS technique (see figure 5.1.12) utilizes selective ionization of a oxygen radical (O*)
exploiting the energy difference between the ionization threshold of the radical and the
dissociation ionization threshold of the parent molecule (O;). For electron energies
comprised between these boundaries the signal measured is due solely to the direct
ionization of the radicals. From this signal the number density of the radical of interest
can be estimated by considering the ratio between the signal acquired sampling Ar gas at
known pressure and the signal to be measured. Using this procedure, in a fashion similar

to OES actinometric technique the terms corresponding to different radical signals can be

compared.
Electron impact ionization (low energy).
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Fig. 5.1.13 Low energy electron impact ionization cross sections data for different gases

used in TIMS measuraments and mass spectrometer calibration.

After linearization of the energy dependency of the ionization cross section (an
approximation valid near the ionization threshold) and by consequence of the mass
spectrometric signal, the functional form of the ratio between argon reference and oxygen

radicals signals from the discharge can be written as equation (5.8)
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n? B YEoxT N\ paroart a(Ar*)
- (AA”_’AN J{ prave ][ a(X+) [5.8]

where A and A are respectively the slopes of the mass spectrometric signals near and the
slope of the ionization cross section near the ionization threshold energy.

Using formula (5.8) the density of the excited states can be evaluated, the slopes of the
instrument signals can be directly measured, after interpolation and linear fitting, from
the electron energy spectra of argon gas (where the density is calculated by the pressure)
and of oxygen plasma. The two missing terms in equation 5.8 are derived as follows.

The ratio between the cross sections slopes near ionization threshold is calculated from

the fit of available data in NIST databases (see Figure 5.1.13).
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Figure 5.1.14. Calibration curve for the mass to charge ratio dependent trasmission

function of quadrupole, ions extraction lenses and channeltron detector.
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The ratio between the mass spectrometer transmission coefficients was extrapolated by a
calibration procedure described in the following.

Vacuum reactor was filled with a calibration gas mixture (He, N», Ar, Kr, Xe, 5 Pa, 20%
each) and the gas was sampled on the corresponding mass channels with the plasma off.
All the partial pressures were known and the signal slope value of argon was taken as
reference. From interpolation and linear fitting of the data the transmission coefficients
ratios were calculated and the results as function of the mass to charge ratio are shown in

Figure 5.1.14.
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Figure 5.1.15 Summary of Langmuir probe and mass spectrometric meausraments. In the
left panel absolute particles fluxes (O, molecules, O, metastables, O atoms O radicals and
positive ions) are shown as a function of RF delivered power. In the right panel, relative

fluxes at 500 W are shown.
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To obtain the calibration values to evaluate oxygen signals the data from the calibration
mixture were fitted with an exponential decay function, the full analytical form of the
three factors embedded in a(m/e) was not needed for our experimetns purposes and this
approximate expression (see Fig. 5.1.14) was chosen referring to literature. Anyway the
chi-squared and the errors and the fitted parameters show good agreement with the data
points and the interpolation from the fit was used to derive values for the TIMS.

The procedure described in the previous paragraph was used to measure the densities of
oxygen metastables (atoms and molecules) in the plasma phase. On the 32 a.m.u. mass

channel signal from the long living (7=2700s) singlet molecular oxygen state 1A, was

detected while on the 16 a.m.u. channel signal from the metastable oxygen atom states
2p* 1D and 2p” 1S were detected.

The TIMS measurements were performed for an oxygen discharge at 5 Pa varying the RF
delivered power, results are shown in Figure 5.1.15. In the left panel the trends of
metastables states fluxes are shown, as calculated from densities values according to
equation 5.6. To grab at once the final picture of the results obteined in this chapter,
together with TIMS results are shown fluxes for oxygen positive ions and the total atomic
and molecular fluxes as derived from Langmuir probe measurements and mass
spectrometric measurements (already shown in Figure 5.1.11).

In the right panel are shown particles fluxes corresponding to an oxygen discharge at 5 Pa
and 500 W normalized to the oxygen molecule flux. From these data is possible to
evaluate the relative magnitude of metastables states fluxes, oxygen metastables
molecules are around (10 + 3)% of the gas flux while oxygen atoms are around (0,5 +
0,2)%, there is a factor 20 difference between these two values. Since both species can be
accounted for being potentials agents in chemical etching processes and, up to now our
attention was focused mostly on atomic oxygen (because of the detection method used,
OES actinometry) it will be worthy in the following try to discriminate between the

relative importance, for etching processes, of these two particles.
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5.2 Plasma-biomaterial interaction mechanism
5.2.1 Interactions models

In this section will be described how data and measurements regarding absolute values of
ions and radicals fluxes presented in section 5.1 have been used to investigate
mechanisms for plasma etching of biomaterials.
To analyze surface kinetics, a phenomenological model based on Langmuir-Hinshelwood
theory (theory of active sites) was used. The theory assumes that the surface is
energetically non uniform and contains active sites, which are able to interact with
particles coming from plasma volume gas phase. Therefore, chemical reactions are
supported by the absorption of chemical active species at free sites while the sites
occupied by reaction products are chemically inert. The basic rules for the analysis of
plasma etching processes using this theory can be found in literature. ['**! Later, several
reaserchers demonstrated the reliability of this modeling approach both in predictive and
quantitative trends. [*~¢77]
In our case the calculations of surface kientics are based on the following assumptions:

(1) only O atoms are effective for surface chemical reactions

(11) only O" ions are effective for sputtering processes

(iii) only O" ions can partecipate in ion-stimulated desorption of the reaction

products

(iv)  etch products in the gas phase do not change plasma parameters
The starting point is the overall picture involving the possible interactions based on ions
and radicals occurrence at the surfaces.
The interaction processes taken into account describes the simplest model ' for oxygen
containing plasmas interacting with a substrate X (a generic substrate made up of
chemical compounds that support oxidation processes) is described in figure 5.2.1.
The surface (s) made up of a generic chemical compound (X) is described in terms of
surface coverage (0), i.e. fraction of available chemical bonding sites covered with
adsorbate. The fluxes impinging the substrate are the incoming fluxes of radicals I'1,q and
ions [, that determines adsorption with the probability o, and a; respectively. The fluxes

leaving the substrate are the oxidised compounds XO describing etching by-products, this
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flux of desorbed compounds is divided in two factors: thermal desorption, governed by a
temperature dependent constant Knerma, While the second term is the ion impact induced
desorption of oxidised compounds on the surface, regulated by the yield Y (molecules

desorbed per incident ion).

Radical Ion Product

Adsorbtion Collision

®

Kthermal Yr

ion

Desorbtion

X(s) X0 (S)

Fig. 5.2.1 Surface etch processes, assuming Langmuir kinetcs, considered for models

testing against experiments

In our analysis Langmuir kinetcs for chemisorption of etchant atoms and ion induced or
thermal desorption of etch products are assumed. The etch rate is then determined by
etchant atom and ion fluxes, temperature and ion bombarding energy at the surface. In
figure 5.2.1 the approach for O atom etching of a carbon-based substrate is illustrated.

The set of possible reactions considered here is

(l.a) O*@)+C(s)=>C:0O oxygen atom adsorption
(1lb) O"+C(5)>C:0 ion-assisted adsorption
(2a) O"+C: 0= CO(g) ion assisted desorption
2.b) C:0->CO(g) thermal desorption
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Within the framework of the Langmuir kinetic theory for adsorption/desorption of gases
from surfaces it is possible to write down equations for etching rates describing the
following processes, details of the equation derivation can be found in [''], in all
eqautions presented below the rate coefficients and constants are combined into generic

coefficient for regression purposes.

A) oxygen atom adsorption (1.a) - thermal desorption (2.b), this process is termed
chemical etching. The overall etch rate is determined by oxidation reaction taking place
on the surface between the substrate and oxygen atoms flux, adsorption of O atoms as
well as the desorption of etch products are considered be comparatively fast steps, the
ions play no role in the etching mechanism. then the removal rate is given by equation

5.9:

- 1f5kl;0ro >

B) oxygen atom adsorption (1.a) - ion assisted desorption (2.a), this process is termed
ion-assisted chemical etching. this model represents the situation where the ions
impinging on the substrate are energetic enough to assist in the desorption of surface
bound oxidized species (physisorbed compounds, bound with energies between 0.01 and
0.25 eV), but not energetic enough to promote the forward surface oxidation reactions
(chemical bonds energies between 0.4 and 4 eV), it can be seen that it is possible for low
energy ions typical of ICP discharges to provide energy for desorption while not
providing enough for chemical reactions with higher activation energies, then the

removal rate is given by equation 5.10:

ER = kLo

-0 [5.10]
1—‘iun + k4FO
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C) ion-assisted adsorption (1.b) - ion assisted desorption (2.a): this process is termed ion-
assisted chemical etching with ion assisted desorption. In this case the ion flux to the
substrate surface both promotes desorption of adsorbed species and provides energy to
promote the forward surface oxidation reaction, then the removal rate is given by

equation 5.11:

kI,T,
ER =—1-9 [5.11]
r, +kI,

won

these equations describes possible processes occurring at the plasma-biomaterials
interfaces, that we want to investigate in order to determine which one is occurring in our
plasma processes. The selection of the mechanisms to test was done according to the
preliminary results obtained in this dissertation and described in paragraphs 3.1, 3.3 and

4.2.

5.2.2 Interaction models statistical analysis

Several plasma treatments were performed on BSA drops spotted on silicon, plasma

parameters varied were RF delivered power and discharge pressure.
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Fig. 5.2.2 BSA etching rates as measured by profilometry as a function of the absolute

fluxes of Ar ions and O atoms radicals fluxes.

The values of these external discharge parameters were chosen accordingly to the
quantitative characterization described in section 5.1, so in the following paragraphs ER
data points will be plotted referring directly to corresponding particles fluxes
corresponding to the specific plasma conditions at which plasma treatments were
performed (see fig. 5.2.2 and 5.2.4).

The first set of measurements are shown in figure 5.2.2 these treatments were performed
at 8 different delivered power levels ranging from 250 to 600 Watts and 3 different
pressures from 5 to 15 Pa. Etching rates measurements were performed by means of
stylus profilometer, a total amount of three drops were measured 5 times each before and
after a treatment of 30 seconds in order to derive the etch rates values. In graph 26 and 29
error bars on data points are not shown for sake of clarity but the average standard
deviation on measured etching rates was of the order of 5%.

From the data shown in fig. 5.2.2 is possible to see qualitatively how etch rates values
are raising when both ions and radicals flues are increasing, nothing can be said from this

data about the trends of an independent increment of ions or the radicals fluxes, the
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reason why all the experimental points lie in a narrow region of the ['ion - I'rad Space is that
this two quantities are coupled by the plasma equilibrium and is not possible to vary them
in an independent fashion in decontamination experiments in plasma environment.
Moreover for our plasma experiments shown in figure 5.2.4 the ion energy in all

conditions was always comprised between 10 and 15 eV.

In order to investigate the mechanisms of plasma biomaterials interactions the data from
etch rates measurements were compared with calculated etch rates of the three models

described before, according to the scheme below: ['2,5]

ER data processing flow chart

. v (Excel environment)
Measured Particles
Flows I'io, Tiag
Regression Model Eq. Calculated I> Stat. tests
Coefficient
R Etch Rates ERpeas VS ERcalc
Measured
Etching Rates ?

The calculations flow was performed as follows: each group of values (I'ion, I'rad) Was
used to regress linearized forms of equations 5.9, 5.10 and 5.11. After regression routines
coefficients kj,...,k¢ were used with the equations 5.9, 5.10 and 5.11 to calculate
theoretical etching rates according to the different models proposed. Then calculated ER
where compared to measured ER using statistical tools in order to determine the validity
of the assumed process mechanism.

The meaning of each test is briefly explained below:

Coefficient of Determination R*: is a statistic that will give information about the
goodness of fit of a model. In regression, the R* coefficient of determination is a
statistical measure of how well the regression line approximates the real data points. An
R? of 1.0 indicates that the regression line perfectly fits the data. Adjusted R* is a
modification of R that adjusts for the number of explanatory terms in a model. Unlike
R?, the adjusted R* increases only if the new term improves the model more than would
be expected by chance.

Significance F: An F-test is a statistical test in which the test statistic has an F-

distribution under the hypothesis of no relationship between measured phenomena. It is
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used to compare statistical models that have been fit to a data set, in order to identify the
model that best fits the population from which the data were sampled. The significance
numerical value, ranging from zero to one, describes the likelihood that the global model
describes a random relationship (F=0) between variables.

P-value P: in statistical significance testing, the p-value is the probability of
obtaining a test statistic at least as extreme as the one that was actually observed,
assuming that there is no relationship between measured phenomena. In other words, it's
the probability that test results are a fluke and not representative of physical reality.

Non-parametric tests: In this method, the mean of the predicted values is tested
for significant difference from the mean of the data (model ‘‘bias’’). Plots of sample
model residuals (the difference between observed and model predicted values of the
dependent variable, at a given value of an independent variable) versus each independent
variable are examined for slopes that are significantly different from zero. If there is a
detectable nonzero slope in one of these plots, then the model is ‘‘skewed’’ (see figure
5.2.3). Then these same plots, as well as a plot of model predicted versus observed
dependent variable values, are examined to determine if residuals with positive and
negative values are clustered together in only a few ‘‘runs’® (model ‘‘curvature’’).
Curvature is then a descriptive term employed here to describe the effect of
autocorrelation in sample model residuals
The results of such statistical procedures are summarized in table 5.1. The first three rows
refers to the results of the tests for the three models presented before (eq. 5.9, 5.10 and
5.11), while the fourth and the fifth row show the results of the same procedure for the
ion-assisted chemical etching - ion assisted desorption in a radical limited regime and in
an ion limited regime respectively. Equations for these two additional regimes are
obtained by setting the ion-removed flux of by-products from the surface much higher

than the adsorbed radicals on the surface (eq. 5.12) end vice versa (eq. 5.13).

ﬂyrion >> arrrad — ER = arrrad /ﬂl’l

[5.12]

wL,, <<al,, —> ER =[y(\/; ~Veu )F jon ]/ n [5.13]
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According to the different methods of each statistical test the results were marked, in the

table, in green when they fulfil the test requirement and in red when the model fails the

validation.
Global Tests Parameters Local Non-parametric
Model Tests Tests
Corr. Signif. Ki Kj P-value Curv. Skew.
R2adj (Ftest) (Ttest)
Ion Etching | 0.899 0 0.19 0.12 K1:0.077  1.242 rl:0.682
Ion +0.11  +0.10 K2:0.085 r2:0.700
Desorb.
Chem. 0.032 0493 0.02 0.05 K3:0.488  1.261 r3:0.349
Etching +0.03 +£0.07 K4:0.493
Ion
Desorbtion
Chem. 0.461 0.001 9E-4 0.04 K5:0.946  1.038 14:0.682
Etching +0.01  +0.10 K6:0.001
Therm
Desorb.
1.Rad lim. |0.905 0 0.43 n.p. K7:0 0.923 r5:0.742
+0.02
1.Ion lim. 0.901 0 0.22 n.p. K8:0 1.118 r6:0.748
+0.01

Table 5.1. Summary of the statistical tests results for plasma biomaterials interaction

mechanisms (investigated parametric dependencies are ion and oxygen atoms flux)

It can be seen at glance from table 5.1 that models derived from equation 5.2 and 5.3
badly describe the experimental data points while only model built over assumption of
mechanism 1 (ion driven adsorption — ion desorption) scores good agreement, but even in
this case there is a poor significance of the single terms of the model equation, the P-
values for this models tell that significance of the correlation between the individual
independent variables (the fluxes) and the dependent variable (the etching rates) is poor.

The P value tells how each individual variable has some correlation with the dependent
variable. To understand this disagreement models related to equations 5.10 and 5.11 were
tested, based on the physical assumption of the disparity of the fluxes orders of

magnitude. Both these models in the limited regimes scores good test statistics but they
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cannot be both true at the same time, in particular equation 5.12 have to be rejected on

the basis of the particle fluxes characterization shown

in section 5.1, the inequality

underlying this limiting regime being not true in a plasma environment.
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Fig. 5.2.3 Calculated BSA etching rates residuals plotted against measured etching rates.

A black line refers to measured etching rates and serves as reference. Red data points

refers to chemical etching equation regression and show model skewness, bleu data refers

to ion-limited ion-assisted etching equation regression.

In order to further discriminate in between the two hypotheses further experiments were

performed in order to extrapolate the ion energy dependence of the ion desorption

processes. If the mechanism described from equation 5.9

is true the measured etch rates

must show a dependence from ion energy even in the low energy range (< 100 eV) where

the effects of pure sputtering are negligible.
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Etch Rate (nm/s)

Fig. 5.2.4 BSA etching rates as measured by profilometry as a function of the absolute

fluxes of Ar ions flux and ion energy.

In these experiments the same procedure described in the previous paragraph was
followed, but now the samples were placed on an active capacitive electrode fed with RF
power at 13.56 MHz, with its excitation pulse synchronized with the signal from the main
generator feeding the inductive antenna. During these experiments run the DC bias
voltage on the capacitive electrode was varied by changing the power of the secondary
generator while the values of the ions and radicals fluxes where determined by the plasma
conditions set by the inductive antenna power, vacuum chamber pressure and the others
operating parameters. BSA etching rates were measured by means of profilometry in the
same way described in previous paragraphs. In figure 5.2.4 the raw etching rates data are

shown as function of ion energy and fluxes, each point is also determined by an atoms

flux which is not shown in figure 5.2.4.
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Fig. 5.2.5 Measured etching rates plotted agains ['jon'sqrt(€ion). Red line shows data fit
using equation 5.13, ion-assisted chemical etching - ion assisted desorption in the ion

limited regime.

From the results of fig. 5.2.4 a dependence on ion energy of the etching rates is clearly
visible even at very low energy values. To simplify data visualization it is possible to plot
the etching rates versus the product of ion flux and the square root of the ion energy (see
fig. 5.2.5), as it is suggested by the functional form of equation 5.13, in order to make the
dependence on ion energy evident.

The representation of the etching rates data given in fig. 5.2.6 shows already a strong
correlation between the rates and the ion enhanced desorption mechanism. In order to
have a more rigorous validation of this result the same statistical procedure applied in the
previous case was applied to the results shown in figure 5.2.4. The results of the
statistical procedure are shown in table 2 and some example of residuals evaluation test

are shown in Fig. 5.2.6.
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Global Tests Parameters Local Non-Parametric
Model Tests Test

Corr. Signif. Ki Kj P-value Curv.  Skewness

R2adj (F- (T-test)

test)
Radical 0.053 0426 0.34 n.p. K1:0.787  1.253 r5:-0.441
Lim +5.49
Ion Lim. 0.796 0 1.42 1.10  K2:0 1.229 r5:0.900
+0.14 £5.26 K3:0.833

Ion Lim. No | 0941 0 1.39 n.p. K4:0 1.235 r5:0.900
Threshold +0.03

Table 5.2. Summary of the statistical tests results for plasma biomaterials interaction

mechanisms (investigated parametric dependencies are ion flux and ion energy)
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Fig. 5.2.6 Calculated BSA etching rates residuals plotted against measured etching rates.

Black line refers to measured etching rates and serves as reference. Red data points refer

ion-limited ion-assisted etching equation regression, bleu data refers to same equation

regression but with zero energy threshold for ion assisted desorption precesses. Green

data refers to radical-limited ion-assisted etching equation regression.
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The scores of the radical limited model are in general negative, because this equation has
no term to account for the energy dependence (see fig. 30). Even the ion-limited equation
shown some negative test, related to the evaluation of the regressor of the constant term
in equation 13. This behaviour can be explained considering that the ion energy threshold
to trigger the desorption of an oxidised compound from the surface is so low (a
chemisorbed molecule can be bounded by a potential well of only 0.5 eV) that the
instrumental measurement errors on the etching rates makes impossible the correct
determination of this term. If we neglect the energy threshold and this term is set to zero

then the agreement becomes positive.
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6 Biological tests

As was described in the previous chapters a vadgeplasma processes are capable of
destroying both small organic molecules and latgemolecular structures adhering to,
or adsorbed on, a variety of surfaces without caysignificant damage to the surfaces
themselves, among different works in the literatumeresting results can be found in
(1234 This has led to a large number of plasma decdntinn oriented applications in
the research field and in some cases in the meanzhElectronics industries. However, it
would be true to say that, while the techniqueagable of very significant reduction of
the surface load of organic contamination, the graent of methods to quantify the
efficacy of particolar treatments lags far behinhd tevelopment of the plasma processes
themselves. The on line QCM diagnostic method psedadn chapter 4 is suitable only
for reaserch purposes but has limited applicabifity application as a standard
guantification method in the medical practice.

The diverse shapes and the different materials usethe manufacture of surgical
instruments together with the efficiency of actyaimployed decontamination methods
make measuring protein contaminations on surfacemarivial analytical problem. The
cleaning protocols used in surgical instrument geessing involve washing procedures
that typically reduce the surface residual tissoatamination, of even very heavily
contaminated instruments, to levels which cannaddiected by the naked eye. Typically
this represents a level of residual protein contaton (averaged over an instrument
surface) of about 1@y-cm? with localized deposits, the letters rarely excaddading of

1 pg-mm? B8 Scanning electron microscopy (SEM), especiallgmtinked to energy
dispersive x-ray (EDX) spectroscopic analysis, pasven an efficient tool for the
location and analysis of tissue residues on comweaity cleaned instrument&”#°
However, SEM-EDX analysis has different limitatioitds non-quantitative, restricted to
elemental analysis, applicable only to small olgetitne consuming and very expensive.
However, it was demonstrated that plasma treatrm@mtreduce the amount of residual

surface contamination to a level where no orgassidues are detectable by SEMand
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this has led to the development of more sensityypeg of analysis. A range of very
sensitive spectroscopic techniques can be emplayedirect detection of deposits on
surfaces at the molecular level, but many of thidse surface plasmon resonance (SPR)

[10.11.12] gyrface-enhanced Raman spectroscopy (SEREY®!® and attenuated total

reflection Fourier transform infrared (ATR-FTIR) esproscopy[”], are limited to
specially prepared solid matrices and have moevagice to the development of sensor
technology for quantification of materials in sadumt than for adsorbed species in
decontamination applications.

The requirement for a quantitative routine method dnalysis of protein molecules
bound to surfaces, suitable for measurement of grane mm? levels, which could be
employed, in principle, as a routine method fortaannation quantification both before
and after plasma decontamination procedures, klassléo test a more general approach.
This involves investigation of laboratory protocéds covalent derivatization of surface-
bound protein molecules with fluorophores and filn@tric measuraemnts capable of

measuring the resultant fluorescence of labelleteprs bound to the surfaces.

6.1 Fluorescamin staining protocol assessment

6.1.1 Description, calibration and testing

In order to test the temperature monitor and comdms described in paragraph 3.4 and
to experiment a realistic decontamination situattomas decided to treat a macroscopic
polymeric object, the objects chosen were polysigravell plates normally used for
biological measurements. Well plates were selegtecbrder to couple controlled
temperature treatments with the development otiaréiscent technique to monitor the
protein removal from such surfaces. The reagensamdor fluorescence measurements
was Fluorescamin, a compound that is not fluordsiealf but reacts with primary
amines to form highly fluorescent products, whetivated by 365 nm light the protein-
dye complex has an emission wavelength of appraeimad70 nm. A standard
fluorimeter plate reader (Fluostar) was used toycan measurements. The benefits of

choosing Fluorescamin as fluorescent probe arespleeificity of the labelling and in
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principle the possibility to detect low amount @btins, in literature sensibility down to

10 pg/well is reported under special conditiBfisbut the 1-100 ug/well (about 0.027-2.7
wmm? of dry deposit) range is a more common area ofsmrements, drawbacks of the
method are the lack of sensitivity in the casetodrgy blank signals, and the fast signal

decay due to high hydrolysis rates at high conatiotr.
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Figure 6.1.1 Set of fluorescamin staining calilimaticurves in different deposition
situations, bleu data correspond to dried BSA dépopink data corresponds
BSA/solvents solutions obtained from the dried d#jsoand red data correspond to

BSA/solvent solution measurements.

To avoid the first problem (high blank signals) el different well plates were tested
analyzing empty wells with the plate reader to tdgrnhe less responsive.

To take the time decay of the fluorescent emisgitm account in our measurements a
special protocol described in the following pargiiswas developed.

First a calibration curve for BSA protein spotshe well plate was prepared as follows.
For each well in the plate different amount of BEtein were pipetted and allowed to

dry in a flow hood. For each experiment an interalbration curve and some empty
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wells were present as well. After drying of the evathe plates were eventually plasma
treated and the deposits re-suspended with a digioing solution. The specifications
for Fluorescamin dye solution preparation in thetgin mass range 3 — 1000 ug/well are:
final volume = 80 uL, 3mg/ml Fluorescamin dye in(H+ DMSO (1:3) solvent, buffer
NaHCG; 0,1M, pH = 8,3. The mass range per well evaluatethe calibration curve
usually ranges from 3 to 1000 ug/well and the difrmem the dye-protein complex was

measured both in liquid phase and after dryingestagl re-suspension.
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Fig. 6.1.2 Double region linear fits for Fluorescarstaining calibration data.

The first results are shown in figure 6.1.1 wheve series corresponding to dried and re-
suspended deposits, varying the deposition metiiod,a series corresponding to liquid
phase are displayed. These different depositiorhaodst were investigated because a
drying stage after deposition is mandatory to penfplasma treatments on proteins and,
on the other hand, the dry deposit is not the stahslituation were Fluorescamin staining
protocols present in literature applies. In ouuaion drying of the protein deposit

produces lower fluorescent emission intensitied wispect to the liquid phase at the

same mass per well but the signals are still gleadasurable.
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From the results displayed in figure 6.1.1 it canskeen that the useful dynamic range of
the Fluorescamin dye is comprised approximatelyween 3 and 100 ug/well, but after
this deposited mass amount, saturation of the kigfa@ts to play a significant role.
Another calibration measurements (not shown herejhfe mass range 0,1 pg/well to 1
ug well results in a flat fluorimetric signal inehrange investigated, this is probably due
to the high background of our systems.

The data of the calibration curve for the dried ai#p were fitted with two linear
functions (see figure 6.1.2), the principal oneleated from 3 to 100 ug/well and a
second one from 100 to 1000 ug/well in order tolwata signals from the saturation
region. Several replicas of the fluorescent measants at the same deposited mass
indicate that the average intensity measuremeat &r a certain mass per well is about
6,3%.
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Fig. 6.1.3 Schematics of the sample preparatiotopob for fluorescence measurements.

In order to take into account the fluorescenceaigecay with time for each experiment
two well plates were prepared at the same time wiémtical BSA spots, both with

replicas of experimental points and replicas ofbecation points (see figure 6.1.3). Just
after preparation a series for calibration andreesdor data points were measured and

then one of the well plates was plasma treatedewthié other one was kept under the
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flow hood. After plasma treatment the two well pktwere again measured and the
fluorescence from treated wells, aged wells anddagaibration curve wells were
detected. By subtraction and normalization of dgjfram the treated and aged well plate
it is possible to distinguish signal decay duedgm@ from effect of plasma etching of the
protein layer.

ug/well

0 30 60 90 120

Treatment Time (sec.)

Figure 6.1.4 Quantitative (calibrated) plasma iretlgrotein removal measurements
using fluoriscamin protocol. Different curves capend to different levels of initial
contamination.

An example of measurements performed with the ntetiescribed before for successive
plasma treatments is shown in figure 6.1.4. livipartant to say that under the conditions
of low frequency pulsing of the discharge describredection 1 the well plates used for
treatments were not damaged. The plasma treatrpamésneters set in this case was
Ar:0O; [1:1] gas mixture, power 350 W, pressure 5 Raguiency 1 Hz, duty cycle 25%,
treatment/cooling time ratio 1:3.

Data shown in Fig. 6.1.4 describes the removalrofgin material from the well plates.

The curves corresponds to different levels of ahitontamination, it can be seen that
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after an initial phase of faster removal lastingsléhan 30 seconds the profiles flatten and
the etching is negligible up to 120 seconds oftineats time.

The average etching rate from this data (calculatedhe first phase up to 28 seconds
treatment time) results to be 0,9®/s. The sensitivity of the method applied to
Fluorescamin results to be not enough to resolakloe levels of residual contamination
(less than Jug/mnT) mainly because of the influence of the backgrosigeals coming

from the well plates.

6.1.2 Influence of the rinsing step in plasma induced mass loss
measurements.

In the previous paragraph (6.1.1) the temperatwatralled treatments protocols
described in section 3.4 were successfully appdgabsing a real thermo labile object,
polystyrene well plates, to plasma conditions ndiynaised for decontamination
experiments.

An experimental protocol for testing fluorescenibdding of biomaterials exposed to
plasma was developed and tested; the fluorophod usethese experiments was
Fluorescamin. An advantage of the method is thle ¢d@ washing step after staining of
the fluorophor that may lead to unwanted biomalteeaoval other than the plasma
action. Rinsing of the sample is a step commoniplived in standard staining protocols;
the occurrence of unwanted biomaterial removalrmumwashing makes such protocols
not reliable if quantification of plasma inducedssdoss is desired. Such an experiment
would involve two staining procedures, one to datee the amount of contamination as
deposited on the sample and one to measure tltiaésnaterial after plasma treatment.
The mass loss eventually occurring in the initisdasurement procedure cannot be
distinguished from the mass loss induced by plasezment.

In the following an experiment aimed to measuremiass loss induced by rinsing protein
deposits with water will be described.

The aim of these experiments is to check the néit\alof the Sypro-Ruby staining
protocol ¥ (chosen as example) of biological material ondsslirfaces protocol as a
method to determine the proteins residuals. Thioppl has been proposed as an
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endpoint protein content measurement to evaluaeetficiency of surface sterilization
methods. In these experiments we measured the eolinmBovine Serum Albumin
(BSA) and of the Brain Homogenate (BrH) depositsolid samples before and after the
staining procedure by means of an ellipsometribrigpie.

Biological samples have been prepared by means hef rhicrospotter Scenion
sciFLEXARRAYER depositing ordered arrays of BSA @ntH spots on polished silicon
(100) surfaces; the silicon samples have been ety means of ultra-sound bath in
ethanol for 15 minutes, then rinsed using milliQtevefor 1 minute and allowed to dry
for 1 hour in a common flow hood.

For the stock solutions preparation the BSA (ihifiactionation by heat shock, fraction
V, minimum 98% for electrophoresis, Sigma) wastéituin TrisHCI buffer 5 mM with a
pH of 7.4 at a concentration of 1 mg/ml.

The BrH samples were prepared homogenizing mousi@ br a 10% w/v solution in
Phosphate Buffered Saline. The original solutions veapplied by thdnstitut des
Maladies Emergentes et des Therapies Innovantesic8al’Etude des Prions et des
Infections Atypiqued~ontenay-aux-Roses, France. To allow micro-spotteration both
original solutions has been further diluted dowrdtb% w/v concentration in a TrisHCI
buffer 5 mM with a pH of 7.4.

Three replica samples has been prepared by spattirx2 spots array (2 identical spots
for each deposited material), every spot was maueby adding 4 drops, distance
between spots centers in the array is @®0and the typical spot diameter is around 400
um.

The protein deposits before and after Sypro Rubgréiscent staining were analyzed by
ellipsometric measurements using a variable anglalti+mavelength imaging
ellipsometer (model EP3 by Nanofilm Surface AnaysbmbH, Germany). All
measurements were performed in air at room temyrerat three angles of incidence (
65 70 and 75 degrees) and a field of view of 2000x 2000um. A monochromatized
Xe arc lamp X=554.3nm) was used as light source. ConventiongbAPolarizer-
Compensator- Sample-Analyzer) null-ellipsometriogadure is used to obtain 2D maps
of theA and¥ angles.
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From theA and¥ data height maps was obtained by fitting the mesasdata with a two
layers (bulk silicon and protein deposit) opticaddel, the fixed parameters of the model
were both refractive index and adsorption coeffitsefor the two materials. Further
evaluation of the height maps was performed usidgdicated MatLab code to extract
volumetric values.

Before the staining procedure all the samples \wengbated at 37 degrees for 30 minutes
then were stained with Sypro Ruby (Invitrogen) 1& minutes and washed in filtered
(0.2um membrane) distilled water for 10 minutes. Theyenalowed to dry for 1 hour
in a common flow hood.

In the following figures tridimensional images abtd from ellipsometric measurements

of the samples surfaces before (6.1.5) and aftér§pthe staining protocol are shown:

(30 view) 40-BrH+BSA-5i-301109-thickness

Figure 6.1.5) 3D height maps of the spotted arfiapya ellipsometric measurements
before the staining protocol, two BSA spots arensshim the left corners and two BrH

spots are shown in the right corners.
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(3D view) 40 taing H+BSALI,01108-thickness

250

nanometers

pixels

pixels

Figure 6.1.6) 3D height maps of the spotted arfiayya ellipsometric measurements
before the staining protocol, two BSA spots arenshin the left corners and two BrH

spots are shown in the right corners

The calculated volume values for each measurenhenavterage of the volumes of the
two spots are reported in the table below, abs@u&rage spots volume before and after

the staining procedure are compared in figure 6.1.7

Table 6.1) Summary of the experimental data froredtdifferent samples.

Spots Volume (um®)

As Dep. Stain
BSA BrH BSA | BrH
35 9689.3 1469.9 5939.4 64.8
37 11894.3 988.4 6667.6 147.55
40 11429.8 1654 5677.4 249.2

sample

Ave. 11004.4 1370.7 6094.8 153.8
St.D. 1162.4 343.7 513.0 92.3

From this data it is possible to deduce that tle¢gmol applied in this experiment for the

fluorescent staining of solid samples leads toraoral of the biological material from
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the samples itself. From the data shown in theetallove (Table 6.1) the calculated
relative volume reductions are (44.5+15)% for tt#ABand (88.8+31)% for the BrH.

SyproRuby Staining Ellipsometry Measurament

@ AsDep. B StainSR

100000

10000

1000

Volume (um3)

100 ~

10

BSA BrH

Figure 6.1.7) Absolute volumes, as calculated fedlipsometric images, of spotted BSA

and BrH samples before (bleu) and after (violeg)gtaining procedure.

These measurements shown that the tested fluotestaning protocol used for the
evaluation of the proteinaceous residuals on saidples treated with plasma discharges

cannot be used to evaluate the efficiency of tealigation processes.

6.2 Immuno-assay experiments

Enzyme-linked immunosorbent assays (ELISAs) ard plate-based assays commonly
used in biochemistry. These assays are designedefecting and quantifying different
biomolecules such as peptides, proteins and anébdd’?] In a typical ELISA assay,

an antigen is blocked on a solid surface and tleambmed with an antibody that is linked

to an enzyme. Detection is performed by measutiegcbnjugated enzyme activity by
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incubation with a substrate while a measureableduyct, for example a fluorescent or
colorful molecule, is produced via enzymatic reawsi in proportion to the concentration
of the detected biomolecules.

In this experiment components of a commerciallyilabbée ELISA test kit were applied
(aHu IL-8 Elisa kit SixPak from R&DSystems) to qudntBSA protein deposits used for
plasma decontamination experiments. As a chromogéMB (3,3,5,5-
tetramethylbenzidine) was utilized that yields bkaor when oxidized, typically as a
result of oxygen radicals produced by the hydrslysi hydrogen peroxide by horse-
radish peroxidase enzyme. The color of the prodhanges to yellow after addition of
sulfuric acid with maximum absorbance at 450 [A®). At the end of the reaction, the
absorption of this colorful product was measuredIpjate reader (Omega Fluostar).

A known amount of ELISA reagent, (horse-radish gefase enzyme, IL-8 antibody
conjugate) was diluted in BSA stock solution; diletnecessary dilutions for the
experiments were prepared using the same stockisolin order to assure the same
mass proportion between the protein and the ELIS#gent enzyme, (despite the fact
that in the assays kit reagent solution the comagoh of IL-8 conjugate antibody is not
known). The basic idea behind the experiments dextin the next paragraphs is to use
the enzyme conjugate to measure the biologicaliictif a biomolecule under simulated
contamination situations, as an alternative indicatompared to the mass of such
biological material deposits. In the following wesamed that, even after drying, the
enzyme conjugate molecules are homogenously desgpersthe BSA protein matrix.
Experiments were carried out using the same saprplgaration procedure described in
paragraph 6.1.1, i.e. avoiding any sample rinsirggp @nd potential unwanted protein
mass loss (see paragraph 6.1.2). A stock solufid® angmL* BSA was prepared with
the following composition: 10 mg of BSA protein, ®QL of water and 10QuL of
enzyme-conjugate solution from the Elisa assay ko times serial dilutions were
deposited, each of them in three replicas, witlaldokated pipette in a polystyrene 96-
well plate, each well contained 14 total solution volume. The solutions deposited in
the plates were allowed to dry for 1 h in a flowHoFor control measurements, 10 pL of

fresh solution was added to separate wells in thagallels.
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The well plates were plasma treated at variousnrests times, some wells were covered
to protect the deposits from the plasma actiorg #uditional wells were considered as
internal calibration control points for activityds induced by heat effects. The well plates
were treated in pure water vapor plasma accordirniye heat control protocols described
in paragraph 3.4. Plasma parameters were: RF detiveower 350 W, operating
pressure 10 Pa and total gas flow of 20 sccm, pyifsequency was 50 mHz at 20% duty
cycle. Average polystyrene well plate’s temperatui@ing plasma treatment was
monitored by means of an IR pyrometer and resudetdw 40°C at all treatment times.
After plasma treatment the enzymatic reaction wasnpted by addition of 100L of
[1:1] solution of hydrogen peroxide and a substsateition included in the assay kit. As
a consequence of this step the dried deposits iesaspended in the liquid phase. The
enzymatic reaction was allowed to run for 2 hourd then stopped by addiction of 25
uL of 2N H,SQ,. Optical density (OD) from each well was measurganeans of a plate

reader.
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Figure 6.1.8Set of colorimetric assay calibration curves, rsglfrom three parallel

experiments, in different deposition situationsgdid data point correspond to BSA and
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enzyme-conjugate deposits, red data points comespoe enzyme-conjugate deposits.
Fits of the calibration curves linear regions dmeven as continuous lines together with

the regression parameters.

The calibration curves obtained in the preliminexyperiments are shown in figure 6.1.8.
Two different calibrations in the range 1 — L@§well (about 0.027-2.7ig'mm? of dry
deposit) were measured for dried spots of enzynmgigate deposit only and enzyme-
conjugate mixed with BSA, both spots contained game mass of enzyme-conjugate.
Moreover, two control points prepared directly oiusion, without drying the samples,
were also measured at 1Q@/well. Absorption measurement of the differentlwaition
curves shows that the mixing of the enzyme-conpigath BSA has a little influence on
the enzymatic activity (related to the OD signalle drying step has an evident effect,
and it diminishes the OD signal for a given enzymess. This can be seen confronting
the signal intensities of the four situations meadwat 10Qug/well, dried deposits with
and without BSA and measurements in solution witd without BSA. Enzyme spots
lose only about 28% of activity after the dryin@st while spots of the mixture lose
around 48%. The detection limit of the measurenmotocol was found around 10
ng/well of protein mixture (corresponding to massisigy levels around 0.8g:mn¥),
taking the signal dispersion in consideration, liwer mass levels the signal from the
enzymatic reaction flattens, most probably hiddgthie well-plate background signal.

A peroxidase enzyme based assay technique wasrcimoseder to qualitatively measure
the ability of a generic protein to perform a balmal activity after exposure to plasma.
This is proposed as a new strategy to asses thm@ffof plasma decontamination
treatments. At the best of the author knowledge dpproach has not yet been reported in
the plasma based decontamination literature. Theltseof the assay were confronted
with simultaneous mass loss measurements perfomtiedhe QCM technique described
in chapter 4. QCM crystals were loaded with theesamount of BSA protein deposited
in the wells. Geometrical effect due to differeahformation of the well plates and QCM
crystals sample holder were not taken into account.

The results of the experiment described above hosvrs in figure 6.1.9. The time

variation of the biological activity of the perosise enzyme measured by means of the
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cholorimetric assay are shown as black circlegrrefl to the left y-axis. The initial
contamination level was estimated, using the catiibn interpolation curve, to be around
1.02 ugmm’. It can be seen that after few seconds of plastpaserre the biological
activity of contaminated wells is significantly rezed as compared to untreated samples
(e.g. -25% after 30 sec of plasma exposure). Time tilependency observed in the
biological activity decrease is non-linear; theialistage of the plasma treatment shows a
faster reduction in the enzymatic activity resporfeear fit parameter regression
estimation of data points between 0 and 40 secgieds a slope of -8 nqm?s?)
while after 40 seconds of exposure a different, glodier, kinetic is clearly observed (in
this case linear regression performed on data pbietween 40 and 120 seconds yields a
slope of -4 ngnm?s™). The observed decrease of the enzymatic actieiponse stops
after 120 seconds of plasma exposure, after thig goe detection limit of our method is
reached and the measured bioactivity sets at backdrlevels for longer treatment
times.
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Figure 6.1.9 Residual BSA protein mass, at diffepgasma treatment points measured
with two different methods: in black, calibratedzgme activity test and in blue in-situ
QCM diagnostic.
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The time variation of the protein deposit mass aasured by means of quartz crystal
microbalance is shown in figure 6.1.9 as blue esckeferred to the right y-axis. QCM
voltage signal are transformed into mass densitta deccording to the procedure
described in paragraph 4.2. Using this indicata protein mass in the wells also
decreases as soon as the contaminated surfacespased to the plasma but the overall
behavior is remarkably different with respect todutivity response. In this case the
mass loss time variation is linear, within the istigated range, and the calculated mass
loss rate is around — 3 mgm*s™. As evaluated by QCM data the residual proteinsmas
density corresponding to the enzymatic assay detelimit is reached after 240 seconds
of plasma exposure.

The differences between the two measured activityraass loss kinetics (cholorimetric
assay and QCM) can be interpreted considering tfierehces in the measurement
techniques; while QCM measure the total mass ofdtposit left at different stages of
the plasma process, colorful product is formedhd teaction between the substrates and
the enzyme happens. This catalytic reaction isiples®nly if specific biochemical
functionalities in the biomolecules are preserviéergplasma exposure. In general, mass
is removed from the surfaces, according to the e@sims investigated in paragraph 5.2,
by ion collisions with oxidized chemical compouncisemisorbed at the surface, this
process is limited, in depth range, by the ion patien depth which is usually few
tenths of nanometers for low ion kinetic energiescontrary, chemical and structural
modification of the biomolecules exposed to plashsaharge can be obtained through a
variety of mechanisms: UV induced damage (from UNotpns emission by OH
molecular A>X bands at 309 nm, see figure 3.2.1) and biomoéeouidation due to
oxygen radicals diffusion within the protein layean, in principle, suppress certain
biological functionalities by chemical modificatiaf the reactive (substrate binding or
other functional) sites. Both processes have adopgnetration depth compared to low
energy ions. Moreover, chemically active neutrainz coming from the discharge
volume can be involved in exothermic reactionshat surface acting as localized heat
sources!®® This considerations can explain the observed iaci@and mass loss kinetics
difference shown in figure 6.1.9 and the lower sateeasured for total biomaterial mass

loss compared to biomolecules inactivation.
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In conclusion, an alternative approach to plasnw@tamination efficacy evaluation is
proposed in this proof-of-principle experiment. @ontrast with widely employed
methods measuring a physical or a morphologicahtifyaof model contamination thin
films, the focus is switched on the biological ity inactivation of plasma treated

biomolecules which is the ultimate cause of biataghazard on contaminated surfaces.

References

1 Aronsson B O, Lausmaa J and Kasemo B 1P®iomed. Mater. Res35, pp.49-73.

2 Herrmann F H W, Henins |, Park J and Selwyn @®9Phys. Plasmas, pp. 2285-
91

3 Rossi F, Kylian O and Haswa M 20B&sma Process. Polyn3, pp.431-42.

4 Moreau M, Orange N and Feuilloley M G J 2@l8technol. Adv.26, pp.610-17.

5 Baxter R L, Baxter H C, Campbell G A, Grant Knds A C, Richardson P and
Whittaker A G 2006). Hosp. Infect.63, pp. 439-44.

6 Lipscomb | P, Sihota A K, Botham M, Harris K LdakKeevil C W 2006J. Hosp.
Infect.,62, pp. 141-48.

7 Whittaker A G, Graham E M, Baxter R L, Jones ARichardson P R, Meek G,
Campbell G A, Aitken A and Baxter H C 2004Hosp. Infect.56, pp.37-41

8 Baxter H C, Campbell G A, Richardson P R, Jone€ AWhittle | R, Casey M,
Whittaker A G and Baxter R L 200BEEE Trans. Plasma ScB4, pp.1337-44.

9 Vandervoort K 200%icroscopy as an analysis tool for studying plasapplications
(eds. G Brelles-Marifio), New York: Nova Science li&liers.

10 Westphal P and Bommann A 2082nsors Actuatoi3, B84, pp.278.

11 Calander N 2006urr. Anal. Chem.2, pp.203-11.

12 Phillips K S and Cheng Q 208nal. Bioanal. Chem387, pp.1831-40.

13 Haynes C L, Yonzon C R, Zhang X and Van Duyne R005J. Spectrosc.36, pp.
471-84.

14 Li T, Guo L and Wang Z 20@iosens. Bioelectron23, pp.1125-30.

172



15 Scholes F H, Bendavid A, Glenn F L, CritchleyDgvis T J and Sexton B A 2008
Raman Spectros@9, pp.673-78.

18 porter M D, Lipert R J, Siperko L M, Wang G andrédmnan R 200€hem. Soc. Rev.,
37, pp. 1001-11.

" Rigler P, Ulrich W-P, Hoffmann P, Mayer M and Vb#e2003Chem. Phys. Chend,
pp.268-75.

18 p. Bohlen 197&rch. Biochem. Biophy455, pp. 213-220

19 Lipscomb | P Sihota A K Bothman M Harris K L aneéévil C W 2005J. Hosp. Inf.,
62, pp. 141-148

20\Van Weemen B K and Schuurs A H W M 197BBS Lett, 15(3), pp. 232-236.

2L Lequin R M 200%Clin. Chem, 51(12) pp. 2415-18.

22 Josephy P D, Eling T and Mason R P 198Biol. Chem 257(7) pp. 3669-75.

23 Kersten H, Stoffels E, Stoffels W W, Otte M, CsahB, Deutsch H and Hippler R
2000J. Appl. Phys87(8) pp. 3637-45.

173



7. Conclusions and summary

The presented work characterizes an ICP reactor for the purpose of surface
decontamination and investigates the fundamental sterilization mechanisms of
biomolecules such as proteins and biological material matrices. Through the work,
particular requirements for low pressure plasma processes applications to the medical
field are taken into account (e.g. process compatibility with thermo-labile objects and
environmental-friendly, low-cost procedure implementation). Moreover, special attention
is devoted to the development of diagnostics and protocols for quantitative measurement

of biological residuals on treated surfaces.

Plasma process development. While the use of oxygen-based plasma discharges for
biomolecules decontamination has been studied in detail in the past few years, relatively
fewer results have been published concerning the removal of proteins and biological
matrices from surgical instruments by means of a water vapor discharge. The possibility
to eliminate biomolecular contaminations by low-pressure H;O plasma treatment was
addressed in this study. Plasma decontamination of silicon surfaces was achieved using
water vapor plasma; model contaminations created either with pure protein or with a
biological matrix were effectively reduced by the interaction with the plasma on a
reasonable time scale. Mass removal rates for water vapor based discharges are found to
be lower then corresponding oxygen-based discharges operated in identical conditions
but the absolute values are nevertheless of the same order of magnitude. This result
indicates that a water vapor based mixture might be used to implement an efficient cost-
effective decontamination device. Water vapor plasma discharges were characterized by
means of optical emission spectroscopy and Langmuir probe, and plasma fluxes were
measured in several operating parameters conditions ranging from 2 to 20 Pa and 0.03 to
0.09 W-cm™. Plasma fluxes data have been used to predict mass removal rates behavior
within the framework of chemical sputtering plasma biomaterial interaction mechanism.
Comparison of different interaction schemes indicates that the leading interaction is
chemically favored by oxygen atoms reactions on the surface. Anyway, oxygen atoms

contribution to mass removal rates cannot alone fully explain the measured data, it is
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postulated that hydroxyl molecules plays an auxiliary role both in terms of UV emission

and H-abstraction processes.

Plasma-biomaterial interaction mechanisms. Plasma biomaterials interaction analysis
in terms of discharge internal parameters (radicals and ions fluxes and energy) presented
in this work defines mass removal mechanisms investigations and results on the basis of a
known theoretical framework, in real plasma environments and in an ion energy region
not investigated by published particle beam experiments. Whitin the framework of
Langmuir-Hinshelwood surface reaction theory different plasma-biomaterials interaction
models can be derived and tested. Two different radicals-ion synergy schemes and the
pure chemical etching scenario have been investigated. Particle fluxes (ions, atoms,
molecules) have been measured for several plasma conditions mapping reactor operative
parameters to plasma internal parameters. In particular power dependencies of oxygen
molecules, atoms and radicals fluxes are derived, as calculated from measured densities
values according to gas dynamic equation. Ion fluxes were calculated from Langmuir
probe data according to Bohm sheath criterion. Measured fluxes and etch rates were
compared with models calculated etch rates using a series of statistical tests.

Plasma discharge characterization and validation of interaction models defined ion
assisted chemical etching — ion assisted desorption (in a modified version of the model in
order to take into account ion flux limited surface kinetics, chemical bonds breaking
energy threshold and bombarding ion energy in the range € = 10-100 eV) as the most
accurate scheme to describe biomaterial mass removal rates in oxygen plasma. Low
energy ions number density effect on biomaterial mass removal rates was found to
follow a square root energy dependance, with very low (en < 1 eV) energy threshold for
the ion assisted desorption process. Moreover, in water vapour plasma experimetns,
oxygen radicals interaction with biofilm was found to describe etching rates of

biomaterials even in presence of hydrogen and hydroxyl active radicals.

Residual contamination in-situ diagnostic. In this study the details of thin protein film
removal by means of a low pressure ICP discharge were investigated. For this purpose an
in situ diagnostic method, suitable for laboratory studies on model contaminations, based

on quartz crystal microbalance was developed and validated. This method allows
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quantitative measurements in terms of plasma removed protein mass and detailed
investigation of etching rate kinetics. In contrast to commonly empolyed residual
contamination evaluation diagnostics, described in plasma decontamination related
literature, the proposed approach benefits simultanously of the three following
characteristics: is a quantitative measurament, is applicable in-situ during plasma
processing without breaking the vaccum and has time resolution down on the seconds
scale.

Mass loss curves have been measured and characterized for different model
contaminations reproducing the same areal mass density of realistic contamination
situations found in medical practice and deposited on substrates (Au coated QCM
crystals) with realistic roughness levels, moreover the plasma treatments were performed
at temperatures suitable for thermo-labile materials processing. Good sampling frequency
of the in-situ QCM technique was exploited to study the details of the etching rate
kinetics. Results show that, for thin film contaminations, etching rates are not constant
but can be described as a self-limiting process. Descriptive parameters were introduced to
account for the kinetics of the removal process and mass loss curves were explained in
terms of the modification induced by the plasma - protein interaction. Accumulation of
non-reactive compounds and substrate exposure at the interaction interface were
identified as the main causes. In particular the time constant of the etching process was
found to depend stepwise both on the morphology and the chemical composition thus
defining a transition between two regimes of the removal process. In an early regime the
kinetic of the mass removal is dominated by non reactive species accumulation while
during late stages of the treatment an endpoint regime dominated by reduction of the
effective interaction area and substrate exposure was observed. Of importance for the
development of a plasma-based decontamination technique, it was found that, in the
second etching regime, the basic building blocks of the protein structure (the backbone
peptidic chains) have been destroyed by the plasma interaction and the residual structures

are composed mainly by amorphous carbon.

Residual contamination ex-situ diagnostics. In the last part of this work a protocol for
biological activity measuraments of the residual contamination after plasma treatments

was tested. This approach explores a different path with respect to the commonly
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reported residual surface contamination assesment methods mainly based on thin films
physical properties measuraments. Results show that it is possible to detect low levels
(down to 1 pg'mm™) of biologically active protein soiling on contaminated surfaces using
an immuno asssay test combined woth a spectrophotometeric technique. Moreover a
comparison of plasma induced protein films removal rates as measured by quartz crystal
microbalance diagnostic and as measured by calibrated immuno assay method shows
how mass loss rates and biological activity decrease in plasma treated protein films
exhibit different kinetics, the latter being about twice as fast as the former in the

investigated range.

Advantages to Common Sterilization Methods. In this work gas mixtures showing
sufficient efficacy for decontamination processes are based on combinations of Argon,
Oxygen or water vapour. In literature also the use of Nitrogen and Hydrogen is reported.
Therefore, the proposed decontamination plasma based process does not involve the
presence of either hazardous oxidizing agents or toxic ingredients, as is the case of
ethilene oxide or hydrogen peroxide based sterilizers. The characteristic and total
treatment times are in the time scale of minutes, while common sterilization processes
may take from a few hours up to days to complete. The process have been tested against
thermo-labile materials and thermo compatible process conditions (below 40 °C) are
possible, polymeric materials that will be damaged by high temperature autoclave

processing can be treated by a plasma-based device.
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