
OPTICAL EMISSION SPECTROSCOPY AS A 
TOOL FOR MONITORING COLD 

ATMOSPHERIC PRESSURE PLASMA 
PROCESSES

Andrea Jurov
  



Doctoral Dissertation 
Jožef Stefan International Postgraduate School 
Ljubljana, Slovenia 

Supervisor: Prof. Dr. Uroš Cvelbar, Jožef Stefan International Postgraduate School and 
Jožef Stefan Institute, Ljubljana, Slovenia 
Co-Supervisor: Dr. Nataša Hojnik, Jožef Stefan Institute, Ljubljana, Slovenia 

Evaluation Board: 
Prof. Dr. Aleksander Zidanšek, Chair, Jožef Stefan International Postgraduate School 
and Jožef Stefan Institute, Ljubljana, Slovenia 
Prof. Dr. Eva Kovačević, Member, Université d'Orléans, Orléans, France 
Prof. Dr. Ana Sobota, Member, Technische Universiteit Eindhoven, Eindhoven, 
Netherlands 

  



 

Andrea Jurov 
 

OPTICAL EMISSION SPECTROSCOPY AS A TOOL 
FOR MONITORING COLD ATMOSPHERIC PRESSURE 
PLASMA PROCESSES 
 
 Doctoral Dissertation 

OPTIČNA EMISIJSKA SPEKTROSKOPIJA KOT 
ORODJE ZA SPREMLJANJE PROCESOV HLADNE 
PLAZME PRI ATMOSFERSKEM TLAKU 
Doktorska disertacija 

Supervisor: Prof. Dr. Uroš Cvelbar 

Co-Supervisor: Dr. Nataša Hojnik 
 
 
 
 
 
 
 
 

Ljubljana, Slovenia, November 2021 
 





In memory of Bela, my companion. 
 





 vii 

Acknowledgments 

First and foremost, I would like to thank my supervisor, Prof. Dr. Uroš Cvelbar for giving 
me the opportunity to work with him and our colleagues. He encouraged me to develop as 
a researcher and a person by giving me countless opportunities to travel and collaborate 
with many of our partners. I honestly appreciate everything he has done for me in the past 
five years. Second, I have to thank my co-supervisor Dr. Nataša Hojnik for always being 
the shoulder to cry on and an inexhaustible source of memes that helped my mental 
stability. Next, I am profoundly grateful to every member of the F6 team for all the 
scientific discussions, lunch breaks, beers and everything that made my days easier and 
more fun. Thanks to Dr. Gregor Filipič for always suggesting we burn something or throw 
it through the window, to Dr. Janez Zavašnik for the most amusing stories, and especially 
to my fellow students, our PhD support group – Aswathy, Jaka, Neel, Martin and Petra. 

I would also like to express my gratitude to colleagues I met on this journey that I am 
always happy to see and collaborate with – Dr. Nikola Škoro, Dr. Špela Kos and Dr. Anton 
Nikiforov. I am grateful for the opportunity to work with you and learn from your expertise.  

Special thanks go to my lovely friend Ivana Sremački who I am most grateful to have 
met. It is an amazing feeling when you meet someone as nice as you, who understands your 
position and is such a great host, and most importantly, is always up for going on an 
adventure. 

I would also like to express my gratitude to people I had met before my PhD, who 
helped me get to this point in my life – Dr. Nikša Krstulović and Dr. Dean Popović. Both 
of you made me fall in love with what I do and pushed me to pursue my goals. 

I cannot forget the first ladies who were there for me when I moved to Ljubljana – Tifa 
and Fadila. Both of them fed me their perfect Bosnian specialities and were always up for 
a conversation. Fadila was both a friend and a mother that I needed at the time, and I 
appreciate it more than she knows.  

I want to thank all my friends who have been there for me – Sonja, Sanja, Nika, Šime, 
Ana Marija, Nevena, Ivan, Marin, Nina, Željka and Anja. Thanks for all the conversations, 
drinks, trips, parties, food and games! 

I want to express my indescribable gratitude to my family, especially my parents Aida 
and Davor. I am not sure how they find the will to comfort me again and again, but I am 
grateful. I also have to thank my grandparents Neda and Tonko for feeding me all the nice 
fish. 

In the end, I have to thank the love of my life Neven who is always there for me. He 
always makes me feel better, even when he doesn’t know what to say. In the end, he helped 
me stay sane and finished sentences when my brain wasn’t cooperating. He even noticed 
he was the only one I missed to include in this list! 
 
 





 ix 

Abstract 

Non-equilibrium atmospheric pressure plasmas are used in many areas, such as food and 
agriculture, plasma medicine, plasma surface modification, material synthesis and 
deposition. Because of their versatility, many plasma setups have been developed. Of 
greater interest are those that operate at atmospheric pressure, like atmospheric pressure 
plasma jets (APPJs). Regarding applications, there are two main advantages of this type 
of plasma – simplicity and availability that comes with operation at atmospheric pressure, 
and low operating temperature that enables treatments of temperature-sensitive materials 
and substrates. Versatility and wide application of APPJs make detailed and standardized 
diagnostics a necessity. 

This dissertation tries to prove that optical emission spectroscopy is an efficient method 
for observing plasma properties generated within inert gases of argon and helium, and can 
provide all necessary data on plasma parameters and conditions. Consequently, optical 
emission spectroscopy enables in situ monitoring to understand physical and chemical 
processes occurring on surfaces, during synthesis or deposition. Therefore, the goal of the 
dissertation is to follow and investigate two objectives: (i) tracking APPJ surface 
modifications by optical emission spectroscopy for improved functionalization of 
nanomaterial surfaces or nanoparticles in colloidal solutions, and (ii) monitoring treatment 
of biological substrates with optical emission spectroscopy for the safe APPJ treatment of 
skin, decontamination of surfaces and removal of bacteria, as well as mitigations of plasma 
damages on cells relevant to clinical practice. 

In order to test the hypothesis, the research is based on three steps – setting up a 
plasma system, implementing plasma diagnostic tools and monitoring different changes in 
materials, either biological responses or chemical and morphological change. The used 
plasma setups are APPJs with different power sources, either operating in radio frequency 
or kHz regimes, with a possibility of aerosol injection. Implementation of plasma diagnostic 
tools means that gas-phase diagnostics are combined with electrical characterization of the 
power source. Optical diagnostics consist of optical emission spectroscopy, spatial and time-
resolved, and fast intensified charged coupled device imaging of the plasma streamer. 
Electrical characterization and power measurements are performed by HV probes and 
current monitoring. Lastly, to uncover plasma properties indirectly, we look at different 
analyses and responses of substrates based on chemical (liquid chemistry), morphological 
(scanning electron microscopy, transmission electron microscopy, atomic force microscopy, 
X-ray photoelectron spectroscopy, ultraviolet–visible spectroscopy, Fourier-transform 
infrared spectroscopy) and biological analysis (cell viability tests, determination of viable 
bacteria after the plasma treatment, fluorescence microscopy for evaluation of skin damage 
and infrared imaging of the mouse skin surface). 

The results support our hypothesis – optical emission spectroscopy is a great 
multipurpose tool for monitoring and tracking atmospheric pressure plasma processes in 
jets and changes when accompanied with appropriate and detailed substrate analysis. If 
we want to gain even more, other diagnostic techniques should be added to the research. 
However, the optical emission spectroscopy will be a future cornerstone sensor for 
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monitoring and controling the atmospheric pressure plasma processes initiated by jets in 
either nanofabrication or treatments of biological materials.   



 xi 

Povzetek 

Uporaba ne-ravnovesnih atmosferskih plazem zajema številna področja, kot so npr. 
plazemska medicina, prehrana in kmetijstvo, plazemska obdelava površin ter sinteza 
materialov in nanos nanomaterialov. Zaradi raznovrstnosti plazem, je bilo do sedaj razvitih 
mnogo plazemskih sistemov. Pri tem nas najbolj zanimajo atmosferske plazme, kot so 
atmosferski plazemski curki. Prednosti tovrstnih plazemskih sistemov pri uporabi v 
različnih aplikacijah sta predvsem njihova preprostost in razpoložljivost, ki sta posledici 
uporabe plazem pri atmosferskem tlaku in nizki delovni temperaturi, kar omogoča obdelavo 
termično nestabilnih materialov in substratov. Zaradi raznovrstnosti in mnogih aplikacij 
atmosferskih plazemskih curkov, je nujna njihova podrobna in standardizirana diagnostika. 

Namen te disertacije je dokaz da je optična emisijska spektroskopija učinkovita metoda 
za opazovanje lastnosti argonovih in helijevih plazem in lahko priskrbi vse potrebne 
podatke o plazemskih parametrih in pogojih. Prav tako omogoča optična emisijska 
spektroskopija in situ spremljanje fizikalnih in kemijskih procesov, ki se dogajajo na 
površinah ob plazemskih sintezah ali nanosih. Cilj disertacije je torej raziskovanje dveh 
področij: (i) opazovanje površinskih sprememb z optično emisijsko spektroskopijo za 
izboljšavo površinske funkcionalizacije nanomaterialov ali nanodelcev v koloidnih 
raztopinah, in (ii) monitoring plazemske obdelave bioloških substratov z optično emisijsko 
spektroskopijo za varno obdelavo kože z atmosferskim plazemskim curkom, 
dekontaminacijo površin in odstranjevanje bakterij, kot tudi ublažitev plazemskih poškodb 
na celicah, pomembnih za klinično delo. 

Za preizkus hipotez, je raziskava razdeljena na tri korake – postavitev plazemskega 
sistema, implementacija plazemskih diagnostičnih orodij in spremljanje različnih sprememb 
v materialih – bodisi bioloških odzivov, bodisi kemijskih in morfoloških sprememb. 
Uporabljeni plazemski sistemi generirajo atmosferske plazemske curke z možnostjo 
injiciranja aerosola, generirani z različnimi viri napetosti, ki delujejo v radiofrekvenčnem 
ali kHz razponu. Implementacija plazemsko diagnostičnih orodij se nanaša na kombinacijo 
diagnostike plinske faze z električno karakterizacijo vira napetosti. Optična diagnostika 
sestoji iz prostorsko in časovno ločljive optične emisijske spektroskopije ter karakterizacije 
plazemskih curkov s CCD napravami. Električna karakterizacija in meritve moči so 
izvedeni z visokonapetostnimi sondami in tokovnim monitoringom. Nazadnje je za 
indirektno odkrivanje plazemskih lastnosti, pridobljen vpogled v različne analize in odzive 
substratov, ki temelji na kemijski (tekoča kemija), morfološki (vrstična elektronska 
mikroskopija, presevna elektronska mikroskopija, mikroskopija na atomsko silo, rentgenska 
fotoelektronska spektroskopija, UV-VIS spektroskopija, Fourier-transformirana infrardeča 
spektroskopija) in biološki analizi (testi celične viabilnosti, določanje viabilnih bakterij po 
plazemski obdelavi, fluorescenčna mikroskopija za evaluacijo kožnih poškodb in infrardeče 
slikanje površine mišje kože). 

Rezultati podpirajo naše hipoteze – optična emisijska spektroskopija je odlično 
večnamensko orodje za spremljanje in preučevanje procesov in sprememb v atmosferskih 
plazemskih curkih, če ga spremlja primerna in podrobna analiza substrata. Za pridobitev 
več informacij, bi bilo potrebno raziskavi dodati še druge diagnostične tehnike. Kljub temu 
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pa bo v prihodnosti optična emisijska spektroskopija temeljni senzor za zaznavanje in 
nadzor procesov v atmosferskih plazmah bodisi pri izdelavi nanomaterialov ali plazemski 
obdelavi bioloških materialov. 
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Chapter 1 

1 Introduction 

1.1 Atmospheric Pressure Non-Equilibrium Plasma 
Plasma is the fourth state of matter, after solid, liquid and gas, and the most abundant 
form of matter in the universe. When a substantial amount of energy is delivered to a gas, 
electrons start to escape atoms and molecules and produce even more electrons and ions 
by collisions induced by a growing electric field. Energy needed for such ionization can 
come through different mechanisms, such as applying high temperatures or electrical 
discharges to the gas. Finally, when the number of collisions is high enough that the time 
between electron–neutral collisions is large compared to the characteristic time during 
which the physical plasma parameters are changing, the electrical properties of gas change 
and it becomes an ionized gas or plasma [1], [2].  

Even though plasmas exist mostly in intergalactic regions, such as stars and the 
intracluster medium of galaxy clusters, they can be generated in the laboratory under 
different conditions, for instance using different pressures. In the early days of plasma 
technology, low-pressure plasmas were more common than plasmas induced at atmospheric 
pressure because they were easier to ignite and maintain [3]. Soon, it became obvious that 
atmospheric pressure plasmas have some advantages compared to low-pressure plasmas, 
which, from a practical point of view, is most evident in the lack of expensive and 
complicated vacuum systems [1], [4]. 

Aside from pressure, temperature – which represents the mean translational energy of 
plasma species – is another defining plasma parameter. When using electrical discharge to 
ignite plasma, if the generated electric field is strong enough, electrons obtain more energy 
from the electric field than they lose in collision with heavier neutral particles. This enables 
electrons to accelerate, resulting in an avalanche that finally induces the breakdown of the 
gas. However, the number of electron–neutral collisions is high and energy is transferred 
from fast accelerated electrons to heavy neutral particles. In this case, when the electron 
temperature is similar to the neutral particle temperature, the plasma is classified as 
equilibrium plasma [1], [5]. However, in laboratory conditions at atmospheric pressure, it 
is possible to induce a different kind of plasma – non-equilibrium or cold plasma. As the 
name suggests, a non-equilibrium plasma is a gas discharge where plasma species, electrons 
and heavy particles, do not have the same temperature. The mean kinetic energy of 
electrons, electron temperature, is higher than the gas temperature (𝑇஥ ≫ 𝑇஧). This is 
possible because energy transfer is much faster from the induced electric field to electrons 
than energy transferred in collisions of electrons and heavy particles due to their large mass 
difference. For a plasma sustained in an atomic gas, such as noble gases used in this 
dissertation, the gas temperature 𝑇஧ can be estimated by the previously mentioned energy 
transfer relation between electric field, electrons and heavy particles as: 
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𝑇஧ = 𝑇஥ ๲1 −
஭ୱ

৶஭୯

(መ୯஥஋)ࢺ

ሥ୯
ࢺ ๳     (1) 

where 𝑚஧ is the heavy particle mass, 𝑚஥ the electron mass, 𝜀஥ the electron energy, 𝑒 the 
elementary charge and 𝜆஥ the electron mean free path [6]. This equation shows that keeping 
low gas temperature can be challenging with increasing pressure, which is evident in 
atmospheric pressure plasma systems like arcs. However, there are numerous methods to 
minimize gas heating that include the use of noble gases, different gas flows, reduced plasma 
size and more [6]. 

Non-equilibrium plasmas at atmospheric pressure have a wide application range in 
many fields that are focused on temperature sensitive materials, like agriculture and the 
food industry [7]–[13], material synthesis and deposition [5], [14]–[19], and especially plasma 
medicine [20]–[26]. In order to be used in such a variety of areas, atmospheric pressure non-
equilibrium plasmas come in many forms, some of which are shown in Figure 1. 

 

 

Figure 1: Examples of atmospheric pressure non-equilibrium plasmas from [6]. 

 
 
 

1.1.1 Atmospheric pressure plasma jets 
Plasmas are generated when an applied electric field is strong enough to initiate a 
breakdown over a discharge gap. At atmospheric pressure, that electric field needs to be 
quite high so the discharge gaps are usually small – from a mm to a few cm. To increase 
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the size limit of treated objects, plasmas confined between electrodes are replaced by 
plasmas generated in open space – plasma jets. There are two main challenges that hinder 
the generation of non-equilibrium atmospheric pressure plasma jets (APPJs) – high 
electron/heavy particle collision frequency and low applied electric field [1]. These 
challenges can be overcome with different designs and power supplies. Most jets use noble 
gases with the possible addition of small amounts of reactive gases, such as oxygen (O2) or 
nitrogen (N2). Based on their design, non-thermal plasma jets are divided into dielectric-
free electrode (DFE) jets, dielectric barrier discharge (DBD) jets, DBD-like jets and single-
electrode (SE) jets, as in [1], [27]. A schematic representation of most jet configurations is 
presented in Figure 2–5. APPJs can also be classified by excitation frequencies into direct 
current (DC) plasma jets, pulsed-DC plasma jets, kHz-operated plasma jets, radio 
frequency (RF)-operated plasma jets and microwave-driven plasma jets [3]. 

 

 

Figure 2: Schematic representation of DFE jets from [27]. 

 
DFE jets, powered by a radio frequency (RF) source, have one inner electrode coupled 

to that source and a grounded outer electrode [17], [28]. The setup has to be cooled down 
by water so as not to overheat, and the gas temperature goes from 50℃ to 300℃. The gas 
temperature is quite high because of the high power delivered to plasma, which reduces 
possible applications in biomedicine. The upside of this setup is the resultant highly 
reactive plasma and its suitability for material processing, as long as the materials are not 
temperature sensitive. 
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Figure 3: Schematic representation of different DBD jets: (a) with two external ring 
electrodes; (b) with a single ring electrode; (c) with an axial pin electrode and an external 
ring electrode; (d) with a single axial pin electrode; and (e) with two annular ring electrodes 
on centrally perforated dielectric disks from [27]. 

 
 
DBD jets have many different configurations, but common to all is that every jet has 

an electrode that is not in direct contact with the gas flow but is separated with a dielectric 
(usually a glass tube) [29]–[31]. All DBD jets can be operated by pulsed DC or kHz 
alternating current (AC) power supply. Gas temperature remains low and the plasma 
plume can have lengths of several cm, sometimes over 10 cm, which makes them perfect 
candidates for applications in plasma medicine [32].  

 
 

 

Figure 4: Schematic representation of DBD-like plasma jets: (a) with an axial pin electrode 
and an external ring electrode; (b) with a hollow tube electrode, an external ring electrode 
and two gas inlets from [27]. 

 



1.2. Plasma Diagnostics and Spectroscopy 5 

DBD-like jets are quite similar to DBD jets when they are treating a non-conductive 
material [33]. However, when the plasma plume makes contact with a conductor, the 
discharge starts running between a high-voltage electrode and a conductive substrate and 
the jet changes properties. DBD-like jets can be operated by kHz AC, pulsed DC or RF 
power sources [34]. Their configuration makes them useful in treating conductive materials 
when there is a need for more power delivered to the substrate. However, when treating 
biological samples, such as cells or tissue, there is a possibility of arcing. 

 
 

 

Figure 5: Schematic representation of SE plasma jets: (a) with an axial pin electrode inside 
a dielectric tube; (b) with one hollow tube electrode from [27]. 

 
In this thesis SE jets were used, paired with different power sources, mostly operated 

in the kHz region. SE jets have one electrode inside a glass tube that guides the gas flow, 
and there is no ground electrode. These jets have a similar disadvantage to DFE and DBD-
like jets: there is a possibility of arcing between plasma and the treated substrate. 
Nonetheless, there are many different setups of SE jets that can overcome this danger. The 
biggest advantage of SE jets is low gas temperature and the possibility of safely touching 
the plasma plume, making them a good candidate for applications in plasma medicine [21], 
[22]. 

1.2 Plasma Diagnostics and Spectroscopy 
Plasma consist of many species, such as atoms, molecules and their ions. Every plasma 
emits and absorbs electromagnetic radiation in a wide wavelength range, but there are 
some limitations for spectroscopy. Below 200 nm, the air starts to absorb electromagnetic 
radiation. To avoid this absorption, the diagnostic system requires an evacuated light path, 
which complicates diagnostics drastically. Above 1000 nm, the thermal background noise 
becomes too high for common spectrometers to distinguish from the real plasma spectrum, 
and it can only be compensated with expensive detection equipment [35], [36]. For those 
reasons, optical plasma diagnostics is usually conducted in the spectral region between 200 
nm to 1000 nm. 

Plasma spectroscopy detects plasma radiation. There are three different contributions 
to overall plasma radiation – bremsstrahlung, recombination radiation and line radiation. 
Bremsstrahlung and recombination radiation are detected as continuum radiations. They 
occur when electrons are deflected in the energy field of ions and when electrons recombine 
with ions, respectively. In contrast, line radiation corresponds to transitions of electrons 
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between levels of atoms, ions and molecules (at low temperatures) [36]. A possible 
representation of plasma radiation is presented in Figure 6: Simulated spectrum 
representing plasma radiation – dense hydrogen plasma of 𝑘ஈ𝑇஥ = 10 𝑒𝑉  with impurities, 
𝑛஥ = 10ਢਙ𝑐𝑚−ੋ, thickness 1 mm [36], where a simulated spectrum of a dense hydrogen 
plasma is shown, with contributions from bremsstrahlung, recombination and line 
radiation, alongside a blackbody limit. 

 

Figure 6: Simulated spectrum representing plasma radiation – dense hydrogen plasma of 
𝑘ஈ𝑇஥ = 10 𝑒𝑉  with impurities, 𝑛஥ = 10ਢਙ𝑐𝑚−ੋ, thickness 1 mm [36]. 

 
Continuum radiation can be used to determine electron density and temperature. This 

radiation comes from the free electrons that have Coulomb interactions with ions and 
neutrals in plasma [37]. When the electrons are interacting with ions either free–free 
bremsstrahlung or free–bound recombination occurs. In contrast, when the electrons 
interact with neutrals only free–free bremsstrahlung exists. In essence, bremsstrahlung is 
radiation that originates when a charged particle decelerates and interacts with another 
charged particle or a neutral. Sometimes, continuum radiation is sufficient to measure 
electron properties in atmospheric pressure plasmas [37]–[39].  

Line radiation gives a lot of information about plasma composition and can be used to 
determine plasma parameters. There are different aspects of a spectral line that give 
information about the observed medium – position, intensity, line shape and broadening. 
Positions of the spectral lines are used for the identification of atoms and molecules, 
whereas intensity, if absolutely calibrated, can be used to determine species concentrations. 
The line shape of a spectral profile is determined by a handful of factors dictated by the 
spectroscopic properties of the observed species and by experimental conditions like the 
temperature and pressure of the gas along with electric and magnetic fields. All of these 
factors influence the line shape but some affect every element present in the sample in an 
identical way (homogenous) and sometimes those effects are not identical to every species 
(non-homogenous). Ideal line shapes are described by Lorentzian, Gaussian and Voigt 
functions, presented in Figure 7Figure 7: Line profiles used in plasma spectroscopy [1], 
where a Voigt profile is dominated by the Gaussian component near the center (core), and 
resembles the Lorentzian component on the wings. Parameters that describe each profile 
are the line position, maximum height and half-width. As the half-width varies with the 
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temperature and pressure of the system, it is often used for plasma parameter 
determination. 

 

 

Figure 7: Line profiles used in plasma spectroscopy [1]. 

 
If we observe one particle in plasma, its interaction with the plasma changes the energies 

and lifetime of the observed particle. Those fluctuations in energy are observed as line 
broadenings in the optical spectrum of the system. In essence, different atoms in plasma 
have different interactions with the rest of the plasma species, which is observed as different 
types of broadenings [40]. 

Natural line broadening and collisional broadening are examples of homogenous 
contributions to spectral line broadenings. Natural line broadening occurs due to the 
natural lifetime of the emitting state of observed transitions. This type of broadening has 
a Lorentzian line shape but is usually negligible compared to other broadening 
contributions in low-temperature plasma [36]. Collisional broadening develops as a result 
of reduction of the natural lifetime of the transitions due to many collisions occurring in a 
gaseous sample. The contribution of collisional broadening depends on the nature of the 
energy transfer during collision (pressure or van der Waals broadening) and on the natural 
lifetime of the transition compared to the frequency of collisions (resonance or self-
broadening) [1], [41], [42]. Even though collisional broadening dominates at atmospheric 
pressure, not all collisions have the same contributions. Pressure broadening by neutral 
particles and resonance broadening are negligible compared to charged particle interactions. 
The dominant type of broadening, pressure broadening of charged particles, is Stark 
broadening. It is a result of the interaction of molecules with electrons and ions. When the 
contribution of electrons is much higher than the contribution of ions, Stark broadening is 
described by a Lorentzian profile whose half-width is directly related to the electron density 
[43]–[45].  

An example of inhomogeneous broadening would be Doppler broadening occurring as a 
result of the shift in frequency of the absorbed radiation during a transition – any motion 
of the emitter. The contribution of Doppler broadening becomes significant only at higher 
temperatures, when it is used for translation temperature determination [1], [36], [46]. 
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1.2.1 Optical diagnostics for low-temperature plasmas – passive and 
active spectroscopic techniques 

Most general plasma spectroscopy is divided into passive and active techniques. Passive 
optical diagnostic techniques record spontaneous plasma emission whereas active optical 
diagnostic techniques observe intensity changes after stimulating plasma with an external 
light source. 

The most commonly used passive diagnostic technique is emission spectroscopy that 
uses radiation emitted by excited species when they spontaneously relax to a lower energy 
state. Emission spectra can, under the right conditions, give information about particle 
densities and temperatures. More on optical properties of plasma and how to utilize them 
for plasma parameter determination is presented in subchapters 1.2 and 1.2.2. 

In order to use active spectroscopic techniques, one needs to introduce light into plasma 
and determine the correlation between the two – absorption, reflection or transmission. 
The most prevalent active spectroscopic technique is absorption spectroscopy, which is 
based upon measuring the light intensity before and after its interaction with plasma. 
Another way to measure absorption is to record light emitted by the excited species, that 
is absorbed induced light, decaying to a lower energy state. This indirect measurement of 
absorbed light is called laser induced fluorescence (LIF). 

Other active spectroscopic techniques utilize the process of light scattering – Thomson, 
Rayleigh and Raman. Thomson scattering is elastic scattering from free electrons, Rayleigh 
scattering is elastic scattering from heavy particles and Raman scattering is inelastic 
scattering from molecules [47]. Based on the process of distinguished species they measure, 
each method gives different information. Thomson scattering can help determine electron 
temperature and density, Rayleigh scattering can be used to determine total density and 
temperatures of heavy particles, and Raman scattering gives information about density 
and temperature of a particular molecule. 

Rayleigh scattering. This method utilizes the fact that the intensity of the scattered 
light depends on the intensity and polarization of the incident light and the density of the 
scatterers 𝑛஧

ன . The relation is 

𝐼~ ∑ 𝜎ன𝑛஧
ன

ன
= ∑ 𝜎ன ர୳

஫୒சୱன
      (2) 

where 𝜎ன is the Rayleigh scattering cross-section of the light on 𝑖 scatterer and 𝑝ன is the 
partial pressure of the scatterer in the gas mixture [48], [49]. In order to measure plasma 
gas temperature 𝑇஧, two signals obtained for the same conditions have to be recorded: the 
reference signal 𝐼੤ of working gas without plasma at a reference temperature 𝑇੤, and the 
signal obtained from plasma 𝐼஖  with unknown gas temperature. Gas temperature comes 
from the following ratio of these values: 

𝑇஧ = ஏ࣍

ஏୠ
𝑇੤.        (3) 

The recorded signal originates from different heavy particles present in plasma. In the case 
of argon (Ar) plasma operating in ambient air, that signal can come from Ar, N2 and O2 
and since these species have similar cross-sections for Rayleigh scattering, the signal can 
be considered independent of the mixture and air present in the effluent [49], [50]. 
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1.2.2 Temperature measurements of species in non-equilibrium plasma 
with optical emission spectroscopy 

 
Species in non-equilibrium plasma – electrons, ions, neutrals, radicals – do not share the 
same temperature. This means that the electron temperature is much higher than 
temperatures of heavy neutral species. Moreover, different degrees of freedom (rotation, 
vibration, translation and electronic excitation) in molecule are also not in equilibrium. 
This inequality of temperatures can be presented as: 𝑇ழல஡மள  ≤ 𝑇ல  ≤ 𝑇ஶன஢  ≤ 𝑇஥ஸ ≤ 𝑇஥ [51]. 

1.2.2.1 Gas temperature 

Gas temperature is a very important plasma parameter as it is essential information for 
technological and biomedical applications. Since APPJs have a small plasma region, it is 
virtually impossible to directly measure the gas temperature. However, there are different 
techniques that enable gas temperature measurements that can be divided based on their 
physical principles into rotational distribution of molecules, line profiles, neutral density 
and thermal probes [51]. 

Rotational distribution of molecules. The rotational temperature of ground state 
molecules is a good representation of gas temperature, as the lifetime of the molecules in 
the ground state is usually larger than the characteristic time between collisions. The 
downside of using the ground states is the need for an active diagnostic, such as absorption 
spectroscopy, LIF or Raman scattering, to deliver sufficient energy to excite molecules that 
are in the ground state. As these techniques require an additional light source, they are 
neither simple nor widely available. An additional drawback is that active diagnostics 
influence the observed medium (invasive diagnostic method). However, the rotational 
temperature of excited states can also be a good representation of gas temperature, 
especially if obtained from thermometric methods. In this case, the required information is 
easily obtained with simple optical emission spectroscopy (OES) [42]. To obtain the 
rotational temperature of diatomic gas molecules, the measured rotational spectrum has to 
be compared with a simulated one where a Boltzmann plot method is used, often with the 
help of specialized software like Specair, Lifbase or MassiveOES [52]–[54]. When picking a 
molecule or radical, the important factor is to choose a system that has no interference, 
like overlapping transition, so as not to overestimate the neutral gas temperature. 
Rotational temperature determination is often based on the use of emission lines from OH 
radical or N2 molecule and ion, as they are present in most atmospheric pressure plasmas. 
OES temperature measurements revolve around relative intensity measurements of 
rotational lines in the same vibrational band. An example of a suitable emission spectrum 
for rotational temperature determination is presented in Figure 8; an OH(A–X) band from 
an atmospheric pressure Ar plasma jet generated by a 5 kV power source. Comparison of 
different neutral gas temperature determination approaches is presented in Chapter Error! 
Reference source not found..  
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Figure 8: OES spectrum: rotational lines of OH(A–X) in Ar APPJ where gas temperature 
was estimated to be 388 K with Lifbase. 

 
Line profiles. Radiation of atomic and molecular transitions has specific energies 

corresponding to the energy difference between upper and lower levels of the transition, 
and are observed at distinct wavelengths. As mentioned in section 1.2, there is always a 
spectral width present due to different mechanisms like natural broadenings, Doppler 
broadening, Stark broadening, van der Waals broadening or resonance (pressure) 
broadening. Some of the broadening can be successfully utilized for electron temperature 
and electron density measurements, which is further explained in section 1.2.2.2. 

Neutral density. When plasma does not show significant changes in the composition of 
the neutral species, measurements of neutral species density can give information of gas 
temperature. Rayleigh scattering is the most direct technique of neutral density 
measurement, as the cross-section is species dependent and the scattered light is 
proportional to the concentration of neutrals in the scattered volume [55]–[57]. This method 
assumes an ideal gas law where at constant pressure the amount of scattered light is 
inversely proportional to the gas temperature. Moreover, this method is most accurate at 
moderate gas temperatures and at high pressure (non-equilibrium atmospheric pressure 
plasmas). 

Thermal probes. In atmospheric pressure conditions, where the plasma region is small, 
it is hard to use thermal probes of any kind. First, most probes are composed of metal, 
which is strongly influenced by electromagnetic fields present in plasma environments. 
Second, even when using non-conductive fibers for temperature measurements, they can 
significantly modify the discharge. Ultimately, gas temperature in atmospheric pressure 
plasmas can have strong gradients in space and time, and influencing the discharge in any 
way is not appropriate for measurements. However, some gas temperature measurements 
have been made utilizing probes [58], [59]. 
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1.2.2.2 Electron temperature and density 

 
Other than electron and gas temperatures, particle density, especially electron density, is 
an important plasma parameter. The efficiency of plasma processes is generally dependent 
directly on the density of charged particles [5]. Moreover, electrons are the main factor 
responsible for energy transfer from the electric field that ignites plasma to the plasma 
discharge. The external electric field interacts with all charged particles and accelerates 
them. The electrons, as the lightest charged particles inside plasma, are easiest to 
accelerate, consequently absorbing the most energy from the applied electric field. 
Therefore, electrons participate in most collisions and by that transfer the most energy to 
gas molecules and cause their ionization and dissociation. 

Electron temperature and electron density play a major role in active species generation 
in a non-equilibrium plasma, but their measurement is not as simple as measurements of 
other plasma parameters. Even though probes are not a good solution as a diagnostic tool 
for small scale non-equilibrium plasmas, there are some studies of applying Langmuir 
probes to microplasmas with various degrees of success [60]–[64]. The biggest issue with 
Langmuir probe analysis is that it is based on standard collisions theory, which is not 
applicable to atmospheric pressure plasmas as they are highly collisional as the ion–neutral 
mean free path becomes smaller than the Debye length [60], [65]. Another issue with probes 
is that their voltage disturbs the discharge conditions, which can highly influence plasma 
parameters [66]. As a consequence, optical diagnostics, especially OES, is used for electron 
temperature and density measurements. Optical diagnostics cause no disturbance to the 
plasma but in the case of non-equilibrium plasmas the excited-state number densities that 
correspond to the line intensities cannot be described with a Boltzmann distribution [65]–
[67]. Thus, excitation kinetics in the plasma must be considered and densities of the excited 
states should be mathematically formulated with electron temperature and density, as they 
are well associated parameters. 

Electron density can be measured from OES by three different methods – Stark 
broadening, analysis of the continuum radiation and the line-ratio method. Electron density 
is usually calculated from Stark broadening of hydrogen from the Balmer series [68]. Balmer 
lines, when present in plasma, are most appropriate because the broadening of hydrogen 
lines is a result of the linear Stark effect and is the most sensitive to electron density 
variations [42], [45]. Another reason to use hydrogen Balmer lines is the fact that they 
practically show no self-absorption and are not broadened by any dynamic processes in 
plasma. When an electron density is lower than ∼ 10ਢੋ𝑐𝑚−ੋ, Stark broadening is not 
applicable because other broadening, like van der Waals and Doppler, become dominant 
[44], [69]. If observed, electron density can be measured from continuum radiation, usually 
present in some recombining plasmas [70]. The continuum radiation in APPJs is mostly 
generated by electron–atom collisions and can be used for electron density measurement 
in the case of plasma with low ionization degree [71]. Along with line broadening and 
continuum radiation measurements, temperature and density can be measured from line 
intensity ratios, often from nitrogen or He [67], [72], [73]. In this method, the intensity ratio 
of emission lines is related to the electron density by a collisional-radiative model (CRM), 
which is explained elsewhere [74]–[76]. 

More complex optical diagnostics are also used for electron temperature and density 
measurements like Thomson and Rayleigh scattering, already mentioned in section 1.2.1. 
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1.3 Thesis Objectives and Outline 
 
The previous sections revealed the background of atmospheric pressure plasma and its 
diagnostics, which are important for understanding plasma processes. This thesis tries to 
prove a hypothesis that OES can be used as a multipurpose sensorics tool for monitoring 
and controlling APPJ characteristics and processes though different applications. While 
OES is a versatile technique, it has limitations that are dependent both on the spectroscopy 
system and the plasma source. This is obvious in different parameters obtained from 
different applications. Always, OES is supported with other diagnostic and analytical 
methods fo the plasma power source, plasma discharge and plasma-treated substrate, and 
with combined results we hope to pinpoint parameters responsible for specific processes. 

After the introduction, focused on optical plasma diagnostics, the thesis is divided into 
two sets of applications – plasma surface modifications and treatment of biological samples.  
 
Thesis objectives are: 
 

1. Tracking APPJ surface modifications by OES. 
 
An APPJ is used for inflicting surface modifications by changing surface properties of 

a polymer to prepare it for nanoparticle impregnation and creating a polymer/nanoparticle 
composite, and modifying surface properties of a carbon nanotube (CNT)-based gas sensor 
to improve sensing properties. In both applications, a setup with a kHz-driven plasma jet 
that operates in Ar or He will be used. We will apply OES for tracking changes inside inert 
gas plasma induced by substrate–discharge interactions. Along with OES, the gas phase 
will be analyzed in detail by fast intensified charged coupled device (ICCD) imaging and 
complete electrical characterization of the plasma power source. This information will be 
accompanied with thorough surface morphology analysis in order to understand the 
physical and chemical processes occurring on the surface during and after plasma 
treatment. The results, presented in Chapter 3, reveal our plasma systems to be 
energetically soft, as no evidence for changes in the bulk were found. 

 
 
2. Monitoring treatment of biological substrates by OES. 
 
 
Biological systems can be quite sophisticated and their interaction with atmospheric 

pressure plasmas are complex. Therefore, many different techniques are required to obtain 
comprehensive characterization and analysis of every step in the process. This implies a 
complete diagnostics and analysis is required of the power source, plasma gas phase, 
plasma–substrate interaction and substrate itself. This thesis covers three different 
applications when biological substrates are treated with APPJ – bacteria, murine fibroblast 
and mouse skin. Since each substrate is quite different and has a high interaction with 
plasma discharge, we propose implementing a standard for plasma diagnostics by means of 
OES as that significantly adds value to the research and allows a better understanding and 
faster improvement of this field. OES gives an abundance of information, making it easier 
to control and repeat plasma treatments, and is supported with electrical characterization 
of the power source to assure stability and repeatability. Since most biological samples 
treated in this dissertation are suspended in a liquid medium, liquid chemistry is analyzed 
as it should give information on the gas–liquid interaction. Moreover, all substrates are 
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monitored after treatment and analyses are repeated after 24 or 48 h to make sure the 
obtained effect does not change through time. These applications are documented in 
Chapter 4.        

 
  



14  Chapter 1. Introduction  

 

  



   15 

Chapter 2 

2 Diagnostics of an Atmospheric 
Pressure Plasma Jet 

This chapter serves as an introduction to atmospheric pressure plasma diagnostic 
techniques. Low-temperature atmospheric pressure plasmas are a powerful source of 
chemically active species and can be used in applications such as processing heat-sensitive 
materials, chemical synthesis, material surface modifications and functionalization, 
cleaning, sterilization, etching, coating, etc. For the purpose of applications in the 
biomedical field, an RF plasma jet that operates at atmospheric pressure was constructed. 
The constructed jet could inject aerosol directly in the gas discharge, which could 
potentially be used for medical implementation. The reason behind choosing the RF range 
is the fact that RF-operated jets produce a large amount of reactive species, which is 
essential for the desired applications.  

In order to evaluate suitability of an RF-driven Ar plasma jet for biomedical applications, 
thorough electrical characterization and optical diagnostics of the discharge were 
performed. Since temperatures are important parameters for biomedical application due to 
treatments of temperature-sensitive materials, such as skin, a detailed measurement of gas 
and rotational temperatures was performed. A comparison of spectroscopy and direct laser 
scattering methods for measuring gas temperature was made – OES, Rayleigh and Raman 
scattering. The gas temperature was measured from OES both from OH and N2 emission 
spectra and compared with Rayleigh and Raman spectroscopy measurements. Gas 
temperature measured on the N2 molecule was higher when measured with OES than 
complementary methods. However, gas temperature measured on the OH radical was in 
good agreement for all used techniques. 

 

Regarding my contribution: I participated in performing electrical characterization and 
OES measurements. After the original draft of the manuscript was prepared, I helped with 
the refinement.  
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Chapter 3 

3 Tracking Plasma Surface 
Modifications of Materials 

This chapter is focused on tracking plasma parameters during plasma surface modifications 
of materials, more precisely designing polymer/nanoparticle composites and improving 
electrical properties of carbon-based gas sensors. Surface modifications are made to improve 
or influence surface properties by changing the physical, chemical or biological 
characteristics of the original material. Modifications can be inflicted by different means – 
physical or chemical procedures – depending on the required result. One promising way to 
modify the surface is by atmospheric pressure plasma, which holds many beneficial 
properties. The main feature of plasma jets is that plasma is not confined between 
electrodes, but the plasma plume can be adjusted and used to treat confined spaces (such 
as cavities, inner walls of wells or other narrow spaces). Another feature is its low gas 
temperature, which makes a plasma jet perfect for treatment of thermally sensitive 
materials like polymers and papers. Plasma can help change surface properties, like 
wettability, adhesion or functionalization, or participate in impregnation of different 
materials onto the treated surface. Usually a plasma gas is selected that can achieve the 
desired effect in surface treatment. The selection of the gas combined with the plasma 
setup and power source can bring about desired results. Other parameters that are of 
importance are distance between the plasma plume and treated surface, and treatment 
time.  

In this chapter, OES was used to analyze the optical content of the plasma jet, monitor 
plasma–material interaction processes, and detect and track possible related energetically 
excited volatile degradation products. APPJ systems used in these experiments performed 
stable and uniform surface treatments that were energetically soft, as OES did not detect 
any energetically excited states of volatile compounds from the treated material. 

A detailed description and results are described in the following subchapters: 
 

0.   
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Atmospheric Pressure Plasma Jet-Assisted Impregnation of Gold Nanoparticles into 
Polyvinyl Chloride Polymer for Various Applications 
 
3.2. Improving Sensing Properties of Entangled Carbon Nanotube-Based Gas Sensors by 
Atmospheric Plasma Surface Treatment 

 
This chapter addresses thesis Objective 1. 
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3.1 Atmospheric Pressure Plasma Jet-Assisted 
Impregnation of Gold Nanoparticles into Polyvinyl 
Chloride Polymer for Various Applications 

As polymers are a relatively inexpensive materials with good bulk properties and many 
possible applications, there is a need to improve their surface properties to tailor them for 
specific applications they are used for. This chapter shows the creation of gold nanoparticle 
impregnated polyvinyl chloride (PVC) polymers that could be utilized for various 
applications, such as antibacterial substrates, nanoplasmonic sensing devices, improved 
dose measurements, catalysis, immunoassay systems, photovoltaic devices, polymeric 
nanocomposite membranes and fuel cells. This research focused on preparing nanoparticle 
impregnated polymers from scratch – nanoparticles were synthesized by laser ablation and 
impregnation was achieved with the help of a kHz-operated He APPJ.  

This research introduces a new method for APPJ-assisted impregnation of Au nanoparticles 
into PVC surfaces in order to fabricate polymer/nanoparticle composites. Nanoparticles 
are synthesized by pulsed laser ablation of a metallic target immersed in liquid (laser 
ablation in liquids (LAL)). This technique provides non-inhalable colloidal nanoparticles 
with no residues or by-products, and no further purification is needed. Plasma impregnation 
of nanoparticles to polymer kept the bulk material unchanged. This impregnation method 
is rapid, energy-efficient, non-toxic, and a low-cost route to impregnation that needs only 
a small amount of nanoparticles due to two-dimensional dispersion on the surface. 
Produced polymer/nanoparticle composites had a relatively homogenous surface at the 
microsized scale due to increased surface roughness, which prevailed the size of synthesized 
nanoparticles making them mechanically confined within the ripples of the surface. 

In order to track changes inside plasma and induced by plasma, various diagnostic 
techniques were implemented both on the gas discharge and on the polymer/nanoparticle 
composite. OES showed the difference in intensities of detected reactive species during 
polymer/nanoparticle treatment, but no new excited species were detected when plasma 
was in contact with the colloidal solution.  
 
Regarding my contribution: I performed laser ablation in liquids for synthesis of colloidal 
gold nanoparticles, plasma-assisted impregnation of those nanoparticles to PVC polymer 
and OES diagnostics of plasma. I wrote the paper with the co-authors. 
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3.2 Improving Sensing Properties of Entangled Carbon 
Nanotube-Based Gas Sensors by Atmospheric Plasma 
Surface Treatment 

Gas sensors are used in many different industries and their fabrication mainly depends on 
the desired application. This subchapter focuses on the effect of APPJ treatment on the 
surface of CNT-based gas sensor that we produced. APPJ surface treatment allows surface 
functionalization and defect generation of carbon nanostructures simultaneously. Those 
modifications can be controlled by choosing appropriate plasma parameters. A thorough 
study was conducted on the effect of plasma treatment on electrical conductivity, surface 
properties and chemical functionalities of carbon nanostructures.  

To improve the gas sensor properties, the surface itself was treated with a He- and Ar-
operated APPJ, while OES was used for monitoring changes in plasma processes. Surface 
analysis revealed that plasma treatment did not make significant morphological changes; 
a result supported by OES as it showed no considerable changes in emission spectra. On 
the other hand, we showed that plasma-treated sensors possess higher sensitivity than non-
treated sensors. We concluded that plasma induced defects in the sensor that led to 
enhanced sensing capabilities. 
 
 
Regarding my contribution: I performed OES measurements of plasma discharge and 
scanning electron microscopy (SEM) for morphology analysis of the gas sensors. I co-wrote 
the interpretation of all results and prepared an original draft of the manuscript. 
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Supporting Information 
Improving sensing properties of entangled carbon nanotube-based gas 
sensors by atmospheric plasma surface treatment  
 
 
OES was conducted for the plasma treatment of Bucky paper used as a gas sensor. The 
spectrometer used for optical emission analysis was a broad-range spectrometer, model 
LR1, from company ASEQ Instruments, Vancouver, Canada. Spectra were obtained with 
an exposure time of 500 ms at a distance of 3 cm from the plasma plume (length was 2 
mm) at the end of jet’s glass tube.  
 
 
 

 
Figure 1. OES of He APPJ recorded for plasma with (blue) and without (black) Bucky 
paper substrate. Enlarged spectrum highlights observed nitrogen lines. 
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Figure 2. OES of Ar APPJ recorded for plasma with (blue) and without (black) Bucky 
paper substrate. 
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Chapter 4 

4 Monitoring Treatment of Biological 
Substrates 

This chapter provides an implementation of OES for monitoring cold APPJ treatments of 
biological samples, such as bacteria and mouse skin cells in vivo and in vitro. Atmospheric 
pressure plasmas are used for various treatments of surfaces, especially biomaterials, due 
to their beneficial effects like disinfection, stimulation of cells, apoptosis of cancerogenic 
cells, wound healing or topical introduction of drugs through the skin. Their application to 
tailoring biological surfaces is extensive. However, aggressive plasmas or too long exposure 
can lead to uncontrolled damage of biological materials, like cells, bacteria or tissue. The 
goal of this chapter is to present results for monitoring the formation and recombination 
of reactive species produced by APPJs in contact with substrates on the gas–surface 
interface. The role of the specific substrates (bacteria suspended in liquids, cells on a wet 
substrate or in vivo mouse skin) on the plasma parameters was investigated.  

The gas–surface interface was diagnosed in detail with different techniques. A thorough 
analysis of the plasma’s electrical properties and ionization processes was made to gain 
insight into the connection between reactive species production in the gas phase and the 
generation of reactive species in the plasma treated liquid/sample. These experiments 
showed different ways to utilize atmospheric pressure plasma properties with varying 
success. For some biomedical applications, the used plasma setups were too aggressive. 
But, in some cases, we proposed simple methods to reduce plasma-inflicted damage. 

This chapter includes implementation of the optical diagnostics into treatment of different 
biological materials and is divided into these subchapters: 

 
Error! Reference source not found. Error! Reference source not found. 
 
4.2 Analyzing Mouse Skin Cell Behavior Under a Non-Thermal kHz Plasma Jet 
 
4.3 Atmospheric Pressure Plasma Jet – Mouse Skin Interaction: Mitigation of Damages 

with Liquid Interfaces or Gas Flow Dynamics 
 
This chapter addresses thesis Objective 2. 
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4.1 Helium APPJ Parameters and Their Influence on 
Deactivation of Bacteria in Medium 

Bacteria are widespread organisms found in almost any habitat. They are vital in many 
natural processes, but some bacterial strains can be very harmful for humans. Even though 
different sterilization techniques are very efficient in bacteria inactivation, some strains 
become resistant to those methods. It is necessary to improve currently used sterilization 
techniques and propose new ones that might have certain advantages. We used an APPJ 
and showed it is capable of elimination of four different bacterial strains in a short amount 
of time. The research focused on finding optimal plasma parameters for this purpose. 

To better understand obtained optimal parameters we did a thorough optical and electrical 
plasma jet diagnostics, including a detailed liquid chemistry analysis. We found a link 
between bacteria deactivation with higher discharge powers and gas flow rates, generation 
of RONS and medium solvate charges. OES helped unravel formation of gas-phase reactive 
species and their influence on the medium. 

 

Regarding my contribution: I performed detailed power source and plasma diagnostics. I 
analyzed all data and prepared a manuscript with co-authors. 
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4.2 Analyzing Mouse Skin Cell Behavior Under a Non-
Thermal kHz Plasma Jet 

One possible biomedical application of a cold APPJ is exploring cell viability behavior. In 
this paper, we investigated the suitability of a kHz-driven APPJ for L929 murine fibroblast 
treatment. The research was focused on in vitro direct plasma treatment of mouse skin 
cells and was complemented with thorough gas-phase and liquid-phase analysis of plasma 
and plasma-treated medium. Additionally, a detailed plasma source diagnostic was 
conducted, which included electrical characterization and discharge imaging. The results 
showed that our plasma jet treatment was very destructive and even for short treatment 
times apoptosis occurred. An attempt was made to compare with other results in order to 
position us within the related experiments. However, certain issues emerged. One of the 
problems was the diversity of plasma systems, which makes them extremely hard to 
compare. There are a lot of plasma jet setups and power sources one can choose, and most 
are applicable for treatments of biomedical material. In addition to the diversity of plasma 
systems, another significant problem was non-standardized plasma diagnostics. In the end, 
we proposed monitoring plasma processes with OES as a first step to standardized 
diagnostics. 

OES was complemented with a thorough electrical characterization of the power source 
along with ICCD imaging of the plasma plume. By investigating reactive species, we gained 
insight into the interaction of the gas and liquid phases of the experiment, and made 
presumptions on pathway for cell apoptosis. Further research is needed to tailor plasma 
properties for targeting specific cells. 

 
 

Regarding my contribution: I performed all experiments except liquid-phase analysis and 
cell viability. Also, I prepared the original draft of the manuscript along with visualizations. 
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4.3 Atmospheric Pressure Plasma Jet – Mouse Skin 
Interaction: Mitigation of Damages with Liquid 
Interfaces or Gas Flow Dynamics 

 
The presented research addressed effects of a cold APPJ on mouse skin. Even though 
plasma jets are often presented as a safe option for treatment of biological material, mostly 
because of their low gas temperature, we showed otherwise. The challenge was to reduce 
primary and secondary sin tissue damage induced by plasma jets. We tried to understand 
how and to what extent skin tissue damage can be inflicted by a kHz plasma jet generated 
in Ar or He. Different approaches – based on minor jet modifications through to gas flow 
dynamics, gas mixtures or liquid interfaces – were tested with varied but significant success. 
In order to investigate the cause behind plasma-inflicted skin damage, diagnostics of the 
power source and plasma discharge were performed. They showed that plasma was stable 
during the experiments, with some changes occurring when plasma breached the mouse 
skin. OES detected more species after the mouse skin was breached or the plasma regime 
became uncoupled. This difference was more prominent for Ar than He plasma, which also 
proved to be more harmful to the skin. 
After assessing plasma induced skin damages, we proposed a few approaches to reduce the 
damage. Those approaches proved to be simple methods that can dramatically lessen 
primary skin tissue damage and, in some cases, completely avoid formation of secondary 
skin tissue damage. These findings are important as they will improve the safe use of cold 
APPJs in further research on skin treatment. 
 
 
Regarding my contribution: I interpreted obtained results and prepared the original draft 
of the manuscript along with visualizations.  
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Chapter 5 

5 Conclusions and Future Outlook 

The experimental results presented in this dissertation demonstrate that optical emission 
spectroscopy (OES) is a convenient multipurpose diagnostic tool for monitoring and 
controlling atmospheric pressure plasma jet (APPJ) characteristics and processes. OES was 
chosen for its availability and ease of use. It is especially convenient for monitoring APPJs 
as their plumes have small volumes and cannot be analyzed by any methods that would 
induce changes in them. A simple setup is sufficient for analyzing emission spectra before 
and during experiments along with temperature and density measurements. OES can also 
be used for identifying spatial and temporal evolutions of specific energetically excited 
species, which is beneficial for tracking plasma processes during plasma treatments of 
different materials.  

 
Further discussion regarding the results center on both stated objectives: 
 
Objective 1: Tracking atmospheric pressure plasma jet surface modification 
 
APPJ properties were used for surface modifications of thermally sensitive materials. We 
presented two different applications – changing surface properties of a polymer in order to 
prepare it for nanoparticle impregnation and consequently creating a polymer/nanoparticle 
composite, and modifying surface properties of a carbon nanotube (CNT)-based gas sensor 
to improve sensing properties. In both surfaces, properties of treated materials were 
changed but the bulk was left intact, which was supported by spectroscopy. We took 
emission spectra before the experiments to identify plasma species and parameters while 
plasma operated in ambient air, and we tracked how emission changed during the 
treatments. Comparison of two recorded spectra, before and during the experiment, showed 
that APPJ systems used for these experiments did not have sufficient energy to burst out 
any or enough (to be detected) volatile degradation products from the treated surfaces. 
However, spectra changed by intensity, which implied there was an interaction between 
discharge and the material. This was confirmed by surface analysis conducted on each 
treated material. Moreover, a detailed analysis of substrates was conducted to see the effect 
of the plasma treatments.  

In the case of CNT-based gas sensors, besides conducting detailed electrical and sensing 
characterizations, sensor surface morphology and chemical composition were analyzed with 
scanning electron microscopy (SEM), transmission electron microscopy (TEM), Raman 
spectroscopy and Fourier-transform infrared spectroscopy (FTIR). We found that plasma 
treatment did not change surface morphology on the macroscale, but TEM suggested that 
the treatment led to the removal of amorphous structures from the nanotube surface, which 
improved crystalline behavior and consequently sensing capabilities. Raman and FTIR 
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analyses confirmed that plasma improved graphitic behavior of the CNTs, which was 
attributed to plasma-enhanced etching by creating vacancies with the removal of the 
amorphous carbon. 

After gold nanoparticle (AuNP) impregnation into polyvinyl chloride polymer, the 
polymer/nanoparticle composite’s surface morphology was analyzed by atomic force 
microscopy, SEM and X-ray photoelectron spectroscopy. The results showed that surface 
morphology and AuNP distribution was highly influenced by the treatment procedure, 
which was especially noticeable in the changes of surface roughness and wettability after 
plasma treatment. All analyses confirmed that plasma treatment only affected the 
polymer’s surface and that nanoparticles became embedded into the ripples created by the 
increased roughness on the surface of the composite. 

If OES is used alone for tracking APPJ surface modifications, it can only give 
information about the changes induced in the gas phase and not the ones induced in the 
treated surfaces. However, when OES is complemented by a thorough surface morphology 
analysis, the combined results very well explain the effect plasma has on the surface. 
 
Thesis Objective 1 was addressed, and the goal to track changes in the process of plasma 
surface modification was achieved in Chapter 3. 
 
Objective 2: Monitoring treatment of biological substrates 
 
One of the important applications of APPJs is studying various effects on biological 
material, like bacteria, viruses, cells, tissue, etc. Biological systems can be very 
sophisticated and their interaction with plasma is complex. This makes it important to do 
all necessary diagnostics and analyses of the power source, plasma gas phase, 
plasma/substrate interaction and substrate. Plasma treatment of biological matter is an 
interdisciplinary field and often researchers focus on one aspect of diagnostics while ignoring 
the complete setup. This makes comparison and consequently interpretation of the results 
quite difficult. We proposed implementing a standard for plasma diagnostics by means of 
OES, adding significant value to the research and allowing a better understanding and 
faster improvement of this field. To support this goal, the results were presented with three 
different applications – plasma treatment of bacteria, murine fibroblast and mouse skin 
cells in vivo. 

APPJ treatment of bacteria was successful and fast in deactivation. Different strands 
of bacteria were sterilized in under two minutes for most plasma conditions. In order to 
understand the processes that led to bacteria sterilization, a thorough analysis of every 
step of the experiment was conducted. Diagnostics of the power source included electrical 
characterization supported by gas-phase diagnostics that included OES and intensified 
charged coupled device imaging. The results showed that the used plasma was not 
energetically strong enough to ionize the volatile components of the treated saline in which 
the bacteria were suspended. However, liquid-phase diagnostics indicated that the 
generation of reactive species (hydrogen peroxide, nitrogen dioxide) was dependent on the 
plasma treatment time and influenced by changes of pH. OES gave an important insight 
into formation of active species and their influence on the formation of liquid-phase reactive 
components. 

Next, we analyzed mouse skin cell behaviour under APPJ treatment. For this purpose, 
murine fibroblast cell line L929 was treated with an argon plasma jet. The results showed 
that the used plasma jet was very aggressive, as short treatment times, from 35 to 60 s, 
led to cell apoptosis; attributed to the used type of cell lines and to reactive species 
generated by plasma. Since cells were treated inside culture medium Minimal Essential 
Medium (MEM), a thorough analysis of the liquid-phase chemistry was conducted. In order 
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to find a connection between gas-phase generation of reactive species and formation of 
reactive species in the liquid phase, we also conducted detailed gas-phase diagnostics. 
Spatially resolved OES revealed that excited species from the gas phase are delivered to 
the cell medium regardless of distance. Time-resolved OES appointed argon as the most 
important factor in plasma filament formation, with OH and N2 in secondary roles. All of 
them influenced formation of reactive species inside the cell medium which, consequently, 
played a role in cell apoptosis. However, all data implied that the reason behind such 
plasma aggressiveness toward cells was the plasma characteristics of the argon APPJ that 
was used for direct cell treatment. 

Another example of possible plasma destruction was the effect a plasma jet had on 
mouse skin tissue when experiments were conducted in vivo. Since we found that the used 
plasma jet induced a lot of skin damages, both primary and secondary, the focus was on 
understanding processes behind those damages and implementing additional steps that 
would help reduce them. Monitoring the excited species, we concluded that an argon 
plasma jet, which induced significantly more damage than a helium plasma jet, has a high 
production of reactive oxygen species (ROS). Also, argon plasma induces greater skin 
heating than helium plasma, which proved to be a contributing factor for skin damage. 
However, it was easily avoided by addition of ethanol on the treatment site, which cooled 
the skin. Optical diagnostics showed stable plasma with some changes occurring after the 
mouse skin was breached – more excited species were detected. Again, OES served as a 
great tool to gain a lot of information on reactive species formation in the gas phase, which 
helped in understanding how those species interacted with the skin cells.  
 
Thesis Objective 2 was addressed, and the goal to monitor plasma treatments of biological 
substrates was addressed in Chapter 4. 

5.1 Conclusions and Propositions for Future Work 
 
This dissertation hypothesized that OES is an efficient method for monitoring parameters 
of APPJs generated within inert gases, and can provide all necessary data on plasma 
parameters and plasma conditions in order to understand physical and chemical processes 
occurring on surfaces or during depositions. The results and discussions in this dissertation 
confirmed the hypothesis. OES was identified as a feasible tool for monitoring plasma. OES 
can give us spatial and temporal evolutions of excited species generated in plasma, help 
measure temperatures and densities of plasma species, and identify elements involved in 
plasma/substrate interaction. However, OES has its limitations, and therefore 
complementary methods should be used in order to gain a full analysis. 

For plasma treatments of material surfaces, emission spectroscopy alone was not enough 
to investigate processes occurring at the plasma/substrate interface. Plasmas used in this 
part of the dissertation proved to be energetically soft, in regard of surface modifications, 
and OES did not manage to detect any influence treated material might have on plasma. 
However, by supplementing gas-phase diagnostics with a comprehensive surface 
morphology analysis, we managed to understand some of the processes that occurred on 
the material surface due to the plasma treatment. We confirmed plasma did not influence 
bulk material properties, only surface modifications were made. Depending on the material, 
surface modifications included surface functionalization, roughness and wettability 
alterations, and formation of nanoscale defects.  

Monitoring plasma treatments of biological substrates with OES was successfully 
implemented before and, when possible, during the experiments. Since most biological 



118 Chapter 5. Conclusions and Future Outlook 

materials are suspended in a liquid medium, the interaction of plasma and medium is more 
easily observed than in the case of solid material surface treatments. In these cases, OES 
seemed more beneficial as it provided us with more information – identification of reactive 
species, temperature, temporal and spatial evolution of species, gas temperatures, etc. 
Indubitably, reactive species, especially reactive nitrogen species (RNS), play an important 
role in biological processes. Since atmospheric pressure plasmas are a great source of RNS, 
it was essential to investigate their generation. We concluded that reactive species produced 
in the gas phase were not transferred into the liquid medium, but a secondary formation 
of reactive species occurred. With a detailed liquid-chemistry analysis, we managed to track 
the presence of reactive species and their reduction or stability over time. Moreover, 
biological substrates, bacteria, murine fibroblasts and mouse skin were analyzed with 
appropriate methods which completed the diagnostics. 

To conclude, OES is a great sensoric tool for monitoring processes occurring in various 
atmospheric presure plasma treatments, but should always be accompanied with 
appropriate analysis on the treated substrates and additional media used within the 
treatment process. There are some possibilities to upgrade proposed methods – addition of 
comparable diagnostics techniques, enhanced versions of OES, merging of known diagnostic 
techniques, modeling atmospheric pressure plasma processes and many more. The simplest 
next step would be enhancing OES with optical laser diagnostics, like Raman and Rayleigh 
scattering, to check and supplement current results and to overcome natural OES 
limitations. As an extension to the current technique, OES can be upgraded as tomographic 
optical emission spectroscopy that allows a three-dimensional representation of the non-
symmetric plasma jets [77]. Moreover, we could merge OES with Fourier-transform infrared 
spectroscopy or ultraviolet–visible spectroscopy for in situ monitoring of plasma changes. 
However, the most useful would be to improve the mathematical model of atmospheric 
pressure plasmas so that it is on par with the model for low-pressure plasmas. This is quite 
a challenge due to the vast number of parameters influencing plasmas at atmospheric 
pressure, most of which are influenced by the environment in which those plasmas operate. 
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