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Abstract 
 
A great variety of commercially available goods, e. g. food products, require a degree of protec-

tion against gases and vapors. Electronic devices whose active layers are based on organic mate-

rials in particular demand extremely low oxygen transmission rates in order to attain adequate 

lifetimes. In order to do so, an encapsulation of the device by means of a barrier becomes neces-

sary. In case of flexible devices, such as organic light emitting devices (OLEDs), conventional en-

capsulation methods relying on stiff glass lids cannot be employed. Plasma-enhanced chemical 

vapor deposition (PECVD) methods on the other hand have been proven to be successful in ob-

taining thin films (in the range of tens or hundreds of nanometers) which combine good barrier 

performances with flexibility and other favorable mechanical properties. 

In the current work, thin silica-like (SiOx) films have been deposited on polyethylene tereph-

thalate (PET) through a low-pressure microwave plasma and a gaseous feed consisting of hexa-

methyldisilazane (HMDSN) and oxygen, with the aim of providing flexible oxygen barrier layers 

with additional properties as transparency, colorlessness, good adhesion to the substrate and 

resilience. Operational parameters such as the gas feed composition, microwave power and 

deposition time have been investigated and optimized, thus obtaining inorganic barriers with an 

optimal thickness in the 50 to 100 nm range and with a barrier improvement, when compared to 

the uncoated substrates, up to a factor of 100. The defects in the barriers have been investigated 

by means of a concurrently developed non-destructive method for their localization and identifi-

cation, based on the precipitation of calcium carbonate crystallites on top of them, which allows 

the defect to be later retrieved and investigated by means of microscopy methods. Further anal-

yses of the transmission rates have been carried out at different temperatures in order to investi-

gate the permeation mechanisms through the bulk and the defects. The films, when compared 

to barriers deposited via the common precursor hexamethyldisiloxane (HMDSO), obtained in the 

same experimental setup, showed consistently better properties in a wider range of conditions, 

proving HMDSN to be a better precursor for thin films with barrier applications. 

Multilayer systems, based on the combination of SiOx films and an intermediate organic 

layer optimized in parallel to the barriers, have been developed, tested and used successfully for 

the encapsulation of flexible Organic Light Emitting Device (OLED) prototypes printed on poly-

mers.  
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Kurzfassung 
 
Zahlreiche im Handel erhältliche Produkte wie z.B. Nahrungsmmittel müssen vor Gasen und 

Dämpfen geschützt werden. Um speziell bei elektronischen Bauteilen, deren aktive Schichten 

aus empfindlichen organischen Materialien bestehen, eine ausreichende Lebensdauer zu 

gewährleisten, muss die Sauerstoffdurchlässigkeit stark reduziert werden. Zu diesem Zweck 

wird eine Verkapselung der Bauteile durch eine Barriereschicht erforderlich. Insbesondere bei 

flexiblen organischen Leuchtdioden (OLEDs) können konventionelle Verkapselungsmethoden 

wie z.B. das Aufbringen einer dünnen steifen Glasplatte nicht verwendet werden, ohne die 

Flexibilität dieser Geräte stark zu beeinträchtigen. Die Plasma Enhanced Chemical Vapor 

Deposition (PECVD)-Methode hat sich bereits als erfolgreich erwiesen, um dünne Schichten im 

Bereich von einigen Nanometern bis zu einigen 100 nm herzustellen. Diese Schichten besitzen 

sehr gute Barriereeigenschaften und weisen weitere vorteilhafte mechanische Eigenschaften wie 

eine hohe Flexibilität auf. 

In der aktuellen Arbeit  wurden dünne quarzähnliche (SiOx) Schichten mittels eines Nieder-

druck-Mikrowellen-Plasmaverfahren  aus einer Gasmischung von Hexamethyldisilazan (HMDSN) 

und Sauerstoff auf Polyethylenterephtalate (PET)-Folien mit einer Dicke von 23 µm 

abgeschieden. Ziel war es, flexible Sauerstoffbarrierenschichten mit zusätzlichen Eigenschaften 

wie Transparenz, Farblosigkeit, gute Haftung und Stabilität, zu erhalten. Die Betriebsparameter 

wie Gasmischungsverhältnis, Mikrowellenleistung und Abscheidungsdauer wurden untersucht 

und optimiert. Es konnten anorganische Barrierenschichten mit einer optimalen Schichtdicke 

von 50 bis 100 nm abgeschieden werden, die gegenüber dem unbeschichteten PET eine um den 

Faktor 100 niedrigere Sauerstoffdurchlässigkeit aufweisen. 

Die Defekte (Pinholes) in den Barriereschichten wurden mittels einer im Rahmen der Arbeit 

entwickelten zerstörungsfreien Lokalisierungs- und Identifizierungsmethode untersucht. Sie 

basiert auf der Ausfällung von Kalziumkarbonatkristallen auf den Defekten. Diese Methode 

ermöglicht ebenfalls das nachfolgende Wiederauffinden und die detaillierte Untersuchung der 

Defekte durch optische Mikroskopie und Rasterelektronenmikroskopie. Weitere Perme-

ationsanalysen bei verschiedenen Temperaturen wurden durchgeführt, um die 

Permeationsmechanismen durch die PET-Folie und die Defekte zu untersuchen. Im Vergleich 

mit dem weit verbreiteten Precursor Hexamethyldisiloxan  (HMDSO) zeigten die HMDSN-

basierten Schichten wesentlich bessere Barriereeigenschaften über einen weiten Bereich von 
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von experimentellen Betriebsparametern.  

Mehrschichtsbarrieresysteme basierend auf SiOx-Schichten und organischen 

Pufferschichten wurden entwickelt, getestet und für die Verkapselung von flexiblen, auf 

Polymeren gedruckten OLED Prototypen erfolgreich eingesetzt. 

  

 



 
 
 
 
 
 
 

 

 

Chapter 1 
 
Introduction and statement of the objec-
tives 
 
A great variety of commercially available products require a degree of protection against external 

gases and liquids, chiefly among them oxygen and water vapor. Electronic devices whose active 

layers are based on organic materials in particular demand extremely low oxygen transmission 

rates in order to attain adequate lifetimes. In order to do so, an encapsulation of the device by 

means of a barrier layer becomes necessary. Glass lids several times thicker than such devices, 

sealed with epoxy resins, are widely employed for this purpose. This kind of encapsulation cannot 

however be applied if the aim is also to retain the inherent flexibility, lightness and thinness that 

organic devices like organic LEDs can offer when compared to their inorganic counterparts. The 

relative harshness of the epoxy resin curing step alone, and the resulting ultraviolet irradiation, 

are enough to destroy the active layer of the devices. 

Thin inorganic films deposited from volatile precursors by means of plasma-aided processes, 

on the other hand, have been widely investigated and already employed as barriers in food pack-

aging and other similar fields. Such layers combine transparency, thinness, lightness, and superi-

or adhesion and flexibility, when compared to films obtained by conventional deposition meth-

ods, all of which is also desirable for the encapsulation of organic devices. The deposition process 

itself, being carried out through low-temperature plasmas, is ‘mild’ enough not to endanger the 

substrates, quick, efficient, reproducible, tunable and easily up-scalable in case of large-area in-

dustrial applications. For the latter, the reduced amount of reagents required makes it also envi-

ronment-friendly and cost-effective, too. 

The capacity of films in the sub-micrometric scale to mimic their macroscopic counterparts, 

their related oxygen barrier properties included, is however limited by the presence of defects 

extending along their entire bulk. Through such nanometric spaces the permeand molecules can 

travel almost unhindered and, provided the density of such defects to be high enough, the barrier 

properties of the whole thin film result to be severely compromised or, at worst, almost com-

pletely nullified.  
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Hence in the current work a low-pressure, microwave-based plasma reactor has been em-

ployed for the deposition of silica-like (SiOx) films with the principal aim to obtain thin barrier lay-

ers against oxygen. The reactor employed and its configuration allow areas much larger than the 

proper plasma to be treated, while at the same time providing mild operating conditions suited 

for the encapsulation of sensitive electronic devices even in case of prolonged deposition steps.  

The main aim is therefore that the thusly obtained films must first and foremost present a 

suitable chemical composition that allows them to act as barriers against oxygen, but also pos-

sess, when possible, further favorable properties that would make an encapsulation of flexible 

light-emitting devices feasible: they need to be transparent and colorless, to exhibit good adhe-

sion to their substrate and to be able to undergo repeated bending without compromising their 

mechanical stability. In order to meet the above-mentioned requirements, an optimization of a 

wide range of operating parameters, including the composition of the plasma feed, the operating 

power and the duration of the deposition step, has been performed. 

Furthermore, for the purposes of encapsulating very sensitive devices, the precursor for the 

polymerization of the barriers should not contain oxygen atoms. In the current work the mono-

mer of choice has been therefore the organosilicone hexamethyldisilazane (HMDSN), which is 

relatively seldom used in plasma-assisted processes for the purpose of obtaining silica-like films. 

Another aim of the work has therefore been to compare the deposited films and their barrier per-

formances with those produced by means of more widespread, conventional and oxygen-

containing organosilicone precursors, in order to ascertain whether and to what extent silazanes 

may prove to be more suitable for the intended encapsulation purposes. The comparison has 

been focused in particular on the commonly-used hexamethyldisiloxane (HMDSO) monomer, 

whose similar molecular structure differs only in an oxygen atom in lieu of an amino group. 

As part of the aforementioned optimization process of the oxygen barriers, moreover, a 

simultaneous and thorough investigation of the presence of defects, their nature, size and spac-

ing in the thin layers, their density and most importantly the effect they have in limiting the bar-

rier performances has been rendered necessary. In order to do so, a method for the localization 

and identification of such defects, that at the same time preserves the integrity of the investigat-

ed barriers and allows them to be further tested afterwards, has become necessary. Since most 

of the currently available defects localization methods are destructive in nature, an entirely new, 

non-destructive test has been designed and developed. The aim in this case has been to first veri-

fy its feasibility, validity and reproducibility, and then later to successfully employ it for the analy-

sis of the plasma-deposited barriers in order to further characterize them. 

Once a set of optimized operating conditions leading to the best possible barriers have been 

reached, the aim has been to first develop and investigate a multilayer system incorporating sev-

eral of the single optimized barriers, in order to further abate the amount of permeated oxygen, 

and then later to test whether it would be possible to successfully treat and encapsulate sensitive 

electronic devices in the current reactor set-up without destroying their integrity in the process. 
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The layout and general structure of the current work is better detailed in the following. Fur-

thermore, a schematic representation of it, explicitly referencing the chapters in which the single 

sub-sections of the work have been investigated, is presented below in Figure 1.1. 

 

The conventional encapsulation strategies for a variety of stiff and flexible substrates are 

presented in Chapter 2, together with an overview of plasma-polymerized films that can act as 

Figure 1.1: Overview of the current work. In round brackets, the chapters and sub-chapters in 

which the different work packages are respectively presented and discussed. 
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barrier layers. The theoretical fundamentals of the permeation processes in a solid are thorough-

ly presented in Chapter 4. The plasma fundamentals, together with the operating principles on 

which the plasma reactor employed in the current work is based, are shown in Chapter 3. An 

overview of the chemo-physical processes taking place inside a plasma, with a focus in particular 

on the plasma-enhanced deposition processes from a gaseous phase, is also included. The exper-

imental setup for the plasma reactor and the operating conditions, the employed substrates and 

the monomers acting as precursors for the deposited films are detailed in Chapter 5. Chapter 6 

deals with the diagnostic methods employed for the investigations on the properties of the thin 

barriers. The chapter also includes a thorough discussion regarding the method, developed in the 

current work, for the identification of defects in the film, including a short overview on the state 

of the art, the fundamentals and the assumptions on which the test relies on, and an evaluation 

on its validity and effectiveness. 

Chapter 7 extensively presents and discusses the results regarding single layer barriers, 

including the optimization of several operating parameters related to their deposition process 

and the characterization of their properties, particularly those connected to their performances 

as barriers against oxygen. Chapter 8 on the other hand focusses on multilayer systems, their 

properties, and their application as barriers on OLED prototypes. The changes in the experi-

mental setup and in the reactor preparatory to the handling of such devices are also here includ-

ed. A summary of the current work and a brief outlook are finally offered in Chapter 9. 

 



 

 

 
 

Chapter 2  

 
State of the art of oxygen barrier layers 

 

Some degree of protection against external gases, mostly oxygen and water vapor, is prefer-

able, and sometimes required, for countless commercially available goods and products. 

Sensitive food products may extend their shelf life when sealed with appropriate barrier 

packaging. Liquid crystals displays and light emitting devices, if left unprotected against at-

mosphere, would quickly cease to function. The organic counterparts of the latter possess 

even stricter requirements, in order for them to be commercially viable [1-4]. Some of the 

lower limits in oxygen transmission rates required for a small collection of products are of-

fered in Figure 2.1. Other times, not a complete barrier, but rather a partial one that can act 

as a release regulator, becomes necessary: such is the case for example for drugs and 

medicaments, or for organs-on-a-chip which must remain at least partially permeable and 

allow the human cells inside them the necessary amount of oxygen. In all such cases, a solid 

barrier must be applied on the product of interest or on its casing. Inorganic coatings acting 

as such, for example, have been commercially employed since the 1960s for the reduction of 

the permeation rates of polymer foils [5,6]. The physical and mechanical properties of such 

barriers will then determine the amount of gas per square meter per day allowed to perme-

ate through them. In order to be commercially suitable, moreover, the production of such 

barriers must be quick, and inexpensive, i.e. the barriers must be as thin as possible and be 

deposited preferably on large areas in quick steps [7]. Last but not least, a progressive switch 

from glass and metal oxides packaging to lighter, cheaper and more functional systems con-

sisting of a combination of polymer plus a barrier is also becoming increasingly supported by 

the current European legislation [8]. A further advantage of such almost completely organic 

systems, moreover, is their inherent recyclability.  

In the following sections, a more in-depth overview on organic light emitting devices 

(Section 2.1) and their conventional encapsulation methods is presented. In Section 2.2, a 
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brief overview on barrier systems based on plasma-polymerized thin films will be given. 

  

2.1   Organic light emitting devices and their encapsulation 
 

Organic Light Emitting Devices (OLEDs), as the name suggests, are optoelectronic light sources 

in which the injection of charge carriers (electrons and electron holes) at a material junction and 

their later recombination produce the emission of photons in the visible range (electrolumines-

cence). Contrary to conventional LEDs, based on appropriately doped semiconductors, the active 

layer in OLEDs is organic and polymeric, often constituted by long -conjugated hydrocarbon 

chains acting as chromophore, or by saturated chains with isolated lateral groups containing irid-

ium or other rare earths complexes [10] which are responsible for the emission of light. The de-

vice is completed by means of a pair of electrodes, one of them transparent in order to ensure the 

transmission of the produced photons, and several intermediate layers that help maximize the 

charge transport and injection efficiency. Contrary to inorganic LED, they are much cheaper to 

produce, ensure very high efficiencies and operate at considerably lower voltages, down to few 

mV [11]. 

 Since the first operative prototypes, emitting in the green spectrum range, were reported in 

1987 [11, 12], OLEDs for general illumination purposes became available on the market only in 

2009, distributed by Philips and Osram [13]. Nowadays, Active Matrix OLEDs (AMOLEDs) are 

widely employed in large scale and high resolution displays, for TVs and smartphones, among 

many other applications [14, 15]. 

Figure 2.1: Oxygen transmission rates required for commercially available products. Data taken 

from [9]. 

 

 



 
11 

 
 

2.1   Organic light emitting devices and their encapsulation 

Organic LEDs principally require protection against oxygen and water vapor, too. In both 

cases, in fact, oxygen atoms quickly react with the unsaturated sites or other high-energy bonds 

in the active matrix, destroying the conjugation that causes the electroluminescence or other-

wise compromising the emitting layer’s integrity and conductivity. The otherwise unprotected 

devices can operate in air for few hours at best, before catastrophic failures. By contrast, in order 

to be suitable for commercialization and large-scale use, a light device should possess a guaran-

teed lifetime of at least 10000 hours [16, 17]. 

 

 

If the device is built onto some rigid substrate that also possesses suitable barrier properties 

against such gases, as for example glass, then only a top encapsulation is required. Vice versa, a 

back encapsulation becomes mandatory, too. The top encapsulation is usually carried out in inert 

atmosphere, like nitrogen or argon, by means of a glass or metallic lid [18]. The lid is glued to the 

substrate by means of beads of epoxy resin, to be later hardened in an UV-curing step – keeping 

in mind that UV can promptly destroy the aforementioned emitting layer –. As the resin vapors 

thus developed are also extremely detrimental to the OLEDs functioning, a sufficient amount of 

Figure 2.2: Schematic sections of OLEDs encapsulation strategies: (a) on glass substrate, (b) on 

polymeric substrate with a top polymeric lid, and (c) on polymeric substrate with an upper thin 

barrier layer. Picture from [5]. 
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a getter substance, usually elemental calcium and barium to be later oxidized to CaO and BaO 

[18, 5], must also be deposited beneath the lid. Such additional layers are usually fractions of mil-

limeters thick [5] and tend to swell upon contact with water vapor, thus stressing the device and 

accelerating its eventual degradation. The encapsulation process must be carried out at low 

temperatures, care must be taken so that no solvent comes in direct contact with the emitting 

layer or cathode of the device, and finally the resin sealing requires substrates much larger than 

the actual dimensions of the to-be-encapsulated OLED [19, 5]. The lid must however still allow 

stable electric contacts to be established with the device within. The resulting structure is always 

several times, or even a few orders of magnitude, thicker than the proper OLED alone, as shown 

schematically in Figure 2.2a and 2.2b. Such end product, moreover, is extremely stiff and both 

the lid and the now-hardened epoxy resin are brittle and prone to fail in case of applied mechani-

cal stresses. Therefore, the approach is not suitable for Flexible OLEDs (FOLEDs), which can be 

produced on polymer substrates [20-23]. A similarly polymeric lid provides flexibility and resili-

ence, but the brittle epoxy resin is still required in order to successfully glue together the two 

halves. Thin barriers laying in intimate contact with the OLED, on the other hand, can reduce the 

overall thickness by a factor of two and ensure mechanical robustness, good adhesion and stabil-

ity [5]. They would also render superfluous both the resin and the getter, and are therefore par-

ticularly suitable also for large scale production of flexible, cheap OLEDs with short-lived applica-

tions. Their thinness compared to traditional methods is exemplified in Figure 2.2c. 

 

 

2.2   Plasma-polymerized barrier layers 
 

A wide variety of materials obtained by means of Plasma Enhanced Chemical Vapor Deposition 

(PECVD) processes has shown good barrier properties against oxygen: a short, partial list include 

aluminum and thallium oxides and silicon nitrides and oxides [18]. The silicon-based films in par-

ticular also possess good dielectric properties [7], which render them microwaveable and particu-

larly suited for the food packaging industry [24], also thanks to their atoxicity. This, together with 

a more retortability, flexibility and recyclability [25], and in the case of SiOx transparency and col-

orlessness [26], render them perfect candidates for the encapsulation of light emitting devices, 

among others. Their deposition process, on the other hand, is operationally easy, tunable, cost 

effective [24], up-scalable [27] and can be carried out at very low temperatures [25], without be-

ing limited by the size and shape of the substrates [24]. It also often shows better results when 

compared to other deposition techniques such as sputtering, thermal evaporation or chemical 

vapor deposition [18, 28, 29]. For a more detailed overview of the polymerization processes tak-

ing place in the plasma phase and how they differ from more conventional chemical reactions, 

see also Chapter 4.3 and 4.4. 
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2.1   Plasma-polymerized barrier layers 

Single SiOx thin layers deposited by means of radiofrequency  and microwave plasmas alike 

have shown to possess good barrier properties [25, 30-35], with normalized values down to 10-1 

cm3/m2·day·bar and more, when coupled with adequately poorly permeable substrates [36]. This 

proves more than enough for food packaging [34], but it is still several orders of magnitude too 

high to meet the requirements for organic devices [5], as previously shown in Fig. 2.1. Micro- and 

submicro-scopic defects extending for the whole length of the plasma-polymerized barriers 

cause their performances to be far from those of their silica counterpart, which is often assumed 

to be completely impervious to oxygen [7, 37]. Along such defects, the gas can permeate freely or 

scarcely unhindered [38]. In order to further improve the performances of such barriers, then a 

multilayer system consisting of alternated inorganic and organic dyads must be employed [4, 9, 

19, 30, 39, 40], similar to the Barix© sputtered encapsulation multilayer developed by Vitex Sys-

tem [3]. The structure of such systems is illustrated in Figure 2.3. The insertion of a layer with a 

completely different chemistry between the barriers decouples the defects and prevents them to 

propagate through the whole structure. The effective, tortuous length that the permeand parti-

cles have to travel before reaching the substrate, therefore, becomes much longer than the nom-

inal thickness of the multilayer, improving the overall barrier performances [41, 42]. The number 

of dyads in a system and the average defect densities and transmission rates of the barriers em-

bedded in it become then the limiting factors that determine a multilayer’s effectiveness. Thin-

ner barriers, when possible, are favored as they retain a higher intrinsic resilience, flexibility and 

integrity [27, 31], and also result in shorter deposition steps suitable for large-scale applications. 

 

 

 

 

 

Figure 2.3: Schematic structure of a multilayer system on a substrate (left), and representation of 

the increase in the diffusion length caused by defects decoupling. Based on [18]. 
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Chapter 3 
 
Permeation theory 
 

3.1 Permeation process 
 
The permeation is a physico-chemical process in which a liquid or gaseous species, called 

permeant, moves through a solid medium under the effect of a spatial and temporal concen-

tration gradient of the former. For most solids, and for organic polymers in particular, the 

process can be envisioned after the free volume theory [43, 44]: such theory states that the 

permeant atoms or molecules can move through the bulk of a solid material thanks to the 

small free spaces inside it caused by thermal movement of its molecules or polymeric chains. 

As a consequence, such process is directly dependant on the temperature, as an increase in 

the mobility of polymers chains induced by the temperature, for example, results in an in-

creased density and frequency of free spaces through which the permeant can move. For a 

quantitative description of the dependence on temperature, also refer to Section 3.4. 

The overall diffusion process in a homogeneous solid can be split schematically into 

three steps: 

i. adsorption of the permeant gas or liquid on the surface of the solid to be per-

meated; 

ii. dissolution of the permeant in the solid and diffusion through it; 

iii. desorption of the permeant upon reaching the back interface of the solid. 

The second step is often the rate-determining one in the overall process and is strongly af-

fected by the solubility and the diffusivity of the permeant in the solid phase. Such depend-

ence is better illustrated through the permeation coefficient P, defined as [45]: 

                                                                                                                                                     

where D is the diffusion coefficient and S the solubility of the permeant species. 

The solubility of the permeant in the permeate depends on their mutual interactions, as 
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for example dipole-dipole and van der Waals forces [45]. Assuming that no chemical reaction 

takes place between them, that the concentration of the permeant molecules in the perme-

ated solid is low and that the former are homogeneously distributed, then the solubility can 

be rewritten by means of Henry’s law as [46, 47]: 

                                                                       
 

  

                                                                            

where c is the concentration of the permeant in the solid and pg is its partial pressure outside 

the solid.  

The diffusion coefficient is a measure of the speed of the permeation process and, ac-

cording to the Einstein–Smoluchowski relation, can be expressed as [48-50]: 

                                                                                                                                                            

where  is the mobility of the permeant molecules in the solid, kB is the Boltzmann constant 

and T is the temperature. Knowing that the mobility can be written as: 

                                                                               
 

    
                                                                         

then Eq. 3.3 can be rewritten as: 

                                                                             
   

    
                                                                         

r is the radius of the permeant species and   is the viscosity of the permeated solid, which as 

hinted before is also dependent on the temperature. The diffusion coefficient for a fixed 

permeant-permeated pair will therefore increase with the temperature (see also Section 3.3). 

The dependence of the diffusion coefficient on the concentration gradient inside the solid 

has to be made explicit by means of mathematical models as the one in the following sec-

tion. 

 

 

3.2 Fick’s laws of diffusion 
 

The diffusion process can be treated mathematically by means of the Fick’s equations, which 

describe the spatial and temporal variation of the permeant concentration in the solid. For 

the most general case the two Fick’s laws can be written as [46]: 

                                                                           ⃗       ⃗⃗⃗                                                                        
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3.2   Fick’s laws of diffusion  

                                                                      
  

  
   ⃗⃗⃗ (   ⃗⃗⃗ )                                                                   

j is the diffusion flux and is expressed as [mol m−2 s−1], i.e. the amount of permeant per unit 

area in unit of time, and  ⃗⃗⃗  is the concentration gradient. Here, the diffusion coefficient is a 

function of the concentration, the spatial coordinates in the solid, and the temperature, or: 

                                                                              ⃗                                                                           

Both Fick’s laws can be reduced to a one-dimensional case, assuming the solid to be isotropic 

regarding diffusion (more on this in section 3.4), and D to be independent from the concen-

tration. Eq. 3.6 and 3.7 become then: 

                                                                          ⃗      
  

  
                                                                       

                                                                      
  

  
      

   

   
                                                                     

in order to obtain analytical solutions for both equations, a system of boundary conditions is 

to be provided. By considering a solid with a thickness d which separates two gaseous phas-

es, so that the permeating gas is initially the sole component of the first and is completely 

absent from the second, as well as from the solid, i.e. there is an initial concentration gradi-

ent at the two interfaces of the solid, and considering how for longer times the permeant 

molecules will diffuse through the solid acting upon such gradient, until they reach the se-

cond gaseous phase and they are continuously removed from here, so that their concentra-

tion is zero, the following set of boundary conditions can be proposed [44]: 

                                                             {

                                                                                                        
                                                                                                  

                                                                                                         

 

By means of the Fourier method for separating variables it is then possible to obtain a solu-

tion for the temporal differential equation, and moreover to calculate, for t    , the steady-

state concentration value cs for the whole solid thickness: 

                                                                            (  
 

 
)                                                              

the concentration inside the solid therefore decreases linearly the further away from the 

permeant-rich gaseous phase. A representation of such trend is reported in Figure 3.1. By 

substituting the solution to the second Fickian law in the first one, and by solving the differ-

ential equation with x=d, i.e. in correspondence of the second solid-gas interface, it is possi-
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ble also in this case to obtain a steady-state value for the permeant flow, equal to: 

                                                                            
  
 

                                                                  

The non-steady-state flow can then be expressed as an approximated function of the previ-

ous value [51]:  

                                                                √ 
  

   
     

  

                                               

A typical time value , corresponding to the following conditions: 

                                                                                                                                   

can be introduced, the value of which can be expressed as [43, 46]: 

                                                                                
  

  
                                                                           

so that: 

                                                                                
  

  
                                                                           

 

Figure 3.1: Concentration profile in the one-dimensional case for a solid with thickness d, with an 

initial concentration on its first interface (left) equal to co that linearly decreases to zero on its 

second interface (right). The picture refers to the boundary conditions reported in Eq. 3.11. [52]. 
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3.3   Fickian diffusion through multilayer systems 

An instrument that allows the record of a permeant flux vs. time permeation curve, as 

the one displayed in Figure 3.2, will therefore enable the calculation of the diffusion coeffi-

cient of the solid film under investigation by means of the aforementioned equation. For fur-

ther informations on the experimental setup and how it obeys the boundary conditions em-

ployed for the analytical solution of the Fick’s laws, see also Chapter 6.4. 

  

 

3.3 Fickian diffusion through multilayer systems 
 

In case of systems consisting of several solid layers, each one of them still obeying the Ficki-

an laws for diffusion of gases (under the assumption that the diffusion coefficient is again 

independent from the concentration), their overall permeability and, consequently, their dif-

fusion coefficient, can be described by the ideal laminate theory (ILT), i.e. a series resistance 

type equation [30, 38, 54, 55]: 

                                                                         ( ∑
  

  

 

   

 )

  

                                                             

where PTOT is the total permeability of the system, i refers to the number of layers of which 

the latter consists, with Pi being their respective permeabilities.  , the thickness fraction, is 

thus defined [38]: 

Figure 3.2: Permeation curve as a function of time, with js as the steady state permeand flux and  

the typical time at which j = 0.616 js. Picture based on [53]. 
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such that: 

                                                                              ∑  

 

   

                                                                    

                                                                        ∑  

 

   

                                                                   

By substituting Eq. 3.1 in 3.13, and by then using Eq. 3.2: 

                                                                              
 

 
                                                                   

                                                                                                                                                

so that the previous equations for a multilayer can be rewritten in terms of the permeant flux 

at the steady-state, the physical quantity that can be experimentally measured as seen in 

Chapter 6.4. 

It is noteworthy to stress that Eq. 3.18 shows how, in case of layers with severely differ-

ent permeabilities, the composite system is overall characterized, or better limited, mainly 

by the layer with the smallest value of P [55], so that the overall flux could be reduced to: 

                                                                                  
  
  

                                                                       

where k is the index referring to the permeation-limiting layer. 

For a bilayer system, as the majority of cases in the current work, consisting of a poly-

meric substrate and a thin barrier on top of it, therefore, the total permeant flux can be writ-

ten as: 

                                                                        
    

    

    
   

    

    

                                                    

where the subscripts bar and pol refer to the barrier and the polymeric film, respectively. 

Besides the assumptions made ab initio in order to apply a Fickian approach to the diffu-

sion process, in this case a further assumption is made necessary: that the interfaces be-

tween the layers in the system are no low-energy conduits to transport [30] (on the subject, 

see also Section 3.5 and 3.6). In practice, especially in case of plasma-deposited thin films, 

however, the presence of an interface with unknown thickness, chemical composition and 
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3.4   Dependence of the diffusion coefficient on temperature and activation energy 

barrier properties induced by the plasma itself [36, 56, 57], which may not necessarily fulfill 

the assumptions for a Fickian diffusion, introduces errors hard to precisely quantify. 

Finally, recent work in literature [58, 59] provide an even more simplified relation, by not 

accounting for the layers thickness when splitting the single contributions, so that: 

                                                                        
 

    

  ∑ 
 

  

 

   

                                                                    

and for a bilayer: 

                                                                  
 

    

  
 

    

   
 

    

                                                              

 

 

3.4 Dependence of the diffusion coefficient on temperature 

and activation energy 
 

As already stated in Sections 3.1 and 3.2, diffusion processes modeled after the free volume 

theory and obeying Fick’s laws are dependent on the temperature, more specifically they are 

thermally activated, i.e. facilitated by its increase. The permeation through polymeric mate-

rials can then be modeled after the solid diffusion model, or Arrhenius model [39, 54], and 

the dependence of the permeation coefficient on the temperature can be expressed through 

an Arrhenius-like equation [38, 54, 60] that is found to be valid both for inorganic, silicon-

based [61] and organic polymeric materials [62]: 

                                                                             [ 
  

  
]                                                         

where R is the ideal gas constant, P0 is the maximal permeation coefficient typical of the sol-

id, and Ep is the apparent activation energy for the process, being related, also but not only, 

to the energy necessary to a permeant particle to squeeze through the empty spaces in the 

lattice / amidst the polymer chains [54]. Such quantity can be also written as [35]: 

                                                                                                                                                            

i.e. the thermal activation energy or the variation of Gibbs energy associated with the overall 

process. For an isothermal process, the latter can be rewritten as: 
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where H is the enthalpic variation for the permeation process, i.e. it includes both the ef-

fects of the dissolution of the permeant and its diffusion in the solid [35], and S is the varia-

tion of entropy. The latter depends on the disorder in the lattice or more generally in the 

structure of the permeated solid [63]. By substituting Eq. 3.30 in Eq. 3.28: 

                                                               [
  

 
]     [ 

  

  
]                                              

the exponential growth of the permeation process is mediated by the enthalpic contribution 

alone, while the entropic one can be included in the pre-exponential factor. 

Knowing that both S and D exhibit in turn an Arrhenius-like dependence on temperature 

[46, 47, 64], then: 

                                                                           [ 
   

  
]                                                          

                                                                           [ 
  

  
]                                                          

where S0 and D0 are the typical pre-exponential coefficients, Hs is the enthalpy of solution 

and Ea the diffusion activation energy. By substituting Eq. 3.1 in Eq. 3.28, then: 

                                                         [ 
   

  
]         [ 

  

  
]                                          

with, comparing Eq. 3.34 with Eq. 3.31: 

                                                                                                                                                   

A further simplification may at this point be made: the coefficient of solubility S, on 

which the solubility depends [65], depends in turn linearly on the temperature, but changes 

less than 1 % in the 0-100 °C temperature range [54, 66], so that the solubility may therefore 

be assumed to be constant. The variation in enthalpy for the overall permeation process then 

coincides with the activation energy of the diffusion process alone, the latter becoming then 

the rate-limiting step [54, 59]: 

                                                                                                                                                            

The activation energy may be experimentally obtained by taking again into account Eq. 3.23, 

so that in a steady-state condition: 

                                                                            [ 
  

  
]                                                      

and, turning the previous equation in its logarithmic version: 
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3.5   Limits of the Fickian approach 

                                                                     
      

  
   

  

  
                                                              

                                                                               
  

  
                                                  

with the last equation bearing the following structure: 

                                                                                                                                                       

where the line gradient is equal to the activation energy over the gas constant and the inter-

cept still contains an entrophy-related term inside it, as already shown in Eq. 3.31. A fitting 

procedure of a set of data for the same sample tested at different temperatures will then 

provide the activation energy of the latter [67]. The fitting procedure will remain valid pro-

vided that the investigated temperature range is reasonably small. 

 

 

3.5   Limits of the Fickian approach 
 

As already mentioned in Section 3.2, several assumptions have been made in order to obtain 

an analytical solution for the two Fickian laws. As a consequence, several limitations apply to 

solid whose permeation mechanism is to be considered Fickian. Firstly, in order to reduce the 

differential equation to a one-dimensional case, such solid has been considered isotropic and 

non-porous, while the diffusion coefficient has been assumed to be independent on the per-

meant concentration [55]. The latter condition is valid only for extremely diluted ‘solutions’ 

(Henry’s law limit), i.e. small amounts of permeant dissolved in the solid bulk [68], and in 

case of non-condensable gases: this can only be for temperatures above the permeand criti-

cal values, which in most cases lie well outside the normally investigated ranges [68]. 

Moreover, the diffusion coefficient being independent on the concentration bars inter-

actions, especially chemical, between the solid and the permeant particles. Such is, for ex-

ample, not the case when the latter are water vapor [69], which in polymeric solids results in 

swelling and poorly understood permeation mechanisms, with memory and hysteresis ef-

fects [30, 68]. 

For polymeric materials, in particular, most of the commonly investigated temperature 

ranges lie below their glass transition temperature, with the possibility of resulting at best in 

non-Fickian diffusion and dual-mode sorption [68, 70]. In this case, a second term for the sol-

ubility appears, depending on the density of microcavities in the bulk of the polymer in the 

glassy state, their size and their affinity with the permeant particles that can be housed in 

them and remain stuck. For a more in-depth analysis of the model, see also [48, 71-73]. 

Even neglecting the aforementioned deviations, the biggest limitation to the Fickian 
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approach is the intrinsic anisotropy of the solid bulk, both for an organic polymer and an in-

organic barrier. The former unavoidably, even in a glassy state, possesses a certain crystallin-

ity degree, with the presence of randomly scattered and oriented sub-domains in its bulk. 

The relative diffusion coefficient can at best be simplified in some sort of ‘average’ value. For 

a much more thorough overview and description of crystallinity in commercially available 

polymers employed in the current work, refer to Appendix A1. 

For inorganic thin films acting as barriers, on the other hand, the Fickian model com-

pletely fails to take into account the presence of macro- and micro-scopic defects in their 

bulk, which cause small volume fractions to present severely different permeation proper-

ties. Such defects, moreover, are often strongly oriented, further invalidating the premise of 

a homogeneous, isotropic solid. The following two paragraphs will deal in great detail about 

the type and size of defects, the permeation processes through them, their activation energy 

and dependence on the temperature. 

 

 

3.6   Permeation through defects in barrier layers  
 

Permeation through defects follows usually completely different pathways when com-

pared to the passage of a permeant in a defect-free solid bulk. Moreover, such pathways de-

pend on the lateral size of the defects selves, particularly when compared to the radius of the 

permeant particles [54, 74]. A classification of defects based on such mechanisms can be 

made by introducing the Knudsen number Kn, a dimensionless quantity that can be thus de-

fined [75]: 

                                                                                 
  

  

                                                                         

with  f as the mean free path of a permeant particle in the defect between collisions against 

the walls, and dp as the diameter of the defect or pore being permeated.  

For Kn < 1, the amount of particle-walls collisions is negligible when compared to the 

particle-particle ones: the transport can then take place freely inside the defect, without be-

ing hindered by the latter’s lateral size. This regime is called free diffusion and can be as-

sumed to be dominant already for diameters of 1 nm [54], while at the same time becoming 

independent of the permeated solid thickness [70]. The defects fulfilling the condition of 

such transport mechanism are called, somewhat improperly, ‘macro’-defects, as their size is 

several times, and often several order of magnitudes, bigger than the permeant particles. In 

case of thin coatings, this ranges from pinholes still invisible to optical microscopy up to mac-

roscopic uncoated areas which leave the underlying substrate exposed, cracks, delamination 
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3.6   Permeation through defects in barrier layers 

and otherwise damages to the film integrity. A diffusion coefficient pertaining such permea-

tion mechanism can be defined as [76]: 

                                                               
 

    √ 
   

    

      

                                                     

where p is the permeant partial pressure,  its cross section, M its molecular weight, and Csu, 

the Sutherland constant, is typical for each gas and takes into account the effects of temper-

ature on its cross section [55]. In a steady-state condition then, similarly to Fickian diffusion, 

the flux of permeant through such defects will then be proportional to T2.5/(T+Csu). 

When the lateral size of the defect becomes comparable or slightly smaller than the free 

path of the permeant, the particles collisions against the walls are not anymore negligible. In 

standard conditions, this happens for defects with a diameter in the 0.3 ÷ 1 nm range [54]. In 

this case, Kn is greater than one and the regime is called Knudsen diffusion [75]. The corre-

sponding diffusion coefficient DKn can be written as [77, 78]: 

                                                               
  

  

   
  

  

     √
  

    
                                                  

withp the effective porosity of the medium, i.e. considering only defects/pore extending 

fully between the two solid interfaces, and p the tortuosity of the defects. In this case the 

diffusion coefficient loses its dependence upon the pressure but becomes related not only to 

the dimension of the defects, but also on their tortuosity, since at such nano- and subnano-

metrical ranges they cannot be equated anymore to straight channels  [78]. The steady-state 

flow is now linearly dependent on the square root of the temperature. 

Finally, for Kn ≫ 1, the defects size become equal to the interstices in a crystalline lattice 

or to the small free volumes in an amorphous solid, and the diffusion coefficient becomes 

much more strongly dependent on the temperature, as the latter now increases not only the 

mobility of the permeant by avoiding its condensation in the small volumes, but has also an 

effect on the volume of the cavities. In this case then the whole model goes back to the solid 

diffusion model and Fickian diffusion described in Sections 3.1 and 3.2. The three simplified 

regimes here described are schematically depicted in Figure 3.3. Further possible effects as 

surface diffusion or capillary condensation [55, 70] have been here overlooked. 

In a practical case, most if not all of these permeation pathways are to be found in a solid 

barrier on a substrate: as a consequence, the overall process won’t exhibit one single activa-

tion energy, as assumed in Section 3.4, but more of a gradual threshold in a relatively small 

temperature range, with the values being mostly comprised between the upper limit corre-

sponding to a defect-free layer in which a Fickian diffusion is the only component, and the 

lower limit constituted by the activation energy of the underlying substrate, which usually 
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possesses higher permeabilities [54]. 

 

3.7   Effects of defects on barrier layers’ properties 
 

In the most general case of a barrier layer on a polymeric substrate, the permeability, Pbar, 

will depend on the contribution of the single permeation mechanisms reported in the last 

section, in a way that can for example be generally stated by the following equation [54], in 

case of multilayers with defects with a radius equal to or bigger than 1 nm: 

                                                                      (  
   

    
)                                                        

where Psys is the overall permeability of the multilayer system, Pmd is the contribution of de-

fects, calculated by considering the case of an ideal barrier with a bulk permeability close to 

zero, Ppol is the permeability of the underlying substrate and PILT is the barrier permeability 

calculated by means of the ideal laminate theory (so that, omitting the presence of defects in 

the barrier, the former equation would become Psys = PILT).  

In case of nano-defects, moreover, their contribution and even the permeation through 

the barrier lattice, as the size of the former are comparable to the interstitial void in the lat-

ter, must be taken into account. The barrier permeability will therefore results in the sum of 

up to three different pathways [54]: 

                                                              ( 
 
   

    

 
 
   

         
 )

  

                                      

Figure 3.3: Schematic representation of three possible diffusion mechanisms of a gas inside a sol-

id with macro-defects (left), nano-defects (center), and with only interstices in its lattice (right). 

Picture based on [54]. 
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3.7   Effects of defects on barrier layer’s properties 

where Pla and Pnd are respectively the permeabilities due to the lattice and the nano-defects 

contributions, both still depending on the temperature and with a different activation ener-

gy,  pol and  bar are the volume fractions of the substrate and the barrier film compared to the 

total, so that: 

                                                                      
   

    
   

                                                                     

and Cmd is a dimensionless constant that depends on the density and the lateral size of the 

defects in the film, but not on the temperature, nor on the permeant.  

In most cases, for a given bulk permeability of the barrier, it’s the presence of defects 

that limits and determines the film’s performances [25, 79]. Their size and density in turn de-

termine their weight in the overall permeation. Rossi et al.[80] found out, by resolving the 

case of a single defect with a cylindrical geometry in an otherwise impermeable film, that the 

permeant flux through defects with a lateral size R much larger than the film thickness de-

pends on R2, and on R alone when the latter is much smaller than the film thickness. The de-

pendences on the defect area then hold true even when considering other geometries. This 

would seem to prioritize the contribution of large defects over small ones, but it was also 

found out that, in case of multiple defects with a high surface density, small ones compro-

mise the barrier properties much more than fewer large defects with the same total area 

[80]. Such results have been confirmed by Hanika et al.[81]  and da Silva Sobrinho et al. [60], 

among others, by means of numerical simulations. Indeed, for a very high density of minute 

defects it is even possible for the film to lose all its barrier properties [60]. This can be ex-

plained by introducing an effective radius of the defects that includes to some extent their 

surrounding volume: for sparse defects, with spacings far exceeding such radius, the defects 

are considered to be independent and bear no effect on each other. Otherwise, the defects 

act as a single, bigger defect, so that clusters of defects, grain boundaries (which are in fact 

considered to be macro-defects [54]) in crystalline or polycrystalline layers, and columnar 

structures surrounded by highly disordered, low-density regions profoundly affect the per-

meability of the barriers, much more than the sum of their independent contributions would 

have [60]. Their mutual interaction is caused by the strong concentration gradients lying in 

the immediate proximity of a defect [7, 79]. The permeant flux is strongly increased, not only 

perpendicularly to the layer surface, but also parallel to it: as a consequence, a defect acts as 

a funnel for the permeant particles and nearby low-energy conduits (i.e., other defects) may 

be quickly reached and permeated by the latter. 

The dependency of the steady-state permeant flux on the defects’ density can be also 

made explicit thus [60]: 
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i.e. a power law where n is the defect’s density and the  factor is roughly equal to 0.5 [60]. In 

case of a substantial density of defects, furthermore, the steady-state flux ceases to depend 

inversely on the layer thickness (see Eq. 3.13) and becomes constant [7, 38, 82]. The defects 

become then the one and only factor in determining the permeability of a thin film.  

 

 

3.8   Effects of defects on activation energies 
 

The presence of defects in at least one in a multilayer system alone invalidates the ideal lam-

inate theory described in Section 3.3, as they provide low-energy conduits passages between 

solid layers. This may have in turn an effect on the overall effective activation energy [30, 38, 

70]. As shown in Figure 3.4, for the simplest case of a bilayer constituted by a substrate, like 

an organic polymer with a purely Fickian activation energy (Fig. 3.4 a), and a thin barrier on 

top of it, two different outcomes may result: in case of an ideal, defect-free barrier, the acti-

vation energy of the system will result to be strongly increased, and equal to the one of the 

barrier alone. The permeant will in fact travel relatively unhindered through the polymer and 

then with much more difficulty through the bulk of the barrier. The latter is therefore the 

thermodynamically limiting factor (Fig. 3.4 b). In case of a barrier with defects in its volume, 

however, beside the Fickian diffusion through its defectless bulk’s fraction, a second path-

way becomes available, i.e. the unhindered passage through the discontinuous layer, in case 

of large uncovered areas, and through other, smaller defects which present much higher lo-

cal permeabilities. The predominant contribution, which depends on statistical mechanics 

[30, 83], will then also become the determinant factor for the activation energy of the bilayer 

system. If most of the particles permeate through the barrier’s defects, then the activation 

energy will still resemble the one for the uncoated polymer. The barrier, therefore, acts only 

as a partial block to the passage of the permeant [30], which has to move parallel to the bar-

rier-polymer interface until it finds a defect through which quickly permeate. The average 

diffusion path and its tortuosity increase [30, 39], but it is only the kinetics of the process to 

be thus affected, not its thermodynamics. It is however this phenomenon that still allows 

multilayer to act as better barriers than single films: the presence of intermediate layers be-

tween two barriers causes the defects in them to be decoupled, i.e. they are not growing on 

top of each other, thus increasing the distance the permeant has to cover inside the multi-

layer. Such diffusion path is still limited by the average distance between neighboring de-

fects, and it is therefore still useful for the barriers in the multilayers to possess as few de-

fects as possible. 

In this way, the transient regime of the permeation process, before a steady-state condi-

tion is reached, increases of several orders of magnitude [9, 39]: the multilayer will effective-

ly reduce the amount of permeant on the basis of such changes in the kinetics of the process, 
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3.8   Effects of defects on activation energies 

even though the expected final steady-state flux and the correlated activation energy show 

no significant improvement [39]. Of course, for a general improvement of the barrier per-

formances, interlayers with low transmission rates, good coverage of the underlying barrier 

and smoothing properties (in order not to get bypassed by the permeant in the uncoated ar-

eas) are to be preferred [9]. For intermediate layers with a thickness inferior to the mean ra-

dius of the defects in the barrier layers, moreover, a severe drop in the permeant conduct-

ance has been found by means of simulations [39, 55], effectively containing the effect of the 

latter.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Simplified permeant transport modes for a polymer layer following a Fickian diffusion 

regime (a), a bilayer with a defect-free barrier on top of it (b), and a bilayer with a defective barri-

er as the uppermost component (c). The defects are simplified as uncoated areas offering no re-

sistance to the permeand particles. Picture based on [30]. 
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Chapter 4 

 

Plasma fundamentals 

 

The current chapter defines and describes the state of matter known as plasma, together with 

some of its fundamental properties. It will then focus on the interaction of the former with elec-

tromagnetic waves (Section 4.2), in particular when in electron cyclotron resonance conditions. 

The chapter will then present the general chemical processes taking place inside the plasma. One 

of them, the plasma-enhanced deposition, will be focused on in the last paragraph, as the one 

process most employed during the current work. 

 

 

4.1 Plasma properties and classification 
 

Plasma is a state of matter commonly defined as a partially ionized gas, i.e. in which a fraction of 

its total constituents is made up of free electrons and ions. Because of the presence of such free 

charges, plasma can be considered as an electrically conductive fluid in which the electromagnet-

ic interactions between its particles and the outward environment extend on a much longer dis-

tance, when compared to the normally short-range forces acting in near-neighbors region inside 

a gas [84]. As a consequence, plasmas exhibit a collective behavior in which equally-charged par-

ticles move synchronously against external perturbation. The collisions thus arising with neutral 

species, in turn, cause the latter to often lie in excited states or to dissociate in highly reactive 

radicals. The collisions and subsequent relaxation and recombination mechanisms also cause a 

strong emission of photons, spanning from the infrared to the UV and occasionally up to the X-

ray range, and causing the typical plasma glow. 

Plasmas can be characterized by their ionization degree X, i.e. the fraction of its atomic and 

molecular components which has been ionized at least once, thus defined: 
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where ni is the density of the ionized particles and nn the density of the neutral species, with the 

latter in most cases much larger than the former. Depending on the kind of plasma, the former 

factor can range from 105 m-3 to 1030 m-3 [82], as it can be seen in Figure 4.1.  

 

 
As for the electrons, since in most of technical plasmas the majority of the ions are positive, 

and most of them are ionized only once, their density ne can be thus approximated: 

                                                                  ∑    

 

   ∑  

 

                                                     

where Z is the charge of the k species of ions with density nk. Plasmas are mostly considered 

to be quasi-neutral, i.e. the sum of their positive and negative charges should be close to zero, as 

the higher mobility of the electrons causes a small fraction of them to usually escape the plasma 

volume. 

As previously mentioned, the charged particles in a plasma can interact with electromagnet-

ic perturbations, usually so to minimize them and act as a shield. Such is the case also for charged 

particles inside of it, which are shielded by a tridimensional cloud of particles of opposite charge. 

Figure 4.1: Plasmas in nature and in technology arranged as a function of their electron density 

and temperature [85]. 



 
33 

 
 

4.1  Plasma properties and classification 

The length at which the electrical potential of the former drops to 1/e of its original value, based 

on the Debye-Hückel theory and called the Debye length D, shows how such decay inside a 

plasma takes place faster than in vacuum [86, 87], and can be thus defined: 

                                                √ 
      

 

       ∑            

  √ 
      
    

 
                                            

where 0 is the dielectric constant of vacuum, kB is the Boltzmann constant, e the electric charge 

of an electron, Te and Ti the temperatures of electron and ions, respectively, nij the density of the i 

species with a positive ion charge equal to j times e; as the ionic term is often neglected, the De-

bye length is usually approximated to the third term reported in the former equation. In this case, 

it is possible to observe how the length is not dependent on the mass of the charged particle. The 

aforementioned quasi-neutrality of a plasma, on a macroscopic level, can then be considered 

valid when the dimension of the plasma itself, L, is many times longer than the Debye-length, i.e. 

[86, 87]: 

                                                                                                                                                               

Because of the different masses of the species inside a plasma, oftentimes differing from 

each other for several orders of magnitude, not every species in a plasma is equally effective in 

following external perturbations. By considering a harmonic oscillator model, then, a typical fre-

quency of oscillation does depend on the mass on the moving particle and can be defined, for 

electrons and cations respectively, as: 

                                                                              √ 
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with m being the masses of the species considered. As electrons are several orders of magnitude 

smaller than bulkier ions, the former can follow much higher frequencies than the latter, up to a 

point where the overall plasma eigenfrequency p is dominated by the electron contribution 

alone, as: 

                                                               
       

       
        

                                                            

The plasma will therefore counteract external perturbation up to the electron frequency, which in 

turn depends on their density, and appear ‘opaque’ to such electromagnetic waves by reflecting 

them. Higher frequency will on the other hand penetrate freely inside it, travelling in a transpar-
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ent medium that cannot timely counteract them. The cut-off electron density nc acting as a 

threshold between the two behaviors can then be obtained from Eq. 4.5 as: 

                                                                         
    

  
                                                                          

A further property of low-pressure, non-thermal plasmas, already somewhat hinted at in the 

previous paragraph, is that not all their particles necessarily possess the same temperature for all 

their possible degrees of freedom: this arises once again because of the latter’s severely different 

masses, so that collisions in the plasma volume between heavier particles and electrons are sel-

dom elastic. This on one hand causes a large fraction of molecules and atoms to lie in an excited 

state than what otherwise observed in neutral gases – a fraction which would be obtained only 

by heating at several thousands degrees Kelvin –, but on the other leaves the kinetic energy of 

such heavy particles to remain significantly lower than the electrons’ one. As a consequence, 

then, the kinetic energy distribution of each species in the plasma is still at an equilibrium that 

follows an approximated Maxwellian distribution, but each with a different corresponding tem-

perature. Ions and neutrals in particular exhibit a thermal temperature           . 

Ionization degree, electron density and their temperature, and partially the plasma’s pressure 

too, can be used as parameters to characterize and classify plasmas into broad sub-categories: 

 Thermal or equilibrium plasmas: the total energy of this kind of plasma is equally parted 

between all the degrees of freedom of its various particles (i.e.,         ); each equi-

librium shows the same kinetic temperature, which is usually considerably high, hence 

also the alternate naming as ‘hot plasmas’. Such condition can be favored by high pres-

sure regimes, in which the collisions are frequent enough to effectively redistribute the 

kinetic energy among all species, in spite of the relatively low fraction of elastic collisions. 

In such plasmas the ionization degree is usually very high, in some cases even approach-

ing unity. 

 Non-thermal or non-equilibrium plasmas: in this case, different thermodynamic equilib-

riums are described by different kinetic temperatures, and plasma exhibits at least two 

kinetic temperatures, about 104 K for electrons and around 300 K for heavier particles 

(i.e.,             ). Such is often the case for low pressure plasmas, in which the col-

lisions between heavier particles and electrons are sparse enough to prevent an even dis-

tribution of their kinetic energies. As a consequence, the ionization degree too is several 

orders of magnitude lower than for thermal plasmas, usually in the 10-3 range or less. 

Such broad classification leaves room for intermediate conditions in which for example the tem-

peratures of electrons and heavier particles in excited state are the same (plasmas in partial local 

thermal equilibrium [88]. 
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4.2  Electron cyclotron resonance (ECR) plasmas 

4.2 Electron cyclotron resonance (ECR) plasmas 
 

As with electromagnetic waves, plasmas can interact with standing electromagnetic fields 

thanks to the free charged particles in their volume. The latter, considered to possess a mass m 

and a charge q, are subjected to a Lorentz force equal to: 

                                                    ⃗      ⃗  
   ⃗

  
    (  ⃗⃗     ⃗      ⃗⃗)                                             

Here,  ⃗ and  ⃗ are respectively the velocity and acceleration of the particle, and  ⃗⃗ and  ⃗⃗ are the 

electric and the magnetic component of the applied field. The scalar product   ⃗⃗ causes the par-

ticle to be accelerated along the lines of the electric field, and the vector product    ⃗      ⃗⃗ caus-

es it to accelerate perpendicularly to the magnetic field. As a consequence, a charged particle 

moves in a circular motion, with a typical radius and an angular frequency that depend on the 

imposed magnetic field and the mass and charge of the moving particle. Called gyration or Lar-

mor radius rL and cyclotron frequency c, they are defined as [87]: 

                                                                              
   

| | 
                                                                          

                                                                             
| | 

 
                                                                         

For the Larmor radius, only the velocity component perpendicular to the magnetic field is to be 

taken into account. The movement of an electron in such an electromagnetic field is shown in 

Figure 4.2. In such case however it is already possible to observe that the magnetic field lines are 

not straight, and as a consequence the electrons cannot move in a perfectly closed circle. While 

traveling in between the two magnetic poles, in particular, because of the magnetic mirror effect 

[89, 90], a continuous bouncing between the latter takes place, on the curved field lines, while at 

the same times the particle still moves in the magnets plane. Such bouncing arises from energy 

conservation principles, in particular because of the thicker field lines in close proximity of a 

magnetic pole. As a result of such increasingly complex motion, a drift velocity vD develops in the 

x plane of the magnets array, which can be defined as follows [91]: 

                                                                  ⃗        
  ⃗⃗    ⃗⃗ 

   
                                                               

The resulting motion is illustrated in Figure 4.3 in the case of an open configuration. In this case, 

the current arising from the electron movement in the x direction,   ̅, combined with the mag-

netic field causes a force in the z, thus defined [89]: 
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                                                                           ̅    ̅      ⃗⃗                                                                     

that drives the electrons in the z direction, i.e. away from the plasma volume and to the detri-

ment of the desired confinement. In case of a closed racetrack array of magnets, instead, an im-

proved confinement in the xy plane arises [92], leading to a more homogeneous entrapment of 

charged particles in the magnetic field, even at its edges.  

 

The acceleration to which the electrons are subjected can be effectively taken advantage of 

for the ignition of a stable plasma in low pressure regimes by means of incoming electromagnetic 

Figure 4.2: Gyration motion of an electron when immersed in a magnetic field, along the latter’s 

lines. Picture based on [52]. 

Figure 4.3: Drift motion of an electron trapped in a magnetic field with a drift velocity in the x 

plane vDx; here, Fz is the additional drift force directed outside the ECR region. Based on [89]. 
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4.2  Electron cyclotron resonance (ECR) plasmas 

waves, in what is called ECR Plasma: electromagnetic waves ranging from radiofrequencies to 

the microwave range (respectively in the 20 kHz to 300 MHz and in the 300 MHz to 300 GHz 

range, respectively) can be in fact be absorbed first by neutral atoms and molecules in order to 

promote their ionization, among other excitation processes, and from free electrons later, result-

ing in an increase of their kinetic energy. Absorption of electromagnetic waves can of course take 

place only if they are resonant with the considered transition, i.e. for electronic transition if they 

fulfill the Bohr’s frequency condition: 

                                                                                   ,                                                                      

where E is the difference between the final and initial energy levels involved in the transition, be 

it more generally rotational, vibrational, electronic or kinetic in nature, h is the Planck constant 

and  is the frequency of the incoming radiation. As the kinetic energy levels are densely packed, 

furthermore, the same radiation that causes a first small ionization of the neutral gas can then 

accelerate the free electrons, which in subsequent collisions with neutrals cause further ioniza-

tions and more, until a stable plasma is obtained, provided a sufficiently high and steady fluence 

of the electromagnetic radiation. 

As for the case where a magnets array is present, then, if the frequency of the incoming ra-

diation is equal to the gyration frequency caused by the magnet, in fact, the initial small concen-

tration of free electrons is permanently accelerated in the magnetic field lines, causing a much 

higher absorption of power and a much more efficient energy transfer between electrons and 

neutrals. In this way, a plasma can be ignited even at very low pressures, where usually the mean 

free path of electrons would be too long for a stable plasma to be sustained. Such plasma would 

inevitably be a non-equilibrium one, as the ions are basically thermalized [89], with an energy of 

few meV compared to an average value of 1 eV or slightly more for the electrons [44, 89]. The 

resonance conditions, assuming a microwave radiation with a 2.45 GHz frequency f, are made 

explicit in the following equation, derived from Eq. 4.11: 

                                                                              
  

 
                                                              

which allows then to calculate the magnetic field necessary for such resonance condition, devel-

oped by an adequately-built magnets array: 

                                                           
     

 
                                                              

An array built so to fulfill such conditions is described in details in Chapter 5.1. 

Finally, in case of a plasma on top of the magnetic array, the force to which the charged par-

ticles are subjected, from Eq. 4.9, must be updated in order to take into account a resistive com-

ponent resulting from the elastic collisions, so that [93, 94]: 
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                                                            ⃗     (  ⃗⃗     ⃗      ⃗⃗)    ⃗⃗                                                      

with   ⃗⃗  equal to: 

                                                                        ⃗⃗          ⃗                                                                 

the frequency term here, fc, refers to the frequency of the collisions among particles. 

 

4.3 Plasmochemical processes for surface modifications 
 

Artificial plasmas in low pressure ranges can be generally obtained by means of introducing gas 

mixtures inside sealed chambers, called reactors, in which a pumping system keeps the desired 

pressure. The energy necessary to the ignition and the sustainment of the plasma is then provid-

ed through electromagnetic waves or high electric potentials administered in several possible 

ways. Once a stable plasma is obtained, the reactive species inside it readily interact among 

themselves and with – but not exclusively – all surfaces exposed to the former. They can be di-

vided into five main categories, as listed below [95]: 

 Neutrals: as a low pressure plasma is in most cases a non-equilibrium one, the large ma-

jority of particles, be they atoms or molecules, are still not ionized. They often present 

however excited electronic, vibrational and rotational configurations (the latter two only 

in case of molecules). This causes a strong increase in their reactivity, especially when 

compared to normal gases at room temperatures. 

 Radicals: this short-lived chemical species are fragments of the original molecules from 

which they originate and present an incomplete electronic configuration: the presence of 

a lone electron greatly increases their reactivity, both in complex reactions taking place in 

the plasma phase and with further processes at the interface of the plasma-exposed solid 

surfaces. 

 Positive ions: most of the ions present in plasma phase exhibit, beside an increased 

chemical reactivity, a positive charge, thus being in principle subjected to the same po-

tential that accelerates electrons too. Thanks to their much heavier mass, the transfer of 

collisional energy can promote bond breaking on the surfaces exposed to plasma that 

promotes successive chemical reactions (ion-assisted chemistry) and, for very high ac-

celerations, even cationic implantation in their uppermost layer. The predominance of 

one effect over the other is usually dependent on the operating parameters of the plas-

ma. 

 Electrons: by means of the continuous acceleration induced by electromagnetic waves 

and/or standing electromagnetic fields, and the consequent elastic and anelastic colli-
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4.3  Plasmochemical processes for surface modifications 

sions with other heavier particles, electrons sustain the plasma and all its internal reac-

tions. In cold plasmas a large fraction of electrons shows sufficiently high kinetic energy 

values to escape from plasma borders and to bombard every internal surface of the reac-

tor, thus causing a small net positive charge of the plasma phase. Because their reduced 

mass, such bombardment does not damage the solids subjected to it. 

 Photons: originating from radiative relaxation processes of the aforementioned excited 

neutrals, photons ranging from infrared to UV are ubiquitous in plasmas, giving them 

their typical glow, the color of which depending on the atoms and molecules in the plas-

ma phase. Their interactions with surfaces, especially in case of photons in the UV range, 

are enough to promote bond breaking in the uppermost molecular layer, which in turn 

increases their reactivity and promotes the initiation of complex reactions at the solid-

plasma interface. For low pressure plasmas in particular a strong vacuum ultraviolet 

(VUV) component, with  < 200 nm, is also present [56]. 

In microwave-powered (MW) plasmas, as the one employed in the current work (for more 

details, refer also to Chapter 5.1), the typical frequency of 2.45 GHz is too high for heavy ions to 

follow, and the electrons alone are selectively accelerated and heated. As a consequence, the 

contribution of cations in chemical processes or in plasma sustaining is negligible, and in micro-

wave plasmas the concentration of reactive species depends exclusively on ionization via colli-

sions with free electrons or, on a smaller scale, on volume recombination [96]. Furthermore, con-

sidering an approximately Maxwellian distribution of kinetic energy for the free electrons, MW 

plasmas show a lower average value than RF plasmas [96-98]. This is however more than coun-

terbalanced by their increased density in MW plasmas [98, 99] and, most importantly, by the 

higher tail in their kinetic energy distribution when compared to RF plasmas [89, 97, 98, 100, 

101], provided the operating parameters being equal. Such energy-rich electrons often possess 

kinetic energy higher than the require a threshold for first ionizations of several elements. As the 

most energetic electrons are also responsible for the energy transfers necessary to promote 

chemical reactions among the heavier particles, then, low-pressure MW plasmas combine high 

reactivities with very low temperatures of radicals and molecules, thus enabling even thermally 

sensitive materials to be exposed to and treated with them without risk of damaging them. 

One of the main advantages of employing plasmas for surface treatments is that they allow 

a finely tunable modification of the latter’s few uppermost molecular levels while at the same 

time leaving the bulk properties of the material intact [102]. Plasma treatments are beside quick, 

reproducible, easily up-scalable [103], they can reach nanoscopic resolutions and require very 

small amounts of reagents, being highly efficient processes that in most cases leave little to none 

unwanted by-products. Because of the high concentration of reactive species in them, and their 

usual synergic contribution to the overall treatment, moreover, the end products often differ 

from what is obtained by means of traditional wet chemistry processes.  
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Thus, reactive species in plasma phase can create volatile products from the exposed sur-

face, removing material from the latter (etching or ablation); in some cases, because of contem-

porary ion bombardment, the anisotropy of the process is strongly enhanced (Reactive Ion Etch-

ing [104]) resulting in a micro- or nano-texturing of the surface, with stochastic but evenly dis-

tributed structures on it. More generally, in case of strongly accelerated ions impinging on the 

surface, the ablation of material can also be obtained by sheer mechanical removal. 

The somewhat opposite process is the formation of poorly volatile products in the plasma 

phase that travel on the exposed surfaces and form thin films on top of them, often aided in this 

by a previous activation of the uppermost solid layers thanks to eventual ionic bombardment or 

because of UV irradiation. The deposition of solid films from a gaseous phase in plasma is much 

more extensively detailed in the next section. Furthermore, instead of a net deposition of mate-

rial on the surface, the plasma treatment can result in only an implantation of radical functional 

groups, which usually strongly alter the chemical properties at the interface (plasma functionali-

zation). 

Most of these processes are ubiquitous and even competitive between each other: some 

etching of the substrate, particularly in case of carbon-based solids, for example, is to be ex-

pected in the first steps of a deposition process, before the exposed surface is covered by the 

newly-formed film, when employing oxygen-containing plasmas. Similarly, a functionalization of 

the surface can be easily undone if the plasma conditions are too harsh and cause damages to 

the substrates. Such processes can be selectively chosen and tuned only by operating on the ex-

ternal parameters of the plasma, besides the appropriate choosing of the gaseous reagents, 

which in turn will influence the internal plasma parameters in a complex way, so much that for 

each reactor a first optimization of the intended processes is usually required. A partial list of ex-

ternal and internal plasma parameters is reported in Table 4.1. 

 

Table 4.1: A partial list of internal and external parameters for plasmo-chemical processes. 
 

 

External parameters   Internal parameters 

Pressure 

 

Fragmentation degree 

Power density 

 

Ionization degree 

EM frequency 

 

Density of electrons 

EM pulse 

 

Electron temperature 

Duty cycle 

 

Gas temperature 

Gas composition 

 

Debye Length 

Gas flux speed  Collision frequency 

Reactor geometry 

 

Absorbed Power 

Sample temperature  Plasma frequency 

Treatment time 

 

Cutoff density 
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4.4  Plasma-enhanced-chemical-vapor deposition (PECVD) 

4.4 Plasma-enhanced-chemical-vapor-deposition (PEVCD) 
 

Plasma-Enhanced-Chemical-Vapor-Deposition (PECVD) is a process that allows the deposition 

of thin films on substrates directly exposed to or in close proximity of a plasma. The thickness of 

the films thus obtained, usually ranging from few nm up to several m, depends primarily and 

almost linearly on the treatment time and on the gaseous precursors flow, and secondarily on 

other plasma parameters such as pressure and injected power. Contrary to sputter deposition, in 

which material is mechanically ablated from a target only to re-deposit on nearby surfaces, 

PECVD relies on the formation of non-volatile products through a wide array of chemical reac-

tions taking place inside the plasma phase. Contrary to traditional Chemical Vapor Deposition 

(CVD), however, such process does not require strongly heated substrate [105] and, considering a 

low-pressure plasma to be employed, the gas temperature is practically equal to room condi-

tions, thus allowing even sensitive substrate to be coated [106]. In the case of ECR plasmas, fur-

thermore, the only high-speed particles, i.e. electrons, have a too small mass to cause damages 

to the surfaces, while on the other hand the heavier ions impinging on the latter have negligible 

kinetic energies. The additional presence of a magnetic field and the subsequent acceleration 

does not significantly increase their energies either, while at the same time still resulting in ho-

mogeneously thick films [89]. 

Similarly to classical radical polymerization, the precursors for the process are radicals im-

mediately forming in the plasma volume after its ignition. While recombination processes and 

further fragmentations of the radicals are always a concrete possibility, compared to other reac-

tive particles in the plasma phase radicals do possess an average lifetime long enough for them 

to reach the surfaces exposed to the plasma (direct deposition), or even those lying outside it (af-

terglow deposition). In the latter case, then, only the most stable fragment escape recombina-

tion and deposit on the substrate. Once reached the – often activated – solid surface, the radicals 

adsorb and wander until they form a chemical bond with the substrate, relaxing and releasing 

heat in the process. Because of the complex series of reactions taking place in the plasma phase, 

contrary to traditional wet chemistry deposition the products of PECVD exhibit no fixed stoichi-

ometry, only an average value of it. In this sense, such process is not a strict polymerization and 

the end products are no polymers with a clear repeating unit: a more appropriate ‘plasma-

polymer’ label is therefore used. Once deposited, furthermore, the thin film still in contact with 

the plasma can still undergo further reactions, including but not limited to partial etching and 

return in the gas phase and UV exposure that causes new active anchoring sites to be formed. 

Because of this, and since a wide array of radicals with different weights and chemical composi-

tion are produced in the gaseous phase, plasma-polymers present high degrees of branching and 

cross-linking, resulting in denser films than their traditional counterparts [96, 104]. As a side-

effect, and because of the low operating temperatures, the final products are mostly amorphous, 

contrary to the crystalline films obtainable through CVD and sputter deposition methods. A sim-
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plified list of the possible pathways taking simultaneously place inside the plasma volume during 

a PECVD process is represented in Figure 4.4. A schematic representation of the possible struc-

ture of an organosilicon-based PECVD thin film, similar to those investigated in the current work, 

is instead offered in Figure 4.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Simplified representation of the processes taking place during PECVD at low pres-

sures. Based on [107]. 

Figure 4.5: Internal structure of a PECVD silica-like film with a non-null organic component. 

Based on [108]. 
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4.4  Plasma-enhanced-chemical-vapor deposition (PECVD) 

Through PECVD, then, it is possible to obtain polymers with otherwise not attainable prop-

erties, such as superhydrophobic fluorocarbon polymers (‘teflon-like’ films) with an average stoi-

chiometry –CFx and with x higher than 2, which is the highest value obtainable through classical 

polymerization of tetrafluorethylene. Even the deposition of metallic film is made possible by 

employing metallorganic precursors as gaseous feed for the plasma, which often possess suita-

ble vapor pressures [106]. The chemical and physical properties of the final films can be further 

tweaked by choosing an appropriate co-gas beside the proper precursor. A much more detailed 

breakdown of the polymerization routes which involve the precursors, also called somewhat in-

appropriately ‘monomers’, employed in the current work, is provided in the final part of Chapter 

5.2 and at the end of Chapter 7.5.4, as a model arising from the experimental results presented. 

A final peculiarity of the thin films deposited via plasma, is the much stronger adhesion to 

the substrates that they sport. Instead of an ideal substrate plus coating system, in fact, most 

plasma depositions result in an additional intermediate interface which usually exhibits a graded 

composition that smoothly and continuously varies between the chemical and physical proper-

ties of the substrate and those of the deposited film. A schematic representation of such struc-

ture is shown in Figure 4.6. The thickness of such interphase is usually difficult to determine, but 

it is assumed to extend at least for few tens of nanometers [36, 57]. In case of organic or polymer-

ic materials acting as substrate, the interface is initiated via vacuum ultraviolet radiation hitting 

the uppermost molecular layer, which is energetic enough to cause the breakage of aromatic 

rings and CC and CH bonds [56]. A further cause may be the presence in the plasma phase of re-

active species, such as for example atomic oxygen or fluorine, able to etch the polymeric surface. 

The radicals and dangling bonds originated on the surfaces act as activated sites to initiate the 

deposition, while the increased roughness caused by the etching causes a higher contact surface 

between the substrate and the deposited film. The resulting bonds are chemical in nature, which 

prove to be much stronger than short-range van der Waals interactions otherwise obtained 

[109]. As a consequence, the adhesion is significantly improved, especially in case of organic sub-

strate with, compared to metals, show a much lower initial surface energy [56]. A further cause 

for an increase in the adhesion is the cleaning effect most plasmas have on surfaces exposed to 

them, by removing loosely bonded contamination from the uppermost layers, which is ubiqui-

tous even in case of extensive cleaning of the substrate prior to the plasma treatment: indeed, 

even 0.01 cm3/cm2 of water with a solid residue of 10 ppm are enough to create a monolayer of 

contaminants [56].As for the variation in the chemical composition of the interface, it usually 

originates because the initial coverage of the substrate by the newly formed film could be less 

than optimal, and because  the chemistry of the first molecular layer of the latter often differs 

from the one of the layer’s ‘bulk’ [36], depending on the growth mechanisms of the layer itself. 

The increase in adhesion and the gradual variation of the physiochemical properties at the inter-

face cause films obtained through PECVD to be more elastic and be able to sustain increased 

stresses and elongations without breaking or detaching in flakes, contrary to other deposition 
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techniques [27, 31, 110-112]. 

 

Figure 4.6: Interface between  substrate and PECVD-ed thin coating, with  a graded composition 

bridging the two extremes. Based on [24]. 



 

 

 

 
 

 

Chapter 5 
 
Experimental setup 
 

5.1 Plasma reactor and experimental conditions 
 

All the plasmochemical processes carried out in the current work have been performed by means 

of the ECR reactor schematically depicted in Figure 5.1 and shown in Figure 5.2: it consists of a 

stainless steel cylindrical vessel with a diameter of 85 cm and a height of 50 cm, and a resulting 

base surface and an internal volume equal to 0.57 m2 and 0.284 m3, respectively. Under the bot-

tom of the vessel, an array of magnets in a closed race track configuration with a length of 42 cm 

and a width of 12 cm is present: it consists of 48 permanent magnets ‘Secolit 215’ of a cobalt-

samarium alloy, 50x10.5 mm2 apiece [113]. Approximatively one centimeter above the array, the 

corresponding magnetic field is equal to 0.0875T, in order to satisfy the resonance conditions 

with the incoming microwave radiation (as illustrated in Chapter 4.2). The closed configuratiton 

is also instrumental for a more efficient confinement of the resulting plasma. The top view of the 

array is shown in Figure 5.3. The magnetic system is connected to an external motor that allows it 

to move underneath the vessel and the plasma with it, increasing the treatable surface up to 42 · 

33 cm2 = 1386 cm2. A full sweep of the vessel is carried out in around 30 seconds, a round trip in 

about one minute. The motor can be activated or stopped at any moment by means of a switch. 

The low pressure inside the vessel is produced and maintained by means of a system of a ro-

tary vane and a turbomolecular pump from Pfeiffer Vacuum. The first one has a maximum ca-

pacity of 9.44 l/s and provides the pre-vacuum conditions, while the second one has a capacity at 

its maximum frequency equal to 500 l/s. The residual pressure inside the reactor is around 0.05 

mbar and it is monitored by means of a pressure transducer: the latter has been first recalibrated 

at the beginning of the work. The venting of the reactor chamber is carried out by means of a 

valve: the entering air must first pass through a desiccant medium (silica beads) in order for the 

humidity to be removed from it. Water vapor molecules adsorbed on the inner walls of the reac-

tor would otherwise cause much longer pumping times before reaching the steady-state low 

pressure conditions. The outlet for the exhaust gases towards the pumping system lies in the 

lower right corner of the reactor, causing a slight asymmetry whose possible consequences on 
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the quality and homogeneity of the deposited coatings are further investigated at the end of sec-

tion 7.1.2. A valve allows the pumps to be isola  ted from the vessel during the venting process, so 

to avoid damages to the turbomolecular pump caused by atmospheric pressure. 

 

 
 

The gases to supply the plasma are stored in compressed gas cylinders connected to the 

vessel, while their fluxes are regulated by means of a first pressure reduced immediately con-

nected to the cylinders and later by thermal mass flow controllers from Tylan. The monomer gas 

on the other hand is regulated by a manually-controlled needle valve. The gases flow inside the 

reactor through a central inlet on the upper side of the vessel. The resulting average pressure, 

before the plasma ignition, is about 0.55 to 0.65 mbar. Because of the increased pressure, the 

plasma can ignite also outside the strict boundaries of the magnetic field, creating a homogene-

ous plasma over the magnet, as seen in Figure 5.4. 

 

Figure 5.1: Schematic of the ECR reactor employed in the current work. It consists of a stainless 

steel vessel, with an underlying movable permanent magnet (a), in which a pump system (b) 

keeps a low pressure; the venting is provided by a valve (c), while the pressurized gases (d) are 

introduced into it by means of mass flow controllers (e); the working pressure is monitored 

through a transducer (f). The microwaves are produced in a magnetron connected to a pulse 

generator (g) and transferred by means of a waveguide and a horn antenna (h) in the reactor. A 

glass window (i) separates the latter two. The magnetic field originating from the magnet is also 

schematically reported, as two half-cylinders emerging from the north pole and ending at the 

lateral south poles. 
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5.1   Plasma reactor and experimental conditions 

 

The microwaves for the plasma ignition, with a frequency of 2.45 GHz, are produced in a 

magnetron which can supply a maximum power of 3 kW and lead inside the reactor by means of 

a hollow waveguide and a horn antenna. The inlet consists of a glass window transparent to the 

microwaves. In order to avoid unwanted contact between the latter and the plasma, the window 

is covered by a removable circular Teflon shield. A water trap between the waveguide and the 

magnetron collects eventual reflected radiation via a circulator device and prevents damages to 

the microwave source. The system is operated in pulsed mode by means of a square-pulse gen-

erator connected to the magnetron. The effective power provided to the plasma must therefore 

be averaged for the duty cycle of the pulse. 

The entire system lies under a hood with a continuous laminar flow streaming downward, in 

order to prevent dust particles to accumulate on the samples or on the working bench. 

The samples are inserted in the vented reactor through its frontal port and are fixed on an 

aluminum sample holder by means of small duct tape strips, in order to prevent their misplace-

ment during the initial stages of the pumping of the vessel. Prior to their treatment, the samples 

are exposed to a corona discharge for few seconds in order to remove electrostatic charges from 

their surfaces. For all plasma treatment, the pumping is carried out for thirty minutes, in order to 

Figure 5.3: The array of 48 permanent cobalt-samarium magnets, arranged in a closed race track 

configuration, lying under the ECR vessel [46]. 
 

 Figure 5.2: Front (left) and back (right) view of the ECR reactor employed in the current work. 
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reach the minimum pressure value and remove eventual contaminants from the vessel that 

could otherwise alter the chemical composition of the deposited films. The depositions have 

been always carried out in a movable magnet configuration, with the motor being activated 

manually upon ignition of the plasma, and with the magnet always starting at the end of its run. 

The duty cycle of the microwave pulse has also been kept constant and equal to 50 %, with an 

overall period of 1 ms, i.e. a 500 s/500 s pulse/pause ratio and a pulse frequency of 1 kHz. The 

effective average microwave power is therefore half of the nominal value produced in the mag-

netron.  

 

5.2 Substrates  
 

Polyethylene terephthalate (PET) is an organic thermoplastic polymer resin, whose repetitive 

unit is shown in Figure 5.5. A partial list of its mechanical and chemical properties is likewise listed 

in Table 5.1. 

Thanks to its mechanical resiliency, optical transparency, chemical inertness [118] and stur-

diness, in the last thirty years PET has been steadily substituting heavier and pricier materials, as 

metals and glass, in many industrial applications. Chief among the latter is food packaging [119], 

partly also in compliance of the current European legislation [8]: as of 2013, 30% of the yearly 

produced bottles for alimentary purposes worldwide are made by PET [118]. 

PET finds however countless applications also as substrate for flexible solar cells [118] or 

light emitting devices [20], for prosthetics [120] and medical implants, and in the textile industry 

[118] just to name a few, most of which require, to different degrees, barrier effects against 

mostly oxygen and water vapor. The intrinsic barrier properties of PET foils, however, are strong-

ly influenced by their degree of crystallinity: the latter depends chiefly on the short- and long-

Figure 5.4: Plasmas seen from the side window port of the ECR vessel based on a HMDSN/oxygen 

(left) and a HMDSN/hydrogen (right) mixture. 
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ranges forces interacting between repetition units in the polymer bulk and the resulting chain 

mobility when still in a viscous state (i.e., during the production process). Closely-packed crystal 

regions are often considered to be practically impenetrable [121], with the permeation taking 

place in the free spaces of the more porous amorphous fractions. Most of commercially available 

PETs possess a relatively low crystallinity degree (usually not above 30 %), with the crystalline 

micro- and nano-domains evenly scattered in the predominant amorphous matrix. Finally, 

thanks to the polar functional groups in the repetition unit, particularly the carboxylates, PET can 

provide a good starting adhesion, thus acting as a suitable substrate for the eventual deposition 

of thin barrier films on top of it [27, 55].  

 

 

Table 5.1: Main physical properties of poly-ethylene terephthalate. 

 
 

  

    Reference 

Tg 80°C [114] 

Melting point >250°C, 260°C [115, 116] 

Breakdown voltage ≥ 4.5 kV (thickness-dependant) [117] 

Transparency ≥ 90% [117] 

Haze ≤ 2% [117] 

OTR     (25° C, 50 % r.h.) 110 cm3/m2 ∙ d ∙ bar [117] 

WVTR  (25° C, 85 % r.h.) 16 g/m2  ∙ d  [117] 

 

 
 

In the current work, all plasma-polymerized thin films have been deposited on Hostaphan® 

RNK PET foils from Mitsubishi Polyester Film [117]. Some deposition moreover have been carried 

out by using Melinex® 401CW PET foils from Dupont Teijin Films [116]. 

 

Figure 5.5: Repetitive unit of polyethylene terephthalate (PET) [122]. It consists from left to right 

of a carboxylate ester, a phenylene group, a second carboxylate ester and an ethylene group. 
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Hostaphan 

The PET foil from Mitsubishi (from now onwards simply ‘Hostaphan’) is a biaxially oriented 

(BoPET) extruded film with a thickness of 23 m [117]. It possesses a laminated structure, as seen 

in Figure 5.6, thus presenting on both sides a ‘standard’ surface that ensures homogeneity. No 

further information upon the composition of the standard external layers or the internal core 

could be found in the datasheets. A better overview of the chemistry of the former is provided in 

Appendix A. The root mean square of its surface roughness has been found out to be equal to 0.7 

nm [123]. 

  

 

The oxygen transmission rates for the uncoated Hostaphan PET have been first tested and 

then regularly measured on different samples throughout the whole duration of the current 

work, in order to have a reliable average value to be used as reference for the subsequent calcula-

tions, and in order to verify the homogeneity of the properties of the PET foil. The rates have 

been measured by means of both permeation systems according to the procedure described in 

Chapter 6.4. The normalized values, together with the calculated average, are reported in Figure 

5.7. The deviation from the latter value is around 7 % maximum, but most often only a couple 

percent points. Such fluctuations, apart from the inherent instrumental limits related to the 

measuring procedure, may be caused by slight variation in the thickness of the tested samples 

and/or in their chemical composition, particularly their local degree of crystallinity. 

 

Melinex 401 

The PET foil by Dupont is a BoPET, plasticizers-free extruded film with a thickness of 50 m. 

Such film is ‘specially treated to give a slippery surface on one side,’ [116] which implies an in-

creased surface roughness on the backside: as an electrical insulator, PET can often develop 

strong surface electrostatic charges that causes foils to stick to each other and/or attract dust 

particles. An induced roughness on at least one of the sides allows for an easy stacking and a later 

detaching of the polymer sheets, while at the same time still offering a desirable smooth surface 

Figure 5.6: Schematic representation of a section of the Hostaphan PET foil. From [117]. 
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on the other.  

 

The different nature of the front- and the back-side of the Melinex foils is confirmed by AFM 

measurements reported in Figure 5.8: while the smooth side shows an almost non-existent sur-

face roughness, the backside exhibits a thick, although random, distribution of knobs with an 

average height of almost 50 nm. Such antiblock particles are shown to consist of PET cyclic 

olygomers and amount to 1.1 wt% of the total foil [124]. For an additional determination of the 

chemistry of both sides of the Melinex foil, also refer to Appendix A1.  

 

Figure 5.8: AFM scan of the smooth side (left) and the rough one (right) of the Melinex foil. Cour-
tesy of Stanislav Dribinskiy. 

Figure 5.7: Oxygen transmission rates for uncoated Hostaphan PET foils, together with the re-

spective average value. The measurements have been carried out by means of the permeation 

measurement instruments and according to the procedure described in Chapter 5.5. 
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For the Melinex foil, too, a few uncoated samples have been tested for their oxygen trans-

mission rates in the permeation System I with the procedure reported in Chapter 6.4. The result-

ing normalized values and the average transmission rate are reported in Figure 5.9. The thicker 

foil (50 m instead of 23 m) results in a lower oxygen transmission rate, roughly 47 % lower than 

Hostaphan. The results are in very good accordance with the thickness ratio of the two foils, 

which is equal to 46 %. 

 

5.3 Monomers as plasma feed gases 
 

In contrast to more classical gaseous precursors for silicon-based thin films, like silanes or dis-

ilanes, organosilicon compounds are safe to manufacture, easy to handle, non-explosive at room 

temperature [125], poorly toxic and flammable [126]. Such class of compounds includes several 

dozen molecules, both linear and cyclic, like tetraethoxysilane (TEOS), tetramethylsilane (TMS), 

and octamethylcyclotetrasiloxane (OMCTS), just to name a few, most of them successfully em-

ployed for PECVD processes [96, 104, 127, 128]. The main disadvantage over classical silane 

compounds is the relatively more complex structure and the presence of bulky organic substitu-

ents that require a further oxidation step, thus slowing the chemical reactions and the deposition 

of inorganic silica-like films.  

The main monomer employed in the current work is 1,1,1,6,6,6-hexamethyldisilazane 

Figure 5.9: Oxygen transmission rates for uncoated Melinex PET foils and calculated average val-

ue displayed as a green line. The measurements have been carried out by means of the permea-

tion measurement instruments by following the procedure described in Chapter 6.5. 
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(HMDSN), whose structural formula is shown in Figure 5.10 together with its bond energies [125, 

129]. The molecule consists of a main backbone of two silicon atoms bond to a secondary amino 

group. Each silicon atom is furthermore bond to three trimethyl groups. As most other silazanes, 

at standard conditions it presents itself as a transparent and colorless liquid, with a vapor pres-

sure high enough to be suitable as gaseous precursor in plasma processes without the need of 

being preliminary heated. The associated absorption spectrum in the 4000 – 400 cm-1 range of its 

vapors, recorded with the instrument and the procedure reported in section 6.2.1, is shown in 

Figure 5.11. The latter also includes the attribution of the monomer’s main peaks. 

 

 

As a secondary monomer used for a limited series of plasma deposition processes (see also 

Chapter 7.5), 1,1,1,6,6,6-hexamethyldisiloxane (HMDSO) has also been employed; the molecular 

formula with the bond energies is reported in Figure 5.12 [125, 130, 131]: the molecule differs 

Figure 5.10: Molecular formula of hexamethyldisilazane and its respective bond energies. 

 

 

Figure 5.11: Absorption infrared spectrum in the 4000 – 400 cm-1 range for gaseous HMDSN. Un-

labeled peaks refer to residual CO2 and water vapor in the sample-holding cell atmosphere.  = 

stretching,  = bending,  = rocking, s = symmetrical, a = asymmetrical. 
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from HMDSN because of the central oxygen instead of the secondary amino group. Similarly, the 

corresponding absorption infrared spectrum, reported with the attribution of the main peaks in 

Figure 5.13, lacks the typical signal associated with nitrogen-containing bonds and sports the sili-

con oxide peaks. An initial advantage of HMDSO over HMDSN as precursor for inorganic silicon 

oxide thin film is that the former already contains oxygen, with an initial O/Si ratio equal already 

to 0.5, to be later increased in the plasma polymerization process ideally up to 2, for a stoichio-

metric silicon dioxide film [126]. 

 

Some of the main physical properties of the two monomers and of the two co-gases, oxy-

gen and hydrogen, employed in the deposition processes, are reported in Table 5.2. Oxygen has 

been employed in the production of inorganic, silica-like films, while hydrogen has been used in 

order to obtain organosilicon film as intermediate buffer in a multilayer approach. In the current 

work, both monomers have been provided by Merck Millipore. 

Figure 5.12: Molecular formula of hexamethyldisiloxane and its respective bond energies. 

 

Figure 5.13: Absorption infrared spectrum in the 4000 – 400 cm-1 range for gaseous HMDSN. Un-

labeled peaks refer to residual CO2 and water vapor in the sample-holding cell atmosphere.  = 

stretching,  = bending,  = rocking, s = symmetrical, a = asymmetrical. 
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Table 5.2: Physical properties of the monomer employed as precursors and the co-gases in the 

plasma feed for the performed PECVD processes. 
  

  HMDSN HMDSO O2 H2 

Molecular formula C6H19NSi2 C6H18OSi2 O2 H2 

State of matter liquid liquid gaseous gaseous 

Molar mass 161,39 g/mol 162,38 g/mol 32 g/mol 2 g/mol 

Density 0,78 g/cm3 0,76 g/cm3 – – 

Vapor Pressure 20 hPa 20 hPa – – 

Fusion point -82 °C -68 °C -218,8 °C -259 °C 

Boiling point 126 °C 100 °C -183 °C -253 °C 

Purity ≥ 98,5% ≥ 98,5% 99,995% 99,995% 

 

 

Film deposition 

Considering a stoichiometric inorganic end product resembling silica, an extremely simplified 

reaction path for HMDSN and HMDSO, respectively, can be summarized as: 

4 𝑆𝑖2𝑁𝐻(𝐶𝐻3)6 (𝑔) + 55 𝑂2(𝑔)  
  𝑝𝑙𝑎𝑠𝑚𝑎   
→       

                                       8 𝑆𝑖𝑂2(𝑠) + 38 𝐻2𝑂(𝑔) + 24 𝐶𝑂2(𝑔) + 4 𝑁𝑂2(𝑔)                              (5.1) 
  

𝑆𝑖2𝑂(𝐶𝐻3)6 (𝑔) + 12 𝑂2 (𝑔)  
  𝑝𝑙𝑎𝑠𝑚𝑎   
→       

                                                    2 𝑆𝑖𝑂2(𝑠) + 9 𝐻2𝑂 (𝑔) + 6 𝐶𝑂2 (𝑔)                                            (5.2) 

In reality, the complex nature and high number of possible reactions taking place in the plas-

ma phase, almost all of them being furthermore reversible, causes the polymerization process to 

be much less straightforward. The first fragmentations of the monomers in absence of further 

co-gases, and the initial cross-linking processes and the formation of the polymer precursors will 

be qualitatively described below. When not openly stated otherwise, the following breakdown is 

meant to be valid for both monomers presented in the previous section. Furthermore, the plas-

ma polymerization in the current case is assumed to follow a radical mechanism scheme [132, 

133]. 

The first step of the process is the fragmentation of the gaseous precursor via collisions with 

accelerated electrons, which is generally most likely to take place at the ends of the monomer, 

i.e. [134]: 
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 (5.3) 

 

R here is used as label for the rest of the precursor molecule and/or to indicate the presence of a 

longer organosilicon chain attached to the highlighted functional groups. The first pathway is 

slightly more favored than the second [135], as the bond energy between C and H is more than 1 

eV higher than for the Si-C case. The smaller radicals produced in both cases can either recom-

bine forming stable products as ethane and hydrogen (the bond energy of the latter being 4.52 

eV [125]) or spontaneously recombine with the heavier fragments, or further react with the initial 

precursor, thus still advancing the overall polymerization process via formation of ‘more useful’ 

fragments, here shown via an exemplified schema [136]: 

                                                  𝐶𝐻3 ∙  + 𝑆𝑖 − 𝐶𝐻3  →  𝐶𝐻4 +  𝑆𝑖𝐶𝐻2 ∙                                           (5.4) 

                                                      𝐻 ∙  + 𝑆𝑖 − 𝐶𝐻3  →  𝐻2 +  𝑆𝑖𝐶𝐻2 ∙                                              (5.5) 

The precursor-based radicals, on the other hand, may be subjected to secondary reactions that 

neither advance nor terminate the polymerization process, as in the following example [136]: 

                         𝑅 − 𝑆𝑖 ∙  +  (𝐶𝐻3)3 − 𝑆𝑖 − 𝑅 →  𝑅 − 𝑆𝑖 − 𝐶𝐻2 ∙  +  𝐻 − 𝑆𝑖 − 𝑅                   (5.6) 

Alternatively, the products of Eq. 5.3 may also react with themselves, forming bigger and less 

volatile fragments or accreting those already present in plasma phase, according to the following 

possibilities [134]: 

                                𝑅 − 𝑆𝑖 − 𝐶𝐻2 ∙  +  ∙ 𝑆𝑖 − 𝑅   →    𝑅 − 𝑆𝑖 − 𝐶𝐻2 − 𝑆𝑖 − 𝑅                        (5.7) 

                                  2 𝑅 − 𝑆𝑖 − 𝐶𝐻2 ∙   →    𝑅 − 𝑆𝑖 − 𝐶𝐻2 − 𝐶𝐻2 − 𝑆𝑖 − 𝑅                             (5.8) 

                                                       2 𝑅 − 𝑆𝑖 ∙   →     𝑅 − 𝑆𝑖 − 𝑆𝑖 − 𝑅                                               (5.9) 

The second reaction is slightly less favored than the other two since [137], as previously reported, 

the methylene radical is energetically less likely to form than the sylil one. The cross-linked frag-

ments thus formed, often labeled plasma-olygomers [138], are heavier than the original precur-

sor molecules and less volatile, and thus more likely to deposit onto a surface exposed to or in 

close proximity of the plasma, forming a thin film that will keep on growing as long as new frag-

ments are formed in the plasma phase. The process here reported for the formation of dangling 

bonds can and will happen also on the newly-deposited surface, meaning that the film accretion 

is a process taking place simultaneously at several activated sites. In this case, some steps can be 

also catalyzed via UV or VUV radiation escaping the plasma phase and impinging on the solid 

surface. The former reactions are then to be taken only as a partial breakdown of the overall pos-
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sible process, especially since, being exemplified pathways, their ideal stoichiometry is hardly 

found in a real plasma. As an example, thin films may also be formed via stronger participation of 

cations in the overall process, along the lines of [139]: 

                                            𝑅 − 𝑆𝑖 − 𝐶𝐻3    
  𝑒− 
→     [𝑅 − 𝑆𝑖 − 𝐶𝐻3]

+ + 𝑒−                                  (5.10) 

with the cation being then subjected to a heterolytic cleavage, so that: 

                                                [𝑅 − 𝑆𝑖 − 𝐶𝐻3]
+  → 𝑅 − 𝑆𝑖+ ∙  +  ∙ 𝐶𝐻3                                        (5.11) 

i.e. neutral radicals that can still follow the aforementioned pathway.  

Another possibility is an electron collision resulting only in an excitation of the precursor 

molecule, which can at a later stage decompose via a homolytic cleavage still resulting in the 

same products of Eq. 5.11 [139]: 

                                                 𝑅 − 𝑆𝑖 − 𝐶𝐻3    
  𝑒− 
→     [𝑅 − 𝑆𝑖 − 𝐶𝐻3]

∗                                          (5.12) 

                                                   [𝑅 − 𝑆𝑖 − 𝐶𝐻3]
∗  → 𝑅 − 𝑆𝑖 ∙  + ∙ 𝐶𝐻3                                        (5.13) 

For HMDSN in a microwave plasma, in particular, the fragmentation via breaking of the Si-N 

bond is also to be taken into account, contrary to most other cases [96, 125]. For HMDSO on the 

other hand, with the Si-O bond being the strongest in the precursor molecule, it can be assumed 

that most of the fragment resulting in net deposition on the surfaces still contain the original and 

intact Si-O-Si backbone.  

In case of oxygen being added as co-gas in the plasma feed the reagents must also include 

molecular oxygen both in the ground state and in an excited configuration and extremely reac-

tive atomic oxygen. In this case, the final solid products will inevitably incorporate oxygen both in 

their main chains and in their side branches. For HMDSN, oxygen will cause an easier rupture of 

the Si-N bond and the substitution of the amino-group with a single oxygen or an hydroxyl 

group, the latter to be expected thanks to the high abundance of hydrogen in the plasma phase. 

For HMDSO, on the other hand, an excess of oxygen will cause an even higher retention degree 

of the silicon oxide backbone of the precursors. More generally, oxygen will act as a scavenger, 

sequestering carbon and hydrogen atoms by forming very stable volatile products (see Eq. 5.1 

and 5.2), and leaving only non-volatile silicon to form an oxidized solid with SiOx as general for-

mula, with a variable and possibly non-integer x value. Residual organic groups on the solid sur-

face may always be ablated or substituted by oxygen in the plasma phase at a later stage than 

their deposition. As apparent in chapter 7.1.2, the actual reactions taking place in the plasma 

phase are not stoichiometric, as an inorganic film can be obtained for much higher dilution than 

those suggested by Eq. 5.1. The complex mechanisms in an oxygen-rich plasma leading for both 

monomers to a deposition of silica-like plasma-polymers are further detailed in Chapter 7.5.4. 
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Chapter 6 
 
Diagnostic methods 
 
In the current chapter, the diagnostic methods for the characterization of the PECVD films are 

listed and described. The methods for the measurement of the layers’ thickness will be elucidat-

ed, then the analyses for the study of their chemical composition. The microscopy methods for 

the study of the surface morphology will be described, followed by the methods for the evalua-

tion of the barrier properties of the films: in this case, a description of the two instruments em-

ployed and their cross-calibration will also be given. Finally, a full overview of the methods for the 

non-destructive localization of defects in barrier layers will be offered, starting with an introduc-

tion on the state of the art for such detection methods, the principles on which the test operates, 

a description of the experimental apparatus and an in-depth evaluation of its reliability and feasi-

bility. 

 

 

6.1 Profile measurements 
 

The thickness of the plasma-deposited films has been measured by means of a profilometer, the 

Perthometer C5D from the company Perthen. The instrument consists in a movable head con-

nected to a data processor. The head is equipped with a thin metallic tip that can be lowered on a 

solid sample until it is brought in contact with the surface; the tip moves on the surface for an ad-

justable scanning length, following the surface profile thanks to the flexible arm to which it is 

connected. The processor registers the height variations and displays them as a surface profile 

that can be later printed on millimeter paper. An ensuing conversion of the profile displayed in 

centimeters accordingly to the scale selected on the instrument gives the desired values.  

For the measurement of the thickness of the PECVD films, a glass substrate is covered at its 

extremities with two thin strips of duct tape, with a typical width of ≤ 1 mm, and later inserted in 

the reactor together with the other samples to be coated. The strips act as a mask, preventing 

the film to deposit on the underlying glass surface. After the deposition step, the glass slide is 

cleaned with compressed air, in order to remove eventual dust particles, the duct tape is re-
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moved and the surface profile in correspondence to the uncoated strips is recorded. The profile 

resembles a trench, with the height of the artificial steps corresponding to the thickness of the 

deposited film. The height is measured in centimeters with the help of a rule and later converted 

into nanometers or micrometers. For each deposited film, two profile readings have been carried 

out: for each of them, three values have been measured, two at the extremities of the displayed 

step and one in the center, in the latter case by prolonging the film surface profile over the 

‘trench’. The measurement process is schematically represented in Figure 6.1.  

 

In practice, the overall film thickness is assumed to be the calculated average. The sensitivity 

limits of the millimeter paper are equal to 0.5 mm, which for the smaller employed scale corre-

spond to a margin of error of 5 nm. The accuracy of the instrument itself is listed as 1 nm [140]. 

These values are then combined with the standard deviation associated to the average thickness 

in the total error affecting the measurements, according to the formula: 

                                                          √        
         

          
                                              (   ) 

where TOT is the total error, st.dev. the standard deviation arising from the six measured values, 

scale the sensitivity limits caused by the millimeter paper and instr. the accuracy of the profilome-

ter. The minimal measurable step has been found out to be around 10 nm high at the smaller 

Figure 6.1:  Profile measurement for the determination of the thickness of thin films (top): the tip 

connected to the movable arm of the profilometer slides on the sample surface, following the 

steps caused by the duct tape strips applied on the glass substrate before the deposition step. 

The stored height are displayed and printed on millimeter paper (bottom), on which the profile 

can be measured and converted in nanometers. In case of vertical tilting of the substrate, a 

curved baseline is to be observed (bottom right). 
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6.2   Chemical analyses 

scale, and it can be assumed to be the resolution limit of the employed instrument. Such value is 

however much smaller than the one for other techniques such as TEM or ellipsometry, that for 

colorless films become unreliable already for thicknesses around 50 nm [141]. 

 

 

6.2 Chemical analyses 
 

The chemical composition of the deposited films has been investigated by means of Fourier 

Transform InfraRed absorption spectroscopy (FTIR) in Attenuated Total Reflectance (ATR) and 

single-reflectance mode, and with X-ray Photoelectron Spectroscopy (XPS), as described below. 

 

 

6.2.1 Fourier-transform infrared (FTIR) spectroscopy 

 

In molecular bonds, the atoms involved rotate along their bond axis and vibrate, changing the 

bond’s angle and/or length, with typical frequencies that depend on the atoms forming the mo-

lecular bond and the latter’s type (single, double, triple), similarly to an unidimensional harmonic 

oscillator, with the mass of the atoms representing the weights and their bond acting as the 

spring connecting them. Yhe characteristic frequency  at which the system oscillates is then 

thus defined: 

                                                                           
 

  
  √  

 

 
                                                                (   ) 

where k is the elastic constant of the spring and  is the reduced mass of the system. A molecule 

with more than two atoms will show several vibrational modes for each of its molecular bonds, 

according to the following equation [142]: 

                                                                                                                                                   (   ) 

where Z is the total number of possible vibrations and N is the number of atoms in the molecule. 

For each vibrational mode, several connected rotational modes are possible. The combined roto-

vibrational typical frequencies lie in the infrared range of the electromagnetic spectrum, i.e. into 

a range of wavelength between 800 nm and 1 mm. If a molecular bond possesses a permanent 

dipole, which is absent only in cases of homoatomic molecules, and if the vibration induces a 

change into the dipole moment, then it can be excited or relaxed by an incoming photon with a 

frequency resonant to the aforementioned one . Such is the principle of InfraRed (IR) spectros-

copy, a diagnostic technique that allows to identify the unknown chemical composition of a 
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sample by exposing it to the full IR frequency range and by recording the variation in transmitted 

or absorbed intensity of said wavelengths. The method, as different molecular bonds possess 

different cross-sections and therefore different degrees of interaction with the resonant radia-

tion, cannot be used for quantitative determinations. It can, however, not only detect the ele-

mental composition of a sample, but also the way the different elements are bond to each other. 

Moreover, different substituents of the vibrating atoms, because of their different electronega-

tivity values, cause fine shifts in the typical frequency that can be detected and properly attribut-

ed. The main physical quantities involved in IR spectrometry, wavelength , frequency and 

wavenumber ̅  are thus related to each other: 

                                                                  ̅ [    ]   


 
  
 


                                                             (   ) 

with c being speed of light in vacuum. 

 

Fourier-Transform IR spectroscopy (FTIR) allows to record spectra in a much faster way than 

conventional single or double-ray IR spectroscopy: instead of recording the whole analyzed 

range by selecting and directing on the sample one frequency at a time, in FTIR spectroscopy all 

the desired frequencies coming from the source S are sent to the sample Sa simultaneously, after 

traveling in a Michelson interferometer, schematically represented in Figure 6.2.  

  

 

The incoming radiation is divided by the beam splitter BS and sent in two orthogonal direc-

tions. One of the mirrors M at the extremities of the interferometer is steadily moved during the 

Figure 6.2: Schematic representation of the Michelson interferometer connected to the IR spec-

trometer (left) and how the output signal is first amplified, recorded as interferogram and finally 

displayed as an absorption spectrum after an inverse Fourier transform (center and far right). Pic-

ture from [143]. 
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analysis (the span of the movement being labeled as x), so that the two beams are reflected and 

sent back to the beam splitter, where they recombine forming an interference pattern. The re-

combined radiation then reaches the sample, is partially depleted of the frequencies resonating 

with the rotovibrational modes of the sample’s constituents and is finally focused on the detector 

D. The output is recorded as an interferogram in the x [cm] domain and the computer, via an in-

verse Fourier transform, display the absorption curves (defined as the ratio between a reference 

value recorded without sample and the later output intensity for each frequency) in the wave-

number [cm-1] domain. It is thus possible to record and average several spectra of the same sam-

ple in the same time span necessary for a single scan with traditional spectroscopy, thus also in-

creasing the signal-to-noise ratio for a better spectra quality. No information is lost, thanks to the 

properties of the Fourier transform function. A schematic representation of the process is given 

in Figure 6.2. 

As in the current work the investigated films have on average a thickness of only 100 nm, 

single reflection modes would not be sensitive enough to analyze such thin films. An Attenuated 

Total Reflectance (ATR) mode has therefore been employed. In such configuration, two sub-

strates coated with the film to be investigated are pressed against a high refractive index crystal 

with a trapezoidal shape. The crystal index is so chosen, that the incoming radiation from the in-

terferometer entering in the crystal from one side is completely reflected at the crystal-sample 

interface, keeping traveling along its length before leaving it and being focused on the detector 

with a fixed mirror system. The system of mirrors before and after the sample holding cell and 

the details of the crystal in the latter are shown respectively in Figure 6.3 and 6.4. 

 

Figure 6.3: Top view of the attenuated total reflectance unit: the radiation modulated in the Mi-

chelson interferometer is focused inside a crystal where it travels along its whole length; once 

leaving the crystal, the infrared radiation is focused by means of a second pair of mirrors to the 

detector and the connected amplifier. 
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At every total reflection at the interface, an evanescent wave penetrates for a very short 

depth (few wavelengths) in the sample: the frequencies resonant with the molecular bonds of 

the latter are partially absorbed, leaving only the depleted fraction to travel further in the crystal. 

At each reflection, the selective absorption is repeated, thus increasing the sensitivity by several 

times. After up to 25 total internal reflections, the infrared radiation leaves the crystal and is then 

focused on the detector by a pair of mirrors and is processed as in normal reflectance mode. The 

penetration depth of the evanescent wave dp is however dependent on the wavelength of the 

radiation according to the following equation [144]: 

                                                              


     (           
 )
                                                      (   ) 

where is the tilting angle of the radiation at the entrance of the crystal and ns,c is the ratio be-

tween the refractive index of the sample and the one of the crystal. As a consequence, longer 

wavelengths (i.e. shorter wavenumbers) penetrate deeper in the sample and vice versa: com-

pared to normal reflectance configuration, then, an ATR spectrum will show an increased sensi-

tivity in the low-wavenumbers section and damped signals in the high-wavenumbers one. 

In the current work, all the absorption spectra have been recorded by means of an FTIR 

spectrometer Vector 22 from the company Bruker equipped with a silicon carbide rod (Globar®) 

as infrared source. When not stated otherwise, each spectrum is the average of 30 single record-

ings for the same sample, carried out with a slit opening of 4 cm-1. For the ATR unit, a KRS-5 crys-

tal made of a mixture of thallium bromide and iodide, with a refractive index equal to 2.37 [142], 

has been employed. The thin films to be analyzed have been deposited on strips of aluminum 

foils (aluminum being IR inactive). Before the recording of the proper absorption spectra, a blank 

aluminum sample has been analyzed in order to provide a reference and a background signal: 

such spectrum is later automatically subtracted by the recording software. Further processing of 

the acquired spectra has been carried out by means of the spectrometer software OPUS v6.5 and 

v7.8. 

The recording of the spectra of the gaseous monomers has been carried out by removing 

the ATR unit from the sample-holding cell and inserting a Pyrex glass containing kitchen paper 

drenched in the liquid monomer, in order to slow down the latter’s evaporation. After few 

Figure 6.4: High refractive index crystal with the coated aluminum foils (thin film in blue) pressed 

against its faces in the sample-holding steel element. The incoming IR radiation is reflected up to 

25 times in the crystal before leaving it. 
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6.2   Chemical analyses 

minutes of purging, necessary to flush away residual CO2 and water vapor from the cell, an ab-

sorption spectrum has been recorded with the same aforementioned procedure. 

 

 

6.2.2 X-ray photoelectron spectroscopy (XPS) 

 

X-ray photoelectron spectroscopy (XPS or Electron Secondary Emission for Chemical analysis, 

ESCA) is an analysis technique which allows to obtain both qualitative and semi-quantitative in-

formation on the chemical elemental composition of the uppermost molecular layers of an inves-

tigated surface. It is based on the photoelectron effect, i.e. the ionization of the target and sub-

sequent emission of electrons after an irradiation of photons with the appropriate energy (in the 

X-ray range, 100 eV – 100 keV). With the absorption of a photon with an energy greater than the 

first ionization threshold, valence and core electrons are extracted from the sample, with a resid-

ual kinetic energy Ek equal to the surplus energy given by the photon Eph, according to the follow-

ing equation:  

                                                                                                                                          (   ) 

where EB is the binding energy for the electron and   is a work function depending on the irradi-

ated material and the instrument. Knowing the energy of the incoming X-ray produced inside the 

XPS spectrometer and the work function, and by measuring the kinetic energy of the photoex-

tracted electrons, it is therefore possible to trace back to the original binding energy typical of a 

given atomic level in a given element. A mandatory condition for the analysis to be successful is 

that the extracted electrons do not collide with other particles while leaving the surface or travel-

ing towards the detector (the latter can be avoided by operating in vacuum conditions). Stray 

electrons are not useful for the analysis and form the background noise, usually in the form of 

long tails after an emission spike. The X-rays are produced by Bremsstrahlung after extracting 

electrons via thermoionic effect and accelerating them against a metallic target. Some of the 

highest energy electrons, after a certain threshold, start to ionize the target with subsequent 

emission of X-rays with a narrow energy dispersion. By counting the number of electrons with 

distinct kinetic energies being collected in the detector, it is therefore possible to calculate the 

relative abundance of an element in the investigated volume (usually displayed as fraction or 

percent). Moreover, in spite of the extracted electrons coming from core levels largely unin-

volved in the formation of molecular bonds, the different electronegativities of the atoms sur-

rounding them still exerts an influence in their binding energy, inducing small shifts that can give 

also qualitative information about the chemical composition of the probed material.  

As the electrons must not undergo collisions or scattering, the probed volume is reduced to 

the first few atomic and molecular surface layers, i.e. few tens of nanometers. The absence of 

contaminants on the surface becomes therefore of great import: the vacuum needed for the X-



Chapter 6. Diagnostic methods 
 
66 
 
 

ray not to be absorbed on their path to the target and, as mentioned above, to prevent the scat-

tering of the extracted electrons, can also help prevent the formation of adsorbate monolayers 

on the surface. For solid contaminants, on the other hand, a cleaning step with argon cations can 

be performed: in this case, however, the original bonds on the surface are altered or destroyed 

and the qualitative analysis of the shifts in the main peaks cannot be anymore representative of 

the ‘real’ surface chemistry. 

The ESCA analyses reported in the current work have been performed at the Fraunhofer-

Institut für Grenzflächen- und Bioverfahrenstechnik (IGB) by means of a Kratos Axis Supra 

equipped with a clustergun and a monochromatic Al K X-ray source (1486.6 eV). Scans of the 

signals originating from the samples in the 1350-0 eV range have been recorded before and after 

a cleaning step of their surfaces. Elemental quantitative analyses have been performed by means 

of the instrument’s associated ESCApe software, the atomic percentage being calculated 

through the internal standard factors for each peak. Correction of the eventual surface charging 

effects has been carried out by means of the C-C(H) bond (binding energy of 284.7 eV), used as 

an internal standard. Best fitting procedures for the C1s, N1s and Si2p high-resolution spectra 

have been carried out by means of the OPUS v7.8 software. For each peak, five to six purely 

Gaussian components have been employed. Their position has been kept fixed, while their full 

width at half maximum and intensity has been left without restraints. The position of each com-

ponent is reported in Table 6.1, together with their assigned chemical bond(s) and the reference 

sources. 

 

 

6.3 Microscopy 
 

In the current section, the methods for surface imaging based on interaction with light and elec-

trons will be illustrated. Optical microscopy will for the most part remain confined as supporting 

tool for the pinhole test described in section 6.5. 

 

 

6.3.1 Optical microscopy 

 

An optic or light microscope is a system of lens that focuses visible light on a surface and magni-

fies the obtained pictures, up to 2000 times, i.e. when the size of the photons becomes greater 

than the features to be investigated. The microscope can be coupled with a CCD camera that 

records and saves pictures and videos. In the current work, an OLYMPUS BX60 optical vertical 

microscope has been used in order to provide real-time pictures of samples subjected to the CO2 

test for the localization of defects in barrier layers (see also section 6.5). The microscope is con-

nected to an OLYMPUS DP27 color CCD camera with a maximal resolution of 2448 x 1920 pixels 
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6.3   Microscopy 

and a computer. Further processing of the acquired pictures and videos has been performed by 

means of the camera software OLYMPUS Stream Essentials (v19.3). 

 

Table 6.1: Peak positions and attributed chemical bonds of the components employed for the 

curve fitting of high resolution C1s, N1s and Si2p signals in ESCA analysis. 

 

Label Peak position Chemical bond    Reference 

  eV     

C0 284.7 C–C(H)  [145-149] 

C1 285.7 C–R–O [148] 

C2 286.5 C–O  [148, 149] 

C3 287.8 
C=O [150] 

O–C–O [150] 

C4 289 
O–C=O [150] 

O–C–O–O [150] 

N0 397.2 Si–NH–Si [151] 

N1 398 NSi3 [151] 

N2 399 NSi2C [151] 

N3 400 N–R–O  [148,149] 

N4 400.5 N–(R–O)2  [148,149] 

Si0 100.6 Si3–Si–C [149] 

Si1 101.5 
Si–O  [138,152] 

Si–N [151] 

Si2 102.1 Si–O2  [138,152] 

Si3 102.8 Si–O3  [138,152] 

Si4 103.4 Si–O4 [138,152] 

 

 

6.3.2 Scanning electron microscopy (SEM) 

 

Scanning Electron Microscopy (SEM), similarly to light microscopy, provides pictures of a surface. 

In this case however electrons are used in place of photons, allowing much higher resolutions to 
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be reached, and features up to 1-2 nm large to be detected: the former associated thermal de 

Broglie wavelength is in fact several orders of magnitude smaller than those of the visible range 

in the electromagnetic spectrum. Because for such imaging methods electrons are employed, 

high vacuum conditions are necessary in the whole microscope column, in order to prevent their 

reabsorption and deceleration caused by collisions with neutral atoms and molecules. The elec-

trons are generated by extracting them via thermoionic effect from a tungsten filament (the 

electron gun) and are accelerated by means of a high voltage against an open cathode. Magnetic 

coils along the main microscope column focus the electron beam in the two dimensions and de-

termine the size of its spot, that in turn affects the overall resolution of the instrument. A second 

set of coils down the column allows the beam to impinge on different areas of the sample sur-

face, i.e. the coils can control and tune a systematic scan of the latter. A schematic representa-

tion of a typical microscope column is shown in Picture 6.5. Once the electrons impinge on the 

surface, several signals are produced, most of which reported in Figure 6.6: 

- back-scattered electrons (also called primary electrons), i.e. electrons from the beam 

which are reflected at various angles after multiple collisions taking place in the upper-

most atomic or molecular layers of the sample; 

- secondary electrons emitted from the sample because of collisions with primary elec-

trons with sufficient kinetic energy to trigger ionization processes; 

- Auger electrons as consequence of the first wave of ionizations: if an electron from a core 

level is extracted, the vacancy is soon replenished by another electron decaying from the 

upper levels of the same atom. The subsequent high energy photon emitted can cause 

further ionization in the sample volume and further electrons to escape the surface; 

- emission electromagnetic radiation at various wavelengths, ranging from X-rays to 

thermal microwaves. 

Because of the high voltage applied to them along the column, primary electrons remain the 

most energetic ones and can escape the surface even after penetrating for several nanometers 

inside it with an energy of some keV. By contrast, secondary electrons already possess a reduced 

starting kinetic energy, which is likely to further diminish following collisions in the bulk of the 

sample. As a consequence, the only secondary electrons to successfully escape are those coming 

from the uppermost molecular layers of the surface with an energy of few eV, at the same time 

providing the most informations about the sample’s morphology. Several detectors, either built 

slightly off-axis in the column or at an angle in the sample chamber, collect the emitted electrons 

and provide a picture of the surface, assembled by moving the electron spot along lines on the 

desired area (hence scanning microscopy). The black and white picture’s brightness is directly 

proportional to the number of electrons collected.  
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6.3   Microscopy 

 

Because of the net electric current flowing into the sample, it is necessary, for the latter to 

be suited for SEM analyses, that its surface is electrically conductive; the induced charge cannot 

otherwise be effectively dissipated, causing a progressive charging of the surface and conse-

quent repulsion of further incident electrons, thus compromising the scansion outcome, either by 

deformation of the pictures or by whiteout effects. Surface can be made conductive by applying 

beforehand a thin metallic (usually gold, chromium or platinum) or graphite layer by means of 

sputter deposition. Too thin layers can still result in poor conductivity and surface loading effects. 

Figure 6.5: Schematic representation of the SEM column (left) and focusing of the electron beam 

(right). The first two coils (gun alignment) center the electron beam extracted from the source 

(gun) in the two dimensions. C1 and C2 are two magnetic lenses regulating the beam diameter by 

changing the current flowing through them; C1 tunes the source attenuation, C2 the aperture 

angle. An InterMediate Lens (IML) adjusts the size of the beam reaching the last lens (O1), that 

focuses the beam on the sample surface. Stray electrons leaving the main beam can still reach 

the surface but do not contribute to the imaging process. The picture is acquired by moving the 

electron spot on the surface by means of the scanning coils. 



Chapter 6. Diagnostic methods 
 
70 
 
 

Thick conductive layers however should be avoided as well, since they result in surface topogra-

phy alterations. 

 

 
 

In the present work, the PECVD films deposited on a PET foil have been investigated by 

means of a VEGA Plus TS 5135 MM SEM from the company Tescan [153]. The accelerating volt-

age employed has not exceeded 10 keV, in order not to damage the soft polymeric substrate. 

The samples have been metalized prior to the SEM analysis by means of a sputter coater 

from Cressington [154], the Sputter Coater 108auto, with a gold target. The operating parame-

ters have been tuned in order to obtain a homogeneous deposition of roughly 30 nm of metal. 

The electric contact between the samples and the metallic stubs they are fixed on (by means of 

graphite-based adhesive films) has been further enhanced by bridges made up of a silver colloi-

dal paste-like dispersion. 

Further analyses have also been carried out at the Fraunhofer IGB by means of a Zeiss (Leo) 

1530VP scanning electron microscope. The samples for such analyses have been prepared by 

sputter coating them with 1-2 nm of platinum.  

 

Figure 6.6: Signals produced by an accelerated electron beam impinging on a sample at the end 

of a SEM column. The section interacting with the incoming particles becomes wider as the beam 

penetrates in the sample bulk (drop-like gray area). 
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6.4   Permeation Measurements 

6.4 Permeation measurements 
 

In the following section, the methods for the evaluation of the barrier properties of thin films 

against oxygen will be illustrated. The two instruments employed in the current work will be de-

scribed and, finally, the accordance of the experimental results obtained through them will be 

shown. 

 

 

6.4.1 Experimental set-up 

 

The determination of the oxygen transmission rates of the thin films takes place by means of the 

so-called carrier gas method: according to it, the polymeric substrate with the to-be-investigated 

thin film on top of it is placed in a sealed sample-holding cell, schematically drawn in Figure 6.7. 

The foil acts as a separator between the two halves of the cell, one of which is flushed with an 

inert gas, in this case nitrogen, while the second has a pure flux of the gas the transmission rates 

of which are to be investigated, in this case oxygen. The outlet of the half of the cell flushed with 

nitrogen is connected to an oxygen detector that provides in real time the parts per million [ppm] 

of oxygen in the carrier gas flux.   

 

 

In the current work, two different measuring systems based on the carrier gas method have 

been employed (more information in the following 6.4.2 section); they are reported in Figure 6.8. 

In both cases, the system consists of a sample holding cell submerged in a water bath, in order to 

keep the temperature constant for the whole duration of the measurement (see Chapter 3 for 

the dependence of permeation on temperature). The cells (shown in Figure 6.9) are equipped 

with two concentric O-rings, the most external one to seal the cell against the water, the second 

Figure 6.7: Schematic view of the sample-holding cell for the carrier gas method. The molecules 

of the permeand gas moving from the upper to the lower cell through the investigated foil are 

then flushed to the detector that measure and displays their relative abundance in real time. 
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one (with a corresponding ring in the upper lid of the cell) to block the sample and allow gas 

transfer only through it. The diameter of the latter determines the diameter of the investigated 

area. Upstream, the cell inlets are connected to gas bottles by means of mass flow controllers 

operated through a control unit. The outlet of the upper half of the lid ends in open air, while the 

second is connected to the oxygen detector. A computer connected to the latter allows for the 

data to be stored and displayed as a permeation curve vs. time by means of a program designed 

in the LabVIEW platform from National Instruments. 

 

Figure 6.8: Systems for the measurements of the oxygen transmission rates of thin plasma-

polymerized barrier layers. 
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6.4   Permeation Measurements 

 

The operating principle of the oxygen sensors is based on the Nernst equation for a solid 

state electrolytic cell: 

                                                                      
  

  
      

       
       

                                                         (   ) 

where U is the cell potential (measured in [V]), R the universal gas constant, T the temperature 

(measured in [K]), F the Faraday constant (expressed in [C mol-1]), PO2,Air is the partial pressure of 

oxygen in dry air in correspondence of the reference electrode and PO2,Gas is its partial pressure in 

the carrier gas at the working electrode. The cell inside the sensor is shown in Figure 6.10: it con-

sists of two platinum electrodes isolated from each other. The reference electrode is sealed in dry 

air inside a ceramic compartment. The working electrode lies inside a zirconia (ZrO2) cylinder 

through which the to-be-measured gas flows. The difference in the oxygen partial pressure in-

duces an electric potential between the electrodes and a consequent electric current trough the 

zirconia. As the latter’s conductivity depends exponentially on the temperature, the cylinder is 

kept at a constant operating value of 750 °C by means of an electric oven. The measured values 

are converted in the oxygen concentration in the flowing gas O2, displayed in vol% (in part per 

million) according to the following equation: 

                                                                  [         
 

 
]                                         (   ) 

where U is the potential in mV between the two electrodes, T is the operating temperature in K 

and the first term corresponds to the concentration of oxygen in air with an humidity of 50%, ex-

pressed in vol% [155, 156]. In the current work, an SGMT1 and an SGM5 sensor from the ZIROX 

Sensoren und Elektronik Company have been employed. In both cases, the instrument error is 

declared to be smaller than 5 % [155, 156].  

The permeation measurements are thus carried out (some steps are illustrated in Figure 

Figure 6.9: Open sample-holding cells showing the pair of O-rings in the lower half and the corre-

sponding O-ring in the upper one, for the smaller diameter only. The outer O-ring provides a 

sealing against the bath water, the inner pair against gases and keeps the foil in position. 
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6.11): 

i) the sample to be investigated is cut in a circle of the appropriate radius, slightly larger 

than the measured area in the sample-holding cell; 

ii) the cell is disconnected from the system and opened; the sample is inserted and the cell 

closed and reconnected again; 

iii) for the permeation process to follow a Fickian behavior, it is necessary that the initial 

concentration of oxygen in the lower half of the cell is null. As both halves of the cell are 

rich in oxygen upon being exposed to air, both are flushed with a pure nitrogen flow (Fig. 

6.11 a). The output signal from the Zirox sensor is recorded; 

iv) when the oxygen level reaches a stable minimum, the gas in the upper half of the cell is 

switched to oxygen by means of the mass flow controller (MFC) central unit (Fig. 6.11 b); 

v) the three steps of the permeation process described in section 3.1 take place (Fig. 6.11 c); 

after further time, the first oxygen molecules reach the sensor and are detected (Fig. 6.11 

d); the delay depends on the barrier properties of the investigated sample and on the 

employed carrier gas flow; 

vi) the measurement is carried out until a steady-state value in the oxygen level is reached; 

the necessary time is dependent on the barrier properties of the investigated sample; 

vii) a new sample is prepared and the process starts again from step one. 

The entire procedure is devised so that the process follows the boundary conditions, introduced 

in Chapter 3.2, necessary for an analytical solution of the Fick’s laws. The carrier gas in particular, 

besides enabling the sensor to register the permeated oxygen fraction, helps keeping the system 

at a steady state where the concentration gradient is still at its maximum. Were this not the case, 

errors like back diffusion or slowing down of the permeation process would be introduced, invali-

dating the measurements. 
  

Figure 6.10: Galvanic cell for the determination of the oxygen concentration in a gaseous flux. 

Picture from [151]. 
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6.4   Permeation Measurements 

 

The final value out of the process is obtained through an average of the oxygen concentra-

tion recorded in the steady-state value range, and comes with an associated standard deviation. 

The average of the residual oxygen concentration in the carrier gas before the beginning of the 

measurement is then subtracted from it. Such values, still displayed in [ppm], are converted in an 

oxygen transmission rate (OTR) normalized for gas volume, area unit, pressure and day through 

the following equation: 

                                        [             ]   
            
    

                                     (   ) 

where X is the oxygen concentration displayed in ppm,  is the carrier gas flow in sccm, A is 

the area of the investigated circle in squared meters, P is the ambient pressure, in bar, at which 

the measurement has been carried out, and 60∙24 (minutes ∙ hours) is a factor needed to obtain 

the daily OTR value. The normalization has to take into account the carrier gas flow, as it affects 

the measured values by artificially ‘diluting’ the permeated oxygen fraction. For the same sam-

ple, different carrier flows would then result in different O2 fractions. The effects of the pressure 

must also be taken into account, as both outlets of the two halves of the sample-holding cell end 

up in the atmosphere: a relatively high pressure can ‘push’ against the gases during their release, 

Figure 6.11: Schematic representation of the main steps in the permeation measurement routine: 

flushing with nitrogen (a), switching to permeand gas (oxygen) flow (b), adsorption, diffusion and 

detachment taking place in the sample (c), detection of the first permeated molecules brought to 

the detector by the carrier gas (nitrogen) (d). 
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slowing them down, artificially increasing the measured oxygen concentration and decreasing 

the concentration gradient, and vice versa.   

When not explicitly stated otherwise, the permeation measurements in the current work are 

to be assumed to have been carried out with a set temperature of the water bad of 35 °C, in order 

to have a good signal-to-noise ratio. For all the investigated samples, moreover, the carrier gas 

flux has been set and kept at 10 sccm for both lines. The systems have been kept constantly 

flushed with nitrogen even when not employed for sample testing, in order to keep oxygen re-

siduals at a minimum, as stopping the gas flows only to restart them later causes the first purging 

sessions to last much longer. 

 

 

6.4.2 Instruments cross-calibration 

 

Table 6.2 reports the specifics for the two systems displayed in Figure 6.8. The Lauda E200 bath 

has a reported temperature stability of ± 0.2 °C, the Julabo CORIO CD.B27 one equal to ± 0.03 °C. 

 
 

Table 6.2: Specifics of the two permeation measurement systems employed: radius and area of 

the sample-holding cell, thermostats connected to the water baths, oxygen sensors. 

 

System I 

Cell Bath thermostat Sensor 

 radius [cm] 1.6 Lauda E200 SGMT 5 

area [cm2] 8.04       

System II 

Cell Bath thermostat Sensor 

 radius [cm] 3.7 Julabo  CORIO CD-B27 SGMT 1 

area [cm2] 43.01       

 

The second system has been built and assembled ex novo at a later stage of the current 

work. The main difference in the two systems is the size of the cell, which determines the 

amount of oxygen that permeates through the samples: the bigger cell, for a given sample, and 

with carrier gas flows constant for both systems, results in a detected signal roughly five times 

higher than for the smaller cell. Such increase in sensitivity is especially useful for measurements 

carried out at lower temperatures, where for the smaller cell the signal becomes comparable 

with the noise level of the background. The length of the pipe system, both up- and down-

stream the sample-holding cell, is also much greater for System II. This in turn causes longer de-
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6.4   Permeation Measurements 

lay times during a permeation measurement, i.e. the time needed for the oxygen molecules only 

to reach the upper half of the cells and later to reach the sensor. Such delay is not related to the 

proper time needed for the molecules to permeate in the samples and needs to be measured and 

then excluded in the subsequent calculations for the diffusion coefficient. Figure 6.12 shows the 

line length and the correlated delay time for both systems: the latter has been calculated by leav-

ing the cells empty of samples and then measuring the time needed for a first increase in the 

measured oxygen concentration. In both systems, the same carrier gas flow (10 sccm) has been 

employed. The displayed values are averaged out of five measurements per system. 

 

Finally, in order to confirm the agreement of the results obtained by the two systems, one 

foil coated with a good barrier has been tested in System II. After the measurement, the central 

area of the sample has been cut out in order to be accommodated in the smaller sample-holding 

cell, and the measurement has been repeated with System I. The measured curves of the oxygen 

concentration as a function of time for both systems are reported in Figure 6.13. The curves have 

been normalized to their respective steady-state value, as the first measurement would result in 

a ‘raw’ curve five times higher than the second, and corrected in order to account for the different 

length of the pipelines. The two spikes observed for System II are systematic random errors 

caused by the older oxygen sensor: they bear no effect on the recorded final values, as the oxy-

gen signal after the spike returns to its original values. The curves are in good agreement with 

each other, they possess similar shapes and rise times. The shoulder appearing in the initial stag-

es of the rising signal (not an error, but caused by the properties of the tested barrier) is likewise 

Figure 6.12: Delay time (left axis) for the first oxygen molecules to travel the entire line, from 

MFC to sensor, without samples in the cell, and their overall covered distance (right axis) for the 

two systems employed in oxygen permeation measurements. 
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preserved also in the second measurement. The normalized values for such curves are displayed 

in Figure 6.14. It is possible to observe again a good agreement between the data, with a discrep-

ancy of around 6 %, only slightly higher than the reproducibility limits listed for the two sensors. 

In light of such cross-calibration, therefore, the normalized values coming from both systems 

have been freely compared to each other in Chapter 7 without further corrections or limitations. 

 

Figure 6.13: Oxygen concentration in the carrier gas, displayed as ppm, as a function of time in 

the two systems, for the same coated sample. 

Figure 6.14: Oxygen transmission rate values for the measurements in the two systems of the 

sample coated foil. The associated discrepancy between the two values is reported in the top left 

corner. 



 
79 

 
 

6.5   CO2 test for the localization of defects in barrier layers 

6.5 CO2 test for the localization of defects in barrier layers 
 

In the current section, before presenting the new test developed in the current work, a brief re-

view of the already existing methods for the localization and identification of defects will be giv-

en. The principles and the chemical processes on which the newly developed detection test will 

be subsequently presented. The experimental set-up will be described and, finally, a series of pre-

liminary tests will be shown and commented, in order to evaluate the reliability and of the test 

and to ascertain if it can be successfully employed for the detection of defects in thin PECVD bar-

rier layers. 

 

 

6.5.1 State of the art for other defect detection methods 

 

Defects in opaque thin films can be easily spotted even with the naked eye, provided they are 

sizeable enough, or alternative with optical microscopes in light transmission mode [76]. Color-

less films, as silica-like plasma-deposited layers, on the other hand, do not provide enough con-

trast for such localization. Other methods must therefore be employed, usually based on enlarg-

ing the defects or otherwise selectively modifying the substrate lying underneath them. Later 

retrieval is however always limited by the resolutions of the employed techniques. So for optical 

microscopy the lower threshold is constituted by the diffraction limit of visible radiation, around 

0.2 m, and even with transmission electron microscopy it is sometimes difficult to detect fea-

tures smaller than one micron on thin films [79]. 

 

 

Calcium test 

The so-called calcium test consists of depositing the thin film, the barrier properties of which are 

to be investigated, on a layer of known thickness of pure elemental calcium. Calcium is degraded 

by reacting with water vapor and oxygen permeating through the pinholes, and turns from an 

opaque metal to a transparent oxide, resulting in the formation of circles underneath the defects 

that can be spotted with optical microscopes [157, 158]. The size of such circles, and consequent-

ly the amount of oxidized calcium, can be then accurately correlated to the permeation through 

the single defects. The main limitations of such test are several: the calcium layers, usually de-

posited by means of thermal evaporation [159] on a transparent, stiff substrate, need to be pro-

tected from exposure to air before the proper barrier deposition step; this can be achieved by 

spin-coating a temporary barrier on top of them. The presence of such intermediate layer can 

have consequences on the subsequent growth of the barrier layer, and on its defect density, 

which are not easily foreseeable. Moreover, a full corrosion of the calcium layer needs to take 
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place, for the defects location to become apparent: the amount of oxidized calcium depends on 

the size and permeability of the overlying defect, which can results in tests running for several 

hundreds of hours before an oxidized circle becomes visible. In such amount of time, on the other 

hand, the calcium layer underneath bigger defects will be completely oxidized, resulting in the 

merging of adjacent defects and in an underestimation of their density. Finally, such test does 

not discriminate between O2 and water vapor [18]. 

A variation of the former method is to employ proper OLEDs as substrates to be coated: in 

this way, it is possible to localize the defects in the barrier layers by the formation of black inac-

tive spots in the emitting layer of the device. The main limit of such method is of course the high 

cost of such sacrificial substrates, their time-consuming production step, and the poor reproduci-

bility of the test itself, as most of the OLEDs are themselves prototypes. 

 

Electrodeposition 

With this method, the film to be investigated is deposited onto a metallic copper layer on top of a 

glass substrate: such system is later submerged in an electroplating bath, where copper may de-

posit on the sample only through and on top of the barrier defects. The induced surface bumps, 

with a radius of 10 microns or more, can later be retrieved by atomic force, scanning electron or 

optical microscopy [160]. While the size of the defects plays a role in the amount of deposited 

copper, and can therefore be at least inferred through this test, the deposited copper completely 

destroys the defects channel, nor does it allow to determine what caused their growth in the first 

place. Close defects finally result in irregular patches of copper of uncertain attribution. 

 

Selective solvent 

Similar to the above described case, this method is based on the selective absorption of a solvent 

by the polymeric substrate underneath the barrier film: the sample is brought in contact with the 

liquid, whose molecules travel through the defects and are absorbed by the polymer. The local 

swelling can be later retrieved by atomic force or optical microscopy [161]. The main disad-

vantage of such method is again its destructiveness, as the increase in the polymer volume caus-

es the barrier to buckle, crack and possibly detach in large flakes. The resolution limit is consti-

tuted by the solvent molecular size, which is almost always much larger than for oxygen mole-

cules. Defects with smaller radii are therefore overlooked, leading to an underestimation of their 

densities. Merging of the bumps of defect lying too close to each other is also to be observed. 

 

Plasma etching 

Such method, developed by da Silva Sobrinho et al. [32, 33 36, 60, 141] specifically for plasma-

deposited thin barriers, and based on known undercutting effects on coated polyimide in aero-

spatial applications [162], relies on a second plasma treatment that can take place immediately 

after the deposition step. The sample, with the oxygen barrier on the upper side, is exposed to a 



 
81 

 
 

6.5   CO2 test for the localization of defects in barrier layers 

pure oxygen plasma; the oxygen molecules and atoms penetrate selectively through the pin-

holes and reach the polymer, etching it directly underneath the defects. The process, assumed to 

be isotropic, digs circular hemispheres in the substrate, with radii depending on the duration of 

the etching and on the size of the defect. Several ways of making them retrievable for later anal-

yses are possible. The etching can be protracted long enough (several hours [32]) until the foil is 

completely etched and a punch-through on the backside is visible. Such holes can be made more 

apparent by applying moist corn starch on the backside on the polymer and then expose the 

coated side to iodine vapors [141]: the reaction with the latter causes blue spots to appear, which 

can be readily detected even with the naked eye. While useful for a quick test of the homogenei-

ty of large surface areas, particularly for industrial purposes, the macroscopic size of such stains 

completely prevents the individuation of single defects with a microscopic spacing. 

Alternatively, scanning electron microscopy can be employed for the detection. The hemi-

spheres etched in the polymer may be made more apparent by applying beforehand a strip of 

duct tape on the barrier side of the sample and then stripping it away: the barrier layer ‘hanging’ 

over the etched foils will detach with the tape. In this way, of course, the barrier in proximity of 

the defect is completely destroyed. Another possibility is to simply observe the barrier surface: 

the products of the polymer etching, being trapped underneath the barrier, build locally higher 

pressures that do often result in pinholes being forcefully enlarged and presenting jutted, out-

wardly twisted rims with diameters in the micrometric range [163]. In this case, too, the barrier is 

destroyed. 

The main advantage of such method over the previously described ones is that the size of 

the etched areas is linearly dependent on the radius of the defects, and therefore not only a nu-

merical density of the latter, but also a distribution of their size can be calculated, by plotting the 

radii of the etched areas as a function of the etching time and then, through linear regression, by 

obtaining the original size of the defect [33]. Moreover, by employing oxygen as reactant, all ‘ac-

tive’ pinholes can be detected. Such method suffers however from extremely long treatment 

times, and is fundamentally destructive in nature, both towards the polymer substrate and, most 

of the times, the overlying barrier film.  

 

Cyclic voltammetry 

With this technique, the barrier is deposited on a gold substrate than later acts as electrode in a 

ferricyanide/ferrocyanide reversible redox reaction. The latter can take place only on the uncov-

ered areas of the electrode, i.e. at the bottom of the defects in the barrier film. Knowing the volt-

ammogram for an uncoated electrode of similar size and shape, acting as a reference, it is then 

possible to calculate the surface coverage provided by the barrier and, therefore, the total sur-

face fraction covered by defects [164]. The main limitation of such method is that it can only cal-

culate the overall area of defects, but it says nothing about their average size, the distribution of 

the latter, or about their location on the surface. Most importantly, the redox complex employed 
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has a radius of 0.96 nm [165], almost one order of magnitude higher than the respective value for 

the oxygen molecule (0.12 nm). Defects inaccessible to the former may well still be permeated by 

oxygen molecules, and therefore this detection method suffers from systematic resolution limits. 

 

The defect densities calculated by means of some of the aforementioned methods for thin 

films with ‘good’ barrier properties, not all of which deposited via plasma, are reported in Table 

6.3. When available, the corresponding normalized oxygen transmission rates have been includ-

ed. 

 

 

Table 6.3: Tabulation of defect densities for single-layer inorganic barrier films deposited on pol-

ymeric substrates by means of different techniques, together with the corresponding oxygen 

transmission rates when available. 

 

Defect  
density 

Barrier film 
Deposition  
method 

Substrate   OTR Reference 

mm-2       cm3/m2·day·bar   

200 AlOx 
Magnetron  
sputtering PET 1.94 [30] 

600 AlOxNy 
Magnetron  
sputtering PET 1.2 [25] 

80 SiOx PECVD PET 0.4 [32] 

25 
Al  
(commercial) PVD n.a. n.a. 

 
[79] 

130 - 400 Al PVD PET 1 - 2 [79] 

11 - 1100 SiO2 PECVD PET 4 - 40 [32] 

5 - 100 Si3N4 PECVD PET 0.06 - 53 [32] 

100 - 300 Al evaporated PET n.a. [7] 

200 Al sputtering PET n.a. [166] 

100 - 1000 Al evaporated BOPP n.a. [167] 

3000 SiOx PEVCD PET 1 [34] 

40 - 170 SiOx PEVCD PET 0.89 - 1.78 [163] 

700 AlOxNy 
Magnetron  
sputtering PET 3 [168] 
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6.5.2 CO2 pinhole test – chemical principles and processes  

 

Calcium carbonate is a salt of carbonic acid with a poor solubility in aqueous solutions, where it 

usually precipitates in the form of crystalline aggregates: calcium carbonate presents three an-

hydrous polymorphs, calcite, aragonite and vaterite, belonging respectively to the trigonal, or-

thorhombic and hexagonal crystal system. At standard condition, calcite is the most stable pol-

ymorph and vaterite the least, with the latter tending to dissolute again and to recrystallize as 

the former (same applies, to a lesser extent, to aragonite) [169, 170]. Calcium carbonate forms 

spontaneously in water in which dissociated calcium cations are present, together with dissolved 

carbon dioxide diffusing from the atmosphere. The latter reacts weakly with water by forming 

carbonic acid, which can in turn dissociate first in hydrogen carbonate and then in carbonate; 

both carbonate species can react with calcium cations and form calcium carbonate. A list of the 

equilibrium reactions for the whole process is here presented [171-176]; the source for calcium is 

in this case presented as calcium hydroxide; all reactions are to be assumed to take place in 

aqueous phase: 
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                                                             (  )      
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                                                                                                                                 (    ) 

                                                                      ( )     (  )                                                       (    ) 
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The overall simplified reaction can be then written as: 

                                                  (  )      
        
→         ( )                                         (    ) 

The reaction of calcium with the hydrogen carbonate is slightly more favorable than the one with 

the carbonate anion for pH values in the 6 to 9 range. The rate limited step is constituted by the 

formation of carbonic acid and its dissociation, with the equilibrium of the reactions being 

strongly shifted to the left (the ratio of CO2(aq) to H2CO3 being close to 400:1). On the other 

hand, calcium carbonate is poorly soluble (15 mg/L in pure water at 25 °C [177], so the equilibrium 
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for the precipitation step is strongly shifted to the right.  

The formation of the crystals themselves remains far from being completely understood: it 

is generally accepted that without a crystallization seed already present in the solution, a high 

level of supersaturation is required in order to overcome the energetic barrier for the formation 

of a solid crystal [169, 178], but precipitation will nonetheless always take place, after a more or 

less long induction time [179]. The oversaturation S is defined as: 

                                                                        
[    ][   

  ]

  
                                                        (    ) 

where [    ] and [   
  ] are the concentrations (in [mol/L]) of calcium and carbonate ions, and 

cKS is the concentration solubility product constant of calcium carbonate [180, 181]. The oversat-

uration value, in case of a solution with saturated concentration of calcium ions, such as for ex-

ample lime water, depends essentially on the amount of carbon dioxide present in the atmos-

phere surrounding it, in accord with Henry’s law: 

                                                                        [   
 ]   

  
    

                                                              (    ) 

where [   
 ] is the total concentration of the hydrated and non-hydrated forms of carbon diox-

ide in solution, i.e. the dissolved CO2, carbonic acid, bicarbonate and carbonate, KH is the con-

stant typical for each gas and pCO2 is the partial pressure of the carbon dioxide in atmosphere. 

Finally, the dependence of the activation energy for the crystallization, Ga, on the oversatura-

tion is equal to [179, 180]: 

                                                                                 
 

  
                                                                 (    ) 

Once a sufficient oversaturation is attained, the nucleation process follows allegedly the 

Ostwald step rule [181, 182], according to which the system will first quickly go through a series 

of metastable phases, each one lowering the surface energy of the solid being formed and with a 

relatively small activation energy for the conversion in the following one, before finally reaching a 

stable and final solid phase, i.e. one crystalline polymorph. For calcium carbonate, this means 

first the formation of nano-clusters during the prenucleation phase via Brownian motion collision 

[183], then a gelatinous phase with an inhomogeneous density that seems to coalesce into 

amorphous CaCO3 via expulsion of water [184]. The amorphous calcium carbonate [169, 185], in 

turn, is partly hydrated (CaCO3·1.5H2O) [170] and still unstable, so it will quickly transform in cal-

cite in few minutes [169, 170]. Eventual formation of vaterite and aragonite as first crystalline 

polymorphs will too results in recrystallization as calcite, with the process taking hours for the 

former and months for the latter [169]. Calcite is therefore always the final product, and the oth-

er two polymorphs, in ambient conditions and without additives in the solution, are to be consid-
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ered intermediate ‘Ostwald’ steps in the crystallization process. 

The crystals thus obtained, especially in case of high oversaturation levels [186] and viscous 

systems (as in the case of the gelatinous precursor, in fact), are polycrystalline, highly branched 

aggregates called spherulites [187, 188]: their formation mechanism is still not fully understood 

[187-190], but they mostly consist of an initial crystalline core that branches with non-

crystallographic angles, i.e. not dictated by its crystalline group [187] and that grows through 

transport of matter and heat onto its surface [191]. Alternatively, spherulites can result from mul-

ti-directional growth, similarly to dendrimers [188, 192]. In the former case, they often results in 

sheaf-of-wheat or dumbbell-like shapes [190, 193], that keep branching until they close on them-

selves, resembling spheres with equatorial lines where the lobes conjoined together [193] and 

two internal eyes at the side of the initial crystal (uncrystallized hollow regions) [189], as shown in 

Figure 6.15 [194]. Despite claims that spherulites can only originate in the presence of additives in 

the solution or more generic – even solid – impurities [187, 188, 193], several studies demonstrat-

ed how the latter cannot be the general cause for such aggregates [186, 191], and that indeed 

spherulites and dumbbells can form in pure solutions [181, 184, 190, 195,196] and in very short 

timespans (minutes [190] or even seconds [196]). 

 

 

In light of what said up to now, then, a possible, non-destructive test for the localization and 

identification of defects in thin barrier layers has been devised: the sample to be investigated acts 

as separator in a sealed cell between a pure CO2 atmosphere and a saturated lime water solution. 

The first underlying assumption is that carbon dioxide will permeate preferentially and very 

quickly through the defects and will come in contact with the aqueous solution at their ‘mouths’; 

such assumption is corroborated by the extremely high transmission rates of CO2 in polymeric 

materials, which are five times higher than the corresponding values for O2 [197]: such discrepan-

cy arises because carbon dioxide, a ‘fast gas’, possesses a small kinetic radius (3.3 Å) and a strong 

Figure 6.15: Sheaf of wheat precursor for a spherulite: the black arrows show the direction of 

growth from the ends of the initial crystallite; the final result is a symmetrical spherical body with 

two internal hollows [194]. 
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polarity, both of which ease its passage in the intramolecular voids in a bulk material. Oxygen, on 

the other hand, has a slightly bigger radius (3.46 Å) but no dipolar moment [74]. The permeation 

process will therefore be much shorter than the several hours required for oxygen permeation, as 

reported in section 6.4. Having reached the barrier film on top, then, CO2 will quickly pass 

through the latter’s micro-defects into the aqueous solution above. The permeation of carbon 

dioxide will act therefore as a counterpart to the injection of CaCO3 precursors in more classical 

precipitation studies. Andreassen et al. [190] have demonstrated how precipitation in absence of 

crystallization seeds via simple CO2 bubbling at room temperature is possible. 

The second assumption for the test is that, at this point, a quick precipitation process will 

take place, resulting in crystals lying on top of such defects, making them retrievable for later 

analyses. The process must be quick, so that the initial nano-aggregates cannot diffuse in the so-

lution, away from the defects, and precipitate somewhere else. This assumption is corroborated 

by the previously reported studies indicating that a quick crystallization is possible. Furthermore, 

a saturated lime water solution, with a pH of 12.4, will also have beneficial effects on the precipi-

tation process. With increasing pH, hydrogen carbonate ions tend to convert into carbonate ions, 

so much that the latter become the prevalent form of hydrated CO2 for pH ≥ 10.5, thus increasing 

the oversaturation S values [198]. On the other hand, in accord with Henry’s law, the pure CO2 

atmosphere will maximize the oversaturation, thus favoring a concentration gradient strong 

enough for precipitation, but only in the immediate proximity of the defects (pCO2 = 1).  

No additives in the solution will be required, as not strictly necessary for calcium carbonate 

crystallization, and in order to avoid their possible effects on the precipitation process and on the 

shape of the thus obtained crystals [190, 193, 198-200]. 

Such CO2 test will overcome the destructiveness of most of the techniques reported in sec-

tion 6.5.1 while at the same time being much faster than the plasma etching method. The crys-

tals, when equated to the defects, will allow the latter’s numerical densities to be calculated, 

while they shape and size may provide qualitative information about the underlying defects (see 

also section 6.5.4). The theoretical resolution limits are moreover virtually non-existent, as the 

similar radii of CO2 and O2 allow the former to permeate only and all the defects accessible to the 

latter, while eventual crystallites too small for a detection by optical microscopy can be easily 

made visible by letting them grow with longer test times. A complete depletion of the lime water 

solution that could invalidate the reliability of the test has to be considered unlikely, as the ex-

pected crystallites total mass produced during a test run would still require a negligible amount 

of the calcium ions in the saturated solution. 

 

 

6.5.3 Sample-holding cell and experimental set-up 

 

The main piece of experimental set-up, built specifically for such purpose, is the sample-
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holding cell, a schematic representation of which is illustrated in Figure 6.16: it consists of a sys-

tem of stainless steel rings, sealed by means of O-rings, forming two half chambers: the lower 

chamber is made up by a single steel piece and presents an inlet for the pure CO2 flux, connected 

through two adjustable pressure regulators to a pressured bottle, and an outlet that ends in open 

air. The bottom of the chamber is covered by a thin Teflon film, in order to provide a white back-

ground. A first steel ring equipped with an O-ring fixes then the to-be-tested sample in place. The 

inner radius of the cell is equal to 8 cm, corresponding to a sampled area of  · 64 cm2. A second 

ring constitutes the upper half of the cell, later to be flooded with limewater. On top of it a poly-

carbonate plate acts as a window for real-time observation of the sample surface. The whole sys-

tem is pierced by screws fastening it to an object plate that can be mounted on the microscope 

movable stage. The single components of the cell and the whole system assembled and mount-

ed under the microscope are shown in Figure 6.17. Because of the total thickness of the sample-

holding cell, only the x5 and x10 magnification lenses can be successfully focused on the surface. 

Such is then the current resolution limit. The microscope, as reported in section 6.3.1, is equipped 

with a digital camera connected to a computer and a dedicated software. 

 

Figure 6.16: Schematic section of the sample-holding cell for the pinhole test: a) microscope ob-

jective with a x10 magnification lens; b) sample-holding cell on the microscope moveable stage; 

c) polycarbonate plate acting as window for the real-time observation of the reactions at the 

sample surface; d) polymeric substrate coated with the thin barrier film (in blue) acting as separa-

tor of the two halves of the cell, with the upper half filled with lime water; the foil is kept in ten-

sion by means of a pair of O-rings; e) inlet (left) and outlet (right) for the CO2 flux in the lower half 

chamber; in the inset, schematic representation of the operating principle of the test: calcium 

carbonate crystallites forming in the immediate proximity of the defects in the barrier layer. 
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The preparation and the mounting of the samples for the pinhole test, and how the latter is 

run, can be thus listed: 

i) the sample is cut with a radius slightly broader than the width of the cell and a small 

piece of duct tape acting as a marker is carefully placed on its central area by means of 

a lancet. If during such step the tip of the lancet scrapes the area surrounding the 

marker, the sample is discarded. The coated foil is then placed on the O-ring sealing 

the lower half of the sample-holding cell; 

ii) the first ring is aligned on top of the lower half chamber and fastened to it by means of 

four screws. The O-ring pair blocks the sample and keeps it taut; 

iii) a saturated lime water solution is poured on the sample with the help of a pipette, un-

til the whole sample surface is covered (for the preparation of the solution, see further 

down). The timer is started when the lime water first comes in contact with the sam-

ple; 

iv) the second steel ring and the screwed-in polycarbonate window are aligned on top of 

the cell and closed shut by means of four screws, extending all the way down and fix-

ing the whole sample cell to the underlying aluminum plate; 

v) the plate, with the cell fixed on it, is lifted horizontally and placed on the microscope 

stage, where it is blocked by means of two screws; 

vi) the CO2 flux in the lower chamber is opened. Excessive flows must be avoided, lest the 

sample foil be bent and pushed upwards; 

vii) the sample is quickly brought in focus with a x10 magnification, the marker is re-

trieved and one of its corner is kept in the picture, to act as a reference; 

viii) a first picture of the still pristine surface is taken; 

ix) the sample is observed in real time, with pictures taken at regular intervals: during the 

Figure 6.17: Left: sample-holding cell disassembled, with the single components slightly off-axis. 

Gas inlet (steel pipe) and outlet (blue rubber) are also visible. Right: the sealed cell on the micro-

scope stage and under the lens during a test. 
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nucleation stage pictures are usually taken every minute, while later in the test, as no 

more crystals appear, every five minutes; 

x) the test is left running until completion; if involuntary movements of the stage occur, 

the inspected area is retrieved with the help of the marker; 

xi) the CO2 flux is closed, and the sample surface is scanned in order to acquire more pic-

tures; 

xii) the cell and the plate are removed from the microscope stage; the cell is opened, and 

the sample removed; 

xiii) the sample is then quickly placed in a demineralized water bath, with the coated side 

facing down, in order to wash away eventual dust particles or the carbonate crust 

forming on the liquid surface (more on this later); 

xiv) the sample-holding cell is cleaned and dried; 

xv) after about 10 minutes, the sample is removed from the bath and left to dry in air, 

with the coated side upwards, under but not in contact with a polycarbonate lid, in or-

der to prevent dust from depositing on its surface; 

xvi) the sample may be inspected again at the microscope for further images and at big-

ger magnification, once removed from the sample-holding cell. It is later stored in a 

closed sample holder for eventual SEM analysis at a later stage. 

 

The saturated lime water solution is prepared as 80 mL aliquots per time by adding 130 mg 

of Ca(OH)2 to demineralized (but not degassed) water in a Pyrex bottle of the same volume. The 

small excess of calcium hydroxide is to account for losses caused by reaction with the residual air 

in the sealed bottle. The solution is spun with the help of a magnetic stirrer and left to decant for 

at least one day prior to its use. Smaller volumes (5 to 10 mL) are then collected by means of a 

three-way propipette to be employed in the pinhole test. The liquid is collected from the mid-

section of the bottle, in order to avoid eventual dregs on its bottom and the carbonate crust that 

forms on the liquid surface because of the repeated opening/closing of the bottle. The solution is 

discarded when less than 20 mL in the bottle remain or after five days since its preparation, in 

order to assume a constantly saturated concentration. 

When not explicitly stated otherwise, each test after the first one for the evaluation of the 

method has run for one hour, with an ambient temperature between 22 and 28 °C and a pressure 

between 940 and 965 mbar. For each tested sample, a series of pictures of the same area at one 

of the marker’s corners has been taken at different times, in order to build a number of crystals 

vs. time curve. At the end of the test, a minimum of four other pictures has been taken at differ-

ent places of the sample surface, in order to faithfully represent the latter and its eventual inho-

mogeneities in crystal distribution. With a x10 magnification, each frame has an area of approxi-

mately 0.53 cm2, calculated by means of the scale provided by the camera software. The numeri-

cal densities of the crystal have been calculated as average of such pictures. 
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Samples investigated by means of scanning electron microscopy have been further treated: 

first, pictures of their dried surface are to be taken, in order to act later as reference for the corre-

sponding SEM pictures; the area of interest is then cut out in a 1 · 1 cm2 square and fixed on a 

sample holder by means of a conductive graphite adhesive layer. In case of investigation on the 

surface lying underneath the crystals, the latter have been gently removed from the dried sample 

surface by means of a soft brush. Pictures of the to-be-investigated areas are taken before and 

after the brushing: residual crystals still on the surface will act as further reference to triangulate 

the position of the defects at the scanning electron microscope with a higher precision. 

 

 

6.5.4 Evaluation of the pinhole test 

 

First and foremost, the general feasibility of the test needed to be ascertained, i.e. if the design of 

the sample-holding cell allowed for a direct observation of the sample surface under the micro-

scope, and if it was possible to observe real-time changes in the latter. The frames reported in 

Figure 6.18 come from a video recorded during one of the first test runs, carried out with samples 

coated with ‘poor’ barrier layers. In the areas highlighted by white circles it is possible to observe, 

as the time progresses, a small cloud-like shape first appearing, and then quickly coalescing into 

a fairly circular dot, which later has been found out, upon optical inspection, to be indeed a crys-

tal. The whole crystal formation process takes place in few seconds: this is paramount, as it im-

plicitly confirms one of the fundamental assumptions made for this test to localize pinholes, i.e. 

the precipitation step is fast and the crystal formation takes place in the immediate proximity of 

the defect.  

The small cloud can then be assumed to originate almost as soon as the CO2 molecules 

reach the solution after the permeation step and it is even possible for it to be the gelatinous, 

partly hydrated precursor of the final crystal: in this case, its rapid collapse would correspond to 

the rapid expulsion of water discussed in section 6.5.2. More importantly, the crystals seen in re-

al-time are shown to form directly on the surface and not in suspension in the solution, only to 

fall on the sample at a later stage. The nucleation phase is found to take place some minutes af-

ter the beginning of the test, and once slowed down to a finish, no new crystallization step oc-

curs: the crystals already present on the surface slowly and slightly grow bigger over time, as CO2 

keeps permeating in the solution and forming the nanoscopic building blocks for the CaCO3 crys-

tals [188], but the oversaturation, even locally in the surrounding of the defects (assuming at this 

point that the crystals do indeed form on them), never reaches again a value high enough to trig-

ger a second nucleation phase. A possible explanation for such apparently counterintuitive phe-

nomenon is provided in section 7.1.6. Also important is to notice how no Ostwald ripening pro-

cesses have been observed, for all tested samples. Crystals which precipitate can grow only big-

ger and never dissolve back in the aqueous solution: as the net growth of a crystal can only occur 
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when the flux of molecules attaching on the surface is bigger than the one of particles leaving it 

[179], then, for such crystallites to be stable, a steady and continuous source of CaCO3 must be 

available, more than enough to counteract their possible coalescence. This hints again at the 

crystals being located in close proximity to the ‘source’ of CO2 in the solution, i.e. the defects. An 

example of crystals formed on uncoated PET foils, retrieved later at the SEM, is reported in Fig-

ure 6.19, in order to provide a visual reference and a comparison. A more detailed discussion on 

such crystals can be found in chapter 7.1.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.18: Details of an optical microscope frame at different times of a pinhole test: in the 

white circles, two crystals precipitating in the span of few seconds, preceded by a short-lived 

grayish cloud of smaller particles that coalesces in the proper crystal. Time has been arbitrarily 

assumed to be zero in correspondence of the first frame. All frames have been acquired with a 

x10 magnification. 
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Secondly, it is necessary to exclude the presence of external sources of CO2 apart from the 

pinholes, like leakages through the cell sealings and permeation through the polycarbonate win-

dow (PC having a CO2 transmission rate of 25000 cm3/m2·day·bar [197]), that can cause side crys-

tallization processes. To this purpose, an aluminum foil has been placed under an uncoated PET 

foil acting as a sample, thereby isolating the upper half of the cell from the underlying CO2 flux. 

The test has then been carried out as described in section 6.5.3. At the end of it, the surface has 

been investigated at the SEM: the small crystals shown in Figure 6.20 were not visible through 

Figure 6.19: SEM picture (x2k magnification) of an uncoated PET foil after the pinhole test and 

the spherulite-like crystal lying on its surface.  

 

 

Figure 6.20: SEM pictures of uncoated PET tested with an underlying aluminum foil in the sam-

ple-holding cell. The small polycrystalline aggregates are mostly rhombohedrons or stacked 

sheet-like rhombi. 
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the optical microscope and are at least one order of magnitude smaller than those observed dur-

ing the normal testing of uncoated PET foils. They consist of small interpenetrating cubes and 

rhombohedrons, or square platelet stacked on each other, thin enough to be partially transpar-

ent to the incoming electron beam and most likely calcite re-crystallized from the possibly amor-

phous initial precipitates. Such crystals, starkly different from the spherulites observed in the 

other cases, can originate from residual CO2 in the water solution or in the residual atmosphere in 

the upper half of the sample-holding cell, but not through the same reaction process causing the 

crystals allegedly on top of the defects to precipitate. Even their reduced size hints at very small 

quantities of CO2 taking part in their formation. It has been then concluded that leakages in the 

sample-holding cell are minimal and can be neglected when discussing the formation of the 

spherulites on the samples surface. Moreover, CO2 molecules coming from outside the liquid 

film/droplet are prevented from reaching the sample surface, as they are much more likely to 

react with the overlaying volume of lime water before they can diffuse to the bottom of the half 

cell: as a consequence, for very long testing times it is possible to observe the formation of a thin 

calcium carbonate crust at the interface that can sometimes partially blur the pictures. Such 

phenomenon takes place however only for poor barriers or uncoated foils, i.e. only when great 

quantities of carbon dioxide permeate in the cell. The concentration gradient of CO2 necessary 

for the crystallization process, therefore, not only is strongest on the samples surface, but it also 

decreases steeply, so much that formation of calcium carbonate at the liquid/gas interface can 

take place only when poor barriers are tested. 

That the main effect on the shape and size of crystals is determined and limited by the rea-

gents availability, in particular of carbon dioxide (assuming a constant concentration of calcium 

ions in the solution), instead of the surface morphology and/or chemistry and the presence of 

eventual contaminants, is confirmed when depositing only a drop of lime water on the central 

area of the sample, instead of coating the latter with a continuous aqueous layer: in this case, the 

CO2 permeating through the ‘dry’ surface accumulates in the sample-holding cell atmosphere; as 

a consequence, at the edges of the drop the local oversaturation value is much higher than the 

one attained in the drop’s core, with the CO2 coming through the sample being orders of magni-

tude more than the traces coming from the external atmosphere through the cell lid, as sche-

matically shown in Figure 6.21.  

The resulting crystals forming at the edges of the droplet, retrieved at the SEM, show com-

pletely different morphologies, dimensions, and even ‘patterns’ than the crystals obtained by the 

continuous layer method, or even those precipitated in the core of the same drop, as reported in 

Figure 6.22: instead of showing a typical spherulite-like appearance (Fig. 6.22 c), the polycrystals 

at the edge are constituted by dense, ‘solid’ interpenetrating rhombohedrons (particularly evi-

dent in Fig. 6.22 d) which clearly originate from larger reactant quantities. Moreover, in most 

cases the polycrystals are surrounded by large circles of smaller, discoidal or polylobate crystal-

lites (detail in Figure 6.23), growing smaller as they lie nearer to the bigger central crystals.  
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Figure 6.21: Schematic representation of the increased CO2 concentration in the lime water solu-

tion when a drop instead of a continuous film lies on top of the coated sample in the testing cell. 

The grey arrows represent the CO2 fluxes through surface defects, its dissolution in the liquid 

from the sample-holding cell atmosphere and the smaller contribution permeating through the 

polycarbonate window of the cell. 

Figure 6.22: SEM pictures of crystals on top of a coated sample (medium barrier properties) at 

the edges of the lime water drop (a, b, d), and at its center (c). Fig. a) and b), and Fig. c) and d) 

refer respectively to the same scale. 
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6.5   CO2 test for the localization of defects in barrier layers 

Figure 6.23: Detail of the smaller crystallites surrounding the larger crystals at the edge of a lime 

water drop on a coated sample. 

 

The crystals appearance closely resembles the crystals obtained by Ogino et al. through pre-

cipitation of supersaturated solutions [169] that resulted first in amorphous and vaterite crystals 

and later in their spontaneous transformation in the more stable calcite polymorph (with the 

strongest resemblance to intermediates still in the process of converting to calcite). As vaterite is 

the most unstable and most kinetically favorable of the three calcium carbonate polymorph 

[193], the precipitation processes at the edge of the droplets must take place very quickly and 

with extremely high oversaturation values, consistent with the increased CO2 availability: the 

latter is enough to also cause prolonged precipitation steps resulting in numerous nucleation 

sites. The partly dissolved crystallites around the bigger rhombohedra aggregates moreover 

suggest Ostwald ripening processes, confirming that, at least in such unusual conditions, a rele-

vant fraction of the dissolved CO2 must come from other sources outside the alleged defect un-

der the biggest central crystal. While perhaps the central crystals in such formations lie on top of 

defects, the smaller crystals surrounding them most certainly don’t, and the results obtained at 

the edges of the droplets are not reliable enough to be taken into account. 

The following step in the evaluation of the pinhole test has been to ascertain whether the 

crystals do actually form on top of the defects: for a better discussion on the topic, see also sec-

tion 7.1.5. Some provisional conclusions can however be already inferred through the preliminary 

tests. Figure 6.24 shows the surface of an organic layer (see also Appendix A.2): the roughly cir-

cular patch showing weak iridescent effects is likely to be an uncoated area of the surface, prob-

ably masked by a dust particle or other solid particles during the PECVD process. The iridescence 
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is caused by diffraction at the edges of the deposited colorless layer. The foreign particle, regard-

less of its origin, has rolled away from the sample surface during the preparatory steps for the 

pinhole test, and as such could not be positively identified. As shown in the picture, as the run-

ning time of the test increases, apart from crystallites forming on the surrounding coated area, it 

is possible to observe the uncoated PET area being quickly covered by a continuous, thick calci-

um carbonate layer, as locally the barrier properties are worse. Furthermore, the uncoated area is 

also the first one to be completely permeated by the CO2 molecules, since without the deposited 

film it is around 100 nm thinner. As explained in Section 3.7, such kind of defect will act as a funn-

nel, collecting CO2 from a large volume of the surrounding polymer bulk, thus hastening the for-

mation of a greater amount of calcium carbonate on top of it. Such is already a confirmation that 

through this analysis method it is possible to localize defects, albeit in this case relatively large 

(approximatively 25 · 35 m2, assuming that the calcium carbonate layer covers the entirety of 

the defect). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.24: Detail of an uncoated patch of polymer substrate at the optical microscope during a 

pinhole test (magnification x10): the uncoated PET is preferentially covered by calcium carbonate 

that allows the macrodefect to be spotted despite the PECVD thin film being colorless. The film 

itself, being a mediocre barrier, is also covered by further crystallites. 
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6.5   CO2 test for the localization of defects in barrier layers 

The same applies for superficial scratches of the barrier layer, as seen in Figure 6.25. In this 

case, while applying the marker on the sample surface, the lancet blade has inadvertently 

scraped against the barrier, damaging it. No sign of it was visible at the naked eye, but during the 

test the crystallites formed preferentially along thin lines that formed a recognizable scratching 

pattern. The effect cannot be caused by bizarrely scattered dust particles or other impurities on 

the surface, as the rest of the surface remains crystal-free even at the end of the test. Curiously, 

the same result has been achieved by purposefully scratching an uncoated PET foil and then run-

ning the test, as shown in Figure 6.26. As in this case a remarkable pressure was applied to the 

blade, it is possible that the scratched parts suffered from indentations or material removal that 

made them artificially thinner than the surrounding polymer; as a consequence, it is in this areas 

that the first permeand CO2 molecules reached the lime water solution, creating a concentration 

gradient sufficient to trigger a strong nucleation process, but only locally. The possible explana-

tion for this phenomenon is therefore akin to the one provided previously for the accidental un-

coated patch shown in Figure 6.24. 

 

 

Another case of detection of macro-defects is finally shown in Figure 6.27: the thin stripes 

covered in calcium carbonate that propagates radially from the vicinity of the marker are proba-

bly caused by a punch-through effect caused by an involuntary folding of the foil during its prepa-

ration for the test. The elevated local stress caused the thin film to fracture, like glass, leaving 

thin cracks through which no opposition to the permeation is offered. In this case the barrier pos-

sessed poor qualities, so even the undamaged surface which surrounds the scratches has gotten 

covered by crystals. No corresponding sample for an uncoated PET foil is in this case available. 

 

Figure 6.25: PET foil coated with a good barrier layer that has been damaged during its handling 

by a lancet blade: the calcium carbonate crystals precipitate preferentially along the scratches 

where the barrier offers no protection against permeation. 
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Finally, for an accurate analysis by means of SEM of the crystals and eventually of their un-

derlying areas, it had to be possible to retrieve the exact same frame observed through the opti-

cal microscope during the pinhole test run. Figure 6.28 shows how this has been achieved by 

means of the markers. In the highlighted white frame in the SEM picture it is possible to recog-

nize the same crystals left undisturbed by the washing, drying, cutting and coating steps taking 

place between the proper pinhole test and the later observation at the scanning microscope.  

Figure 6.26: Uncoated PET foil purposefully scratched before the pinhole test by means of a lan-

cet, and subsequent scratch marks revealed by the calcium carbonate deposits Picture with a x5 

magnification. 

Figure 6.27: Damages on the barrier layer caused by involuntarily folding of the substrate foil re-

vealed by the pinhole test (x5 magnification). Both pictures refer to the same sample. 
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6.5   CO2 test for the localization of defects in barrier layers 

 

In conclusion, through the examples here shown and discussed it is possible to assume that: 

i) the formation of crystallites and their precipitation is an extremely quick process even 

at room temperature, that can be assumed to take place immediately on top of the de-

fects through which carbon dioxide permeates; the diffusion time of the latter in the so-

lution must therefore be minimal. Similarly, the rate-limiting step in the overall process 

must be the permeation through the foil and the eventual deposited thin film; 

ii) the test is able to localize macroscopic defects like uncoated areas or scratches in the 

Figure 6.28: Optical microscope picture with a x5 magnification factor (top) of the area surround-

ing the marker applied on the sample and same are (white frame) later retrieved at the scanning 

electron microscope (bottom). 
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barrier films and correctly identify them even when the coating is colorless; 

iii) the handling of the samples after the test do not affects the position of the crystals on 

the surface which can be later easily retrieved by other microscopy techniques; 

iv) the test in itself does not in any way damage the underlying surface of the tested sam-

ple; eventual damages are caused by mishandling of the samples or their incorrect 

preparation. 

In summary, the test is quick, reproducible, reliable, non-destructive, and must provide useful 

and consistent data to be paired with other methods for the study of the barrier properties of thin 

films. Further details are given in the discussion of the experimental results presented in section 

7.1.5.  

 

 

 

 

 



 

 

 
 

 

Chapter 7 
 
Single barrier films – Results and discus-
sion 
 
The current chapter presents the results regarding the investigations on the plasma-deposited 

thin films and how the operating parameters of their deposition processes can affect and tune 

their chemical and physical properties, chiefly among them the barrier performances with oxy-

gen as permeand gas. The aim has been to find suitable operating conditions that could allow the 

deposition of films with the best barrier properties achievable in the current experimental set-up. 

Good mechanical stability that ensures the retention of the aforementioned barrier proper-

ties is also extremely valued, together with a good adhesion to the underlying substrate. Short 

deposition times, where possible, are also favored, as they allow for faster multi-step encapsula-

tion processes and reduce the risks, among others, of thermal and/or UV-induced damages of 

the substrates. Thinner films, provided the barrier properties are constant, allow furthermore 

quicker deposition steps and prevent multilayer systems based on them to develop excessive 

internal stresses that could compromise or even completely destroy their structural integrity. 

 

 

7.1   Study of the variation of the O2/HMDSN feed ratio 
 

The first step for the investigation of PECVD thin films for barrier applications has been the study 

of the dependence of their properties on the composition of the gaseous feed in which they are 

produced, in particular on the ratio between the chosen co-gas (oxygen) and monomer 

(HMDSN). As illustrated in Chapter 4 and Section 5.2, such ratio has an extreme effect on the 

composition and the properties of the films thus produced. The study is performed by keeping 

other variables, like operating power and film thickness, fixed at a constant value. They will in 

turn be later investigated in next sections.  

The current section presents a short study on the deposition rates as a function of the 

aforementioned feed ratio, followed by extensive IR analyses in order to determine the films 

composition. Their surface morphology and resulting barrier properties will also be discussed. 
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Extensive investigations on the defects, including their contribution to the calculated diffusion 

coefficients and their density and type, determined by means of the pinhole test detailed in 

Chapter 6.5, will be presented and commented. Finally, a study on the dependence of the barrier 

properties of the films as a function of the temperature at which the permeation analyses are 

carried out will allow a discussion on the overall transport mechanisms taking place in the bulk of 

the thin barrier and to what extent each one of their different contributions influence the per-

formances of the thin films. 

 

 

7.1.1   Deposition rates 

 

A first determination of the deposition rates for all the investigated oxygen-to-monomer ratios 

has been performed for a constant power of 555 W. The gas feed ratios have been obtained by 

fixing the oxygen flux at a constant value of 100 sccm, and by varying the HMDSN flux ratio ac-

cordingly, between 10 and 1.2 sccm. For smaller ratios, a coincident variation of both HMDSN 

and oxygen flux has been necessary, and the relative results have thus not been included in the 

current discussion. The ulterior variation of the oxygen flux is due to the equilibrium vapor pres-

sure of HMDSN at room temperature, which causes the highest achievable monomer flux to be 

around 23 sccm. Higher fluxes, for lower ratios, would require a heating of the bottle and the line 

to the reactor too, in order to avoid condensation inside the pipes. 

The results of these first investigations have been later employed to deposit 100 nm thick 

films for all the subsequent analysis. The measured thicknesses as function of deposition times 

for different ratios are reported in Figure 7.1. The error for the thickness values, represented in 

the figure by the vertical bars, has been assumed to correspond to the standard deviation associ-

ated to the profile readings (see also Chapter 6.1). For very low thicknesses, the error is greatly 

amplified by the detection limits of the millimeter paper, which amount to a variation of ± 5 nm 

for the smallest scale. Even for the longest deposition times, which exceeded 26 minutes, no 

thermal damaging like hazing, glossy appearance or crumpling of the polymer substrate has 

been visible to the naked eye. For all feed composition the increase of thickness with longer dep-

osition times is linear. The different, progressively smaller slopes are caused in the first place by 

the different HMDSN fluxes employed for the deposition processes, as for higher oxygen-to-

monomer ratios the precursors of the thin films are far fewer and the deposition process is lim-

ited by their availability in the plasma phase. In order to account for this, the film thicknesses 

shown in figure have thus been normalized by dividing them for the amount of HMDSN em-

ployed in each respective deposition process. They are displayed as [m/sccm] in Figure 7.2.  

The error bars are unevenly affected by such normalization step, so that their absolute varia-

tion is greater for lower HMDSN fluxes, i.e. higher oxygen-to-monomer ratios. It is possible to 

observe that the trends can still be assumed to be linear, but they also still retain different slopes, 
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7.1   Study of the variation of the O2/HMDSN feed ratio 

with progressively and evenly smaller deposition rates for higher ratios and one last, steeper de-

cline for the 80/1 value. 

 

  

Figure 7.1: Dependence of the thickness of HMDSN-based films with different gas feed composi-

tion on the duration of the deposition time. 

Figure 7.2: Thickness of thin films (here normalized by being divided by the amount of HMDSN 

employed) as a function of deposition time for different oxygen-to-monomer ratios. 
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The efficiency of the chemical reactions taking place in the plasma depends in the first place 

on the availability of suitable reagents, i.e. excited, ionized or dissociated species, chiefly in the 

current case oxygen radicals. Power has in turn a major effect on their concentrations. As the to-

tal amount of reagents moles in the reactor’s total volume ranges from 110 mmol/min (100 mmol 

O2 + 10 mmol HMDSN) to 101.2 mmol/min (100 mmol O2 + 1.2 mmol HMDSN), with a maximum 

variation of 8 %, it is possible to assume that the average energy per mole remains fairly constant 

for all the investigated conditions. The different thicknesses are therefore to be ascribed solely 

on the different reaction pathways taking place in the plasma phase. With increasing fractions of 

oxygen, the equilibrium of the simplified reactions detailed in Chapter 5.2 is shifted towards 

more oxidized products, most of which are gaseous. By contrast, the less volatile fragments, 

which constitute the precursors of the solid film, become smaller and result for a given time in 

thinner layers.  

The normalized deposition rates as a function of the oxygen-to-monomer ratio, for films 

with a thickness of 100 ±5 nm, are reported in Figure 7.3. The deposition rate decreases fairly lin-

early for 20/1 ratios onwards, with a R2 value of 0.79 (fit not shown). For smaller ratios, it is un-

clear if the trend is still linear, albeit with a steeper negative slope, or if it follows an exponential- 

or hyperbolic-like decay. In either case it is possible to observe the high variance for the 10/1 and 

the 12.5/1 ratios, caused both by a much shorter deposition time for 100 nm and by an inherently 

less reproducible deposition process, as the incomplete oxidation of the HMDSN molecules at 

low ratios leads to bigger fragments depositing quickly on the substrate. The two trends suggest 

Figure 7.3: Normalized deposition rates for different oxygen-to-monomer ratios. All data refer to 

films with a final thickness of 100 ± 5 nm. 
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7.1   Study of the variation of the O2/HMDSN feed ratio 

at least two different deposition kinetics, and will be related to the infrared analysis in the follow-

ing sub-chapter (7.1.2).  

 The vertical error bars displayed correspond to the standard deviation associated to the pro-

file readings, while the horizontal ones arise from the combined effect of the sensitivity limits of 

the mass flow controllers and the observed fluctuations of the HMDSN flux. The first one, as 

shown in Figure 7.4 (top), is inversely proportional to the nominal HMDSN flux, growing for 0.5 to 

4% in the investigated range. The second one is largely independent on the flux values, but to-

gether with the former can cause errors up to more than 7% in the actual oxygen-to-monomer 

ratios. Their combined averaged effects are displayed as % errors in Figure 7.4 (bottom). The 

asymmetry increases as the flux variations become proportionally bigger, especially those caus-

ing positive errors, as their value is yet again inversely proportional to the set HMDSN flux. 

Figure 7.4, Top: percent error on HMDSN flux caused by sensitivity limits of the mass flow con-

troller. Bottom: sensitivity error combined with HMDSN flux fluctuations displayed as average 

value for each oxygen-to-monomer ratio. 
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7.1.2 IR analyses of the barrier films 

 

The 100 nm samples prepared for later permeation measurements (see Chapter 7.1.3) have been 

also analyzed by means of ATR FTIR spectroscopy. When not stated otherwise, the operating 

conditions and parameters described in Chapter 6.2.1 for the spectrometer are to be assumed. 

Figure 7.5 reports the spectra for each investigated oxygen-to-monomer ratio in the 4000-400 

cm-1 range for a constant power of 555 W, together with the spectrum of the gaseous precursor 

(shown in Chapter 5.2) and some additional spectra for even smaller ratios, 5/1, 2/1, 1/1 and finally 

a pure HMDSN film. The thickness of the latter layers has also been set to 100 nm, in order to 

avoid possible dependences of the chemical composition on the thickness. A longer waiting time 

for the evacuation of the plasma reactor prior to the deposition step has been made necessary 

for the pure HMDSN films, in order to avoid drastic contaminations caused by even small quanti-

ties of residual oxygen in the vessel. For a better overview of the reproducibility limits of such 

films see also the end of this section. For a more extended discussion on the low-ratio film com-

position, see also Chapter 7.5.2. All spectra displayed have been normalized by their most intense 

signal. A full list of the position and attribution of the spectral features, a selection of which is al-

ready reported in figure, is listed in Table 7.1.  

The pure HMDSN film retains most of the original functional groups, like the three methyls 

bond to a silicon atom, to which it is possible to attribute the three narrows bands at 2960, 2900 

and 1260 cm-1 and the poorly resolved peak at 847 cm-1. The Si-NH-related peaks at 935 and 1187 

cm-1 are also still present, although with a noticeably wider full width at half maximum. Moreo-

ver, new bands also arise: the small band centered around 2110 cm-1 corresponds to the superim-

position of the single peaks for SiHx (with x ∈ {1,2,3}) and the main peak around 1030 cm-1 can be 

tentatively attributed to a Si-CH2 bond in an organosilicon chain (more on this in Appendix A2). 

Both bonds are caused by the dissociation in plasma phase of the Si-(CH3)3 group and the partial 

oxidation of its fragments, that leaves hydrogen atoms to react with silicon radicals. The silyl 

groups, at least, disappear however for ratios higher than 5. The natural broadening of the bands 

in a solid sample, when compared to the finer structure encountered in gaseous phase, is here 

furthered by the inherently disordered structure of a plasma polymer, as described in Chapter 

4.4, which causes a wide range of different chemical milieus and therefore different chemical 

shifts, resulting in a slight alteration of the natural vibration frequency of each bond. With in-

creasing oxygen feed fractions the bands associated with the precursor quickly decrease in inten-

sity and then disappear completely. The nitrogen-related bands are all but indistinguishable for 

ratios higher than 5, while the methyl peak at 1260 cm-1 is no more visible after a 20/1 ratio (the 

ostensible earlier disappearance of the two peaks at at2960 and 2900 cm-1 is caused by the lesser 

sensitivity of ATR spectroscopy at longer wavenumbers and is therefore only an analysis artifact).  
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7.1   Study of the variation of the O2/HMDSN feed ratio 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.5: ATR FTIR spectra in the 4000-400 cm-1 range for 100 nm thick films deposited via dif-

ferent O2/HMDSN plasma feed, plus spectrum of gaseous precursor HMDSN as comparison. 
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Figure 7.5 (continued): ATR FTIR spectra in the 4000-400 cm-1 range for 100 nm thick films depos-

ited via different O2/HMDSN plasma feed, plus spectrum of gaseous precursor HMDSN as com-

parison. 
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7.1   Study of the variation of the O2/HMDSN feed ratio 

Table 7.1: Peak positions and vibrational mode assignments for the main absorption bands in the 

infrared spectra displayed in Figure 7.5. 

 

Wavenumber Assigned group Vibrational mode Reference 

cm-1       

3700-2950  OH  [201] 

3480 NH  [202] 

3380 NH2  [202] 

2960 CHx a [151] 

2900 CHx s [151] 

2180 
SiH  [202] 

Si-C≡N  [202] 

1410 CHx a [151] 

1260 (CH3)x s [201], [202] 

1160 
Si-NH-Si  [202] 

Si-N-C  [202] 

1100 [Si-O]-C 



[201] 

1090-1020 Si-CH2-Si  [125], [202] 

1080-1020 Si-O-Si band [203] 

990 Si-CH3  [121] 

930-920 Si-OH  [203] 

925-850 SiN a [202] 

900-810 [Si-O]H 
 

[201] 

860 SiH  [125], [201] 

840 CH3  [151], [201] 

800  

SiC in Si(CH3)x  [202] 

SiO  [204] 

465 SiO  [204] 

 

 

Conversely, new signals of oxidized groups appear at already low ratios and, around 25/1 

and onwards, quickly becoming the only signals in the spectra: the Si-O-Si band appearing first at 

1055 cm-1 and then shifting to higher wavenumbers, and the associated peaks at 955, 836 and 

495 cm-1. The strong fluctuations in the latter’s intensity are caused by slightly different contacts 

between the samples and the crystal that mostly alter the curve shape at lower wavenumbers, 

where the sensitivity is greatest, and are therefore not significant. For most ratios finally a broad 
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but weak band attributed to –OH groups is visible in the 3700-2950 cm-1 range. No further varia-

tions in the spectra are visible after the 25/1 ratio. 

It is clear that oxygen has a stark effect on the chemical composition of the final 

films, as it reacts effectively with all the organic groups of the precursor molecule, strip-

ping them away and forming volatile products (chiefly CO2 and H2O), leaving only a sili-

ca-like or SiOx final layer made up by long inorganic chains. A quantification of such ox i-

dizing effect has been proposed by Roualdes et al. [74] as the ratio between the intensi-

ties of the methyl band at 1260 cm-1 and the newly formed Si-O-Si main band. Such rela-

tive peak intensity is plotted as function of oxygen-to-monomer ratios in Figure 7.6.  

Figure 7.6: Relative peak intensity of the methyl band at 1260 cm-1 compared to the main SiO- 

band 1100 cm-1 (top), and peak position of the former (bottom) as a function of different oxygen-

to-monomer ratios. 
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7.1   Study of the variation of the O2/HMDSN feed ratio 

The initial intensity of the methyl band is almost equal to the Si-O-Si band’s one, but 

their ratio quickly decreases to less than 0.5 already for an oxygen-to-monomer ratio of 

2. Around 20/1, the intensity of the methyl band is almost zero and the deposited films 

seem to possess a completely inorganic composition: the residual values around the 20/1 

threshold are artifacts caused by the partial superimposition of the slope of the Si-O-Si 

band moving to higher wavenumbers. A more rigorous approach would require the rat io 

between the integrated areas of the bands to be calculated, but nevertheless the peak 

intensities alone provide a reliable estimation of the organic content of the films. The r e-

duction of the methyl signal is accompanied by a simultaneous shift towards higher 

wavenumbers, as also shown in Figure 7.6. The main band at 1260 cm -1 can in fact be split 

into three sub-peaks, corresponding to the trymethyl (1250 cm-1), dimethyl (1260 cm-1) 

and monomethyl (1270 cm-1) groups bound to the same silicon atom [201, 205].  The po-

sition of the overall band gives then insight about the relative abundance of the former 

species. It is possible to observe that pure HMDSN films, with a band position coincident 

with the trimethyl peak, retain mostly the original monomer composition and result 

therefore in a poorly branched and porous film, as steric hindrance caused by the nume r-

ous methyl groups leaves empty spaces in the solid structure. Here too the effect of the 

oxygen in the plasma feed causes a strong and quick shift from the original values. The 

final measurable values, before the organic peak disappears, show how its prevalent 

components are monomethyl groups. The increasing oxygen content in the plasma 

phase, combining the evidences from Figure 7.6, then, causes the trimethyl groups to 

turn to dimethyl ones, either by oxidation of the carbon atom still bond to the silicon one 

or by complete ablation of the CH3 group, the dimethyl to turn to monomethyl and the 

latter to be finally completely removed from the film. A similar process can be presumed 

to take place with the SiHx groups, whose band disappears for even lower oxygen-to-

monomer ratios. 

Pictures of water droplets sitting on the surface (reported in Figure 7.7) confirm the 

shift from hydrophobic, carbon-based chemistries towards hydrophobic, glass-like sur-

faces. The water contact angle for a 40/1 oxygen-to monomer ratio is comparable to the 

uncoated glass slide and only slightly higher, as plasma-deposited films’ first molecular 

layer is always richer in organic groups when compared to the bulk [108]. Such eventual 

residual of methyl groups is however low enough to escape infrared detection. 

The main band between 1200 and 900 cm-1, attributed to Si-O-Si bonds, is in fact 

constituted by several components, some of which are listed in Table 7.2. Contrary to the 

Si-O rocking and bending located at lower wavenumbers, however, the stretching peak 

exhibits a pronounced red shift for increasing oxygen fractions in the plasma feed, as 

shown in Figure 7.8 (top).  

 



Chapter 7. Single barrier films – Results and discussion 
 
112 
 
 

Table 7.2: [Si-O]-related vibration modes in the 1150-970 cm-1 range for thin silicon oxide 

films [105]. 

 
Wavenumber 

 
Assigned group Vibrational mode 

cm-1      

1150  [Si-O]-Si , out of phase oxygen motion 

1100  [Si-O]-C n.a. 

1073  O3-[Si-O]-SiO3 , in phase oxygen motion 

1038  Si2-[Si-O]-SiO3 , in phase oxygen motion 

1004  Si2-[Si-O]-SiO3 , in phase oxygen motion 

970  Si3-[Si-O]-SiO3 , in phase oxygen motion 

 

 

The stretching band shifts almost 200 cm-1 to higher values and then stabilizes 

around 1200 cm-1 for oxygen-to-monomer ratios of approximatively 20/1. Such value, no-

ticeably, corresponds to the threshold after which it is no more possible to detect organic 

signals in the spectra. The shift is attributed to a wide range of possible reasons, inclu d-

ing changes in the refraction index of the films, their density [206], the presence of sub -

stoichiometric domains in their bulk [207, 208], internal stresses, porosity [209, 210], but 

is also caused by the environment surrounding the Si-O bond: in an amorphous plasma 

polymer, in contrast with crystalline silica, it is possible for silicon to be bonded with ot h-

er Si atoms, instead of being surrounded exclusively by four oxygen atoms.  

Figure 7.7: Deionized water droplets sitting on glass substrate and several slides coated with 

O2/HMDSN-based films with different gas feed ratios. 
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The aforementioned possibility is especially true for low oxygen-to-monomer ratios, 

as in this case a major amount of oxygen is first consumed to react with carbon and h y-

drogen atoms, and often without oxidizing them completely. The lower electronegativity  

Figure 7.8: Top: Si-O-Si main band position as function of the oxygen-to-monomer ratios. The 

blue bar in the lower left corner shows the band position (1065-1075 cm-1) for crystalline, stoichi-

ometric silica. 

Bottom: Si-O-Si main band position together with the corresponding half widths at half maxi-

mum for different oxygen-to-monomer ratios. The displayed values refer only to the peaks al-

ready shown in Figure 7.5. 
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of vicinal Si atoms causes a small shift of the typical vibration frequencies, to lower val-

ues [105, 211]. By contrast, films with high oxygen content will show band positions clo s-

er to those of silica.  

The assumption that amorphous thin films and their spectra can be treated with the 

same criteria developed for crystalline SiO2 spectrometry is valid, as rotovibrations and 

their shift are dominated by short-range interactions and, thus, the remarkable differ-

ences in long-range order for amorphous and crystalline structures can be neglected 

[210]. As plasma processes are inherently stochastic in nature, however, the local sto i-

chiometry (i.e. the aforementioned substoichiometric domains, where SiO x<2) causes an-

other further broadening of the bands and their asymmetry at higher wavenumbers 

[206], so much that their full width at half maximum is largely assumed to be a measure 

of the “disorder” of a film [151]. 

The blue bar in Figure 7.8 refers to the usual Si-O stretching in crystalline SiO2 [212]: no shift 

or further unlisted Si-O vibration mode can account for values more than 150 cm-1 higher. The 

predominant components at such wavenumbers arise from a splitting of the classical Si-O vibra-

tion modes caused by strong interactions between the partially polarized incident radiation and 

the surface plasmons in the thin films, the so called Berreman effect [213]. For a more detailed 

illustration of the effect, see also Chapter 7.3.2. Despite the presence of such spurious peaks, 

however, the variation in the maximum of the whole Si-O-Si band is still indicative of a change in 

the film structure rather than due to optical artifacts [208, 214]. Moreover, the Berreman effect 

depends strongly on the film thickness: being the latter almost constant for all investigated sam-

ples, it is safe to assume that the overall contribution of the Berreman effect, although unknown 

without performing a curve fitting of the whole band, remains constant. Such assumption is fur-

ther reinforced when observing the half width at half maximum, calculated for the peaks already 

displayed in Figure 7.5, in Figure 7.8 on the bottom: for all inorganic films, the left half width, the 

one more influenced by eventual longitudinal modes, remains practically constant. The right one 

follows the same trend, although, because of the curvature of the background signal being the 

steepest for shorter wavenumbers, its fluctuations result to be wider, still affected by residual 

errors persisting even after the baseline correction procedure. It is therefore still possible to con-

clude that, for oxygen-to-monomer ratios above 20 or 25, the films show the same inorganic, 

silica-like chemical composition. By observing the trend for lower ratios, moreover, it is also pos-

sible to conclude that such inorganic films possess high densities and crosslinking degrees [128, 

151, 215, 216].  

The only absorption peaks not directly related to the vibrational modes of the Si-O-Si group 

that constitutes the backbone of these plasma polymerized films are the broad band in the 3700-

2950 cm-1 range and the narrower peak at 930 cm-1, although the latter is in most cases poorly 

resolved, as it lies in the tail of the main Si-O-Si band. The OH bands in the 3800-2800 cm-1 range 

for the spectra already shown in Figure 7.5 are reported in Figure 7.9. It is also possible to observe, 
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for the pure HMDSN film and the two lowest oxygen-to-monomer ratios the asymmetric and 

symmetric stretching peaks of CHx centered around 2925 cm-1, and for the pure HMDSN film and 

the 1/1 ratio also the very weak NH stretching between 3400 and 3300 cm-1. The OH-related band 

itself starts to become visible around the 2 and 5 ratios, it grows quickly to maximum values in 

the 10/1 to 20/1 range and then decreases and remains almost unchanged afterwards. The 

change in intensity is accompanied by a variation of its shape, in particular a relative increase of 

signal around 3650 cm-1. The whole band can in fact be divided into at least three different sub-

intervals, depending on the chemical environment surrounding the vibrating -OH bond. The 

ranges are highlighted in Figure 7.10, which reports the OH band for an oxygen-to-monomer ra-

tio of 70 as an example. The first sub-band, ending around 3600 cm-1, is caused by ‘free’ hydroxils, 

i.e. weakly bonded or isolated Si-OH groups [217, 218]. The second sub-band, in the 3600-3200 

cm-1 range, is mostly caused by moderately strongly hydrogen-bonded SiOH groups [217] and 

occasionally water vapor molecules adsorbed on the surface [218]. The latter, despite the infra-

red analysis being performed in dry air atmosphere, cannot be a priori ruled out, as water vapor 

readily forms a monomolecular film especially on polar surfaces. Finally, the third sub-band, 

stretching to 2900 cm-1, refers to SiOH vibrations severely perturbed by hydrogen bridges, i.e. 

vicinal SiOH groups interacting with each other: in this case, the formation of further bridges 

shifts the stretching mode to even lower wavenumbers [218]. 

Figure 7.9: Detail of the 3800-2800 cm-1 range for a selection of the spectra displayed in Figure 
7.5. 
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It is clear how the eventual presence and the type of –OH bonds is strongly dependent on 

the amount of oxygen in the plasma phase and on the kinetic of the deposition process self: for 

very low gas feed ratios, the oxygen atoms can only partly scavenge and oxidized the organic 

fraction of the fragmented precursor, leaving little to no oxygen in the film self. Thanks to its high 

reactivity, however, it is already possible to see a weak OH stretching signal for an oxygen-to-

monomer ratio of 5 and, at only around 15/1 and onwards, the shoulder for the isolated hydroxyls 

starts to become visible. It is possible to conclude then that, for ‘moderate’ oxygen fraction in the 

feed, the deposited films incorporate large quantities of –OH groups, which lie close enough to 

interfere with their stretching frequencies. Chain-ending groups like Si(OH)3 then limit the length 

of the silicon oxide polymer-like chains (as confirmed by the simultaneous trend for the Si-O-Si 

main band), while Si(OH)2 prevent ramifications in the chains that would lead to a dense, cross-

linked solid. The intensity of the band reaches its maximum when the last organic components 

are being etched away by the oxygen. After that, the excess of atomic and excited oxygen spe-

cies in the plasma can only further oxidize the remaining silicon atoms and, in case of vicinal –OH 

groups on the surface, can cause their condensation with further release of gaseous H2O, as 

shown in Figure 7.11. This explains the subsequent decrease in intensity of the band for even 

higher oxygen-to-monomer ratios. Finally, excluding the first surface layers which are always rel-

Figure 7.10: -OH stretching sub-bands for an O2/HMDSN=70 sample. The schematics of surface 

OH-containing groups show isolated SiOH (I), a water molecule adsorbed on the surface (II), and 

multiple hydroxils bound to a single Si atom (III).  
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atively richer in end groups than the bulk [104], a relevant fraction of the residual -OH groups are 

isolated enough to not interfere with each other. The resulting films are therefore highly cross-

linked (again in good accordance with the previous discussion about the Si-O-Si band shift) 

where the occasionally hydroxyl group lies only as side group in a chain. Semi-quantitative esti-

mations of their fraction based on the ATR spectra alone will always result to be underestimated, 

as extremely isolated hydroxyl groups exhibit very low infrared activities [218]. 

 

 

The still present signal from the second sub-band, however, also shows at least local clusters 

of hydroxyls groups. These, as explained in Chapter 7.1.3, are an indirect evidence of the presence 

of defects in the polymerized films, whose inner walls are usually rich in –OH groups. No increase 

in the oxygen content of the plasma feed can cause their further abatement. Isolated -OH groups 

on the other hand have been shown to fill eventual nanopores in plasma-polymerized thin films 

[219], increasing their density and mitigating diffusion processes not defects-related (see also 

Chapter 3), so an evaluation of the barrier properties of the investigated films and their eventual 

defect density is not possible based on observations of the shape and intensity of the –OH 

stretching band alone. For further details on the –OH band, analyzed instead with single-

reflection FTIR spectroscopy, and a further discussion about the oxidation processes in the plas-

ma phase, see also Chapter 7.5.2. 

Finally, ATR FTIR spectroscopy has been employed in order to check the reproducibility of 

the deposition processes and their homogeneity on the whole surface covered by the movable 

plasma. Figure 7.12 shows the spectra for films deposited months apart from each other. Their 

oxygen-to-monomer ratio, 15/1, corresponds to films about to turn completely inorganic and 

should therefore majorly suffer from poor reproducibility. As it is possible to observe, all spectra 

show very good consistency, including the position of the main Si-O-Si band and the intensity of 

the Si(CH3)x bending. 

Figure 7.13 finally shows the spectra for an oxygen-rich film (O2/HMDSN = 50) and an organic 

one (pure HMDSN film) from samples lying at the opposite extremes of the movable magnet 

run, i.e. the extremes reached by the plasma in the ECR vessel. All films are again 100 ±5 nm thick 

Figure 7.11: Schematic of the condensation process of vicinal hydroxils groups on a surface ex-

posed to oxygen radicals. The surface loses two moles of hydrogens for every mole of molecular 

oxygen reacting. Picture based on [5]. 
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and each pair has been deposited in the same plasma discharge. It is possible to observe how in 

both cases the pairs of spectra are in very good accordance to each other, despite the inherent 

asymmetry in the reactor caused by the gas outlet (see on the subject Chapter 5.1). The small 

discrepancy in the peak position for the 50/1 ratio still lies in the dispersion range reported in Fig-

ure 7.8. In the ECR reactor with the current configuration is therefore possible to treat large area 

surfaces and deposit homogeneous films with identical chemical composition.  

 

Figure 7.13: Infrared spectra of 100 nm films deposited at the left (blue) and right (red) extremi-

ties of the area covered by the ECR magnet movement. Films have been deposited with an oxy-

gen-to-monomer ratio of 50 (top pair) and with a pure HMDSN plasma (bottom pair). 

Figure 7.12: Spectra of repeated depositions (#1-4) of 100 nm thick films with an oxygen-to-
monomer ratio of 15. 2700-1250 cm-1 range omitted for lack of film-related signals. 
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7.1.3 Morphology of the barrier films 

 

The morphology of the films has been investigated by means of electron microscopy for three 

chosen oxygen-to-monomer ratios: 10/1, as it provides a fairly organic film, and 40/1 and 80/1, 

which by means of the results presented in the previous section can both assumed to correspond 

to completely inorganic films with virtually the same chemical composition. The films have been 

deposited on PET substrates, which have later been cut in squares of approximately 1 x 1 cm2 and 

prepared for the SEM inspection (on the subject, also refer to Chapter 6.3.2). The cutting proce-

dure inevitably causes cracking at the edges of the samples, thus allowing the observation of said 

cracks, their shape, size and edges, which in turn can provide useful informations about the in-

ternal morphology of the film. The resulting pictures are displayed in Figure 7.14. In all three cas-

es the film appears to cover completely and uniformly the underlying surface. No particular in-

homogeneities are to be seen in the resolution range of the scans, apart from the dust particles 

beneath the films which have been encapsulated during the deposition step (particularly notice-

able on the 10/1 sample). The three samples all exhibit mostly curved fracture lines propagating 

from the rim.  

The edges are very smooth in the first two cases, but for the 80/1 sample it is possible to notice a 

small increase in the number of minor cracks propagating perpendicularly to each other (in a fur-

ther effort to release the internal stresses the film has been subjected when cut [27, 31]), together 

with a more jagged appearance of their edges. This contributes to give the film a more brittle 

look, similar to fractured glass. Such, albeit minor, difference, especially when compared to the 

40/1 sample, cannot be attributed to differences in the chemical compositions, as nothing similar 

has been detected via IR spectroscopy. A correlation between such changes in the film morphol-

ogy and the resulting barrier properties of it is presented in the following section. On the whole, 

however, the films along the full oxygen-to-monomer range show surface morphologies com-

patible with a resilient, flexible structure that can well adapt to bendable substrates without suf-

fering major damages (more on this in Chapter 7.4.1). 

 

Figure 7.14: Scanning electron microscope pictures at a fixed magnification (10k) for HMDSN-
based films at three different plasma feed dilutions. 
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7.1.4 Permeation curves of the barrier films 

 

The oxygen transmission rates (from here onwards OTR) calculated from the permeation meas-

urements for all the investigated oxygen-to-monomer ratios, for films produced at 555 W of op-

erating power with a 100 ± 5 nm thickness are displayed in Figure 7.15. In the inset, the results for 

the 25/1 to 80/1 ratios on a reduced y-axis are shown again for better clarity. For each oxygen-to-

monomer ratio, except the 0/1 corresponding to a pure HMDSN film, a minimum of three meas-

urements have been performed, with samples produced in different plasma deposition process-

es. The green line is the upper limit, corresponding to the uncoated PET foil average reference. 

All values displayed have been normalized for unit of area and amount transmitted per day, and 

have further been corrected in order to take into account the effect of the outer pressure. 

The initial values for low oxygen contents in the plasma feed lie in close proximity to the un-

coated substrate, indicating little to none barrier properties for the thin films. Around an oxygen-

to-monomer ratio of 12 the OTR starts to decrease almost vertically, stabilizing between 25/1 

and 30/1 to a much lower value. The OTRs remain then constant over increasing oxygen-to-

monomer ratios, save for a small increase starting at 60/1. The minimum for such curve is 

reached between 35/1 and 40/1. The dispersion of the OTRs for the same gas feed ratio follows a 

similar trend, being widest in correspondence of the vertical dip, smallest around 40/1 and then 

increasing again. The lowest measured value here displayed, i.e. the best barrier film, corre-

sponds to a Barrier Improvement Factor of around 50 and to an oxygen-to-monomer ratio of 

40/1. The best ratio, barrier-wise, has been assumed then to be 40/1, as it possesses both the 

lowest measured values, together with the 35/1, and the highest reproducibility, together with 

the 45/1. 

By combining such results with the chemical composition of the films presented and dis-

cussed in section 7.1.2, it is possible at this point to identify three ranges in the oxygen-to-

monomer ratio axis: 

- from 0/1 to 25/1: in this range the films are still organic, especially for low oxygen con-

tent in the plasma feed; the copious end groups (trisilyl and trimethyl, but also hydroxyl 

substituents) severely limit the length of the polymeric chains in the film bulk and their 

cross-linking. Moreover, the methyl groups thoroughly investigated in section 7.1.2 and 

their steric hindrance leave a high fraction of void space in the film. The result is a po-

rous, poorly dense film that initially offers little to no resistance to the permeating mol-

ecules, i.e. a bad barrier layer. The sudden drop in OTRs value corresponds perfectly to 

the strong reduction in methyl signals observed in infrared spectra, as can be observed 

in Figure 7.16, starting at a 12.5/1 ratio and ending when the films turn inorganic. In a 

similar fashion, the threshold between organic and inorganic chemistry of the films, lo-

cated around 25/1, can be easily overlapped on the threshold between poor and good 
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barriers; 

- from 25/1 to 55/1: in this range the films are inorganic, and consist of long interconnect-

ed polymeric chains closely packed against each other. The film chemistry closely re-

semble amorphous silica, and consequently the barrier properties resemble the latter’s, 

too. The barrier performances in this range are stable, reproducible, and largely inde-

pendent on the oxygen-to-monomer ratio employed for the film deposition; 

- from 60/1: the performances of the films get worse and less reproducible. As the chem-

istry of the films remains unaltered and undistinguishable from the one of the previous 

range, however, the cause is not chemical, but perhaps morphological: as shown in sec-

tion 7.1.3, high-ratio films possess a slightly more brittle appearance. The intrinsic barri-

er properties of the film, therefore, are not changed, but their mere handling and bend-

ing may result in micrometric damages like cracks, through which oxygen can perme-

ate freely. The contribution from the undamaged fractions of the film to the overall ox-

ygen permeation should on the other hand be minimal. The random chance of inad-

vertently damaging the samples can also explain the lesser reproducibility of their OTRs 

and their higher dispersion around the average value. 

Figure 7.15: Oxygen transmission rates for 100 ± 5 nm thick films as a function of the oxygen-to-

monomer ratios employed for their deposition. The vertical errors are the standard deviations 

associated with the single permeation measurement; the horizontal errors are caused by fluctua-

tions in the HMDSN flow during the deposition process.  
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Figure 7.15 (continued): Oxygen transmission rates for 100 ± 5 nm thick films as a function of the 

oxygen-to-monomer ratios employed for their deposition: details of the area shaded in gray in 

the graph on the previous page. 

Figure 7.16: OTRs displayed as a function of the intensity of the methyl signal obtained by the IR 
spectra. The values for each oxygen-to-monomer ratio have been averaged over the single 
measurements previously displayed in Figure 7.6 and 7.15. In the inset, details for the inorganic 
films. 
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The remarks thus far expressed are graphically displayed in the aforementioned Figure 7.16: 

here, it must be stressed how the trend line displayed for the intermediate oxygen-to-monomer 

ratios does not result from a linear best fit, but has to be considered only as a visual aid to better 

highlight the range in which a direct correlation between the reduction in OTRs and IR methyl 

signals can be observed. 

The variation in the barrier properties of the films is shown also by the changes in the per-

meation curves, as reported in Figure 7.17 for a few significant samples and an uncoated foil: the 

steady-statue value lowers and it is reached for longer times after the start of the measurement, 

which for this picture alone has been assumed to coincide with the switching to the oxygen flow.  

For a calculation of the diffusion coefficients based on such recorded curves, the assumption 

to be made is that the permeation process follows a purely Fickian mechanism (see also Chapter 

3.2 and 3.5).First, an overall diffusion coefficient – also labelled as DTOT  –  for the whole system of 

substrate plus barrier has been calculated: in order to do so, the time values have been corrected 

by subtracting the known delays caused by the experimental set-up, the latter being described in 

section 6.4.2. The rise time   has then been calculated graphically through the method exempli-

fied in Fig. 3.2. Knowing the thicknesses of the deposited barriers and the PET foil, then, the dif-

fusion coefficient has been calculated by means of Eq. 3.17 and 3.27, with D in place of P. The thus 

calculated diffusion coefficients are displayed, together with the previously shown measured 

OTRs acting as a reference, in Figure 7.18. The trend for the diffusion coefficient loosely follows 

Figure 7.17: Normalized OTRs as a function of time for an uncoated reference foil and an organic 

film, a transition film and an inorganic film. The curves have been shifted so to assume a null ox-

ygen concentration at the beginning of the measurement.  
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the one previously observed for the OTRs, although with a general increase in the dispersion of 

its values, especially for very high oxygen fractions in the plasma feed. For the pure HMDSN film 

and oxygen-to-monomer ratios up to around 17.5/1, the two curves are in good accordance with 

each other, i.e.in the films in this range, which already showed poor barrier properties, the oxy-

gen permeation chiefly takes place in the homogeneous and porous bulk, following therefore a 

pure Fickian process. At higher oxygen-to-monomer ratios, the calculated diffusion coefficient 

presents systematically higher values than the corresponding OTRs, safe for two samples depos-

ited respectively with a 35/1 and a 55/1 plasma feed ratio. Such overestimation shows that the 

predominant process in the overall permeation for these samples is not Fickian anymore and 

that, in particular, the rise in the oxygen level is faster than expected.  

 

The shape of the concentration curves confirms such assumption, as shown in Figure 7.19. A 

10/1 sample shows a clear sigmoidal rising curve, as the system still closely follows a Fickian per-

meation process. For progressively more inorganic samples with better OTRs, however, the 

curves show severe asymmetries, with a strong initial rise in the signal followed by a much longer 

and less steep tail. The transmission curves for these samples can be therefore divided in at least 

two domains: the first one is ruled by fast-permeating molecules which encounter little re-

sistance to their passage, while in the second one the permeation follows again the Fickian equa-

tions, albeit with a much longer rise time thanks to the superior barrier properties of the bulk of 

Figure 7.18: Diffusion coefficient of the substrate plus barrier system DTOT, calculated from the 

recorded permeation curves as a function of the gas feed composition for the thin layer deposi-

tion. Left y-axis values displayed as log10. On the right axis, normalized OTRs previously dis-

played in Figure 7.15 as comparison.  
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these samples. The first domain may either be due to fractions in the volume of the barrier film 

with a higher diffusion rate whose permeation however still follows a Fickian regime, or, most 

likely, to sub-micrometrical defects and pinholes, through which oxygen can permeate almost 

unhindered. In this case, the initial sudden rise in oxygen concentration is constituted by the 

overlapping of the single contributions of groups of defects with different average radii. In some 

case, as for example in some of the curves shown in Fig. 7.19, the lag times of the different con-

tributions are spaced enough for shoulders in the curve to become at least partly visible. The con-

tribution of the defects to the overall permeation seems to become even more preponderant for 

very high oxygen-to-monomer ratios, as their alleged increased brittleness could cause mi-

crocracks to develop in their bulk, in addition to the intrinsic defects already present. As for the 

samples in the narrow 25/1 – 30/1 ratio interval, where infrared spectra showed small residual 

presence of organic groups, the discrepancy between OTRs and diffusion coefficient is also 

caused by the presence of organic domains still obeying Fickian diffusion but with significantly 

worse barrier performances. 

The thin layers acting as barrier are in almost all cases the limiting factor to the overall per-

meation in the bilayer, as confirmed by Figure 7.20: in it, the contribution of the barrier films 

alone (calculated from Equation 3.25, knowing with a good reliability the average diffusion coef-

ficient for uncoated PET) are shown along with the overall diffusion coefficient. As it is possible to 

Figure 7.19: Curves of oxygen permeation fluxes versus time for a selection of four coated sam-

ples. All curves have been normalized to their final steady-state value. Occasional sudden spikes 

in the concentration values are caused by the oxygen sensor and bear no lasting effect on the 

recorded signals. 
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observe, the two sets of values are in good accordance with each other save for the 10/1 samples. 

As implied in the ideal laminate theory (see also Chapter 3), in fact, when one component in a 

bilayer possesses much better barrier properties than the other, it becomes the determinant fac-

tor in the overall performances of the system: the worse barrier bears no effect on the final 

transmission rates. As a consequence, the overall diffusion coefficient should correspond to the 

one calculated for the barrier alone, as it is in this case. Such limiting factor, as shown by Figure 

7.18, is in turn controlled by the defects in the barrier. 

The discrepancy for the 10/1 oxygen-to-monomer ratio and, to a lesser extent, for all the ‘or-

ganic’ ratios, can be explained so: the calculation for the isolated barrier employ an average ref-

erence value for the uncoated PET; as shown however in section 5.2, polymer samples can pre-

sent fluctuations in their measured OTRs values up to 10%; at the same time, the foil contribu-

tion to the overall permeation is not negligible when compared to such organic layers. As a con-

sequence, high errors, both negative and positive, may be introduced by the calculations. The 

uncertainty then progressively abates as the films turn inorganic. The same slight overestimation 

of the isolated contribution of the barriers returns for the highest oxygen fractions in the plasma 

feed. In this case, the barriers are less a limiting factor for the overall permeation thanks to their 

slightly higher OTRs, which are induced by defects at least partly caused by the increased brittle-

ness of such films. 

 

Figure 7.20: Diffusion coefficient as a function of the oxygen-to-monomer ratio in the plasma 

phase for the bilayer substrate+barrier and for the 100 nm barriers alone. The latter values are 

calculated by means of the ideal laminate model. 
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7.1.5 Pinhole test for the barrier films 

 

In a further attempt at investigating their barrier properties, the thin films have then been ana-

lyzed by means of the test and the relative procedure illustrated in section 6.5. For each oxygen-

to-monomer ratio previously investigated (starting from 10/1), a minimum of three samples, ob-

tained via different discharges, have been thus analyzed. All samples have a thickness of 100 nm. 

Uncoated PET foils have also been tested in order to act as a reference, provided the test will 

demonstrate to be valid even for substrates whose permeation is prevalently Fickian. In Figure 

7.21,  the optical microscope pictures for the uncoated reference and three chosen barriers (with 

a low, medium and high monomer dilution in plasma phase, respectively) are reported, at the 

beginning of the test and at its end. The dark spots already visible at the beginning are embed-

ded in the polymeric bulk and are therefore not to be mistaken with the crystals appearing onto 

the surfaces at a later stage: the height of the latter causes the background to be out of focus, 

easing their discrimination. For the uncoated polymer and the organic poor barrier it is possible 

to observe the appearance of numerous crystals evenly scattered on the surfaces, with some of 

them on the uncoated polymer showing a noticeably ‘puffy’ appearance. For the best barrier lay-

er, on the other hand, even after one hour of CO2 permeation very few small, seed-like crystals 

become visible. For the high dilution sample, finally, an inhomogeneous distribution of crystals is 

to be observed, with almost crystal-free areas flanking regions with a sudden increase in their 

crystal density. In the latter case, moreover, such crystals show a remarkable increase in their 

size, when compared to those for the 40/1 mixture ratio. A selection of investigated samples has 

been then observed by means of scanning electron microscopy, particularly in the same areas 

monitored in real time during the pinhole test. Examples of the observed crystals are provided in 

Figure 7.22, and an overview of the different shapes and sizes for the uncoated PET and the three 

aforementioned oxygen-to-monomer ratios in Figures 7.23, 7.24, 7.25 and 7.26, respectively.  

The uncoated foil presents a thick coverage of crystals with radii between 5 and 10 microns. 

Most of them show the typical appearance of spherulites, but star- and cross-like shapes are also 

present, together with polycrystalline bundles resembling spherulite precursors (similar to those 

shown in Fig. 6.15. The spherulite-like crystallites, in particular, show thick lamellae growing from 

an initial bulky core and closely resemble calcite aggregates of similar size reported in literature 

[192, 220].  

For an organic film with poor barrier performances, as the 10/1, the same kind of crystals are 

still to be observed: bulky spiked structures, sometimes perhaps twinned, showing the macro-

scopic habit of calcite, together with spherical aggregates which, in this case, exhibit fine acicular 

structures rather than lamellae. The anomalous appearance of the crystal in the lower right cor-

ner of Figure 7.24 is probably due to the crystal breaking off at the center of the initial seed, likely 

during the sample handling and preparation, leaving only its lower segment facing upward.  
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Figure 7.21: Details of optical microscope pictures with a x10 magnification of the surfaces of un-

coated PET (a and b), an organic 10/1 film (c and d), and two inorganic films, 40/1 (e and f) and 

70/1 (g and h), at the beginning of the test (a, c, e and g) and after one hour (b, d, f and h). 
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Figure 7.22: SEM pictures of the calcium carbonate crystals formed on the surface of the uncoat-

ed polymer reference and for three 100 nm thick barriers with different oxygen-to-monomer ra-

tios. 

 

Figure 7.23: Overview of CaCO3 crystals after one hour of test found on the surface of uncoated PET foil. 
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Figure 7.24: Overview of CaCO3 crystals after one hour of test found on the surface of a thin film 
deposited with a 10/1 oxygen-to-monomer ratio (organic composition, poor barrier properties). 

Figure 7.25: Overview of CaCO3 crystals found on the surface of a thin film 100 nm thick and de-

posited with a 40/1 oxygen-to-monomer ratio (inorganic composition, good barrier properties). 
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7.1   Study of the variation of the O2/HMDSN feed ratio 

As the film turns inorganic with higher oxygen content in the plasma phase, only sparse 

spherulites and dumbbells are to be found on the surface (Fig. 7.25), some still showing clearly 

the two lobes, others almost completely closed. The size of these crystals is not significantly 

smaller than those observed on uncoated PET, but their needles are now so thin to be easily bro-

ken even during the careful handling of the samples. In the top left corner of Fig. 7.25, in particu-

lar, it is possible to observe some of the broken fragments lying scattered on the area surround-

ing the main crystal. It can be therefore assumed that such crystals originate from smaller quanti-

ties of reagents (i.e., smaller quantities of carbon dioxide, as the lime water solutions have always 

been prepared with a saturation concentration) than those on poor barriers. The assumption that 

the dimensions of the crystals depend solely on their nucleation time, or on the properties of the 

alleged underlying defects, however, is not so straightforward (see also further in the current sec-

tion).  

For the highest monomer dilution, finally, inhomogeneities are not only present in the crys-

tals distribution, but also in their shape and size, as shown in Figure 7.26: crystals with radii com-

parable to those observed for the previous samples are accompanied by others almost an order 

of magnitude larger; deformed and irregular spherulites are still present, but crystals are mostly 

Figure 7.26: Overview of CaCO3 crystals after one hour of test found on the surface of a thin film 

with a thickness of 100 nm and deposited with a 70/1 oxygen-to-monomer ratio (inorganic com-

position, good barrier properties). 
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irregularly shaped lumps or completely closed spheres with faint radial and equatorial lines. In at 

least one case, such spheres present an outer burst of matter from one of their sides. As already 

noticed in real time through the optical observation, the biggest crystals are moreover surround-

ed by circles of smaller lumpy aggregates. While it is difficult to discern what the original shape of 

such irregular crystals may have been, it is safe to assume that the biggest crystals are the end 

phase of the growth process of sheaf-of-wheat aggregates, with the equatorial lines indicating 

where their lobes conjoined. Such bigger aggregates are to be found only in the relatively ‘crys-

tal-rich’ areas of the surface, although their distribution remains completely random. A possible 

explanation for such increase in crystal size may be that the bulk of such highly inorganic barriers 

is practically impenetrable to the O2 and CO2 molecules: these therefore, after permeating quick-

ly through the polymer substrate, are blocked at the interface with the barrier and start to diffuse 

along it. They can finally reach the solution only when they encounter a pinhole extending along 

the whole barrier thickness; in this case, therefore, the defects act as funnel, collecting the per-

meated particles from a large fraction of the defect-free bulk surrounding them. In the case of 

the pinhole test, then, a much higher supersaturation is achieved, resulting in bigger reaction 

products. More generally, the size of the precipitated crystals cannot be correlated with the size 

of the underlying defects. It has actually been observed at the optical microscope how crystals 

forming at later stages are also bigger, on average. This can be explained not only through the 

aforementioned funnel effect, but also by taking into consideration how, for longer times, the 

reagents concentration in the aqueous solution slowly increases, either by small CO2 amounts 

diffusing through the bulk of the barrier or by continued diffusion through the defects, thus pro-

ducing bigger crystals when a precipitation process starts locally on the defect. Such progressive 

increase in the reagents concentration, self-evidently, never reaches values able to trigger a nu-

cleation step at random spots on the sample surface, however. 

During the SEM inspections, by comparing the scanned frames to the optical microscope 

pictures referring to the same areas, it has been possible sometimes to notice small displace-

ments of the crystals, which otherwise often remain firmly stuck on the surface. Closer observa-

tions allowed to find upturned or broken crystals and to observe their bottom side, as shown in 

Figure 7.27: on the left, a crystal broke off near its base, rolled on the metallized surface, scratch-

ing it in the process (the white haze on darker background) and lied upturned. Here, the acicular 

spherulite seems to grow out of a non-descript, squat, denser CaCO3 base. The lower stump 

shows a fine radial structure growing out of a thin, black, possibly hollow slit: the same drop-

shaped duct can be observed on the crystal upper segment. It can therefore be speculated that 

such channel lies directly on top of the defect in the barrier layer, and because of the small but 

steady CO2 flow bubbling through it, it remains open while the crystal grows around it. Such as-

sumption would not only confirm that the crystals do indeed grow on top of defects, but could 

also explain the morphologies of other almost closed spherulites, like for example the one in the 

lower left corner of Fig. 7.23 and the one in the upper left corner of Fig. 7.25, presenting opening 
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7.1   Study of the variation of the O2/HMDSN feed ratio 

in their surfaces. The latter would then be the outlets of the CO2 that keeps permeating through 

the defects. 

 

The crystal on the right in Fig. 7.27, instead, presents a perfectly flat bottom: observation of 

its surrounding area could not find a ‘base’, nor scratches or other surface damages that would 

hint at the crystal being truncated. It has therefore been assumed that such crystal remained in-

tact during its detaching from the surface: as a consequence, its bottom side lied directly in con-

tact with the barrier surface. The lack of dents, hollows or embedded particles shows how this 

particular crystal did not grow around dust particles or other nucleation seeds. Moreover, a flat 

cleft is visible, probably the junction where the two halves of the crystal merged together. Such 

cleft can be assumed to have been lying on a defect and to have served as vent for the permeat-

ed carbon dioxide molecules.  

Such scarce, non-systematic evidence cannot however be enough to unquestionably con-

clude that such crystals grow exclusively on defects. In order to do so, the following procedure 

has been carried out for 40/1 and 70/1 oxygen-to-monomer ratio samples:  

i) the thin films have been deposited via PECVD;  

ii) their barrier properties have been tested a first time in the System II permeation setup; 

iii) the pinhole test has been carried out; 

iv) the samples have been cleaned in the same way illustrated in section 6.5.3, leaving the 

Figure 7.27: Details at the scanning electron microscope of crystals upturned or displaced during 

the sample handling after the pinhole test (for the left crystal, most likely after the metallization 

step, too).  
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crystals on their surfaces; 

v) the barrier properties have been tested again in the same permeation setup. 

By assuming that the crystals grow on defects, a more or less pronounced reduction in the 

samples’ oxygen transmission rates has to be expected, as for good barrier layers permeation 

takes place predominantly or almost exclusively through the latter. The results confirming it are 

reported in Figure 7.28.  

It must be noted, however, that the percent reductions here shown cannot be taken as a di-

rect quantification of the contribution of the pinholes to the overall oxygen transmission rates; 

the analysis can only be qualitative, for the following reasons: 

- it cannot be assumed that all crystals effectively and/or completely clog the underlying 

a) 

Figure 7.28: OTRs before and after the pinhole test for 100 nm thick films acting as inorganic bar-
riers (a), and for a film of the same thickness but with an organic chemistry and poor barrier 
properties (b).  
 

b) 
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7.1   Study of the variation of the O2/HMDSN feed ratio 

defects; 

- the repeated handling of the samples may cause some of them to detach or break, as 

already observed at the SEM, nullifying their clogging effect; 

- the protracted handling can also induce surface damaging on the barrier, like scratching 

or microscopic cracks, that artificially increase the OTRs of the second round of meas-

urements. 

Such results can nonetheless not only confirm the growth of crystals on defects, but also eluci-

date some puzzling aspect of the observed precipitation process, like the presence of a single, 

relatively short-lived nucleation step and the very slow growth of the already existing crystals 

even after several hours: in most laboratory precipitation studies, in fact, the crystal growth for 

saturated solutions is linear [187] and can last for weeks [192], provided the liquid matrix is stable 

enough, with multiple and much longer nucleation phases [220]. In the current case, given the 

peculiarity of the experimental conditions, a comparison with previous studies is not immediately 

straightforward. With the crystals forming on top of the defects – i.e. the source of CO2 in the 

aqueous solution –, the former act effectively as a clog, reducing the latter’s permeation. As a 

consequence, the local oversaturation never reaches values high enough to trigger a second nu-

cleation phase again, and severely limits the growth of the already existing crystals. The scarcity 

of carbonate species in the remaining volume of the solution, on the other hand, completely pre-

vents further formation of aggregates on random, defect-free areas on the surface. These as-

sumptions however only hold true if the main contribution to the permeation comes through the 

pinholes, i.e. when the Fickian permeation is negligible. Such cannot be the case for the uncoat-

ed substrate and for the organic poor barrier, as shown previously and in particular by the per-

meation curves in Section 7.1.4. In this case, more complex precipitation mechanisms must take 

place, and the precipitation of crystals on top of defects cannot be a given. The attempts of the 

previous analysis on the 10/1 oxygen-to-monomer ratio samples resulted not only in no reduction 

of their OTRs, but even in higher final values, as shown in Figure 7.28 b. The latter effect is proba-

bly caused by mishandling of the coated foils, and therefore undermines the validity of such re-

sults. Nevertheless, they act as a partial confirmation of what previously discussed about the dif-

fusion mechanisms in poor organic barriers.  

Further informations about the limits of applicability of the pinhole test are provided by the 

crystal number vs. time curves: the number of crystal refers to a fixed area (5.59·10-3 cm2) on the 

investigated surface, with one real-time analysis possible for each sample. The results, for a se-

lection of samples deposited with different oxygen-to-monomer ratios, are reported in Figure 

7.29: the shape of the curves resembles those obtained for the real-time permeation of oxygen, 

with the delay time before the onset shifted to much lower values thanks to the higher permea-

bility of CO2. It is safe to assume that the first crystals to appear are those lying on the biggest or 

most permeable defects, as locally the CO2 flux is at its maximum. A very high number of crystals 
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precipitate for lower oxygen-to-monomer ratios, with a wide dispersion for repeated tests. The 

progressive oxidation of the deposited films with higher dilution in the plasma feed causes a 

strong decrease in their number, with the latter stabilizing already around 25/1 gas feed ratios. 

 

 

Figure 7.29: CaCO3 crystals number in a fixed frame of the investigated barrier surface as a func-

tion of time. t = 0 is set for the beginning of the pinhole test as described in section 6.5.3 (top). 

Bottom: detail of the first minutes of the test run. 
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7.1   Study of the variation of the O2/HMDSN feed ratio 

In some cases, the tests have been prolonged well beyond the standard 60 minutes, in order 

to investigate the possibility of a second, very late nucleation phase: such is not the case for good 

barriers, with their number of defects remaining stable even after 4 hours of ongoing test. For 

such samples, after 15 minutes the precipitation process is already over and no further variations, 

apart from a very weak growth of the crystals, take place. For the organic layers with poor barrier 

properties, on the other hand, several further steps are noticeable along the curve at later times. 

For the 10/1 samples in particular it is possible to observe the precipitation of new crystals well 

after the 90 minutes mark. This can be explained as follows: as the Fickian permeation through 

the bulk of the thin film is non-negligible, over time a high concentration of nano-scaled precur-

sor of the calcium carbonate crystals can be reached in the lime water solution, suitable to trigger 

a nucleation phase which would not be limited to the immediate proximity of the barrier defects. 

The number of crystals in this case is still dependent on the amount of     
   in solution and 

more generally on the barrier properties of the films, but their location loses meaningfulness.  

The final defects densities (assuming that each crystal corresponds to a defect), calculated 

as described in section 6.5.3, versus the oxygen-to-monomer ratio are reported in Figure 7.30.  

The vertical error bars are the standard deviations associated to the average densities for 

each tested sample. The OTRs have been already presented and discussed in section 7.1.4 and 

are here reported for comparison. The curves are in good accordance with the sharp decrease 

Figure 7.30: Numerical defect density for 100 nm barrier layers as a function of the oxygen-to-

monomer ratio in the plasma feed (left), and OTRs for the same ratios, from Fig. 7.13 (right), for 

comparison. 
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roughly coincident with the 15/1 ratio. The defect density then stabilizes to a minimum until 60/1 

(coincident with the range where the best barriers are obtained), then increases sharply and with 

much wider associated standard deviations. The standard deviations for the organic layers, while 

high in absolute values, are not however proportionally much higher than those associated to the 

30/1 to 60/1 range, as the crystal distribution for both types of films remains fairly homogeneous 

throughout the whole investigated area. The lowest defect densities are in good accord with the 

values found in literature and calculated by means of other tests, in particular with the results 

obtained by da Silva Sobrinho et al. reported in Table 6.2: in this case in fact even the correspond-

ing OTRs fall in the same range. While, as mentioned before, the current pinhole test may not be 

strictly applicable to Fickian barriers, it is however still worth mentioning that the ratio between 

the highest (for 10/1) and lowest (for 40/1) defect densities, equal to about 43, is in very good ac-

cord with their corresponding BiFs, which show a ratio equal to almost 45. 

As for very high oxygen-to-monomer ratios, however, as shown in Figure 7.30, high fluctua-

tions in their distribution are to be observed, probably because of structural differences on differ-

ent zones of the barriers. The rise in the average densities for such ratios is much higher than the 

relatively small increase observed in OTRs. Such phenomenon highlight a disadvantage of such 

test, when compared to other methods, in particular with the oxygen plasma etching described 

in Section 6.5.1. The current test provides only the numerical densities of defects, but says noth-

ing on their size or on the amount of gas permeating through them. As discussed before, the size 

of the crystals gives no further indication on the subject, and the time of their precipitation only 

qualitative information. As a consequence, it is possible for a barrier film to possess numerous 

albeit very small defects, and for the total gas volume permeating through them to remain low. 

For such oxygen-to-monomer ratios, the test only allows to strengthen the assumption that, de-

spite the identical chemical composition, morphological differences exist when compared to the 

40/1 samples, mostly ascribable to an increased brittleness of the films. 

Whatever causes the crystal aggregation on certain spot on the surface of uncoated PET, as 

for example local roughness or external particles acting as crystallization seed, they do not seem 

to be the main cause for the formation of defects in the subsequently deposited barrier layer. 

This has been ascertained by subjecting uncoated samples to the pinhole test, washing them and 

removing the crystals with a soft brush afterwards, coating them with 100 nm of the best barrier 

layer and finally repeating the test. The pictures taken during the first and second run have then 

been compared, in order to verify the superimposition of the new crystals over the old ones. One 

example of such test is shown in Figure 7.31: in this case, while pouring lime water from the pi-

pette, a calcium carbonate flake ended up on the surface, hence the dark large spot visible in the 

second picture. In the white circles the superimposable crystals, which constitute only a small 

fraction of the total. It is also worthy to notice that, as detailed before, large crystals on uncoated 

PET do not equate to eventual large underlying defects: were it the case, the subsequent barrier 

films would exhibits defects on the same location or in the immediate surrounding area. 
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7.1   Study of the variation of the O2/HMDSN feed ratio 

It must be stressed that such kind of repeated testing of the same surface introduces several 

errors, as the prolonged handling of the sample and the mechanical removal of the crystals may 

either increase the number of third bodies on the surface or damage the latter. This happens to 

be the case, as the crystal densities for barrier films deposited on such samples have always been 

found to be slightly higher than usual. For further considerations about the surface morphology 

of the substrate acting as source of defects in the barrier layers, see also section 7.4.2. 

 

Figure 7.31: Uncoated PET sample after 1 h of pinhole test (a), and the same PET sample after 

being coated with 100 nm of a 40/1 barrier film and subjected to a second run of the test (b). The 

quadrilateral in (a) corresponds to the area shown in (b). In the white circles, superimposable cry-

stals. 
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7.1.6 Effect of temperature on permeation curves and diffusion coeffi-

cients 
 

The effect of temperature on the barrier properties of the thin films, as a way to decouple or at 

least clarify the contribution of their defects to their overall transmission rates, has been investi-

gated by subjecting the same sample to permeation measurements, following the same protocol 

reported in Section 6.4.1, performed at different temperatures in the room temperature to 60 °C 

range. The upper limit is still sufficiently far away from the glass transition temperature for PET, 

equal to 80 °C [114], to avoid a completely different permeation process in the now viscous sub-

strate [25]. Only a selection of samples has been investigated: an uncoated foil, to act as a refer-

ence, a poor organic barrier (10/1 oxygen-to-monomer ratio) and two inorganic films with differ-

ent morphologies and similar barrier performances (40/1 and 70/1, respectively). The Arrhenius-

like plots obtained from the experimental data will provide a calculation of the activation energy 

of the process, according to what detailed in Section 3.4. The steady-state flux corresponds in 

this case to the experimentally obtained oxygen transmission rate. 

As polymeric materials and amorphous silica-like films possess different thermal expansion 

coefficients, the differential expansion may develop stress-relief cracking [27, 31] midway during 

the analysis, thus invalidating it. In order to exclude such eventuality, after the first run of tests on 

a substrate plus barrier system, during which the highest temperatures had been reached, the 

sample was tested again at the standard value of 35 °C. The consequent normalized OTR, re-

ported in Figure 7.32, shows only a minor discrepancy with the first measurement at the same 

conditions, around 3 %, compatible with the analysis intrinsic reproducibility limits.  

Figure 7.32: OTRs measured at 35 °C for a 100 nm thick barrier with an oxygen-to-monomer ratio 

of 40/1, with the second value being recorded after the sample has been heated up to 60 °C. 
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7.1   Study of the variation of the O2/HMDSN feed ratio 

The oxygen transmission rates as a function of the temperature thus calculated are reported 

in Figure 7.33 for all the investigated samples: such data will be the foundation on which all sub-

sequent analyses will be based. The greater horizontal errors associated with lower temperatures 

are caused by the stability limits of the thermostats. Eventual analyses at even lower tempera-

tures would therefore require the use of water coolers or chillers. As foreseeable, the increase in 

the transmission rates is much smaller for the two good barriers, while the organic film closely 

follows the uncoated foil trend, with its OTR rising almost four times in the investigated range.  

 

As the uncoated reference value have not been measured for all the investigated tempera-

tures, particularly in the case of the runs for the two inorganic barriers, a fitting of the uncoated 

PET data alone has been necessary, before calculating the correlated BIFs. The fitting has been 

performed by means of an Arrhenius-like equation with an eventual non-null intercept to ac-

count for experimental errors. Such equation and the related fit are reported in Figure 7.34. It is 

possible to observe through the good R2 value how well the permeation through the PET foil fits 

a purely Arrhenius behavior, despite its mixed amorphous/crystalline nature. The fitting equation 

allows then to retrieve the missing reference values for the substrate through interpolation. The 

thus calculated barrier improvement factors are reported in Figure 7.35. 

The organic 10/1 film shows almost constant BIFs never higher than 1.1. The 40/1 barrier 

shows the best BiFs but, contrary to the 70/1 case, the values of which remain fairly constant 

throughout the investigated range, a sharp increase is registered starting around 35 °C. For lower 

temperatures, the apparent BIFs are around one third lower and with a much higher dispersion, 

Figure 7.33: OTRs as a function of the temperature for 100 nm thick coatings with different chem-

ical compositions and barrier properties and for the uncoated substrate for reference. 
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even for repeated measurements. This can be caused in the first place by the errors becoming 

bigger when compared to the measured signal, which in the low temperature range decreases 

significantly, even when employing the bigger sample-holding cell. A further, more likely expla-

nation for such stark change will be given at a later stage in the current section.  

 

Figure 7.34: Fit of the uncoated PET data with an Arrhenius-like equation (shown in the upper left 

corner). The corresponding coefficient of determination is also reported. 

Figure 7.35: Barrier improvement factors as a function of the temperature for the three investi-

gated thin films. 
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7.1   Study of the variation of the O2/HMDSN feed ratio 

The isolated contributions of the barriers have been subsequently calculated, by means of 

Eq. 3.25 reported first in Section 3.3, i.e. assuming homogeneous laminated structures, which has 

been already proven not to be the current case. The calculated values are in good agreement 

with the simplified Eq.3.24 for layers with different permeabilities in the case of the 40/1 and 70/1 

oxygen-to-monomer ratio, as it would have been expected, but severely differ in the case of the 

10/1 sample. In the first case, the error never exceeded 1.5 % for the 40/1 sample and 3.5 % for the 

70/1. The further reduced Eq. 3.26 and 3.27 version of the ideal laminate theory have also been 

tried, in order to calculate the isolated barrier contributions first, and then the respective activa-

tion energies, but, in addition to the high errors associated, the values obtained bore no mean-

ingfulness and have thus been not taken into account in the further discussion.  

The results for the isolated contributions of the thin films are reported in Figure 7.36 and 

their associated relative variations are shown in Figure 7.37. The latter values have been thus cal-

culated: 

                                                       
                        

      

                                      

The latter graph also includes a legend to elucidate how to interpret a box-and-whisker chart.  

 

Fig. 7.36 shows, for the inorganic films, the same trends observed in Fig. 7.33 and still very 

low transmission rates, so much that the values are negligible when compared to the overall sub-

strate plus barrier system. For the 10/1 film, on the other hand, the isolated values are several or-

Figure 7.36: Oxygen transmission rates of the isolated barrier films, calculated by means of the 

ideal laminate theory, as a function of the temperature. 
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ders of magnitude higher and show a strong dispersion at low temperatures, again highlighting 

the poor barrier properties of such porous, although homogeneous, films. The fluctuations are 

particularly stressed at low temperatures, for the same reasons that introduced high errors in the 

calculation of the diffusion coefficients for the organic barriers alone in section 7.1.4, i.e. the dis-

persion of the uncoated PET transmission rates. In other words, the discrepancy between the 

reference value for the Hostaphan PET and the foil actually serving as substrate for the organic 

layer induces the apparent ‘underperforming’ of the latter at relatively low temperatures, when 

the raw data are being elaborated, and causes the isolated OTRs of the thin film to artificially in-

crease. By looking at the associated relative variations, moreover, it is possible to suppose the 

presence of two distinct populations in the whole data set, separated around 40 °C. The average 

variation for each one of such set has then been calculated and is reported separately in Figure 

7.38. While the 40 to 60 °C range still presents a residual dispersion around the mean value, the 

data are distributed in a narrow Gaussian, contrary to the low temperature range. As a conse-

quence, the latter set of data has been deemed too inaccurate for the subsequent analyses and 

thus been discarded: this in itself should not undermine the validity of the successive results, as 

whatever variation in the transmission rates associated with the temperature is more recogniza-

ble in the latter’s higher range. For the 10/1 sample, therefore, only data recorded at 40°C or 

higher temperature will be from now onwards presented and discussed. 

Figure 7.37: Relative variations in the OTRs for the isolated barriers alone with respect to the 

measured values pertinent to the substrate plus barrier system. In the legend, IQR is the inter-

quartile range, i.e. the difference between the third quartile Q3 and the first one Q1, assuming a 

Gaussian distribution of the chosen set of data. Outlier values are assumed to be affected by 

anomalous errors and are therefore discarded from subsequent analyses and processing. 
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7.1   Study of the variation of the O2/HMDSN feed ratio 

With the logarithmic values of the OTRs, both for the whole system and for the aforemen-

tioned isolated barrier contributions, it is then possible by means of Eq. 3.39 and 3.40 to linearly 

fit the experimental data and obtain, from the slopes, the activation energy for the diffusion pro-

cess. The value of the ideal gas constant, necessary for the calculations, has been obtained out of 

an average of the values listed in [221]. The linear fits and the activation energies are reported in 

Figure 7.39. The latter are also reported, together with the R2 values of the fits, in Figure 7.40. 

A separation of the barrier contribution, although enabled by the faulty assumption that the 

film is defect-free, is nonetheless necessary. Any analysis on the ‘as measured’ values referring to 

the overall  system would in fact be dominated by the contribution of the substrate which, as al-

ready seen in Figure 7.34, seems to present only a solid body diffusion pathway. Any deviation 

from the latter taking place in the barrier would likely be drowned by the PET contribution, both 

in absolute values and as kind of dependence on the temperature. Still, as the isolated contribu-

tions are affected by an unquantifiable but sure error, presenting and comparing both results has 

been deemed to be preferable. 

For the uncoated PET foil acting as a reference, it is possible to observe again, as in Fig.7.34 

and as confirmed by the R2 value, the very good agreement with an Arrhenius-like drive diffusion 

process, with the obtained activation energy coincident with the values reported in literature, 

some of which are listed in Table 7.3. 

 

Figure 7.38: Box-and-whisker chart for the whole 10/1 sample measurements, and them after be-

ing split in two subset with a threshold at 40°C. The legend from Fig. 7.37 applies also in this case. 
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Figure 7.39: Logarithmic Arrhenius-like plots for the overall system (top) and the isolated barrier 

contributions (down) for the three investigated plasma-feed compositions. The calculated activa-

tion energies for the diffusion process and the associated error are also reported. The uncoated 

PET plot is repeated in the second graph for comparison purposes only. 
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7.1   Study of the variation of the O2/HMDSN feed ratio 

 Table 7.3: Activation energies for uncoated PET foils calculated by means of an Arrhenius-like 

plot available in literature. 
 

Ea Reference Ea Reference 

kJ · mol-1   kJ · mol-1   

29.3 [32] 29 ± 2 [222] 

31.4 [34] 29 ± 3 [24] 

29.2 [223] 29.7 ± 2.9 [30] 

Figure 7.40: Activation energies calculated by means of the Arrhenius plots reported in Fig. 7.36 

(left) and the associated coefficient of determination R2 (right), for the substrate plus barrier sys-

tem (top) and the isolated barrier contributions alone (bottom). The errors in the Ea values have 

been provided by the software at the end of the fitting procedure. 
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The 10/1 film, both in the total and in the isolated contribution, shows a higher intercept val-

ue than the two inorganic barriers, maybe because of its intrinsic higher disorder degree caused 

in no small part by its organic fraction. As the entropic component contributing to the intercept 

depends also on the defects in the layers [25, 30], then, Fig. 7.39 seems to imply that the 70/1 

sample possesses a high number of defects or, more precisely, a higher fraction of its volume is 

affected by them, than the other inorganic barrier with a 40/1 feed ratio. This is certainly in good 

accord with the numerical densities calculated by the pinhole test and reported in section 7.1.5. 

As for the activation energies, as expected, the system with the 10/1 sample shows no difference 

compared to the uncoated foil. Neither the 40/1 nor the 70/1 barrier, however, result in an in-

crease of Ea, despite the strong reduction in their OTRs and increase in the BiFs. For the 40/1 

sample, in particular, the obtained value is significantly lower, and the R2 of the fit too is the low-

est among the four, when considering the results for the whole systems. The same remains gen-

erally true for the isolated contributions, although in this case the activation values of the films 

are even lower. It is interesting to notice however how a steady increase in the activation ener-

gies takes place from the 10/1 up to the 70/1 sample and that, at the same time, in this case the R2 

shows much better values. The errors introduced by the application of the ideal laminate theory 

may account for the apparent reduction in Ea but, assuming them to affect equally the three 

samples, it is still possible to conclude that the soft organic layer possesses the lowest activation 

energy out of the three, with the bulk of the 70/1 sample, possibly, being even superior to the 

40/1 one, despite their measured OTRs values. The lack of an apparent increase in the activation 

energy compared to the uncoated substrate shows how the rate-limiting step in the permeation 

is still the diffusion through the polymeric substrate [30], at least in steady-state conditions. This 

entails that the barrier films are defective, i.e. the configuration is the one reported in Figure 3.4c 

and detailed in Section 3.8. In the contrary case, for a perfect barrier, the calculated activation 

energies should have been, at least for the inorganic barrier, closer to those of silica. At room 

temperature silica is practically impenetrable to oxygen [224]. Measurements can be of course 

carried out at much higher temperatures, yielding in this case activation energies in the range of 

80 to 100 kJ/mol or even more [225, 226]. The extrapolation may not however be justifiable, ac-

cording to Roberts et al. [54]. Indeed, in case of hydrogen, the activation energies of silica have 

been found out to be strongly dependent on the investigated temperature ranges, resulting in 

values even 2.5 times higher/lower [224]. It is important to stress, moreover, how thin films do 

not necessarily show the same properties of the reference bulk, and that anyway PECVD films 

often lack a reference material to start with [7], thanks to their unique properties and stoichi-

ometries [104]. In this case, then, silica activation energies are to be seen more as an upper limit 

than a real reference to strive for. For the sake of simplicity, a 100 kJ/mol reference value has 

been assumed in this case for the inorganic silica-like barriers [25].   

The presence of macro- and nano-defects, moreover, causes an ‘overperforming’ of the 

permeability especially at room temperatures, when compared to a purely solid body diffusion 
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mechanism, with values being much higher than those that could be extrapolated from data in a 

high temperature range (this affects even the aforementioned bulk glass, as demonstrated by 

the dependence of its activation energy on the investigated temperature range). The measured 

flux at steady-state conditions would then qualitatively be equal to a solid body contribution fol-

lowing an exponential increase with the temperature on top of a much more stable ‘background’ 

constituted by the contributions of the defects in the barrier, which are bound to dominate at 

‘low’ temperatures. Such is the case observed for the 40/1 sample, as shown in Figure 7.41: here, 

it is possible to observe a noticeable knee in the curve which is not predicted in any single perme-

ation model, but can only results from a multi-pathway process when one component becomes 

or ceases to be predominant. The knee has been first noticed in the ‘as measured’ plot, but it is 

still recognizable even after isolating the contribution of the barrier. The fitting procedure has 

then been repeated for the two segments, the separation of which lies around 37.5 °C: the 

threshold has been chosen only by observing the position of the knee. No such feature was how-

ever visible for the 70/1 sample. Interestingly, for the 40/1 sample such knee also corresponds to 

the sharp jump in BiFs observed in Figure 7.35. 

As before, the activation energies have been calculated through the slope of the fit and are 

displayed with their determination coefficients in Figure 7.42, for the ‘as measured’ values and for 

the isolated film. In both cases, it is possible to observe how in the upper temperature range the 

apparent activation energy is higher than the uncoated reference, equal respectively to 31.8 and 

32.5 kJ/mol. The associated R2 is also closer to unity. The fit for the lower temperature range on 

the other hand is not only much less satisfactory, as shown by the lower R2 values, but also pro-

vides a much lower activation energy, equal to only 11.6 kJ/mol for the overall system and to 20.5 

kJ/mol for the isolated barrier. Such low values in turn caused the activation energy previously 

calculated through a single fit to be much lower than the uncoated PET. The linear fit for the sub-

strate plus barrier system, in particular, is significantly poor. It can be concluded then that, at 

least in the lower temperature range, this activation test is completely rendered invalid by the 

presence of defects. It remains however still useful, not because it provides a reliable Ea estima-

tion, but because its inaccuracy demonstrates once again the presence of defects in the barrier. 

The results for the higher temperature range on the other hand seem to imply that at least some 

part of the total flux of permeant diffuses through a solid body pathway, so that applying such 

barrier on top of the polymer does not equate only to an increase in the overall tortuosity, but to 

a real growth of the activation energy of the process which is then in part thermally activated 

(see also Section 3.8). Nonetheless, the activation energies are still only one third of those of ‘real’ 

glass. By comparing them to known values found in literature for porous glasses or other inor-

ganic bulk materials, even if taking into account all the previously mentioned caveats about 

straightforwardly comparing plasma-deposited thin films to some appointed ‘reference’, it is in-

teresting however to check for eventual correspondences. Thus, the activation energy for the 

40/1 sample calculated in the low temperature range (i.e., as already said, where it would be most 
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affected by the presence of defects) for the whole system and equal to 11.6 ± 3.7 kJ/mol is in good 

accord with microporous glass, which lists an activation energy of around 12 kJ/mol [227]. Simi-

larly, the Ea obtained in the high temperature range, 20.5 ± 1.9 kJ/mol, lies in proximity of the val-

ues listed for K-mordenite, an aluminosilicate zeolite, equal to 18.4 kJ/mol [54]. 

 

Figure 7.41: Arrhenius plots for the 40/1 sample ‘as measured’ (top) and isolated (bottom), show-
ing a knee at a temperature of around 37.5 °C. The two separate fittings have been highlighted 
via different colors. 
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It remains to determine whether the defects are macro- or nano-scopic, according to the 

definition of Roberts et al. [54]. This can be qualitatively assessed by noticing how, if the contri-

bution of lattice and nano-defects in Eq. 3.44 is negligible, the whole equation is reduced to: 

                                                                                                                                                      

as the geometric factor is constant, then, the ratio between the permeability of the system and 

Figure 7.42: Activation energies for the 40/1 samples set of data, split in two segments, calculated 

by means of the Arrhenius plots reported in Fig. 7.39 (left) and the associated coefficient of de-

termination R2 (right), for the substrate plus barrier system (top) and the isolated barrier contri-

butions alone (bottom). The errors in the Ea values have been provided by the software at the end 

of the fitting procedure. 
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the one of the polymer alone, too, should remain constant, even at different temperatures. As 

for Eq. 3.23, permeability and transmission rate are directly proportional, and the former ratio 

becomes nothing else than the inverse of the definition of the barrier improvement factor, when 

equating the permeability with the transmission rate. Such BiF, as previously shown in Fig. 7.35, 

has already been demonstrated to remain substantially unaltered for the 70/1 barrier, and for the 

40/1 only in the higher temperature range. In the lower range, on the other hand, apart from the 

bigger dispersion, it could still be envisioned a more or less constant, albeit lower, value. Assum-

ing then, as it would be reasonable to expect, that the defects in the layer, even when belonging 

to the same sub-set among those presented in Section 3.6, are still divided into different popula-

tions with different lateral sizes and different activation energies, the narrow temperature range 

between 37.5 and 40 °C seems to correspond to an activation threshold, above which a whole 

population of defects becomes active, or the contribution of which becomes much more preva-

lent. 

 

Table 7.4: Average size of a monodisperse population of square defects and the area fractions 

covered by them, together with the factors necessary for their calculation according to Eq. 7.2, 

for the two temperature ranges for the 40/1 sample. 

 

40/1 sample 
Cmd d L 2w=2h def 

  m m     

(40 to 60°C) 1.25 x 10-2 
23.1 153.59 

6.73 1.92 x 10-3 

(21 to 40°C) 1.41 x 10-2 7.62 2.46 x 10-3 

 

 

Because of the uncertainties connected to the data in the lower range, both inverse BiFs 

have then been used for the evaluation of the size of the macrodefects for the 40/1 sample. This 

can be carried out through the definition of Cmd calculated by Yanaka et al. [31] for a monodis-

perse population of rectangular defects homogeneously arranged with a spacing equal to L: 

                                                  
√    
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with w and h being the half lateral sizes of the defects along the x and y axis, respectively, d the 

aforementioned total thickness of the multilayer and H(h/w) the function thus defined: 

                                         (√      )         (√         )                         

where s = h/w is a measure of the shape and elongation of the defects. The previous two equa-
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tions are valid provided that        . In the current case, following Roberts et al. example, 

it has been assumed for the sake of simplicity a perfectly square shape, so that: 

                                                                                              
 

 
                                                       

The spacing has been equated to the average distance between crystals in the pictures obtained 

by means of the pinhole test, and for the 40/1 samples has been calculated as an average out of 

200 measured distances. It must be noted how such value respects the assumptions for the valid-

ity of the aforementioned equations. The 70/1 oxygen-to-monomer ratio, because of the pres-

ence of areas with defects densities orders of magnitude different, has been excluded by the fol-

lowing analysis, as it would require first an extensive analysis of multiple samples surfaces in or-

der to obtain a weighted L. Knowing also the average BiF and consequently the expected Cmd, 

then, it has been possible to obtain the w values that, in Eq. 7.2, best approximate the latter fac-

tor. The recap data are displayed in Table 7.4, together with the resulting area fraction, def, sup-

posedly covered by such defects, defined as follows: 

                                                                          
   

  
   

  
                                                                       

Even taking into account the simplifications made, it is safe to assume that the resulting de-

fects size are being overestimated: with an average of around 7 m, considering both tempera-

ture ranges, the defects would have been surely visible at the SEM pictures reported in Section 

7.1.5, and probably even at the optical microscope in real time during the pinhole test, as their 

lateral size would be comparable with at least a good fraction of the calcium carbonate crystals. 

Furthermore, relatively large uncoated areas of similar size could have been recognized even pri-

or to the start of the test by the interference-induced iridescence at their edges, as already 

demonstrated in Fig. 6.23. The assumptions made for assessing the defects size are therefore 

faulty, the one considering almost no permeant flux through other diffusion pathways in particu-

lar: the contribution of solid body diffusion has already been reasonably demonstrated, although 

it remains unclear to what extent, and the presence of nano-sized defects is more than likely, 

considering the certain presence of their macro-sized counterparts. It is however significant to 

notice how little coverage of the total surface the defects need in order to severely limit the bar-

rier performances of the film (in this case, around 0.2%). Considering again the microporous 

glass and the mordenite in good accord with the activation energies for the 40/1 sample, then, 

the average size of the pores in their bulk is listed respectively as 0.6 [227] and   0.4 nm [54], i.e. 

four orders of magnitude smaller than the calculated values. In the investigated temperature 

range, such small pores would still be available for oxygen to be permeated through, as bigger 

than the molecule radius [35]. Nano-scaled defects would therefore most likely play a significant 

role in the overall diffusion also for the current silica-like barriers. 
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Unfortunately, further informations on the kind of defects and the permeation mechanism 

through them, particularly the contribution of nano-sized pinholes, cannot be conclusively drawn 

from the current set of data. The method devised by Kirchheim et al. [58, 59], although based on 

Roberts et al., is overly simplistic. It proposes a fit of the isolated barrier contributions as a func-

tion of the inverse of the temperature in a classic Arrhenius plot, and then for the free and the 

Knudsen diffusion (see Eq. 3.42 and 3.43, respectively, with the diffusion coefficients substituted 

by the transmission rates), and the fit with the best determination coefficient should be assumed 

to be the dominant one. In the first place, the temperature-dependent term in Eq. 3.42 for the 

free diffusion can be reduced to: 

                                                            
    

      

   
    

 
                                                               

i.e. a power law, like the case for Knudsen diffusion (albeit with a different order). The experi-

mental errors alone may render difficult to discriminate between the two defect-driven diffusion 

mechanisms. Secondly, such approach already implies that, assuming that a major permeation 

pathway is present, it must be so preponderant to drown out the other two contributions and 

shape the transmission rate curves after itself alone. 

Indeed, the current set of data (i.e. the isolated barrier contributions, with the 40/1 data split 

in the previous two different sub-sets), fitted for the free and the Knudsen diffusion equations, 

displayed respectively in Figure 7.43 and 7.44, still show very good determination coefficients, in 

most cases comparable to those obtained out of the respective Arrhenius plots. This is true even 

for the uncoated polymer, which is known a priori for its solid body diffusion. Such deceptive re-

sult is however easily debatable once observing the shape of the experimental curves: in all cases 

save one, the curves show through their concave shape a dependence on the temperature of a 

higher order than a power law, i.e. an exponential one. A partial exception is the 70/1 sample, 

whose data seem to be truly disposed in a linear fashion. The low temperature range of the 40/1 

barrier too seems to show a linear correlation with the x variable, but in this case the associated 

errors cause this data to be unreliable. 

In light of such results, for all the barriers here investigated the following general statement 

is possible: the overall permeation through such barriers cannot be reduced to a single process, 

either perfectly Fickian or following a tortuous path model, but on the contrary, the diffusion is 

regulated by more than one activated process. Thus, if a fitting of the transmission rates (as the 

dependent variable y) as a function of the temperature (the independent variable x) has to be 

made, it has to be modelled after the following equation: 

                                               [ 
  

  
 ]      √      
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where B, C and D are constant factors based respectively on Eq. 3.37, 3.42 and 3.43, and A is an 

additional constant necessary for taking into account eventual experimental errors. The second 

term in the sum then corresponds to a solid body mechanism, the third to the free diffusion and 

the fourth to the Knudsen diffusion contribution. 

In order to do this and obtain reliable results, however, a much larger data set would need to 

be rendered available first, both by means of repeated measurements of the same coated sam-

ple, and by testing several samples for each investigated oxygen-to-mixture ratio. The first step 

is necessary in order to minimize the experimental errors, which are particularly severe in the low 

temperature range: the latter range is however also the most interesting in order to better detect 

diffusion mechanisms through defects, as for such values the solid body diffusion is less pro-

nounced. The second step on the other hand is required in order to obtain an average repre-

sentative of their barrier properties and diffusion mechanisms. Especially for the good barriers, 

Figure 7.43: Oxygen transmission rates as a function of the temperature according to the free 

diffusion model, together with the determination coefficient of the relative fit, for uncoated PET 

(top left), 10/1 (top right), 40/1 in two segments (bottom left) and 70/1 sample (bottom right). The 

latter three are relative to the isolated contribution barrier alone. 
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the defects densities calculated by means of the pinhole test reported in 7.1.5 can in fact even 

show a 100 % variation among them. The 70/1 samples have furthermore the disadvantage of a 

highly inhomogeneous defect density that further limits the analyses reproducibility. 

In conclusion, for each investigated sample the following general, albeit non-conclusive, 

statements can be done, based also on Figure 7.45, which shows the activation energies as a 

function of the transmission rates obtained at 35 °C: 

- for the uncoated foil, diffusion takes place mostly through a solid body mechanism, as 

largely expected [30, 37, 68, 227]; the activation energy is in good accord with values 

found in literature for similar PET; 

- the 10/1 substrate plus barrier system shows a high transmission rate and an activation 

energy still comparable to the reference value. The main permeation mechanism is in 

this case still limited by permeation through PET although, because of the intrinsically 

Figure 7.44: Oxygen transmission rates as a function of the temperature according to the Knud-

sen diffusion model, together with the determination coefficient of the relative fit, for uncoated 

PET (top left), 10/1 (top right), 40/1 in two segments (bottom left) and 70/1 sample (bottom right). 

The latter three are relative to the isolated contribution barrier alone. 
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porous structure of the thin film, it is also possible a non-zero permeation through de-

fect; 

- the substrate with the 40/1 sample system shows a complex permeation process in 

which most likely all three speculated pathways play a role; the behavior at high tem-

peratures is regulated through an Arrhenius-like dependence on temperature, while at 

low temperatures the contribution of macro- and nano-defects becomes more prepon-

derant. In the first case the permeation process is at least partially thermally activated, 

resulting in an increase of the apparent activation energy. Not so in the second one, 

which on the contrary results in a much lower Ea value even if the transmission rates 

remain still very low; 

- the system with a 70/1 sample, yet again, shows no increase in the activation energy 

when compared to the uncoated PET, and alone among the investigated samples 

seems to be mainly influenced by permeation through defects, i.e. free and Knudsen 

diffusion regimes, with a reduced or even almost absent permeation through the barri-

er’s bulk. Thanks to an increase in defect’s density and in the intrinsic brittleness of the 

barrier (see also Section 7.1.3), the resulting transmission rates are however still worse 

than those for a 40/1 sample. 

 

Figure 7.45: Calculated activation energies for the investigated substrate plus barrier systems 

(40/1 split in two sub-sets) and uncoated PET as a function of their normalized oxygen transmis-

sion rates at 35 °C. 
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7.2 Study on the operating power 
 

After having studied the effect of the gas feed composition on the deposited thin films, a study 

on the possible equivalent effects of the operating power has been performed, in order to find 

better conditions that would result in films with improved barrier properties. Power has a strong 

influence on the chemistry and properties of the solid products, mainly by influencing the frag-

mentation degree of the precursor molecules and, at the same time, by regulating the chemical 

reactions taking place in the plasma phase, both effects at least in principle comparable to those 

produced by the gaseous feed composition. Instead of investigating the whole oxygen-to-

monomer range covered in the previous section (see Chapter 7.1), only three ratios have been 

chosen: the 40/1, as for 555 W the highest BiFs have been obtained through this plasma feed 

composition, an extremely oxygen-rich feed, 70/1, which still resulted in completely inorganic 

films, and an oxygen-poor ratio that resulted in mostly organic films with poor barrier properties. 

The 13/1 has been chosen over the 10/1, which has been previously used as the ‘organic refer-

ence’, because for 555 W the former lies at the very beginning of the steep reduction in OTRs (see 

Figure 7.15). The different operating powers should therefore in this case provoke the most in-

tense variations in the properties of such film. As in previous cases, the thickness has been kept 

constant at a value of 100 nm. 

The investigated power range extends both above and underneath the previously employed 

555 W. The lower limit is reached around 215 W, when the plasma ignition becomes difficult to 

achieve and the fluctuations of the standing plasma, when present, cannot ensure homogeneous 

or reproducible depositions. The upper limit of around 750 W has been chosen as for such high 

energies the possibility of thermal damages to the substrates becomes extremely high. 

In the following sections the deposition rates as function of the operating power, and the 

films’ FTIR spectra and OTRs for the three investigated ratios will be presented and discussed, 

together with some qualitative consideration on the pinhole tests performed for a small selection 

of films. 

 

 

7.2.1 Effects on the chemical composition 

 

The deposition rates for the three investigated oxygen-to-monomer ratios as a function of the 

average operating power, normalized for the monomer flux in the plasma feed, are reported in 

Figure 7.46. In all three cases, a clear trend is shown, with the deposition rates decreasing in-

versely with the power in an almost linear fashion. Such decrease is similar to the one reported in 

Figure 7.3 for constant power and increasing oxygen-to-monomer ratios. The only partial excep-

tion is constituted by the lower power range for the 40/1 ratio, up to around 400 W, as the deposi-
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tion rate remains practically constant. Such behavior will be better explained in section 7.2.3. For 

the 40/1 ratio, moreover, powers higher than the upper limit of the chosen range have been in-

vestigated too. Despite the calculated value being in good agreement with the perceived trend 

for lower powers, however, the glossier appearance of the coated substrates suggested at least a 

minimal thermal damaging and, therefore, no subsequent oxygen transmission rate measure-

ments for such barriers have been performed.  

The ATR absorption spectra for the three ratios and different operating power, in the 1600-

500 cm-1 in order to better display the main band, are reported in Figure 7.47. The following dis-

cussion will focus in particular on the methyl band signal as indicator of the organic fraction of the 

films, where present. All spectra refer to the samples that have been later tested for their barrier 

properties. Here again, for low oxygen contents in the plasma feed (10/1), the monomer cannot 

be fully oxidized and stripped of its organic groups, resulting in a thicker and still organic solid 

film. An increase in power values, however, does at least reduce this sort of ‘starvation’ regime, 

oxygen-wise. It is in fact possible to observe how the intensity of methyl-related band around 

1260 cm-1 is inversely proportional to the average power. For such ratio, anyway, power alone is 

not enough to turn the films into completely inorganic silicon oxides.  

 

Figure 7.46: Deposition rates vs. operating power for an oxygen-to-monomer ratio of 13/1 

(green), 40/1 (blue) and 70/1 (black). The values are calculated from 100 ± 10 nm thick films and 

have been normalized by the employed precursor flux (in [sccm]). 
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Figure 7.47: ATR FTIR absorption spectra in the 1600-500 cm-1 range for different operating pow-

ers and different oxygen-to-monomer ratios: 13/1 (a), 40/1 (b), and 70/1 (c). The colors of the sin-

gle spectra do not necessarily correspond to the same operating power. The bands have been 

assigned based on the references already reported in Table 7.1 and Table 7.2.  
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With higher oxygen content, instead, the deposited film can turn gradually and continuously 

from organic to inorganic ones, as it is the case for the 40/1 oxygen-to-monomer ratio. A small 

methyl band is still visible up to powers of around 450 W, before completely disappearing and 

leaving only SiOx-related peaks. The main Si-O-Si band itself does not show remarkable changes 

in shape throughout the entire investigated range. As for the 70/1 ratio, in this case the chemical 

composition of the film is determined mainly by the composition of the feed, rather than by the 

power. All displayed spectra in this case show no methyl band and a rather unaltered Si-O-Si 

main band, even for the lowest powers. 

The Si-O-Si main band wavenumbers, together with the relative intensity of the methyl band for 

all the investigated conditions, are reported in Figure 7.48: the first series of data shows, for the 

lowest and highest oxygen-to-monomer ratios, that the main band position remains fairly con-

stant throughout the whole power range; only the 40/1 ratio exhibits a remarkable shift to higher 

wavenumbers before reaching a plateau, which corresponds to the operating power (between 

450 and 500 W) at which the organic signals disappear from the spectra, as inferred also by Fig. 

7.47. The 13/1 samples, on the other hand, despite the progressive reduction of the methyl band 

intensity, even at highest power show an organic fraction still bigger than the 40/1 films at lowest 

power. 

 

 

Figure 7.48: Si-O-Si main band position for the three investigated oxygen-to-monomer ratios as a 
a function of the operating power.  
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7.2.2   Effects on films transmission rates 

 

Figure 7.49 reports the oxygen transmission rates for all the investigated operating power and 

the three oxygen-to-monomer ratios. All tested films have a thickness of 100 ± 5 nm. For the 

lowest ratio, as its organic fraction remains fairly high even at elevated operating power, the 

OTRs show little to no decrease when compared to the uncoated reference (OTRPET  =  103 

cm3∙m-2∙24h-1∙bar-1), with a maximum BiF of 2.8 reached for the highest operating power. For the 

40/1 ratio, a steady decrease, then a range where a minimum is attained, and finally an increase 

of the OTRs are to be observed. The first part of the curve is in excellent agreement with the rela-

tive methyl intensity reduction in the corresponding infrared spectra shown in Figure 7.48: with 

decreasing free spaces in the films, caused mainly by steric hindrance of the methyl groups, the 

barrier properties increase. Here once again the ‘threshold’ between organic and inorganic films 

is perfectly coincident with the OTR values reducing and then stabilizing at a minimum. Interest-

ingly, in the small 500-525 W range the OTRs show again a sudden increase and higher dispersion 

of their values, before stabilizing again up to 620 W, circa; after that, an almost linear increase in 

the OTRs, to values even higher than those for still organic layers is to be observed. In this case, 

the worsening of the barrier performances cannot be ascribed to the chemical composition of 

the completely inorganic films.  

Figure 7.48 (continued): Ratio between the intensities of the methyl band at 1260 cm-1 and main 
band (bottom) for the 13/1 and 40/1 oxygen-to-monomer ratios at different powers. No 70/1 data 
have been reported as the films are fully inorganic for all the investigated operating powers. 
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Figure 7.49: Oxygen transmission rates as function of the operating power for a 13/1 (a), 40/1 (b), 
and 70/1 (c) oxygen-to-monomer ratio in the plasma feed. 
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The fluctuations observed in the rates around 510 W are confirmed by a few CO2 tests per-

formed on samples produced in the same discharges as those employed for the OTRs measure-

ments. Pictures taken at the end of the pinhole test for operating powers of 520, 580, and 660 W, 

respectively, are reported in Figure 7.50, but no average defect density for such samples has been 

calculated. The 520 W sample shows a considerably higher density of crystals, compared to the 

almost defect-free surface for the 580 W samples. Moreover, the size and shape of crystals in the 

first case closely resemble those observed on organic films shown in section 7.1.5. At 660 W, fi-

nally, the defect density increases again, and the resulting crystals, small and point-like, resemble 

in turn those observed on high oxygen-to-monomer ratio samples at 555 W.  

 

The highest BiF in this case is almost twice the best one obtained for the same oxygen-to-

monomer ratio in the first studies at 555 W reported in section 7.1.4, and it is equal to around 100. 

Such value has been obtained for a sample produced with an operating power of 525 W, i.e. on 

the fringe of the narrow spike in the OTRs. With such low transmission rates, however, even a 

small fluctuation in the defect density, still well within the normal reproducibility limits for the 

same operating conditions, can result in dramatic variations in the calculated BiF. It is therefore 

better to consider ranges, rather than single sets of operating conditions, as suitable for the pro-

duction of thin films with good barrier properties.  

Finally, for an oxygen-to-monomer ratio of 70, an overall similar trend in the OTR values can 

be observed, although shifted towards lower operating power. In this case, moreover, the range 

where good barrier properties are obtained stretches in a range of 300 W, instead of roughly 100 

as in the 40/1 case. In such interval, the best sample produced resulted in a BiF of around 70. For 

comparison, the best one reached with 555 W as operating power has been equal to less than 32. 

Between 600 and 650 W, finally, the oxygen transmission rate of the still inorganic films starts to 

rise again, linearly. The threshold for such increase, being the same for the 40/1 ratio, suggests 

that it could be caused by thermal damaging of the substrate induced by the longer deposition 

times. For the 13/1 ratio, the deposition rates at high powers are significantly higher, thus result-

Figure 7.50: Optical microscope pictures taken at the end of the pinhole test for films deposited 
with an average operating power of 520 W (left), 580 W (center) and 660 W (right). The scale in 
the bottom left corner applies to all pictures. 
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ing in shorter plasma treatments and a reduced heating of the substrates. The samples produced 

with 650 W or at higher powers do not show visible signs of damaging; it is however noteworthy 

to remind that, for powers exceeding 800 W, the PET substrate for a 40/1 gas feed ratio did start 

to exhibit a glossy appearance, caused by temperature above the glass transition values for poly-

ethylene terephthalate. The threshold at which such thermal damages begin remains however 

unclear. 

 

 

7.2.3   Ranges of operationality  

 

In light of the experimental results shown in the previous two sections, it is possible to draw some 

conclusions about the effect of operating power on the deposition process. Power seems to have 

a similar effect to the fraction of oxygen in the plasma feed. An inorganic film with good barrier 

properties can be produced, as shown in section 7.1.4, by keeping a fixed power and increasing 

the oxygen-to-monomer ratio. The excess of reactive oxygen (whether dissociated or excited) 

will move the equilibrium of the reactions taking place inside the plasma towards their products, 

i.e. volatile oxidized organic compounds and a silica-like inorganic solid film. The variation in the 

aseous feed ratio, obtained by changing accordingly the precursor flow, leaves the average pow-

er per mole largely unaltered (as reported in section 7.1.1) and has therefore no effect on it. At the 

same time, for a fixed oxygen-to-monomer ratio, an increase in the operating power results in 

higher dissociation and excitation for both oxygen and HMDSN, that will cause the overall oxida-

tion process in the plasma phase to be more effective. Such shift towards inorganic solid prod-

ucts remains however limited by the reactants’ ratios: this is the case for the 13/1 ratio, where 

even the highest applied power cannot fully overcome the lack of enough oxygen for a complete 

stripping of the carbon content from the final film (what has been previously labelled as ‘starva-

tion regime’). This could be also the case for the lowest power range for the 40/1 ratios, where an 

increase in applied power did not immediately result in a reduction of the deposition rates, i.e. in 

a reduction of the average size of the radicals depositing on the substrate (from organic methyl 

groups to much smaller SiOx fragments). Alternatively, in this case at very low powers most of 

the monomer remains in an undissociated state and takes no part in the deposition process. The 

increase in power causes then a significant higher fragmentation of the precursor in the plasma 

phase, which at least initially counterbalances the reduction in size of said fragments following 

the oxidation process. The onset for films with good barrier properties, a condition, as shown 

previously, strongly connected to the lack of organic fractions in the films, cannot therefore be 

shifted indefinitely to lower oxygen-to-monomer ratios. A mixture ratio of 13/1, or even 10/1, 

seems to represent the lower limit in the current experimental set-up. Higher oxygen-to-

monomer ratios on the other hand offer large ranges of conditions that result in the best obtain-

able barrier layers, as most of them are mostly limited by the presence of defects rather than by 
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an unsatisfying chemical composition. The upper limit in this case is due to side-effects like the 

aforementioned thermal damaging of the substrates, rather than failures of the thin film selves. 

Since however, apart from the risks of thermal damages, further increases of power, past the 

threshold for depositing fully-oxidized films for a given oxygen-to-monomer ratio, only causes an 

increase in the kinetic energy of the species in the plasma, that in turn allows the latter to remain 

for longer times in the gaseous state and the deposition rates to decrease, the most efficient ap-

proach seems to be to operate in the middle region, both power- and feed-wise. 

The presented initial investigations on the operating power have been later further expand-

ed [229]. The combined results are reported in Figure 7.51 as the ratio between the overall ab-

sorption band for the methyl groups and the main Si-O-Si peak, and as oxygen transmission 

rates displayed in the form of barrier improvement factors, for powers between 315 and 825 W 

and oxygen-to monomer ratios between 0 and 80. The color scale intervals have been chosen so 

to remain consistent for both graphs: as an example, the limit of the first interval for the methyl 

relative intensity, 0.008, corresponds to 2% of the highest measured methyl intensity, just like 

the first interval for the BiF has 50 as its lower limit, which corresponds to an oxygen transmission 

rate of 2% of the reference for an uncoated PET (i.e. the maximal measured value), and so on. In 

this way, any linear correlation between the two quantities should be made readily appreciable.  

The displayed values show indeed a very good agreement with each other. If a strict correla-

tion between the methyl band’s intensity and the overall organic degree of the film is to be as-

sumed, like the infrared spectra in Section 7.1.2 and the permeation analyses in Section 7.1.3 

clearly showed, then, it is possible to remark how the barrier properties of the films are mainly 

and in the first place influenced by the presence of organic groups. These can therefore act as a 

good indicator for the expected qualities of a barrier film, and can even roughly predict the result-

ing barrier improvement factors. 

The apparent discrepancy for high power and oxygen-to-monomer ratios, where the barrier 

properties of the film degrade fast, have been confirmed [229] to be caused by thermal damag-

ing of the substrate. For the 80/1, 750 W coordinates, two pieces of PET have been stacked to-

gether on the sample holder, with both one undergoing the thermal load of the deposition step 

but only the uppermost being coated with a film. The underlying piece, once tested again for its 

OTR, showed a remarkable deterioration of its properties.  

In conclusion, the barrier properties of the deposited films are limited either by low powers 

or low oxygen-to-monomer ratios, both parameters preventing a full oxidation of the precursor 

and, therefore, the production of silica-like inorganic films. Once this condition is attained, a 

large range of operability is possible, limited not by the intrinsic properties of the films, but by the 

failure of the substrate to sustain the thermal loads which increase at high power, or with the 

longer deposition times associated with higher oxygen-to-monomer ratios. The range is high-

lighted in Figure 7.52, where the two best BiFs are also reported: these are roughly equivalent 

and correspond to a pair of 100 ± 5 nm films with OTRs smaller than 1 cm3∙m-2∙24h-1∙bar-1. 
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7.2   Study on the operating power 

 

Figure 7.51: Plotted as function of different gas feed ratios and operating power, the methyl-to-
Si-O-Si bands intensity ratio (top), and the OTRs displayed as BiFs of the PET substrate (bottom) 
with their respective legends. In case of multiple measurements for the same pair of parameters, 
average values have been displayed. Hollowed circles: data from [223]. 
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7.3   Study on barrier thickness 
 

After having found a pair of power and gas feed composition coordinates (555 W, O2/HMDSN = 

40/1) considered the most suitable in the investigated range, the next step has been to study the 

dependence of the chemical and physical properties of the thin films as a function of their thick-

ness. The aim is to optimize the latter in order to produce reliable films with good barrier proper-

ties in the shortest deposition step possible, for a better efficiency and smaller risks of thermal 

damages to the substrates or other risks arising from prolonged exposure to a reactive, oxygen-

rich environment.  

This section presents the deposition rates and the chemical composition dependences on 

the layer thickness. The barrier properties and diffusion coefficients of these films have been in-

vestigated, together with the density of their defects and the influence the latter may have in 

determining the optimal thickness. Finally, a discussion on the morphology of the films with 

growing thickness and the possible growth mechanisms transpired from the presented results, 

and their role in the overall performance of the barrier, will be provided. 

 

 

Figure 7.52: In the highlighted area, the range in which thin films with barrier improvement fac-

tors equal to or higher than 20 are attained. The blue stars indicate the pairs of parameters for 

the best BiFs, equal to 98 (40/1, 555W) and 97.85 (50/1, 525 W) [223] respectively. 
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7.3   Study on barrier thickness 

7.3.1   Deposition rates of barrier films with different thicknesses 
 

The deposition rates, calculated as [nm/sec], for all films that have been, at a later stage, investi-

gated by means of FTIR spectroscopy and tested as barriers against oxygen, are reported in Fig-

ure 7.53. As the HMDSN fluxes have been kept constant at 2.5 sccm for all the deposition pro-

cesses, no further normalization has been required in order to compare them. The plotted nu-

merical values therefore cannot be straightforwardly equated to those displayed in Figure 7.3. 

Similarly to the former plot, however, the x-axis errors correspond to the standard deviation aris-

ing from the profile measurements, and y-axis ones are too dependent on them, as the deposi-

tion rates are calculated as the ratio between the measured thickness and the duration of the 

deposition process. 

 

The calculated values, for thickness from around 75 nm onwards, are shown to remain prac-

tically constant over the almost two orders of magnitude investigated and seem to point that, 

whatever the kinetics and the mechanisms of formation and growth of the layer, they remain 

unchanged as the film itself grows. This in turn hints to a very stable chemical composition, 

which has been later investigated by means of IR spectroscopy, the results of which are displayed 

and discussed in the following paragraph. For thinner films a much greater dispersion of the cal-

Figure 7.53: Rates for films deposited with an oxygen-to-monomer ratio of 40/1 and a thickness 

ranging from 10 nm to almost 1 m. 
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culated values and their associated standard deviations is to be observed. For very thin layers, 

this is also due to detection limits, as the maximal resolution for the perthometer is indeed 10 

nm. Profiles of thinner films are likely not to be observed or equated a priori to 10 nm. The very 

short deposition times associated with such thin films, moreover, require the magnet in the reac-

tor to sweep only once, thus potentially creating thicker films around its initial position and thin-

ner ones at the end of its run. As a consequence, the measured values show a much more pro-

nounced dispersion. Finally and most importantly, the deposition rates calculated for such thin 

films are greatly affected by side-processes taking place in the first moments after the plasma 

ignition, before the proper deposition process can start. In this case, on the unetchable glass sub-

strates employed for the thickness determination, the first oxygen radicals and reactive species 

produced at the plasma ignition can also react with the still exposed substrate surface, apart 

from the dissociated HMDSN fragments in the plasma phase, and clean it from outer contami-

nants, including monolayers of adsorbed water vapor [56]. Only after this step will the silica-like 

polymerized film start to form. As a consequence, such thin films are less reproducible, at least 

with the current HMDSN fluxes. Moreover, because of the different interactions of an oxygen-

rich plasma with organic surfaces, like the PET foils employed as substrates for the oxygen 

transmission rate measurements, it is possible that at least for the thinnest films (≤ 50 nm) the 

thickness on the glass substrates is not perfectly coincident with the actual one on PET (probably 

overestimated, as better explained in Chapter 7.3.3). 

All the deposited films, including the thicker ones, still retain their transparency and lack of 

color even though, for the latter, it is possible at grazing angles to observe iridescent halos 

caused by Fresnel inner interference in the films. The effect starts to become observable for 

samples thicker than half a micrometer, i.e. with a thickness comparable with the visible light 

wavelengths. No further investigation has been carried out in order to obtain even thicker films, 

for two main reasons: first, for the thickest films the deposition times exceed 30 minutes, and 

even longer deposition processes could thermally damage the underlying PET foil. Secondly, 

both the 800 nm and 1 m thick films already showed strong internal compressive stress that 

caused the coated foils, once removed from the sample holder, to curl up (with the silica-like film 

on the outer side); not so much for the coated aluminum foils. Such samples have been extreme-

ly difficult to handle and cut for the oxygen transmission rates measurements and CO2 test with-

out risking scratching or otherwise damaging them, thus invalidating subsequent analyses.  

 

 

7.3.2   IR analyses of barrier films with different thicknesses 

 

The 40/1 oxygen-to-monomer films at different thicknesses have been investigated by means of 

ATR FTIR spectroscopy, and the corresponding spectra are reported in Figure 7.54, with the spec-

trum of gaseous HMDSN as reference. For each thickness only one spectrum was displayed.  
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7.3   Study on barrier thickness 

 

Figure 7.54: Infrared spectra in the 4000-400 cm-1 range for film of different thicknesses produced 

by means of a plasma feed with a constant oxygen-to-monomer ratio of 40/1, and for the 

gaseous precursor as reference (bottom). Spectra normalized for their main Si-O-Si band. 
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The spectra of films with thickness lower than 50 nm, albeit recorded, have not been dis-

played, as interference effects caused artificial deformations of the bands and the inversion of 

some of the peaks in the low-wavenumbers region (a partial example of such effect is already 

present for the 75 nm sample). Normalization for all the spectra with respect  to their main Si-O-

Si band has been made necessary, as the thicker films produced comparatively much stronger 

signals that would have rendered the analysis of the finer features of the thinner samples impos-

sible. A complete list of the observable bands is reported in Table 7.5.  

 

Table 7.5: Peak positions and vibrational mode assignments for the absorption bands in the infra-

red spectra displayed in Figure 7.54. 

 

Wavenumber  Assigned group Vibrational mode Reference 

cm-1        

3700-2950   OH  [201] 

1250-1020  Si-O-Si band [150] 

1090-1020  Si-CH2-Si  [159], [202] 

930-920  Si-OH  [150] 

900-810  [Si-O]H n.a.  [201] 

800  SiO  [204] 

465  SiO  [204] 

 

 

For all spectra, the only visible signals are those correlated to inorganic Si-O bonds: the low –

OH stretching band at high wavenumbers, the main Si-O-Si peak in the 1020-1250 cm-1 region, 

and the associated bending and rocking modes at 800 and 400 cm-1, respectively. As the lowest 

wavenumbers also show the highest dependence on the quality of the crystal-sample contact, 

the latter signal shows dramatic shifts in its intensity which however can be surmised to not be 

related to eventual changes in the samples chemical composition. All films can be concluded to 

be inorganic, with silicon and oxygen as their main components and residual traces of hydrogen 

predominantly bond with oxygen. As already hinted by the calculated deposition rates, there-

fore, the film chemistry is not dependent on the duration of the plasma process and, consequent-

ly, by the film thickness itself. This may not however be true for very thin films, i.e. few tens of 

nanometer or less, especially when deposited onto an organic substrate. 

As already mentioned in Section 7.1.2, the main Si-O-Si band is constituted by several com-

ponents, mostly related to the stoichiometry of the corresponding sample, so much that the 

band position and eventual shift can give further information on the chemical composition of the 
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7.3   Study on barrier thickness 

film. In case of extremely thin films, however, a second factor becomes preponderant in the de-

termination of the shape and position of the band. For very thin films, much thinner than the in-

coming radiation’s wavelength [230], in case of non-zero angles of incidence [231] and unpolar-

ized radiation, the transverse (TO) and longitudinal (LO) modes interact differently with the solid 

surface. The transverse component in particular, despite classical electro-magnetic selection 

rules allowing only LO modes to interact with the solid surface [232], causes a displacement of 

electric charges, with the positive ions and the free electrons being accelerated in opposite direc-

tions, i.e. it induces a plasmon oscillation and a net electric field localized on the surface [233]. 

The latter in turn causes weak shifts and deformations in the absorption bands of weakly polar-

ized bonds, like SiH and Si-CH-Si, but a full splitting of the vibration modes for polar ones, like for 

example Si-O. 

The amount of such effect, firstly explained by Berreman in order to account for the twin-

ning of infrared absorption bands at low angles of incidence [213], has a bell-like trend versus the 

film thickness: after increasing up to a maximum with the latter, so much that the LO-related 

signal is more intense than the 'real’ TO-related one [234], it start decreasing, as the area/volume 

ratio of the film decreases inversely with the thickness and, therefore, the LO contribution be-

comes overall less preponderant [233]. Such effect has been thoroughly observed in thermally 

grown, crystalline SiO2 films with thicknesses ≤ 500 nm, but also in disordered materials like a-

SiO2 [210, 235, 236]. In the current case, considering the stretching Si-O-Si band in the 1250-1020 

cm-1 range, the four different sub-bands that have been cautiously proposed in Table 7.2 for dif-

ferent stoichiometries would then twin in other four peaks, similarly to what proposed by Lisov-

ski et al. for thermally annealed thin SiO2 films [237] (values reported in Table 7.6, left). 

 

Table 7.6: Position of sub-bands induced by the Berreman effect from [237] (left), and TO and 

proposed (*) LO modes for the currently investigated bands (right). 

 

Wavenumber    Assigned mode Ref. Wavenumber    Assigned mode Ref. 

cm-1     cm-1     

1300 LO [237] 1225    LO (*) 
 1252 LO [237] 1190    LO (*) 
 1200 LO [237] 1156    LO (*) 
 1147 TO [237] 1122    LO (*) 
 1091 TO [237] 1073    TO [105] 

1056 TO [237] 1038    TO [105] 

– – – 1004    TO [105] 

– – – 970    TO [105] 
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The average shift between one LO and the corresponding TO mode, in Lisovski’s case, is 152 

nm. By adopting such value is therefore possible to calculate where the respective LO modes of 

the four Si-O-Si sub-bands should lie. This is graphically reported in Figure 7.55, for the 980 nm 

thick film as reference. The left low shoulder is in excellent accordance with the proposed LO 

modes. Still, a full fitting of the band with at least eight components should be necessary, in or-

der to obtain exact informations on the stoichiometry of such films. A qualitative discussion of 

their spectra is however yet possible.  

 

The interpretation of the shifts in the whole band, even taking into account the split peaks, is 

not straightforward, as the LO modes are shown to exhibit a blue shift, not always linear, with 

increasing thickness [233]. This becomes more evident when considering the half widths at half 

maximum of the spectra from Figure 7.54, which are in turn reported in Figure 7.56. The ‘left’ 

branch of the band, at higher wavenumbers and mostly affected by the presence of split LO 

modes, increases in fact with the thickness before sharply narrowing for the   1 m sample, as in 

this case the overall contribution of the TO peaks become preponderant. As a consequence, the 

peak position of the band shifts progressively towards shorter wavenumbers, as further shown in 

Figure 7.57. As previously mentioned in Chapter 7.1.2, the position of the main peak can provide 

informations about the stoichiometry of the SiOx films, as changes in electronegativity of the 

surrounding environment of the Si-O bond, i.e. different vicinal atoms configurations, can lead to 

a blue or red shift of the typical Si-O stretching frequency. In amorphous structures like those 

obtained through plasma processes most configurations are theoretically possible, but with dif-

Figure 7.55: Proposed LO mode peaks arising from the splitting of the four TO components pro-

posed for the main Si-O-Si band, for the 980 nm thick film already reported in Figure 7.54. 
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7.3   Study on barrier thickness 

ferent probabilities, leading only to an average value to be observed by means of FTIR spectros-

copy. By linear regression of the Si-O-Si band position for films with known stoichiometry, the 

relation of the former and the latter can be calculated by means of the following equation [105, 

238]: 

                                                      ̅                                                                            

where x is the average oxygen fraction in the silicon oxide bonds. In the current case, by consider-

ing the total band position alone, such calculation can be done only for thicker samples, when the 

LO modes contribution becomes lesser. As such, they yield an average value of around 1.7, show-

ing that the investigated samples present a mostly inorganic composition along their whole 

thickness, save perhaps some carbon residuals lowering the fraction of oxygen bond directly to 

silicon, and yet too few to be detected directly by FTIR spectroscopy alone. 

As for the broad –OH stretching band at higher wavenumbers, some of the absorption spec-

tra in the 3800-2800 cm-1 range are reported in Figure 7.58: in this case, too, the normalized in-

tensities have been preferred to the ‘as recorded’ values. The selected bands present almost the 

same shape, with noticeable contributions from the isolated hydroxyl groups and from adsorbed 

water or weakly interacting –OH groups in the bulk. The 30 nm thick film, which has been previ-

ously excluded from the general 4000-400 cm-1 overview because of strong deformation of the 

bands in the low wavenumber region, is here reported. The considerably higher –OH band shows 

how, with such reduced thicknesses, the morphology and, probably, the chemical composition of 

the film is not yet stable, leading to less compact films with higher abundances of terminal 

Figure 7.56: Half width at half maximum for different film thicknesses (full spectra reported in  

Figure 7.54). 
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groups, like possibly (OH)3. It is also noteworthy that for the other samples the relative intensities 

of the band are fairly independent on the final thickness, hinting again at a deposition process 

that remains stable and unaltered throughout the whole films growth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7.58: Detail of the –OH stretching band in the 3800-2800 cm-1 range for some of the spec-

tra displayed in Figure 7.54 (with normalized intensities).  

Figure 7.57: Peak positions of the main Si-O-Si band as a function of the film thickness (left) and 

corresponding oxygen fraction (right). In the inset, expanded view in the 0-100 nm thickness 

range, and reference for crystalline, stoichiometric SiO2 (blue bars). 
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7.3   Study on barrier thickness 

7.3.3 Oxygen permeation curves of barrier films with different thicknesses 

 

The transmission rates analyses for samples of different thicknesses have been carried out ac-

cording to the procedure reported in Section 6.4.1. The results are reported in Figure 7.59. For 

very thin films, around 20 nm or less, the evaluation of the thickness is hindered by the resolution 

limits of the perthometer (see also Section 6.1), which in turn at least partially affects the high 

dispersion shown for the OTRs. Starting already from 30 nm, however, the measured values sta-

bilize to a minimum that remains unaltered for the rest of investigated range. The lowest and 

highest measured values in such stable range both occur for a 50 nm thick sample, because of the 

intrinsic fluctuations in the barrier performances. The range in which the OTRs are constant ex-

tends for almost two orders of magnitude and it is in direct contrast with the trends found in lit-

erature [27, 31, 38], according to which, at some point, internal stresses in the film, limits of its 

adhesion on the substrate and/or excessive heating induced by the prolonged duration of the 

deposition step cause damages and breakage in the film, and consequently a sharp increase in 

the corresponding OTR. This threshold, which mostly depends on the experimental conditions, 

can already occur, for plasma-deposited thin film, around 250 nm [239]. For very thin films, on 

the other hand, a less-than-optimal surface coverage, in case of an island growth mechanism, or 

fluctuations in the chemical composition of the first molecular layers [240] result in worse barrier 

performances. Poor adhesion can be ruled out, thanks to the activation of the polymeric sub-

strate and the formation of a strong interphase with proper chemical bonds [36, 56, 57, 240] typi-

cal of a plasma-aided deposition process. For further considerations on the film morphology and 

growth mechanism, see also next section. The onset of the stable section for the investigated 

samples corresponds to significantly lower thicknesses than what achieved in RF reactors for in-

dustrial applications in PET coatings [222, 241], in which the OTRs of the deposited Al2O3 film 

remained unstable until 120 nm and the TiO2 films, while reaching a minimum for 30 nm, too, 

already showed damages at 120 nm. Similarly deposited SiOx films  have shown to stabilize in the 

70 to 100 nm range [35], although for radiofrequency plasmas the ionic bombardment and the 

associated thermal load tend to cause a retrograde increase in the OTRs because of induced 

cracking [27, 35].  

In the current case, on the other hand, it has to be also noted that even the yet unstable 

films, with a thickness in the 10 to 20 nm range, already exhibit barrier improvement factors 

around 10 or higher. The plateau achieved at higher thicknesses is limited in the first place by the 

barrier properties of the substrate, which determine the amount of oxygen that permeates to the 

polymer-barrier interface [7], and in the second place by the presence of defects in the layer. As 

the latter grow together with the films, increasing the thickness does not equate to a further de-

crease of the OTRs, as explained in Section 3.4.  

Such assumption is reinforced when looking at the shape of the oxygen concentration vs. 

time curves, as none of them shows a typical Fickian shape. More importantly, their rise time re-
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mains fairly unaltered even when the thickness is increased, again in contrast with a diffusion 

driven by Fickian permeation in a defectless layer. In some cases, as the one reported in Figure 

7.60, the rise in the curve shows different, progressively smaller slopes, as the O2 permeating 

through the defects is detected first (with a further distribution in the transmission contribution 

of the defects depending on their size); the tail of the curve is instead dominated by the proper 

bulk diffusion and it alone is affected by an increase in the film thickness, shifting to longer times 

(in the case reported, a small increase in the signal is still detected after one day and a half from 

the start of the measurement, opposed to the steady-state value attained, for 100 nm films, 

usually after around 20 hours). 

 

Further confirmation of the role played by defects in the overall diffusion is provided by the 

defects densities calculated through the pinhole test, shown in Figure 7.61. The trend as a func-

tion of the film thickness is in very good agreement with what observed for the OTRs, and the 

values remaining constant even for very thick film both show the lack of stress-relief cracking 

processes [27, 31] and the intrinsic resilience of the films, even when subjected to noticeable 

bending (see also Section 7.3.1). The thinner films exhibit on the other hand inhomogeneous sur-

faces with a great dispersion in the number of defects, hence the high errors associated with the 

average values. The nucleation phase associated with such thin samples shows also the same 

trend observed for organic films with poor barrier properties detailed in Section 7.1.5, as reported 

in Figure 7.62. The preponderant role played by defects on the overall permeation process, on 

Figure 7.59: Normalized oxygen transmission rates as a function of thickness for samples depos-
ited out of a 40/1 oxygen-to-monomer plasma feed at a power of 555 W. In the inset, details from 
the area shaded in grey in the main plot. 
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7.3   Study on barrier thickness 

the other hand, causes the curves of crystals observed at the microscope in a fixed frame vs. time 

to show no major difference even for very different thicknesses, with the start of the nucleation 

phase being almost constant for all values and located between 5 and 10 minutes after the start 

of the test, not unlike the same effect previously observed for the oxygen permeation curves.  

 

Figure 7.61: Numerical defect density for 40/1 barriers as a function of their thickness. 

Figure 7.60: Recorded curve of the concentration of oxygen in the carrier gas versus time for a 

40/1 barrier with a thickness of 570 nm. The shape of the curve is limited by the resolution of the 

oxygen detector. The curve up to 20000 s is dominated by diffusion through defects, followed by 

a mixed section and a tail controlled by pure Fickian diffusion (from 60000 s onwards). 
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When calculating the diffusion coefficients for the investigated film thicknesses, the values 

obtained by isolating the barrier according to the ideal laminate theory have also been normal-

ized by their thickness. The calculated values, reported in Figure 7.63, show again great fluctua-

tions for still unstable film up to 20 nm thick, followed by a stable region with a plateau extending 

up to 1 m. The values in this stable region show not only that the PET plus thin film performanc-

Figure 7.62: CaCO3 crystals number in a fixed frame of the investigated barriers with different 

thickness as a function of time. t = 0 is set for the beginning of the pinhole test as described in 

Section 6.5.3 (top). Bottom: detail of the first minutes of the test run. Because of delays in placing 

the sample-holding cell under the microscope, for the 18 nm thick sample the first recorded pic-

ture already showed fully formed crystals. 
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7.3   Study on barrier thickness 

es are influenced only by the barrier (hence the almost perfect correspondence between the co-

efficients for the bilayer and the barrier alone), but that the normalized diffusion coefficients ap-

pear to decrease linearly with the thickness. This sort of artifact highlights how the upper mo-

lecular layers in thicker films do not contribute to their barrier performances, as their volume is 

easily permeated by oxygen through the defects [38]. It is therefore useless to carry out longer 

deposition steps and increase the thickness of the barrier beyond the threshold value at which its 

properties stabilize. In the current case, such value could already be fixed around 40 or 50 nm, 

although the fluctuation related to the average values keep decreasing until a thickness of 100 

nm. 

 

7.3.4 Morphology at different thicknesses and growth mechanisms 

 

Besides the calculation of surface defects densities, the pictures acquired during the pinhole test 

may help shed more light on the surface morphology and, when coupled with the previously 

commented data and results from further analyses, and to propose a tentative commentary on 

the growth mechanisms of the investigated films. 

Figure 7.63: Diffusion coefficients as a function of the thickness of 40/1 films for the bilayer sub-

strate plus barrier and for the barriers alone (left y-axis), with the latter values calculated by 

means of the ideal laminate model. The isolated coefficients are also reported as normalized for 

the barrier thickness (right y-axis). 
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Figure 7.64 shows an overview of representative crystals found on samples with different 

thicknesses: for the thinnest barrier, either spherulites with needle-like shells or patchy, fluffy 

aggregates are to be found on the surface. No stars or otherwise shaped crystals resembling 

those for the uncoated substrate or the organic films have been spotted. It is clear how, even at 

such small thicknesses, the films already exhibit the same inorganic character previously found in 

the 100 nm counterparts. For thicker films the crystals still present the typical spherulite aspect, 

with structures both closed or open, much similar to those reported for a 100 nm sample in Fig-

ure 7.25. For very thin barriers, moreover, not only a very high dispersion in the average defect 

density – already apparent in Fig. 7.61 – but also in the size and distribution of crystals is to be 

observed, as shown in Fig. 7.65. All data thus far presented hint that the thinnest layers are ho-

mogeneous in their coverage of the substrate but neither in their chemical composition nor in 

their physical properties.  

 

In order to determine the structure of the first few tens of nanometers deposited, then, a 

picture of the section of such barriers via electron microscopy needed to be acquired. The sample 

chosen for the investigation has been deposited on a glass substrate with a significant thickness, 

Figure 7.64: Detail of calcium carbonate crystals and other aggregates spotted on the surface of a 

10 nm (a and b), of a 50 nm (c) and of a 200 nm (d) thick inorganic barrier with a 40/1 oxygen-to-

monomer ratio. 
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in order to observe also eventual variations in its physical structure. Its nominal thickness, meas-

ured by means of the perthometer, is equal to 777 nm, the second highest value among the inves-

tigated barriers. The sample has then been fractured by means of a wire cutter and a shard of 

suitable size has been further prepared as described in Chapter 6.3.2. The resulting pictures, ac-

quired in two different spots along the jagged edge, are reported in Figure 7.66. The thickness of 

the film, measured again with the help of the in-built scale of the frames, proved to be equal to 

768 nm, in excellent agreement with the average calculated through macroscopic methods. 

 

Even at the highest magnification (100k), no discernible inhomogeneity in the first tens of 

nanometers of the barrier is to be found. On the contrary, as seen in Figure 7.66 c, their chemistry 

must already be close enough to the silica-like material detected via IR, as the small creases in 

the glass substrate, induced at the moment of its fracturing, easily propagate in the overlying 

barrier, too. The two materials, moreover, are similar enough for their color to be almost the 

same, and for their interface to be only faintly discernible. For films with different chemistries 

and consequently different colors, see also Figure 8.8 in Chapter 8.2. The first 200 nm of the films 

are shown to be extremely dense and homogeneous, without discernable free spaces or other 

disruptions of their structure. The uppermost layers of the film, on the contrary, exhibit a marked 

grainy structure, which also results in the gently undulated, but still uninterrupted, surface. Such 

Figure 7:65: Frames from the camera connected to the optical microscope of the surface of 40/1 

inorganic barriers with different thickness after one hour of pinhole test. All pictures taken with a 

x10 magnification. 
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structure is particularly noticeable in Figure 7.66 c, in the small chipping exposing the columnar 

structures of the bulk. Some small indentures, possibly micro-cavities originating during the film 

growth and partially induced by the change in its bulk, can also be noticed in the upper halves of 

the films in Figure 7.66 b and c.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7.66: SEM pictures of a section of a 40/1 barrier layer deposited on glass, with a magnifica-

tion of 50k (a) and 100k (b and c). (b) Scans performed at the Fraunhofer IGB. 
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The aforementioned columnar formations seem to be completely self-assembled and to 

originate spontaneously out of the more inchoate structure at the interface. Such suggestion is 

corroborated by Figure 7.67, which shows a composite picture of two SEM scans at different 

magnifications. As a consequence, the resolution is sub-par and no better image is available. 

Nonetheless, it portrays a shard of the thin film that has been chipped away when the glass has 

been cut. Underneath it, and partially hidden, lies the film still attached to the substrate. Its lat-

eral section on the right side of the picture clearly shows a cliff-like structure arising from a bulk 

exhibiting a much finer and homogeneous grain. The columns show predictably an inverse ta-

pered structure, with their nucleation origin being much narrower than their final width.  

 

In light of the results thus far presented, it is now possible to at least speculate on the growth 

mechanisms of the investigated barriers, in the oxygen-to-monomer ratio range that ensures an 

inorganic chemistry to be reached in the final film, at least. The growth in the initial couple of 

hundreds nm of the films, most likely, follows a layer-by-layer (Frank–van der Merwe) or at worst 

a mixed layer-plus-island (Stranski–Krastanov) mechanism [242]. In both cases, the interactions 

among the incoming particles once they reached the surface are not greater than those among 

them and the substrate molecules. Such effect is undoubtedly reinforced by the activation of the 

surface caused in no small part by exposure to the VUV developed in an oxygen-rich plasma, 

Figure 7.67: Detail of a shard of barrier being dislodged during the clipping of the glass substrate, 

and the underlying still attached film. The composite picture is patched from 10k (right) and 25k 

(left) scans of the same spot. No higher resolution available. Pictures acquired at the Fraunhofer 

IGB. 
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which however are not as destructive as those produced in RF plasmas [56]. As a consequence, 

the film covers mostly uniformly the surface even in the very first few tens of deposited nanome-

ters. Diffusion of the adsorbed particles on the surface, while they still retain some mobility, plus 

possible coalescence effects between adjoining deposition nuclei can be inferred to take also 

place [243], thus resulting in a continuous and smooth film, as seen in SEM pictures, not suffering 

from shadowing effects and the consequent voids embedded in the bulk [92]. Such growth is in 

direct contrast with the one for thermally evaporated SiOx films, which takes place almost exclu-

sively through an island mechanism, and thus requiring at least 50 nm for the initial silica clusters 

to coalesce and to seal the underlying surface [215]. The almost surely present interphase among 

the deposited film and the substrate, which Bergeron et al. [57] consider to extend for several 

tens of nanometers, cannot be spotted in such pictures. Considering also the IR spectra in Sec-

tion 7.3.2, it should be concluded that such intermediate region, in the current cases, must be rel-

atively narrow, if present at all – at least on glass as substrate; on polymers the effect will most 

likely vary –. Inside such amorphous silica-like film, with a stable chemistry mostly independent 

on its thickness (except for, perhaps, the aforementioned very thin initial interphase), however, a 

nucleation of some sort of grains takes pervasively place around the 200 nm mark: it is unclear 

what causes such different structures to first originate, as the plasma parameters are kept fixed 

for the whole deposition step. A possibility could be minor changes in the film chemistry, unable 

to be detected by IR analyses alone, which could be in turn prompted by its growth on the even-

tual interphase and a readjustment of its structure, or different kinds of mechanisms for a barrier-

on-PET and a barrier-on-barrier deposition. It is also unclear whether such grains are mono- or 

polycrystalline in structure: the formation of similar and even bigger and more defined structures 

in PECVD processes is well-known and has been extensively modeled [244, 245], but always con-

sidering radio-frequency plasmas with a strong ionic bombardment contribution. As the latter 

effect is completely lacking in microwave plasmas, and the deposition process is carried out at 

practically room temperature (with temperature and energy of the embedded particles being the 

fundamental parameters in the Anders’ model [245]), it is safe to assume that a high crystalline 

degree in the current films would be in any case difficult to attain. Nonetheless, the precursors 

for the columnar structure are structurally different from the rest of the initially deposited film (as 

already discussed regarding Figure 7.67). As a consequence, they may also possess different 

growth rates, thanks perhaps to bulk diffusion inside the film [244] or, if they originate first as 

lumps on the growing surface, their geometrical shading and the solid angle they occupy may 

cause them to collect incoming particles from the plasma at a higher rate than their immediate 

surroundings. Both cases would result in a preferential growth of such structures at the expenses 

of the inchoate bulk: the columnar structure become progressively larger as the film grows, fur-

ther accelerating in turn their own growth process. As a final result, the columns become the only 

constituent of the film. Shortly before this happens, small voids can be incorporated in the bulk, 

as the large columns now effectively block the incoming particles to diffuse on the surface and 
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reach the underlying amorphous film, as suggested by the small indentations seen in particular in 

Figure 7.65 c. Periodic renucleation at later stages [244], as shown in a schematic representation 

of the barrier’s structure in Figure 7.68, cannot however be a priori excluded, although no direct 

observation of the process for the current samples is available. From a thickness of half a micron 

onwards, then, the columns grow in direct contact with each other, with virtually no free space 

among them. The coverage of the substrate will therefore still be adequately good, as partially 

seen on the tilted chip in Fig. 7.67.  The connecting material among them, if they are assumed to 

possess at least a higher degree of crystallinity than the initially deposited film (but for conclusive 

evidence of this X-ray diffraction studies of the films would be required), could then be assimilat-

ed to some sort of grain boundaries, a much more porous and less dense structure. Contrary to 

what suggested in classical thin film growth mechanisms [244], however, the current structure 

does not exhibit poor lateral strength, nor a particular brittleness in such interstitial regions. As 

shown in fact by the SEM pictures, the relatively thick film still breaks evenly, without preferen-

tial directions. Furthermore, the jutting uppermost layers, left hanging after the film broke, that 

could be seen in Fig. 7.65a and Fig. 7.66, further show a good lateral cohesion of the investigated 

sample. Such complex structure proves to be very efficient in relaxing the internal stresses of the 

film and prevent the latter to break or to catastrophically lose its properties. Nonetheless, the 

interstitial material must however be less dense than the columns, as it would nicely explain the 

apparent decrease of the normalized BiF reported in Fig. 7.62 and previously discussed. At the 

same time, their properties are still close enough to those of the columns that they do not act as 

preferential passage for permeand gases, and as such no increase in the defect densities is to be 

seen. Because of the – inferred – mostly similar chemistry, on the other hand, they neither pre-

vent the pinholes from keeping growing along the film structure.  

 

Figure 7.68: Proposed structure for a 40/1 barrier film with a thickness higher than 0.5 m. In dark 

grey the initial amorphous film, in light grey the columnar structures becoming visible around 

approximately 200 nm of thickness. Based after [247] and [248]. 
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In light of this, even though thicker barriers show favorable qualities that differ from most of 

other PECVD films, for barrier applications they are mostly useless. As standard thickness for the 

subsequent investigations, therefore, the chosen value has been 100 nm, which constitutes an 

optimum between the deposition times required and the resulting transmission rates; it also al-

lows straightforward comparisons with previously investigated films (Chapter 7.5), knowing at 

the same time that it could be lowered to 75 or even 50 nm without considerable loss of its barrier 

performances. 

 

 

7.4 Barrier films flexibility and resilience 
 

In the following section, a selection of some of the most promising films thus far produced has 

been investigated in order to test their resilience: the 40/1 ratio has already resulted in the best 

barrier improvement factors, while the 70/1, albeit still occasionally presenting similar improve-

ment values, as already extensively discussed in section 7.1.3 and 7.1.4, also hint at presenting a 

more brittle that requires further investigations. A systematical testing the film resilience be-

comes necessary especially in light of the barriers application for flexible electronic devices, as it 

will later be shown in Chapter 8, too. Some requirements for encapsulations to be suitable for 

OLEDs, among others, are that the barriers are both mechanically robust, and display good ad-

hesion to the substrate, in order to remain stable for the whole lifetime of the device. For FO-

LEDs this also implies that the barriers must be flexible and still retain their properties, in the first 

place [5]. The mechanical stability and the properties of the investigated film as function of the 

surface morphology of the to-be-coated substrate will be finally shown in Section 7.4.2, together 

with the correlated effects on the films barrier properties. 

 
 

7.4.1   Bending cycles 

 

A measure of the resilience of the plasma-deposited films can be provided by calculating their 

oxygen transmission rates before and after one or more bending cycles. The micro- and sub-

micro-damages possibly caused by the stresses thus induced in the films can be indirectly de-

tected as a noticeable increase in the transmission rate values. Repeated bendings can in fact 

artificially originate micro- and sub-micro-cracks, first, and the increase their size and density, as 

the latter act as a stress-relieving mechanism in the thin film bulk [27, 31]. When an applied ten-

sile stress overcomes the internal cohesive forces, a crack is originated. For compressive stress, 

buckling takes place, especially in films with poor adhesion, and later detachment. Cracks’ prop-

agation itself, after a certain number of cycles, can in turn also result in debonding or delamina-
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tion of the coating from the underlying substrate, with large flakes of the thin film coming off the 

surface [249]. All these damaging processes result in smaller or bigger increases in the thin barri-

ers’ transmission rates. 

The experimental steps for the bending test are listed below: 

i) the selected barrier film is deposited on several 10 x 10 cm2 PET substrates in the same 

PECVD process, in order to have several spares; 

ii) one sample is first cut and its OTR is measured in the System I apparatus. This will pro-

vide the initial, unbent reference value; 

iii) the same sample, once extracted from the permeation cell, is subjected to one or more 

bending cycles with a fixed curvature radius, consisting of a first bending for tensile and 

a second for compressive stress. The procedure is schematically illustrated in Figure 

7.69. The bending is carried out by pressing the sample against a glass or metal cylinder 

of the appropriate radius, by means of two forceps. The anchoring points lie outside of 

the area tested during the OTR measurements, in order to avoid unwanted and invol-

untary indentation of the film. In case of damages or mishandling, the procedure is 

started from point i) again with a new sample; 

iv) the bent sample is tested again; 

v) points iii) and iv) are repeated until the desired number of cycles is reached. 

 

The necessary and repeated handling of the samples, and their contact (sometimes also scratch-

ing) against the cylinder surfaces are unavoidable but provide a qualitative measure of the re-

Figure 7.69: Steps in one bending cycle for a coated sample. First bending induces a compressive 

stress in the barrier (red) and in the substrate (blue), the second a tensile one. The radius of cur-

vature, indicated with Rc, remains constant in both steps. 
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sistance of the barrier against ‘being used’. 

The OTR measurements have been decided to be repeated after 1, 2, 5, 10, 15, 20, 30 and 50 

bending cycles (the notion that each cycle consists of a pair of bending steps will not be explicitly 

mentioned from now onwards, for the sake of brevity), for two curvature radii equal to 1.8 and 

0.75 cm (also labelled as Rc=MAX or Rc,M and Rc=min or Rc,m, respectively). 

As briefly reasoned in the introduction to the current section, the selected samples have 

been produced at a fixed power of 555 W and with an oxygen-to-monomer ratio of 40/1 and 70/1, 

with the power value being the most investigated one and the first ratio having already provided 

the most promising barriers, while the second can act as a comparison. Moreover, the test can 

help highlight eventual differences in the fine internal structure of the two films, which could be 

only presumed, but not conclusively proven, based on their SEM pictures (see also Section 7.1.3). 

In order to exclude unlikely effects on the total OTR caused by damages in the PET substrate, an 

uncoated sample has been prior subjected to the same bending procedure. The results are dis-

played in Figure 7.70 for both curvature radii. The limited variations in the oxygen transmission 

rates, for both cases, do not exceed the normal range of measurement reproducibility for the 

same sample reported in Chapter 5.2. It is therefore possible to conclude that, predictably, the 

repeated bending cycles do not damage in any way the polymer foil. Eventual increases in the 

OTRs for the substrate plus barrier systems will therefore be ascribed to the latter’s damages 

alone. 

 

Figure 7.71 reports the oxygen transmission rate values for both series of bending cycles for 

the 40/1 oxygen-to-monomer ratio. The initial value relative to the unbent sample has been tak-

Figure 7.70: Oxygen transmission rates for an uncoated PET foil after being subjected to two cy-

cles of bendings with a curvature radius of Rc,M = 1.8 and Rc,m = 0.75 cm. 
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en as reference and used to normalize all the subsequent measurements, in order to more readily 

display the relative variations. For the larger curvature radius, i.e. ‘milder’ bending, the OTRs re-

main unchanged even after 50 cycles, with the small fluctuation in the oxygen transmission rates 

never exceeding 1%. For the smaller curvature radius the normalized OTRs start increasing after 

two bending cycles before reaching a plateau after 15 cycles and then a final value 20% higher 

than the unbent reference. Such variation is still within the dispersion range obtained for unbent 

samples with the same operational parameters, equal to 150% (from a minimum value of 1.99 

cm3∙m-2∙24h-1∙bar-1 to a maximum value of 3.59 cm3∙m-2∙24h-1∙bar-1). The micro-damage induced 

with the higher stress loads caused by the smaller curvature remains stable after a transient re-

gime, between 2 and 15 bending cycles, during which it first originates. Considering the reduced 

increase in the OTRs, furthermore, it is also possible to exclude delamination or flaking process-

es, which would have resulted in much steeper increases in the transmission rates. For a further 

increase in the latter, then, a much higher number of cycles is first required, for the onset of other 

wear mechanisms.  

 

The normalized OTRs for bent samples with an oxygen-to-monomer ratio of 70 are reported 

in Figure 7.72. Here, even the bigger curvature radius is enough to damage the thin film after 5 

bending cycles. The onset remains the same for the smaller Rc. The normalized OTRs remain in 

both cases stable in the 15 – 50 cycles range, with a final relative increase of 15%. With reduced 

applied stresses (i.e. the bigger curvature radius) required for damaging the films, the 70/1 ratio 

Figure 7.71: Normalized oxygen transmission rates for 0 to 50 bending cycles and the two curva-

ture radii,  Rc,M = 1.8 and Rc,m = 0.75 cm, for samples deposited with a gas feeding ratio of 40/1. 
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samples do seem to be more brittle than the 40/1 counterparts, as already proposed in section 

7.1.3. Even in this case however the damages do not propagate and result in only a moderate in-

crease in the transmission rates. 

Finally, a selection of 40/1 films with a thickness spanning the whole range investigated in 

Chapter 7.3 has also undergone the full bending cycles series, for the bigger curvature radius (Rc = 

1.8 cm): the test can in fact give insight on the stability of these films and on their internal stress-

es, where present. The results over 50 bending cycles are displayed in Figure 7.73; the 100 nm 

sample is the one already shown in Figure 7.71. For the thinnest film, 12.5 nm thick, the increase 

in the OTRs takes first place after two full bending cycles, and it never reaches a defined steady-

state value, with the final OTR being twice the reference value and keeping on growing. A 32 nm 

thick film shows already a more similar trend to the 100 nm one, reaching an almost steady final 

value equal to 1.06. Subsequently thicker films, up to around 220 nm, remain unaffected by the 

applied stresses and show no sign of damage. The thickest investigated film, after the onset tak-

ing again place between the second and the fifth bending cycle, has a final OTR increase of only 

8%.  

The thinnest achievable films in the current reactor experimental configuration are shown to be 

still unstable, and with a poor adhesion to the underlying polymer. The 200% increase in OTR 

hints at surface delamination processes, with the detachment of coating flakes: such effect can 

be enforced by void spaces (keyholes) present in the films in the first moments of their growth 

Figure 7.72: Normalized oxygen transmission rates for 0 – 50 bending cycles and the two curva-

ture radii,    Rc,M = 1.8 and Rc,m = 0.75 cm, for samples deposited with a gas feeding ratio of 70/1. 
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[63, 247]. The lack of direct observation at the SEM of such features may be ascribed to glass in-

stead of PET being used as substrate for those investigated barriers. 

The steady increase in OTRs on the other hand show a propagation of cracks/continuous 

flaking process with further stresses applied to the film. The effect can be worsened if, as typical-

ly is the case for very thin PECVD films, their uppermost layers, which in this case coincide with 

the totality of their bulk volume, are richer in organic content coming from the precursor mole-

cules [104, 108]. For such films, an increase in the coordination number of oxygen atoms to Si at 

the expenses of organic substituents, methyl groups in particular, corresponds to an almost line-

ar increase in their Young’s modulus [251] and a consequent better resilience against strain. The 

chemical instability, rather the morphological one, being the main responsible for the poor resili-

ence [241] of the thinnest film is confirmed by the trends observed in the other samples: at 30 

nm, with its bulk consisting of inorganic elements alone (see also Section 7.3.2), the film already 

shows a stable behavior. The test further reinforces the idea, first advanced in Chapter 7.3.2 upon 

Figure 7.73: Normalized oxygen transmission rates for a 1.8 cm curvature radius over 50 bending 

cycles for 40/1 oxygen-to-monomer ratio samples with different barrier film thicknesses. 
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SEM investigations, that the thicker films, albeit possessing a structure which is at least partly 

columnar in their upper fractions, still present a lateral strength and cohesion good enough to 

prevent the cracking of the bulk even in case of repeated applied strains. 

For these samples too, finally, the absolute final OTRs lie still in the same range of corre-

sponding values for unbent samples. They are reported, as red circles with a black frame, in Fig-

ure 7.74. 

7.4.2 Deposition on substrates with various roughnesses 

 

Surface roughness, especially when induced by crystalline antiblock particles, can have a dra-

matic effect on the barrier performances of the thin films deposited by means of PECVD [7, 251], 

as shown schematically in Figure 7.75. In case of a polymeric substrate with both crystalline and 

amorphous domains on the surface (Figure 7.75 a), in particular, the first steps in a plasma deposi-

tion process consist of a surface activation and/or etching, with a general increase in the mean 

roughness (Figure 7.75 b), especially in the amorphous domain, and consequently in the surface 

aspect ratio. The subsequent growing oxide layer presents then nanodefects scattered in its vol-

ume and pinholes extending along its whole thickness (Figure 7.75 c) [7]. The increased surface 

aspect ratio, depending on the growth mechanism of the film, may even result in an incomplete 

coverage of the substrate and much higher OTRs, or in fracturing of the barrier at the edges of 

the tallest surface features. Testing the performances of a barrier on a rough substrate can there-

Figure 7.74: OTRs after 50 bending cycles from Figure 7.73 (red circles with black frame) com-

pared to the unbent OTRs versus film thickness from Figure 7.59.  
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fore provide qualitative evaluation of its flexibility, resilience and internal cohesion. 

 

The barrier film produced with an operating power of 555 W and an oxygen-to-monomer ra-

tio of 40/1 has been chosen for its properties in order to be tested when deposited on a substrate 

with a different morphology, a Melinex® 401CW  PET foil from Dupont Teijin Films with antiblock 

particles on one side (see also Chapter 5.2 and Appendix A1 for more details on its properties, 

chemical composition and crystallinity degree). 100 nm of the chosen film have been coated on a 

piece of Hostaphan, one piece of Melinex with the ‘smooth’ side up and one piece of Melinex 

with the ‘rough’ side up in the same deposition step. Figure 7.76 shows the SEM pictures of the 

uncoated reference and the coated samples for the three surfaces.  

Apart from the occasional dust particles (the white speckles in the pictures) on the surfaces, 

the Hostaphan foil and the Melinex on the smooth side (Melinex S) show no morphological dif-

ference. The rough side of the Melinex (Melinex R) exhibits on its surface the 50nm high antiblock 

particles with their preferential orientation. The deposition of the barrier film is excellently con-

formal, as the coated particles do not show lateral enlargements, nor the flat surface around 

them any inhomogeneity due to shadowing effects. Such results suggest that the particles par-

ticipating in the film growth have enough time and energy to adsorb and migrate on the surface, 

Figure 7.75: PET foil with antiblock particles prior to plasma exposure (a), after the first instant of 

plasma treatment, before the onset of the deposition processes, when the surface has been par-

tially etched and otherwise activated (b), and at the end of the PECVD, with a thin film covering 

it that presents nanodefects in its bulk induced by the aforementioned surface roughness (pic-

ture based on [24]). 
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resulting in a continuous coverage with a homogeneous thickness. Such growth mechanism 

could have been at least partially inferred by observing the homogeneous and dense films re-

ported in Fig. 7.66.  

 

The oxygen transmission rates measured for 100 nm films being deposited on both sides of 

the Melinex foil are reported in Figure 7.77, together with reference values for films Hostaphan 

deposited at the same operating conditions. It is possible to observe that the surface roughness 

bears no effect on the barrier properties of the film, as the OTR for a rough surface is in this case 

also the lowest value displayed. Barriers on the Melinex smooth side also result in absolute OTR 

values in the same range as the Hostaphan references. The barrier silica-like films are then flexi-

ble enough to coat structures with a height comparable to their own thickness without cracking. 

The coverage of the substrate must be complete, even in the areas possibly shadowed by the 

antiblock particles, otherwise a steep increase in the OTRs would have taken place. Such as-

sumption, that the defects density is not particularly affected by the rough substrate is further 

confirmed by the CO2 test pictures shown in Figure 7.78: both PET foils have been coated by a 

film deposited with a thickness of around 100 nm and an oxygen-to-monomer ratio of 40/1. The 

slightly different size in the crystals is caused by the different times having elapsed after the start 

of the test, one hour for the Hostaphan sample and two hours for the Melinex one. Both pictures 

show comparable defect densities and, in the latter case, the crystals are randomly and evenly 

scattered on the surface: had they been caused or enhanced by the presence of antiblock parti-

cles, they would have shown a preferential orientation that mimicked the pattern of the an-

Figure 7.76: Scanning electron microscope pictures for polymer foils uncoated (top row) and with 

100 nm thick inorganic film deposited with an oxygen-to-monomer ratio of 40/1.  
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tiblock particles themselves, such the one clearly visible in the SEM pictures in Figure 7.76. This is 

in strong contrast with other reports showing antiblock particles to be the main cause of defects 

in plasma-polymerized films, both for their densities and for their severity [7, 33], and stating 

that, more generally, the roughness of the PET substrate is the limiting factor for the overlying 

barrier films [25, 137]. 

While the absolute OTRs measured values for the three surfaces are comparable to each 

other, however, as shown in Chapter 5.2 the uncoated reference values of the Melinex are half 

than those for the Hostaphan foil. As a consequence, in the former case the same barrier produc-

es a BiF of less than 24 instead of more than 50. The cause of this ostensible discrepancy is the 

presence of defects in the barrier, which is not included in the Ideal Laminate Theory, and more-

over, that the contribution of such defects to the overall transmission is dominant over purely 

Fickian permeation: according to the ILM, in fact, a substrate plus barrier system becomes inde-

pendent on the properties of the substrate, provided the barrier has a much lower diffusion coef-

ficient. In this case in fact: 

                                                                     
 

  

  
 

    

    
 

  

                                            

Defects on the other hand offer little however to no resistance against oxygen permeation and 

can therefore invalidate the previous assumption, as in the current case (see also Section 7.1.4). It 

is therefore possible to conclude not only that the intrinsic flexibility and resilience of the investi-

gated plasma-deposited barriers cause them not to depend on the surface roughness of the sub-

Figure 7.77: Oxygen transmission rates for 100 nm thick barriers deposited on both sides of 

Melinex PET foils, plus reference values for barriers on Hostaphan deposited with the same oper-

ational conditions (the latter have been previously displayed in Figure 7.15). 
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strate, even when the latter is comparable to the film thickness itself, but that their barrier per-

formances are once again mostly limited by the presence of sub-micrometrical defects. Such in-

trinsic resilience, even in case of thicker coatings, is paramount if a successful encapsulation of 

flexible devices is to be carried out. 

 

 

 

7.5 Comparison of HMDSN- and HMDSO-based films 
 

The starting operating conditions selected for the first studies on HDMSN-based barrier films, 

which ended up to be the most extensively investigated and to correspond to some of the best 

barrier films obtained in the current work, have been initially chosen because a previous, thor-

ough study had been already carried out in the same reactor and at the same operating condi-

tions for HMDSO-based films and their resulting barrier properties [52]. Organosilicon precursors 

as HMDSO are widely considered to be better starting materials than nitrogen-containing silanes 

and organosilicons, if the aim is to deposit inorganic silica-like thin films, as they already contain a 

starting oxygen content. HMDSO, with an O/Si ratio of 0.5, when compared to HMDSN exhibit-

ing a null value, should then be the better choice. Tetraethoxysilane, for example, with its chemi-

cal formula SiC8H20O4 and an O/Si value equal to 4 should be, according to this line of thought, an 

even better candidate [126]. On the other hand, considering the reactivity of atomic and excited 

molecular oxygen in plasma phase, most of the organosilicon precursors are considered to be 

good choices in order to deposit silica-like films, since their starting minor differences in chemical 

compositions are quickly erased by the pervasive oxidizing effect of O2 as co-gas. With a mostly 

similar chemical structure, then, HMDSN and HMDSO employed for PECVD in the same reactor 

Figure 7.78: Optical microscope pictures taken for a 100 nm thick barrier layer deposited by 

means of an oxygen-to-monomer ratio of 40/1 on Hostaphan foil (a) after one hour of the sam-

ple-holding cell for the pinhole test and the same barrier film on the rough side of a Melinex foil 

after two hours.  
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7.5   Comparison of HMDSN- and HMDSO-based films 

were expected to yield practically indistinguishable results. 

The first comparisons with the HMDSO-based films, in particular with their oxygen trans-

mission rates, however, showed remarkable differences that prompted a more in-depth analysis 

and comparison of the films obtained from the two precursors. Such first comparisons are shown 

and discussed in Section 7.5.1, together with the resulting further investigations on film mor-

phologies. Extensive analyses and comparison of the chemical nature of the two kinds of films, 

both via infrared ATR and single reflection spectroscopy, and also with XPS analyses of a chosen 

selection of oxygen-to-monomer ratios for both monomers, are reported in Section 7.5.2. Sec-

tion 7.5.3 shortly presents and comments the normalized deposition rates for the two monomers 

with different oxygen dilutions, before drawing conclusions and proposing possible variations in 

the polymerization paths of the monomers in the plasma phase that can account for the different 

properties in the end films, in Section 7.5.4. 

 

 

7.5.1 Barrier properties and film morphology 

 

The first comparison has been carried out between the normalized OTRs of the two different se-

ries of films, obtained at the same operating conditions, which are listed in Table 7.7, and differ-

ent oxygen-to-monomer ratios. The reference values for the uncoated PET foil for both series of 

measurements have been assumed to be equal to 1, thus normalizing all other values according-

ly. Such supplemental step has been rendered necessary as the OTRs measurements for the 

HMDSO films have been carried out at a temperature of 30 ° instead of 35 °C. As shown in Sec-

tion 7.1.6, however, a five degrees step in such temperature range does not cause excessive vari-

ations in the measured oxygen concentrations, while at the same time the calculated BiFs remain 

practically constant. It is in conclusion correct to simply compare the two series of data, once ad-

justed and normalized to 1.  

 
 

Table 7.7: Operating conditions employed for the deposition of the HMDSN and HMDSO sam-

ples discussed in the current chapter. 

 

Operating conditions   

Power 555 W 

Pulse period 1 ms 

Duty cycle 50% 

Pressure 5 to 6 10-2 mbar 
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The corresponding OTRs are shown in Figure 7.79. It is possible to observe how, despite the 

minimum values being roughly the same for both monomers, and lying in the 40 to 45 

O2/monomer range, the dip in the transmission rates for HMDSN-based films has a much earlier 

onset, while good barrier properties for HMDSO arise only at higher dilution in the feed. Moreo-

ver, for very high oxygen-to-monomer ratios, the latter films quickly and severely lose their bar-

rier properties, with the 70/1 samples showing transmission rates equal to those for the uncoated 

substrate, i.e. no barrier properties at all. Such trend is confirmed after carrying out pinhole tests 

for a small selection of newly-deposited HMDSO films, the results of which are shown in Figure 

7.80 together with the data presented in Section 7.1.5 acting as reference. 

 

In this case, as previously discussed, defect density cannot be necessarily linearly correlated 

with the OTRs values, but still it is possible to notice how, for very high O2/HMDSO ratios, the 

defect density becomes several orders of magnitude higher, and still significantly higher than the 

values recorded for HMDSN-based films with similar or even higher oxygen-to-monomer ratios. 

The pictures taken in real time and at the end of the pinhole test, while dense in defects, howev-

er, show a stochastic array of the latter, with no preferential arrangement of growth direction 

that could hint at fissures or other disruptions in the film structure. The rise in the defect density 

seems to start around a 60/1 ratio, roughly corresponding to the simultaneous increase in trans-

mission rates. The 20/1 samples, on the other hand, show a similar defect density but the HMD-

Figure 7.79: Oxygen transmission rates normalized to the uncoated PET reference for HMDSN- 

and HMDSO- based films 100 nm thick with different oxygen-to-monomer ratios. Results for 

HMDSN-based films have been previously presented and discussed in Section 7.1.4. Measure-

ments for HMDSO-based films have been carried out at a constant temperature of 30 instead of 

35 °C (see text for further details). 
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7.5   Comparison of HMDSN- and HMDSO-based films 

SO-based film still lacks proper barrier properties. Nonetheless, the trend, once considering the 

10/1, 40/1 and 70/1 ratios alone, is in general good accord with the one sported in Figure 7.79, as it 

can be better observed in Figure 7.81. The discrepancy, particularly for the high dilution ratio, is 

also present when comparing the OTRs measured before and after the pinhole test, as already 

done for the HMDSN-based films in Section 7.1.5. The results for HMDSO at the 70/1 ratio show a 

much smaller reduction in the transm ission rates, as shown in Figure 7.82 (to be compared with 

Fig. 7.28). While, with the test only been run once, i t is still possible for experimental errors to 

affect its results, it is however noticeable how the latter hint once again at a higher defect densi-

ty, caused likely by different morphologies, chemistries or even diffusion mechanisms in the 

films: in the latter case, for example, a diffusion also including a large solid body contribution 

would then be less affected by the eventual clogging of the proper pinholes. Such results are 

quite surprising, as in general higher dilutions are preferable in order to oxidize and remove even 

the last organic remnants of the precursor, carbon atoms in particular. On the other hand, the 

highest attainable value for x in the SiOx formula is 2 at best, i.e. pure silica is deposited, which is 

an almost perfect barrier against oxygen. Higher oxygen-to-monomer ratios should then a priori 

result in better barriers, with higher dilutions after such threshold resulting in no further im-

provement. Inspecting the morphology of the samples via SEM may help shed light on the mat-

ter. Figure 7.83 shows electron microscope pictures at a fixed magnification of the edges of cut 

coated foils for a selection of oxygen-to-monomer ratios for the two precursors. As mentioned in 

Chapter 7.1.3, the foils have been cut in order to induce an artificial cracking of the thin films and 

to analyze it. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.80: Defect densities calculated by means of the pinhole test for 100 nm thick films de-

posited via HMDSN and HMDSO and different amount of oxygen. The data for the former plas-

ma feed have been already discussed in Section 7.1.4. 
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Figure 7.81: Summary of the measured OTRs and defect densities for HMDSN and HMDSO sam-

ple with 10/1, 40/1 and 70/1 oxygen-to-monomer ratios. The values for HMDSN are taken from 

the previously presented sets of data. 

 

Figure 7.82: Oxygen transmission rates before and after the pinhole test for 100 nm thick HMD-

SO-based films with different oxygen-to-monomer ratios. The reductions in rates are reported as 

percentages. 
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7.5   Comparison of HMDSN- and HMDSO-based films 

It is possible to observe how the lowest ratios, corresponding to organic layers, exhibit 

curved, smooth fracture lines propagating from the edge. At 40/1 it is already possible to notice 

that the HMDSN-based film still sports the same kind of fractures, while the HMDSO barrier al-

ready presents the first straight cracks, some of them perpendicular to the others. Such behavior 

is preponderant for the 60/1 oxygen-to-monomer ratio, as the cracks are mostly perpendicular to 

each other, similar to those observed macroscopically in shattered glass, with brittle and grainy 

edges hinting at a granular or columnar-like inner structure of the film. In contrast to this, an even 

higher oxygen-to-monomer ratio for the HMDSN -based barrier shows only a minor presence of 

this second type of cracks, which for the most part still resemble those observed for the 40/1 

case. Even the graininess at the edges is much less pronounced. Considering the already dis-

cussed tests carried out after the samples being bent and reported in the previous section, then, 

a first conclusion could be that the HMDSO-based films are inherently more brittle upon increas-

ing the oxygen content in their plasma feed, their composition and morphology getting closer to 

those of ‘real’ glass. This cannot be ascribed to the presence of one oxygen in the precursor mol-

ecule, as for such high dilution such supplementary of oxygen is negligible. The oxygen in the 

precursor molecule, moreover, cannot explain why, in a counterintuitive way, the onset for good 

barriers takes places at higher dilutions than for HMDSN. Further insight in the chemical compo-

sition of both series of films is at this point needed, as it can specifically provide informations 

about this latter phenomenon. 

 

Figure 7.83: Scanning electron microscope pictures at a fixed magnification for HMDSN- (top) 

and HMDSO-based (bottom) films at three different plasma feed dilutions. Top row already 

shown in Fig. 7.14. 
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7.5.2   FTIR and XPS chemical analyses of HMDSN- and HMDSO-based 

films 

 

The IR absorption spectra of the investigate range of O2/HMDSO ratios previously obtained 

by Gaiser [52] with similar conditions than those reported for HMDSN-based films in Section 

7.1.2 are reported in Figure 7.84. For the attribution of the peak, please refer to Table 7.1. It is ap-

parent how the shape of the SiOSi main band closely resembles those previously shown for 

HMDSN, while the same trend of progressive oxidation with stronger dilutions of monomer in 

the plasma feed can be easily recognized. HMDSO spectra lack of course signals associated with 

the fragmentation of the amino-group in the HMDSN precursor. Similarly to what has been done 

in Section 7.1.2, moreover, the peak intensity of the methyl end groups signal normalized over 

the intensity of the SiOSi band and the peak position of the latter are also reported, together 

with the previously discussed data referring to HMDSN, (see Figure 7.85). For the former, the in-

tensity is consistently higher for the HMDSO case: there is in particular no sharp abatement of 

the methyl signal in the 1 to 5 oxygen-to-monomer ratio range, contrary to what observed for 

HMDSN. In both cases the films seem to turn inorganic around the 30/1 mark, but for HMDSO a 

significant organic fraction is still present at 25/1, as observable also in the overall spectrum in Fig. 

7.84, with a strong shoulder in the main SiOSi peak. Such prolonged presence of organic groups 

can be accounted for the worse barrier performances in such intermediate O2/monomer range. It 

is worth of notice, on such account, that the 25/1 HMDSO sample shows the same methyl inten-

sity than the HMDSN samples around the 15/1 dilution, and similarly, the OTRs of the former co-

incide with those of the latter.  

As a partial counterpoint to the previous point, the SiOSi peak seems to stabilize for slightly 

smaller ratios in case of HMDSO as precursor. However, the final wavenumber values are practi-

cally the same for both monomers, and for HMDSO in particular they remain constant even for 

ratios higher than 60, where the quick failure of the barrier properties takes place. The latter does 

not seem to be caused then by a variation in the chemistry of the film, at least based on ATR 

spectra. 

In order to better investigate the high-wavenumber range in which ATR spectroscopy fails 

to remain sensitive enough, a selection of different oxygen-to-monomer samples for both pre-

cursors has been deposited on molybdenum mirrors acting as substrates, with a fixed thickness 

of 100 nm, and then immediately analyzed by means of single reflectance IR spectroscopy. The 

procedure has been performed in the same spectrometer and with the same operating condi-

tions described in Chapter 6, after removing the ATR unit and replacing it with a single reflec-

tance unit in the instrument’s chamber. The resulting spectra are displayed respectively in Figure 

7.86 for HMDSN and in Figure 7.87 for HMDSO. The peak positions reported in Table 7.1 can be 

applied here too for the attribution of the signals. The poorer resolution of the spectra, when 

compared with ATR spectroscopy, is due to the multiple reflections in the latter that noticeably 
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7.5   Comparison of HMDSN- and HMDSO-based films 

increase the signal/noise ratio.  

 

Figure 7.84: ATR FTIR normalized spectra in the 4000-400 cm-1 range for 100 nm thick films de-

posited via different O2/HMDSO plasma feed, plus spectrum of gaseous precursor HMDSO as 

comparison. Data from [52]. In red, a selection of HMDSN-based samples, previously shown in 

Figure 7.5, for further comparison. 
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The spectra still bear a close resemblance to those shown via ATR spectroscopy in Section 

7.1.2. The minor deformation in the shape of the main SiOSi band and its satellite peaks at even 

lower wavenumbers are caused by the non-linear sensitivity of ATR spectroscopic methods. Inci-

dentally, such phenomenon allows in this case to better discriminate the Si-O-Si, Si-CH2-Si and 

Si-N-Si signals that form the main band of the spectra. For pure HMDSN, then, it is possible to 

observe how, even in absence of oxygen in the plasma feed, a distinct Si-O signal is present 

Figure 7.85: Relative peak intensity of the methyl band around 1275 cm-1 with respect to the 

main SiOSi band (top) and position of the main SiOSi peak (bottom) for HMDSN- and HMDSO-

based films. Data for HMDSN have been previously presented in section 7.1.2. Data for HMDSO 

provided by [52]. 
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7.5   Comparison of HMDSN- and HMDSO-based films 

around 1050 cm-1. While it could have been originated by oxygen residuals present in the reactor 

chamber even after the pumping step, it has been reported [150, 252] that pure HMDSN films are 

extremely reactive with regard to oxygen, so much that even ESCA analyses conducted in situ 

immediately after the end of the deposition step revealed a considerable oxygen surface con-

tent, which reaches 30 % after only two hours in air [253]. In the current case, despite the small 

interval between the deposition step and the recording of the spectra, then, the chemistry of the 

pure HMDSN has already irreversibly been altered upon exposure to air.  

 

Figure 7.86: Single-reflection absorption IR spectra for a selection of samples with a thickness of 

100 ± 5 nm, plus reference spectrum of the HMDSN precursor vapors. Missing data in the 2300 to 

2400 cm-1 refer to unwanted CO2 signals from residuals in the chamber atmosphere. 
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Notwithstanding the first spectrum, however, it is still possible to observe how for low dilu-

tions in the plasma feed the Si-O peak swiftly grows at the expenses of the Si-N and, maybe, the 

sparse Si-H bonds [253]. Such low dilutions spectra are also the least similar to those of HMDSO-

based films, which only exhibit Si-O related signals from the start. The trend is however almost 

the same for both precursors, with the main peak shape of the two series being in very good ac-

cord, and with other signals showing the same behavior, in particular the bell-like trend of the Si-

OH broad band at high wavenumbers. The small silyl band, for example, disappears in both cases 

Figure 7.87: Single-reflection absorption IR spectra for a selection of samples with a thickness of 

100 ± 5 nm, plus reference spectrum of the HMDSO precursor vapors. Missing data in the 2300 to 

2400 cm-1 refer to unwanted CO2 signals from residuals in the chamber atmosphere.  
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7.5   Comparison of HMDSN- and HMDSO-based films 

at some point between 1/1 and 2/1. The two highest oxygen-to-monomer ratios, as better illus-

trated in Figure 7.88, exhibit the same shape, position and relative intensities for all their signals. 

The one minor discrepancy is the 40/1 HMDSN-based sample here investigated, which seems to 

possess a slightly higher content in hydroxyl groups. The small differences in the intensity of the 

signals in the lowest wavenumber range are likely artifacts caused by the background correction 

procedure. The spectra for the 70/1 samples in particular show, since the OH- band is even weak-

er than in the 40/1 case, how the pinholes originating during the growth of the films are not the 

source of the increased transmission rates, particularly with regard to the HMDSO-based film. 

In order to overcome the sensitivity limits of the IR analyses thus far, the same samples pre-

pared for the single reflection spectroscopy analyses have been investigated by means of ESCA 

spectroscopy, around three weeks after their deposition, while in the meantime being stored in a 

sealed steel container purged with nitrogen atmosphere, in order to stop or at least slow down 

the inevitable aging process of their surfaces. The resulting relative atomic abundances, dis-

played as fraction of the detected Si signal (with hydrogen being too light to be detected) are 

displayed in Figure 7.89 for HMDSN-based films on top, and for the HMDSO-based ones on the 

bottom. Silicon has been chosen as a reference because, in the current deposition processes, it is 

the least likely element to form stable gaseous products that are pumped away. On the contrary, 

it is safe to assume that all the dissociated silicon is incorporated in the final film, and mostly in-

dependently on the oxygen-to-monomer ratio. As a consequence, the data thus displayed can be 

Figure 7.88: Superimposed spectra from Fig. 7.86 and 7.87 for the 40/1 and the 70/1 oxygen-to-

monomer ratios. Signals normalized to the intensity of their Si-O-Si peaks at 1250 cm-1. 
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interpreted at least in a semi-quantitative way. The values reported in the graphs are those 

measured after cleaning the surface with an ion gun, removing carbon-based and other inorganic 

contaminations. As, even after the cleaning step, a small amount of contaminant sodium was still 

to be detected on the samples (likely coming from the XPS analysis chamber self, contaminated 

with prior samples), the at omic percentages have been recalculated after excluding the evident-

ly foreign element from the total. For HMDSO, N/Si ratios have been reported for the sake of 

comparison, in spite of nitrogen being practically completely absent from the surface. 

 

Figure 7.89: XPS atomic ratios (with Si as reference) as a function of the oxygen-to-monomer ra-

tio for HMDSN (top) and HMDSO (bottom) as precursors. Analyses for HMDSN have been carried 

out for two distinct series of samples. 



 
211 

 
 

7.5   Comparison of HMDSN- and HMDSO-based films 

The general trend is similar for both precursors, with most of the changes in the chemical 

composition taking place in the small 0/1 to 10/1 oxygen-to-monomer range. As already hinted 

by the FTIR spectra, the nitrogen content for HMDSN-based films in particular is negligible from 

the beginning and becomes zero already for feed ratios higher than 10/1. Even the atomic per-

centages – data not shown – are consistent for both precursors, with the silicon percentage for 

example ranging from 28 to 32 % for HMDSN and from 25 to around 31 % for HMDSO. By in-

creasing the oxygen content in the plasma feed the films turn progressively more oxidized, with 

the 40/1 and the 70/1 samples showing yet again the same surface chemical composition, both as 

ratio and as percentages. Confirming what was apparent in the single-reflection spectra, the pure 

HMDSN film shows already a 21% of oxygen content. As a consequence, the C/Si and N/Si ratios 

that can be calculated for the precursor in the gaseous form pass respectively from 3 to 2 and 

from 0.5 to an average of 0.2. Such increased surface reactivity seems to be a prerogative of 

HMDSN-based films, as the pure HMDSO sample exhibits an O/Si ratio of 0.8 instead of the 0.5 

found for the gaseous molecule, a small increase that could be induced by the plasma polymeri-

zation process alone, most likely. The carbon content, although starkly reduced, remains inter-

estingly around 5.5 % for HMDSN and 3.2 % for HMDSO at 40/1, and again 5.5 % for HMDSN and 

2.5 % for HMDSO at a dilution of 70/1. As a consequence, despite what could have been surmised 

by the FTIR spectra alone (but hinted at after calculating the SiOx stoichiometry after the main 

band position in Chapter 7.1.3.2), the films are never technically completely inorganic. The higher 

carbon content for HMDSN may account for the films’ higher flexibility when compared to the 

HMDSO-based ones, similarly to the increased adhesion to the substrate that a silica-like film 

with a small carbon content possesses [99]. The residual carbon content also helps explain the 

seemingly incongruous O/Si ratios, which for the highest dilutions in the plasma phase present 

overstoichiometric values slightly higher than 2. This ‘excess’ of oxygen may then be explained as 

existing as bound to carbon and undetected hydrogen atoms, as carbonyl, carboxyl and hydroxyl 

groups, possibly.  

Details about the way atoms are bond cannot be inferred by the atomic ratios alone, but can 

be provided by the high-resolution spectra of the investigated peaks. The latter are also useful in 

at least speculating on some of the reaction pathways taking place in the plasma phase, and 

whether or not they are the same for both precursors. The corresponding fitted high-resolution 

spectra of the C1s, N1s and Si2p for the HMDSN- and HMDSO-based samples are reported re-

spectively in Figure 7.90, 7.91 and 7.92. The fitting procedure has been carried out accordingly to 

what explained in Section 6.2.2 and by means of the peak components listed in Table 6.1. The 

nitrogen band is reported for HMDSN as monomer alone, as only background noise could be 

recorded for HMDSO-based films. The oxygen peaks, while recorded and saved, have not been 

fitted, as the strong electronegativity of oxygen severely reduces the shifts in the signal caused 

by mutated chemical surroundings, and causes the O1s bands to remain mostly unchanged even 

for different dilutions in the plasma feed. It is worthy reporting, however, that O1s bands for all 

samples possess no symmetrical shape, hinting at several components and, consequently, at dif-

ferent kinds of oxygen in the films. The reported spectra refer to the samples prior the cleaning of 
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the surface with an ion gun. Such step results in fact in an irreversible and unquantifiable altera-

tion of the surface chemical structure that invalidates any subsequent discussion on the latter. As 

a consequence, then, the C1s bands displayed in Fig. 7.90 also comprise the contributions of ex-

ternal contaminations. These are mostly caused by adventitious carbon in the form of short, pol-

ymeric hydrocarbon chains, with a small, variable content of CO [146]. Such peaks can be and 

have been employed as internal standard in order to verify and eventually correct surface charg-

ing effects that would result in the apparent shift of all recorded bands.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.90: High resolution C1s spectra and relative fitting for HMDSN (left) and HMDSO (right) 

as precursors at different dilutions with oxygen in plasma phase. The peak attributions based on 

Table 6.1 are: C0 = C-C; C1 = C-R-O; C2 = CO; C3 = C=O or O-C-O; C4 = O-C=O or O-C-O-O. 
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7.5   Comparison of HMDSN- and HMDSO-based films 

In the current case, the C-C(H) signal labelled as C0 constitute the predominant component 

of the band and, with a constant position at 284.6 eV, is in very good accord with the tabulated 

values reported in literature, equal to 284.7 ± 0.2 eV [145-148].  

 

 
The trend for increasingly higher oxygen content in the plasma feed appears to be the same 

for both monomer, with an increase in the variously oxidized carbon fractions, particularly the C-

O and carbonyl groups (C2 and C3, respectively). The latter are however always more abundant 

Figure 7.91: Fitted high resolution N1s spectra for HMDSN-based films up to a dilution of 10/1 in 

plasma phase, after which the signal is no longer detectable. The peak attributions based on Ta-

ble 6.1 are: N0 = Si-NH-Si; N1 = NSi3; N2 = NSi2C; N3 = N-R-O; N4 = N-(R-O)2. 
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for HMDSO as precursor (more on this later). The signals coming from the various methyl groups 

still incorporated in the films at low dilutions (with a tabulated value in the 283.9 – 284.4 eV [108, 

138, 254]) cannot be fully appreciated in the current spectra, as they are ‘hidden’ by the much 

stronger adventitious carbon signal around the same energies. For the same reasons, eventual 

CN bonds cannot be conclusively identified, as their relative signal (at 286.3 eV [150]) falls in too 

close proximity to the CO peak. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.92: High resolution Si2p spectra and relative fitting for HMDSN (left) and HMDSO (right) 
as precursors at different dilutions with oxygen in plasma phase. The peak attributions based on 
Table 6.1 are: Si0 = Si3-Si-C; Si1 = Si-O or Si-N; Si2 = Si-O2; Si3 = Si-O3; Si4 = Si-O4. 
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7.5   Comparison of HMDSN- and HMDSO-based films 

The same general progressive oxidation is to be observed in the N1s peaks for the HMDSN-

based films (Fig. 7.91). Here, at very low dilution, the nitrogen atom from the precursor’s original 

backbone lies mostly in its original state, with possibly minor components bond to a C atom after 

the plasma polymerization process (peak N2) that couldn’t be singled out through the C1s peaks 

alone. At a dilution of 10/1, however, the very faint residual nitrogen content (around 2 %) lies in a 

mostly oxidized state, being bound directly to an oxygen atom (N4 component) or to, most like-

ly, a silicon or carbon atom bond in turn to oxygen (N3 component). Nothing but background 

noise can be observed for the 40/1 and 70/1 samples, indicating a complete stripping of the nitro-

gen component prior to the film deposition (spectra not shown). It can be concluded that, as the 

energies for the N-Si and the C-Si bonds are similar, both elements are homogeneously 

stripped/oxidized with increasing oxygen content in the plasma feed. N disappears from the final 

films earlier since is less abundant than C in the original monomer (C/N = 3). On the other hand, 

its central position in the molecule and the consequent steric hindrance render more difficult for 

it to be reached by oxygen, hence the relatively unaltered binding energies for low oxygen con-

tent in the plasma. 

Figure 7.93: Peak positions for the experimental O1s and Si2p overall signals (top row), and their 
correspondent full width at half maximum (bottom row), for both precursors. 
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As the most abundant component in the final films, silicon is the element most affected by 

the progressive increase of oxygen in the plasma feed, as already shown by the position and 

shifts of its bands in the infrared spectra. The fitted high resolution Si2p peaks reported in Fig. 

7.92 show how, for both monomers deposited without addition of oxygen in the feed, the silicon 

atoms are initially in a relatively reduced state, mostly. For HMDSO, already containing an oxy-

gen atom in its backbone, the majority of Si atoms are surrounded either by one or two oxygen 

atoms (S1 and S2 components, respectively). As for HMDSN, as previously mentioned, post-

deposition reactions with air or contaminations inside the reactor during the process still ensure 

an initial, albeit partial, oxidation of silicon too. The shift towards silicon atoms surrounded by 

three or four oxygen atoms (S3 and S4 components), while taking already place for both mono-

mers at low dilutions, seems to be faster for the HMDSN-based films, with the 2/1 ratio of the 

former, in particular showing already a strong S3 contribution. From a dilution of 10/1 onwards 

the bands seem to stabilize. It is unclear whether the still strong S3 components for the HMDSO-

based films are an artifact of the fitting procedure, or if indeed a Si-Si fraction is still present in 

such films, while for HMDSN the peak is composed almost only of silicon-oxygen tetrahedral, like 

in glass [148]. The shifts of the entire Si2p band for both monomers reported in Figure 7.93, on 

the other hand, show similar final values in both cases (with the pure HMDSO film exhibiting a 

higher initial value because of the oxygen atom already present in the monomer). A similar trend 

can be observed in the O1s band too, with the overall peak position for the highest dilutions al-

most 0.5 eV higher that the initial ones, hinting at a homogeneously more oxidized environment 

in the solid films. The full widths at half maximum of said bands, also reported in Fig. 7.93, are on 

the other hand a good indication of the degree of ‘disorder’ in the solid bulk. At low dilutions, 

with the oxygen starting to be incorporated in the film, but still not enough to guarantee a com-

plete oxidation of the initial monomers, the silicon and oxygen atoms are surrounded by a vast 

range of different milieus in different oxidation states, surrounded by atomic species with differ-

ent electronegativity. A distribution in bond angles and lengths, and even in Madelung values in 

case off ionic bonds in crystalline domain, can further be present for silicon and oxygen atoms 

alike [255]. As a consequence, the respective bands increase in width, reflecting such higher vari-

ance. With oxygen-rich plasma feeds, on the other hand, the final films contain fewer elements 

(nitrogen absent, carbon still present only in low percentages, hydrogen also supposedly strongly 

reduced or almost absent), and lie in a homogeneously high oxidation state: the silicon and oxy-

gen bands will therefore shrink back to lower FWHMs [150]. For oxygen in HMDSO, in particular, 

the highest disorder is reached for a 10/1 ratio, while for HMDSN the trend is a constant reduction 

in FWHM values. This may again be explained by the post-deposition reactions with air that 

cause oxygen to be incorporated in an initially oxygen-free layer. Assuming, reasonably, that the 

highest oxygen contamination will be attained in the first molecular layer, then, surface oxygen 

will be surrounded by a much more electronegative milieu, while the sparse atoms penetrating 

more in depth will lie in a reduced environment, causing a stark broadening of the 1s peak. Final 
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values for both monomers lie then once again in the same range. 

Overall, then, the chemical analyses performed on the samples based on both precursors 

highlighted that, at low oxygen-to-monomer ratios, HMDSO-based films contain a higher 

amount of organic bonds, which moreover lie in a more oxidized state than for HMDSN. Moreo-

ver, the threshold to inorganic films for HMDSN-based films is located at lower oxygen-to-

monomer values. Once the films turn inorganic, no clear difference between monomers is to be 

found, neither via IR nor XPS spectroscopy. Likewise, the chemical milieus for Si and O in both 

cases remain fairly similar to each other, with the partial exception of the highest feed ratios for 

the silicon XPS spectra: in this case, HMDSN-based samples show a slightly more oxidized milieu, 

compatible with an exclusively Si-O4 structure. Finally the initial small amount of incorporated 

nitrogen for HMDSN-based films does not seem to play a major role in their properties, and is 

quickly reduced to zero with increased oxygen in the plasma feed. 

 

 

7.5.3 Deposition rates of HMDSN- and HMDSO-based films 

 

While producing the HMDSO-based films for the analyses presented in the previous paragraph, 

since the thickness of the films has been kept constant at 100 nm for a straightforward compari-

son with the HMDSN-based barriers, the deposition rates as a function of the oxygen-to-

monomer ratios have been easily obtained by means of the method first described in section 

7.1.1. The results have been compared to the actually much more accurate values obtained with 

HMDSN as precursors, and are reported together with the latter in Figure 7.94. The 80/1 ratio has 

been left out, since a dataset wide enough to calculate an average rate was not available for the 

HMDSO-based films. 

For very low oxygen-to-monomer ratios, up until 10/1, the rapidity of the deposition process 

and the subsequent high variance of the measured thicknesses cause the calculated values to not 

be very reliable, so prudentially the deposition rates can be assumed to be practically the same 

for both monomers. On the other hand, higher dilutions in the plasma phase result in much long-

er deposition steps, so that in this case any discrepancy between the rates for the two monomers 

is not likely to be due to experimental fluctuations. In such range, HMDSO seems to cause a con-

sistently higher deposition rate, +20 % at the 40/1 oxygen-to-monomer ratio and even +30 % at 

the 70/1 one, when compared to HMDSN. Such effect has already been reported for microwave-

powered plasmas by Wróbel et al. [128]. No further explanations were given in this case, howev-

er. Considering almost equal molecular weights and densities at the liquid state for both precur-

sors (see Table 5.2), such distinct discrepancy in the deposition rates was not to be expected, as-

suming similar reaction pathways in both cases.  
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7.5.4 Polymerization reactions and pathways for HMDSN and HMDSO 

 

In light of the data thus far presented in the current chapter, it is now at least possible to pose, as 

likely explanation for the different behaviors of the monomers, a partially different polymeriza-

tion mechanism for the latter two. The following discussion, which can be at the current stage 

only qualitative in nature, is therefore to be considered strictly non-conclusive. Equally im-

portant, it is not possible to a priori state if and to what extent the reactions taken into account 

would take place in the plasma phase or on the surface of the growing film. A quantitative or 

even only semi-quantitative commentary would on the other hand require extensive analyses of 

the plasma phase by means of optical emission spectroscopy and actinometry, and of the long-

living species therein by means of ion mass spectrometry. The current discussion will moreover 

focus primarily on the possible reactions involving the backbones of the precursors, i.e. the Si-

NH-Si and the Si-O-Si groups. As already extensively proven by chemical analyses of the solid 

films, the methyl groups are preponderantly removed, one way or the other, at relatively low gas 

feed dilutions. The reaction leading to this would furthermore be the same in both cases, and 

cannot be therefore held accountable for the different films properties. Some pathways for the 

Figure 7.94: Normalized deposition rates as a function of the oxygen-to-monomer ratio for both 

precursors. The error bars have been equated to the standard deviation correlated to the calcu-

lated average value. 
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polymerization of organosilicons involving methyl groups have been reported in Chapter 5.2. As 

for the oxygen radicals and anions reacting with the monomers and their fragments, they are 

considered to be produced in the following reaction: 

                                                                                                                                               

                                                                               
      
→                                                                           

                                                                                                                                             

The dissociation of molecular oxygen through radiation alone is made possible by the strong 

VUV emission in microwave plasmas [56]. 

The molecular bond energies for both employed monomers, first listed in Figure 5.10 and 

5.12, are reported again here in Table 7.8. 

 

 

Table 7.8: Bond energies for HMDSN and HMDSO precursor molecules. Values taken from [125, 

129-131]. 

 

Molecular bond Energy 

  eV 

Si–C 3.12 

Si–N 3.42 

N–H 4.05 

Si–O 4.56 

C–H  4.31 

 

 

A selection of possible reactions involving HMDSN is reported in Figure 7.95. The fragmen-

tation of the backbone, along the pathways B and C, via an excited neutral intermediate, while 

considered neither the first step nor preponderant for RF plasmas, can be made possible by the 

high-energy tail of the electrons energy distribution in microwave plasmas [89, 96-98, 100, 101]. 

Considering the Si-N bond being only 0.3 eV stronger than the Si-C, the cleavage of which for the 

here employed operating conditions is certain. Such pathway is further confirmed by the experi-

mental data, namely the disappearance of nitrogen in the films for increasing oxygen in the 

plasma. It is uncertain whether the cleavage follows a homolytic or a heterolytic route, or if both 

processes take place in parallel. Taking into account the difference in electronegativity between 

nitrogen and silicon, however, in the heterolytic case the ·Si≡ fragment would retain the positive 

charge. Wróbel et al. [256] demonstrated how in RF low-pressure plasmas olygomers form 
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prevalently through cleavage of the Si-N bond which tends however to be a hererolytic fission. 

Considered the abundance of reactive oxygen species in the gaseous phase, then, it is most likely 

for the smaller fragment of the backbone, regardless of its eventual charge, to react with them 

and form a Si-O fragment that can be already considered a ‘building block’ of the final SiOx film, 

as shown in the pathways D to H, or undergo further reactions. The H step, i.e. the preferential 

loss of a whole methyl radical, can be corroborated by its presence in the film being inverse pro-

portional to oxygen in the plasma feed, as shown in IR spectra for both monomers. The product 

of the G pathway, however, can further react with a neutral or marginally altered HMDSN mole-

cule and attach itself on the free electron pair of the NH group. The product would then quickly 

stabilize by expelling a fragment according to the J, K and L pathways [256]. The last one in par-

ticular, with the retention of the tertiary amino group, would result in a strong crosslinking of the 

solid polymer [256, 257]. Considering the bulk of the intermediate and end products, it is safe to 

assume that they either form directly at the surface, or do not remain long in a gaseous phase. 

Ultimately, however, such reaction pathways, while theoretically possible, must be fairly minor in 

the current polymerization process, and in particular for gas feed dilutions higher than 10/1, after 

which no nitrogen is to be found in the solid film. On this subject, Alexander et al. [258] reported 

the relatively little abundance in the plasma phase of species much heavier than the original 

monomers. The presence of unreacted HMDSN that can prompt the reaction chain, moreover, 

should be assumed to be unlikely, so that a significant formation of plasma polymers in the gas 

phase by means of radical-based chemistry should anyway be excluded. Alternatively, if such 

pathways do play a role in the formation of the final film, in all three cases further steps would be 

required in order to strip away the nitrogen central atom, as ruled by XPS results.  

The ≡SiO group, whether it is charged or not, instead of depositing as it is, can also remain in 

the plasma phase and combine to form longer SiOx-like chains, as illustrated in the M and N 

pathways. The presence of peroxy bridges has been shown in silica-like films of similar stoichi-

ometry of those currently investigated, deposited by means of electron beam evaporation [255], 

and would also explain the position of the O1s band for the 10/1 to 70/1 samples. 

The amino group, either ionic or radical, can lastly be reduced and expelled in the former 

case (pathway O-P), or substituted in a nucleophilic reaction in the latter (pathway Q). These 

steps, it can be safely assumed, take place exclusively in the plasma phase, as amino groups be-

ing already immobilized on the surface would have a small probability of being buried by incom-

ing particles before being expelled, would remain embedded in the film and be detected by ES-

CA analyses (not the current case). Similar reactions can in principle also involve the full precursor 

molecule and take place in the initial moments after the plasma ignition, as HMDSN easily re-

leases the nitrogen-bond hydrogen [256]. In both cases, a ≡SiO group is obtained, while the ami-

no product, after an eventual further oxidation step, is to be pumped away without depositing. 

As for the pathways for HMDSO as precursor, some of them are reported in Figure 7.96.  
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Those coinciding with the reactions discussed for HMDSN have been omitted. A’ pathway 

differs from the previous case as, regardless of what is bond to the silicon atoms, the Si-O-Si 

chain can already be considered a ‘building block’ for the final film, according to the definition 

provided at the beginning of the current discussion. The excited intermediate in particular would 

already be able to attach itself on an active site on the surface, and there possibly lose the even-

tual methyl groups still bond to the Si atoms, or not, and cause an incorporation of the latter in 

the final film (as shown by IR spectra, C content at low feed dilution is higher for HMDSO). Simi-

larly, B’ and C’ also result in ≡SiO groups that can already form an oxidized final film. The silicon 

cations or radical also formed react then accordingly to the previously described D to H path-

ways. The previously discussed reaction branch I to K, in this case, can instead lead to the for-

Figure 7.95: Proposed reaction pathways for the Si-NH-Si backbone of HMDSN. In light blue box-

es, products that can result in the final inorganic thin films. Sources listed in the text. 
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mation of heavier fragments consistent with the chemistry of the obtained films (pathways J’ 

and K’ for the peroxy bridges, and J” and K” for the silicon oxide chains, respectively), regardless 

of how likely such mechanism could be. An eventual L’ or L” variation for HMDSO is however 

precluded by the absence of a trivalent atom. Similarly, the R route can form viable oxidized 

products that are later incorporated in the film only in case of HMDSO as precursor. 

 

If the proposed mechanisms for the two monomers are considered reliable, then, a very 

general conclusion for the pathways involving the backbone of the precursors can be reached: 

namely, that for HMDSN it must be invariantly be broken at the Si-N bond, and that the nitrogen 

must be further stripped away or substituted by oxygen, as mandated by experimental results. 

For HMDSO the step is not only superfluous, but even counterintuitive, as the SiOSi chain is al-

ready among the possible final products of an oxygen-enriched plasma. An extremely simplified 

recap is illustrated in Figure 7.97.  

 

Figure 7.96: Proposed reaction pathways for the Si-O-Si backbone of HMDSO and for the result-

ing fragments, if not already covered for the HMDSN case. In light blue boxes, products that can 

result in the final inorganic thin films. Sources listed in the text. 
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 It can therefore be surmised that the plasma polymerization of HMDSN includes one fur-

ther step, and takes place through the recombination of smaller fragments. The discrepancy has 

likely no critical effect at low dilution of the gaseous feed, where the regime is still prevalently 

oxygen-starved and no complete oxidation and removal of the methyl groups is attained, and 

where the reactions for both monomers are still most likely the same (even the minor ones, as 

the trend for silyl groups shown in IR spectra). In environments rich enough in oxygen to result in 

inorganic films (i.e., mostly dilutions higher than 30), however, the discrepancy among the two 

processes becomes critical, and would explain not only the consistently higher deposition rates 

for HMDSO, but also the increased gap with HMDSN (+20 % already at 20/1 dilutions). The depo-

sition process for HMDSO in such range, moreover, would be further sped up because of the 

higher concentration of oxygen radicals and ions: with the methyl groups almost completely re-

moved and oxidized, a process that can be assumed to be the same for both precursors, a frac-

tion of the oxygen in HMDSN-based plasmas has still to be ‘spent’ on oxidizing the nitrogen at-

oms (ideally, one sixth of the amount required by the carbon atoms per monomer molecule) and 

the resulting silicon fragment (one twelfth of the amount for carbon atoms). In HMDSO plasmas, 

on the other hand, this further excess of oxygen reagents will tend to move the equilibrium of the 

reactions towards the products, among which, as mentioned before, lies the stripped backbone 

of the precursor, in obedience to the Le Chatelier principle. The overall process is schematically 

Figure 7.97: Summary of the simplified reaction pathways involving the backbones of HMDSN 

(left) and HMDSO (right). 
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represented hereby: 

               
       
→                         

       
→                                           

It also implies that, once reached the surface, the fragments have on average less time to mi-

grate along it, before becoming anchored on a reactive site, and a smaller probability to detach 

and to return, even if briefly, to the gaseous phase. Such assumptions could also explain why the 

residual amount of carbon in the film is smaller for the HMDSO case (as a higher oxidation of C 

would at least partially consume the excess of oxygen), and why at the same time the incorpo-

rated carbon lies in a consistently more oxidized environment, most likely as COOH or CO with a 

further oxygen in ), when compared to HMDSN. Such tumultuous processes, in particular the 

fast precipitation of the oxidized products, would also produce film with an increased degree of 

microporosity: the higher percentage of free volume in the solid would then be caused in equal 

part by the, on average, bigger fragments forming the film, and the reduced time they have to 

arrange themselves in a tight, albeit still amorphous, structure. Such conclusion could be corrob-

orated by the dramatic increase in the defects densities for very high O2/HMDSO ratios, and the 

lack of pattern observed at the optical microscope during the pinhole detection test, as the entire 

volume of the film would be equally affected by it. The same must be true, to a much lesser ex-

tent, for the highest dilutions for HMDSN too, as the surface morphology in this case seems to 

become slightly more similar to the ‘brittle’ one observed for HMDSO-based films, and likewise 

the defects density too increases its value.  

The sped-up kinetics of HMDSO deposition, finally, would also explain the retention of the 

methyl groups, as seen in IR spectra in both configurations, even at dilutions at which HMDSN-

based films have already turned almost completely inorganic. In this range, this would be caused 

not by the lack of oxygen to react with – in fact, according to the model thus far presented, reac-

tive oxygen species should at this stage be more readily available in HMDSO plasmas, rather 

than in HMDSN ones –, but rather by the lack of time for the reaction to take place, as hinted by 

the deposition rates, already significantly higher than in case of HMDSN. The monomer frag-

ments, still containing some CH3- group, once attached on the surface are quickly buried under-

neath new fragments before the methyl groups could be oxidized or etched away. A partial cor-

roboration to such suggestion is once again given by the XPS spectra: up to a ratio of 10/1, in 

spite of the %C being slightly lower for HMDSO, the C1s high resolution band show significantly 

weaker contribution of oxidized species (nothing can be said on carbon in a more reduced state, 

unfortunately), i.e. more methyl groups in the precursor molecule consumed by oxygen, but 

those remaining in the final film almost still in their original state. 

On the other side, HMDSN-based plasmas form more densely packed films, thanks to the 

overall slower and more orderly deposition mechanism induced by the presence of the NH group 

in the backbone. Some of the aforementioned considerations for HMDSO, in particular at very 

high dilution values, may still apply for HMDSN, too. The inhomogeneous areas with a much 
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higher defect density spotted through the pinhole test for 70/1 and 80/1 ratios could correspond 

to volumes with an increased, process-induced microporosity. The presence of the amino group 

in the precursor molecule and the possibility for it to become a branching center, moreover, may 

also be a factor for the increased adhesion and resilience of such films, beside the already dis-

cussed traces of incorporated carbon – and the high resolution spectra of the latter’s band further 

reinforce such assumption, as the small contribution of oxidized groups hints at carbons in a re-

duced state, i.e. bond to silicon and eventually hydrogen atoms in the main chain, rather than as 

carbonyl et similia as chain-terminating or side groups that increase the porosity of the film. As 

XPS analyses show no N1s signals for dilution higher than 10/1, then, if such nitrogen-induced 

branching takes effectively place, it must be during the early stages of the deposition process and 

limited therefore to the first molecular layers of the barrier film. For the investigation of buried 

interfaces, methods like Glow Discharge Optical Emission Spectroscopy (GDOES) would then be 

required [259]. 

In summary, while the proposed polymerization mechanisms are consistent with the copi-

ous experimental data thus far collected, no conclusive evidence for them can still be presented. 

As previously mentioned, extensive investigations of the chemical reactions in the plasma phase 

need to be carried out by means of ion mass spectrometry and optical emission spectroscopy 

and actinometry. In order to discriminate between reactions taking place in the gaseous phase 

and at the surface, post-deposition plasma processes (mostly etching with a pure oxygen plas-

ma) would need to be carried out and monitored by means of optical emission spectroscopy, in 

order to detect eventual organic functional groups being returned to the plasma phase. The as-

sumed microporosity of HMDSO-based films, or better, their assumed higher microporosity 

when compared to HMDSN-based ones, finally, would need to be demonstrated by investigating 

their density, i.e. by weighting substrates of known surface before and after the deposition of 

thin films with known thicknesses. 
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Chapter 8 
 
Multilayer barriers and encapsulation of 
OLEDs  prototypes  
 
Once the extensive investigations on single barriers (Chapter 7) and on the organic films to be 

employed as intermediate layer (Appendix A2) have been carried out, multilayer systems com-

prising the two kinds of films have been devised, investigated and tested, as reported in Section 

8.1. Afterwards, with the aim to apply them onto OLEDs prototypes, described in Section 8.2, via 

a PECVD process, the ECR reactor has been accordingly modified in order to make it possible 

(Section 8.3). The resulting encapsulations are presented and commented, together with their 

further analysis, in Section 8.4 

 

 

 

8.1 Multilayer coatings 
 

When not explicitly stated otherwise, the thin films employed for all samples investigated in the 

current section are those reported in Table 8.1. The operating conditions for the barrier films 

have been chosen because they have been the most thoroughly investigated, and as they con-

sistently resulted in the best barriers obtained in the current work. For the characterization of the 

organic intermediate layer and the choice of its composition, see Appendix A2. The thicknesses 

have been kept fixed at 100 nm, but a reduction up to 50 nm could still be possible without com-

promising the overall barrier properties. 

Before starting the investigations on multilayer systems, however, samples with at least two 

barrier layers in them were first produced, with the aim to provide a reference for later systems. 

Such samples have been obtained on PET foil by coating both sides of it with the chosen barrier 

film. The resulting samples correspond to a double-barrier system with the substrate acting as 

the intermediate layer and providing the decoupling of the defects. Each barrier has been also 

singularly deposited on PET in the same step, in order to measure their oxygen transmission 
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rates as single layers. The process has been then repeated for another batch of samples. The re-

sulting normalized OTRs and barrier improvement factors, for the single layers and for their 

combined effect, are reported in Figure 8.1. For the second sets of barriers, two measurements 

on the double-side coated substrate have been carried out, on different samples obtained 

through the same deposition step. It can be noticed how the transmission rates for the combined 

samples are starkly reduced by a factor of around 4.5 in the first case and of circa 2.6 in the sec-

ond one. It is however possible, for the second batch of double-coated foils, that some damage 

occurred while handling it, considering its remarkably worse performances.  

 

 

 

Table 8.1: Operating conditions and thicknesses for the films employed in multilayer systems. 

 

Barrier layer Intermediate layer 

   Power 555 W    Power 555 W 

   DC 50%    DC 50% 

   O2/HMDSN 40/1    H2/HMDSN 40/1 

   Thickness ≃ 100 nm    Thickness ≃ 100 nm 

 

 

Figure 8.1: OTRs (left) and corresponding BiFs (right) for two sets of single barrier layers on PET 

and double-sided coated samples. 
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 The barrier improvement factors, calculated with respect to the average PET transmission 

rate, show likewise a quantitatively similar increase. The improvement in the barrier perfor-

mances is qualitatively further confirmed by the pinhole test for the double-sided sample, which 

has been let running for longer times in order to take into account the overall increased diffusion 

length. The before/after pictures, reported in Figure 8.2, show no crystal appearing on the sur-

face. Assuming that the defect density in both deposited barriers is equal or consistent with the 

average value resulting from the same operating conditions, then, the lack of visible crystals is 

not due to a sudden lack of pinholes, but on the strong reduction in the flux of the permeated 

CO2, which likely leads to oversaturation levels too low to start a crystallization process in close 

proximity of the defects. 

 

Finally, the corresponding diffusion coefficients, calculated by means of the typical rise time 

of the curves, as described in section 3.2, are reported in Figure 8.3. In this case the data refer only 

to the first set of measurements and, like in Section 7.1.4, they have been calculated for the sub-

strate plus barrier(s) system and extrapolated for the barriers alone. In this case, too, the diffu-

sion coefficient decrease is smaller than the reduction observed for the OTRs, amounting to 

Figure 8.2: Pictures at the optical microscope for the double-sided sample before and after the 

pinhole test, left to run for two hours. 
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around 2.5 only. This is due to the deviations from the Fickian mode caused by the pinholes in the 

films, which result in a sharper rise of the oxygen levels in the first sections of the curves. The last 

pair of displayed values, labelled as ‘Calculated’, refers to diffusion coefficients calculated 

through the following equation, modelled after Eq. 3.25 and Eq. 3.26: 

                                                       
1

𝐷𝑡𝑜𝑡

=  
1

𝐷𝑆𝑖𝑑𝑒1

+  
1

𝐷𝑃𝐸𝑇

+ 
1

𝐷𝑆𝑖𝑑𝑒2

 ,                                              (8.1) 

with the first term of the equation being assumed to be the unknown variable, while the terms on 

the right side can be obtained through the curves for the single barriers and from the references 

for the uncoated PET. The diffusion coefficients for the barriers, because of the aforementioned 

defects, would then be still affected by an unknown error that cannot be eliminated. By noticing 

however how the calculated value for the double-side system is in very good agreement with the 

one obtained experimentally, it is possible to confirm how the PET foil acts as an effective de-

coupling agent. Proper bilayer systems should then exhibit transmission rates and diffusion coef-

ficients of roughly these orders of magnitude. 

 

Regarding the multilayer systems, several possible routes for obtaining them are possible: 

the deposition process can take place in separate steps, with the plasma being switched off after 

the proper deposition time required for 100 nm, and then reignited after changing the gaseous 

feed composition, i.e. obtaining a stacked system of thin films, or the plasma feed can be 

switched during a single deposition step. In this case, as the chemistry in the plasma phase grad-

ually and continuously changes, a similar change in the solid products takes place, which transi-

Figure 8.3: Diffusion coefficients for the first set of samples, calculated for the PET + barrier(s) 

system from the recorded permeation curved, and extrapolated for the barriers alone.  
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tion from a silica-like film to an organic film. The chemistry of the latter should still be different 

enough to provide a decoupling effect for the defects. The multilayer thus obtained is then also 

labelled as ‘gradient’ layer. Furthermore, as the multilayer are to be tested, at a later stage, for 

the encapsulation of OLEDs, the first layer of the system must invariably be an organic one. Its 

deposition, by means of an oxygen-free gas feed, does not in fact damage the exposed OLEDs; 

moreover, although such layers do not possess remarkable barrier properties in themselves, they 

can at least provide a physical separation between the devices and the plasma phase, reducing or 

blocking the interactions with molecular and atomic oxygen until a proper barrier film ‘seals’ the 

surface. This happens, as shown in Figure 7.59, for a thickness of around 30 nm, i.e. after around 

one minute with the employed operating conditions. 

A first series of multilayers consisting of two dyads (intermediate plus barrier layer) has been 

thus deposited. For all processes, the operating conditions listed in Table 8.1 have been kept un-

altered. The resulting films, with a thickness in the 350 to 500 nm range, still present a good 

transparency and colorlessness to the naked eye, as shown in Figure 8.4.  

 

The correspondent oxygen transmission rates are reported in Figure 8.5: the red span indi-

cates the OTR range of the corresponding single barrier layers, deposited directly on the PET, 

coeval to the multilayers, with a red line indicating the resulting average value. With the excep-

tion of sample n. 2, all OTRs fall in the same range of those for single barrier layers, indicating no 

net increase in the barrier properties. On the other hand, however, the stacking neither results in 

a worsening of the barrier performances, which could sometimes be induced by the augmented 

internal stresses in a considerably thicker PECVD film. This is in contrast with similar stack multi-

layers deposited by means of HMDSO at the same operating conditions, which showed stark in-

creases in the transmission rates, sometimes comparable to those obtained for the uncoated 

PET reference [260]. Since, in case of breaking of the stacked multilayer, or in case of incomplete 

Figure 8.4: Multilayers on glass consisting of a pair of dyads, with the organic intermediate layer 

as the first one, deposited in different PECVD processes. 
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coverage of the surface by the uppermost barrier, the transmission rates would have resulted to 

be much higher, such possibilities should be ruled out. Pictures of the samples after being sub-

jected to the pinhole test reinforce such conclusion since, as it can be seen in Figure 8.6, the up-

permost barrier shows defect densities comparable to those of single barriers deposited directly 

on PET. Furthermore, no crystal-covered crack or other surface damages akin to those shown in 

Figure 6.24 and Figure 6.26 are to be seen. It can be then concluded that the failure in improving 

the barrier properties lies in the inability of the intermediate layer to effectively decouple the 

pinholes in the two barriers. The relatively lower rate for sample n. 2 however seems to suggest 

that such failure may not be systematic. Further and thicker multilayer systems have therefore 

been deposited and tested. Their descriptions, together with the corresponding labels, are listed 

in Table 8.2. The operating parameters for the two different films are the same reported in Table 

8.1. 

Sample IIc has been deposited with the same oxygen-to-monomer and hydrogen-to-

monomer ratios but with halved fluxes in a deposition step twice longer. In sample IId the inter-

mediate layer has been substituted by a thin liquid film of HMDSN, poured by means of a pipette 

after removing the sample from the reactor, in order to try a completely different chemistry from 

the SiOx film that could provide a decoupling effect. The underlying assumption is that, after the 

evaporation of HMDSN during the pumping of the reactor, some liquid would remain trapped in 

the pinholes, which act as capillary, effectively ‘sealing’ them. 

Figure 8.5: Normalized oxygen transmission rates for the first batch of multilayers, with the ref-

erence values for single barrier layers in the red range and the resulting average as a red line. 
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Figure 8.6: Optical microscope pictures of a selection of samples 1-6 after being subjected to the 

pinhole test. 

 

Figure 8.7: Absorbance FTIR ATR spectra of a selection of multilayers: a) = Ia; b) = IIb; c) = IIc, and 

d) = IId. Spectra normalized to the intensity of their main peak. 
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Table 8.2: Labels for the deposited multilayer samples. Roman numbers indicate the number of 

dyads in the multilayer. The first organic layer, when present, is excluded from the count. 

 

Label Stack Gradient Remarks 

Ia ✓ 
 

first layer : organic 

IIa ✓ 
 

first layer : organic 

IIb 
 

✓ first layer : organic 

IIc ✓ 
 

gas fluxes : halved 

IId ✓ 
 

liquid HMDSN as intermediate  

           layer 

IVb  ✓ first layer : inorganic 

Va ✓  first layer : inorganic 

VIIa ✓  – 

VIIb ✓  layers' thickness: 50 nm 

 

 

A selection of such multilayers, with the uppermost film being SiOx-based, has been investi-

gated by means of ATR infrared spectroscopy: because of the reduced penetration depth of such 

method, only the chemistry of the top layer may be detected. It is therefore possible to ascertain 

whether the growth of the inorganic film is influenced by the chemistry of the underlying SiOx-

CyHz intermediate layer. The resulting absorbance spectra are reported in Figure 8.7 and show 

good consistency and accordance among themselves and when compared to the 40/1 spectrum 

in Fig. 7.5. No signal consistent with organic bonds, either from the barrier themselves or from 

the underlying intermediate layer, in particular the sharp methyl band around 1260 cm-1, is to be 

appreciated. 

Samples Va and IVb, deposited only on glass substrates, have been chosen as representative 

for both macro-categories of multilayers (stacked vs. gradient) in order to be investigated at the 

Fraunhofer IGB by means of electron microscopy. In order to observe a section of the films, simi-

larly to what done for the investigations on the film thickness in Chapter 7.3.3, the samples have 

been cracked with a wire cutter, and only the jagged edges resulting from the fractures have 

been observed. The stacked multilayer Va is shown in Figure 8.8, at two different magnifications 

(25k and 100k, respectively). It is possible to observe how the discrete structure of the multilayer, 

when subjected to stresses, as those induced in this case by the cutting of the glass, results in the 

layers breaking singularly, with a step like structure that, in this case, slightly juts out of the sub-

strate. The same structure can be observed on the overexposed ledge on the right border of Fig. 

8.8a. The uppermost pair of layers is difficult to discern in Fig. 8.8b, because of a poor exposure of 

the scan. It is however possible to notice how the single layers present a clearly separated struc-
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8.1   Multilayer coatings 

ture, attested by the thin bands of different colors (knowing that the first layers is organic, their 

attribution is straightforward), and grow homogeneously even on top of each other, covering the 

full surface. The interfaces between pairs of layers do not show a noticeable roughness, nor any 

punch-through or other deformation that could disrupt their structure are to be seen. The in-built 

scale allows to determine the thickness of the layers, which for the barriers proves to be around 

95 nm, and 130 nm on average for the organic film. This confirms the values obtained by means 

of the profilometer, which always showed a slightly thicker than expected multilayer. The organ-

ic layers, in this case, seem to consistently grow slightly faster than usual, as their deposition time 

was adjusted in order to obtain a 100 nm thick film. 

Figure 8.8: SEM pictures of the section of a stacked multilayer on glass (sample Va) at a magnifi-

cation of 25k (a) and 100k (b). Picture b has been acquired at a different spot. Analyses carried 

out at the Fraunhofer IGB. 
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In contrast to this stacked structure, the gradient IVb sample, reported in Figure 8.9, shows a 

remarkably different structure. In this case, no bands of different colors are to be seen, but rather 

a homogeneous and slightly grainier composition, still however distinctly different from the un-

derlying glass (compare this to Figure 7.66 c, with the interface being barely noticeable). Curious-

ly, it is still possible to discern the single dyads, thanks to slight edges extending horizontally for 

the full length of the profile. It is unclear how such separation among dyads comes to be: as it 

takes place when an organic layer is deposited on top of a barrier, perhaps, as the latter has a 

higher deposition rate than the former, instead of slowly adapting to the silica-like substrate is 

more favorable – and quicker – for the system to disrupt the continuous structure. It is worth of 

notice, moreover, how the top bottom corner of the picture, at the interface with the glass, 

shows a dark spot similar to a void, where the organic layer first failed to adhere to the glass (it is 

not possible to conclude whether this has been induced by the presence of a foreign particle, at a 

further ‘depth’). Immediately above the hole, however, the faint vertical growth lines in the film 

clearly show how the film covered the unidentified bump and later smoothed itself to a horizon-

tal line again, which hints at a good flexibility and resilience of such multilayer systems. The four 

dyads, measured by means of the in-built scale, provide a consistent value of around 160 nm. 

This is in good accord with the choice of deposition times for each step, which have been chosen 

to correspond to a 200 nm (100 nm + 100 nm) bilayer on glass. Considering the transient short 

step (‘lost time’) in which the plasma feed turns from an oxygen- to a hydrogen-rich one and vice 

versa, then, it stands to reason that the resulting thickness of the dyad would be slightly smaller 

than the nominal value. 

 

 

Figure 8.9: SEM pictures of the section of a gradient multilayer on glass (sample IVb) with four 

dyads at a 100k magnification. Analyses carried out at the Fraunhofer IGB. 
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8.1   Multilayer coatings 

The barrier properties of the samples listed in Table 8.2 – with the exception of the afore-

mentioned samples employed for the SEM imaging analyses – have then been tested. The nor-

malized values are reported in Figure 8.10. In case of repeated measurements for the same multi-

layer, only the lowest value has been displayed. This batch of samples, too, does not result in an 

improvement – nor however in a worsening – in the barrier performances, not even in the case of 

the films with the highest number of dyads, for which even one successful decoupling between 

two neighboring barriers would have been enough to produce a noticeable drop in the transmis-

sion rates. It is worth of notice that sample VII b, although containing barriers only 50 nm thick, 

shows the same performances of a layer with the same number of dyads but with twice the over-

all thickness. 

The cause for such failure may be ascribed to at least two different phenomena: 

- the chemistry of the intermediate layer is still close enough to the one of the barriers to 

allow the pinholes in the latter to simply keep growing throughout the additional layer, 

and then into the subsequent barrier layer, despite plasma being switched off – in some 

cases for several minutes – after each deposition step; a solution to this would then be 

to optimize an intermediate layer with a completely different chemical composition, 

perhaps not even based on HMDSN as a precursor. In this case, however, the first layer 

acting as a protection for the OLEDs would either still need to be based on a H2/HMDSN 

discharge or on another plasma feed that still has however to be completely oxygen-

free; 

- the barrier properties of the intermediate layer are insufficient, as they too play a role in 

the overall multilayer effectiveness [9]. As shown in Appendix 2, all hydrogen-to-

monomer ratios exhibit very poor barrier performances against oxygen, with the best 

BiF equal to only 1.2. In case of a good barrier layer, through which permeation takes 

place almost exclusively through defects, the underlying volumes in the intermediate 

layer are subjected to very strong concentration gradients that forcefully increase the 

overall permeated flux, almost acting as local funnels [7]. Even in the case of a success-

ful decoupling, then, the increase in the permeation length is counterbalanced by an 

almost null increase in the permeation time, resulting in a permeation process still lim-

ited by the first barrier layer alone. If this is the current case, then, a completely differ-

ent chemistry of the intermediate layer is still required, which should also result in im-

proved barrier properties. 

Alternatively, as suggested by Graff et al. [39], the diffusion path may be further increased by 

reducing the intermediate layer thickness to less than the average spacing between two neigh-

boring defects in the barrier layer. In this case, the gradient vectors become parallel to the inter-

nal interface among layers, resulting in a much longer and arduous effective diffusion path. 

Nonetheless, the aforementioned multilayers, without further changes, have been chosen for 
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the encapsulation of OLEDs prototypes, both in a stack and in a gradient configuration, in order 

to at least verify whether the prolonged deposition step may cause harm to the electronic devic-

es. 

 

 

8.2 OLED prototypes 
 

All the prototypes employed as substrates for the multilayer encapsulations consist of Bottom 

Emitting OLEDs (BEOLED) developed and produced at the Institute of Material Research of the 

University of Hasselt, Belgium, in four different colors, and in two different sizes, as reported 

schematically in Figure 8.11. All prototypes operate with a DC voltage of 3 to 5 V.  

The design for the larger specimens includes a bottom Ag electrode in the shape of a bus 

bar, in order to ensure a homogeneous injection of electric charges in the emitting layer and a 

consequently even light emission. The structure of such larger OLEDs, together with the deposi-

tion techniques employed for each layer, is reported in Figure 8.12. 

The prototypes, for both sizes, when deposited on glass acting as a rigid substrate, prove to 

be operational and to emit homogeneously. The same is valid, for the smaller devices, even in 

case of a flexible substrate (PET), as shown in Figure 8.13.  

 

Figure 8.10: Oxygen transmission rates for multilayer systems, with the reference values for sin-

gle barrier layers in the red range. 
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8.2   OLEDs prototypes 

 

The prototypes printed on PET have been sent for the encapsulation in a sealed container 

filled with nitrogen within one week after their production. Upon arrival, they have been tested in 

inert atmosphere by means of a portable DC cell before the immediate encapsulation (see also 

next section). In most cases, however, both small and large devices showed inhomogeneous light 

emission, as illustrated in Figure 8.14. The cause may be delamination of the cathode [4] or de-

tachment between cathode and emitting layer, due to a yet to-be-optimized printing process 

[263, 264], as some of them already presented inactive areas immediately after their completion 

[262], or early degradation caused by oxygen residuals in the transport box. The electrode print-

ing and alignment, in particular, proved to be the most influential factor in determining the func-

tioning of the devices, and in some cases their conductivity has been a posteriori enhanced by 

applying a silver-based colloidal solution on top of them. 

Figure 8.12: Structure of larger BEOLEDs with a total thickness of less than 500 nm [261]. ITO: 

indium tin oxide; PEDOT: polyethylenedioxythiophene; PSS: polystyrene sulfonate. 

Figure 8.11: Schematic representation of the two types of BEOLEDs employed in the multilayer 

encapsulations. 
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8.3 Building and connection of a glovebox to the ECR reactor 
 

The handling and the insertion of the uncoated OLEDs, transported in a sealed cylinder, must 

take place in an inert atmosphere devoid of oxygen and water vapor. A glovebox directly con-

nected to the ECR reactor has been therefore rendered necessary. A schematic representation of 

the employed glovebox, from SylaTech Company, is reported in Figure 8.15. It consists of a trap-

ezoidal polycarbonate box connected to a cylindrical steel airlock that allows the insertion and 

removal of samples. 

Figure 8.13: Smaller OLEDs prototypes on glass (a) and on PET 50 m thick (b), and larger proto-

types on glass in the four employed colors (c – f). Samples tested in a Glovebox flushed with ni-

trogen [262]. 

Figure 8.14: Smaller prototypes on PET tested one week after being printed and immediately 

before the encapsulation process, showing dark areas and inhomogeneous emission. In the first 

picture it is possible to observe the silver-basd solution applied on the electrodes. 
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8.3   Building and connection of a glovebox to the ECR reactor 

The airlock is purged with nitrogen by means of a copper line and two series of valves con-

necting it upstream to a nitrogen bottle, and downstream to a rotary pump. A vacuum gauge 

allows the inner pressure to be monitored in real-time. For the glovebox, the nitrogen flux is pro-

vided by a high-pressure cylinder connected through a line with two pressure regulators and two 

further locks. A three-way Swagelok valve finally allows the exhaust nitrogen cylinders to be re-

placed while at the same time keeping the glovebox atmosphere isolated. The oxygen concen-

tration inside the glovebox is monitored by means of a Zirox E2010 sensor, and leaks from the 

outside are reduced by keeping a small internal overpressure, monitored by a vacuum gauge. 

Backdiffusion of oxygen from the atmosphere through the gas outlet is blocked by means of a 

pressure relief valve. The glovebox is connected to the back of the ECR reactor through an 

adapter on its rear side and a windowless steel port similar to the one in front of the reactor (see 

also Fig 5.2). After being prepared, the samples are placed inside the reactor by fixing them with 

duct tape on an aluminum holding plate: the latter is handled, and then inserted in the reactor 

chamber, by means of a suction cup connected to a pump and to the nitrogen line that enables 

its suction and venting (Fig. 8.16). Before its use, the glovebox is left purging with nitrogen for at 

least one week. The flushing curve is reported in Figure 8.17. The main source of oxygen while 

operating with the box is caused by the leaks inside the ECR reactor. The latter, although its air 

inlet for the venting is in turn connected to a nitrogen cylinder, in order to ensure an inert atmos-

phere inside it, still contains significant traces of oxygen because of its relatively large volume. 

The level of O2 inside the glovebox rises up to 3000 ppm every time samples are inserted 

in/removed from the plasma reactor. As a comparison, at the end of the first flushing step the 

oxygen baseline does not exceed 50 ppm (0.004 %). After isolating the glovebox from the ECR 

Figure 8.15: Schematic representation of the glovebox employed for handling of uncoated 

OLEDs. It consists of a polycarbonate main body, with walls 1 cm thick, a base of 92x65 cm2 and a 

height of 67 cm. Connected to it, a stainless steel airlock with a length of 30 cm and a diameter of 

27.3 cm allows the insertion of the samples [265]. 
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reactor, the oxygen level then quickly subsides to around 500 to 200 ppm after around twenty 

minutes.  

 

8.4 Encapsulation of OLEDs 
 

With the prototypes being printed on a PET substrate, a two-step multilayer encapsulation is re-

quired. A multilayer system must then at first be deposited on the upper side of the devices, and 

Figure 8.16: Glovebox and relative flushing system and sensors connected to the ECR reactor 

(left) and details of the suction cap for the insertion of samples in the vessel (right). 

Figure 8.17: Oxygen fraction in the glovebox atmosphere as a function of time. t = 0 coincides 

with switching on the flushing system. 
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8.4   Encapsulation of OLEDs 

then the latter must subsequently be removed from the reactor, flipped and reinserted, for the 

encapsulation on their bottom side. The profile of a device encapsulated according to such ap-

proach is schematically represented in Figure 8.18. 

 

The number of dyads forming the encapsulation layer has been varied from one to four, with 

a first film always corresponding to a protective layer deposited in an oxygen-free step. Direct 

exposure of the organic devices to reactive oxygen in plasma phase would in fact result in severe 

damages to the former’s integrity [266]. Some encapsulation, in particular those with the highest 

and lowest number of dyads, have also been carried out at least twice for different batches of 

samples. The thickest barrier systems have also been deposited as gradient layers, despite the 

latter not being as extensively investigated as the stacked ones. The prototypes, with their lateral 

dimensions reported in Fig. 8.11 and amounting in total to 58, have been tested again by means 

of a portable DC cell, immediately prior being inserted in the reactor. When possible, each batch 

was constituted by one large OLED and at least six smaller ones. The samples have been fixed on 

the holding plate by means of small strips of duct tape, which as a side effect prevents the under-

lying areas, on the edges of the substrate, to be encapsulated. Furthermore, as the electrodes 

needed to remain exposed for subsequent testing of the devices to be possible, they too have 

been left masked during both encapsulation steps. 

Some of the thickest multilayers, deposited at the same time also on glass substrates, with 

an overall thickness approaching to 1 m, are shown in Figure 8.19. It is possible to observe how 

both kinds of multilayers retain their colorlessness and good transparency, when compared to an 

uncoated substrate. The faint rosy halos and iridescent effects observed in some samples arise 

from thin-film interference phenomena taking place inside the multilayers, as their thickness 

grows comparable to wavelengths in the visible range. 

After the first encapsulation step, and once more after the back encapsulation, all samples 

have been electrically tested in order to observe eventual damages or failures caused to them 

Figure 8.18: Schematics of the encapsulation strategy for OLED prototypes on PET. Picture not in 
scale. 
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upon exposure on the plasma atmosphere and the associated VUV radiation. Three examples, 

including both small and large devices, are reported in Figure 8.20. In all cases, it is possible to 

observe how the emitting area, while being already far from the total active surface, especially 

for larger area devices, is not further reduced, nor its emission weakened. It can therefore be as-

sumed that the first, weakly protective layer and the overlaying barrier are effective in shielding 

the devices for the whole duration of the deposition step, which, for the thickest multilayer, lasts 

up to thirty minutes. Moreover, the heating of the samples in such prolonged process is still low 

enough to avoid thermal damages, which for organic devices start to take place already shortly 

above 45°C [267]. Occasional difficulties in lighting up the devices immediately after the encap-

sulation are then likely to be ascribed to failures of the electrodes rather than of the organic emit-

ting layer. As mentioned before, the conductivity of the electrodes required to be enhanced by 

applying a silver-based solution on them. Such supplemental layer showed poor adhesion and 

was easily peeled off when removing the duct tape mask from the electrodes. 

 

The samples, repacked in the transport box with inert atmosphere, have then been brought 

back to the Institute of Material Research in Hasselt, Belgium, and kept in inert atmosphere for 

further durability tests. In some cases, after re-applying the colloidal solutions on the electrodes, 

Figure 8.19: Glass substrates left uncoated for reference (1), and coated with three (2 and 4) and 

four (3 and 5) pairs of dyads plus a first protective organic layer. Samples 2 and 3 consist of sepa-

rated, stacked barrier and organic layers, samples 4 and 5 of gradient layers gradually changing 

their chemistry from organic to inorganic. 
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8.4   Encapsulation of OLEDs 

the devices were again able to function, further hinting at an electrical problem being the cause 

of at least some of the malfunctions. After one month, no further degradation of the still-

operating OLEDs was visible. One of the best working devices, a larger yellow emitting OLED on 

PET, coated with the gradient layer with four dyads and an initial protective layer (the multilayer 

system reported in Fig. 8.10 has been simultaneously deposited during this batch of OLEDs), has 

then been removed from the glovebox and left in open air, while being tested at regular intervals. 

The pertaining pictures are reported in Figure 8.21. Fig 8.21 b, taken one month after the encap-

sulation process, shows unchanged performances of the emitting layer of the device, when com-

pared to those immediately before being encapsulated (Fig 8.21 a). Fig. 8.21 c, taken 18 hours 

later, shows a visible degradation of the emitting layer, with worse effects around the edges of 

the latter. Fig. 8.21 d, taken after further 24 hours, shows the final stages of its lifetime, with only 

a few single spots still emitting. After little more than 40 hours in air, then, the device has ceased 

to operate [262]. Such survival time, when compared to the usual lifetime for similar uncoated 

prototypes manufactured by the same research group, which amounts to few minutes, shows an 

improvement factor of more than two orders of magnitudes. 

 

Figure 8.20: OLEDs prototypes inside the glovebox before the two-steps encapsulation (a), after 

the top encapsulation (b), and after the top and back encapsulation (c). 
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Figure 8.21: Large OLED on PET at different stages of the encapsulation and post-encapsulation 

process (variation in light color due to different camera settings and lightening): before being 

inserted in the transport box for the encapsulation process (Fig. 8.21a). The now encapsulated 

device, one month after remaining in inert atmosphere and immediately before being left in 

open air (Fig. 8.21b). The sample around 18 hours (Fig 8.21c) and 42 hours (Fig. 8.21d) after re-

moval from the glovebox. Courtesy of Inge Verboven. 

 

 



 
 
 
 
 
 
 

 
 

Chapter 9 
 
Summary and outlook 
 

9.1   Summary 
 

In the current work, thin films with the aim to serve as barrier against oxygen for the encapsula-

tion of sensitive devices, flexible organic LEDs included, have been investigated. The thin barriers 

have been obtained by means of a plasma enhanced chemical vapor deposition process carried 

out in a low-pressure, microwave-sustained pulsed plasma operating in an electronic cyclotron 

resonance configuration. The magnet in the reactor, with an area of around 0.05 m2 and a conse-

quent magnetic field tuned so to ensure resonance conditions with the incoming microwaves at a 

frequency of 2.45 GHz, through a motor connected to it can homogeneously treat a much larger 

surface, limited only by the size of the reactor.  

The deposition process has been carried out by means of a mixture of hexamethyldisilazane 

(HMDSN) as precursor and oxygen as co-gas. The operating parameters investigated and opti-

mized in the work have been oxygen-to-monomer ratio in the gas phase, operating power and 

deposition time.  

The ensuing analyses of the chemical composition of the resulting films, carried out by 

means of infrared spectroscopy in different configurations and X-ray photoelectron spectroscopy 

showed how, by changing the gas feed composition, it is possible to gradually shift from a largely 

organic solid film still resembling the original precursor to an almost completely inorganic, hard 

film resembling amorphous silica. The threshold among the two has been found out to lie, for a 

power of 555 W, around a 25/1 oxygen to monomer ratio. By keeping the gas feed at a fixed 

composition, and by variating in turn the operating power, a similar tuning effect on the final film 

chemical composition has been observed. Some fixed limits in the range of operationality in the 

employed experimental setup have however been found. The lower range for power is limited by 

the inability of the plasma to ignite, and at the other end of the range the higher amount of ener-

gy injected in the plasma causes the thermally sensitive substrate to be damaged by it. Extreme-

ly low oxygen-to-monomer ratios, on the other hand ( ≤ 20/1 ), can never result in inorganic lay-
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ers, regardless of the employed operating microwave power. The chemical analyses further 

showed how the deposition time and the resulting thickness of the films do not have an effect on 

their chemical composition. Small percentages of residual carbon incorporated in the films, on 

the other hand, proved to be beneficial to their inherent resilience and adhesion, helping them 

retaining their mechanical integrity. 

The permeation analyses performed showed how the turn to inorganic chemistry for the 

films coincides almost univocally with the onset of good barrier properties, which at very high 

oxygen-to-monomer ratios partly degrade because of the mutated resilience of the films. The 

best pair of power and oxygen-to-monomer values has been found out to be equal to 555 W and 

40/1, respectively. Such conditions ensure reproducible, flexible and resilient films with a barrier 

improvement factor up to around 100 and more. Such films have shown an optimal thickness of 

around 100 nm which can however be lowered to 75 and even 50 nm with only a small increase in 

the dispersion of the average transmission values. For higher thicknesses, the 40/1 film show ex-

cellent stability and unchanged barrier performances up to one order of magnitude more. The 

intrinsic growth mechanism allows the film to effectively dissipate eventual internal stresses and 

at the same time ensures enough lateral strength to also avoid delamination and mechanical 

failures. After up to 50 bending cycles performed with a bending radius of 0.75 cm, the average 

increase in the transmission rates for 100 nm films does not exceed 20%, i.e. still in line with the 

dispersion obtained for repeated depositions at the same conditions. The films also proved to 

remain largely unaffected by the kind of substrate, even in case of vertical structures with a 

height equal to 50 % of the thickness of the barriers.  

A non-destructive method for the identification of defects on the macro- and on the micro-

scale has been developed and tested, based on the local precipitation of calcium carbonate on 

top of the defects in the barrier layer. The assumptions on which it operates state that the precip-

itation process is quick and that only the immediate surroundings of a defect provide the neces-

sary conditions to trigger a nucleation step, so that each crystal correspond to a defect under-

neath it. The coated sample acts as a separator between a pure CO2 flux and saturated lime wa-

ter solution inside the sample-holding cell, with the permeation of carbon dioxide into the aque-

ous solution above taking place preferentially through the defects in the barrier layer on top of 

the polymeric substrate. The thorough investigations proved the assumptions on which the test 

operates to be corrected, and the method to be reliable for the localization of defects on the sur-

face. The calcium carbonate crystallites, retrievable at a later stage at the scanning electron mi-

croscope by means of markers applied on the samples surface, provide through their size and 

morphologies further insight about the kind of defects of the film. The applicability of such test is 

limited to films through which oxygen permeation takes place almost exclusively through the 

pinholes. The calculated numerical densities for the PECVD films lied in very good accordance 

with the respective oxygen transmission rates (OTRs). In this case too, 40/1 samples showed a 

minimal defect density. Higher oxygen-to-monomer ratios, while presenting only a minor in-
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9.1   Summary 

crease in the OTR values, also showed several times higher defect densities. Repeated permea-

tion measurements after the pinhole tests confirmed that, in case of inorganic layers, the calcium 

carbonate crystals originate selectively on top of surface defects. 

A selection of two inorganic layers and one organic one has been tested over a wide range of 

temperatures in order to investigate the nature of their defects. The lack of increase in the ap-

parent activation energy for the permeation process calculated by means of Arrhenius plots 

proves once more the presence of defects in the films. For 40/1 barriers, further non-conclusive 

analyses hint at a multifactor permeation process which still includes an unknown amount of 

purely Fickian permeation, together with the contributions of micro- and nano-defects further 

sorted in different size populations. 

The HMDSN-based films have been thoroughly compared with films based on hexamethyl-

disiloxane (HMDSO) previously obtained at the same operating conditions, showing consistently 

superior mechanical properties and effectiveness as barriers, in particular at high oxygen con-

tents in the feed, for which HMDSO-based films show no barrier properties. The cause of such 

stark discrepancy has been tentatively found out to be most likely the different kinetic pathways 

taking place mainly in the plasma phase, which allow a more ordered and homogeneous growth 

in case of HMDSN as precursor, resulting in denser films with lesser free spaces and greater in-

herent resilience, better suited for practical applications. 

After a brief optimization of an intermediate organic layer based on HMDSN and hydrogen 

ratios, multilayer systems consisting of different dyads of barriers and intermediate films have 

been produced and tested, with a first buffer layer being deposited in a completely oxygen-free 

step, in order to be readily suitable for the encapsulation of oxygen-sensitive organic devices. All 

of them resulted in transparent and colorless systems up to 1 m thick. The results, on a wide 

range of operating conditions and combinations of the dyads, in stacked and gradient configura-

tion alike, showed however no improvement in the barrier factors beyond those already ob-

tained for a single barrier layer. The cause is likely to be the inability of the intermediate organic 

layer to effectively decouple the defects in two adjoining barriers, thus invalidating the whole 

multilayer approach. Such multilayers have nonetheless been employed for the encapsulation of 

OLEDs prototypes on flexible polymeric substrates. A readjustment of the plasma reactor, in-

cluding connecting it to a glovebox in order to handle and test the prototypes in inert atmos-

phere has thus been rendered necessary. The ensuing deposition steps, up to 30 minutes and 

more long, all proved to be ‘mild’ enough for the devices to remain undamaged. Once the proto-

types were removed from the inert glovebox atmosphere and exposed to air, their lifetime fur-

thermore was found to increase by a factor of around 100, from few minutes to almost two days 

in open air.  
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9.2   Outlook 
 

The barrier films produced with the best optimized operating parameters proved to perform 

equally or better than other PECVD films presented in literature. The partial investigations on 

their defects also showed their performances to be primarily limited by defects. As such, they 

represent the best achievable films with the current plasma reactor. A further study on the pulse 

duration and on its duty cycle may prove useful in determining whether a further improvement in 

the barrier factors is possible. With the chemistry of the barriers being optimized, any further re-

duction in the transmission rates is bound to a reduction in the density of defects: although no 

defect has been observed to be caused by foreign particles lying on the substrate and be incorpo-

rated in the film during the deposition step, the handling of substrate in a proper clean room may 

lead to a further increase in the barrier performances. 

The CO2-based pinhole test for the localization and identification of defects must be further 

developed. It can in the first place be compared with the etching test, which suffers from no limi-

tations in its resolution, in order to determine whether the CO2 test is able to retrieve every size 

of defects and, if that is not the case, where its resolution limits lie.  

Furthermore, it is of great importance, after a first localization of the crystals on a barrier af-

ter the test is carried out by means of optical microscopy, to either remove them through me-

chanical methods or dissolve via bath in concentrated ethanoic acid (CH3COOH), prepare the 

sample for scanning electron microscopy investigation and retrieve the position of the now-

disappeared crystals, by means the surface markers. In this way it is then possible to directly ob-

serve the localized defects, without irreversibly altering or destroying their structure (i.e. the 

main advantage of such test when compared to other methods such as the etching step in oxy-

gen plasmas). An ample enough set of observations per sample, repeated for several batches of 

barriers, may lead to a reliable classification of defects sorted for kinds and sizes. This can be in 

turn be coupled with the analyses on the dependence on temperature of the diffusion process 

and help develop the general model exemplified in Eq. 7.6. In order to reliably do this, however, 

first a much larger data set of permeation curves at different temperatures would need to be col-

lected, both by means of repeated measurements of the same coated sample, and by testing 

several samples for each investigated oxygen-to-mixture ratio. With enough experimental data 

thus collected, it can then even be possible to model an overall permeation mechanism for the 

best barrier and to investigate it by means of numerical simulations. 

The conclusions reached at the end of the comparison between HMDSN and HMDSO as 

monomers in the current setup, while being in good accordance with the presented experimental 

data, are far from being conclusive. Extensive investigations of the chemical reactions in the 

plasma phase need therefore to be carried out by means of ion mass spectrometry, optical emis-

sion spectroscopy and actinometry. Post-deposition plasma processes (mostly etching with a 

pure oxygen plasma) would need to be carried out and monitored by means of optical emission 
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9.2   Outlook 

spectroscopy, in order to gain a better insight on the reactions taking place exclusively in the 

plasma phase and those occurring at the solid surface. Studies on the densities of films obtained 

by both precursors and at different oxygen-to-monomer ratios also need to be performed, in or-

der to verify the assumed microporosity of HMDSO-based films and how it correlates with the 

associated transmission rates.  

Finally, for a multilayer approach, a completely different organic layer needs to be devel-

oped and optimized, either by changing the co-gas in the feed or the precursor molecule alto-

gether. The aim is to obtain a chemical composition different enough to ensure an effective de-

coupling of the defects in the barrier layers, while at the same time retaining the current good 

transparency and colorlessness. 
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Appendix A1 
 

Chemistry of the substrates  
 
As mentioned in Chapter 5.2, thin inorganic layers have been deposited on two different types of 

PET foils in order to investigate if and to what extent a change in the substrate morphology can 

affect their barrier performances. In order to do so it is however necessary to exclude any other 

possible influence on the latter caused by, for example, small differences in the chemical compo-

sition of the substrates. A preliminary infrared analysis of the Hostaphan foil and both distinct 

sides of the Melinex foil has hence been carried out in the 3200-400 cm-1 range by means of ATR 

FTIR spectroscopy: the resulting spectra, with the positions of some of the most relevant bands, 

are shown in Figure A1.1. The complete list of main peaks and their respective attributions is re-

ported in Table A1.1. Prior to the FTIR-spectroscopy analysis, the samples have not been washed 

or otherwise treated, in order to avoid external contaminations. 

The complexity of the repetition unit of PET gives rise to a wide system of signals, the most 

intense ones relating to the carboxylate ester, like for example those at 1714 and 1245 cm-1, the 

unresolved doublet centered around 1110 cm-1, and the sharp peak at 723 cm-1. By contrast the 

aromatic ring, thanks to its rigidity and its embedding in the main polymer chain, is less affected 

by the surrounding environment and produces therefore several less intense but sharper peaks, 

which are a common occurrence in spectra of polymers containing at least one phenylene group, 

like those at 1409, 1017 and 871 cm-1. As reported in Table A1.1, some peak attributions remain 

nowadays still disputed, despite the wide investigation on spectra of polymeric materials dating 

back to the ‘60s of the last century [268-270]: for some signals a list of possible attributions is 

therefore provided. A further cause for the overall complexity of such spectra comes from the 

limited crystallinity degree of the investigated polymers [271]: with a centrosymmetric molecule 

in the crystalline domain, no less than 36 normal modes are IR-active [272], while conversely 

more modes are theoretically active for amorphous molecules. The disorder in the predominant 

amorphous matrix causes for a pronounced broadening of the peaks [274, 275] and, in some cas-

es, to a splitting of the same vibrational mode in two poorly resolved peaks, as for example 

around 1110 cm-1, with the peak at 1121 cm-1 pertaining to COC stretching in crystalline PET and 

the one at circa 1097 cm-1 to COC in amorphous PET. Bands related to the crystalline phase are 

on the other hand generally much sharper [276]. 
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Table A.1: Peak positions and vibrational mode assignments for the main absorption bands of 

PET. 

 

   Wavenumber    Assigned group Vibrational mode  References 

   cm-1       

2969 CH2 a [268] 

2907 CH2 s [268] 

1715 C=O  [269] 

1614 phenyl ring  [268] 

 
1577 
 

C=O  [269] 

C-C=O  [269] 

C-C (in phenyl)  [276] 

1506 C-C in-plane (in phenyl)  [276] 

1471 CH2 (trans)  [277] 

1456 CH2 (gauche)  [269] 

1410 phenyl ring  (in plane) [276] 

1387 CH (in phenyl)  [276] 

1371 CH2 (gauche)  [276] 

1340 CH2 (trans)  [276] 

1286 

C-O-C (unresolved triplet)  [269] 1254 

1245 

1175 CH (in phenyl) in-plane [276] 

1121 C-O-C (trans)  [269] 

1097 C-O-C (gauche)  [269] 

1045 
CH2  [269] 

C-O-C (gauche) a [276] 

1018 phenyl ring  in-plane [276] 

988 
CH2 (in phenyl)   [269] 

CH2 (trans)   [275] 

 
971 
 

CH2 (in phenyl)   [268] 

C-O-C (trans) a [276] 

O-CH2  [277] 

897 CH2 (gauche)  [276] 

872 phenyl ring   [277] 

847 CH2 (trans)  [269] 
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Table A1.1 (continued) peak positions and vibrational mode assignments for the main absorption 

bands of PET. 

 

 
792 
  

phenyl ring  in-plane [277] 

C=O  [269] 

C-O-C  [269] 

 
725  
  

H-phenyl  [278] 

C-O-C  [274, 278] 

C=O  [275] 

680 phenyl ring  in-plane [269] 

632 C-O-C  [277] 

523 phenyl ring   [269] 

505 C=O  [269] 

437 C-C=O  [269] 

377 C-O-C  [269] 

360 C=O  [269] 

350 C=O  [269] 

 

 

By comparing the spectra in Figure A1.1, it is possible to observe how the Hostaphan and 

Melinex foils do not show significant differences in the main IR features, apart from minor dis-

crepancies in the shape of the unresolved triplet at 1245 cm-1, which in the case of Hostaphan 

shows two of its components as partially resolved. All the peaks’ maxima differ from each other 

for a couple of wavenumbers at most (differences not listed in Table A.1). Furthermore, despite 

the substantially different morphology, the two sides of the Melinex foil appear to possess the 

same chemical composition. Such spectra alone are however not enough to declare the two foils 

as chemically equivalent, as they do not provide informations on their respective crystallinity de-

grees, apart from some qualitative assumptions based on the aforementioned broadening of 

some spectral features. A quantification of the degree of crystallinity, usually expressed as per-

centage, would require differential scanning calorimetric (DSC) methods [279]. A qualitative 

analysis, with some limitations and caveats, is however possible through FTIR spectroscopy 

alone, and is based on the different abundance in amorphous and crystalline phase of some rota-

tional isomers of the PET chain. 

Figure A1.2 shows the two possible rotational isomers of the oxyethylene chain group: be-

tween the two, the trans one, because of steric hindrance, possesses nominally the lower energy 

[268]. The gauche conformer on the other hand allows the solid chains to be more closely packed 

[280] and is therefore the overall more favorable isomer, from an energetic point of view. Such 
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state of folded over, bent and coiled chains corresponds to the amorphous phase of PET [270]. 

The unfurled chains with trans isomers constitute instead the totality of the latter’s crystal phase 

[268, 280, 281], but they can also exist in small domains in the amorphous phase, with a local 

overabundance in the first surface molecular layers [282, 283] and in the central sections of the 

polymer chains [281]. Even in completely amorphous films, the trans fraction has been calculated 

to be around 13 % [270]. It is therefore possible for two given PET foils to have the same X-ray or 

DSC determined degree of crystallinity, and yet different fractions of trans isomers, and vice ver-

sa [284]. 

 

 

The transition between the two forms, and therefore between amorphous and crystalline 

state – as polymer crystallization takes place via rotation of chain segments along their main ax-

es, in order to form a crystalline cell [268] – can be achieved by heating the polymer, in particular 

above its glass transition temperature [285], in order to overcome the energy barrier G between 

the two isomers: first the trans isomers in the amorphous phase dissolve, then their fraction 

starts to increase linearly at the expenses of the gauche one, by expanding the already existing 

crystalline domains [286, 287]. Depending on the temperature and the duration of the annealing, 

it is possible to reach high degrees of crystallinity even at relatively low temperatures: 1h at 130° 

Figure A1.2: Rotational isomers of the glycolic group in PET: trans (a) and gauche (b) longitudinal 
view, and their respective front view (c). Based on [284]. 
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is already enough to ensure no residual preferential orientation [282], while 1d at 100° produces 

almost an equal fraction of trans and gauche isomers [280] (52 % and 48 %, respectively), after 

which higher temperatures must be ensured in order to obtain even higher trans fractions [281]. 

The crystal phase, on the other hand, never exceeds 60 %, even when the annealing is performed 

under tensile strain [287]. At the end of the annealing process, a quick quenching step causes the 

increased crystallinity degree to be ‘frozen’ in a non-equilibrium condition long enough to be de-

tected by means of analytical methods. Long agings cause eventually a reversal to the original 

conditions [280]. 

As for the infrared spectra, two main kinds of changes take place together with crystalliza-

tion and the concurrent gauche-to-trans rearrangement: one is caused by the newly formed (or 

expanded) crystalline field and the associated change in the molecular symmetry that can rule 

out some previously allowed vibrations: such is the case for example for the crystalline carbonyl 

group, that lies in the same plane of the phenyl ring, and thus creates a centrosymmetric struc-

ture, a part of whose vibrations is now no more IR active [276]. This results in an abatement of the 

intensity of some of the carbonyl-associated bands. 

The second change is caused by the aforementioned variation in the molecular configura-

tion: in this case, because of the different bonds angles of the two isomers and the general milieu 

surrounding them in the two phases, some of the roto-vibrational modes connected to the gly-

colic group shift enough to split in two different signals, corresponding univocally to one isomer 

or the other; a partial list is included in Table A.1. Such variation in the intensities of the coupled 

bands alone cannot however be converted in a quantitative analysis of the trans /gauche isomers 

fractions, for several reasons: 

i) in PET some bands are both structure and orientation sensitive, some only orientation 

sensitive and some others finally depend on neither [284], i.e. the change in their inten-

sity is at least partially caused by factors which are not easily reproduced. Trans iso-

mers, moreover, contrary to the gauche ones, are strongly oriented and result there-

fore, under the same conditions, in more intense bands [288, 289]; 

ii) while ATR – the currently chosen IR investigation technique – has been already proved 

to be suited for the characterization of PET foils [290], it introduces two further sources 

of error: first, it is a technique extremely sensitive on bad sample-crystal contact or 

sample bending, which both lead to an artificial deformation of the recorded spectra. 

Secondly, too widely spaced bands originate from very different depth in the polymer 

(as an example, C=O rocking at 790 cm-1 and C=O stretching at 1580 cm-1 have a pene-

tration depth of roughly 1.1 and 2 microns, respectively [290]), and their intensities can 

thus be affected by inhomogeneities in the chemistry of the film. 

In light of all the previous informations, the total trans content in the investigated Melinex and 

Hostaphan film tot is assumed to be thus defined: 
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𝑡,𝑡𝑜𝑡

=  
𝑡,𝑐𝑟

+ 
𝑡,𝑎𝑚

 ,                                                    (𝐴1.1) 

where t,cr  is the trans fraction in the crystalline domains and t,am the one in the amorphous 

phase, their values unknown for both PET foils. During an annealing step, however, the trans 

content will eventually reach a steady-state value at which t,am will have been completely dis-

solved in the amorphous phase, while t,cr will have increased because of the formation of new 

crystalline domains and the growth of the already existing ones. The kinetic of crystal formation 

in amorphous phases can be safely assumed to be the same for both foils. As for the second pro-

cess, it depends on the surface area of the pre-existing crystal domains, which can be roughly 

assumed to be directly proportional to their total volume, if their size and shape distributions are 

disregarded. For the current purposes, a similar numerical density in both foils is furthermore as-

sumed. Therefore, the variation of the trans fraction after an annealing step can be rewritten as: 

                                                                      ∆
𝑡,𝑡𝑜𝑡

 ~ ∆
𝑡,𝑐𝑟

                                                            (𝐴1.2) 

For two PET foils then a similar variation can prove that their initial crystallization degrees are in 

fact the same or at least lie in close proximity to each other, regardless of their initial and possibly 

different trans content.  

Such qualitative analysis can be readily been carried out by means of ATR-FTIR spectrosco-

py and a suitable choice of the trans- and gauche-related bands. The trans/gauche bands chosen 

for the analysis are the pair related to the ethylene wagging at 1340 and 1370 cm-1, respectively. 

Their intensities are inversely proportional to each other and the small spacing between them 

ensures that their penetration depth is almost the same, so that any variation in their integrated 

values A depends on the trans and gauche fractions alone, i.e.: 

                                             
𝐴𝑡

𝐴𝑔

 ~ 


𝑡


𝑔

 ,                                          
∆𝐴𝑡

∆𝐴𝑔

 ~ 
∆

𝑡

∆
𝑔

 .                               (𝐴1.3) 

 

 

A1.1 Annealing procedure 

 

Two squares of approximately 10 · 10 cm2 of Melinex and Hostaphan have been cut and fixed on 

aluminum plates with duct tape, in order to prevent unwanted curling of the foils during the heat-

ing. It is assumed that any eventual strain in the foil induced by the duct tape is negligible and has 

no effect on the orientation of the polymer chains or their reorientation as trans isomers [270]. 

The plates have been inserted separately in two polyethylene sachets, which have been then 

filled with deionized water and sealed, in order to prevent external contaminations. The sachets 

have been submerged in a bath of deionized water at 100° C for 30 hours before being removed 
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and opened: the plates have been pulled out and kept submerged in deionized water at room 

temperature for 15 minutes (quenching). The polymer foils have then been left to dry, still at-

tached to the plates and in open air. Without further cleaning, two pair samples suitable for ATR 

FTIR analysis have been cut out of them. The infrared analysis took place immediately after the 

aforementioned steps, with the same operating parameters reported in Chapter 6.2.1. Integra-

tion of the peaks has been finally carried out by means of OPUS software (v. 6.5). During the in-

tegration procedure, the peak positions have been set by the operator and kept constant, while 

the FWHM and peak intensity of the fitting Gaussian curves have been kept as variables to be 

optimized. 

 

 

A1.2 Results and discussion 

 

Figure A1.3 shows the normalized absorbance spectra in the 3200-400 cm-1 range for the an-

nealed samples (black lines) with the spectra of the native foils shown in Figure A1.1 (gray lines) 

as reference. Only the annealed smooth side of the Melinex foil has been investigated, as i) it 

provides a better and more homogeneous contact with the ATR crystal, and ii) with FTIR pos-

sessing a penetration depth far greater than the surface roughness on the antiblock particles 

side, and the spectra for both sides of the native Melinex being very similar to each other, it is 

safe to assume that the resulting spectra are more influenced by the polymer bulk than by the 

comparatively thin surface volume. 

The overall spectra thus displayed do not show great differences after the annealing and 

quenching step, either in the position or intensity of the peaks, so some choice details have been 

reported in Figure A1.4:  Figure A1.4 (a) shows the C=O stretching peak that, starting as a poorly 

resolved multiplet centered around 1715 cm-1, shifts to higher wavenumbers after the annealing, 

at the same time changing shape; the same happens for the C-O-C stretching bands around 1260 

(not shown) and 1100 cm-1, for both Melinex (Figure A1.4b) and Hostaphan (Figure A1.4c). In the 

case of the latter two, the peaks are constituted by a triplet in the amorphous state and a doublet 

in the crystalline one: in a semi-crystalline state, as the one that can be assumed to result after 

the performed annealing, therefore, the overall band should consist of at least five components 

of varying intensity [276]. The same can be assumed true for the aforementioned C=O peak. Fig-

ure A1.4d shows the band around 725 cm-1, whose attribution is still disputed (see also Table A.1). 

Miyake et al. [276], however, consider it to result from the wagging of the C=O bond and, moreo-

ver, to consist of a pair of unresolved signals, corresponding to the amorphous and crystalline 

phase [291], whose intensities are inversely proportional to each other: this seems to be con-

firmed in the current case, as after the annealing the component at lower wavenumbers increas-

es at the expense of the other. 
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More generally, the observed increase of the FWHM of the bands (particularly evident in the 

whole displayed range of Figure A.4b) bespeaks of an increased dispersion in bond angles and 

surrounding environments (both known causes for peaks broadening), i.e. the presence of crys-

talline domains, or even a non-crystalline but constrained phase [292] in an amorphous matrix, 

which can only arise from a successful annealing recrystallization and a quick enough quenching. 

Thus, a direct confirmation of the validity of the chosen procedure has been given. 

 

Figure A1.5 finally shows the ethylene wagging peaks chosen as indicators of the trans and 

gauche abundance for both investigated foils: as mentioned before, the gauche isomer, existing 

only in the amorphous phase, presents a considerably broader peak than the trans one. The 

shaded areas represent examples of the peak integrals calculated with OPUS software, whose 

numerical values, displayed as trans-to-gauche ratios, are reported in Figure A1.6. 

Figure A1.4: Highlights from the absorbance spectra of Figure A1.3, with variations of after-

annealing peaks for Melinex (a, b) and Hostaphan (c, d) foils. 
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Figure A1.5: Ethylene gauche and trans bands (shaded) for: (a) native and (b) annealed Hostaph-

an, (C) native smooth side, (d) native rough side and (e) annealed Melinex. 

 

 

Figure A1.6: Trans-to-gauche ratios for native and annealed PET foils, based on fitting of the 

spectra reported in Figure A1.5. 
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It is possible to observe that, contrary to what appeared in Figure A1.3, the two sides of the 

Melinex foil do present small but significant differences in their composition. Assuming that the 

trans abundance in the amorphous phase is the same or at least comparable on both sides, its 

higher content in the rough side must be caused by the antiblock particles alone. Based on what 

detailed in Chapter 5.2, it is safe to assume that such particles must be highly crystalline and con-

taining only trans isomers, therefore increasing their abundance with respect to the gauche ones. 

It is also to be noted that the average value of trans-to-gauche ratio for the Melinex foil, equal to 

18.32, lies in close proximity to the Hostaphan’s native counterpart. Regardless of the unknown 

distribution of trans isomers between amorphous and crystal PET, it is also possible to notice that 

the final trans-to-gauche ratios too are almost identical. As already mentioned, during the an-

nealing the trans isomers in the amorphous domain first turn to gauche, and only then can the 

proper crystallization process take place. Close trends and final post-annealing values for both 

foils seem to suggest that their initial crystallization degrees should also be similar to each other 

(barring the slight contribution of the crystalline antiblock particles). 

In order to verify the validity of these results, an alternative method has been employed, af-

ter Walls [290]: in this case, instead of a mere At/Ag value, a display of the single areas normalized 

over the integrated area of a reference peak is advocated. Such peak must not be dependent on 

orientation, structure or conformation of the polymer chains, and should moreover lie in the 

same wavenumbers range of the investigated band, for the corresponding evanescent wave to 

have the same penetration depth. The in-plane vibration of the phenyl ring at 1410 cm-1 is a very 

suitable choice. The normalized areas for gauche and trans isomers for all the investigated sam-

ples are reported in Figure A1.7.  

Again it is possible to observe the more gauche-poor side of the Melinex foil, thanks to the 

crystalline antiblock particles. The general trends shown in Figure A1.6 are further confirmed, 

including almost identical values for the annealed foils. In light of these results, in particular the 

final values after the annealing step, it is possible to affirm with good confidence that the two 

foils not only possess comparable trans and gauche isomers’ percentages, but their unknown 

crystallization degree is almost roughly the same. The growth of plasma-polymerized thin layer 

on top of the PET substrates is usually strongly dependent on the crystallinity of the latter’s sur-

face [24, 27, 57, 290], as in the crystalline domains the delocalized electrons of the phenyl rings 

and oxygen lone pairs lie aligned with the surface and, once activated upon plasma exposure, 

provide excellent anchoring points for the first radicals reaching the surface. In this case however 

the growth mechanism should not be influenced by the chemical differences between the two 

investigated foils, but only by their morphology, the increased roughness arising from antiblock 

particles in particular, as detailed in Chapter 7.4.2. 
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Figure A1.7: Areas of the trans (left y-axis) and gauche (right y-axis) ethylene wagging peaks 

normalized with respect to a phenyl stretching band at 1410 cm-1. 
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Appendix A2  

 

Organic intermediate layers 

 

In the current appendix, the intermediate films for a multilayer encapsulation approach have 

been investigated, in order to obtain an organic buffer layer with a chemistry different enough 

from the barrier layers to ensure a decoupling effect for their defects, and an improvement of the 

overall performances against oxygen. The deposition rates, chemical composition via infrared 

absorption spectroscopy and oxygen transmission rates of films deposited by means of HMDSN 

and H2 in different ratios will be shown. 

HMDSN has been chosen as precursor for such organic films, thanks to its high starting or-

ganic content and in order to perform a full encapsulation with only one monomer, including 

gradient layer depositions, by only switching oxygen and hydrogen in the same deposition step. 

The different hydrogen-to-monomer ratio in the gas feed have been obtained by keeping the H2 

flow fixed at 100 sccm and by varying accordingly the HMDSN flux from 100 to 1.4 sccm. 

A first series of PECVD processes with different durations has been performed for all the in-

vestigated gas feed ratios, in order to determine an average deposition rate and obtain 100 nm 

thick films. The results of these first depositions, displayed as film thickness normalized for the 

varying HMDSN flux versus the deposition time are displayed in figure A2.1: the trends for all hy-

drogen-to-monomer ratio are linear but, in contrast with the results obtained for HMDSN/O2 

feeds (see also Figure 7.2), here higher hydrogen contents in the gaseous feed result in increased 

thicknesses for a given deposition time. Hydrogen in plasma shows  a mildly reducing effect and, 

thanks to its lower reactivity compared to oxygen, does not form stable volatile products by re-

acting with the monomer fragments; as a consequence, the amount of material deposited is in-

creased, resulting in thicker films. It is also possible to assume that such films will show a high 

retention degree of the monomer original structure, whose bulky trimethyl groups will increase 

the film thickness and porosity. The thus calculated normalized deposition rates as a function of 

the hydrogen-to-monomer ratio are displayed in Figure A2.2: the values refer only to the 100 ± 5 

nm thick films employed for the infrared analysis and/or the oxygen transmission rate measure-

ments. The deposition rate increases sharply between 10/1 and 20/1 ratios, then it steadies and 
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seems to reach a constant value for the highest hydrogen-to-monomer ratios, as the fragments 

responsible for the film formation become ‘saturated’ with hydrogen atoms. 

 

Figure A2.1: Measured thickness as a function of the deposition time for hydrogen-to-monomer 

ratios ranging from 10/1 to 70/1. The former is normalized for the employed HMDSN flux. 

 

 

Figure A2.2: Normalized deposition rates as a function of the hydrogen-to-monomer ratio, for 
films with a thickness of 100 ± 5 nm. 
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The 100 nm films have been investigated by means of ATR FTIR absorption spectroscopy in 

the 4000-400 cm-1 range: the relative spectra, after a normalization and a baseline correction 

step, are reported in Figure A2.3 together with the spectrum of gaseous HMDSN as reference. A 

full list of the discernible peaks is reported in Table A2.1. 

 

Figure A2.3: ATR infrared spectra in the 4000-400 cm-1 range for different hydrogen-to-monomer 

ratios and spectrum of gaseous HMDSN as reference, with labels for some of the most prominent 

signals. All spectra have been normalized for their most intense peak and their baseline has been 

corrected. 
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Table A2.1: Peak positions and vibrational mode assignments for the main absorption bands 
in the infrared spectra displayed in Figure A2.1. 

 

Wavenumber Assigned group Vibrational mode Reference 

cm-1       

3480 NH  [202] 

3380 NH2  [202] 

2960 CHx a [151] 

2900 CHx s [151] 

2180 
SiH  [202] 

Si-C≡N  [202] 

1410 CHx a [151] 

1260 (CH3)x s [201, 202] 

1160 
Si-NH-Si  [202] 

Si-N-C  [202] 

1090-1020 Si-CH2-Si  [125, 202] 

990 Si-CH3  [125] 

925-850 SiN a [202] 

860 SiH  [125, 201] 

840 CH3  [151, 201]  

800 SiC in Si(CH3)x  [202] 

 

 

All hydrogen-to-monomer ratios produce films with strong retention of the original mono-

mer bonds, as it is possible to observe with the methyl bands at 2960, 2900, 1260 and around 850 

cm-1, and the precursor backbone Si-NH-Si at 1180 cm-1. The spectra present furthermore new 

signals, like the SiHx band, with x ∈ {1,2,3} appearing already for the pure HMDSN film around 

2117 cm-1 and then shifting continuously towards higher wavenumbers, and the wide main peak 

arising from the Si-CH2-Si bonds. The films could theoretically contain residual traces of oxygen, 

either coming from residuals in the reactor or being incorporated in the films upon their exposure 

to air thanks to their residual reactivity, but no oxygen-related peak is clearly discernible. The 

films, all showing similar chemical compositions, consist therefore  of organosilicon polymeric 

chains with Si atoms bond to either the original nitrogens or the dimethyl groups originated in 

plasma phase following the fragmentation of the precursor molecules. The overall chemical 

composition shows a stark contrast with the virtually inorganic silica-like films employed as bar-

rier layers. The presence of different species acting as ending groups for such chains, such as the 

trimethyl and the trisilyl groups, show a poor cross-linking and an overall porous internal struc-

ture. The former’s peak relative intensity to the main spectrum band and its position are reported 
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in Figure A2.4. With increasing hydrogen content in the plasma feed the methyl band intensity 

decreases linearly but never below 50 % of its original value. Such limited reduction can be ex-

plained by a minor increase in the cross-linking degree of the deposited films, as the dangling 

methyl groups become part of the main polymer chains. The methyl band position on the other 

hand remains fairly unaffected by the hydrogen-to-monomer ratio: with the trymethyl peak at 

1250 cm-1 and the dimethyl peak at 1260 cm-1 [151], and the band position at 1255 cm-1, most of 

the retained methyl groups are either end-chain groups or lateral substituents of a silicon atom in 

a polymer chain that prevent branching, at the same time leaving free space in the film thanks to 

their steric hindrance.  

Figure A2.4: Relative intensity of the methyl peak at 1260 cm-1 compared to the main band in the 

1450-1350 cm-1 range (left) and main position of the methyl band (right) as a function of the hydro-

gen-to-monomer feed ratio. 
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In order to get a better inside, the methyl band has been fitted in its three sub-peaks by 

means of OPUS software for the highest (70), lowest (10) and an intermediate (40) gas feed ratio. 

The results are displayed in Figure A2.5. The other bands originally present, as the low band 

around 1350 cm-1, caused by residuals of water vapor in the spectrometer’s chamber, and the on-

set of the main band starting at 1220 cm-1, have been subtracted for better visual clarity. During 

the fitting procedure, three Gaussian peaks have been left free to vary in FWHM and intensity, 

with their peak positions kept fixed at the values reported in Table A2.2.  

 

 

No variation in the composition of the band is observed for the two lower ratios, which form 

films with a methyl fraction almost equally split between trimethyl and dimethyl groups. The 70/1 

ratio exhibits a reduction in the trymethyl fraction and a simultaneous appearance of a small 

peak for the monomethyl group, so that the overall band position remains almost unchanged. 

The 70/1 ratio therefore shows again a slightly increased cross-linking degree. As for the silyl sub-

stituents, the main position of the relative band around 2110 cm-1 for the pure HMDSN film is re-

Figure A2.5: Fitted methyl bands for a hydrogen-to-monomer ratio equal to 70/1 (a), 40/1 (b) and 

10/1 (c). The three components attributions and peak positions are listed in Table A2.2. 
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ported in Figure A2.6; the positions of its subcomponents are listed in Table A2.2. The band shifts 

20 cm-1 towards higher wavenumbers, in the range where the –SiH2 sub-peak lies, when hydro-

gen is added to the gaseous feed and the excess of H+ in the plasma phase is at least partially in-

corporated in the final film. The broadness of the band suggests the presence of a SiH3 sub-peak, 

with the trisilyl group that, albeit much smaller than the trimethyl, still reduces the average 

length of the polymeric chains in the film, while the disilyl, similarly to the dimethyl substituents, 

prevents their branching and cross-linking.  

 

 

Table A2.2: Peak positions and band intervals for the sub-components of the methyl band at 

1260 cm-1 (left) and the silyl band around 2120 cm-1 (right). 

 

Assigned group Wavenumber   Assigned group Wavenumber 

  cm-1     cm-1 

–(CH3)3 1250 
 

 –SIH3 2163-2142 

–(CH3)2 1260 
 

 –SIH2 2138-2117 

–(CH3) 1270   –SIH  2113-2092 

 

The expected poor performances of the films when acting as barrier against oxygen are con-

firmed by their OTR values, reported in Figure A2.7: all measured values, largely independent on 

the hydrogen-to-monomer ratio, result in at best a barrier improvement factor of 1.2: such value 

Figure A2.6: Silyl band position as a function of the hydrogen-to-monomer ratio.  
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may itself be an overestimation, as uncoated PET foils show fluctuation in their intrinsic OTR (see 

also Chapter 5.2). Such films are however transparent and colorless, despite their nitrogen con-

tent. A 10/1 sample with a thickness of around 100 nm is shown in Figure A2.8 together with a 

SiOx-like barrier and a sample of similar thickness produced with a gaseous feed of HMDSN and 

nitrogen. In the latter case, the incorporation of nitrogen causes the film to turn distinctly yellow 

(color more visible at the edges of the glass substrate, highlighted by the brackets). Such kind of 

films was the first choice for the intermediate layer, and has been thoroughly investigated (data 

not shown) in a similar fashion to the hydrogen-based films, but the yellow hue visible for most 

nitrogen-to-monomer ratios caused it to be eventually discarded. 

 

Because of the predominant organic nature of such SiCxHy films, after their deposition in a 

multilayer encapsulation process, the following step, i.e. the deposition of a barrier layer by 

means of an oxygen-based plasma, may damage them to an extent: the methyl and silyl groups 

are particularly prone to react with oxygen [104]. More generally, the hydrogen, carbon and ni-

trogen atoms in the films can all react with oxygen and form volatile products, resulting in a thin-

ning of the layer. Silicon atoms form oxidized products but remain in the films. If the etching is 

too severe, the organic layer may be fully consumed and provide no decoupling effect between 

two barrier layers. As such, a small study over the minimum thickness required for the organic 

layers has been performed, on films with a hydrogen-to-monomer ratio equal to 10, 40 and 70. 

The optimization of the buffer layers’ thickness causes also a reduction in the multilayer overall 

thickness, which ensures better flexibility and resilience against cracking [292]. 

Figure A2.7: Oxygen transmission rates as a function of the hydrogen-to-monomer ratio, for 100 

± 5 nm thick films. The horizontal error bars derive from the fluctuations of the precursor flux and 

the sensitivity limits of the mass flow controllers. 
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A 100 nm film for each of the gas feed ratios has first been deposited on glass substrates. 

The same samples have been then exposed to a pure oxygen plasma (with 100 sccm O2) for 5, 10, 

15, 30, 60 and 90 seconds: after each step, their thickness has been measured. The determination 

of the etching rate by means of such procedure will be overestimated, as in ‘real’ cases part of the 

oxygen in the plasma phase will react with HMDSN to form the barrier layer. Moreover, such bar-

rier will start to immediately cover progressively larger areas of the underlying organic layer, 

dampening its etching. As 30 nm of barrier layers are deposited after 90 seconds of treatment, 

and as shown in section 7.3.3 the films at this point are completely sealed, it has been assumed 

that after one minute and a half the organic layer would be completely protected from the plas-

ma. The results for the three investigate hydrogen-to-monomer ratios are reported in Figure 

A2.9: the 10/1 organic film is severely affected by exposure to oxygen, as its thickness is quickly 

reduced to a residual value already after 30 seconds of treatment. The 40/1 film shows a higher 

resistance against it while the 70/1 is barely affected, thanks to its higher cross-linking degree 

and, probably, because of smaller free spaces in its bulk that hinder to a small extent the oxygen 

permeation through its bulk. For all data, longer etching times cause an increase of the surface 

roughness and therefore a bigger error on the measured thickness. Each series of data has been 

fitted by means of an exponential equation:  

                                                                 𝑦(𝑡) = 𝐴 ∙ 𝑒
−𝑡

𝜏⁄ +  𝑦0 ,                                                    (𝐴2.1) 

where y is the film thickness, dependent on the etching time t, A is a coefficient depending on the 

chemical and structural composition of the etched film (i.e. a measure of how prone the film is to 

Figure A2.8: 100 nm films deposited with HMDSN as precursor and nitrogen (left), hydrogen 

(center) and oxygen (right). The brackets highlight the edges of the glass substrate, where the 

yellow hue of the silicon-nitride-like film is more apparent. 
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be etched),  is the time required for the original thickness to decrease to 0.37 of its original value, 

provided that A = 1, and yo is the residual, ‘unetchable’ thickness. For very long etching times it 

can in fact be assumed that: 

                                                     𝑦(𝑡 = ∞) = 𝐴 ∙ 𝑒
−∞

𝜏⁄ + 𝑦0 ≃  𝑦0 ;                                          (𝐴2.2) 

the residual thicknesses calculated by means of the fitting for the three ratios are listed in Table 

A2.3, together with the thickness variation percent induced by the full etching process. 

 

Table A2.3: Calculated residual thicknesses as absolute and relative values for the three etched 

films. 

 

H2/HMDSN y0 y 

10/1 52 nm 48% 

40/1 61 nm 39% 

70/1 98 nm 2% 
 

 

The 10/1 film is too soft to be a reliable buffer layer, unless its deposited thickness is consid-

erably increased. This is however highly undesirable. 40/1 films on the other hand would require a 

starting thickness of around 50 nm in order to have a final value of at least 30 nm, which can be 

Figure A2.9: Residual thickness of organic layers with a hydrogen-to-monomer ratio of 10, 40 and 
70 after being exposed to a 100 sccm pure oxygen plasma for different etching times. 
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assumed to correspond to a continuous film, similarly to what observed for the silica-like layers, 

and still provide a full separation between barriers. For a 70/1 ratio the initial value is further re-

duced to 31 nm. Both higher hydrogen-to-monomer ratios have been therefore employed, at 

different stages, as buffer layers in the encapsulations of OLEDs prototypes reported and dis-

cussed in Chapter 8. 
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