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1 INTRODUCTION  
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1.1 Porosity in thin films 

 

Porous thin films are a wide class of materials characterized by a specific porosity, both 

in terms of pore content and size. Several technologic areas are centred on such materials, 

due to the intrinsic impact that porosity has on a number of physical-chemical properties. 

Two examples are presented in Figure 1.1, in detail porous materials applied in the field of 

catalysis and permeation membranes. 

 

  

 

In the examples here reported, porosity represents the key parameter that drives the 

efficiency and suitability of the material/layer for the specific application. In catalysis 

(Figure 1.1a), the level of porosity determines the number of active sites available for the 

reactants, and, in turn, the catalytic activity is a direct function of the pore content. 

Moreover, the possibility for reactants and products to freely diffuse in the catalyst matrix 

improves the efficiency of the catalysed reaction and reduces the amount of catalyst 

necessary for high reaction yields. In the field of permeation membranes, the porosity 

allows the selective exclusion of specific components from a mixture of permeants, both in 

terms of size (as exemplified in Figure 1.1b) or in terms of chemical affinity, when the 

pores can exclusively interact with a single class of materials/molecules.  

From these examples, it follows that porous thin films are of highly scientific and 

technological interest in modern material science because of their ability to either interact 

with, or selectively exclude, different species (e.g., radicals, ions, and molecules, both in 

solution or gas phase), and because of the tailoring of their mechanical and opto-chemical 

properties as a function of the pore characteristics (e.g., chemistry of the pore walls, 

porosity content, pore size and shape).1,2 Moreover, the challenges posed by their synthesis, 

processing, and characterization have increasingly attracted the attention of the scientific 
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community, and advancement has been made in tailoring the properties of porous materials 

through selected synthesis methods.3–6 

Porous materials are generally characterized in terms of pore size (distribution), 

determined by gas sorption data, and IUPAC conventions were established for classifying 

pore diameter ranges and gas sorption isotherms (Figure 1.a).7,8   

 

 

 

The classification is as follows: micro-pores (also defined as nano-pores) have a 

diameter less than 2 nm (type I isotherm); meso-pores have a diameter in the range between 

2 and 50 nm (type IV isotherm); and macro-pores have a diameter larger than 50 nm 

(Figure1.2b). Type II and type VI isotherms categorize non-porous materials, with the 

formation of continuous (type II) or stepwise (type VI) adsorptive multi-layers, while type 

III and type V categorize materials with a weak affinity with the adsorptive molecule, in 

the non-porous or mesoporous regime, respectively. The formation of a monolayer of 

adsorbate at a specific relative pressure can be identified by the formation of an inflection 

point, highlighted in Figure1.2a for type II and type IV isotherms (grey area). Pores 

detected through sorption analysis are generally categorized as open pores, that is, pores 

that are connected to the surface and allow adsorption of probing molecules. These can be 

distinguished in through-pores and blind pores, depending on whether or not they are open 

at both sides of the material. Furthermore, next to open-porosity, closed pores are also 

present (Figure 1.2c). This kind of porosity can affect the bulk properties of thin films 

(such as mechanical properties, density, optical properties), while avoiding diffusion of 

gases and impurities.  
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As above-mentioned, the distribution of size, shape, and volume of voids in porous thin 

films directly relate to their ability to perform the desired function in a particular 

application. In Table 1.1, an overview of the key characteristics of porous materials is 

reported for selected applications. 

Open-porous materials Closed-porous materials 

Molecule separation Catalysis Low-k materials 

 Precise and narrow 

pore size 

distribution 

 Ordered structure 

 Specific pore shape 

 High surface area 

not essential 

 High surface area 

 Specific chemistry  

 “ship-in-a-bottle” synthesis 

 Ordered 

structure/crystallinity 

 Specific pore shape 

 No interconnectivity 

 No specific chemistry 

 High closed porosity 

 Limited open porosity 

Sensors Energy storage Diffusion/corrosion barriers 

 Interconnectivity of 

the pores 

 High surface area 

 Specific chemistry  

 Pore size and shape 

are not essentialb 

 Interconnectivity and 

continuous porous network 

 High surface area 

 Specific chemistry 

 open nano-porosity with size 

below permeant diameter  

 no meso-porosity 

 minimized pore content 

 

The porous materials are here categorized according to the nature of the porosity 

contributing to and/or allowed in the field of application. In detail, for fields in which open 

porous materials are required, uniformity within the pore characteristics is needed because 

it leads to superior applications properties.1 For example, a material with uniform open 

micro-pores can separate molecules based on their size by selectively adsorbing a small 

molecule out of a mixture containing species too large to access its pores. Clearly, a large 

pore size distribution would limit the selectivity towards molecules of various differing 

sizes.9 

In addition to the pore volume, the chemistry of the pore walls can play an important 

role in the interaction with adsorbing species. For example, in catalysis, the surface terminal 

groups determine the adsorptive nature and, in turn, the catalytic activity of the material.10,11 

The selectivity towards designated molecules/species is a key parameter for sensors, in 

which the sensitivity and resolution are largely dependent on the interaction with the 

adsorbing molecules. For the same application, high surface areas guarantee a lower 

detection limit and higher sensitivity.12–14 Interconnected continuous porous matrices are 
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essential in energy storage applications, in which adsorbing molecules are meant to easily 

diffuse in and out of the porous material.15,16 

The prerequisites for closed porosity-based technologies are different. While a high 

degree of porosity is required for low-k materials,17 high closed-pore content is not 

beneficial for diffusion and corrosion barriers, because it would more easily be 

compromised (e.g. higher probability of formation and propagation of cracks). High pore 

interconnectivity affects the layer mechanical properties when combined with high porosity 

values required for low-k, and, therefore, isolated pores are better tolerated.17 Furthermore, 

both technologies allow a very limited open nano-porosity range and content, restricted in 

diameter to the one of water vapor (0.27 nm) and oxygen (0.34 nm),18,19 along with 

diffusive species dependent from the application (e.g., copper in copper diffusion barriers, 

(hydrated) ions in corrosion barriers).20–23 The typical tolerated amount of open nano-

porosity for specific applications will be extensively addressed in Chapter 4.  

For several years, a growing effort has been made to develop new, simple, rapid, non-

destructive, and reliable techniques allowing the characterization of the porous structure of 

films. While for the investigation of open porosity, mainly in the meso-porous regime, 

several techniques have been developed in addition to well-established methodologies,24 

the characterization of low levels of open micro-porosity is more challenging, as it requires 

a higher sensitivity. 

In this thesis, the focus will mainly be on thin films and pore characteristics needed for 

technologies where a limited amount of open micro-porosity is tolerated, and, in particular, 

for water vapor diffusion barrier layers.  

1.2 Aim of the thesis 

 

In this thesis work, we will focus on the characterization of thin films with a low open 

porosity for applications in the field of moisture permeation barriers. The methodologies 

that will be introduced in §2.4 and 2.5, namely ellipsometric porosimetry (EP) and 

electrochemical impedance spectroscopy (EIS), will be further developed and applied to 

characterize thin films’ nano-pores with a pore size in the sub-nm range.  

This research has been developed within the Ph.D. project entitled “Looking down the 

rabbit hole: impact of porosity in the (in)organic layers on the performance of moisture 

permeation multi-layers barriers” and was funded by the Dutch Polymer Institute (DPI), 

within the scientific area Large Area Thin Films Electronics (LATFE). 
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In detail, the following research objectives have been addressed: 

 

1) Identification and characterization of residual open nano-porosity in inorganic thin 

films 

 

This research objective will be addressed in Chapter 3. The development of 

methodologies for the identification and characterization of the open nano-porosity will be 

discussed. Specifically, thin inorganic films with different chemistry (namely SiO2, Al2O3, 

and Si3N4) prepared by plasma enhanced- gas-phase deposition techniques (i.e., PE-CVD, 

ETP-CVD and plasma assisted-ALD) will be characterized in terms of open nano-porosity 

and pore size distribution adopting EP and EIS. The developed methodologies will be 

corroborated by opto-chemical characterization performed by FT-IR, RBS/ERD, and SE 

(introduced in 1.3). Furthermore, next to the characterization of the residual nano-porosity, 

macro-scale defects identification will be also investigated with both methodologies, 

achieving the complete characterization of the layer structure. 

 

2) Correlation between open nano-porosity and moisture permeation barrier 

properties 

 

This research objective will be addressed in Chapter 4. The open nano-porosity content 

accessible to water molecule, thus with a diameter above 0.27 nm, will be compared with 

the water vapor transmission rate as measured by the Ca test, a methodology widely 

adopted for the classification of the barrier properties of layers. A correlation will be shown, 

linking the permeation properties of the bulk of the material with the relative open nano-

porosity, allowing the prediction of the intrinsic barrier properties based on the open-pore 

content. Furthermore, the macro-scale defects identification will be also supported by the 

Ca test, showing the potential of the developed methodologies in assessing the overall 

barrier quality of thin films. 

 

3) Interaction of open nano-porosity with reactive species 

 

This research objective will be addressed in Chapter 5. In detail, three case studies will 

be presented:  

- Interaction with ions during substrate-biasing assisted PE-CVD of SiO2 layers: the 

role of ion bombardment in affecting the open-pore content and pore size 

distribution during the deposition of thin films will be studied by means of EP and 

in-situ SE; 

- Interaction with activated monomers: the impact of the infiltration of i-CVD 

organosilicon polymers within the nano-porosity of PE-CVD SiO2 will be 



Chapter 1: Introduction 

 

 

            

 

 

 21 

investigated. The degree of infiltration will be followed by in-situ SE and compared 

to the total open-porosity accessible to water. Furthermore, the infiltration will also 

be studied in light of its impact on the intrinsic moisture permeation barrier 

properties of the layers; 

- Interaction with activated molecules/plasma species: the deposition of ultra-thin 

Al2O3 and its effect on the nano-pore content of PE-CVD SiO2 layers will be 

explored. The potential impact on the intrinsic barrier properties will be also 

addressed, unravelling the role of infiltration in “healing” layers showing poor 

barrier properties.25  

Moreover, initial studies on the infiltration of ALD precursors and plasma species 

on polymeric substrates will be addressed. The open nano-porosity of photoactive 

layers adopted in organic solar cells will be characterized by means of SE and EP 

and related to the degree of infiltration of plasma assisted-ALD Al2O3 and TiO2.  
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2 ASSESSMENT OF POROSITY 

  

                                                 
i It is worth mentioning that a well-established method for the characterization of both meso- and nano-

porosity is classical gas adsorption porosimetry.125,126 Although this method allows the detection and 

characterization of porosity in thin films,70,127 it requires high quantity of material128 (generally achieved by 

the thin film deposition on high surface area substrates, such as nano-particles or mesostructured materials), 

often impractical for thin film investigation. Moreover, the porosity measurement is held at ultra-low 

temperature (e.g., 77 K for N2 adsorption, 87 K for Ar adsorption), and thermal stress can arise in the film, 

limiting its use on real systems where materials with different thermal expansion coefficients are often 

present. Therefore, this methodology will not be presented in this chapter. 
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2.1 Chemical analysis of thin films 

 

In order to qualitatively determine the presence of porosity in thin films, several 

techniques can be adopted. In this section, the use of Fourier transform infrared 

spectroscopy (FT-IR), Rutherford backscattering spectroscopy (RBS) and elastic recoil 

detection (ERD) will be addressed. These techniques will be also adopted throughout the 

thesis for the qualitative determination of porosity (Chapter 3). 

FT-IR is a well-established and straightforward approach to identify the chemistry of a 

thin film based on its IR fingerprints. As an example, differences in the cross-linking degree 

of polymeric or hybrid thin films have been investigated by IR spectroscopy: Aresta et al. 

studied the IR absorption of organosilicon layers as a function of process parameters in 

initiated-CVD (See Appendix C). The Si-O-Si asymmetric stretching, attributed to the 

cyclic nature of the organosilicon precursor, 1,3,5-trimethyl cyclotrisiloxane (V3D3), has 

been used for the determination of high cross-linked and low cross-linked morphologies, 

in turn related to differences in free-volume of the polymer (Figure 2.1a).1 In a similar 

fashion, Ngamou et al.2 investigated the retention of the precursor structure in expanding 

thermal plasma-CVD (See Appendix A) pervaporation organosilicon membranes. By 

identifying the stretching mode of the Si-(CH2)2-Si bridges in the plasma polymer structure 

(Figure 2.1b), a correlation was found between the polymer cross-linking degree, its free 

volume, and the pervaporation properties.  
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Furthermore, when followed with IR spectroscopy, post- oxidation processes can also 

give an indication of the presence and relative content of open-porosity accessible to air 

species, such as water (d 0.27 nm) and oxygen (d 0.34 nm).3 Haacké et al. reported on the 

ambient oxidation of silicon carbo-nitride thin films deposited by PE-CVD (See Appendix 

A) as a function of the process parameters, showing differences in the open-nano-porosity 

content, corroborated by ellipsometric porosimetry measurements.4 As last example, in 

silica layers the absorption bands attributed to chain- terminating functionalities (such as 

hydroxyl groups)5 have been correlated to of the presence of porosity. Also the Si–O–Si 

asymmetric stretch band of the siloxane units can provide qualitative information on film 

porosity, as it will be addressed in Chapter 3, being related to the size of the constitutive 

rings.  

Finally, it is possible to retrieve qualitative information on the open porosity accessible 

to water by studying the thin film in presence of different relative humidity. The 

microstructure of PE-CVD SiOx has been studied in this fashion by Liu et al.6 by means of 

discrete polarization modulation Fourier transform infrared reflection-absorption 

spectroscopy (DPM-FT-IRRAS). In the presence of D2O, the hydroxyl groups accessible 

to the heavy water molecules undergo proton exchange that can be monitored by DPM-FT-

IRRAS. The ratio between the absorption of the formed OD groups and the Si-O-Si (not 

affected by the proton exchange), provides an indication of the presence of open porosity. 

Rutherford backscattering spectroscopy and elastic recoil detection are generally 

adopted to determine the concentration of each atom (at/cm2) present in the layer. 

Furthermore, if the layer thickness is known, its mass density can be determined. By 

comparing the density of non-porous layers with the one of porous/defective samples, an 

estimation of the porosity can be made.7–9 Mayer et al. reported values of porosity measured 

with RBS for mesoporous TiO2, supported by transmission electron microscopy and 

ellipsometric porosimetry (See §2.4 and Chapter 3).8 Similar conclusions have been drawn 

by Godinho et al.,7 when studying oxy-nitride layers deposited by PE-CVD. 

Moreover, it has been shown that in the energy spectra of the backscattered particles, a 

film structure- induced energy spread appears due to fluctuating amount of material crossed 

by the individual ions on their way in and out. This extra ‘‘energy spread” is observed in 

resonant backscattering measurements and can be used to gain information on the structure 

of porous samples. In this case, the presence of porosity can also be witnessed by directly 

comparing the position and width of the peaks in resonant back scattering measurements of 

porous and non-porous layers (See Figure 2.2).10 

From these two methods only qualitative conclusions can be made on the presence of a 

specific kind of porosity (open/closed), and no information can be retrieved on the average 

pore diameter and pore size distribution.  
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2.2 X-ray and neutron- based techniques 

 

When X-rays (or a neutron beam) are incident at a boundary between two flat 

homogeneous media of different refractive index values, they will undergo reflection and 

refraction in accordance with Snell’s law and the law of reflection. Since most solids at X-

ray (and neutrons) wavelengths typically have a real refractive index below unity, total 

external reflection can occur at incident angles, θi, below the critical angle, θc. Here, the 

incidence angle is defined as the angle between the incident beam and the interface of the 

two media (Figure 2.3).  

 

 

 

Above θc, the X-rays/neutrons are no longer reflected but they penetrate into the solid, 

causing an abrupt drop in the reflectivity. X-ray and neutron reflectometry (XRR and NR) 

are based on the variation of reflectivity as a function of the incidence angle θ. While XRR 

is sensitive to electron density profile in the material, NR is sensitive to contrast arising 

from different nuclei, which allows the technique to differentiate between various isotopes 

of elements.11,12 An example of XRR spectrum is presented in Figure 2.4a, together with 

selected thin film properties that can be directly extrapolated.  
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In the literature, both techniques have been often used for the characterization of porous 

materials, mainly with ordered structure and in the meso-porous regime.16,17 Goh et al. 

showed the sensitivity of the technique in detecting differences in the microstructure of thin 

films after post-deposition processes (Figure 2.4b).13 Dourdain et al. investigated the use 

of XRR for the determination of the structure of low-k materials.18,19 In their work, they 

found that the volume fraction of the pores can be evaluated if the skeleton composition 

and density is known. The total porosity is deduced from the electron density of the layer 

with respect to the one of pure silica. It is further possible to distinguish between micro- 

and meso-porosity, by adopting a theoretical model based on the electron density 

distribution of the film to the measured reflectivity curves. It is worth noticing that in the 

case of a not well-defined matrix (e.g., plasma deposited materials) the determination of 
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the total and relative porosity would be an approximation, because a reference bulk value 

is needed.  

XRR and NR are often coupled with scattering methods, namely small angle X-ray or 

neutron scattering (SAXS and SANS, respectively), which allow additional characteristics 

of porosity to be determined.20 At X-ray and neutron frequencies, electromagnetic radiation 

is scattered by the electrons of the atoms within the scattering medium. Hence, the scattered 

intensity pattern contains information about the internal structure of the sample, also when 

anisotropy is present.21,22 Grazing incidence SAXS (GI-SAXS) is also adopted for the study 

of the microstructure of thin films and combines concepts from SAXS with the surface 

sensitivity of the grazing incidence diffraction. GI-SAXS gains access to a wider range of 

lateral and vertical structures and, in particular, it is sensitive to the morphology and 

preferential alignment of nanoscale objects at the surface or inside the film. An example of 

GI-SAXS measurements is reported in Figure 2.4c. 

Difficulties arise in the determination of open-porosity, which can be interpreted as 

organised roughness when the dimension approaches the meso-porous regime (> 1 nm).23 

Moreover, these techniques have limitations in the determination of micro-porosity, as a 

distinct boundary between the pore and the dense material is needed.24 Differences in 

micro-pore content of polymers of intrinsic micro-porosity (PIMs) have been reported by 

Mc Dermott et al.25 using SAXS. In their work, the limitations of the technique in the 

quantification of micro-pores are highlighted. Other examples in the literature are reported 

for different systems. Liu et al. investigated the structure and porosity of P3HT/PCBM 

systems, revealing vertical phase separation and the presence of a top porous layer.26 Chen 

et al. reported on the application of SANS and SAXS for the characterization of hollow 

nanoparticles.27 The average outer and inner diameters and polydispersity, together with 

information on the porosity, are investigated.  

A variation of the afore-mentioned techniques is represented by soft X-ray resonant 

reflectivity.28 Due to strong changes in the atomic scattering factor near the atomic 

absorption edges, XRR shows a resonant behaviour. Resonant reflectivity provides high 

and tuneable contrast of optical constants compared to conventional fixed energy XRR and 

it is mainly used for the determination of heterogeneous chemical structure in polymer 

films.29 

XRR and NR can also be modified in order to determine the contribution of the open-

porosity alone. By performing adsorption/desorption studies with a probe molecule, the 

reflectivity can be monitored as a function of the relative pressure of the adsorptive. These 

methods are defined X-ray porosimetry (XRP) and neutron porosimetry. In the literature, 

different probe molecules have been used, such as water,30 toluene,31 dibromomethane,32 

and ethanol.33 The variation of the reflectivity or derived parameters (such as electron 

density34 and chord length35) is adopted to identify the adsorption/desorption isotherms. An 

example of the effect of toluene adsorption in a porous sample is reported in Figure 2.4d. 
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Both meso- and micro-porosity are determined, mostly on highly porous materials such as 

low-k13,15,31,34,36, catalysts,37 and polymers.38,39 Lee et al. reported on the determination of 

the porosity of low-k thin film materials deposited by wet and vapor phase methods.24 XRP 

is used for the detection and characterization of nm-size porosity (minimum 1 nm in 

diameter) and pore size distribution, showing the sensitivity of these techniques also 

towards highly micro-porous thin films (porosity ranging between 45% and 31%). 

Limitations of these approaches arise from the instrumentation set-up, which requires 

neutron and X-ray sources, with a high lateral resolution, and controlled ultra-high vacuum 

conditions. Furthermore, the porosity and pore size distribution determination are restricted 

to highly ordered pores and high pore content. 

It is worth mentioning that we have also performed GI-SAXS measurements (Figure 

2.5a-c) on layers resembling those reported in Chapter 3, and compared them to 

measurements reported in the literature (Figure 2.5d) for similar systems. 40 

 

 

 

Coppens et al. addressed the potential of SAXS in identifying the pore size range down 

to pores with diameter of 0.3 nm. Despite the curves of the mesoporous silica deposited by 
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ETP-CVD and the one of the system reported by Coppens show similar trends, the pore 

content of our ETP-CVD SiO2 layers turned out to be too low to allow the determination 

of the pore size range. This poses limits to the method for the determination of porosity in 

the low micro-porous regime. 

2.3 Positron annihilation spectroscopy (PAS) 

 

Positron annihilation spectroscopy (PAS) is a non-destructive technique for the 

characterization of porosity in materials, ranging from vacancies in the material structure 

to organized and ordered porosity. The local electronic environment determines the 

annihilation characteristics (e.g., lifetime, number of annihilation photons, and transferred 

momentum) of positrons in a sample, giving the possibility to identify the presence of pores. 

Four PAS techniques are available: positron annihilation lifetime spectroscopy (PALS), 

Doppler broadening, angular correlation, and three-photon positronium decay (3γ). These 

techniques focus on different properties of the annihilation photons to obtain 

complementary information about the electronic environment. Of all of the PAS variants, 

PALS is the most common and widely used for studying porosity properties in a variety of 

materials and thin films.  

When a positron (50 eV to 15 keV) is injected into materials, it will eventually annihilate 

with an electron with the complete conversion of the combined mass of the two species into 

high-energy photons. The positron will scatter off atoms and electrons in the solid and slow 

to atomic-scale energy (several eV) within picoseconds. The matter-antimatter annihilation 

allows the extraction of nanoscale materials information specific to the location at which 

the annihilation takes place. The physical state from which this annihilation occurs can be 

generally divided into free positron annihilation (with electrons in the target material) or 

positronium (Ps) annihilation. 

The critical motivation for characterizing porous materials is that both positrons and 

positronia tend to seek out and localize in vacancies/voids in metals and insulators. Simple 

coulomb attraction forces positrons into electron-rich vacancies in metals, whereas in 

insulators the reduced dielectric interaction in a void energetically favors trapping neutral 

Ps in low-density regions. A schematic of the PAS principles is reported in Figure 2.6a.41 

The behavior of Ps from formation to annihilation can be analyzed by PAS to provide a 

variety of information about the structural properties of the material. Pore size is the most 

straightforward property to deduce. Moreover, the lifetime of Ps has been correlated to the 

size of packing voids in polymeric materials. The correlation for micro-pores is very 

successful with the use of dedicated models42 and, more recently, the extension of these 

models for meso-pores has been implemented. In the presence of closed-porosity, Ps 

bounces around in the pores like a gas atom and smaller pores will cause more/faster pickoff 

annihilation, and vice versa, allowing the detection and characterization of pores usually 
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not accessible to adsorption based techniques. Furthermore, a distribution of Ps lifetimes 

occurs if a distribution of pore sizes is present. If the pores are highly interconnected, then, 

to extract the average pore size (technically, the mean-free path for Ps in the interconnected 

pores), it is necessary to deposit a thin diffusion barrier on top of the film to keep the Ps 

caged in the porous network (Figure 2.6b). 

 

 

 

As long as the barrier is not too thick to prevent positron penetration to the underlying 

thin film, the degree of interconnectivity can be explored by comparing spectra with and 

without capping layers, which, in turn, provides added information on the shape of the 

pores. Besides enabling the study of thin films microstructure, positron beams also offer 

the important capability of depth profiling the sample by varying the implantation energy 

of the incident positrons (Figure 2.6c).41,43 

In the literature, PAS techniques have been applied to several materials and 

technologies, from low-k materials,44–49 to polymers and membranes. 50–54 Limitations of 

these approaches arise from the availability of the instrumentation. Moreover, no 

information on the chemistry of the materials can be retrieved from the measurements and 

a clear separation of the open and closed porosity is difficult to achieve. However, it is 

worth reporting that this technique has been used for the determination of the open pore 

size necessary to have hermetic low-k thin films towards water and oxygen. 45,55 The control 
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over pores with diameter as low as 0.3 nm has been shown to allow the exclusion of water 

permeation in the low-k layers. We achieved similar conclusions for PE-CVD and ALD 

deposited inorganic layers reported in Chapter 3 and 4: the absence of pores with dimension 

close to the water kinetic diameter (0.27 nm) will be shown paramount in the field of 

moisture permeation barriers, resulting in layers with excellent barrier properties. 

 

As highlighted in §2.1-2.3, the advanced techniques presented so far lack of an 

established methodology for detecting and characterizing thin films and materials showing 

very low level of open-porosity, especially in the micro-porous regime. Despite the 

possibility with PAS methods to have a thorough characterization of the nano-structure of 

the materials, the availability of these techniques becomes a hurdle to their wide spread use. 

In §2.4 and 2.5, two methods will be briefly presented, i.e., ellipsometric porosimetry (EP) 

and electrochemical impedance spectroscopy (EIS), which are suitable for the study of thin 

films with level of residual nano-porosity below 5%. Because of the high sensitivity and 

versatility of such methods, together with their easy implementation, EIS and EP have been 

adopted as main techniques in this thesis work, as will be more extensively addressed in 

Chapters 3 and 4.  

2.4 Ellipsometry-based techniques 

 

Ellipsometry is a non-destructive optical technique that allows very precise and accurate 

analysis of the optical properties of various thin film systems. Ellipsometry relies on the 

changes in the polarization state of light upon reflection from a surface (for single or multi-

layered systems). In a typical ellipsometry configuration light from a light source passes 

through a polarizer unit and the probing light can be monochromatic (most commonly a 

He-Ne laser at 632.8 nm) or spectroscopic (incandescent or arc discharge lamps). Upon 

reflection from a sample, Figure 2.7a, at a specific angle, the polarization state of the light 

changes. The change in polarization state is measured in terms of the amplitude ratio, psi 

(Ψ), and the phase difference delta (Δ), of the reflectance. In spectroscopic ellipsometry 

(SE), the measurement generates Ψ and Δ values for each wavelength. This opens 

possibilities for the characterization of complex samples, where light absorption, optical 

anisotropy, density gradients, roughness, and other features of the probed layers can be 

determined in addition to film thickness and refractive index.56,57 
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SE has been employed for the determination of porosity in several thin film systems, 

mostly inorganic. In the literature, selected examples of the determination of the fraction of 

voids in materials are reported for SiO2, Al2O3, and Si.5,58–61 In order to determine the 

optical properties of thin films, models have to be adopted to fit the optical data. Generally, 

effective medium approximation (EMA) functions are used, and a more detailed description 

of the optical models is reported in Chapter 3. Briefly, the EMA model assumes the material 

composed of (inorganic) matrix and voids. By complementing the ellipsometry data with 

the refractive index/dielectric constant of the matrix, the total porosity of the material can 

be calculated. When no precise information on the nature of the inorganic matrix can be 

retrieved, the optical properties are compared with the one of non-porous samples. In the 

case of SiO2 deposited by plasma-based techniques, the variation of the frequency of the 

transverse optic vibrational mode, associated with the asymmetric stretch motion of the 

bridging oxygen atoms moving in the plane of their adjacent Si atoms, has been used to 

characterize the silica network. By studying the transverse optic compared to the 

longitudinal optic mode for fused and plasma deposited silica, an indication of the density, 

and in turn, porosity in the layer can be inferred.62–64 SE has been also applied to monitor 

the optical and structural properties of thin films in-situ during growth.5,65,66 An example 

of SE spectra of thin films showing different microstructure and the respective models is 

presented in Figure 2.7b. However, even though these methods can give an indication on 

the presence of porosity, they are not able to distinguish between open and closed porosity 

and cannot provide a pore size distribution in the layers, limiting this approach to the semi-

quantitative determination of both closed and open porosity.  

In order to obtain open-pore content and pore size distribution, ellipsometric 

porosimetry (EP) has been developed.67 In this technique, spectroscopic ellipsometry is 

coupled with adsorption/desorption of a vapor, which leads to changes in the optical 

properties of the layers. By reporting the optical properties as a function of the relative 

pressure of the probing molecule, the open-pore content and pore size distribution can be 
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calculated. This technique will be thoroughly explained in this work in Chapter 3. EP has 

been applied so far on a variety of thin film materials, different in composition (SiO2, 
68,69 

TiO2, 
70,71 Al2O3, 

72 carbides,73 polymers, 74 zeolites75,76) and pore-content (mostly meso64 

and micro-porous77,78). By choosing probe molecules with different kinetic diameters,79 the 

pore size distribution can be obtained in different pore diameter ranges, additionally 

accounting for the chemical interaction with the probe molecule.80,81 Several studies have 

shown the potential of EP in the determination of meso-porosity, also in terms of pore 

shape. 64,82 In-situ EP has been also adopted in order to monitor the effect of additional 

layers grown on top of porous substrates. 83,84 

The combination of SE and EP can give information on the relative amount of open and 

closed porosity. However, no information on the pore size (distribution) of closed pores 

can be retrieved. Furthermore, the use of adsorptive can introduce side effects, such as 

swelling, which hinder the pore filling and in turn impede the porosity to be determined. 

2.5 Electrochemical impedance spectroscopy (EIS) 

 

Electrochemical impedance spectroscopy (EIS) is another technique often used for 

microstructural analysis.85–88 The principles of the technique are reported in Chapter 3. 

Briefly, in EIS measurements, an AC voltage is applied to the system under investigation, 

and the response is collected in terms of current and expressed as impedance. The high 

sensitivity acknowledged to EIS makes it suitable for the characterization of a broad 

spectrum of thin films, in fields ranging from corrosion protection, 89–91 to dye-sensitized 

solar cells, 92,93 fuel cells and batteries, 94–96 and (bio-)sensors. 97–101 EIS has been 

successfully applied in the literature also for the development and application of (ceramic) 

layers for the detection of water vapor, 99–101 typically studied in a solid state configuration.  

In the field of corrosion, corrosion-protective layers have been widely studied by EIS. 

In characterizing such layers, EIS has been used for the analysis of (ultra-) thin layers 

deposited by several techniques, both organic and inorganic, allowing the classification of 

the layers in terms of corrosion protection properties. 89,102–108 

In the characterization of thin film microstructure, EIS has also been employed for the 

determination of open- and through-porosity. An example showing the sensitivity of the 

technique towards differences in the thin film porosity is presented in Figure 2.8a.  
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By means of EIS, the through-porosity can be obtained as the ratio, with respect to the 

bare substrate, of the charge transfer resistance, 109,110 i.e., the resistance opposed by the 

layer to charge transfer mechanisms at the substrate surface. This parameter correlates with 

the surface area exposed to the surrounding environment and, hence, to the through-

porosity. In literature, porosity values have been measured for inorganic layers, such as 

SiO2, Al2O3, Ta2O5, TiN.90,107,109–111 

Additionally, the total open porosity accessible to water can also be measured by EIS. 

Upon the layer exposure to an electrolyte solution, the permeating water leads to changes 

of the impedance value, due to the increasing dielectric constant of the system (Figure 

2.8b).108 In order to correlate the variation of the electrical properties with the amount of 

absorbed water (so-called water uptake), the Brasher-Kingsbury equation is generally 

adopted.112–115 This method has been solely applied to polymeric layers.89,114,116,117 

EIS has also proven to be very sensitive in detecting differences in porosity down to the 

sub-nm regime.118,119 Changes in the impedance among diverse layers were attributed to 

differences in the sub-nm pore size distribution.120,121 Next, for capacitive porous carbon 

electrodes with sub-nm porosity, EIS has been found able to distinguish among different 

pore geometries, exploiting the possibility with impedance measurements to follow the ion 

permeation through the material. 122 This is due to the formation of conductive channels as 

a consequence of the ion penetration in the material porosity. Using the same approach, 

Deflorian et al. 123 and Duarte et al. 124 investigated the permeation of different ions through 

polymeric films by EIS. Ion permeation has been found to correlate with the ion 

conductivity and, in turn, ion dimension, and the differential permeation has been attributed 

to different porosity/free volume accessible to the solvated ions. 

Differently from the techniques presented earlier, EIS is not directly able to give a pore 

size distribution, but its high sensitivity together with the easily implemented 
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instrumentation makes this technique a powerful tool in the determination of differences in 

the microstructure of layers, and in this work will be shown sensitive also to very low level 

of porosity, as shown in Chapter 3. 

  



Chapter 2: Assessment of porosity 

 

 

            

 

 

 39 

Bibliography 

 

(1)  Aresta, G.; Palmans, J.; van de Sanden, M. C. M.; Creatore, M. Initiated-Chemical 

Vapor Deposition of Organosilicon Layers: Monomer Adsorption, Bulk Growth, 

and Process Window Definition. J. Vac. Sci. Technol. A Vacuum, Surfaces, Film. 

2012, 30 (4), 041503. 

(2)  Ngamou, P. H. T.; Overbeek, J. P.; Kreiter, R.; van Veen, H. M.; Vente, J. F.; 

Wienk, I. M.; Cuperus, P. F.; Creatore, M. Plasma-Deposited Hybrid Silica 

Membranes with a Controlled Retention of Organic Bridges. J. Mater. Chem. A 

2013, 1 (18), 5567. 

(3)  Aoki, K.; Kusakabe, K.; Morooka, S. Gas Permeation Properties of A-Type Zeolite 

Membrane Formed on Porous Substrate by Hydrothermal Synthesis. J. Memb. Sci. 

1998, 141 (2), 197–205. 

(4)  Haacké, M.; Coustel, R.; Rouessac, V.; Roualdès, S.; Julbe, A. Microwave PECVD 

Silicon Carbonitride Thin Films: A FTIR and Ellipsoporosimetry Study. Plasma 

Process. Polym. 2016, 13 (2), 258–265. 

(5)  Creatore, M.; Kilic, M.; O’Brien, K.; Groenen, R.; van de Sanden, M. C. M. 

Ellipsometric Characterization of Expanding Thermal Plasma Deposited SiO2-like 

Films. Thin Solid Films 2003, 427 (1-2), 137–141. 

(6)  Liu, C.-N.; Ozkaya, B.; Steves, S.; Awakowicz, P.; Grundmeier, G. Combined in 

Situ FTIR-Spectroscopic and Electrochemical Analysis of Nanopores in Ultra-Thin 

SiO X -like Plasma Polymer Barrier Films. J. Phys. D. Appl. Phys. 2013, 46 (8), 

084015. 

(7)  Godinho, V.; Haro, M. C. J. de; García-López, J.; Goossens, V.; Terryn, H.; 

Delplancke-Ogletree, M. P.; Fernandez, A. SiOxNy Thin Films with Variable 

Refraction Index: Microstructural, Chemical and Mechanical Properties. Appl. Surf. 

Sci. 2010, 256 (14), 4548–4553. 

(8)  Mayer, M.; von Toussaint, U.; Dewalque, J.; Dubreuil, O.; Henrist, C.; Cloots, R.; 

Mathis, F. Rutherford Backscattering Analysis of Porous Thin TiO2 Films. Nucl. 

Instruments Methods Phys. Res. Sect. B Beam Interact. with Mater. Atoms 2012, 

273, 83–87. 

(9)  Waita, S. M.; Aduda, B. O.; Mwabora, J. M.; Niklasson, G. A.; Granqvist, C. G.; 

Boschloo, G. Electrochemical Characterization of TiO2 Blocking Layers Prepared 

by Reactive DC Magnetron Sputtering. J. Electroanal. Chem. 2009, 637 (1), 79–

83. 

(10)  Mokhles Gerami, F.; Kakuee, O.; Mohammadi, S. Porosity Estimation of Alumina 

Samples Based on Resonant Backscattering Spectrometry. Nucl. Instruments 

Methods Phys. Res. Sect. B Beam Interact. with Mater. Atoms 2016, 373, 80–84. 



Looking down the rabbit hole: Nano-porosity in thin films – A. Perrotta 

 

 

 

40 

(11)  Zhou, X.; Chen, S. Theoretical Foundation of X-Ray and Neutron Reflectometry. 

Phys. Rep. 1995, 257 (4-5), 223–348. 

(12)  X-Ray and Neutron Reflectivity; Daillant, J., Gibaud, A., Eds.; Lecture Notes in 

Physics; Springer Berlin Heidelberg: Berlin, Heidelberg, 2009; Vol. 770. 

(13)  Goh, T. K.; Wong, T. K. S. Investigation of Structure, Thermal and Oxygen Plasma 

Stability of Mesoporous Methylsilsesquioxane Films by X-Ray Reflectivity and 

Small Angle Scattering. Microelectron. Eng. 2004, 75 (3), 330–343. 

(14)  Lee, B.; Yoon, J.; Oh, W.; Hwang, Y.; Heo, K.; Jin K.S.andKim, J.; Kim, K.-W.; 

Ree, M. In-Situ Grazing Incidence Small-Angle {X}-Ray Scattering Studies on 

Nanopore Evolutionin Low-K Organosilicate Dielectric Thin Films. 

Macromolecules 2005, 38, 3395–3405. 

(15)  Lee, H. J.; Lin, E. K.; Bauer, B. J.; Wu, W. L.; Hwang, B. K.; Gray, W. D. 

Characterization of Chemical-Vapor-Deposited Low-K Thin Films Using X-Ray 

Porosimetry. Appl. Phys. Lett. 2003, 82 (7), 1084–1086. 

(16)  Bolze, J.; Ree, M.; Youn, H. S.; Chu, S. H.; Char, K. Synchrotron X-Ray 

Reflectivity Study on the Structure of Templated Polyorganosilicate Thin Films and 

Their Derived Nanoporous Analogues. Langmuir 2001, 17 (21), 6683–6691. 

(17)  Cui, B.; Zeng, L.; Keane, D.; Bedzyk, M. J.; Buchholz, D. B.; Chang, R. P. H.; Yu, 

X.; Smith, J.; Marks, T. J.; Xia, Y.; Facchetti, A. F.; Medvedeva, J. E.; Grayson, M. 

Thermal Conductivity Comparison of Indium Gallium Zinc Oxide Thin Films: 

Dependence on Temperature, Crystallinity, and Porosity. J. Phys. Chem. C 2016, 

acs.jpcc.5b12105. 

(18)  Dourdain, S.; Bardeau, J.-F.; Colas, M.; Smarsly, B.; Mehdi, A.; Ocko, B. M.; 

Gibaud, A. Determination by X-Ray Reflectivity and Small Angle X-Ray Scattering 

of the Porous Properties of Mesoporous Silica Thin Films. Appl. Phys. Lett. 2005, 

86 (11), 113108. 

(19)  Dourdain, S.; Mehdi, A.; Bardeau, J. F.; Gibaud, A. Determination of Porosity of 

Mesoporous Silica Thin Films by Quantitative X-Ray Reflectivity Analysis and 

GISAXS. Thin Solid Films 2006, 495 (1-2), 205–209. 

(20)  Förster, S.; Timmann, A.; Konrad, M.; Schellbach, C.; Meyer, A.; Funari, S. S.; 

Mulvaney, P.; Knott, R. Scattering Curves of Ordered Mesoscopic Materials. J. 

Phys. Chem. B 2005, 109 (4), 1347–1360. 

(21)  Gibaud, A.; Dourdain, S.; Vignaud, G. Analysis of Mesoporous Thin Films by X-

Ray Reflectivity, Optical Reflectivity and Grazing Incidence Small Angle X-Ray 

Scattering. Appl. Surf. Sci. 2006, 253 (1 SPEC. ISS.), 3–11. 

(22)  Waheed, A.; Mehmood, M.; Benfield, R.; Ahmad, J.; Amenitsch, H.; Aslam, M.; 

Rauf, A.; Hassan, M. Small-Angle X-Ray Scattering (SAXS) Study of Porous 

Anodic Alumina-A New Approach. Mater. Chem. Phys. 2011, 131 (1-2), 362–369. 



Chapter 2: Assessment of porosity 

 

 

            

 

 

 41 

(23)  Jousseaume, V.; Rolland, G.; Babonneau, D.; Simon, J. P. Structural Study of 

Nanoporous Ultra Low-K Dielectrics Using Complementary Techniques: 

Ellipsometric Porosimetry, X-Ray Reflectivity and Grazing Incidence Small-Angle 

X-Ray Scattering. Appl. Surf. Sci. 2007, 254 (2), 473–479. 

(24)  Lee, H.-J. Structural Characterization of Porous Low-K Thin Films Prepared by 

Different Techniques Using X-Ray Porosimetry. J. Appl. Phys. 2004, 95 (5), 2355. 

(25)  McDermott, A. G.; Budd, P. M.; McKeown, N. B.; Colina, C. M.; Runt, J. Physical 

Aging of Polymers of Intrinsic Microporosity: A SAXS/WAXS Study. J. Mater. 

Chem. A 2014, 2 (30), 11742–11752. 

(26)  Liu, H.-J.; Jeng, U.-S.; Yamada, N. L.; Su, A.-C.; Wu, W.-R.; Su, C.-J.; Lin, S.-J.; 

Wei, K.-H.; Chiu, M.-Y. Surface and Interface Porosity of Polymer/fullerene-

Derivative Thin Films Revealed by Contrast Variation of Neutron and X-Ray 

Reflectivity. Soft Matter 2011, 7 (19), 9276. 

(27)  Chen, Z. H.; Kim, C.; Zeng, X.; Hwang, S. H.; Jang, J.; Ungar, G. Characterizing 

Size and Porosity of Hollow Nanoparticles: SAXS, SANS, TEM, DLS, and 

Adsorption Isotherms Compared. Langmuir 2012, 28 (43), 15350–15361. 

(28)  Nayak, M.; Lodha, G. S.; Prasad, T. T.; Nageswararao, P.; Sinha, A. K. Probing 

Porosity at Buried Interfaces Using Soft X-Ray Resonant Reflectivity. J. Appl. 

Phys. 2010, 107 (2). 

(29)  Carpenter, J. H.; Hunt, A.; Ade, H. Characterizing Morphology in Organic Systems 

with Resonant Soft X-Ray Scattering. J. Electron Spectros. Relat. Phenomena 2015, 

200, 2–14. 

(30)  Dourdain, S.; Britton, D. T.; Reichert, H.; Gibaud, A. Determination of the Elastic 

Modulus of Mesoporous Silica Thin Films by X-Ray Reflectivity via the Capillary 

Condensation of Water. Appl. Phys. Lett. 2008, 93 (18). 

(31)  Hedden, R. C.; Lee, H. J.; Soles, C. L.; Bauer, B. J. Characterization of Pore 

Structure in a Nanoporous Low-Dielectric-Constant Thin Film by Neutron 

Porosimetry and X-Ray Porosimetry. Langmuir 2004, 20 (16), 6658–6667. 

(32)  Favvas, E. P.; Stefanopoulos, K. L.; Vairis, A.; Nolan, J. W.; Joensen, K. D.; 

Mitropoulos, A. C. In Situ SAXS Investigation of Dibromomethane Adsorption in 

Ordered Mesoporous Silica. Adsorption 2013, 19 (2-4), 331–338. 

(33)  Rébiscoul, D.; Broussous, L.; Puyrenier, W.; Rouessac, V.; Ayral, A.; Cubitt, R. 

Study of Solvent Penetration inside a Porous Low K Material by Neutron 

Reflectometry - Influence of Material Surface Modifications and of Solvent 

Properties. Microelectron. Eng. 2008, 85 (10), 2089–2093. 

(34)  Klotz, M.; Rouessac, V.; Rébiscoul, D.; Ayral, A.; Van Der Lee, A. Adsorption-

Desorption Isotherms of Nanoporous Thin Films Measured by X-Ray 

Reflectometry. Thin Solid Films 2006, 495 (1-2), 214–218. 



Looking down the rabbit hole: Nano-porosity in thin films – A. Perrotta 

 

 

 

42 

(35)  Mascotto, S.; Wallacher, D.; Brandt, A.; Hauss, T.; Thommes, M.; Zickler, G. a; 

Funari, S. S.; Timmann, A.; Smarsly, B. M. Analysis of Microporosity in Ordered 

Mesoporous Hierarchically Structured Silica by Combining Physisorption with in 

Situ Small-Angle Scattering (SAXS and SANS). Langmuir 2009, 25 (21), 12670–

12681. 

(36)  Lee, H.-J.; Soles, C. L.; Liu, D.-W.; Bauer, B. J.; Wu, W.-L. Pore Size Distributions 

in Low-K Dielectric Thin Films from X-Ray Porosimetry. J. Polym. Sci. Part B 

Polym. Phys. 2002, 40 (19), 2170–2177. 

(37)  Kallus, S.; Hahn, a; Ramsay, J. D. F. EPJ E Direct Electronic Only Gas Adsorption 

in Mcm-41 Porous Silicas Dynamic Measurements. 2003, 01, 10–12. 

(38)  Gebel, G.; Diat, O. Neutron and X-Ray Scattering: Suitable Tools for Studying 

Ionomer Membranes. Fuel Cells 2005, 5 (2), 261–276. 

(39)  Silverstein, M. S.; Bauer, B. J.; Hedden, R. C.; Lee, H.-J.; Landes, B. G. SANS and 

XRR Porosimetry of a Polyphenylene Low- K Dielectric. Macromolecules 2006, 

39 (8), 2998–3006. 

(40)  Coppens, M. The Effect of Fractal Surface Roughness on Diffusion and Reaction in 

Porous Catalysts – from Fundamentals to Practical Applications. Catal. Today 

1999, 53 (2), 225–243. 

(41)  Gidley, D.; Frieze, W.; Dull, T.; Yee, a.; Ryan, E.; Ho, H.-M. Positronium 

Annihilation in Mesoporous Thin Films. Phys. Rev. B 1999, 60 (8), R5157–R5160. 

(42)  Boskovic, S.; Hill, A. J.; Turney, T. W.; Gee, M. L.; Stevens, G. W.; O’Connor, A. 

J. Probing the Microporous Nature of Hierarchically Templated Mesoporous Silica 

via Positron Annihilation Spectroscopy. Prog. Solid State Chem. 2006, 34 (2-4), 

67–75. 

(43)  Peng, H. G.; Vallery, R. S.; Liu, M.; Skalsey, M.; Gidley, D. W. Depth-Profiled 

Positronium Annihilation Lifetime Spectroscopy on Porous Films. Colloids 

Surfaces A Physicochem. Eng. Asp. 2007, 300 (1-2 SPEC. ISS.), 154–161. 

(44)  Vallery, R. S.; Liu, M.; Gidley, D. W.; Yim, J. H. From Single Molecules to 

Micelles - An in Situ Study of Porogen Aggregation and Nanopore Formation 

Mechanisms in Porous Thin Films. Microporous Mesoporous Mater. 2011, 143 (2-

3), 419–425. 

(45)  King, S. W.; Jacob, D.; Vanleuven, D.; Colvin, B.; Kelly, J.; French, M.; Bielefeld, 

J.; Dutta, D.; Liu, M.; Gidley, D. Film Property Requirements for Hermetic Low-K 

a-SiOxCyNz:H Dielectric Barriers. ECS J. Solid State Sci. Technol. 2012, 1 (6), 

N115–N122. 

(46)  He, C.; Xiong, B.; Mao, W.; Kobayashi, Y.; Oka, T.; Oshima, N.; Suzuki, R. On 

Determining the Entrance Size of Cage-like Pores in Mesoporous Silica Films by 

Positron Annihilation Lifetime Spectroscopy. Chem. Phys. Lett. 2013, 590, 97–100. 



Chapter 2: Assessment of porosity 

 

 

            

 

 

 43 

(47)  Yi-Fan, H.; Jia-Ning, S.; W., G. D. Probing Cu Diffusion Barrier Layers on Porous 

Low-Dielectric-Constant Films by Posireonium Annihilation Lifetime 

Spectroscopy. Chinese Phys. Lett. 2005, 22 (11), 2906–2909. 

(48)  Sun, J.-N.; Gidley, D. W.; Dull, T. L.; Frieze, W. E.; Yee, A. F.; Ryan, E. T.; Lin, 

S.; Wetzel, J. Probing Diffusion Barrier Integrity on Porous Silica Low-K Thin 

Films Using Positron Annihilation Lifetime Spectroscopy. J. Appl. Phys. 2001, 89 

(9), 5138. 

(49)  Peng, H. G.; Frieze, W. E.; Vallery, R. S.; Gidley, D. W.; Moore, D. L.; Carter, R. 

J. Revealing Hidden Pore Structure in Nanoporous Thin Films Using Positronium 

Annihilation Lifetime Spectroscopy. Appl. Phys. Lett. 2005, 86 (12), 1–3. 

(50)  Fukuzumi, H.; Saito, T.; Iwamoto, S.; Kumamoto, Y.; Ohdaira, T.; Suzuki, R.; 

Isogai, A. Pore Size Determination of TEMPO-Oxidized Cellulose Nanofibril Films 

by Positron Annihilation Lifetime Spectroscopy. Biomacromolecules 2011, 12 (11), 

4057–4062. 

(51)  Nanda, D.; Tung, K.-L.; Hung, W.-S.; Lo, C.-H.; Jean, Y.-C.; Lee, K.-R.; Hu, C.-

C.; Lai, J.-Y. Characterization of Fouled Nanofiltration Membranes Using Positron 

Annihilation Spectroscopy. J. Memb. Sci. 2011, 382 (1-2), 124–134. 

(52)  He, C.; Suzuki, R.; Ohdaira, T.; Oshima, N.; Kinomura, A.; Muramatsu, M.; 

Kobayashi, Y. Study of Mesoporous Silica Films by Positron Annihilation Based 

on a Slow Positron Beam: Effects of Preparation Conditions on Pore Size and Open 

Porosity. Chem. Phys. 2007, 331 (2-3), 213–218. 

(53)  Hristov, H. A.; Bolan, B.; Yee, A. F.; Xie, L.; Gidley, D. W. Measurement of Hole 

Volume in Amorphous Polymers Using Positron Spectroscopy. Macromolecules 

1996, 29 (26), 8507–8516. 

(54)  Soles, C. L.; Douglas, J. F.; Wu, W. L.; Peng, H.; Gidley, D. W. Comparative 

Specular X-Ray Reflectivity, Positron Annihilation Lifetime Spectroscopy, and 

Incoherent Neutron Scattering Measurements of the Dynamics in Thin 

Polycarbonate Films. Macromolecules 2004, 37 (8), 2890–2900. 

(55)  King, S.; Gidley, D. Role of Nano-Porosity in Plasma Enhanced Chemical Vapor 

Deposition of Hermetic Low-K a-SiOCN:H Dielectric Barrier Materials. ECS 

Trans. 2013, 45 (31), 27–45. 

(56)  Ogieglo, W.; Wormeester, H.; Eichhorn, K.-J.; Wessling, M.; Benes, N. E. In Situ 

Ellipsometry Studies on Swelling of Thin Polymer Films: A Review. Prog. Polym. 

Sci. 2015, 42, 42–78. 

(57)  Fujiwara, H. Spectroscopic Ellipsometry: Principles and Applications -; John Wiley 

& Sons, 2007. 

(58)  De Laet, J.; Vanhellemont, J.; Terryn, H.; Vereecken, J. Characterization of Various 

Aluminium Oxide Layers by Means of Spectroscopic Ellipsometry. Appl. Phys. A 

Solids Surfaces 1992, 54 (1), 72–78. 



Looking down the rabbit hole: Nano-porosity in thin films – A. Perrotta 

 

 

 

44 

(59)  Himcinschi, C.; Friedrich, M.; Frühauf, S.; Streiter, I.; Schulz, S. E.; Gessner, T.; 

Baklanov, M. R.; Mogilnikov, K. P.; Zahn, D. R. T. Ellipsometric Study of the 

Change in the Porosity of Silica Xerogels after Chemical Modification of the 

Surface with Hexamethyldisilazane. Anal. Bioanal. Chem. 2002, 374 (4), 654–657. 

(60)  Himcinschi, C.; Friedrich, M.; Murray, C.; Streiter, I.; Schulz, S. E.; Gessner, T.; 

Zahn, D. R. T. Characterization of Silica Xerogel Films by Variable-Angle 

Spectroscopic Ellipsometry and Infrared Spectroscopy. Semicond. Sci. Technol. 

2001, 16, 806–811. 

(61)  Pettersson, L. A. A.; Hultman, L.; Arwin, H. Porosity Depth Profiling of Thin 

Porous Silicon Layers by Use of Variable-Angle Spectroscopic Ellipsometry: A 

Porosity Graded-Layer Model. Appl. Opt. 1998, 37 (19), 4130. 

(62)  Bourgeois, A.; Brunet-Bruneau, A.; Fisson, S.; Demarets, B.; Grosso, D.; Cagnol, 

F.; Sanchez, C.; Rivory, J. Determination of Pore Size Distribution in Thin 

Organized Mesoporous Silica Films by Spectroscopic Ellipsometry in the Visible 

and Infrared Range. Thin Solid Films 2004, 447-448, 46–50. 

(63)  Brunet-Bruneau, A.; Fisson, S.; Vuye, G.; Rivory, J. Change of TO and LO Mode 

Frequency of Evaporated SiO[sub 2] Films during Aging in Air. J. Appl. Phys. 2000, 

87 (10), 7303. 

(64)  Boissiere, C.; Grosso, D.; Lepoutre, S.; Nicole, L.; Brunet-Bruneau, A.; Sanchez, 

C. Porosity and Mechanical Properties of Mesoporous Thin Films Assessed by 

Environmental Ellipsometric Porosimetry. Langmuir 2005, 21 (26), 12362–12371. 

(65)  Barrell, Y.; Creatore, M.; Schaepkens, M.; Iacovangelo, C. D.; Miebach, T.; van de 

Sanden, M. C. M. Expanding Thermal Plasma for Fast Deposition of Scratch-

Resistant SiCxHyOz Films. Surf. Coatings Technol. 2004, 180-181, 367–371. 

(66)  Langereis, E.; Heil, S. B. S.; Knoops, H. C. M.; Keuning, W.; van de Sanden, M. C. 

M.; Kessels, W. M. M. In Situ Spectroscopic Ellipsometry as a Versatile Tool for 

Studying Atomic Layer Deposition. J. Phys. D. Appl. Phys. 2009, 42 (7), 073001. 

(67)  Baklanov, M. R.; Mogilnikov, K. P.; Polovinkin, V. G.; Dultsev, F. N. 

Determination of Pore Size Distribution in Thin Films by Ellipsometric 

Porosimetry. J. Vac. Sci. Technol. B Microelectron. Nanom. Struct. 2000, 18 (3), 

1385. 

(68)  Sree, S. P.; Dendooven, J.; Smeets, D.; Deduytsche, D.; Aerts, A.; Vanstreels, K.; 

Baklanov, M. R.; Seo, J. W.; Temst, K.; Vantomme, A.; Detavernier, C.; Martens, 

J. a. Spacious and Mechanically Flexible Mesoporous Silica Thin Film Composed 

of an Open Network of Interlinked Nanoslabs. J. Mater. Chem. 2011, 21 (21), 7692. 

(69)  Saxena, R.; Rodriguez, O.; Cho, W.; Gill, W. N.; Plawsky, J. L.; Baklanov, M. R.; 

Mogilnikov, K. P. Internal Matrix Structure of Low-κ Mesoporous Silica and Its 

Relation to Mechanical Properties. J. Non. Cryst. Solids 2004, 349, 189–199. 



Chapter 2: Assessment of porosity 

 

 

            

 

 

 45 

(70)  Liang, X.; Yu, M.; Li, J.; Jiang, Y.-B.; Weimer, A. W. Ultra-Thin Microporous-

Mesoporous Metal Oxide Films Prepared by Molecular Layer Deposition (MLD). 

Chem. Commun. (Camb). 2009, No. 46, 7140–7142. 

(71)  Soler-Illia, G. J. a. a.; Angelomé, P. C.; Fuertes, M. C.; Grosso, D.; Boissiere, C. 

Critical Aspects in the Production of Periodically Ordered Mesoporous Titania Thin 

Films. Nanoscale 2012, 4 (8), 2549. 

(72)  Fuertes, M. C.; Colodrero, S.; Lozano, G.; González-Elipe, A. R.; Grosso, D.; 

Boissière, C.; Sánchez, C.; Soler-Illia, G. J. D. A. A.; Míguez, H. Sorption 

Properties of Mesoporous Multilayer Thin Films. J. Phys. Chem. C 2008, 112, 

3157–3163. 

(73)  Flaherty, D. W.; May, R. A.; Berglund, S. P.; Stevenson, K. J.; Mullins, C. B. Low 

Temperature Synthesis and Characterization of Nanocrystalline Titanium Carbide 

with Tunable Porous Architectures. Chem. Mater. 2010, 22 (2), 319–329. 

(74)  Vayer, M.; Nguyen, T. H.; Grosso, D.; Boissiere, C.; Hillmyer, M. A.; Sinturel, C. 

Characterization of Nanoporous Polystyrene Thin Films by Environmental 

Ellipsometric Porosimetry. Macromolecules 2011, 44 (22), 8892–8897. 

(75)  Demessence, A.; Boissière, C.; Grosso, D.; Horcajada, P.; Serre, C.; Férey, G.; 

Soler-Illia, G. J. a. a.; Sanchez, C. Adsorption Properties in High Optical Quality 

nanoZIF-8 Thin Films with Tunable Thickness. J. Mater. Chem. 2010, 20 (36), 

7676. 

(76)  Eslava, S.; Baklanov, M. R.; Urrutia, J.; Kirschhock, C. E. a.; Maex, K.; Martens, 

J. a. Nanoporous Organosilicate Films Prepared in Acidic Conditions Using 

Tetraalkylammonium Bromide Porogens. Adv. Funct. Mater. 2008, 18 (20), 3332–

3339. 

(77)  Dultsev, F. N. Investigation of the Microporous Structure of Porous Layers Using 

Ellipsometric Adsorption Porometry. Thin Solid Films 2004, 458 (1-2), 137–142. 

(78)  Lépinay, M.; Broussous, L.; Licitra, C.; Bertin, F.; Rouessac, V.; Ayral, A.; Coasne, 

B. Probing the Microporosity of Low-K Organosilica Films: MP and T-Plot 

Methods Applied to Ellipsometric Porosimetry Data. Microporous Mesoporous 

Mater. 2015, 217, 119–124. 

(79)  Licitra, C.; Bouyssou, R.; Chevolleau, T.; Bertin, F. Multi-Solvent Ellipsometric 

Porosimetry Analysis of Plasma-Treated Porous SiOCH Films. Thin Solid Films 

2010, 518 (18), 5140–5145. 

(80)  Baklanov, M.; O’Dwyer, D.; Urbanowicz, A. M.; Le, Q. T.; Demuynck, S.; Hong, 

E. K. Moisture Induced Degradation of Porous Low-K Materials. MRS Proc. 2011, 

914, 0914–F02 – 06. 

(81)  Eslava, S.; Baklanov, M. R.; Kirschhock, C. E. A.; Iacopi, F.; Aldea, S.; Maex, K.; 

Martens, J. A. Characterization of a Molecular Sieve Coating Using Ellipsometric 

Porosimetry. Langmuir 2007, 23 (26), 12811–12816. 



Looking down the rabbit hole: Nano-porosity in thin films – A. Perrotta 

 

 

 

46 

(82)  Dendooven, J.; Goris, B.; Devloo-Casier, K.; Levrau, E.; Biermans, E.; Baklanov, 

M. R.; Ludwig, K. F.; Voort, P. Van Der; Bals, S.; Detavernier, C. Tuning the Pore 

Size of Ink-Bottle Mesopores by Atomic Layer Deposition. Chem. Mater. 2012, 24 

(11), 1992–1994. 

(83)  Dendooven, J.; Devloo-Casier, K.; Levrau, E.; Van Hove, R.; Sree, S. P.; Baklanov, 

M. R.; Martens, J. A.; Detavernier, C. In Situ Monitoring of Atomic Layer 

Deposition in Nanoporous Thin Films Using Ellipsometric Porosimetry. Langmuir 

2012, 28 (8), 3852–3859. 

(84)  Dendooven, J.; Devloo-Casier, K.; Ide, M.; Grandfield, K.; Kurttepeli, M.; Ludwig, 

K. F.; Bals, S.; Van Der Voort, P.; Detavernier, C. Atomic Layer Deposition-Based 

Tuning of the Pore Size in Mesoporous Thin Films Studied by in Situ Grazing 

Incidence Small Angle X-Ray Scattering. Nanoscale 2014, 6 (24), 14991–14998. 

(85)  Mansfeld, F.; Shih, H.; Greene, H.; Tsai, C. H. Analysis of EIS Data for Common 

Corrosion Processes. In Electrochemical Impedance: Analysis and Interpretation; 

American Technical Publishers LTD, 1993; pp 37–53. 

(86)  Mansfeld, F. Use of Electrochemical Impedance Spectroscopy for the Study of 

Corrosion Protection by Polymer Coatings. J. Appl. Electrochem. 1995, 25 (3), 187–

202. 

(87)  Macdonald, D. D. Reflections on the History of Electrochemical Impedance 

Spectroscopy. Electrochim. Acta 2006, 51 (8-9), 1376–1388. 

(88)  Amirudin, A.; Thierry, D. Application of Electrochemical Impedance Spectroscopy 

to Study the Degradation of Polymer-Coated Metals. Prog. Org. Coatings 1995, 26 

(1), 1–28. 

(89)  Barranco, V.; Carpentier, J.; Grundmeier, G. Correlation of Morphology and Barrier 

Properties of Thin Microwave Plasma Polymer Films on Metal Substrate. 

Electrochim. Acta 2004, 49 (12), 1999–2013. 

(90)  Sidi Ali Cherif, K.; Kordic, S.; Farkas, J.; Szunerits, S. Electrochemical Impedance 

Spectroscopy of Dense Silica and Porous Silicon Oxycarbide. Electrochem. Solid-

State Lett. 2007, 10 (9), G63. 

(91)  Fracassi, F.; d’Agostino, R.; Palumbo, F.; Angelini, E.; Grassini, S.; Rosalbino, F. 

Application of Plasma Deposited Organosilicon Thin Films for the Corrosion 

Protection of Metals. Surf. Coatings Technol. 2003, 174-175, 107–111. 

(92)  Adachi, M.; Sakamoto, M.; Jiu, J.; Ogata, Y.; Isoda, S. Determination of Parameters 

of Electron Transport in Dye-Sensitized Solar Cells Using Electrochemical 

Impedance Spectroscopy. J. Phys. Chem. B 2006, 110 (28), 13872–13880. 

(93)  Fabregat-Santiago, F.; Bisquert, J.; Garcia-Belmonte, G.; Boschloo, G.; Hagfeldt, 

A. Influence of Electrolyte in Transport and Recombination in Dye-Sensitized Solar 

Cells Studied by Impedance Spectroscopy. Sol. Energy Mater. Sol. Cells 2005, 87 

(1-4), 117–131. 



Chapter 2: Assessment of porosity 

 

 

            

 

 

 47 

(94)  Nenning, A.; Opitz, A. K.; Huber, T. M.; Fleig, J. A Novel Approach for Analyzing 

Electrochemical Properties of Mixed Conducting Solid Oxide Fuel Cell Anode 

Materials by Impedance Spectroscopy. Phys. Chem. Chem. Phys. 2014, 16 (40), 

22321–22336. 

(95)  Rezaei Niya, S. M.; Hoorfar, M. Study of Proton Exchange Membrane Fuel Cells 

Using Electrochemical Impedance Spectroscopy Technique – A Review. J. Power 

Sources 2013, 240, 281–293. 

(96)  Park, M.; Zhang, X.; Chung, M.; Less, G. B.; Sastry, A. M. A Review of Conduction 

Phenomena in Li-Ion Batteries. J. Power Sources 2010, 195 (24), 7904–7929. 

(97)  Zhou, M.; Dong, S. Bioelectrochemical Interface Engineering: Toward the 

Fabrication of Electrochemical Biosensors, Biofuel Cells, and Self-Powered Logic 

Biosensors. Acc. Chem. Res. 2011, 44 (11), 1232–1243. 

(98)  Farahani, H.; Wagiran, R.; Hamidon, M. N. Humidity Sensors Principle, 

Mechanism, and Fabrication Technologies: A Comprehensive Review. Sensors 

(Basel). 2014, 14 (5), 7881–7939. 

(99)  Feng, Z.; Chen, X.-J.; Chen, J.; Hu, J. A Novel Humidity Sensor Based on Alumina 

Nanowire Films. J. Phys. D. Appl. Phys. 2012, 45, 225305. 

(100)  Almasi Kashi, M.; Ramazani, A.; Abbasian, H.; Khayyatian, A. Capacitive 

Humidity Sensors Based on Large Diameter Porous Alumina Prepared by High 

Current Anodization. Sensors Actuators, A Phys. 2012, 174, 69–74. 

(101)  Faia, P. M.; Furtado, C. S.; Ferreira, A. J. AC Impedance Spectroscopy: A New 

Equivalent Circuit for Titania Thick Film Humidity Sensors. Sensors Actuators B 

Chem. 2005, 107 (1), 353–359. 

(102)  Díaz, B.; Światowska, J.; Maurice, V.; Seyeux, A.; Härkönen, E.; Ritala, M.; 

Tervakangas, S.; Kolehmainen, J.; Marcus, P. Tantalum Oxide Nanocoatings 

Prepared by Atomic Layer and Filtered Cathodic Arc Deposition for Corrosion 

Protection of Steel: Comparative Surface and Electrochemical Analysis. 

Electrochim. Acta 2013, 90, 232–245. 

(103)  Díaz, B.; Härkönen, E.; Światowska, J.; Maurice, V.; Seyeux, A.; Marcus, P.; Ritala, 

M. Low-Temperature Atomic Layer Deposition of Al2O3 Thin Coatings for 

Corrosion Protection of Steel: Surface and Electrochemical Analysis. Corros. Sci. 

2011, 53 (6), 2168–2175. 

(104)  Delimi, A.; Coffinier, Y.; Talhi, B.; Boukherroub, R.; Szunerits, S. Investigation of 

the Corrosion Protection of SiOx-like Oxide Films Deposited by Plasma-Enhanced 

Chemical Vapor Deposition onto Carbon Steel. Electrochim. Acta 2010, 55 (28), 

8921–8927. 

(105)  Pech, D.; Steyer, P.; Millet, J.-P. Electrochemical Behaviour Enhancement of 

Stainless Steels by a SiO2 PACVD Coating. Corros. Sci. 2008, 50 (5), 1492–1497. 



Looking down the rabbit hole: Nano-porosity in thin films – A. Perrotta 

 

 

 

48 

(106)  Pech, D.; Steyer, P.; Loir, A.-S.; Sánchez-López, J. C.; Millet, J.-P. Analysis of the 

Corrosion Protective Ability of PACVD Silica-Based Coatings Deposited on Steel. 

Surf. Coatings Technol. 2006, 201 (1-2), 347–352. 

(107)  Díaz, B.; Światowska, J.; Maurice, V.; Seyeux, A.; Normand, B.; Härkönen, E.; 

Ritala, M.; Marcus, P. Electrochemical and Time-of-Flight Secondary Ion Mass 

Spectrometry Analysis of Ultra-Thin Metal Oxide (Al2O3 and Ta2O5) Coatings 

Deposited by Atomic Layer Deposition on Stainless Steel. Electrochim. Acta 2011, 

56 (28), 10516–10523. 

(108)  Angelini, E.; Grassini, S.; Rosalbino, F.; Fracassi, F.; Laera, S.; Palumbo, F. 

PECVD Coatings: Analysis of the Interface with the Metallic Substrate. Surf. 

Interface Anal. 2006, 38 (4), 248–251. 

(109)  Tato, W.; Landolt, D. Electrochemical Determination of the Porosity of Single and 

Duplex PVD Coatings of Titanium and Titanium Nitride on Brass. Journal of The 

Electrochemical Society. 1998, p 4173. 

(110)  Härkönen, E.; Díaz, B.; Światowska, J.; Maurice, V.; Seyeux, A.; Vehkamäki, M.; 

Sajavaara, T.; Fenker, M.; Marcus, P.; Ritala, M. Corrosion Protection of Steel with 

Oxide Nanolaminates Grown by Atomic Layer Deposition. J. Electrochem. Soc. 

2011, 158 (11), C369. 

(111)  Ahn, S. H.; Lee, J. H.; Kim, H. G.; Kim, J. G. A Study on the Quantitative 

Determination of through-Coating Porosity in PVD-Grown Coatings. Appl. Surf. 

Sci. 2004, 233 (1-4), 105–114. 

(112)  Brasher, D. M.; Kingsbury, A. H. Electrical Measurements in the Study of 

Immersed Paint Coatings on Metal. I. Comparison between Capacitance and 

Gravimetric Methods of Estimating Water-Uptake. J. Appl. Chem. 1954, 4 (2), 62–

72. 

(113)  Calderón-Gutierrez, J. A.; Bedoya-Lora, F. E. Barrier Property Determination and 

Lifetime Prediction by Electrochemical Impedance Spectroscopy of a High 

Performance Organic Coating. DYNA 2014, 81 (183), 97–106. 

(114)  van Westing, E. P. M.; Ferrari, G. M.; de Wit, J. H. W. The Determination of 

Coating Performance with Impedance measurements—II. Water Uptake of 

Coatings. Corros. Sci. 1994, 36 (6), 957–977. 

(115)  Pérez, C.; Collazo, A.; Izquierdo, M.; Merino, P.; Nóvoa, X. R. Characterisation of 

the Barrier Properties of Different Paint Systems Part II . Non-Ideal Diffusion and 

Water Uptake Kinetics. Prog. Org. Coatings 1999, 37, 169–177. 

(116)  Guo, Q.; Du, K.; Guo, X.; Wang, F. Electrochemical Impedance Spectroscope 

Analysis of Microwave Absorbing Coatings on Magnesium Alloy in 3.5wt.% NaCl 

Solution. Electrochim. Acta 2013, 98, 190–198. 



Chapter 2: Assessment of porosity 

 

 

            

 

 

 49 

(117)  Vlasak, R.; Klueppel, I.; Grundmeier, G. Combined EIS and FTIR–ATR Study of 

Water Uptake and Diffusion in Polymer Films on Semiconducting Electrodes. 

Electrochim. Acta 2007, 52 (28), 8075–8080. 

(118)  Kant, K.; Priest, C.; Shapter, J. G.; Losic, D. The Influence of Nanopore Dimensions 

on the Electrochemical Properties of Nanopore Arrays Studied by Impedance 

Spectroscopy. Sensors (Basel). 2014, 14 (11), 21316–21328. 

(119)  Perrotta, A.; García, S. J.; Michels, J. J.; Andringa, A.-M.; Creatore, M. Analysis of 

Nanoporosity in Moisture Permeation Barrier Layers by Electrochemical 

Impedance Spectroscopy. ACS Appl. Mater. Interfaces 2015, 7 (29), 15968–15977. 

(120)  Kalluri, R. K.; Biener, M. M.; Suss, M. E.; Merrill, M. D.; Stadermann, M.; 

Santiago, J. G.; Baumann, T. F.; Biener, J.; Striolo, a. Unraveling the Potential and 

Pore-Size Dependent Capacitance of Slit-Shaped Graphitic Carbon Pores in 

Aqueous Electrolytes. Phys. Chem. Chem. Phys. 2013, 15 (7), 2309–2320. 

(121)  Largeot, C.; Portet, C.; Chmiola, J.; Taberna, P.; Gogotsi, Y.; Simon, P. Relation 

between the Ion Size and Pore Size for an Electric Double-Layer Capacitor. J. Am. 

Chem. Soc. 2008, 130 (9), 2730–2731. 

(122)  Suss, M. E.; Baumann, T. F.; Worsley, M. a.; Rose, K. a.; Jaramillo, T. F.; 

Stadermann, M.; Santiago, J. G. Impedance-Based Study of Capacitive Porous 

Carbon Electrodes with Hierarchical and Bimodal Porosity. J. Power Sources 2013, 

241, 266–273. 

(123)  Deflorian, F.; Rossi, S. An EIS Study of Ion Diffusion through Organic Coatings. 

Electrochim. Acta 2006, 51 (8-9), 1736–1744. 

(124)  Duarte, R. G.; Castela, a. S.; Ferreira, M. G. S. Influence of the Solution Cation 

Mobility on the Water Uptake Estimation of PVC Plastisol Freestanding Films by 

EIS. Prog. Org. Coatings 2006, 57 (4), 408–415. 

(125)  Rouquerol, J.; Rouquerol, F.; Llewellyn, P.; Maurin, G.; Sing, K. S. W. Adsorption 

by Powders and Porous Solids: Principles, Methodology and Applications; 

Academic Press, 2013. 

(126)  Kruk, M.; Jaroniec, M. Gas Adsorption Characterization of Ordered Organic-

Inorganic Nanocomposite Materials. Chem. Mater. 2001, 13 (10), 3169–3183. 

(127)  Hammond, K. D.; Tompsett, G. A.; Auerbach, S. M.; Conner, W. C. Physical 

Adsorption Analysis of Intact Supported MFI Zeolite Membranes. Langmuir 2007, 

23 (16), 8371–8384. 

(128)  Hammond, K. D.; Tompsett, G. A.; Auerbach, S. M.; Conner, W. C. Apparatus for 

Measuring Physical Adsorption on Intact Supported Porous Membranes. J. Porous 

Mater. 2007, 14 (4), 409–416. 

 

  



Looking down the rabbit hole: Nano-porosity in thin films – A. Perrotta 

 

 

 

50 

 

 

  



Chapter 3: Detection and characterization of (nano-)porosity in inorganic thin films 

 

 

            

 

 

 51 

3 DETECTION AND 

CHARACTERIZATION OF 

(NANO-)POROSITY IN 

INORGANIC THIN FILMS 



Looking down the rabbit hole: Nano-porosity in thin films – A. Perrotta 

 

 

 

52 

  



Chapter 3: Detection and characterization of (nano-)porosity in inorganic thin films 

 

 

            

 

 

 53 

3.1 Deposition methods 

3.1.1 Capacitively coupled plasma-enhanced chemical vapor deposition 

(CCP-CVD) 1,2 

 

SiO2-like layers were deposited in a home-built capacitively-coupled radio frequency 

(RF, 13.56 MHz) plasma reactor.3,4 A schematic of the reactor is presented in Figure 3.1 

and a summary of the experimental details and precursor structure are presented in Table 

3.1.1.  

CCP-CVD Precursor 
Tsubstrate 

[°C] 

Power 

[W] 

Precursor 

Flow 

[sccm] 

SiO2 

V3D3 

 

 

80-100 

50-250 0.7 TVTSO 

 

 

100 

 

The substrate holder acts as grounded electrode and is connected to a temperature-

control system based on a resistive heating unit (Eurotherm) and three Peltier cooling 

elements. The substrate temperature is monitored by an embedded thermocouple. The 

pressure is controlled by three gauges: a Penning (Pfeiffer) gauge, monitoring the setup 

base pressure (10-6 mbar up to atmospheric pressure) and two capacitive (Pfeiffer) gauges 

for process monitoring (10-3–10 mbar) and the pressurization of the system (1 mbar – 

atmospheric pressure). During the deposition process, the pressure is controlled through a 

(VAT) butterfly valve. The monomers, either 1,3,5-trivinyl-1,3,5-trimethyl 

cyclotrisiloxane (V3D3, > 95%, Gelest), or 1,1,3,5,5-pentamethyl-1,3,5-trivinyltrisiloxane 

(TVTSO, purity > 95%, Gelest), were vaporized in a stainless steel bubbler and set at a 

temperature of 100 °C. The flow-rate was controlled by a vapor source controller 

(VSC1150C, MKS). The temperature of the monomer line to the vessel is kept constant at 

120 °C in order to prevent condensation. The depositions were performed with an Ar and 
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O2 flow rate of 70 sccm and 35 sccm, respectively. The pressure was kept constant at 0.3 

mbar. Details on the plasma enhanced deposition are given in Appendix A. 

 

 

3.1.2 Expanding Thermal Plasma (ETP)5–9  

 

Al2O3-like layers were deposited in a home-built remote plasma set-up8,9 that consists of 

a DC Ar-fed plasma generated at sub-atmospheric pressure (200–600 mbar) in a cascaded 

arc (30 A arc current). A schematic of the reactor is presented in Figure 3.1 and a summary 

of the experimental details and precursor structure are presented in Table 3.1.2.  

ETP Precursor 
Tsubstrate 

[°C] 
Details 

Al2O3 

TMA 

 

 

80 
1.1-7.5 s 

pulse 
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The plasma expands supersonically through a nozzle in a low pressure (< 5 mbar) 

chamber, where deposition occurs by means of charge exchange reactions between Ar ions 

and precursor molecules, followed by dissociative recombination with low energy 

electrons.6 The convective flux of radicals toward the substrate placed at 50–65 cm from 

the nozzle exit leads to film deposition. Details on the ETP deposition are given in 

Appendix A. The precursor trimethyl aluminium (TMA, Dockweiler) was injected together 

with O2 in the downstream region. TMA was injected via short pulses (30 ns) and the time 

between precursor pulses was 1.1 s and 7.5 s, while the Ar/O2 plasma was always on.9 The 

substrate temperature was kept constant at 80 °C. 

3.1.3 Plasma Assisted-Atomic Layer Deposition (ALD)10–13  

 

SiO2-like, Al2O3-like and SiNx
9,14,15 layers were deposited in a FlexAL2 reactor (Oxford 

Instruments).16 The system is equipped with an inductively coupled plasma (ICP) source 

located above the wafer, isolated from the reactor by a gate valve. The plasma source can 

be operated with various gases or gas mixtures. The temperature of the precursor bubblers, 

the precursor lines, reactor walls, and substrate holder can be individually controlled. For 

all processes, Ar was used to constantly purge the delivery line and as carrier gas to deliver 

the precursor into the deposition chamber. More details on the technique can be found in 

Appendix B. 

Al2O3-like and SiO2-like: the precursors used were TMA17 and H2Si[N(C2H5)2]2 

(SAM.24, Air Liquide)18 for Al2O3-like and SiO2-like thin films, respectively, the former 

vaporized at 30 °C and the latter at 70 °C. In the ICP source, O2 was used for the oxidation 

step. Since O2 does not react with TMA and SAM.24 under the used operating conditions, 

a constant flow of 100 sccm was used during the entire ALD cycle and served as purge gas. 

For both processes, the ALD cycle consisted of four steps, presented in Table 3.2.3. 

SiNx: SiH2(NHtBu)2 (BTBAS, purity ≥ 98%, Air Products Inc.)14,19 was used for the 

deposition of SiNx, vaporized at a temperature of 50 °C. The ICP plasma was operated at 

600 W. A mixture of N2 (100 sccm, purity 99.999%) and Ar (200 sccm) was used to 

generate the plasma. The ALD process cycle is presented in Table 3.2.3. In detail: pre-

dosing purge of the delivery line (1 s), precursor dosing (150 ms), reaction step (3 s), 

precursor purge (1 s), pre-dosing of the plasma source (2 s), plasma exposure (10 s), and 

plasma purge step (1 s).  
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ALD Precursor 

Dosing/ 

Purging 

[s] 

Co-reactant 

Dosing/ 

Purging 

[s] 

Tsub 

[°C] 

Power 

[W] 

SiO2 

SAM. 24 

 

 

0.05 /1.5 O2 5/1 25-100 200 

Al2O3 

TMA 

 

 

0.02/1.5 O2 2/1 25-100 200 

SiNx 

BTBAS 

 

 

0.15 + 3/ 1 N2/Ar 2 + 10/1 80-200 600 

 

3.2 Opto-chemical and microstructural characterization 

 

The optical properties and thickness of the layers were determined by means of in-situ 

and ex-situ SE. Ex-situ measurements were performed both at a single (70°) and three 

angles of incidence (65°, 70°, 75°) in a wavelength range of 190-1000 nm by means of a 

J.A. Woollam Co. M-2000D ellipsometer. In-situ SE measurements were carried out at 

angles of incidence of 71.5° (PE-CVD), 70° (plasma assisted-ALD), and 68° (ETP-CVD), 

depending on the specific deposition system, using a J.A. Woollam Co. M-2000F 

ellipsometer. Typical spot sizes are in the order of 2-5 mm in diameter. The error associated 

with the determination of the refractive index of a single inorganic layer was estimated 

±0.005, after averaging three measurements in different regions of the sample.  

For all the layers, a classical Cauchy dispersion formula has been adopted to model the 

optical properties. In detail, Cauchy function (Eq. 1) is an empirical, not Kramer-Kronig 

consistent, formula that is widely used to describe the behaviour of the optical constants n 

and k for transparent media.   

 

𝑛(𝜆) = 𝐴 + 𝐵
𝜆2⁄ + 𝐶

𝜆4⁄ ;  𝑘(𝜆) = 𝛼 ∙ 𝑒𝛽[12400(1 𝜆⁄ −1 𝛾⁄ )]   1 
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in which A, B, and C are the Cauchy fitting parameters, λ is the wavelength; for the Urbach 

tail used to model adsorption (if any), α is the extinction coefficient amplitude, β is the 

exponent factor, and γ is the band edge, characteristic of the material under study. 

The chemical characterization of the layers was performed by means of Fourier 

transform-infrared (FT-IR) spectroscopy with a Bruker Tensor 27 spectrophotometer. The 

FT-IR spectra were acquired in transmission mode in the range 375-4000 cm-1 with a 

resolution of 4 cm-1 and 256 scans. Before the spectra acquisition, the spectrometer was 

purged with N2 to minimize H2O and CO2 absorption. In order to obtain extra information 

from the spectra, specific regions were fitted using Gaussian functions (Origin LAB 

Software), and reported in the specific section of this chapter. All the reported FT-IR 

spectra are baseline- corrected and normalized with respect to the layer thickness.  

In order to determine the chemical composition and density of the thin films, Rutherford 

backscattering spectroscopy (RBS) and elastic recoil detection (ERD) measurements were 

performed, using a 2 MeV He+ beam. 

X-ray photoelectron spectroscopy (XPS) was also performed using a Thermo Scientific 

K-Alpha spectrometer with a monochromatic Al Kα X-ray source (hν = 1486.6 eV). Prior 

to the measurements, the samples were pre-sputtered with an Ar ion-gun at an angle of 60° 

and 1000 eV in order to eliminate the carbon contamination from the environment. An 

electron flood gun was used to effect charge compensation.  

3.2.1 Ellipsometric Porosimetry (EP) 

 

The open porosity of the layers was measured by means of EP.20 As earlier mentioned, 

EP principles are based on the adsorption of a probing molecule within the porosity of a 

thin film. The variation of the refractive index due to the probing molecule adsorption and 

the possible development of an adsorbate multilayer are followed by SE.21–23 In order to 

model the infiltration of the probe molecule in the layer matrix, the inorganic thin films 

layers are treated as a two-component system, i.e., inorganic matrix and voids. From the 

Lorentz-Lorenz relationship, the adsorptive volume in pores can be calculated as:  

 

𝑉𝑎𝑑𝑠 𝑉𝑓𝑖𝑙𝑚
⁄ = 𝑉𝑚

[𝛼𝑎𝑑𝑠. (𝑑𝑡 + 𝑑0)]
⁄ ∙ ((𝐵𝑆𝑑0 + 𝐵𝑡𝑑𝑡) − 𝐵0𝑑0)   2 

 

where Vads is the volume of liquid adsorptive in the pores, B0 and Bs are the volume 

polarizability of the film before and during adsorption, Bt is the volume polarizability of 

the adsorbate multilayer which develops on top of the layer, d0 and dt are the thickness of 

the layer and adsorbate multilayer, respectively, Vm is the molecular volume of the 

adsorptive, and αads is the polarizability of the adsorptive molecule.  
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The adsorptive volume is generally reported as a function of the probe molecule relative 

pressure, expressed as the ratio between its partial pressure (Pl) and vapor pressure (Psat), 

resulting in a classical adsorption/desorption isotherm. For a nano-porous layer, at low 

Pl/Psat values (generally < 0.2), the open pores accessible to the adsorptive are filled 

(micropore-filling region), leading to a change in the n values until a monolayer of 

adsorbate is formed. Afterwards, a multilayer of adsorbate develops, detected as change in 

the layer thickness. A schematic of the EP apparatus is presented in Figure 3.2a.  

We briefly recall the IUPAC classification, according to what already reported in 

Chapter 1.24–26 A type I isotherm is associated with porous materials with a narrow 

distribution of pore size with a diameter < 2 nm (nano-porous or micro-porous materials); 

a type II isotherm is associated with non-porous materials. A type III is associated with 

non-porous materials with weak affinity with the adsorbate. Meso-porous materials (pore 

size between 2 nm and 50 nm) are instead characterized by a type IV isotherm, in which a 

hysteresis arises in the desorption step, due to the capillary condensation of the adsorbate 

in the pores (Figure 3.2b).26,27 

 

 

 

The changes in optical properties of the layers upon exposure to the adsorptives can be 

alternatively reported in terms of optical thickness (nd) variation, expressed as: 

 

𝑛 ∙ 𝑑 = 𝑛𝑙𝑎𝑦𝑒𝑟 ∙ 𝑑𝑙𝑎𝑦𝑒𝑟 + 𝑛𝑣𝑎𝑝𝑜𝑟 ∙ 𝑑𝑣𝑎𝑝𝑜𝑟 − 𝑛0 ∙ 𝑑0    3 

 

in which nlayer and dlayer are the refractive index and thickness of the layer under study 

during the measurements, n0 and d0 are the refractive index value and thickness of the layer 

with empty pores and nvapor and dvapor are the refractive index and multilayer thickness of 
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the probe molecule. The change in optical thickness accounts for the total adsorbed quantity 

of the probe molecule.  

The porosity (P) in the nano-porous regime is calculated, from the isotherm, after the 

formation of the probe monolayer, i.e., when all the nano-pores accessible to the probe 

molecule are filled. Using the Lorentz-Lorenz equation, P can be expressed as:  

 

𝑃 =
(𝒏𝒇𝒊𝒍𝒍

𝟐−𝟏)

(𝒏𝒇𝒊𝒍𝒍
𝟐+𝟐)

−
(𝒏𝟎

𝟐−𝟏)

(𝒏𝟎𝟐+𝟐)

(𝒏𝒗𝒂𝒑𝒐𝒓
𝟐−𝟏)

(𝒏𝒗𝒂𝒑𝒐𝒓𝟐+𝟐)
⁄       4 

 

in which nfill is the refractive index value of the layer when the pores are filled with probing 

molecules.4,24 

The measurements were carried out in a home-built porosimeter consisted of a vacuum 

chamber, equipped with a spectroscopic ellipsometer at an angle of 70°, Ar carrier gas and 

a source of liquid adsorptive. The liquid and Ar gas flow were regulated by mass flow 

controllers, while the vapor of the adsorptive was generated using a Controlled Evaporator 

Mixer (Bronkhorst High-Tech B.V.). Four solvents were used as adsorptives: water, 

ethanol, toluene, and V3D3. The kinetic diameters of the adsorptives are reported in Table 

3.3.  

Adsorptive 
Kinetic diameter 

[nm] 

Water 0.27 

Ethanol 0.42 

Toluene 0.6 

V3D3 1 

 

They were calculated by geometry optimization performed with an mm2 force field 

method using ChemOfficeTM, and estimated with Mol2MolTM software. The stainless steel 

lines and chamber were heated at 70 °C to prevent condensation of the adsorptive on the 

walls, while the substrate table was kept at 25 °C by a built-in Peltier heater. Before starting 

the measurement, the inorganic thin films were outgassed overnight in the porosimeter in 

vacuum (10-6 mbar) at 25 °C. 

During the adsorption and desorption sequence, the Pl/Psat was increased from 0 to 1 and 

then decreased step by step. A step duration of 10 minutes was chosen for each relative 

vapor pressure, to provide adsorption-desorption equilibrium between the adsorbed and gas 

phase. For the layers here under study, the error bar on the refractive index for each EP 

measurement was estimated ±0.0005.  

To model the EP data for transparent thin films, in this work a Cauchy function (with an  
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Urbach tail for slightly adsorbent material)21,22 is adopted. In the literature, an effective 

media approximation function (EMA)23,28 is also often adopted as alternative approach. In 

detail, effective medium approximations provide a mean to determine the optical constants 

of the materials that constitute the film layer. The simplest EMA is a linear interpolation 

between the constituent optical constants. The effective complex dielectric function ε for a 

two-component layer is given by:  

  

𝜀̃ = 𝑓𝐴𝜀�̃� + 𝑓𝐵𝜀�̃�          5 

 

where fA and fB are the volume fractions of the constituent materials with their dielectric 

functions εx. In the case of porous materials, one of the component is air/empty voids. 

While the Cauchy function does not either assume or provide a pore shape, the EMA 

can be modified in order to account for the shape of the constituents. The Maxwell-Garnett 

EMA assumed that material B consisted of spherical inclusions within the host matrix 

composed of material A. The Maxwell-Garnett EMA is exact in the limit of small spherical 

inclusions well separated from each other. The small diameter compared to the wavelength 

enables the use of the quasi-static approximation to describe the interaction of the spheres 

with the incident field. The separation enables the use of the isolated sphere case, in which 

only the induced dipole moment need to be considered. An extension of the model uses a 

parameter known as depolarisation factor (DF) that weighs the contribution from material 

B. A depolarisation factor of 1/3 assumes that the material B is spherical; a DF of 1 

represents flat disks or a laminar microstructure; whilst a DF of 0 assumes that the material 

B is composed of needle-like or columnar inclusions29. Unlike the Maxwell-Garnett EMA, 

the Bruggeman EMA (BEMA, sometimes referred to as the coherent potential 

approximation)30,31 does not assume a host material, but rather equally weighs the 

constituent materials according to their volume fractions and dielectric functions. A 

detailed mathematical description of the functions presented here can be found in 

literature.32 

Both Maxwell-Garnett and Bruggeman EMA need as input the optical constants of the 

two components. In literature, BEMA is used to model meso-porous materials either 

assuming a mixture of inorganic matrix and voids,33 or the pores are generated with 

porogens, and a non-porous layer is used to study the material optical constants.23 For the 

layers under investigation, the matrix optical constants cannot be determined directly, being 

different from the bulk material, and can be otherwise extrapolated by empirical methods.33 

On the contrary, the Cauchy function adopted in this study avoids making assumptions on 

the matrix optical constants. 
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3.2.2 Electrochemical Impedance Spectroscopy (EIS) 

 

As mentioned in the Introduction, in electrochemical impedance spectroscopy (EIS) 

measurements, an AC voltage is applied to a system, and the response is collected in terms 

of current and expressed as impedance. Every element or event occurring in the system will 

respond to the AC perturbation with a signal at a specific frequency. The deconvolution of 

this signal is achieved through an electrical model, allowing the single elements/events to 

be discerned. A schematic of the EIS principles and elements/events generally measured in 

thin films are presented in Figure 3.3a.  

 

 

 

The EIS measurements were performed on the PE-CVD SiO2 layers with a potentiostat–

galvanostat Autolab-PGSTAT30 and frequency response analyzer (FRA) together with a 

Faraday cage to avoid external interferences. A three-electrode set-up was employed using 

Ag/AgCl, KCl (sat) as the reference electrode, a graphite rod was used as counter electrode, 

and the n-type c-Si substrate served as the working electrode (Figure 3.3b). Good ohmic 

contact on c-Si was ensured by back metallization of the wafer with 10 nm of Ti followed 

by 30 nm of Au, deposited by magnetron sputtering (AJA ATC 1500-F). The area exposed 

to the electrolyte was 1 cm2. All tests were performed under ambient temperature, in 

quiescent electrolyte solution open to air, in the frequency range 10-1-105 Hz at 10 

points/frequency decade. In order to probe different porosity, four electrolyte solutions, 

each at a concentration of 0.6 M, were used, with ions showing different hydrated shells, 

i.e., NaCl, KCl, CsCl, and LiCl. The dimensions of the hydrated ions are reported in Table 

3.4. For this, a 10 mV (rms) sine-wave amplitude was applied over the flat band potential 

(Vfb) of the n-type c-Si substrate to avoid the formation of a space charge capacitance. In 

order to calculate the Vfb a Mott-Schottky analysis34–36 was employed. The pristine c-Si 

substrate was exposed to the electrolyte and the impedance was measured applying bias 

potentials between 0 and -1 V (vs. Ag/AgCl).  

The Vfb was calculated according to the Mott-Schottky relationship: 
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1 𝐶𝑠𝑐
2⁄ = (2 𝜀0𝜀𝑒𝑁𝐷

⁄ ) ∙ (𝑉 − 𝑉𝑓𝑏 − 𝑘𝑏𝑇 𝑒⁄ )     6 

 

where Csc stands for the surface charge capacitance, ε is the relative permittivity of the 

semiconductor, ND is the density of carriers, e is the electronic charge, and V is the 

semiconductor electrode potential. The Vfb for all the electrolytes was found to range 

between -0.49 and -0.6 V (see Table 3.4).  

Ion 
Hydrated shell diameter 

[nm] 

Flat band potential 

[V] 

Li+ 0.68 -0.49 

Na+ 0.55 -0.53 

K+ 0.48 -0.55 

Cs+ 0.43 -0.6 

 

The EIS results of the SiO2 layers were fitted with equivalent electrical circuits (ECs) 

using Nova software (Metrohm Autolab B.V.) following a procedure previously reported 

for organic coatings.37 The goodness of the fit given by chi-square (χ2) was below 10-3 in 

all cases. From the fitting procedure, the EC characteristic parameters were obtained and 

the water uptake (φ) and diffusion coefficient (D) calculated as exposed here below. 

By considering the thin inorganic film as a parallel plate capacitor, the layer capacitance 

Clayer is related to the dielectric constant ε by 

 

𝐶𝑙𝑎𝑦𝑒𝑟 =
𝜀𝜀0𝐴

𝑑⁄          7 

 

where ε0 is the dielectric constant of free space (8.854·10-14 F cm-1), A is the surface area 

of the layer, and d is the layer thickness. Since the dielectric constant of SiO2 is typically 

in the range 1.9-2.1 (at 633 nm) and the one of deionized water is 78.4 at 25 °C,38 the uptake 

of water leads to an increase in the dielectric constant of the film, and therefore in its 

capacitance.  

The increase in the layer capacitance is related to the volume fraction of water using 

the Brasher – Kingsbury equation:39 

 

𝜑 =
𝑙𝑜𝑔(𝐶𝑙𝑎𝑦𝑒𝑟 𝐶0⁄ )

log 𝜀𝑤
⁄        8 
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where C0 is the capacitance of the dry film extrapolated for t = 0, and εw is the dielectric 

constant of water. φ values can give an indication of the extent of porosity accessible to 

water molecules. To assure the validity of this correlation, swelling in the coating should 

not occur, and the amount of water absorbed should be relatively small and homogeneously 

permeating in the layer,39 whereas more complex correlations have to be used to obtain the 

swelling coefficients.40–42 Considering the water diffusion to be Fickianii, φ can be 

analytically expressed as a function of time,43 and the diffusivity of the layers calculated 

by: 

 

log(𝐶𝑙𝑎𝑦𝑒𝑟 𝐶0⁄ )
log(𝐶𝑠 𝐶0⁄ )

⁄ = [4𝐷 𝑑2𝜋⁄ ]
1 2⁄

𝑡1 2⁄     9 

 

where Cs is the capacitance at the saturation point, D is the diffusion coefficient, d is the 

layer thickness, and t is the immersion time.  

                                                 
ii The diffusion is considered Fickian because the mean free path in liquid water (0.25 nm) is smaller than 

the pore diameter here considered. 148 
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3.3 Nano-porosity in inorganic thin films 

3.3.1 SiO2-like 

 

In Table 3.5 the in-situ refractive index (n), density (ρ), and chemical composition of 

ALD and CCP SiO2 thin films are reported.  

The n values are below the refractive index of fused silica (1.465 at 633 nm), which 

point out the presence of porosity in the films. These results are confirmed by the mass 

density values calculated from RBS/ERD measurements, which are below the density of 

fused silica (2.203 g/cm3). The presence of porosity is also supported by the ageing 

followed within 24 hours, upon layer exposure to ambient air, as witnessed by the ex-situ 

SE measurements. All SiO2 layers here under investigation showed an increase in refractive 

index (Δn) upon ambient exposure reported in Figure 3.4: the ageing effect was observed 

to be more pronounced for layers with lower ρ and n values, as expected, indicating also 

different degree in open porosity among the layers. 

 

 

In Figure 3.5, the FT-IR absorbance spectra of the SiO2 layers are reported. Since the 

spectra showed no evidence of the Si-Hx absorption mode (stretching mode: 2000 cm-1, 

bending mode 630 cm-1), the hydrogen content measured by ERD is attributed exclusively 

to the presence of silanol (Si-OH) groups. This correlates with the presence of porosity as 

the OH groups are chain-terminating groups, that is, the growth of a continuous Si-O-Si 

chain is ended by the incorporation of an -OH group at the silicon atom.44,45 The Si-OH 

absorption band is shown in Figure 3.5a: the SiO2 ALD, 25 °C is characterized by the highest 

silanol content, whereas the SiO2 CCP, 250 W layer has the lowest density of Si-OH groups. 

This result confirms the degree of porosity inferred by SE and RBS/ERD measurements. 
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The Si-O-Si (1150-900 cm-1) asymmetric stretching band was fitted to calculate the ratio 

of the peak areas. 

 

 

SiO2-like  Growth rate n633nm 
ρ 

[g/cm3] 

H 

(at. %) 

C 

(at. %) 
O/Si 

ALD 
25 °C 0.12 nm/cycle 1.420 2.0 9±1 < 1 2.1±0.4 

100 °C 0.12 nm/cycle 1.434 2.1 7±1 < 1 2.1±0.4 

CCP 
150 W 15 nm/min 1.422 - - < 1 2.1±0.4 

250 W 13 nm/min 1.446 2.2 5±1 < 1 2.1±0.4 

Al2O3-like  Growth rate n633nm 
ρ 

[g/cm3] 

H 

(at. %) 

C 

(at. %) 
O/Al 

ETP 
1.1 s 50 nm/min 1.545 2.1 10±2 9 ± 2 1.6±0.4 

7.5 s 4 nm/min 1.628 2.9 5±1 < 1 1.6±0.4 

ALD 
25 °C 0.15 nm/cycle 1.590 2.6 17±3 3 ± 1 2.0±0.4 

100 °C 0.15 nm/cycle 1.638 2.9 5±1 < 1 1.6±0.4 

 

The bands in the region 1040-1070 cm-1 and the high energy shoulder (≈ 1140 cm-1) 

refer to adjacent oxygen atoms performing in-phase (AS1) and 180° out-of-phase (AS2) 

asymmetric stretching, respectively (Figure 3.5b).46 In this region, peaks at higher 

wavenumber values refer to larger bonding angles, and, in turn, larger ring size.47 

Moreover, the AS2 stretching peak is associated with disorder in the network structure and 
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the presence of defects in the film.48 The AS1 mode and its area with respect to the AS2 

mode area allow the change in layer porosity to be monitored, as demonstrated by the 

correlation between the AS1-to-AS2 ratio and the refractive index presented in Figure 3.5b. 

A graphical representation of the stretching modes is presented in Figure 3.6.  

 

 

3.3.2 Al2O3-like 

 

In Table 3.5 the in-situ refractive index values, density, and chemical composition of 

plasma assisted-ALD and ETP-CVD Al2O3-like thin films are reported. The refractive 

index shows values below the one associated with bulk Al2O3 (1.65 at 633 nm), indicating 

a range of porosity characteristic of the layers. Similarly, the films show different density 

values in agreement with the optical properties. For these films, however, the ageing effect 

was found only to occur for the Al2O3 ETP, 1.1s layer (Figure 3.4). The other layers showed 

no ageing (also for prolonged exposure to air of 6 months): this result suggests that the 

pores are either not connected to the surface (i.e., closed pores) or too narrow to allow water 

molecules to easily permeate through the layer (i.e., open pores with diameter below 0.27 

nm).  

The FT-IR spectra of Al2O3 layers (Figure 3.7) show differences in the layer chemistry. 

The development of the O-Al-O bending (650-700 cm-1) and Al-O stretching (750-850 cm-

1) mode peaks are related to the density of the layer and indicate an increase in layer density 

when plasma assisted-ALD is chosen as deposition method.49 The absorption band 

associated with Al-O stretching was attributed to the presence of large Al-O-Al rings 

related to porosity. As the density increases, the Al-O absorption peak area decreases while 

the Al-O-Al increases due to the presence of smaller Al-O-Al rings. Furthermore, Al-OH 

(3650-3200 cm-1) and Al-CHx (2945 cm-1) are also related to the presence of porosity as 

the OH- and CHx-containing groups terminate the alumina rings, resulting in pore 

development.50 Therefore, the Al2O3 ALD, 100 °C and Al2O3 ETP, 7.5 s appear to have the lowest 

degree of porosity as confirmed by ex-situ measurements of n. 
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3.3.3 SiNx 

 

The SiNx growth per cycle (GPC), thin film n values and bulk chemical composition are 

reported in Table 3.6.  

Tsub 

(°C) 

GPC 

(nm/cycle) 
n633 nm 

XPS ERD   

N/Si 
[C] 

(at. %) 

[O] 

(at. %) 

[H] 

(at. %) 

80 0.044± 0.002 1.802 ± 0.005 1.9 ± 0.1 14 ± 1 2 ± 1 12 ± 1 

120 0.033 1.839 1.7 9 3 11 

160 0.026 1.884 1.6 6 3 N/A. 

200 0.024 1.904 1.6 5 2 8 

 

The GPC was found to decrease with increasing deposition temperature. The lower GPC 

at higher deposition temperature is a result of the lower impurity content (e.g., carbon) due 

to the more efficient ligand removal at higher temperature resulting in higher film density. 

This conclusion is supported by the trends in refractive index and chemical composition. 

The refractive index ranges from approximately 1.80 for SiNx deposited at 80 °C to 1.90 

for 200 °C. The N/Si ratio, as determined by XPS, is higher than the stoichiometric SiNx 

ratio (1.5), but approaches the latter value when increasing the deposition temperature. 
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Depth profile XPS measurements show the O content constant at 2-3% through all the bulk 

of the layers, and it is related to the presence of residual O2 or moisture in the process 

chamber during deposition. Post-oxidation processes are excluded, as it would result in a 

gradient of oxygen content due to the diffusion of H2O and O2. Furthermore, the C impurity 

levels range from 14 at. % for SiNx deposited at 80 °C to 5 at. % for SiNx deposited at 200 

°C, confirming the more efficient ligand abstraction at higher temperatures. The H content 

has been previously determined for SiNx layers deposited with the same process using 

slightly different experimental conditions.14 By comparing the present refractive index and 

carbon contamination level with the previously measured values, it can be inferred that the 

H level is between 12±1 at. % for SiNx deposited at 80 °C and 8±1 at. % for SiNx deposited 

at 200 °C. 

Comparable values have been obtained for SiNx layers deposited by a monomer very 

similar to BTBAS, namely di(sec-butyl)aminosilane (DSBAS), processed under the same 

conditions as reported here. The layers deposited at 100 ºC have comparable refractive 

index, carbon and oxygen contamination levels, as found in those deposited from the 

BTBAS process at 120 ºC.  

The chemical composition of the SiNx layers deposited at the indicated Tsub was also 

investigated by FT-IR. Typical FT-IR spectra are shown in Figure 3.8.  

 

 

 

The characteristic (hydrogenated) SiNx absorption peaks visible in the spectra are the N-

H stretching mode at ~3345 cm-1, the Si-H stretching mode at ~2180 cm-1 for different 

back-bonding structures, the N-H rocking mode at ~1195 cm-1, the Si-N-Si asymmetric 

stretching mode at ~895 cm-1, and the Si-N bending mode at 470 cm-1.51–53 An absorption 
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peak at ~1105 cm-1 of the Si-O-Si asymmetric stretching mode, a peak at ~795 cm-1 of the 

symmetric stretching mode and a small peak at 515 cm-1 of the Si-O bending mode in the 

spectrum of the 80 °C SiNx indicate the presence of oxygen in the layer.48 The absorption 

peak around 3300-3700 cm-1 typical for Si-OH is not detected. The absorption at 582 cm-1 

is tentatively attributed to Si-C bonds.54 This is confirmed by the deconvolution of the C1S 

peak measured by XPS, showing a component at binding energy 283.7-284.1 eV indicating 

Si-C bonds. Another impurity peak observed around 1600 cm-1 is attributed to the C=O 

stretching mode in amides and/or the N-H bending mode in amines. The carbonyl 

functionality can be derived by the partial oxidation process of residual t-butyl groups, 

occurring during the plasma exposure due to the presence of residual O2 or H2O in the 

chamber. The absence of C-H stretching peaks between 2800 and 3000 cm-1 indicate that 

no significant amount of unoxidized organic species is present in the layer. For increasing 

deposition temperature, a shift of the peak positions of the Si-H and the Si-N-Si absorption 

bands is observed. The peak position of the Si-H stretching mode shifts from 2190 cm-1 for 

80 °C towards lower wavenumber values as the temperature increases, i.e., 2175 cm-1 for 

200 °C.  

Similarly, the Si-N-Si asymmetric stretching mode is found at 920 cm-1 for 80 °C and it 

shifts towards 870 cm-1 for 200 °C. The shift towards lower wavenumbers points out the 

less electronegative environment of Si at higher deposition temperature. The level of 

impurities is indeed clearly dependent on the deposition temperature. The Si-N-Si 

stretching vibration peaks become stronger with increasing deposition temperature, and at 

the same time, all C, O and H contamination related absorption bands decrease in intensity. 

The reduction of the contamination levels for higher deposition temperatures is consistent 

with the XPS data.  

The incorporation of C, O and H impurities in the plasma assisted-ALD SiNx layers is 

in line with observations by Gumpher et al. for the LPCVD of SiNx with BTBAS as a 

precursor.54 The incorporation of these impurities results in a lower density and a lower 

refractive index as compared to vitreous, stoichiometric SiNx (2.015). Since the refractive 

index of thermal silica (1.465) is lower than that of a- SiNx:H, the incorporation of oxygen 

also reduces the refractive index of a- SiNx:H. However, in contrast to SiO2 and Al2O3 

layers, no direct indication of the presence of open-porosity can be inferred. The impurity 

levels, although correlated to the refractive index, do not give any information on the layer 

microstructure and are not corroborated by increase in n values due to uptake of water upon 

air exposure. 
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3.4 EP analysis of inorganic thin films 

 

In order to classify and quantify the open porosity in the inorganic thin films 

investigated, EP analyses were performed.  

SiO2-like: the EP measurements carried out on the SiO2 layers are presented in Figure 

3.9a. 

 

 

 

In these measurements, V3D3 is used as adsorptive (see Table 3.3). The four 

adsorption/desorption isotherms (see Introduction) are characterized by a combination of 

type I (microporous) and type II (non-porous) isotherms, pointing out the absence of meso-

pores (type IV isotherm).26,27 The size of the micropores that are filled during the EP 

measurements can be determined from the size of the V3D3 molecule which has a d of 1 

nm.21,55 Since micropores are classified as pores with a d less than 2 nm, pores with a d 



Chapter 3: Detection and characterization of (nano-)porosity in inorganic thin films 

 

 

            

 

 

 71 

between 1 and 2 nm are present. The micropore-filling is found to occur in the Pl/Psat range 

between 0 and 0.2. In a first stage (0 ≤ Pl/Psat ≤ 0.03), the pores with a dpore ≈ dV3D3
 (1 nm) 

are filled, resulting in a steep variation of the n values (primary micropore-filling). In a 

second stage (0.03 ≤ Pl/Psat ≤ 0.2) pores with a d between 1 and 2 nm are filled (secondary 

micropore-filling), leading to the formation of a rounded knee which accounts for 

monolayer formation. A cartoon of the micropore-filling process is presented in Figure 

3.9b: for simplicity, we refer here to columnar pores. However, the micropore-filling 

depends only on the adsorptive-to-pore d ratio and is independent of the shape of the pore. 

In the range 0.2 < Pl/Psat ≤ 1, multilayer formation occurs. 

From the desorption branch in Figure 3.9a, it can be observed that a limited hysteresis 

arises, presumably due to chemisorption between the pores and the adsorptive. In order to 

better represent the differences in micropore-filling and multilayer formation the isotherms 

are separated into two regions (Figure 3.9c-d). For the process of micropore-filling, a 

normalized refractive index is reported as a function of Pl/Psat. The refractive index has 

been scaled to the initial n values at Pl/Psat = 0 (n0) according to:  

 

𝑛(𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑) = (𝑛𝑥
2 − 1) (𝑛𝑥

2 + 2)⁄ − (𝑛0
2 − 1) (𝑛0

2 + 2)⁄    10 

 

with nx being the refractive index at partial pressure x. Furthermore, the process of the 

multilayer adsorption is presented in terms of thickness increase, due to the multilayer 

development, as a function of the relative pressure.  

In Figure 3.9a, c, and d, the difference in adsorption for the PE-CVD and plasma assisted-

ALD SiO2 layers points out a broad range of micropore content. The open nano-porosity 

values can be determined from the value of the refractive index at Pl/Psat = 0.2 (i.e., when 

the micropore-filling is completed) by applying Eq. 4. The porosity was calculated also 

from the adsorption of H2O molecules after exposure to the atmosphere, applying the same 

formula with n0 being the in-situ refractive index value and nfill the ex-situ refractive index 

value of the layers. For this calculation, it was considered that the average relative humidity 

was in the order of 60%, and, in turn, the open porosity was calculated at Pl/Psat of 0.6. In 

Table 3.7, the open nano-porosity values for V3D3 and water as adsorptives are presented. 

These values confirm that the SiO2 ALD, 25 °C and SiO2 CCP, 250 W layers have the highest and 

lowest degree of porosity, respectively, as concluded earlier in §3.3.1. As shown in Table 

3.7, the open nano-porosity as determined from the adsorption of V3D3 is lower than the 

one calculated from the H2O adsorption. 

Taking into account that the kinetic diameter of the water molecule (0.27 nm) is smaller 

than the one of V3D3, it is reasonable to assume that a large amount of pores is present with 

d below 1 nm. These pores are inaccessible to V3D3 but large enough to be filled by water 

molecules, supporting the difference in porosity. 
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Open porosity (%) 

V3D3 

Pl/Psat = 0.2 

Open porosity (%) 

Water 

Pl/Psat = 0.6 

SiO2 ALD,25 °C 1.1±0.1 8.4±0.1 

SiO2 ALD,100 °C 0.7±0.1 6.4±0.1 

SiO2 CCP,150 W 0.7±0.1 7.4±0.1 

SiO2 CCP,250 W 0.5±0.1 4.3±0.1 

Al2O3 ETP, 1.1 s 0.7±0.1 6.1±0.1 

Al2O3 ETP 7.5 s - - 

Al2O3 ALD, 25 °C - - 

Al2O3 ALD, 100 °C - - 

 

Comparing the SiO2 CCP, 150 W and SiO2 ALD, 25 °C layer, despite the similar n values and 

AS1/AS2 ratio, the open porosity reveals differences between the two layers. The SiO2 CCP, 

150 W and SiO2 ALD, 100 °C layers have the same porosity but a different pore size distribution 

as can be seen in Figure 3.9b indicated by a different normalized n. The SiO2 ALD, 100 °C 

layer has a higher relative content of small micropores. It is therefore presumable that a 

higher content of smaller pores is present, not detected by V3D3, but still accessible to H2O. 

The plasma assisted-ALD layers showed a larger amount of micropores with a d ≈ 1 nm 

compared to the CCP layers (primary micropore-filling region). This difference may be 

attributed to the dimension of the plasma assisted-ALD SiO2 precursor. SAM.24 has a 

molecular d of 0.8 nm (calculated with Mol2MolTM software), which presumably leads to 

a reduced coverage of the surface during the monomer dosing step due to steric hindrance, 

leading to higher micropore content. 

After the completion of the secondary micropore-filling, the process continued by means 

of the multilayer adsorption. The thickness of the multilayer adsorbed on the SiO2 layers as 

a function of the relative pressure is given in Figure 3.9d. Once the saturation pressure is 

reached, the thickness of the multilayer for the SiO2 ALD, 25 °C, SiO2 ALD, 100 °C, SiO2 CCP, 150 W 

and SiO2 CCP, 250 W layers, was 0.96 nm, 0.82 nm, 1.64 nm and 0.65 nm, respectively. Taking 

into account that the hydrogen bonding between the silanol groups and the siloxane 

monomer can promote the monomer adsorption, the variation in adsorptive layer thickness 

is attributed to the variation in hydrogen content in the layers (Table 3.5). 

Al2O3-like: EP measurements were performed on the Al2O3 layers and presented in 

Figure 3.10.  
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Figure 3.10a suggests that the Al2O3 ETP, 1.1 s layer is characterized by open nano-

porosity. The isotherm clearly shows a type I isotherm behavior. The increase at very low 

relative pressure (Pl/Psat < 0.03) is attributed to primary micropore-filling. In this case, 

secondary micropore-filling continues until Pl/Psat is equal to 0.6, indicating that the pore 

distribution between 1 and 2 nm for this layer is broader than in the SiO2 layers. After 

scaling the n values by applying Eq. 11, the nano-pore content for both V3D3 and water as 

adsorptives (Table 3.7) is determined. The Al2O3 ALD, 100 °C, Al2O3 ETP, 7.5 s (Figure 3.10b) 

and Al2O3 ALD, 25 °C isotherms are characterized by a shape between a type II and a type III, 

pointing out an immediate multilayer adsorption with lack of the micropore-filling step. 

The shape of the isotherms at low relative pressure is not convex as for a type II isotherm 

but almost linear and the inflection point, often interpreted as the completion of a monolayer 

and the beginning of multilayer uptake, is not well defined. This ill-defined inflection point 

suggests that multilayer formation started before the surface monolayer coverage is 

complete. These characteristics indicate a weak interaction between Al2O3 and V3D3 

leading to a limited adsorption at low relative pressure.26 However, once a partial uptake 

has occurred, the adsorption of further molecules is promoted by adsorbate-adsorbate 

forces. Furthermore, the isotherms did not indicate the presence of nano-porosity in the 

layers. The absence of water uptake, as pointed out by the ex-situ n measurements, confirms 

the lack of nano-porosity.  

The Al2O3 ALD, 25 °C isotherm (not shown) is characterized by a multilayer thickness of 9 

nm. Taking into account the high H content (Table 3.5) of this layer, the multilayer 

thickness value has been attributed to stronger adsorbate-adsorbate forces enhanced by H-

bonding and allowing the formation of a thicker multilayer. 
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SiNx: Figure 3.11a shows the adsorption/desorption isotherms for the SiNx layers 

deposited at 80 °C, 120 °C, 160 °C and 200 °C, and water, ethanol and toluene are adopted 

as adsorptives.  

 

 

 

The adsorbate uptake is reported here in terms of optical thickness. The change in the 

optical thickness of the SiNx layer combined with the optical thickness of the adsorptive 

layer has been reported as a function of Pl/Psat. The shapes of the adsorption curves are 

characterized by a type II isotherm associated with non-porous layers.27 The observed small 

increase at Pl/Psat < 0.2 is attributed to the adsorptive monolayer formation, followed by 

multilayer formation that further develops as Pl/Psat approaches 1. This unrestricted 

multilayer growth is typical for non-porous layers. For all three solvents, the steep increase 

of the optical thickness in the Pl/Psat < 0.2 range, typical for micropore-filling, is not 

observed. To better discern between the two contributions to the optical thickness, the 

refractive index of the SiNx layer and adsorptive layer thickness are separately presented in 

Figure 3.11b and Figure 3.12, respectively. The refractive index of the SiNx layers remains 

constant upon increasing the vapor pressure for all solvents, indicating that no infiltration 

of the probing molecules in the SiNx layer occurs. Taking into account the size of the 

smallest probe molecule, i.e., water, it can be concluded that no nano-pores larger than 0.27 
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nm are present in the films. Even though the layers exhibit different refractive indices 

depending on the SiNx deposition temperature, and the FT-IR and XPS analysis clearly 

demonstrate that the impurity levels increase when lowering the deposition temperature, it 

can be concluded from the EP analysis that open porosity is absent in all investigated layers. 

A very limited clockwise hysteresis is observed in the water EP measurement for the 

samples deposited at 80 °C and 120 °C (see Figure 3.11a-I and b-I). The decrease of n for 

80 °C after adsorption and desorption is around 0.004. Note that the direction is different 

from the more common anti-clockwise hysteresis caused by trapping of the probe 

molecules in the pores.21,56 The decrease of the refractive index may be attributed to 

oxidation possibly by water, which becomes more pronounced for films with higher C 

content as obtained at the lowest temperatures.14  

The main effect of increasing Pl/Psat is an increase in multilayer thickness of the probe 

molecule on top of the non-porous thin inorganic layer. The thickness of the solvent layer 

adsorbed on the SiNx is presented in Figure 3.12 as a function of the relative pressure.  

 

 

 

The shapes of the thickness adsorption isotherms are obviously similar to the overall 

adsorption isotherm, described by a type II behavior. At low relative pressure, the shape of 

the curves is convex and an inflection point can be observed, indicative for the completion 

of a monolayer and the beginning of multilayer uptake. The thickness of the multilayer at 

the saturation pressure depends on the SiNx deposition temperature and the polarity of the 

solvent used. The multilayer thickness of water decreases with deposition temperature, 

while, on the other hand, the multilayer thickness of the non-polar toluene increases with 

deposition temperature. The multilayer thickness observed with ethanol, which has a 

polarity in between water and toluene, decreases slightly with deposition temperature. The 

SiNx layer is hydrophilic and a lower deposition temperature leads to layers with more 

impurities and therefore a higher polarity. The higher polarity of these layers promotes the 

interaction with polar solvents and suppresses the adsorption of non-polar solvents, which 

is in line with the trends observed. Irrespective of the impurity content of the tested SiNx 
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films, the multilayer formation follows a type II isotherm and no uptake of solvent in the 

thin film is present. These results confirm the non-porous nature of the SiNx films. 

In summary, ellipsometric porosimetry has been shown a powerful tool for the 

determination of nano-pore content in several inorganic thin films, differing in deposition 

method and chemistry. In detail, Al2O3 and SiNx layers deposited by plasma assisted-ALD 

showed no porosity accessible to water molecules, that is, no open pores with a diameter ≥ 

0.27 nm, regardless of the level of impurities. SiO2 layers deposited by PE-CVD and plasma 

assisted-ALD systematically showed a residual nano-porosity, strongly dependent form the 

process parameters (plasma power, temperature). Al2O3 layers deposited by ETP-CVD 

were also found to be strongly dependent from the process parameters, showing layers with 

both high and no level of open nano-porosity accessible to water molecules.  

Generally, in this work plasma-assisted ALD showed the capability of depositing layers 

with very low content of porosity and no open pores accessible to water, superior to CVD-

based techniques (CCP and ETP). In the case of the plasma assisted-ALD SiO2, the 

presence of open porosity is presumably due to the adoption of a bulky precursor (SAM.24 

has a diameter of 0.8 nm), combined with the possibility in amorphous SiO2 of forming 

large size rings.15,57 ALD SiNx, notwithstanding the bulkier ALD precursor adopted 

compared to SAM.24 (BTBAS has a diameter of 1 nm), shows a more cross-linked 

structure, due to the higher coordination number of nitrogen compared to oxygen atoms.58,59 

In Figur3.13, examples of the structure of the inorganic layers presented in this chapter are 

reported. 

 

 

Finally, ellipsometric porosimetry allowed a complete characterization of the open nano-

porosity of inorganic thin films in a quantitative manner, compared to the level of analysis 

achieved with FT-IR, RBS/ERD and SE.  
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3.5 EIS analysis of inorganic thin films 

 

Electrochemical impedance spectroscopy has been also applied to PE-CVD SiO2 layers 

in order to explore its potential in detecting nano-porosity. The results obtained are 

corroborated by the opto-chemical properties of the layers measured by SE, FT-IR, and 

XPS, as well as by the information on porosity inferred by EP. 

The nano-porosity content was tuned by depositing SiO2 layers at different plasma 

power density values (Table 3.8).  

Power 

[W] 

nin-situ 

(±0.003) 

nex-situ 

(±0.003) 

Porosity 

(±0.02%) 

Rpore 

[Ω cm] 

Clayer 

[nF/cm2] 

α 

(±0.02) 

φ 

(±0.3%) 

D 

[ cm2s-1] 

50 1.399 1.447 4.43% 50±3 270±14 0.72 4.2 % (1.1±0.1)·10-13 

80 1.403 1.447 3.59% 59±3 215±11 0.77 3.9 % (2.0±0.1)·10-14 

110 1.418 1.454 2.61% 2653±13 181±9 0.83 2.9 % (1.7±0.1)·10-15 

250 1.457 1.463 0.72% (2.5±0.1)·105 45±2 0.98 0.8 % (9.9±0.1)·10-17 

 

In Figure 3.14a, the FT-IR spectra are reported for all the PE-CVD SiO2 layers.  

 

 

 

The use of this technique for the detection of porosity has already been addressed in 

§3.3.1, and the same conclusions can be drawn for the layers here under investigation. The 
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in-situ refractive index (nin-situ) values already indicate the presence of porosity in the layers, 

supported by the ageing (Δn) of the samples after exposure to the environment and 

measured by ex-situ SE. The layers are carbon-free (according to XPS analysis) and this 

prevents potential swelling effects during the EIS measurement in electrolyte solution, 

assuring the applicability of Brasher-Kingsbury equation (see Eq. 8 in §3.2.2).60 This is 

confirmed by ex-situ SE measurements performed on the samples after exposure to the 

electrolyte solution, which showed no increase in thickness. 

In order to identify the nature of the open porosity and determine the relative amount of 

pores accessible to water molecules, the microstructure of the PE-CVD SiO2 layers were 

characterized by EP using water as adsorptive. The layers and the adsorption were modelled 

with a Cauchy function as earlier described. In Figure 3.14b, the adsorption isotherms are 

reported, expressed as adsorbed water volume as a function of the Pl/Psat. All layers showed 

a type I isotherm, confirming the presence of nano-porosity with a pore diameter below 2 

nm. No meso-porosity was detected, as the desorption (not reported here) did not show 

hysteresis typical of a type IV isotherm.26 The open porosity values, calculated according 

to  Eq. 4, were found to range between 4.2% and 0.7% (Table 3.8). The difference in 

porosity pointed out by FT-IR measurements and in-situ refractive index values are 

confirmed by the differential uptake in terms of Vads at low Pl/Psat, i.e., in the micropore-

filling region. The SiO2, n 1.457 showed a combination of type I and type II isotherms, which 

is characterized, next to the micropore-filling, by a multilayer development.20 The type I+II 

is generally assigned to micro-porous layers with a very low porosity content, which is 

filled by the adsorptive at Pl/Psat values below 0.1-0.2 and allows the development of a 

multilayer already at low Pl/Psat. 

3.5.1.1 Nano-porosity detection 

 

We followed the change in the SiO2 layer capacitance with EIS upon immersion in the 

electrolyte solution, until saturation occurred, i.e., when all the pores accessible to the 

electrolyte solution were filled. The EIS data are reported in this work as impedance 

modulus (|Z|) and phase angle as a function of the frequency (Bode plots). The Bode plots 

of the layers at the beginning of the immersion in the electrolyte solution are shown in 

Figure 3.15a.  

The impedance modulus values at all frequencies confirm the trend of n, Δn, and EP 

measurements earlier discussed, where the highest and lowest |Z| values are shown by SiO2, 

n 1.457 and SiO2, n 1.399, respectively. The sensitivity of the technique in discerning small 

differences in porosity was compared with more classical characterization tools for thin 

films such as SE. The layers showing the highest porosity content with the lowest in-situ n 

values (SiO2, n 1.399 and SiO2, n 1.403) exhibit the same refractive index when measured ex-

situ (see Table 3.8), highlighting the limited sensitivity of this approach. In contrast, EIS 

was able to discern between the two layers in terms of |Z| values because of the lower 
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detection limit (in the order of 10-2-10-3 Ω). For all the samples investigated, the |Z| plots 

show a two-slope behavior. In the low frequency region, the slope is -0.98 ± 0.02, which is 

characteristic of a pure capacitor61,62 and here attributed to the c-Si substrate. 

 

 

 

The capacitive behavior is confirmed by the phase Bode plots that show a constant value 

close to 90°. In the high frequency region, the slope varies from -0.32 ± 0.02 (SiO2, n 1.399) 

to -0.63 ± 0.02 (SiO2, n 1.418), and the phase between 28° and 57°. This indicates an increase 

in the cross-linking of the layers with the refractive index and correlates with the 

microstructural characterization. The two-slope behavior disappears for the SiO2, n 1.457 with 

a constant slope of -0.99 ± 0.02 and a phase value close to 90° within all the frequency 

range studied. Such results confirm the highest capacitive behavior of the system with the 

highest n, this being associated with a lower porosity reflected in a combined type I+II 

isotherm. 

EIS data were modelled with the most probable equivalent circuit (MPEC) showed in 

Figure 3.15b, obtained after a dedicated selection process.63 In this MPEC, Rel represents 
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the resistance of the electrolyte solution, Clayer is the capacitance attributed to the thin 

inorganic layer, Rpore is the pore resistance, Cdl is the capacitance that arises for the 

formation of a double layer at the substrate surface, and Cox and Rox are the capacitance and 

resistance of the native oxide layer at the substrate surface, respectively. Compared to the 

classical EC for defective layers64, the so-called polarization/charge transfer resistance 

cannot be used to model the impedance data of these systems due to the inertness of the Si 

substrate in the chosen experimental conditions that prevents corrosion processes/charge 

transfer mechanisms from occurring.  

In order to improve the fit and due to the presence of inhomogeneity, the layer 

capacitances of all the SiO2 layers were substituted with constant phase elements (CPE)64,65 

defined as:  

 

𝑍𝐶𝑃𝐸,𝑙𝑎𝑦𝑒𝑟 =
1
𝑄𝑙𝑎𝑦𝑒𝑟 ∙ (𝑖𝜔)𝛼
⁄        12 

 

where i is the imaginary number, ω is the radial frequency, Qlayer is a constant value, 

independent of frequency, and α is the CPE power which gives an indication of the layer 

inhomogeneity/porosity. In Table 3.8, the EC fitted parameters of interest for the layers at 

the beginning of the immersion are presented. 

The Clayer and Rpore values are in agreement with the porosity content inferred by SE (in-

situ, Δn), FT-IR, and EP measurements. As n approaches the value for fused silica, the layer 

shows a higher capacitive behavior and pore resistance. Furthermore, the α values range 

from 0.72 to 0.98 for the most and least porous layer, respectively, highlighting the relation 

of this parameter to the inhomogeneity/nano-porosity of the layer. The increase of the α 

value points out that the heterogeneity and porosity decrease with the increase in n, giving 

an indication of the increased density/cross-linking of the layer. Moreover, it confirms the 

observations based on the different slopes in the impedance modulus in the Bode plot. 

When plotting the α value vs. both the nin-situ and the nano-porosity values, a clear linear 

correlation was found, as shown in Figure 3.15c. This relationship potentially allows the 

determination of the nano-porosity values starting from the CPE attributed to the inorganic 

layer, pointing out the goodness of the fit and the sensitivity of EIS towards the detection 

of the nano-porosity/free volume. 

The PE-CVD SiO2 layers were further kept in the electrolyte solution, and the 

permeation of water was followed by monitoring the increase of the layer capacitance 

values until saturation occurred. In Figure 3.15d, the evolution of the Clayer for all layers as 

a function of the immersion time is shown. From the variation of the layer capacitance, the 

water uptake (φ) and diffusivity (D) values were calculated (Table 3.8). The water uptake 

values are in good agreement with the porosity values calculated by EP, confirming the 

applicability of the Brasher-Kingsbury equation also for thin inorganic layers. The 

diffusivity coefficients are comparable to those reported in literature for analogous 
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systems66,67, and understandably lower than those of thin corrosion protection organic 

layers35,60. As we will see in the next paragraph (§3.5.2) and in Chapter 4, diffusivity values 

can be used to detect the presence of different macro-scale pathways in the layers and can 

be correlated to their barrier performance in terms of moisture barrier layers. 

In summary, EIS has been shown a powerful and versatile tool for the determination of 

the microstructure of inorganic thin films. The open nano-porosity as determined by EP are 

in excellent agreement with the water uptake values as measured by EIS, corroborated by 

the FT-IR and SE analysis. The higher sensitivity of EIS towards differences in the layer 

microstructure, when compared to more classical characterization tool such as ex-situ SE, 

demonstrates its potential in the categorization of nano-porosity.  

 

Once demonstrated that EP and EIS are both able to categorize layers in terms of their 

microstructure, the two techniques have been applied together in order to narrow down the 

pore size distribution in the nano-pore regime (0.27-1 nm). Two different PE-CVD SiO2 

layers were deposited using V3D3 as precursor, showing a highly porous and dense 

microstructure. The plasma power was set at 125 W to obtain the highly porous and 200 W 

for the dense layer. The in-situ refractive index values were measured at the end of the 

deposition process and resulted equal to 1.426±0.003 (SiO2, n 1.426) and 1.449±0.003 (SiO2, 

n 1.449), respectively. When comparing the in-situ refractive index values to the one of fused 

silica (~1.458 at 633 nm), these values pointed out the presence of a residual porosity. 

Figure 3.16a shows the FT-IR absorption spectra over the 375-4000 cm-1 range for the 

silica layers, which confirms the difference in porosity content of the two layers. 

The EIS measurements on the PE-CVD SiO2 layers were performed until no further 

variation of the impedance value occurred with the immersion time. The Bode plots of the 

layers at the beginning of the immersion in the NaCl solution are presented in Figure 3.16b.  

 

 



Looking down the rabbit hole: Nano-porosity in thin films – A. Perrotta 

 

 

 

82 

 

The impedance modulus values at all frequencies showed a difference between the two 

layers, with the highest and lowest |Z| values attributed to SiO2, n 1.449 and SiO2, n 1.426, 

respectively. For the SiO2, n 1.426, the |Z| plot shows a two-slope behavior. In the low 

frequency region, the slope is -0.98 ± 0.02, which is generally attributed to a pure 

capacitance, is here attributed to the Si substrate.61 The capacitive behavior is confirmed by 

the phase Bode plot, which showed a constant value close to 90°. In the high frequency 

region, the slope changed to -0.71 ± 0.02, and the phase changed to 64°. Instead, for the 

SiO2, n 1.449 the two-slope behavior disappears, and the slope had a value of -0.97 ± 0.02; 

consequently, the phase value was found close to 90° within all the frequency range studied. 

This points out a higher capacitive behavior for the SiO2, n 1.449.
68 

In order to isolate the contribution to the overall impedance of every single element in 

the system, the impedance data were modelled with the MPEC shown in Figure 3.15b. In 

Table 3.9, the EC fitted parameters of interest for the layers at the beginning of the 

immersion in NaCl are presented.  

 

nin-situ 

(±0.003) 

nex-situ 

(±0.003) 

Rpore 

[kΩ cm] 

Clayer 

[nF/cm2] 

α 

(±0.02) 

1.426 1.456 1.3±0.1 131±8 0.77 

1.449 1.462 31.8±0.1 54±2 0.92 

 

The Clayer and Rpore values are in agreement with the porosity content inferred by SE and 

FT-IR: the SiO2, n 1.449 showed a higher capacitive behavior and pore resistance compared 

to the SiO2, n 1.426. In addition, the α values increased from 0.77 (SiO2, n 1.426) to 0.92 (SiO2, 

n 1.449), pointing out that the porosity decreases with the increase in n. Moreover, it confirms 

the observations based on the different slopes in the modulus from the Bode plot. In Figure 

3.17, the EP and EIS measurements for the SiO2, n 1.426 are reported. 
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The EP measurement (Figure 3.17a) revealed a type I isotherm in all cases, which points 

out the presence of nano-pores with dimension below 2 nm. Meso-pores are not detected, 

since a hysteresis was not found in the desorption path. The porosity value measured by EP 

with the various adsorptives are reported in Table 3.10 (cfr. Table 3.3 for the adsorptive 

kinetic diameter). The layer showed 6.38±0.02% of pores accessible to water molecules, 

3.78±0.02% of pores accessible to ethanol and 2.08±0.02% accessible to toluene molecules. 

Taking into account the dimension of the adsorptives, a pore size distribution can be 

inferred from the difference in the porosity values measured by each couple of probe 

molecules (Table 3.10). 

 

Hence, the amount of pores with diameters in the range 0.27-0.42 nm is 2.59±0.02%, 

and the one with diameters between 0.42 and 0.6 nm is 1.70±0.02%.  

In order to zoom further in the investigated pore size range by EP, EIS measurements 

were performed on the silica layer (Figure 3.17b). For this layer, three electrolytes were 

used, namely Li+ (hydrated ion shell 0.68 nm), Na+ (0.55 nm), and K+ (0.48 nm). In time, 

 Porosity (± 0.02%) Relative Porosity (± 0.02%) 

 Water Ethanol Toluene 0.27-0.42 nm 0.42-0.6 nm 

SiO2, n 1.426 6.38% 3.78% 2.08% 2.59% 1.70% 

SiO2, n 1.449 2.9% 0.29% 0.18% 2.61% 0.11% 
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the ions in the electrolyte solution permeate the accessible pores and lead to the formation 

of conductive pathways, causing a decrease in the resistance attributed to the pores (pore 

resistance, Rpore). The decrease in pore resistance is reported as a function of the immersion 

time, and all the data points are normalized to the first value. The trend showed a similar 

distribution of pore sizes as measured by EP. The Rpore using Li+ showed the lowest 

decrease in time, indicating a smaller amount of pores with dimension above 0.68 nm. In 

contrast, the Rpore measured with Na+ and K+ showed a higher decrease compared to the 

Li+, and, in turn, a higher amount of pores accessible to the hydrated ions. Furthermore, the 

two electrolytes showed a similar trend, pointing out at a comparable amount of pores in 

the range 0.48-0.55 nm.  

In Figure 3.18, the EP and EIP measurements for the SiO2, n 1.449 are reported. The EP 

measurement (Figure 3.17a) showed also for this layer a type I isotherm. The lower 

porosity of the dense silica layer, inferred by FT-IR, SE and EIS measurements, is 

confirmed by EP. The amount of pores accessible to water represents the 2.90±0.02% of 

the total porosity, more than a factor two lower than the highly porous layer. In contrast, 

the porosity accessible to both ethanol and toluene was found to be comparable and one 

order of magnitude lower than the one permeable to water, with values of 0.29±0.02% and 

0.18±0.02%, respectively. When calculating the pore size distribution from the relative 

porosity accessible to the probe molecules, the amount of pores with diameters in the range 

0.27-0.42 nm was found to be 2.61±0.02%, the same measured for SiO2, n 1.426. It can be 

concluded that the densification process due to the higher plasma power density has mainly 

an effect on the pores with a larger diameter. The effect of the densification will be further 

discussed in Chapter 4 and Appendix A.69  

The EIS measurement is reported in Figure 3.18b.  
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For this layer, in addition to the three electrolytes adopted for the highly porous layer, 

Cs+ was used, which is characterized by a hydrated ion shell of 0.43 nm. All ions were 

found to permeate with a diffusion rate in agreement with their solvated dimension: in the 

inset of Figure 3.18b, the first stages of the ion diffusion are presented. Li+ was found to 

be the slowest to diffuse, and Cs+ proved to be the fastest.  

Nevertheless, the final value of the relative Rpore showed that all the ions probed 

comparable amount of pores and, in turn, minor differences are present in the probed pore 

size range, i.e., 0.68-0.43 nm, in agreement with the pore size distribution obtained by 

means of EP. The majority of pores, still accessible to water vapor, was then found to be in 

the pore size range between 0.27 and 0.42 nm. 

In summary, the combined approach of EIS and EP allowed to further analyse the nano-

porosity and nano-pore size distribution in thin films. The possibility to choose different 

adsorptives (for EP) and different hydrated ions (for EIS) makes possible the complete 

characterization of the open nano-porosity. The intrinsic differences in the two 

methodologies result in a more robust and reliable analysis of the layer microstructure, in 

turn making both valuable instruments for the characterization of layers to be adopted in 

the closed pore-based technologies (see Introduction and Table 1.1). 

3.5.2 EIS for the detection of macro-scale defects 

 

In parallel studies on PE-CVD SiO2, a different precursor was adopted, namely TVTSO, 

instead of the cyclic V3D3. The TVTSO-deposited SiO2 showed the same chemical 

composition (measured by XPS and FT-IR) and refractive index values (both in-situ and 

ex-situ) compared to the ones deposited by V3D3 in similar experimental conditions (data 

not shown). In order to verify if the similarities inferred by the opto-chemical analysis are 

also reflected in the layer microstructure, both kinds of SiO2 layer were investigated with 

EP and EIS. In Figure 3.19, the Bode plots and adsorption isotherms of the V3D3-deposited 

SiO2, n 1.418 and SiO2, n 1.457 are reported, together with the plots of a TVTSO-deposited layer, 

with an in-situ refractive index value of 1.446 (SiO2 n 1.446). 

In Figure 3.19a, the EP measurements point out a lack of meso-porosity and a type I 

isotherm for all layers, with values of porosity that follow the analysis of the in-situ 

refractive index, in line with what reported earlier in this chapter. However, the EIS 

measurement highlighted differences in the water permeation of the layers (Figure 3.19b). 

A second time constant developed in the Bode plot for the TVTSO-deposited SiO2 n 1.446, 

which is generally attributed to the formation of an interface between the substrate and the 

electrolyte solution.64,65 To confirm whether the layers are characterized by a different 

microstructure, the permeation of water was followed with EIS, as change of the Clayer with 
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the immersion time. The φ and D values were calculated using  Eq.s (8) and (9) and pointed 

out a higher water permeation in the TVTSO-deposited layer with respect to the V3D3- 

 

 

 

deposited ones, despite what inferred by the trend in the in-situ refractive index values and 

water adsorption in EP (Table 3.11). The φ value was found to be 6.5%, higher than the 

porosity value measured by EP, found to be 1.51%. The diffusivity was calculated from the 

changes in the water uptake with time, and the TVTSO-deposited silica layer showed a 

value of 9.4∙10-15 cm2/s, higher than the most nano-porous amongst the sample. 

 

Organosilicon 

precursor 

PE-CVD SiO2, nin-situ  

(±0.003) 

φ 

(±0.3 %) 

Diffusivity 

[cm2s-1] 

P by EP 

(±0.02%) 

V3D3 1.418 2.9 % (1.7±0.1)·10-15 2.61 

TVTSO 1.446 6.5 % (9.4±0.1)·10-15 1.51 

V3D3 1.457 0.8 % (9.9±0.1)·10-17 0.72 

 

It can be concluded that the trend in porosity and microstructure characterization inferred 

by EP is related only to the nano-pores present in the inorganic film matrix, while other 

pathways were not detected.  

In the literature, EP has been demonstrated able to detect mesoporosity, as highlighted 

in the Introduction, and, in turn, the technique has been shown sensitive to pore sizes up to 

20-30 nm in diameter. For this reason, the size of the pathways detected by EIS has to be 

in the macro-scale (> 50 nm), not directly detectable with ellipsometry-based techniques. 

As addressed in detail in Chapter 4, in moisture barriers, next to nano-porosity the so-called 
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macro-scale defects can also drive the permeation of water. These defects range in size 

from tens of nm to hundreds of µm, and are generally process induced or depending from 

the presence of macro-scale contaminants on the surface of the substrate. Hence, the limits 

associated with EP arise from the dimension of such defects (Figure 3.20). 

 

 

 

Due to the large distance of the defect walls, the probe molecule adsorption occurs 

through formation of multi-layers, leading to incomplete filling of the defect volume, which 

is necessary to induce changes in the refractive index of the layer. On the other hand, EIS 

was found sensitive to the presence of defects/pinholes in the layer. 

3.6 EP for thin films deposited on polymeric substrates 

 

The EP methodology may become sensitive to the detection of macro-scale defects in 

case of a thin film deposited on substrates optically sensitive to the probe molecule 

permeation. Hence, in this paragraph we will explore the possibility of identifying, by 

means of time resolved EP (dynamic EP), macro-scale defects in inorganic thin films 

deposited on polymer substrates. When successful, this approach would allow the 

characterization of the thin film quality deposited on polymers. As addressed in Chapter 4, 

this approach can also be useful for the evaluation of the quality of the layers in 

technologies where thin films are deposited also directly on polymers, such as moisture 

permeation barriers for the encapsulation of flexible electronics.  
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One of the polymers most commonly used as substrate in flexible electronics is 

polyethylene 2,6-naphthalate (PEN). This polymer is of high interest due to its physical 

properties that meet the technology requirements (water transmission rate ~ 10-1 gm-2day-

1, flexibility and relatively high glass transition temperature70). PEN foils, however, often 

exhibit optical anisotropy,71 which makes the optical model more complex when 

monitoring adsorption processes, such as the one carried out during EP measurements. 

Furthermore, PEN barrier properties would lead to rather long EP measurement time to 

detect significant changes in refractive index. Therefore, in order to tackle these two 

practical challenges, amorphous, low density, optically-isotropic polyethylene 

terephthalate (PET, Goodfellow, 250 µm thick) was considered in this work. The optical 

properties of free-standing PET foils have been characterized a priori with spectroscopic 

ellipsometry. The measurements were performed in air at three angles of incidence (60°, 

70°, 80°) in a wavelength range of 190-1000 nm. In order to measure in reflection mode, 

the back-side of the samples was mechanically scratched to minimize any possible 

reflection at the back-side. In Figure 3.21a, the spectroscopic ellipsometry data (Ψ and Δ) 

are reported as a function of wavelength. The optical properties of the amorphous PET have 

been determined only in its transparent region, i.e., 400-1000 nm (Figure 3.21a). The 

dispersion relation chosen to describe the optical behavior of the polymer is the Cauchy 

function. The n values were found to be in the range 1.545-1.578 (at 632.8 nm) with an 

accuracy of ±0.003 and are in agreement with the values found in the literature and with 

those provided by the supplier.72 Differences in the PET refractive index are attributed to 

inhomogeneity in film density within the same batch. In order to model the surface 

roughness, a Bruggeman effective medium approximation (BEMA) layer (50% polymer, 

50% voids) has been used to account for the polymer surface roughness, which is found in 

the range 1.5-3 nm. 
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PE-CVD SiO2 layers have been deposited on PET samples at a temperature of 80 °C, 

and the SE data are reported in Figure 3.21b. The plasma power was varied as to yield 

SiO2 layers with different density and, therefore, different optical properties. The SiO2 

layers have also been deposited on a c-Si substrate in order to compare the optical properties 

with those of the layers on PET. Two cases have been investigated, a PE-CVD SiO2 layer 

showing a dense matrix (dense SiO2) and one with a higher degree of porosity (porous 

SiO2). In Figure 3.21b, the ellipsometric data acquired ex-situ at 70º, (i.e., after exposure 

to air) are reported as a function of the wavelength for the 100-nm-thick PE-CVD SiO2/PET 

samples. For the PE-CVD SiO2/PET samples, the ellipsometry data were modelled 

adopting two Cauchy functions, representing the PET substrate and SiO2 layer. The 

refractive index values for the layers deposited on PET and Si are reported in Table 3.12, 

showing similarities in the bulk properties of the layers grown on different substrates.  

Dense SiO2 Porous SiO2 

on PET on c-Si on PET on c-Si 

substrate SiO2 SiO2 substrate SiO2 SiO2 

 ex-situ vacuum   ex-situ vacuum  

1.561 1.461 1.448 1.461 1.545 1.448 1.422 1.447 

 

The difference in refractive index between the SiO2 layer and PET is sufficient to 

independently follow events occurring in the two layers, considering also the simplicity of 

the adopted model, with a limited amount of fitting parameters. Furthermore, a correlation 

matrix calculated from the model variables excluded inter-dependency of the analysis 

parameters, confirming the goodness of the fit. 

Once defined its optical properties, the pristine PET substrate has been studied by 

dynamic ellipsometric porosimetry. Toluene is chosen as adsorptive, because of its apolar 

nature, giving the possibility to exclude the contribute of polar interactions during the 

adsorption and desorption (e.g., hydrogen bond formation). Before the measurements, the 

samples were outgassed overnight in the porosimeter (10-6 mbar) at 30 °C. In order to avoid 

adsorption of toluene on the back-side of the sample during the measurements, the sample 

holder is equipped with a connection to an Ar line. An o-ring is placed in contact with the 

back of the sample, creating a clearance not directly exposed to toluene vapors. A constant 

Ar flow keeps the back of the sample at the same pressure as the main chamber, preventing 

toluene from back-diffusing and adsorbing.  

In Figure 3.22, the variation of the refractive index of the PET substrate is reported as 

a function of time upon exposure to toluene vapors. The toluene Pl/Psat was set at a value 

of 0.4. Above this value, as reported in §2.4, all nano-pores are expected to be completely 

filled by the probe molecules (micro-pore filling phase), while the formation of a multilayer 
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is rather limited. Therefore, this choice allows the comparison of samples having different 

nano-porosity content by monitoring the overall increase of refractive index in the Pl/Psat 

range 0-0.4. In a first stage, the refractive index has been found to  

increase due to the filling of the polymer free volume accessible to toluene.  

 

 

 

Subsequently, nPET abruptly decreases, reaching an equilibrium value below the 

refractive index measured in vacuum. The decrease in nPET has been attributed to swelling 

occurring in the polymer due to the adsorption of toluene. The permeant widens the free 

volume of the polymer, eventually decreasing its density.73,74 The swelling is, however, 

limited, in line with what is reported in the literature for polymers exposed to organic 

vapors75,76. A saturation is then reached, pointed out by the constant nPET value (10-30 

minutes range). Finally, toluene Pl/Psat has been set to 0 to monitor its desorption and verify 

whether the probe molecule adsorption caused irreversible structural changes in the 

polymer. As shown in Figure 3.22, the swelling is reversible, as witnessed by the recovery 

of nPET at Pl/Psat of 0. Therefore, as preliminary conclusion, PET is suitable to detect the 

probe molecule permeation in its free volume and different permeation phases can be 

discerned (pore filling/swelling). 

In Figure 3.23 and Figure 3.24, the refractive index of PET and PE-CVD SiO2 are 

reported as a function of the exposure time to toluene vapor at different Pl/Psat values. The 

value of the refractive index in vacuum (Table 3.12) differs from the ex-situ counterpart 

because of desorption of water from the inorganic layer at low pressures. In Figure 3.23, 

the refractive index values of both PET substrate and dense SiO2 are reported as a function 

of the exposure time to toluene vapors.  
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At Pl/Psat of 0.4 (Figure 3.23a), as expected from the value of the refractive index of the 

SiO2 layer77, no significant changes have been measured upon toluene exposure, pointing 

out the absence in the PE-CVD SiO2 of nano-pores accessible to toluene. Similarly, the 

PET refractive index has undergone no changes, suggesting the absence of pathways 

accessible to toluene molecules. In order to verify this hypothesis, Pl/Psat was increased to 

0.6 (Figure 3.23b). ). nPET slightly increased, indicating toluene infiltration into its free 

volume. The value of nSiO2
 showed an increase up to 20 minutes of exposure, but within the 

measurement error and it was thus considered constant, showing no toluene uptake in the 

barrier layer. However, no swelling occurred in the polymeric substrate, inferred by the 

saturation of the refractive index value after 25 minutes of exposure. Because of lack of 

detectable nano-porosity in the SiO2 layer, we can conclude that the adsorption of toluene 

in the PET free volume necessarily occurs through macro-scale defects. The constant value 

of the refractive index at Pl/Psat of 0.4, the smaller increase in refractive index with respect 

to the pristine polymer (see Figure 3.22) and the absence of swelling in the PET substrate 

at Pl/Psat of 0.6 may be explained by a very limited number of macro-scale defects present 

in the barrier. Considering the thickness of the polymer substrate (250 µm), when the 

polymer surface is covered by an impermeable barrier, the amount of toluene to induce a 

significant variation of the optical properties is reached after long exposure times, and, in 

turn, the time-scale investigated might not suffice in showing either infiltration in the free 

volume (at Pl/Psat of 0.4) or swelling (at higher values). In the literature, long exposure 

times are also shown to be necessary to fill the porosity of PE-CVD modified low-k 

materials deposited on c-Si, supporting this hypothesis.73 

Therefore, the introduction of a substrate sensitive to probe molecule infiltration allows 

the detection of macro-scale defects when selecting a probe molecule not permeating the 
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bulk nano-porosity of the barrier layer. The validity of the adopted approach is confirmed 

by probing the dense SiO2 layer with a molecule that can access its nano-porosity, i.e., 

water (diameter 0.27 nm, Figure 3.24). 

 

 

 

The n values of the barrier and the PET substrate increase due to the infiltration of water. 

Taking into account a similar density of macro-scale defects in the sample measured with 

toluene and the one measured with water, differences in the refractive index increase are 

due to the infiltration of water through nano-pores with a diameter accessible to the probe 

molecule. With this approach, new possibilities for the analysis of thin film/polymer 

systems are revealed.  

In Figure 3.25, the effect of toluene exposure on porous SiO2 is reported.  
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At Pl/Psat of 0.4 (Figure 3.25a-b), an increase in SiO2 refractive index is observed, 

attributed to nano-pore filling, with a detected porosity content of 0.4% for the SiO2 layer. 

When compared to a similar layer deposited on c-Si in an equilibrium mode (Figure 3.26), 

the porosity probed at the same Pl/Psat is ~2%.  

 

 

 

Considering the similar refractive index for the porous SiO2 deposited on PET and c-Si 

substrates (Table 3.12), we can conclude that the lower SiO2 nano-porosity content 
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detected in the case of the polymer substrate is because the permeable substrate impedes 

the pore filling to reach an equilibrium. The toluene diffuses through the layer nano-

porosity to the PET, not allowing the whole characterization of the nano-pore content in 

the barrier layer. In addition, the contribution of the diffusion through macro-scale defects 

is present, since the PET refractive index increases simultaneously with the one of SiO2, 

upon exposure to toluene (pore filling phase). 

Subsequently, the pore-filling is followed by a limited swelling of the PET substrate, 

with respect to what is observed in Figure 3.22, and this is certainly due to the presence of 

the barrier layer. The refractive index of SiO2 follows a similar trend. However, the changes 

are within the measurement error on the refractive index (±0.0005), and the latter is 

therefore considered constant. As in the case of the dense sample, the toluene partial 

pressure has been increased to 0.6 (Figure 3.25c-d). At first, the SiO2 refractive index 

immediately increases upon increase of the toluene vapor pressure. The maximum porosity 

filled is in the order of 1.4%, 0.6% lower than for a similar barriers deposited on c-Si77 

(Figure 3.25e). This suggests that, by adopting higher partial pressures of the probe 

molecule, it is possible to achieve the complete characterization of the nano-porosity of 

inorganic layers on polymers. The PET pore filling is instead delayed of 6 minutes (inset 

in Figure 3.25c and d). This delay might indicate hindered toluene diffusion through the 

layer porosity, which causes a slower kinetics of permeation. Compared to the effect at 

Pl/Psat of 0.4, where the increase in refractive index for the two layers occurs 

simultaneously, the permeation at 0.6 occurs mainly through the SiO2 nano-porosity.  

Finally, both PET and SiO2 refractive index values decrease due to swelling in the 

polymer substrate, occurring when more toluene has permeated the barrier through both 

nano-porosity and macro-scale defects. The refractive index of SiO2 reaches a value below 

the one in vacuum, inferring changes in the silica matrix (e.g., stress). However, in Figure 

3.25c and d, the refractive index of the barrier during the swelling phase was found to 

decrease earlier than the one of PET. This discrepancy can be explained as follows. The 

differences in thickness and therefore volume between the polymer (250 µm) and the 

barrier film (100 nm) suggest that the amount of toluene needed to observe a variation in 

refractive index is rather different for the two layers. It is then reasonable to assume that 

swelling occurs in the polymer before than in the barrier (because of their chemical nature, 

inorganic vs. organic) but we are not sensitive to the very early stage of this phenomenon 

when occurring only close to the polymer/barrier interface. When the swelling extends 

deeper throughout the polymer thickness, we are sensitive enough to see changes in the 

polymer refractive index.When comparing the polymer swelling in the SiO2/PET system 

with the one occurred on the bare PET substrate, the nPET variation is found in the same 

range. It can be argued that structural changes on the barrier layer caused by the polymer 

swelling allow toluene to permeate further in the PET substrate, accounting for the changes 

in nPET. However, the time for the toluene to reach saturation is one order of magnitude 
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slower than the one on the bare PET substrate, due to the presence of the SiO2 layer. When 

the PET swelling saturates, pointed out by a constant value in nPET, the SiO2 refractive index 

starts to increase, supposedly due to filling of the newly formed pores.  

In summary, ellipsometric porosimetry carried out in dynamic mode has been 

demonstrated able to discern and follow the permeation of vapors through nano-pores and 

macro-scale defects in thin films deposited on polymers. The novelty of these results 

consists in the observation that the use of a substrate sensitive to probe molecule permeation 

allows its diffusion to be followed through both types of permeation pathways in single 

inorganic barriers, giving indication on the kinetics and extent of permeation. However, the 

nano-pore content cannot be fully characterized due to the incomplete filling of the layer 

nano-porosity caused by the permeation through the polymeric substrate, therefore, a 

reliable analysis of the nano-porosity content can only be performed on thin films deposited 

on c-Si. Moreover, by adopting probe molecules not penetrating the bulk nano-porosity of 

the layer, the detection of macro-scale defects was achieved, overcoming the limitations of 

ellipsometry-based techniques. Therefore, EP is demonstrated valuable in the assessment 

of the overall microstructure of thin films.  
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3.7 Conclusions 

 

In this chapter, the possibility to detect and characterize the residual open nano-porosity 

in thin inorganic films has been explored. Ellipsometric porosimetry and electrochemical 

impedance spectroscopy have been adopted and valid methodologies have been developed 

for the thorough analysis of sub-nm porosity in thin inorganic films. The two techniques 

showed high sensitivity toward the presence of very low open nano-pore content. The 

possibility to detect minimal structural variation among the layers has been highlighted, in 

contrast not only to techniques usually adopted for the qualitative assessment of structural 

and chemical changes (such as FT-IR, RBS/ERD and SE), but also to more advanced 

techniques such as GI-SAXS (as reported in Chapter 2).  

Finally, the two techniques have also been shown able, next to the characterization of 

nano-porosity, to detect the presence of local macro-scale defects. This possibility opens 

up new frontiers for the fast and reliable determination of thin films’ quality, not only in 

terms of material, but also in terms of processes and handling. In addition, EP showed the 

possibility of assessing the overall thin film quality also when deposited on polymers. This 

result allows EP to be used as a valuable method for technologies relying on flexible 

substrates (such as permeation barriers and flexible organic electronics). 

Moreover, the analysis of the inorganic thin films shed light on new aspects in the quality 

of materials deposited by various methodologies. Optimized processes showed the intrinsic 

differences among chemistries and plasma-based gas-phase deposition techniques. The 

superiority of ALD in depositing highly dense and nano-pore free thin films (i.e. Al2O3 and 

SiNx) has been highlighted in this chapter, in contrast with CVD based methods (such as 

ETP- and PE-CVD). An exception is represented by SiO2 layers, which showed low quality 

materials when deposited with plasma assisted-ALD. Nevertheless, all the SiO2 layers 

presented systematically a residual amount of open nano-porosity, accounted for by the 

intrinsic properties of the material.  

The developed methodologies, then, can be adopted for the quality and material analysis 

in technologic areas that require low open nano-pore content, such as diffusion barriers. 

The analysis of the open nano-porosity presented in this chapter will be first applied in 

determining the impact of the nano-pore content in the field of moisture permeation barriers 

(Chapter 4). Subsequently, the effect of different reactive species on the content, 

distribution, and type of porosity will be explored, based on the results here presented 

(Chapter 5). 
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4.1 Moisture permeation barrier layers 

4.1.1 Organic electronics and moisture permeation pathways: single 

inorganic barrier layers 

 

Organic semiconductors have become an attractive class of active elements for diverse 

electronic and opto-electronic applications, such as organic light-emitting diodes 

(OLEDs),1 photovoltaic cells (OPVs),2 and field-effect transistors (OFETs).3 The potential 

of these devices lies on the combination of several advantages, i.e., flexibility, ruggedness, 

and printing-compatible processing.4–6 However, there are a number of challenges to be 

met when engineering organic-based devices. One of them is related to the sensitivity of 

most small molecules and conjugated semiconductors towards H2O vapor and O2, which 

negatively affect their opto-electrical performance. Furthermore, the low work function 

cathodes (e.g., Ba or Ba/Al), adopted in the devices, are also highly susceptible to 

degradation when exposed to water vapor and oxygen. In detail, local defects present on 

the cathode surface become unhindered pathways for H2O and O2, leading to metal 

oxidation at the electrode/emitting layer interface and generation of a hurdle to the injection 

of charges into the emitting layer, e.g., the so-defined black-spots become visible during 

OLED operation.  

A well-known approach to tackle the stability problems of such devices is the application 

of permeation barriers. Amongst the different organic electronic devices, flexible OLEDs 

represent the most demanding technology in terms of allowed moisture and oxygen. The 

water vapor transmission rate (WVTR) permitted is in the order of 10-6 gm-2day-1 in order 

to guarantee 10,000 hours of operation.7 

Moisture permeation barriers can be either directly deposited on the device or first on a 

flexible foil, subsequently used for device encapsulation. The latter represents an additional 

challenge since, together with the excellent barrier properties, the thin film has to meet 

other requirements, such as good mechanical properties8,9 and coverage of local 

imperfection/impurities present on the polymer surface, e.g., in the form of dust, pinholes, 

anti-block particles. Hence, the quality of the barrier is validated both in terms of WVTR 

and of conformal coverage/control of the local defect density.  

Inorganic barrier layers, such as SiO2, Si3N4, Al2O3, and TiO2, are good candidates 

because of their well-known excellent barrier properties11–14 Although their bulk ceramic 

counterparts (e.g., glass and alumina) show excellent barrier performance (e.g., water 

diffusivity of 10-18–10 -19 cm2 s-1 and ~10-30 cm2 s-1 for glass and alumina, respectively), 

thin films only lead to a decrease in permeation generally limited to 4-5 orders of magnitude 
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with respect to the bare flexible substrate.iii This discrepancy originates from the presence 

of macro-scale defects in the thin film (ranging from tens of nm up to hundreds of µm in 

size), which represent an unhindered path for the permeant molecules. The initial substrate 

surface status (high surface roughness, presence of (anti-static) particles, defects) represents 

one of the main sources of macro-defects, which may cause the barrier layer to be locally 

defective.15,16 

Besides the macro-scale defects, parallel permeation pathways exist, represented by the 

layer nano-porosity accessible to water and oxygen molecules. The different nature of the 

two permeation pathways is exemplified by the black-spot formation in OLED devices 

shown in Figure 4.1.  

 

 

 

The largest visible black spots develop after a few hours of operation and are due to the 

presence of local macro-scale defects that allow the unhindered permeation of water. Other, 

smaller black spots develop after a few thousand hours and are due to the hindered diffusion 

of the permeant through the bulk of the barrier layer, that is, the inorganic layer nano-

porosity. 

                                                 
iii Generally, polymers used in organic electronics (such as polyethylene terephthalate, PET and 

polyethylene naphthalate, PEN) are characterized by WVTR values in the range 10-10-1 gm-2day-1. 
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In an exhaustive investigation on the nature of permeation pathways in moisture barrier 

layers, Affinito19 estimated that the density of the nano-pores can reach a level up to 4 

orders of magnitude higher than the macro-scale defect density, which is translated into a 

15-20 times larger area density of nano-defects/pores. The author categorized the possible 

permeation pathways, taking into account the dimension of the permeant molecule: 

pinholes/defects and mesopores (with a size from few nm to hundreds of µm) and nano-

pores, either accessible (between 2 and 0.27 nm) or not (< 0.27 nm) to the permeant, 

specifically water (H2O kinetic diameter 0.27 nm).18 A schematic of the categorization of 

the water permeation pathways is presented in Figure 4.2.  

 

 

In this chapter, we will refer to nano-porosity when addressing the “intrinsic” barrier 

properties as responsible for the homogeneous water permeation through the bulk of the 

barrier, while the inclusion of the local water permeation paths through macro-scale defects 

controls the “effective” barrier properties.  

Different mechanisms have been proposed to describe the permeation pathways through 

these thin film barriers, but it is now widely acknowledged that a control of the permeation 

through the local defects as well as through the bulk of the layer is imperative. 20,21 

Following the in-depth analysis of the nano-porosity performed on thin inorganic films 

reported in Chapter 3, the present chapter will address the application of EP and EIS to the 

characterization of inorganic moisture permeation barriers and the impact of nano-porosity 

on the intrinsic barrier performance.  

In the literature, several thin film deposition methods have been successfully applied so 

far: sputtering,15,22,23 plasma-enhanced chemical vapor deposition (PE-CVD)20,24–26 and 

(plasma-assisted) atomic layer deposition (ALD). (Plasma assisted-) ALD single inorganic 

barrier layers have been shown to reach outperforming results in term of both intrinsic and 

effective WVTR. 27–30 In particular, for the effective WVTR a value of 1.7·10-5 gm-2 day-1 

(T = 38 °C, RH = 85%) was reported by Carcia et al. for an ALD Al2O3 layer of 25 nm 
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grown on a polyethylene naphthalate (PEN) substrate deposited at 125 °C.27 Lower 

deposition temperature (80 °C) are reported for spatial-ALD of TiO2. Extrinsic WVTR 

values of 5·10−4 g day−1 m−2 (T = 38 °C, RH = 90%) were measured for 20 nm-thick 

layers.30 Furthermore, plasma assisted-ALD has been used for the low temperature (60 ºC) 

deposition of TiO2 by Gebhard et al.31 showing promising results in terms of gas 

permeation barrier for 16 nm-thick TiO2 layers. For the intrinsic WVTR, values of 1·10-6 

gm-2 day-1 (T = 20 °C, RH = 50%) have been reached with 20 nm of plasma assisted-ALD 

Al2O3 single layer by Keuning et al.30 Together with the excellent barrier properties of ALD 

layers, this technique has been shown to reduce the amount of local macro-scale defects on 

the cathode. The high conformality of the deposition process leads to a better pinhole 

coverage, proving the technique also effective for device encapsulation.30,33–35 In other 

studies, Fahlteich et al. described the application of several reactively sputtered single 

inorganic barrier layers (ZnO, Al2O3, SiO2, TiO2 and ZnSnxOy)
15,22 deposited on 

polyethylene terephthalate (PET), focusing on the relation between structural (such as 

morphology and roughness) and barrier properties. These results also brought to the 

upscaling of the process at industrial level.36 It is worth mentioning that spatial-ALD has 

also achieved excellent results in terms of industrial up-scaling.37–39 High-throughput ALD 

depositions have been attained for solar cell applications,40,41 and different companies are 

developing new processes for fast and uniform ALD deposition.42,43 Moreover, roll-to-roll 

spatial-ALD solution are also present, opening up new frontiers for adopting this 

technology in encapsulation of flexible devices.44–47 

Thin films of flexible glass have also been developed.48,49 With this technology, devices 

can be deposited directly on the glass substrates, working as moisture permeation barrier.  

4.1.2 Multilayer barrier technology 

 

Finally, the state-of-the art in the field of ultra-high moisture diffusion barriers is 

represented by a multi-layer solution in which an inorganic (e.g., Al2O3, Si3N4 or SiO2) thin 

film (< 100 nm) barrier is coupled with an organic (generally an acrylate- or organosilicon- 

based polymer) interlayer, with thickness ranging from hundreds of nanometers to 

micrometers50,51. This approach has led to water vapor transmission rate (WVTR) values 

in the 10-6 gm-2day-1 regime, 52–54 and a barrier improvement factor (with respect to single 

barrier solutions) up to 2 order of magnitude,55–57 therefore suitable for the encapsulation 

of high-end devices, such as thin film solar cells and flexible organic light emitting diodes.58 

It is worth mentioning that recently, as alternative approach, alternating organic/inorganic 

or fully-inorganic ultra-thin multilayers (i.e., nano-laminates) have been introduced as 

moisture permeation barriers, showing promising results in terms of barrier properties.10,59–

65 The role of nano-porosity in the multilayer barrier approach and nano-laminate 

technology will be explained more in detail in Chapter 5. 
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In multilayer barrier systems, the inorganic/organic dyads are generally deposited by a 

hybrid approach: sputtering or plasma enhanced-chemical vapor deposition of the inorganic 

barrier layer, in combination with flash evaporation/condensation of the organic monomer, 

and followed by curing/polymerization.8,30,52,66,67 Additionally, different deposition 

approaches such as atomic layer deposition in combination with molecular layer deposition 

(see Appendix B),59,60,68–70 and all PE-CVD developed multilayers have been reported in 

literature. 22,71–74 Coclite et al. 75 reported on the deposition of multilayers based on 

organosilicon chemistry, in which the inorganic barrier layer is deposited by means of PE-

CVD and the organic interlayer is deposited by means of initiated-CVD (i-CVD) 76–78. 

Recently, Spee et al. reported on the deposition of SiNx/ poly-glycidylmethacrylate/SiNx, 

where the inorganic layer was deposited by hot wire chemical vapor deposition (HW-CVD) 

and the organic layer by i-CVD 54. The appeal of the i-CVD technique is its compatibility 

with vacuum systems and the full retention of the monomer chemistry, similarly to liquid 

phase polymerization processes.79,80 Furthermore, compared to the classical flash 

evaporation/polymerization method, i-CVD is well acknowledged for its high 

conformality.81–83 This is guaranteed by the polymerization mechanism, which occurs only 

at the substrate surface. The i-CVD technique will be further discussed in Chapter 5 and 

Appendix C.  

The need for a multilayer barrier technology derives from the limits associated with 

single inorganic layers, as stressed earlier, their permeation barrier level being ultimately 

controlled by the presence of defects.84 The successful application of a multilayer is 

generally attributed to the smoothening effect associated with the organic polymer layer, 

which allows a more controlled growth of the subsequent inorganic barrier.19,52,85 

Additionally, Graff et al.13 carried out numerical simulation studies and reported on the 

development of a “tortuous” path for the permeant molecule upon the application of a 

multilayer. Hence, the organic interlayer was found to lower the overall barrier permeability 

by decoupling the pinholes/macro-scale defects present on the inorganic layersiv.  

Although defects/pinholes represent an unhindered path for the permeant molecule 12,86
,
 

the kinetic diameter of the water molecule allows it to permeate through (sub-)nm sized 

pores, i.e., the nano-porosity or free volume of the inorganic matrix. As previously reported, 

Affinito et al.19 highlighted that the estimated area density of the nano-pores can be 

approximately up to 15-20 times larger than the one of the defects/pinholes, leading to a 

higher permeation flux than through macro-defects. Therefore, an additional role of the 

organic interlayer was proposed, i.e., the infiltration of the organic monomer in its liquid 

phase into the nano-porosity of the inorganic barrier layer underneath. Eventually, this 

infiltration is expected to influence the local water permeation through the filled nano-

pores. Recently,87 Aresta et al. reported on the experimental evidence for the infiltration of 

                                                 
iv It is worth mentioning that in this simulation it is assumed that the moisture permeation occurs only 

through the defects/pinholes present in the barrier layer, which is considered elsewhere as impermeable. 
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an i-CVD monomer into the nano-pores (from 1 to 2 nm in pore size) of single PE-CVD 

SiO2 barrier layers during the initial stages of the polymerization process. These studies 

confirmed that the hypothesis of Affinito 19 also applies for vapor-phase processes where 

precursors’ adsorption steps occur. 

4.2 Ca test 

 

Water vapor transmission rate (WVTR)88 measurements can be performed by following 

the oxidation of Ca upon exposure to (controlled) atmosphere according to the following 

reactions:89   

 

(1) Ca + H2O → CaO + H2 

(2) CaO + H2O → Ca(OH)2  

 

The products of this reactions have different optical and electrical properties compared 

to metallic Ca, and both can be followed in time (i.e., optical8,27,90 and electrical Ca test91–

93) with a detection limit down to 3·10-7 gm-2day-1.7 In this research work, WVTR 

measurements are carried out by means of the optical Ca test according to the procedure 

described by Nisato et al.,53,94 at a constant temperature of 20 °C and a relative humidity 

(R. H.) of 50%. For this test, the measured barrier layer is stacked with a 40-nm-thick Ca 

layer. Upon exposure to moisture, any changes to the optical transmittance of the Ca layer 

can be attributed to oxidation of the Ca to CaO and, hence, to permeation of water vapor 

through the barrier layer. Since also oxygen is present in the atmosphere, the oxidation of 

Ca due to water vapor cannot be distinguished by the one caused by oxygen permeation. 

However, on the basis of RBS studies of the Ca oxidation using the 18O2 isotope, it has been 

shown that metallic Ca does not react with O2 at room temperature even in the presence of 

water,95 and the permeation values derived in our working conditions can therefore be 

attributed solely to the moisture permeating through the barrier. The intrinsic WVTR is 

measured by excluding the local white spots from the measurement, which develop due to 

localized fast oxidation of Ca and are associated with the water permeating through a 

macro-defect or pinhole. In this way, only the permeation through nano-pores is considered.  

The measurement setup for the Ca test (developed by the Philips Research laboratories) 

consists of a Philips CL5000M light source with a diffuser for uniform back lighting and a 

sample holder with mask. A 12 bit Adimex MX12p camera was used to obtain a gray scale 

image of the sample. The extent of oxidation is determined from the gray scale. A non- 

transparent black reference from the mask and a white reference from the transparent part 

of the glass plate have been included in every measurement to set the gray scale range and 

to correct for transparency changes due to the barrier film. A structure consisting of 9 Ca 

samples is adopted, each divided in 9 pads: the Ca pad layout prevents white spots 
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generated in one pad from developing across the whole calcium sample area. This setup 

has been calibrated by performing an experiment where the calcium samples were 

measured on this setup and by RBS simultaneously, and thus relating the optical 

transmission through the sample to the [Ca]/[O] ratio in the samples. To obtain results with 

10% precision the test should last until at least 1 nm of the Ca material has been oxidized. 

Ca is deposited on glass substrates, followed by the deposition of a temporary PE-CVD 

SiOx (intrinsic WVTR of 10-2 g m-2 day-1) barrier layer, to avoid oxidation during 

transportation. The use of the temporary SiOx layer has no effect on the determined intrinsic 

WVTR values as its barrier performance is one-to-three orders of magnitude lower than the 

barrier layers under investigation. The barrier layer is deposited last, on top of the SiOx 

layer. The final configuration is glass/Ca/40-nm-SiOx/barrier layer. 

As an example, Figure 4.3 shows a Ca plate encapsulated with 40 nm of plasma assisted-

ALD SiNx at the start of the test and after 53 and 109 days of testing. The uniform change 

in greyscale due to oxidation of the Ca in time, which determines the intrinsic WVTR of 

the barrier, is not visible to the naked eye. The effect of macro-scale defects, however, is 

clearly visible as white spots developing in size and density.  

 

 

Because of the high conformality, ALD can virtually cover most pinholes and particles, 

but due to stress around the covered defects, these can easily be damaged during handling. 

The area of inter-defect regions necessary for the determination of the intrinsic WVTR 

decreased in time, thereby reducing the available data points of the Ca test. More detail on 

the intrinsic WVTR values of these layer are presented in the next paragraph. 

It is worth mentioning that, next to the optical Ca test, electrical Ca test can also be 

performed.96–98 In this methodology, the corrosion of a thin Ca layer is monitored via 

measuring changes in the layer resistivity in time. Notwithstanding its easier 

implementation compared to the optical Ca test, with this method only the effective WVTR 

can be retrieved, and no information is obtained on the intrinsic water permeation. 
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Moreover, its validity in giving reliable WVTR values has recently been strongly 

criticised.91  

The Ca tests presented in this thesis were performed at Philips Research, High Tech 

Campus, Eindhoven. The authors acknowledge P. van de Weijer and P. Klaassen for the 

WVTR measurements and the data discussion. 

4.3 Nano-porosity and intrinsic barrier properties 

4.3.1 Role of the nano-porosity and universal correlation  

 

The Ca test (50% R.H., 20 ºC) was performed on all layers presented in the Chapter 3 in 

order to determine the intrinsic (i-) WVTR values. A comparison of the open nano-porosity 

as determined by EP and the i-WVTR values is presented in Figure 4.4.  

 

 

 

As witnessed form the graph, a strong correlation between residual nano-porosity and 

intrinsic barrier properties can be deduced and a threshold in the pore size content in the 

range 0.27-1 nm accounts for the transition from 10-4 gm-2day-1 to 10-6 gm-2day-1 regime. 

Pores larger than 1 nm with a relative content above 1% are responsible for very poor 

barrier performances, leading to values of i-WVTR of 10-2-10-3 gm-2day-1. 

In detail, among the oxides, Al2O3 layers showed superior barrier performances 

compared to SiO2 layers. This difference can be explained as follows. Theoretically, it was 

demonstrated that amorphous Al2O3 and SiO2 show different ring size distribution.99–103 

SiO2 has a size distribution of N-fold rings with N between 3 and 10 with an average value 

of 6. Al2O3 on the other hand has a distribution between 2 and 7 with an average value of 

4. Taking into account the geometry and length of the bonds in the two materials, SiO2 

rings have d ranging approximately between 0.3 and 1 nm, whereas Al2O3 rings have a 
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range between 0.2 and 0.8 nm. Therefore, as also mentioned in §1.1 for their ceramic 

counterparts, Al2O3 exhibits a denser, more cross-linked structure. Furthermore, differences 

in charge distribution in Al-O and Si-O bonds due to the difference in electronegativity 

between Al and Si can lead to different H-bonding with the incoming adsorptive 

molecules.: the more polarized Al-O bond can more efficiently delay the diffusion through 

the barrier layer. 

For SiO2, the SiO2 ALD, 25 °C and SiO2 CCP, 250 W layers showed the highest and the lowest 

WVTR values, respectively, with values in the range 10-3-10-5 gm-2day-1. In terms of open 

nano-porosity, SiO2 ALD, 25 °C showed a relative pore content above 1% with a diameter 

larger than 1 nm, correlating with the very poor barrier properties. SiO2 CCP, 250 W, despite 

of the very low pore content above 1 nm in diameter, shows a relative content of pores 

accessible to water around 4%, accounting for the WVTR value. Furthermore, in Chapter 

3, we reported that SiO2 ALD, 25 °C has a higher silanol content compared to SiO2 CCP, 250 W. 

From the literature, it is known that the permeation mechanism of H2O molecules through 

pores in SiO2 is influenced by H-bonding: water molecules can bind to OH groups on the 

internal surface of the pores resulting in a delay of the permeation. The lower WVTR value 

for the SiO2 CCP, 150 W layer with respect to the SiO2 ALD, 100 °C is related to the higher H 

content in the SiO2 CCP, 150 W 
v.  

As reported in Chapter 3, the Al2O3 ETP, 1.1s showed open nano-porosity values similar to 

the SiO2 CCP, 150 W and SiO2 ALD, 100 °C. The i-WVTR values of these layers were found in a 

comparable range, showing the universality of the correlation across compounds. 

Furthermore, the Al2O3 layers showing no porosity accessible to water (i.e., ALD and ETP 

7.5 s) exhibit i-WVTR values in the order of 10-6 gm-2day-1. 

The correlation is confirmed by the nano-porosity and i-WVTR values of the SiNx 

layers. EP measurements showed that no nano-pores larger than 0.27 nm are present for 

every deposition temperature (i.e., 80-200 ºC). The intrinsic barrier properties of the SiNx 

layer deposited at 120 °C was tested with the Ca test. Once more, in the absence of nano-

porosity accessible to water, the intrinsic WVTR showed excellent values. In order to verify 

the uniformity of the ALD deposition, the i-WVTR values of the SiNx barrier films were 

measured for 10, 20 and 40 nm-thick layers (Figure 4.5).  

                                                 
v It is expected that such a correlation holds only when the pore size approaches the water molecule 

diameter. For barrier layers with a pore size distribution shifting towards meso-porosity, the water permeation 

is unhindered and not delayed by the presence of silanol groups. 
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In 109 days only ~0.35 nm of Ca has been oxidized and, therefore, the error margin is 

large. All the SiNx layers have an intrinsic WVTR in the 10-6 gm-2day-1 range. Strikingly, 

the measured i-WVTR is, within the error margin, not dependent on the SiNx layer 

thickness. Apparently, 10 nm-thick ALD SiNx is sufficient to guarantee a continuous layer. 

The obtained intrinsic WVTR values of the ultra-thin ALD SiNx barriers compare with the 

best intrinsic WVTR values reported in the literature.  

From the EP and Ca test measurements, conclusions can be made on the role of nano-

porosity in affecting the intrinsic barrier properties. As previously mentioned, V3D3 probes 

pores with a d ≥ 1 nm, whereas water can detect pores with a d ≥ 0.27 nm. The pore size 

range between 0.27 and 1 nm and its relative content has been found to control the transition 

between 10-4 and the 10-6 gm-2day-1 regime, regardless of the layer chemistry and deposition 

method adopted. Pores larger than 1 nm with a relative content above 1% are responsible 

for very poor barrier performances, leading to values of i-WVTR of 10-2-10-3 gm-2day-1. 

When no pores accessible to the water molecules are present, the barrier layer shows 

performance in the 10-6 gm-2day-1 regime. It is worth mentioning that parallel studies carried 

out by means of positron annihilation lifetime spectroscopy (PALS, see Chapter 2) have 

also suggested the pore size threshold of 0.3-0.45 nm to be responsible for hermetic low-k 

barriers preventing water permeation.104 

This universal correlation allows the prediction of the intrinsic barrier performance on 

the base of the EP measurements. From this conclusion, the excellent barrier performance 

exhibited by the SiNx deposited at 120 °C are also expected for the layers deposited at 80 

°C, which showed absence of nano-porosity accessible to water molecules. 

4.3.2 Further insight in the nano-porous regime: role of specific pore size 
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From the correlation highlighted in the previous paragraph, the analysis of nano-porosity 

performed with the combined approach of EP and EIS can be used for investigating the role 

of specific nano-pore size range in determining the intrinsic barrier properties. In order to 

more easily follow the conclusions drawn with the EP/EIS analysis, the microstructural 

characterization of the PE-CVD SiO2 layers (namely PE-CVD SiO2, n 1.426 and SiO2, n 1.449) 

is here re-called from Chapter 3 and followed by the prediction/measurement of the 

intrinsic barrier properties. 

PE-CVD SiO2, n 1.426: the layer was characterized by EP using different adsorptives. The 

results are summarized in Table 4.1 together with the pore size distribution as deduced 

from the EP analysis.  

EIS analysis using different ions confirmed the pore size distribution measured by EP, 

in addition highlighting a narrow distribution of pores in the range of 0.48 (Na+) -0.55 nm 

(K+). Once characterized the microstructure of the PE-CVD SiO2 layer, the intrinsic 

permeation of water was measured/predicted in order to correlate it with the pore size 

distribution.  

 

For the SiO2, n 1.426 a value for the i-WVTR can be estimated to be in the range of 10-2-

10-3 gm-2day-1 taking into account the porosity accessible to water vapor.  

PE-CVD SiO2, n 1.449: From the EP and EIS measurements presented in the previous 

chapter, the relative amount of pores with diameter in the range 0.42-0.6 nm were found 

comparable and one order of magnitude lower than the one permeable to water. The 

majority of pores were then found to be in the pore size range between 0.27 and 0.42 nm. 

Ca test was performed on the SiO2, n 1.449. The value of the i-WVTR was found to be 

1.5∙10-5 gm-2day-1. Considering that the only pores affected by the densification of the layer 

have diameter above 0.42 nm (cfr. §2.5.1.1), this suggests that the transition in intrinsic 

barrier properties between the 10-2-10-3 gm-2day-1 and the 10-5 gm-2day-1 regime is driven 

by the permeation into pores showing a diameter equal to, or higher than, 1.5 times the one 

of the water molecule.  

 Porosity (± 0.02%) Relative Porosity (± 0.02%) 

 Water Ethanol Toluene 0.27-0.42 nm 0.42-0.6 nm 

SiO2, n 1.426 6.38% 3.78% 2.08% 2.59% 1.70% 

SiO2, n 1.449 2.9% 0.29% 0.18% 2.61% 0.11% 
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Furthermore, as aforementioned, the intrinsic barrier properties are related to the nano-

pore content and, in turn, to the microstructure characteristics of a material. Taking into 

account the pore size distribution of the SiO2, n 1.449, it can be concluded that the residual 

porosity with a pore size in the range 0.27-0.42 nm controls the transition of the barrier 

properties from the 10-5 gm-2day-1 to the 10-6 gm-2day-1 regime. The suppression of such 

porosity would lead to the same results in terms of i-WVTR obtained for the ALD Al2O3 

and SiNx.  

4.3.3 Macro-scale defects and prediction of Ca test failure 

 

As earlier mentioned, water vapor can diffuse into a barrier through macro-scale defects 

and nano-pores. In the literature, various methods are reported for the identification of 

defects/pinholes (i.e., scanning/transmission electron microscopy,105 gravimetric 

methods,106 reactive ion etching or dye exposure followed by optical/electron 

microscopy107,108), but their sensitivity is insufficient for the detection/quantification of 

nano-pores. The optical Ca test allows the discrimination between the two permeation 

pathways, but the measurement time and sample fabrication/handling make it rather time-

consuming and expensive. On the contrary, in Chapter 3 impedance spectroscopy was 

proven able, in a simple fashion, to distinguish between the permeation of water through 

macro-scale defects and nano-porosity. 

In order to verify the presence and extent of macro-scale defects, Ca test was carried out 

on the TVTSO- and V3D3-deposited SiO2. As previously reported, the TVTSO-deposited 

SiO2 showed the same chemical composition and refractive index values (both in-situ and 

ex-situ) compared to the one deposited by V3D3. In light of the correlation between nano-

porosity and intrinsic barrier properties, the layers would show i-WVTR values in the same 

regime. In Figure 4.6, the Ca plates for the two different layers are reported. The barriers 

investigated showed i-WVTR value in the 10-5 gm-2day-1 regime, as expected ((4±1)∙10-5 

gm-2day-1 and (3±3)∙10-5 gm-2day-1 for the V3D3-deposited and TVTSO-deposited layer, 

respectively). However, the TVTSO-deposited layer showed a high density of pinholes 

(772 pinholes per plate after 10 days) and a pinhole area of 4.54 mm2, leading to fast 

oxidation of the Ca area used to calculate the intrinsic permeation and accounting for the 

large error bar in the i-WVTR value (the minimum oxidized Ca area of 1 nm was not 

reached). On the contrary, the V3D3-deposited layer showed a pinhole density two orders 

of magnitude lower (2 pinholes per plate after 10 days), and a pinhole area of 0.55 mm2. 
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When comparing the Ca test results with the EIS investigation (Figure 3.18), it can be 

concluded that EIS is sensitive to a pinhole area as low as 4.84 mm2,  found sufficient to 

cause the failure of the Ca test. Hence, this results show the potential use of EIS as a 

prediction tool for the overall barrier quality of inorganic thin films, both in terms of nano-

pore content and macro-scale defects detection. 

  



Looking down the rabbit hole: Nano-porosity in thin films – A. Perrotta 

 

 

 

120 

4.4 Conclusions 

 

In this chapter, the nano-porosity investigation carried out on thin inorganic films has 

been applied in the field of moisture barrier layers. The control on nano-porosity as well as 

on local macro-scale defects is paramount in this field, and engineering and development 

of moisture permeation barrier start from a thorough microstructural characterization. 

By comparing the nano-porosity content of selected inorganic thin films (SiO2, Al2O3, 

Si3N4) as measured by EP and EIS with their intrinsic barrier properties as measured by the 

Ca test, a universal correlation has been found, regardless of the material chemistry and 

deposition method adopted. In detail, pores larger than 1 nm in diameter with content above 

1% are responsible for very poor barrier performances, leading to values of i-WVTR of 10-

2-10-3 gm-2day-1. The intrinsic WVTR transition between the 10-2 gm-2day-1 and the 10-5 

gm-2day-1 regime is driven by porosity with a diameter above 0.42 nm. Furthermore, the 

transition to excellent intrinsic barrier properties (10-6 gm-2day-1) was found to be ruled by 

the relative amount of pores with dimension in the range 0.27-0.42 nm. Remarkably, layers 

with no porosity in this range exhibited excellent intrinsic barrier properties at low 

thicknesses. Ultra-thin ALD Al2O3 and SiNx deposited at low temperature (25 ºC and 80 

ºC, respectively) showed no uptake of probe molecules, and exhibited intrinsic WVTR 

down to 1·10-6 gm-2day-1, and competing with the best values presented in the literature. 

This correlation makes possible to predict the intrinsic barrier properties of single 

inorganic barrier layers starting from EP and EIS measurements. These methodologies can 

be therefore powerful tools in the development and engineering of barrier layers for 

different technologies, in the development of new materials, and, as will be in detail shown 

in Chapter 5, also in engineering multilayers. 

Finally, in the identification of the different permeation pathways for the water 

molecules, EIS was proven able to identify the presence of macro-defects for layers directly 

deposited on c-Si. TVTSO-deposited SiO2, categorized as nano-porous by means of EP, 

showed the presence of a large number of macro-scale defects in the EIS spectra, confirmed 

by the failure of the Ca test measurements due to the fast water permeation through the 

macro-scale permeation pathways. This result points out the potential use of EIS as tool to 

predict the failure of a barrier layer during the calcium test in the presence of 

defects/pinholes. 
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5.1 The effect of ion bombardment on film growth 

 

In thin film deposition adopting plasma-based techniques, the role and effect of ions and 

ion bombardment on thin film growth is an intensively studied topic of research. In 

Appendix A, we address the basics of PE-CVD and present some background on the role 

of ion bombardment in film growth.  

In the present section, a virtually ion-bombardment free PE-CVD method is adopted, 

namely the expanding thermal plasma, and two different substrate biasing methods are 

intentionally introduced to discuss the role of ion energy and flux in controlling the porosity 

of the plasma-deposited SiO2 layers. 

The expanding thermal plasma (ETP, Appendix A) allows a virtually all chemistry-

driven growth of layers, due to very low self-bias voltage developed at the substrate (< 2 

V). The influence of ions, therefore, can be investigated by introducing substrate biasing 

techniques (Figure 5.1a), which allows the tuning of the ion-to-growth flux ratio and the 

ion energy, Γion/Γgrowth and Eion,
7 respectively.1–3 

 

 

 

In detail, the effect of substrate biasing is described by the energy delivered to the 

growing film per deposited particle Ep which is given by 

 

𝐸𝑝 ≅ 𝐸𝑖 ∙ 𝛤𝑖𝑜𝑛𝑠 𝛤𝑔𝑟𝑜𝑤𝑡ℎ⁄         13 

 

where Ei is the kinetic ion energy, and Γions and Γgrowth are the ion and growth fluxes, 

respectively. The two biasing approaches are an RF bias and a pulse-shaped (p-s) system 

(Figure 5.1b).4 Although simple in its implementation, the RF bias is expected to induce 

the ignition of an additional plasma in front of the substrate, i.e, ions are not only 
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accelerated but also generated. Furthermore, because the ion sheath transit time is usually 

shorter than the RF period and ions respond to the instantaneous sheath voltage, the final 

energy of the ions depends on the phase of the RF cycle when they enter the sheath and this 

leads to the development of a bi-modal ion energy distribution function (IED).5 This would 

eventually subject the growing layers to bombarding ions having either too low energy to 

induce densification or too high energy, inducing material damage. Instead, the p-s 

substrate bias developed by Wang and Wendt6 leads to a narrow, almost mono-energetic 

IED because of the mostly constant substrate potential that accelerates the ions towards the 

substrate. Also, because it operates at much lower frequency than RF (i.e., 1-215 kHz), 

there is virtually no extra plasma ignition, and, in turn, the ion flux is constant. In the case 

of the two biasing techniques adopted, Γions and Γgrowth are determined as follows. Γgrowth is 

calculated as Γgrowth = ΓSiO2
NARd/MSiO2 where ΓSiO2 

is the layer density determined by RBS, 

NA is the Avogadro’s number, and Rd the deposition rate determined by in-situ SE. Γion, in 

the case of the p-s bias, is calculated as Iion/(eA) where Iion is directly measured from the 

slope of the potential of the capacitor (see Appendix A), e is the electron charge and A the 

effective biased area of the substrate. In the case of the RF bias, Γion is equal to 

PRF/(eVDCA), where PRF is the RF power provided to the system and VDC is the measured 

potential at the substrate. 

The effect of the ion bombardment during film growth was monitored by following the 

change in refractive index of the layer (by means of in-situ spectroscopic ellipsometry7) 

and in residual porosity (as quantified by ellipsometric porosimetry8). Ethanol was used as 

probe molecule. The experimental deposition conditions are reported in the caption of 

Figure 5.2. The SiO2 layers deposited by ETP without applying intentionally any bias 

showed the presence of micro-and meso-porosity, as observed in Figure 5.2. The isotherm 

for the film deposited without substrate biasing has a steep rise for extremely small relative 

pressures (Pl/Psat << 0.1, see inset in Figure 5.2). This is due to the process of primary 

micropore filling (see Chapter 3, §3.4), occurring in pores with dimension similar to the 

one of the probing molecule. For ethanol this diameter is between 0.35 and 0.55 nm 

depending on the configuration of the molecule, allowing the detection of pores with an 

average diameter of 0.42 nm. This is in agreement with literature values, which report on 

primary micropore filling for pores of such dimensions occurring at Pl/Psat in the range 

0.016-0.0229 with ethanol. For relative pressures above 0.022, secondary micropore filling 

occurs, which can be observed from the more gradual increase of the refractive index (see 

inset in Figure 5.2).  
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Normally, this process would continue until a plateau is reached for higher relative 

pressures, if only nano-porosity is present. However, for the ETP SiO2 layer a linear 

increase occurs for a relative pressure between 0.2 and 0.4, attributed to adsorption in small 

mesopores (≤ 2 nm). Generally, adsorption in mesopores is accompanied by hysteresis in 

the desorption branch, due to capillary condensation of the probing molecules.10–13 The 

absence of hysteresis points out that the mesopores are too small for capillary condensation 

to take place. Finally, for relative pressures above ~0.55 a limited increase in optical 

thickness occurs, indicating multilayer adsorption on the outer film surface. In Figure 5.4, 

the nin- situ values are reported as a function of the applied voltage for both biasing 

techniques.  
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The refractive index of thermal silica - 1.465 - is taken as reference. In both cases, nin-

situ increases exponentially for increasing bias voltage. In the deposition conditions chosen, 

the refractive index saturates at a value of 1.488 for the RF bias and a value of 1.479 for 

the p-s bias. Both these values of nin-situ are higher than the one of thermal silica, showing 

that ion bombardment eventually leads to an effective densification of the films.  

In Figure 5.4, the adsorption isotherms for both biasing techniques as a function of the 

applied voltage are reported.  

 

  

 

The two biasing techniques show a different impact on the residual porosity of the silica 

layers. As also witnessed by the steeper increase in nin-situ showed in Figure 5.3, the RF 

bias acts efficiently in the removal of the porosity, mostly in the mesoporous regime. The 

p-s bias affects both kinds of porosity, as pointed out by the simultaneous decrease of the 

adsorption in the micropore filling region (Pl/Psat< 0.2) and mesopore filling region (Pl/Psat 

= 0.2-0.6). This result is also reflected in the total porosity values reported in Figure 5.4c.  
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The differences in the two biasing mechanisms in the removal of the porosity and 

densification of the layers can be explained in light of the energy and flux parameters, 

reported in Table 5.1.  

parameter RF bias p-s bias 

Γion/Γgrowth 2.7 0.37 

Ei,c [eV] 40 240 

Eu,c [eV] 108 89 

 

It can be observed that the RF bias induces densification under a higher Γion/Γgrowth than 

the p-s bias because of the ignition of a plasma in front of the substrate.14 Interestingly, the 

Γion/Γgrowth value of 0.37 for the p-s bias is in agreement with simulation and experimental 

studies on SiO2 densification reported in the literature with different biasing methods.1,2 

The critical energy per SiO2 unit Eu,c is found to be in the same range when operating with 

the two bias techniques. However, the application of two different biasing techniques 

allows one to conclude that the Γion/Γgrowth and Ei parameters are not interchangeable in 

terms of densification: while a high Γion/Γgrowth promotes a fast removal of meso-porosity 

(in the range 0-15 V), as witnessed by the disappearance of the linear increase between 

Pl/Psat associated with mesopores, higher energy values are necessary to remove residual 

nano-porosity. In the case of the p-s bias, the decrease of meso- and nano-porosity is gradual 

and occurs simultaneously because of the limited Γion/Γgrowth value.  

5.2 Activated monomers and nano-porosity: i-CVD of 

organosilicones  

 

In this section, the effect of activated monomers on the nano-porosity of inorganic thin 

films will be explored. In detail, i-CVD (Appendix C) will be adopted for the growth of 

organosilicon polymers on top of PE-CVD SiO2 layers with the aim of developing 

multilayers as moisture barriers (cfr. Chapter 4). As already highlighted in Chapter 4, 

although defects/pinholes represent an unhindered path for the permeant molecule,15,16 the 

kinetic diameter of the water molecule allows it to permeate through (sub-)nm sized pores. 

Affinito17 highlighted that the estimated area density of the nano-pores can be 

approximately up to 15-20 times larger than the one of the defects/pinholes, leading to a 

higher permeation flux than through macro-defects. Therefore, an additional role of the 

organic interlayer was proposed, i.e., the infiltration of the organic monomer in its liquid 

phase into the nano-porosity of the inorganic barrier layer.  
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In a previous contribution, Aresta et al. studied the impact of the filling of the residual 

nano-porosity in PE-CVD SiO2 barrier layers by means of the i-CVD poly(V3D3). 
18,19 

Comparing the i-WVTR of PE-CVD SiO2 layers, ranging from 10-2 to 10-5 gm-2day-1, 

before and after the deposition of the i-CVD deposited organic layer, the impact of the 

nano-pore filling was investigated and found to be rather limited (with a barrier 

improvement factor, BIFvi, of 4) and detectable only for layers characterized by i-WVTR 

> 10-4 gm-2day-1. Furthermore, it was suggested that the infiltration of polymers synthesized 

by smaller monomers might instead affect barriers with lower i-WVTR and show a better 

enhancement of the barrier properties. 

Starting from these conclusions, the infiltration of an i-CVD organosilicon precursor, 

smaller in size compared to the monomer adopted in the previous studies (V3D3), in PE-

CVD SiO2 matrix will be investigated in this work, and the impact of the nano-pore filling 

on the intrinsic barrier performance will be addressed. 

5.2.1 Initiated-CVD (i-CVD): process parameters 

 

All the layers were deposited without breaking the vacuum in a custom-built setup which 

allows thin film deposition by means of both PE-CVD and i-CVD approaches.18,20 A 

schematic of the setup is presented in Appendix A. The wire system for i-CVD is mounted 

on a magnetic movable arm, and during the i-CVD process it is inserted into the deposition 

chamber at a distance of 2 cm from the substrate holder. In this work, V3D3 was also adopted 

for the i-CVD process. The initiator (di-tert-butyl peroxide: TBPO, purity> 98%, Aldrich) 

is mixed together with the monomer in a buffer and injected into the deposition chamber 

through a ring placed above the grid. The grid is connected to a custom-built DC power 

supply system, equipped with a feed-loop system. During the PE-CVD process, the grid is 

transferred from the deposition chamber to a load-lock chamber.  

The SiO2 layers are deposited by means of a parallel plate RF-plasma, and V3D3 is 

adopted as precursor. Before each deposition, the chamber is evacuated to a pressure of 10-

5 mbar, and the setup is arranged for either the i-CVD or PE-CVD process. Table 5.2 reports 

the experimental conditions for all the processes. In the case of the poly(V3D3) layer, the 

conditions were chosen according to previous studies aimed at the deposition of stable, 

smooth layers with a high conversion (i.e., > 85%) of vinyl groups. 21 The setup is equipped 

with spectroscopic ellipsometry-compatible windows to study the film growth during each 

process. In order to further investigate the infiltration of the organic polymer into the matrix 

of the inorganic layer, another organosilicon monomer was chosen with a dimension 

smaller than V3D3, TVTSO, (dTVTSO = 0.85 nm).  

                                                 
vi The barrier improvement factor (BIF) defines the improvement in terms of oxygen or moisture barrier 

property that occurs upon the deposition of additional layers in a multilayer barrier system. 
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i-CVD / 

poly(V3D3) 

i-CVD / 

poly(TVTSO) 

PE-CVD / 

SiO2 

Monomer flow (sccm) 10 3 0.7 

d-TBPO flow (sccm) 2 1 - 

Ar flow (sccm) -  70 

O2 flow (sccm) -  35 

Pressure (mbar) 0.7 0.1 0.3 

Plasma Power (W) -  140-250 

Tgrid (°C) 400 290 - 

Tsub (°C) 60 40 100 

 

First, the i-CVD process was optimized in order to find a process window for stable, 

dense polymers. The polymerization and polymer characteristics were investigated by 

following the same procedure adopted for V3D3 and explained in Ref. [21]. For the TVTSO 

monomer, a process window was identified at the monomer partial pressure, PM/Psat, values 

below 0.2.  

5.2.2 Poly(TVTSO) 

 

FT-IR measurements were carried out in order to verify the polymerization process by 

means of i-CVD and PE-CVD techniques and characterize the deposited layers. Figure 5.5 

shows the comparison between the FT-IR absorption spectra of the i-CVD and PE-CVD 

layers, normalized by their thickness, together with the liquid TVTSO monomer spectra. 11 

The monomer functional groups (namely the Si-CH3 bending absorption band at 1260 cm-

1 22,23, and the linear Si-O-Si asymmetric stretching band at 1066 cm-1 24) are entirely 

retained in the i-CVD polymer structures since the vinyl groups are the only units involved 

in and affected by the polymerization process. 22,25,26 
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5.2.3 Nano-porosity characterization in SiO2 layers  

 

Two cases were chosen in order to verify the degree of infiltration of the i-CVD 

monomers. Two SiO2 layers, which show an in-situ refractive index value of 1.447 and 

1.422 (see Table 5.3), were studied with ellipsometric porosimetry by adopting V3D3 and 

TVTSO as probing molecules. The layers were deposited under the same experimental 

conditions in Table 5.2 and by setting the plasma power at 140 W and 250 W, 

corresponding to the layer with the lowest and highest refractive index, respectively. These 

two layers have been chosen because they cover a rather broad range of intrinsic barrier 

performances (see Table 5.3), as inferred by the correlation earlier presented in Chapter 

4.20  

PE-CVD SiO2 

layer 

nin-situ 

(633 nm) 

Nano-porosity  

V3D3 [%] 

Nano-porosity 

TVTSO [%] 

WVTR 

[g m-2day-1] 

dense 1.447 0.13 0.22 2·10-5 

porous 1.422 0.21 0.31 3·10-3 

 

In Figure 5.6, the optical thickness of the layers is reported as a function of the partial 

pressure of the monomers. The data reported in Figure 5.6 show in both cases that, during 

the adsorption path, an initial optical thickness uptake develops due to nano-pore filling at 

very low PM/Psat, followed by the monomer multilayer adsorption when pore filling is 
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complete. This behavior corresponds to a hybrid type I-II isotherm. The porosity values for 

the SiO2 layers as detected with both monomers are reported in Table 5.3.11,20 The nano-

pore relative content is determined at the rounded knee, where a monolayer of adsorptive 

is formed. Although the difference in residual open nano-porosity is small, it is reproducible 

and related to pores accessible to either V3D3 and/or TVTSO molecule.  

 

 

 

The detected porosity points out that TVTSO is able to infiltrate in a larger amount of 

pores, compared to V3D3. Due to the smaller diameter of TVTSO, this infiltration is 

expected to affect the permeation of water even for barriers not affected by V3D3 deposition, 

as previously reported by Aresta et al. 

5.2.4 Evaluation of the intrinsic barrier performance 

 

In order to investigate any beneficial effect of the infiltration in the nano-pores by the i-

CVD polymers, the intrinsic barrier properties of several 100-nm-thick SiO2 layers, with 

an intrinsic WVTR in the range between 1·10-5 – 3·10-3 g m-2 day-1, were compared with 

those of SiO2 layers after deposition of a 20-nm-thick organosilicon layer. The SiO2 layers 

were deposited under the same experimental conditions reported in Table 5.2 and by tuning 

the plasma power in the range between 140 W and 250 W. The organosilicon thickness 

value of 20 nm has been chosen to guarantee the filling of the open pores present in the 

SiO2 layers.  

Using V3D3 as organosilicon monomer the infiltration study showed that there is no 

barrier improvement upon infiltration of the poly(V3D3) in the nano-pores for intrinsic 

WVTR values below 3·10-4 g m-2 day-1 (Figure 5.7). 
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Above this value, an improvement in the intrinsic barrier properties is observed upon 

the deposition of the 20-nm-thick polymer. Under these conditions, however, the BIF is 

limited to a value of 4. The observed improvement factor values cannot be attributed to the 

poly(V3D3) intrinsic barrier performance by applying the ideal laminate theoryvii,17 since it 

                                                 
vii The transport through a solid is considered to occur through a so-called solubility-diffusion 

mechanism44, 46. The permeability of a molecule as O2 and moisture in a solid is therefore given by the product 

of its diffusivity (cm2 s-1) and solubility (cm3(or g) cm-3 atm-1), P = D · S. Being D and S characteristic 

properties of a material, the solubility-diffusion mechanism implies that the flow (or permeation) of a 

molecule through a material, in steady-state conditions, is inversely proportional to the material thickness 
44,46. In the conditions in which the upstream (O2 and H2Ovap) partial pressure p0 on the solid is much larger 

the one downstream pf (p0 >> pf), the flow (or permeation) can be expressed as46: 

 

The ideal laminate theory states that the permeability of a molecule into a layered system (such as polymer 

substrate/barrier layer) is given by the following series 46: 

 

where Ppolymer and Pbarrier are the polymer substrate and barrier permeabilities, dpolymer and dbarrier are the 

polymer and barrier layer thicknesses, Ppolymer/barrier and dpolymer/barrier are the permeability and the thickness of 

the polymer/barrier layer system, respectively. 

0 ( )
p

flow permeation P
d
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polymer barrier polymer polymer

polymer barrier polymer polymer
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is in the same order of the PEN substrate barrier level, and therefore negligible with respect 

to the pristine SiO2 barrier performance.  

The same study was performed with TVTSO. In this case, an improvement was found 

for barriers showing intrinsic WVTR values down to 3∙10-5 g m-2 day-1, whereas, below 

this limit, no improvement in the barrier properties was detected. The difference between 

TVTSO and V3D3 can be explained in terms of molecule diameter, TVTSO being able to 

infiltrate in smaller pores. Nevertheless, notwithstanding the smaller dimension of the 

TVTSO molecule, the BIF was still limited to a factor of 4. This result can be explained by 

considering that pores are present in the SiO2 layer, not accessible to the organosilicon 

monomers, but yet accessible to H2O. In fact, upon exposure to ambient (relative humidity 

of 40-60%), the refractive index of the layers increases due to the filling of open pores 

accessible to water vapor (d ≥ 0.27 nm). The open porosity was then calculated and found 

to be 4.3% and 7.4% for the dense and porous SiO2 layer, respectively, pointing out that 

the majority of the pores has a diameter smaller than both organosilicon monomers used.20 

Hence, it can be concluded that the presence of these nano-pores as well as the low mass 

density of the organosilicon polymers, which does not effectively hinder the permeation 

path of the water molecules, account for the limited factor of improvement upon filling of 

the barrier nano-pores by the i-CVD layers.  

As outlook, it would be worth considering i-CVD monomer sizes approaching the one 

of water, specifically acrylates. Next to the molecular size, monomers exhibiting a 

hydrophobic character, which would eventually affect the organic interlayer in terms of 

water solubility and diffusivity, could be also taken into consideration.27 

5.3 Interaction between nano porosity and activated 

molecules/plasma radicals in plasma-assisted ALD processes 

5.3.1 Effect of ALD precursor infiltration in thin inorganic films: impact on 

nano-porosity and intrinsic barrier properties 

 

As aforementioned, one of the cutting edge approaches towards the development of 

moisture barrier solutions for long-term (organic) electronics is the application of multiple 

layers, either in the organic/inorganic or inorganic/inorganic combination.28–35 As 

addressed in Chapter 4 and in Section 5.3, the beneficial effect of the use of multi-layers 

relies on several effects due to the application of a thick organic layer: smoothening of the 

substrate surface, which allows the deposition of a higher quality subsequent inorganic 

layer, coverage of pinholes, which allow the formation of a tortuous path between two 

successive defects, and infiltration in the nano-porosity of the layer underneath. An 

alternative approach is the use of (ultra-)thin nano-laminates, mostly alternating 

inorganic/inorganic layers. As reported in the literature, this approach has brought to 
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barriers with excellent WVTR values, 36 together with the possibility to achieve also the 

coverage of local defects37 by increasing the number of dyads. Being a rather recent 

approach, very little is reported in the literature on the enhanced effect on the barrier 

properties of inorganic/inorganic dyads, and in this section, the synergy of the application 

of ultra-thin layers on top of inorganic barriers will be addressed. 

In recent years, roll-to-roll atmospheric plasma dielectric barrier discharge has been 

shown to be a valid tool to develop barrier layers on polymers,38–40 with the advantage of 

not requiring expensive vacuum systems. Specifically, it has been reported that roll-to-roll 

atmospheric pressure plasma glow (APG)-deposited SiO2 films at a dynamic deposition 

rate (DDR) of ~10 nm/mmin are characterized by a satisfactory level of moisture barrier 

performance (10-3 g m-2 day-1).41 However, in the same paper it has been also reported that 

an increase in DDR up to 60 nm/mmin leads to a deterioration of the barrier performance 

with a WVTR value approaching 1 gday-1m-2. It has very recently been shown by Starostin 

et. al. 42 that the application of an ultra-thin (≤ 2 nm) ALD Al2O3 layer on top of a roll-to-

roll atmospheric plasma discharge deposited SiO2 layer, showing very poor barrier 

properties, “heals” the SiO2 barrier properties, as shown in Table 5.4. 

The improvement in barrier performance cannot be accounted for by the well-known 

excellent moisture permeation properties of ALD Al2O3 because the same ultra-thin layer 

deposited on PEN exhibited very poor protection against water vapor. 

 PEN 
PEN 

+100 nm SiO2 

PEN 

+ 100 nm SiO2 

+ 2 nm Al2O3 

PEN 

+ 2 nm Al2O3 

Effective WVTR 

(gm-2day-1) 
1.7 1 1·10-3 1 

Intrinsic WVTR 

(gm-2day-1) 
 3·10-3 ~8·10-6  

 

The synergy of the bilayer system presented by Starostin et al. shares some similarities 

with other works reported in the literature, i.e., all cases where the barrier performance 

enhancement cannot be interpreted by means of the ideal laminate theory.27 Specifically, 

Dameron et al.43 reported on a ALD Al2O3 layer combined with a rapid-ALD SiO2
44 top 

layer, yielding a WVTR value of ~1·10-4 gm-2day-1. The authors argued that the rapid ALD 

SiO2 layer growth occurred also within the local pinholes in the Al2O3 layer underneath. 

Similarly, Carcia et al. 45 reported a decrease in extrinsic WVTR for a 100 nm-thick PE-

CVD SiNx layer deposited on PET from ~7·10-3 gm-2day-1to less than 5·10-5 gm-2day-1, 

when coated with a 5 nm-thick ALD Al2O3. They hypothesized that sealing of local defects 

in the SiNx layer occurred upon Al2O3 deposition. Alternatively, they reported on the 

possibility of improved nucleation of Al2O3 on SiNx compared to the bare polymer substrate 
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In this section, in order to justify the synergistic effect reported by Starostin et al., PE-

CVD SiO2 showing different levels of nano-porosity content will be investigated prior and 

after the deposition of ultra-thin plasma assisted-ALD Al2O3 by EP. Two different PE-CVD 

SiO2 layers have been investigated, one showing high nano-porosity (p-SiO2, nin-situ 1.413) 

and one having a denser microstructure (d-SiO2, nin-situ 1.450), deposited in the same 

experimental conditions as mentioned in 4.3. EP measurements were carried out with three 

adsorptives, namely water, ethanol, and toluene. In Figure 5.8, the adsorption isotherms 

for the p-SiO2 and d-SiO2 as obtained by adopting water as probe molecule are reported. 

 

 

 

Since no hysteresis was observed, the desorption isotherms are not reported. According 

to the IUPAC classification, both isotherms are associated with microporous layers. In the 

micropore filling region (0 < Pl/Psat < 0.2), d-SiO2 showed a lower uptake in terms of 

adsorptive volume, pointing out differences in the nano-pore content for pores having a 

diameter close to the one of water (0.27 nm). Furthermore, the inflection point, i.e., the 

partial pressure at which a monolayer of probe molecule develops, is clearly visible for the 

d-SiO2 at Pl/Psat value between 0.2 and 0.3, pointing out a narrow distribution of 

micropores.  

In contrast, p-SiO2 shows no clear inflection point. This indicates a broad distribution of 

pore size. Nevertheless, the lack of a steep linear increase in Vads/Vfilm at Pl/Psat values 

between 0.3 and 0.8, together with the absence of hysteresis, points out that no mesopores 

are present. The broader pore size distribution is therefore attributed solely to nano-pores. 

At high Pl/Psat, d-SiO2 showed a clear increase in the water uptake, typical of the formation 

of a multilayer. For the p-SiO2, instead, the multilayer formation is hidden by the micropore 

filling, eventually resulting in a linear increase in water uptake characterized by a mild 

slope. Both layers can therefore be categorized by a combination of type I (microporous) 

and type II (non-porous) isotherms.  
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The two layers were investigated also with toluene and ethanol, in order to retrieve more 

information on the pore size distribution in the nano-porosity region. In Table 5.5 the open 

porosity content for p-SiO2 and d-SiO2 are presented. 

 

Porosity % (±0.02) 

Water 

(0.27 nm) 

Ethanol 

(0.42 nm) 

Toluene 

(0.6 nm) 

p-SiO2 5.35 2.50 1.76 

p-SiO2 + 2 nm Al2O3 2.81 0.32 0 

d-SiO2 0.54 0 0 

d-SiO2 + 2 nm Al2O3 0.21 0 0 

 

The porous sample showed porosity accessible to all probe molecules, confirming the 

broad pore size distribution inferred by the undefined inflection point in the water 

adsorption isotherm. On the other hand, d-SiO2 showed no porosity accessible to ethanol 

and toluene, indicating that all the nano-pores present have a diameter between 0.27 and 

0.42 nm, and limited to 0.54%.  

After the determination of the microstructure of the layers under study, a plasma 

assisted-ALD Al2O3 layer was deposited on top of the silica. The deposition consisted of 

16 cycles, resulting in 2 nm of Al2O3 when deposited on c-Si reference substrates. By 

adopting fixed optical constants for Al2O3, the model converged to an Al2O3 thickness of 

2±0.3 nm, also in the case of its deposition on PE-CVD SiO2. The layers were then analysed 

with EP. In Figure 5.9 the isotherms obtained with the three probing molecules are 

presented for p-SiO2, while for d-SiO2 only the water isotherm is reported. In Table 5.5, 

the open nano-porosity value upon deposition of the ultra-thin layer are also reported.  

The uptake of water molecule in p-SiO2 sample decreased after adding 2 nm of Al2O3 

layer (Figure 5.9a), but the shape of the isotherm is preserved (Type I-II). The increased 

adsorption volume after Pl/Psat=0.4 for the isotherm of p-SiO2 + 2 nm Al2O3 in Figure 5.9a 

is related to the multilayer development which is thicker when compared to the thickness 

of the multilayer on the p-SiO2 sample without Al2O3 layer.  

The shape of ethanol adsorption isotherm for the Al2O3 deposited p-SiO2 (Figure 5.9b) 

corresponds to a type I-II isotherm, as also observed by using water as probe molecule. 

Adding 2 nm of ALD Al2O3 layer affected both pore filling and multilayer growth regions 

by decreasing the amount adsorbed within the layer (in the micropore filling region) and 

the thickness of ethanol multilayer (at higher Pl/Psat). The change in multilayer growth is 

most likely due to changes in surface energy caused by Al2O3 deposition, which provides 

a more hydrophobic surface than SiO2. Nevertheless, the overall shape of the isotherm 

changes toward a type II isotherm after adding 2 nm of plasma assisted-ALD Al2O3. The 
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small micropore uptake at low Pl/Psat in Al2O3/p-SiO2 results in a probed porosity of 0.32% 

(d ≥ 0.42 nm).  

 

 

 

Figure 5.9c shows the toluene adsorption isotherm of Al2O3/p-SiO2. The shape of type I-II 

isotherm for p-SiO2 changes to a pure type II isotherm after Al2O3 deposition.  

When comparing the relative pore content before and after capping p-SiO2 with Al2O3 

(Table 5.5), it can be inferred that Al2O3 can either quantitatively block or fill the residual 

SiO2 open pores. The effect is function of the plasma assisted-ALD precursor used, TMA, 

which has a diameter of ~0.65 nm. Pores with a diameter above the TMA size are accessible 

to the precursor during the ALD half cycle, leading to the growth of Al2O3 within the layer 

nano-porosity. On the other hand, pores with a size below 0.65 nm are not expected to be 

accessible to TMA molecules and Al2O3 presumably grows on top of the open pore, 

eventually blocking its entrance and hindering the permeation of water. A schematic of the 

two effects is presented in Figure 5.10.  
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The decrease in water molecule uptake is also visible for the d-SiO2 sample upon Al2O3 

deposition (Figure 5.9d). However, a very small amount of open pores as low as 0.2% 

could still be detected. In the case of d-SiO2, no nano-porosity could be measured with 

ethanol and toluene before and after the Al2O3 layer, which points out the absence of nano-

pores larger than 0.42 nm. The decrease in nano-porosity detected with water, therefore, is 

attributed only to a blocking effect of the Al2O3 growing on top of the open nano-porosity. 

When considering the decrease in intrinsic WVTR upon deposition of the ultra-thin Al2O3 

layer reported in 42, these results can be interpreted in light of the correlation found between 

the nano-porosity and the intrinsic barrier properties reported in Chapter 4 (Figure 4.4). In 

fact, we have shown that the transition of intrinsic WVTR from 10-2 to 10-5 gm-2day-1is 

controlled by pores with size d ≥ 0.42 nm. In this section, we showed that the nano-porosity 

of p-SiO2 with a diameter above 0.42 nm decreases after depositing the ultra-thin Al2O3 

layer and this leads to an enhancement of the intrinsic barrier properties from 10-2 to 10-5 

gm-2day-1.42 
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5.3.2 Interaction between the organic free volume of polymers with activated 

plasma assisted-ALD precursors and plasma reactive species 

 

As mentioned in Chapter 4, two different approaches exist for the encapsulation of thin-

film electronic devices. Indirect encapsulation, where the barrier layer is deposited on a 

flexible substrate (e.g., a polymer) and later either mechanically applied on a device by 

means of a sealant (e.g., a curable adhesive),46 or deposited prior of the assembly of the 

device on the polymer,47 and direct encapsulation, where the barrier is deposited on the 

device.48–50 Direct encapsulation represents a cost-effective albeit challenging approach, 

besides being an area of particular importance because of its impact in improving 

commercial viability of devices. In the literature, the direct encapsulation of organic devices 

has been achieved by means of PE-CVD,36,51 sputtering,52 and ALD. The encapsulation by 

means of ALD has gained attention due to the possibility of achieving long-term protection 

with (ultra-)thin layers.49,53–58 However, direct exposure of active organic layers to the 

deposition conditions (e.g., chemically reactive precursors, oxidative environment, 

elevated temperatures) can cause device degradation or affect the chemical and 

morphological properties of the sensitive organic layers.54,55 Therefore, in engineering 

processes suitable for this approach, we should carefully understand the interaction between 

the growing layer, together with its process, and the sensitive organic matrix. 

In this perspective, barrier layers based on thermal ALD with process temperatures in 

the range of 100-150 °C have been studied over the last decade.57 For example, Chang et 

al. reported on the direct ALD deposition of Al2O3 and nanolaminates of Al2O3/HfO2 and 

the effect of the ALD process parameters (precursor soaking, process temperature and 

materials) on the active layer and OPV device performance 55. Sarkar et al. investigated the 

effect of different co-reactant (H2O and O3) in ALD Al2O3 
54 on the quality of the OPV 

encapsulation. Finally, Clark et al. reported on the systematic study as a function of process 

parameters and thickness of ALD AlOx on bulk heterojunction OPV devices, focusing on 

the ALD layer growth and its adhesion.49,53 Despite progress, less attention has been given 

to the use of plasma assisted-ALD and, in this context, to analyzing the interaction between 

the growing layer and the active organic matrix, particularly at low deposition temperature. 

Besides reducing the cumulative energy demand (i.e., the energy needed to produce 

materials and to run equipment), and consequently the energy payback time of OPV, low 

temperature processing is desirable because it limits the physical and chemical changes of 

the OPV active materials. 

As final highlight in this thesis work, the interaction of the nano-porosity present in OPV 

photoactive layers (namely region-regular poly(3-hexylthiophene-2,5-diyl) (P3HT) and 

indene-C60 bisadduct (ICBA)) with ALD activated molecules and plasma species will be 

investigated. The infiltration of plasma assisted-ALD precursors, trimethyl aluminum 

(TMA) and tetrakis (dimethylamino) titanium (TDMAT), for Al2O3 and TiO2 deposition, 
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respectively, within the bulk heterojunction free volume will be studied as a function of 

process temperature and organic layer morphology. The process developed at near room 

temperature will be compared with processes at higher temperature reported in the 

literature.  

It has been reported for thermal ALD processes that, when depositing on polymeric 

substrates, an intermixed hybrid region can develop, potentially affecting the properties of 

the substrate underneath 59–61. Following these studies, we have explored the potential 

generation of an intermixed interface also during plasma assisted-ALD processes. The 

interface between the photoactive layer and the inorganic layer has been studied by means 

of depth-profile X-ray photoelectron spectroscopy (XPS). Furthermore, the organic matrix 

free volume has been characterized at different temperatures, reproducing the plasma 

assisted-ALD process conditions. The nano-porosity of the organic matrix accessible to 

plasma assisted-ALD precursors has been studied by means of spectroscopic ellipsometry 

(SE) and ellipsometric porosimetry (EP).  

5.3.2.1 Photoactive layers 

 

Highly regioregular poly(3-hexylthiophene-2,5-diyl) (P3HT, Rieke Metals, 4002-E) had 

previously been mixed with indene-C60 bisadduct (ICBA, Luminescence Technology, 

S9030) in a 1:1 weight ratio, and made into a solution using 1,2-dichlorobenzene with total 

concentration of 120 mg/ml, which was magnetically stirred overnight at 500 RPM at 75 

°C. P3HT:ICBA films were spin coated on pre-cleaned Si-wafers inside the glovebox 

through 0.2 µm pore size PTFE filters at 800 RPM, with acceleration of 10,000 RPM/s for 

30 s. In one case, the resulting wet films were then slowly dried in covered glass Petri dishes 

for at least 5 hours and then thermally annealed on a hot plate set to 150 °C for 10 minutes 

inside the glovebox. This process resulted in highly crystalline films. In the other case, the 

resulting wet films were transferred directly into a vacuum oven where they were dried 

under vacuum at room temperature. This process resulted in films with significantly 

reduced crystallinity compared with those prepared by the first method. In Figure 5.11, the 

differences in the layers’ morphology are reported. GI-XRD measurements (Figure 5.11) 

pointed out differences in crystallinity between the samples. For convenience, we will refer 

to the solvent annealed sample as ‘crystalline’ and to the vacuum dried one as ‘amorphous’. 
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5.3.2.2 Single inorganic layer deposition 

 

Plasma assisted-ALD TiO2 and Al2O3 layers were deposited in a Cambridge Fiji Plasma 

ALD system. Trimethyl aluminum (TMA) and tetrakis (dimethylamino) titanium 

(TDMAT) were used for the deposition of Al2O3 and TiO2 layers, respectively, the former 

vaporized at 30 °C and the latter at 75 °C. Ar was used to constantly purge the delivery line 

and as carrier gas to deliver the precursor into the deposition chamber. The ICP source was 

operated between 100 W and 300 W and O2 was used for the oxidation step. Since O2 does 

not react with TMA and TDMAT under the used operating conditions, a constant flow of 

100 sccm was used during the entire ALD cycle and served as purge gas. Both oxide layers 

were deposited at substrate temperatures of 30 °C and 80 °C. For the Al2O3 process, the 

ALD cycle consisted of TMA dosing (0.06 s), purge with Ar/O2 gas (20 s), O2 plasma 

exposure at 300 W (10 s), and purge with Ar/O2 gas (7 s). For the TiO2 process the ALD 

cycle consisted of TDMAT dosing 0.5 s, purge with Ar/O2 gas (15 s), O2 plasma exposure 

at 100 W (12 s), and purge with Ar/O2 gas (10 s).  

All the layers were deposited on both organic active layer and bare c-Si samples, the 

latter used as reference. 

5.3.2.3 XPS depth profile  

 

XPS was performed using a Thermo Scientific K-Alpha spectrometer with a 

monochromatic Al Kα X-ray source (hν = 1486.6 eV). Prior to the measurements, the 

samples were pre-sputtered with an Ar ion-gun at an angle of 60° and 1000 eV in order to 

remove the carbon contamination from the layer surface.  
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The binding energy scale was calibrated to the C1s peak at 284.8 eV. The experimental 

peaks were integrated after background subtraction. Elemental surface compositions were 

calculated from the integrated peak areas employing instrumental sensitivity factors as 

supplied by the manufacturer and expressed in atomic %. Elemental depth profiling was 

determined by sputtering off the films using a Ar+ ion gun. The argon ion acceleration was 

3 KeV at a partial argon pressure of 5∙10-7 mbar, resulting in a sputtering rate of 0.3 nm s-1 

for titanium oxide films and 0.2 nm s-1 for alumina films.  

5.3.2.4 Inorganic barrier deposition and interface characterization 

 

Al2O3 and TiO2 (20 nm-thick) were deposited by means of plasma assisted-ALD at 30 

°C directly on P3HT:ICBA films and on c-Si wafers, used as reference. In Table 5.6, the 

elemental composition and refractive index of the layers deposited at 30 °C as measured on 

the reference c-Si samples are reported.  

Al2O3 Al% O% C%  

nex-situ 

(at 633 nm) 

(±0.005) 

 35.5 59.6 4.9  1.584 

TiO2 Ti% O% C% N% nex-situ 

 29.1 59.2 6.9 4.8 1.923 

 

The presence of carbon in the both Al2O3 and TiO2 matrices points out the incomplete 

ligand removal from the organic precursors. The refractive index (measured at 633 nm) 

values of 1.58 for Al2O3 and 1.92 for TiO2 were found lower than those in bulk materials 

(1.65 for Al2O3 and 2.58 for TiO2 at 633 nm), inferring the presence of porosity in the 

layers.  

In order to investigate the possible presence of an intermixed interface between the 

inorganic layer and the organic matrix, XPS depth profiling was carried out on both plasma 

assisted-ALD oxides deposited at 30 °C. In Figure 5.12, the atomic percentage of the 

several elements is reported as a function of the sputtered depth. 
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To investigate the effect of the morphology of the organic layer, two different organic 

matrices were used, a crystalline (solvent annealed) and a more amorphous (vacuum dried) 

sample.  

The chemical composition of the Al2O3 and TiO2 layers deposited on the photoactive 

layers before sputtering process are nearly identical to the one reported in Table 5.6, 

pointing out a similar growth of the ALD layers on both substrates. Next, the profile 

indicates the chemical composition of the interface inorganic/organic active layer, when 

the latter is either crystalline or amorphous for the case studies of TiO2 (Figure 5.12a-c) 

and Al2O3 (Figure 5.12b-d) deposited at 30 and 80 ºC. 

In order to determine the thickness of the interface, depth profile analysis was performed 

also on a plasma assisted-ALD Al2O3 layer deposited on c-Si, and reported in Figure 5.13. 

The interface has been defined when the intensity of the Al2p and O1s peaks are 50% of 

their maximum value. The distortion of the true atomically smooth interface arises from 

compositional mixing under the influence of the incident Ar ion beam.62,63 From this 

analysis, the sharp Al2O3/c-Si interface has an apparent thickness of 3 nm, and this value 
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has been subtracted from the intermixed region thickness reported for all the 

inorganic/organic layers. 

 

 

 

In Figure 5.12a, when deposited at 30 ºC, the profiles are nearly identical in the case of 

TiO2, pointing out a similar interface development whether the active layer is crystalline or 

amorphous. Subtracting the apparent interface thickness found on c-Si, the interface 

between the organic and inorganic layer is also shown to be sharp, with the two materials 

intermixing up to 3 nm. In Figure 5.12b, in contrast to the TiO2 profile, the alumina shows 

a larger infiltration during its growth on both organic matrices. The interface develops for 

6-9 nm in depth, in turn suggesting the presence of free volume accessible to TMA 

molecules (0.65 nm in diameter). Furthermore, the depth of Al2O3 infiltration is different 

between the crystalline and the more amorphous organic matrix. The crystalline sample 

shows a sharper interface (6 nm) with the Al2O3 when compared to the amorphous one (9 

nm), pointing out a lower amount of nano-pores accessible to the infiltration of TMA 

molecules. This result is in agreement with studies on the differential infiltration of TMA 

during a thermal ALD process as a function of the polymer microstructure carried out with 

quartz crystal microbalance,64 suggesting that the polymeric composition and its 

morphology can influence the degree of intermixing also for plasma assisted processes.  

In order to compare the ALD layer growth at room temperature with more common 

processes held at higher temperature for direct encapsulation of OPV devices (80-100 

°C),49,57,58 the same measurements were carried out for layers deposited at 80 °C. In Figure 

5.12c and d, the atomic percentage as a function of the sputtered depth is reported for the 

TiO2 and Al2O3 layers, respectively. The TiO2 layer (Figure 5.12c) shows a similar 

behavior as the one deposited at 30 °C. The interface shows negligible differences between 
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the amorphous and crystalline layer, whilst its depth is increased up to 6 nm compared to 

the layers deposited at 30 °C, suggesting an increased diffusion of the precursor within the 

organic matrix. The Al2O3 layer (Figure 5.12d) deposited at 80 °C shows a larger interface 

when compared to the layer deposited at 30 °C, up to 15 nm-thick. As before, the infiltration 

depth of TMA between crystalline and amorphous samples is different, implying a similar 

expansion of the free volume at higher temperature when compared to the one at near room 

temperature. The temperature effect on the TMA infiltration depth was reported by Padbury 

et al.65 who observed a TMA uptake increase for different polymers as a function of 

temperature with quartz crystal microbalance, in the range between 30 °C and 100 °C, 

confirming the XPS results here reported.  

It is worth mentioning that the penetration depth found for plasma assisted-ALD 

processes is lower than the one that has been reported for thermal ALD processes in the 

literature. As an example, Ferrari et al.48 reported on the deposition of thermal ALD Al2O3 

on top of organic field effect transistors. In the study, the formation of an intermixed region 

between the inorganic and the organic layer (P3HT) is studied for 30 nm-thick organic 

layers. Al2O3 was found to infiltrate through all the thickness of the organic layer, forming 

clusters at the interface with the P3HT substrate. The difference with thermal processes 

arises from the higher reactivity of oxygen plasma species (radicals, ions) compared to H2O 

usually adopted in thermal ALD for oxide deposition. In the layers here under investigation, 

the high reactivity of the plasma species is expected to limit the nucleation of the oxide 

layer. In the literature, studies on the oxidation of polymers exposed to oxygen plasma 

showed levels of penetration of the oxygen plasma species in organic layers in the range of 

tens of nm.66 As a function of the plasma treatment parameters and temperature, the 

oxidation was shown to be measured also with attenuated total reflectance FT-IR, sampling 

the layer down to 1 µm..67 However, in the processes here presented, the direct exposure of 

the organic layer to plasma oxygen is limited, because of the contemporary formation of a 

growing layer on top of the organic layer surface and because of the pulsed nature of the 

plasma exposure. In order to verify the extent of the penetration of the plasma species in 

the organic layers, pristine photoactive samples were exposed only to O2 plasma mimicking 

the ALD cycles but excluding the precursor exposure step. Three 12 s-exposures to oxygen 

plasma were carried out on both crystalline and amorphous organic samples. The samples 

were then characterized by depth profiling XPS, adopting a gentle Ar sputtering (0.11 

nm/s). In Figure 5.14, the oxygen atomic % is reported as function of the sputtered depth. 

The profile shows that the oxygen species infiltrate the organic layer for 1 nm of its 

thickness for the crystalline sample, and up to 3 nm for the amorphous sample. However, 

the oxygen profile reported in figure 3 is lower than the oxygen atom % profiles for the real 

ALD process reported in figure 1 . The deeper infiltration of oxygen atoms found for the 

oxide/photoactive layer systems can tentatively be explained by the presence of residual 

water in the organic sample matrix due to the low temperature of the process or due to the 
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formation and subsequent diffusion of water during the plasma step. In the presence of 

water, the precursor molecules undergo a CVD process, leading to the formation of AlOx 

and TiOx layers. 

 

 

 

In summary, the smaller dimension of TMA compared to TDMAT allows a deeper 

infiltration of the alumina precursor within the organic matrix, creating an intermixed 

interface between the two materials. The penetration is enhanced at higher temperature, 

suggesting an increased diffusivity together with a pore broadening in the organic layer.  

5.3.2.5 Organic active layer free volume characterization 

 

In order to confirm the results obtained with XPS, the active layer free volume was 

characterized by EP and SE at different temperatures. The optical properties of the organic 

matrix, both crystalline and amorphous, were followed by SE at 35 °C and 80 °C. In Figure 

5.14 a and b, the refractive index of the organic matrix is reported as a function of time. 

For both morphologies, an increase in temperature led to a decrease in refractive index, 

inferring a broadening of the polymer free volume.68 The refractive index decrease Δn was 

found to be equal to 0.0185±0.0005 for the amorphous layer and 0.0143±0.0005 for the 

crystalline layer, pointing out a difference in free volume in the order of 1.3% by using  Eq. 

2 (cfr. Chapter 3). The broadening is more pronounced for the amorphous layer, probably 

due to the higher degree of freedom of the polymer chains in this morphology. The larger 

interface found with XPS for the layers deposited at 80 °C can therefore be attributed to 

both increased diffusivity and free volume. The changes in refractive index have been 
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solely ascribed to variation in morphology, as the shift in the SE spectra (not reported here) 

is accounted for by the free volume change and was found to be reversible as a function of 

temperature. 

 

 

 

To gain more insights into the penetration of the smallest precursor (TMA) within the 

organic matrix, the accessible free volume was studied by means of EP at 35 °C and 80 °C. 

Toluene was chosen as probing molecule, since its kinetic diameter (0.6 nm) is close to the 

TMA dimension (0.65 nm). In Figure 5.15a, the organic matrix refractive index is reported 

as a function of the Pl/Psat of toluene.  

 

 

 

At very low Pl/Psat (below 0.2), the n value was found to increase, inferring the filling of 

the free volume with diameter ≥ 0.6 nm.Above Pl/Psat values of 0.25, the refractive index 

was found to decrease and stabilize at Pl/Psat of 0.4. The abrupt decrease was attributed to 
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swelling occurring in the layer68–72 due to the penetration of toluene. This effect hinders the 

simultaneous pore filling, in turn limiting the calculation of the total accessible free volume 

to 0.7%. Nevertheless, during precursor dosing, the Pl/Psat of the TMA vapors stays below 

0.1, and thus it is fair to conclude that the extrapolated free volume is the upper limit of the 

one accessible to the Al2O3 precursor. 

In Figure 5.15b, the refractive index is reported as a function of the toluene Pl/Psat at a 

temperature of 80 °C. Upon exposure to toluene, the refractive index was found to decrease, 

indicating the immediate swelling of the organic layer. In the inset in Figure 5.15b, the 

refractive index and thickness of the organic sample are reported as a function of time. 

When the layer is first exposed to very low toluene Pl/Psat (0.005), swelling immediately 

occurs, leading to an increase in thickness and a decrease in the layer refractive index. 

Although it was not possible to quantify the accessible free volume, qualitatively it is 

reasonable to conclude that the higher temperature leads to higher diffusivity and free 

volume changes, consistent with the XPS results. Consequently, during the ALD process, 

the precursor exposure at higher temperatures is thought to penetrate deeper in the organic 

layer due to the increased diffusivity. The swelling effect, if present, is considered limited, 

taking into account the short exposure time (60 ms) and the following purging step. Similar 

conclusions were drawn by Padbury et al.65,73,74 for commercial polymers, while 

investigating thermal ALD processes.  
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5.4 Conclusions 

 

In this chapter, interaction of reactive species of different nature and (nano-) porosity in 

inorganic and organic films has been addressed. From these studies, the control over the 

size, distribution, and amount of pores, both through in-process and post-process reactive 

species interaction, is shown possible. 

The nano-porosity distribution can be tuned during growth when ionic species interact 

with the depositing layer. The accurate control of open porosity can be exploited in a 

number of applications, ranging from ones requiring high surface areas to ones where the 

open-porosity has to be minimized. 

Post- processes modifications of thin films are also paramount when the bulk and surface 

properties can be separately modified. The growth of additional layers on top of inorganic 

thin films has been investigated in terms of nano-porosity control and effect on the intrinsic 

moisture barrier performance. The ‘healing’ of high defective layers, deposited in more up-

scalable conditions, can be achieved by finely tune the degree of open nano-porosity 

choosing the appropriate ALD layer. Furthermore, the choice of the organic interlayer in 

moisture permeation barrier has been found to play a role in terms of infiltration in the 

inorganic layer nano-porosity. Finally, in engineering organic electronic devices, the 

application of plasma assisted ALD layers on top of organic matrices has been found critical 

when an accurate control of the organic/inorganic interface is required. 

Finally, ellipsometric porosimetry has been used as key technique in quantifying the 

interaction (and its degree) of reactive species with the nano-porosity of layers of different 

nature (organic and inorganic, amorphous and crystalline), showing its potential in both 

fundamental and applicative studies.  
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6 CONCLUDING REMARKS 

AND OUTLOOK 

With the results presented in this thesis work, the objectives listed below have been 

achieved. Preliminary studies on the follow-up steps to be taken in the research area are 

also presented. 

 

Identification and characterization of residual open nano-porosity: in Chapter 3, the 

full characterization of the residual nano-porosity in amorphous oxides and nitrides has 

been achieved. Ellipsometric porosimetry and electrochemical impedance spectroscopy 

have been adopted for the detection and quantification of low level of nano-porosity in thin 

films deposited by various plasma-based vapor-phase deposition methods. The analysis 

allowed the categorization and differentiation of minimal structural changes in thin layers, 

outperforming other advanced characterization techniques, as presented in Chapter 2. The 

combination of EP and EIS with opto-chemical techniques, able to infer the presence of 

porosity, has allowed the complete characterization of the layers in terms of open 

microstructure.  

Furthermore, next to the intrinsic material characterization, EIS/EP showed the 

possibility to assess the quality of the deposition methods, in terms of particle/pinhole 

formation. This possibility may lead to new opportunities in the fast and reliable 

determination of thin films’ quality, not only in terms of material, but also in terms of 

processes and handling. In addition, EP showed the possibility of assessing the overall thin 

film quality also when the layers are deposited on polymeric substrates. This result allows 

EP to be used as versatile method for technologies relying on flexible substrates (such as 

permeation barriers and flexible organic electronics). 



Looking down the rabbit hole: Nano-porosity in thin films – A. Perrotta 

 

 

 

172 

Moreover, the intrinsic differences among the studied materials have been highlighted. 

Al2O3-like and SiNx layers showed pores not accessible to molecules down to 0.27 nm in 

diameter, making them a possible choice for technologies relying on closed layers. 

The methodologies developed throughout this dissertation are also suitable for different 

systems than the ones earlier presented. In a very recent publication, we have applied EP 

on metal-organic frameworks adopted as gas separation membranes for the characterization 

of the free volume in the range 0.27-0.6 nm.1 The microstructural analysis carried out with 

EP has been confirmed by DFT calculation, highlighting the versatility of the developed 

approach also on hybrid systems. Furthermore, the results presented on polymeric materials 

(§3.6 and further on §5.3.2), albeit challenging, show the potential of these methodologies 

on a variety of systems and fields of application (e.g., study of porosity in porous catalysts, 

proton exchange membranes, smart polymers) and widen the applicability of the techniques 

here presented. 

Moreover, EP can be further applied for the characterization of ultra-thin layers, with 

thickness down to the sub-nm regime. Several SiO2 thin films adopted as passivation layers 

in c-Si solar cells have been studied with EP. The affinity towards polar and non-polar 

probe molecules have been tested for oxides grown with different methods and compared 

to the native oxide on c-Si wafers. In Figure 6.1, the uptake of toluene and ethanol on 

different oxides are reported as a function of the probe molecule partial pressure. 

 

 

 

The differences in adsorption reflect differences in the microstructure and chemical 

arrangement of the ultra-thin oxides, highlighting the sensitivity and applicability of the 

developed approach, also for very low film thickness values. 
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Open nano-porosity and moisture permeation barrier properties: in Chapter 4, the 

complete characterization of both open nano-porosity and defects/pinholes has been applied 

to a specific technological field, in which porosity plays a key role. Considering that the 

applied methodologies showed high sensitivity towards minimal differences in terms of 

open nano-porosity, this aspect makes them suitable for the analysis of systems in which 

the removal of residual open nano-porosity is sought, i.e., moisture permeation barrier 

layers. 

Starting from the thorough analysis performed in Chapter 3 on nitrides and oxides, the 

nano-porosity level has been correlated with the intrinsic barrier performance of the layers. 

A universal correlation has been found, regardless of the deposition method and material 

adopted. This result has allowed the prediction of the intrinsic barrier properties from the 

nano-pore content measurements, opening up new perspectives in the optimization and 

processing of materials in the field.  

Furthermore, the interaction of the residual nano-porosity with reactive species 

(presented in Chapter 5) such as monomer radicals in i-CVD deposition or plasma 

species/reactive molecules in plasma assisted-ALD deposition highlighted the possibility 

of tuning/affect the permeation pathways accessible to water molecules, in turn ‘healing’ 

defective layers and suggesting novel roles of nano-laminates/multilayers in driving the 

(intrinsic) barrier performances.  

As already mentioned in §5.2.4, further investigations are needed in understanding the 

role of the organic layers in multilayer barrier solutions in affecting the intrinsic barrier 

properties. Two main routes can be followed: i) the use of smaller monomers/precursors, 

approaching the dimension of the water molecules; ii) the use of hydrophobic layers, with 

the purpose of influencing the water diffusion.  

By means of EP, the outcome of both routes can be explored. Preliminary results have 

been obtained on the infiltration of acrylate monomers, namely n-hexyl acrylate and 

perfluorodecyl acrylate (PFDA), in the nano-porosity of inorganic layers, such as PE-CVD 

SiO2. In Figure 6.2, the EP adsorption isotherms of the two acrylate monomers within the 

nano-porosity of a PE-CVD SiO2 are presented. 

In the case of n-hexyl acrylate, the molecular diameter (calculated as 0.55 nm) allows it 

to infiltrate in a total porosity of 0.62%, three times higher what has been reported in 

Chapter 5 with organosilicon monomers. The higher degree of infiltration suggests the 

possibility to further impact the intrinsic barrier properties upon the application of the 

organic layer. On the other hand, when PFDA was used, despite the similar molecular size 

(calculated as 0.6 nm), only 0.18% of the porosity has been infiltrated.  
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The limited PFDA infiltration has been accounted for by the hydrophobic nature of the 

monomer, which impedes the adsorption to take place in the SiO2 pores, which are 

hydrophilic in nature, instead. The use of a hydrophobic organic interlayer can therefore 

lead to reduced adhesion to the inorganic layer underneath. However, the effect of the 

infiltration of acrylates has still to be explored in terms of barrier improvement factor. 

The preliminary results here presented underline once more the powerful 

characterization and investigation tool that EP represents in the field of moisture barrier 

layers. 

 

Interaction of open nano-porosity with reactive species: in Chapter 5, three case 

studies have been presented addressing the interaction of nano-pores with different reactive 

species. EP has been shown able to follow and characterize this interaction, in turn allowing 

the optimization of processing in different technological fields.  

In the case of the direct encapsulation of organic electronics (presented in §5.3.2), the 

interaction of the photoactive layer with plasma species/activated molecules has been 

reported. The study addressed different aspects that follow the processing of nano-porous 

polymeric materials with plasma assisted-ALD. The dependency of the degree of 

infiltration of ALD precursors on their molecular size, as well as on processing parameters 

may eventually correlate with the device performance. The barrier geometry presented in 

Chapter 5 has been applied on OPV devices and shelf-life measurements have been carried 

out. In Figure 6.3, the shelf-life monitored at room temperature for six OPV devices is 

reported. 
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The shelf-life measurements allow to infer the efficacy of the barrier adopted in blocking 

the permeation of water and oxygen in the device, up to 1400 h. However, the role of the 

infiltration in the device performance is not fully clarified. While it is well acknowledged 

that plasma-based deposition processing leads to the formation of interfaces that can 

promote, among the others, adhesion and mechanical interlocking,2,3 these studies have 

been usually carried out for passive matrices (such as substrates or materials adopted for 

their mechanical properties) and in the literature not enough has been reported on the effect 

of such treatments/deposition on the opto-electrical efficiency of devices (e.g., OPVs or 

more recently perovskite-based devices). In this context, the methodologies developed in 

this thesis work can help in understanding the effect of processing directly on (photo) active 

materials, allowing, together with material optimization, also device engineering.  
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APPENDICES 

 

APPENDIX A: PLASMA ENHANCED CHEMICAL 

VAPOR DEPOSITION (PE-CVD) 

General aspects of plasma processes 

 

Plasma enhanced chemical vapor deposition (PE-CVD) processes are characterized by 

gas phase as well as (heterogeneous) gas/plasma- surface reactions. In the gas phase the 

kinetics of each reaction is controlled by the density of the participating species and their 

temperature(s). If we consider the classification of plasmas1 (Figure A.1) on the basis of 

the electron density (equal to the ion density) ne and the ionization degree, material 

processing is generally carried out under low density plasma (e.g., an RF driven parallel 

plate configuration) conditions where ne is in the range of 109-1010 cm-3 and the ionization 

degree is in the range of 10-6-10-3 and high density plasma conditions (e.g., inductively 

coupled and electron cyclotron resonance plasmas) where the electron density is as high as 

1010-1013 cm-3 and the ionization degree is in the range 10-4-10-1.  

 

 



Looking down the rabbit hole: Nano-porosity in thin films – A. Perrotta 

 

 

 

180 

Processing of materials and, specifically, PE-CVD of thin films, occurs in the so-called 

cold plasmas, i.e., where a non-equilibrium exists among the electron and ion/gas 

temperatures. Briefly, the coupling of the input power with electrons is strong, whereas the 

energy coupling between electrons and ions and between neutrals and surfaces is weak. 

Therefore, electrons have a temperature as high as 5103-105 K (i.e., from few tenths of eV 

to few eV) whereas the ion/gas temperature (as well as the wall temperature with which the 

neutrals and ions have a strong energy coupling) is in the range of 300-500 K. This 

temperature gap allows the classification of plasmas as low thermal budget systems, where 

reactivity in the gas phase is controlled by the electron temperature. The energy coupled 

into the gas (mixture) either via a DC or an AC electric field promotes the acceleration of 

electrons, causing ionization and leading to a specific electron density and electron energy 

distribution function. Depending on the pressure in the system, electrons may thermalize, 

leading to a Maxwell energy distribution8, which allows the electron temperature of the 

plasma system to be defined.  

The electron energy is then transferred either through elastic collisions, or via ionization 

and dissociation reactions (paths (1) and (2) in Figure A.2).1  

 

 

 

These latter are responsible for the generation of reactive species in the plasma phase, 

according to a reaction constant as indicated in Figure A.2. 

                                                 
8 Under low pressure conditions, however, this is a rather strong approximation, since electron collisions 

are rarely occurring and, therefore, thermalization is impeded. Furthermore, specific loss channels determine 

the preferential depletion of high energy electrons through excitation, ionization and dissociation processes. 
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Ion bombardment 

 

The characteristics of a thin film are strongly affected by what is generally addressed as 

plasma-surface interactions. These latter do not only include adsorption processes 

dependent on the specific sticking coefficient9 of a radical species, but also desorption 

(reactive) steps, insertion reactions of radicals into strained bonds, photo-induced reactions, 

and processes either assisted or controlled by (positive) ionic species (Figure A.3). 

 

 

As shown in Figure A.4, while the plasma bulk is considered (quasi-)neutral, any time 

a plasma meets a solid (the chamber wall, the electrode, the substrate, or a probe), a 

boundary layer or sheath develops.1,2  

 

                                                 
9 In surface physics, sticking coefficient is the term used to describe the ratio of the number of adsorbate 

species (atoms, radicals, molecules) that "stick" to a surface to the total number of species that impinge upon 

that surface in the same time frame. Its value ranges between 1 (all impinging species stick) and 0 (no species 

stick). The coefficient is a function of surface temperature, coverage and structural details (of both surface 

and species) as well as the kinetic energy of the impinging particles.  
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If the surface is floating, the net current must be zero and the space charge will develop 

in order to balance the flow of electrons and ions through the sheath. Therefore, an electrical 

field develops between the plasma and the surface, which retards the electrons and 

accelerates the ions. The velocity of ions at the sheath edge uis obeys the Bohm sheath 

criterion and results higher than the random (thermal) ion velocity. From je=ji, the potential 

at the wall Vwall can be calculated and by knowing the plasma potential Vp (=kTe/2e), the 

floating potential Vfloat is determined.  

The ions reaching the wall will therefore gain an energy equal to eVfloat. In the case a 

negative bias V0 is applied to the wall (e.g., an externally biased substrate), the Child law 

for space-charge limited ion current applies. The sheath becomes a Child law sheath with 

a thickness sChild larger than the Debye length λD if kTe << eV0. The ions will then gain an 

energy e(Vp-V0).  

The physical contribution of ions (in terms of energy and flux) to film growth, with 

respect to the chemical process of film deposition via radicals’ reactions at the surface can 

be quantified in: effective participation to film growth, creation of active sites via surface 

atom displacement (therefore enhancing the probability for radicals to stick to the surface 

of the growing film) up to ion damage phenomena, such as bulk atom displacement and 

etching/sputtering.3 Such physical contribution to film growth may be attenuated to a 
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limited or major extent if the sheath is non-collisionless,4 i.e., if the ion-neutral mean free 

path λi (practical formula: λi[cm]=1/(330p[torr]) where p is the pressure in the system) is 

no longer larger than the sheath thickness. An increase in pressure promotes, therefore, ion-

neutral collisions and can nullify any surface activation by ions during film growth. 

Plasma sources 

 

Capacitively-coupled plasma (CCP): the capacitvely-coupled plasma (CCP) is a direct 

plasma in which plasma creation, gas dissociation and film deposition are not geometrically 

separated. The plasma chemistry of a CCP is governed by electron-induced reactions, as 

shown in Figure A.2. The high electron temperature (2-4 eV) and density (109-1010 cm-3) 

allow electron induced excitation, ionization, and dissociation.  

In this thesis work, the CCP-CVD process was held in a stainless steel set-up developed 

to combine both i-CVD (see Appendix C) and CCP-CVD in a single deposition chamber. 

A schematic is presented in Figure A.5a.  

 

 

 

The chamber dimensions are 40 cm diameter and 58 cm height. The RF plasma is ignited 

between two parallel electrodes. The top one (area 314 cm2) is connected through a 

matching network to a RF power generator, and the substrate holder (area 225 cm2) is 

grounded. The inter electrode distance is kept constant at 6.8 cm. 

Remote inductively coupled plasma (ICP): in a remote plasma reactor, the plasma 

source is positioned at a distance from the substrate holder and the latter is not involved in 

the generation of plasma species, differently from the CCP configuration. Generally, ICP 

sources operate at radio frequency (13.56 MHz) and the electrical power is supplied to a 

coil wrapped around a dielectric tube or placed on top of a dielectric window. The ICP 

source belongs to the class of high density source and typically has an electron temperature 

in the range 1-5 eV and an electron density in the range 1010-1012 cm-3 .1 However, due to 
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the distance of the source from the substrate, the electron density is generally 1-2 orders of 

magnitude lower at the substrate level. Despite its remote nature, the plasma can still be 

ionizing directly above the substrate stage, and, in turn, ion bombardment can still 

participate to film growth.5 A schematic of the plasma assisted-ALD setup using an ICP 

source is presented in Figure A.6. 

 

 

 

Expanding thermal plasma (ETP): In the case of the expanding thermal plasma, ETP, 

a plasma is generated remotely in a DC cascaded arc. For an argon-fed plasma, in thermal 

equilibrium, the arc operates at a current of 75 A and a pressure of approximately 0.53 bar 

at an Ar flow of 100 sccs. This corresponds to an electron density ne in the range of 1022 m-

3 and an electron temperature Te of ~1 eV.6 For this reason, the ion bombardment towards 

the substrate can be neglected (cfr. Figure). Due to the large pressure difference between 

the cascaded arc and the chamber, from ~10-1 bar to ~10-4 bar, the plasma accelerates in the 

source and expands supersonically through a nozzle into the deposition chamber. However, 

at a position of about 5 cm from the nozzle a stationary shock occurs, leading to a subsonic 

expansion below the shock front. The expansion to a low chamber pressure of 0.26–0.35 

mbar reduces the electron temperature Te to 0.1–0.3 eV and the electron density ne to 1017–

1019 m-3, depending on the presence of gases affecting the plasma reactivity.7 Because low 

electron temperatures develop, electrons cannot be held responsible for ionization and 

dissociation processes. Ar ions promote charge exchange reactions (cfr. Figure A.2, path 

3), through which neutral molecules become activated. Radicals are then formed via 

dissociative recombination between the low energy electron and the previously formed 

molecular ion. The ETP experimental setup is shown in Figure A.7.  
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The main chamber consists of a vertically-positioned stainless steel cylindrical vessel. 

At the top of the vessel, the plasma source is placed at a distance of 60 cm from the substrate 

holder. The in-situ ellipsometry configuration used to monitor the deposition process is also 

shown, as mounted at an angle of incidence of 68°. During processing the setup is pumped 

by two mechanical booster pumps and one rotary piston pump. A turbo molecular pump in 

line with a rotary pump is used in order to maintain a base pressure of ~10-6 mbar. For the 

deposition of oxide-like layers, O2 and precursor are admixed downstream in the expanding 

argon plasma. Oxygen is directly injected in the nozzle through slits. The precursor together 

with Ar as carrier gas is then transported through a gas line and injected into the deposition 

chamber via a punctured ring placed 5 cm of distance from the nozzle. 

As addressed in Chapter 5, the effect of ion bombardment was studied for SiO2-like 

layers deposited with ETP-CVD. In order to study the effect of the ion bombardment on 

film growth, an external bias system needs to be connected to the substrate and the influence 

of substrate biasing can be studied without affecting other plasma properties. Two distinct 

external methods have been adopted. One is a sinusoidal radiofrequency bias of 13.56 MHz 

generated by an RF power source (Figure A.8a). 
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The signal coupled to the substrate holder is measured with an active voltage probe 

(Fluke) which is connected to a digital real–time oscilloscope (Tektronix TDS210). The 

DC component, VDC, of the signal is determined by means of the oscilloscope and the ion 

flux, Γions, from the plasma is determined from the coupled RF power, PRF, and the DC 

voltage, VDC, by  

 

𝛤𝑖𝑜𝑛𝑠 =
𝐼𝑅𝐹

𝑒 ∙ 𝐴𝑒𝑓𝑓
⁄ ≅

𝑃𝑅𝐹
𝑒 ∙ |𝑉𝐷𝐶| ∙ 𝐴𝑒𝑓𝑓

⁄

 

where IRF is the ion current, e is the electron charge, Aeff is the effective ion collection area, 

and |VDC| is the absolute value of the DC voltage. It is worth mentioning that this relation 

is only strictly valid in case that all the RF power is completely utilized to accelerate the 

ions. In Figure A.9, the measured DC bias voltage is shown as function of RF power 

coupled to the substrate holder. 

A deviation in the linear relationship exist for RF powers above ~10 W, inferring that 

not all energy is used to accelerate ions within the plasma sheath, and that part of the RF  
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power is consumed to create additional plasma. Considering the minimum deviation from 

a full linear relationship, the ion flux has been still calculated using  Eq. A.1 and is assumed 

valid for the whole range of applied RF powers.  

As second method, a low-frequency pulse-shaped bias system has been used to induce 

ion bombardment (Figure A.8b). The system is a homebuilt device consisting of an 

external control unit and an amplifier built in the yoke of the deposition setup. A pulse-

shaped signal is generated by the control unit with tunable frequency in the range ~1–215 

kHz. The control unit allows either a square or sloped waveform or a DC signal. For both 

waveforms the time for which the signal is at floating potential can be set at 2.5, 25 or 250 

µs. The signal from the control unit is sent to a power amplifier, which generates an output 

bias voltage in the range between 0 and -300 V. The output bias voltage is directly coupled 

to the substrate holder by means of dedicated electronics in the yoke. The ion flux, Γions, 

from the plasma for the pulse-shaped bias is determined by:  

 

𝛤𝑖𝑜𝑛𝑠 ≅ 𝐼𝑖𝑜𝑛𝑠 𝑒 ∙ 𝐴𝑒𝑓𝑓⁄

where Iions is the ion current, e is the electron charge, and Aeff is the effective ion 

collection area. To determine Iions, dedicated experiments have to be performed using the 

same conditions as during deposition. At each processing frequency, both the self–induced 

current without plasma (Iinduced) and the current with plasma (Iplasma) need to be measured. 

Afterwards, the self–induced current is subtracted from the plasma current to obtain only 

the contribution from the ions. Furthermore, a correction needs to be made for the duty 

cycle D of the waveform, which is defined as the ratio between the duration of the negative 

part τneg and the total period T of the signal:  
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𝐷 = 𝜏𝑛𝑒𝑔 𝑇⁄ =
𝜏𝑛𝑒𝑔

(𝜏𝑛𝑒𝑔 + 𝜏𝑧𝑒𝑟𝑜)
⁄

 

where τzero is the time for which the signal is at floating potential. Taking the corrections 

above into account the ion current Iions is determined by  

 

𝐼𝑖𝑜𝑛𝑠 = (𝐼𝑝𝑙𝑎𝑠𝑚𝑎 − 𝐼𝑖𝑛𝑑𝑢𝑐𝑒𝑑) 𝐷⁄
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APPENDIX B: ATOMIC LAYER DEPOSITION 

(ALD) 

 

 

ALD is a vapor phase thin film deposition technique that allows the deposition of films 

with a good uniformity, high conformality, and accurate thickness control.8,9 The (ultra-

)thin films are synthesized sub-monolayer by sub-monolayer by repeating two 

subsequently executed half-cycles (See Figure B.10 for a schematic representation of an 

ALD process).  

 

 

In the first half-cycle, a precursor (typically a vapor, constituted of the main element of 

the film material) is dosed and reacts with functional groups present on the starting surface. 
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The surface reactions stop when all the functional groups available on the surface are 

occupied by/not accessible to the precursor molecules, being also not reactive towards the 

groups formed by itself (i.e., the reactions are self-limited). Then, the excess of unreacted 

precursor molecules, together with the volatile reaction by-products, is purged with an inert 

gas. In the second half-cycle, the surface is exposed to a co-reactant, which reacts with the 

surface group in a self-limited manner, followed by a second purging step. As the 

deposition of two sub mono-layer involves two self-limiting half cycle, ALD is able to give 

sub-nm resolution of the film growth. In thermal ALD, the surface reactions are typically 

thermally driven by elevated substrate temperatures (often 150-300 ºC). In this case, 

gases/vapors are adopted as co-reactant (O2, NH3, H2O vapor). Instead, also reactive species 

generated by a plasma (fed by a variety of gases/vapors such as O2, N2, Ar, H2, NH3) can 

be used as co-reactant. In this configuration, the process is addressed as plasma- assisted 

(or enhanced) ALD. It is worth mentioning that the use of plasma species in the second half 

of the ALD cycle allows for more freedom in the processing conditions, since high material 

quality can be achieved at lower temperature compared to thermal ALD processes.  

When the precursor and/or co-reactant are organic molecules, the self-limited nature of 

the reaction can be still maintained. Therefore, also the growth of fully organic or hybrid 

layers can be achieved with atomistic control. When this approach is chosen, the technique 

is addressed as molecular layer deposition (MLD). In the literature, several organic/hybrid 

systems have been reported, and here we indicate key papers extensively reviewing the 

materials deposited so far.10–12  

In a different configuration, precursor and co-reactant step are not only temporally (also 

called temporal-ALD) but also spatially separated. In spatial-ALD, the different gasses are 

confined in specific process areas while the wafers are physically moved through them. 

Every point on the wafer is sequentially exposed to the precursors, allowing the self-

limiting nature of the ALD process.13 
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APPENDIX C: INITIATED CHEMICAL VAPOR 

DEPOSITION 

 

 

Initiated chemical vapor deposition (i-CVD) is a plasma-free CVD technique and can be 

considered as a radical polymerization process without the presence of a liquid phase.14,15 

In details, vapors of a radical initiator and monomer(s) are delivered into a vacuum chamber 

kept at low pressure (typically between 10-1 and 1 mbar). The initiator is thermally activated 

using filament wires heated to a temperature sufficient to selectively induce the initiator 

homolytic cleavage (typically in the range of 200−400 °C) and positioned above the 

samples. A schematic of an i-CVD reactor is presented in Figure C.11a.  

 

 

 

The radicals then react with unsaturated bonds present in the monomer structure and 

initiate the polymerization process. This latter proceeds through a chain growth mechanism 

(see schematic in Figure C.11b) and it is terminated when either two growing chains or a 

growing chain and an initiator radical react. In the literature,15,16 it has been shown that the 

deposition rate is linearly dependent on the monomer surface concentration, indicating that 

the polymerization process predominantly occurs at surface level. The key parameter to 

control the monomer surface concentration is a non-dimensional parameter given by the 

ratio of the monomer partial pressure, PM, and its saturated vapor pressure (Psat) at a given 

temperature. The reactions occur on the sample surface that is kept at much lower 

temperature, typically less than 50 °C, to promote adsorption. The low substrate 
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temperature allows the application of the technique on temperature sensitive materials 

(such as polymers).17 A schematic of the i-CVD reactor used in this work is presented in 

Figure A.5. 
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SUMMARY 

 

Looking down the rabbit hole: Nano-porosity in thin films 

 

Nano-porosity is an intrinsic property of thin films, the latter ranging from tens to 

hundreds of nm in thickness. Its control is the key to several thin film-based technological 

applications, such as separation membranes, low-k dielectrics, and (moisture) permeation 

barrier layers. In this dissertation, we have focused our attention on nano-porosity in thin 

amorphous oxide and nitride layers such as SiO2, Al2O3, and Si3N4. For these systems, 

nano-porosity is identified by the arrangement of the main structural units (Si-O, Al-O, Si-

N) in rings and by ring termination units (Si-OH, Al-OH, Si-NH). Instead, it is more 

appropriate to refer to free volume in the case of thin organic and hybrid films. 

In this thesis, nano-porosity in thin films has been addressed and three interconnected 

fields have been investigated in depth: 

 Detection and quantification of nano-porosity in inorganic thin films; 

 Impact of nano-porosity in inorganic thin films serving as moisture permeation 

barriers; 

 Interaction of nano-porosity in (in)organic thin films with reactive species . 

  

Detection/quantification of nano-porosity: ellipsometric porosimetry (EP) and 

electrochemical impedance spectroscopy (EIS) have been selected and tested for the 

characterization of nano-porosity in inorganic thin films deposited by several plasma-based 

vapor-phase deposition methods, such as plasma enhanced-chemical vapor deposition (PE-

CVD) and plasma assisted-atomic layer deposition (ALD). It has been demonstrated that 

EP is a valuable approach for the detection and classification of nano-porosity in inorganic 

thin films. By following the isothermal adsorption of molecules with kinetic diameters 

suitable to probe the nano-porosity, a thorough characterization of the nano-pore size range 

0.27-1 nm has been achieved for thin films showing very low residual nano-porosity. This 

analysis has allowed differences among the adopted deposition methods and the selected 

chemistry of the materials to be discerned. ALD was found to be able to deposit higher 

quality and denser materials when compared to PE-CVD, highlighting its preferential use 

for applications where low levels of nano-porosity are desired. Furthermore, Al2O3-like and 

SiNx layers showed no nano-pores accessible to the chosen probe molecules, showing their 

superior properties when compared to SiO2-like layers. Next to EP, EIS has allowed 

probing of the pore size distribution in thin films by following the permeation of both water 

and ions with selected hydrated ion shell size. The higher sensitivity of EIS when compared 

to more classical thin film characterization techniques has been also demonstrated. 

Moreover, both techniques were found able to discern between H2O permeation through 
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the bulk nano-porosity and through local macro-scale defects, generally attributed to the 

deposition process and/or substrate surface status. The combined characterization with 

these two methods enables the assessment of the overall quality of thin films, in terms of 

material and processing. 

Nano-porosity in moisture permeation barriers: Once methodologies for the 

detection of nano-porosity in inorganic thin films were established, the impact of the nano-

pore content on the permeation of moisture through thin films has been addressed. An 

extensive comparison among several oxides and nitrides deposited by means of PE-CVD 

and plasma-assisted ALD has shown that the residual nano-porosity in the layer correlates 

with its intrinsic H2O permeation rate, independently from the deposition method and 

selected layer chemistry. In detail, the pore size range between 1 nm and the water kinetic 

diameter, 0.27 nm, and its relative content has been found to drive the transition from 

mediocre (10-4 gm-2day-1) to excellent (10-6
 gm-2day-1) H2O permeation barrier layers. The 

correlation allows the prediction of the barrier properties of thin films starting from nano-

pore characterization, making the latter a powerful tool in the optimization and engineering 

of moisture permeation barrier layers.  

Interaction of nano-porosity with reactive species: in order to explore the possibility 

to tune and/or exploit the nano-porosity in thin films, selected case studies have been 

presented, which address the interaction between nano-porosity and reactive species. These 

latter are: I) ions during substrate-biasing assisted PE-CVD of SiO2 layers; II) activated 

monomers during initiated-CVD (i-CVD) of organosilicon layers; III) activated 

molecules/plasma radicals during plasma-assisted ALD.  

In the first case, the role of ion bombardment (in terms of ion energy and flux towards 

the substrate) has been studied with the purpose of densifying PE-CVD SiO2 layers. Ion 

energy is found to be the key toward the decrease of nano-porosity, while the ion flux 

primarily controls the suppression of meso-scale porosity (2-50 nm in diameter), 

highlighting the versatility of this approach in tuning the microstructural properties of the 

growing layer. 

A second case study has covered the deposition of initiated-CVD (i-CVD) organosilicon 

layers on PE-CVD SiO2 films. Ellipsometric porosimetry showed that the i-CVD process 

occurs also within the nano-porosity of the SiO2 film, therefore affecting its intrinsic barrier 

performance. Specifically, it has been found that, i-CVD processes adopting precursors 

with diameter between 0.8 and 1 nm can affect the intrinsic barrier properties in the 10-3-

10-5 gm-2day-1 range. 

Finally, in the third study, the infiltration of plasma-assisted ALD precursors will be 

studied for inorganic and organic substrates. First, the infiltration of an ultra-thin Al2O3 

layer in nano-porous SiO2 was investigated in terms of potential enhancement of the SiO2 

intrinsic barrier properties. Then, the formation of an intermixed interface between the 

growing ALD layers and photoactive organic layers adopted in organic photovoltaics was 
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studied, as a function of the ALD precursor dimension and processing temperature. The 

outcome of this research is presently delivering new insights in ALD processing on 

hybrid/organic electronic devices.  

For all three case studies, ellipsometry-based techniques have been adopted to 

investigate the nano-porosity and its content, together with the interaction with the different 

reactive species, highlighting the flexibility of the technique in studying several aspects of 

thin films.  

 

In summary, in this Ph.D. research the detection and control of the nano-porosity in thin 

inorganic films has been addressed. The combined EP/EIS approach established in this 

work currently enables the prediction of the moisture permeation barrier performance of 

inorganic thin films for high-end applications such as flexible solar cells and organic-LEDs. 

Thereby, this thesis work will contribute to the further understanding of thin films 

properties and engineering. 
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