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   ABSTRACT  
 

The use of atmospheric pressure plasmas (APPs) for thin film deposition on thermo-

sensitive materials is currently one of the main challenges of the plasma community. 

Indeed, over the last years, the number of research groups working in the above-mentioned 

field, the amount of papers published on this topic and the industrial interest for innovative 

atmospheric plasma technologies for thin films deposition have been constantly growing. 

Nevertheless, the understanding of APPs for deposition purposes is still immature as 

compared to other application fields since additional heavy molecules (the thin film 

precursors) are present within the discharge, inducing an increased complexity of the gas- 

phase reaction kinetics.  

In this respect, the existing knowledge gap between gas-phase reaction mechanisms and 

thin film properties is one of the most important barriers to overcome for a successful 

process control and optimization of thin film performances. Accordingly, the best way to 

progress in this complex research area consists in a fully comprehensive step-by-step study 

of the process by means of several different gas-phase diagnostic tools and surface 

characterization techniques in order to establish a clear correlation between the selected 

external plasma parameters and the resulting surface features.  

Among the many precursors available for modifying the surface properties of thermo-

sensitive materials by APPs, organosilicon compounds have always attracted wide 

attention because of their organic-inorganic behaviour, low cost and relatively non-toxic 

character. In particular, Tetraethyl orthosilicate (TEOS, [Si(OC2H5)4]) is often preferred for 

plasma-polymerization processes since its easily convertible into Si-based thin films, well 

suited for a large number of applications such as barrier films for food and beverage 

packaging, functional coatings for biomedical implants or hard protective layers for 

electronic devices.  

Despite TEOS is widely used in case of APPs, the dominant gas-phase processes and 

the most important monomer fragmentation pathways have not yet been completely 

identified in atmospheric pressure conditions. In view of this, in the present dissertation an 

in-depth study of an atmospheric pressure plasma jet (APPJ) specifically designed for the 

deposition of thin films by using an Ar/Tetraethyl orthosilicate (TEOS) mixture is 

undertaken. The APPJ source under investigation is an AC-driven Corona-jet configuration 

facing a grounded dielectric plate that allows to obtain deposits in ambient air on different 

kind of materials and complex surfaces without the use of expensive vacuum equipments.  

As a first step of the study, the effect of several process parameters, such as applied 

power and gas mixture, on the film surface structure and chemistry is determined by various 

surface characterization techniques. In details, Attenuated total reflectance-Fourier 

transform infrared spectroscopy (ATR-FTIR) and X-ray photoelectron spectroscopy (XPS) 

are employed for an exhaustive description of the thin films chemical structure. ATR-FTIR 

spectroscopy results highlight the presence, for the whole range of studied operating 

conditions, of strong absorption Si-O-Si peaks and Si-OH silanol bonds, highly 

representative of the thin films inorganic behaviour and density respectively. On the other 

hand, complementary analysis of the silica-like film quality, performed by spatially 

resolved XPS measurements, show a change in terms of chemical composition across of 

the samples by varying the distance from the Corona-jet high voltage (HV) electrode. Some 

useful information on thin films roughness and thickness are then provided by Atomic 
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Force Microscopy (AFM): RMS roughness values remain quite low (Rq=7-9 nm) for all 

cases but the number of small features on the surface clearly grow with increasing applied 

power. Moreover, AFM results reveal a coating thickness of 0.115 ± 0.04 μm for the lowest 

power condition tested while a strong heating-up of the thermo-sensitive surface affects 

thickness measurements in case of high operating conditions. The morphological 

uniformity of deposits and the possible presence of defects is then discussed by Scanning 

electron microscopy (SEM). The presence of cracks on the coating deposited at higher 

power conditions confirms a strong heating-up of the polymeric substrate while the SEM 

maps performed in 5 different points of the deposit indicate a quite good uniformity in 

terms of morphology. Lastly, substrate temperature measurement, performed by using an 

IR camera confirm an overheating of approximately 30-40° C (after 60 second of plasma 

treatment) in case of higher power conditions, resulting in crack formation on the thin film 

surface. Otherwise, the absence of defects for low power modes is in line with the low 

thermal stress detected. Substrate temperature radial profiles highlight also a donut shape 

temperature distribution probably induced by gas-phase Penning ionization reactions 

between Ar metastables and ambient air N2 molecules. 

Concerning the gas-phase process, the above mentioned APPJ device working in 

Ar/TEOS mixtures produce a “cocktail” of highly reactive excited and ground state species, 

typically generated by collisions with high-energy particles like electrons, ions or Ar 

metastable atoms. Because of the relative novelty of this research area and the complexity 

of the mechanisms involved in the atmospheric pressure deposition process, any 

improvements of such technology pass through a precise poly-diagnostic study of the most 

relevant species spatial-temporal distribution, density and temperatures.  

First, passive optical emission spectroscopy (OES) is used for the gas temperature (Tgas) 

estimation by means of rotational temperature (Trot) calculation from OH A2Σ+→X2Пi (0,0), 

N2 C
3Пu→B3Пg (0,2) and CH A 2Δ→X 2Π (0,0) bands. The obtained results reveal that the 

rotational temperature of N2(C-B) transition, equal to 550 K, is not a realistic estimate of 

the gas temperature in case of Ar/TEOS plasmas due to quasi-resonance processes with Ar 

metastables. On the other hand, the rotational temperature of OH excited radicals, obtained 

in the assumption of a non-Boltzmann rotational distribution, is significantly lower than 

the one obtained with N2 molecular bands and its mean value (409 K) is in a good 

agreement with the result obtained by means of Rayleigh scattering technique. In addition, 

the Ar metastables as well as the electron impact reactions with TEOS fragments are 

presumably playing a key role in the CH(A) radical formation leading to an overestimation 

of the gas temperature (590 K) by CH emission bands in the investigated type of discharges. 

In order to understand of the most significant pathways of CH(A) formation, TEOS 

dissociation reactions, electron impact dissociative excitation and Penning reactions are 

discussed in detail. Electron density, estimated from the Stark broadening of Hα lines, and 

reactive species dynamics during the AC plasma period are used to clarify the dominant 

production mechanisms of excited state discharge species. Then, the streamer evolution 

between the jet electrodes and the spatial-temporal behaviour of excited species is 

evaluated by means of fast imaging of Ar atoms, O atoms, N2 molecules, CH and OH 

radicals for a further step toward the understanding of the main pathways of the process. 

Lastly, a detailed analysis of the most relevant plasma non-emitting species is performed 

by two different active spectroscopy techniques. For the first time Laser Induced 

Fluorescence (LIF) and Two-photon absorption Laser Induced Fluorescence (TALIF) 

measurements of OH, CH and O atoms are carried out in case of atmospheric pressure 

Ar/TEOS plasmas. In detail, the effect of TEOS addition, power applied and air diffusion 

on the spatial distribution of OH,CH radicals and O atoms is investigated by 2D LIF 
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imaging. Moreover, the dominant production and recombination processes of such active 

species are discussed in order to point out the impact of oxidant active species, such as 

atomic oxygen and hydroxyl radical, on the organic content removal from both gas-phase 

and adsorbed thin film fragments as well as correlate the physics behind ground state 

particles generation to the predominant excited state production mechanisms. The results 

obtained confirm that most of O atom population in pure Ar and Ar/TEOS mixtures is 

generated by dissociation of water molecules contained in the Ar gas flow due to electron 

and Ar metastable impact. Nevertheless, it is found that the OH radical production in 

presence of a high content of hydrocarbon fragments is dominated by recombination 

processes between O atoms and CH radicals thus revealing the presence of further O atoms 

loss mechanisms respect the pure Ar case. Moreover, based on the 2D LIF imaging results, 

the presence of gas-surface reactions able to improve the thin film inorganic content is 

excluded due to the very low CH radical and O atom signal detected in correspondence of 

the dielectric plate.   

The obtained results, combined with predominant excited species production pathways 

and thin films features, provide a fully-comprehensive study of the Ar/TEOS atmospheric 

pressure plasma process primarily aimed at the development of innovative computational 

models, crucial for a further optimization of the process.  
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1 
INTRODUCTION  

 

This chapter provides a general introduction regarding the use of atmospheric pressure 

plasma (APPs) for thin film deposition purposes. First, the most significative plasma agents 

and basic scientific principles involved in polymerization processes on thermo-sensitive 

materials are summarized to provide some background information essential for a clear 

understanding of the current work. Second, the use of APPs for the deposition of Si-based 

thin films is discussed in detail to highlight the lack of clarity related to the dominant gas-

phase reactions and the complete absence of reference data about monomer fragmentation 

pathways in case of TEOS-containing plasmas. Third, an overview of the state of art and 

the most promising industrial solutions for the deposition of silica-like films starting from 

TEOS as precursor is presented to clarifies the motivation behind the work. At the end, 

dissertation outlines and scientific works attained over the three-years of research activity 

are presented. 

 

 

1.1 Atmospheric pressure plasmas for thin films deposition on thermo-sensitive 

materials: a general overview 

 

The possibility of avoiding expensive pumping systems, reduce equipment cost and use 

low process temperatures makes APPs a promising alternative to low pressure (LP) plasmas 

and chemical vapour deposition (CVD) techniques typically employed for thin film 

deposition since the mid-20th century.[1],[2] The lack of high temperature which induce 

the thermal activation of gas-phase reactions, as in the case of CVD, as well as the weak 

plasma stability, due to low mean free paths of plasma species with respect to conventional 

LP processes, were just some of the main barriers towards a widespread development of 

APPs technologies for industrial applications.[3],[4] As proven by the volume of critical 

reviews published and the number of patents deposited on this topic, a large part of the 

plasma scientific community has worked on a deeper understanding of APPs over the last 

two decades aiming to replace the use of “conventional” techniques for thin films 

deposition.[5]–[7] Despite this, significant additional efforts are required to obtain dense 

and uniform thin films on complex thermo-sensitive surfaces.  

In this regard, a short overview of APPs main competitive advantages with respect to 

conventional methods for deposition purposes is presented in this introductory paragraph 

aimed at providing a comprehensive basis to fully understand the relevance of the topic in 

terms of industrial and scientific outlooks. 
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First, unlike conventional approaches, in case of APPs technologies the thin film 

precursor is always diluted in a main gas which acts as plasma gas and carrier flow at the 

same time.[8] From a physico-chemical and economical point of view, the choice of such 

main gas is a key factor towards the industrialisation of the process since it has a notable 

influence on the discharge stability, generation of energetic species, gas temperatures, total 

process costs and quality of the resulting thin films.[9]–[13] Typically, the gasses most 

widely utilized in APP processes are noble gasses such as He and Ar due to the presence 

high energy metastable atoms which largely participate to ionization (through Penning 

ionization reactions) and collisional processes with precursor molecules.[14] The active 

participation of metastable atoms in nucleation and thin film growth mechanisms is one of 

the most significant difference between AP and LP plasma where gas-phase fragmentation 

processes are strictly induced by electron impact.[15] This discrepancy, together with a 

different duration of each discharge pulse and spatial-temporal behaviours of ground and 

excited species, limits the transferability of the knowledge accumulated on low pressure 

processes to APPs.[16] Accordingly, for a complete understanding and an adequate control 

of the plasma-assisted deposition process at atmospheric pressure, a completely new 

different fundamental study of the detailed physics, dominant gas-phase mechanisms and 

thin films features is needed as a starting point towards the achievement of a well-

established technology.  

Nevertheless, it is also important to highlight that such technologies, in most cases, work 

in ambient air and the presence of surrounding air impurities must be taken into account 

since the thin films chemical and structural uniformity can be affected by gas-phase 

reactions between electrons/metastable atoms and N2,O2 or H2O molecules.[17] In order to 

limit this problem, nowadays, the research is focused on the development of cost-efficient 

nitrogen-based gas mixtures solutions for thin films deposition.[18] Although this is clearly 

a further step in the industrial implementation of APPs, the employment of N2 or air as 

process gasses reduce considerably the process efficiency due to the lack of metastable 

atoms and the number of possible plasma configuration suitable for thin film deposition on 

complex thermo-sensitive surfaces. In general, the introduction of diatomic molecules such 

as N2 and O2 and the consequent increase of chemical reaction process pathways makes the 

study of the deposition process even more challenging.[19] In the current work, the 

filamentary Ar and Ar/TEOS plasma discharges studied are sustained in ambient air and 

the influence of air back diffusion will be considered during the discussion of the obtained 

results. 

In the last years, the large use of polymers in a variety of industrial fields and the need 

to decrease their environmental impact by reducing the amount of resources used, has 

prompted the exploration of more lightweight, low-cost and eco-friendly alternative 

solutions. Among them, the possibility of modifying or improving the polymers 

functionality by thin films application, using different kind of APPs technologies, is 

certainly one of the most interesting from an industrial point of view.[20] As known, in 

contrast to plasmas in equilibrium typically used for CVD of thin films, atmospheric 

pressure plasma operate far away from the local thermal equilibrium (LTE). In this case, 

the neutrals remain relatively cold respect excited species making these plasmas suitable 

for the treatment of thermo-sensitive materials.[21] Despite such very low neutrals 

temperature, which could be assumed equal to the macroscopic gas temperature (Tgas) 

perceived by the target, provides the possibility of using APPs on a wide range of polymers 

and plastics in general, the interaction between APPs and thermo-sensitive materials 

remains a critical issue. Indeed, a polymeric substrate could be affected by a drastic and 

discontinuous change in terms of structural properties if subjected to temperatures even 
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slightly higher respect the ambient temperature therefore influencing thin films 

performances.[22] As a consequence, the gas temperature is one of the most important 

process parameters and an accurate measurement of Tgas is strongly demanded for an 

adequate deposition process control. In light of this, critical issues, possible solutions and 

various technique potentially applicable for Tgas measurements will be disclosed in detail 

over the next sections. 

The use of APPs has raised great interest also for the versatility of such technologies 

both in terms of possible device configurations and key parameters which have a significant 

effect on thin films features.[23],[24] In this regard, it is worth emphasising that nowadays 

two major categories of APP devices capable of covering a wide range of industrial 

applications exist. Indeed, conventionally, atmospheric pressure deposition process can be 

assisted by “direct’’ or “indirect” plasmas; in the first case active species and precursor 

fragments are generated directly near the target while, in case of indirect plasma, they are 

created remotely and carried on the substrate by a gas flow. [25] For the treatment of planar 

surface, e.g. PET or PP foils for flexible electronic devices, the direct configuration is the 

best available option given the possibility of performing large area treatments with low gas 

consumption. Otherwise an indirect configuration, such as atmospheric pressure plasma jet 

(APPJ) technologies, is the only reasonable choice for the deposition on complex 3D 

surfaces. Several reviews have extensively discussed advantages and disadvantages of both 

solutions; however, an accurate understanding of the specific advantages and limits is a 

fundamental step to justify the “hybrid” APP configuration employed in this work. On the 

other hand, the determination of the optimal process parameters for the achievement of thin 

films suitable for industrial application is an even more complex topic. These, indeed, are 

strongly interdependent and may result in undesirable effects in terms of morphological 

and chemical thin films properties. By the way, the use of different pulse repetition 

frequencies and duty cycle (DC) values, the influence of the gas flow-rate and the energy 

supplied per unit of monomer (Yasuda factor) on thin film features have been deeply 

investigated in the past.[8],[19] For example, Morent [26] has studied the Yasuda factor 

effect on HMDSO (Hexamethyldisiloxane) coatings features by varying the amount of 

precursor and the power applied during the polymerization process. By working in the 

“monomer deficient region”, where the amount of active species produced is higher respect 

the number of precursor molecules introduced, inorganic coating can be easily obtained; 

while thin films including a high organic content have been achieved by operating in the 

“monomer sufficient region” where the amount of active species produced is lower respect 

the number of precursor molecules introduced. Otherwise, studies performed by Starostine 

[27] have highlighted the possibility to deposit powder-free coatings with a pulsing regime 

achieved through the use of an appropriate duty cycle (DC = ton / ton + toff); while Caquineau 

[28] has shown a strong correlation between the layer non-uniformity and the presence of 

gas recirculation, due to overly high gas flow-rate, into the discharge zone. Although the 

results achieved in terms of thin film features are an interesting starting point for an accurate 

study of the process, are not enough  to understand the complex mechanisms which take 

place over the atmospheric pressure deposition process. Therefore, a good correlation 

between the plasma parameters selected and the most significant gas-phase mechanisms 

involved in the deposition process will be discussed in detail over the present dissertation. 

In conclusion, it is worth mentioning that atmospheric plasma systems allow the 

deposition of a wide range of coatings starting from different gas/vapor precursor and, on 

this point, the critical review of Merche et al. [8] provides an overview of advantages and 

disadvantages of possible organic and inorganic coatings typically deposited by plasma-

assisted processes. Obviously, the choice of these coatings and relative precursors is mostly 
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dictated by the main industrial users and the search for innovative solutions never comes 

to an end. Among the many possible ones, nowadays, Si-based coatings are certainly the 

most studied category thanks to their excellent chemical, thermal, and optical properties. 

However, because of the relative novelty of this research area in AP conditions, many 

questions are yet unanswered and some scientific and industrial problems still need to be 

ironed out. The main goals achieved up to now, the most used precursors and the main open 

questions of the plasma community on this topic are presented in the next sections.  

 

 

1.2  SiO2-based thin films 

 

In the last decades, plasma-polymerized Si-based films have received great interest 

because of their unique properties in terms of heat and corrosion resistance, cross-linking 

and good substrate adhesion. Among all silicon-based materials, silicon dioxide (SiO2), 

also known as silica, is probably the best-known due to its further properties in terms of 

dielectric strength, optical transparency and barrier performance.[29] The actual 

importance of SiO2 layers emerges clearly from the widespread range of industrial 

applications. For example, in the microelectronic field these thin films are used as dielectric 

layers for electronic devices due to their superior electrical insulation properties or 

absorption layers in flexible solar cell for efficiency improvements.[24],[25] Alternatively, 

Si-based thin films could be used for optical amplification and antireflection improvement 

in the optical field or as barrier layer of polymeric materials typically employed in the 

packaging industry.[32] Indeed, most of packaging materials used nowadays, such as 

conventional polymers (PET, PVC, PP) or innovative biodegradable bioplastics, cannot 

offer a sufficient barrier against oxygen and water vapour thus leading to a reduced shelf-

life of food products.[33] In light of this, silicon oxide films deposition gradually become 

one of the most interesting solutions.  

The presence of chemical bonds between silicon and oxygen atoms is the defining 

characteristic of SiO2 thin film, however different Si and O atoms arrangements or chemical 

impurities can induce a wide variety of network structures leading to thin films more or 

less silica-like. In the particular case of APPs deposition processes, the achievement of pure 

silica thin films can be considered as one of the greatest challenges of the sector for two 

main reasons: the use of complex starting precursors with a chemical composition quite far 

the one of pure silica and the presence of not easily controllable multiple gas-phase 

fragmentation pathways and surface reactions which could take part in thin films formation 

and result in unpredictable film composition. Moreover, in case of deposition on 

thermoplastic-polymers everything is even more complicated by the fact that silica-like 

coatings are characterized by thermomechanical properties completely different from the 

substrate. In fact, despite the substrate temperature has a central role in the SiO2 thin films 

densification , the stretching of the polymeric substrate and the consequent appearance of 

cracks in the silica layer (due to a relatively lower coefficient of thermal expansion) could 

occur, thus hindering their industrial implementation. [34] 

As mentioned above, the choice of the precursor plays an important role in the 

deposition process and, consequently, a quick overview of the most used Si-based precursor 

is required. Plasma polymerization of SiH4 in oxygen-based mixtures has been used for 

many years for the deposition of SiO2 thin film with low pressure plasmas due to the low 

concentrations (less than 1%) of Si-H and Si-OH impurities in the deposit and deposition 

rates completely independent from substrate temperature.[35] However, the possible 

occurrence of spontaneous combustion events without the need of an external ignition, 
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makes the use of SiH4 hazardous in case of LP processes and completely unsuitable for 

open air processes. Thus, among other monomers, Hexamethyldisiloxane (HMDSO) and 

Tetraethoxysilane (TEOS) have become important substitutes in both AP and LP processes. 

Such precursors are characterized by a symmetrical chemical structure, which results in a 

low enthalpy of vaporization due to weak intermolecular interactions, and by the presence 

of silicon units already bonded with oxygen atoms.[36] These non-toxic compounds, easily 

available from commercial sources at a moderate price, are called in general organosilicon 

precursors due to their organic–inorganic character. Despite HMDSO and TEOS 

compounds belong to the same family, their differ in terms of chemical structure, 

stoichiometric ratio and chemical bonds dissociation energy as presented in Figure 1.1.  

 

 

 
 

Figure 1.1 –Formula, stoichiometric ratio, dissociation Energies and 3D structure of HMDSO and TEOS 

molecules 

 

 

Due to its chemical composition, HMDSO is often adopted for plasma polymerization 

of coatings with an organic character and chemical structure similar to 

Polydimethylsiloxane (PDMS), a carbon-based polymer typically used for biomedical 

application due to its smooth flexible surface without cracks, its hydrophobic behaviour 

and high biocompatibility.[37] Some results discussed by Morent et al. [13] clearly show 

that the chemical and morphological properties of plasma polymerized HMDSO coatings 

are strongly affected by the process gas composition and a gradual transition from organic 

PDMS-like to inorganic SiO2-like coatings is strongly dependent on the oxygen/air 

percentage introduced inside the plasma source. The possibility to produce thin films with 

tailored properties by controlling external parameters, e.g gas composition, has made 

HMDSO the most popular precursor in case of AP deposition processes. Accordingly, this 

general interest on HMDSO thin films has also led over the years to the investigation of 

the most important gas phase mechanisms. In that regard, Sonnenfeld [38] has shown the 

dominant electron impact reactions involved in the conversion and/or fragmentation of the 

monomer, as reported in Figure 1.2, by using the Gas Chromatography (GC) technique on 

a filamentary Dielectric Barrier Discharge (DBD) configuration working in air mixture. 
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Figure 1.2 – Scheme of predominant gas-phase mechanisms in air/HMDSO plasma detected by GC of 

exhaust gasses [38] 

 

 

 Moreover, Loffhagen et al.[39], in 2017, studied for the first time the most significant 

gas phase reactions of a DBD in highly diluted HMDSO/Ar mixtures by an analytical 

model based on the reaction-kinetics model reported by Becker [40] (including 14 Ar 

species and 114 reactions), extended by the inclusion of reactions between Ar species and 

HMDSO. The list of collision processes reported in the above-mentioned work is presented 

in Figure 1.3. These large number of publications has thus bridged the knowledge gap 

between gas-phase mechanisms and thin film properties making further comprehensive 

study of the process redundant. 

 

 

 
 

Figure 1.3 – Atmospheric pressure collision processes between Ar species and HMDSO molecules [39] 
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By contrast, very little work has been done to analyse the main fragmentation pathways 

resulting from electron or Ar metastable impact on TEOS molecules at atmospheric 

pressure, despite being characterised by the possibility of depositing silica-like coatings by 

avoiding the use of further oxygen-based gasses and by a chemical structure very close to 

SiO2, opening interesting perspectives in terms of energetic and economic savings.[41] The 

state of the art on key achievements and scientific/technologic barriers of plasma-assisted 

TEOS deposition processes is summarized in the following sections with the aim of 

underlining the necessity of new scientific discoveries for an adequate control and an in 

depth understanding of the process as provided in the past for the HMDSO case.   

 

 

1.3 Scientific background on plasma polymerized TEOS thin films 

 

The scientific literature concerning plasma polymerized TEOS thin films is clearly 

divided in two main different branches. On the one hand, the study of low pressure plasmas 

for silica coating deposition, primarily aimed at evaluating the main gas-phase reactions 

involved in the process; while, on the other hand, a detailed analysis of chemical and 

physical properties of the silica-like thin films obtained by atmospheric pressure processes 

mainly focused on the development of new configuration suitable for industrial on-line 

processes. In the first case, the thin film characteristics are usually good in terms of 

inorganic content, water resistance and absence of defects, even if the insufficient 

deposition rates associated to a good process control could result as an effective barrier for 

the industrial implementation.[42] In light of this, the plasma community has focused its 

efforts on the study of the gas-phase mechanism by using different kind of diagnostic 

techniques in order to define a clear correlation between operating condition and coating 

performances and understand how speed up the process without affecting the thin films 

quality. In case of atmospheric plasmas, the scientific approach is completely different. 

Indeed, the deposition of thin films with good chemical and morphological properties is 

not an easy task and the research of TEOS thin films with surface features competitive with 

those gained under LP conditions is ongoing. Considering this, almost all the publications 

on this topic are limited to presenting surface characterization results by varying operating 

conditions or device configurations adopted without any consideration on the gas-phase 

physics and chemistry behind the deposition process.[43], [44]. For reasons of clarity, some 

of the major discoveries in the field of SiO2 thin films obtained by means of atmospheric 

plasma are described in section 1.3.1; an overview of low pressure processes for SiO2 thin 

films deposition by using TEOS as precursor is presented in section 1.3.2. 

 

 

1.3.1 Overview on APPs for SiO2 thin films deposition using TEOS as precursor 

 

Although the use of thermal plasmas discharges for TEOS thin films deposition has 

expanded enormously since the late 1970s for integrated circuit manufacturing by thermal 

decomposition (CVD) of TEOS at temperatures higher than 600 °C, the first papers and 

patents concerning the deposition of TEOS at lower substrate temperature (< 400 °C) in 

atmospheric pressure conditions have been published in the first half of the nineties thanks 

to the development of capacitive radiofrequency discharges.[45] On this subject, Babayan 

[46] has presented for the first time a plasma jet configuration operating in O2/He mixtures 

suitable for the deposition of SiO2 thin films with operating temperature included between 

115 - 350 °C. The author proved that the features of thin films deposited at 350 °C, which 
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exhibit infrared peaks at 450, 800 and 1080 cm−1 due to the rocking, bending and stretching 

modes of siloxane linkages, are comparable to those of thermally grown SiO2 films, while 

absorption peaks at 930 and 3400 cm−1, caused by bending and stretching vibrations of 

hydroxyl groups, appear only in case of low temperature (115°C) deposit (as shown in 

Figure 1.4.) by revealing the presence of undesirable water molecules onto the thin film 

surface. 

 

                                                                              
 

   Figure 1.4 – Plasma source cross-sectional view (left) and FTIR spectra (right) of: pure TEOS thin film 

deposited at 115° and thin film deposited at 350°C [46] 

 

 

Despite the excellent results achieved in terms of inorganic content, the use of such 

plasmas on thermo-sensitive materials was still forbidden due to the high process 

temperatures. In order to overcome this problem, in 1995, Sawada [47] proposed a new 

plasma technology, called atmospheric pressure glow (APG) discharge, for the synthesis 

of plasma polymerized TEOS thin films in He or O2/He mixtures by using an AC generator. 

Interestingly, in case of pure He plasma, morphological results confirmed a surface smooth 

and free from defects at low temperature (<100°C) while FTIR spectra revealed the 

presence of organic bonds by means of C=O stretching and Si-C stretching absorption 

peaks at 1730 cm-1 and 880 cm-1 respectively (Figure 1.5). This organic content, confirmed 

by XPS analyses (C=33%, Si= 29%, O= 38%), completely disappear with the addition of 

a low percentage of oxygen (C=0%, Si= 36%, O= 64%) leaving space to broad absorption 

peaks caused by OH groups as shown in the Babayan case. Of interest is also the fact that 

the Sawada’s work reports also some preliminary consideration about gas-phase processes 

hard to find in case of APPs. However, the result observed by optical emission spectroscopy 

(OES) were used only for a comparison with LP studies in terms of emitting species 

produced thus not allowing to draw any consideration on AP gas-phase processes.                                               

 

                                                                                       
 

        Figure 1.5 – Experimental set-up (left) and FTIR spectra under different TEOS/O2 mixture (right) [47] 
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After that, other configurations were studied in the early 2000’s with the aim of 

improving the industrial applicability and performances of SiO2 thin films. In particular, 

several research groups have shown the use of DBD configurations with dynamic electrode 

arrangement for the deposition of thin films on polymeric sheets. As an example, the 

influence of plasma parameters such as energy released for each single pulse, position of 

the sample and deposition rate were investigated by T. Opaliska et al. [48]; while coating 

thickness, surface energy and grown rate were studied in details by B. Twomey [49] as a 

function of the He/O2 flow rates. In 2002, a similar configuration was used by Sonnenfeld 

[38] to study the influence of the power applied (energy per precursor molecule) on thin 

films surface properties. The DBD plasma source, presented in Figure 1.6, operates in a 

dynamic mode in Ar/TEOS or Ar/O2/TEOS admixtures and is driven by a sinusoidal 

voltage power supply with a fixed frequency of 6.6 kHz. From XPS data it was found that 

the amount of carbon content (C=43.7%, Si= 11%, O= 45.3%) in case of Ar/TEOS plasma 

is reduced with respect to the TEOS stoichiometric ratio; but, also in this case, the organic 

content seems significantly decreased in deposits achieved by using Ar/O2 mixture as gas 

flow. By comparison with the previous cases, it is clear that the use of this “new” dynamic 

plasma configurations, typically working in Argon, makes the deposition of silica-like 

coating even more difficult due to the lack of high process/substrate temperature or long 

TEOS residence times inside the active deposition zone. Moreover, it is worth mentioning 

that, in order to study the gas-phase chemical conversion of TEOS during the deposition 

process, the exhaust gas of the plasma device was analysed by means of Gas 

Chromatography (GC). Ethanol (C2H5OH) was found to be the dominant stable product of 

the gas phase process probably produced by the recombination of -OC2H5 fragments 

generated after the Si-O bond breaking due to electron impact reaction with TEOS 

molecules; while, as shown in Figure 1.6, all the other compounds detected (TE1–TE5) 

were not identified. Also, in this case the gas phase study is not exhaustive and cannot be 

used to draw concrete conclusions regarding the dominant fragmentation pathways of the 

process in contrast to the HMDSO proposal performed by the same authors (presented in 

Figure 1.2). However, the possibility to use plasma devices easily implementable in 

production lines paved the way for a new generation of atmospheric plasma prototypes over 

the following years. 

 

                                                                              

 
 

Figure 1.6 – “dynamic” DBD configuration (left) and GC results obtained in  Ar/TEOS mixture (right) [38]  

 

 

Indeed, in 2010, the research group headed by M.C.M van de Sanden [39],[48] reported 

for the first time the deposition of SiO2-like thin films on flexible large-area polymeric 

substrates, e.g polyethylene terephthalate (PET) and polyethylene-2,6 naphthalate (PEN) 

sheets, by using an AP uniform glow-like DBD technology. The presented device allows 

the deposition of uniform inorganic coatings in Ar/N2/O2 mixtures thanks to the 
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implementation of an electronic stabilization unit (Matching Network) between the HV 

generator and the plasma device. The schematic picture of the roll-to-roll reactor is shown 

in Figure 1.7. XPS and AFM results obtained using 10 slm of N2, 1 slm of Ar, 0.2 slm of 

O2 and 150 ppm of TEOS as process gasses have shown a very low carbon contamination 

(1.7±  0.1%) and a smooth morphology with a root mean square (rms) value insignificantly 

altered respect the bare polymer substrate. Furthermore, the produced single layers 

presented excellent gas barrier performances in terms of oxygen transmission rate (OTR: 

<5 x 10-3 cm3 m2 day-1) and water vapour transmission rate (WVTR: <5 x 10-3 g m-2 day-

1).[41] Five years later, the influence of two key parameters, namely dynamic deposition 

rate and substrate temperature was investigated by preserving the same plasma 

configuration in order to define the minimum energy value required for the deposition of 

good performing silica-like films.[51] 20 slm of N2, 1 slm of Ar and a fixed TEOS/O2 ratio 

of 4.5 x10-3 slm were used for this further step and, also in this case, almost totally inorganic 

(C <0.3%) smooth (rms = 1.7 ± 0.1 nm for 2x2 μm of characterization area) thin films were 

deposited for the whole studied range of operating conditions. However, a minimum 

specific energy equal to 1.1 keV/molecule, substantially higher than TEOS chemical bonds 

dissociation energy (~ 4-5 eV), was determined to be crucial for the formation of dense 

inorganic silica-like layer by suggesting the presence of additional surface or gas-phase 

reactions involved in the process not merely for the scission of the hydrocarbon groups, but 

mostly for the densification of the deposited layer. In the years following 2016, 

supplementary informations on this specific deposition process were provided by F.M. 

Elam [52] and Y. Liu[53]. In particular, the first paper showed the possibility to use a 

bilayer architecture to prevent the formation of microdefects on the film surface which 

could appear at extreme process conditions in terms of input energies per precursor 

molecule; while the second paper reported a gas-phase analysis of stable molecules in the 

gas effluent by using a high-resolution Fourier-transform infrared spectrometer. Such 

measurements revealed high rates of COx species produced due to the precursor 

dissociation or PEN substrate etching in case of precursor flow lower than 100 ppm 

(etching-deposition regime) and highlight formic acid (HCOOH), formed through the 

plasma synthesis of COx, as best sensitive indicator for etching rates. 

 

                  
 

Figure 1.7 – “roll-to-roll” DBD configuration (left) and AFM results obtained in Ar /N2 /O2 /TEOS 

mixture (right) [51] 

 

 

This branch of activity was almost totally supported by the industrial partnership with 

FUJIFILM Manufacturing Europe BV (the largest manufacturing and research organisation 

of FUJIFILM Co. outside Japan) that, on the basis of the scientific research presented 

above, developed the innovative “Green atmospheric glow plasma” prototype, shown in 
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Figure 1.8, for the deposition of silica-like thin films on PV-cells and flexible electronics 

devices in order to prevent moisture penetration and consequently increase the products 

lifespan.  

 

  
                     

   Figure 1.8 – “Green atmospheric glow plasma” FUJIFILM prototype (left) and interferometric 

microscopy results of PEN foils treated in air-based mixtures (right) [53] 

 

 

Also in this case, despite the significative reduction in terms of electronic device 

production costs and the greatest results achieved from the thin film properties point of 

view, the main gas-phase mechanisms and dominant TEOS fragmentation pathways 

involved in the process were never been studied in detail.  

As anticipated in the introductory part, this approach is actually the common thread 

between all paper published on this topic; accordingly, it is clear that the plasma scientific 

community has to explore innovative ways for a further process optimization. Although the 

result obtained up to now are even better than a single SiO2 layer deposited at low pressure 

conditions, a deeper understanding of the gas-phase deposition mechanisms by means of 

different spectroscopy techniques as well as the establishment of plasma physical and 

chemical parameters which have an influence on coating properties could open the way for 

real-time control systems implementable on production lines, thus increasing the industrial 

diffusion of APP device for thin film deposition.  

 

 

        1.3.2 Overview on LPPs for SiO2 thin films deposition using TEOS as precursor 

 

In the first half of the nineties, simultaneously to the development of capacitive 

radiofrequency discharges for TEOS thin film deposition at atmospheric pressure, several 

research groups focused their studies on the optimization of pre-existing low-pressure 

processes. Over these years, such well-established technology was used for the first time 

for the deposition on plastics and other thermosensitive materials, with and without oxygen 

addition, at temperatures lower than 100°C. Consequently, new diagnostic techniques 

combined with structural analysis of deposits were developed to qualitatively explain 

innovative experimental findings. 

For example, in 1992, F. Fracassi et al. [2] presented for the first time a proposal of the 

gas-phase reaction pattern behind low pressure plasmas in TEOS/O2 mixture with the aim 

of defining the dominant mechanism involved in the thin films composition control. By the 

use of two in-situ diagnostic tools, Mass-spectrometric (MS) analysis and Optical Emission 

Spectroscopy (OES), the authors delineated two different kinds of reactive species which 

occurs simultaneously from electron collision with TEOS molecules: silicon-based species 

(bonded with carbon and oxygen atoms) and organic radicals (hydrocarbon fragments). On 
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the other hand, the results obtained showed also the active role of oxygen atoms in 

increasing TEOS gas-phase conversion pathways and removing the thin film organic 

content by means of gas-surface reactions. The main reaction mechanisms, validated also 

in terms of surface features by XPS and FTIR results, are reported in Figure 1.9. It is  

important to highlight that in this case OES was used for the detection of reactive emitting 

species (H and O atoms, CH and OH radicals or CO molecules) and for actinometric 

measurements of O concentration as function of O2/TEOS ratio (Figure 1.9), while MS was 

used for the definition of the conversion rate of TEOS molecules by detection of exhaust-

gasses stable species. Despite the use of OES was not a novelty for TEOS deposition 

processes, this paper contains the first proposal of a poly-diagnostic approach.  

 

 
 

Figure 1.9 – Gas-phase reaction pattern (left) and actinometric measurements of O concentration as 

function of O2 / TEOS ratio  [2] 

 

 

An OES study of the LP TEOS deposition process was performed also by K. Aumaille 

et al.[36] in order to correlate the structure and properties of the deposited thin films with 

the plasma gas composition by varying the amount of precursor content in O2/TEOS 

plasmas. Also in this case, the results detected by several ex situ thin films diagnostics 

combined with emission spectra show that O atoms are not necessary for the deposition of 

organic film, due to the efficient dissociation of TEOS molecules by electron impact, but 

are strictly required to obtain SiO2-like films. This paper clearly underlines that the use of 

a single gas-phase diagnostic techniques is not enough to identify the nature of the 

fragments responsible for the film’s deposition and the simultaneous use of other in situ 

diagnostics is necessary.  

To confirm this, in 2002, A. Granier [54] showed a detailed analysis of the excited 

species produced during the process by recording low and high resolution OES spectra. 

Also in this case, despite the high resolution spectra (acquired by a Fourier transform 

spectrometer) were shown to be essential to prove the presence of the weakly emissive 

species invisible by low resolution spectra (0.3 nm), the employment of a single diagnostic 

techniques is not enough for a full understanding of the gas-phase mechanisms. Anyway, 

the excited species detected in this paper, can be use as partial reference data for the 

interpretation of the optical emission spectra presented in this dissertation.  

Recently, also M. Abbasi-Firouzjah et al. [55] use OES to monitor the low pressure 

deposition process performed in TEOS/O2/Ar mixtures and investigate the oxygen role. 

Their gas-phase study is almost totally based on the Monte-Carlo simulation carried out by 

Stout and Kushner [56] in 1993 for SiO2 thin film deposition in LP conditions. Indeed, 

according to Kushner model, TEOS can be dissociated both by electron impact and 

oxidation mechanisms in order to generate a thin film with performances very similar to 
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that of pure silica. The most significant reaction pathways proposed consist in the two gas 

phase reactions reported in Equation 1.1 and 1.2 and surface reactions which have an 

active role in the removal of the thin film organic content e formation of the Si-O-Si band 

as claimed by F. Fracassi.  

 

 𝑺𝒊(𝑶𝑪𝟐𝑯𝟓) 𝒏 (𝑶𝑯) 𝟒−𝒏 + 𝒆 
 

→  𝑺𝒊(𝑶𝑪𝟐𝑯𝟓) 𝒏−𝟏 (𝑶𝑯) 𝟒−𝒏+𝟏 + 𝑪𝟐𝑯𝟒 + 𝒆                𝒏 = 𝟏 − 𝟒          (1.1)            

 

     𝑺𝒊(𝑶𝑪𝟐𝑯𝟓) 𝒏 (𝑶𝑯) 𝟒−𝒏 + 𝑶 
 

→  𝑺𝒊(𝑶𝑪𝟐𝑯𝟓) 𝒏−𝟏 (𝑶𝑯) 𝟒−𝒏+𝟏 + 𝑪𝟐𝑯𝟒𝑶 + 𝒆           𝒏 = 𝟏 − 𝟒           (1.2)                 

 

In particular, looking at the pure TEOS spectrum obtained by OES, M. Abbasi-

Firouzjah assumes that the Hα excitation line is a consequence of the TEOS molecule 

dissociation and confirms the mechanism proposed in Eq.1.2 by observing that the intensity 

of the Hα excitation line increase with the increasing of the oxygen content.  

This short overview of the most significant papers on low pressure plasmas for silica-

like films deposition by using TEOS as precursor is mostly aimed at describing some 

diagnostic tools typically used for the gas-phase plasma deposition study rather than 

presenting surface thin film properties achievable by conventional LP processes. As 

confirmed by the discussion above, despite the use of diagnostic technique such as OES is 

very widespread, it is difficult to find exhaustive gas-phase characterization of the 

deposition process also in case of low-pressure plasmas. This almost total absence of 

reference data makes the study of this precursor even more attractive. 

 

 

1.4 Outline/scope of the thesis 

 

In the present thesis a poly-diagnostic study of an APP jet specifically designed for the 

deposition of coatings by using an Ar/Tetraethyl orthosilicate (TEOS) mixture is 

undertaken. The graphical abstract of the dissertation is shown in Figure 1.10. In general, 

the main aim of the work presented is a fully comprehensive study of the process starting 

from the surface characterization of the deposits to an in-depth analysis of the dominant 

gas-phase mechanisms involved in the process by considering both excited and ground 

state species produced. To reach this goal, the dissertation is structured in the following 

way:  

 

• In chapter 2, a detailed description of the experimental set-up and the operating conditions, 

investigated in this work for the deposition of Si-based thin films, is given. Afterward, a 

short overview on different kind of ex-situ techniques employed for a complete thin films 

surface characterization is provided. The precursor gas flow and the applied power effect 

of the on the thin films chemical properties is studied by FTIR technique, while the effect 

of process temperature and power on the structural properties of plasma polymerized TEOS 

films is investigated by XPS, AFM and SEM analyses. The results discussed in this chapter 

highlight the achievement of smooth, almost inorganic and free from defects thin films 

under the lowest operating conditions (6 kV-12 kHz) while thermally damaged thin films 

are detected under higher power conditions.  

 

•  Even if the density of excited species is much lower than the density of species in the 

ground state, the study of gas-phase mechanisms involving these emitting species is an 
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important first step for an in-depth understanding of the deposition process. In this regard, 

a detailed study of both the discharge physics and the chemical gas-phase mechanisms 

involved in the deposition process is performed by imaging, optical emission spectroscopy 

and Rayleigh scattering techniques in chapter 3. An overview of the most important 

emitting species detected by Optical Emission spectroscopy under the highest operating 

conditions is provided. Moreover, due to the key role of gas temperature on the gas-phase 

reactions kinetics and thin film properties, the influence of TEOS admixture on gas 

temperature is studied by OES and Rayleigh scattering techniques. The predominant 

excited species production mechanisms are then revealed by combining time-resolved 

electron density results and spatial-temporal behaviours Ar, O, N2, OH and CH radicals. 

Special attention is paid to the main formation pathways of excited CH radicals in order to 

shed the light on the role of Arm and electrons on TEOS fragmentation under atmospheric 

pressure conditions. 

 

• The lack of clarity behind gas-phase processes involving non emitting species is actually 

one of the main barriers preventing a good process understanding. In chapter 4, the effect 

of TEOS addition on CH, OH radicals and O atoms generation mechanisms under 

atmospheric pressure conditions is investigated for the first time by spatially resolved laser-

induced fluorescence (LIF) and two-photon laser induced fluorescence (TALIF) techniques 

respectively. The ground state species spatial distribution is studied as a function of the 

carrier gas flow injected and the voltage applied during the plasma treatment by preserving 

the same operating conditions previously employed for thin film deposition (chapter 2). 

Then, the dominant ground state recombination processes in presence of a high content of 

hydrocarbon fragments are also discussed. In addition, the physics behind ground state 

particles generation is combined to the predominant excited state production mechanisms 

defined in chapter 3.  

 

• The general conclusions are draw in chapter 5 with a particular focus on possible next 

steps required for the current work finalisation and the development of innovative 

computational models.  
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Figure 1.10 – Graphical abstract summarizing the poly-diagnostic approach used in the work 
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II. F. Barletta, Ch. Leys, V. Colombo, M. Gherardi, N. Britun, R. Snyders and A. 
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spectroscopic diagnostic”, under review in Plasma Processes and Polymers. 
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II. F. Barletta et al., “Cold atmospheric pressure plasma for the crosslinking of 
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2 
THIN FILMS:  

SURFACE CHARACTERIZATION                                                                    
 

 

A complete thin films surface characterization is mandatory to understand the 

influence on thin films properties of the specific experimental set-up and operating 

conditions used in this work. As known, the power applied and the amount of precursor 

injected into the plasma source have a key role in the determination of the energy released 

per TEOS molecule and consequently on the dissociation efficiency of the plasma source. 

Therefore, as first step of the study, the effect of such parameters on the structure and 

chemistry of the film surface have been studied in detail in order to define the best operating 

condition for the achievement of smooth, inorganic (silica-like) and defect-free thin films 

on thermo-sensitive substrates. The same operating conditions will be then employed for 

the poly-diagnostic study of the most significative emitting (chapter 3) and non-emitting 

(chapter 4) species produced during the gas-phase deposition process in order to provide a 

global characterization of the process and define the physico-chemical parameters playing 

a key role in the attainment of high quality inorganic thin films onto polymeric substrates. 

 

 

2.1  MATERIALS and METHODS 

 

An overview of Atmospheric Pressure Plasma Jet (APPJ) configurations typically 

used for deposition purposes and a detailed description of the plasma deposition system 

used in this work is presented in the first section of this chapter. Afterward, different kind 

of surface characterization techniques are introduced by means of a brief description of the 

basic working principle followed by a detailed description of the specific systems employed 

in this dissertation.  

 

  

2.1.1 Atmospheric Pressure Plasma Jet (APPJ) for thin film deposition 

 

The employment of APPJs for thin film deposition is not an easy task both in terms 

of experimental set-up and device configurations. Indeed, beyond the common APPJ 

limitations such as the use of expensive noble gasses and small treatment zones, all the 

problems linked to the determination of the optimal precursor injection configuration have 
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to be taken into account.[1] Up to now different designs have been investigated for the 

deposition on complex thermo-sensitive surface, such as DBD-Jet and Corona-Jet 

configurations, however each of these two main categories presents several 

drawbacks.[2],[3] In case of DBD-Jets the plasma discharge is typically generated between 

two coaxial cylindrical electrodes and blown out into the open space by a gas flow to form 

an afterglow plume in contact with the target.[4] The spatial separation between the plasma 

generation zone and the plasma treatment area can lead to very low plasma temperature in 

the point of application and can prevent the direct influence of the target on the plasma 

discharge.[5] However, in case of deposition processes, the main fragmentation reactions 

induced by electron impact or argon metastable atoms take place inside the “active” plasma 

region contained between the electrodes and the risk of thin film deposition on 

conductive/dielectric structural parts is high.[6] Thus, the reduction in terms of deposition 

rate and the need of periodic maintenance makes this technology unsuitable for industrial 

processes.  

Otherwise, in case of Corona-Jet devices the precursor molecules are directly 

dissociated near the target since the plasma discharge is generated between the single HV 

tip and the substrate. It’s worth mentioning that this type of plasma source could operate in 

“floating-mode”, without ground electrode, or in the “DBD-mode” with the HV single 

electrode directly faced on a grounded plate, covered with a dielectric barrier in order to 

stabilize the discharge. In both cases, the discharge, characterized by an intensive corona 

plasma region located close to the tip of the HV electrode, is in direct contact with the 

target, thus leading to the occurrence of gas-surface reactions which often play a significant 

role in the polymerization process. The role of surface reactions in thin film growth 

processes and chemical composition have been presented in section 1.3.2 for the case of 

low pressure plasmas but is also reported by R. Reuter for the deposition of SiO2-like thin 

films in HMDSO/O2 mixtures under atmospheric pressure conditions.[7] Beside these 

advantages, one of the main drawbacks of this configuration operating in the “DBD-mode” 

is the influence of the target electric properties on the plasma discharge behaviour. Indeed, 

the plasma plume can change in terms of stability, shape, strength and temperature as 

function of the substrate properties. It has been proved that by adding an insulating 

substrate, e.g a polymeric foil, the total dielectric thickness increase and the discharge 

intensity decrease, while, in case of  conductive samples, the current density could increase 

enough to reach process temperatures similar to thermal plasmas (“arc” mode). [8] In spite 

of this, the high energy input released and the possibility to customize the plasma discharge 

according to several industrial requirements make the use of such “direct” plasma jets very 

attractive. Moreover, the multiple similarities between a Corona-jet operating in the “DBD-

mode” and a common planar DBD configuration makes the studies performed by using this 

technology easily transferable to “direct” plasma configurations in general.  

Some of the few common points between DBD-Jet and Corona-Jet configurations 

consist in the suitability to perform local treatments of complex 3D surfaces and the 

possibility of varying the scale of the treatment zone from few square centimeters down to 

the micrometric range. Moreover, APPJ can easily be moved by automated systems 

allowing the thin film deposition on larger surfaces. In light of this, APPJ can be used for 

the deposition of micro-engineered thin films potentially applicable in a broad range of 

fields such as the biomedical one, for tailoring protein adsorption and controlling stem cell 

adhesion, or the processing of micro-electronic devices.  

In the following section 2.1.1.1 the APPJ device employed in this work will be 

introduced in detail. The Corona-jet plasma source, developed in our laboratories, was 
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already used in the past with different kinds of power supplies for a broad range of 

applications. For example, between 2014 and 2016, a first Corona-jet prototype, slightly 

different from the device reported in this dissertation and driven by a commercial nano-

pulsed DC generator, was used for the plasma-polymerization of acrylic acid (pPAA) and 

the synthesis and deposition of nanocomposite coatings (pPAA +AgNPs) on Polyethylene 

(PE) sheets.[9],[10] In the same years a similar set-up was fully characterized by iCCD 

imaging, OES and Schlieren imaging in order to investigate the fluid-dynamic behaviour, 

the characteristic temperature, and radiation emission of the plasma device working in He 

or Ar mixtures. [11] In 2018, the use of the plasma source for the synthesis of copper-based 

nanostructures in different liquid mediums was also discussed in details.[12] The Corona-

jet prototype, excited by a micro-pulsed generator, was then considered by the research 

group of the University of Bologna for the polymerization of biocompatible amine/amide-

rich coatings in a single-step plasma process. This last work, which opens interesting 

perspectives in the field of biomaterials manufacturing, is presented in the Annex Ι at the 

end of this dissertation. Even though the use of the above-mentioned device was already 

employed for polymerization purposes, the use of such plasma source for Si-based thin 

films polymerization remained so far unexplored. 

 

 

2.1.1.1 Plasma deposition system  

 

The layout of the experimental set-up employed in all the studies conducted within 

this dissertation is shown in Figure 2.1. The single-electrode Corona Jet (AlmaJet) is 

connected to an AC power supply (AlmaPulse, Almaplasma srl) which can provide 

different voltages (1-20kV) at different frequencies (1-5kHz, 10-20kHz) with a variable 

duty cycle (1-100%). The set-up also includes a gas console composed of three mass flow 

controllers (EL-FLOW, Bronkhorst) and a bubbling system for precursor injection. 

 

 

 
 

Figure 2.1 –Layout of the plasma deposition set-up: Ar supply (1), bubbling system (2), digital mass flow               

controller (3), plasma source (4), current probe (5), voltage probe (6), HV generator (7), oscilloscope(8) 

 

 

The HV single electrode Corona Jet, presented in Figure 2.2, is composed by a 19.5 

mm long stainless steel sharpened metallic needle with a diameter of 0.3 mm and a main 

cylindrical body 3D-printed with an ABS-like resin. Such main body is structured as 

follows:  
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• Component A → an external casing which directs the process gasses towards the plasma 

region and allows to fix the plasma source on the head of a CNC system. 

• Component B → a diffuser, screwed on the component A, that allows to introduce a 

primary gas flow in correspondence of the HV tip and a secondary gas flow in the region 

downstream the metallic HV tip. The outlet orifice size can be modified to adapt to specific 

applications. 

 

A peculiarity of this source is the possibility of operating with two different gas 

supplies at the same time. Indeed, a primary gas, which sustain the plasma and allows the 

precursor injection, and a secondary flow, typically employed as shield gas in order to limit 

ambient air diffusion into the active plasma discharge, can be introduced simultaneously in 

the main body through two different inlets.  

In this work the plasma source was used in the “DBD-mode” configuration with the 

HV tip facing a planar ground electrode covered with a 10 mm-thick dielectric PVC barrier. 

For all the experiments reported in this dissertation the gap between the HV electrode and 

the dielectric plate was fixed at 15 mm, significantly larger with respect to the typical values 

(1-2 mm) for the planar DBD configurations due to the corona effect in correspondence of 

the HV tip.  

 

 
 

Figure 2.2 – Scheme of the HV single electrode plasma source operating in the “DBD-mode” 

 

The Corona-jet plasma device can be also easily implemented in the fully automated 

AlmaPLUS (AlmaPlasma srl), which is equipped with a CNC pantograph, a remotely 

controlled liquid and gas console composed of four mass flow controllers (EL-FLOW, 

Bronkhorst), a liquid flow meter (miniCORI flow, Bronkhorst), a controlled evaporation 

mixer (CEM, Bronkhorst) and a remotely controlled high voltage pulsed generator 

(AlmaPULSE, Almaplasma srl). By using the AlmaPLUS system the plasma source can be 

handled, thus allowing to perform localized plasma treatments as well as deposition 

treatments on complex three-dimensional substrates.  
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2.1.1.2 Operating conditions and electrical characterization 

 

For all the deposition tests, a flow of 2 standard litres per minute (slm) of Ar was 

injected in the discharge region through the primary channel; while, simultaneously, a 

second flow of 3 slm of Ar was introduced through the secondary gas channel in the region 

downstream the HV electrode tip. The amount of precursor content in the system is 

controlled by setting the flow of carrier gas passing through a bubbling system filled with 

Tetraethyl orthosilicate (TEOS, SiO4C8H20, Sigma-Aldrich, ≥ 99%). Three different carrier 

gas flows (40, 65 and 90 ml/min), which correspond to 11, 17 and 24 ppm of TEOS 

introduced in the primary channel (by assuming 20 °C of gas flow temperature and 1 Torr 

of TEOS saturation pressure), were used for thin films deposition purposes. The ppTEOS 

coatings were deposited on Goodfellow Polypropylene (PP) foils (thickness = 0.5 mm, 

Ø=25 mm) for 60 seconds of deposition time. The plasma device was operating at four 

different power conditions (6, 8, 10, 12 kV) by keeping the frequency value fixed at 12 

kHz. The discharge evolution between electrodes under different operating condition is 

presented in Figure 2.3. The plasma device clearly exhibits two different working modes: 

the 6 kV-mode (see Figure 2.3(A)), characterized by a stable uniform glow-like discharge 

that partially covers the PP surfaces and the 12 kV-mode (see figure 2.3(D)) consisting of 

a filamentary discharge with a larger deposition spot in correspondence of the PP substrate. 

It is also important to emphasize that the Ar/TEOS plasma discharge is sustained in ambient 

air and consequently the air back diffusion has to be taken into account during the 

discussion of the results. 
 

 

 

 
 

Figure 2.3 - Ar/TEOS plasma discharge generated under four different operating conditions: 6kV-

12kHz (A), 8kV-12kHz (B), 10kV-12kHz (C) and 12kV-12kHz (D)    

 

To measure the power applied to the plasma device, voltage and current waveforms 

were recorded by means of a Tektronix P6015A high voltage probe and a Pearson 6585 

current transformer connected to a Tektronix DPO40034 digital oscilloscope. The current 

transformer was positioned on the ground cable to measure the active power effectively 

released to the plasma source. The input power results, obtained from the I-V waveforms 

acquired during the deposition treatment, are shown in Figure 2.4. 
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Figure 2.4 – Voltage and current waveforms of the APPJ used in this work (left); input power results 

obtained under four different operating conditions (right) 

 

 

 

2.1.2 ATR-FTIR  

 

Attenuated total reflection (ATR) Fourier-transform infrared spectroscopy (FTIR) 

technique is a highly effective method for the reliable identification of the functional groups 

present on the thin film surface. Typically, a Fourier Transform Infrared Spectrometer is 

composed by an IR source, an interferometer, a sample compartment, a detector and a 

computer. However, in order to overcome the most challenging aspects of traditional 

infrared analyses, such as sample preparation and spectral reproducibility, the use of 

additional sampling tools is very common.[13] Among these, the possibility of recording 

spectra at various light incidence angles has rapidly made the use of ATR accessories the 

first choice for thin films characterization. Indeed, unlike the other acquisition modes, the 

attenuated total reflectance (ATR) spectral mode considers also the internal reflection of 

the IR beam after the contact with a solid sample. In details, the IR source generates a beam 

which is focused on the ATR tip by means of an interferometer. In turn, the ATR tip, 

typically composed by a crystal with a high refractive index, focuses the IR beam on the 

sample interposed between the ATR accessory and a detector. As shown in Figure 2.5, the 

incident beam is then reflected several times at the interface between the two materials (the 

ATR crystal and the thin films surface) having different refractive indexes  by creating an 

evanescent wave that extend into the sample with a penetration depth included between 0.5 

μm - 2 μm as defined by the Harrick’s equation [14] :  

 

𝒅𝒑 =  
𝝀

𝟐𝝅 (𝒏𝟏
𝟐  𝐬𝐢𝐧 𝜽−𝒏𝟐

𝟐) 
𝟏
𝟐 

                                                                                                     (2.1)                                                                                                                                                                    

 

where 𝜆 is the absorption wavelength, θ is the IR beam angle of incidence while n1 and n2 

are the refractive indexes of the ATR crystal and the thin film analysed respectively. 

Finally, the detector records the IR beam as an interferogram signal, which can then be 

used to generate an IR spectrum by applying the Fourier transform.  

 

 Operating  

 conditions 

Power 

[W] 

       12 kV-12 kHz  11.5 

       10 kV-12 kHz        7.8 

        8 kV-12 kHz        4.0 
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Within the thin film the IR beam excites the ground state molecules which selectively 

absorb radiation at specific wavelengths depending on their molecular composition, nature 

of the bonds and structure. A change in terms of dipole moment of the specific excited 

molecule give rise to the absorption of the infrared radiation and consequently the 

absorption band intensity increases as larger is this change. Among the several vibration 

modes possibly excited by the IR beam, stretching modes (υ) and bending modes (δ) are 

the most important. The stretching vibrations involve a change in the interatomic distance 

along the axis of the bond and can be classified by the symmetry of the vibration in 

symmetrical (in-phase) stretching (Figure 2.6(a)) or asymmetrical (out-of-phase) 

stretching (Fig. 2.6(b)); while bending vibrations, which involve a change in the bond 

angles between atoms, can be classified in scissoring (Fig. 2.6(c)), rocking (Fig. 2.6(d)), 

wagging (Fig. 2.6(e)), and twisting vibrations (Fig. 2.6 (f)). [15] 

 
 

 
 

Figure 2.6 –Stretching and bending vibration modes [15] 

 

 

Although ATR-FTIR is currently the most used technique for thin film 

characterization, several efforts are required in order to perform a correct spectral 

assignment. Indeed, the influence of the polymeric target, the interaction between the 

evanescent wave and the thin film layer and the effect of the angle of incidence on 

absorption peaks intensities or wavenumbers have to be take into account for a good thin 

film chemical analysis.  

In general, it is important to highlight that the relative intensity of FTIR spectra 

absorption peaks could be also used to provide preliminary information about thin films 

thickness. The qualitative analysis of the thin films thickness behaviour as a function of the 

power input is presented in section 2.2.1.  

 

 

 Figure 2.5 – Schematic illustration of an ATR cell 
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2.1.2.1 ATR-FTIR measurement settings 

 

FTIR-ATR spectra were recorded by using an Agilent Cary 660 spectrometer working 

at a spectral resolution of 2 cm−1. The spectrometer was equipped with an ATR sampling 

accessory, using a diamond crystal as internal reflection element with an incidence angle 

of 45° with respect to the normal of the thin film surface. All the tests were performed in 

the center of the sample and a total of 32 scans were recorded for each spectrum.  

 

 

2.1.3  XPS 

 

In order to complete the chemical characterization of thin films, FTIR results have to 

be complemented with data obtained with quantitative surface techniques. Among these, 

X-ray Photoelectron Spectroscopy (XPS) is one of the most widespread techniques thanks 

to the possibility of providing not only a detailed description of the thin film atomic 

composition, but also specific details about the chemical bonds present on the surface.[16] 

The XPS instrumentation, shown in Figure 2.7, is composed of a radiation source which 

generate X-rays with a known energy (hν), electrostatic lenses aimed at directing 

photoelectrons from the thin film surface into an electron energy analyser and an electron 

detector placed at the end of the analyser.[17] In general, the equipment must work in ultra-

high vacuum conditions in order to avoid collisions between photoelectrons and gas 

molecules. 

 

 
 

Figure 2.7- Schematic representation of an X-ray analyser [17] 

 

XPS measurements are based on the photoelectric effect: when an X-ray interacts with 

an atom of the thin film surface, a photoelectron can be emitted. The kinetic energy (Ek) of 

these photoelectrons, detected by the electron energy analyser, is strictly dependent on the 

binding energy (Eb) of the atom, the energy of the incident X-ray (hν) and the work function 

of the spectrometer (Φ) as defined by the following equation:  

 

            𝑬𝒃 =  𝒉𝝂 −  𝑬𝒌 –  𝚽                                                                                                             (2.2)                             

 

Each atom has core electrons (electrons not participating in chemical bonds) whose 

characteristic binding energies permit the direct identification of each element present on 

the surface of the thin film analysed. Therefore, different elements can be determined 
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through identification of XPS peaks at characteristic binding energies and the amount of 

each element is directly related to the number of electrons detected. [18] 

Furthermore, the peak position is influenced by the atomic environment of the probed 

elements. Indeed, a shift in terms of binding energy take place when the electron density 

around core electrons increase or decrease due to the presence of specific bonds between 

atoms. Detailed information about specific chemical bonds and respective concentrations 

can be obtained by performing deconvolution analysis of the XPS peaks.  

In conclusion, it is worth to mentioning that the XPS information depth is roughly in 

the order of up to 10 nm, but the technique is especially sensitive in the first 4 nm of the 

thin film surface.  

 

 

2.1.3.1 XPS measurement settings 

 

XPS surface analysis on ppTEOS thin films were performed by using a Versaprobe II 

system (Physical Electronics (PHI), USA) with a monochromatic Al K X-ray source (hν = 

1486.6 eV) operating at 23.3W. The photoelectrons were detected with a hemispherical 

analyser positioned at 45° respect to the normal of the thin film surface while the working 

pressure is maintained below 10−6 Pa during analysis. The atomic composition of samples 

was identified and quantified from XPS survey scans by using CasaXPS software. C1s 

spectrum (285.0 eV) was used to calibrate the energy scale. The deconvolution of high-

resolution peaks (C1s and Si2p) were performed 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 below 1.7 eV. 

 

 

2.1.4  AFM 

 

The microscopically rough surface of ppTEOS thin films is difficult to observe by 

means of traditional electron microscopy techniques. As a consequence, the use of a 

profilometer-based technique such as Atomic Force Microscopy (AFM) is very common 

for an accurate characterization of thin films in terms of surface structure and roughness. 

[19] The principle of AFM technique is based on the measurement of different forces between 

a sharp tip and a target surface as shown in Figure 2.8.  

 

 
Figure 2.8- Principle of AFM technique [19] 
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Such interaction forces, measured via deflection of a soft cantilever while the tip is moved 

across the surface, allow to obtain different quantitative topographic information as a function 

of the chosen operating mode. In general, although various types of forces (e.g., attractive, 

repulsive, magnetic, electrostatic, van der Waals) could affect the tip movement during the 

sample scanning, signal generation in AFM is essentially based on interatomic repulsive 

forces influenced by the total electron density around an atom and characterized by an 

extreme short-range nature. For thin films analysis the tapping mode is typically used to 

image surfaces under non-damaging conditions. In this case, the cantilever is driven near 

its resonance frequency (typically 200 – 300 kHz) by means of a piezo oscillator, thus 

providing only an intermittent contact between the tip and sample. The motion of the 

cantilever, determined by the amplitude, the phase, and the frequency imposed, follows the 

sample surface morphology and together with the x- and y- coordinates produces a 3D 

image of the probed surface. By using specific softwares, it is then possible calculate the 

surface roughness from the generated 3D images. 

There are several parameters commonly employed to characterize the surface 

roughness, among these the root mean square (RMS) roughness value, also called Rq, and 

the Rz value (Average Maximum Height of the Profile) are the most used to compare 

different surface morphologies. [20] The function Rq is the root mean square average of the 

profile heights over the evaluation length (L) while Rz is the average value of the heights 

of five highest profile peaks and the depths of five deepest valleys within L.  

Moreover, the AFM technique can be used to determine the thickness of the thin films 

by partially covering the polymeric sample with a mask before starting the plasma-

polymerization process. After the treatment, the mask must be removed and both the 

covered and the uncovered zones can be investigated by AFM. Consequently, from the 

difference between the height of the uncovered area (thin film) and the height of the covered 

area (untreated polymer), the thickness of the plasma-polymerized films can be deduced.  

 

 

2.1.4.1 AFM measurement settings 

 

AFM analysis on ppTEOS thin films were performed in ambient conditions with a 

Multimode scanning probe microscope (Digital Instruments — USA) equipped with a 

Nanoscope IIIa controler. AFM images were recorded in tapping mode with an OTESPA 

(Veeco) silicon cantilever in order to preserve the thin film surface. The recorded images are 

modified with an X and Y Plane Fit Auto procedure, afterwards the Nanoscope software is used 

for roughness measurements. Scan areas equal to 10 x 10 μm and 30 x 30 μm were used for 

roughness analysis. For the thickness measurements, the PP sample have been covered with a 

Kapton tape before the plasma treatment performed by preserving the same operating 

conditions used for 2D AFM images.  

 

 

2.1.5 SEM 

 

Plasma deposited thin films are characterized by a complex nano-, micro-, and macro 

morphological structure and this complexity requires the use of advanced instruments, such 

as Scanning Electron Microscopy (SEM), for surface imaging. This technique, typically 

working in high vacuum conditions (0.1-10-4 Pa), can highlight the key structural features 

of the deposit by focusing an electron beam on the target to analyse. As shown in Figure 

2.9 an electron gun, composed by the electron source and the accelerating anode, typically 
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accelerates electrons through 1-30 kV of accelerating voltage. [21] These electrons, with a 

typical energy between 1 and 30 keV, are then collimated and focused by electromagnetic 

lenses on the target thus producing a primary electron beam. The interaction of the primary 

electron (PE) beam with the surface generates mainly secondary electrons, backscattered 

electrons and characteristic X-ray radiations which are collected by three different detectors 

in order to obtain a several information about thin film morphology, microstructure and 

chemical composition. In details, the secondary electron (SE) detector collects the SE 

produced by several inelastic scattering mechanisms between PE and thin films atoms in 

order to provide information on the surface topography, while the back-scattered electrons 

(BSE) detector collects primary electrons reflected from the thin film due to electrostatic 

interaction between atoms and electrons of the surface and primary electrons thus  

providing both chemical and topographical information. On the other hand, characteristic 

X-rays are generated by electron transitions within the atoms in the thin film, and their 

energy is strictly associated to the elements which produce them. The X-rays with different 

energies reach the detector, forming an energy dispersive X-ray (EDX) spectrum useful to 

obtain qualitative information about atoms present in the thin films.  

 

 

Figure 2.9- Schematic diagram of the core components of a SEM microscope [21] 

 

Furthermore, from a practical point of view, non-conductive polymeric samples have 

to be coated with a thin layer of electrically conducting material, e.g gold or platinum, in 

order to avoid the accumulation of electrostatic charges on the surface after the electron 

beam impact. Details of SEM measurement settings are provided in the following section. 

 

 

2.1.5.1 SEM measurement settings 

 

The coating morphology was investigated by means of a FEI XL30 Scanning electron 

microscope by applying an accelerating voltage of 7 kV on samples. Before measurements 
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the samples have been Au coated with a Baltec SCD005 Sputter Coater (Bal-Tec AG) in 

order to avoid a charge effect. Thin film morphologies and defects have been observed by 

using 2000x of magnification in five different points of the sample.  

 

 

 

2.2  RESULTS and DISCUSSION  

 

Over these sections the precursor flow and the applied power effect of the on the thin 

films chemical properties will be discussed by FTIR technique. In addition, the effect of 

process temperature and power on the structural properties of ppTEOS films deposited onto 

PP samples will be investigated by XPS, AFM and SEM analyses. Substrate temperature 

measurements, obtained by using an IR camera, will be also discussed for a complete 

understanding of the deposition process in terms of thermal stress and coating defects.  

 

 

2.2.1 Chemical structure  

   

 In this section are shown all results obtained by FTIR and XPS analysis on ppTEOS 

thin films carried out on PP samples. The choice of PP substrates as thermo-sensitive 

materials have been dictated by two main reasons: the widespread use of this material in 

the packaging industry and its chemical-morphological features extremely suitable for 

silica-based thin films characterization. Indeed, from Figure 2.10 it is clear that the 

untreated PP sample FTIR spectrum does not present peaks in correspondence of the most 

significative silica-based thin films absorption regions, namely 400-1300 cm-1 e 3200-3700 

cm-1, thereby facilitating the identification of characteristic chemical bonds present in the 

TEOS coating.  

 

 
 

Figure 2.10 –FTIR spectrum of the untreated PP substrate  

 

 

As a first step, the chemical bonds present in the deposited films are examined by 

ATR-FTIR spectroscopy. Before describing the most significant absorption peaks detected 

it’s important to remind that FTIR spectra are influenced by both chemical composition 

and coating thickness and, consequently, it is not possible to obtain quantitative information 

on thin film chemical bonds. Anyway, as shown in Figure 2.11, large differences have 

been found in the FTIR spectra of the deposited thin films by varying the amount of TEOS 
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injected inside the plasma source. For a comparative evaluation of the thin film silica-like 

behaviour several absorption bands are of interest: the peaks related to hydroxyl groups (-

OH) vibrations located either at 930 cm-1 or in correspondence of the broad band in the 

2800–3700 cm-1 region, the inorganic absorption peaks in the region between 1040 and 

1250 cm-1 (equivalent to the asymmetric stretching (AS) vibrations of the Si-O-Si unit) and 

the peak centered at 800 cm-1 corresponding to symmetric Si-O-Si stretching (SS) 

vibrations. 

 

 
 

Figure 2.11 –FTIR spectra obtained by varying the carrier gas flow  

 

 

In this respect, Starostine [22] has reported that the broad absorption feature relative 

to -OH and AS Si-O-Si unit vibrations can be attributed to an overlapping of different peaks. 

In details, drawing from literature of thermally grown thin SiO2 films, the inorganic feature 

at 1040-1250 cm-1 includes the in-phase asymmetric stretch of Si-O-Si bonds (AS1) and, at 

higher wavenumbers, the out-of-phase asymmetric stretching of Si-O-Si (AS2) bonds 

(representing the out-of-phase motion of oxygen atoms). [23],[24] In turn, each AS mode 

can be split into transverse optical (TO) and longitudinal optical (LO) stretching modes 

which represent a variation in terms of Si-O-Si bond angle (θ) value, highly dependent from 

the SiO2 network microstructure. As reported in Figure 2.12 for the AS1 case, such bond 

angle can vary from 120° to 180° by changing the peak position relative to the Si-O-Si 

bond. From the table, it’s also clear that LO modes correspond always to higher 

wavenumbers respect TO modes.  

 

 
 

Figure 2.12 – Type modes as function of the Si-O-Si bond angle (θ) [24] 
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By observing the table and taking into account the AS1 and AS2 splitting it is possible 

to deduce that the peak centered at 1060 cm-1 is certainly the result of TO AS1 vibrations 

while the peak near 1250 cm-1 is probably due to LO AS1 or TO AS2 modes which absorbed 

in the same region. Despite the AS1 peak shift towards higher wavenumbers have been used 

in the past to represent silica-like film densification, in our case the 1060 cm-1 peak is 

always in the same position for the three cases tested and consequently no conclusions can 

be drawn on this point.  

Otherwise, the relative intensities of these peaks can be used to deduce interesting 

information about the film thickness, indeed, as reported by Lisovskii[24], the AS1 peaks 

intensity typically increases with the film thickness while the number of peaks contained 

in the 1040-1250 cm-1 region increases when the thin film thickness decrease. In this 

respect, the spectra reported in Figure 2.11 show a non-linear trend of AS1 peaks intensity 

with the precursor flow increasing and the appearance of the 1250 cm-1 peak only for the 

lowest amount of TEOS (40 ml/min) case. Consequently, it can be concluded that the 

maximum thin film thickness is achieved by using 65 ml/min of TEOS while, 

unexpectedly, the thickness decreases by using the highest flow rate (90 ml/min). This 

reduction could be related to an oversupply of TEOS molecules respect the dissociation 

efficiency of the plasma source or to the presence of different coatings features such as 

surface defects which could affect the penetration depth value described in Equation 2.1. 

On the other hand, the comparable intensities of 1060 and 1250 cm-1 absorption peaks in 

case of 40 ml/min of TEOS confirm a strong reduction in terms of coating thickness respect 

the 65 ml/min case.  

As mentioned before, the broad absorption feature in the region between 2800 and 

3700 cm-1 can be correlated to hydroxyl group vibrations. However, also in this case, two 

main peaks have to be taken into account: the first one, at 3350 cm-1, can be attributed to 

OH bonds present in water molecules adsorbed by the thin film while the second one, 

centered at 3640 cm-1, is related to the presence of silanol groups (Si-OH). In general, these 

peaks are used to provide preliminary informations about the thin film mass density since 

the presence of OH bond is strictly connected to the porosity of the silica-like layer. In our 

case, it’s not possible to compare the peak intensity of the three spectra due to the thickness 

effect, however a strong contribution of hydroxyl groups is clearly present. The presence 

of water molecules may be indicated also by the low absorption band at 1650 cm−1. [25]  

In conclusion, ATR-FTIR spectra reveal a high inorganic content, while it should be 

noted form Figure 2.11 that no peaks due to C–H and C–O stretching vibrations are 

detected, indicating the absence of these organic bonds for all the flow rate examined.  

The variation in terms of thin film composition and chemical structure has been 

evaluated also as function of the power applied to the plasma source. As shown in Figure 

2.13, by varying the voltage input from 6 kV to 12 kV it is possible to detect only an 

improvement of thin film thickness while the chemical composition seems unaffected since 

there are no significant shifts in terms of wavenumbers. For accuracy reasons, the 

acquisitions have been performed in five different point of the thin films leading to similar 

results from a chemical point of view.  
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Figure 2.13 –FTIR spectra obtained by varying the power input 

 

 

Furthermore, the atomic composition the topmost surface layers have been analysed 

with XPS as shown in Table 2.1.  XPS measurements have been widely used in the past to 

elucidate information about the carbon percentage present in the silica-like coating since a 

chemical composition close to SiO2 is a fundamental requirement for several applications 

such as, for example, the improvement of polymeric packaging barrier properties. 

However, as reported in section 1.3.1, the achievement of this target in pure Ar/TEOS 

mixture is not obvious even if the chemical structure of TEOS molecules is very similar to 

the pure silica due to the presence of siloxane (Si-O-Si) bonds. The results reported in Table 

2.1, which show the chemical composition in the center of the samples by changing the 

voltage applied and the precursor gas flow, confirm this outcome for all the tested cases 

thus proving the presence of similar TEOS gas-phase dissociation pathways and surface 

reactions for all treatment conditions.  

 
Table 2.1 - Atomic composition of ppTEOS thin films  

  Operating conditions   C  (at%)   Si  (at%) O (at%) 

6 kV-12 kHz-65 ml/min           15.15 25.96 59.46 

12 kV-12 kHz-65 ml/min           15.73           26.07  58.2 

12 kV-12 kHz-40 ml/min           16.35             25.1  58.55     

12 kV-12 kHz-90 ml/min 14.52            25.91  59.57     

 
However, even if it is clear that the atomic composition remains almost unchanged 

for all cases, the organic content of ppTEOS thin films presented in table is significantly 

reduced in comparison to the atomic composition of the starting monomer (C=61%, Si=8%, 

O=31%); therefore, in general, the plasma source is able to provide thin films with an 

improved inorganic behaviour.  

As a consequence of the FTIR and XPS results achieved in the center of the sample, 

the amount of TEOS have been set at 65 ml/min, since the maximum (90 ml/min) and 

minimum (40 ml/min) gas flow conditions seemed to lead to lower deposition rates without 

improving the film chemistry in terms of inorganic content. 

Moreover, in order to evaluate the chemical uniformity of coatings, XPS analysis were 

performed in ten different point across the central axis of the PP samples with 2.2 mm 

distance in between them. In Figure 2.14 are reported the two different distributions of C1s 
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and Si2p XPS peaks obtained by using 6 kV and 12 kV at fixed precursor flow rate (65 

ml/min). 

 
 

 
 

Figure 2.14 –C1s and Si2p intensity profiles across the central axis af the ppTEOS thin films  

 

 

Despite the spatial distributions obtained in both cases reveals an almost uniform 

chemical composition across the deposits in terms of inorganic content (Si2p), the graph 

on the left shows a non-uniform distribution of the carbon atoms percentage. As mentioned 

in the introduction paragraph, several factors could affect the organic/inorganic behaviour 

of the deposit. For instance, M. Abbasi-Firouzjah [26] has proven that the organic content 

decrease by increasing the amount of oxygen in case of low pressure plasmas while 

Babayan has presented the effect of high substrate temperatures on carbon removal by 

using the first plasma jet under atmospheric conditions.[27] In our case, the C % slightly 

increase by approaching the periphery of the sample where the gas-phase oxygen content 

should be maximum due to ambient air mixing and the substrate temperature should be 

minimum because of the distance from the HV tip. This result, particularly marked for 

higher operating conditions, highlights the fact that one or both factors slightly affects the 

chemical composition of thin films although the most significative gas-phase dissociation 

reactions, aimed at reducing the organic content, are strictly connected to the presence of 

Ar metastables and electrons, as confirmed by the almost uniform percentage of Si atoms 

all over the samples. The relative contribution of atomic oxygen and substrate temperature 

on the chemical composition will be discussed in the next sections by using OES and LIF 

techniques to study the gas-phase spatial distribution of excited or ground oxygen atoms 

and an IR camera for substrate temperature measurements respectively.  

Furthermore, deconvolution of high resolution C1s and Si2p peaks have been carried 

out in order to identify the different chemical bonds present on the thin films surface. 

Figure 2.15 shows the Si2p peak deconvolution in case of ppTEOS thin films deposited 

by using the higher operating condition (12 kV-12 kHz). Detailed analysis have been 

performed on the center of the sample (equivalent to position 6 in Figure 2.14) and in 

correspondence of the edge (position 10 in Figure 2.14) in order to compare their chemical 

composition. In both cases, the Si2p peak can be fitted by taking into account the 

contribution of four different peaks: the biggest peak at 103.4 eV is due to the pure 

inorganic SiO4 content, while the three small peaks at 102.8 eV, 102.5 eV and 101.5 eV 

correspond to CH3SiO3, (CH3)2SiO2 and (CH3)3SiO units, respectively. The central part of 

the deposit shows a low content of organosilicon units and a percentage of SiO4 higher than 

85% thus confirming an almost completely inorganic behaviour; on the other hand, the 

CH3SiO3 and (CH3)2SiO2 contributions increase in correspondence of the external part of 

the deposit by reducing the SiO4 content more than 10 %. As expected, there is a negligible 
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amount of (CH3)3SiO unit (less than 1%) in both cases. These results, reported in Table 

2.2, highlights the difference in terms of chemical bond over the deposit.  

 

 

 
 

Figure 2.15 – Deconvoluted Si2p peaks acquired in correspondence of the central point (left) and the 

edge (right) of the 12 kV-12kHz sample 

 

 

Table 2.2 –Concentration (in %) of different silicon bonds present in the plasma deposited films  

 

Operating conditions 
SiO4   

103.4 eV 

 CH3SiO3    

      102.8 eV 

      (CH3)2SiO2   

       102.5 eV 

(CH3)3SiO 

101.5 eV 

   12 kV-12 kHz-65 ml/min (center) 85.09          12.70 1.47 0.75 

   12 kV-12 kHz-65 ml/min (edge) 69.1           23.1 6.7 0.3 

   6 kV-12 kHz-65 ml/min (center)  79.35           17.0 2.6 1.03 

 

 

Table 2.2 shows also clearly the Si-based bonds in case of lower operating conditions 

(6 kV-12 kHz). The central point of the deposit contains an amount of SiO4 unit (79.3%) 

comparable with the previous case (85%) thus confirming that the power applied doesn’t 

affect drastically the chemical composition of the deposit as already demonstrated by FTIR 

results. The small difference reported in the table could be caused by a different 

surrounding air diffusion into the active plasma zone or different process temperatures. 

The chemical composition of 12 kV-12 kHz ppTEOS thin films have been then 

determined by performing the C1s peak deconvolution as shown in Figure 2.16. The C1s 

high-resolution spectrum can be decomposed into four components: a component at 284.9 

eV due to C-C or C-Si-O bonds, a component at 285.9 eV due to C-O or CCO bonds, a 

component at 287.4 eV due to C=O bonds and a component at 289.4 eV due to the presence 

of OCO bonds. The main contribution in correspondence of 284.9 eV (69.1%) could be 

linked to the presence of C-C units due to the fact that the first products of TEOS 

dissociation, at electron energy values below 8-9 eV, are most likely hydrocarbon 

fragments containing C-C bonds such as C2H4 and C2H5 radicals. However, the generation 

of C-Si-O bonds is also possible because of gas-phase recombination mechanisms between 

previously dissociated SiO2 unit and hydrocarbon fragments and therefore both 

contributions should be considered. On the other hand, all the other peaks are strictly 

connected to dissociation of H atoms from hydrocarbon fragments and the subsequent 

recombination of carbon compounds with O atoms. Part of these recombination products 

take part to production of COx gas species as proven by Y. Liu, while another part 
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contributes to the thin film formation. [28] The same XPS measurements performed on the 

6 kV-12 kHz case have highlighted no difference in terms of carbon bonds. 

 

 

 

 
 
 

Figure 2.16 – Deconvoluted C1s peaks acquired in correspondence of the central point of the 12 kV-

12kHz sample (left) and concentration (in %) of different carbon bonds present in the plasma deposited 

films (right) 

 

 

 

      2.2.2 Morphological structure and thickness measurements 

 

This section provides a complete description of the thin films surface structure 

performed by AFM and SEM analysis. As reported in section 1.3.1, Y. Liu [28] has shown 

the relative importance of two possible competitive mechanisms that can occur during the 

plasma treatment, namely the thin film deposition by gas-phase nucleation pathways and 

gas-surface reactions or etching processes induced by the plasma discharge on the 

polymeric substrate. In order to check the effect of the Ar plasma treatment on the thermo-

sensitive surface, the PP samples have been treated for 60 sec without precursor under 

maximum operating conditions (12 kV-12 kHz). As shown in Figure 2.17, the untreated 

PP has a rather smooth surface with some parallel trenches probably originated from the 

manufacturing process, while the plasma exposure seems to create a large number of 

mount-like structures on the surface. The nodules, up to 49 nm high (ΔY), could be 

constituted by highly oxidized short polymer fragments, called in the literature low 

molecular-weight oxidized materials (LMWOMs) or could be ascribed to remaining 

degradation products due to plasma etching reactions.[29] In any case, the plasma treatment 

without TEOS have an effect on the polymeric structure of PP foils and this aspect has to 

be taken into account for thin films analysis performed by AFM.  

        Unit             [eV]              [%] 

 C-C / C-Si-O 284.91 69.14 

 C-O / CCO 285.95 19.56 

 C=O 287.41 4.63 

 OCO 289.43 5.67 
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Figure 2.17 – AFM results of the PP samples after 60 seconds of plasma treatment 

 

 

AFM was used to examine the surface morphology of ppTEOS thin films. Figure 

2.18 depicts the AFM images obtained by using two different deposition conditions, 6 kV-

12 kHz and 12 kV-12 kHz, at fixed amount of TEOS (65 ml/min), while the roughness 

values of the plasma-polymerized films are presented in Table 2.3. As described in section 

2.1.4, Rrms and Rz values indicate the root mean square average of the profile heights and 

the average of the vertical distance between the five maximum profile peaks and the five 

maximum profile valleys along the sampling length respectively. From the values reported 

in Table 2.3 it is possible to deduce that the surface roughness of the deposits decreases by 

increasing the voltage applied. This result can be explained by two different factors: 1) the 

presence of agglomerates on the surface of the deposit obtained at lower operating 

conditions consequent to a lower degree of dissociation and 2) a higher influence of the 

structures present on the etched PP surface in case of lower thickness values. While the thin 

film thickness reduction by decreasing the voltage input from 12 kV to 6 kV has been 

previously demonstrated by ATR-FTIR measurements, a quantitative study of the 

dissociation degree during the two different gas phase processes require the use of 

advanced diagnostic techniques, such as Gas Chromatography (GC), not employed in this 

dissertation. As a consequence, before further examinations, both effects must be taken into 

account.  

 

 

Table 2.3- Roughness values (Rrms and Rz) of ppTEOS films for different operating conditions 

 

        Operating condition  Rrms (nm)       Rz (nm) 

    6 kV-12 kHz-65 ml/min      9.29           156 

    12 kV-12 kHz-65 ml/min      7.73   87 

 

 

Moreover, AFM images show a substantial change in morphology by changing the 

power applied. A low power input results in the appearance of a defect-free surface with 

few mount-like features whereas higher operating conditions lead to thin film 
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microstructures characterized by a large amount of powder-like incorporations as well as 

the presence of cracks (as visible from 30 x 30 μm images). This result could be attributed 

to different dissociation degrees, as suggested before, resulting in different size of 

nanoparticles synthetized during the gas phase processes, in combination with a change in 

terms of polymeric substrate temperatures, as reported in the work of Starostin in case of 

ppHMDSO thin films.[22] In conclusion, RMS roughness values remain quite low (Rq=7.7-

9.3 nm) for both cases but the number of small features on the surface clearly grows with 

an increase in terms of applied power. 

 

 

 
 

Figure 2.18- AFM images of ppTEOS thin films obtained by using two different scan areas  

 

 

Besides providing useful information about the surface morphology of ppTEOS thin 

films, AFM can also be used to perform thickness measurements. In the present work the 

influence of the applied power on the thin films thickness has not been proved since AFM 

micrographs of the silica-like coatings deposited at 12 kV-12 kHz (Figure 2.19) do not 

allow to perform any estimation due to the occurrence of a strong heating-up of the PP 

surface or etching phenomena. Indeed, despite the thin film presence, the level of the 

deepest valleys detected in the right region of the AFM profile seems much lower than the 

untreated PP level thus suggesting the presence of competitive ablation process during the 

plasma treatment. Moreover, the higher gas temperatures lead to a larger ΔY value (≈ 0.8 

μm) respect the case without precursor (≈ 0.48 μm) presented in Figure 2.17.  
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Figure 2.19-  AFM results of the 12 kV-12 kHz ppTEOS thin film  

 

 

On the other hand, the thin films thickness profile obtained at lower operating 

conditions (6 kV-12 kHz) for 60 seconds of deposition time is presented in Figure 2.20. 

Also in this case the occurrence of strong heating-up phenomena could affect the thickness 

value measured (0.115 ±0.04 μm) and, accordingly, the real thickness of the films could be 

slightly greater of the one measured by AFM. Moreover, taking into account ATR-FTIR 

results which reveal a thin film thickness increase by increasing the power applied, it is 

possible to assume a thickness value higher than 0.115 μm in case of thin film deposited at 

a higher operating condition.  

 

 
 

                                              Figure 2.20 - Thickness profile of the 6 kV-12 kHz ppTEOS thin film 

 

The morphological uniformity of deposits and the possible presence of defects have 

been then analysed by Scanning electron microscopy (SEM) analysis. From top-view SEM 

images, shown in Figure 2.21, it is clear that different values of applied power lead to 

completely different thin film morphological structures. In particular, the image acquired 
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in the center of the 12 kV-12 kHz sample (Figure 2.21(A)) highlights a quite smooth surface 

with several defects, while Figure 2.21(C) shows the presence of small agglomerates on 

the 6 kV-12 kHz sample surface, thus confirming the previous assumptions of a lower 

degree of dissociation. By comparing the images acquired on the center (Figure 2.21(A-

C)) and the edge (Figure 2.21(B-D)) of the samples it is possible to deduce that the deposits 

are not perfectly uniform also in terms of morphological structure, in accordance with the 

chemical consideration discussed above. Moreover, SEM analysis performed on thin films 

deposited at 8 kV-12 kHz and 10 kV-12 kHz (not presented in this dissertation) show a 

smooth surface with cracks, so a morphological structure similar to the 12 kV-12 kHz case.  

In case of deposition on polymeric substrate high processing temperature may result 

in crack formation, thereby hampering industrial applicability of the films. In fact, as 

demonstrated by J. Petersen in case of silica layers deposited on PEN foils, cracks can 

appear on thin film surfaces due to the thermal stress and the consequent stretching of the 

polymeric substrate during the deposition process. [30] This problem, which occurs for all 

cases except the lowest operating condition tested, is the most difficult barrier to overcome 

and is deeply discussed in the following section.  

 

 

 
 

Figure 2.21 – Top-view SEM pictures of ppTEOS thin films at different operating conditions  

(2000x  magnification) 

 

 

2.2.3 Substrate temperature 

 

The process temperature has a strong influence not only on the polymeric target 

thermal stress but also on the kinetics of gas-phase reactions, the in-flight particles 

nucleation and the carbon removal efficacy. Therefore, one of the crucial challenges of the 

plasma community is to minimise the thermal stress caused by the treatment by preserving 

the most significative monomer fragmentation pathways or surface reaction mechanisms 

able to produce Si-based thin films with a low content of organic groups. In this regard, 

before studying the dominant gas-phase processes by OES, LIF and Rayleigh scattering 

techniques, it is important to find out the optimal substrate temperature required for the 
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deposition of defect-free thin films. It is worth mentioning that such substrate temperature 

will be then correlated to the process gas temperature measured by two different techniques 

in the following chapter.  

Surface temperature analysis on ppTEOS thin films have been performed with a Fluke 

TIS20 9HZ Thermal Infrared Camera. The Software SmartView 4.3, which allows to 

calculate the temperature distribution from the generated 2D images, was  used for result 

processing. All the measurements were performed during the deposition process by keeping 

the IR camera,  positioned at 45° respect to the normal of the thin film surface, 30 cm far 

from the sample. In Figure 2.22 is presented an example of 2D image acquired during the 

deposition process.  

 

 
 

 
 

Figure 2.21 highlights that the thin films surface is completely free from cracks only 

when the lowest operating conditions (6 kV-12 kHz) are applied. In order to correlate such 

defects appearance with the thermal stress of the PP foil, substrate temperature 

measurements were performed by varying the power applied. As shown in Figure 2.23 the 

substrate temperature in low power conditions is more or less equal to 37 °C after 60 

seconds of plasma treatment while is more than 70 °C under maximum power conditions. 

Concerning the other operating conditions (8 kV-12 kHz / 10 kV-12 kHz), the substrate 

temperatures detected are in both cases over 50 °C after 60 seconds of plasma treatment; 

accordingly, the PP foil temperature must be maintained below 50°C in order to avoid 

cracks formation. In each case the temperature gradually increases by increasing the 

deposition time. In general, these results, which confirm the impact of the thermal stress on 

the presence of surface defects, can be explained by considering the difference in terms of 

linear thermal expansion coefficient (α) between the 0.5 mm-thick PP target (αs (Tamb) = 

120 x 10-6 K-1) and the ppTEOS thin film (αc (Tamb)= 0.65 x 10-6 K-1, by assuming a coating 

of pure silica). The huge difference in terms of linear thermal expansion coefficient leads 

to an increase in terms of thermal stress (σt) in response to a substrate temperature change 

during the deposition process as proven by the follow Equation [31]:  

 

𝝈𝒕 =  
𝑬𝒄

𝟏−𝝁𝒄
 ∫ {𝜶𝒔(𝑻) − 𝜶𝒄(𝑻)}

𝑻𝒇

𝑻𝒊
𝒅𝑻                                                                              (2.3)                                                                                                      

 

where Ec (1-1.6 GPa) and μc  (~ 0.4) are the Young modulus and the Poisson coefficient of 

the coating while Ti and Tf are the initial and the final temperature respectively.  

To sum up, there are only two possible ways for the obtainment of Si-based thin films 

with good performances in case of static configuration: the use of shorter deposition times, 

which is the best solution for industrial applications, or the employment of minimum power 

Figure 2.22- 2D map of the substrate temperature after 60 sec of deposition time 
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conditions since the thin films chemical structure does not seem significantly affected by 

the power density applied, as proven in the previous sections. Other improvements are 

expected from moving the plasma source during the deposition treatment or, if permitted, 

from employing polymeric substrates with improved thermomechanical resistance. 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.23 – Substrate temperature profiles along the central axis of the PP samples at different 

deposition times 

 

 

The substrate temperature profile along the central axis of the PP samples are reported 

in Figure 2.23. Under high power conditions the surface temperature seems to be higher in 

correspondence of the edge of the sample (±13 mm) respect the central zone ( ±5 mm) thus 

generating a “donut shape” behaviour. This expected result is a direct consequence of the 

“ring shape” gas temperature behaviour, a phenomenon extensively discussed in the work 

of X. Lu [32] strictly connected to Penning ionization processes which typically occurs in 

case of APPJ working in ambient air. All the results reported in the above-mentioned 

scientific review proves that the ambient air diffusion into the plasma discharge increase 

the gas temperature due to Penning ionization reactions between N2 molecules and Ar 

metastable atoms: 

 

 𝑵𝟐 + 𝑨𝒓𝒎 =  𝑵𝟐
+ +  𝑨𝒓 + 𝒆−                                                                                      (2.4)                                                                                                               

 

This effect is less pronounced in the 6 kV-12 kHz case probably due to the different 

ambient air mixture caused by a different discharge evolution between the electrodes as 

showed in Figure 2.3.  

As mentioned before, an improvement in terms of substrate temperature could affect 

also the chemical composition of the deposits by reducing the amount of carbon content. 

However, by comparing the spatial distribution in terms of carbon atoms percentage, 

detected by high-resolution XPS analysis (Figure 2.14), and the substrate temperature 

profile along the central axis of the PP sample (Figure 2.23), it is evident that in our case 

the substrate temperature does not have a key role in the carbon removal and all the 

difference in terms of chemical bonds are probably connected to the admixture of oxygen 

molecules from the ambient air .   
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2.3  Conclusions 

 

The effect of power density and gas flow mixture on chemical and morphological 

ppTEOS thin film properties is studied in detail by FTIR, XPS, AFM and SEM analysis. 

Unexpectedly, it was established that the chemical structure of thin films obtained under 

different conditions in terms of energy supplied per unit of monomer remains unchanged 

in contrast to experimental results reported by Morent in case of ppHMDSO thin films on 

the basis of the Yasuda factor effect. On the other hand, the morphological structure of 

ppTEOS thin films, obtained under different voltage conditions, seems significantly 

different and in good agreement with literature results. Moreover, SEM analysis as well as 

substrate temperature measurements performed by means of an IR camera were used to 

reveal the maximum substrate temperature acceptable (40 °C) in order to avoid cracks 

formations.  

Despite the good results obtained in terms of roughness and chemical composition 

under the strongest operating conditions (12 kV-12 kHz), it was concluded that 6 kV-12 

kHz is the best operating condition for the achievement silica-like thin films completely 

free from defects. However, considering the almost identical chemical structure, huge 

differences in terms of gas-phase fragmentation mechanisms between the two cases are 

unexpected.  

In general, this chapter highlights the importance of a poly-diagnostic approach for 

thin films characterization, since the informations obtained by means of a single technique 

could provide misleading results and could not be enough for an exhaustive thin films 

surface characterization. Each surface techniques used in the current study has provided a 

small but crucial step towards an in-depth understanding of the thin film structure.  
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3 
INSIGHTS OF Ar/TEOS GAS-PHASE 

PROCESSES: EXCITED-STATE SPECIES 
 

 
As reported in the introductory chapter, the lack of clarity related to the 

dominant gas-phase reactions and the complete absence of reference data about 

monomer fragmentation pathways in case of Ar/TEOS plasma atmospheric 

deposition is currently one of the main barriers to an adequate control over the 

process and coatings properties.  

As a first step towards a detailed study of gas-phase processes having a key role 

in thin films features definition, the use of integrated time- and space-resolved 

discharge diagnostics is strongly demanded. Up to now, most of research has been 

performed with the use of optical emission spectroscopy (OES), mainly due to its 

non-intrusiveness as well as its easy setup features.[1],[2] Even if OES provides 

information about the excited plasma species and the density of emitters in plasma 

is much lower than the density of species in the ground state, the use of such 

diagnostic technique is an important first step in order to clarify the most 

significative excited species production mechanisms.[3],[4]  

In this chapter the TEOS influence on the plasma gas temperature, electron 

density and spatial-temporal behavior of excited species in an Ar/TEOS atmospheric 

pressure plasma jet is investigated. High resolution spectra of the OH(A–X), N2(C-

B) and CH(A-X) emission bands have been used for rotational temperature 

measurements and the conditions for which these temperatures can be assumed equal 

to the gas temperature (Tgas) in case of an Ar/TEOS mixture are discussed. The 

applicability of the Rayleigh scattering method for Tgas measurements during a 

deposition process is further analyzed and the time- and space- resolved behavior of 

the excited species have been used to discuss possible mechanisms involved in the 

excited states generation.  

In view of the surface results reported in Chapter 2, which highlight similar thin 

film chemical structures under different energies per unit of monomer, the 

fundamental gas-phase study presented in the following sections reports only the 

most significative results achieved at fixed operating conditions. For simplicity’s 

sake, the highest power input conditions have been selected in order to maximise the 

emission signal. It’s important to highlight that OES results obtained for the case of 

the lowest operating conditions differ from high-power results only in terms of signal 
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intensity without providing any additional informations about excited species 

production mechanisms.  

 

 

3.1    MATERIALS and METHODS 

 

The plasma deposition system used for the gas-phase study is the same 

previously employed for thin films deposition purposes presented in Fig. 2.1 (chapter 

2). In the experiments here reported, the input power has been kept constant at 11.5 

W (12 kV-12 kHz) with a carrier gas flow equal to 65 ml/min; the gap between the 

HV electrode and the dielectric plate has been fixed at 15 mm. 

The filamentary Ar and Ar/TEOS plasma discharges, shown in Figure 3.1(A) 

and 3.1(B) respectively, are sustained in ambient air, so the air back diffusion has to 

be taken into account in the analysis of obtained results. 

 

 
Figure 3.1 - Plasma discharge in Ar (A) or Ar/TEOS mixture (B) (no optical filtering)  

 

 

3.1.1 OES and fast imaging set-up 

 

A schematic view of the set-up used in this work is shown in Figure 3.2. The 

OES measurements were performed along the discharge axis at 7.5 mm from the 

APPJ head (y=0) using an Andor Shamrock-750 spectrometer equipped with a 1800 

or 3600 gr mm-1 diffraction grating and an Andor iStar 740 intensified charge 

coupled device (ICCD) camera used as a detector. The plasma emission was guided 

to the spectrometer by a UV-VIS optical fiber. The wide range spectra were 

measured with a resolution of 0.05 nm FWHM (full width at half maximum), while 

time-resolved spectra were recorded with a resolution of 0.03 nm except for the case 

of Hα lines used for electron density calculation (0.048 nm). In all cases, time-

resolved OES spectra have been acquired with a time step of 1 μs. 

The ICCD camera, equipped with a CERCO 100mm f/2.8 UV lens transparent 

in 220-900 nm range, was also used to capture time-resolved 2D OES images by 

applying five different band pass filters with the central wavelength at 696, 780, 340, 

309 and 430 nm in order to detect Ar, O, N2, OH and CH emission lines/bands, 

respectively.  Single shot CH and OH images have been obtained with a gate time of 

1 μs while 5 μs have been used in the O atom case (due to low intensity). Radiation 

patterns of Ar I and N2
* have been acquired at 2 μs of the gate time. The ICCD 

camera was synchronized with the AC generator by means of a Stanford Research 

DG645 digital delay generator and a TTL signal generator (represented as 

synchronization unit in Figure 3.2). The time delay (starting from the positive 
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voltage peak) was set at 2, 22 and 42 μs to reflect the discharge appearance during 

the positive and negative voltage half cycles, as well as between the peaks. 

.   

 
 

Figure 3.2 - Layout of the plasma deposition set-up: Ar supply (1), bubbling system (2), digital 

mass flow controller (3), plasma source (4), ICCD camera (5), current probe (6), voltage probe (7), 

HV generator (8), oscilloscope (9), synchronization unit (10) 

 

 

3.1.2 Gas temperature and electron density measurements 

 

One of the most widespread methods for gas temperature (Tgas) measurements 

is the calculation of rotational temperature (Trot) of excited diatomic molecules 

assuming that Tgas ≈ Trot. In the atmospheric pressure plasmas, however, the 

rotational level population of rotational states is often characterized by a prominent 

non-Boltzmann shape. Thus, in these cases Trot only reflects formation of the specific 

excited states, not giving a reliable solution for gas temperature.[5],[6] In this respect, 

various simulation software, such as Lifbase, are based on the assumption that 

rotational states are Boltzmann-distributed and, as a consequence, a careful results 

analysis is strongly required. In the current work rotational temperatures of the 

excited OH(A), N2(C) and CH(A) states are determined by using two different 

software. Regarding the rotational temperature of OH(A) state, it is known that only 

rotational states with small rotational numbers allow a reliable estimate of the gas 

temperature.[7] For this reason, Trot of OH radicals was obtained using MassiveOES 

software which calculates Tgas taking into account only rotational states with J <9. 

These measurements were performed with and without precursor in order to verify 

how its presence affects Tgas. On the other hand, Trot of N2 and CH excited molecules 

were determined by fitting method using the Lifbase software in a single Trot 

approximation.  

Numerous research groups have estimated Tgas from the rotational temperature 

of OH and N2 excited states for different high-pressure plasmas so far. Bruggeman 

[8] has shown that, in case of DC-excited discharges generated in water, OH cannot 

be used as a good estimate of Tgas as high H2O density leading to a significant 

overestimation with respect to the values obtained with the N2(C-B) band. In addition, 

a similar study performed by Nikiforov [7] using an APPJ generated in Ar/water 

mixtures has proven that the Trot of N2 molecules is much higher than the expected 

temperature while Tgas is equivalent to the temperature determined by the first slope 

of the Boltzmann plot of OH radicals. In this work the same issue has been checked 
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also in case of Ar/TEOS mixture in order to identify which of the two chosen 

molecules provides the best estimation for Tgas.  

Considering TEOS fragmentation, accompanied by CH radical formation, Tgas 

measurements via high-resolution CH emission spectra are discussed in this paper 

for the first time. Although CH radicals are common byproducts during the 

atmospheric pressure deposition of organosilicon precursors and CH band emission 

intensity is commonly used for estimation of the conversion rate towards Si-based 

thin films, the appearance of a distorted rotational distribution is very likely a result 

of  complex CH formation process in Ar plasmas.[9] Proper analysis of CH emission 

can provide a convenient way to control deposition processes through the Trot (CH) 

estimation and clarify the excitation mechanisms in the presence of TEOS in general. 

It is known that precursor fragmentation strongly depends on plasma properties, 

such as the ionization degree. For electron density measurements under the 

atmospheric pressure, Stark broadening of the hydrogen or hydrogen-like atomic 

spectral lines is the most widely used method.[8],[10] In this work, a time-resolved 

Hα has been used to obtain the electron density evolution during the positive and 

negative voltage peaks for a case of Ar/TEOS APPJ. As known, in the case of 

atmospheric discharges, the experimentally measured Hα line broadening represents 

convolution of different broadening mechanisms (corresponding to either Gaussian 

or Lorentzian lineshapes). The Stark broadening estimation formula in this case is 

well known, as described in the previous works.[11],[12] It is important, however, 

to highlight that in the case of APPJs the natural and resonance broadening 

contributions are almost negligible as reported in the critical review of Nikiforov et 

al.[10] Doppler broadening, on the other hand, has been estimated in our case to be 

rather low as well (about 1.3 pm), which cannot affect considerably electron density 

calculation. Consequently, all broadening mechanisms with a Gaussian profile were 

neglected in this work and only a convolution of several Lorentzian profiles 

was taken into account:  

 

∆𝝀𝒆𝒙𝒑 [𝒏𝒎] ≅  ∆𝝀𝒔 +  ∆𝝀𝑽𝒅𝑾 +  ∆𝝀𝒊𝒏𝒔                                                             (3.1)     

 

where ∆λs, ∆λVdW and ∆λins are the FWHM of Stark, Van der Waals and instrumental 

broadening respectively. ∆λins = 0.048 nm in our case (measured by an Hg line in a 

low-temperature plasma source). For ∆λVdW calculation, the formula suggested by S. 

Hofmann et al. was used.[13]  Lastly, electron density values were calculated as 

function of ∆λs using the data tabulated by M. A. Gigosos et al. in case of Hα line.[14] 

 

 

3.1.3 Rayleigh scattering experiment 

 

The experimental set-up used in this study for Rayleigh scattering 

measurements is shown in Figure 3.3. As described in the previous works [15],[16], 

this active spectroscopic method is typically used for gas temperature measurement, 

as the Rayleigh scattering signal (I) is proportional to the density of heavy scattered 

particles (ni) which is in turn inversely proportional to the Tgas value at a constant 

pressure (p), as defined by the ideal gas law: 

 

𝑰 ~ ∑ 𝝈𝒊
𝒊 𝒏𝒊 =  ∑ 𝝈𝒊

𝒊  
𝒑

𝑻𝒈 𝒌𝑩
                                                                                    (3.2)                                                                                                   
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where kB is the Boltzmann constant and i is the Rayleigh scattering cross section of 

heavy species at 532 nm.[17] Although in our case the APPJ works in ambient air, 

the Rayleigh scattering signal can be considered independent from the 

percentage of air in the gas mixture since the scattering cross sections of Ar 

(5.4×10−32 m2), N2 (6.2×10−32 m2) and O2 (5.3×10−32 m2) are all comparable.[18] By 

using the relation Tgas I = Tref Iref, it is possible to deduce Tgas in the plasma area from 

the Rayleigh scattering signal (I) and a reference measurement (Iref) obtained with 

the Ar gas flow on and the plasma discharge off at a known ambient gas temperature 

(Tref = Tamb). Correspondingly, laser scattering method suits well for validation of the 

emission spectroscopy results, namely the Trot values obtained using OH, CH and N2 

excited states. 

 

 
 

Figure 3.3 - Rayleigh scattering spectroscopy set-up including: ICCD camera (1), synchronization 

unit (2), prism (3), sheet forming optics (4), beam dump (5), Nd:YAG laser at 532 nm (6) 

 

 

In our experiments, the laser scattering measurements were done by using a 

pulsed Nd:YAG laser (Litron nano-S), operating at 532 nm with a pulse energy of 8 

mJ, a repetition rate of 10 Hz and 8 ns of pulse duration. The scattered light is 

collected, perpendicularly to the laser beam, by a fast imaging gated Hamamatsu 

digital camera with a 532 nm filter (ΔλFWHM=10 nm) and 500 ns of exposure time in 

order to obtain a superior image quality and compensate jitter. The set-up used to 

synchronize the ICCD camera with laser is similar to the one used for time-resolved 

OES measurement. For all Tgas measurements the laser beam, characterized by size 

8 mm × 0.1 mm, was passing through the plasma discharge at a distance of 7.5 mm 

from the gas outlet in order to avoid the beam reflection from either the dielectric 

plate or the APPJ head. The Rayleigh scattering method has higher sensitivity 

compared to the rotational analysis resulting in Tgas accuracy of ±15 K. 

 

 

 

 

 

 



    

 | 60  

 

3.2 RESULTS and DISCUSSION 

 

3.2.1 Emission spectra analysis and Tgas measurements 

 

TEOS Injection in the discharge region does not drastically perturb the 

emission spectrum (compared to the pure Ar discharge case), as shown in Figure 

3.4. For the sake of clarity, the low-resolution spectrum here is divided in two wide 

spectral ranges (300–670 and 690–850 nm), by using an exposure time of 200 ms 

and 5 ms respectively. Most of the emission lines located between 690 and 850 nm 

(Figure 3.4(B)), corresponding to the Ar 4p→4s transitions, are characteristic of 

atmospheric pressure Ar plasma; while a significant emission from the nitrogen 

second positive system (N2(C-B)) and hydroxyl radicals (OH (A-X)) band are 

observed between 300 and 650 nm (Figure 3.4(A)), due to the presence of 

surrounding air and water vapor traces.[19] Moreover, the addition of TEOS leads to 

the appearance of the CH, CN and C2 emission bands, as a result of its fragmentation 

by electron impact or Ar metastable collisional processes.[20] The detailed line and 

rotational band assignments for the mentioned atoms and molecules are given in 

Table 3.1. 

 

 

 
 

Figure 3.4 - Overview and high resolution spectra in Ar/TEOS mixture: (A) 300-650 nm, (B) 690-

840 nm, (C) 306-312 nm → OH(A-X), (D) 332-338 nm→ N2(C-B), (E) 430-432 nm → CH(A-X) 

measured at the negative voltage peak at 42 us time delay  
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Table 3.1- Detailed spectra assignments in Ar/TEOS mixture  

 

n. Species Transition λ  [nm] 

1 OH A2Σ+→X 2Π 308.9  

2 N2 C 3Πu →B 3Πg 337.1 

3 CH 

CN 

B2Δ→X 2Π 

B2Σ→X 2Σ 

388.9 

386.2, 387.1 

4 Ar І 3p5 →1s4 

3p9 →1s5 

419.83 

420.06 

5 CH A2Δ→X 2Π 431.3 

6 C2 d3Πg - a
3Πu 518.0 

7 Hα 2p -3d 656.28 

8  Ar І 2p2 →1s5 
2p1 →1s2 

2p6 →1s5 

2p2 →1s3 
2p4→1s3 

2p9→1s5 

696.54 
751.46 

763.51 

772.42 
794.81 

826.45 

9 O І 3p → 3s 777.41 

 

 

Among various physical plasma properties, gas temperature is one of the key 

parameters for an adequate control of the deposition process. Apart from having a 

strong influence on the kinetics of gas-phase reactions and in-flight particle 

nucleation, Tgas has a central role in the definition of thin film properties. As 

demonstrated in several studies, in case of deposition on polymeric substrates high 

processing temperature may result in severe morphological defects, such as crack 

formation, thereby hampering industrial applicability of the films.[21] Thus, this key 

parameter should be carefully controlled to maintain an appropriate temperature of 

the heat-sensitive surfaces.   

In order to address this point, two different spectroscopic methods for Tgas 

measurement have been applied. As a first step, OES has been used for rotational 

temperature calculation of the OH A2Σ+→X2Пi (0,0), N2 C
3Пu→B3Пg (0,2) and CH 

A 2Δ→X 2Π (0,0) molecular emission bands. The OH, N2, CH high resolution spectra 

acquired at the negative voltage peak (42 μs) in Ar/TEOS mixture are reported in 

Figure 5 and results of measurements are summarized in Table 3.2. As 

expected, taking into account the low percentage of TEOS introduced as well as the 

measurement accuracy, the precursor injection has non-significant impact on Trot of 

the abovementioned N2 and OH molecules. On the other hand, from Table 3.2 it is 

clear that Trot obtained using N2 and CH bands (~550-590 K) are considerably higher 

than the value estimated from OH transition (~ 410 K).  
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Table 3.2 - OH, N2 and CH rotational temperature mean values calculated in Ar or Ar/TEOS 

mixture by using 0.03 nm of spectral resolution   

       Primary gas flow          Excited  species Trot [K] 

Ar OH (A-X) 382 ± 50 

Ar N
2
 (C-B) 549 ± 50 

Ar/TEOS OH (A-X) 409.7 ± 50 

Ar/TEOS N
2
 (C-B) 551.6 ± 50 

Ar/TEOS CH (A-X) 590 ± 50 

 

 

These experimental results corroborate with several previous studies claiming 

overestimation of Tgas obtained by N2 emission bands in the case of Ar plasma 

generated in ambient air, due to the presence of Ar metastables (Arm) leading to 

production of N2(C) excited molecules by a quasi-resonance process (see Equation 

3.6 in section 3.2.3).[7]   

The Trot results obtained with CH band are very similar to those obtained with 

N2 contradicting at the same time to the OH-based Trot values. Since the use of CH 

emission for Tgas estimation has never been discussed for atmospheric pressure 

deposition processes with TEOS as precursor, further efforts are required 

to understand the observed disagreement. It is well known that the rotational 

distribution of excited diatomic molecules formed by direct electron impact from the 

respective ground state normally correspond to rotational distribution in the ground 

state.[6] Nevertheless, the presence of TEOS–related dissociation reactions, electron 

impact dissociative excitation and Penning reactions have to be taken into account 

in order to understand the pathways of CH radical formation and the resulting 

rotational distribution.  

The simplified model for CH radical formation in our case is given in Figure 

3.5. As reported by K. Okimura et al.[22], at electron energy below 8-9 eV, the first 

products of TEOS dissociation are most likely hydrocarbon fragments such as C2H4 

and C2H5, while at energy around 15 eV (which exceeds the energy of Ar 1s5 state), 

CH3 and Six(C2H5O)y stable fragments are the main products. Moreover, during the 

deposition process several ionized fragments, produced by dissociative ionization of 

TEOS molecules, can further affect the CH(A) radicals production. For example, as 

shown by Kawaguchi et al.[23], the highest partial ionization cross sections 

corresponding to SiO4C6H15
+ (810-16 cm2) and OC2H5

+ (310-17 cm2) ionized 

fragment pathways require about 11-12 eV of electron energy, which is close to Ar m 

energy level. Moreover, despite the absence of detailed information about products 

and rate coefficients in case of Arm-TEOS reactions, L. Le Brizoual [24] has shown 

that TEOS molecules quenches Ar metastable atoms about as fast as oxygen. 

Therefore, by assuming the same quenching rate constant reported by L.G.Piper [25] 

for Arm-O2 collisions (2.110-10 cm2 s-1), it is possible to hypothesize a dominant role 

of Arm in TEOS dissociation processes due to very fast reaction kinetics.    

 Nevertheless, in general, it can be stated that the primary products of TEOS 

fragmentation induced by electron impact and collisions with Arm are the C2 

hydrocarbons and Si- containing fragments. These species can be further dissociated 
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contributing to CH(A) radicals production. Several authors have shown that C2H5 

and C2H4 fragments can be in turn defragmented into CH, CH2 and CH3 radicals. For 

instance, the work of M. Steinbauer et al. reported that about 4.67 eV is required for 

dissociation of C2H5 to CH3 (
2A2" ) and CH2 (

3B1/
1a1), while only 1.57 eV is required 

for dissociation of C2H5 leading to C2H4 (X1Ag) and H atoms.[26] The latter 

mechanism is a very probable dominant pathway in case of Ar-based plasma jets 

with mean electron energy of about 1 eV.[7] As a consequence, CH3-CH radicals are 

likely the main products of TEOS fragmentation and the primary source of CH(A) 

radical production, visible in our OES spectra (see Figure 3.4).  

In general, the CH(A) excited state can be populated by electron impact 

dissociative excitation of hydrocarbons, such as CH3-CH, by high energy electrons 

(around 14 eV) or by direct excitation of previously dissociated ground state CH by 

low energy electrons.[27]  

 

 
 

Figure 3.5 - Main formation pathways of CH(A) radicals; ─ electron impact dissociative 

reactions, --- Ar metastables collisions, ···· dissociative ractions 

 

 

Despite these suggestions, the exact mechanisms of CH3-CH radicals 

defragmentation into CH(A) and CH(X) radicals in case of Ar/TEOS plasmas remain 

hidden. Assuming the C-C bond dissociation energy of about 3.6-3.9 eV and a 

required excitation energy of ~4-6 eV for CH(X) to CH(A) excitation, there is a large 

number of possible mechanisms which could influence the rotational distribution of 

CH(A) state through reactions with OH radicals, Arm and other excited particles.[28]  

Moreover, this distribution might also be non-thermal, resulting in considerably 

higher values of Trot compared to those observed in our case. Unfortunately, the 

suggested non-Boltzmann distribution cannot be directly confirmed experimentally 

since the CH(A-X) spectra obtained in this work, even under maximum spectral 

resolution, possess a rather complex structure due to the partial overlap of the Q, R 

and P branches for rotational numbers J>9.   

It is known that, for Ar plasma in a humid environment Trot = Tgas in the case of 

OH band only if the lowest rotational levels are taken into account.[6] The presence 

of TEOS precursor in the gas phase, however, may strongly influence Trot values and 
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TEOS dissociation itself have to be taken into account. In order to investigate this 

effect, Trot
 obtained (using OH band) with and without precursor, has been analyzed. 

The temperature calculated from the OH spectrum in Ar is 382 ±50 K which is in 

reasonable agreement with the results obtained for Ar/TEOS mixtures (see 

Table 3.2).  

 It is possible to assume Trot (OH) ≈ Tgas also in the presence of low amount of 

precursor, as its dissociation does not affect generation and excitation of OH radicals 

due to very low concentration. Obviously, due to a strong discrepancy in between 

Trot obtained with different emitting species, an independent measurement of the gas 

temperature by Rayleigh scattering technique is required for cross-validation. 

Rayleigh scattering, despite of its high accuracy, has its own limitations, e.g. 

interference with Mie-scattering signal in dust-containing plasmas[29], as shown in 

Figure 3.6(B) for the case of the actual deposition process. As a consequence, in 

case of Ar/TEOS mixture it is impossible to measure Tgas by Rayleigh scattering due 

to the Mie scattering signal appearing during the nucleation process in the gas phase. 

Correspondingly, laser scattering was only used in pure Ar plasma.  

 

 
 

Figure 3.6 - Rayleigh scattering images in pure Ar (A) or Ar/TEOS mixture (B) without 

synchronization. Scattering was induced by the laser light at 532 nm: (c) Rayleigh scattering 

region, (d) Mie scattering of nanoparticles nucleated during the gas-phase process, (e) Mie 

scattering on dust in ambient air 

 

 
By taking into account the respective experimental errors, results show that Tgas 

measured by Rayleigh scattering at the time positions corresponding to the positive 

and negative voltage peak (see Table 3.3) is close to the values estimated by OH(A-

X) band.  

In conclusion, the rotational distribution of OH(A) in Ar/TEOS plasmas could 

be used for Tgas measurement taking into account the limitation relevant to 

filamentary Ar plasmas, while a strong overestimation of Tgas has been revealed in 

the case of N2 and CH emission. As a result, in the latter cases the rotational 

temperature is only representative of the different production processes and cannot 

be used to obtain a good estimation of Tgas. 
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Table 3.3 - Comparison of gas temperature results obtained by OES (Trot) and Rayleigh scattering 

at different time delays (see Fig 2.4). 

Time delay 

[μs] 

Trot  

(OH band) 

 [K] 

 Rayleigh 

scattering 

[K]  

5  410 ± 50 390 ± 15 

25 320 ± 50 310 ± 15 

45 390 ± 50 340 ± 15 

 

 

3.2.2  Electron density measurements  

 

TEOS fragmentation and reactive species production are known to be controlled 

by electron impact reactions and argon metastables collisions during the positive and 

negative current peaks of a pulsed Ar discharge.[28],[29] To correlate the APPJ 

discharge behavior with electron kinetics and shed the light on the complexity of the 

gas-phase mechanisms in Ar/TEOS plasmas, time-resolved measurements of 

electron density have also been performed using Stark broadening approach. Indeed, 

Stark broadening of Hα and Hβ lines remains one of the most suitable method for 

electron density determination in case of relatively dense plasmas (ne > 1020 

m−3).[10] 

 

 

 

Figure 3.7- Time-resolved Hα emission peak at 655.28 nm with a time-step of 1 μs and 0.048 

nm of spectral resolution  
 

 

 Even though the most reliable way to estimate electron density implies Hβ 

emission line (486.14 nm), the suitability of Hα line (656.28 nm) has also been 

demonstrated by several authors.[8],[10] Figure 3.7 shows an example of time 

resolved Hα line evolution used for electron density calculations in case of Ar/TEOS 

plasma, starting from t = -8 μs (i.e. before the beginning of the positive voltage pulse) 

to t = 49 μs (end of the negative voltage pulse). As illustrated in Figure 3, at t= -6 μs 

the discharge current rise begins and consequently (see Figure 3.7) the Hα intensity 

reaches the maximum. Afterwards, its intensity decreases by approximately 50% 

during the subsequent 3 μs most likely due to electron–ion recombination [30],[31], 
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and further decreases by about 90% until the end of the positive voltage pulse. The 

Hα emission after the falling edge of the positive voltage pulse appears too weak for 

reliable Stark broadening calculation and was excluded from analysis. On the other 

hand, the Hα intensity at t= 37 μs (negative peak) is stronger compared to the positive 

peak case decreasing more than 50% during the subsequent 3 μs. Hα intensity 

increases again after the voltage falling edge (see Figure 3.8 (c)) pointing out on a 

rather strong secondary discharge taking place during the negative half period. As a 

consequence, the negative half period (ne,max ~1023 m-3) is characterized by higher ne 

values compared to the positive one (ne,max ~1022 m-3), which is also reflected in the 

temporal dynamics of ne. The Stark broadening method introduce an error of about 

10% in ne estimation for relatively high-density results (ne > 1020 m−3), while an error 

of at least 20% is found in case of low electron density values (ne < 1020 m−3).[12] 

 

 

 
Figure 3.8 - Time-resolved reactive species emission: (a) Applied voltage, (b) Current, (c) 

Electron density, (d) Hα emission lines at 655.28 nm, (e) Ar emission lines at 696.6 nm, (f) O 

atom emission lines at 777.41 nm, (g) N2 emission lines at 337.1 nm, (h) OH emission lines at 

308.9 nm, (i) CH emission lines at 431.3 nm  
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3.2.3 Phase-resolved measurements  

 

From Figure 3.8 it is clear that the ne dynamics described above (Figure 3.8(c)) 

clearly correlates with excited species production in Ar/TEOS plasmas (Figure 3.8(e-

i)). The time-resolved emission profiles of the excited species, such as O atoms, N2 

molecules, and OH and CH radicals, could provide additional information to 

understand which excitation processes are dominant during the plasma evolution.  

Few phase-resolved emission intensity patterns can be observed in Figure 9, 

namely the “multi- peak” behavior of 3p →3s O I and CH A 2Δ→X 2Π (0,0) 

transitions at 777.4 nm and 431.3 nm is presented in Figure 3.8 (f,i) while the 

“double- peak” behavior of N2 C 3Πu → B3Πg (0,0) and OH A2Σ+→X2Пi (0,0) 

transitions (appearing at 337.1 and 308.9 nm respectively) is shown in Figure 3.8 

(g,h). In the first case, the relative intensities at t= -6 μs (positive half period) and at 

t= 37 μs (negative half period) are comparable despite the previously described 

discrepancy detected in terms of ne. On the other hand, the “double- peak” behavior 

resembles the ne profile in terms of relative intensities ratio between the peaks. A 

short discussion suggesting possible reasons for such behaviors is given below.  

It is well known that the presence of O(3p) excited state (the upper state for the 

observed O emission in Figure 3.8) in the atmospheric pressure Ar discharges can 

be ascribed to O2 molecular dissociation by electron impact (𝑂2 + 𝑒 
 

→  𝑂 + 𝑂∗ +

𝑒 ), Penning ionization of O2 involving Ar metastables (𝐴𝑟𝑚 + 𝑂2  
 

→  𝐴𝑟 + 𝑂2
+ +

𝑒 ), direct excitation process of ground state O (𝑂 + 𝑒 
 

→ 𝑂∗ + 𝑒 ) or dissociative 

excitation of the water molecules (see Equation 3.3 – 3.4).[34] The O2 electron 

impact dissociation or Penning processes, subsequent to ambient air diffusion into 

the plasma discharge, do not contribute to O(3p) excited state production, therefore, 

the most probable explanation of the “multi- peak” behavior is the presence of water 

vapor traces in the Ar flow. In this regard, as suggested by Beenakker et al. [35], 

O(3p) excited atoms are produced by the dissociative excitation of H2O:  

 

𝑯𝟐𝟎 (𝑿) + 𝒆
 

→ 𝑶(𝟑𝒑𝟓𝑷) + 𝑯𝟐(𝑿𝟏𝚺𝒈
+) + 𝒆     (𝑬𝒕𝒉𝒓𝒆𝒔𝒉𝒐𝒍𝒅 = 𝟏𝟓. 𝟕 𝒆𝑽)       (3.3)              

 

𝑯𝟐𝟎 (𝑿) + 𝒆
 

→ 𝑶(𝟑𝒑𝟓𝑷) + 𝑯 + 𝑯 + 𝒆              (𝑬𝒕𝒉𝒓𝒆𝒔𝒉𝒐𝒍𝒅 = 𝟐𝟎. 𝟐 𝒆𝑽)      (3.4)              

 

Hence, the O (3p) state production is likely limited by the dissociation rate of H2O 

molecules reaching a saturation level at the time delay corresponding to both peaks 

due to the very low amount of water in the discharge, as confirmed by time-resolved 

fast imaging of the excited O atoms.  

On the other hand, due to diffusion of the surrounding air molecules, the 

maximum N2 emission appears at 37 μs time period as a double-peak which is 

generated because of electron or Arm collisions with N2 ground state molecules:  

 

𝑵𝟐(𝑿 
𝟏𝜮𝒈

+) + 𝒆 →  𝑵𝟐(𝑪𝟑𝜫𝒖) + 𝒆           (𝑬𝒕𝒉𝒓𝒆𝒔𝒉𝒐𝒍𝒅 = 𝟐𝟎. 𝟐 𝒆𝑽)                (3.5)                           

 

𝑵𝟐(𝑿 
𝟏𝜮𝒈

+) + 𝑨𝒓𝒎 →  𝑵𝟐(𝑪𝟑𝜫𝒖) + 𝑨𝒓                                                               (3.6)                                                                        
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and further electron impact reactions between the pre-excited N2 (B
3Πg) and N2 

(A3Σu
+) states.[36] 

A “double- peak” behavior has also been identified for OH(A-X) emission. In 

Ar plasmas the excited OH(A) radicals can be produced either by dissociative 

electron excitation of water molecules 

 

𝑯𝟐𝟎 ∗ + 𝒆 
 

→  𝑶𝑯 (𝑨𝟐 𝚺+) + 𝑯 + 𝒆          (𝑬𝒕𝒉𝒓𝒆𝒔𝒉𝒐𝒍𝒅 = 𝟗. 𝟏 𝒆𝑽)                (3.7)                                

 

or by Arm-H2O reactions [37]: 

 

𝑯𝟐𝟎 ∗ + 𝑨𝒓𝒎  
 

→  𝑶𝑯 (𝑨𝟐 𝚺+) + 𝑯 + 𝑨𝒓                                                            (3.8)                                                                         

 

If the mechanism (3.7) is dominant, OH(A) radicals would present a “multi peak” 

behavior reaching a saturation level; while, the second pathway should result in a 

“double-peak” emission profile, which takes place in our case. This dominant 

process, confirmed in Figure 3.8(h), does not preclude the presence of the other 

mechanisms, such as direct electron impact excitation of dissociated OH(X) radicals 

which contributes widely to the population of excited OH at rotational levels with 

J<12. 

 

𝑶𝑯 ( 𝑿𝟐𝚷) + 𝒆
 

→  𝑶𝑯(𝑨𝟐 𝚺+) + 𝒆          (𝑬𝒕𝒉𝒓𝒆𝒔𝒉𝒐𝒍𝒅 = 𝟒 𝒆𝑽)                      (3.9)                                     

 

To discuss the CH temporal behavior (Figure 3.8(i)), it is necessary to take 

into account the main TEOS dissociation products generated during the deposition 

process. As mentioned above, the TEOS molecules after their collisions with 

electrons and Arm may produce stable fragments, such as CH3-CH, which can be 

further dissociated forming ground state CH(X) or excited CH(A) radicals. In our 

case, the found CH(A) emission possesses a “multi- peak” behavior since the CH(A) 

state population is probably limited by the dissociation rate of CH3-CH fragments 

considering the low amount of precursor injected to the APPJ. Single-step 

dissociative excitation processes of CH3-CH fragments or collision with Arm are 

unknown, however, considering that the typical electron energy is close to 1 eV in 

case of Ar APPJ it is probable that most of the CH(A) emission occurs due to the 

electron impact: 

 

𝑪𝑯 (𝑿𝟐𝚫) + 𝒆
 

→  𝑪𝑯(𝑨𝟐 𝚷) + 𝒆        (𝑬𝒕𝒉𝒓𝒆𝒔𝒉𝒐𝒍𝒅 = 𝟑 − 𝟒 𝒆𝑽)                 (3.10)                                       

 

In addition, unlike the other radicals, the CH(A) emission intensity also form 

secondary peaks, corresponding the second current pulses, which confirms that the 

CH(A) time-resolved behavior is caused mainly by low threshold energy reactions 

or collisions with other excited radicals such as OH.  

In addition, as shown in Figure 3.8(i), the phase-resolved emission intensity 

pattern of CH is also slightly delayed in time with respect to the other excited species. 

This delay of about 1-2 μs could be related to the occurrence of simultaneous CH 

ground state excitation processes induced by electron or Arm collisions and 

consequent multi-step depopulation processes. Indeed, different CH states, such as 

CH(B) or CH(C), or CH(A) radicals with higher vibrational numbers can populate 
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the CH (A, ν= 0,0) state before reaching the ground state thus retarding the 431.3 nm 

transition time-evolution. However, further experimental tests are required in order 

to prove this suggested mechanism.  

 

 

3.2.4 Time-resolved discharge imaging 

 

Spatial distribution of the excited species in the active plasma region may further 

clarify the most important nucleation and thin film growth processes occurring both 

in the gas phase and at the gas-substrate interface. In order to understand the main 

formation mechanisms involved in an atmospheric pressure deposition process, a 

detailed study of the evolution of streamers formed between the jet electrodes is 

necessary, which is described in this section. The phase-resolved 2D spatial emission 

of Ar, atomic O, N2, OH and CH excited species is presented in Figure 3.9 during 

the positive/negative pulses and between the current peaks in case of Ar/TEOS 

mixture. As can be seen from the voltage waveform, all images were obtained after 

the voltage falling edge, corresponding to the second current peak.  

As shown in Figure 2.2, the APPJ configuration used in this work is composed 

by an HV single electrode Corona-Jet facing a grounded plate covered with a 

dielectric layer. Accordingly, the discharge is characterized by an intensive plasma 

region located close to the tip of the HV electrode as confirmed by the Ar I emission 

at the top of the Figure 3.9. In addition, a strong Ar line emission, induced by the 

charges deposited on the surface of the dielectric plate during the primary discharge, 

occurs also next to the ground electrode in analogy with classical DBD configuration. 

The image acquired between the peaks confirms the presence of Ar excited species 

only during the active discharge phase characterized by high electron density, as 

shown in Figure 3.8. 
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Figure 3.9 - Time-resolved fast imaging of the excited: Ar atoms (20 accumulations), O atoms 

( single shot), N2 molecules ( 20 accumulations), OH and CH radicals ( 20 accumulations).  

 

 

As mentioned previously, in case of open-air argon plasma discharges the 

influence of the ambient air diffusion on the excited species distribution must be 

taken into account. From the phase-resolved 2D images of the excited N2 it is 

possible to deduce that the air back diffusion and admixing is maximum near the 

ground electrode, probably due to turbulence induced by Ar gas flow pointed toward 

dielectric surface.[38] As shown in the section 3.2.3, the N2 emission is strictly 

related to the diffusion of the surrounding air, while the O atom emission seems to 

be mostly dependent on the dissociative excitation of the water molecules present in 

Ar flow. The 2D images of excited O atom and N2 (Figure 3.9) confirm these 

different particles sources since the O atom emission appears constant over the entire 

discharge whereas N2
* emission is localized nearby the bottom plate.  

The effect of TEOS admixing on the discharge structure has been also studied 

by 2D imaging of the OH(A) emission band (as shown in Figure 3.10). The data 
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were acquired in this case during the negative voltage peak with and without 

precursor. We observed that, TEOS injection reduces OH emission intensity all over 

the plasma discharge except the region downstream the HV tip. This effect is 

correlated with the fact that the addition of a complex chemical compounds, like 

TEOS, results in electron temperature reduction in the discharge due to a change in 

the energy transfer efficiency between electrons and heavy species. 

 

 
Figure 3.10 - Single shot OH images gained at 42 μs of delay time (negative peak) in Ar (A) or 

Ar/TEOS mixture (B).  

 
 

By comparing the data shown in Figure 3.9 and Figure 3.10 it is clear that 

OH(A) and CH(A) radicals show almost identical distributions in terms of the 

streamer shape, emission spatial distribution, and relative intensities. This similarity 

in the presence of high-emission zones near the HV tip confirms that in both cases 

both OH(A) and CH(A) radical generation happens via strong influence of Ar 

metastables. Moreover, the CH(A) and OH(A) emission is detectable between the 

current peaks confirming key role of Ar metastable production of both radicals.[39] 

 

 

3.3 Conclusions 

 

The effect of TEOS addition on physical and chemical properties of an APPJ 

source operating in Ar is studied in detail by optical emission spectroscopy, 2D 

optical imaging, and Rayleigh scattering techniques. It was confirmed that the 

rotational temperature of N2(C-B) transition, equal to 550 K, cannot be used for 

reliable estimation of the gas temperature also in case of Ar/TEOS plasmas, due to 

quasi-resonance processes with Ar metastables. On the other hand, the rotational 

temperature of OH excited radicals, obtained in the assumption of non-Boltzmann 

rotational distribution, is significantly lower than the one obtained with N2 molecular 

bands and its mean value (409 K) is in a good agreement with the Rayleigh scattering 

results.  

For the first time the possibility of using the CH(A-X) transition for gas 

temperature measurement in an atmospheric pressure Ar/TEOS plasma is 

investigated. In this case, the Ar metastables as well as the electron impact reactions 

with TEOS fragments are presumably playing a key role in the CH(A) radical 

formation in non-thermal equilibrium leading to an overestimation of the gas 

temperature (590 K) by CH emission bands in the investigated type of discharges.  

The phase-resolved measurements as well as the 2D imaging data of the excited 

species, along with the time-resolved electron density behavior were used to reveal 
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the predominant production mechanisms of the O(3p), N2(C), OH(A), CH(A) excited 

states in the discharge. It was concluded that the O atom emission is determined 

mostly by the dissociative excitation of water molecules contained in Ar gas flow, 

whereas N2(C) is the product of Arm and electron reactions with N2 ground state 

molecules appearing due to the diffusion of the surrounding air into the active plasma 

zone. As expected, in the case of atmospheric pressure deposition, Ar metastables 

also play a dominant role in OH and CH excited radical generation. Finally, from the 

spatial distribution of CH(A) and Rayleigh scattering images, it has been proven that 

the most important nucleation processes take place in the gas-phase. 
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4 
INSIGHTS OF Ar/TEOS GAS-PHASE 

PROCESSES: GROUND-STATE SPECIES  
 

 

For a complete understanding of the most significant APPJ initiated gas-phase 

processes, a detailed analysis of the plasma ground state population is strongly required. 

Those species cannot be measured directly by OES, previously used for qualitative 

detection of excited species, and require the employment of advanced active spectroscopy 

techniques. Among these, Laser Induced Fluorescence (LIF) and two-photon absorption 

laser induced fluorescence (TALIF) spectroscopy, well-established techniques in which 

particles are excited to higher energy levels by the absorption of laser light followed by 

spontaneous emission of a fluorescence signal, stand out for two main advantages:  

• the fluorescence signal is species-selective since the narrow-bandwidth of the 

laser permits the specific selection of a single ground species and its specific 

level of excitation;  

• LIF can be defined as spatially resolved methods since the fluorescence 

photon emission comes only from the plasma region crossed by the laser 

beam, rather than the plasma as a whole as in case of emission 

spectroscopy.[1]  

Such features allow to detect the spatial distribution of a considerable number of 

radicals and atoms typically produced during the plasma treatment under atmospheric 

conditions, making also possible to correlate the physics of ground state particles with 

spatially-resolved OES observations discussed in the previous chapter. On the other hand, 

despite the fluorescence quantum yield reflects the fraction of ground state molecules 

excited by the laser beam, which spontaneously decay back to a lower quantum level, the 

particular complexity of laser-excited levels depopulation processes makes a correct 

interpretation of the experimental results one of the most difficult task behind the method. 

Moreover, concerning atmospheric pressure plasmas, due to the effect of collisional de-

excitation processes which considerably reduce the fluorescence signal detected, a 

"reasonable" fluorescence quantum yield demands the presence of a large absorbing ground 

state population in order to achieve measurable LIF signal levels.[2]  

Despite these drawbacks, several authors have reported the use of active spectroscopy 

techniques for ground species absolute density measurements in  atmospheric pressure non-

thermal plasmas. In this respect, except few works at the end of the ‘90s regarding the LIF-

assisted detection of OH radicals in high-pressure discharges[1], most of the scientific 

production on this topic dates to the early 2000s. In those years in fact, non-thermal plasmas 
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were extensively studied for pollutant gasses removal and the spatial-temporal distribution 

of some dominant reactive species have been detected by laser techniques to understand 

the dominant reaction mechanisms involved in the process. Among many others examples, 

R. Ono and T. Oda [3] have reported the temporal behaviour of OH radicals in the post-

discharge region of a pulsed arc plasma source by providing fundamental informations 

about OH production and reaction processes under various water vapor and oxygen 

concentrations. In the same context, R. Ono [4] measured for the first time the decay rate 

of atomic oxygen atoms in an O2/N2 pulsed DBD plasma source by using TALIF 

spectroscopy.  

In 2011, on the basis of previous results, A. Nikiforov [5] used LIF for the first time 

to determine the absolute densities of OH radicals in case of atmospheric pressure glow 

discharges in contact with liquids. The calculated ground-state OH absolute density, 

between 1.3 x 1021 cm-3 and 1.7 x 1022 cm-3 depending on the discharge current applied and 

the water electrode polarity, was found to be similar to absorption technique results thus 

confirming the huge potential of LIF technique for quantitative measurements. 

From then on, a disparate number of APPJ configuration, typically employed for 

biomedical applications and the treatment of thermo-sensitive surfaces in general, have 

been studied in detail by using LIF spectroscopy. For example, in 2012 the OH absolute 

density produced by an air/He APPJ was measured by S. Yonemori providing useful 

information about OH radicals production from water vapour traces contained in the He 

gas flow.[6] Afterward, the effect of water addition on the generation of OH radicals as 

well as the influence of fluorescence generation processes after the OH laser excitation on 

quantitative LIF results have been discussed in detail by L. Li et al.[7] The same set-up 

were then employed by A. Nikiforov et al. to determine the influence of air diffusion on 

the atomic O spatial distribution by using TALIF spectroscopy.[8] In this work the authors 

highlighted the presence of fast recombination processes between O atoms and N2 or O2 

ambient air molecules by comparing the measurements performed in ambient air with 

measurements obtained in a pure Ar atmosphere as shown in Figure 4.1.  

 

 
 

Figure 4.1 – O atoms spatial distribution in case of APPJ working in ambient air or in pure Ar at 

different admixtures of O2 in the feed gas [8] 
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Moreover, during the late 1990s, LIF technique was being widely used also for 

quantitative measurements of carbon-based radicals, such as hydrocarbon fragments, 

produced by dc arc-jet plasmas typically employed for the chemical vapor deposition of 

diamond thin films starting from CH4. Among several common intermediates yielded 

during the process, CH radicals have always played a fundamental role in the study of the 

conversion rate of CH4 into C2H2. In that regard, J. Luque et al. used LIF for CH radical 

absolute density measurements, revealing an exponential decrease of ground state CH at 

increasing distances from the nozzle.[9],[10] Thereafter, C. Gibaud et al.[11] showed 

spatially resolved profiles of CH radicals in atmospheric pressure air/CH4 flames while, 

more recently, planar laser-induced fluorescence (PLIF) were used by J.Kiefer [12] for the 

study of the arc-jet turbulent behaviour through the simultaneous detection of CH and OH 

radicals. 

In general, even if many efforts have been made to characterize ground state 

hydrocarbon fragments produced by arc-jets device, there is no evidence of experimental 

studies reporting in situ detection of ground state CH radicals in case of non-thermal 

plasmas. Moreover, from the brief overview of the most significative results obtained by 

active spectroscopy techniques in terms of OH radicals and O atoms, it is clear that the 

major part of the aforementioned researches are focused on the study of plasma sources 

commonly used for thermo-sensitive/biological surface treatments or pollutant gasses 

removal applications, even if the determination of such active species concentrations and 

their spatial distribution could be of great interest also for other plasma-assisted processes. 

Indeed, as extensively discussed in the previous chapters, it is well known that the 

presence of oxidant species has a significant impact on the removal of the organic content 

from both gas-phase and adsorbed thin film fragments.[13] In particular, hydroxyl radicals 

and oxygen atoms are some of the most interesting species due to their key role in the 

achievement of high-quality SiO2 thin films. In the past several authors have performed a 

detailed investigation of the atomic oxygen role in several deposition processes starting 

from organosilicon precursors by methods of mass-spectroscopy, emission spectroscopy 

and others, but very few works have reported the use of active spectroscopy techniques for 

oxygen atoms detection. Among these, R.P. Cardoso pointed out the possibility to employ 

TALIF measurements for determining the variation of O atoms as a function of the gas 

mixture composition and the distance from the plasma generation region in a microwave 

plasma working in Ar/O2/HMDSO mixtures.[14] Even though the results obtained (shown 

in Figure 4.2) have defined the best conditions for the O atoms production, it is evident 

that in this case the TALIF signal have been used only for a relative estimation of the O 

atoms behaviour without providing an in-depth understanding of the reaction mechanisms 

involved. 
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Figure 4.2 – TALIF signal behaviour in Ar/O2/HMDSO mixtures as a function of the distance from 

the plasma generation region (left) and the gas mixture composition (right) [14] 

 

 

Concerning OH radical absolute density measurements for deposition purposes, 

systematic analysis of the mechanisms are even more limited. Indeed, despite the presence 

of OH bonds on the thin film surface that could influence the silica-like layer structure and 

possible impact of OH radicals on  the gas-phase precursor dissociation reactions [15], 

there is only one scientific work reporting the use of active spectroscopy techniques for 

hydroxyl radicals detection during deposition process. In this work, Bogart et al. [16] 

combine the spatially-resolved LIF technique with a molecular beam to record two-

dimensional images of OH radicals during the surface treatment. This method, also called 

Radicals Interacting with Surfaces (IRIS) method, was used to study the surface reactivity 

of OH radicals during the plasma-assisted deposition of SiO2 thin films starting from 

TEOS/O2 mixtures. The results obtained have shown that OH radicals are directly involved 

in the removal of hydrocarbon contaminants from the thin film surface, but did not provide 

information about gas-phase mechanisms potentially involved in SiO2 units formation.   

To sum up, there are no evidences of studies reporting the use of LIF/TALIF for OH 

radicals, CH radicals and O atoms detection in case of atmospheric pressure Ar/TEOS 

polymerization process, although additional gas-phase characterizations by means of such 

active techniques are clearly needed to further clarify the mechanism behind the thin film 

formation as well as establish a clear correlation between the chosen plasma parameters 

and the surface features of the plasma-deposited films.  

Over this chapter, the influence of TEOS admixture on ground-state OH, CH and O 

spatial distribution is discussed in detail by LIF and TALIF imaging. For the first time the 

dominant OH, CH and O production and recombination mechanisms are identified in 

Ar/TEOS mixture. The effects of carrier gas flow injected and the voltage applied on the 

ground state species distribution are also investigated in order to identify possible 

differences in terms gas-phase composition.  

  

 

4.1  MATERIALS and METHODS 

 

A detailed description of the laser spectroscopy system employed in this work for LIF 

detection of CH and OH radicals and TALIF measurements of O atoms is here provided. 

The working principle behind the methods and the selected laser-excited levels are also 
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presented and discussed. As in the previous chapter, the plasma deposition system used for 

the gas-phase study is the same presented in Fig. 2.1 (chapter 2). 

 

 

4.1.1  OH-LIF measurements 

 

As outlined in the introduction paragraph, laser-induced fluorescence spectroscopy 

(LIF) is a widespread active laser technique able to provide quantitative information about 

the ground state population and suitable for the spatially resolved measurements of these 

highly populated states involved in many gas-phase reactions. The present technique 

requires the use of a narrow bandwidth tuneable radiation which excites ground state 

species into higher states by absorption of a single laser photon. The intensity of the 

fluorescence signal, caused by the excited particles transition to an energetically lower 

state, is then measured to provide an estimate of the ground state population. The LIF 

detection arrangement used in the current work for OH radical measurements is presented 

in Figure 4.3.   

 

 
 

Figure 4.3 – LIF set-up including: Nd:YAG pump laser (1), Dye laser (2), sheet forming optics (3), 

plasma source (4), beam dump (5), synchronization unit (6) ICCD camera (7) 

 

 

In detail, the laser spectroscopy system is composed by a Sirah Cobra-Stretch dye 

laser equipped with a second harmonic generation (SHG) unit and pumped by a Nd:YAG 

laser working at 532 nm. The Pyrromethene 580 dye was used to produce an UV radiation 

at 283.463 nm able to excite ground-state OH radicals from the OH (X 2Π, v'' = 0) state to 

the OH (A2Σ+, v' = 1) excited state by the P1(4) excitation transitions. For all OH LIF 

experiments the laser energy per pulse, monitored by an Ophir PE-9 energy meter, was kept 

fixed at approximately 2.5 mJ inside the discharge in order to operate in a “linear mode”,  

thus obtaining a LIF signal linearly proportional to the applied laser energy as shown in 

Figure 4.4. 
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Figure 4.4 – LIF signal intensity as function of the laser energy in Ar/TEOS mixture at 2 µs of  

delay time.  

 

The laser beam was focused using a focal lens (f =50 cm) combined with a f =10 cm 

cylindrical lens and spatially cleaned by an optical diaphragm, in order to avoid the beam 

reflection from the dielectric plate and the APPJ head, placed 15 cm away from the plasma 

discharge. The fluorescence signal was then detected, perpendicularly to the laser beam, by 

an Andor iStar 740 ICCD camera placed at 17.5 cm from the plasma source. 241 x 241 

pixels of resolution was used to record the images with a magnification ratio of 16 

pixel/mm. An optical band-pass interference filter centred at 309 nm (FWHM =10 nm) was 

applied for the OH radical fluorescence signal detection. The laser frequency and pulse 

duration used for OH radical detection was set at 10 Hz and 5 ns (FWHM) respectively.  

The ICCD camera was synchronized with the Nd:YAG laser. Moreover, as described 

in section 3.1.1, the ICCD camera was synchronized with the AC generator by means of a 

Stanford Research DG645 digital delay generator and a TTL signal generator (represented 

as synchronization unit in Fig. 4.3) in order to gain the LIF signal during the positive (2 µs) 

and negative (42 µs) voltage half cycles as well as between the peaks (22 µs) (voltage and 

current waveforms of the APPJ used in this work are shown in Fig. 2.4). 

The schematic diagram summarising the energy levels involved in OH LIF 

measurements is presented in Figure 4.5. The fluorescence signal wavelength differs from 

the excitation wavelength because of vibrational energy transfer (VET) processes, induced 

by collisions with the surrounding species and already discussed in detail by Q. Xiong et 

al. [17] in case of Ar/H2O plasma. 

 

 
Figure 4.5 –The schematic diagram of energy levels involved in OH LIF measurements  
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4.1.2  CH-LIF measurements 

 

The LIF set-up presented in section 4.1.1 was used also for ground state CH radical 

detection. By means of the Nd:YAG laser working at 355 nm and the dye laser containing 

the Coumarin 120 dye, a laser wavelength near 433.943 nm was selected for CH(X) radical 

excitation. The wavelength scans, presented in Figure 4.6(A), were performed in order to 

identify the maximum LIF intensity corresponding to the P1(5) line of the CH(A-X) system. 

The CH fluorescence signal was isolated by applying an optical band-pass interference 

filter centred at 430 nm (FWHM =10 nm) on the ICCD camera. The laser energy per pulse, 

selected for all CH LIF experiments, was kept fixed around  1.6 mJ inside the discharge in 

order to operate in a “linear mode” thus obtaining a LIF signal always linearly proportional 

to the applied laser energy as shown in Figure 4.6 (right). 

 

 
 

Figure 4.6 –LIF signal wavelength scan (left), LIF signal intensity as function of the laser energy 

gained at 2 µs of delay time in Ar/TEOS mixture (right) 

 

 

The schematic diagram representing the energy levels involved in CH LIF 

measurements is presented in Figure 4.7. 

 

 
Figure 4.7 –The schematic diagram of energy levels involved in CH LIF measurements  

 

 

4.1.3    O-TALIF measurements 

Two-photon absorption laser-induced fluorescence spectroscopy (TALIF) is a laser 

technique typically used for quantitative measurements of ground state oxygen atoms. 
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TALIF is based on a two-photon absorption process in which the atom ground state reaches 

an excited state by the simultaneous absorption of two ultraviolet  (UV) photon. Then, the 

excited state spontaneously decays to a lower state (not directly back to the ground state) 

by emitting light in the infrared (IR) region. Also in this case the fluorescence signal 

emitted from that excited state is proportional to the ground state atoms density. For these 

experiments the laser wavelength was fixed at 225.654 nm, equivalent to the two-photon 

excitation energy gap required for the O atom transition from the triplet state atomic oxygen 

2p4 (3P)J=0,1,2 to the excited level 3p (3P)J=0,1,2.  

All oxygen atom measurements have been performed using the same experimental 

set-up presented in section 4.1.1. However, in this case, the dye laser was pumped by the 

Nd:YAG laser at 355 nm by using the Coumarin 450 dye in order to obtain the laser 

emission at around 225.6 nm by means of the SHG unit. The laser energy inside the plasma 

discharge was kept within the range of 0.3-0.5 mJ. The output laser beam was focused by 

a f=50 cm fused silica lens to produce a spot of about 1.2×1.6 mm inside the plasma region, 

while the fluorescence signal from the atomic oxygen transition 3p 3P2 → 3s 3S (λ= 844.6 

nm) was collected by the ICCD camera equipped with an interference filter centred at 854 

± 12 nm. As shown in Figure 4.8, the TALIF signal was preliminary measured along the 

x-axis (y= 7 mm), as defined in Figure 4.3, in order to identify the maximum O-atoms 

fluorescence intensity.  

 

 
 

Figure 4.8 –TALIF signal intensity along the x-axis in Ar plasma with 12 kV of voltage applied (22 

µs of delay time and 20 accumulations)  

 

 

The highest signal has been detected in correspondence of the HV tip (x= 0 mm) and, 

therefore, TALIF measurements have been performed along the y-axis of the plasma 

discharge (11 different points) by moving the plasma source with respect to the fixed 

position of the laser beam. 

The schematic diagram reporting the energy levels involved in O atoms TALIF 

measurements is presented in Figure 4.9 
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Figure 4.9 –The schematic diagram of energy levels involved in O TALIF measurements 

 

 

 

4.2    RESULTS & DISCUSSION 

 

In Figure 4.10 an example of O atom TALIF signal measured at two different position 

of the plasma discharge, namely y= 1.5 mm (first acquisition point) and y=11.5 mm (last 

acquisition point), which are the closest points to the APPJ head and to the dielectric plate 

not affected by beam reflection, is presented. The TALIF signal reported in Fig. 4.7 have 

been acquired at 22 µsec of delay time in order to avoid excited atoms emission signals as 

previously demonstrated in Fig. 3.9 by time-resolved fast imaging results. The pictures, 

besides showing preliminary informations about the O signal intensity decrease over the y-

axis, highlight a non-linear dependence of atomic O concentration on the distance from the 

x-axis. Indeed, despite the LIF intensity seems to decrease by increasing the distance from 

the y-axis, namely by passing from region (1) to region (2) in Fig. 4.10, a stronger LIF 

signal with respect to the region (2) appears also far from the discharge zone (region (3)) 

probably due to air molecules photodissociation reactions induced by the laser beam 

crossover. The photodissociation process was confirmed by testing different secondary Ar 

gas flows: an increase of LIF signal in correspondence of the region (2) was detected by 

reducing the secondary Ar flow due to the improvement of ambient air back diffusion. The 

results obtained allow to neglect photodissociation reactions inside the active plasma region 

thanks to the Ar shield gas barrier effect towards considerable ambient air mixing.  

 

 
 

Figure 4.10- TALIF signal behaviour along the x-axis (left), TALIF signal gained at y= 1.5 mm and 

y=11.5 mm (right) in Ar plasma with 12 kV of voltage applied (22 µs of delay time and 20 accumulations). 
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On the other hand, the optical set-up employed for OH and CH radical detection 

allows to capture the total LIF emission between electrodes without moving the plasma 

source with respect to the fixed position of the laser beam. The typical appearance of the 

OH and CH LIF signal in Ar/TEOS mixture is shown in Figure 4.8(B) and 4.8(D) 

respectively. 

 

 
 

Figure 4.11- Emission and LIF signal detected in Ar/TEOS mixture at 2 µs of delay time (10 

accumulations): A) OH emission signal at 308.9 nm, B) OH LIF signal at 309 ± 5 nm, C) CH emission 

signal at 431.3 nm and D) CH LIF signal at 430 ± 5 nm 

 

 

All the LIF images have been corrected by subtracting, as background, the emission 

signal of the plasma at the corresponding wavelength, measured under identical operating 

conditions (Figure 4.11(A) and 4.11(C)).  

By analogy with the O atom case, the OH and CH LIF signal intensity seems highest 

near the HV tip, thus revealing the presence of significant gas-phase loss mechanisms 

involving the detected species and quenchers. Indeed, despite the fluorescence intensity is  

proportional to the ground state radicals concentration, the influence of different quenching 

processes has to be taken into account for an accurate discussion of the LIF signal spatial 

distribution.[17] In light of this, the most significant recombination mechanisms of O atom, 

OH and CH radical in case of Ar/TEOS plasmas working in ambient air are also presented 

and discussed in the next sections. 

 

 

4.2.1    O atoms: precursor and voltage effect 

 

Even if, typically, in case of atmospheric pressure Ar discharges the presence of 

ground state O atoms can be ascribed to ambient air back diffusion, as suggested by W. 

Van Gaens et al. on the basis of their kinetic model for APPJs working in Ar/humid air 

mixtures [18], in our case the most probable explanation for O atom production is the 

presence of water vapor traces in the primary/secondary Ar gas flows. Indeed, as disclosed 

in Chapter 3 by time resolved imaging and OES measurements, in the present work most 

of O(3p) excited atoms are produced by dissociative excitation of water molecules 

contained in the Ar flow and, correspondingly, H2O can be considered the dominant 

initiator also in case of ground state O atoms production. In light of this, most of O atom 
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population is generated due to dissociation of water molecules by electron impact as 

described in Equation 4.1,  

 

    𝑯𝟐𝑶 + 𝒆−

 
→  𝑶 + 𝑯 + 𝑯                                                                                                     (𝟒. 𝟏)  

 

or by collisions between Arm atoms and water molecules:  

 

   𝑯𝟐𝑶 + 𝑨𝒓𝒎  
 

→  𝑨𝒓 + 𝑶𝑯 + 𝑯                                                                                             (𝟒. 𝟐)  

 

The indicated pathways are confirmed also by the TALIF spatially resolved profile 

along the x-axis (plotted in Figure 4.10), since the maximum TALIF intensity were 

detected in correspondence of the HV tip (x=0) which is the point characterized by the 

highest H2O content and the lowest air admixing due to its proximity to the primary Ar 

flow outlet.  

On the other hand, the exponential decrease of the signal intensity along the y-axis 

(presented in Figure 4.12) can be attributed to O atoms loss reactions related to an increase 

of air mixing into the discharge by approaching the dielectric plate (y=15 mm). In our case, 

the diffusion of surrounding air inside the discharge, detected by means of 2D images of 

excited N2 molecules (Figure 3.9), has been identified as maximum nearby the bottom plate 

probably due to turbulence events induced by the Ar gas impact on the dielectric surface. 

From the blue line in Fig. 4.12 it is clear that, at a distance of about 2.5 mm from the HV 

tip, the TALIF recombination processes start to be dominant with respect to O generation 

processes thus reducing considerably the signal intensity. A similar TALIF signal profile 

along the discharge axis has already been observed by D. Schröder [19] in case of a He/O2 

RF plasma jet operating in air as well as by A. Nikiforov [8] in the post-discharge region 

of an open-air Ar APPJ. 

 

 
 

Figure 4.12- Spatial profile of the O TALIF signals along the y-axis with Ar (blue line) and Ar/TEOS 

mixture (red line) as process gas. The jet was operated in ambient air with 12 kV of voltage applied. 

 

 

In order to explain the fast signal decay presented in Figure 4.9 (blue line), the most 

significant recombination reactions of O atoms in pure Ar/air mixture are reported in Table 

4.1 [8]:  
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Table 4.1- Recombination processes involving atomic O in Ar/air mixture and corresponding rate 

constants 
 

Reactions         Rate constants   

𝑶 + 𝑶𝟐 + 𝑨𝒓 
 

→ 𝑶𝟑 + 𝑨𝒓          5.7 × 10−34 (Tg /298)−2.6 cm6 s−1 (4.3)  

𝑶 + 𝑶𝟐 + 𝑶𝟐
 

→ 𝑶𝟑 + 𝑶𝟐                   7.3 × 10−25 cm6 s−1 (4.4) 

𝑶 + 𝑶 + 𝑨𝒓 
 

→ 𝑶𝟐 +  𝑨𝒓             1.1 × 10−34exp(−530/Tg) cm6 s−1 (4.5)  

   𝑶 + 𝑶 + 𝑶𝟐  
→ 𝑶𝟐 + 𝑶𝟐   2.56 × 10−34 (300/Tg)0.63 cm6 s−1 (4.6) 

𝑶 + 𝑶𝟑  
→ 𝑶𝟐 + 𝑶𝟐   1.5 × 10−11exp(−2250/Tg) cm3 s−1         (4.7) 

     𝑶 + 𝑶𝟐 + 𝑵𝟐
 

→ 𝑶𝟑 + 𝑵𝟐  2.88 × 10−33 cm6 s −1   (Tg=300 K)         (4.8) 

    𝑶 + 𝑶 + 𝑵𝟐
 

→ 𝑶𝟐 + 𝑵𝟐  2.56 × 10−33 cm6 s −1 (Tg=300 K)         (4.9) 

 

 

In particular, the three-body reactions with O2 (Eq. 4.4 and 4.6) or N2 molecules (Eq. 

4.8- 4.9) start to be dominant near the dielectric plate where the Ar gas shielding effect is 

weaker and the air mixing is substantial. 

The influence of TEOS admixture on the spatially resolved profile of O TALIF signals 

is also presented in Figure 4.12. The exponential decrease detected along the y-axis in case 

of Ar (blue line) and Ar/TEOS discharge (red line) seems very similar thus proving a low-

impact of TEOS molecules in O atoms recombination reactions over the region far from 

the tip. Differently, the signal intensity near the HV electrode (y=1.2 mm) in case of pure 

Ar is considerably higher with respect to the case with precursor, confirming the effect of 

complex chemical compounds, like TEOS, in electron temperature reduction due to a 

change in the energy transfer efficiency between electrons and heavy species.  

On the other hand, the spatial profiles detected under the lowest operating conditions 

(6 kV-12 kHz) present exactly the same TALIF signal intensity with and without precursor 

along the discharge axis (data not shown). In this case, it is not possible to identify any 

substantial effect of TEOS fragments on O density probably due to very low TEOS 

fragmentation. 

In order to confirm this result, the voltage effect on the O TALIF signal profile have 

been then investigated in case of Ar/TEOS mixture as shown in Figure 4.13. The decrease 

in atomic O concentration follows two different exponential decays along the y-axis 

probably due to different TEOS fragmentation rates and so different amounts of quenchers 

formed at low and high voltage operation mode. Notably, by assuming the presence of the 

same loss mechanism reported in Eq. 4.3-4.9 near the ground electrode, an increase of 

applied voltage leads to higher precursor fragmentation and in turn the number of O atoms 

which react with TEOS fragments thus resulting in a faster signal decay in the region 

downstream the HV tip (up to 6 mm).  

On the other hand, in term of deposition purposes, it is important to highlight the fact 

that the O atoms effluent affecting the target under the two different values of voltage 

applied is almost the same thereby excluding difference in terms of gas-surface reactions 

between O atoms and thin films organic compounds.  
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Figure 4.13- Spatial profile of the O TALIF signals along the y-axis in Ar/TEOS mixture with 12 kV (red 

line) and 6 kV (black line) of voltage applied   

 

 

Taking into account the TALIF results obtained in Ar/TEOS mixtures and the most 

significative TEOS fragmentation pathways (described in Chapter 3) reporting 

hydrocarbon fragments as first products of TEOS dissociation, the dominant recombination 

reactions of O atoms in the region downstream the HV tip are summarized in Table 4.2.  

 

 

Table 4.2- Recombination processes involving atomic O in Ar/TEOS mixture and corresponding rate 

constants 
 

Reactions        Rate constants [cm3 s-1]    Ref. 

 𝑻𝑬𝑶𝑺 + 𝑶  
 

→  𝑷𝒓𝒐𝒅𝒖𝒄𝒕𝒔           4.5 × 10−15      (Tg=300 K)     (4.10)   [20] 

𝑶 + 𝑪𝟐𝑯𝟔  
 

→ 𝑶𝑯 + 𝑪𝟐𝑯𝟓            1.66 × 10−15 (Tg)1.5 exp (-2920/ Tg)     (4.11)  [21] 

    𝑶 + 𝑪𝟐𝑯𝟓  
 

→  𝑪𝑯𝟐𝑪𝑯𝑶 +  𝑯   

                             
 

→ 𝑯𝑪𝑯𝑶 +  𝑪𝑯𝟑 
      1.1 × 10−10       (Tg=300 K)     (4.12)  [21] 

    𝑶 + 𝑪𝟐𝑯𝟒  
 

→ 𝑪𝑯𝟐𝑪𝑯𝑶 +  𝑯  

                     
 

→ 𝑯𝑪𝑶 +  𝑪𝑯𝟑 

                         
 

→ 𝑯𝑪𝑯𝑶 +  𝑪𝑯𝟐 

                       
 

→ 𝑪𝑯𝟐𝑪𝑶 + 𝑯𝟐 

            2.25 × 10−17 (Tg)1.88 exp (-90/ Tg)      (4.13)   [21] 

𝑶 + 𝑪𝑯𝟑  
 

→ 𝑯𝑪𝑯𝑶 +  𝑯         1.4 × 10−10         (Tg=300 K)      (4.14)  [21] 

𝑶 + 𝑪𝑯 
 

→  𝑪𝑶 +  𝑯         6.6 × 10−11         (Tg=300 K)         (4.15)      [21] 

 

 

The presence of very fast quenching reactions with hydrocarbon fragment such as 

C2H5 (Eq. 4.12), CH3 (Eq. 4.14) and CH (Eq. 4.15) radicals explains the faster decay of the 

O signal at in case of Ar/TEOS mixture .  

Lastly, the TALIF signal intensity at 1.5 mm of distance from the HV tip was gained 

as function of the amount of TEOS injected into the plasma discharge. Figure 4.14  
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illustrates that the O atoms content decrease rapidly by passing from 0 to 52 ml/min of 

carrier gas thus confirming the dominant recombination reactions of O atoms presented 

above (table 4.2). Otherwise, an almost constant TALIF intensity was detected between 52 

ml/min and 90 ml/min of precursor flow probably due to an oversupply of TEOS molecules 

with respect to the dissociation efficiency of the plasma source at fixed operating conditions 

(12 kV-12 kHz).  

 

 
 

Figure 4.14- Carrier flow effect on O TALIF signal intensity  

 

 

4.2.2    Two-dimensional LIF imaging of OH radicals in Ar/TEOS plasmas  

 

 Typical two-dimensional LIF maps in case of pure Ar plasma and Ar/TEOS plasma 

are presented in Figure 4.15(A) and 4.15(B) respectively. As previously disclosed by 

several authors, the presence of ground state OH radicals in atmospheric pressure Ar 

discharges can be mainly ascribed to water molecules dissociation reactions induced by 

electron and Arm impact and the most significative mechanisms for OH(X) production are 

reported in Table 4.3 [17] 

 

 
 

Figure 4.15 – OH spatial distribution in Ar (A) and Ar/TEOS (B) mixtures (two different LIF 

intensity scales have been used for a full representation of both signal distributions) 
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Table 4.3- Dominant reactions for OH(X) radicals production in Ar 

 

Reactions         Rate constants [cm3 s-1]   

  𝒆− + 𝑯𝟐𝑶 
 

→  𝑶𝑯 + 𝑯 + 𝒆−       10−12 - 10−10  (Te = 1-2 eV) (4.16)  

  𝑨𝒓𝒎 + 𝑯𝟐𝑶 
 

→  𝑶𝑯 + 𝑯 + 𝑨𝒓                           4.5 × 10−10  (4.17) 

 𝒆− + 𝑯𝟐𝑶+  
 

→  𝑶𝑯 + 𝑯                      2.6 × 10−8  (Te)0.5  (4.18)  

 

 

These production mechanisms, in accordance with excited OH results shown in 

Chapter 3, are confirmed in Figure 4.15 where the signal intensity near the HV tip is the 

highest, probably because of the highest ne and Te values in that region. Moreover, the 

similarity of the LIF images shown in Figure 4.16(A) and 4.16(B) confirms that the spatial 

distribution and relative intensity of laser-excited OH radicals in correspondence of the 

positive current peak (2 µs) and between the peaks (22 µs) respectively is almost the same 

thus confirming the key role of long living species, such as Ar metastable in OH(X) radicals 

production. Indeed, as described by Q. Xiong et al.[22], the  lifetime of OH radicals in case 

of Ar/humid air mixture is typically lower than 100 ns due to the quenching of excited OH 

radicals by H2O, Ar, O2 and N2 and, consequently, the OH radical presence far from the 

positive current peak is directly related to local Arm-H2O reactions (Eq. 4.17).  

 

 

 
 

Figure 4.16 – OH LIF imaging of the plasma jet working in Ar. The signal has been acquired in 

correspondence of the positive voltage peak (A) and between the peaks (B) with 20 accumulations. 

 

 

In our case, small traces of H2O are contained both in the Ar gas flow and in the 

surrounding air diffusing into the plasma discharge. Accordingly, a strong LIF signal was 

detected also near the dielectric plate (Figure 4.15(A)) due to the maximum air mixing and 

the DBD behavior of the plasma device, already discussed in previous chapters. In addition, 

taking into account the high rate constant (cm3s-1) values reported in Table 4.3, the 

dissociative recombination of water ions (Eq. 4.18) can also play a crucial role in the OH(X) 

generation in the central zone of the plasma discharge, characterized by lower electron 

temperature values with respect to the HV and ground electrode regions. [8],[23] 

Figure 4.15(B) illustrates the spatial distribution of OH radicals in Ar/TEOS mixtures. 

In this case, the LIF signal intensity near the bottom plate (y=15mm) is clearly lower in 

respect to a case of the pure Ar discharge because of the presence of heavy species which 

considerably reduce the electron temperature value along the plasma discharge axis. 

Conversely, in Ar/TEOS mixture, the OH(X) intensity is the highest at 2-3 mm of distance 
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from the HV tip, where the concentration of precursor fragments is maximum, thus 

revealing the presence of further production mechanism respect those proposed in Table 

4.3. Indeed, near the HV tip where the atomic oxygen content is maximum (Fig. 4.12), the 

following fast and very effective OH production processes between oxidant species and 

hydrocarbon fragments become dominant:   

 

 

Table 4.4- Dominant reactions for OH(X) radicals production in Ar/TEOS mixture 
 

Reactions    Rate constants [cm3 s-1]     Ref. 

𝑶 + 𝑪𝑯  
 

→  𝑶𝑯 + 𝑪           9.05 × 10−15       (Tg=300 K)     (4.19) [24] 

    𝑶 + 𝑪𝑯𝟐  
 

→  𝑶𝑯 + 𝑪𝑯     1.33 × 10−10       (Tg=300 K)     (4.20) [25] 

𝑶𝟐 + 𝑪𝑯  
 

→  𝑶𝑯 + 𝑪𝑶    8.0 × 10−11         (Tg=300 K)     (4.21) [26] 

 

 

Additionally, OH radicals can be produced by atomic O recombination reaction with 

C2H6 fragments as proposed in Eq. 4.11. A more detailed investigation of the proposed 

mechanism is presented in section 4.2.3 as function of the CH LIF signal behaviour under 

the same operating conditions. 

An accurate knowledge of dominant OH quenchers is strongly required for a good 

understanding of the LIF signal distribution between the plasma jet electrodes. In case of 

Ar discharge (Fig. 4.15(A)) the lowest OH radical concentration has been observed in the 

middle region (between y=3 and y=12 mm) where Te and ne values drops down and OH(X) 

loss processes become dominant. On the basis of absolute density results obtained by A. 

Nikiforov et al., the most significative OH radical recombination mechanisms in Ar 

plasmas working in ambient air are summarized in Table 4.5.  

 

 

Table 4.5- Recombination processes of OH radicals in Ar and corresponding rate constants  
 

Reactions                        Rate constants    

 𝑶𝑯 + 𝑶𝑯
 

→ 𝑯𝟐𝑶 + 𝑶      6.2 × 10−14 (298/Tg)2.6exp(945/Tg) cm3 s−1  (4.22)  

𝑶𝑯 + 𝑶𝑯 + 𝑨𝒓
 

→ 𝑯𝟐𝑶𝟐  + 𝑶                         6.94 × 10−31 cm6 s−1 (4.23) 

𝑨𝒓 + 𝑶𝑯 + 𝑯
 

→ 𝑨𝒓 + 𝑯𝟐𝑶                           10−31 cm6 s−1 (4.24)  

𝑶𝑯 + 𝑶
 

→ 𝑶𝟐  + 𝑯             2.4 × 10−11exp(−109/Tg) cm3 s−1    (4.25) 

𝑶𝑯 + 𝑶𝟐
 

→ 𝑯𝑶𝟐  + 𝑶            3.7 × 10−11exp(−26506/Tg) cm3 s−1  (4.26) 

𝑶𝑯 + 𝑶𝟑
 

→ 𝑯𝑶𝟐  +  𝑶𝟐      1.7 × 10−12 (298/Tg)2exp(−945/Tg) cm3 s−1 (4.27) 

𝑶𝑯 + 𝑯𝑵𝑶
 

→ 𝑯𝟐𝑶 +  𝑵𝑶            8 × 10−11exp(−500/Tg) cm3 s−1 (4.28) 

𝑶𝑯 + 𝑵𝑶𝟐 + 𝑨𝒓
 

→ 𝑯𝑵𝑶𝟑 + 𝑨𝒓            2.5 × 10−30(Tg/298)−4.4 cm6 s−1 (4.29) 
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In our case, at 15 mm of distance from the HV tip, despite reactions 4.25-4.29 are 

mainly caused by surrounding air diffusion and the maximum air mixing was detected near 

the bottom plate, the OH production pathways proposed in Table 4.3 are dominant respect 

recombination mechanism (Table 4.5) due to an intensive plasma located close to the 

ground electrode (Fig 3.9). On the other hand, the yield of the reactions 4.22-4.29 is 

maximum in the central region of the discharge, conferring a distinctive “hourglass” shape 

to the LIF signal.  

Further recombination mechanisms between OH(X) radicals and TEOS fragments 

could occur in case of Ar/TEOS plasmas. The most significative OH radical reactions with 

hydrocarbon fragments, proposed here for the first time in case of Ar/TEOS APPJ, are 

reported in table 4.6. These reactions should become dominant in the plasma region far 

from the HV tip thus explaining the faster decrease of OH radicals along the y-axis in case 

of precursor.  

 

 

Table 4.5- Recombination processes of OH radicals in Ar/TEOS mixtures and corresponding rate 

constants  
 

Reactions        Rate constants [cm3 s-1]     Ref. 

𝑶𝑯 + 𝑪𝟐𝑯𝟓  
 

→ 𝑪𝟐𝑯𝟒 + 𝑯𝟐𝑶                 1.1 × 10−10       (Tg=300 K)     (4.30) [27] 

    𝑶𝑯 + 𝑪𝑯𝟑𝑶 
 

→  𝑪𝑯𝟐𝑶 + 𝑯𝟐𝑶            3 × 10−11       (Tg=300 K)     (4.31) [27] 

 𝑶𝑯 + 𝑪𝑯𝟑  
 

→ 𝑪𝑯𝟐𝑶 +  𝑯         1.2 × 10−10      (Tg=300 K)     (4.32) [28] 

    𝑶𝑯 + 𝑪𝑯𝟐  
 

→ 𝑪𝑯𝟐𝑶 +  𝑯                    5 × 10−11       (Tg=300 K)     (4.33)  [27] 

 

 

Similar production and recombination mechanisms can be assumed also under the 

lowest operating conditions (6 kV-12 kHz). In fact, despite the LIF signal intensity is 

uniformly reduced along the discharge axis respect the relative signal intensity presented 

in Fig. 4.15, the OH radical spatial distribution and the TEOS influence on the fluorescence 

signal is exactly the same.  

As a conclusion, both air diffusion and TEOS injection play a key role in the 

production and recombination of OH radicals. On the basis of the mechanisms and the 

quenching rates of the main colliders reported above, absolute density measurements will 

be performed in the future to further clarify difference in terms of OH radical concentration 

under different operating conditions.  

 

 

4.2.2    Two-dimensional LIF imaging of CH radicals in Ar/TEOS plasmas  

 

As discussed in section 3.2.1 (Chapter 3), the first products of TEOS dissociation are 

most likely hydrocarbon and Si-O containing fragments. Among these, CH(X) radicals are 

of particular interest since they can provide preliminary information about the 

fragmentation efficiency of complex organosilicon compounds.[9] In this regard, the 

spatial distribution of CH has been explored in detail in this work in order to define the 

most significant production and recombination gas-phase mechanisms as well as discuss 

the influence of process parameters on the CH LIF signal intensity.   
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Two-dimensional LIF maps of ground state CH obtained in Ar/TEOS mixture with 

different precursor gas flows and voltage conditions are presented in Figure 4.17. The LIF 

signal behaviour as a function of the TEOS amount injected into the APPJ working at 12 

kV (Fig. 4.17(A)-(B)) and 6 kV (Fig. 4.17(C)-(D)) is totally different and contrasting. 

Indeed, at 6 kV of voltage applied the fluorescence signal decrease by increasing the carrier 

gas flow from 40 ml/min to 90 ml/min thus highlighting an oversupply of TEOS molecules 

respect the dissociation efficiency of the plasma source. On the other hand,  increasing the 

TEOS content at 12 kV the LIF signal intensity increases proving a higher fragmentation 

efficiency and consequently greater potentiality in terms of deposition rate.  

 In general, by comparing Fig. 4.17(D) and Fig. (4.17(B)) it is clear that higher values 

of voltage applied, which correspond to higher ne and Te values, leads to faster CH(X) 

production rates . The same results can be deduced by the spatial distribution of CH radicals 

along the y-axis, since the highest signal intensity for all tested cases was detected near the 

HV tip where Te values and, consequently, TEOS dissociation are maximum. Moreover, 

differently from OH radicals, the CH LIF signal detected in correspondence of the dielectric 

plate is lower respect all the other regions of interest thereby proving that gas-surface 

reactions, which typically have an active role in the removal of the thin film organic 

content, don’t affect significantly the fluoresce signal. As a consequence, in our case, the 

most important nucleation processes take place in the gas-phase as already demonstrated 

by Rayleigh scattering images reported in Fig. 3.6. 

 

 

 
 

Figure 4.17 – CH spatial distribution in Ar/TEOS mixture: (A) 12 kV – 90 ml/min of carrier flow, 

(B) 12 kV – 40 ml/min of carrier flow, (C) 6 kV – 90 ml/min of carrier flow, (D) 6 kV – 40 ml/min of 

carrier flow  
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The CH LIF signal have been then used to further shed the light on the complexity of 

gas-phase mechanisms between active species and hydrocarbon fragments. Indeed, as 

shown in Figure 4.18 for the 12-kV case, the O atoms, OH and CH radical behaviours at 

1.5 mm from the HV tip have been plotted as a function of the precursor content injected 

into the plasma source. As expected, the increase of TEOS content results in a significant 

drop of the O TALIF signal while a large signal increase has been detected in case of CH 

and OH radical. Moreover, for carrier gas flows greater than 52 ml/min (14 ppm of TEOS), 

the O atoms and OH intensity seem unaffected by a further TEOS increase, whereas the 

CH signal keeps growing exponentially. Such results prove that the OH production near 

the HV tip is not only due to electron impact or Arm reactions, but is also related to the 

presence of O atoms (as shown in Table 4.4). These very fast and effective processes (Eq. 

4.19-4.21) are significant exclusively in presence of high content of TEOS fragments and 

O atoms, while common OH production mechanisms such as water molecules dissociation 

reactions described in Eq. 4.16 - 4.18, are dominant near the dielectric plate in line with 

pure Ar discharge experimental findings.  

 

 
 

Figure 4.18 –Carrier flow effect on O atoms, OH and CH radicals (12 kV-12 kHz) 

 

 

 

4.3   Conclusions 

 

The effect of TEOS admixture on ground state O, OH and CH production and 

recombination processes during an atmospheric pressure deposition process is investigated 

in this work for the first time. LIF and TALIF techniques are used to determine the spatial 

distribution of such active species along the plasma discharge under different gas flow and 

power conditions and to get first insights in physical and chemical mechanisms of precursor 

fragmentation. 

 In line with previous findings, most of O atom production in pure Ar and Ar/TEOS 

mixtures is provided by dissociation of water molecules contained in Ar gas flow due to 

electron and Ar metastable impact. On the other hand, the presence of TEOS fragments 

affect the recombination rate of O atoms along the y-axis, thus increasing the loss of O 

atoms in respect to the pure Ar case.  
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Moreover, it is found that the OH radical production in presence of a high content of 

hydrocarbon fragments is dominated by recombination processes between O atoms and CH 

radicals. While, dissociative reactions of water molecules by Arm and electron impact play 

a crucial role in the OH(X) production near the ground electrode, as already demonstrated 

by several author in case of Ar/air mixture. Recombination reactions with TEOS product 

and air molecules are maximized in the central region of the discharge by conferring a 

distinctive “hourglass” shape to the OH LIF signal.  

Lastly, based on the 2D LIF imaging results, the presence of gas-surface reactions 

capable of improving the thin film inorganic content is excluded due to the very low CH 

signal detected in the proximity of the dielectric plate.   

The present results pave the way to O, OH and CH radical absolute density 

measurements in case of atmospheric pressure Ar/TEOS plasma. The evaluation of 

absolute density of radicals will require a knowledge of quenching rates of TOES fragments 

with excited states of the radicals generated during the LIF process. The rates of TEOS are 

mostly unknown at the moment and additional research will be required in future.  
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5 
GENERAL CONCLUSIONS & OUTLOOKS  

 

 

Over this work, a poly-diagnostic study of an atmospheric pressure plasma jet working 

in Ar/TEOS mixture was carried out by means of several ex-situ surface techniques 

combined with advanced gas-phase diagnostic methods. SiO2-based thin films exhibiting a 

well-defined chemistry, a good morphological structure and high uniformity were studied 

in detail by FTIR, XPS, AFM and SEM analysis, while non-intrusive passive spectroscopy 

techniques (OES, filter imaging) and laser active spectroscopic methods (Rayleigh 

scattering, LIF and TALIF) were employed to shed light on the complexity of gas-phase 

mechanisms involved in the deposition process. 

Even though proper conclusions were already drawn over previous chapters, a global 

results discussion is strongly required to further clarify the obtained result and identify a 

potential correlation between the most significative gas-phase processes and the surface 

features of the plasma-deposited films. 

By combining the surface characterization results presented in Chapter 2 with gas-

phase analysis outputs reported in Chapter 3 it is possible to deduce that after 60 s of plasma 

treatment at high power conditions (12 kV-12 kHz) and 409 K of gas temperature (Table 

3.2), the surface temperature reaches a maximum value of 340 K (Figure 2.23), while the 

thin film surface appears full of defect as revealed by AFM (Figure 2.18) and SEM (Figure 

2.21) analysis. On the other hand, plasma polymerization of silica-like thin films 

completely free from defect were successfully achieved on thermo-sensitive substrates 

under the lowest power conditions tested (6 kV-12 kHz). The results obtained pointed out 

the key role of thermal stress in defect formation and the maximum substrate temperature 

permitted (around 320 K) in case of deposition processes performed onto polypropylene 

foils. Therefore, two different spectroscopic methods for gas temperature (Tgas) 

measurements were proposed in order to provide an adequate control of the APPJ-assisted 

polymerization process. The rotational temperature of OH excited radicals obtained by 

OES, in the assumption of a non-Boltzmann rotational distribution, was found in a good 

agreement with Rayleigh scattering results thus revealing the possibility of using low-cost 

diagnostic equipments for in-situ temperature monitoring of atmospheric pressure Ar 

plasma as well as Ar/TEOS plasmas.  

Apart from having a central role in the definition of thin film properties, the gas 

temperature has a strong influence on the kinetics of gas-phase reactions. The effect of 

power applied and, consequently, Tgas, as well as of TEOS admixture on ground-state O 

atoms, CH and OH radical production and recombination mechanisms was discussed in 
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detail by LIF and TALIF imaging. The spatial profile of the O TALIF signals, detected 

along the y-axis in Ar/TEOS mixture (Figure 4.10), highlighted an almost constant O atoms 

flux near the PP target as a function of the power applied, thus excluding differences in 

terms of gas-surface reactions between O atoms and thin films organic compounds. These 

results seem confirmed also by FTIR and XPS measurements, presented in Figure 2.13 and 

Table 2.1 respectively, which have shown thin films chemical compositions almost 

unchanged for all cases tested. Nevertheless, the O atoms, OH and CH radicals behaviours 

at 1.5 mm of distance from the HV tip (Figure 4.15) have revealed the dominant role of O 

atoms in hydrocarbon fragments dissociation processes, therefore highlighting the presence 

of oxidation mechanisms with an active role  in the gas-phase inorganic unit formation. In 

order to establish the role of oxygen atoms in TEOS dissociation, a complementary gas-

phase analysis of stable molecules produced during the treatment, by means of Gas 

Chromatography or Fourier-transform infrared spectroscopy, is strongly required. On the 

other hand, the importance of O atoms surface reactions in the achievement of pure silica 

layers onto thermo-sensitive substrates will be further clarified by performing post-

treatments of the deposited thin films by means of oxygen-based plasmas. The thin film 

organic content as function of the post treatment time will be discussed by XPS analysis 

while SEM results will be used to detect an additional thermal stress induced by the plasma 

treatment.  

Moreover, time-resolved electron density behaviour and excited species emission 

profiles (Figure 3.8), along with 2D imaging data of both excited (Figure 3.9) and ground 

species (Figure 4.12 - 4.14), were used to reveal the predominant gas-phase mechanisms 

induced by Ar metastable, electron or active species reactions. It was concluded that, 

whereas the O atom and OH radical generation is mostly determined by the dissociation of 

water molecules as already stated in the past in case of pure Ar discharges, an extensive 

understanding of the main TEOS dissociation products generated during the deposition 

process is crucial to identify the most significant CH radical production mechanisms. For 

the first time, a simplified model for CH radical formation in Ar/TEOS mixture has been 

proposed (Figure 3.5) by revealing the dominant role of Arm in TEOS dissociation 

processes.  

Despite the above-mentioned experimental findings, which have provided useful 

preliminary informations about dominant gas-phase processes in Ar/TEOS plasmas,  

additional efforts are still required for quantitative measurements of active species in case 

of thin film deposition processes. The almost complete absence of reference data about 

monomer fragmentation pathways and relative quenching rates in case of Ar/TEOS plasma 

is only one of the barriers towards absolute density measurements. In fact, all the possible 

laser-excited states depopulation processes, such as rotational (RET) and vibrational (VET) 

energy transfer processes must be taken into account for a proper interpretation of the LIF 

and TALIF experimental results. Moreover, the influence on the fluorescence signal 

intensity of possible Mie scattering phenomena due to the presence of nanoparticles 

nucleated during the gas-phase process, must be properly estimated in order to avoid 

significant measurements errors. In light of this, the most significant collisional energy 

transfer processes taking place in Ar/air/TEOS mixtures, as well as the possible signal 

interferences caused by dust particles will be studied in detail with the objective of 

developing new LIF models for OH and CH radical absolute density calculation.  

Lastly, the spatial distribution of CH radicals, Rayleigh scattering images and surface 

results were used to prove that the most important nucleation processes take place in the 

gas-phase. Indeed, besides the low CH signal detected in correspondence of the dielectric 
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plate as well as the strong Mie scattering signal recorded along the y-axis, AFM images of 

thin films deposited under the highest value of applied power (12 kV-12 kHz) revealed a 

surface microstructure characterized by a large amount of powder-like features (Figure 

2.18), typically caused by the predominant role of gas-phase nucleation processes and 

subsequent deposition of dust particles on the target. However, at the same time, the 

presence of dust particles densely packed on the substrate was revealed by SEM images 

(Figure 2.21) and, consequently, the possibility of other mechanisms of formation at the 

gas-substrate interface cannot be excluded. 

In conclusion, despite these surface and gas-phase results are just a small step towards 

an in-depth understanding of the deposition process mechanisms, the poly-diagnostic 

approach prosed in this work opens interesting perspectives both in terms of process control 

and development of new computational models. In particular, beside clarifying the key 

parameters to be monitored in case of APPJ-assisted deposition processes, such as Tgas, 

electrons and Ar metastables density, the experimental results obtained could potentially 

be used for the validation of simulation outputs. Much work still remains to be done to 

gather all the data required to complete this task and further collaborations between 

researchers of different fields, such as material science and physics, are strongly required 

for a full understanding of the process. 
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Annex I 
 

Novel method for NH-rich coatings engineering by means of aerosol 

assisted atmospheric pressure plasma deposition a 

 

https://doi.org/10.1016/j.matlet.2017.11.116 

__________________________ 

a © 2017 Elsevier. Reprinted, with permission from [F. Barletta, A. Liguori, Ch. Leys, V. Colombo, M. Gherardi, A. 

Nikiforov, Novel method for NH-rich coatings engineering by means of aerosol assisted atmospheric pressure plasma 

deposition, Materials Letters, March 2018] 
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