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Abstract 

In recent years, polymerization processes assisted by atmospheric pressure plasma jets (APPJs) 

have received increasing attention in numerous industrially relevant sectors since they allow to coat 

complex 3D substrates without requiring expensive vacuum systems. Therefore, advancing the 

comprehension of these processes has become a high priority topic of research. In this perspective, my 

PhD dissertation is focused on the study and the implementation of control strategies for a polymerization 

process assisted by an atmospheric pressure single electrode plasma jet.  

The core of this dissertation is divided in two main sections, each dedicated to a specific control 

strategy. In the first one, a study of the validity of the Yasuda parameter (W/FM) as controlling parameter 

in the polymerization process assisted by the plasma jet and an aerosolized fluorinated silane precursor 

is proposed. The chemical and physical properties of thin films deposited under different W/FM values 

are characterized by means of attenuated total reflectance – Fourier transform infrared (ATR-FTIR) 

spectroscopy, X-ray photoelectron spectroscopy, water contact angle measurements, and scanning 

electron microscopy. The results of the surface characterization techniques reveal the presence of two 

deposition domains very well known in literature (the energy-deficient domain and the monomer-

deficient domain), thus suggesting the validity of W/FM as controlling parameter. In addition, the key 

role of the Yasuda parameter in the process is further demonstrated since coatings deposited under the 

same W/FM exhibit similar properties, regardless of how W/FM is obtained.  

In the second section, the development of a methodology for measuring the energy of reactions 

in the polymerization process assisted by the plasma jet and the vaporized precursor 

hexamethyldisiloxane is presented. The values of energy per precursor molecule are calculated through 

the identification and resolution of a proper equivalent electrical circuit, which also models the presence 

of parasitic effects. To validate the methodology, these energy values are correlated to the bond energies 

in the precursor molecule and to the properties of deposited thin films (assessed by means of ATR-FTIR 

spectroscopy and profilometry). It is shown that the precursor fragmentation in the discharge and the 

coating characteristics can be successfully explained according to the obtained values of energy per 

molecule. Comparing the energy per molecule values obtained with the methodology with those from 

the Lissajous method, it is demonstrated that a proper modeling of the parasitic effects in the circuit is 

crucial to achieve physically meaningful results. 

Through the presentation of the obtained results and a detailed discussion of the limits and the 

potentialities of both the control strategies, this thesis provides useful insights into the control of 

polymerization processes assisted by APPJs. These insights can be valuable to support the advancing of 

the understanding of these unique processes, promote their implementation at industrial level, and further 

stimulating the research in this field. 
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Abbreviations 

AP: atmospheric pressure 

APPJ: atmospheric pressure plasma jet 

ATR-FTIR: attenuated total reflectance Fourier transform infrared (spectroscopy) 

DBD: dielectric barrier discharge 

DR: deposition rate 

HMDSO: hexamethyldisiloxane 

LP: low pressure 

PDMS: polydimethylsiloxane 

PP: plasma polymerization 

PE: polyethylene 

SEM: scanning electron microscopy 

TEOS: tetraethoxysilane 

WCA: water contact angle 

XPS: X-ray photoelectron spectroscopy. 
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1.1 Introduction  

 Plasma polymerization (PP) is a versatile technique to produce thin films with a wide range of 

properties on various substrates. [1]–[4] Nowadays, this technique is increasingly attractive since in many 

cases can constitute a great alternative to address issues encountered by conventional polymerization. [5] 

Indeed, PP offers unique advantages: it involves low process temperatures and reduced treatment times, 

can be used for monomers that do not polymerize under normal conditions, and is environmentally 

friendly due to the absence of solvents in the process. [3], [6], [7] Moreover, PP allows to tailor the 

chemical and physical properties of the deposited coatings by a judicious manipulation of the process 

parameters. [8] In addition, plasma polymerized thin films exhibit extremely interesting characteristics 

compared to the conventionally polymerized ones, such as a higher degree of cross-linking, insolubility, 

thermal stability, and good adhesion to most substrates. [3], [9]–[12]  

 Thanks to the attractive aspects mentioned above, PP has found over the years fruitful application 

in numerous industrial sectors, including optics, microelectronics, food packaging, and medicine [13]–

[16]. For example, PP of silica barrier coatings represents a well-known strategy to decrease the gas 

permeation through polymeric packaging substrates by several orders of magnitude, ensuring a longer 

shelf-life of the packaged food. [17] 

 Nonetheless, PP is a highly complex process which involves various physical and chemical 

interaction mechanisms, some of them have yet to be fully understood. [18] For this reason, finding 

proper control strategies to obtain coatings with properties suitable for the target application is far from 

trivial and represents nowadays one of the most relevant challenges in this field.  

 To better understand these concepts, an overview of the PP process will be provided in this 

chapter. 

1.2 Working principle 

 The fundamental actors in the production of thin films by PP are a plasma discharge and a 

precursor in gaseous, vaporized, or aerosolized state. [19], [20]  

 Plasma, also known as the fourth state of matter, is a quasi-neutral ionized gas composed of 

electrons, positive and negative ions, photons, and reactive species. [21] “Quasi-neutral” means that there 

is a balance of charges between electrons and ions, while “ionized” refers to the presence of at least one 

electron which is not bound to an atom or molecule, converting atoms or molecules into positively 

charged ions. Thanks to the existence of free electric charges (electrons and ions), plasma is also 

electrically conductive, internally interactive, and strongly responsive to magnetic fields. As in any gas, 

temperature in plasma is determined by the average energies of the plasma particles (neutral and charged) 

and their relevant degrees of freedom (translational, rotational, vibrational, and those related to electronic 

excitation). Therefore, as multi-component systems, plasmas exhibit multiple temperatures. [22] 
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 Despite being massively present in nature (more than 99% of the visible Universe is in the plasma 

state), plasma discharges can also artificially be created by applying to a neutral gas an electric field 

sufficiently strong to provoke the electric breakdown, namely the process of transformation of a non-

conducting material into a conductor. [23], [24]  

 The nature of the created plasma is defined by the temperature difference between electrons (Te) 

and heavy particles (T0), that is strictly determined by the energy exchanges between these species. 

Indeed, electrons, which are the lightest species in the system, first accumulate energy from the applied 

electric field along their mean free path and, subsequently, transfer it to heavy particles through elastic 

and inelastic collisions (Joule heating). When, because of these collisions, electrons and heavy particles 

equilibrate their temperatures (Te ≈ T0), plasmas are classified as equilibrium plasmas (or thermal 

plasmas) and are characterized by macroscopic temperatures typically higher than 10000 K. When the 

equilibrium conditions cannot be reached because time or energy are not sufficient or there is a cooling 

mechanism preventing the heating of the entire gas, the temperature of the electrons is typically so much 

higher than the one of the heavy particles (Te >> T0) and plasmas are termed as non-equilibrium plasmas 

(or non-thermal plasmas). However, as the density of the electrons in the plasma discharge is very low 

compared to the density of the heavy particles, the macroscopic temperature is almost equivalent to T0. 

When T0 is close to the room temperature, these non-equilibrium plasmas are called cold plasmas. [22]   

 Plasmas involved in the thin film polymerization process are typically cold plasmas because, 

differently from thermal plasmas, they can interact with the substrates to be coated without inducing 

thermal damages. [19] This particular aspect allows to apply the PP process on a wide variety of 

substrates, including thermosensitive ones (e.g. polymers). [25] Moreover, cold plasmas provide highly 

energetic electrons, which help to produce films in a more energy-efficient manner than with other 

conventional techniques. [8], [18]  

 To reach the production of a thin film by a PP process, monomer molecules need to be introduced 

in the cold plasma discharge in gaseous, vaporized, or aerosolized state. Despite the interaction 

mechanisms between the discharge and the precursor will be described later in this text, the general 

explanation of the working principle of the PP process will be provided in this section.  

 PP consists of a set of gas phase and surface reactions guided by the plasma discharge which 

transform a monomer into a solid thin film. Once introduced in the discharge (typically sustained in argon 

or helium), the monomer is converted into reactive fragments which recombine or in gas phase (gas 

phase polymerization) or at the surface (surface polymerization), thus leading to the formation of the 

solid thin film. Contextually to these processes, etching of the already-formed coating may occur due to 

the ion bombardment, defining a competitive process called ablation. [8], [19], [26] The relative 

importance of these processes in the formation of the coatings depends on numerous factors, first the 

operating pressure. 

 Despite being frequently named “polymers”, plasma polymerized thin films present little 

resemblance to the conventional polymers since they are not characterized by the assembly of a repeating 
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unit but by a random network with a degree of cross-linking significatively higher than the one of 

conventional polymers (Figure 1.1). To easily distinguish the PP process from the conventional one, the 

term “precursor” would be preferable to the term “monomer” to indicate the starting material from which 

the coating is built. Nevertheless, both terms are currently used and accepted in the plasma community. 

[3], [27]  
 

 

Figure 1.1: Schematic comparison of a plasma polymerized thin film and a conventional polymer obtained from the same 

precursor/monomer. [3] 

 The degree of fragmentation of the precursor in the discharge, strictly related to the degree of 

crosslinking of the final coating, depends on numerous factors which will be analyzed in the following.  

1.3 Low pressure VS atmospheric pressure 

 PP was traditionally performed at low pressure (LP), around 10-100 Pa, but in recent years the 

interest of the research was mainly directed towards atmospheric pressure (AP) processes. [10] Both the 

operating pressures exhibit specific characteristics which deserve to be discussed in detail.  

 First, the choice of the operating pressure determines different equipment to be used for the 

polymerization process: at LP a closed and evacuated reactor chamber is needed, while at AP the process 

can be performed in open air. [28] This implies a less controlled environment in the case of AP and 

requires to consider possible effects due to the diffusion of the ambient air in the interpretation of the 

process. [29] On the other hand, the absence of expensive vacuum systems at AP represents a strong 

advantage from an industrial point of view since it allows to reduce the costs associated to the process, 

it well matches the constraints of in-line processing, and it poses no limits in the size of the substrates to 

be treated. [18], [27], [30]–[32] 
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 In terms of physics of the discharge, the two operating pressures mainly differ for the mean free 

path of the reactive species, which is significatively shorter at AP (a few micrometers) than at LP (several 

millimeters). As a result, at AP the gas chemistry is more complex, and the control of the polymerization 

process is less straightforward. Indeed, the production of coatings with suitable characteristics for the 

specific application is easier at LP. [27], [33], [34] Furthermore, at LP the production of large 

homogeneous volumes of plasma is favored (while at AP the discharges typically exhibit a filamentary 

nature), with positive implications on the uniformity of the characteristics of the deposited coatings. [10], 

[27]  

 Another difference between the two operating pressures which is worthy to point out in this 

context is the presence of the intense ion bombardment at LP. To properly understand what ion 

bombardment means, a brief introduction to the concept of sheaths is needed. Sheaths are thin positively 

charged layers next to the wall surfaces which surround the plasma discharge. Since in these layers the 

ion density is higher than the one of the electrons, while in plasma they are almost equal (quasi-neutrality 

condition), the potential profile is positive within the plasma discharge and falls sharply to zero near the 

walls. In this way, the potential profile acts as a potential “hill” for ions: those ions from the plasma that 

enter the sheaths are accelerated into the walls. For this reason, the potential profile within the sheaths 

represents the key to control the ion energy and thus the intensity of the ion bombardment. [26], [34] In 

the initial stage of thin film growth, the presence of these high energy fluxes at LP can contribute to the 

cleaning and the activation of surface thus leading to improved properties of the deposited coatings, such 

as higher adhesion to the substrate and densification. [35], [36] Nonetheless, as specified in Section 1.2, 

the ion bombardment can enhance processes of etching of the deposited coating, thus having generally 

negative consequences on the characteristics of the deposited coatings. Since at AP the energetic ion 

bombardment cannot be used, due to the highly collisional nature of the sheaths, the produced coatings 

are typically less adherent to the substrate, the deposition rates are higher, and the ablation of deposited 

coatings is negligible. [27], [34]  

 The last difference between the two operating pressures which is mentioned in this context 

regards the management of the precursor in the discharge. First of all, at LP the precursor is introduced 

often undiluted in the discharge, while at AP the precursor is generally highly diluted (e.g. in the parts 

per thousand range) in a main gas which acts both as plasma gas and carrier flow. [37] Therefore, at LP 

the energy is mainly transferred by direct electron impact dissociation of the precursor molecules, 

whereas at AP a crucial role is also played by the ionization/carrier gas excited atoms which can transfer 

energy to the precursor molecules (Penning transfer). [38] Secondly, the precursor can be introduced in 

the discharge also in form of aerosols at AP, while this is not possible at LP. [18], [34] The use of 

aerosolized precursors determines a series of advantages which will be discussed later in this dissertation.   

 To conclude, AP plasma polymerization is receiving increasing attention due to the industrially 

relevant advantages with respect to LP. Nonetheless, obtaining coatings with characteristics suitable for 
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the target application is more challenging at AP because the control of the process is far from obvious, 

and the understanding of the mechanisms involved is less consolidated than at LP. 

1.4 Factors involved in the process 

Whatever the operating pressure, PP requires an optimal harmonization of numerous factors to 

result in thin films with tailored characteristics. The main factors involved in the process are plasma 

reactors, precursors, and process parameters. 

1.4.1 Plasma reactors  

The architecture of the plasma reactor plays a key role in determining the characteristics of the 

deposited thin films. Plasma reactors, home-made or commercially available, can work both at LP and 

AP with specific characteristics for one or the other case.  

1.4.1.1 Low pressure reactors 

 At LP, the plasma deposition equipment typically consists of a reactor chamber, completed by 

the pumping system, a power supply, an electrical matching network, and the instrumentation for the 

control and the diagnostics of the process. [28] LP reactors can be classified based on the excitation 

frequency in two main categories: radiofrequency (RF) reactors and microwave (MW) reactors.  

 Figure 1.2 shows the schematics of two of the most used RF configurations: parallel plate plasma 

reactor (Figure 1.2a) and inductively coupled plasma reactor (Figure 1.2b). [28] 

 

Figure 1.2: Schematics of an RF parallel plate reactor (a)) and an RF inductively coupled plasma reactor (b)). [28] 

 The RF system reported in Figure 1.2a recalls a typical system for plasma etching. Indeed, it 

exhibits the same main components: an RF-driven electrode, a grounded electrode, and a blocking 
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capacitor to couple the RF power supply to the system. [39] Likewise for reactive ion etching (RIE) 

systems, also in a parallel plates reactor the dimensions of the electrodes and their connections to RF 

power supply and ground can be properly selected to induce a bias voltage and strengthen the ion 

bombardment. While in RIE strengthening the ion bombardment serves to strongly increases the etch 

rate, in the case of parallel plate reactors this can contribute, for example, to the densification of the 

coating. [26], [35] 

 Figure 1.3 illustrates two examples of parallel plate reactors in which the introduction of the 

reaction gases and evacuation paths are different. [40] 

 
Figure 1.3: Two examples of parallel plate reactors: a) the reaction gas flows radially, b) the reaction gas is introduced by a shower. [40] 

 In the reactor reported in Figure 1.3a, the reaction gases are introduced through small holes drilled 

in a metal ring, which is situated beneath the substrate holder. Gas is passed over the substrates and is 

evacuated through a tube located in the centre of the substrate holder. The substrate holder plate can be 

rotated to improve the uniformity of the film in terms of thickness. 

In the reactor presented in Figure 1.3b, the reaction gas is uniformly supplied to the substrates 

from many small holes in the RF electrode, like a shower. The chamber is evacuated downward through 

the space between the substrate holder and the chamber walls. 

 The main difference between an RF inductively coupled plasma reactor (Figure 1.2b) and a 

parallel plate one is the absence of metallic electrodes in the former case, which ensures a higher purity 

of the discharge. Indeed, in RF inductively coupled plasma reactors the plasma excitation is typically 

provided by a coil which is external to the insulating tube. [28] The insulating tube is usually realized in 

glass, quartz, or alumina and the working frequencies of the most commonly used power supplies range 

from 13.56 to 35 MHz. [39] Despite being easy to be assembled, the scale up for industrial applications 

of inductively coupled reactors is difficult. [40]  

 Figure 1.4 reports an example of an RF inductively coupled reactor, which includes a heater in 

the substrate holder. The purpose of this element is to increase the temperature of the substrates, thus 
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localizing the polymerization reactions on the substrates and favouring the densification of the deposited 

coatings. [40] 

 

Figure 1.4: Example of an inductively coupled reactor. [40] 

 In MW reactors, the substrate is placed on a grounded or electrically floating substrate holder, 

facing a MW window (made of low water-content fused silica or alumina) through which the MW power 

(typically at a 2.45 GHz frequency) is supplied using different MW applicators. [28], [39] The schematics 

of different MW reactors are shown in Figure 1.5. 

 

Figure 1.5: Schematics of different MW reactor configurations: a) linear applicator, b) remote MW excitation, c) horn antenna, d) plasma 

impulse CVD. [28] 

 As a general feature, MW discharges are characterized by higher electron densities which favour 

the precursor fragmentation and lead to substantially higher deposition rates than plasmas at lower 

excitation frequencies. [28], [35]  

 To combine the advantages of both MW and RF, a dual-mode MW/RF plasma reactor has been 

developed by Martinu et al. [41] As reported in the schematic in Figure 1.6, the substrates are placed on 

the RF-powered substrate holder facing the MW quartz window, through which the MW power is applied 

using a linear slow wave applicator. [42] 
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Figure 1.6: Schematic of a dual mode MW/RF reactor. [42] 

1.4.1.2 Atmospheric pressure reactors 

The most used configurations for PP at AP can be divided in two main categories: planar dielectric 

barrier discharges (DBDs) and jets. In DBDs plasma is generated between two planar electrodes and the 

substrate is confined within the generation zone, while in jets plasma is generated within a cylindrical 

body and then directed towards the substrate by means of a flow of gas. As an example, pictures of both 

the plasma sources are reported in Figure 1.7.  

 

Figure 1.7: Pictures of atmospheric pressure plasma sources: a) DBD, b) jet. Both pictures were acquired in the Laboratories of the Research 

Group for Industrial Applications of Plasmas (University of Bologna, Italy). 

A description of the characteristics of both the configurations will be provided in the following. 

Planar DBDs 

 A typical DBD plasma source, whose schematic is shown in Figure 1.8, is composed of two 

planar electrodes (one connected to the high voltage generator and one grounded) and at least one 

dielectric barrier. [43] The dielectric barrier, generally made of an insulating material such as glass, 

quartz, or ceramics, prevents the transition to a thermal plasma discharge (arc-like discharge), which 

would otherwise occur between two uncovered metal electrodes. [44] The space between the electrode 
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and the dielectric (or between the two dielectrics), in which the plasma discharge takes place, is called 

gas gap and its amplitude is typically in the range of 0.1–10 mm. In most studies and applications, planar 

DBDs are operated with sinusoidal high voltages in the kHz range but in recent years their use have been 

extended also to pulsed or RF signals. [45]  

 

Figure 1.8: Schematic of a typical planar DBD. 

 To understand the working principle of a planar DBD, it is useful to analyze its equivalent circuit 

(Figure 1.9). 

          

Figure 1.9: Equivalent circuit of a typical planar DBD. 

  In the equivalent circuit, the dielectric barrier is represented as a capacitor Cd, and the gas gap as 

a parallel connection of a gas gap capacitor Cg and a time-dependent current source or resistor R, which 

represents the discharge. Ud(t) is the voltage across the dielectric barrier (defined as the ratio between 
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the charges accumulated at the dielectric Q(t) and Cd), while Ug(t) is the gas gap voltage. V(t) and i(t) 

are the applied voltage and the total current, respectively; i(t) contains the current associated with charge 

transfer in the gas gap (the active current jR) and the displacement current in the gas gap (jg).  

  The working principle of a planar DBD is characterized by alternating active and passive phases. 

During the passive phase, the active current does not flow through R and the plasma source behaves as 

a capacitor Ccell, where Ccell is the result of the serial connection of Cd and Cg. During the active phase, 

the current flows through R, Cg is bypassed, and the plasma source behaves as a capacitor Cd.  

  The active phase starts when Ug(t) overcomes the breakdown voltage, namely the voltage 

required to ignite a plasma discharge. The values of breakdown voltage for each gas can be derived by 

the Paschen curves (reported in Figure 1.10) which show the values of the breakdown voltage as function 

of the product of the operating pressure (p) and the distance between the electrodes (d). [22]  

 

 

Figure 1.10: Paschen curves for different gases. [22] 

When the breakdown voltage is reached, the charging of the dielectric surfaces occurs, thus 

inducing an electric field opposed to the applied electric field. When the increase of V(t) does not 

compensate the screening of the electric field by the charges deposited over the dielectric surfaces (Ud(t)), 

Ug(t), which can be expressed as the difference between V(t) and Ud(t), falls to the discharge extinguish 

voltage and the passive phase begins. For the next discharge ignition (active phase), the applied voltage 

must be increased further, or the polarity must be changed. This is the reason why planar DBDs are 

always driven by AC or pulsed voltage signals. [43], [45] 
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  Since the working principle of planar DBDs has been clarified, the following will be focused on 

the relevant characteristics of these plasma sources in the context of PP.  

  One of the advantages of this configuration is the unprecedent flexibility with respect to 

geometrical configuration, working gas mixture composition, and operating parameters (e.g. power 

input, excitation frequency, and gas flow rates). [46] This feature allows to produce coatings with 

significatively different properties, thus strongly widening the spectrum of possible applications for these 

plasma sources. Moreover, as the area of the electrodes can be increased without compromising the 

characteristics of the discharge, planar DBDs are suitable for large-area treatments, easing the scale-up 

at industrial level of the polymerization processes optimized in laboratory. [30], [34], [47]  

  On the other hand, the narrow gaps (0.1-10 mm) typical of planar DBDs limit their use mainly to 

2D substrates. Furthermore, planar DBDs at atmospheric pressure usually operate in the so-called 

filamentary mode, meaning that the breakdown is initiated in a large number of independent current 

filaments or microdischarges randomly distributed over the dielectric surfaces. [46], [47] In PP processes, 

a homogenous discharge, instead of a filamentary one is highly preferable since it allows to avoid 

inhomogeneities in the deposited coatings. [20] On this topic, it has been demonstrated that homogeneous 

(also called glow) discharges can be obtained with planar DBDs under special and restrictive conditions. 

[48]–[50]  

  In addition to these general aspects, some characteristics strictly related to the specific planar 

DBD configuration deserve to be discussed. Figure 1.11 shows three main categories of DBD designs 

classified through their gas injection system: lateral (1.11a), central (1.11b), and showerhead (1.11c). 

[51] 

 

 

Figure 1.11: Examples of planar DBD configurations with different gas injection systems: a) lateral, b) central, c) showerhead. [51] 

 The lateral and central gas injection configurations (Figure 1.11a and 1.11b) are the most common 

ones. From a constructive point of view, the configuration with the central gas injection (Figure 1.11b) 

is the simplest one because the same elements constitute both electrodes and the gas injection system. In 

terms of operation, both the configurations require a proper movement of the substrate holder to obtain 
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uniform thin films on a large scale. For example, in the case of the gas lateral injection, the substrate 

holder must be moved parallel to the gas flow direction, which has the effect of ‘‘averaging’’ the film 

properties and guaranteeing uniform thicknesses on the whole surface.  

 The showerhead configuration (Figure 1.11c) consists of gas injection through one of the 

electrodes and uniformly directs the reactive species on the substrate to be treated. This configuration 

limits severe gradients in coating thickness due to lateral gas injection, but it makes more complicated to 

get homogeneous properties at the whole surface scale.  

Jets 

 Various configurations of plasma jets have been reported in literature in PP literature, most of 

them working with noble gas, such as argon or helium. [34], [52] These plasma jet configurations can be 

classified into three main categories: dielectric-free electrode (DFE) jets, dielectric barrier discharge 

(DBD) jets, and single electrode (SE) jets. [52] 

- DFE jets. A DFE jet, whose typical schematic is reported in Figure 1.12, consists of an inner 

electrode coupled to the plasma source and a grounded outer electrode. The noble gas is fed into 

the anular space between the two electrodes. Several characteristics of this configuration are 

presented in the following. If stable operation conditions are not met, arcing can occur in this 

configuration. Moreover, compared with DBD jets, the power delivered to the plasma is much 

higher in DFE jets, thus inducing higher gas temperature of the plasma discharge. Therefore, this 

kind of jet is suitable for PP on substrates which are not very sensitive to high temperatures. 

 

Figure 1.12: Schematic of a DFE jet. [52] 

- DBD jets. The characteristic feature of DBD jet is the presence of a dielectric component. There 

are many different configurations of DBD jets, which differ for the assembly of the electrodes 

and the dielectric components. Figure 1.13 shows a schematic of one of these possible DBD jet 

configurations. This DBD jet consists of a dielectric tube with two metal ring electrodes on the 

outer side of the tube: one connected to the power supply, and one connected to the ground. When 

a working gas flows through the dielectric tube and a sufficiently high voltage is provided by the 
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power supply, the plasma discharge is ignited and propagates into the surrounding air. This 

configuration, as the others not presented in this context, can be operated, for example, by kHz 

AC power or by pulsed DC power and can reach length of the plasma jet of several centimetres. 

Its main advantage is the use of the dielectric component which avoids the risk of arcing and 

keeps the gas temperature of the plasma close to room temperature, thus enabling the plasma 

polymerization treatment on thermosensitive materials. 

 

          

Figure 1.13: Schematic of a DBD jet. [52] 

- SE jets. A SE jet is characterized by the presence of a single powered electrode. As an example, 

Figure 1.14 reports a schematic of this configuration. It consists of one rod or needle electrode 

located in the centre of the dielectric tube and connected to the power supply (e.g. kHz AC or 

pulsed and RF). Differently from the DBD jet configuration, the dielectric tube only plays the 

role of guiding the gas flow. In this configuration, the grounded electrode is not included in the 

body of the plasma source and it can be totally absent (in this case, due to the high potential in 

the powered electrode, the substrate itself is seen as the “ground plane”) or physically placed 

outside (e.g. a grounded plane beneath the substrate to be treated). [53] 

     

Figure 1.14: Schematic of a SE jet. [52] 
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 Nowadays, plasma jets are increasingly attractive in the field of PP because of specific advantages 

with respect to planar DBDs. First, as the substrate is not confined between the electrodes, plasma jets 

can be used to coat complex 3D objects, without limitations in the size of the object to be treated. [52], 

[54] Furthermore, as the deposition spot can be scaled down to the submillimeter range and the plasma 

plume can reach length of several centimeters, plasma jets can be employed also for localized treatments 

on the inner surface of 3D objects, like trenches or cavities or capillary tubes. [34], [55] 

 On the contrary, the typical configuration of a plasma jet allows to perform exclusively single-

spot deposition treatments, thus making complex their industrial applicability for the coating of large 

area surfaces. [51] It is necessary to specify that plasma jets can be properly moved to create patterns and 

cover larger areas, but this can lead to inhomogeneities in the final coating. Furthermore, for those plasma 

jets in which the powered electrode is located inside the plasma source, undesired PP can occur on the 

electrode and negatively affect the performance of the plasma source. [56] 

1.4.2 Precursors  

 A PP process is accomplished by adding into the discharge a precursor which can be gaseous, 

vaporized, or aerosolized. [51] As the characteristics of the coating are mainly determined by the nature 

of the precursor, the choice of a proper precursor is crucial to obtain coatings suitable for the specific 

application. [57]  

 Since the number of precursors reported in PP literature is extremely large [3], [58], a single 

family of precursors will be presented as an example in this context: the organosilicons. Organosilicons 

provide a large variety of possible reactants for PP processes because numerous compounds of this family 

are sufficiently volatile near room temperature, characterized by low toxicity, non-flammable, cheap, 

and available from commercial sources. [20], [59] The main feature of these precursors, as the name 

suggests, is the presence of carbon and silicon atoms in the molecular structure. Due to their organic-

inorganic character, organosilicons can lead to the deposition of organic coatings as well as inorganic 

coatings, thus resulting extremely appealing for numerous applications. [20]  

 Among the organosilicon precursors, hexamethyldisiloxane (HMDSO) is often preferred for PP 

(both at AP and LP) because it exhibits a rather high vapor pressure and is safe to handle. [36] The 

chemical structure of HMDSO, reported in Figure 1.15, shows a central core, composed of two silicon 

atoms and one oxygen atom, and six methyl groups. 
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Figure 1.15: Chemical structure of HMDSO. 

By properly varying the deposition conditions (i.e. following strategies which will be explained in detail 

in the next sections), HMDSO plasma-polymerized thin films can assume an organic chemical 

composition similar to polydimethylsiloxane (PDMS-like coatings) or an inorganic one similar to silicon 

dioxide, SiO2 (silica-like coatings). As can be noticed from the chemical structures reported in Figure 

1.16, the structure of PDMS resembles the pure repetition of the HMDSO starting unit, while silicon 

dioxide (silica) does not exhibit the functional groups typical of HMDSO, thus suggesting two different 

degrees of fragmentation of the precursor in the discharge to reach these chemical compositions. 

 

Figure 1.16: Chemical structures of a) PDMS and b) silica. 

 PDMS-like coatings are industrially attractive because their hydrophobic character plays an 

important role in diverse applications such as self-cleaning surfaces, microfluidics, and biomedical 

applications. [60] On the other hand, silica-like coatings have a great industrial potential as well since 

they can be used, for example, as gas barrier layers in the food packaging sector, or as layers resisting 

corrosion in the fabrication of photovoltaic solar cells, or as dielectric layers in the microelectronic field. 

[58], [61]  

 Regardless of the nature, also the physical state of the precursor plays a key role in the definition 

of the characteristics of the resulting coatings. As explained in Section 1.3, at LP the precursor can be 

added to the discharge exclusively in gaseous or vaporized state, while at AP it can be introduced also in 

aerosolized state.  
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 Nowadays, aerosolized precursors are gaining increasing attention since they offer numerous 

advantages with respect to the vaporized ones. First, the use of aerosolized precursors leads to a 

considerable simplification of the PP experimental set-up. Indeed, as aerosols are usually generated by 

an atomizer, no heating systems, or special solutions to vaporize the liquid precursors are required. This 

aspect, combined with the possibility to have virtually no limits in the nature of the precursor (also non-

volatile precursors can be aerosolized), greatly increases the potential of the technology at an industrial 

level. [51], [62] Moreover, aerosolized precursors appear particularly appealing for PP processes aimed 

to create biofunctional thin films. In fact, it has been proven that when a precursor solution containing 

biomolecules is atomized and introduced in the plasma discharge, the droplets protect biomolecules from 

the harsh plasma conditions and contribute to preserve their structure. [63] 

 Nonetheless, coupling an aerosol with a plasma induces several mechanisms which must be 

considered to reach a proper control and comprehension of the polymerization process. Since nowadays 

there is a significant lack of basic understanding concerning these mechanisms, a deep investigation in 

the field is highly required. [62], [64] The presence of liquid droplets may induce modifications of the 

plasma discharge. Indeed, the propagation of streamers can be significatively disturbed by the local 

modification of the electric field due to droplets polarization and charging, thus resulting in a variation 

of the local rate of ionization. The intensity of these effects depends on droplet characteristics (e.g. 

permittivity and particle size distribution). [65]–[67] Plasma discharge, in turn, may alter the 

characteristics of the liquid droplets entering the plasma region, by inducing charging, deformation, or 

evaporation. [68], [69] Hence, in the study of biphasic aerosol–plasmas the extremely transient and 

dynamic nature of aerosols should be carefully considered.  

 It is important to stress that the physical state of the precursor determines its interaction with the 

plasma discharge: in form of liquid droplets, the precursor structure is protected from the action of the 

energetic species in the plasma, while in form of molecules in vapor phase (or in gaseous phase), the 

precursor structure is directly exposed to the plasma discharge. This results in a minor fragmentation of 

the aerosolized precursor and in a consequent formation of thin films characterized by a higher retention 

degree of precursor molecular structure but a lower degree of crosslinking compared to those obtained 

starting from vaporized precursors. [51] A lower degree of crosslinking typically has a negative impact 

on the thin film stability upon immersion, which is a critical aspect for those polymerization processes 

aimed to produce coatings, for example, to be used in the biomedical field. Over the years, several 

strategies have been proven successfully to improve the degree of crosslinking of thin films deposited 

starting from aerosolized precursors. For example, it is known that the reduction in the size particle 

distribution increases the area exposed to plasma discharge thus favouring the precursor fragmentation. 

[53] 
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1.4.3 Process parameters  

The chemical and physical properties of the deposited coating are strongly affected by the 

selected deposition parameters (e.g. excitation frequency, substrate temperature, and air content). [3] In 

this section an overview of the most investigated process parameters is presented. 

Excitation frequency 

 The excitation frequency of a plasma source can be used to tailor the characteristics of the 

deposited coatings. An example on this subject is provided by da Silva Sobrinho et al. [35] who combined 

a MW-excited plasma (2.45 GHz) and a capacitively coupled RF plasma (13.56 MHz) to produce 

transparent barrier coatings on polyethylene terephthalate (PET). The dual-mode MW/RF reactor used 

in this work (whose schematic description was reported in Section 1.4.1.1) is shown in Figure 1.17a. The 

reactor can be operated also with a single excitation frequency (single-mode). SiO2 films are grown from 

a mixture of HMDSO, Ar, and O2 and are continuously deposited on PET substrate transported by a 

motor-driven roll-to-roll system. 

 

Figure 1.17: a) Schematic top view of the dual-frequency MW/RF reactor, b) WVTR as a function of coating thickness for SiO2 coatings 

deposited on PET, using three different plasma modes: MW/RF (black squares), MW (stars), RF (white triangles). The black rhombus 

indicates the WVTR of the uncoated PET. [35] 

 As mentioned in Section 1.4.1,1, MW discharges are typically characterized by high electron 

densities which favour the monomer fragmentation and give rise to substantially higher deposition rates 

than plasmas at lower frequencies. On the other hand, RF plasmas offer the possibility to strengthen the 

ion bombardment (increasing the flow and the energy of the impinging ions), thus enabling the deposition 

of dense coatings. As can be seen from the graph in Figure 1.17b, the dual-mode MW/RF reactor clearly 

combines these advantages. The graph shows the water vapour transmission rate (WVTR) as a function 

of the coating thickness for coatings deposited in three different plasma modes: MW/RF (black squares), 

MW (stars), and RF (white triangles). In the case of MW/RF, a more pronounced drop in the WVTR can 
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be observed as the thickness increases, suggesting improved coating barrier properties thanks to the 

combination of the two frequencies. The coatings deposited by MW plasmas alone exhibit very poor 

moisture barrier characteristics because of their high porosity which favours the passage of water vapour 

molecules. 

Substrate temperature 

Besides ion bombardment, another possible strategy to obtain dense coatings is increasing the 

substrate temperature. On this topic, Babayan et al. [70] demonstrated the densification of silicon oxide 

coatings deposited on p-type silicon substrates by heating the substrate holder from 115 to 350 °C. The 

plasma source used in this work (Figure 1.18a) is an atmospheric pressure DFE-jet in which plasma is 

generated by applying RF power at 13.56 MHz to the centre electrode. Coatings are deposited on silicon 

wafer located at 1.7 cm from the plasma source using helium and oxygen as main gases and vaporized 

tetraethoxysilane (TEOS) as precursor. 

 

Figure 1.18: a) Schematic of the atmospheric pressure plasma jet; b) Deposition rate as a function of the substrate temperature; c) Atomic 

force micrographs of coatings grown at surface temperature of 115 and 350 °C. [70] 

From the graph in Figure 1.18b, it can be clearly noticed that as the substrate temperature 

increases, the deposition rate (defined as the coating thickness divided per the deposition time) decreases, 

suggesting a progressively higher densification of the coatings. These results are also supported by 

atomic force micrographs of films grown at surface temperature of at 115 and 350 °C (Figure 1.18c) 

which show a much smoother face at higher temperatures. Indeed, at high temperature the hydroxyl 

incorporation is reduced, thus leading to a decreased porosity of the coating. 

Nonetheless, it must be pointed out that heating of the substrates is a solution which is exclusively 

suitable for non-thermosensitive materials. In fact, thermosensitive ones (e.g. polymers) may be damaged 

by the high temperatures involved. 
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Air content 

Over the years, many researchers focused their attention on studying of the influence of the air 

content in the feed mixture on the chemical and physical properties of the deposited coatings. Among 

these, Morent et al. showed how the air addition can be used to produce coatings from HMDSO with a 

SiO2 chemical composition. [20] The setup employed in their work, reported in Figure 1.19a, includes 

an AP planar DBD operated at 50 kHz where the deposition is carried out with a fixed argon flow (3 

slpm) and a variable air content (0-50 sccm). The concentration of vaporized HMDSO in the carrier gas 

is kept constant at 3 ppm and coatings are grown on PET films.  

 

Figure 1.19: a) Schematic of the experimental setup; b) ATR-FTIR spectra of HMDSO plasma-polymerized coatings in pure argon and 

argon/air mixtures with various air flows. [20] 

Figure 1.19b displays the ATR-FTIR (attenuated total reflectance – Fourier transform infrared) 

spectra of plasma-polymerized HMDSO films deposited with different air flow rates. When PP is 

performed in pure argon, coatings exhibit a chemical structure close to PDMS, characterized by a peak 

at 1020 cm-1 assigned to Si-O-Si stretching vibrations and numerous peaks associated to the functional 

groups of HMDSO (i.e. methyl groups), such as the CH3 stretching at 2965 cm-1, the CH3 deformation 

vibrations at 1260 cm-1, and the CH3 rocking vibrations at 850 cm-1 and 800 cm-1.  

As the air content in the mixture is increased, peaks associated to methyl groups gradually 

decrease until they disappear and the Si-O-Si peak shifts towards higher wavenumbers (1050 cm-1). 

Furthermore, spectra show new absorption bands at 3700-3100 cm-1 and 926 cm-1, which correspond to 

Si-OH stretching and bending, respectively. This behavior highlights that the addition of increasing air 

in the mixture leads towards SiO2 coatings. 
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Main gas flow rate 

The flow rate of the main gas is a process parameter which strongly determines the fluid dynamics 

conditions in the discharge zone, thus influencing the polymerization process. Caquineau et al. gave 

evidence to this claim showing the effects of a variable flow rate on the characteristics of the deposited 

coatings. [71] The plasma source used in this work (Figure 1.20a) consists of a diffuser which injects the 

gas mixture perpendicularly to two pairs of metallized alumina plates onto which the silicon substrate is 

placed. The geometry of the plasma source forces the gas mixture to flow parallel to the substrate on both 

sides of the injection. When a sufficiently strong high voltage is applied, the simultaneous generation of 

two symmetric discharge zones on each side of the gas injection occurs. Thin films are deposited starting 

from a mixture of N2 (main gas), silane (SiH4) or HMDSO (precursors), and N2O (oxidation agent). 

 

 

Figure 1.20: a) Schematic of the perpendicular injection discharge reactor; b) Photographs of coatings obtained from silane at 3 slm and 6 

slpm of N2 (black arrows indicate the gas flow direction); c) calculated flow streamlines at 3 slpm and 6 slpm of N2. The discharge zone is 

shaded in grey. [71] 

Photographs of coatings deposited from silane at 3 slpm and 6 slpm of N2 are reported in Figure 

1.20b, where the black arrows indicate the gas flow direction. At 6 slpm the layer is clearly less uniform 

along the width than at 3 slpm, with deposition spots (lighter zones characterized by higher deposition 

rates) located at the entrance of the discharge zones. To find the link between the increase in the flow 

rate and the appearance of deposit non-uniformities, the authors calculated the gas velocity by CFD 

simulations. The resulting streamlines are reported in Figure 1.20c (the discharge zone is shaded in grey). 

Despite for both the flow rates gas recirculation takes place just at the right angle defined by the vertical 

glass slides and the upper alumina plates, the higher flow rate leads to a larger recirculation zone and to 

a deeper penetration of the recirculation into the discharge zone. The recirculation induces a longer 

residence time of the gases in the discharge zone and negatively affects the quality of the deposited 

coatings. 
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Discharge power 

The discharge power is strictly related to the precursor fragmentation in the discharge, thus 

representing an important process parameter to modify the properties of the deposited coating. On this 

subject, Morent et al. investigated the effects of varying the discharge power in a polymerization process 

from a mixture of argon and vaporized HMDSO. [13] Using the same experimental setup reported in 

Figure 1.19a, they performed tests at three different discharge power levels (5.8, 9.5 and 15.2 W) for a 

fixed HMDSO concentration (3.0 ppm). 

 
 

Figure 1.21: ATR-FTIR spectra of coatings deposited for different discharge powers. [13] 

The work shows how higher discharge powers lead to more intense fragmentation processes in 

the discharge which result in coatings with lower retention of functional groups of the starting precursor. 

Indeed, from the ATR-FTIR spectra displayed in Figure 1.21 it can be noticed how the peaks related to 

CH3 at 2965 cm-1, at 1260 cm-1, and at 850 cm-1 tend to become less pronounced as the discharge power 

increases.  

Despite being an interesting strategy to produce coatings with little resemblance of the initial 

precursor, excessively increasing the discharge power may cause thermal stress and damaging of the 

substrate.  
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Precursor flow rate 

The precursor flow rate is another process parameter which can have a significant effect on the 

characteristics of the deposited coating. In the same work mentioned above to discuss about the discharge 

power, Morent et al. investigated the properties of thin film when varying the HMDSO flow rate. [13] In 

this case, the plasma polymerization process was performed using three different monomer 

concentrations (1.3, 3.0, and 4.0 ppm) at a fixed discharge power of 9.5 W. 

 

Figure 1.22: ATR-FTIR spectra of coatings deposited for different precursor flow rates. [13]   

As the monomer concentration increases, an opposite trend with respect to the one observed for 

an increase of discharge power can be noticed in the ATR-FTIR spectra (Figure 1.22): higher monomer 

flow rates correspond to a higher conservation in the coating of the functional groups of the starting 

precursor. Indeed, methyl-related peaks at 2965 cm-1, 1260 cm-1, and 850 cm-1 become progressively 

more pronounced and the Si-O-Si asymmetric stretching shifts towards lower wavenumbers.  

Besides the chemical composition, the precursor flow rate can also affect the morphological 

characteristics of the coatings. For example, it has been previously reported in literature of plasma 

polymerization of organosilicon precursors that high precursor flow rates can lead to the formation of 

particles in the coatings. [72], [73] 
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1.5 Control strategies for the process 

Considering the PP mechanisms, the most important factor affecting the properties of a deposited 

coating is the energy applied per molecule, which governs the degree of precursor fragmentation in the 

discharge. [3] Therefore, all the PP control strategies proposed over the years in the scientific community 

are strongly related to this concept. This section offers a general description of the most relevant control 

strategies for PP processes. 

 

1.5.1 The Yasuda parameter 

In the context of LP plasma polymerization, Yasuda proposed the composite parameter W/(FM) 

(in J/kg), later named Yasuda parameter, which relates the discharge power (W, in J/s) to the product of 

the precursor molar flow rate (F, in mol/s) and the precursor molecular weight (M, in kg/mol). [74], [75] 

As can be seen from the measurement unit, this parameter represents an energy input per unit 

mass of precursor, thus being strictly connected to the precursor fragmentation process: low W/FM 

values result in a reduced fragmentation of the precursor molecules and consequently in a higher retention 

of precursor functional groups in the deposited thin films, while higher values lead to an intense 

fragmentation of the precursor molecules and therefore to a loss of precursor functional groups in the 

films. The described behaviors correspond to different operating regions in PP which can be identified 

by plotting the thin film deposition rate (DR) as a function of W/FM, as shown by Figure 1.23. [76], [77]  
 

 

Figure 1.23: Deposition rate as a function of W/FM illustrating different deposition domains. [77] 

At low W/FM, the DR evolves linearly with W/FM. In this region, the so-called “energy-deficient 

region”, ample monomer is available, and the supply of energy is the limiting factor for increasing the 
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DR. In this region, increasing the supply of energy in the discharge results in an increase in the 

concentration of film-forming species through collisional processes. Above a critical W/FM value 

(W/FM)c, the DR becomes constant since the precursor fragmentation has attained its maximum. This 

region is called “monomer-deficient region”, as sufficient energy is provided, but the precursor feed rate 

into the chamber is the limiting factor. [77] In addition, under high energy conditions, ion-induced 

reactions can be favored, thus leading to a decrease in the DR. [3] 

The Yasuda parameter was extensively used in PP processes at LP but over the years several 

research groups attempted to extend its application also to the AP case. [1], [11], [13], [73], [78], [79] 

Nonetheless, the validity of W/FM as a control parameter at AP has been questioned because, differently 

from LP processes, 1) the precursor is usually highly diluted (typically in parts per thousand) in a 

ionization/carrier gas which takes part in the mechanisms of energy transfer to the precursor molecules 

and 2) it is not often possible to measure the discharge power with reasonable precision. [37], [80] 

Furthermore, some authors experimentally proved how, at AP, W/FM do not necessarily provide deposits 

of the same chemistry and morphology, unlike in LP processes. [73] 

For these reasons, the validity of the Yasuda parameter as a process controlling parameter for 

polymerization processes at AP should be demonstrated on a case-by-case basis. 

 1.5.2 The macroscopic approach 

The concept of Yasuda parameter was further developed by Hegemann et al. who offered a 

macroscopic description of PP which implies a unifying dependence of the deposition rate per unit of 

monomer flow (Rm/F) to W/F trough the quasi-Arrhenius expression:  

                                                   
𝑅𝑚

𝐹
= 𝐺𝑒𝑥𝑝 (−

𝐸𝑎
𝑊

𝐹

),                                                                (1.1) 

where G is a reactor-depending geometrical factor related to the maximum conversion of the precursor 

into film growth and Ea the apparent activation energy required to initiate chemical reactions in the active 

zone. According to this approach, the plasma is divided into an active zone in which the activation takes 

place through collisional processes leading to the production of film forming species and a passive zone 

where the deposit is formed. [81]–[83] 

Since a detailed explanation of this approach would require also complex mathematical and 

physical reasonings which are beyond the purpose of this general overview, the concise description of 

the approach given by Thiry et al. is proposed in the following. [3] 

 A typical example of an Arrhenius-type plot (ln(Rm/F) versus the inverse specific energy, 

(W/F)−1), is shown in Figure 1.24 for the PP of methane. It can be noticed that ln(Rm/F) evolves linearly 

with (W/F)−1 pointing to an Arrhenius-like behavior over the range of W/F investigated. In this regime, 

the film grows mainly through radical reactions and the kinetic limiting factor is the production rate of 

the film-forming species in the plasma. 
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Figure 1.24: Arrhenius-like plot of the deposition rate versus the inverse energy input for a methane discharge. [3] 

The above presented equation holds for many monomers and gas mixtures for a certain range of 

W/F. From the negative slope of the linear fit in Figure 1.24, the energy of activation, Ea, which is related 

to an ensemble of fragmentation reactions in the active zone, can be deduced. Its value is monomer 

specific and correlates with the bond dissociation energy of the precursor, thus allowing the interpretation 

of the precursor fragmentation mechanisms in the discharge. Compared to the Yasuda approach, the 

activation energy separates the PP into the energy and monomer deficient regime. When applied to 

several families of plasma polymerized thin films for a broad range of energy conditions, the macroscopic 

approach has revealed that more than the two deposition regimes presented above have to be considered 

depending on the PP system. This could be related to different growth mechanisms.  

Although the macroscopic approach has shown its potential for describing the PP process, 

defining the plasma polymer formation mechanism based on the evolution of the Rm/F as a function of 

(W/F)−1 in an Arrhenius-type plot is not straightforward and could lead to erroneous conclusions without 

additional data from, for example, plasma diagnostic measurements. 

1.5.3 The energy delta methodology 

In recent years, Nisol et al. proposed a methodology for measuring the energy absorbed per 

precursor molecule in AP plasma polymerization processes assisted by planar DBDs and argon as carrier 

gas. [37], [84]  

Through the identification and resolution of a proper equivalent electrical circuit model (Figure 

1.25), this methodology allows the calculation of the energy dissipated per cycle of applied sinusoidal 

voltage, Eg, according to the following formula: 

                                           𝐸𝑔 =
∫ 𝑉𝑔𝑎𝑝𝐼𝑑𝑑𝑡

𝑛
,                                                            (1.2) 
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where Vgap is the effective voltage across the gas gap, Id is the discharge current, and n is the number of 

complete cycles at the applied voltage frequency. 

 

Figure 1.25: Equivalent electrical circuit (the portion in the dashed rectangle represents the DBD discharge cell). [37] 

The main idea behind this methodology is that the delta of energy, ΔEg, (calculated as the energy 

difference between energies in pure and doped Ar), represents the energy effectively provided to the 

precursor flow rate and can be used to derive the values of energy per molecule, Em. The validation of 

this methodology has been performed by correlating the Em values with the chemical and physical 

characteristics of coatings deposited from different families of gaseous and vaporized precursors. [85]–

[91] 

Considering these aspects, it appears clear that this methodology shows interesting potentialities 

in the field of AP plasma polymerization since it overcomes some limitations of the use of the Yasuda 

parameter such as the complexity of obtaining reliable discharge power values and distinguishing the 

amount of energy effectively provided to the precursor molecules. 

Despite being validated for different families of precursors, this methodology is still limited to 

the context of planar DBDs and to gaseous and vaporized precursors. Nevertheless, as shown in Section 

1.4.1.2, atmospheric pressure plasma jets (APPJs) are gaining interest in PP processes since they are 

suitable for the coating of complex three-dimensional geometries and for the possibility to scale down 

the dimension of the spot treatment to the submillimeter range. At the same time, as at AP the precursor 

can be injected into the discharge in liquid phase, aerosolized precursors are increasingly used because 

of the specific advantages with respect to the vaporized ones, such as the lower complexity of the 

experimental setup and the less intense fragmentation of the precursor molecules in the discharge (see 

Section 1.4.2).  
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2.1 Introduction 

In recent years, polymerization processes assisted by atmospheric pressure plasma jets (APPJs) 

have received increasing attention in numerous industrially relevant sectors since they allow to coat 

complex 3D substrates without requiring expensive vacuum systems. Therefore, advancing the 

comprehension and the understanding of these processes has become a high priority topic of research. 

For this reason, my PhD thesis is focused on the study and the implementation of control strategies for a 

polymerization process assisted by an AP single electrode plasma jet. The contents reported in the 

following will cover 1) a detailed description of the mentioned plasma source, 2) the motivations behind 

the PhD project, and 3) the outline of this PhD thesis. 

2.2 Atmospheric pressure single electrode plasma jet  

 The first prototype of the AP single electrode plasma jet investigated in this work (Figure 2.1) 

has been developed in the laboratories of the Research Group for Industrial Applications of Plasmas 

(IAP) of the University of Bologna (Italy) in 2014. In this prototype, the single electrode is a stainless 

steel sharpened metallic needle with a diameter of 0.3 mm driven by a commercial nano-pulsed DC 

power supply. The case in Delrin offers two gas inlets to introduce a primary gas sustaining the plasma 

(Ar, He, and air) and to separately inject a secondary flow (e.g. precursor carrier flow). The primary gas 

is injected through a 12-hole (0.3 mm diameter) diffuser aimed at ensuring a uniform and laminar 

distribution of the primary gas flow along the electrode, while the secondary gas is introduced through 

twelve 0.3 mm holes, tilted with respect to the plasma jet axis. The gas is ejected through a 1 mm orifice. 

 

Figure 2.1: Schematic of the first prototype of the atmospheric pressure single electrode plasma jet. [1] 
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 Between 2014 and 2016, the characteristics of the plasma discharge (i.e. fluid dynamic behaviour, 

characteristic temperature, and radiation emission) produced with this configuration in Ar and He 

mixtures were investigated by means of iCCD imaging, OES, and Schlieren high speed imaging. [1], [2] 

Furthermore, this plasma source was used for the PP of polyacrylic acid coatings (pPAA) and of 

nanocomposite coatings (pPAA + silver nanoparticles), which are appealing in the biomedical field since 

they can favour cells adhesion and exert antimicrobial action. [3], [4] 

 In 2018, the potentialities of the plasma source for the synthesis of copper-based nanostructures 

in different liquid mediums were also examined in detail. [5] In the same year, a novel version of the 

prototype was proposed and, apart from slight modifications over the years, it has been maintained to 

this day. The schematic of the final version is reported in Figure 2.2. 

 

Figure 2.2: Schematic of the final version of the AP single electrode plasma jet. 

As can be noticed from Figure 2.2, this version exhibits a stainless-steel high voltage electrode 

and two separate inlets, like the first prototype. Nonetheless, several differences must be pointed out. 

First, the electrode has a higher diameter (2 mm instead of 0.3 mm). Second, the possibility to introduce 

a third flow of gas is now enabled. The third flow can be used, for example, to increase the shielding of 

the plasma plume, thus limiting the contamination of the diffusing ambient air in the process. Third, the 

material of the case is no longer Delrin, but ABS-like to ensure a longer resistance of the plasma source 
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to the stress induced by the plasma discharge. Finally, the head of the plasma source is designed to be 

connected to a CNC system which permits the movement of the plasma source, thus facilitating the 

treatment of 3D complex substrates. 

Contextually to the introduction of this plasma source, the IAP Research Group started to show 

interest for micro-pulsed power supplies (instead of nano-pulsed ones). For this reason, the activities 

carried out later with this source are typically associated to this type of power supply. Furthermore, the 

plasma source began to be mostly used in a “DBD-mode”, where the high voltage single electrode is 

directly faced on the substrate, which is located on a grounded plate covered with a dielectric barrier. 

This configuration allows to perform an in-depth analysis of the electrical behavior of the plasma 

discharge (through the addition of electronic probes on the grounded line), but forces to consider the 

electrical properties of the substrate to be treated in the electrical circuit.  

In more recent years, the plasma source was subject of several studies which aimed to explore the 

complex gas‐phase mechanisms of fragmentation of the precursor TEOS in argon discharges by means 

of OES, Rayleigh scattering, and laser diagnostics. [6], [7] Moreover, this source was used to deposit 

PDMS/SiO2‐like surface gradients from HMDSO on polyethylene foils by varying the O2 concentration 

in the discharge during the movement of the plasma source. Such surface gradients have great potential 

in the development of high‐performance biosensing platforms. [8]  

During my year as research fellow (before to start my PhD program), I had the opportunity to 

work with this plasma source in the frame of a research project aimed to develop SiO2-like coatings to 

increase the gas barrier properties of complex 3D propylene substrates. In this context, I investigated the 

PP process in presence of two different vaporized organosilicon precursors, HMDSO (Si2C6H18O) and 

TEOS (SiC8H20O4), in order to identify the best one to provide SiO2-like barrier coatings. It was 

demonstrated that, under equal deposition conditions (e.g. discharge power, precursor flow rate, and 

deposition time), the use of TEOS as precursor leads more easily to the production of SiO2-like coatings. 

Indeed, as can be seen from Figure 2.3, the ATR-FTIR spectra of coatings from TEOS exhibit peaks of 

a typical pure inorganic coating (e.g. Si-O-Si asymmetric stretching at 1070 cm-1 and Si-OH bending at 

930 cm-1), while those from HMDSO highlight the presence of methyl-related groups (e.g. at 1265 cm-

1). Since the molecules of both precursors receive (at least in first approximation) the same amount of 

energy in the discharge, the described behavior might be explained considering the lower content of 

carbon and the higher content of oxygen in the starting molecules of TEOS, compared to those of 

HMDSO. 
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Figure 2.3: ATR-FTIR spectra of coatings deposited from vaporized HMDSO and TEOS on polypropylene substrates. 

According to these results, TEOS appeared as the most suitable precursor to obtain SiO2 coatings. 

Nonetheless, as depicted by the SEM images in Figure 2.4, its use was associated to the presence of large 

fractures (black lines in the picture), whose formation is probably ascribed to the large difference in the 

thermal dilatation coefficient of the SiO2-like coatings and the polymeric substrate. 

 

 

Figure 2.4: SEM images of coatings deposited from HMDSO (left) and TEOS (right). 

These activities clearly highlighted how at AP obtaining the proper combination of chemical and 

morphological characteristics in a coating is far from trivial and requires in-depth analysis and control of 

the polymerization process.  

2.3 Motivation 

As explained in Section 2.2, the AP single electrode plasma jet has been widely used by the IAP 

Group over the years, for different purposes and deposition conditions. Despite the effects of numerous 

factors involved in the polymerization process have been investigated, the role of the control strategies 

in this process has never been object of an in-depth analysis. Considering the potentialities of this plasma 

source in the realization of thin films for a broad range of industrial applications, this PhD project aims 
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to advance the understanding of the polymerization process assisted by this plasma jet through the study 

and the implementation of control strategies. 

2.4 Outline 

 With these premises, this dissertation is organized in two main sections, each focused on a 

particular control strategy for the polymerization process assisted by the AP single electrode plasma jet. 

In order to better contextualize the reasons behind the choice of deepening those control strategies, a 

short introduction is needed. 

As shown in Chapter 1, the validity of the Yasuda parameter as controlling parameter at AP has 

been questioned because, differently from LP processes, the precursor is usually highly diluted in the 

carrier gas and the measurement of the adsorbed power is not straightforward. As a more accurate 

alternative, a methodology for measuring the energy absorbed per precursor molecule has been 

developed by Nisol et al. Despite being validated for different families of precursors, this methodology 

is limited to planar DBDs and to gaseous and vaporized precursors. Therefore, for AP plasma 

polymerization processes which involve other elements than the above described (such as, for example, 

plasma jets and aerosolized precursors), the Yasuda parameter may still be a useful controlling parameter 

whose validity should be demonstrated on a case-by-case basis. 

According to this introduction:  

• In Chapter 3, an investigation on the validity of the Yasuda parameter as controlling parameter 

in the PP process from an aerosolized fluorinated silane precursor is proposed.  

• In Chapter 4, the development of a methodology for measuring the energy of reactions in 

polymerization processes assisted by APPJs is presented.  

• In Chapter 5, the achievements reached in the two main sections are summarized and the future 

perspective are outlined. 
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3.1 Introduction 

In this chapter, a study of the validity of the Yasuda parameter (W/FM) as controlling parameter 

for a polymerization process assisted by the AP single electrode plasma jet described in Chapter 2 and 

an aerosolized fluorinated silane precursor is proposed. The chemical and physical properties of thin 

films deposited under different W/FM values are characterized by means of attenuated total reflectance 

– Fourier transform infrared (ATR-FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS), water 

contact angle (WCA) measurements, and scanning electron microscopy (SEM). Considering the 

potentialities in the biomedical field of the PP process explored in this work, preliminary biological 

results of the antiadhesive activity of the deposited coatings against P. aeruginosa and S. aureus are 

presented. 

3.1.1 Insights into the work 

• A fluorinated silane precursor, trimethoxy(3,3,3-trifluoropropyl)silane, is selected for this work with 

the aim of depositing fluorine containing coatings suitable for antibacterial applications. In fact, it is 

known that these coatings can exhibit antiadhesive properties, thus representing a potential strategy 

to contain the onset of severe infections associated with the formation of biofilm of implantable 

medical devices (e.g. prostheses). [1], [2] These infections typically result in huge implications both 

for the patients and for the National Health Service and current treatments consist in prolonged and 

high-dose antibiotic therapies that are often ineffective, due to the antibiotic-resistant nature of 

biofilms [3]; consequently, prosthesis removal is thus necessary to prevent the infection from 

becoming systemic, with increased risks for patient health. In this perspective, the development of 

antiadhesive surfaces for implantable medical devices is a high priority topic of research. [4]–[8] 

• According to a thorough literature research, the only study dedicated to PP of this precursor at AP is 

focused on the influence of several parameters (i.e. electrode-substrate gap distance, deposition time, 

and mode of deposition (static or dynamic)) on the overall deposition characteristics. [9] Hence, the 

role of W/FM as controlling parameter for processes involving this precursor is yet unexplored.  

• The choice of using this liquid precursor in an aerosolized state, instead of in a vaporized one, is 

related to the less intense fragmentation of the precursor associated to this physical state, which 

should favour the preservation of fluorine moieties in the final coating. The introduction of the 

precursor in the secondary channel of the plasma source follows the same logic, as the residence time 

(and so the time available for fragmentation) of the precursor molecules in the plasma discharge is 

shorter than the one which results from an introduction in the primary channel. 
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3.1.2 Collaborations related to the work 

The activities reported in this chapter were carried out in the context of a research collaboration 

which involved several academic and non-academic partners. In particular, the IAP Research Group, of 

which I am member, has received precious support from: 

• IBM Tech s.r.l., in the definition of the aspects of the polymerization process strictly 

related to the target application (e.g. the precursor to be used); 

• University of Catania, in the XPS analysis of the deposited coatings; 

• University of Messina, in the testing of the antiadhesive activity of the deposited coatings. 

The results of these activities led to a research article which is now published on Plasma Processes and 

Polymers: “Control strategies for atmospheric pressure plasma polymerization of fluorinated silane 

thin films with antiadhesive properties” – Giulia Laghi, Domenico Franco, Guglielmo Guido 

Condorelli, Riccardo Gallerani, Salvatore Guglielmino, Romolo Laurita, Dario Morganti, Francesco 

Traina, Sabrina Conoci, Matteo Gherardi. 

3.2 Experimental section  

3.2.1 Experimental setup  

The experimental setup used in this work is schematically reported in Figure 3.1.  

 

Figure 3.1: Schematical representation of the experimental setup. 
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The employed plasma source is the AP single electrode plasma jet descripted in Chapter 2. An 

argon flow rate of 3 slpm was injected in the discharge region through the primary channel, while, 

simultaneously, an aerosolized precursor flow rate was introduced through the secondary channel. 

 The liquid precursor used in this work is (3,3,3-trifluoropropyl)trimethoxysilane (C6H13F3O3Si, 

Sigma-Aldrich, ≥ 97.0%) and is characterized by three methoxy groups and a trifluoromethyl group, as 

shown in Figure 3.2. 

 

Figure 3.2: Precursor molecular structure. 

A single‐jet atomizer (BLAM, CH Technologies) fed with an argon flow was used to aerosolize the liquid 

precursor. To calculate the effective precursor feed rate, the quantity of liquid precursor consumed within 

a defined time interval (15 min) was measured. The argon flow rates were controlled by digital mass 

flow controllers (EL-FLOW, Bronkhorst). 

The stainless-steel single electrode of the plasma source was connected to a micropulsed high 

voltage generator (AlmaPulse, AlmaPlasma s.r.l.), operated at a fixed frequency of 12 kHz and at a 

variable peak voltage; a ballast resistor of 70 kΩ was added along the high voltage cable between the 

generator and the plasma source. Bilayer films (area: 1 cm x 1 cm, thickness: 0.3 mm), composed of 

polyethylene (PE, approximately 0.15 mm thick) and polyvinyl chloride (PVC, approximately 0.15 mm 

thick) foils, were used as substrates, and were rinsed for 2 minutes with ethanol (Sigma Aldrich, ≥ 99.8%) 

to remove contaminants and dried in air prior to deposition. The deposition was performed onto the PE 

layer and the distance between the plasma source and the surface of the substrate was kept constant to 

10 mm. The substrate was placed on a polyvinyl chloride (PVC) plate (thickness = 8 mm) positioned on 

a metallic plate connected to the ground. The deposition time was fixed to 60 s. 

Despite coatings were deposited on PE substrates, in the future it might be interesting extending 

this polymerization process also to metallic substrates (similar, for example, to metallic implants). For 

this reason, and with a purpose of continuity in terms of experimental setup, the 70 kΩ resistor meant to 

avoid arc transition of the jet on conductive substrate was added along the high voltage line also in the 

process on plastic substrates. 

Nine different combinations of peak voltage and precursor feed rate (covering the maximum 

operating range of the plasma jet source and the atomizer, respectively) were analyzed. Each 

combination, associated to a letter from A to I, is reported in Table 3.1 along with the corresponding 
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discharge power and W/FM value. Conditions from J to M, reported as well in Table 3.1, were 

investigated to study the properties of coatings deposited under similar W/FM values but obtained with 

different combinations of power discharge and precursor feed rate. The performed comparisons are the 

following: D-J, E-K, F-L, and H-M.  
 

Table 3.1: Analyzed deposition conditions. 

To calculate the discharge power, the voltage (V) and the current (i) were measured by means of 

a high voltage probe (Tektronix P6015A) and a current probe (Pearson 6585), both located on the high 

voltage cable between the resistor and the plasma source. The voltage and current waveforms were 

recorded using a digital oscilloscope (Tektronix DPO4034, 350 MHz, 2.5 GSa/s). As an example, Figure 

3.3 shows voltage and current waveforms corresponding to a representative applied voltage period 

(deposition condition A).  

The average discharge power (P) dissipated over the applied voltage period (T) was calculated 

directly from measured voltage and current using the following formula: 

                                                            𝑃 =
1

𝑇
∫ 𝑉(𝑡) 𝑖(𝑡) 𝑑𝑡

𝑇

0
                                                            (3.1) 

To monitor the discharge power evolution during the treatment, the electrical characterization was 

performed at 0 s, 20 s, 40 s, and 60 s from the plasma ignition. For all the investigated conditions, the 

Deposition 

condition 

Peak voltage 

[kV] 

Precursor feed 

rate [g/h] 

Discharge power 

[W] 

W/FM 

[MJ/kg] 

A 14 0.7 11.7 ± 0.6 60.2 ± 3.1 

B 12 0.7 7.5 ± 0.4 38.6 ± 2.1 

C 10 0.7 5.1 ± 0.3 26.2 ± 1.5 

D 8 0.7 2.8 ± 0.4 14.4 ± 2.1 

E 6 0.7 1.7 ± 0.2 8.7 ± 1.0 

F 6 1.2 1.8 ± 0.1 5.4 ± 0.3 

G 6 2.1 1.8 ± 0.1 3.1 ± 0.2 

H 6 4.56 1.9 ± 0.2 1.5 ± 0.2 

I 6 9.32 2.2 ± 0.1 0.8 ± 0.0 

J 10 1.2 5.3 ± 0.4 15.9 ± 1.2 

K 8 1.2 2.9 ± 0.1 8.7 ± 0.3 

L 8 2.1 3.0 ± 0.2 5.1 ± 0.3 

M 8 9.32 3.8 ± 0.2 1.5 ± 0.1 
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discharge power resulted constant in time, thus the representative discharge power value to be associated 

with the specific condition was calculated considering all the values obtained from the measurements 

performed during the treatment. Three replicates for each deposition condition were involved in the 

calculation (12 values in total), hence the results are shown as mean value ± standard deviation. The 

calculated discharge power was related to the precursor feed rate to calculate the corresponding W/FM 

values, which are presented as mean ± standard deviation as well. 

                                                                           

Figure 3.3: Voltage and current waveforms for deposition condition A. 

3.2.2 Surface characterization of the deposited coatings 

ATR-FTIR measurements were performed to gather information on the chemical structure of the 

flat PE substrates before and after the deposition of the fluorinated silane coatings. The Agilent Cary 660 

FTIR spectrometer was equipped with an ATR sampling accessory, using a diamond crystal as internal 

reflection element and a beam set at 45°. Spectra were acquired in absorbance mode, from 4000 to 400 

cm-1 with a resolution of 4 cm-1; a total of 32 scans were recorded for each spectrum. The choice of PE 

as substrates facilitates the interpretation of ATR-FTIR coatings spectra since PE peaks appear in spectral 

regions other than those typically characteristic of silane coating peaks. 

XPS was used to study the chemical composition of PE substrates and of the deposited fluorinated 

silane coatings. Spectra were recorded with a PHI 5000 Versa Probe Instrument equipped with a 

monochromatic Al Kα X-ray source excited with a micro-focused electron beam. Analyses were carried 

out at 15 W on 150 m area with a photo-electron take-off angle of 45°. The XPS binding energy (BE) 
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scale was calibrated by centring the C 1s peak due to C-C, C-H  hydrocarbon moieties of PE and 

“adventitious” carbon at 285.0 eV. [10]  

WCA measurements were carried out to evaluate the wettability of the deposited coatings and to 

compare it with that of the uncoated substrates. For the WCA measurements a drop shape analyzer 

(DSA30, KRUSS) was employed, depositing distilled water droplets (2 μl) on the substrates, and using 

the Young–Laplace method. For each deposition condition, 3 replicates were analyzed, performing 5 

measurements for each replicate. The results are presented as mean values ± standard deviations.  

SEM was used to investigate the thickness of the deposited coatings. To facilitate the break in 

liquid nitrogen, polypropylene foils (thickness 0.5 mm and diameter 2 cm) were chosen as substrates 

(after verifying that the deposited coatings possess identical chemical characteristics to coatings 

deposited on PE/PVC foils) and a pre-cut was performed in the back of the samples prior to the deposition 

treatment. To carry out more accurate thickness measurements, the deposition time was set to 120 s. Top 

view analyses were conducted to analyze the morphology of the coatings deposited on polypropylene 

foils. All the observations were carried out using a scanning electron microscope (Phenom ProX, 

ThermoFisher Scientific) by applying an accelerating voltage of 10 kV. A sputter coater (SC7620, 

Quorum Technologies) was used to cover the coating surface with gold before SEM analysis. 

3.2.3 Biological assay 

For adhesion assay parameters, P. aeruginosa (ATCC 27853 strain, LGC Promochem, Milan, 

Italy) and S. aureus (ATCC2 9213 strain, LGC Promochem, Milan, Italy) were chosen as representative 

gram-negative and gram-positive bacterial strains. P. aeruginosa and S. aureus were cultured in Bertani 

Broth (LB, Sigma-Aldrich, Milan, Italy) and Tryptone Soya Broth (TSB, Sigma-Aldrich, Milan, Italy), 

respectively, and maintained in the respective medium added with 20% glycerol at -80 °C until they were 

used. 

Adhesion activity tests were conducted according to the procedure described by Satriano et al. 

[11] with some modifications. Specifically, for each strain, an overnight culture was inoculated in fresh 

medium (dilution ratio 1:100) and incubated for 5 h at 37 °C under shaking at 150 rpm until an optical 

density. Bacteria, in the semi-exponential phase of growth, were washed twice in phosphate-buffered 

saline (PBS), then resuspended in PBS to obtain a turbidity equivalent (McFarland standard) of 0.5, 

corresponding about to 2 × 108 bacteria/mL. Then bacterial solution was stained with SYTO9 green 

fluorescent nucleic acid stain (3.34 mM; Molecular Probes) for 15 minutes in the dark at 37 °C. 100 µL 

of stained bacterial suspension were put on the different treated surfaces and incubated in the humidified 

room for 2h.  

Bacterial concentration (approximatively 2 × 108 bacteria/mL) and incubation times (2h) were 

chosen as the most suitable condition based on previous experiences [12] and allowed to evidence the 

early stages of the adhesion process. In addition, since cell adhesion was evaluated in absence of nutrient 
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to avoid any influence of the results by the components of the culture medium or cell proliferation during 

the incubation period, viability of both bacterial strains at different incubation times was preliminary 

monitored in PBS at room temperature, indicating a negligible reduction of viable counts after 2 hours 

(data not shown).  

After the incubation, each sample was gently rinsed twice with sterile PBS and visualized under 

fluorescence microscopy by using Leica DMRE epifluorescence microscope (Leica Microsystems, 

Heerbrugg, Switzerland). From each sample, several fields of observation were captured and a 

quantitative evaluation of cells adhering onto the surface was performed using the Scion Image software 

(Windows version of NIH Image software) in the automated counting (single colour) image mode in 

terms of integrate density (IntDen), allowing to evaluate the cell coverage by the following equation: 

                                                                𝐼𝑛𝑡𝐷𝑒𝑛 = 𝑁 × (𝑀 − 𝐵)                                                        (3.2) 

where N is the number of pixels in the selection, M is the average grey value of the pixels, and B is the 

most common pixel value. 

3.3 Results 

3.3.1 Surface characterization results 

3.3.1.1 ATR-FTIR results 

The ATR-FTIR spectra of PE substrates before and after the deposition under different W/FM 

values are shown in Figure 3.4.  

 The spectrum of uncoated PE exhibits two large absorption peaks at 2920 and 2852 cm-1 due to 

C-H asymmetric and symmetric stretching vibrations in CH2, respectively. Furthermore, two smaller 

peaks can be observed at 1466 cm-1 and 723 cm-1: the first corresponds to C-H deformation vibrations in 

-(CH2)n-, while the second one to C-C rocking vibrations in -(CH2)n-. [13], [14] The described peaks can 

be still detected in all the spectra related to coatings deposited under different W/FM values, suggesting 

that in no case the coating thickness exceeds the penetration depth of the infrared beam (approximatively 

550 nm in region 3000-2800 cm-1 and 1.1-2.3 μm in region 1500-700 cm-1). 
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Figure 3.4: ATR-FTIR spectra of uncoated and coated PE substrates. 

For all the deposition conditions, bands corresponding to OH stretching vibrations at 3700-2800 

cm-1 [15], [16] and C=C and C-O stretching vibrations at 1850-1650 cm-1 [17], [18] can be recognized. 

The main differences among coatings deposited under different W/FM values can be observed in the 

region 400-1400 cm-1. A list of possible assignments of the peaks in this region is reported in Table 3.2.  
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Table 3.2: Assignment of the peaks in the region 1400-4000 cm-1. 

 As W/FM decreases from condition A to condition E, no relevant differences in terms of peaks 

can be observed. All the spectra exhibit several peaks associated to silicon presence in the coating, such 

Wavenumbers [cm-1] Possible assignment References 

1375 

CH3 deformation [19], [20] 

CF2 symmetric stretching [21] 

CF stretching [9] 

1317 
CF stretching [9] 

CF3 asymmetric stretching [22] 

1270 
CF, CF2, CF3 stretching [22]–[24] 

CH3 deformation in Si-CH3 [25], [26] 

1220 CF2 asymmetric stretching [27]–[30] 

1190 
Si-O-Si asymmetric stretching 

(transverse optical, LO) 
[31], [32] 

1141 CF2 asymmetric stretching [21], [33] 

1075 
Si-O-Si asymmetric stretching 

(longitudinal optical, TO) 
[34]–[36] 

1040 C-O stretching [37] 

1029 CF or CF3 stretching [22], [23], [30] 

930 Si-OH stretching [36], [38], [39] 

906 CH2 rocking [40] 

880 Si-C stretching [41] 

840 
CH rocking [20] 

Si(CH3)3 stretching [38] 

800 

Si-O-Si bending [42], [43], [38] 

Si-O-Si stretching [25], [34] 

Si-C stretching [9] 

Si-(CH3)2 stretching [43] 

CH3 rocking [25] 

553 CF2 bending [21], [30] 

495 CF2 deformation [44] 

450 Si-O rocking [45] 
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as the Si-O rocking at 450 cm-1, the Si-O-Si bending or stretching at 800 cm-1, the Si-O stretching at 900 

cm-1, the Si-OH stretching at 930 cm-1, and the Si-O-Si asymmetric stretching at 1075 cm-1 (transverse 

optical, TO). Furthermore, peaks corresponding to CF2 deformation at 495 cm-1 and to CF2 asymmetric 

stretching at 1220 cm-1 can be recognized in all the spectra. Additional peaks, like the CF2 asymmetric 

stretching at 1141 cm-1 and the Si-O-Si asymmetric stretching (longitudinal optical, LO) at 1190 cm-1, 

can be clearly appreciated only by a proper deconvolution of the spectra. As an example, the 

deconvoluted spectrum (for wavenumbers comprised between 1000 and 1350 cm-1) of coatings deposited 

in conditions A is reported in Figure 3.5a.  
 

 

Figure 3.5: Deconvoluted spectra in conditions A (a) and I (b). 
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 A different behavior can be observed in spectra from condition E to condition I, since a 

progressively higher fluorine and carbon content in the coatings can be detected as W/FM decreases. 

Fluorine-related peaks observed also in conditions A-E, like the one at 1141 cm-1, become more 

pronounced, and the appearance of new peaks is registered at 553 cm-1, 1030 cm-1, 1270 cm-1, 1316 cm-

1 and 1370 cm-1 mainly attributed to CFx (x=1,2,3), at 840 cm-1 and 906 cm-1 associated to CHx (x=1,2,3) 

vibrations, at 880 cm-1 associated to Si-C stretching, and at 1040 cm-1 related to C-O stretching. The 

described behavior occurs along with a reduction of the contribution of the Si-O-Si related peaks at 450, 

1075 and 1190 cm-1. Figure 3.5b shows the deconvoluted spectrum of coatings deposited in condition I. 

Since the deconvoluted spectra can provide quantitative information about the chemical 

composition of the coatings, the areas of two characteristic peaks present in all the investigated 

conditions, one related to the asymmetric stretching (LO) of Si-O-Si at 1190 cm-1 and one to CF2 at 1141 

cm-1, were normalized with respect to the total integrated area and plotted as a function of W/FM (Figure 

3.6) to analyze the chemical behavior of the coatings while varying W/FM. The ratio of the peaks and 

the total area remains almost constant for coatings deposited in conditions from A to E, while drastically 

changes between conditions E to I. More precisely, as W/FM decreases from E to I, the presence of the 

CF2 asymmetric stretching increases at expenses of the Si-O-Si asymmetric stretching.  

 

 
Figure 3.6: Ratio of the area of the peaks related to Si-O-Si asymmetric stretching (LO) and CF2 asymmetric stretching and the total area 

as a function of W/FM. 
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3.3.1.2 XPS results 

C 1s, F 1s, O 1s and Si 2p XPS spectral regions of coatings obtained under different W/FM values 

are reported in Figure 7. In particular, only coatings deposited in conditions E (8.7 ± 1.0 MJ/kg), G (3.1 

± 0.2 MJ/kg), and I (0.8 ± 0.0 MJ/kg) were analyzed through XPS because no significant differences 

were observed in the ATR-FTIR spectra of samples obtained for W/FM values ranging from 60.2 to 8.7 

MJ/kg (A-E conditions). The spectra of an uncoated PE substrate are added as references. 

 

 

 

Figure 3.7: C 1s (a), F 1s (b), O 1s (c) and Si 2p (d) XPS spectral regions of the uncoated PE substrate (U) and of the coatings deposited in 

conditions E, G and I. C 1s spectra of the various samples are vertically translated for a better evaluation of the low intensity features. 
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C 1s spectrum (Figure 3.7a) of uncoated PE shows a main component at the Binding Energy (B.E.) of 

285.0 eV due to -CH2- . [10], [46] The small band at about 289.2 eV due to carbon atoms of carboxylic 

groups [10], [47] is indication of a slight surface oxidation. After the coating deposition on the substrate, 

a new band at 292.4 eV whose intensity increases by decreasing the W/FM value can be observed. Band 

position is consistent with the presence of both CF3 groups [46]–[48] and -CF2-CF2- chains [46], [48]. 

Besides the band at 292.4 eV, coatings show a low band at 289.2 eV, which decreases by decreasing 

W/FM until it is no longer observable for coatings obtained in condition I, and a shoulder at about 286.0 

eV, which instead increases by decreasing W/FM. These two components can be due to a small amount 

of oxidized carbons (carboxylic and C-O groups, respectively), but contributions due to monofluorinated 

carbons (usually around 289-288 eV [48]) and hydrocarbon atoms (CHx) close to CFx groups (usually 

around 286 eV [48]) cannot be excluded. The increasing presence of fluorinated groups by decreasing 

the W/FM ratio from E to I conditions is also confirmed by the atomic composition of the coatings 

obtained from XPS elemental analysis (Table 3.3) as well as by the spectrum of F 1s region (Figure 3.7b). 

Table 3.3 shows an evident increase of fluorine content by decreasing the W/FM ratio, which mirrors the 

increase of CF3/-CF2CF2- groups. F 1s band consists of a single peak whose intensity increases moving 

from conditions E to I. The B.E is 688.0 eV for coatings deposited in condition E and decreases to 687.8 

eV and 687.7 eV for conditions G and I, respectively. This B.E. shift suggests a progressive increase of 

CF3 groups compared to CF2 groups since F 1s B.E. is expected to be for CF2 about 1.8 eV higher than 

CF3 [48]. XPS elemental analysis (Table 3.3) shows that O and Si are also present in the coatings. Their 

concentrations slightly decrease reducing the W/FM ratio from E to G and strongly decrease for condition 

I. The B.E. positions of O 1s (532.5 eV) and Si 2p (103.1 eV) peaks (Figures 3.7c and 3.7d) are consistent 

with the presence of SiOx moieties [46], [49] whose amount is reduced for W/FM ratio below 3.1 MJ/kg.  

Deposition condition Ctot ( CFx ) O F Si 

Uncoated PE 88.7 ( 0 ) 8.4 1.4 1.5 

E 19.9 ( 1.4 ) 54.2 4.8 21.1 

G 16.4 ( 3.4 ) 51.1 11.6 20.9 

I 27.2 ( 7.2 ) 32.8 24.9 15.1 

 

Table 3.3: XPS atomic concentration of uncoated PE substrates and coatings obtained under conditions E, G, and I. 

3.3.1.3 WCA measurements 

Water contact angles of thin films deposited under different W/FM values are reported in Figure 

3.8. As W/FM decreases from condition A (60.2 ± 3.1 MJ/kg) to condition E (8.7 ± 1.0 MJ/kg), the 

contact angle remains constant around 58° degrees. At lower W/FM values, the contact angle gradually 
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increases, reaching a maximum value of about 83°. The uncoated PE substrate exhibits a contact angle 

of 93.3° ± 4.8°, which is higher than all the measured angles for the deposited coating.  

 
 

 

Figure 3.8: Water contact angles of thin films deposited under different W/FM values. 

 

3.3.1.4 SEM results 

Thickness analysis 

The deposition rate (DR) of coatings deposited under different W/FM values was calculated from 

SEM images by measuring the thickness of the cross section of samples broken in liquid nitrogen (Figure 

3.9) and dividing it for the deposition time (2 minutes). The DR, reported in Figure 3.10, is observed to 

decrease following a quasi-linear behaviour as W/FM decreases. Cross section images also highlight that, 

independently from the W/FM value, the structure of the coatings appears compact and non-porous. 
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Figure 3.9: SEM images of cross-sections of thin films deposited under different W/FM values. To easily recognize the coating, the substrate 

is highlighted in light blue. 

 
Figure 3.10: DR as a function of W/FM. 
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Morphological analysis 

According to the SEM images reported in Figure 3.11, the surface of the uncoated PE substrate 

appears flat and smooth, while in coatings deposited in conditions A and C (conditions with the highest 

W/FM values), the presence of numerous fractures (black lines in the images) can be observed. As W/FM 

decreases, the fractures in the coating disappear, but the number of granular structures on the surface of 

the film progressively increases. 

 

Figura 3.11: SEM images of uncoated and coated substrates. 

3.3.2 Antiadhesive properties  

 The antibacterial activity of coatings deposited in condition E (8.7 ± 1.0 MJ/kg, representative of 

conditions ranging from A to E), G (3.1 ± 0.2 MJ/kg) and I (0.8 ± 0.0 MJ/kg) was assessed against P. 

aeruginosa and S. aureus. Adhesion patterns of both bacteria onto the uncoated PE and the coated 

surfaces are displayed in Figure 3.12. To easily associate the deposition condition to the investigated 

microorganism, subscripts P or S are added (e.g. EP), representing P. aeruginosa and S. aureus, 

respectively. 
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Figure 3.12: Fluorescent images of cells adhering on uncoated surface (UP) and on surfaces coated in different deposition conditions: P. 

aeruginosa (first row) and S. aureus (second row). The inserts are magnifications of traced areas.  

 

A visible reduction in the number of adhered bacteria can be observed on all the coated samples (Figures 

3.12EP-IP and 3.12ES-Is) on the account of the antiadhesive properties of the deposited coatings. The 

quantitative evaluation of the cell adhesion, estimated by Scion Image Software, and the related 

percentages of covered area (% A) are shown in Table 3.4. 

 

Deposition condition 
P. aeruginosa S. aureus 

IntDen mean % A IntDen mean % A 

Uncoated PE  4009.7 2.95 6257.4 4.6 

 E  134.6 0.099 124.9 0.092 

G  29.1 0.02 14.4 0.011 

 I 57.1 0.04 38.4 0.028 

 

Table 3.4: Adhesion of P. aeruginosa and S. aureus cells on the uncoated and coated surfaces in terms of integrate density (IntDen) and 

related percentages of covered area (% A). 

 

IntDen values of 4009.7 and 6257.4 can be deduced in uncoated samples for P. aeruginosa and 

for S. aureus, corresponding to covered areas (% A) of about 2.95% and 4.6%, respectively. When a 

coating deposited in condition E is present, IntDen values are significantly reduced: P. aeruginosa 

exhibits an IntDen value of 134.6, corresponding to 0.099% A, and S. aureus exhibits a 124.9 IntDen 

value, corresponding to 0.092% A. A further improvement in the antiadhesive properties can be observed 

decreasing the W/FM to condition G, showing IntDen 29.1 and 0.02% A for P. aeruginosa and IntDen 

14.4 and 0.011% A for S. aureus. Finally, for coatings deposited in condition I (corresponding to the 

minimum W/FM value), the percentage of cell surface coverage appears slightly increased, showing 

IntDen 57.1 and 0.04% A for P. aeruginosa and IntDen 38.4 and 0.028 % A for S. aureus.  

 By comparing the obtained percentages with those of the uncoated samples, a significant 

reduction (significance level of 99.9%, p-value < 0.001) is indicated by t-test for all the coated samples. 
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P. aeruginosa adhesion rate is reduced by about 96.6% for EP, 99.3% for GP and 99.6% for IP (Figure 

3.13A), while S. aureus adhesion rate is reduced by 98% for Gs, 99.8% for GS and 99.4% for IS (Figure 

3.13B). In addition, only coatings deposited in condition G result in a significant increase in the 

antiadhesive properties compared to the coatings deposited in condition E (significance level of 95%, 

with p-value of 0.0236 and 0.0369 for P. aeruginosa and S. aureus, respectively). 

 

 
 

Figure 3.13: Percentage of cell surface coverage of coated samples vs uncoated samples for P. aeruginosa (A) and S. aeurus (B). 

Significance levels of 95% (*), 99% (**), 99.9% (***) are attributed for p-values lower than 0.05, 0.01 and 0.001 respectively. If not 

indicated, the deposition conditions do not show significant differences. 

3.4 Discussion 

According to the results obtained with several surface characterization techniques, W/FM appears 

as a suitable controlling parameter for the process since its variation allows to work in two distinguished 

deposition regimes which lead to coatings with different chemical and physical characteristics. Indeed, 

ATR-FTIR spectra show the presence of two deposition regimes when varying W/FM: the regime 

associated to conditions from A (60.2 ± 3.1 MJ/kg) to E (8.7 ± 1.0 MJ/kg) and the one associated to 

conditions from E to I (0.8 ± 0.0 MJ/kg). Spectra of coatings deposited in the first regime do not change 

as a function of W/FM, exhibiting a predominant presence of peaks related to vibrations of the bonding 

Si-O-Si. Since the molecular structure of the starting precursor involves a central silicon atom surrounded 

by three oxygens and one carbon, the presence of bonding Si-O-Si suggests that the W/FM values in the 

first regime lead to an intense fragmentation of the precursor in the discharge. Nonetheless, even in these 

conditions of intense fragmentation, a minimum retention of precursor functional groups in the thin films 

is guaranteed, as confirmed by the presence of fluorine and carbon peaks. In the second regime, the 

chemical composition of the coatings drastically varies as W/FM decreases: new peaks associated to 

fluorine and carbon (in form of CFx and CHx, x = 1,2,3) appear at expenses of the vibrations of the 

bonding Si-O-Si. XPS analysis further supports these results, showing a progressive increase in the 

content of fluorine and carbon in the coatings as W/FM decreases. This behavior, observed also in other 

works in literature related to PP processes at AP [25], [50], can be explained considering the lower values 
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of W/FM in the second regime with respect to the ones in the first regime: as the energy per precursor 

unit is reduced, the fragmentation of the precursor in the discharge becomes less intense and an increased 

presence of the functional groups of the precursor can be observed in the coating.  

The existence of two deposition regimes can be clearly appreciated also by analyzing the behavior 

of the ratios of the areas of peaks related to the asymmetric stretching (LO) of Si-O-Si at 1190 cm-1 and 

of the one associated to one to CF2 at 1141 cm-1 with respect to the total integrated area (ATR-FTIR 

quantitative analysis) as a function of W/FM. As W/FM decreases from A to E, both the ratios stay 

constant, suggesting a similar chemical composition for the coatings deposited in those conditions, while 

they vary from E to I highlighting a major retention of characteristic functional groups in the coatings.  

WCA analysis provides a further confirmation of the presence of the two deposition regimes 

hypothesized based on ATR-FTIR and XPS analyses. Indeed, the wettability of the coating remains 

constant as W/FM decreases from condition A to condition E and then gradually decreases from E to I 

as W/FM decreases. The progressive decrease in the wettability of the coating is in agreement with the 

progressively higher presence in the coating of carbon and fluorine in form of alkyl and fluoroalkyl 

groups (CHx and CFx, with x = 1, 2, 3), which are known to increase the hydrophobicity degree of a 

surface [51].  

The presence of two domains is supported also by SEM cross section analysis where the 

normalized DR (obtained by dividing DR for the precursor feed rate FM) is considered (Figure 3.14).  

 
 

 
Figure 3.14: DR/FM as a function of W/F. 
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The behaviour of DR/FM as a function of W/FM has been discussed in detail in the work of 

Gilliam et al. [52], who investigated the PP of fluorocarbon monomers in LP audio-frequency and RF 

discharges. In that work, the normalized DR revealed two deposition domains for each monomer: the 

energy-deficient domain and the monomer-deficient domain. According to their discussion, the energy-

deficient domain exists at low W/FM, in which the system contains excess of precursor, and the formation 

of depositing species is dependent on the energy input; in this domain, the normalized DR increases 

linearly with W/FM. When a critical value of the Yasuda parameter (W/FC)c is reached, a further increase 

of energy does not create more depositing species and the normalized deposition rate remains constant; 

this region is called the monomer‐deficient region, in which the precursor is analogous to a limiting 

reactant. In this work, a similar behaviour to the one obtained by Gilliam at al. can be observed and 

condition E can be recognized as the critical value of W/FM which marks the distinction in two 

deposition domains: the energy-deficient domain from I to E, where the slope of DR/FM as a function 

of W/FM is 880.85 [nm/kJ], and the monomer-deficient domain from E to A, with a slope of 119.97 

[nm/kJ]. Correlating these results with what observed by means of all the other characterization 

techniques, it emerges that in the energy-deficient domain the precursor undergoes to a limited 

fragmentation, resulting in high retention of fluorine and carbon content, while in the monomer-deficient 

region the energy excess results in intensive fragmentation and in a loss of characteristic functional 

groups.  

 According to the results presented and discussed so far, W/FM values from A to E lead to coatings 

with low retention of functional groups of the starting precursor and almost constant normalized 

deposition rate, while W/FM from E to I to coatings with higher retention of functional groups of the 

starting precursor (such as CFx and CHx, x=1,2,3), and decreasing normalized deposition rate. 

Nonetheless, it must be pointed out that conditions from A to E have been obtained using the same 

precursor feed rate and decreasing the discharge power, while conditions from E to I using the same 

discharge power and varying the precursor flow rate; in order to prove the controlling role of the Yasuda 

parameter itself in the process, coatings deposited under the same W/FM parameter but calculated with 

a different combination of discharge power and precursor feed rate were compared. Quantitative ATR-

FTIR analysis (Figure 3.15) and WCA measurements (Figure 3.16) highlight almost identical chemical 

composition and wettability for coatings deposited under same W/FM values.  
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Figure 3.15: Ratio of the area and the total area for peaks related to coating deposited under same W/FM values. 

 

 
 

Figure 3.16: WCA of coatings deposited under same W/FM values. 
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The obtained results suggest that W/FM might be a proper parameter for the control of a 

polymerization process assisted by an AP single electrode plasma jet and an aerosolized fluorinated 

silane precursor.   

 Prior to adhesion activity tests, morphological characteristics of coatings deposited under 

different W/FM values were analyzed using SEM (Figure 3.11 and further discussion in the Section 3.6). 

Considering the presence of fractures in conditions A and C, exclusively coatings deposited in condition 

E (characterized by same chemical composition of A and C), G and I were investigated in terms of 

antiadhesive properties. 

 Uncoated samples show a high number of adhered bacteria for both bacteria strains, mainly 

characterized by an adhesion pattern with island-like multi-layered cell aggregates and empty areas 

(Figures 3.12UP and 3.12US). According to the results, the surface covered by bacteria is higher for the 

case of S. aureus, as confirmed by IntDen values (4009.7 and 6257.4 for P. aeruginosa and S. aureus, 

respectively) and % A (2.95 and 4.6 for P. aeruginosa and S. aureus, respectively). However, all coated 

surfaces exhibit a significant reduction of initial bacterial attachment (reduction of 96.6% and 98% for 

P. aeruginosa and S. aureus, respectively). These findings can be attributed to the increased levels of 

fluorine compared to uncoated samples, as highlighted by XPS results. In fact, it is known that fluorine 

compounds have potential efficacy as antibacterial and anti-biofilm coating materials [1]. In this context, 

the highest antiadhesive effect is obtained in condition G, while a slight worsening is observed by further 

decreasing the W/FM value, namely condition I, even if the fluorine content is the highest (around 25%). 

As the contribution of the granular structure in condition I (Figure 3.11) on the antiadhesive activity of 

the surfaces cannot be excluded, further studies will be carried out to clarify the mechanisms underlying 

the interaction occurring between bacteria and coatings deposited under different W/FM conditions.  

3.5 Conclusions 

 In this chapter, a polymerization process assisted by the AP single electrode plasma jet and a 

fluorinated silane precursor is investigated. The aim of the work is to assess the validity of the Yasuda 

Parameter (W/FM) as a controlling parameter for the process since nowadays no alternative 

methodologies for the calculation of the energy absorbed by precursor molecules have been developed 

for plasma jets and aerosolized precursors. To reach this purpose, the characteristics of coatings deposited 

under different W/FM values are analyzed using ATR-FTIR analysis, XPS analysis, WCA 

measurements, and SEM analysis.  

 ATR-FTIR and XPS results show the presence of two deposition domains as varying W/FM: one 

leading to coatings with a chemical composition that does not vary with W/FM, the other leading to 

coatings with a higher retention of functional groups of the starting precursors (such as CHx and CFx, x 

= 1,2,3) as W/FM progressively decreases. These findings are further confirmed by WCA measurements, 

which highlight a region of W/FM values where the wettability remains constant and one where the 
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wettability decreases as W/FM decreases (probably due to the increased content of fluorine and carbon 

in the coating). The plot of DR/FM as a function of W/FM reveals that the two deposition domains 

observed with the other characterization techniques can be associated with two deposition domains very 

well known in literature: the energy-deficient and the monomer-deficient domains. In addition to this 

evidence, the key role of the Yasuda parameter in the process is further demonstrated since coatings 

deposited under the same W/FM exhibit similar properties, regardless of how W/FM is obtained. 

As the interest to study this atmospheric pressure PP process is related to the objective to create 

antiadhesive surfaces which can prevent the formation of biofilm on implantable medical devices, the 

antiadhesive activity of coatings deposited under different W/FM values (conditions E, G, I) is 

investigated against P. aeruginosa and S. aureus. The biological assay shows that the presence of a 

coating significatively improves the antiadhesive activity of the substrate and this is probably due to the 

presence of fluorine in the coating. Further decreasing the W/FM values until condition G contributes to 

increase the antiadhesive activity. Nonetheless, no further improvement can be seen for coatings 

deposited in condition I, which is the one with the highest fluorine content, suggesting that also other 

factors are probably involved in determining the antiadhesive properties of the surface.  
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3.6 Appendix 

The SEM images reported in Figure 3.11, acquired mainly to identify the proper conditions to be 

analyzed in terms of antiadhesive activity, exhibit interesting characteristics whose detailed explanation, 

despite being a sort of deviation from the logical flow related to the presence of two regimes while 

varying W/FM, deserves to be provided in this context. Therefore, this Appendix will be focused on the 

possible reasons behind the presence of fractures and particles in the coatings. 

According to images in Figure 3.11, coatings deposited in conditions A and C show numerous 

fractures, which disappear decreasing the W/FM value. Despite few articles address this aspect of plasma 

deposition processes [53], [54], the possible mechanism proposed for the formation of fractures in Si-

coatings on thermosensitive polymeric substrates is the different coefficient of thermal dilation between 

the substrate and the deposited coating. The deposition process, indeed, can induce a thermal stress on 

the polymeric substrate and consequently lead to its stretching: if the coating is sufficiently adherent to 

the substrate and has a different coefficient of thermal dilatation, fractures can be formed in the coating. 

According to ATR-FTIR and XPS analyses, the uncoated substrate exhibits a more “organic character” 

than the coatings deposited in conditions from A to E, suggesting that in case of heating induced by the 

process, the thermal stretching of the substrate will be higher than that of the coating and may lead to 

fractures formation. Considering that the chemical composition of coatings deposited from condition A 

to condition E should be similar, the reason why fractures cannot be observed in condition E is probably 

related to the lower heating that is induced in that condition with respect to condition A. The only aspect 

which makes different conditions A and E is the fact that in the first one a higher discharge power is 

used, and higher discharge powers usually lead to higher surface heating. To prove this hypothesis, the 

heating of the substrate during the deposition treatment was investigated. More in detail, the evolution 

of the substrate surface temperature during the deposition process was analyzed using the infrared sensor 

Optris CT. Five positions along the diameter of the propylene samples (2 cm long), at a distance of 0.25 

mm from each other. The substrate temperature profiles along the diameter of the polymeric substrate 

for deposition processes in conditions A and E are reported in Figure 3.17. 

The temperature measurements confirm the higher heating of the substrate in condition A with 

respect to condition E. Indeed, while the temperature remains slightly higher than the ambient 

temperature in condition E, the temperature reaches an average value of 65°C in condition A. The two 

conditions exhibit also a different profile along the diameter: in condition A the surface temperature 

seems to be higher in correspondence of the edge of the sample (±10 mm) with respect to the central 

zone (0 mm) thus generating a “donut shape” behaviour, while in condition E the temperature seems to 

remain stable along the entire central axis. This behaviour can be related to the more pronounced ambient 

air diffusion into the plasma discharge in condition A, which increases the gas temperature due to 

Penning ionization reactions between N2 molecules and Ar metastable atoms [55] in the part where there 

is the maximum air penetration (at the edge of the samples). Nonetheless, a detailed discussion on the 
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trend of the substrate temperature as a function of the position along the central line is beyond the purpose 

of this thesis. 
 

 

 

Figure 3.17: Substrate temperature profiles along the diameter of the sample in deposition conditions A and E. 

 

As W/FM further decreases from E to I, the number of granular structures on the surface of the 

film progressively increases: if in condition E a reduced and almost negligible number of particles can 

be observed, in conditions G and I their presence is pronounced and proportional to the amount of 

precursor feed rate (E, G and I are indeed characterized by an increased precursor feed rate). The 

formation of these structures is due to plasma produced radicals originating from the initial monomer 

which are recombined in the volume of the discharge and then deposited in form of particles on the 

substrate. The formation of such particles and their increase with the precursor feed rate has been 

previously reported in the literature related to atmospheric pressure plasma polymerization of 

organosilicon precursors. [56], [57] This difference in the surface morphology of the coatings indicates 

a change in the formation mechanism of the plasma polymers and thus again suggests the presence of 

two deposition regimes. 
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4.1 Introduction 

In this chapter, the development of a methodology for measuring the energy of reactions in a PP 

process assisted by the AP single electrode plasma jet described in Chapter 2 and an organosilicon 

vaporized precursor is presented. The values of energy per precursor molecule (Em) are calculated 

through the identification and resolution of a proper equivalent electrical circuit model. To validate the 

methodology, these energy values are correlated to the chemical and physical properties of deposited thin 

films assessed by means of ATR-FTIR spectroscopy and profilometry. 

4.1.1 Insights into the work 

• Since this work represents the first attempt to develop a methodology for measuring the 

energy absorbed per precursor molecule in PP processes assisted by APPJs, a sinusoidal 

power supply is selected to simplify the signal processing.  

• The organosilicon precursor HMDSO is chosen for this work because, being very well-

known in AP plasma polymerization literature [1]–[4], it can facilitate the correlation 

between the calculated energy values and the characteristics of the deposited coatings. 

• The choice of using HMDSO in vaporized state follows the same logic: it is frequently 

used in PP processes and its interaction mechanisms with the plasma discharge have been 

widely studied over the years. The introduction of the precursor in the primary channel of 

the plasma source is again a solution to ease the comprehension and schematization of the 

polymerization process since in this way the presence of precursor molecules is 

guaranteed along the entire plasma plume. 

4.1.2 Collaborations related to the work 

The activities presented in this chapter were carried out in the frame of a joint research project 

between the IAP Research Group of the University of Bologna (Italy), of which I am member, and the 

Plasma Research Group of the Polytechnique Montréal (Canada). In the context of this joint project 

(which is currently going on), I had the opportunity to spend 4 months abroad at the Polytechnique 

Montréal, under the supervision of Professors Michael Wertheimer and Stephan Reuter. During my stay 

abroad, I combined my competences on the electrical and functional characterization of APPJs for PP 

with the expertise of the Canadian Research group, which had already developed the methodology for 

measuring the energy of reactions in processes assisted by planar DBDs (driven by a sinusoidal power 

supply) and gaseous or vaporized precursors [5].  

Since the topic of this joint research project can be strongly related to the possibility of control 

the polymerization process and produce thin films with characteristics suitable for antimicrobial 
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applications in medicine, the activities performed during my stay abroad were supported by a Grant 

provided by the PlasTHER COST Action 20114, which aims to promote the use of cold plasma for 

therapeutical applications. 

The results of these activities led to a research article which will be submitted soon to Plasma 

Processes and Polymers: “Energetics of reactions in an atmospheric pressure plasma jet with argon 

carrier gas and HMDSO reagent” – Giulia Laghi, Sean Watson, Matteo Gherardi, Stephan Reuter, 

Michael Wertheimer. 

4.2 Experimental section  

4.2.1 Experimental setup  

The experimental setup used in this work is schematically reported in Figure 4.1.  

 

Figure 4.1: Schematical representation of the experimental setup. 

The plasma source employed in this work is again the AP single electrode plasma jet described 

in Chapter 2. An argon (99.9+% purity, Air Liquide Canada, Ltd., Montréal) flow rate of 1.5 slpm was 

injected in the discharge region through the primary channel along with a variable flow rate of vaporized 

organosilicon precursor HMDSO (Si2OC6H18, Sigma Aldrich ≥ 98%) ranging from 0.01 to 2 sccm. The 
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argon flow rate was controlled by a rotameter-type flowmeter (Matheson, model 7642H, tube 605). For 

vaporizing the HMDSO, a glass bubbler (diameter = 30 mm, height = 70 mm) containing several cm3 of 

liquid precursor was fed with an argon flow rate controlled by an electronic mass flow meter (MKS, 

model 1259B) and a dedicated power supply (MKS, model 247B). To calculate the effective precursor 

flow rate (Fd), the quantity of liquid precursor consumed within a defined time interval for different argon 

flow rates was measured.  

The source was placed at 10 mm (13 mm starting from the tip of the high voltage electrode) from 

a polyvinyl chloride (PVC) plate (thickness = 8 mm) positioned on a metallic plate connected to the 

ground via a 50 Ω precision resistor. The stainless-steel electrode was connected to a sinusoidal power 

supply, comprising a variable-frequency a.c. generator (1 Hz to > 50 kHz, Hewlett-Packard 3310A), a 

power amplifier (QSC Ltd., model RMX2450), an HV transformer (Enercon, model LM2727-03), and 

an impedance matching unit. The behaviour of the plasma source was examined for applied voltages 

ranging from 5.5 kVp-p to 9.5 kVp-p and frequencies ranging between 0.5 kHz and 40 kHz.  

The voltage provided by the sinusoidal power supply was monitored by means of a high voltage 

probe (Tektronix, P6015A) located on the high voltage cable, while the current was evaluated measuring 

the voltage across the precision resistor located on the grounded cable by means of a low voltage probe 

(Tektronix, TPP0500B). This work aims to develop for the first time a valid methodology for the 

calculation of the energy of reactions in a polymerization process assisted by an APPJ. For this reason, 

it was chosen to measure the current on the grounded cable (and not on the high voltage one) to guarantee 

a measurement which was representative of the behavior in the plasma discharge.  

Voltage and current signals were recorded using a digital storage oscilloscope (Instek GDS-

2204A, 200 MHz) and transmitted and acquired in real time by USB link on a PC. The data were then 

post-processed by a MATLAB code designed to calculate the effective voltage across the gas gap and 

the discharge current, thus the energy dissipated per cycle. The calculations were performed in the 

frequency domain using Fast-Fourier Transform (FFT) and inverse FFT whenever appropriate. To limit 

numerical instabilities, the DC component and any frequency components greater than 25 times the 

applied voltage frequency were removed from all signals. The length of all recorded signals was truncated 

to the nearest number of complete cycles to limit FFT tapering effects. The typical number of complete 

cycles per frame varied from 2 to 5 depending on the frequency selected for data acquisition. Data frames 

were then accumulated over 60 s. 

4.2.2 Equivalent electrical circuit model  

Figure 4.2a shows the equivalent electrical circuit model originally proposed by Nisol et al. [5] 

for a planar DBD plasma source driven by a sinusoidal power supply. As the single electrode plasma jet 

employed in my PhD project exhibits the same components of the planar DBD (i.e. a high voltage 
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electrode, a ground electrode, and a dielectric layer), the aforementioned equivalent circuit can be 

reasonably applied also to this source (Figure 4.2b).  

Vps and Vm correspond to the voltage signals measured by the high- and low-voltage probes, 

respectively. Rm is the precision 50 Ω resistor, which serves to measure the discharge current pulse 

amplitude and shape. Zd is a non-linear variable impedance whose value, although unknown with 

precision, tends toward zero during discharges and toward infinity between discharges. Cdie and Cgap 

represent the characteristic capacitances of the plasma source: Cgap is the capacitance associated to the 

gas gap between the plasma tip and the dielectric plate, while Cdie is the capacitance associated to the 

PVC dielectric plate. Between the discharges the circuit is characterized by the series of these 

capacitances, while during the discharges the main capacitance is Cdie. To model the several parasitic 

effects present in the experimental setup, the equivalent circuit includes a parallel between a capacitor 

C2 and the series of a capacitor C1 and a resistor R. 

 

 

Figure 4.2: a) Equivalent electrical circuit model for a planar DBD plasma source [5]; b) Equivalent electrical circuit model applied to the 

single electrode plasma jet. 

For the calculation of Cdie and Cgap, the vertical development of the plasma column (plume) in the 

gas gap and its subsequent almost circular spreading by means of the filaments on the dielectric surface 

needs to be considered (Figure 4.3). 
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Figure 4.3: Example of a typical discharge produced with the AP single electrode plasma jet. 

As a first approximation, the characteristic capacitances can be estimated using the formulas for 

condensers with flat planar faces (C = ε0k’A/d, where ε0 is the vacuum permittivity, k’ is the relative 

permittivity, A= πr2 is the area, and d is the thickness of the dielectrics). In this case, the two dielectric 

materials involved are: 

• air (Cgap): k’ = 1, r = 1.5 mm, d = 13 mm; 

• PVC (Cdie): k’ = 4, r = 10 mm, d = 8 mm. 

The values obtained for Cgap and Cdie were 0.005 pF and 1.39 pF, respectively. 

To derive the components of the parasitic group (C1, C2, and R), measurements of Vps and Vm 

were performed in conditions where the plasma discharge is not present, namely in atmospheric air and 

at applied voltage of 5.5 kVp-p, for frequencies varying from 0.5 up to 40 kHz. From these Vps and Vm 

measurements, Va=Vps – Vm, Im=Vm/Rm, and Zeq=Va/Im were calculated. The plot of Zeq amplitude and 

phase as a function of the frequency is reported in Figure 4.4 (blue markers). From the best fit of the 

experimental data, shown as continuous black curve in Figure 4.4, values of C1 = 5.69 pF, C2 = 1.58 pF 

and R = 14.55 MΩ were obtained. In the proposed model, the values of C1, C2 and R are assumed to 

remain constant even in presence of the plasma discharge and regardless to the operating condition. 

 

Figure 4.4: Zeq amplitude and phase as a function of the frequency in absence of plasma discharge. Blu markers: experimental data, black 

continuous curve: best fit. 
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The equivalent circuit in Figure 4.2b was solved by applying the Kirchhoff’s Laws and the 

electrical energy dissipated in the discharge per cycle (Eg) was calculated according to the following 

formula: 

                                                         𝐸𝑔 =
∫ 𝑉𝑔𝑎𝑝𝐼𝑑𝑑𝑡

𝑛
,                                                                 (4.1)  

where Vgap is the effective voltage across the gas gap, Id is the discharge current, and n is the number of 

complete cycles at the applied voltage frequency. Since all the experiments were performed at least in 

triplicate, the results in terms of dissipated energy are typically shown as mean value ± standard 

deviation. 

The values of delta of energy (ΔEg) were derived as the difference between the Eg values 

measured in pure argon and those obtained in presence of precursor, and they were used to calculate the 

energy absorbed per precursor molecule (Em) using the following formula: 
 

                               𝐸𝑚 [
𝑒𝑉

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒
] =

𝛥𝐸𝑔[𝜇𝐽]∗10−6[
𝐽

𝜇𝐽
]∗𝑓[

1

𝑠
]∗6.24𝑒18[

𝑒𝑉

𝐽
]

𝑁[
𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑠
]

                                             (4.2)  

 

where f is the operating frequency and N is the number of precursor molecules introduced in the discharge 

per second. N was calculated according to equation 4.3: 
 

        𝑁 [
𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑠
] = 𝐹𝑑[𝑠𝑐𝑐𝑚] ∗ 10−3 [

𝐿

𝑐𝑚3] ∗
1

24
[

𝑚𝑜𝑙

𝐿
] ∗ 𝑁𝐴 [

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑚𝑜𝑙
] ∗

1

60
[

𝑚𝑖𝑛

𝑠
]                   (4.3)  

 

where Fd is the precursor flow rate and NA
 is the Avogadro’s Number. 

4.2.3 Surface characterization of the deposited coatings   

To correlate the characteristics of the deposited coatings to the Em values, the chemical structure 

of the coatings was analyzed by means of ATR-FTIR spectroscopy. Coatings were deposited on KBr 

disc substrates (thickness ca. 0.5 mm, diameter ca. 13 mm) prepared from 99+% IR grade powder (Fisher 

Scientific), which are transparent in the infrared range and consequently facilitate the interpretation of 

the acquired spectra. To ensure a uniform thickness of the coatings, the deposition was performed under 

dynamic conditions, automatically moving the substrate at a speed of 5 mm/s. The instrument employed 

for the analysis was a Perkin Elmer infrared spectrometer with an ATR sampling accessory. Spectra were 

acquired in absorbance mode, from 4000 to 600 cm-1 with a resolution of 4 cm-1. A total of 32 scans were 

recorded for each spectrum.  

The thickness profile of the deposited coatings was investigated by means of a profilometer 

(Bruker, DektakXT). For this analysis, coatings were deposited on single-crystal silicon (c-Si) substrates 

in static mode for 15 minutes. The thickness to be associated to each deposition condition was identified 

as the mean of the thickness values in correspondence of the centre of the deposition spot, where the 
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thickness reaches a plateau. The DR was calculated by dividing the resulting thickness for the deposition 

time. 

4.3 Results 

4.3.1 Energy measurements  

Figure 4.5 shows a comparison between the Eg values in pure Ar (1.5 slpm) and in presence of 

HMDSO (0.1 sccm) for applied voltages (Va) ranging from 5.5 kVp-p to 9.5 kVp-p at a fixed frequency of 

20.5 kHz. As Va increases, the Eg values in pure Ar increase. Nonetheless, a flat region in the energy 

values from 6.5 kVp-p to 7.25 kVp-p can be noticed. As the precursor molecules are introduced in the 

discharge, lower Eg values can be observed, except for the region around 7.25 kVp-p, where there are no 

significant differences between the upper (pure Ar) and the lower (doped Ar) branches. 

 

Figure 4.5: Comparison of the energy dissipated per cycle in pure Ar and in presence of HMDSO (0.1 sccm) as a function of the applied 

voltage (20.5 kHz). 

The Eg values at 5.5 kVp-p and 9 kVp-p (applied voltages belonging to the regions where the effect 

of the precursor can be clearly distinguished) for precursor flow rates from 0.01 to 2 sccm are reported 

in Figure 4.6. From the curves, it can be noticed that even the addition of the lowest Fd (0.01 sccm) in 

the discharge is sufficient to determine a sharp drop in the Eg values for both the applied voltages. As Fd 

further increases, Eg tends to slightly decrease. This behaviour can be easily appreciated at 9 kVp-p, while 

is less pronounced at 5.5 kVp-p (mild increase in Eg around 0.4 sccm). 
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Figure 4.6: Eg as a function of Fd at 5.5 kVp-p and 9 kVp-p (20.5 kHz). 

 The values of energy absorbed per precursor molecule, Em, were calculated starting from the 

deltas of energy between the Eg values in pure argon (5.5 ± 0.4 μJ at 5.5 kVp-p and 15.2 ± 0.3 μJ at 9 kVp-

p) and those in presence of HMDSO (variable values depending on Fd). The results are shown in Figure 

4.7 (logarithmic scale).  

                           

Figure 4.7: Em as a function of Fd at 5.5 kVp-p and 9 kVp-p (20.5 kHz). Results are presented in logarithmic scale. 
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For both the applied voltages, as Fd in the discharge increases, Em monotonically decreases. Therefore, 

the maximum values can be observed at 0.01 sccm (~ 80 eV per molecule for 5.5 kVp-p and ~ 190 for 9 

kVp-p), while the minimum ones at 2 sccm (~ 0.6 eV per molecule for 5.5 kVp-p and ~ 1.3 for 9 kVp-p). 

For sake of conciseness, in the following the wording “eV per molecule” will be sometimes shortened in 

“eV/mol”.  

4.3.2 Surface characterization results 

4.3.2.1 ATR-FTIR results 

The ATR-FTIR spectra of coatings deposited at 9 kVp-p for precursor flow rates of 0.01, 0.08, 

0.15 and 1 sccm (corresponding to 190.2 ± 17.4 eV, 22.8 ± 3.2 eV, 13.4 ± 0.9 eV, 2.5 ± 0.1 eV per 

molecule, respectively) are shown in Figure 4.8.  

 

Figure 4.8: ATR-FTIR spectra of coatings deposited at 9 kVp-p for different Em values (20.5 kHz) 

To ease the interpretation of these spectra, a list of possible peak assignments is reported in Table 4.1.  
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Table 4.1: Assignment of the peaks. 

At 22.8 eV per molecule, the spectrum exhibits numerous peaks associated to the silicon presence 

in the coating, such as the Si-O-Si bending or stretching at 800 cm-1, the Si-OH stretching at 930 cm-1, 

the Si-O-Si asymmetric stretching at 1200-1000 cm-1, and the Si-OH stretching at 3100-3700 cm-1. In 

the band related to the Si-O-Si asymmetric stretching, the presence of two superimposed peaks can be 

clearly distinguished: the in phase asymmetric stretching AS1 at around 1070 cm-1 and the out-of-phase 

asymmetric stretching at around 1150 cm-1. The weak peak at 1265 cm-1, related to the CH3 stretching in 

Si-(CH3)x (x=1,2,3), is the only peak associated to the presence of methyl groups in the spectrum, thus 

suggesting an almost negligible presence of carbon in coatings deposited in this condition. 

As Em decreases, new methyl-related peaks appear in the spectra: the CH3 rocking or the Si-

(CH3)2 stretching at 800 cm-1, the CH3 rocking or the Si-(CH3)3 stretching at 840 cm-1, and the CH3 

stretching. These peaks, along with the one at 1265 cm-1, become progressively more pronounced as the 

energy per molecule diminishes. Contextually, the “shoulder” in the band 1000-1200 cm-1 associated to 

AS2 tends to become less pronounced, leading the band to assume a “single peak” shape. The AS1 peak, 

in turn, shifts towards lower wavenumbers (from 1070 cm-1 to 1040 cm-1). The described changes in the 

spectra have already been observed in literature [6] and can be ascribed to a transition towards coatings 

with a more pronounced organic character. 

The spectrum at 190 eV/mol exhibits different features from the ones typically associated to 

spectra from PP of HMDSO, thus making its interpretation not obvious and requiring a separate 

description in this section. Few peaks can be observed in the spectrum, such as the CH3 bending at 1370 

Wavenumbers [cm-1] Possible assignment References 

3700-3100 Si-OH stretching [6], [7] 

2965 CH3 stretching [6], [8] 

1265 
CH3 deformation in Si-CH3 [1], [8], [9] 

Si-(CH3)x stretching (x = 1,2,3) [2] 

1200-1000 Si-O-Si asymmetric stretching [2], [6], [8], [10]–[12] 

930 Si-OH stretching [8], [11], [13], [14] 

840 
CH rocking [6], [15] 

Si(CH3)3 stretching [13] 

800 

Si-O-Si bending [16], [17], [13] 

Si-O-Si stretching [1], [10] 

Si-C stretching [18] 

Si-(CH3)2 stretching [17] 

CH3 rocking [1] 
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cm-1 [19], the Si-CH2CH3 vibration [20] or the Si-O stretching [21] at 1220 cm-1, the asymmetric 

stretching AS1 at 1070 cm-1, and the Si-O-Si bending or stretching or the CH3 rocking or the Si-(CH3)2 

stretching at 800 cm-1. 

4.3.2.2 Profilometer results 

Figure 4.9 shows, as an example, the picture of a coating deposited on a c-Si substrate under static 

conditions for 15 minutes at 9 kVp-p and in presence of 0.15 sccm of HMDSO. This picture is reported 

along with the corresponding thickness profile (symmetric profile). The thickness to be associated to this 

operating condition was extracted from this profile, considering the mean of the thickness in the region 

where the thickness reaches a plateau.  

 

Figure 4.9: Left: picture of a coating deposited on a c-Si substrate under static conditions for 15 minutes at 9 kVp-p and in presence of 0.15 

sccm of HMDSO; right: corresponding thickness profile. 

The thickness was investigated for coatings deposited at 9 kVp-p for Fd values of 0.01, 0.08, 0.15 

and 1 sccm (corresponding to 190.2 ± 17.4 eV, 22.8 ± 3.2 eV, 13.4 ± 0.9 eV, 2.5 ± 0.1 eV per molecule, 

respectively). The corresponding values of deposition rate (DR), calculated by dividing the measured 

thickness for the deposition time (15 minutes), are reported in Table 4.2. 

Fd [sccm] Em [eV] Thickness [µm] DR [µm/min] 

0.01 190.2 ± 17.4 0.71 0.05 

0.08 22.8 ± 3.2 5.68 0.38 

0.15 13.4 ± 0.9 13.58 0.91 

Table 4.2: Deposition rates for coatings deposited on c-Si under different precursor flow rates. 

As Fd increases (and Em decreases), the DR increases following a quadratic behavior. Data related to a 

flow rate of 1 sccm are not reported in Table 4.2 since the coatings were too powdery to obtain reliable 

thickness values with the profilometer. 
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4.4 Discussion 

The resulting values of energy dissipated per cycle, Eg, in pure argon increase as a function of the 

applied voltage except for the flat region from 6.5 kVp-p to 7.25 kVp-p. A tentative explanation of this 

behaviour can be provided by analysing the voltage (Va) and current (Im) waveforms reported in Figure 

4.10a (5.5 kVp-p), 4.10b (7.25 kVp-p), and 4.10c (9 kVp-p).  

 

 

Figure 4.10: Voltage and current waveforms at 5.5 kVp-p (a)), 7.25 kVp-p (b)), and 9 kVp-p (c)) at 20.5 kHz. These waveforms are examples 

of single voltage and current waveforms: the data effectively processed for the calculation of the energy values are the average of numerous 

acquisitions like these obtained over 1 minute. 

While the current waveform at 5.5 kVp-p is characterized by the presence of few wide peaks 

superimposed on the displacement current waveform (two on the positive half-cycle, one on the negative 

one), typical of a pseudo-glow regime, the current waveform at 9 kVp-p exhibits numerous spikes of 

nanosecond duration which generally characterize a filamentary discharge. [6], [22], [23] The current 

waveform at 7.25 kVp-p highlights peculiar characteristics: the peaks on the positive half cycle show a 
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more filamentary nature than the case at 5.5 kVp-p (but still not comparable with the ones at 9 kVp-p), 

while the peaks on the negative half cycle are almost negligible. The described current behaviour suggests 

attributing the observed flat region to a region where the discharge regime is changing.  

 The introduction of a flow rate of 0.1 sccm of vaporized HMDSO in the discharge determines a 

general decrease in the energy values. Again, an in-depth analysis of the voltage and current waveforms 

can be useful to interpret this behaviour. Figure 4.11 shows the voltage and current waveforms in 

presence of precursor molecules for applied voltages of 5.5 kVp-p (Figure 4.11a) and 9 kVp-p (Figure 

4.11b). The curves at 7.25 kVp-p are not presented since no significant differences between pure Ar and 

doped Ar can be observed in that case.  

 

 

Figure 4.11: Voltage and current waveforms at 5.5 kVp-p (a)) and 9 kVp-p (b)) in presence of 0.1 sccm of HMDSO at 20.5 kHz. 

 By comparing the waveforms with those obtained in pure Ar (Figure 4.10a and 4.10c), it can be 

noticed that the current waveforms are significatively affected by the presence of precursor. Indeed, for 

both the Va values, the number of current peaks (and their intensity) tends to decrease, thus implying a 

more homogeneous discharge. This decrease in the total current, already observed also by Mertens et al. 

in the case of a planar DBD [24], can be ascribed to the different interactions to which electrons are 

subjected in the discharge in presence of precursor molecules. As Eg is calculated starting from the 

applied voltage and current waveforms, the decrease in Eg values appears reasonable. 

 From the differences of energy between pure Ar and doped Ar, ∆Eg, Em has been calculated for 

Fd values ranging from 0.01 to 2 sccm and applied voltages of 5.5 kVp-p and 9 kVp-p. For both the applied 

voltages, it was shown that Em monotonically decreases as Fd increases. To correlate the values of energy 

per molecule obtained with the methodology to the chemical characteristics of the coatings, ATR-FTIR 

analysis of thin films deposited under different precursor flow rate was performed. As Fd increases from 

0.08 sccm to 1 sccm, the chemical composition evolves from almost purely inorganic (“silica-like”) to 

organic (“PDMS-like”). Indeed, the spectra reveal a gradually higher presence in the coatings of 
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functional groups of the starting monomer (i.e. methyl groups) and exhibit features typically associated 

in the literature of coatings from HMDSO to an organic behaviour (i.e. peak related to Si-O-Si 

asymmetric stretching towards lower wavenumbers). This behaviour is coherent with the progressive 

reduction of Em (from 22.8 to 2.5 eV) which determines a less intense fragmentation of the organosilicon 

precursor in the discharge.  

 The lowest Fd value which was investigated (0.01 sccm), kept out from the above reasoning for 

simplicity, leads to the highest Em value (190.2 eV). Being this value of energy per molecule higher than 

22.8 eV, a higher degree of fragmentation of the precursor in the discharge and a consequent lower 

retention of functional groups in the coating should be expected (e.g. total disappearance of the only peak 

related to methyl groups at 1265 cm-1). Nonetheless, the ATR-FTIR spectrum of coating deposited at 

0.01 sccm of HMDSO does not exhibit the typical features of a purely inorganic coating but shows few 

and not very intense peaks in some cases related to silicon and in some cases related to carbon. This 

behaviour suggests an extremely higher degree of fragmentation of the precursor in the discharge and 

the consequent creation of a thin layer made from the recombination of small fragments.  

The trend of the Em values appears to be in good agreement with the chemical properties of the 

coatings, thus supporting the validity of the methodology for the AP single electrode plasma jet. 

Nonetheless, to test the reliability of the methodology, it is worthy to add some considerations about the 

relation between the obtained energy values and the energies required to break the bonds in the HMDSO 

molecule. For sake of simplicity, the following discussion will not take into account the possible 

evolution of the bond energies in a highly reactive and dynamic environment like the plasma discharge 

and the statistical nature of the processes of bond dissociation. Furthermore, possible contributions in the 

breaking of the chemical bonds due to VUV (vacuum ultraviolet) photons typically present in AP argon 

discharges will be neglected. [25]  

The main bond energies in the HMDSO molecule are 3.5 eV for the C-H bond, 4.53 eV for the 

Si-C bond, and 8.31 eV for the Si-O bond. [26], [27] This means that Em values of 22.8 eV, 13.4 eV, and 

2.5 eV (obtained for precursor flow rates of 0.08, 0.15, and 1 sccm, respectively) are roughly in the same 

order of magnitude of the bond energies and can be used to interpret the mechanisms of fragmentation. 

Despite a detailed dissertation on the fragmentation pathways of HMDSO molecules in AP PP is beyond 

the purposes of this work, some information can be provided in this context.  

An energy of 22.8 eV/mol is sufficient to provide the dissociation of all the above-mentioned 

bonding types thus justifying the presence in the coatings of features mostly related to pure inorganic 

coatings. As the energy decreases to 13.4 eV/mol, the bond dissociation is less intense, and more methyl 

groups can be conserved in the final coating. Coatings deposited for an Em of 2.5 eV exhibit the most 

organic character, suggesting an extremely low fragmentation of the precursor in the coating. This is 

coherent with the bond energies in the HMDSO molecules, since 2.5 eV is around the minimum values 

which are needed to abstract hydrogen or methyl groups.  
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Among the values of Em investigated in this work, 190.2 eV corresponds to the condition where 

the maximum transfer of energy from the plasma discharge to the precursor molecules occurs. Since the 

sum of all the bond energies in the HMDSO molecule is around 105 eV, the ATR-FTIR spectrum 

observed at 190.2 eV/mol can be reasonably explained as a consequence of the total breakage of all the 

constituent bonds. In this perspective, the value of Em which confers a purely inorganic chemical 

composition to the coating should be comprised between 22.8 eV and 190.2 eV. 

Besides their chemical composition, coatings were characterized also in terms of thickness using 

a profilometer, to gather information about the deposition kinetics. It was observed that the DR increases 

as Fd increases from 0.01 to 0.15 sccm. This behaviour can be explained by considering that conditions 

of higher fragmentation in the polymerization process are usually associated to higher degree of 

crosslinking and densification in the resulting coatings (i.e. lower thickness) [28]. Therefore, as Em 

decreases, the coating progressively assumes a higher thickness and a less compact structure. The coating 

obtained at 1 sccm, too powdery for being characterized with a profilometer, further supports this 

hypothesis. 

 According to the above discussion, this methodology, for the first time applied to the case of 

APPJs, provides reasonable and promising results in terms of energy per precursor molecule. To this 

point, it seems worthy to compare the data obtained from the methodology with those from a known 

method for the calculation of the energy dissipated per cycle: the Lissajous method.  

Firstly proposed by Manley [29] for DBD plasma sources driven by sinusoidal signals, the 

Lissajous method is based on: 

- the addition of a monitor capacitor (Cm) of known value between the source and the ground. As 

a rule of thumb, the value of the monitor capacitor should be 100-10000 times the one of Ccell; 

[30] 

- the measurement of the voltage across the monitor capacitor (Vm).  

In this way, the charge deposited in the dielectric surfaces can be calculated as Q(t) = CmVm(t). The plot 

of the charge in function of the applied voltage (V) constitutes the so-called Lissajous figure (or voltage-

charge plot). The average discharge power dissipated over the period T can be determined from the area 

of the Lissajous figure multiplied for the frequency (inverse of the period), using the equation 4.4:  

 

𝑃 =
1

𝑇
∮ 𝑉(𝑡) 𝑑𝑄(𝑡)

𝑇
                                                           (4.4) 

 

Considering the measurement units, it appears clear that the integral itself in equation 4.4, namely the 

area of the Lissajous figure, represents the energy dissipated per cycle in the discharge (Eg).  

 The slopes of the sides of the Lissajous figure corresponding to the active and passive phases 

represent the characteristic capacitances Ccell and Cd, respectively. Using this capacities (whose 

evaluation is not always obvious [31]), the equivalent circuit typically associated to this method (Figure 
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4.12) can be solved, and the gas gap voltage Ug(t) and the active current jR(t) can be obtained [32]. 

Therefore, Eg can be calculated also as the integral over the period of the product of these two quantities.  

 

Figure 4.12: Equivalent circuit typically associated to the Lissajous method. [32] 

As pointed out earlier in the text, the determination of Eg does not require knowledge about the equivalent 

circuit, as calculating the area of the Lissajous figure is sufficient for this purpose. Nonetheless, the 

resolution of the standard circuit is still necessary to gather information about the evolution in time of 

the gas gap voltage and the active current. 

 Despite being interesting for the calculation of Eg, the classical equivalent circuit associated to 

the Lissajous method usually does not include the presence of parasitic effects. On the other hand, the 

methodology proposed here is based on a more complex equivalent circuit which models and estimates 

the parasitic components. Therefore, it looks interesting to compare the results from both the methods, 

thus having information on the importance of the parasitic effects on the calculated values of energy per 

molecule. 

 In this work, the application of the Lissajous method has been performed by replacing the 

precision resistor with a monitor capacitor of 470 pF and by measuring the voltage across the capacitor 

with the same low voltage probe used in the rest of the work for the measurement of the current. Results 

were obtained in pure argon (1.5 slpm) and in presence of 0.15 sccm of HMDSO for values of Va ranging 

from 5.5 kVp-p to 9.5 kVp-p and, as for the methodology, values of ∆Eg between the pure and doped Ar 

branches were used to calculate Em.  

Figure 4.13 shows a comparison between the results obtained using the equivalent circuit 

proposed in this work (4.13a) and the ones from the Lissajous methods (4.13b) with pure and doped Ar. 
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Figure 4.13: Comparison of the values of Eg obtained with the methodology (a) and the Lissajous method (b) in pure Ar and in presence 

of HMDSO (0.15 sccm) as a function of the applied voltage (20.5 kHz). 

The overall trend is the same with both the methods, as can be clearly highlighted by the graph in Figure 

4.14, where data are normalized on the maximum value of energy per cycle (17.11 µJ for the 

methodology and 85.75 µJ for the Lissajous method).  

 

Figure 4.14: Comparison of the values of Eg obtained with the methodology (M) and the Lissajous method (LM) in pure Ar and in presence 

of HMDSO (0.15 sccm) as a function of the applied voltage (20.5 kHz). Data are normalized on the maximum value of energy per cycle. 

Nonetheless, the actual Eg values are much larger in the case of the Lissajous method, thus leading to 

significatively different ∆Eg values. For comparison, the values of ∆Eg at 5.5 kVp-p and 9 kVp-p obtained 

with both the methodologies are reported in Table 4.3. 
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Va 

 [kVp-p] 

∆Eg [μJ] 

Methodology proposed in this work  Lissajous method  

5.5 3.86 14.31 

9 5.65 32.35 

Table 4.3: Values of deltas of energy at 5.5 kVp-p and 9 kVp-p obtained with the methodology proposed in this work and with the Lissajous 

method (0.15 sccm) 

As can be noticed from Table 4.3, the values obtained with the Lissajous method about 4 (for 5.5 kVp-p) 

and 6 (for 9 kVp-p) times larger than those obtained with the methodology proposed in this work. 

Therefore, the Em values resulting from the ∆Eg related to the Lissajous method (around 70 eV/mol at 

9.9 kVp-p) are significatively larger than those obtained with the methodology (around 15 eV/mol at 9.9 

kVp-p). Considering that the results obtained with the methodology can be plausibly interpreted, as shown 

earlier in this section, the values from the Lissajous methods are clearly too large to be physically 

meaningful. This shows the importance to proper modelling the parasitic effects in the circuit, thus 

suggesting a higher accuracy in the energy values obtained from the methodology proposed in this work. 

As a final remark, it can be highlighted that the greater resolution complexity required by the presented 

methodology (compared to the Lissajous method) represents a good compromise to obtain more reliable 

results and advance the understanding of polymerization processes. 

4.5 Conclusions 

 In this work, the development of a methodology for measuring the energy of reactions in a plasma 

polymerization process assisted by an AP single electrode plasma jet and vaporized HMDSO is 

presented. The values of energy per precursor molecule are calculated through the identification and 

resolution of a proper equivalent electrical circuit model. To validate the methodology, these energy 

values are correlated to the chemical and physical properties of deposited thin films assessed by means 

of ATR-FTIR spectroscopy and profilometry. 

 It was demonstrated that values of energy dissipated per cycle (Eg) can be successfully calculated 

both in pure Ar and in presence of HMDSO. The introduction of precursor molecules leads to a decrease 

in the Eg values because electrons are subjected to different interactions in presence of precursor 

molecules, thus reducing the total measured current. Starting from the difference of energy detected 

between pure Ar and doped Ar, the energy per precursor molecule (Em) was calculated at 5.5. kVp-p and 

9 kVp-p for several values of the precursor flow rate (Fd): a monotonical decrease of Em as a function of 

Fd was observed for both the applied voltages.  

 ATR-FTIR spectra of coatings deposited under different precursor flow rates exhibit features 

consistent with the trend of Em: as Em decreases, the fragmentation of the precursor in the discharge is 



 

94 

 

reduced, and the conservation of the functional groups of the starting precursor (i.e. methyl groups) in 

the coating is higher. The DR of the deposited coatings, analyzed through profilometry, is coherent as 

well since a higher degree of crosslinking and densification usually follow a higher fragmentation of the 

precursor in the discharge. The promising results obtained by correlating the Em values to the 

characteristics of the deposited coatings support the validity of the methodology. 

 To verify the importance of the parasitic effects in the circuit on the energy values, the results 

from the methodology were compared to those derived from the Lissajous method, whose circuit 

typically does not include parasitic components. It is shown that, while the methodology leads to energy 

values which can plausibly interpreted according to the properties of the coatings, the ones from the 

Lissajous method are too large to be physically meaningful. The comparison with the Lissajous method 

is an encouraging confirmation of the potentialities of the methodology developed for APPJs. 
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This PhD thesis is focused on the control strategies for a polymerization process assisted by an 

atmospheric pressure (AP) single electrode plasma jet. After a general overview on the plasma 

polymerization process (Chapter 1) and a description of the motivations behind this PhD project (Chapter 

2), two main sections are presented, each related to an in-depth investigation of one specific control 

strategy.  

 In Chapter 3, a study of the validity of the Yasuda parameter (W/FM) as controlling parameter in 

the polymerization process assisted by the plasma jet and an aerosolized fluorinated silane precursor is 

proposed. The chemical and physical properties of thin films deposited under different W/FM values are 

characterized by means of attenuated total reflectance – Fourier transform infrared (ATR-FTIR) 

spectroscopy, X-ray photoelectron spectroscopy (XPS), water contact angle (WCA) measurements, and 

scanning electron microscopy (SEM). The results of the surface characterization techniques suggest the 

presence of two deposition domains as varying W/FM: one leading to coatings with chemical 

composition and wettability that do not change with W/FM, the other leading to coatings with higher 

retention of functional groups of the starting precursor (such as CHx and CFx, x = 1,2,3) and higher 

hydrophobicity as W/FM progressively decreases. The plot of the normalized deposition rate as a 

function of W/FM reveals that the two deposition domains observed can be associated with two regimes 

very well known in literature (the energy-deficient domain and the monomer-deficient domain), thus 

suggesting the validity of W/FM as controlling parameter in this process. In addition, the key role of the 

Yasuda parameter in the process is further demonstrated since coatings deposited under the same W/FM 

exhibit similar properties, regardless of how W/FM is obtained.  

Despite the validity of W/FM as controlling parameter in this AP process has been proven, it must 

be pointed out that the calculated W/FM values cannot be used to make proper reasonings on the 

fragmentation of the precursor molecules in the discharge. First, the Yasuda parameter implicitly assumes 

that the entire power coupled to the discharge (whose measurement, additionally, is far from trivial) is 

provided to the precursor molecules. While this idea well applies to LP plasma polymerization processes, 

where the precursor is often introduced undiluted in the discharge, the same cannot be said for AP 

processes, where the precursor constitutes exclusively a minimum part of the feed mixture. Moreover, 

the energy exchanges in presence of aerosolized precursors, instead of gaseous or vaporized ones, are 

even more complex and not completely explained to date, thus further questioning the energy values per 

precursor molecule which can be derived from the Yasuda parameter. Nonetheless, under specific 

conditions, the use of W/FM can still be a good option for controlling the process and guiding it towards 

the production of coatings with tailored characteristics. 

In Chapter 4, the development of a methodology for measuring the energy of reactions in the 

polymerization process assisted by the plasma jet driven by a sinusoidal power supply and from the 

vaporized precursor HMDSO is presented. The values of energy per precursor molecule (Em) are 

calculated through the identification and resolution of a proper equivalent electrical circuit which models 

also the presence of parasitic effects. It is demonstrated that, as the precursor flow rate increases, a 
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monotonical decrease of Em is observed. To validate the methodology, these Em values are correlated to 

the chemical and physical properties of deposited thin films assessed by means of ATR-FTIR 

spectroscopy and profilometry. These analyses reveal that coating characteristics are consistent with the 

observed trend in the energies per molecule: as Em decreases, the fragmentation of the precursor is less 

intense, and coatings with higher conservation of the functional groups of the starting precursor (i.e. 

methyl groups) and higher deposition rate can be obtained. Furthermore, these energy values can be 

reasonably used to gather information on the fragmentation of the precursor molecule in the discharge 

since they are in the same order of magnitude of the bond energies in the molecule. To verify the 

importance of the parasitic effects in the circuit on the obtained energy values, the results from the 

methodology are compared to those derived from the Lissajous method, a known method for the 

calculation of the energy dissipated in the discharge (whose standard equivalent circuit does not include 

the parasitic effects). It is shown that, while the methodology leads to Em values which can plausibly 

interpreted according to the properties of the coatings, the values provided by the Lissajous method are 

too large to be physically meaningful. 

Overall, the correlation between the energy values and the characteristics of the coating and the 

comparison with the Lissajous method emphasize the potentialities of this methodology developed for 

atmospheric pressure plasma jets (APPJs). Nevertheless, some considerations are needed also in this 

case. Firstly, the presented methodology has not been tested yet for precursors with different chemical 

composition or physical state, hence further investigations still need to be performed in this perspective. 

Moreover, to apply the methodology also to other kind of power supplies (e.g. pulsed ones), a change of 

approach in the processing of the signals would be required. Finally, it must be highlighted that the 

application of this methodology is not straightforward since both a thorough study of the electrical 

characteristics of the specific plasma source and the use of a complex code to process the data are 

necessary. However, the greater resolution complexity is a good compromise to obtain more reliable 

energy per molecule values, which can be used to advance the comprehension of the entire plasma 

polymerization process. 

According to the results obtained in this thesis, it can be inferred that both the discussed control 

strategies for the polymerization process assisted by an APPJ can be helpful in depositing coatings with 

tailored characteristics. The Yasuda parameter has a more transversal character since, at least in principle, 

it can be applied in a straightforward manner to all the AP polymerization setups (the type of power 

supply, the plasma source, the chemical structure, and the physical state of the precursor are not taken 

into account). Nonetheless, as pointed out earlier in the text, its validity as controlling parameter needs 

to be tested on a case-by-case basis. Once validated, it still must be considered that the values of energy 

per molecule cannot be used to interpret the fragmentation mechanisms but exclusively to have a 

qualitative interpretation of the phenomena in the discharge. For this reason, it can be said that the control 

which can be reached at AP using the Yasuda parameter is a “coarse” control. Despite being “coarse”, 

this kind of control can still be accurate enough to identify the region of interest which leads to coatings 
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with properties suitable for the specific application. Furthermore, for those processes where it is proven 

that coatings deposited under similar W/FM exhibit similar properties, it is possible to obtain coatings 

with the desired properties by adopting the less expensive solution in terms of electrical and precursor 

consumption. This aspect certainly represents an attractive point from an industrial perspective. On the 

other hand, the methodology proposed in this work requires a more in-depth analysis of the electrical 

aspects related to plasma the polymerization process but leads to more reliable values of energy per 

molecule. Thanks to this methodology, a finer control of the process can be enabled and reasonings on 

the fragmentation of the precursor molecule can be performed, thus increasing the possibility to gather 

specific information about PP reactions. In a future perspective, the proposed methodology can help to 

shed the light on some of the mechanisms involved in the complex polymerization process assisted by 

APPJs, also for power supplies different from the sinusoidal ones and aerosolized precursors. As a final 

remark, it must be stressed that both control strategies could be combined with other plasma diagnostic 

techniques in order to obtain a more robust comprehension of the process.  

To conclude, this thesis provides useful insights into the control of polymerization processes 

assisted by atmospheric pressure plasma jets, which can be valuable to support the advancing of the 

understanding of these unique processes and promote their implementation at industrial level. 

Furthermore, it highlights the potentialities of these processes along with the scientific open points, thus 

stimulating the research in this field. 
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