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Nederlandse samenvatting

–Summary in Dutch–

In atmosferische niet-evenwichtsplasma’s worden bij omgevingstemperatuur che-

mische processen geı̈nitieerd die onder evenwichtsomstandigheden enkel bij hoge

temperaturen kunnen doorgaan. Hierdoor hebben deze koude plasma’s een brede

waaier van toepassingen. Het niet-evenwichtskarakter is afkomstig van het feit dat

de elektronentemperatuur, door versnelling van de elektronen in het aangelegde

elektrische veld, typisch tussen 10000 K en 50000 K ligt, terwijl de gastemper-

atuur meestal lager is dan 1000 K. Door botsingen tussen de hoogenergetische

elektronen en de moleculen in het gas worden chemisch actieve deeltjes gevormd,

zoals ionen, radicalen, reactieve neutrale deeltjes zoals zuurstofatomen, reactieve

moleculaire fragmenten, fotonen, geëxciteerde atomen en metastabiele deeltjes.

Gedurende de laatste twee decennia werd intensief onderzoek verricht op de on-

twikkeling en diagnostiek van koude plasmabronnen en naar het gebruik van koude

plasma’s in technologische processen en nieuwe toepassingen. Onder de diverse

plasmabronnen heeft de atmosferische plasmastraal, die ook in dit werk wordt ge-

bruikt, inmiddels een belangrijke plaats ingenomen. Een intrinsiek voordeel van

de plasmastraal is de ruimtelijke scheiding tussen het actieve ontladingsgebied,

waar de actieve deeltjes worden gegenereerd, en het uitstroomgebied, waar het te

behandelen materiaal zich bevindt. Hierdoor worden ongewenste invloeden van

het materiaal op het plasma vermeden. Dit verzekert een stabiele werking van

het plasma, terwijl zich een rijke reactiekinetiek kan voordoen in de uitstroom-

zone. Om dezelfde reden zijn er bij het gebruik van een plasmastraal ook geen

beperkingen qua grootte of vorm van het te behandelen voorwerp. Meer specifiek

is de atmosferische plasmastraal een veelbelovend werktuig bij toepassingen waar

een lage gastemperatuur noodzakelijk is, zoals bij de oppervlaktebehandeling van

hittegevoelige materialen of levend weefsel.

Plasmapolymerisatie heeft zich ontwikkeld tot een veelzijdige methode om

bepaalde functionele groepen aan te brengen op een brede waaier aan oppervlaken

voor uiteenlopende. Plasmapolymeerlagen hebben enkele interessante eigenschap-

pen, zoals een lage porositeit, een hoge graad aan cross-linking, thermische sta-

biliteit, onoplosbaarheid, chemische inertie en mechanische sterkte. Voor atmos-

ferische plasmatechnologie is er bovendien geen vacuümapparatuur vereist. An-

dere voordelen zijn een laag energieverbruik en hoge depositiesnelheden. Spec-

ifieke troeven van atmosferische plasmastralen zijn de compactheid, de lage in-

vesteringskost en de mogelijkheid om voorwerpen met een complexe vorm en
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structuur te behandelen. Eén van de relatief nieuwe toepassingsgebieden van

plasmapolymeren zijn antibacteriële dunne lagen voor materialen gebruikt in ge-

neeskunde, hygiëne en gezondheidszorg.

Het onderwerp van dit doctoraat is de toepasssing van een atmosferische plas-

matechniek voor de depositie van een nanocomposiete antibacteriële dunne laag.

Eerst wordt een DC-plasmastraal met stikstof of lucht als draaggas ontworpen en

gekarakteriseerd. Vervolgens wordt, gebruik makend van deze plasmabron, de

polymerisatie van een organosiliciumfilm bestudeerd. In een volgende stap wor-

den twee nieuwe methodes ontwikkeld voor de depositie van een nanocomposiete,

antibacteriële laag op vlakke substraten en op non-woven textielmaterialen. In het

laatste deel wordt de opschaling van het depositieproces onderzocht door gebruik

te maken van een aangepaste plasmastraaltechniek. De resultaten uit de verschil-

lende delen van het doctoraat worden hieronder samengevat.

De atmosferische niet-evenwichtsplasmabron die voor de beoogde toepassing

wordt ontworpen is een DC-plasmastraal die bedreven wordt in stikstof en in lucht.

De plasma-eigenschappen worden bepaald in de actieve plasmazone en in de uit-

stroomzone als functie van de ontladingsstroom en het gasdebiet. Er doen zich

twee ontladingsregimes voor: een pulserend regime bij lage ontladingsstroom en

een ingesnoerd glimregime bij hogere ontladingsstroom. Door middel van op-

tische emissiespectroscopie worden de reactieve deeltjes geı̈dentificeerd en wor-

den de gastemperatuur en de vibrationele temperatuur bepaald. Zowel in stik-

stof als in lucht is de vibrationele temperatuur van de ontlading veel hoger dan de

gastemperatuur. Dit is kenmerkend voor een plasma met een hoge thermische niet-

evenwichtsgraad. Terwijl de gastemperatuur in het actieve plasma, afhankelijk van

de stroomsterkte, tussen 1200 K en 2500 K ligt, daalt de gastemperatuur drastisch

tot kamertemperatuur in de uitstroomzone, waar bijgevolg een hittegevoelig sub-

straat kan geplaatst worden. Opmerkelijk is de invloed van het draaggas op het

soort langlevende reactieve deeltjes: in de uitstroomzone van de plasmastraal in

stikstof wordt O3 gedetecteerd, terwijl daar voor de plasmastraal in lucht NO wordt

gemeten.

Met TMDSO as precursor worden vervolgens organosiliciumfilms afgezet met

behulp van de ontworpen DC-plasmastraal. De invloed van de zuurstofconcen-

tratie en het plasmavermogen op de depositiesnelheid en de chemische samen-

stelling van de film worden in detail onderzocht. De depositiesnelheid stijgt met

de zuurstofconcentratie in het draaggas van 172 nm/min (geen O2) tot 444 nm/min

(60 sccm O2). Dit wordt toegeschreven aan de rol van zuurstof in de effectieve

decompositie van het monomeer. Een stijging van het plasmavermogen verhoogt

de depositiesnelheid van 273 nm/min bij een vermogen van 18 W tot 493 nm/min

bij 30 W. Dit is een gevolg van de toename met het plasmavermogen van de disso-

ciatiegraad van de monomeermolecule. Uit FTIR en XPS metingen blijkt dat ook

de verhouding organisch/anorgonisch in de samenstelling van de film kan gestuurd

worden door regeling van het plasmavermogen en van de hoeveelheid zuurstof in

het draaggas.

Na de karakterisering van de plasmastraal en van de afgezette plasmapoly-

meerlagen worden twee methodes onderzocht voor de depositie van een dunne
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organosiliciumlaag met een specifieke antibacteriële functionaliteit door het in-

corporeren van zilver-nanodeeltjes. Bij de eerste methode wordt een nanocom-

posiete film afgezet door een rechtstreekse toevoeging van Ag-nanodeeltjes in het

draaggas van de plasmastraal. De morfologie van de film is afhankelijk van de

zilverconcentratie aan het oppervlak die op zijn beurt kan geregeld worden via de

hoeveelheid Ag-nanodeeltjes in het draaggas. Via XPS worden zilverconcentraties

tot 30% gemeten. De resulterende nanocomposiete dunne lagen vertonen antibac-

teriële eigenschappen tegen E. coli en S. aureus. De tweede methode is speci-

fiek ontwikkeld voor de depositie van een antibacteriële laag op non-woven PET.

Het plasma-geassisteerde proces bestaat uit drie stappen waarbij Ag-nanodeeltjes

gefixeerd worden tussen twee organosiliciumlagen, namelijk een reservatielaag

(eerste laag) en een barrièrelaag (tweede laag). De resultaten van XPS- en SEM-

analyses wijzen op een homogene verdeling van gefixeerde Ag-nanodeeltjes op

het PET-oppervlak. Er is vastgesteld dat het variëren van de dikte van de barrire-

laag een nauwkeurige methode is om de vrijgave van zilverionen en daardoor de

antimicrobiële activiteit van het substraat te sturen. Een barrièrelaag van 10 nm

leidt tot een hogere antimicrobiële activiteit dan een barrièrelaag van 50 nm. De

stabiliteit van de fixatie van de Ag-nanodeeltjes in de film is onderzocht door een

behandeld monster te onderwerpen aan mechanische wascycli. Voor monsters met

een barrièrelaag blijft het antibacteriële effect zelfs na tien wascycli behouden.

Dit wijst op een effectieve en duurzame immobilisering van de Ag-nanodeeltjes

in de matrix van de film. Voor monsters zonder barrièrelaag daarentegen treedt na

enkele wascycli een substantiële daling op van de antibacteriële werking.

Tenslotte wordt in het doctoraat een eerste stap gezet in de richting van het

opschalen van een plasmadepositietechniek. De daartoe ontwikkelde plasmabron

is gebaseerd op een RF-geëxciteerde barrière-ontlading met een breedte van 30

mm. De plasma-eigenschappen worden bepaald met optische en elektrische diag-

nostieken en met tijdsafhankelijke beeldvorming. Het plasma kan naargelang het

RF-vermogen bedreven worden in twee regimes, een diffuus α-regime en een fila-

mentair γ-regime. In het α-regime ontstaat over de ganse breedte van de ontlading

een uniforme plasma afterglow met een lengte van 8 mm in omgevingslucht. De

gastemperatuur bedraagt 330 K. De homogeniteit van de plasma-emissie in de uit-

stroomzone is veelbelovend voor de uniforme behandeling van brede substraten.

Uit de absolute intensiteit van de continuümstraling wordt een elektronendichtheid

van 1,9 ±1 × 1014 cm −3 en een elektronentemperatuur van 1,75 ± 0,25 eV berek-

end. Uit de tijdsgeresolveerde plasma-emissie volgt dat er per halve cyclus van de

aangelegde spanning één ontladingspiek optreedt. Uit de beelden gemaakt met een

ICCD-camera blijkt dat de emissie van geëxciteerde argondeeltjes geconcentreerd

is in de dunne RF-sheath (100-140 μm) ter hoogte van de elektrodes, terwijl de

emissie van geëxciteerde OH homogeen verdeeld is in de ruimte tussen de elek-

trodes.

De veelbelovende resultaten die in het kader van het onderzoek op het vlak van

antibacteriële lagen werden verkregen, illustreren de geavanceerde mogelijkheden

van atmosferische plasmatechnologie voor de depositie van complexe, functionele

dunne lagen.





English summary

Atmospheric pressure non-equilibrium plasmas show a great potential in many

practical applications due to their ability to initiate effective gas phase chemistry

and energy-intensive processes without elevating gas temperature. In such plas-

mas, electron temperature is in range of 10000 - 50000 K and is much higher than

gas temperature, which is usually below 1000 K. High chemical reactivity of these

plasmas is considered to be due to effective production of a wide spectrum of ener-

getic species by electron impact and energy transfer. Such species include charged

particles including electrons, ions, and radicals, high reactive neutral species such

as oxygen atoms, reactive molecular fragments, photons, excited atomic states and

metastable states. In the last two decades, extensive efforts have been given to

development and diagnostics of non-equilibrium plasma sources, and use of these

plasmas in different technological processes and new application. Among numer-

ous developed plasma sources, atmospheric pressure plasma jets (APPJs) have

gained increasing interest because of their intrinsic features. Due to spatial separa-

tion of an active discharge region and an afterglow region, plasma avoid undesir-

able influence of treated object on the discharge, leading to excellent plasma stabil-

ity in upstream electrode region while enabling rich reaction chemistry within the

downstream zone. Besides, capability of remote treatment with plasma jet after-

glow provides no restrictions on size and shape of objects in processes. Moreover,

cold plasmas generated by plasma jets have bright future in applications where a

low gas temperature is necessary, such as treatment of thermal-sensitive materials,

cells and living tissues.

Nowadays, plasma polymerization has developed as a versatile method to in-

troduce certain functions onto surface of a wide range of substrates for many ap-

plications. These polymerized films are of particular interest due to their excel-

lent properties, such as low porosity, cross-linking, insolubility, thermal stability,

chemically inertness and mechanical toughness. Moreover, atmospheric pressure

plasma process has the advantage of vacuum equipment elimination, short pro-

cessing time, low specific energy consumption, and considerably high deposition

rates. Use of plasma jets is particularly attractive due to portable designs of plasma

sources, low investments and operational costs and capabilities of coating on ob-

jects with complex morphology and structure. Among different types of plasma

polymers, demands on development of antimicrobial coatings are growing at an

extreme rate, especially in medical and hygienical field, and health care sectors.

In this work, plasma jet system have been developed and methods for antibac-

terial nanocomposite films deposition have been studied. Firstly, an atmospheric
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pressure non-equilibrium DC plasma jet with nitrogen/air as working gas is de-

veloped and plasma is characterized. Next, organosilicon film polymerization is

studied using this DC plasma jet. Afterwards, deposition of antibacterial nanocom-

posite films by two novel methods on flat and non-woven textile materials is in-

vestigated. In the last part, focus has been placed on a large dimensional plasma

jet device in order to upscale nanocomposite film deposition process.

The non-equilibrium atmospheric pressure DC plasma jet in nitrogen and air

gas is developed and investigated in terms of plasma properties and generation of

active species in active zone and afterglow. Effect of gas composition and dis-

charge current on plasma and afterglow properties is studied. Depending on dis-

charge current, two modes of plasma sustainment can be obtained: self-pulsing

mode at low discharge current and constricted glow mode at higher discharge cur-

rent. Optical emission spectroscopy is implemented to analyze reactive species,

and to determine gas and vibrational temperature in active zone between the elec-

trodes and in afterglow. Vibrational temperature of nitrogen and air discharge is

much higher than gas temperature, which confirms strong non-equilibrium con-

ditions in the plasma. Gas temperature of afterglow decreases dramatically and

approaches room temperature along the gas flow downstream where treated object

can be placed. A significant difference of long living reactive species in afterglow

of N2 and air plasma jet has been found: O3 is only produced in afterglow of the

N2 plasma jet, whereas NO is only generated in afterglow of plasma jet with air.

Then, with the DC plasma jet, deposition of organosilicon film is investigated

using TMDSO as precursor. Effect of O2 content and discharge power on film de-

position rate and film chemical properties is thoroughly studied. Oxygen content

in feed gas can increase deposition rate from 172 nm/min (no O2) to 444 nm/min

(60 sccm O2) due to effective monomer decomposition by plasma. Increase of dis-

charge power accelerates deposition rate from 273 nm/min at 18 W to 493 nm/min

at 30 W due to higher dissociation degree of the monomer molecules. It is shown

by FTIR and XPS measurements that the deposited film can be tuned in organic

and inorganic component content to specific requirements by variation of oxygen

admixing and discharge power.

Next, based on the fundamental work on characterization of plasma jet and

polymerization organosilicon films, deposition of antibacterial nanocomposite films

by two independent novel methods using the plasma jet system on flat and non-

woven textile materials are investigated. First method is proposed to deposit nanoc-

omposite organosilicon thin films with incorporation of AgNPs on flat surface ma-

terials. It is a single step plasma jet process, in which AgNPs are directly fed

into the DC plasma jet through a feed module. Control of film morphology can

be achieved by variation of AgNPs feeding rate. Silver content in the films can

be controlled from few percent to more than 30%. These nanocomposite films

exhibit antibacterial activity against E. coli and S. aureus strains. Second method

is used for preparation of antimicrobial nano-silver PET fabrics with multilayer

structure through a three step process based on atmospheric pressure plasma depo-

sition process. AgNPs are immobilized between two layers of organosilicon films:

a reservation layer (1st layer) and a barrier layer (2nd layer). Uniform AgNPs
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incorporation on PET surface has been confirmed by XPS and SEM. It is found

that variation of barrier layer thickness is a precise method to control release of

silver ions and to control antimicrobial activity of the substrate. Samples with 10

nm barrier layer have stronger antimicrobial activity than those with 50 nm bar-

rier layer. Durability of AgNPs bonding in the matrix is also investigated through

washing process. For samples with barrier layer, effective immobilization of sil-

ver in the matrix is confirmed with stability of antibacterial effect even after 10

washing cycles. However, silver concentration in samples without barrier layer

shows significant fluctuation after several washing cycles. Besides, control of an-

tibacterial activity of PET fabrics is obtained by variation of immobilized silver

concentration in nano-composite multilayer coatings.

Finally, an approach of large scale plasma deposition on flat and textile materi-

als is initialed through development of a 30 mm wide diffuse RF planar plasma

source based on the concept of barrier discharge. Main discharge parameters

are determined by electrical diagnostics, emission spectroscopy and time resolved

imaging. Two discharge modes, diffuse α mode and filament γ mode, can be sus-

tained in the plasma source depending on RF input power. In diffuse α-mode,

brush-shape homogenous plasma afterglow with total length of up to 8 mm can

be generated along the slit in ambient air. Gas temperature of afterglow is esti-

mated to be 330 K. Afterglow of the plasma jet shows uniform emission which is

very promising for large scale treatment. With absolute calibrated spectroscopy,

electron density and electron temperature are estimated from absolute value of the

continuum radiation, to be about 1.9 ± 1 × 1014 cm−3 and 1.75 × 0.25 eV re-

spectively. Time resolved intensity of plasma emission indicates that the plasma

is sustained through formation of two strong emission peaks appearing in every

voltage period. ICCD images show that production of Ar excited states appears in

the RF sheath region of 100 - 140 μm close to the electrodes whereas OH(A-X)

emission is almost uniformly distributed in the gap.

The promising results obtained in this work, especially concerning preparation

of antibacterial nanocomposite materials, demonstrate advanced possibilities of

plasma technology for polymerization of complex functional films.
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Introduction

1.1 Non-equilibrium atmospheric pressure plasma jets

With the ability to achieve high gas phase reactivity without the need for elevated

gas temperature, non-equilibrium atmospheric pressure plasma has attracted sig-

nificant attention for many practical applications in the last two decades. Nu-

merous sources have been investigated to generate such plasmas. Among them,

atmospheric pressure plasma jets (APPJs) have gained increasing interest. In a

typical APPJ device, plasma is generated between two electrodes inside a nozzle

and blown out into the open space by a gas flow to form an afterglow in ambi-

ent air. Mostly, afterglows contain abundant reactive species (excited atoms and

molecules, radicals, metastables, energy electrons and UV radiation) and exhibit a

relatively low gas temperature. Due to spatial separation of active discharge region

and afterglow region, plasma jets can avoid undesirable influence of the treated

object on generated plasma, leading to excellent plasma stability in the upstream

electrode region while enabling rich reaction chemistry within the downstream

zone. Besides, capability of remote treatment by plasma jets suggests there is no

space limitation of objects in processes. Moreover, cold plasmas have a bright fu-

ture in applications where low gas temperature is necessary, such as treatment of

thermal-sensitive materials, cells and living tissues.

In the last decade, a large number of plasma jets have been developed to gen-

erate non-equilibrium plasmas with various configurations and operating param-

eters. Noble gases, like helium and argon, with mixture of molecular gases like
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H2O, N2, O2 and air, are mostly used as working gases. Plasma jets can be sus-

tained by several types of electric sources: direct current (DC) voltage, alternating

current (AC) voltage, radio frequency (RF) voltage, microwave voltage and pulsed

voltage. Each plasma jet works at its specific conditions (configuration, power,

gas), exhibits distinct characterizations and can be used for different applications.

Great advances have been made in developing, understanding and optimizing

plasma jets with help of plasma diagnostics, which are a group of methods, instru-

ments and experimental techniques. Important features in plasma jets like plasma

discharge mode, voltage-current waveform, present reactive species, gas temper-

ature, electron density, electron temperature, and plasma propagation can be re-

vealed. Up till now, many diagnostic methods have been developed and utilized

for characterization of plasma jets, including probe measurements, optical emis-

sion spectroscopy, mass spectrometry, intensified charged-coupled device imag-

ing methods, laser induced fluorescent measurements, absorption spectroscopy,

plasma probes, acoustic diagnostic and cavity ring-down spectroscopy and so on.

With outstanding features, plasma jets have been extensively investigated for

a broad spectrum of potential applications: surface modification, surface cleaning,

film deposition, sterilization, food treatment, pollution control, cell treatment, use

in medical field and more. These promising applications and bright industrial

future also drive fundamental investigation on plasma jets and relative processes.

1.2 Polymerization of basic films and nanocompos-
ite films via plasma jets

Thin films, which are thin material layers ranging from fractions of a nanome-

ter to several micrometers in thickness, have interesting properties that are very

different from these of the bulk materials. They are widely deposited on bulk

substrates to achieve certain functions on interfaces without change of bulk prop-

erties. Films are often used to achieve functions like protecting substrates against

corrosion and oxidation, controlled release of drugs and active agents, realizing

super-hydrophobic or -hydrophilic surfaces, improving cell adhesion and growth,

achieving proper optical/electromagnetic properties, etc. A variety of methods,

such as evaporation, sputtering, electrodeposition and sol gel method, have been

developed and industrialized to produce thin films with those functions.

Nowadays, plasma polymerization has been developed as a versatile method to

deposit thin films onto surfaces of a wide range of substrates. These polymerized

films have attracted great interest as they can be pinhole-free, highly cross-linked,

insoluble, thermally stable, chemically inert and mechanically tough. Compared

to low pressure plasma, atmospheric pressure discharges possess the advantages of

vacuum equipments elimination, short processing time, low specific energy con-
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sumption, and considerably high deposition rates. Moreover, polymerization pro-

cesses using atmospheric pressure plasma jets are particularly attractive due to

portable designs, local film deposition and capabilities for coating on objects with

complex morphologies and structures.

Many types of thin films have been deposited using atmospheric pressure plasma

jets system in open air conditions. Because inorganosilicon/organosilicon is one

of the primary materials in many applications such as barrier films for packag-

ing, corrosion protection layers, matrixes for composite films and dielectric ma-

terials in electronic devices, there is an increasing interest in the deposition of

silica-like films using plasma-assisted (also plasma-enhanced) chemical vapor de-

position with the help of plasma jets systems. A large variety of commercially

available organosilicon monomers have been investigated as possible reactants for

plasma polymerization of silicon-inorganic or silicon-organic films. The influence

of process parameters, like plasma dissipated power, discharge mode, monomer

concentration, gas composition, gas flow rate and position of substrate, on the

chemical and morphological properties of deposited films have been widely dis-

cussed.

Besides, increasing demands of films with advanced functions, which are dif-

ficult satisfied by basic films, have stimulated the development of more com-

plex hybrid or composite films. Among them, antimicrobial coatings are ex-

tremely demanded in fields like medical and hygienic materials, water purification

and food protection. Currently, preparation of nanocomposite films containing

metal nanoparticles (such as silver nanoparticles, copper nanoparticles, zinc oxide

nanoparticle) is becoming a new strategy for antibacterial activity. Compared to

traditional chemical solution methods, plasma polymerization using plasma jets

is a promising approach for fabrication of nanocomposite films with the advan-

tages of gas phase dry processes, short preparation time, and easy use on various

substrates.

1.3 Motivations

Although great progress has been made in development of plasma jets, there are

still many challenges and barriers that exist in practical applications of plasma

jets, for example the wide use of expensive noble gases and small dimension of

afterglow. Therefore, research on plasma jets sustained by economic molecular

gases, like nitrogen or air, and on plasma jets with relative large dimension is

important in the future. First part of the work in this dissertation is to develop

plasma jet devices that can generate non-equilibrium plasma using nitrogen/air

gases and can generate scaled-up plasmas. Based on these investigations, it aims

to contribute to development of more practical plasma jet sources. Meanwhile,

emphasis is also made on deposition of basic inorganosilicon films and fabrication
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of antibacterial nanocomposite films using a plasma jet. This part of the work is

expected to provide new routes for preparation of surfaces with high and lasting

antimicrobial activity.

1.4 Outline

In chapter 2, a detailed overview of ongoing research on development of atmo-

spheric non-equilibrium plasma jets, their applications on polymerization of silicon-

inorganic and silicon-organic films, and on preparation of antimicrobial materials

is presented. Also, research on recent development of up-scaled plasma jet sources

is overviewed.

Chapter 3 firstly describes the diagnostic methods applied in this dissertation to

reveal the properties of plasma discharges and afterglows in the plasma jet devices.

After that, techniques for surface characterization are presented. The third part

contains a general introduction of microbiological antimicrobial assays used in

this work.

Chapter 4 presents experimental results on generation and characteristics of an

atmospheric pressure nitrogen/air DC plasma jet. Discharge mode and visual prop-

erties of the plasma jet are investigated. Differences spectra and temperature (gas

temperature and vibrational temperature) between N2 plasma jet and air plasma jet

are presented and analyzed. Space-resolved byproduct densities, ozone and nitric

oxide, in the afterglow are measured.

In chapter 5 to 7, results of the study are given on plasma deposition of basic

organosilicon films and antimicrobial nanocomposite films. In chapter 5, plasma

polymerization of organosilicon films by the atmospheric pressure DC plasma jet

is investigated. The influence of working parameters, such as oxygen content and

dissipated power, on deposition rate and chemical components of deposited films

is discussed. This forms the fundamental work for development of nanocompos-

ite films in the next two chapters. In chapter 6, a one step dry process is studied

using the plasma jet for deposition of nanocomposite thin films with high concen-

tration of AgNPs. The composition, morphology and antibacterial efficiency of

deposited nanocomposite films are carefully analyzed and evaluated. In chapter

7, silver nanoparticles are immobilized on PET non-woven fabrics via a double

layer of plasma deposited organosilicon films. Influence of the top layer coating

on antibacterial efficiency and release of AgNPs under mechanical stress are in-

vestigated. After that, control of incorporated silver content is studied.

In chapter 8, attention is given to development of a RF-DBD plasma jet device

with a scaled-up dimension. Plasma parameters, like gas temperature, electron

density and electron excitation temperature are studied. Uniformity of the plasma

jet is studied by optical emissions of active species. After that, time resolved

properties in plasma active region are investigated.
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Finally, a general conclusion of the work will be given in the last chapter.
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2
Overview of the research field

2.1 Introduction

Low-temperature plasma physics and the technology is truly interdisciplinary as

it lies at the confluence of many diverse science and engineering areas, especially

physics, chemistry, biomedical engineering and materials science. As one of the

most important groups in the family of plasma sources and with distinguishing ad-

vantages, plasma jets have attracted extensive attention and have invoked interest

in various real applications. In this chapter, a literature review of the development

of atmospheric non-equilibrium plasma jets and their applications in polymeriza-

tion of thin film and synthesis of antimicrobial materials is presented.

2.2 The plasma jets engineering

Plasma, often described as the fourth state of matter, is a quasineutral gas with

a mixture of electrons, ions, and neutral particles which are in random move-

ment [1]. Depending on the kind of working gas, the ionization ratio and the

pressure, there are many types of plasmas with their own characteristics. Accord-

ing to the balance of electron temperature and gas temperature, plasmas can be

divided into two main categories: equilibrium or near equilibrium plasmas and

non-equilibrium plasmas. For equilibrium plasmas, also known as thermal plas-

mas or hot plasmas, the gas temperature equals to the electron temperature. In

non-equilibrium plasmas, the electron temperature is much higher than the gas



8 OVERVIEW OF THE RESEARCH FIELD

temperature. One of the most attractive features of the non-equilibrium plasma is

the ability to achieve energy-intensive and effective gas phase chemistry without

the needs for elevated gas temperature. Such chemical reactivity is considered to

be due to a wide spectrum of energetic species generated in the plasma, for ex-

ample, charged particles including electrons, ions, and radicals, high reactive neu-

tral species such as reactive atoms, reactive molecular fragments, photons, excited

atomic states and metastable states. In the last two decades, extensive efforts have

been made for increasing understanding of non-equilibrium atmospheric pressure

plasma, and its application in a wide variety of fields such as material processing,

environmental engineering, food industry, and biomedicine.

Atmospheric pressure non-equilibrium plasma can be generated by various

types of plasma sources. This allows the achievement of better performance in

specific applications. A dielectric barrier discharge (DBD) is a type of frequently

used approach for establishing a non-equilibrium plasma. The plasma is sustained

between two electrodes and at least one of them is coved by a dielectric mate-

rial to avoid the formation of sparks in the discharge gap. With the advantages

of maintaining a plasma in an economic and reliable way, DBD plasmas have

been extensively investigated and utilized in a number of important applications,

including ozone generation [2], pollution control [3], sterilization [4], thin film

deposition [5], surface modification and activation of diverse materials, especially

polymers [6–8]. However, DBD plasma is typically generated in a geometrically

confined space, which is undesirable for many practical applications where a re-

mote plasma without space limitations is needed. Another group of the plasma

source, known as non-equilibrium atmospheric pressure plasma jet (APPJ), with

an expanding/transporting plasma containing a large amount of reactive species

in the effluent, has attracted significant attention. It has exhibited great potential

in a broad range of applications, particularly in material process and (bio)medical

applications. [4,9–13] In this thesis, the term ’plasma jet’ refer to non-equilibrium

atmospheric pressure plasma jet.

2.2.1 Atmospheric pressure plasma jets conception

Generally, a plasma jet consists of a gas nozzle with one, two or even more elec-

trodes. Once a proper gas flow and voltage are applied, plasma can be generated

between two electrodes inside the nozzle and blown out into the open space by a

gas flow to form an afterglow or plume. This afterglow is formed by the trans-

port of plasma generated metastables and radicals. Due to this intrinsic merit, a

plasma jet can be spatially divided into an active plasma region, where the electric

field is used for the generation of the discharge, and an afterglow region, where

plasma generated active species can be used for remote treatment of the objects or

plasma polymerization of the objects or plasma polymerization and film deposi-
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tion. The spatial separation of the plasma generation and the plasma treatment can

prevent the undesirable influence of the treated object on plasma, leading to excel-

lent plasma stability in the upstream electrode region while enabling rich reaction

chemistry within the downstream zone.

A considerable number of plasma jets exhibit very low temperature afterglow,

mostly close to room temperature. Hence, they are also called low temperature

or cold plasma jets. Since a low gas temperature is essential in many specific ap-

plications, cold plasmas have a bright future in applications, such as treatment of

thermal-sensitive materials or living tissues. In fact, plasma medicine, which di-

rectly uses plasma jets to treat microorganisms, living tissues or cells, has emerged

as a prospective field over the last few years. It exhibits great potential as a new

treatment approach in the medical field [14, 15].

To realize future industrial applications, plasma jets must simultaneously achieve

both high plasma stability and high effective non-equilibrium reaction chemistry

[16]. However, this is a big challenge because a stable plasma is often sustained

with inert gases (mostly Ar and He) whereas chemically reactive gases are de-

manded for efficient reactions. Additionally, many plasma jets are working in what

is called ”a glow mode”, which can easily transfer due to a variety of instabilities

to the arc mode when a high power is dissipated in the plasma. Moreover there

are other barriers in the way of plasma jets in practical applications, such as small

dimensions of APPJs (typically few millimeters) and the use of expensive noble

gases. All these challenges and limitations have driven research and exploration in

this domain, which is outlined in the following sections.

2.2.2 Methods for excitation and sustention of plasma jet

Till now, a large number of plasma jets with various constructions, operating pa-

rameters and plasma characterizations such as electron temperature, density and

gas temperature have been reported. Typical operating parameters include work-

ing gas, dissipated power, driven voltage, gas flow rate and electrode configuration.

Many categories of plasma jets can be made using the above parameters as the ref-

erence. Each plasma jet works at its specific conditions (configuration, power, gas

. . . ), exhibits distinct characterizations and can be used for different applications.

According to the configurations, plasma jets can be divided into two main cat-

egories. One is the cross-field jet whose electric field is perpendicular to its flow

field. The other is referred as the linear-field jet with the electric field parallel to its

flow field [16]. Based on the principle of afterglow formation, plasma jets can be

distinguished by remote plasma jets, in which the afterglow is potential free, and

active plasma jets, in which the afterglow contains a substantial amount of free

and high energetic electrons [9]. In the latter case, the substrate must be consid-

ered as a second or third electrode, which means that the afterglow is not potential
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free. According to the working gases used, there are noble gas plasma jets using

helium or argon, and molecule gas plasma jets using nitrogen or air [17]. The way

of electrical excitation and sustain has been mostly adopted for the classification

of plasma jets: direct current (DC) plasma jets, alternating current (AC) plasma

jets, radio frequency (RF) plasma jets, microwave (MW) plasma jets and pulsed

DC plasma jets [18]. Since a great number of plasma jets have been developed

through the years, only a few typical plasma jets will be reviewed and discussed

in this section. The classification for the discussed plasma jets is based on the

frequency range of the power supplies used to ignite and sustain them.

2.2.2.1 Direct current plasma jets

With the advantages of simple external electric circuit and high reproducibility, DC

plasmas have been widely used in industry. Under atmospheric pressure, one of the

major challenges of stable DC plasma generation is the difficulty in preventing the

glow-to-arc transition. This transition occurs as a sudden sharp rise of discharge

current from a few milliamperes in a glow discharge mode to amperes in an arc

discharge mode. Electronic and thermal instabilities are accused as the sources of

the glow-to-arc transition in DC plasmas [19]. Several methods have been used

to suppress those instabilities in DC plasmas, which promote the developments of

stable non-equilibrium DC plasma jets [20–22].

Typically, DC plasma jets are generated in a cylinder structure with an inner

HV electrode and a ground electrode at the nozzle. Dudek et al. [23] reported a

DC plasma jet needle source which consists of a shaped pin as the HV electrode

and a metallic conical cylinder as the ground electrode and the gas channel shown

in figure 2.1 (a). Nitrogen gas with a flux up to 20 standard liters per minute

(slm) was used as the working gas. The glow discharge mode was characterized

by high emission intensity in a small region near the cathode tip and low emission

intensity in the afterglow region. Despite the temperature of the active plasma zone

near the cathode tip being up to 950 K, the gas temperature in the effluent flow was

reduced to less than 400 K by the effective thermal-conductivity of the feed gas.

A DC plasma jet with comparable structure was utilized for the inactivation of

Escherichia coli (E. coli) and its four kinds of single-gene knockout mutants [24].

Another plasma jet with an inner electrode configuration that can operate in

air and nitrogen was reported by Xian et al. [25, 26]. The schematic diagram of

the device is shown in figure 2.1 (b). The DC plasma jet device consists of a

quartz tube with an inner stainless steel needle in the tube, and a grounded copper

ring at the outlet of the tube. The center need (HV electrode) was connected in

parallel with a capacitor to a DC power supply through a 1 MΩ resistor. When

air or nitrogen flows through the tube and a sufficient HV (few kV), a discharge

was ignited between the electrode gap and a plasma plume was launched through

the hole of the copper ring into the surrounding air. Two distinct discharge modes
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Figure 2.1: Schematic of typical DC plasma jets: (a) the plasma jet device developed by
Dudek et al. [23].; (b) the plasma jet device developed by Xian et al. [26].

were founded in the DC jets: self-pulsing mode and DC operation mode. The gas

temperature of the plume in self-pulsing mode was lower than that in the DC mode

and dropped to less than 323 K at a distance of 2 mm.

A non-equilibrium DC plasma jet source based on the concept of microhollow

cathode discharge (MHCD) were reported by Kolb et al. [27], with the configura-

tion shown in figure 2.2. In this configuration, a stable discharge was generated

with a DC high voltage by confining the glow discharge in a hollow cathode ge-

ometry with dimensions of the order of 1 mm in order to avoid the glow-to-arc

transition. The MHCD jet consists of an insulated-separated electrode system, in

which the cathode and anode have holes with the same diameter of 0.2-0.8 mm. A

ballast resister of 51 kΩ was connected between the DC power supply and the HV

electrode in order to limit the discharge current. When air or any other operating

gas was ejected into the anode channel and a DC voltage (400 - 600 V in their

work) was loaded on the electrodes, a plasma could be sustained at glow discharge

mode with a 1 - 2 cm afterglow. According to their report, the gas temperature

of the afterglow at the distance of 5 mm was less than 328 K. Abundant reactive

species, such as O, OH, NO, and ozone, were identified with high concentrations

in the afterglow, and could be used for biomedical applications, such as fungal

decontamination on sensitive surfaces. A DC MHCD jet with slight modification

of configuration was reported by Zhu et al. [28]. The discharge transition between
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self-pulsing mode and normal glow mode was observed as well. Promising results

were reported on using the DC jet in versatile applications, such as teeth whiten-

ing, root canal treatment, inactivation of Bacillus subtilis (B. subtilis) spores in

water [29–32].

In addition, DC plasma jets with an active plasma afterglow have also been

reported. Wu et al. [33] developed a DC plasma jet device with an active plasma

afterglow. As schematically shown in figure 2.3 (a), the afterglow of the jet device

was characterized by a homogeneous large cross-section. The plasma jet device

consists of a stainless steel needle, which is inserted into a quartz tube and con-

nected to a DC power supply through a ballast resistor, and a ground plate, which

is put few mm away from the nozzle. Air was used as the working gas. The gas

temperature of the plasma was estimated around 300 - 350 K. It was demonstrated

that the plasma and afterglow properties were strongly dependent upon the nozzle-

object distance and the gas flow rate. They suggested that the residual charges

trapped on the inner surface of the quartz tube were responsible for the formation

of large cross-section plasma afterglow.

Recently, Jiang et al. [34] developed a DC non-equilibrium plasma jet using

argon as the working gas. The schematic diagram of the plasma jet device is

depicted in figure 2.3 (b). The device consists of a cylindrical rod as the anode

in a quartz tube and a ground metal spring cathode which is 5 mm away from

the nozzle. From the analysis of OH and N2 molecular emission spectrum, the

rotational and vibrational temperatures of the plasma were estimated to be 810

K and 2200 K respectively. An interesting physical phenomenon was found: the

Figure 2.2: Atmospheric pressure DC plasma jets with microhollow cathode discharge con-
figuration [27].
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Figure 2.3: Atmospheric pressure DC plasma jets with a configuration of remote ground
electrodes: (a) the DC plasma device developed by Wu et al. [33]; (b) the
plasma device developed by Jiang et al. [34].

anode glow, which often exists in traditional DC glow discharges, was absence in

their device. This observation was attributed to the ambipolar diffusion of electrons

from the vicinity of the anode into the positive column.

2.2.2.2 Alternating current plasma jets

Several plasma jets powered by alternating current (AC) have been developed as

DBD plasma jets or DBD-like plasma jets [17]. One of the earliest non-equilibrium

AC plasma jets was reported by Teschke et al. [35]. It consists of a quartz glass

tube with two ring electrodes on the outer side of the tube and with helium flowing

through the tube. Figure 2.4 depicts the jet configuration. The application of a si-

nusoidal voltage with a peak value of 7 kV at a frequency of 13 kHz resulted in the

generation of a plasma which consumed 4 W of electrical power and propagated to

the surrounding air. The plasma discharge was at a glow-like mode. Although the

plasma appeared homogeneous, the discontinue characterization with bullet-like

discharge volumes was found for the first time by fast imaging technique. They

noticed that the orientation of HV-ground electrode was essential. A downstream

afterglow was developed with an HV front electrode and grounded rear electrode,

whereas an inner glow against gas flow was formed by a vice versa connection of

the electrodes.

However, the effect of electrode orientation on plasma propagation was absent

in the plasma jet device developed by Lee et al., which consists of an inner extra

floating inner electrode [36]. The plasma jet was driven by a high voltage sinusoid

at frequency of 20 kHz. The inner floating electrode was a cylinder perforated

by several capillary holes of 1 mm diameter. It was used to enhance the local

electric field as well as facilitate plasma ignition at low voltage. From the spectra

of the second positive nitrogen bands, the rotational and vibrational temperature

of the plasma was estimated to be 290 K and 2500 K respectively. When used in
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Figure 2.4: Configuration of plasma jets based on DBD structure and the plasma propaga-
tion in a bullet form [35].

combination with hydrogen peroxide (H2O2), this plasma jet exhibited a strong

teeth bleaching effect and removing coffee or red wine stains from extracted teeth

[36, 37]. AC plasma jets with a single ring electrode as the HV electrode were

studied by Li and Walsh [38, 39]. In their device, the electrode was arranged 20

mm away from the edge of the nozzle, and was driven by a high sinusoidal voltage

of 52 kHz. The working gas (He, Ne, and Ar) was passed through the tube. The

discharge in the tube was ignited at downstream region, but extended to upstream

region at a high voltage. It was found that the gas flow rate shown strong effects on

the length of the plasma afterglow [38]. Three distinct operating modes, namely

the chaotic mode, the bullet mode and the continuous mode were observed in the

plasma device [39]. By increasing dissipated power after the plasma ignition, the

plasma jet evolved through these three modes of distinct difference with abrupt

mode transition.

Another widely used configuration in AC plasma jets was made of one inner

electrode in a dielectric tube. A typical AC plasma jet with a pin and a ring elec-

trodes was reported by Sarani et al. [39]. In the schematic shown in figure 2.5, the

HV inner electrode is a tungsten rod of 0.5 mm diameter with half spherical shape

and is placed inside a quartz capillary. The ground ring electrode is placed 40

mm away from the HV electrode and 20 mm away from the edge of the capillary.

Mixture gases of Ar and H2O was used as the working gas. It was found that the

water content exhibited a significant impact on plasma properties. The maximum

intensity of OH radicals in the plasma was observed with the mixture of 0.05%

of H2O. It was found that the rotational temperature of afterglow in case of pure

argon is around 625 K and 1100 K for maximum concentration of water. Diverse

applications of the plasma jets were studied: inactivation of Staphylococcus aureus

(S. aureus) biofilms, surface modification of Poly-ξ-Caprolactone and polypropy-

lene [40–42]. Recently, the jet with small modifications have been used for the
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treatment of the inner wall in small polyethylene tubes (inner diameters from 0.28

mm to 2.45 mm) and for the surface activation of polyethylene to enhance the

hydrophilicity by Onyshchenko and Van Deynse, respectively [43, 44].

Figure 2.5: AC plasma jet with pin and ring electrodes developed by Sarani et al. [39].

Lu et al. [45] developed an AC plasma jet which can generate a plasma after-

glow up to 11 cm. The inner HV electrode was inserted in a quartz tube with tip

end closed and put in a big quartz tube. The ground ring electrode was attached

to the outer surface of the big quartz tube. A homogeneous plasma was generated

using helium as the working gas. The gas temperature of the plasma afterglow

was about 300 K with 10 W dissipated power. Besides this, the use of a metal

tube as the inner HV electrode was reported by Chen et al. [46]. Argon was the

working gas for their device. They utilized an electrolyte solution of potassium

chloride (KCl) remaining in the outer layer as of the other electrode for the pur-

pose of cooling down the dielectric efficiently and improving the power efficiency.

With 60 W dissipated power, the gas temperature of plasma afterglow was mea-

sured as lower than 320 K by an infrared thermometer. This plasma jet was applied

for the fabrication of highly sensitive nanostructured bio-substrate for DNA probe

immobilization, and for coating of acrylic acid polymer on silk fibers [46, 47].

A nitrogen microplasma jet driven by 20 kHz AC voltage was developed by

Hong and Uhm [48]. The device consists of two electrodes with a hole having

a diameter of 500 μm, which are attached to the double surfaces of a centrally

perforated dielectric disk with a same size hole in the center. An afterglow with

a length up to 6.5 cm and a temperature below 300 K was produced by this mi-

croplasma jet. Using swarm parameters of electron, the electron temperature and

density were estimated to be 0.56 eV and 1.71 × 1013 /cm3, respectively.

2.2.2.3 Radio frequency plasma jets

Radio frequency (RF) high voltage is one of the most frequently used methods for

the excitation and sustentation of plasmas. A large number of RF-driven plasma

jets have been designed and utilized in many fields through the years.
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Figure 2.6: Schematic setup of the APPJ plasma source (kINPen 09) (left); a photograph of
the plasma jet used for treatment of HaCaT cells in a culture dish (right) [52].

One of the earliest non-equilibrium RF plasma jet was reported by Koinuma

et al. [49]. Based on a simple coaxial DBD configuration, the device consists of

a HV needle electrode inside a quartz tube, and a cylindrical grounded electrode

surrounding the tube. The influence of mixing ratio of the working gases on the

stability of the discharge was studied. It was found that the mixing conditions

for generating stable discharge were Ar/He = 0% - 30%, CF4/He = 0% - 5%,

H2/He = 0% - 4% and NF3/He = 0% - 1%. Instability or even extinguishing

of plasma discharge occurred when the introduced working gases exceeded the

above concentration ranges. This plasma jet was used for silicon etching, rubber

treatment and fullerenes production [49–51].

Recently, the kINPen 09 source was developed by the researchers at INP Greif-

swald, [9]. The schematic diagram of the device is depicted in figure 2.6. The

plasma jet consists of a pin-type HV electrode (diameter = 1 mm) in the centre

of a quartz capillary (inner diameter = 1.6 mm), and a grounded anode surround-

ing the tube. With Ar flowing through the capillary and a radio frequency voltage

(1 - 5 kV, 1.5 MHz) coupled to the central electrode, a plasma was generated at

the top of the centered electrode and expanded to the surrounding air outside the

nozzle. The temperature at the tip of the plasma afterglow (length up to 12 mm)

was lesser than 310 K. With the CE marking, many preclinical studies have been

performed for potential medical applications, such as the antimicrobial efficacy

against biofilms, medical critical yeasts and bacteria cultures. Further, treatment

impact on human HaCaT keratinocytes cells and Murine epithelial cells mHepR1

has also been analysed, [9, 52–54]. Additionally, the plasma jet has been used for

the deposition of Zn-containng films [55].

As one can see, DBD based RF plasma jets share a very similar configura-

tion with many AC plasma jets. In order to understand the difference between the
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Figure 2.7: Comparison of a plasma jet excited by two different frequency: (a) 50 kHz; (b)
13.56 MHz [56].

plasma jets driven by a AC voltage and by a RF voltage, Kim et al. [56] reported a

comparative study on a plasma jet under voltages with two different input frequen-

cies (50 kHz and 13.56 kHz). The plasma jet had a single electrode with helium as

the working gas. They found that the input frequency significantly effected plasma

characterization, such as the appearance, the electrical property the gas tempera-

ture and the spectra property. Figure 2.7 depicts a visual comparison of the plasma

jet under two driven frequencies. In general, the plasma jet revealed a long cylin-

drical shape with low frequency, but roughly a spherical shape with RF frequency.

Results of current waveform and optical emission measurement indicated that the

discharge was more continuous in time for RF plasma in contrast to AC plasma.

The dissimilarity in RF discharge and AC discharge was attributed to the mobility

variation of electrons and ions in fast changes electric fields.

Figure 2.8: Schematic of the atmospheric pressure RF plasma jet with coaxial metal elec-
trode [57].

Another typical type of RF plasma jets has the coaxial configuration of an

HV inner electrode and a grounded outer electrode [57, 58]. Figure 2.8 depicts

the schematic diagram of the plasma jet. A mixture of helium and other reactive

molecule gases, such as oxygen, was fed through the annular space between the
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two electrodes. Unlike plasma jets with DBD configuration, this plasma jet did not

require any dielectric material between the electrodes to create stable plasma. The

sustaining power for the plasma jet ranged from 40 W to 500 W. Special designed

water cooling system was used to keep the jet from overheating. The gas tempera-

ture of afterglow was in the range of 100 to 150 oC. By introducing organosilicon

precursor (tetraethoxysilane in their work) to the nozzle at the end of the plasma

jet, SiO2 films were deposited on a silicon substrate which was put 1.7 cm away

from the nozzle. It was found that the film growth rate decreased with the in-

crease of sample temperature and increased with the rise of dissipated power [58].

Other than that, material etching (Kapton, silicon dioxide, tantalum and tungsten)

of the plasma jet was studied with a gas mixture of helium, oxygen and carbon

tetrafloride (CF4). From the analysis of the gas composition during the process,

they suggested that the etching was mainly caused by chemical mechanisms [57].

Various plasma jets based on the above concept have been developed. For

example, a helium RF glow discharge plasma jet with the coaxial metal electrodes

was developed for biomaterials treatment [59]. With a dissipated power of 10 -

120 W, the gas temperatures ranged from 297 to 337 K on the axis of the plasma

jet at 2.0 mm downstream. The genetic effect of the plasma jet acting on a loopful

recombinant plasmid was reported. It was found that the chains of the plasmid

DNA was broken after a 30 s plasma treatment. More significant genetic effects

were observed in the plasma jet treatment with a high helium flow rate, a high

RF power input, or/and short distance between the nozzle and the sample. They

noticed that the chemically active species, instead of heat, ultraviolet radiation

(UV), intense electric field, and/or charged particles, broke the double chains of

the plasmid DNA.

In addition, RF voltage has also been used for microplasma jets. A microscale

atmospheric pressure plasma jet (μ-APPJ) with a small discharge volume (1 ×
1 × 30 mm3) between two stainless steel electrodes and quartz glass side walls

was reported by Schulz-von der Gathen et al.(see figure 2.9) [60, 61]. This spe-

cial design makes the plasma region and the afterglow region easily accessible for

optical diagnostics. Helium was used as the working gas. With a RF power be-

tween 10 W to 20 W, the device generated a homogeneous stable glow discharge

(γ-mode discharge), and formed an afterglow at temperature of 303 K. When a

small amount of molecular oxygen or nitrogen was mixed to the helium flow, high

densities of reactive oxygen species and nitrogen species were produced. Those

reactive species was expected to promote bactericidal activity for the plasma [62].

Further on, Niermann et al. [63] investigated the influence of typical intruding im-

purities (air diffusion from the front nozzle) and of impurities originating from

gas system in the microplasma jet systems on the energy transfer processes of dis-

charge in the plasma jet. In order to avoid the self-destruction at high powers, a

modified μ-APPJ with a wedge electrode configuration instead of a coplanar one
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Figure 2.9: schematic of a microscale atmospheric pressure RF plasma jet developed by
Schulz-von der Gathen et al. [60].

was developed by Schroder et al. [62, 64]. With such a wedge-shaped electrode

configuration, the device exhibited a self-pulsing behavior. This phenomenon was

characterized by the dynamical constricted ”γ-mode-like” discharges, which was

firstly ignited at the gas inlet, and then propagated with the gas flow towards the

nozzle, and finally distinguished. It was found that helium metastables induced

processes such as Penning ionization and pooling reactions played an important

role in the sustainment and the propagation dynamics of the constricted discharge.

Besides exciting by a single frequency voltage, plasma jets can also be sus-

tained by two voltage waves as widely used as in low pressure capacitively cou-

pled plasmas [65]. Zhou et al. [66] developed a dual-frequency argon plasma jet

with a coaxial configuration: a central pin electrode (driven by a 50 kHz voltage)

in a quartz syringe and a copper ring electrode (driven by 2 MHz voltage) near

the tube nozzle. The plasma jet was demonstrated to possess the advantages of

low frequency and high frequency plasma jets: namely a long plasma plume and a

high electron density respectively. It is noticeable that the plasma jet exhibited low

ignition voltages and a large controllable range for gas temperatures. In addition,

a helium plasma jet device with spatially separated dual-frequency excitations was

developed by Cao et al. [67]. Their device consists of three electrodes, namely

an upperstream capillary electrode recessed within a quartz tube, a ring electrode

(driven by a 30 kHz voltage) wrapped around the quartz tube near the tube noz-

zle and a downstream plate electrode placed downstream from the tube nozzle

(driven by a 5.5 MHz voltage). They suggested the possibility of separate, but not

necessarily independent, control of plasma plume length, plasma density and gas

temperature in their jet.
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2.2.2.4 Microwave plasma jets

Atmospheric pressure microwave plasma sources (mostly at a frequency of 915

MHz or 2.45 GHz) are gaining increasing interest for many industrial applications,

such as gas purification, decomposition of gaseous pollutants, sterilization, food

preservation, living cells treatments, surface modification, hydrogen production,

plasma-assisted combustion, and etc [68, 69]. However, most of those plasmas

are characterized with high gas temperature (typically as high as few thousands

Kelvin). Recently, some microwave plasma jets with a low gas temperature have

been reported for biomedical applications. In general, one can clearly distinguish

between plasmas formed at the tip of the electrodes supplied with microwave

energy and plasmas generated through the electromagnetic energy transfer from

standing waves in suitable resonator structures.

Figure 2.10: Schematic view and a photo of a microwave argon plasma jet based on a
standard surfatron structure [70].

Wattieaux et al. developed a microwave argon plasma jet based on a standard

surfatron structure (see figure 2.10) [70]. A quartz tube with 4 mm inner diameters

was surrounded by a surfatron cavity with a 2 cm length extending in the down-

stream side out of this cavity. Argon gas was fed through the tube as the working

gas. Microwave at 2.45 GHz was supplied from a generator and coupled to the ar-

gon gas by the applicator of the surfatron, where surface microwave was generated,

leading to the ignition of gas discharge inside the quartz tube. In their experiment,

the microwave power was set between 40 W and 60 W. The temperature of the

afterglow at 30 mm away from the outlet was below 325 K. The potential biocide

species like ozone, atomic oxygen and UVC were analyzed and quantified thus

emphasizing promising potential biocide effect on the bacteria treatment. It was

found that, comparing to atomic oxygen and UV radiation, ozone was identified

as the main germicidal active species produced by the device.
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Choi et al. [71, 72] developed a portable microwave-excited plasma jet using

a coaxial transmission line resonator for biomedicine applications. In this system,

matching network is not required. As shown in figure 2.11, the resonator was made

of a quarter wavelength of coaxial line, which was connected to a SMA connec-

tor for feeding power. The device had an electrically open at one end and a short

circuit at the other end. It was found that a metal tip in the device could reduce

the plasma ignition power to lower than 2.5 W. The gas temperature at the down-

stream of the APPJ stayed less than 320 K during 5 min of continuous operation.

Acceleration of blood coagulation was observed with the plasma treatment: the

blood coagulation occurred within 20 s of plasma treatment in vitro and within 1

min in vivo [71]. They also pointed out that the blood coagulation with treatment

by the microwave plasma jet was twice faster than that by a low frequency plasma

jet [73].

Na et al. [74] developed a microwave plasma jet source with coaxial structure

for the inactivation of fungal spores. The plasma jet was excited by 2.45 GHz

microwave and sustained at low energy regime (0.8 W - 1.6 W). Inhibition effects

on fungal growth depended on the several parameters like electric power, pulse

widths and fed gases. They also noticed that different fungal species exhibited

different levels of response to the plasma treatment. A small coaxial microwave

plasma torch was developed by Stonies et al. [75] for gaseous species detection

as an element specific detector in gas chromatography. In addition, Shimizu et

al. [76] developed an atmospheric low-temperature microwave plasma torch with

special designed electrode system. By using 2.2 slm of Ar gas flow and 85 W

Figure 2.11: The configuration of a plasma device based on a coaxial transmission line
resonator operating at 900MHz (a) side view, (b) front view, (c) with plasma
on [71].
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of microwave power, the device exhibited a strong bactericidal effect against mi-

croorganisms. They suggested that the UV radiation from the plasma device was

one major agent killing bacteria. Besides, they also mentioned there were other

mechanisms involving in the antibacterial process. Further clinical trials of argon

plasma treatments on infected wounds were conducted with its follow-up devices

(MicroPlaSter series) [77].

2.2.2.5 Pulsed plasma jets

Several plasma jets have been developed using pulsed excitation methods. Com-

paring to the AC, DC or RF discharge, a pulsed discharge is a typical over-voltage

discharge, which can provide a high instantaneous power density to accelerate

electrons and boost ionization processes. Also, short duration discharges in a

pulsed source can reduce the heat accumulation, which is the main cause of ther-

mal instability [78]. Pulsed DC voltages are mostly with amplitude of few kV,

with a pulse width of few nanoseconds or microseconds and with a repetition rate

of few kHz.

A portable nanosecond DC pulsed plasma jet with a similar configuration as

the DC plasma jet in figure 2.1 was developed by Walsh and Kong [79]. The

pulsed plasma jet consists of a center HV needle electrode with a sharpened end

and a coaxial conical metallic ground electrode. Air was fed through the device

at the rate of 10 slm as the working gas. When a pulsed voltage with 150 ns full

width half maximum (FWHM) and a repetition rate of 5 kHz was introduced, the

discharge occurred with more than 40 kW of the peak dissipated power but only

around 1 W of the average dissipated power. The plasma jet was characterized

with a gas temperature of 1850 ± 50 K in the active region and of 320 K in the af-

terglow region. It was noticeable that the copper material of the HV electrode was

eroded in the plasma discharge, and deposited on a downstream substrate. This

phenomenon was further investigated in a non-thermal plasma jet for the synthesis

of copper particles by Lazea-Stoyanova et al. [80].

Lu et al. [81] developed a single electrode plasma jet device driven by a sub mi-

crosecond pulsed DC voltage. As schematic shown in figure 2.12 (a), the plasma

source consists of a single wire electrode inside a quartz tube with one closed end.

The quartz tube along with the HV electrode was inserted into a hollow barrel of

a syringe. Helium was the working gas in this device. A plasma afterglow up to 4

cm long was formed with the applied voltage (magnitude 9 kV, pulse frequency 1

kHz, FWHM 800 ns). The gas temperature of the afterglow was estimated about

300 K. From the electric measurement of the circuit, there were two distinct dis-

charge current pulses in each applied voltage pulse. The second discharge was

due to the accumulation of charges on the surface of quartz tube during the first

discharge. Also, they measured the afterglow current which exhibited one pulse in

a voltage pulse. This current pulse could reach hundreds milliamperes range and
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not change at different diagnostic position in the afterglow. The behavior of the

plasma afterglow was similar with that of the ionization wave [81]. However, in

Karakas’s DC pulsed plasma jet, there were two afterglow current pulses in one

voltage pulse [82]. The deviation of the measurement is probably due to the use of

different configurations.

Lu et al. [83] also noticed that the voltage and width of the DC pulses exhib-

ited significant effects on the afterglow length, whereas the pulse frequency, gas

flow rate, and nozzle diameter exhibited less effect on the afterglow length. They

Figure 2.12: (a) a plasma jet device driven by a submicrosecond pulsed dc voltage devel-
oped by Lu et al. [81]; (b) and (c) the fast shown images of the bullet propa-
gation of the plasma jet driven by pulsed voltage and sine-wave voltage with
a repetition rate of 4 kHz respectively [85].
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pointed out that the propagation of plasma afterglow was directly related to the

integrated total charge, rather than peak current of the primary discharge. Figure

2.12 (b) depicted the propagation of plasma afterglow in the form of plasma bul-

lets in the open air [84]. The bullet reached the biggest size at the moment of

the highest bullet velocity and the strongest N2
+ emission (391.4 nm). Addition-

ally, a comparison study of the plasma jet excited by DC pulse (8 kV, 800ns and

4 kHz) and sine-wave voltage (16 kV and 4 kHz) was reported [85]. In general,

the pulsed plasma exhibited a stronger optical emission, a larger discharge current,

and a lower gas temperature than that in sine-wave plasma jet. The propagations

of plasma bullets in DC pulsed plasma jet and sine-wave plasma jet are shown in

figure 2.12 (b) and (c) respectively. The plasma bullets propagated with maximum

velocity at around 2.4 × 105 m/s for pulsed voltage and 1.3 × 105 m/s for sine-

wave voltage, and to a longer distance in the open air in the pulsed DC excitation

case.

Recently, due to their potential advantages in sustaining plasma with low en-

ergy and low temperature, even short high voltage pulses (around 100 ns or less)

have been used to ignite plasma jets. A plasma jet using unipolar pulse voltage

with magnitude of 6 kV and width of 140 ns was reported by Jiang et al. [86]. As

schematic shown in figure 2.13, the plasma jet device consists of concentric tubu-

lar electrodes separated by a ceramic cylindrical structure. Mixture of He and 1%

of O2 were fed the device. It was found that the polarization of the transient elec-

tric field near the device nozzle exit affected the dynamics of the plasma plumes,

resulting in the differences of the plume length and propagation velocity.

A comparison study of a helium plasma jet source sustained by nanosecond

Figure 2.13: (a) schematic of nanosecond pulsed plasma jet developed by Jiang, et al., (b)
photograph of the plasma jet excited with +6 kV, 140 ns pulses at 1.5 kHz [86].
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pulse voltage (rise time 70ns, pulse width 100 ns, repetition rate 1 kHz) and mi-

crosecond pulse voltage (rise time 300 ns, pulse width 5 μs, repetition rate 1

kHz) voltage was reported by Zhang et al. [78]. Although consuming less en-

ergy, plasma sustained in nanosecond pulse voltage exhibited longer plume length,

larger instantaneous power per pulse and stronger optical emissions than that in mi-

crosecond pulse voltage. It was explained by the formation of large density initial

electrons and fast ionization in nanosecond pulse plasma jet.

2.2.3 Atmospheric pressure plasma jets up-scale

As mentioned above, plasma jets have been extensively studied for many practical

applications which has opened various new and fast growing interdisciplinary re-

search fields, such as surface modification, thin film deposition, medical therapy,

nanoparticle synthesis [42, 87–92]. However, the dimensions of developed AP-

PJs nozzles are mostly very small (sub-millimeter to several millimeters), which is

a major deficiency and limitation for some large-scale applications, such as some

cases in surface modification, film deposition and biomedical applications [93–95].

To overcome the barrier, some exploratory researches have been conducted in the

last decade to develop a large-scale atmospheric pressure plasma source. In gen-

eral, two main strategies have been reported to obtain an up-scale plasma jet source

in an open space: (1) plasma jet arrays that consist of a number of ordinary size

plasma jets; (2) plasma jets with large cross sections. Even though plasma sources

based on surface discharge (SD) can also generate large size plasma in an open

environment, they are not included in this section. The reason is that plasma gen-

erated by SD sources is confined in a thin layer near the surface instead of extend-

ing to open space [96–98]. In the following paragraphs, an overview on the two

strategies for the development of up-scale plasma sources will be presented.

2.2.3.1 Atmospheric pressure plasma jet arrays

One straightforward approach to enlarge the overall dimension of plasma jets is

combining many small plasma jet sources together as a jet array. There are one-

dimension (1D) and two-dimension (2D) arrangements of identical plasma jets.

Cao et al. [99] reported an 1D jet array with the assembling of 10 glow dis-

charge plasma jets in an acrylic cassette. The schematic diagram of the array is

shown in figure 2.14. Each individual plasma jet unit consists of a glass tube

wrapped by a copper tube, which is connected to the power supply through an

individual ballast resistor (510 kΩ). The array device has a dimension of 3.2 cm

width from the first to the last jet. This jet array was sustained by a voltage of 3

kV and 30 kHz, with helium flowing through each tube unit. Time and space uni-

formity of the plasma jet array were achieved and attributed to a self-adjustment

mechanism among individual jets, which was facilitated by individual ballast in
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Figure 2.14: (a) schematic of a ten-jet atmospheric pressure linear array with individual
ballasts, (b) image with the flat surface of a screwdriver as the substrate, (c)
image with a surgical tissue forceps as the substrate [99].

the system and by spatial redistribution of surface charges in each tube. Also, Kim

et al. [100] developed an 1D plasma jet array, which consists of 16 tungsten pin

wire electrodes, Teflon tubes, and quartz tubes with a pencil-shaped nozzle. Each

wire was covered with a Teflon tube except a short tip. A pulsed bipolar source was

connected to the tungsten wires. Unlike Cao’s array where helium was separately

introduced to each individual plasma jet tubes, the gas in this array was firstly fed

to a chamber and then delivered to each jet units. The ground copper electrode was

covered with a quartz plate and put 4 mm away from the nozzles. The propaga-

tion of plasma bullets in individual gas channels and interaction between adjacent

plasma afterglows were studied through fast imaging technique.

Pei et al. [101] developed a simple 1D jet array with the linear arrangement

of ten syringe needles. Those needles were connected to a large glass tube that

guided the gas flow. All needles were connected to a pulsed DC power supply

through a capacitor and a resistor. It was found that the plasma afterglow on both

edges initiated earlier than that in the middle of the plasma jet array. The propaga-

tion speed of the plasma bullets on both edges of the plasma array was higher than

that in the middle of the plasma array. They also reported another plasma jet array

for the generation of a homogenous large-scale plasma glow [33]. The elemental

plasma jet unit (depicted in figure 2.3 (a)) was characterized with a uniform after-

glow. When five of jet units were linearly arranged, the afterglows of individual

jets were emerged, leading to the formation of a homogenous afterglow.



CHAPTER 2 27

Plasma jet arrays with 2D arrangement of elemental plasma jets have also been

reported by many groups. A two-dimensional plasma jet array with seven identi-

cal plasma jets in a honeycomb configuration was reported by Nie et al. [95]. The

schematic diagram of the 2D array device is shown in figure 2.15. Each individual

jet consists of a central HV capillary electrode in a quartz tube. The center-to-

center distance between two adjacent quartz tubes is 3.55 mm. Helium was used

as the working gas and separately fed into each channel at a flow rate of 2.14 slm.

The electric diagnostics of the jet array suggested that the six outer channels were

simultaneously broken down and before the central channel’s ignition. Fast images

were employed to analyze the time resolve dynamics of the array in a full period

of the voltage. It was found that the central jet was firstly ignited in a negative half

cycle of the voltage, whereas the six surrounding jets were ignited in a positive half

cycle. They further developed a 37-channel honeycomb-shaped array (see figure

2.15 (c)) and suggested that there was no fundamental limitation to scale up the

plasma jet array with this configuration [102]. Fan et al. [103] also reported an

honeycomb-shaped plasma jet array, but with seven single electrode plasma jets as

the elemental unit. A repelling phenomenon of the six surrounding jets was ob-

served in this device. Unlike the kinetics in Nie’s array, a synchronized operation

and temporal jet-uniformity of all individual jets during the whole voltage cycle

was observed. This deviation was probably due to the different configurations of

electrode system.

Due to the direct jet-to-jet coupling in plasma jet arrays within a honeycomb

structure, two working modes were found in a 2D plasma jet array under different

gas flow conditions, i.e. an intense plasma mode and a well-collimated plasma

mode [104–106]. Based on optical emission spectroscopy, the plasma array in

an intense plasma mode exhibited strong intensity of many active species, and

had higher electron energy than those in a well-collimated mode. The jet-to-jet

coupling was explained as electric coupling of charged particles instead of optical

or chemical coupling. Besides, they also proposed an upgrade 19-channel array

which generated a much higher emission than the 7-channel array [104]. Based on

this, they suggested that the 2D jet array at an intense plasma mode was useful for

applications requiring the high energetic plasmas. In addition, the 2D jet array at

a collimated plasma mode was used for the growth of multiple-stack high-density

ZnO nanoflower/nanorod structures on polyethylene naphthalate (PEN) substrates

[107].

In addition to arrays of individual plasma jets, a novel structure of close-packed

plasma jet array based on microchannels was developed by Sun et al. [108]. The

packed array, which was molded into a transparent, lightweight, and flexible poly-

mer, consisted of as many as 64 microchannels unit. The diameter of a microchan-

nel was 350 μm. One main benefit of this design was the possibility to increase the

number of microchannels without the jet-jet interactions. Further on, clinical stud-
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Figure 2.15: (a) Schematic of the seven-jet array arranged in a honeycomb configuration
with both side view (left) and end view (right) [95], (b) Image of a seven-
channel honeycomb array in an atmospheric helium flow, (c) Image of a 37-jet
array [102].

ies on acute epidermal wounds in Sprague-Dawley rats found that a 40 s exposure

to an plasma array per day could accelerate healing of the wounds [109].

It is well known that a plasma is inherently a nonlinear medium [110]. The

coupling behavior caused by jet-jet interactions in plasma arrays is widely existed

and makes operation of multi-source plasma devices non-trivial [111]. Therefore,

it is necessary to have a better understanding on those jet-jet interactions, which

has attracted more attentions recently. The influence of voltage amplitude, voltage

frequency and gas flow rate on the characteristics of an atmospheric pressure jet

array were reported by Qian et al. [112]. Besides, a small amount of O2 additive

into a three-jet array exhibited a positive effect on the length and the spatial uni-

formity of the plasma jets [113]. Ghasemi et al. [114] investigated the interaction

between adjacent plasma afterglow in an 1D plasma array by Scalieren imaging

technique. Once the discharges were ignited, a significant reduction in the length

of the laminar flow region was observed. This was mainly due to the gas heating in

the jet channel. Meanwhile, the strong repulsion between charged streamer chan-

nels in the array caused a significant divergence of the plasma afterglow, which

could lead to a non-uniform treatment.
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2.2.3.2 Atmospheric pressure plasma jet with a large cross section

Besides plasma jet arrays, plasma jets with large cross section have been consid-

ered as another approach to upscale a plasma jet source.

An atmospheric pressure plasma jet with 10 cm × 0.15 cm cross section was

reported by Park et al. as one of the earliest cold atmospheric pressure plasma jet

with large cross section [115]. The device was based on simple parallel metal elec-

trode structure. Stable discharge was generated with 13.56 MHz radio frequency

voltage and large helium flow (50 slm). By mixing 1% oxygen in helium, absolute

concentration of ozone and atomic oxygen in the discharge and the effluent region

were analyzed. The discharge in the plasma device exhibited two working modes:

α mode and γ mode [116].

Figure 2.16: Photographs of the gap for various RF input powers of Laimer’s plasma device
operated with helium at gap spacing of 2.5 mm (full size and zoom in pictures
on left side and right side respectively): (a) 140 W, (b) 360 W and (c) 440 W.
Grounded counter electrode is on top, RF powered electrode is below [19].

Laimer et al. [19, 117, 118] reported visual and electric properties of these two

discharge modes in a RF plasma jet device, which consists of two parallel metal

electrodes similar to Park’s device. α mode (see figure 2.16 (a) and (b)) was char-

acterized as stable uniform glow-like discharge that partially or fully covered the

electrodes. However, γ mode (see figure 2.16 (c)) was identified as localized dis-

charge that covered a small fraction of the electrode surfaces. Unfortunately, there

was limited information on the property of the afterglow, which is extremely im-

portant for applications.

A cold plasma brush consisting of a gas compartment and two cylindrical

metallic electrodes was developed by Duan et al. [93, 119]. When sufficient DC
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Figure 2.17: (a) Schematic diagram of a plasma brush array with two plasma brushes; (b)
and (c) shown images of the array with different currents at 8 L/min [121].

Figure 2.18: Schematic view of the plasma torch system and produced plasma: (a) plasma
torch, (b) plasma plume below the torch, (c) plasma produced between the
electrodes and the cylinder [76].

voltage and argon flow were applied, plasma was generated between the electrodes

and launched to open air with a dimension of 10 -15 mm in width, 1 mm in thick-

ness and 15 - 20 mm in length. A ballast resistor was connected with an electrode

to suppress electric field fluctuations and to restrain electrical current in the dis-

charge. After that, a DBD reactor was added to the plasma device as a preioniza-

tion source to improve performance of the system [120]. The aim of this design
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was to achieve efficient plasma generation by reduction of ignition potential, sus-

taining voltage, plasma dissipated power and Joule heat. In order to further ex-

tend dimension, an array was developed by integrating a pair of plasma brushes

in parallel [121]. As schematically shown in figure 2.17, this device consists

of a central ground platinum sheet electrode and two high voltage electrodes on

both sides of the gas chamber. Measured with emission spectroscopy, the plasma

was near-symmetrical in lateral direction of the plasma brush. Recently, a trans-

verse magnetic field was employed to the brush to improve performance of the DC

plasma [122]. Owing to electron drift in the E × B field, collisions of electrons

with molecules in plasma and afterglow were significantly enhanced, which could

simultaneously enlarge plasma dimension and improve plasma uniformity and sta-

bility. In addition, self-pulsing phenomenon of discharge in a DC plasma brush

was studied by temporal and spatial resolved measurement of discharge voltage,

current and emission intensity [123]. The formation of the afterglow was caused

by the movement of pulse generated plasma, which propagated at speed of same

order as the gas flow. The pulse discharges in the DC brush were attributed to dy-

namics of voltage between the electrodes due to plasma propagation. They found

that frequency of pulse discharge was dominated by gas flow rate and discharge

power.

Lu et al. reported a plasma brush driven by sub-microsecond voltage pulses

[94]. The source consists of two blades (nozzle of 25 mm × 1 mm), which simul-

taneously functioned as channel for the gas flow and as the high voltage electrode.

Helium was used as working gas. Based on I-V characterization and fast imaging,

they found that discharge dynamics of the plasma sources were dependent on the

electrode gap.

A microwave plasma torch (also known as MicroPlaSter) was developed with a

configuration of six stainless steel electrodes inside a metal cylinder with diameter

of 35 mm (see figure 2.18) [76]. It was the first plasma source used for clinical

trials with patients, especially on dermatology [13, 124]. It was found that a daily

5 minutes plasma exposure led to significantly lower bacterial load compared to

the control wounds [125, 126].

2.3 Polymerization of thin films using atmospheric
pressure plasmas

Use of atmospheric pressure plasma jets has been intensively studied for many ap-

plications, including biomedicine [125, 127], food treatment [128, 129], modifica-

tion and activation of material surface [44,130], destruction of organic components

[131, 132], synthesis of nanoparticles/nanocomposites [133, 134], etc. Among

these applications, one of the most promising fields is plasma polymerization,
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which is a subject of this thesis.

2.3.1 Plasma polymerization process

Nowadays, plasma polymerization is a versatile method to render certain functions

onto the surface of a wide range of substrates for many applications [135–138].

These polymerized films have attracted great interest due to their excellent proper-

ties, such as pinhole-free, highly cross-linked, insoluble, thermally stable, chemi-

cally inert and mechanically tough [135]. Plasma polymerization in low pressure

systems has been extensively investigated over decades. However, a low pressure

process means high cost and difficult to batchwize process. Plasma polymerization

at atmospheric pressure has the advantages of elimination of vacuum equipments,

possibility of industrial integration, and high deposition rates. Therefore, many

efforts have been given to develop and characterize atmospheric pressure plasma

deposition systems.

Generally, organic monomer precursors (vapor, aerosol, or gas) have to be

introduced into the plasma zone with working gases (usually helium, argon, or

nitrogen) in plasma polymerization processes. These monomer molecules will

react with reactive plasma species, and be converted into several molecular frag-

ments and atomic species, which then recombine on the substrate surface and de-

vice components, and deposit in form of thin films. Functionality of plasma de-

posited films is mainly determined by the nature of the used precursor monomers

[138, 139]. A variety of organic precursors has been investigated to obtain thin

films with certain functions. For more information about atmospheric pressure

plasma polymerization, detailed reviews can be found in [89, 139–142] and refer-

ences cited therein.

Considerable attention has been given to plasma polymerization of silicon-

inorganic and silicon-organic films for several purposes like vapor and gas bar-

rier creation [143], wear and friction reduction [144], corrosion protection [145],

biocompatibility [146] and hydrophobicity of surfaces [147]. A large variety of

organosilicon monomers with attractive features, like sufficient volatile at room

temperature, relatively low-toxicity, non-flammability, cheapness and commercial

availability, have been employed as possible reactants for plasma polymerization

of silicon-inorganic or silicon organic films [148]. Figure 2.19 depicts six of the

most frequently used organosilicon monomers in atmospheric pressure plasma

processes.

Morent et al. [135, 138, 148] reported a typical plasma polymerization process

using a DBD plasma reactor with hexamethyldisiloxane (HMDSO) as precursor.

Ar or Ar/air mixture was used as working gas. The liquid precursor was vaporized

by passing Ar gas through a vessel before introduction to the reactor. Polymerized

HMDSO films were deposited on polyethylene terephthalate (PET) surfaces. In-
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Figure 2.19: Commonly used monomers for the plasma deposition of SiO2 coatings. With
TMCTS = tetramethylcyclotetrasiloxane, HMDSO = hexamethyldisiloxane,
TMDSO = tetramethyldisiloxane, HMDSN = hexamethyldisilazane, TEOS =
tetraethoxysilane, PDMS = polydimethylsiloxane.

fluence of air content on chemical structure and surface morphology of deposited

films were investigated [135,148]. They noticed that deposition rate and chemical

structure of plasma polymerized films were strongly affected by plasma discharge

power and monomer concentration [138]. In the process with pure argon, plasma

polymerization led to formation of quite homogeneous and hydrophobic thin films

with high degree of linearization of monomer precursor (Si-O-Si chains and high

retention of Si-CH3 bonds). Whereas, the thin films deposited with Ar/air mixture

exhibited a rough and hydrophilic surface with chemical structure closely related

to silica. With increase of monomer concentration or of discharge power, growth

rate of the deposits increased and reacted to maximum value. Any further in-

crease of either parameter could slow down deposition rate. These results were

explained with Yasuda’s controlling parameter W/FM , where W is dissipated

power of plasma, F is monomer flow rate, and M is molecular weight of the

monomer, respectively [138, 149]. Additionally, plasma polymerization of poly-

methyl methacrylate (PMMA) and polyacrylic acid were reported using this type

of DBD plasma deposition system [150–152].

Reuter et al. [153] studied deposition of carbon-free SiO2-like thin films by a

layer-by-layer process, in which very thin films were deposited from Ar/HMDSO

or N2/HMDSO plasma (only 3 s plasma-on time) and treated afterwards by pure

N2 DBD plasma for 30 s. Comparing to films deposited without N2 plasma treat-

ment, which were characterized by rich existence of carbon groups, films deposited

with nitrogen plasma treatments exhibited dense and silicon oxide like features

without any carbon related features. Carbon removal effect in N2 plasma treat-

ment was attributed to surface reactions of N2 plasma generated excited species

(metastables, ions, or possible photons) with surface bonded carbon.



34 OVERVIEW OF THE RESEARCH FIELD

Recently, use of pulsed plasma electrical excitation in atmospheric pressure

plasma deposition processes has been reported to improve quality and reduce

roughness of deposits [154–156]. Boscher et al. [156] studied the effect of electri-

cal excitation on morphology and electrochemical properties of films in a nitrogen

plasma using HMDSO as precursor. In spite of a lower average power, films from

pulsed excited processes were grown in higher degree of cross-linking and equiv-

alent deposition rate as that from continuous wave excited plasma processes. It

is interesting to note that films grown with pulsed modulated signals exhibited a

five times polarization resistance than the ones growth with a continuous wave

electrical excitation.

Atmospheric pressure plasma polymerization has been extensively used to ob-

tain many advanced functional materials. However, a gap exists between mecha-

nism understanding and practical applications. In order to have better control over

deposition processes, considerable attention has been given to kinetics and mecha-

nisms in deposition processes. One of the widely accepted explanations is based on

the concept of “atomic polymerization” [157]. In plasma polymerization process,

monomer molecules are extensively fragmented to small components, which then

randomly recombine, rearrange, and are fragmented again. Thus, unlike conven-

tional polymers, plasma polymers generally exhibit a high degree of cross-linking

and disorder (see figure 2.20). In a low pressure plasma process, collisions be-

tween monomer molecules and electrons, which induce breaking of a chemical

bond and formation of two radicals, dominate the excitation mechanism for acti-

vated monomer. However, reactions involving high energy metastables have to be

considered in an atmospheric pressure process [89].

Figure 2.20: Schematic comparison between conventional polymers and plasma polymers
with same monomer [89].
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One method to analyze a plasma deposition process is by characterizing films

which are deposited with different conditions (discharge power, monomer con-

centration, gas composition). Giving an indication of power input per molecule,

the Yasuda’s parameter (W/FM ratio), which was firstly used in a lower pres-

sure plasma process, has been often adopted as an important reference in atmo-

spheric pressure plasma processes to explain dependence of deposition rate on

some external parameters [138, 149, 158–161]. It is suggested that, in a plasma

polymerization process, low W/FM values result in less monomer fragmenta-

tion and high probability of retaining functionalities, whereas higher values stim-

ulate dissociation of monomer molecules and promote fragmentation. However,

Kakaroglou et al. [161] pointed out that the Yasuda parameter ignores discharge

kinetics, which also strongly affect plasma deposition mechanisms and deposits.

They found that, under same W/FM parameters, films with different morpholo-

gies, different thicknesses and different chemical structures were deposited using

a plasma reactor under different discharge mode: glow discharge and filament dis-

charge. It was demonstrated that morphology and chemistry of plasma polymer-

ized films were extensively dependent on many parameters in plasma processes,

such as discharge mode, reactive species distribution, reactor geometry, dissipated

power, voltage frequency,monomer concentration, working gas, flow rates . . .

Recently, direct insights into reactions in gas phase plasmas have been per-

formed by techniques like Gas Chromatography-Mass Spectrometry (GC-MS)

[162–164], Molecular Beam-Mass Spectrometry (MB-MS) [165], and Fourier Trans-

form Infrared Spectroscopy-absorption spectroscopy (FTIR-AS) [166]. In an at-

mospheric pressure DBD plasma process using HMDSO as precursor, Fanelli et

al. [163, 164] analyzed exhaust gases by GC-MS to assess monomer depletion

and to quali-quantitative determine by-products formed in the process. As an in-

teresting observed result, HMDSO depletion in the plasma process with oxygen

was always lower than that without oxygen. This indicated that adding oxygen

to the plasma process did not improve monomer activation/utilization. Accord-

ing to their explanation, oxygen addition in the process led to a more filamentary

discharge, which reduced plasma volume for HMDSO activation. Also, oxygen

addition strongly influenced chemistry of deposits and composition of exhaust

gases. Meanwhile, they suggested that silanols in deposited films were formed

through heterogeneous (plasma-surface) reaction during film growth, instead of

in gas phase plasma [163, 164]. Vinogradov et al. [166] reported their FTIR-AS

investigation on a deposition process using HMDSO as the precursor. It was no-

ticeable that four main radicals were produced in plasma: (CH3)3SiO, Si(CH3)3,

(CH3)3SiOSi(CH3)2, and CH3. They also suggested that the (CH3)3SiO radical

could be an important reacting agent in the film deposition process.
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2.3.2 Thin film polymerization by plasma jets

Compared to polymerization processes within a volume-confined plasma, like typ-

ical DBD plasmas, polymerization processes using atmospheric pressure plasma

jets are particularly attractive due to portable designs and capabilities to treat ob-

jects with complex morphologies and structures.

Hicks et al. [58, 167] reported one of the earliest investigations on plasma

polymerizations using an atmospheric pressure plasma jet device (with jet con-

figuration shown in figure 2.7). An oxygen and helium gas mixture was fed into

the device. Precursor (TEOS) was introduced by passing a channel of helium gas

through a bubble container, and mixing with the plasma at the end of the jet nozzle.

Thin films were deposited on silicon substrates which were located 1.7 cm down-

stream of the outlet. Highest deposition rate in their experiment was 302 ± 25

nm/min with a monomer partial pressure of 0.2 Torr and dissipated power of 400

W. It was found that deposition rate increased with increase of RF dissipates power

and oxygen pressure, and decreased with increase of sample temperature. Influ-

ence of precursor injecting positions on deposited films was investigated by Lom-

matzsch and Ihde [168]. They used a commercial AC plasma jet using HMDSO

as precursor. Two positions with vertical separation of 4 mm were tested in the

experiments. According to their work, these two positions were arranged at transi-

tion phase between the excited volume plasma and relaxing afterglow. Thin films

with different structures and compositions were obtained at different precursor in-

jecting positions. Those functional differences in the final films were attributed to

the different precursor fragmentation extent due to strong relaxation of the volume

plasma and different residence times in afterglow plasma [168].

Plasma polymerizations of organosilicon films using plasma jet sources with

coaxial pipe configuration have also been extensively studied. Raballand et al.

[169] reported the deposition of organosilicon and silicon oxide-like films at room

temperature using an atmospheric pressure argon microplasma jet without addition

of oxygen. In their system, the plasma jet consists of a stainless steel capillary,

which serves as HV electrode and gas channel for precursor (HMDSO), and a ce-

ramic tube, which serves as main gas channel. Silicon substrates were put 1 mm

away from the end of the jet nozzle. When flow rate of precursor channel reduced

to below 0.1 standard cubic centimeters per minute (SCCM), chemical composi-

tion of deposited films changed abruptly from organic composition to an inorganic

silicon oxide composition. Deposition of carbon-free SiO2 film without adding

oxygen was attributed to reactions which were initiated by dissociative ionization

of HMDSO and followed by ion-induced polymerization [169]. Huang et al. [170]

reported growth of organosilicon film using a coaxial plasma jet with HMDSN as

precursor. The plasma device consists of an inner quartz capillary, which serves as

working gas channel, and a quartz tube, which serves as gas channel for oxygen

and precursor. Plasma was firstly generated inside the capillary, then mixed with



CHAPTER 2 37

precursors near the nozzle, and propagated to the surface of polycarbonate sub-

strates. Surface properties of the deposited films were affected by parameters like

plasma dissipated power, substrate position and oxygen flow rate [170, 171].

Schafer et al. [172–176] deposited carbon-free silicon oxide films with a non-

thermal RF capillary jet system. The plasma jet source is configured with an inner

capillary and an outer quartz capillary, which is wrapped by two ring electrodes.

The inner capillary serviced as gas channel for precursors. Self-organized dis-

charge patterns were observed in this device and could be controlled by external

parameters, such as dissipated power, gas flow rate, electrode distance and driven

frequency [174]. It was found that the locked mode in the jet device was a dis-

tinctive discharge regime in which homogeneous and symmetric thin films were

deposited. Influence of oxygen and precursor concentration on film chemistry and

on their radical gradients over the profile was studied. It was found that the static

deposition profile (the footprint) of the plasma deposits was influenced by working

parameters and geometry parameters [173]. The deposited film footprint could be

shaped from a ring form reflecting the tube dimension to a parabolic profile.

Figure 2.21: Schematics of the plasma jet deposition system reported by Ito et al.: (a) coax-
ial configuration, (b) crossed configuration with vertical plasma jet and tilted
TEOS supply, and (c) crossed configuration with tilted plasma jet and vertical
TEOS supply [177].

Ito et al. [177] reported deposition of SiO2 films with a coaxial helium plasma

jet using TEOS as precursor (see figure 2.21). For a comparative study, two mod-

ified systems were developed with different crossed configurations: one consists

of a vertical plasma jet with a 45 degrees tilted TEOS supply nozzle (figure 2.21

(b)) and the other consists of a tilted plasma jet with vertical TEOS supply noz-

zle (figure 2.21 (c)). The plasma jet was powered by a bipolar impulse power

supply with a frequency of 2.5 to 15 kHz. It was found that the deposition rate

increased with the driving frequency in all three configurations. A higher deposi-
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tion rate was observed with the tilted jet configuration (figure 2.21 (c)), which was

attributed to longer interaction distance caused by plasma spreading along the sub-

strate surface. They also suggested that adding ozone to the process could increase

deposition rate. In addition, the apparatuses were also used for deposition of ZnO

films with bio(octane-2,4-dionato) zinc (Zn(OD)2) as source material [178].

2.4 Plasma engineering of antimicrobial materials

Among different types of plasma polymers, demands on development of antimi-

crobial coatings are growth at an extreme rate in many fields, such as medical and

hygienic materials, water purification and food protection [179–182]. In medical

field, infections associated with medical devices, especially with medical surgi-

cal tools and supporting parts, are responsible for at least 1.5 % to 7.2 % post-

operational complications [183, 184]. The earliest and essential event in patho-

genesis of a biomaterial related infection is attachment of microorganisms to the

surface [185]. This event produces extracellular polysaccharides, causes forma-

tion of a biofilm which can protect bacteria from antibiotics and host body’s innate

defence system, and eventually results in infections [186, 187]. Many methods

have been reported on development of antimicrobial materials. In general, two

main strategies can be distinguished: “passive” non-fouling strategy and “active”

antibacterial strategy [187]. The former one is to prevent attachment of bacte-

ria on material surfaces by grafted polymer coating or by designed micro-/nano-

patterns [188,189]. Whereas the latter one aims to kill microorganisms existing on

the material surface and in the surrounding biological milieu by elution of antibac-

terial compounds from the materials [190–194]. A variety of promising methods

have been purposed for the fabrication of biomaterials with one of these two ef-

fects or with both effects [195]. Plasma-based strategy is a suitable and versatile

approach that is transferable between a large range of different materials at a low

temperature without any need of specific substrate or any chemical solvents. In this

section, recent development of antimicrobial functional materials based on plasma

methods will be overviewed.

2.4.1 Plasma assisted surface grafting of antibacterial compo-
nents

Plasma has been widely used as a pretreatment step to activate or modify material

surfaces, which can improve efficiency of grafting or incorporating antibacterial

components onto surfaces.

Due to their natural antibacterial/antifungal properties, chitosan and its deriva-

tives have been widely used in biomedical materials. Chang et al. [196] used

plasma pretreatment to promote grafting of chitosan on polyester fabrics to obtain
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Figure 2.22: SEM images of PET surface: (a) before plasma treatment and without chitosan
deposition, (b) before plasma treatment and with chitosan deposition, and (c)
after plasma treatment and with chitosan deposition [197].

antibacterial activity. In their work, fabrics were firstly pretreated by Ar/O2 DBD

plasma for surface activation, then exposed to atmosphere for further oxidization,

and finally immersed in chitosan solvents for chitosan grafting. It was found that

the modified fabrics not only exhibited strong antibacterial activity against B. sub-
tilis and S. aureaus, but also shown a good biocompatibility with fibroblasts cells.

They also pointed out that the time of plasma pretreatment was the major factor

that determined antibacterial efficiency of modified fabrics. In addition, grafting

of chitosan onto the surface of woven poly(ethylene terephthalate) (PET) materi-

als and polyethylene (PE) films with air DBD plasma pretreatments was reported

by Theapsak et al. [197, 198]. Figure 2.22 presents SEM images of untreated and

treated PET surfaces under different conditions. As one can see, no chitosan was

incorporated on the raw PET surface (figure 2.22(b)). However, after plasma pre-

treatment, chitosan was successfully deposited on the PET surface (figure 2.22(c)).

The results further confirm the importance of plasma surface pretreatment.

Besides chitosan, many other natural compounds, like nisin peptides, thymol

and herbs, have also been grafted onto plasma-treated polymer surfaces to ob-

tain an antibacterial material. Three types of plasma pretreatment, namely nitro-

gen plasma modification, argon/oxygen plasma modification and plasma-induced

grafting of acrylic acid (AA), were used to incorporate nisin peptides onto the

surface of low density polyethylene (LDPE) films [199]. It was found that nisin

adsorption onto the surface was strongly affected by many factors: type of surface,

hydrophobic and hydrophilic interactions, surface charge, surface topography . . .

The antibacterial activity of nisin-functionalized films was dominated by distribu-

tion and amount of nisin on the surfaces. In general, samples with hydrophilic fea-

ture, low electrostatic surface charge, and/or granular structures showed stronger

absorption capability of nisin, and exhibited stronger antibacterial activities. One

has to keep in mind that general antibacterial efficiency of surfaces should be con-

sidered as the combined effect of many factors instead of any single one. Duday

et al. [200] used plasma polymerized organosilicon coatings as a reactive layer for

the immobilization of nisin onto steel surfaces. In addition to effective bacterial
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reduction, the organosilicon-based surfaces were also very stable under several

cleaning conditions.

Recently, there has been growing interest in using metal components as an-

timicrobial agents. In most cases, metal components like silver, copper and zinc in

form of ions, nanoparticles, microparticles etc., are adopted because of their pro-

nounced oligodynamic and biocidal activity. Silver-loaded cotton/polyester fabrics

with antimicrobial activity were prepared by Kostic et al. [201] by a two-step pro-

cess: the raw fabrics were exposed to air DBD plasma for surface activation, and

then immersed into an aqueous silver nitrate solution for silver sorption. It was

demonstrated that both treatment time and aging time strongly affected silver ion

sorption of the fabrics. Maximum silver sorption was found 7 days after plasma

treatment of the fabrics. Antimicrobial activity of the silver-loaded fabrics was

determined after one or two washing cycles with laundry detergent. In spite of

a slight decrease after the first washing cycle, antimicrobial activity of the silver-

loaded fabrics was stable afterwards. This method was intended to be used in

preparation of specific textiles like rubber footwear lining with antimicrobial ac-

tivity and improved wearing comfort. In addition, a similar method was used to

prepare antimicrobial viscose fabrics with incorporation of silver or copper ions

using AgNO3 solution and CuSO4 solution respectively [202]. It is interesting

to note that water sorption of DBD treated samples exhibited no change after 6

months. Sorption of silver ions increased up to 100% after 7 days aging, whereas

that of copper ions decreased with any further aging.

Due to large surface-to-volume ratio and small size, many metal or metal-based

nanoparticles, such as silver nanoparticles, copper nanoparticles, gold nanoparti-

cles, and zinc oxide nanoparticles, have merged up as a new generation of an-

tibacterial agent for diverse applications [203–206]. Vu et al. [203] incorporated

silver nanoparticle (AgNP) onto the surfaces of polyamide 6.6 (PA) fabrics by a

two-step process: raw fabrics were pretreated by an air DBD plasma for surface

activation, and then immersed into AgNPs dispersions for AgNPs incorporation.

It was confirmed that plasma pretreatment could remarkable increase dispersed

AgNPs content on the fabrics surface. Dispersions with three sizes of AgNPs (10

nm, 20 nm and 50 nm) were prepared to study the effect of nanoparticles size

on their adsorption in plasma pretreated PA fabrics. It was found that AgNPs in

small size exhibited high adsorption in the fiber surfaces. In addition, AgNPs were

also incorporated onto cotton textiles with help of CF4 plasma pretreatment [206].

Plasma treatment preserved the color and mechanical properties of cotton textiles,

and stimulated adhesion of silver nanoparticles on the fabric surface due to plasma

etching effect. Recently, Taheri et al. [207,208] developed a sophisticated method

to obtain silver nanoparticle based antibacterial coatings, in which AgNPs were

capped with mercaptosuccinic acid (MSA) in solvent processes, and then grafted

onto an allylamine plasma polymerized (AApp) surface. AgNPs were incorpo-
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rated in the plasma polymers by electrostatic immobilization of nanoparticles func-

tionalized by carboxyl acid groups to an amine group rich interlayer prepared by

plasma deposition. MSA surfactant could also reduce oxidation rate of AgNPs,

and prolong lifetime of functional coatings. Besides effective antibacterial activ-

ity, films exhibited no toxicity to primary fibroblast cells and no significant effect

on innate immune cell function.

Comparative study of the effect of different plasma pretreatments, air DBD

plasma pretreatment and air diffuse coplanar surface barrier discharge (DCSBD)

plasma pretreatment, on incorporation of gold nanoparticles (AuNPs) to polypropy-

lene (PP) nonwoven materials were studied by Radic et al. [204]. It was found that

DCSBD plasma treatment introduced more hydrophilic functional groups, whereas

DBD plasma treatment exhibited more pronounced morphology change of the sur-

face. Compared to grafting of oxygenated functionalities, increase of roughness

and “porosity” of the surface, caused by stronger plasma etching was the main

reason for a large impregnation of AuNPs on the samples.

2.4.2 Plasma polymerization of antibacterial nanocomposite films

Besides grafting antimicrobial agents to material surfaces, materials with antibac-

terial activity can also be obtained by deposition of antibacterial nanocompos-

ite films onto material surfaces. Nanocomposite films, with incorporation of an-

tibacterial nanoparticles into a polymerized matrix film, have been developed by

various methods. The method of plasma polymerization has been explored and

represented as a new but effective approach to induce antimicrobial activity to ma-

terial surfaces. Nanoparticles can be incorporated by methods like sputtering of

bulk metal, on-site reducing of surface attached metal cation, and introducing into

plasma phase directly. In general, two types of nanocomposite films have been

reported in literature: films with nanoparticles incorporated in the full matrix, and

films with multilayer structure.

The first type of nanocomposite films, mostly synthesized by simultaneously

incorporating nanoparticles with matrix growth, is characterized by a full spread of

nanoparticles in the whole nanocomposite film. Deposition of silver nanocompos-

ite thin films based on organosilicon matrix have been well studied by associating

plasma polymerization and simultaneous silver sputtering in a single step process

using HMDSO as precursor by Despax et al. [209–215]. In their setup, a silver RF-

power electrode was subjected to argon plasma as silver nanoparticle source. Bal-

ance between silver sputtering and plasma polymerization was monitored through

a pulsed HMDSO mass flow rate. Nanocomposite films with silver content of 0

to 32.5 at.% were obtained under different plasma process conditions. Film prop-

erties, like silver content, nanoparticle size and matrix composition, could be con-

trolled through processing parameters, like HMDSO pressure, plasma dissipated
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power, and bias voltage [212]. Under certain operation conditions, AgNPs were

homogeneously distributed inside the bulk matrix and exhibited as different vol-

ume fragments (See figure 2.23). For nanocomposite films with different silver

concentrations, the ageing process in saline solution exhibited two different age-

ing mechanisms: for coatings with low silver contents (7.5 at.%), silver amount

decreased at the surface but coating thickness was not changed, whereas for the

coatings with high silver contents (20.3 at.%), matrix erosions were observed with

silver content reduction [214].

Figure 2.23: (a) and (b) SEM images of the cross section of bulk materials with low and big
silver volume fraction, (c) and (d) TEM images of nanocomposite materials
with low and big silver volume fraction [209].

Besides organosilicon, functional hydrocarbon was also used as matrix for in-

corporation of AgNPs to obtain a nanocomposite coating [216–219]. Nanocom-

posite films were deposited by simultaneously sputtering silver electrode and poly-

merizing films with CO2/C2H4 or NH3/C2H4 as gas monomers. It was found that

silver content, AgNPs morphology and their distribution in the matrix were dom-

inated by parameters like plasma dissipated power, gas ratio and coating thick-

ness [216]. An increase in CO2/C2H4 ratio in the process led to increased silver

content but small particles in the coatings. High power input in the process led

to increase of incorporated silver content and big size particles in the coatings.

In general, the nanocomposite coatings released most bound Ag and yielded an

antibacterial burst within the first day when they were immersed in water. They

suggested that the release kinetics of silver from these nanocomposite coatings in
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deionized water were influenced by silver content, AgNPs morphology and distri-

bution. Meanwhile, the type of monomer mixture, CO2/C2H4 or NH3/C2H4, also

affected silver release kinetic property of the nanocomposite coatings [217].

Besides silver, other metals like copper and platinum were also used as sput-

tering electrodes for the deposition of nanocomposite films [220, 221]. Daniel et

al. synthesized an antibacterial nanocomposite of copper containing organosili-

con thin film on stainless steels [220]. They suggested that antimicrobial activity

was strongly dependent on the incorporated copper content in the nanocomposite

coatings.

Electrode sputtering and plasma polymerization can also be spatially separated

for deposition of nanocomposite films as suggested by Peter et al. [222]. In their

device, silver clusters were generated in a gas aggregation cluster source (GAS),

and directed as a focused beam into the downstream plasma region, incorporated

into nanocomposite films. The main advantage of this method is the avoidance of

complex interference between sputtering (for generation of AgNPs) and plasma

polymerization (for the formation of matrix). Therefore, two processes above

could be independently controlled. They also pointed out that this system can

realize a rapid deposition of composite materials with various metal concentra-

tions.

Additionally, atmospheric pressure plasma jet systems have been used for the

deposition of antibacterial nanocomposite coatings, as reported by Beier et al.

[223, 224]. Silver nanocomposite films were directly deposited on glass surfaces

using an open air plasma jet system, in which HMDSO was fed as organosilicon

precursor and silver nitrate solution was sprayed silver source. AgNPs were in

situ generated in the plasma region and incorporated into the downstream films.

It was suggested that, instead of silver oxide, mainly pure silver nanoparticles

were created by the plasma. AgNPs, with various sizes up to about 100 nm, were

homogeneously incorporated into the plasma polymers. In washability tests, the

nanocomposite films showed a significant removal of loose particles at the first

few washing cycles, and then exhibited a diffusion process of silver ions at later

washing cycles. The diffusion of silver ions was suggested to contribute long term

antibacterial activity. Recently, this method was used for three types of textiles to

obtain antibacterial wound dressing materials [224].

As mentioned at the beginning of this section, there is a second approach to

obtain nanocomposite antibacterial films, which is based on a multilayer concept,

mostly with three layers in a sandwich structure [225–232]. In such structure,

antibiotic nanoparticles are enclosed between two polymer layers.

Vasilev et al. [227] developed a tunable antibacterial triple-layer coating based

on amine plasma polymer films loaded with silver nanoparticles. As schematically

shown in figure 2.24 (a), a 100 nm thick n-heptylamine (HA) plasma polymer film

was firstly deposited on substrates, then was loaded with AgNPs which was syn-
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thesized by local reduction of silver ions through solvent reactions, and finally

covered by another thin layer of HA plasma polymer [227]. The amount of loaded

AgNPs was determined by the immersion time of samples in silver nitrate solu-

tion, by the time of reduction reactions and by the thickness of the first HA plasma

polymer. The release of silver ions from the nanocomposite films could be con-

trolled by the thickness of the second HA plasma polymer. They found that, with

appropriate thickness of the second HA plasma polymer, the nanocomposite films

were feasible to maintain efficient antibacterial activity and to support the growth

of mammalian cells as shown in figure 2.24 (b) and (c) [229].

Besides HA polymers, polymers like polytetrafluoroethylene (PTEE) and orga-

nosilicon have also been used to obtain multilayer nanocomposite coatings. Alis-

sawi et al. [225, 226] deposited two layers of PTEE films to immobilize an Ag-

NPs layer, which was deposited on the first PTEE layer by thermal evaporation

from an alumina crucible. They found that strong dependence of silver ion re-

lease on the particles’ size leads to significant redistribution of the composite mor-

phology and suppression of silver ions release with time. Due to the polymer

hydrophobicity, the second layer (also known as barrier layer) of PTEE film ex-

hibited insufficient water uptake which made high Ag ions release difficult. Later

on, plasma polymerized HMDSO films were used to replace the second layer of

PTEE films for nanocomposite films [225]. They suggested that water uptake

property of nanocomposite films was strongly dependent on chemistry and thick-

ness of HMDSO coatings. In general, a high Ag ion release occurred in films with

Figure 2.24: (a) Schematic of the multilayer films [227]. (b) Complete inhibition of bac-
terial adhesion by the nanocomposite films [230]; (c) growth of osteoblastic
cells on the nanocomposite films [229].
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high oxygen content and small thickness.

Based on multilayer plasma polymers, a type of mechanically responsive bioac-

tive biomaterials was reported by Airoudj et al. [231, 232]. Silver nanoparticles,

as antibacterial agent reservoirs in the materials, were trapped between two maleic

anhydride plasma-polymer (MAPP) films. They suggested that silver ions were

released through diffusion processes over the barrier layer. Tensile strength gener-

ated cracks within the plasma polymer overlayer which could be used as diffusive

channels for silver ion species. Tailored release of silver ions was achieved by

mechanically reversible fragmentation in the plasma deposited polymer top-layer.

Release of silver ions was reduced when the material returned to its initial length

due to closure of cracks. Additionally, they reported interesting effects of ageing

and sterilization methods on these multilayer coatings [230]. It was found that the

autoclave sterilization method influenced surface structure significantly, but ex-

hibited no influence on chemical characters. Whereas electron beam sterilization

method decreased O/C elemental concentration ratio in the films, but shown no

influence on topographic changes. A better antibacterial efficiency against plank-

tonic bacteria was observed for the materials after electron beam irradiation.

2.5 Conclusions
Due to distinguished features, such as achieving strong reactivity without eleva-

tion of gas temperature and spatially dividing active plasma region and afterglow

region, non-equilibrium plasma jets have received significant attention. As de-

scribed in this review chapter, numerous non-equilibrium low temperature plasma

jets have been designed, analyzed and applied for a broad spectrum of applica-

tions in the last years. Many new features of plasma jets, like discharge modes and

plasma bullets, have been revealed and been better understood. Although great

progress has been made, there are still many challenges and barriers that exist in

developments and practical applications of plasma jets, for example the wide use

of expensive noble gases and the small dimensions of plasma. Therefore, research

on plasma jets sustained by economic molecular gases, like nitrogen or air, and on

plasma jets with a relative large dimension are important in the future.

Besides, plasma engineering based on non-equilibrium plasma jets for thin film

polymerization and nanocomposite film deposition has emerged and is expected to

be an efficient approach over traditional methods. Many interdisciplinary works on

plasma engineering with material science and biological science have to be done

in the future.





3
Methods for plasma characterization

and surface analysis

3.1 Introduction

In this thesis, two atmospheric pressure plasma jet devices have been designed and

characterized through various plasma diagnostics. Also, application of the plasma

jets for plasma polymerization of organosilicon thin films and of nanocomposite

films on flat substrates and non-woven fabrics has been investigated using surface

characteristic methods and microbiologic assays. This chapter gives an introduc-

tory overview of plasma diagnostics, a theoretical overview of different physical

and chemical techniques for surface characterization, and a general introduction

of microbiological antimicrobial assays used in this thesis. Operation details and

experimental parameters are not given in this chapter, and can be found in corre-

sponding later chapters.

3.2 Plasma diagnostics

In order to evaluate performance of a plasma and to further optimize plasma jets for

scientific and practical applications, it is important to investigate plasma features,

such as voltage-current waveforms, presented reactive species, gas temperature,

electron density, electron temperature, plasma propagation, etc. Those parame-

ters can be obtained through plasma diagnostics, which are a group of methods,
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instruments and experimental techniques. Up till now, many diagnostic methods

have been developed and utilized for the characterization of plasma jets, including

current-voltage measurements, optical emission spectroscopy (OES), mass spec-

trometry (MS), intensified charged-coupled device (ICCD) imaging methods, laser

induced fluorescent (LIF) measurements, absorption spectroscopy (AS), plasma

probes, acoustic diagnostic and cavity ring-down spectroscopy. More informa-

tion about plasma diagnostics can be found in [17, 233–235] and references cited

therein. In this section, only the diagnostic methods implemented in this thesis

will be introduced.

3.2.1 Optical Emission Spectroscopy

Optical emission spectroscopy (OES), with the advantages of non-invasive, easy

to implement and fast measurement, is one of the most used techniques in plasma

diagnostics to characterize plasma discharges. Method of OES is passively based

on plasma emitted light in UV-visible region. In a plasma, massive collisions of

gas-phase particles with electrons excite the particles to higher electronic states.

Relaxation of those excited particles to lower energy states leads to the emission

of photons. The emitted photon energy is equal to the difference between excited

and lower energy state and corresponds to the wavelength of spectral lines. There-

fore, OES has been extensively employed to identify excited reactive species and

transitions in plasmas. Figure 3.1 depicts prominent emission systems in most ni-

trogen plasma, which occur due to electransition between the ro-vibrational levels

of the triplet states of molecule nitrogen: C3Πu, B3Πg , and A3Πu, where the state

A is metastable. Next to that, transitions between ionized nitrogen states are also

widely present in a nitrogen-contained discharge.

Besides qualitative analysis, quantitative studies are often conducted with OES,

especially for determination of rotational temperature (Trot) and vibrational tem-

perature (Tvib) of some reactive molecules or radicals in plasmas. In atmospheric

pressure plasmas, rotational temperature Trot has been supposed to be equal to

gas temperature (Tgas) based on the assumption that molecules in rotational states

and surrounding neutral gases molecules are in equilibrium due to the frequent

collisions among heavy particles [236, 237]. Gas temperature is one of the most

important plasma parameters for application of plasma jets, especially in treat-

ment of thermal sensitive materials, living tissues and biological objects. Spectra

comparison between synthetic and experimental rotational spectra bands, mostly

NO(A-X), N2(C-B), OH(A-X) or N+
2 (B-X), is a most used way to estimate gas

temperature [238, 239]. Synthetic spectra can be calculated numerically and sim-

ulated by programs such as Specair and Lifbase [240–242].

However, it is necessary to note that the assumption above is not always the

case for plasmas under conditions in which the Boltzmann distribution of rota-
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tional levels is deformed. Non-Boltzmann behavior of OH(A-X) transition has

been observed in many plasma jets with a noble gas (He/Ar) as carrier gas [39,

84, 243–245]. Non-Boltzmann vibrational-rotational population of OH radicals in

an Ar plasma jet is explained with the different generation mechanisms of excited

species with various rotational quantum numbers. OH excitation at low rotational

levels would be due to direct electron impact excitation whereas at high rotational

levels, the excitation would be due to direct dissociation of water molecules [39].

In such non-Boltzmann conditions, Boltzmann plot method with a two- or three-

temperature fitting routine has been applied for the estimation of rotational tem-

perature. The rotational population distribution is approximated by two or three

superimposed Boltzmann distributions [246–248]. A two-temperature rotational

population distribution of OH(A-X) was observed in a He plasma source, in which

the rotational temperature of N2(C-B) was corresponding to the small temperature

parameter [246]. However, distinguished difference between estimated rotational

temperatures of N2(C-B) and OH(A-X), with Trot = 600 K for N2 and 330 K for

OH, was found in an Ar plasma jet by Xiong et al. [249]. This deviation was due

to a relatively high rotational distribution of N2, which was caused by the easy

energy transfer from argon metastable Ar(4s) to the ground state nitrogen (N2(X))

molecules. Therefore, a comprehensive consideration is necessary to obtain a cor-

rect gas temperature in a plasma source.

Figure 3.1: Energy level diagram for molecular nitrogen and molecular ionized nitrogen
species
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Vibrational temperature Tvib, which is often used to characterize plasmas con-

taining molecular species, is another important parameter in a plasma. Since pop-

ulation of excited vibrational levels proceeds via electron excitations, vibrational

temperature Tvib provides a valuable insight into plasma activity, particularly in

energy transfer from high-energy electrons to cold heavy species [250]. Thus, vi-

brational temperature Tvib, as an indicative factor, provides useful information

on chemical activity of the discharge. Vibrational temperature Tvib is readily

derived from the (relative) intensity distribution of vibrational bands, which be-

long to a given electronic transition and differ in vibrational quantum numbers.

Spectral bands of N2(C-B), OH(A-X) and N+
2 (B-X) are often used to determine

Tvib [251–253].

Besides, other plasma parameters, like electron temperature (Te), electron den-

sity (ne) or density of reactive species, can also be obtained from OES. Line in-

tensity method, which is based on the intensities of two emission lines of the same

kinds of atoms or ions, can be used to calculate electron temperature [254]. Mean-

while, a Boltzmann plot of a series of atomic emission lines is also a good way

to obtain electron temperatures [246, 255, 256]. Absolute OES measurement is a

useful way for plasma diagnostics under certain conditions. Electron density can

be determined using absolute measurements of continuum radiations [257, 258].

Electron temperature of an argon plasma in a DBD plasma jet can be determined

by a combination of absolute line intensity measurements with a collision radia-

tive model (CRM) [259]. Besides, broadening of atomic lines is a well-known

method to determine electron density [260]. Starking broadening of hydrogen

lines (Hα, Hβ , Hγ), caused by Coulomb interaction between the light emission

atoms and electrons, has been used to estimate electron density (ne) of the plasma

in plasma jets by many groups [235]. It is necessary to note that van der Waals

broadening should be taken into account under certain conditions (low electron

densities, low gas temperatures, atmospheric pressure) since it is in the same or-

der of magnitude as Starking broadening [261–264]. In addition, concentrations

of metastable (Ar(1s5) and Ar(1s3)) and resonant species (Ar(1s2) and Ar(1s4))

in a cold Ar plasma jet were determined by a profile analysis of self-absorption

broadening [265].

3.2.2 Mass spectrometry

With the ability to identify and quantify compounds, mass spectrometry (MS) is

a well developed and invaluable analytical technique across a broad range of ap-

plications in physical, chemical, and biological fields. The intersection of plasma

and mass spectrometry has been proven to be a fruitful area and possessing great

potential for both scientific and industrial communities. On the one hand, many

plasma sources have been implemented as ion sources in mass spectrometry for
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different purposes, and enhance performance of mass spectrometers [266]. On the

other hand, mass spectrometry has been employed as a powerful tool to character-

ize plasmas due to their advantages, such as high sensitivity, possibility to identify

positive and negative species and possibility to analysis ground state species [267].

Mass spectrometry has been widely used to measure ionic species in capacitively

coupled discharges at low pressures up to a few Torr [268–270]. Also, a few mass

spectrometric studies have been made for atmospheric pressure plasmas.

Figure 3.2: A schematic view of the plasma needle and an molecular beam sampling
mass/energy analyzer system [275].

Formation and evolution of negative ions in an atmospheric pressure corona

discharge in ambient air was analyzed by mass spectrometry [271, 272]. In RF

excited atmospheric pressure glow discharges with mixture of helium and water,

the positive and negative ion fluxes toward the electrode were investigated as a

function of water concentration and discharge power by mass spectrometry [273].

Plasma was generated by a parallel electrode system; using a copper circulate

plate as the HV electrode and the inlet plate of a mass spectrometer as the ground

electrode.

Recently, mass spectrometry has been used to diagnose plasma jets by simply

aligning plasma jets with the orifice of a mass spectrometer with a small distance.

Oh et al. measured positive and negative ions in an atmospheric-pressure plasma

jet using Molecular beam mass spectrometry [274]. In their experiment, a vari-

ation of different traces gases (Ar, N2, and O2) was added to the downstream of

main helium flow. It was found that ionic composition in the plasma afterglow was

strongly affected by those additional gases. Besides, the concentrations of reac-

tive oxygen and nitrogen species (ROS/RNS) in a radiofrequency medical plasma

needle were determined by means of threshold ionization mass spectrometry, as
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shown in figure 3.2 [275]. Similar method was used to monitor the production of

atomic oxygen, ozone and nitrogen in a radiofrequency micro-atmospheric pres-

sure plasma jet [61,276]. A rotating skimmer was used to realize a pulsed gas flow

from atmosphere into the pumping system of the mass spectrometer. In all above

reports, influence of mass spectrometer on plasma jet, especially afterglows, is not

discussed. Moreover, the spatial characterization of afterglows is rarely discussed.

3.2.3 Techniques for temporal analysis

Since plasmas in plasma jets are generated by an external electric field and with the

application of a gas flow, development of breakdown and propagation of plasma

along the jets are temporal functions of working parameters, such as electric field,

and gas flow rate. Therefore, temporal diagnostics of plasma jets are crucially

important to understand physical mechanisms of the plasma discharge. Following

paragraphs will present an overview on the often used techniques for temporal

diagnostics of atmospheric pressure plasma jets.

An intensified charge-coupled device (ICCD) camera is an extremely sensi-

tive and fast imaging device that operates with a very high speed gate (high speed

shutter with an integration time as fast as 2 ns) to capture transient phenomena.

In the last twenty years, intensified charge-coupled device (ICCD) camera has

achieved a great advance and acted as a versatile and powerful diagnostic tool in

many fields. In 2005, Teschke et al. firstly reported the discrete nature of plasma

propagation in a plasma jet by means of ICCD imaging [35]. They found that

plasma afterglow, which appeared continuous to naked eyes, was in fact made

up of fast moving plasma volume (also known as plasma bullet). The dynamic

properties like propagation velocity (estimated as 1.5 × 104 m/s), shape (donut)

and size of the plasma bullets (few mm) were also investigated from the ICCD

images. After that, extensive investigations on this new discovered phenomenon

have been carried out to reveal mechanisms and properties of plasma bullets in

various plasma jets. Influence of working parameters, such as electrode geometry,

driven voltage waveform (amplitude and frequency), gas components (He, Ar or

their mixture with molecule gases), gas flow rate and surrounding gases, on dy-

namics and physical properties of plasma bullets has been experimentally studied

by ICCD method [17, 86, 277–279, 279–281]. It is interesting to note that a huge

difference between plasma bullet velocities of two air plasma jets were reported

by Xian et al. [25] and Lacoste et al. [282], with a velocity of 230 m/s and of 4 ×
105 m/s respectively. This deviation is probably caused by the different excitation

voltage of those two plasma jets. According to Lu et al., plasma bullets are guided

ionization waves moving in a thin column of a jet of plasma forming gases expand-

ing into ambient air [283]. Those waves are repetitive and highly-reproducible and

propagate along the same path.
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Besides fast imaging, ICCD camera has also been simultaneously used as a

versatile detector with the combination of other components. A high resolution

spectrometry system, by combining an ICCD camera with a monochromator, have

been widely used for many purposes, such as recording optical emission for OES

method [265], recording fluorescence light for LIF method [284], and recording

scattering signals for laser scattering methods (Thomson, Rayleigh and Raman

scattering) [285]. A grating-ICCD camera system, which is based on two disper-

sion gratings and an ICCD camera, was developed to study the time- and space-

resolved propagation behavior of excited radicals (OH, N2, Ar) in an argon plasma

jet [249].

With the capability of high sensitivity and ultra-fast response, photomultiplier

tubes (PMT) have been widely used with monochromator as a detector to record

time resolved emissions at a specific wavelength [286, 287].

3.3 Surface characterization

3.3.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is one of the most versatile instruments to

reveal morphology and chemical composition of surfaces. According to the res-

olution criteria from Abbe’s diffraction theory, the limit of resolution depends on

the wavelength of the illumination source. In the case of light (optical) microscope

where visible light is used, the resolution limit is more than 200 nm with a maxi-

mum magnification of about 1000 ×. Using a medium with a shorter wavelength

than visible light is a straight way to enhance the resolution of a measurement.

Invented approximately 50 years ago, SEM has been developed as a mature tech-

nique and applied widely in many scientific fields to unveil the surface morphology

of samples with a resolution as great as 0.1 nm and a magnification of 500,000 ×.

Typically, SEM operates at a high vacuum environment. An electron beam is

generated by a suitable source, accelerated through high voltage, collimated and

focused by electromagnetic lenses and scanned across the sample surface by elec-

tromagnetic deflection coils. In SEM measurement, interaction of primary electron

beam with surface generates signals containing secondary electrons, backscattered

electrons, Auger electrons, characteristic X-ray radiation and visible light (see fig-

ure 3.3). All those signals can be collected and analyzed to obtain a wealth of

information about the sample’s properties, including morphology, microstructure

and composition.

Secondary electrons (SE), which are produced as a result of incident primary

electron beam’s interaction with electrons of atoms present in the sample, provide

information on the surface topography of the sample. Back-scattered electrons

(BsE) are essentially primary incident electrons that turn back from the sample
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Figure 3.3: Scheme of electron beam-sample interactions in SEM

due to large angle elastic scattering and the large number of scattering events.

These BsE provide important information on the topography, crystal orientation

and atomic contrast (relative atomic number of the elements) of the sample. X-

rays are generated by inelastic collisions of the incident primary electrons with

inner-shell electrons of the atoms present in the sample, and have energy charac-

terizing the elements that emitted them. The technique is widely known as energy

dispersive X-ray spectroscopy (EDX), which can be used to obtain qualitative and

quantitative chemical information about the atoms present in the sample. Light

luminescence, which carries information about defect structure, can be collected

by photomultiplier and imaged as cathodoluminescence (CL).

In a SEM measurement, limited or non-conductive material samples (such as

ceramic, polymers) will accumulate electrostatic charges at the surface when they

are scanned by electron beams. Therefore, it is necessary to coat the sample with

an ultrathin layer of electrically conducting material, such as gold, gold/palladium

alloy, platinum, osmium, iridium, tungsten, chromium, or graphite. These coatings

can be easily performed by a plasma sputter coater. In this work, SEM method has

been implemented to reveal the surface morphology of nanocomposite coatings.

Since two different SEM devices have been used in this thesis, details of SEM

settings will be given in the corresponding chapters.

3.3.2 Fourier Transform Infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a sensitive chemical analysis

method. Although it is capable of characterizing some inorganic compounds,
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FTIR is particularly used for identification of organic chemicals in a whole range

of applications. An infrared (IR) absorption spectrum represents a fingerprint of

a sample with absorption peaks that correspond to frequencies of vibrations in

bonds between atoms of the material. Since different bonds are unique combi-

nations of atoms, no two compounds produce the exact same infrared spectrum.

With the ability to offer both qualitative and quantitative analysis, FTIR has been

frequently used in polymer science, thin film analysis, petrochemical engineering,

pharmaceutical industry, food analysis and so on.

The principle of FTIR spectroscopy is to excite molecular vibrations by ex-

posing a sample to an infrared beam. The measured infrared absorption spectrum

corresponds to the vibration spectrum of composing molecules. The vibrational

energy (usually expressed as wavenumbers) is determinedly by the molecular com-

position, such as atoms involved in the bond, nature of the bond (single, double),

surrounding atoms (hydrogen bonding), and structure (C=C cis or trans), . When

exposed to infrared radiation, molecules in the sample selectively absorb radia-

tion of specific wavelengths which causes the change of dipole moment of sample

molecules. Consequently, vibrational energy state of molecules is transferred from

ground state to excited states. Frequency of an absorption peak is determined by

the vibrational energy gap. Number of absorption peaks is related to the number of

vibrational freedoms of the molecule. Intensity of an absorption peak is related to

the change of dipole moment and the possibility of the transition of energy levels.

Therefore, by analyzing the infrared spectrum, one can readily obtain abundant

chemical structure information of a molecule. Most molecules are infrared active

except some homonuclear diatomic molecules such as O2, N2 and Cl2 due to the

zero dipole change in the vibration and rotation of these molecules. Commonly

used range for infrared absorption spectroscopy is 4000 to 400 cm−1 because ra-

diation absorption of most organic compounds and inorganic ions is within this

region.

Nowadays, attenuated total reflectance (ATR) is the most used FTIR sampling

Figure 3.4: Schematic diagram of FTIR-ATR system
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tool because it overcomes most challenging aspects in traditional infrared analyses,

namely sample preparation and spectral reproducibility. Figure 3.4 is a diagram of

a FTIR-TR spectrometer, which commonly consists of an IR light source, an inter-

ferometer, a sample compartment, an ATR accessory, a detector, and a computer.

The IR source generates radiation which passes through the interferometer and

passes through the ATR crystal with a high refractive index (typically germanium,

Thallium Bromoiodide, or zinc serenade) where the sample has been contacted.

The internal reflectance at the sample surface creates an evanescent wave that ex-

tends beyond the surface of the crystal into the sample with a depth of only a few

micrometers (0.5 μm - 2 μm). The beam is then collected by a detector as it exits

the crystal. Eventually, the signal is transferred to a computer in which Fourier

transformation is carried out [288].

FTIR measurement in this work is performed using a commercial BrukerTen-

sor 27 spectrometer purged with dry, CO2 free air to obtain infrared absorption

spectra. The spectrometer is equipped with a single reflection ATR accessory

(MIRacleTM, Pike Technologies) using a germanium (Ge) crystal as internal re-

flection element. The FTIR spectra are recorded using a liquid nitrogen cooled

MCT (mercury-cadmium-telluride) detector with resolution of 4 cm−1 and are the

result of 32 scans.

3.3.3 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for

chemical analysis (ESCA), is a well-established quantitative surface technique that

is capable of providing elemental and chemical state information from a 5 to 10 nm

layer of a solid surface. The principle of XPS is based on the photoelectric effect,

a phenomenon discovered by Hertz in 1887 and outlined by Einstein in 1905.

In photoelectric theory, the concept of photons is used to describe the escape of

electrons from a surface when the electrons absorb energy from electromagnetic

radiation with short wavelengths. The emitted electrons are called photoelectrons.

In the 1950s, Kai Siegbahn et al. recorded the first high-energy-resolution XPS

spectrum of cleaved sodium chloride using a high resolution spectrometer and a

Cu Ka X-ray source [289].

As schematic shown in figure 3.5, when an X-ray with a known energy (hν)

interacts with an atom on the surface, a photoelectron can be emitted via the pho-

toelectric effect (figure 3.5). Next, kinetic energy (Ek) of the emitted electron is

measured. Thus, atomic core level binding energy (Eb) of the atom, which is re-

lated to the Fermi level (Ef ) of the sample, can be determined using following

equation:

Eb = hν − Ek − Φ (3.1)
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Where Φ is the work function of the spectrometer.

Figure 3.5: Schematic diagram of FTIR-ATR system

Each atom in the surface has core electrons with a characteristic binding en-

ergy that is conceptually, not strictly, equal to the ionization energy of the elec-

trons. Different elements that exist on the surface can be determined through iden-

tification of XPS peaks at characteristic binding energies. All elements except

hydrogen and helium present in samples can be identified. Concentration of each

element present at the surface can be quantified by integrating the corresponding

XPS peaks. Besides, chemical state of surface elements can be analyzed because

the binding energy of an atom is sensitive to the chemical environment of the

atom. An increased binding energy will be observed in the core electrons of the

atoms when they are bound to strong electron withdrawing groups. Conversely,

decreased binding energies will be measured in the core electrons of atoms when

they withdraw electrons from their neighboring atoms. Chemical states and con-

centrations of the surface elements can be found by deconvolution analyses of the

corresponding peaks.

It is necessary to keep in mind that, in a XPS measurement, only the top atoms

within 10 nm of the surface can be analyzed. The measurement range is the escape

depth of the emitted photoelectrons. The emitted photoelectrons underneath that

range are scattered by colliding or by interacting with other atoms with loss of

energy.

XPS measurements in this thesis are performed on a Versaprobe II system

(Physical Electronics (PHI), USA) equipped with a monochromatic Al K X-ray

source (hν = 1486.6 eV) operating at 23.3 W. The pressure in the analyzing cham-

ber is maintained below 10−6 Pa during analysis and photoelectrons are detected

with a hemispherical analyzer positioned at an angle of 45o with respect to the

normal of the sample surface. The obtained elements were quantified with Mul-

tipak software using a Shirley background and applying the relative sensitivity
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factors supplied by the manufacturer of the XPS instrument. C1s spectrum (285.0

eV) was used to calibrate the energy scale. The deconvolution of high resolution

peaks were conducted using Gaussian-Lorentzian (G-L ratio is set between 80%

to 100%) peak shapes and the full-width at half maximum (FWHM) of each line

shape was constrained between 1.3 and 1.8 eV.

3.4 Antimicrobial test

Figure 3.6: Bacterial cell structure: (a) A Gram-positive bacterial cell wall (b) A Gram-
negative bacterial cell wall [290].

As one will see in chapter 6 and chapter 7, novel functional materials contain-

ing nanoparticles with antibacterial activity are synthesized based on plasma pro-

cesses. To evaluate bactericide activity, those materials have been tested by method

of plate count and method of bacterial growth curve. According to structure, com-

ponents, and functions of the bacteria cell wall, bacteria can be divided into two

main categories: Gram-positive bacteria and Gram-negative bacteria (see figure

3.6) [290]. The wall of Gram-positive cells is composed of a thick and multi-

layered peptidoglycan sheath outside of the cytoplasmic membrane. However,

Gram-negative cell walls, which are composed of an outer membrane linked by
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lipoproteins to thin and single-layered PG, are more complex, both structurally

and chemically. In this thesis, antibacterial activity against typical Gram-positive

and Gram negative bacteria has been tested due to the fact that both types of bac-

teria are compared in medical practice.

3.4.1 Plate count method

Plate count method is a conventional and reliable approach to estimate the number

of cells present based on their ability to give rise to colonies under specific condi-

tions of nutrient medium, temperature and time. The counting with colony forming

units (CFU) assumes that every colony is separated and founded by a single viable

microbial cell. It is one of the most used methods to quantitatively evaluate the

antimicrobial efficiency of materials against microorganisms. An introduction of

the procedure is presented in following paragraphs.

As schematically shown in figure 3.7, the quantitative antimicrobial test in this

work is based on an inoculate and recover concept. All experiments are conducted

within a laminar flow workstation. Before application of the assay, all samples are

sterilized by a 30 minutes UV exposure. The bacterial suspension of 0.5 McF (∼
1.5 × 108 CFU/ml) for each bacterium is diluted with sterile phosphate buffered

saline (PBS) to certain concentrations (104, 105 and 106 CFU/ml in this work).

Afterwards, the samples are transferred into the bacterial cultures, and then incu-

bated at 37 oC for 24 h. After well vortexed, the suspension which was treated

with the films in above test was pipetted out and tenfold serially diluted. At the

end, a small volume of each delution was re-plated on three agar plates, which

were incubated at 37 oC for 24 - 48 h for colony forming counts.

Figure 3.7: Schematic diagram of the protocol of the plate count method in this work

Bactericidal efficiency of the samples against microorganisms is calculated by

following formula:

R(%) =
B −A

B
× 100% (3.2)
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Where A is CFU per millilitre for the medium with the treated substrate after

incubation, and B is CFU per millilitre of the medium with the control samples

after incubation.

3.4.2 Bacterial growth curve

Growing in a liquid culture medium, bacteria display a uniform growth curve, as

expressed in logarithmic number of bacteria over time. As shown in figure 3.8, a

typical bacterial growth curve can be divided into four major phases: lag phase,

exponential phase, stationary phase and decline phase. These phases reflect the

physiologic state of the microorganisms in the culture at that particular time, and

provide a clue to understand the kinetic details of the growth or inhibition [291].

Mostly, three main microbial growth kinetic parameters can be estimated from

growth curves as follows: (a) lag time is estimated from the duration of the lag

phase, (b) the specific cell growth rate during the exponential growth phase is

calculated using:

dX(t)/dt = μX(t) (3.3)

where X(t) is the cell concentration of bacteria in the medium, is the specific

growth rate of bacteria (h−1), and t is time (h) [292]. The final cell concentration

(Cf ) was estimated by optical density at stationary phase as suggested by J. Han,

and D. Chung [292, 293].

Figure 3.8: A typical growth curve for a bacterial population in a batch culture

In this work, the bacterial growth kinetics in liquid broth was studied using op-

tical density (OD600) of cultured medium, which is often used as a measurement

of the cell concentration in a suspension. One piece of specimen was transferred

into a culture broth (9 ml), which was inoculated with a volume of E. coli (cell

concentration of 105 CFU/ml) or S. aureus (cell concentration of 105 CFU/ml)
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culture, and then incubated at 37 oC. The culture was sampled (200 μl) periodi-

cally during the incubation period to obtain a microbial growth profile. The optical

density of each sampled medium was measured at the wavelength of 600 nm us-

ing an UV/Vis photometer (BioPhotometer plus, Germany) to represent the cell

concentration of microorganism in the medium.





4
Characteristics of an atmospheric

pressure DC plasma jet

4.1 Introduction

As overviewed in chapter 2, numerous non-equilibrium low temperature plasma

jets have been developed for different applications. In most cases about gener-

ation and sustention of stable plasma jets, noble gases like helium or argon are

used to prevent constriction of discharges and the overheating of treated samples.

However, use of expensive working gases hinders plasma jet systems from many

practical applications. Moreover, molecules gases like oxygen and nitrogen are re-

quired to generate important reactive species. Therefore, non-equilibrium plasma

jets using nitrogen or air as working gas are extremely attractive. Many reactive

species with long life time can be generated in nitrogen plasma jet and air plasma

jet: various N2 metastables, nitric oxide (NO), nitrous oxide (N2O), ozone (O3),

atomic oxygen (O) and singlet oxygen (1O2) [294]. Generation of N2 or air plasma

jets with a glow like mode has been discussed by many groups [21, 22, 295]. The

role of discharge parameters on stability of plasma jets has been analyzed. In or-

der to generate and sustain a stable plasma jet with nitrogen or air, one must avoid

glow-to-arc transitions in the discharge, which can be caused by thermal accu-

mulation or electrical instability. One method to stabilize a plasma is to decrease

heating instability of the discharge by high gas flow [296, 297]. In addition, use

of DC voltage for excitation of plasma jets is interesting due to use of simple and

highly stable external circuits. Glow-to-arc transition of DC discharge can be sup-
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pressed by use of an appropriate ballast resistor and work of the plasma jet can be

stabilized by continuous removal of heat from the active plasma region using a gas

flow.

In this chapter, a stable atmospheric pressure DC plasma jet using nitrogen and

air is developed and investigated in terms of plasma properties and generation of

active species in active zone and afterglow. Influence of working gases (nitrogen

or air) and discharge current on plasma parameters and afterglow properties are

studied. Electrical diagnostics show that discharge can be sustained in two differ-

ent operating modes. Optical emission spectroscopy (OES) is employed to analyze

excitation and transition of reactive species in the plasma jet. Gas temperature and

vibrational temperature of the N2 jet in active zone and in the afterglow are deter-

mined by means of emission spectroscopy, based on fitting spectra of N2 second

positive system and by the Boltzmann plot method respectively. Spectra and tem-

perature differences between N2 plasma jet and air plasma jet are presented and

analyzed. Spatially resolved distribution of emission intensities of many excited

species along the jet axis is described. Space-resolved ozone and nitric oxide den-

sities in afterglow are measured. Ozone density, which is formed in afterglow of

nitrogen plasma jet, is quantitatively detected by an ozone monitor. Density of

nitric oxide, which is generated only in air plasma jet, is determined by means of

mass-spectroscopy.

4.2 Experimental details

The atmospheric pressure DC plasma jet is schematically shown in figure 4.1. The

discharge is generated between pin to mesh electrodes inside a quartz tube with an

inner diameter of 5 mm. The distance between the pin and the mesh is 14 mm.

The anode is made of a fine-meshed metallic grid and placed at the tube outlet.

The cathode, which is manufactured from a tungsten rod (diameter 2 mm) with a

conically sharpened tip, is connected to the negative polarity of a DC high voltage

power supply (Technix) through a ballast resistor (880 kΩ). The discharge current

ranges from 5 to 30 mA. A gas flow (nitrogen or air), flowing through the tube by

the control of a mass flow controller (MKS PR4000), blows the plasma generated

active species and is used to remove the heat and leads to the formation of an

afterglow.

The current and discharge voltage are recorded by means of a Tektronix TDS

200 digital oscilloscope with a high voltage probe (Tektronix P6015A). A shunt

resistor (100 Ω) is used to measure the electrical current of the system. The op-

tical emission spectrum is collected through fiber optics connected to spectrom-

eters. The overview spectra of discharge and afterglow in the rage of 250 - 800

nm are recorded using an Avantes spectrometer (AvaSpec-2048, resolution 0.5

nm). The high resolution spectra in the range of 300 - 350 nm are obtained with
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Figure 4.1: Scheme of the DC plasma jet operating in N2 or dry air

another Avantes spectrometer (AvaSpec-3048, resolution 0.05 nm). Both optical

systems are calibrated with a tungsten ribbon lamp and the instrumental function

is obtained with an Ar low pressure lamp (Pen-Ray). The ozone generation in the

afterglow of the jet is measured with an ozone monitor (Envitec 450). The axial

distribution of ozone in the afterglow is detected by changing the distance between

the monitor inlet and the anode. The spatial resolution of the system is limited by

the size of the inlet and estimated to be 1 mm. Generation of NO by the plasma is

measured by a quadrupole mass-spectrometer (Hiden HAL/3F-RC) with a home-

made atmospheric pressure inlet system. First stage of the mass-spectrometer inlet

system is a capillary that determines the spatial resolution of the measurements of

1.6 mm. To quantify the yield of NO, a known premixed gas mixture of NO/dry

air is used to calibrate the mass-spectrometer.

4.3 Results and Discussion

4.3.1 Electrical properties of the discharge

An application of high voltage to the electrodes leads to breakdown of the gas

and formation of plasma. The main electron involved reactions in the active zone

of N2 plasma include nitrogen ionization N2 + e → N+
2 +2e, formation of nitro-

gen metastables: N2 + e → N2(A3Πu, B3Πg , C3Πu) + e, and electron impact

dissociation with generation of atomic N in the states 4S, 2D and 2P (Paschen no-

tation) [298]. Ionization of O2, O2 + e → O +
2 + 2e, plays an important role in the

sustainment of plasma in air. The electron attachment in the three body reactions

2O2 + e → O−2 + O2, with a cross-section of 1.3 × 10−18 cm 2, O2 + e + N2 →
O−2 + N2, and the reaction of dissociative attachment O2 + e → O + O− starts to

be the main mechanism of electron losses in air plasma [299]. The presence of O2

results in the generation of atomic oxygen because of the electron impact disso-

ciation reactions Eqs. 4.1 and 4.2, and excited molecular oxygen by the reactions
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Eqs. 4.3 and 4.4 [298, 300]:

O2 + e → O(3P ) +O(3P ) + e (4.1)

O2 + e → O(3P ) +O(3D) + e (4.2)

O2 + e → O2(a
1Δ) +O(3P ) + e (4.3)

O2 + e → O2(b
1Σ) + e (4.4)

Self-sustainment of the DC jet is determined by equivalence of the ionization and

recombination processes, and leads to the current density: J=neeνe. The average

voltage-current characteristics of the N2 plasma and air plasma are presented in

figure 4.2. For both working gases (N2 and air), there are two operating modes.

In the self-pulsing mode the V/I characteristic has a negative slop. A change for

slope is observed when the discharge is transferred to the glow-like stable mode

at a discharge voltage and current of 4 kV and 10 mA, as shown in figure 4.2. In

this stable mode, weak negative slope indicates that the discharge voltage slightly

depends on the discharge current for both gases. The sharp increase in current

with a slow change in voltage corresponds to the formation of a stable and diffuse

plasma without oscillation of the current. The phenomenon of mode changing

also has been observed for underwater DC discharge [301]. Both modes are also

different in visual appearance.

Figure 4.2: Time average voltage/current characteristic of N2 and air discharge

At low current level (<5 mA), the discharge is sustained in a form of short

current pulses with a duration of about 15 ms, as shown in figure 4.3 (a). Since
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the voltage-current waveforms of nitrogen plasma and air plasma are similar to

each other, only the typical waveforms of nitrogen plasma are presented in figure

4.3. Time-resolved measurement reveals that the voltage applied on the electrodes

drops to -12 kV after a slow decline to -4 kV during 4 ms. After a short period of

3-4 ms during which the voltage is constant, it decreases again until the moment

when the breakdown stops. The frequency of the regular self-pulsing mode is

determined by the RC time of the electrical circuit. Increasing the average current

(more than 10 mA) generates a glow discharge with constant current and voltage,

as shown in figure 4.3(b).

Figure 4.3: Voltage, current waveforms in N2 plasma in self-pulsing (a) and stable regimes
(b) at average current of 5 mA and 15 mA respectively.

4.3.2 Visual view of the plasma jet

In this section, the visual characterization of nitrogen and air plasma jet at various

discharge currents and gas flow rates were studied. Images were taken by a Canon

50D digit camera.

Figure 4.4 (a) shows the discharge region of the plasma jet with various dis-

charge currents in nitrogen and air, respectively. The plasma is ignited in vicinity

of the electrode tip in nitrogen, and spread towards the anode with rise of dis-

charge current. However, air plasma is directly formed in the whole region at a

relatively high threshold voltage and current. As one can see, discharge in both

gases at low current is formed by small filaments, which gradually converts to

diffused plasma with rise of discharge current. At low average current, discharge

consists of a narrow filament with a pink or salmon color and with diameter of

0.1 - 0.3 mm moving around the cathode tip. Current increase to 10 mA results

in formation of diffuse plasma with a blue glowing region of 1-3 mm close to the

cathode tip. At discharge current of 25 mA, discharge diameter is almost equal to

inner diameter of the quartz tube and filaments are not visible anymore. For a gas

with a known electron mobility, estimation of the discharge diameter allows us to

determine electrons concentration from J=neeνe=neeμeE, where J is the current
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density, e is the elementary charge, E is the electrical field in V cm−1, and μe is

the electron mobility in nitrogen or air. Accordingly, electron density in the active

zone of the nitrogen jet is estimated at 1.1 × 1021 m−3 whereas it is 0.91× 1021

m−3 in air due to slightly higher electron mobility in air. At low discharge current,

expected electron density should be higher because of discharge constriction into

narrow filaments. Figure 4.4 (b) reveals influence of flow rate on the discharge

region. At low flow rate of 2 slm (1.7 m/s), both discharges are generated in dif-

fuse mode, which is characterized with a relative homogeneous discharge. With

increasing flow rate, the plasma column expands and fills the whole tube volume

as shown in the figure at 15 slm (12.7 m/s). However, formation of filaments starts

to place, especially in N2 when gas flow rate is higher than 10 slm (8.5 m/s).

Figure 4.4: Photographs of the discharge region of the DC plasma jet under different con-
ditions: (a) N2 and air discharge at various discharge currents; (b) N2 and air
discharge at various gas flow rates.

Because of possible application of the DC jet for remote treatment of differ-

ent objects and polymers we investigated the influence of gas flow and discharge

current on afterglow. Figure 4.5 indicates the afterglow profile depends on gas

flow rate, discharge current and gas composition. According to results of emission

spectroscopy which will be presented in section 4.3.3, afterglow was formed by

N2 metastables from the active region and emission is generated due to collision

of excited molecules with surround N2. In general, length of afterglow is longer

for the nitrogen plasma jet than for the air plasma jet. Plasma jet afterglows at

different discharge currents for nitrogen and air are presented in Figure 4.5 (a).

For discharge at low current, afterglow length of nitrogen and air plasma is about

10 mm. With rise of discharge current, it extends to 20 mm and 15 mm for N2

and air jet respectively. Figure 4.5 (b) shows the relationship between gas flow

rate and afterglow length. Appearance of pink afterglow at gas flow on N2 up to

10 slm is probably attributed to electronic transitions from high vibrational levels

of B3Πg , as well as to the C3Πu → B3Πg transitions (second positive system of
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nitrogen) [302]. Afterglow length is less than 5 mm with 2 slm flow rate for both

gases. It grows steadily to more than 20 mm in N2 jet and 15 mm in air jet with

increasing gas flow rate till the moment when laminar regime is transformed into

turbulence which is observed at flow rate of about 15 slm. Hence due to intensive

mixing with ambient air, afterglow became shorter to about 15 mm and 10 mm in

N2 jet and air jet, respectively.

Figure 4.5: Photographs of the afterglow of the DC plasma jet under different conditions:
(a) N2 and air discharge at various discharge currents; (b) N2 and air discharge
at various gas flow rates.

4.3.3 Diagnostics of the active zone of the discharge
4.3.3.1 Overview of the emission spectra

Diagnostics of the plasma active zone has been carried out by means of optical

emission spectroscopy (OES). OES is the most common technique used in plasma

diagnostics, especially in the UV-Visible region for determining vibrational and

rotational distribution functions of electronically excited states in molecular plas-

mas [241,250]. Typical survey spectra between 250 nm and 800 nm in the plasma

regions for N2 discharge and air discharge are shown in figure 4.6 (a) and (b) re-

spectively. The spectrometer used in the measurements is calibrated by standard

tungsten ribbon lamps. Both plasmas are generated at 14 mA current, which in-
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dicates a stable mode (figure 4.2). In N2 and air discharge, the emission of the

second positive system of the nitrogen molecule (N2(C3Πu → B3Πg), 281.4 nm -

497.6 nm), the first negative system of the nitrogen molecular ion (N+
2 (B2Σu →

X2Σg), 329.3 nm - 586.5 nm) and first positive system of the nitrogen molecule

(N2(B3Πg → A3Πu), 503.1 nm - 800 nm) are the main contributions to the spec-

tra. Besides nitrogen vibrational emission, the nitric oxide γ-system (NO(A2Σ →
X2Π), 250-300.8 nm) is observed only for the plasma in air. In comparison with

the N2 plasma, the emitted intensity from the vibrational transitions N2(B3Πg →
A3Πu) and N+

2 (B2Σu → X2Σg) is lower in air plasma.

Figure 4.6: A comparison of the emission spectra of DC discharge at air flow and nitro-
gen flow: (a) Plasma generated by nitrogen discharge at 14 mA; (b) Plasma
generated by air discharge at 14 mA.

According to Akishev [22], the vibrationally excited molecules determine the

excitation and de-excitation processes in low-current discharge. For the discharge

at current greater than 10-15 mA, the energetic electrons and interparticle colli-

sion processes play a more important role in the dynamic balance of the charged

species and excitation processes in plasma. The intensive N2 molecular bands

in the spectra indicate that discharge generates abundant metastable electronic ex-

cited nitrogen molecules and ionized species, such as N2(A), N2(B), N2(C), N2(a),

N+
2 , etc [22, 303, 304]. Due to the relatively low excitation energy (6.17 eV), di-

rect electron impact excitation by reaction Eq. 4.5 and the collisions between

vibrational nitrogen molecules by reaction Eq. 4.6 contribute to the population of

the excited state N2(A):

e+N2(X
1Σg) → N2(A

3Πu) + e (4.5)

N2(ν1) +N2(ν2) → N2(A
3Πu) +N2(X

1Σg) (4.6)

Besides direct electron impact excitation and the collisions between vibrational

nitrogen molecules, the excited state N2(B) is partly populated by the pooling re-

action of the metastable state N2(A). From the spectra of both discharges, the
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strongest emission is observed at the second positive system of nitrogen N2(C3Πu

→ B3Πg) which means the mechanism of the excitation process for N2(C) is

mainly the direct electron impact excitation and the pooling reaction of the ni-

trogen metastable state:

N2(A
3Πu) +N2(A

3Πu) → N2(C
3Πu) +N2(X

1Σg) (4.7)

4.3.3.2 Vibrational and rotational temperature measurements

Since chemical properties depend exclusively on the molecular orbital nature,

which is modified by electronic excitation created by plasma, population of ex-

cited vibrational levels proceeding via electron excitation provides a valuable in-

sight in plasma activity, particularly in energy transfer from electrons to cold heavy

species. Thus, vibrational temperature Tvib, like an indicative factor, provides use-

ful information on chemical activity of the discharge. Vibrational temperature can

be estimated by Boltzmann plot method, which is introduced in following para-

graphs.

Theoretically, intensity of the a emission line can be expressed as [305]:

Iυ′υ′′ = hνυυ′υ′′Aυ′υ′′Nυ′ (4.8)

Where υ’, υ” are used to denote vibrational quantum of upper level and lower

level respectively. υυ′υ′′ is the wave number of emission, Aυ′υ′′ is the corre-

sponding Einstein’s transition probability, and Nυ′ is the upper level density of the

molecule.

Vibrational energy of a vibrational state υ is:

Eυ = ωe(υ
′ +

1

2
)− ωexe(υ

′ +
1

2
)2 + ωeye(υ

′ +
1

2
)3 + · · · (4.9)

Where ωe, ωexe, and ωeye are vibrational constants [306]. For plasma at local

thermal equilibrium, upper level molecules will be populated with a Boltzmann

distribution:

Nυ′ = N0e
−E′

υ/kTvib (4.10)

WhereE′υ is the rotational energy at vibrational υ level, N0 is atomic density,

k is the Boltzmann constant, Tvib is the vibrational temperature.

Combining the above three formulas Eqs. (4.8,4.9 and 4.10 ), one can obtain

following equation:

ln
Iυ′υ′′

υυ′υ′′Aυ′υ′′
= ln(hcN0)− E′υ

kTvib
(4.11)
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Therefore, vibrational temperature Tvib can be estimated from this function

due to the linear relationship between ln(Iυ′υ′′ /υυ′υ′′Aυ′υ′′ ) and E′υ . Overpopu-

lation of N2 vibrational degrees indicates a high vibrational temperature (Tvib) of

N2 species. Three vibrational bands, Δυ = 1 (1-0, 2-1, 3-2),Δυ = -1 (0-1, 1-2,

2-3), and Δυ = -2 (0-2, 1-3, 2-4) are used in the Boltzmann plot method. Wave-

lengths and transition probabilities of each vibrational transition are listed in Table

4.1 [307]. A typical Boltzmann plot of relative intensity distribution levels for the

second positive system N2(C3Πu → B3Πg) is plotted in figure 4.7 (a).

Sequence Vibrational transition Wavelength Transition probability

Δυ=υ’-υ” υ’-υ” λ (nm) Aυ′υ′′ (106s−1)

1 - 0 315.8 10.27

+1 2 - 1 313.5 8.84

3 - 2 311.5 5.48

0 - 1 357.6 7.33

-1 1 - 2 353.6 4.61

2 - 3 349.9 1.46

0 - 2 394.2 2.94

-2 1 - 3 399.7 4.10

2 - 4 405.8 3.37

Table 4.1: Vibrational transitions of N2(C3Πu → B3Πg) for vibrational temperature [307].

The gas temperature in the active plasma zone (in the interelectrode gap) of the

DC plasma jet is determined by analysis of the rotational structure of a nitrogen

molecular band in the second positive system, namely the 0-0 vibrational band

of N2(C3Πu → B3Πg)) emission at λ = 337.1 nm. The synthetic spectrum is

calculated by Specair 2.2 program. A typical fitting procedure of the spectra for

nitrogen plasma at 12 mA is presented in figure 4.7 (b).

For both air plasma and nitrogen plasma, figure 4.8 shows the results of the

gas temperature Tgas and the vibrational temperature Tvib as a function of the dis-

charge current. The vibrational temperatures Tvib for both discharges are much

higher than the gas temperatures Tgas, which suggest a strong deviation from ther-

mal equilibrium plasma. Compared to N2 plasma, air plasma has a low vibrational

temperature Tvib and a high gas temperature Tgas. The gas temperature of air

plasma is approximately 300 K higher than the one of nitrogen plasma. Consider-

ing the high oxygen content of 21 % in dry air, this heating effect is probably ex-

plained by a more effective energy transfer from electrons to molecular O2 through

excitation of vibrational and rotational levels of oxygen, which leads to the heating

of the gas due to effective energy relaxation processes in the presence of O2 [308].

Both Tvib and Tgas strongly depend on the discharge current. Tgas is linearly in-

creasing from 1300 K to 2750 K (N2 plasma) and from 1750 K to 3000 K (air
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plasma) at nearly the same slope rate with an increase of the current from 4 mA to

30 mA. Tvib, however, presents a nonlinear relationship with discharge current for

both discharges. For air discharge, Tvib reaches a peak value of 4800 K at 8 mA

Figure 4.7: (a) Typical Boltzmann plot of N2 vibrational distribution. Three vibrational
band series are chosen: Δυ = 1 (1-0, 2-1, 3-2), Δυ = -1 (0-1, 1-2, 2-3), and Δυ
= -2 (0-2, 1-3, 2-4); (b) Determination of gas temperature by fitting procedure
of experimental spectrum with calculated spectrum of N2(C3Πu → B3Πg). The
plasma is generated in nitrogen flow at 14 mA
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and slightly drops to 4100 K at the maximum current. In N2 plasma, the current

for maximum Tvib (6050 K) is shifted to 10 mA and Tvib decreases to about 4800

K at highest current (30 mA). The approach of Tvib towards Trot at high current

indicates the thermalization of the discharge and the transformation of glow to arc

plasma.

Figure 4.8: Rotational and vibrational temperature in the active zone of the nitrogen and
air discharge for different discharge current. Error of Tvib is in the range of ±
200 K and of Tgas is about ± 50 K.

4.3.4 Diagnostics of the afterglow of the DC jet
4.3.4.1 Emission spectroscopy of the discharge afterglow

A distinguished advantage of an atmospheric pressure plasma jet is the fact that

the available plasma volume is not limited to the gap between the electrodes. Be-

sides the chemical reactive radicals and the metastable molecules generated in the

discharge and blown out, species with long life time, e.g. O3, can be formed in the

afterglow of the jet. Typical survey spectra of the afterglow are presented in figure

4.9. The spectrum of the afterglow of N2 discharge (figure 4.9 (a)) shows similari-

ties with one measured in the active zone (figure 4.6 (a)), with only a difference in

band intensities. On the other hand, a remarkable difference is observed between

the spectra of afterglow and the ones of the active zone in air plasma, see figure

4.9 (b) and figure 4.6 (b). The strongest bands of the air jet in the active zone and

the afterglow are dominated by the N2 emission and NO emission respectively.

There is no NO emission in the spectra of the N2 plasma afterglow. The behavior
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of the most intensive bands current is presented for both plasmas as a function of

discharge current in figure 4.10 (a), (b).

Figure 4.9: Emission spectra of the plasma afterglow (5 mm above the nozzle) of nitrogen
(a) and air (b). Plasma generated with discharge current of 14 mA, flow rate is
8 slm.

Figure 4.10: The relative intensity of the strongest bands in N2 (a) and air (b) as a function
of the discharge current.

Based on OES results, it can be assumed that the afterglow of the N2 jet mostly

consists of N2 metastables that are formed in the active zone and transported to the

afterglow because of a sufficiently long life time. This is confirmed by figure 4.10

(a), where the non-linear increasing of the bands intensities with increasing of the

current correlates with the results of the vibrational temperature measurements in

the active zone, see figure 4.8 for N2 with the maximum of Tvib 6050 K around 10

mA current. The main difference between active zone and afterglow of air plasma

is the increase of the NO bands intensity in the afterglow of the former. We have

to note that the vibrational temperature of the species in the afterglow of the N2

plasma is higher than in the afterglow of air plasma. The former is about 3600 K at

6 mA, furthermore increases to 4600 K in the current range of 14-18 mA and then

drops to 4200 K at 25 mA. At the same time, Tvib of air plasma afterglow does
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not exceed 1800 K. From a technological point of view for biomedical treatment,

the used plasma source has to satisfy requirement of low gas temperature of the

afterglow along with the high deviation from thermal equilibrium. The spatial

resolved gas temperature measurements have been carried out with 1 cm resolution

by the same technique as in part 3.2.2 and the results are presented in figure 4.11

(a) and (b). The temperature of the gas drops down from 2000 K in the active zone

to almost room temperature in the afterglow of both plasmas on the distance of 1

cm from the nozzle. This decrease is observed mainly due to the mixing of plasma

with surrounding air and due to the heat transfer to the metal grid placed at the end

of the nozzle. The decrease of the temperature in air plasma afterglow is smoother,

which agrees with a fact that air plasma is closer to thermal equilibrium.

Figure 4.11: Spatial distribution of the gas temperature in the discharge afterglow for (a)
N2 discharge and (b) air discharge. Error of the measurements is about 50 K.

4.3.4.2 Mass-spectroscopy of NO and ozone monitoring

Figure 4.12: (a) Mass-spectra of the air discharge afterglow (discharge current 14 mA);
(b) spatially resolved NO measurements along the gas flow as a function of
the discharge current.
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In the present study, diagnostics of the afterglow have been focused on long liv-

ing species, especially the two species NO and O3, which are considered to be

important in biomedical applications of plasma jets. For air plasma, the evidence

of NO generation in the active zone is confirmed by the emission from the nitric

oxide γ-system NO(A2Σ → X2Π) transition in the UV range. NO in the ground

state is measured by mass-spectroscopy with preliminary calibration. A typical

mass-spectrum of air plasma is presented on figure 4.12 (a), together with spa-

tially resolved NO measurements along the gas flow in the afterglow region, figure

4.12 (b). Mass-spectroscopy shows only one new stable component - NO in the

afterglow of the air discharge. The maximal achievable density of NO is about

1080 ppm at a current of 25 mA. NO concentration is decreasing linearly with

the decline of the discharge current. The decrease of the NO concentration in the

afterglow is mainly explained by dilution of the feed gas as NO is formed in the

active zone of the discharge. Nitrogen oxide is not observed in the afterglow of the

N2 plasma even at the highest current of 30 mA. In the discharge area, the electron

impact dissociation of N2 and O2 molecules leads to the formation of atomic oxy-

gen (reaction Eqs. 4.1, 4.2 and 4.3) and the breaking of the strong bond in the N2

molecule by vibrational excitation and dissociation. Effective generation of NO

in air plasma can be explained by so-called thermal NO through the Zel’dovich

reactions [1, 309]:

N +O2 → NO +O(3P ) (4.12)

N2 +O → NO +N (4.13)

which leads to formation of NO with consumption of atomic N or O. The NO

yield has strong a temperature dependence and the NO generation is intensively

reduced at Tgas < 2000 K. NO in the ground state can also be formed in case

of non-equilibrium plasma by the reactions Eqs. 4.14 and 4.15 involving atomic

nitrogen.

O2(b
3Σ) +N → NO +O(3P ) (4.14)

N(2D,2 P ) +O2 → NO +O(3P,3 D) (4.15)

The excited state of NO, on the other hand, is mainly provoked by nitrogen and

oxygen metastable states, such as N2(A3Πu), N2(B3Πg), O2(a1Δ) and O2(b3Σ)

as in reaction 4.16 and 4.17

N2(A
3Πu, B

3Πg) → N2 +NO (4.16)

O2(a
1Δ, b3Σ) +NO → O2 +NO (4.17)

We expect the reason for the absence of NO in the N2 plasma jet is the low

dissociation degree of N2 in the afterglow due to reaction 4.14. Therefore, the
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yield of NO by reactions Eqs. 4.14, 4.16 and 4.17 is negligible. At the same time,

generation of NO in the active zone as in air discharge is impossible due to the

absence of oxygen. In contrast to air plasma, a high density of O3 is observed in

the afterglow of N2 discharge. The spatial distribution of O3 in the afterglow of

N2 discharge is presented in figure 4.13.

Figure 4.13: The distribution of O3 along the afterglow as a function of the current for N2

discharge.

The mechanism of ozone generation at high pressure is dominated by three-

body processes, i.e. reactions [304]:

O +O2 +O2 → O3 +O2 (4.18)

O +O2 +N2 → O3 +N2 (4.19)

This shows that ozone generation in the plasma mainly depends on the gen-

eration of atomic oxygen. The contribution of N2 discharge to O3 formation is

mostly due to the formation of O atoms by atomic nitrogen and electronically ex-

cited nitrogen molecules. According to [300], the contribution of N atoms can take

up about 10 % to the total production of atomic oxygen and hence ozone gener-

ation. The most significant contribution to the formation of atomic oxygen, and

thus ozone, is caused by the reactions of electronically excited nitrogen molecules:

N2(A
3Πu) +O2 → N2(X

1Σg) +O +O (4.20)
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N2(B
3Πg) +O2 → N2(X

1Σg) +O +O (4.21)

There are two main reasons for the absence of ozone in the afterglow of air

discharge. Firstly, a high concentration of nitrogen oxides completely stops the

generation of O3 by means of the discharge poisoning effect, which is related to

fast reactions of O atoms with NO by the mechanism O+NO+M → NO2+M. When

the NO concentration exceeds the threshold value with about 0.1 %, the reaction of

atomic oxygen with nitrogen become faster than reactions with molecular oxygen,

with the formation of ozone [300]. Secondly, the gas temperature in the active

zone of air plasma is too high and thermal dissociation of O3 starts to play an

important role. So, even if ozone molecules already formed in the discharge, they

will dissociate.

4.4 Conclusions

A DC plasma jet in N2 and air flow is investigated in terms of electrical parameters

and efficiency of active species generation in afterglow. Depending on discharge

current, two modes of plasma sustainment are determined. At low average cur-

rent I <5 mA, discharge is sustained in self-pulsing regime and at a current higher

than 10 mA, plasma behaves as a glow discharge without voltage and current os-

cillations. Vibrational and gas temperature of the plasma jet are determined from

emission spectroscopy for active zone and afterglow. Vibrational temperature Tvib

of both discharges are much higher than gas temperature Tgas, which indicates

that the plasmas are far away from thermal equilibrium. As indicated by higher

Tvib and lower Tgas, N2 plasma shows strong deviation from thermal equilibrium.

Use of air (21% O2) results in decrease of Tvib and increase of Tgas in comparison

with N2 discharge. It is revealed that Tvib and Tgas strongly depend on discharge

current. For both discharges, Tgas is linearly increasing from 1300 to 2750 K (N2

plasma) and from 1750 to 3000 K (air plasma) with current increase to 30 mA at

nearly a same slope rate. However, Tvib of both discharges presents a nonlinear

relationship versus discharge current. Approach of Tvib to Trot at high current

indicates discharges thermalization and transfer of glow to arc plasma. Afterglow

of N2 and air plasmas is characterized by gas temperature almost equal to room

temperature and still high vibrational temperature (up to 4600 K in N2 on 5 mm

distance from the nozzle). Afterglow emission of the N2 plasma jet is produced by

N2 metastables. Afterglow spectrum of air plasma jet is dominated by NO emis-

sion. Afterglow of the plasma jets is characterized in terms of long living species

production - O3 and NO. NO is only detected in the air plasma jet at concentration

up to 1100 ppm (25 mA current) and O3 is only found in the afterglow of the N2

plasma jet. Absence of NO in the N2 plasma jet is because of the low dissociation
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degree of N2 molecules in the afterglow. Absence of O3 in air jet is expected to

be caused by two reasons: high concentration of NO in the air plasma completely

stops O3 generation by means of discharge poisoning effect and thermal dissoci-

ation of O3 starts to play an important role due to high gas temperature of active

zone.



5
Plasma polymerization of

organosilicon films using the DC

plasma jet

5.1 Introduction

Nowadays, considerable attention has been given to plasma polymerization of

silicon-inorganic and silicon-organic films due to their wide applications as func-

tional coatings for packaging, biomedical materials, optical components, et al.

[310, 311]. Generally, plasma deposited films are characterized as amorphous,

insoluble, highly cross-linked, highly heat and corrosion resistant and very adhe-

sive to different substrates [312]. Compared to low pressure processes which are

costly and difficult to process batchwize, atmospheric pressure processing provides

advantages of elimination of vacuum equipment, ability of integration for indus-

trial production, and high deposition rates [313]. Atmospheric pressure plasma jet

process for thin-film deposition is particularly attractive, and such plasma process

can deposit thin-film coating without reactor chamber size limitations, can provide

treatment for 3D objects can avoid influence of substrate on plasma.

There are substantial works on deposition of diamond-like films using DC

plasma jets [314, 315]. However, few works have been reported on the deposition

of silicon-containing films using a DC plasma jet, even less work using plasma jet

with nitrogen. This can be explained by the fact that DC discharge at atmospheric

pressure inclines to transfer from glow discharge to arc [22]. This arc results in
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very high temperature and hence hinders application of DC jet for heat-sensitive

materials. As shown in chapter 4, an atmospheric pressure non-equilibrium nitro-

gen/air plasma jet driven by DC power has been designed and characterized with

strong plasma region and low temperature afterglow by continual removal of heat

from the active plasma region using gas flow and by stabilizing glow-to-arc trans-

formation using ballast resistors. This characterization indicates the great capabil-

ity for efficient plasma polymerizations on thermal sensitive materials. Therefore,

it is interesting to investigate plasma polymerization process of the DC plasma jet.

Figure 5.1: The chemical structure of TMDSO which is the organosilicon precursor in the
plasma process

In this chapter, research on deposition of silicon-containing films by atmo-

spheric pressure nitrogen DC plasma jet using tetramethyldisiloxane (TMDSO)

as gaseous precursor is presented. Chemical structure of TMDSO is presented in

figure 5.1. Properties of obtained coatings will be discussed in detail using pro-

filometry, Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron

spectroscopy (XPS). The chapter is organized as follows: after description of ex-

perimental details in section 2, presentation and discussion of experimental results

related to different working conditions is presented in section 3. Finally, section 4

presents a summary of the presented results.

5.2 Experimental details

5.2.1 Experimental set-up

Schematic diagram of the plasma deposition system is shown in figure 5.2. It

comprises the DC plasma jet as described in chapter 4 and placed within a cylin-

drical chamber. Plasma is generated between a pin and a fine-meshed metallic grid

inside a quartz tube with an inner diameter of 5 mm. The cathode, which is man-

ufactured from a 2 mm tungsten rod with a conically sharpened tip, is connected

to the negative polarity of a direct current high voltage power supply through a

ballast resistor. By switching on an electric field between these two electrodes, the

plasma is ignited. A nitrogen gas flow flowing through the tube blows the active

species as well as heat through the mesh outside the tube leading to the formation

of an afterglow.
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Figure 5.2: Schematic diagram of the deposition system with an atmospheric pressure DC
plasma jet.

The substrate, which is a silicon wafer with a size of 10 mm ×10 mm and

a thickness of 523 μm, is placed on the adjustable sample holder. The distance

between the mesh and the substrate is kept constant at 10 mm. Actually, thermal

sensitive polymers, such as PP and PET, have also been used as substrates and

successfully been deposited with organosilicon films as depositing on silicon. To

simplify the experiment and measurement, only silicon wafer are used as substrates

in this chapter.

After introduction of the substrate, the chamber is pumped down to 0.1 kPa

by a rotary vane pump and then filled with nitrogen to a pressure of 101 kPa. A

continuous nitrogen flow remains during the deposition process while the pressure

in the chamber is maintained at atmospheric pressure by a relief valve. Once at-

mospheric pressure is reached, TMDSO, which is vaporized by passing nitrogen

through a bubble system at a temperature of 18 oC, is added to gas flow. The total

nitrogen gas flow of the jet is maintained at 7000 sccm. The deposition is carried

out with different oxygen and precursor mixtures: the precursor is kept constant

by a fixed diluting nitrogen flow rate of 5 sccm, while the oxygen flow is varied

between 0 and 60 sccm (0-8571 ppm) to study the influence of oxygen addition

on the deposition process. The amount of TMDSO, which can be calculated by

taking into account the vapor pressure of the precursor, is 0.9 sccm (129 ppm) in

the gas flow. The ratio O2/TMDSO thus varies from 0 to 66. The diluting nitrogen

gas flow was limited to 5 sccm to prevent possible formation of microparticles in

the gas phase. It is known that a high concentration of precursor leads to gas phase

nucleation resulting in a decrease in film quality and film uniformity [141]. In this

chapter, the process is carried out with a discharge power of 18 W, 22.5 W, and 30

W.
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5.2.2 Film characterization

A mechanical profilometer Dektak 150 from Veeco is used to measure the thick-

ness of the deposited films. In order to obtain the thickness, substrates are partially

masked before the deposition process. After deposition, the height difference be-

tween the deposited and non-deposited region gives the thickness of the films.

The chemical structure of the deposited films is obtained using Fourier trans-

form infrared spectroscopy (FTIR). The commercial spectrometer is employed as

introduced in section 3.3.2. The FTIR spectra shown in the chapter are ATR cor-

rected for the wavelength dependence of the penetration depth and are normalized

on the Si-O-Si peak at 1020 cm−1.

X-ray photoelectron spectroscopy (XPS) is performed for characterization sur-

face chemistry of deposited films as described in section 3.3.3. The pressure in the

analyzing chamber is maintained below 10−7 Pa during analysis and the diameter

of the analyzed area is 100 μm. Survey (0-1100 eV) and high resolution spectra

are recorded at a pass energy of 117.4 eV and 29.35 eV respectively.

5.3 Results and discussion

5.3.1 Film measurement

Before discussing the actual film thickness results, it is important to mention that

the films deposited in this work are solid films presenting interference fringes. In

addition, no white powder agglomerations have been observed on the samples.

Due to the relationship of thickness with the physical film properties, film thick-

ness is a very important parameter in several applications [316]. Figure 5.3 shows

the development of thickness as a function of processing times for the deposited

films at various oxygen flow rates and discharge powers. The data clearly show

a linear correlation between deposition time and film thickness, which is in ac-

cordance with the work by Morent et al. [138] and Yang et al. [171]. By linear

analysis, the deposition rates can be estimated from the slope of the regression

lines and the results are presented in Table 5.1. The coefficient of determination

R2 indicates that the regression lines fit the data well.

As shown in Table 5.1, the deposition rate is estimated at 172 nm/min when the

process is carried out in a pure nitrogen atmosphere. The introduction of 20 sccm

oxygen to the nitrogen atmosphere significantly accelerates the deposition rate up

to 352 nm/min. A further raise in O2 content to 60 sccm increases the deposition

rate to 444 nm/min. This increasing deposition rate will be explained in the follow-

ing paragraph. Due to electron impact collision and ionization of the added oxy-

gen, substantial oxygen metastables and oxygen atoms are generated in the plasma

region. Moreover, it has also been shown that the density of electrons present in the

discharge increases with increasing oxygen content [317]. These oxygen metasta-
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Figure 5.3: Film thickness as a function of deposition time for various working parameters.

bles, oxygen atoms and electrons can react with the monomer leading to a more

pronounced monomer fragmentation and intensive formation of active species at

higher oxygen amounts [171] which can result in a higher deposition rate.

According to the data shown in Table 5.1, the discharge power of the plasma

jet also has a significant influence on the deposition rate. The deposition rate is

only 273 nm/min for a discharge power of 18 W, but this deposition rate increases

to 352 nm/min for a discharge power of 22.5 W. An even higher deposition rate

of 494 nm/min is achieved at the highest discharge power (30 W). These results

clearly show that an increasing discharge power accelerates the deposition process.

A higher discharge power, which is caused by an enhanced electric field, results

in an increasing electron density and thus a higher number of collisions between

electrons and TMDSO. As a result, more radicals are formed in the gas phase,

Oxygen Power Deposition rate R2

(sccm) (W) (nm/min)

0 22.5 172 0.9933

20 22.5 352 0.9921

60 22.5 444 0.9955

20 18 273 0.9860

20 30 493 0.9985

Table 5.1: The deposition rate and coefficient of determination R2 of the regression lines
for various oxygen flows and discharge powers.
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which can initiate the polymerization processes and thus result in higher deposition

rates. The higher deposition rate at higher discharge power could also be partly

due to a small expansion of the plasma region at higher powers. This expansion

increases the TMDSO residence time in the plasma zone which can result in a

higher degree of TMDSO conversion.

The deposition rates obtained here can be compared with the ones acquired

by other researchers performing TMDSO plasma polymerization. For example,

Huang and Yu [318] measured a film thickness of approximately 750 nm after a

deposition time of 25 min, suggesting a deposition rate of 30 nm/min. On the

other hand, very large deposition rates up to 1000 nm/min have been observed by

Nowling et al. [319] in an atmospheric pressure RF discharge. Other deposition

parameters like deposition area, precursor amount, should however be taken into

account to enable an objective comparison between the deposition rates of various

plasma deposition systems.

5.3.2 FTIR measurement

Figure 5.4: FTIR spectra of films deposited by the DC plasma jet at various oxygen flows.

The chemical structure and the chemical bonds present in the deposited films are

examined by FTIR spectroscopy. Large differences can be found in the chemical

composition of the deposited thin films by infrared absorption spectra. The FTIR

spectra of the films deposited with various oxygen flow rates (0 sccm, 20 sccm

and 60 sccm) are shown in figure 5.4. This figure clearly shows that the deposited
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films exhibit strong absorption bands at 2965 cm−1, 1260 cm−1, 1020 cm−1, 850

cm−1 and 800 cm−1. The absorption band at 2965 cm−1 is due to CH3 symmet-

ric and asymmetric stretching vibrations while the absorption band at 1260 cm−1

can be attributed to CH3 deformation vibrations and symmetric bending in Si-CH3

groups [158, 320]. The strongest absorption band around 1020 cm−1 is caused by

Si-O-Si asymmetric stretching vibrations [135, 148]. The absorption band at 850

cm−1 indicates Si-C stretching vibrations [158, 174]. The absorption band at 800

cm−1 can be assigned to CH3 stretching vibrations and rocking vibrations in Si-

(CH3)2 groups [320]. Bands at 800 cm−1, 850 cm−1, 1260 cm−1 and 2965 cm−1

thus indicate the retention of methyl groups in the deposited films. The organic/i-

norganic characteristics of the deposited films can be evaluated by means of FTIR.

It has been shown in [321] that the absorption peak integral of methyl deformation

vibrations in Si-CH3 at 1260 cm−1 is an indicator of bonds correlated with carbon

containing groups in the film. The absorption peak of Si-O-Si stretching vibra-

tions at 1020 cm−1 is considered as a reference. A parameter, i.e. a relative ratio

r(SiCH3)representing the organic content of the deposited films can be calculated

by the following equation [322]:

r(SiCH3) =

∫
SiCH3(1260cm

−1)∫
SiOSi(1020cm−1)

(5.1)

The FTIR spectra in figure 5.4, which show the chemical changes of the films

with oxygen flow rate, indicate different film formation processes during depo-

sition. When deposition is carried out in pure nitrogen, the film shows strong

absorption bands at 1260 cm−1 and 800 cm−1, which can be attributed to CH3

deformation vibrations, symmetric bending in Si-CH3 groups and Si-C stretching

vibrations and Si-CH3 rocking vibrations in Si-(CH3)2 respectively. The introduc-

tion of oxygen (20 sccm) into the nitrogen atmosphere decreases the two above

mentioned absorption peaks. In addition, the absorption peak at 850 cm−1 which

is due to Si-C stretching also decreases. Based on these FTIR spectra, the ratio

r(SiCH3) can be calculated for different oxygen concentrations. This ratio is 0.065

in the pure nitrogen discharge and decreases to 0.048 and 0.032 when 20 and 60

sccm oxygen are respectively added to the nitrogen gas. This result thus clearly in-

dicates that the deposited films have a lower carbon content when oxygen is added

to the plasma phase. The reduction in silicon-carbon bonds is mainly due to the fact

that oxygen addition urges the fragmentation of monomer molecules and increases

the oxidation reactions in the deposition process. According to Lin et al. [321], the

shape of the absorption band around 1020 cm−1 reveals the subtle relationship be-

tween oxygen and silicon contents: while the FTIR spectra of oxygen-rich films

show a band shift towards higher wavenumbers, the oxygen-poor films have an

absorption band at lower wavenumbers. This conclusion is in accordance with the

results obtained in this work: the Si-O-Si peak is located at 1024 cm−1 after pure
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nitrogen deposition, while it shift to higher wavenumbers (1026 cm−1 at 20 sccm

oxygen deposition and 1034 cm−1 at 60 sccm oxygen deposition), indicating the

formation of an oxygen-rich film at higher oxygen amounts.

Figure 5.5 shows the FTIR spectra of films deposited at various discharge pow-

ers (18 W, 22.5 W and 30 W) with a constant oxygen flow rate of 20 sccm. The

absorption bands mentioned in the previous paragraph are also presented in the

FTIR spectra of the films deposited at various plasma discharge powers. When the

discharge power is increased from 18 W to 22.5W, the absorption bands at 1260

cm−1 and 800 cm−1 due to methyl deformation vibrations, symmetric bending in

Si-CH3 groups and Si-C stretching vibrations respectively, clearly decrease. How-

ever, a further increase in discharge power shows a negligible change of the above

mentioned absorption bands. The ratio r(SiCH3) has also been calculated for the

FTIR spectra shown in figure 5.5 and is was found that this ratio decreases from

0.094 at 18 W to 0.048 at 22.5 W and 0.046 at 30 W. This result thus indicates a

decrease in carbon content with increasing discharge power. Based on figure 5.5,

it was also found that the Si-O-Si peak shifts to higher wavenumbers when the dis-

charge power is increased showing that the films contain a higher oxygen content

at higher discharge powers.

Figure 5.5: FTIR spectra of films deposited by the DC plasma jet at various discharge cur-
rents.
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5.3.3 XPS measurement

Chemical bonds that are present in the thin films can be qualitatively analyzed

using FTIR spectra. However, the limitation of FTIR in quantification and the co-

existing of different bonds at similar wavenumbers require further investigation.

Therefore, besides FTIR, XPS measurements have been carried out to quantify the

chemical composition of the deposited films. Low-resolution XPS survey spectra

are acquired to reveal information on the relative amounts of elements present in

the films. As shown in a typical spectrum in figure 5.6, survey spectra indicate that

oxygen (O), carbon (C) and silicon (Si) are present in the films, while no nitrogen

(N) can be found on the deposited films. The absence of nitrogen in the film is

in close accordance with the results obtained by Massines et al [323]. These re-

searchers have examined the plasma polymerization of hexamethyldisiloxane in a

nitrogen discharge containing different amounts of oxidizer gas (N2O). An incor-

poration of nitrogen in the deposited films has only been observed in the absence

of the oxidizer gas. In the experimental set-up, a small amount of molecular oxy-

gen is always present in the discharge since it is very difficult, if not impossible,

to ensure that the deposition process occurs in a completely air-free environment.

This oxygen presence will inhibit the incorporation of nitrogen, which can explain

the absence of nitrogen in the deposited films.

Figure 5.6: A typical XPS survey spectrum of a deposited film. The film is deposited with
20 sccm O2 at 15mA discharge current.

Table 5.2, which presents the atomic composition of the deposited films ob-

tained with various deposition parameters, shows a strong correlation with the

FTIR results shown in figure 5.3 and 5.4. As can be seen from the data, the film
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Oxygen Power O C Si

(sccm) (W) (%) (%) (%)

0 22.5 40.5 35.6 23.9

20 22.5 48.0 28.0 24.0

60 22.5 53.5 25.4 21.1

20 18 44.4 31.0 24.6

20 30 50.2 26.3 23.5

Table 5.2: Atomic percentage of deposited films for various oxygen flow rates and discharge
powers.

deposited in nitrogen (without O2) contains 35.6% of carbon and 40.5% of oxy-

gen. An introduction of 20 sccm of O2 into the discharge atmosphere decreases

the carbon content to 28% and increases the oxygen percentage to 48%. A further

increasing in O2 flow rate to 60 sccm results in the deposition of an oxygen-rich

film comprising 53.5% of oxygen. One can therefore conclude that O2 addition

increases the oxygen content of the film and a high O2 flow thus results in an

oxygen-rich coating, which is in accordance with the results obtained in the FTIR

results section.

The chemical composition of the films, which are deposited at various dis-

charge powers, is also presented in Table 5.2. The film deposited at 18 W exhibits

a high carbon proportion of 31% and a low oxygen percentage of 44.4%. Increas-

ing the discharge power to 22.5 W results in a steady decrease of carbon content

to 28% and a rise in oxygen content to 48%. A further increase in discharge power

to 30 W results in a slightly lower carbon content and a higher oxygen content.

It can be concluded that an increasing discharge power tends to increase the oxy-

gen content of the deposited films combined with a decrease in carbon content.

Also these XPS findings are in agreement with the previously mentioned FTIR

results. This oxygen increase with increasing discharge power can be explained

as follows: with increasing discharge power, more activated oxygen species are

present in the discharge, which can react with the monomer molecules. More in-

teractions between oxygen species and the monomer molecules can thus occur at

higher power. Since these oxygen plasma species are very effective in removing

CH3 groups from the monomer molecules and replacing them by oxygen atoms,

higher discharge powers can thus lead to a higher oxygen content in the deposited

films.

Table 5.2 also clearly shows that the amount of silicon in the deposits is neither

affected by oxygen addition nor by discharge power. This is most likely due to the

fact that the activated plasma species mostly interact with the CH3 side groups of

the monomer and not with the Si-O-Si backbone.

To obtain further insight into the chemical bonds present in the deposited films,
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curve deconvolution of the high resolution Si2p peaks is carried out by CasaXPS

software. In order to carry out the deconvolution of the Si2p peak only 4 compo-

nents (see figure 5.7) have been considered [135, 324]: a component at a binding

energy of 101.5 eV due to a (CH3)3SiO unit, a component at a binding energy of

102.2 eV due to a (CH3)2SiO2 unit, a component at a binding energy of 102.8 eV

due to a CH3SiO3 unit and a component at a binding energy of 103.4 eV due to a

SiO4 unit. A variation in the position of each peak of 0.1 eV has been considered

acceptable. The full width at half maximum (FWHM) of the fitted Si2p compo-

nents is kept constant at 1.6 ± 0.1eV and the Gaussian to Lorentzian ratio is kept

constant at 30% for all peaks.

Figure 5.7: Structure of 4 fragments used in XPS deconvolution analysis [324].

Figure 5.8 shows the deconvolution of the high resolution Si2p peaks of the

plasma-polymerized films deposited in two extreme working conditions: a pure

nitrogen atmosphere at 22.5 W and a nitrogen with 20 sccm O2 discharge at 30 W.

For the film deposited in pure nitrogen, the Si2p peak can be fitted with three peaks

as shown in figure 5.8 (a). The biggest peak at 102.1 eV is due to the (CH3)2SiO2

unit, while two small peaks at 102.5 eV and 103.4 eV correspond to CH3SiO3 and

SiO4 content respectively. On the other hand, the film deposited with the 20 sccm

oxygen flow (figure 5.8 (b)) shows a low content of (CH3)2SiO2 unit at 102.1 eV.

The peaks at 102.5 eV and 103.4 eV which are due to CH3SiO3 and SiO4 content

are larger and clearly show the higher content of these content when oxygen is

present in the discharge gas.

The concentration of the different silicon units (the four component peaks of

Si2p as mentioned above) for various oxygen flow rates is summarized in Table

5.3. There is a negligible amount of (CH3)3SiO unit (less than 1%) in all de-

posited films, which is expected since the TMDSO molecule (chemical structure

shown in figure 5.1) does not contain any of these units. Once introduced into the

plasma region, the monomer containing (CH3)2SiO2 units is bombarded by ions

and excited species resulting in the loss of methyl groups and the dissociation into

fragments leading to the creation of other chemical units in the deposited films.

Table 5.3 clearly shows that there are three main components ((CH3)2SiO2,

CH2SiO3, and SiO4) in all films. The film deposited in a pure nitrogen atmo-

sphere contains a high amount of (CH3)2SiO unit (59.2%), which indicates that

the film exhibits chemical characteristics similar to the monomer. With the ad-



92 PLASMA POLYMERIZATION OF ORGANOSILICON FILMS USING THE DC PLASMA JET

Figure 5.8: Deconvoluted Si2p peaks of thin films deposited at the following conditions:
(a) pure nitrogen with a discharge power of 22.5 W, (b) nitrogen and 20 sccm
oxygen flow with a discharge power of 30W.

dition of a 20 sccm oxygen flow, the deposited film shows a gradual decrease in

(CH3)2SiO2 unit to 35.9% and a considerable increase in SiO4 unit percentage

to 44.8%. An increase of the oxygen flow to 60 sccm further declines the con-

centration of the (CH3)2SiO2 unit to 24.4% and increases the proportion of the

SiO4 unit to 63.5%. The films deposited in the pure nitrogen atmosphere retain

a high content of (CH3)2SiO2 unit which indicates a low dissociation level of the

monomer. Introduced O2 molecules are dissociated into oxygen atoms and/or ex-

cited into metastables into the plasma region which in turn enable the oxidation of

the (CH3)2SiO2 unit into CH3SiO3 and SiO4 unit. Therefore, one can conclude
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Oxygen Power (CH3)3SiO (CH3)2SiO2 CH3SiO3 SiO4

(sccm) (W) (101.5 eV) (102.1 eV) (102.8 eV) (103.4 eV)

0 22.5 0 59.2 23.1 17.7

20 22.5 0.6 35.9 18.7 44.8

60 22.5 0.4 24.5 11.6 63.5

20 18 0.4 38.5 34.2 26.9

20 30 0.1 12.4 43.0 45.5

Table 5.3: Concentration (in %) of different silicon bonds in the plasma deposited films for
various oxygen flows and various discharge powers.

that the participation of O2 in the deposition process changes the deposits from

high carbon monomer polymerization films to high oxygen composition films, and

a higher oxygen composition in the films can be achieved by an increasing oxygen

flow.

The component proportion of the films deposited under various discharge pow-

ers is present in Table 5.3 as well. When the plasma jet operates at 18 W, the

deposited film consist of 38.5% (CH3)2SiO2, 34.2% CH3SiO3 and 26.9% SiO4.

Increasing the discharge power to 22.5 W reduces the amount of CH3SiO3 unit

to 18.7% and increases the SiO4 unit concentration to 44.8%. The percentage

of (CH3)2SiO2 unit slightly decreases to 35.9%. A further increase in discharge

power to 30 W leads to a drastic decrease of (CH3)2SiO2 unit to 12.4% and a sig-

nificant raise in CH3SiO3 unit concentration to 43.0%, while the amount of SiO4

unit remains steady at approximately 44.5%.

For the deposition process at high discharge power, there is an increase of

energy for excited molecules and atoms, which intends to boost dissociation and

oxidization processes for monomer molecules and fragments. When the discharge

power rises from 18 W to 22.5 W, the amount of SiO4 unit increases due to the

oxidation of the CH3SiO3 units. A further increase of the discharge power to

30 W results in an increasing amount of CH3SiO3 units due to the oxidation of

(CH3)2SiO2 units while the concentration of SiO4 units shows negligible changes.

This indicates that the ability of SiO4 units formation is limited.

5.4 Conclusions

In this chapter, thin film deposition on silicon wafers using an atmospheric pres-

sure nitrogen DC plasma jet with TMDSO as precursor is discussed. Effect of O2

content and plasma discharge power on film growing speed and chemical proper-

ties of the films is thoroughly investigated. The developed plasma source is capa-

ble of depositing controllable films with high deposition rates. Oxygen content in

feed gas can increase deposition rate from 172 nm/min (no O2) to 444 nm/min (60
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sccm O2) due to effective monomer decomposition by the plasma. Precise control

of deposition rate can also be achieved by variation of discharge power. Increase

of discharge power accelerates deposition rate from 273 nm/min at 18 W to 493

nm/min at 30 W in a mixture with 20 sccm O2. This effect can be explained by in-

creased electron density and thus higher dissociation degree of TMDSO at higher

discharge powers. As a result, more radicals are formed in gas phase, which can

initiate polymerization processes and thus lead to higher deposition rates. Chemi-

cal structure of the films is investigated by FTIR spectroscopy and XPS analysis.

Both techniques reveal complex film chemical composition. Formation of an or-

ganic film can be partially suppressed by increase of discharge power and increase

of oxygen content in the feed gas. XPS survey spectra show oxygen content in-

crease from 40.5% without O2 admixture to feed gas up to 54.4% at an O2 flow

rate of 60 sccm. A similar trend of oxygen-rich film formation is also observed

with increasing discharge power. High resolution XPS spectra show that films con-

sist of (CH3)xSiOy (x=1,2) contents (up to 82%) and low amount of SiO4 content

(< 18%) when no O2 is added to the feed gas. Film chemical composition can be

tuned to more inorganic structure by admixture of O2 which results in an increase

of SiO4 content to 63.5% in optimal deposition conditions.



6
Deposition of composite organosilicon

thin films with embedded silver

nanoparticles

6.1 Introduction

Atmospheric pressure plasma process can not only be employed for polymeriza-

tion of thin films with pure chemical or physical feature, such as basic organosil-

icon thin films as described in chapter 5, but also can be utilized for synthesis

of more complex hybrid or composite films with advanced properties which are

difficultly satisfied by deposition of simple films. Nanocomposite films and coat-

ings, invented with the development of nanotechniques, have gained considerable

attention due to their unique physical and chemical properties [325, 326]. There

is currently growing interest in synthesis of nanocomposite films by atmospheric

pressure plasma process for advance functional materials, especially for functional

materials with antibacterial property [182, 187].

To obtain active antimicrobial activity, antibiotic needs to be incorporated in

the surface of materials. Molecular antibiotics traditionally used to against bac-

teria face several disadvantages, including worldwide emergency of antibiotic re-

sistance, difficulty to be incorporated into many materials and sensitivity to harsh

environments during many industrial processes [327]. Inorganic nanosized com-

pounds present strong antibacterial activity at low concentration due to their high

surface area to volume ratio and unique chemical and physical properties [328].
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Currently, incorporation of metal nanoparticles (such as silver nanoparticles, cop-

per nanoparticles, zinc oxide nanoparticle) is becoming a new strategy for improv-

ing antibacterial activity because of their pronounced biocidal activity and higher

stability under extreme conditions [328–330].

Silver is well known for its intrinsic antimicrobial property and silver nanopar-

ticles (AgNPs) have merged up as a new generation of antibacterial with diverse

medical applications [328]. Unfortunately, emergence of cytotoxicity and geno-

toxicity of silver nanoparticles goes against some practical applications in human

body [331, 332]. Considering above concerns, it is important to fabricate antibac-

terial surfaces with firm loading of AgNPs. In this way, release of silver nanopar-

ticles to the microenvironment is limited and silver ions are only released locally.

This system combines the benefits of antibacterial properties and suppresses po-

tential hazardous influence of silver nanoparticles.

Recently, nanocomposite embedded AgNPs films with antibacterial activity

have been reported by many groups. Besides multistep wet chemical solution

methods, low pressure plasma processes by associating plasma polymerization and

sputtering in single step have been reported as reviewed in chapter 2 [209, 211,

211–213,215–218,231]. As with most of low pressure technologies, used method

has limitation on the size of samples, applicability to flat materials without pores

and low deposition rate of some nm/min [209]. Moreover, high investment and

maintenance costs limit use of the proposed method to applications where high

quality of deposited films with high control of deposition is required. Therefore,

it would be significantly interesting to fabricate nanocomposite thin films in a way

that combines efficiency and price of chemical methods with high load of AgNPs

in a single step technology, as is achieved by low pressure sputtering.

In this chapter, an original one step dry process is developed using atmospheric

pressure plasma jet for deposition of nanocomposite thin films with high concen-

tration of AgNPs. Composition, morphology and antibacterial efficiency of de-

posited nanocomposite films are carefully analyzed and evaluated. Nanocomposite

film growth will be discussed as well.

6.2 Experimental details

6.2.1 Plasma deposition process

The nanocomposite films are deposited using an atmospheric pressure plasma de-

position system with a nitrogen direct current (DC) plasma jet as shown in figure

6.1 (a). As one can see in chapter 4, the plasma is generated between a pin and

a mesh electrode placed in a quartz tube. Investigation based on optical emission

spectroscopy revealed that plasma contains abundant excited states of nitrogen

molecules (N2(A3Πu, B3Πg , C3Πu)) and ionized species N+
2 (B2Σu, X2Σg). In
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this work, the plasma is generated with a fixed power at 22.5 W and a total flow

rate at 7 slm. As shown in figure 6.1 (b), the afterglow, extending to the open air

of about 20 mm, is characterized by a fast decrease of the temperature with the

distance. The substrate is put 10 mm away from the nozzle, where the gas temper-

ature decreases to 310 K which is practical for thermo sensitive biomaterials.

The deposition process, based on the plasma polymerization of organosilicon

films in chapter 5, is performed on Si wafers. The substrate is cleaned with ethanol

in ultrasonic bath for 20 minutes and dried before the deposition. The atmospheric

pressure DC plasma generated in N2 with admixing of O2 and TMDSO as the

organosilicon precursor is used for the deposition. The thickness of the films in

this work is 700 nm. Silver nanoparticles (Sigma Aldrich) of 100 nm size with

a purity of 99.5% (trace metal basis) are used through experiments as purchased.

The independent N2 flow is passing through an AgNPs feeding module which is a

narrow tube filled with silver nano-particles used for the introduction of nanopar-

ticles into the plasma reactor. It has to be noted that in first step we also tried

to use suspension of AgNPs in 3 different solvents (H2O, ethanol, TMDSO) with

Figure 6.1: (a) Scheme representing the atmospheric pressure plasma deposition system
for nanocomposite films manufacturing and (b) temperature distribution in the
afterglow of the plasma system obtained with emission spectroscopy.
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ultrasonic atomization but the using of solvents leads to very low concentration of

AgNPs in the films and also high concentration of solvent in the feed gas made the

plasma unstable with high gas temperature. Correspondingly, in the present work

the system with powder of AgNPs inside of container is used through the all exper-

iments. This system is very reliable, cheap and provides a high flow of particles in

the plasma zone so high content of AgNPs can be obtain in the deposited film. In

order to prevent agglomeration of AgNPs only dry N2 with 0% humidity is used in

the system. The amount of AgNPs is controlled by a flow rate of the gas passing

the tube. In following sections, sample 1, sample 2, sample 3 and sample 4 are

corresponding to the thin films deposited with a gas flow rate passing the AgNPs

feeding module at 100 sccm, 500 sccm, 1000 sccm and 1500 sccm, respectively.

6.2.2 Film characterization

The top surface chemistry of the films is determined by X-ray photoelectron spec-

troscopy (XPS) on a Versaprobe II system as described in section 3.3.3. The pres-

sure in the analyzing chamber is maintained below 10−7 Pa during analysis and the

diameter of the analyzed area is 100 μm. Survey (0-1100 eV) and high resolution

spectra are recorded at a pass energy of 117.4 eV and 29.35 eV respectively.

Figure 6.2: Schematic diagram of the experimental set-up for RF-GD-OES

The silver content of the nanocomposite samples and the depth profile is in-

vestigated by glow discharge optical emission spectroscopy (GD-OES) using a

Grimm-type glow discharge source powered by a radio frequency (RF) power sup-

ply (Advanced Energy Cesar, USA). The scheme of the GD-OES setup is shown

in figure 6.2. Argon is used as working gas. After introducing a sample to the

sample stage, the chamber is pumped to 10−3 mbar and then flushed by argon for

3 min to eliminate the background gases. The plasma is generated in 2 mbar argon
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atmosphere at a power of 40 W. The emission spectra are collected by a spectrom-

eter (Ocean Optics S2000, USA) with a resolution of 0.2 nm. The calibration is

done by measurement of a set of standard samples with known Ag content.

SEM analysis is performed in order to investigate the morphology of AgNPs

in the samples. The samples are Au coated with a Baltec SCD005 Sputter Coater

(Bal-Tec AG, Principality of Liechtenstein) in order to avoid a charge effect. The

deposited films are studied by a FEI XL30 scanning electron microscope (FEI,

Netherlands) equipped with a LaB6 filament and with an energy dispersive X-ray

spectroscopy detector (EDAX, The Netherlands).

6.2.3 Antibacterial assay

The antibacterial tests are performed with cultures of Escherichia coli (E. coli,
ATCC 25922) and Staphylococcus aureus (S. aureus, ATCC 25923). The antibac-

terial activity of AgNPs was evaluated with Mueller-Hinton (MH) agar disc diffu-

sion and macrodilution method. Test solution with 0.5 McFarland (approx. 1.5 ×
108 CFU/ml) is used as a standard of turbidity for E. coli and S. aureus strains. All

tests are repeated 3 times for statistical averaging.

6.3 Results and Discussion

As known, plasma film deposition starts with chain breaking and dissociation of

monomer molecules of the precursor and thereby creating radicals. These radicals

recombine with each other, form cross-linking structures and finally are deposited

on the substrate. In the present study we used a mixture of TMDSO with O2

resulting in the composition of the film close to inorganic SiO2. In chapter 5, it

was shown by XPS and FTIR measurements that deposited films without AgNPs

consists of < 55 % of O. The deposition rate can be controlled by the oxygen

content in the feed gas and can be varied from 172 nm/min (no O2) up to 450

nm/min (60 sccm O2) due to effective monomer decomposition by the plasma.

In previous experiments we observed formation of white micro-particles on the

surface of the deposited film at an O2 concentration in the feed gas higher than 60

sccm. Therefore, the flow rate of O2 has been fixed at 20 sccm in this work. The

concentration of TMDSO, O2, flow rate and plasma power are fixed through all

the experiments and allows manufacturing the coating at 350 nm/min deposition

rate on Si.
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6.3.1 Chemical composition of the film
6.3.1.1 XPS measurement

XPS technique, which uses an electron beam to probe 1-10 nm of surfaces, is

mostly used for identification of component elements, and is also used for analysing

the chemical state of atoms. In this work, it is used to investigate the chemical con-

stituents of the films at the top surface within 10 nm. Figure 6.3 presents the XPS

spectra for a control film without AgNPs and two nanocomposite films fabricated

at different feeding conditions. The survey spectrum indicates that the control film

is composed of oxygen, carbon and silicon with corresponding XPS peaks O1s,

C1s, Si2s, and Si2p and no N signal is detected even though N2 plasma is used for

the deposition.

Figure 6.3: Survey spectra of the control sample and 2 nanocomposite films (a); a decon-
volution of Si2p peak for the control sample (b). The binding energies are ref-
erenced to C1s (285eV).

With the introduction of AgNPs into the plasma, the characteristic doublet peak

of Ag3d is observed in the XPS survey spectra shown in figure 6.4. In the figure, it

is shown that with the increase of gas flow rate from 100 sccm (sample 1) to 1000

sccm (sample 3), the intensity of Ag3d peak increases which indicates that the con-

trol of AgNPs co-deposition can be achieved by variation of gas flow rate through

the feeding module. The high resolution spectra of the Ag3d peaks reveal that the

binding energies of Ag3d5/2 and Ag3d3/2 of the silver nanoparticles are between

367 eV and 370 eV and between 374 eV and 375.5eV, respectively. A spin-orbit

separation of Ag3d5/2 and Ag3d3/2 peaks is 6.0 eV indicating the presence of
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metallic silver nanoparticles in the film. The energies are in good agreement with

the reported values for the binding energies of silver nanoparticles [203]. While

comparing to the binding energy of Ag3d5/2 for bulk metal Ag at 368.2 eV, a

positive chemical shift observed for Ag3d5/2 suggests that silver nanoparticles are

oxidized during the deposition process. According to [333], the peak of Ag3d5/2

at 367.8 eV can be deconvoluted into two components: Ag metallic and AgO at

binding energy of 368.5 eV and 367.7 eV, respectively. The analysis of the de-

composed Ag3d peak in figure 3 (a) reveals that the AgNPs embedding in the film

consists of about 82% of Ag and 18% of AgO. It is also confirmed by the peak shift

of O1s from 531.6 eV in the control film to 532.2 eV in the nanocomposite films

presented in figure 6.4 (b) which is attributed to oxidation of silver. Therefore, the

silver nanoparticles embedded in the films consist of metallic silver at the core and

the surface of AgO. The atomic concentration of elements in the control film and

in the nanocomposite films is presented in Table 6.1. As one can see, the element

percents exhibit slight different between the control samples in table 6.1 and the

sample in table 5.2 with 20 sccm of oxygen and 22.5 W discharge power. This can

be explained by the change of deposition environments, from a pure nitrogen back-

ground in chapter 5 to an open space deposition background in this work. With

introduction of AgNPs into the process, the films present the increasing content of

oxygen that raise from 46.1% to 63.5%, and the decrease in carbon content that

declines from 26.7% to as low as 4.3%, indicating that silver is prone to oxidation

process.
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Figure 6.4: (a)High resolution XPS spectra of Ag3d with respective deconvolution of
Ag3d5/2 peak;(b) the comparison of high resolution spectra of O1s between
the control sample and a nanocomposite sample

Unfortunately, the results of XPS measurements of Ag content in the films are

strongly dependent on the distribution of nanoparticles inside the film. The e-beam

of XPS machine is used to probe 1-10 nm of the surface and therefore, the con-

centration of nanoparticles with a size of 100 nm obtained by XPS can undergo

high underestimation, as mentioned elsewhere [203]. Moreover, measurement of

a depth profile of the composite films by combining a sequence of ion gun etch
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Ag Si C O

[at.%] [at.%] [at.%] [at.%]

control 0 25.7 29.8 44.5

Sample 1 0.4 26.8 26.7 46.1

Sample 2 2.0 28.6 12.2 57.2

Sample 3 4.3 27.5 6.9 61.3

Sample 4 7.6 24.6 4.3 63.5

Table 6.1: Atomic percentage of the different samples.

cycles alternated with XPS measurements is accompanied by unavoidable and un-

controllable “matrix effect” because of the high energy of sputtering ions (typi-

cally 3-5 keV) in the XPS device [334]. ”Matrix effect” can result in the removal

of an entire nanoparticle during sputtering step, leaving a cavity on the surface for

the next XPS measurement step which makes analysis of results difficult or even

impossible.

6.3.1.2 GD-OES measurement

One way to overcome the limitation of XPS method due to ”matrix effect” is the

use of glow discharge optical emission spectroscopy (GD-OES) [335]. In the GD-

OES, the plasma is initiated when a high potential is applied between the elec-

trodes. The scheme of the technique is presented on figure 6.5. The positive ions

(argon ions in the setup) are attracted toward the sample surface, strike the sample

surface with an energy of 10-50 eV and cause the release of surface material into

the gas phase. Upon entering the gas phase environment of the glow discharge,

the sputtered materials are excited by the plasma. Finally, the excited atoms or

ions come back to the fundamental energy level, and emit a characteristic pho-

ton. The emitted photons, whose energy is characteristic for a chemical element’s

energy level, are then collected by a spectrometer. This allows to quantify the el-

emental composition of the material. In comparison with XPS, which measures

the sample surface, RF-GD-OES is based on the detection and quantification of

sample species within the plasma. Among the advantages of the GD-OES are the

simplicity of the technique and the low cost of the analysis.

As shown in the spectra by figure 6.6, emission bands around 337.1 nm and

336 nm are due to the emission from background reactions of nitrogen second

positive system N2(C-B) and the transition of NH(A-X), respectively. A compari-

son between the control sample (without AgNPs introduced into the layer) and the

composite layers (with AgNPs introduced into the film) indicate the existence of

two new emission lines for the hybrid samples, at 328.1 nm and 338.3 nm, respec-

tively. These lines appear due to the transition of 5p → 5s for silver ions (Ag I).

According to the mechanism of the RF-GD-OES, the silver emission lines indicate
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Figure 6.5: Diagrammatic sketch of the mechanism in the GD-OES

the presence of silver in the hybrid films. Because of a higher transition probability

and stronger emission, the emission at 328.1 nm is considered for further analysis.

Due to high rate of the sputtering during GD-OES measurement, the intensity of

the Ag signal as a function of the sputtering time can be used to characterize the

depth distribution of Ag in the films.

Figure 6.6: Emission spectra of RF-GD-OES. The control sample was obtained without the
introduction of AgNPs. The sample were deposited with 1000 sccm flow rate of
carrying gas.

Therefore, time-resolved measurements of Ag I line at 328.1 nm during the

sputtering of the target are used in order to measure the depth profile of AgNPs

in the deposited films. The results for two samples are shown in figure 6.7 where

increase of the signal at first 60 s is believed to be time required for gas heating

and formation of a sputtering crater. A GD-OES experiment consists of two steps:

a) formation of the sputtering crater, heating of sputtering zone and heating of the

working gas and b) uniform sputtering of the material from the crater. As widely
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Figure 6.7: The intensity of Ag I line at 328.1 nm as a function of process time. Background
pressure 2 mbar, discharge power 40 W.

accepted, only the results from the second step can be used for the characterization

of elements distribution in the sample [335]. Therefore, only signal intensity after

delay time of 60 s is used in the paper for analysis of Ag distribution. The stable

emission intensity after the initialization period demonstrates a uniform distribu-

tion of silver in both samples. We would like to note that in GD-OES experiments

the size of analyzed surface is about 20 mm2 and so the method is not sensitive

to presence of clusters of μm size in the film. The method gives a space averaged

value of Ag distribution.

In GD-OES, the emission intensity of an atomic line is proportional to the

product of the concentration of the corresponding element of the sample. For a

recorded signal, the emission line from element i is given by [335]:

Ii = kiSiRiciqi + bi (6.1)

where ki is the instrumental detection efficiency, Si is the correction for self-

absorption, Ri is the emission yield, ci is the content of element i, qi is the sput-

tering rate, bi is the background term.

The emission of Ag I presented in figure 6.7, is used to determine the silver

content in the films after the calibration. The calibration is made by means of the

use of samples with known density of Ag. Ag content of tested samples is given

in figure 6.8. As we can see, the concentration of silver in the matrix increases

gradually with the rise of feeding gas flow rate, which provides a convenient way

to control the composition of the films. Moreover, the content of silver which is a

key factor that determines the antibacterial activity of the coating can reach 32%,
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Figure 6.8: The results of silver content in the samples using GD-OES with absolute cal-
ibration by standards. The used emission line is at 328.1 nm, chamber back-
ground pressure 2 mbar.

which is higher than that provided by other methods.

6.3.2 The morphology of films and AgNPs distribution

A series of SEM images in figure 6.9 shows the morphology of nanoparticles in the

films. For a low feeding gas rate in the process as shown in figure 6.9, AgNPs are

separated and homogenously embedded into the matrix. The size of the particles is

about 100-500 nanometer. Figure 6.10 is an example of a high resolution image of

single cluster from the sample 1. As we can see, the cluster has a dimension of 700

nm and consists of small particles which have a diameter of about 200 nm. SEM

images confirm slight aggregation of nanoparticles in the clusters. Meanwhile, it

is also shown that the clusters are separated quite well from each other. With the

increase of feeding flow rate to 500 sccm and 1000 sccm the amount of AgNPs

on the top of the coating grows gradually with the formation of bigger clusters i.e.

figure 6.9 (b) and (c). Further increase of the feeding flow rate to 1500 sccm leads

to significant aggregation and results in the formation of clusters up to several mi-

crometers in size as shown in figure 6.9 (d). Clusters area analysis is presented

in figure 6.11. For the samples with less than 15% content of Ag that deposited

with low feeding flow rates, the clusters area is smaller than 10 μm2. However,

for the content of Ag higher than 30% formation of large area agglomerates is ob-

served. The SEM image of a typical cluster (from sample 3) and corresponding

EDX spectrum are presented in figure 6.12. As shown in figure 6.12 (a), the clus-
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ters are formed by an aggregation of small spherical particles with a diameter of

around 1 μm which is ten times larger than the size of the nanoparticle used in the

work. The structure of outer shell of particles has many small cracks and pores

which are believed to provide the way for Ag+ to be released from the films. The

EDX analysis (figure 6.12 (b)) revealed that core of the clusters consists of AgNPs.

Moreover, the EDX mapping in figure 6.12 (c) further confirms presence of silver

only in clusters. EDX mapping of O in figure 6.12 (d) shows that the intensity of

O is much stronger in the clusters than that at the surrounding film. This can be

explained by oxidation of AgNPs which is in accordance with XPS result.

Based on XPS and SEM results a diagram of the processes occuring during

plasma deposition process is presented in figure 6.13. In the plasma region the

precursor molecules are dissociated in a chain of collisions with active species

formed by the discharge. When AgNPs are introduced, they are oxidized by atomic

O formed in the plasma and concurrently TMDSO fragments are recombined on

their surface which results into the film growth directly on AgNPs. As soon as

AgNPs have been completely covered by silicon oxide, no further oxidation of

Ag is possible. Nanoparticles and clusters at various sizes are transported by the

gas flow together with active species in the discharge afterglow where particles

and fragments continue deposition process leading to the formation of large and

Figure 6.9: SEM image of nanocomposite films embedding various contents of AgNPs: fig-
ure (a), (b), (c), and (d) are corresponding to sample 1, 2, 3 and 4, respectively.
Accelerating SEM voltage 2 kV.



CHAPTER 6 107

Figure 6.10: high resolution SEM image of a typical cluster embedded in the samples.

Figure 6.11: Clusters analysis of the SEM results for silver containing films. Isolated clus-
ters of area larger than 30 μm2 are still observed for the sample 4 (not shown
on the figure).

irregular clusters. As mentioned above, the coating of AgNPs has a number of im-

perfections (cracks, pores, open places), hence the release of Ag ions is possible

from the films by controlling the process through changing the deposition param-

eters. Two parameters are expected to significantly affect the imperfections in the
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Figure 6.12: SEM results and the corresponding EDX mapping of a typical cluster. Accel-
erating SEM voltage 8 kV. Presence of Au is due to pre-coating of samples with
gold performed in order to suppress the charge effect.

coatings of AgNPs: the total gas flow and the plasma discharge power. The total

gas flow rate determines the residual time of AgNPs inside of the plasma region,

thus determining the deposition of silicon oxide on the AgNPs, and therefore con-

trolling the capability of silver release. The discharge power can be used to control

the temperature gradient between the plasma region and the afterglow which is re-

sponsible for a thermal stress on the surfaces of the particles. This leads to the

generation of imperfections due to the breaks of the film.

6.3.3 Antibacterial assay

The antibacterial properties of the nanocomposite films based on AgNPs are as-

sessed with E. coli and S. aureus as the representatives of Gram-negative bacteria

and Gram-positive bacteria, respectively. Standard procedure of disk diffusion

method with 19 hours incubation of MH agar plates was shown to be not repre-

sentative for tests of the films due to the high concentration of bacteria and long

release time of Ag ions from the films. So, the test procedure has been adapted

in the present work by macrodilution method by making bacterial suspension of
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Figure 6.13: Schematic diagram of the atmospheric pressure plasma deposition process
with AgNPs.

isolated colonies selected from MH agar plate in saline solution to lower concen-

tration. Specifically, the test solution of 0.51 McF ( 1.5 × 108 CFU/ml) for E. coli
and 0.50 McF for S. aureus is diluted with sterile saline to concentration of about

103 CFU/ml. The bacterial solutions were incubated for 19 hours at 37 oC and

100 μl from each solution were spread on three MH plates. The bacterial colonies

were counted the next day. The same procedure is used for the plasma deposited

films which are immersed into the bacterial solution before incubation.

The results of the test for the case of film with 6.7% AgNPs load are presented

in figure 6.14. As expected the antibacterial effect is increased with the increasing

of AgNPs content in the films. For all tested films higher reduction of E. coli was

observed. At very low bacterial concentration only 5.6 times reduction of E. coli
was found and with increase of AgNPs load in the film to 15.4% the plates did not

exhibit any growth after the incubation. The S. aureus bacterium has shown higher

resistance against silver. Even with high load of AgNPs the CFU reduction was

80 times, which shows lower efficiency of Ag against Gram-positive microorgan-

isms. The observed effect of higher resistance of Gram-positive S. aureus versus

E. coli is in agreement with results of others [336, 337]. It was suggested that the

antimicrobial effects of AgNPs could be associated with characteristics of certain

bacterial species [338]. The lower efficacy of the AgNPs against S. aureus derives
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Figure 6.14: Schematic diagram of the atmospheric pressure plasma deposition process
with AgNPs.

from the differences in cell wall structure and permeability compared with E. coli,
but still, the effect is distinguishable even for S. aureus [336].

Figure 6.14 Visual representation of antibacterial test results of E. coli and S.
aureus: (a) Control plate with E.coli; (b) plate with E.coli and the sample with

6.7% concentration of AgNPs in the film; (c) Control plate with S. aureus; (d)

plate with S. aureus and the sample with 6.7% concentration of AgNPs in the film.

Distinctive capabilities to deposit thin films on various substrates (such as silicon

wafers, soft materials, polymers and metals) at atmospheric pressure plasma with

no limitation on dimensions makes it a promising strategy for functionalization of

biomaterials.
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6.4 Conclusions
Nanocomposite organosilicon thin films with incorporation of AgNPs have been

fabricated using original atmospheric pressure plasma process. It is shown that

control of morphology of AgNPs in the films can be achieved by variation of Ag-

NPs feeding rate. Silver content in the films can be controlled from few percent

to more than 30%. Particles growth from nanosize to big clusters in deposited

films is proposed to be due to aggregation of AgNPs and deposition of organic

fragments during deposition. Antibacterial assays of films performed by macrodi-

lution method using E. coli and S. aureus strains demonstrate antibacterial activity

of deposited coatings. The developed method of plasma co-deposition at atmo-

spheric pressure can be applied as a low cost substitution for processes done under

vacuum conditions for various medical materials ranging from metallic to polymer

surfaces providing a new class of antibacterial coatings.





7
Preparation of antimicrobial

nano-silver non-woven fabric via an

atmospheric pressure plasma

deposition process

7.1 Introduction

In chapter 5 and chapter 6, non-equilibrium plasma jet has been employed for de-

position of organosilicon films and nanocomposite films on silicon wafer or poly-

mers, which have a simple flat surface. In practical applications, however, many

materials with more complex topology structures, like non-woven materials, have

been widely used. Non-woven polyethylene terephthalate (PET) has been used

in a wide range of applications due to its outstanding characteristics such as ex-

cellent mechanical strength and good chemical stability [339]. In recent years,

a lot of attention has however been paid to achieve more multifunctional perfor-

mance of PET fabrics, especially in the health and hygienic field. For this purpose,

PET fabric treated with antimicrobial agents has been extensively studied and re-

sults indicate capability of preventing pathogenic microorganisms growth, such as

bacteria, fungi, algae,. . . [340–342]. Incorporation of nanosized inorganic com-

pounds, such as silver nanoparticles and copper nanoparticles, which are character-

ized by strong antibacterial activity at low concentration due to their high surface

area to volume ratio and unique chemical and physical properties, becoming a new
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strategy for improving antibacterial activity because of their pronounced biocidal

activity and higher stability under extreme conditions [328].

In the past, different strategies have already been proposed and investigated

for incorporation of silver nanoparticles on a fabric. Deposition of a metallic sil-

ver film on PET fabrics has been studied using magnetron sputtering and an ion-

beam-assisted deposition process [343–345]. Dipping-pad-drying for silver finish-

ing of non-woven fabrics using colloidal silver have also been applied [346, 347].

Some of the above mentioned methods are however based on reactions in liquid

medium and require surfactants, reducing agents or templates for the synthesis

of silver nanoparticles, resulting in inevitable presence of impurities in the final

products [348]. Moreover, due to poor adhesion between organic fabrics and inor-

ganic particles caused by their difference in surface energy, surface modification of

fabrics or nanoparticles is important or even essential when incorporating nanopar-

ticles [349]. In addition, weakly bonded AgNPs will affect antibacterial efficiency

and even cause potential cytotoxicity [331]. The film deposition method on non-

woven fabrics with immobilized antimicrobial nanoparticles is of great interest but

has not been tested before. Plasma polymerization is a very promising deposition

technique because of environmental safeness, sustainability and high deposition

rate coupled with good film adhesion to different substrates. Moreover, materi-

als with various topology structures, flat or complex 3D objects, can be used as

substrate.

In this chapter, PET non-woven fabrics with antimicrobial properties will be

produced by firmly immobilizing silver nanoparticles via a double layer of plasma

deposited organic films. In order to have a better understanding of the capabil-

ity of the proposed process, chemical composition and morphology of silver dec-

orated fabrics will be characterized by X-ray photoelectron spectroscopy (XPS)

and scanning electron microscopy (SEM) respectively. Antimicrobial activity of

the samples will also be tested against common pathogenic microorganisms.

7.2 Experimental details

7.2.1 Plasma jet deposition system

The plasma jet consists of a pin and a mesh electrode placed in a quartz tube

as described in chapter 4. Investigations based on optical emission spectroscopy

revealed that the nitrogen plasma contains abundant excited states of nitrogen

molecules N2(C3Πu, B3Πg , A3Πu), and ionized nitrogen species N+
2 (B2Σu, X2Σg).

A plasma jet generated in N2 (7000 sccm) with admixing of O2 (20 sccm) and

tetramethyldisiloxane (TMDSO, Sigma Aldrich) as the organosilicon precursor

has been used for the deposition of organosilicon matrix as discussed in chapter

5. The PET substrate is placed 10 mm away from the nozzle, where the gas tem-
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perature decreases to 310 K which is of practical importance for PET non-woven

fabrics. The plasma head is mounted on a robotic arm (Stepcraft 300, Germany)

in order to achieve a large scale treatment. The uniformity of the scanning process

for large area deposition has been confirmed using silicon wafers as substrate.

7.2.2 Preparation of silver loaded PET fabrics

Nano-silver non-woven PET fabrics were prepared using a three step procedure as

shown in figure 7.1. Non-woven PET fabrics (DuPont, Spain) were cut into a size

of 3 cm × 3 cm before the silver immobilization process. At first, an organosilicon

thin film was deposited on the surface of the fabrics using the plasma deposition

system. This 70 nm layer is used as a reservation layer for the silver immobi-

lization and to control the silver nanoparticles adhesion to the PET fibres. The

thickness of the reservation and barrier layers in this work was determined in the

set of independent experiments on silicon wafer as it was described in chapter 5.

In the following steps, the samples with the plasma-polymerized layer on top

were immersed into a suspension of AgNPs in ethanol and raised for drying. Silver

nanoparticles (SSNANO, USA) of 20 nm size with a purity of 99.95% (trace metal

basis) are used throughout the experiments as purchased. The color of the fabric

changed from white to gray after the incorporation of the AgNPs. In the final step

of the process, a second layer of organosilicon film was deposited using the plasma

jet system. This second layer is used as a barrier to prevent the release of AgNPs.

Two different thicknesses of the barrier layer film (10 and 50 nm) will be tested in

the present study.

Figure 7.1: Scheme of the fabrication process for nan-osilver non-woven fabrics. (1) orig-
inal sample of non-woven PET fabric; (2) plasma jet system for thin film de-
position, detail of the experimental setup is given as a supplement information;
(3) 1st step: plasma deposition of the reservation layer for silver nanoparti-
cles immobilization and to control the silver nanoparticles adhesion to the PET
fibres.; (4) prepared AgNPs dispersion; (5) 2nd step: AgNPs adhesion on the
surface of the samples by immersing into the dispersion; (6) 3rd step: plasma
deposition of the barrier layer.
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7.2.3 Surface Characterization of silver loaded PET fabrics

The surface chemistry of the samples is determined by X-ray photoelectron spec-

troscopy (XPS) on a Versaprobe II system as described in section 3.3.3. The pres-

sure in the analyzing chamber is maintained below 10−6 Pa during analysis and the

photoelectrons are detected with a hemispherical analyzer positioned at an angle

of 45o with respect to the normal of the sample surface. Elements present on the

PET surfaces are identified from XPS survey scans, which have been performed on

3 different analyzing areas (200 μm x 600 μm) per sample. The obtained elements

are quantified with Multipak software using a Shirley background and applying

the relative sensitivity factors supplied by the manufacturer of the XPS instrument.

Multipak software is also applied to curve fit the high resolution C1s peaks after

the hydrocarbon component of the C1s spectrum (285.0 eV) is used to calibrate

the energy scale. In a next step, the peaks were deconvoluted using Gaussian-

Lorentzian peak shapes and the full-width at half maximum (FWHM) of each line

shape was constrained between 1.3 and 1.8 eV.

SEM analysis is performed in order to investigate the morphology of the Ag-

NPs in the PET samples. The samples are Au coated with a JFC-1300 Auto Fine

Coater (JEOL, Belgium) in order to avoid charge effects. After applying the gold

coating, the PET fabrics are studied with an InTouch Scope JSM-6010 SEM device

(JEOL, Belgium).

7.2.4 Antimicrobial efficiency of the silver loaded PET fabrics

In order to evaluate the bactericide activity, all those materials have been tested

through a method of standard antibacterial dilution test with protocol introduced in

section 3.4.1. Since different microorganisms have been employed in this chapter,

the detail information will be presented at the corresponding sections.

7.3 Plasma polymerization on non-woven PET fab-
rics

Plasma polymerization is capable of producing ultra-thin, polymer-like layers with

a defined, regular structure on the top surface of flat materials. However, in this

work, non-woven porous materials are exposed to a plasma polymerization pro-

cess. Therefore, it is very important to study the penetration efficiency of the

plasma polymerization process through the PET non-woven after the deposition of

the first organosilicon layer. For this purpose, plasma polymerized PET samples

are examined with XPS on two sides: the top side which is directly exposed to the

plasma and the bottom side, which is in close contact with the sample holder.
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Samples C [at.%] O [at.%] Si [at.%]

Raw fabric 73.4 ± 0.7 26.6 ± 0.8 0

Top side of treated sample 24.4 ± 0.8 54.0 ± 0.7 21.6 ± 0.6

Bottom side of treated sample 25.1 ± 1.1 53.4 ± 0.9 21.4 ± 0.7

Table 7.1: Atomic composition of raw fabric, top side and bottom side of treated samples.

The atomic composition of the untreated and the plasma treated PET non-

woven fabric is determined using XPS and is shown in table 7.1. The raw fabric

is composed of 73.4% carbon and 26.6% oxygen. For the samples after plasma

polymerization, the surfaces on the top and bottom sides show the same compo-

nents: carbon, oxygen and silicon. It is noteworthy that the concentrations of the

elements on both sides are almost identical. Thus, the plasma clearly penetrates

into the structure of the fabric and plasma deposition can be achieved in the non-

woven bulk as well as on the bottom side of the fabric. This can be explained

by the efficient transfer of active plasma species and monomer’s fragments by the

vertical gas flow along the plasma jet.

Figure 7.2 shows the C1s spectra and Si2p spectra of the raw fabric and the

top/bottom side of the plasma treated PET non-woven. These high resolution XPS

spectra can be utilized to analyze the chemical state of the elements present on the

surfaces. As shown in figure 7.2 (a), the profiles of the C1s peak reveal differ-

ences between the raw fabric on the one hand and the treated fabrics on the other

hand which suggests the presence of completely different bonds on the surface af-

ter plasma polymerization. The C1s spectrum of the original PET fabric can be

decomposed into three components: a component at 285.0 ± 0.1 eV due to C-C or

C-H bonds, a component at 286.5 ± 0.1 eV due to C-O bonds and a component at

289.1 ± 0.1 eV due to O-C=O bonds. In contrast, the C1s spectra of the plasma

treated samples have a completely different profile: these surfaces no longer con-

tain O-C=O bonds at 289.1 eV but do contain a small peak at 283.1 eV suggesting

the presence of Si-C bonds. These C1s spectra thus indicate that the fabric surface

has been covered with an organosilicon layer due to the plasma polymerization

process. As shown in Figure 7.2 (b), the raw fabric does not contain any Si2p

peak. However, this peak is present for the plasma polymerized samples suggest-

ing again the successful deposition of an organosilicon film on the PET fabric.

The Si2p spectra shown in figure 7.2 (b) can be deconvoluted into 4 components:

a component at 105.eV ± 0.1 eV due to (CH3)3SiO, a component at 102.2 ± 0.1

eV due to (CH3)2SiO2, a component at 102.8 ± 0.1 eV due to CH3SiO3 and a

component at 103.4 ± 0.1 eV due to SiO4 [135]. Starting from pure TMDSO,

one would expect to only observe a peak at 102.2 eV but due to the addition of a

small amount of oxygen in the discharge gas, a mixture of different silicon bonds

is present in the plasma deposited films. It is also important to note that the C1s
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and Si2p spectra of the top and bottom side of the plasma treated fabric have al-

most identical profiles confirming uniform chemical composition of the deposits

throughout the PET fabric.

Figure 7.2: (a) High resolution C1s spectra for the raw PET fabric with the top and bot-
tom side surface of plasma-polymerized fabrics. The C1s peak of raw PET
fabric has been deconvoluted considering 3 groups; (b) High resolution Si2p
spectra for the raw PET fabric with the top and bottom side surface of plasma-
polymerized fabrics. The Si2p peak for plasma treated surface has been decon-
voluted considering 4 groups.
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7.4 Preparation of nanosilver non-woven fabrics with
different barrier layers

7.4.1 Chemistry and morphology of the treated materials at
different process steps

The chemical composition of the samples in different experimental steps was an-

alyzed with XPS as shown in figure 7.3. In table 7.2, the corresponding results

are presented. In the dipping and drying step, silver has been incorporated into

the fabrics with a silver concentration of 1.9% on the surface. Oxygen and sil-

icon concentrations decrease after incorporation of the AgNPs which is in good

agreement with the observation in chapter 6. Silver concentration on the surface

is reduced to 1.1% and 0.5% after deposition of a 10 nm and 50 nm barrier layer

respectively. In our opinion, this effect is due to the blocking of the silver signal

by the barrier layer surface. It is well know that XPS can be used to study the

chemistry of the top 10 nm of a surface. As a result, one would expect to detect

no silver concentration when a 10 nm or a 50 nm barrier layer is deposited on top

of the AgNPs. However, in table 7.2, a small silver concentration is still present

on the samples with the barrier layers on top. This effect can be attributed to the

presence of cracks, pores or thin covering places on the points of AgNPs incor-

poration. While the reasons for the formation of the cracks and pores are not yet

completely clear, it could be the result of thermal stress induced during the plasma

deposition since a strong temperature gradient exists between the gas phase and

the cold substrate. The presence of those imperfections in the barrier layer can

be indirectly observed by the change of the Si signal in the XPS measurements.

In the dipping and drying step, the silicon concentration is reduced from 21.6%

to 15.2% due to the incorporation of the AgNPs. With the deposition of a 10 nm

barrier layer, the Si concentration recovered to 19.9%. This value is lower than

the value for the initial organosilicon film (21.6%) which suggests that the surface

of the AgNPs was not completely covered by the 10 nm organosilicon film and

that some imperfection areas are present in the thin barrier layer. Increasing the

thickness of the barrier layer to 50 nm causes a further increase of the silicon per-

centage to 21.1%, which is close to the initial value due to the reduction of those

imperfections. Thus, the imperfections in the 10 nm barrier layer can be clearly

detected by XPS and can be considerably reduced by increasing the barrier thick-

ness to 50 nm. Correspondingly, the thickness of the barrier layer is expected to be

a key parameter in the control of the coating performance and the release of silver

through imperfections.

Analysis of AgNPs incorporation on PET fibers was carried out with SEM.

Figure 7.4 represents the surface morphology of the samples at different fabrica-

tion steps: (a) raw PET fabric, (b) deposition of a reservation layer; (c) incor-
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Figure 7.3: Survey spectra of the PET fabrics at different process steps.

Samples C [at.%] O [at.%] Si [at.%] Ag [at.%]

Raw fabric 73.4 ± 0.7 26.6 ± 0.8 0 0

With 1st layer 24.4 ± 0.8 54.0 ± 0.7 21.6 ± 0.6 0

AgNPs incorporation 37.9 ± 0.5 45.2 ± 0.7 15.2 ± 0.8 1.9 ± 0.3

With 10 nm 2nd layer 25.3 ± 0.6 53.7 ± 1.0 19.9 ± 0.8 1.1 ± 0.2

With 50 nm 2nd layer 24.7 ± 0.4 53.8 ± 0.8 21.1 ± 1.0 0.5 ± 0.1

Table 7.2: Atomic composition of the samples at different experimental steps and with vari-
ation of barrier layer thickness.

poration of AgNPs; (d) deposition of a barrier layer (50 nm). SEM figures with

two different magnifications, i.e. × 1000 and × 10000, are presented on the left

and right side respectively. The raw PET fabric consists of fibers with an average

diameter of approximately 10 μm having a smooth surface as shown in figure 7.4

(a). After being treated with the first plasma deposition process (figure 7.4 (b)), the

surface of the PET fibers is completely covered by a film. Figure 7.4 (c) is made

after the dipping and drying step. Magnification of the surface reveals successful

incorporation of silver particles on the fibers with a diameter of approximately a

few tens of nanometers. A dramatic change of the surface morphology is observed

after the barrier layer deposition. The surface of the PET fibers shown in figure

7.4 (d) is more smooth, which indicates the covering of the incorporated particles

by a new film layer.
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Figure 7.4: SEM images of the samples at different preparation steps. Two sets of SEM
images with magnification of ×1000 (acceleration voltage:15 kV) and × 10000
(acceleration voltage 10 kV). (a) SEM images of original PET fabric; (b) the
fabrics with a reservation layer, (c) the fabric after incorporation of AgNPs
(labeled by some arrows on the image with ×10000 magnification), (d) the
fabric with a 50 nm barrier layer.
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7.4.2 Antimicrobial efficiency of the treated PET materials

To test the antimicrobial efficiency of the PET fabrics, the following test organisms

were used: Pseudomonas aeruginosa (P. aeruginosa) ATCC 9027, Staphylococcus

aureus (S. aureus) Mu50 and Candida albicans (C. albicans) SC5314, which are

corresponding to a gram-positive bacteria, a gram-negative bacteria and a fungus

respectively. P. aeruginosa infections are a serious problem in patients hospitalized

with cancer, cystic fibrosis and burns; with high fatality rates [350]. P. aeruginosa
is naturally resistant to a wide range of antibiotics. S. aureus is a pathogenic mi-

croorganism causing many diseases such as toxic shock syndrome, superficial skin

lesions, deep-seated infections and is the leading overall cause of hospital acquired

(nosocomial) infection of surgical wounds [350]. Moreover, it is resistant to a great

number of antimicrobial agents [351]. C. albicans is the most common cause of

opportunistic fungal infections and it can cause infections that range from super-

ficial infections of the skin to life-threatening systemic infections [352]. Since all

of the three microorganisms are considered as common potential pathogens for in-

fections, those three aforementioned microorganisms were selected for evaluation

of the antimicrobial efficiency in this research.

Before the assay, all samples were sterilized by a 30 minutes UV exposure.

The microorganisms were grown on Tryptic Soy Agar (TSA) (Oxoid, Drongen,

Belgium) (P. aeruginosa and S. aureus) or Sabouraud agar (Sab) (BD, Franklin

Lakes, NJ) (C. albicans) under aerobic conditions at 37 oC. Using a sterile forceps,

the samples were placed in the wells of a 24-well microtiter plate and subsequently

1 ml of the cell suspension, containing approx. 104 colony forming units (CFU)/ml

was added. The plates were incubated for 24 h at 37C. Following incubation, the

samples were transferred to 10 ml 0.9% (w/v) NaCl and subjected to three cycles

of 30 s vortex mixing and 30 s sonication. Tenfold serial dilutions were made

in 0.9% (w/v) NaCl and the number of CFU was determined by plate counting.

To this end, one ml of each dilution was plated on TSA or Sab and the plates

were incubated at 37C for 48 h. Percent reduction of organisms which indicates

biostatic efficiency resulting from contact with the sample was determined using

the formula 3.2. The control samples in this section are corresponding to samples

with the deposition of the first film layer.

The antimicrobial properties of the samples were tested against P. aeruginosa,

S. aureus and C. albicans. Initial sample with a 70 nm organosilicon film hav-

ing no antimicrobial activity was used as a control. Antimicrobial capability of

the treated PET fabrics without a barrier layer and with a 10 nm and 50 nm barrier

layer is shown in figure 7.5. All samples with AgNPs exhibit antimicrobial activity

against the three microorganisms, which clearly indicated that the growth of mi-

croorganisms in medium was affected by the presence of AgNPs. All treated PET

fabrics show higher efficiency against S. aureus and lower against P. aeruginosa,

which is in agreement with the results on commercially available silver-containing
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dresses [353]. The samples with AgNPs but without a barrier layer have shown

highest reduction of more than 90% of S. aureus and C. albicans and 80% of P.
aeruginosa. Presence of the barrier layer results in a decrease of the antimicro-

bial efficiency to almost 50% reduction in the case of a 50 nm barrier layer. Such

a strong effect of barrier layer can be linked to the way how AgNPs induce the

antimicrobial effect.

Figure 7.5: The reductions of the bacteria with the control sample, the treated sample with
a 10 nm barrier layer and the sample with a 50 nm barrier layer against three
microorganisms.

At present, the exact mechanism of antimicrobial activity of silver is not clear.

The release of silver ions is believed to be the main contribution to the effect.

Ionic silver has a strong affinity to electron donor groups in biological molecules

containing sulphur, oxygen or nitrogen. It is therefore able to bind to thiol (-SH)

groups in enzymes, and inactivates them and destroys cell membranes as well

[354]. The DNA replication could also be inactivated due to the interaction with

silver ions, as suggested by Thiel and Jung [355, 356]. It is well-known that silver

nanoparticles can be oxidized after contact with the surrounding aqueous medium,

either at the material-liquid interface or after water uptake by the polymer matrix.

This results in the generation of silver ions, which diffuse to the liquid medium

through the barrier layer, as shown in figure 7.6. On the scheme the first layer,

the reservation layer, is used for AgNPs immobilization and to control the silver

nanoparticles adhesion to the PET fibres. The second layer, the barrier layer, is

used for precise control over the release of silver ions. The generation of silver

ions is proposed as 2 steps processes through silver oxidation.

For the sample without the barrier layer, AgNPs on the materials have suffi-
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Figure 7.6: Scheme of silver ions generation and diffusion into a liquid medium.

cient contact with the medium. Therefore, they can provide a fast release of silver

ions into the medium and exhibit the strongest antimicrobial activity against mi-

croorganisms. When a barrier film is deposited, the direct contact between AgNPs

and the medium is hampered and the release of silver ions from AgNPs is reduced.

In this case, the Ag+ release is only possible through small cracks and pores in the

barrier layer as it was shown in chapter 6. Moreover, the thickness of the barrier

layer significantly influences the antimicrobial efficiency which is in contrast with

work of Polux et al [357]. In their study, a heptylamine (HA) matrix was used for

the loading of AgNPs and it showed that the thickness has no significant effect on

the release of Ag ions due to the nanoporous morphology structure of HA, which

enables Ag ions to diffuse through it freely. In the plasma deposition experiments

performed in our work, increasing the thickness of barrier layers leads to a reduc-

tion in the number of cracks and pores in the organosilicon matrix which can be a

way to control antimicrobial efficiency and to obtain prolonged antibacterial effect

in the end-user product.

Additionally to the control of the antibacterial efficiency through deposition of

a barrier coating, it is also of crucial importance for applications to avoid any re-

lease of AgNPs during the life time of the textiles and/or under mechanical stress

which occurs during wearing and washing of articles. The efficiency of the pro-

duced PET samples under mechanical stress will therefore be examined in detail

in the following section.

7.4.3 Antimicrobial efficiency under mechanical stress

As mentioned, direct contact of AgNPs with cells should be completely avoided

due to their potential toxicity. Cytotoxic effect of silver nanoparticles is medi-
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ated by the generation of oxidative stress resulting in a wide variety of physiologic

and cellular events including stress, inflammation, DNA damage and apoptosis.

In order to have those toxic effects, silver nanoparticles have to penetrate mem-

brane and react with organelles, such as mitochondria. In our approach, the fixing

AgNPs inside the coatings prevent the nanoparticles-cells reactions and further in-

tracellular impact can be avoided. Therefore, we expect that the cytotoxicity of

silver nanoparticles in the nanocomposite film is reduced. In this part, the durabil-

ity of incorporated AgNPs in the materials is evaluated through a washing test of

the samples after 1, 3, 5 and 10 washing cycles for 40 minutes each in a 200 ml

of deionized water. All the samples were dried after washing in a vacuum prior to

analysis. Figure 7.7 shows silver concentration on the top surface of three different

samples after several washing cycles. The concentration shown in figure 7.7 is the

average of 9 different locations on each sample. For the samples without a barrier

layer, the silver concentration dramatically fluctuated with washing cycle. The in-

teresting fact is that the concentration shows a steady rise to more than 3% for the

first 3 washing cycles. Further washing processes lead to the reduction of silver

concentration to about 1.3% and 0.4% after 5 and 10 washing cycles respectively.

Figure 7.7: Silver concentrations of the samples after mechanical washing cycles. The sil-
ver contents were performed using the average of 9 different locations on each
sample by XPS technique.

The effect at the beginning of washing can be explained by loosening of fibers

in the non-woven structure and fast desorption of physically absorbed particles

with migration from bulk of the material to the surface. Correspondingly, the
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Figure 7.8: Antimicrobial activities of samples (without a barrier layer, with a 10 nm bar-
rier layer and a 50 nm barrier layer.) after mechanical washing cycles against
(a) P. aeruginosa; (b) S. aureus; (c) C. albicans.

increase of Ag signal in XPS analysis for the material without barrier layer is

attributed to the release of free AgNPs. The reduction of silver concentration in

the following washing cycles is due to the loss of nanoparticles absorption on

fibers surface and spreading in the water. In samples without barrier layer, silver

thus exhibits non-uniform kinetics of release at the first 5 washing cycles. This

confirms the dramatic desorption and separation of AgNPs from this fabric. For the

samples with 10 nm and 50 nm barrier layers, silver concentration on the surface

has almost negligible fluctuations for all washing cycles. This conclusion clearly

proves our conceptions to the use of barrier layers to prevent any release of AgNPs

from the matrix.

The antimicrobial activity of treated fabrics with AgNPs in the absence and

presence of a barrier layer was evaluated against P. aeruginosa, S. aureus and C.
albicans after a series of washing cycles. The test results presented in figure 7.8

show that the general tendency of antimicrobial reduction is in perfect agreement

with the XPS measurements of silver concentrations. For the samples without a

barrier layer (orange bars in figure 7.8), a 100% reduction for the three microor-

ganisms has been achieved after the first washing cycle. According to the XPS

results in figure 7.8, this is due to a higher amount of AgNPs on the surface of the

samples. This loose physical absorption of AgNPs can even cause the immigra-
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tion of AgNPs into the bacterial suspension and result in a very high antimicrobial

effect. This effect should however always be eliminated in any application. More-

over, after 5 times of washing, the antimicrobial activity reduced significantly due

to the dramatic loss of AgNPs. For the samples with barrier layers (10 nm as blue

bars and 50 nm as pink bars), the antimicrobial activity is maintained on a con-

stant level and agrees with the XPS results, which confirms the stability of AgNPs

bonding to the fibers and the positive effect of a barrier layer.

It is expected that samples with comparable silver concentrations would have

similar antimicrobial activity. However, this is not always the case as observed

for the samples after washing tests. According to the XPS analysis (figure 7.7),

there were 0.4% and 0.5% of Ag on the samples without a barrier layer and the

samples with a 50 nm barrier layer after 10 washing cycles respectively. However,

as shown in figure 7.8, the bacterial reduction against three microorganisms of the

sample without a barrier layer (orange bars) is higher than that of the sample with a

50 nm barrier layer (pink bars). In our opinion this phenomenon can be explained

by the effect of the barrier layer preventing oxidation of AgNPs in liquid medium

and release of silver ions. For the sample without a barrier layer after 10 washing

cycles, all AgNPs on the surface were in direct contact with the medium and were

affected by oxidation during the washing process which led to a high release of

silver ions. While for the sample with a 50 nm barrier layer after 10 washing

cycles, the release channels were limited to the cracks and pores on the barrier

layer. Thus, even with comparable silver concentration on the surface for those

two samples, the bacterial reduction was lower for the sample with a 50 nm barrier

layer. Summarizing, barrier layer thickness has to be less than 50 nm if a high

level of antimicrobial efficiency is required for the samples.

7.5 Preparation of nanosilver non-woven fabrics with
various silver contents

The above section reveals that double layer immobilization of AgNPs in non-

woven fabrics using an organosilicon matrix can provide a good way to control

the release of silver ions with a high and lasting antimicrobial activity. In this

section, fabrics with various incorporated silver AgNPs will be prepared and char-

acterized. The preparation protocol is also the three-step process as depicted in

figure 7.1, but with four different concentrations of the AgNPs dispersions (con-

centration of AgNPs in ethanol: 1 mg/ml, 2mg/ml, 5mg/ml, and 10mg/ml).

The top layer of 10 nm thickness was used as a barrier to prevent release of

nanoparticles from the surface as described in section 7.4. The antimicrobial ac-

tivity of the nano-silver fabrics was tested against S. aureus and E. coli by dilution

method. The effect of silver concentration on the lag phase, the specific cell growth
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rate, and the cell concentration has been studied and discussed based on bacterial

growth curves as introduced in section 3.4.2.

7.5.1 Chemistry and morphology of the treated materials with
various silver contents

In this work, four different concentrations of the AgNPs dispersions (concentration

of AgNPs in ethanol: 1 mg/ml, 2mg/ml, 5mg/ml, and 10mg/ml) were prepared in

order to easily control the amounts of incorporated silver onto the materials. All

samples were structured by a 70 nm of reservation layer, then incorporated with

AgNPs and coved by a 10 nm organosilicon film which is serviced as a barrier

to prevent release of nanoparticles. The chemical compositions of the samples

prepared with four different concentrations of AgNPs dispersions are determined

with XPS and presented in figure 7.9.

Figure 7.9: (a) XPS survey spectra of control samples and silver treated samples, (b) high-
resolution XPS spectra of Ag3d for control samples and silver treated samples.

The XPS survey spectra acquired from the control sample and the silver treated

samples in figure 7.9 (a) reveal peaks corresponding to Si, C, Ag, and O. The in-

tensity of Ag 3d peak increases which indicates that the control of AgNPs incorpo-

ration can be achieved by the variation of the concentration of AgNPs dispersion.

The silver concentrations, determined from the XPS survey spectra of the samples

prepared with 10 mg/ml, 5 mg/ml, 2 mg/ml, 1 mg/ml AgNPs dispersions, are 7

± 0.6, 1.9 ± 0.4, 0.9 ± 0.3, and 0.1 ± 0.2 at.%, respectively. It is well known

that XPS can be used to study the chemistry of top surface within few nanometers.

The appearance of Ag signal for the samples with covered barrier layers indicates

the present of approaches for X-ray signal to reach silver. And it is believed to be

cracks, pores or thin covering layer in the place of AgNPs incorporation. The high

resolution spectra of the Ag 3d peaks in figure 7.9 (b) reveal that the binding ener-

gies of Ag 3d5/2 and Ag 3d3/2 of the silver nanoparticles are between 367 eV and

370 eV and between 374 eV and 375.5eV, respectively. A spin-orbit separation of
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Figure 7.10: SEM image of the control sample (a) and the samples treated with 1 mg/ml (b),
2 mg/ml (c), 5 mg/ml (d) and 10 mg/ml (e) of AgNPs dispersion. The arrows
on the image with × 10000 magnification indicate some AgNPs.

Ag 3d5/2 and Ag 3d3/2 peaks is 6.0 eV indicating the presence of metallic silver

nanoparticles in the film. The energies are in good agreement with the reported

values for the binding energies of silver nanoparticles [203]. While, comparing to

the binding energy of Ag 3d5/2 for bulk metal Ag at 368.2 eV, a positive chemical

shift observed for Ag 3d5/2 (at 368.1 eV) suggests that silver nanoparticles are

small oxidized in the process.

Figure 7.10 represents the SEM image of the raw samples and the samples

prepared with four various AgNPs suspensions at two magnifications, i.e. × 1000

and × 10000. The raw PET fabric consists of fibers with an average diameter of
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approximately 10 μm and a smooth surface as shown in figure 7.10 (a). Figures

7.10 (b-e) suggest the covering of the PET fabrics after the treatment. As labeled

by the yellow arrows in the high magnification figures, AgNPs were uniformly

incorporated on the PET surface.

7.5.2 Antimicrobial efficiency of the treated PET materials with
various silver contents

Antibacterial activity of the treated fabrics was tested by using macrodilution

method against Escherichia coli (E.Coli) and Staphylococcus aureus (S.aureus).

The samples were immersed in bacterial suspensions of culture (106 CFU/ml), and

then were incubated at 37 oC for 24 h to analyze the number of colony forming

units (CFU). Reduction of microorganisms R which indicates biostatic efficiency

resulting from contact with the samples was determined by the formula 3.2. The

sample with only first layer deposition was used as a control. The kinetics of bac-

terial growth in tryptic soy broth (TSB) was studied through the optical density of

cultured medium at = 600 nm as introduced in section 3.4.2.

The capability of the fabrics to prevent viable bacteria colonization was veri-

fied by plate counting technique (PCT). Figure 7.11 shows typical colonization by

E.coli and S. aureus on Mueller Hinton (MH) agar plates from the liquid medium

cultured with samples containing different amount of AgNPs. All silver treated

PET fabrics exhibited antibacterial activity against both bacteria, which clearly in-

dicated that the growth of microorganisms in medium was affected by the presence

of AgNPs on the fabrics. The numbers of survived colonies of E. coli and S. aureus
on the agar plates decreased for the samples with higher silver concentration.

The bacterial reduction of E. coli and S. aureus is presented in figure 7.12.

The trend indicates that the silver treated fabrics were more effective against E.
coli than S. aureus. A great reduction of the bacterial growth was observed on

the fabric samples prepared with 5 mg/ml of AgNPs dispersion. The reduction

rates of E. coli and S. aureus achieved 100% and 99.7%, respectively. There was

no cultivated and grown bacterium for the samples prepared with 10 mg/ml of

AgNPs dispersion.

As introduced in section 3.4.2, the growth of bacteria in liquid culture medium

should normally follow an exponential and can be divided into four major phase:

lag phase, exponential phase, stationary phase and decline phase. The growth

profiles are displayed in figure 7.13 for E. coli and S. aureus in TSB medium.

In this work, only first three phases will be discussed which provide a clue to

understand the kinetic details of the growth or inhibition [358]. Typically, the

bacterial growth curves in this work can be divided into three major phases, which

provide a clue to understand the kinetic details of the growth or inhibition [358].

Three main microbial growth kinetic parameters can be estimated : the lag time
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Figure 7.11: Photographs of E. coli colonies and S. aureus on MH agar plates incubated
with different samples: (a) control, (b-e) samples prepared with 1 mg/ml, 2
mg/ml, 5 mg/ml and 10 mg/ml of AgNPs dispersion, respectively.

(Tlag); the specific cell growth rate during the exponential growth phase (μ); and

the final cell concentration (Cf ) as suggested by Han et al. [292]. The main kinetic

parameters for growth curves are listed in Table 7.3, where a strongly correlation
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Figure 7.12: Antibacterial efficiency of the samples against E. coli (a) and S. aureus (b).

Figure 7.13: Bacterial dynamic growth curve in TSB medium with samples prepared with
different concentration of silver dispersion. (a) E. coli; (b)S. aureus.

to concentration with deposited silver was observed.

For the fabrics prepared with 1 mg/ml AgNPs dispersion, there was no change

in the lag time for two strains. The growth rate and final cell concentration of

E. coli were reduced by 16.96% and 8.82%, respectively. Conversely, the same

concentration exhibited only weak activity against S. aureus with 3% reduction in

Tlag and (μ). The increase of the concentration of AgNPs dispersion (2 mg/ml and

5 mg/ml) with deposition to the fabrics exhibited a delay in lag time For the fabrics

treated with 10 mg/ml AgNPs dispersion, the growth of E. coli were completely

inhibited, and growth of S. aureus was significantly reduced. S. aureus were more

resistant to and showed higher growth rates contrary to E. coli. The reason for this

could be found the peptidoglycan in the cell walls of Gram-positive bacteria which

provides higher cell protection for penetration of silver ions into the cytoplasm,

since it is much thicker than that in the Gram-negative ones [336]. For this reason,

the optimize dosage of AgNPs has to be deposited in order to improve performance

on new fabric against both types of bacteria.
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AgNPs Strains μ (h−1) reduction Cf reduction

dispersion of μ(%) (OD600) of Cf

Control E.coli 0.374 - 0.68 -

1mg/ml E.coli 0.311 16.96 0.62 8.82

2mg/ml E.coli 0.255 31.76 0.54 20.88

5mg/ml E.coli 0.207 44.55 0.43 36.32

10mg/ml E.coli 0.015 95.99 0.05 92.65

Control S. aureus 0.248 - 0.61 -

1mg/ml S. aureus 0.239 3.19 0.59 3.28

2mg/ml S. aureus 0.211 14.93 0.53 10.17

5mg/ml S. aureus 0.188 24.16 0.47 11.32

10mg/ml S. aureus 0.045 81.05 0.14 72.28

Table 7.3: Effect of incorporated silver on the specific growth rate and final cell concentra-
tion of E.coli and S. aureus.

7.6 Conclusions
In this chapter, antimicrobial nano-silver PET fabrics were prepared through a

three step process based on atmospheric pressure plasma deposition process. It

was revealed that plasma can penetrate through non-woven fabric structure and

that uniform double side deposition can be achieved. AgNPs were imbedded be-

tween two layers of organosilicon films: a reservation layer (1st layer) and a barrier

layer (2nd layer). Variation of the barrier layer thickness is proposed as a novel

precise method to control release of silver ions and antimicrobial activity of the

substrate. SEM and XPS results show that AgNPs can be uniformly distributed in

PET materials. Antimicrobial tests againstP. aeruginosa, S. aureus and C. albicans
revealed that samples with a 10 nm barrier layer have stronger activity than those

with a 50 nm barrier layer. Durability of silver nanoparticles bonding in the matrix

was also investigated as an important factor through washing process. Silver con-

centration in samples without a barrier layer showed significant fluctuation after

several washing cycles. This is explained by desorption of physically absorbed

AgNPs from non-woven materials and migration to the medium during washing

process. For samples with a barrier layer, however, effective immobilization of

silver in the matrix was confirmed with stability of antibacterial effect even after

10 washing cycles. Besides, control of antibacterial activity of PET fabrics is ob-

tained by variation of immobilized silver concentration in double layer coatings.

Effect of silver concentration on key microbial growth kinetic parameters, i.e. lag

time, reduction rate and final cell concentration is studied through bacterial growth

curves. Results suggest that the methods for immobilization of AgNPs and control

of silver content in non-woven fabrics might present a new route to preparation of

complex topology structure materials with high and lasting antimicrobial activity.





8
Characteristics of a planar RF

atmospheric pressure plasma source

8.1 Introduction

In the previous chapters, main focus has been put on the development of new

coatings using plasma jet process. In fact, acceptance of the new technology by

industry is directly related to possibility of upscale the system for deposition and

production of new materials on large scale. Therefore, it is crucial important to de-

velop methods to upscale the plasma system, as it is the fundamental for industrial

application of plasma deposited coatings. As overviewed in chapter 2, numerous

types of plasma jets have been developed in the past years. However, dimensions

of developed APPJs nozzles and the DC plasma jet investigated in this thesis are

mostly very small (sub-millimeter to several millimeters), which is a major draw-

back and limitation for some large-scale applications, such as surface modification

and film deposition [93–95]. To overcome this barrier, two main strategies have

been developed to obtain an up-scaled plasma jet source working in ambient air:

(1) plasma jet arrays consisting of a number of individual plasma jets, (2) plasma

jets with large cross section. The first approach can enlarge the overall dimension

of plasma jets by combining small plasma jet devices together. There are one-

dimension (1D) and two-dimension (2D) arrangements of identical plasma jets.

However, uniform treatment is difficult to achieve due to complex gas and plasma

distribution in working units of arrays [114]. Another disadvantage of the use of

plasma jet arrays is complex interaction between individual jets, as has been ob-
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served by many researchers [111]. Final point of concerns is requirement of very

high gas flow to sustain a jet array and use of multiple the power supplies or exter-

nal circuit for ignition of an array. As illustration of the problem we can consider

upscale of N2 DC plasma jet to 15 cm wide plasma source. Operation of the array

will use at least 10 jets with total gas flow of around 80 l/min and total loss of

electrical power in ballast resistors will be about 1 kW.

The second strategy to produce plasma with large cross section is mostly achieved

by enlargement of electrodes surface. Development of such new plasma source can

be considered interesting in many fields including plasma medicine and plasma

deposition. Unfortunately, current knowledge of such discharges physics is very

limited and most research on the subject has been based on optical emission spec-

troscopy (OES) and electrical measurements, e.g. Lissajous figures.

In this chapter, a barrier discharge large scale plasma source excited by RF

voltage of 13.56 MHz is developed and investigated with time resolved emission

spectroscopy, absolute spectroscopy and high speed intensified charged coupled

device (ICCD) camera. In contrast to most plasma jets, the source is characterized

by an afterglow with a width of about 30 mm, which can be easily upscaled to any

industrial demands. In this study the source is characterized by the main parame-

ters: electrons density ne, electrons temperature Te, gas temperature Tgas. Also

physics of discharge generation and afterglow formation is investigated. The aim

of study is to improve the understanding on plasma temporal dynamics in active

zone and outside afterglow, and to provide a suitable plasma source for large scale

processes including plasma deposition of antibacterial coatings.

8.2 Experimental details

Structure of the plasma device and experimental arrangement are schematically

shown in figure 8.1. The plasma device consists of two parallel planar electrodes

with a length of 30 mm. The high voltage (HV) electrode, coved by a 0.5 mm

thick dielectric material in order to prevent formation of filamentary discharge, is

connected to a radio frequency generator (Advanced Energy Cesar 133RF) through

a matching box. The ground electrode is put 2 mm away from the dielectric plate.

A compact stainless steel house is used to hold the electrodes. Argon gas with

flow rate of 8 slm is used as working gas. It is noted that the electrode assembly

was made airtight, thus preventing air leakage into the discharge region. When

RF high voltages are applied to the HV electrode and Ar is supplied to the device,

discharge is ignited and produces diffuse plasma, which can fill the entire discharge

space. Meanwhile, a brush-shape homogeneous plasma afterglow is formed in the

ambient air.

Waveforms of applied voltage and discharge current are recorded by a 4-channel

oscilloscope (Lecroy Wavesurfer 64Xs) using a radio frequency probe (SOLAYL



CHAPTER 8 137

Figure 8.1: Schematic diagram of device structure and experimental setup.

Vigilant-Sensor). Optical emission spectrum is collected by two different spec-

trometers through fiber optics. For a survey emission spectrum (250 - 850 nm), a

S2000 Ocean Optics spectrometer with moderate resolution of 0.8 nm full width

at half maxima (FWHM) is used. In order to obtain gas temperature high resolu-

tion spectra of OH (A-X) bands are measured by an Avantes 3648 spectrometer

with resolution of 0.05 nm FWHM. Discharge generation mechanism is studied

by synchronizing the detector (PMT tube or ICCD camera) with plasma discharge

current. Temporal resolved emission of two main species: OH radicals and Ar

excited 2p states is detected with Hamamatsu R928 photomultiplier tube (PMT) in

combination with a SR430 photon counter. Time resolved discharge dynamics are

also studied by use of a Hamamatsu ICCD camera (C8484). ICCD camera gating

time is synchronized to the discharge current using a delay generator (Stanford

Instrument DG535). Exposure time of the ICCD camera is fixed at 5 ns.

Figure 8.2: Schematic diagram of experimental setup for absolute OES measurements.

The optical system is absolutely calibrated with an Oriel model 63355 tungsten-

D2 lamp and corresponding plasma irradiance in Wm−2nm−1 is measured. The

experimental arrangement for absolute OES measurement is schematically shown
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in figure 8.2. The plasma device is put 50 cm away from one plane plate with a

1×1 cm2 aperture. An absorbing baffle with a square aperture of 0.8 × 0.8 cm2 is

placed between the jet source and the plane plate, and used to project the discharge

emission light through the aperture on the plate. All three parts are centered pre-

cisely on the same optical axis with help of a He-Ne visible laser beam. A UV-vis

lens is used to collect the 1 × 1 cm2 light into the optical fiber connected to the

monochromator-ICCD OES system. All experimental arrangements mentioned

above are fixed and applied identically for the tungsten lamp for calibration pur-

pose. In this way, spectral irradiance IP,λ(λ) from the plasma device at a distance

of 50 cm can be calibrated by:

IP,λ(λ) =
hP,λ(λ)

hL,λ(λ)
II,λ(λ) (8.1)

Where IL,λ(Wm−2nm−1) is spectra irradiance from the calibration lamp at

same distance of 50 cm, hP,λ(λ) and hL,λ(λ) are relative emission intensities

from plasma and tungsten lamp measured by the same OES system, respectively.

In calibration, settings (slit width, grating, exposure time of ICCD, etc) of the OES

system are kept the same for measurements of both plasma and lamp.

8.3 Results and discussion

8.3.1 Visual view of RF-DBD plasma source

In order to investigate plasma performance, images of the RF-DBD plasma jet

were taken. Attention is given to plasma discharge region as well as afterglow re-

Figure 8.3: Front view and side view of plasma discharge region and afterglow region of
the plasma jet with 8 slm of argon flow and with 25 W of dissipated power.
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gion. Figure 8.3 shows front view and side view of both regions with 8 slm argon

flow and 25 W dissipated power. As can be seen, the plasma in discharge zone

exhibits a homogeneous and bright white emission, which indicates uniform and

intense plasma is generated in between the electrodes. Due to flowing of work-

ing gas through the nozzle, an afterglow with brash-shape is formed in ambient

air. Unlike conventional atmospheric plasma sources which are usually charac-

terized by small dimensions, the brush-shaped plasma shows uniform distribution

and has larger dimension than typical plasma jets. These features provide great

potential for surface cleaning and modification, particularly to objects with com-

plicated structures and large surface area. In addition, since the laminar plasma

takes thin and broad (both in width and in height) shape, larger plasma surface

area is exposed to ambient air, which can greatly improve release of heat, leading

to gas temperature reduction.

In general, afterglow is characterized as a uniform and long plasma volume.

Afterglow width in x-axial direction is 30 mm, similar to of the exit, and reduced to

around 28 mm in frontier of the afterglow. Similarly, afterglow has a dimension of

2 mm in y-axial, reducing gradually in z-axial direction, and eliminated completely

after a certain distance (length of the afterglow). For conditions in figure 8.3,

the afterglow length is about 8 mm. It is noticed that emission intensity of the

afterglow decreased along with gas flow, and the color of the afterglow changed

from white to light blue probably due to presence of N2 and OH emission in those

parts of the jet.

8.3.2 Electrical property

Typical waveforms of applied voltage and discharge current of the RF-DBD plasma

source are shown in figure 8.4. Both discharge current and applied voltage are al-

most perfectly sinusoidal. These waveforms are similar to those found in typical

RF atmospheric pressure glow discharge with bare electrodes [359, 360]. In con-

trast, their sinusoidal character is distinctly different from atmospheric DBD gen-

erated at kilohertz frequency where discharge current is distinctively non-sinusoidal

and short high current pulses of some hundreds of nanoseconds are normally pre-

sented in the current waveform indicating formation of microdiscahrges or fila-

ments [43, 151]. In RF plasma source the peak values of the current and voltage

are 0.72 A and 211 V respectively, with the current leading the voltage by a phase

shift of around 70o. Both waveforms are smooth, consistent with the temporally

uniform discharge emission. In addition, the nearly sinusoidal waveforms indicate

the capacitive nature of the RF planar discharge.

Considering the dynamic generation of RF discharge, we noted that application

of RF high-voltage with input power of about 70 W is required to ignite strongly

filamentary γ mode discharge. Discharge can be transferred in a diffuse mode,
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filling the entire discharge space by decrease of input power to 20 - 30 W. In

diffuse α mode, a brush-shape homogenous plasma afterglow with total length of

up to 8 mm can be generated along the slit in ambient air.

A current/power diagram of the discharge is shown in figure 8.5. Total RMS

current in glow-like mode depends on applied voltage and is about 0.33 - 0.48

A. Due to lower potential of afterglow, the discharge effluent can be touched by

hand without any risks of electrical shock. It is found that only 50 % or less of

total current is attributed to plasma current, while the rest is displacement current.

Power required to sustain the discharge in diffuse mode can be varied in a range of

15 - 28 W with less than 1 W of reflected power but at least 50 % of input power

is dissipated in the system due to capacitive loss in α mode as shown in figure

8.5. Increase of discharge current to more than 0.5 A (RMS value) leads to sharp

drop in plasma resistance, power increase and transformation of diffuse plasma to

filamentary discharge.

8.3.3 Optical emission spectroscopy
8.3.3.1 Optical emission spectra overview

To identify various reactive species produced in the plasma afterglow, optical

emission spectroscopy has been performed. Figure 8.6 shows typical overview

emission spectra of argon plasma afterglow in surrounding air. The spectrum is

measured in the afterglow region located about 2 mm in front of the slit. The

Figure 8.4: Typical waveforms of applied voltage and discharge current of the RF-DBD
plasma source.
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Figure 8.5: Discharge power vs. RMS discharge current when plasma is ON and when
plasma is OFF (no Ar gas is applied).

identified spectra lines and molecular bands are summarized in table 8.1. As

can be seen, upper wavelength region between 700 and 850 nm contains mainly

lines emitted by argon atoms excited in 4p states (Ar(4p → 4s)transitions). Be-

sides argon atomic spectra lines, molecular bands of inevitable impurities are ob-

served: OH(A2Σ → X2Π), N2(C
3Πu → B3Πg) and O(5p → 5s). Also, af-

terglow exhibits strong continuum radiation in the range of 300-750 nm due to

Bremsstrahlung radiation [361,362]. Appearance of OH emission is mainly caused

by H2O impurity in the main stream of argon gas as observed in other works [249].

N2 and atomic oxygen emission is attributed to air diffusion into the argon gas

stream due to propagation of the jet in ambient air. Presence of molecular bands of

OH radicals and N2 excited states allows estimating gas temperature of the after-

glow. The continuous emission with absolute calibration can be used to determine

electron density and electron temperature as will be shown later.

It is known that in Ar plasmas with small admixture of molecular gases (nitro-

gen, oxygen and water), production mechanisms of excited species are very com-

plex, as reported in [363–365]. Dominant generation processes of excited species

(Ar(4p), Ar(4s), O(3p), N2(C), OH(A)) in the argon plasma jet device are listed in

table 8.2. Due to their short lifetime, Ar(4p) states do not transport far from where

they are formed before radiating [366]. Therefore, we can assume that Ar(4p) ob-

served in afterglow region is produced onsite. The generation process of Ar(4p) by

cascade transition is negligible due to the absent of emission by transitions from

upper levels to Ar(4p). Direct electron excitation from ground state and step ex-
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Figure 8.6: Overview of emission spectra of the plasma afterglows.

citation from Ar(4s) are the two main transitions for Ar(4p)generation. Atomic

oxygen can be generated due to oxygen molecules dissociation by excited argon

state (Ar(4s) and Ar(4p)) and by electrons. Electron step-excitation and pooling

reaction related to metastable N2(A) are considered and may play a role in pro-

ducing excited state N2(C) while plasma propagates in surrounding air. Besides

being produced by N2(C-B) transition, N2(B) can also be generated by processes

similar to N2(C) production. OH(A) radicals can be produced either by electronic

dissociation and excitation of H2O or due to collisions with long lived species, e.g.

argon 4s metastable states.

Since reactive species are the main agents facilitating reactions in plasma treat-

ments and plasma deposition, deposit uniformity and film growth rate is strongly

affected by spatial profiles of these reactive species in the afterglow. Distribution

of reactive species is influenced by plasma operational parameters, including elec-

trical field and electron density as well as source operational parameters, e.g. gas

flow and input RF power. For plasma sources with a large dimension, non-uniform

distribution of active species in afterglow has been observed in a DC brush plasma

device [119] and a DBD brush plasma device [371]. In the DC brush plasma de-

vice [119], appearance of peaks at the two edges was attributed to the arrangement

of two electrodes at the edges, where cathode and anode glow were formed by

energetic electrons. On the other hand, formation of the non-uniform afterglow

by in DBD brush plasma device [371] was explained by different mixing ratios

of surrounding air with the gas stream, which could result in different reaction

possibilities. In this work, optical emission of OH(337.8 nm), N2 (337.1 nm), O
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Species λ(nm) Transition E(eV)

OH 309 OH(A2Σ → X2Π) 4.0

N2 315.9; 337.1; 357.7;

380.5; 405.8

N2(C
3Πu → B3Πg) 11.0

Ar I 696.5 3s23p5(2P 0
1/24p− 3s23p5(2P 0

3/2)4s 13.33

Ar I 706.7 3s23p5(2P 0
1/24p− 3s23p5(2P 0

3/2)4s 13.3

Ar I 727.3 3s23p5(2P 0
1/24p− 3s23p5(2P 0

3/2)4s 13.33

Ar I 738.4 3s23p5(2P 0
1/24p− 3s23p5(2P 0

3/2)4s 13.3

Ar I 751.5 3s23p5(2P 0
3/24p− 3s23p5(2P 0

3/2)4s 13.27

Ar I 763.5 3s23p5(2P 0
3/24p− 3s23p5(2P 0

3/2)4s 13.17

Ar I 772.4 3s23p5(2P 0
1/24p− 3s23p5(2P 0

1/2)4s 13.15

Ar I 794.8 3s23p5(2P 0
1/24p− 3s23p5(2P 0

1/2)4s 13.28

Ar I 801.5 3s23p5(2P 0
3/24p− 3s23p5(2P 0

3/2)4s 13.1

Ar I 811.5 3s23p5(2P 0
3/24p− 3s23p5(2P 0

3/2)4s 13.08

Ar I 826.5 3s23p5(2P 0
1/24p− 3s23p5(2P 0

1/2)4s 13.33

Ar I 842.5 3s23p5(2P 0
3/24p− 3s23p5(2P 0

3/2)4s 13.09

O I 777.2 2s22p3(4S0)3p− 2s22p3(4S0)3s 10.74

O I 844.6 2s22p3(4S0)3p− 2s22p3(4S0)3s 10.99

Table 8.1: Most intensive emission lines in the spectrum of the plasma jet.

Excited

species

Generation Processes Rate Ref.

Ar(4p) Ar+e→Ar(4p) +e σ(ε) [367]

Ar(4s)+e→Ar(4s)+e σ(ε) [367]

Ar(4s) Ar+e → Ar(4s)+e σ(ε) [367]

Ar(4p) → Ar(4s) + hν 2.5 ×10−7s−1 [363]

O(3p) Ar(4p)/Ar(4s)+O2 → O+O+Ar 5.8 ×10−11cm3s−1 [364,365]

Ar(4p)/Ar(4s)+O(3s)→O(3p)+Ar 5.8 ×10−11× (T )1/2 [363]

O2+e→O(3p)+O(3p)+e σ(ε) [363]

N2(C) N2(X)+e→N2(C)+e σ(ε) [363]

N2(A)+e→N2(C)+e σ(ε) [306]

N2(A)+N2(A)→N2(C)+N2(X) 1.5 ×10−10cm3s−1 [368]

N2(X)+Ar(4p)/Ar(4s)→N2(C)+Ar 10−11 ∼ 10−10 [369]

OH(A) H2O+e→ OH(A)+H+e σ(ε) [363]

H2O+Ar(4p)/Ar(4s)→OH(A)+H+Ar 10−10cm3s−1 [370]

Table 8.2: Main generation processes of active species in the argon plasma jet device. σ(ε)
is cross section of the corresponding reaction, and ε is electron energy.

(777.2 nm) and Ar (772.4 nm) are spatially examined in transverse direction, e.g.

x direction. Figure 8.7 shows that all reactive species present a near-symmetrical
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distribution of emission profile, with small fluctuations in the center region. This

suggests that reactive species are uniformly distributed in transverse direction. The

flat distribution of reactive species is mainly attributed to the uniform electric field

in the discharge chamber and the laminar gas flow.

8.3.3.2 Gas temperature determination

From a technological point of view, one of the important parameters in plasma

jet device application is the gas temperature in the afterglow, which is dependent

on the fraction of molecular species in the jet. In atmospheric pressure plasma,

rotational temperature Trot is supposed to be equal to gas temperature (Tgas) based

on the assumption that molecules in rotational states and surrounding neutral gases

molecules are in equilibrium due to the frequent collisions of heavy particles [236,

237]. As indicated in survey spectra (figure 8.6), the presence of molecular bands

of OH radicals and N2 excited states could be used to estimate gas temperature. As

known, the energy transfer in between Ar metastables and ground state N2 leads

to the excitation of excited state N2(C) at high rotational levels, resulting in a non-

Boltzmann rotational distribution of nitrogen [249]. Thus, it is difficult to interpret

the emission of N2 bands and to estimate the rotational temperature. Therefore,

Figure 8.7: Emission profiles of OH molecular line at 307.8 nm, N2 molecular line at
337.1nm, atomic oxygen line at 777.2 nm and atomic argon line at 763.7 nm
along x axis.
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OH(A2Σ → X2Π, Δυ = 0) band has been used in the present work for the gas

temperature determination.

From technological point of view, one of the important parameters in plasma

jet device application is gas temperature in the afterglow, which depends on the

fraction of molecular species in the jet. In atmospheric pressure plasma, rota-

tional temperature Trot is supposed to be equal to gas temperature (Tgas) based on

the assumption that molecules in rotational states and surrounding neutral gases

molecules are in equilibrium due to frequent collisions of heavy particles [236,

237]. As indicated in survey spectra (figure 8.6), presence of molecular bands

of OH radicals and N2 excited states could be used to estimate gas temperature.

As known, energy transfer in between Ar metastables and ground state N2 leads

to the excitation of excited state N2(C) at high rotational levels, resulting in a

non-Boltzmann rotational distribution of nitrogen [249]. Thus, it is difficult to

interpret N2 bands emission and to estimate rotational temperature. Therefore,

OH(A2Σ → X2Π, Δυ = 0)band has been used in the present work for gas tem-

perature determination.

In order to determine rotational temperature (Trot), the numerical calculation

of discharge spectra at various temperatures has been used. Simulation is carried

out using the Lifbase package [242]. For comparison, all simulated and experi-

mental spectra are normalized in intensity for the (0-0) band head. The experi-

mental spectrum is compared with simulated spectra for various rotational tem-

peratures. Good agreement between the measured spectrum and the synthetic

Figure 8.8: The best fitting of OH band by the simulation with Trot = 330 ± 50 K. Spectral
resolution 0.05 nm, the instrumental function is Voigt with 70 % Lorentzian
contribution.
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one provides a fast and reliable way to estimate gas temperature. Figure 8.8

shows a typical fitting synthetic spectrum to the experimental spectrum of the

OH(A2Σ → X2Π, Δυ = 0) band transition from 306 nm to 312 nm, with rota-

tional temperature of 330 ± 50 K. This Trot value agrees well with measurements

by the IR thermometer that gives temperature of 340 K. This clearly indicates

low working temperature of the plasma source which is important for possible

biomedical application and thermal-sensitive material treatment. Additionally, gas

temperature profile along transverse direction agrees well with that of optical emis-

sions which is shown in figure 8.7.

8.3.3.3 Calculation of electron density and electron temperature

As shown in figure 8.6 the RF plasma source designed here emits strong contin-

uum Bremsstrahlung radiation appearing due to electron-atom and electron-ions

interaction [361]. Presence of the continuum in the emission provides a fast way

to measure two important plasma parameters: electron density and electron tem-

perature. In fact, absolute value of plasma emissivity in W × nm−1m−3sr−1

due to the Bremsstrahlung radiation can be calculated as a sum of the contribution

from free electron-atom interactions εea(λ, Te, ne), from recombination of elec-

trons and ions εfbei (λ, Te, ne) and from free-free interaction of electrons and ions

εffei (λ, Te, ne). In approximation of Maxwellian energy distribution of electron

energy, the continuum contributions can be expressed as [361, 362]:

εea(λ, Te, ne) = Cea
nenAr

λ2(kBTe)3/2∫ ∞

hc/λ

Qmom
ea (E)(1− hc

2λE
)

√
1− hc

λE
e
− E

kbTe E2dE (8.2)

εfbei (λ, Te, ne) = C1Z
2 neni

λ2
√
Te

(1− e
− hc

λkbTe )ξfbei (λ, Te) (8.3)

εffei (λ, Te, ne) = C1Z
2 neni

λ2
√
Te

(e
− hc

λkbTe )ξffei (λ, Te) (8.4)

where nAr is Ar atoms density, λ is wavelength, E is electrons energy, kB is

the Boltzmann constant (1.38065 × 10−23m2kgs−2K−1), h is the Planck con-

stant (4.13567 ×10−15eV · s), ni is ion density, Z is ion charge and Qmom
ea (E)

is the momentum transfer cross section for electron atoms collisions. The con-

stants in eqs.(8.2, 8.3, 8.4) are: Cea = 0.10779 ×αh /(m
3/2
e c) Wm2J−3/2 sr−1

with α = e2/(2hcε0), ε0 is the permittivity of vacuum, C1 = 1.6321 × 10−43

Jm4K1/2s−1sr−1. ξfbei and ξffei are the Biberman factors. As following from eqs.

(8.2, 8.3, 8.4), emissivity of the plasma continuum depends on electron density

and electron temperature. Correspondingly, both plasma parameters can be esti-

mated based on eqs. (8.2, 8.3, 8.4), if absolute value of the plasma continuum is
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measured. Considering free electron-atom interactions, recombination of electrons

and ions and free-free interaction of electrons and ions, figure 8.9 shows a typical

calculation of the absolute value of the plasma emissivity in the range of 300 - 650

nm for the plasma jet. As can be seen, contribution of electron-atom interactions

is almost three orders higher than that of recombination of electrons and ions and

free-free interaction of electrons and ions.

In the current work, plasma irradiance in units W/nm×m2 has been obtained

through calibration of the spectrometer. Next, this irradiance has been compared

with results of the calculations based on eqs. (8.2, 8.3, 8.4) and ne with Te have

been determined. In contrast to works [257, 361, 362], all contributions from εea,

εffei and εfbei are considered in the work and the integral in eq.8.2:

∫ ∞

hc/λ

Qmom
ea (E)(1− hc

2λE
)

√
1− hc

λE
e
− E

kbTe E2dE

has been calculated numerically. εea, εffei and εfbei values have been calculated in

Python electron densities in the rage of 1011 to 1015cm−3 and Te varying from 0.5

to 4 eV. The required value of Qmom
ea is taken from [361], and so called Biberman

factor ξffei is considered as a constant in the wavelength range of 300-700 nm,

whereas ξfbei is taken from [372]. Best fitting of the experimental results for RF

plasma of 20 W has been obtained with ne = 1.9 ± 1 × 1014cm−3 and Te =

1.75 ± 0.25 eV. The electron density measured through absolute value of the

continuum is in a good agreement with results obtained by different techniques

[235] for RF atmospheric pressure plasma jets. This electron temperature is higher

than the typical value of Ar excitation temperature Texc of 1 eV measured in the

plasma jets by line-ratio technique [233]. It has to be noted here that the so called

excitation temperature measured by means of the line-ratio method is actually not

electron temperature and a special procedure has to be used to make a correction

in estimation of Te from Texc. The value of Te found here is in agreement with

scarce direct measurements of Te by Thomson scattering on a plasma jet source of

14.5 MHz where Te has been found to be about 1.2 - 1.5 eV [373].

8.3.4 Temporal and spatial kinetics of the plasma

8.3.4.1 Temporally resolved spectroscopy of the plasma discharge

The RF discharge is sustained through application of 13.56 MHz frequency HV.

Therefore discharge dynamics on ns scale are important to understand the physics

behind the discharge. Besides being used for identification of reactive species and

estimation of plasma parameters as shown above, optical emission spectroscopy is

also a useful tool to study plasma dynamics. Time resolved spectroscopy has been

used here to have a detailed insight into physics of discharge generation.
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Figure 8.9: Contribution of free electron-atom interactions, recombination of electrons and
ions and free-free interaction of electrons and ions to the absolute value of the
plasma emissivity (with Te = 1.75 eV and ne=1014cm−3).

Figure 8.10: The best fitting of plasma irradiance with results of the calculations

Figure 8.11 shows typical temporal behavior of the optical emission intensi-

ties of four emission lines: OH radicals (309 nm), continuum radiation (450 nm

and 600 nm), and Ar I (763.5 nm), for two discharge periods. The negative value

of the signal corresponds to the output signal of the PMT tube detection of dis-

charge emission. One of the important observations is presence of offset for all

registered lines. To clear the offset emission, a gray area is drawn in figure 8.11

to outline emission intensity in the plasma. In general, plasma in RF device ex-
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Figure 8.11: Time resolved spatial integrated PMT signal of different lines and continuum
radiation of the discharge plotted over the current waveform. Temporal reso-
lution is better than 5 ns. The signal is 50 times averaged.

hibits continuous emission over time. The emitting intensities at four wavelengths

(309 nm, 450 nm, 600 nm, and 763.5 nm) fluctuate with time but never reach zero

value. So the offset in emission indicates presence of discharge even at the time

when discharge current and electrical field reach zero value. It is different from

the behavior of plasma jets excited by AC voltage (frequency of some kHz) or

pulsed voltage [283]. Discontinuous phenomenon, always observed in plasma jet

sources with a low driving frequency (AC or pulsed), has been found and inves-

tigated by fast imaging techniques and time resolved spectroscopy [278, 374]. In

a period of driving voltage, temporal behavior of optical emission intensity of re-

active species is mostly represented in form of short emission peaks of some ns.

Emission intensity firstly increases from the baseline and reaches its highest value,

which corresponds to an ionization wave front (also known as plasma bullet), and

decreases dramatically to the baseline right after pass of ionization wave. Kim

et al. [375] noticed that plasma properties are different for driving frequency of 2

MHz and higher. Therefore, about two megahertz represents the plasma ion fre-

quency. Both electrons and ions can follow the external electric field at exciting

frequency under 2 MHz. However when the exciting frequency of the external

electric field is above 2 MHz, only electrons can respond to the field.

In this RF plasma source, the fluctuating emission intensities with the offset

indicate that plasma periodically develops with the driving voltage. For each pe-

riod of voltage, plasma grows from weak to intense and decreases to weak with a

double frequency of the applied voltage. Even at the moment of lowest intensity,

plasma still exhibits considerable emission.
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Emission of all lines follows the current waveform with phase shift about 7

ns. In every half period of RF cycle, 2 strong discharges are observed just before

and 7 ns after current reaches its maximum. The observed phase shift is attributed

to capacitive coupling of the RF power where certain time is required for charge

accumulation and RF sheath formation.

8.3.4.2 Temporal and spatial resolved images

Detailed spatially resolved images of discharge emission are presented in figure

8.12 for total emission in the full range (250 - 900 nm), OH radicals emission with

a narrow band filter of 309 nm and Ar I line at 753 nm. The ICCD camera gating

unit is synchronized to the discharge current with trigger time showing in figure

8.11 (a). Exposure time of the ICCD camera is fixed at 5 ns.

The detailed spatially resolved images of the discharge emission are presented

in figure 8.12 for the total emission in the full range (250 - 900 nm), OH radicals

emission with a narrow band filter of 309 nm and Ar I line at 753 nm. The ICCD

camera gating unit is synchronized to the discharge current with the trigger time

showing in figure 8.12 (a). The exposure time of the ICCD camera is fixed at 5 ns.

Temporal discharge dynamics in figure 8.12 correspond to the time resolved

signal of PMT in figure 8.11 with 3 ns difference due to delay in the ICCD gate

unit. At the moment of 7 ns (frames t=10 ns) after current reaches 0.75 A, the emis-

sion maximum is observed. Glow-like discharge fills the whole gap with stronger

radiation close to the edges of the device where electrical field is higher. 30 ns later

a second strong emission pulse appears see, figure 8.12 frame at 37 ns. OH(A-X)

emission has similar dynamics to the full range emission with less pronounced in-

crease of the radiation at 10 and 47 ns. In contrast, the signal from Ar I states is

different. Strong emission is observed at the layer of about 100-140 μm at 10 ns

nearby the electrode. Emission is always stronger at the cathode. We attribute this

strong emission layer to formation of a RF sheath. Indeed, the experimental mea-

sured sheath thickness s of 100-140 μm is in a good agreement with theoretical

estimation of 107 μm based on the following expression [376, 377]:

s =
1.52ε0A

Ct
=

1.52ε0A2πfV

I
√

1 + tan(Φ)−2
(8.5)

where A is cross section of the discharge, Ct is total capacitance of the plasma,

f is voltage frequency, V is voltage across the gap, and Φ is voltage/current phase

shift in radials.

A similar sheath region has been observed in planar RF discharge by Laimer

[378]. In contrast to his observation, emission in the sheath is decreasing during

10 ns (see frame t=28 ns, Ar I, figure 8.12) and is almost symmetrical structure

of the two sheath regions is formed in the gap at 28 ns and later on at 65 ns time.



CHAPTER 8 151

Figure 8.12: Temporal and spatially resolved ICCD images of the discharge with 5 ns res-
olution. (a) The blue points on voltage/current waveform correspond to the
moment of the camera triggering. (b)ICCD photographs of the discharge in
full spectrum range. (c) ICCD photographs of OH emission at 309 nm. (d)
ICCD photographs of the Ar I emission at 753 nm. Arrows shows formation
of the strong Ar I emission in the RF sheath.

Ar I emission in the bulk is much weaker and follows the applied voltage wave-

form. The observed difference between luminescence of Ar I and OH(A) indicates

the importance of the sheath region in formation and sustainment of the RF atmo-

spheric pressure planar discharge. The difference also suggests OH(A) production

in the discharge is different from Ar I excitation pathways, which is important

since OH(A) and OH(X) radicals are considered a key species in biomedical ap-

plications and plasma deposition at atmospheric pressure.

In addition to study the discharge dynamics in the interelectodes gap, the

temporal-spatial resolved images of the afterglow emission are captured. The evo-

lution of OH (309 nm) and Ar I (753 nm) emission in the afterglow is difficult

to analyze due to their weak emission. As can be seen in figure 8.13, the after-

glow develops a uniform emission along transverse direction. The time evolution
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Figure 8.13: Temporal and spatially resolved ICCD images of the afterglow with 5 ns reso-
lution.

of emission intensity in afterglow follows that in the discharge region (figure 8.12

(b)).

8.4 Conclusions

In summary, a 30 mm wide diffuse RF planar plasma source working at atmo-

spheric pressure argon is developed and studied in this chapter. The source is

proposed as a possible candidate for use in large scale application of plasma for

deposition of coatings on textile materials. Main discharge parameters are deter-

mined by electrical diagnostics, OES and time resolved images. Two discharge

modes, diffuse α mode and filament γ mode discharge, can be sustained in the

plasma source depending on dissipated power. In diffuse α mode, a brush-shape

homogenous plasma afterglow with the total length of up to 8 mm can be generated

along the slit in ambient air.

From OES, emission of plasma afterglow is dominated by Ar(4p → 4s) tran-

sitions, OH(A2Σ → X2Π), N2(C
3Πu → B3Πg) and O(5p → 5s). Based on

simulation of the rotational temperature of OH radicals, gas temperature is de-

termined as 330 K. With absolute calibrated spectroscopy, electrons density and

electron temperature are estimated from the absolute value of continuum radiation,

about 1.9 ± 1 × 1014cm−3 and 1.75 eV respectively. Time resolved intensity
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of plasma emission indicates that plasma is sustained through formation of two

strong emission peaks appearing with 27.12 MHz frequency. ICCD images show

that production of Ar excited states appears in the RF sheath region of 100-140 μm

close to the electrodes whereas OH(A-X) emission is almost uniformly distributed

in the gap.

Based on of study the discharge physics it is concluded that the source devel-

oped here can be alternative to “traditional plasma jets”. Use of RF planar source

conception in plasma deposition provides a simple way to upscale plasma deposi-

tion method to industrial demands and large scale applications.





9
General conclusions and outlook

Plasma technology for thin film polymerization has been extensively studied over

the past few decades. Many processes have been proposed and implemented in

lab and industrial scale application. New techniques of polymerization processes

using atmospheric pressure plasma jets (APPJ) are particularly attractive due to

portable designs of the plasma sources, short processing time, considerably high

deposition rates and capabilities for coating on objects with complex morphologies

and structures. Moreover, success of the plasma jets use for polymerization on

various substrates can be attributed to the fact that heat sensitive materials can be

used in deposition because of low temperature at the jet downstream.

In this work, efforts were given to preparation of new kind of antibacterial

nanocomposite films via plasma jet process. Starting point of the work was to

develop a non-equilibrium atmospheric pressure plasma jet device. Direct current

plasma jet with nitrogen/air as working gas was developed and constructed for

plasma polymerization combining advantage of its simple apparatus requirement

and stable discharge performance. General characterization of the DC plasma

jet has been carried out through study of discharge electrical properties, emis-

sion spectroscopy, mass spectroscopy, and ozone measurements. Organosilicon

films deposition using the DC plasma jet was investigated as function of oxygen

addition in the plasma feed gas and discharge power. The plasma process has

been optimized in terms of film quality and chemical composition. The plasma

deposition process has been modified in order to produce antibacterial nanocom-

posite films on flat and non-woven textile materials. Chemistry, morphology and

antibacterial activity of these materials were analyzed by XPS, SEM, GD-OES
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methods and a variety of antibacterial tests with and without mechanical load on

the samples.Finally, to explore the possibility of plasma deposition system up-

scale, a special kind of barrier discharge plasma source excited by RF voltage was

developed and characterized by means of absolute spectroscopy as well as tem-

poral and spatial images for possible application in plasma assisted deposition of

nanocomposite coating.

Characterization of a DC plasma jet

A non-equilibrium atmospheric pressure DC plasma jet in nitrogen and air gas

was developed and investigated in terms of plasma properties and generation of

active species in active zone and afterglow. Influence of working gas composition

and discharge current on plasma parameters and afterglow properties were studied.

Depending on discharge current, two discharge modes were determined. At low

current, discharge was sustained in self-pulsing regime and at current higher than

10 mA, plasma behaved as a constricted glow discharge without voltage and cur-

rent oscillations. Optical emission spectroscopy was employed to analyze reactive

species, and to determine gas and vibrational temperature of the jet in active zone

and in afterglow. Vibrational temperature of nitrogen and air discharge was much

higher than gas temperature, which indicated strong non-equilibrium conditions in

the plasma. A significant difference of long living reactive species in afterglow

of N2 and air plasma jet was founded: O3 was only found in afterglow of the N2

plasma jet, whereas NO was only found in the afterglow of air plasma jet. Space-

resolved ozone and nitric oxide densities were determined in each afterglow.

Plasma polymerization of basic organosilicon films and antimicrobial
nanocomposite films

Plasma polymerization of organosilicon films has attracted considerable attention

due to their use for vapor and gas barrier creation, wear and friction reduction,

corrosion protection, biocompatibility and hydrophobicity of surfaces. Organosil-

icon film deposition has been performed for the first time here with DC plasma

jet working with nitrogen, where the film is proposed as matrix for nanocomposite

fabrication with antibacterial properties.

Firstly, organosilicon film deposition by atmospheric pressure nitrogen DC

plasma jet with TMDSO as precursor was investigated. Effect of O2 content and

discharge power on film deposition rate and chemical properties of the films was

thoroughly studied. It was found that oxygen addition and power increase could

enhance deposition rate due to effective monomer decomposition and dissociation

by the plasma. It was shown by FTIR and XPS measurements that the deposited

film could be tuned in content of organic and inorganic components to specific

requirements by variation of oxygen admixing and discharge power.
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The organosilicon film has been used in a new method of nanocomposite thin

film fabrication with incorporation of AgNPs. The method has been applied on flat

surface materials in a single step plasma jet process. AgNPs were directly fed into

the DC plasma jet and participated in the deposition process on substrate surface.

It was found that control of morphology of AgNPs in the films could be achieved

by variation of AgNPs feeding rate. It was found that silver content in the films can

be controlled from few percent to more than 30% by variation of plasma operation

parameters. Antibacterial activity of nanocomposite film has been tested using E.
coli and S. aureus strains.

The method of antibacterial nanocomposites deposition has been extended to

PET non-woven fabrics as a three step process based on atmospheric pressure

plasma deposition. In this approach, AgNPs were firmly immobilized via a dou-

ble layer of plasma deposited organic films: a reservation layer (1st layer) and

a barrier layer (2nd layer). It was revealed that plasma could penetrate through

non-woven fabric structure and achieve uniform deposition on both sides of the

fabric. The barrier layer could not only prevent release of AgNPs, which was con-

firmed through washing tests, but could also be used to control release of silver

ions, which was proved by antibacterial test. It was shown that this new kind of

coatings prepared by plasma deposition of nano-silver exhibits strong antibacterial

activity against different microorganisms.

Characterization of upscaled RF-DBD plasma jet

With the success in nanocomposite antibacterial film development, it is important

to explore methods to upscale the process for industrial requirements. Therefore, a

plasma jet source with large scale dimensions was developed based on the concept

of barrier discharge. A brush shaped plasma jet, excited by RF voltage, was charac-

terized with time-resolved emission spectroscopy, absolute spectroscopy and high

speed ICCD camera. In contrast to most plasma jets, the source has a wide af-

terglow with width of about 30 mm and can be easily upscaled to any industrial

demands. Gas temperature estimated by emission spectroscopy is about 330 K.

With absolute calibrated spectroscopy, electrons density and electron temperature

are estimated from absolute value of continuum radiation to be about × 1014 cm−3

and 1.75 ± 0.25 eV, respectively. ICCD images show that Ar excited states pro-

duction appeared in the RF sheath region of 100-140 μm close to the electrodes

whereas OH(A) emission was almost uniformly distributed in the gap. It is pro-

posed that use of the RF planar source concept in plasma deposition provides a

simple way to upscale plasma deposition method to industrial demands and large

scale applications.

Outlook
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The work presented in this dissertation proves the potential of nanocomposite film

polymerization by means of a plasma jet. This can be beneficial for fabrication

of novel functional materials in many practical applications, such as antibacterial

medical and hygienical materials. Also, results on the non-woven fabrics are of

great importance for medical sector and healthcare industry. Final goal of this

work is to develop a plasma jet system and related methods for fabrication of

proper functional nanocomposite films, which can also be industrialized for mass-

production. In such case, there are two main open questions for the future.

• Firstly, development of a proper plasma source is important for future work.

In our work, a DC plasma jet has been used to sustain non-equilibrium

plasma due to its simple, reliable operation and low operational costs, but

the source dimensions are a considerable drawback for industrial use. In the

last chapter, we develop a plasma source with larger dimension in order to

upscale the process. However, investigation on how to use this plasma jet as

sources for plasma polymerization, and how to achieve good quality films

has to be done.

• Secondly, relationship between film chemical properties and antibacterial

activity should be further explored. Influence of surface morphology, film

chemical composition, and nanoparticle propertis (size, shape and type) on

bactericide activity is an interesting topic for the future. Moreover, control

of surface morphology, for instance formation of imperfections in nanocom-

posite film, is also an interesting and important point.

Due to the interdisciplinary nature of this topic, collaborations between sci-

entists of different fields are necessary for future success in the use of functional

nanocomposite films for real life application.
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CP O’Donnell, Paula Bourke, KM Keener, and PJ Cullen. Applications

of cold plasma technology in food packaging. Trends in Food Science &
Technology, 35(1):5–17, 2014.

[137] G Da Ponte, E Sardella, F Fanelli, A Van Hoeck, R d’Agostino, S Paulussen,

and P Favia. Atmospheric pressure plasma deposition of organic films of

biomedical interest. Surface and Coatings Technology, 205:S525–S528,

2011.

[138] Rino Morent, Nathalie De Geyter, Tinneke Jacobs, Sandra Van Vlier-

berghe, Peter Dubruel, Christophe Leys, and Etienne Schacht. Plasma-

polymerization of hmdso using an atmospheric pressure dielectric barrier

discharge. Plasma Processes and Polymers, 6(S1):S537–S542, 2009.

[139] Fiorenza Fanelli. Thin film deposition and surface modification with atmo-

spheric pressure dielectric barrier discharges. Surface and Coatings Tech-
nology, 205(5):1536–1543, 2010.



REFERENCE 173

[140] Sergei E Alexandrov and Michael L Hitchman. Chemical vapor deposition

enhanced by atmospheric pressure non-thermal non-equilibrium plasmas.

Chemical Vapor Deposition, 11(11-12):457–468, 2005.

[141] Francoise Massines, Christian Sarra-Bournet, Fiorenza Fanelli, Nicolas

Naudé, and Nicolas Gherardi. Atmospheric pressure low temperature direct

plasma technology: Status and challenges for thin film deposition. Plasma
Processes and Polymers, 9(11-12):1041–1073, 2012.

[142] Jason D Whittle, Robert D Short, David A Steele, James W Bradley,

Paul M Bryant, Faiq Jan, Hynek Biederman, Anton A Serov, Andrei

Choukurov, Andrew L Hook, et al. Variability in plasma polymerization

processes–an international round-robin study. Plasma Processes and Poly-
mers, 10(9):767–778, 2013.

[143] Cheng-Yang Wu, Ren-Mao Liao, Li-Wei Lai, Ming-Shin Jeng, and Day-

Shan Liu. Organosilicon/silicon oxide gas barrier structure encapsulated

flexible plastic substrate by using plasma-enhanced chemical vapor deposi-

tion. Surface and Coatings Technology, 206(22):4685–4691, 2012.

[144] I Blaszczyk-Lezak and AM Wrobel. Silicon carbonitride by remote mi-

crowave plasma CVD from organosilicon precursor: Physical and me-

chanical properties of deposited Si:C:N films. Applied surface science,

253(18):7404–7411, 2007.

[145] Lan Zhou, Guo-Hua Lv, Chao Ji, and Si-Ze Yang. Application of plasma

polymerized siloxane films for the corrosion protection of titanium alloy.

Thin Solid Films, 520(7):2505–2509, 2012.

[146] Tohru Hayakawa, Masao Yoshinari, and Kimiya Nemoto. Characterization

and protein-adsorption behavior of deposited organic thin film onto tita-

nium by plasma polymerization with hexamethyldisiloxane. Biomaterials,

25(1):119–127, 2004.

[147] MC Kim and C-P Klages. One-step process to deposit a soft super-

hydrophobic film by filamentary dielectric barrier discharge-assisted cvd

using hmctso as a precursor. Surface and Coatings Technology, 204(4):428–

432, 2009.

[148] Rino Morent, Nathalie De Geyter, Sandra Van Vlierberghe, Peter Dubruel,

Christophe Leys, and Etienne Schacht. Organic–inorganic behaviour of

hmdso films plasma-polymerized at atmospheric pressure. Surface and
Coatings Technology, 203(10):1366–1372, 2009.

[149] HK Yasuda. Plasma polymerization. Academic press, 2012.



174 REFERENCE

[150] Nathalie De Geyter, Rino Morent, Sandra Van Vlierberghe, Peter Dubruel,

Christophe Leys, L Gengembre, Etienne Schacht, and E Payen. Deposi-

tion of polymethyl methacrylate on polypropylene substrates using an atmo-

spheric pressure dielectric barrier discharge. Progress in Organic Coatings,

64(2):230–237, 2009.

[151] Rino Morent, Nathalie De Geyter, Sandra Van Vlierberghe, Els Vanderley-

den, Peter Dubruel, Christophe Leys, and Etienne Schacht. Deposition of

polyacrylic acid films by means of an atmospheric pressure dielectric bar-

rier discharge. Plasma Chemistry and Plasma Processing, 29(2):103–117,

2009.

[152] Pieter Cools, Stijn Van Vrekhem, Nathalie De Geyter, and Rino Morent.

The use of DBD plasma treatment and polymerization for the enhancement

of biomedical uhmwpe. Thin Solid Films, 572:251–259, 2014.

[153] R Reuter, N Gherardi, and J Benedikt. Effect of N2 dielectric barrier dis-

charge treatment on the composition of very thin SiO2-like films deposited

from hexamethyldisiloxane at atmospheric pressure. Applied Physics Let-
ters, 101(19):194104–194104, 2012.

[154] Nicolas D Boscher, Florian Hilt, David Duday, Gilles Frache, Thierry Fou-

quet, and Patrick Choquet. Atmospheric pressure plasma initiated chemical

vapor deposition using ultra-short square pulse dielectric barrier discharge.

Plasma Processes and Polymers, 12(1):66–74, 2015.

[155] F Hilt, D Duday, N Gherardi, G Frache, J Didierjean, and P Choquet.

Plasma polymerisation of an allyl organophosphate monomer by atmo-

spheric pressure pulsed-pecvd: insights into the growth mechanisms. RSC
Advances, 5(6):4277–4285, 2015.

[156] Nicolas D Boscher, Patrick Choquet, David Duday, and Stéphane Verdier.
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Jürgen Rühe, and Dirk Hegemann. Formation and distribution of silver

nanoparticles in a functional plasma polymer matrix and related Ag+ re-

lease properties. Plasma Processes and Polymers, 7(7):619–625, 2010.

[217] Enrico Körner, Barbara Hanselmann, Peter Cierniak, and Dirk Hege-

mann. Tailor-made silver release properties of silver-containing functional

plasma polymer coatings adjusted through a macroscopic kinetics approach.

Plasma Chemistry and Plasma Processing, 32(3):619–627, 2012.

[218] Stefanie Lischer, Enrico Körner, Dawn J Balazs, Dakang Shen, Peter Wick,

Kathrin Grieder, Dieter Haas, Manfred Heuberger, and Dirk Hegemann.

Antibacterial burst-release from minimal Ag-containing plasma polymer

coatings. Journal of The Royal Society Interface, page rsif20100596, 2011.
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