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Résumé 
 

La « vue floue » typique des surfaces embuées peut être extrêmement frustrante. Des 

exemples tels que les lunettes qui s’embuent pendant l’activité physique, la condensation qui 

se forme à l’intérieur des fenêtres pendant l’hiver ou les miroirs qui se couvrent de buée 

pendant la douche le démontrent. En outre, la présence de buée sur les surfaces cause des 

effets néfastes dans certains secteurs d’activité comme l’industrie automobile (pare-brise et 

rétroviseurs), l’industrie optique (objectifs, caméras, télescopes et capteurs), l’industrie 

solaire (modules photovoltaïques), l’industrie alimentaire (emballages d’aliments) et le 

secteur médical (lunettes et endoscopes). Au cours de la dernière décennie, l’application de 

revêtements (super)hydrophiles a suscité un intérêt croissant, en raison de leur capacité 

d’atténuer les effets de la buée. Leur principe de fonctionnement repose sur l’utilisation de 

matériaux interagissant avec les gouttes d’eau pour en modifier leur morphologie, générant 

une couche mince d’eau sur la surface. Ainsi, la lumière incidente n’est pas dispersée et les 

effets de la buée sont amoindris. 

 

Jusqu’à présent, la plupart des techniques de dépôt explorées pour produire des revêtements 

(super) hydrophiles sont inaccessibles à la production de masse en raison de leur nature multi-

étape. Pour cette raison, l’exploration de techniques adaptées à ce type de production, telles 

que les décharges à barrière diélectrique à pression atmosphérique (AP-DBD), un type de 

procédé de dépôt chimique en phase vapeur assisté par plasma (AP-PECVD), est cruciale 

afin d’élargir l’utilisation des revêtements antibuée au-delà du laboratoire. Dans un procédé 

AP-PECVD contrôlé par des barrières diélectriques (AP-DBD), certains précurseurs 

inorganiques ou organométalliques (e.g., TiCl4, TiN, SiH4, Si2O(CH3)2) sont introduits entre 

deux électrodes parallèles avec un gaz vecteur (e.g., N2, Ar, He) à la pression atmosphérique, 

où ils se fragmentent à la suite d’interactions avec les espèces du plasma. Les fragments 

résultants réagissent les uns avec les autres ou avec le substrat afin de produire les espèces 

réactives requises au dépôt du revêtement. Les caractéristiques structurelles et fonctionnelles 

des revêtements PECVD (e.g., la rugosité de surface, la biocompatibilité, les propriétés 
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optiques et de mouillage) dépendent des certains paramètres de dépôt, tels que la puissance 

dissipée dans la décharge, le type de décharge, la concentration de précurseurs et le débit de 

gaz. 

 

La possibilité de se procurer des échantillons de verre dotés de la propriété antibuée via AP-

PECVD a été démontrée dans cette thèse. En contrôlant les paramètres de dépôt, les 

revêtements antibuée ont été préparés en utilisant du 1,3,5,7-tétraméthylcyclotétrasiloxane 

(Si4O4H4(CH3)4) et de l’oxyde nitreux (N2O) au moyen d’une DBD fonctionnant en N2 à la 

pression atmosphérique. Dans le cas des revêtements fabriqués dans des conditions statiques 

(aucun mouvement entre l’échantillon de verre et les électrodes), l’évaluation quantitative de 

la résistance à la buée (ASTM F 659-06) a révélé que les revêtements obtenus avec un rapport 

[N2O]/[TMCTS] ³ 30 ou avec une puissance dissipée ³ 0,25 W cm-2 sont antibuée 

(transmittance > 80%) en raison de leur nature hydrophile. La quantité de précurseur et 

d’oxydant injectée dans la décharge, exprimée par la somme « [N2O] + [TMCTS] », 

n’agissait que peu sur la performance antibuée. En l’absence de changements significatifs 

dans la rugosité de surface (Rrms et Ra étant compris entre 3 et 6 nm), l’origine de la 

performance antibuée a été attribuée à la chimie de surface. Couplé aux rapports O/Si 

(résultats XPS), un paramètre arbitraire, appelé « rapport d’embuage » a été défini en 

considérant les résultats FTIR pour expliquer les performances antibuée observées. On a pu 

constater qu’un rapport O/Si ≥ 2,3 couplé à un rapport d’embuage dans l’intervalle de 0-0,10, 

résultant de la présence de fonctionnalités hydrophiles, telles que les groupes silanol, 

hydroxyle, carboxyle or ester à la surface étaient nécessaires pour atteindre la propriété 

antibuée. Par ailleurs, les revêtements préparés dans des conditions dynamiques utilisant trois 

autres précurseurs aux structures différentes quant à la présence d’un cycle et au nombre de 

groupes Si-H et Si-CH3 (l’octaméthylcyclotétrasiloxane, le 1,1,3,3-tétraméthyldisiloxane et 

l’hexaméthyldisiloxane) n’étaient pas antibuée. Ce résultat porte à croire que la structure 

cyclique du TMCTS et la forte réactivité des liaisons Si-H est à l’origine de la formation de 

ces fonctionnalités hydrophiles et par conséquent, à la performance antibuée observée dans 

les verres traités en injectant du TMCTS dans la décharge plasma. 
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Abstract  
 

Experience shows that the “blurred view” typical of fogged surfaces can be incredibly 

frustrating. Eyewear fogging up during physical activity, condensation forming on the inside 

of windows during the winter, or bathroom mirrors steaming up when taking a shower are 

some obvious examples. In addition to being upsetting, the fogging of surfaces has been 

reported to cause adverse effects on sectors of activity as diverse as the automotive industry 

(e.g., windshield glass and rearview mirrors), the optical industry (e.g., lenses, cameras, 

telescopes, and sensors), the solar industry (e.g., photovoltaic modules), the food industry 

(e.g., food packaging), and medicine (e.g., goggles and endoscopes). Over the last decade, 

interest has been growing in the application of hydrophilic and superhydrophilic coatings, as 

they can efficiently mitigate the effects of fogging by changing the morphology of fog drops. 

The working principle of a (super)hydrophilic surface is based on the use of materials 

producing a thin film of water on the solid surface on interaction with fog drops. As a result, 

incident light transmits without being scattered and the effects of fogging are minimized.  

 

Unfortunately, most of the deposition techniques used thus far for the fabrication of 

(super)hydrophilic coatings involves multiple steps, thus making their integration into mass 

production a challenging task. For this reason, the exploration of deposition techniques 

adapted for large-scale production is crucial to broaden the range of application of anti-

fogging coatings beyond the laboratory. In this regard, numerous studies on the use of 

dielectric barriers in plasma enhanced chemical vapor deposition at atmospheric pressure 

(AP-PECVD) are strongly emerging to address this issue. In a typical AP-PECVD controlled 

by dielectric barriers, inorganic or organometallic precursors (e.g., TiCl4, TiN, SiH4, 

Si2O(CH3)2) are introduced between two parallel electrodes along with a carrier gas (e.g., N2, 

Ar, He) at atmospheric pressure where, on interaction with plasma species, undergo 

fragmentation. The resulting fragments can react with the substrate or with each other to 

produce short-lived species required for coating deposition. The structural and functional 

features of PECVD coatings (e.g., surface roughness, biocompatibility, wetting and optical 
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properties) depend on several deposition parameters, including the power dissipated in the 

discharge, type of plasma discharge, precursor concentration, and the flow rate of gases. 

 

With this in mind, the feasibility of conferring fogging resistance to commercial glass 

samples via AP-PECVD has been demonstrated in this doctoral thesis. By appropriately 

controlling the deposition parameters, anti-fogging coatings were prepared using 1,3,5,7-

tetramethylcyclotetrasiloxane (Si4O4H4(CH3)4) and nitrous oxide (N2O) by a dielectric 

barrier discharge operated in N2 at atmospheric pressure (AP-DBD). When coating 

deposition was conducted in static conditions, that is, with no relative movement between 

the glass sample and the electrodes, quantitative assessment of the fogging resistance (ASTM 

F 659-06 standard) revealed that coatings obtained under [N2O]/[TMCTS] ratios ³ 30 or 

under a dissipated power ³ 0.25 W cm-2 endowed glass samples with the anti-fogging 

property (transmittance > 80%), because of their hydrophilic nature. In terms of the 

[N2O] + [TMCTS] sum, the amount of TMCTS and N2O injected into the discharge did not 

appear to have a great impact on the anti-fogging performance. Indeed, as no significant 

changes in surface roughness were observed (Rrms and Ra were between 3 and 6 nm), the 

origin of the anti-fogging performance was attributed to the surface chemistry. To this end, 

an arbitrary parameter, called “fogging ratio”, was defined considering FTIR results to 

account for, along with O/Si ratios (XPS results), the observed anti-fogging performance. 

Fogging ratios in the 0-0.10 range coupled with O/Si ratios ³ 2.3, resulting from the presence 

of hydrophilic functionalities, such as silanol (Si-OH), hydroxyl (C-OH) carboxyl (COOH), 

and ester (COOR) groups at the coating surface were necessary to attain the anti-fogging 

property. Interestingly, coatings prepared in dynamic conditions using three other precursors 

with different structures and different number of Si-H and Si-CH3 groups; namely, 

octamethylcyclotetrasiloxane (OMCTS), 1,1,3,3-tetramethyldisiloxane (TMDSO), and 

hexamethyldisiloxane (HMDSO) were not fogging-resistant. This result leads us to believe 

that the cyclic structure of TMCTS in conjunction with the high reactivity of Si-H bonds is 

behind the formation of the above-mentioned hydrophilic functionalities, and thus the anti-

fogging performance of TMCTS-coated glasses. 
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List of symbols and constants 
 

Symbol Description Units 
; Area m2 
< Speed of light in vacuum (2.9979 ´ 108) m s-1 
=> Concentration of element i at.% 
? Inter-electrode distance mm 
?@ Depth of penetration µm 
A Charge of the electron (1.6022 ´ 10-19) C 
B Kinetic energy eV 
B Electric field V m-1 
BC Fermi level eV 
BD Energy level of vacuum eV 
B/@ Total reduced electric field V m-1 Torr-1 
F(B) Energy distribution function - 
C Force N 
I Planck constant (6.626´10-34) m2 kg s-1 
J> Partition function of the state i - 
K Current A 
L Force constant/spring constant N m-1 
LM Boltzmann constant (1.3806 ´ 10-23) m2 kg s-2 K-1 
N Sampling length m 
O Characteristic reaction dimension m 
P Particle mass kg 
PA Electron mass (9.1094 × 10-31) kg 
Q Particle number density, plasma density m-3 
Q> Refractive index of medium R - 
ST Plasma parameter - 
U Pressure Torr 
V (Particle) temperature eV 
D Applied voltage V 
DWX Breakdown voltage V 
Y Townsend’s first ionization coefficient m-1 
Y> Degree of ionization - 
Z< Cantilever deflection m 
[\ Permittivity of free space (8.854´10-12) F m-1 
[ Electrical permittivity of a medium F m-1 
[> Ionization energy eV 
] Electron attachment coefficient m-1 
^ Work function eV 
^> Sensitivity factor of the element i - 
_ Contact angle/Incident angle ° 
_< Critical angle ° 
` Secondary electron emission coefficient - 
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Symbol Description Units 
aT Debye length m 
a Mean free path length/wavelength m/nm 
b Reduced mass m 
b Bond dipole moment C m 
b Particle mobility m2 V-1 s-1 
c Collision frequency s-1 
d Mass density kg m-3 
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List of abbreviations 
Abbreviation Definition 
AFM Atomic force microscopy 
APGD Atmospheric pressure glow discharge 
APCAs Apparent contact angles 
AP-DBD Atmospheric pressure dielectric barrier discharge 
ASTM American society for testing and materials 
ATR-FTIR Attenuated total reflectance – Fourier transform infrared spectroscopy 
BE Binding energy 
CA Contact angle 
CAH Contac angle hysteresis 
CHI Chitosan 
CLA Center-average line 
CMC Carboxymethyl cellulose 
CNTs Carbon nanotubes 
CNRS Centre national de recherche scientifique 
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Foreword  
 

This doctoral project was conducted within the framework of a graduate program (PhD) in 

metallurgical and materials engineering at l’Université Laval (Department of Mining, 

Metallurgical, and Materials Engineering). This study focused on the deposition of anti-

fogging coatings by atmospheric pressure dielectric barrier discharges (AP-DBDs) using 

1,3,5,7-tetramethylcyclotetrasiloxane (TMCTS) and nitrous oxide (N2O). Coating deposition 

and surface characterization were performed at the “Laboratoire d’Ingénierie de Surface” 

(LIS) at l’hôpital St-François d’Assise (Québec, Canada). 

 

Headed by the professor Gaétan Laroche, Laboratoire d’Ingénierie de Surface has 

developed a significant expertise in surface characterization by X-ray photoelectron 

spectroscopy, infrared spectroscopy, atomic force microscopy, scanning electron 

microscopy, among other techniques; as well as in surface modification strategies for 

biomedical applications. These include the covalent immobilization of (bio)molecules on the 

surface of materials to promote cell adhesion and cell proliferation, and the functionalization 

of polymers by atmospheric pressure dielectric barrier discharges (AP-DBD).  

 

The use of AP-DBD for the deposition of anti-fogging coatings made it possible to develop 

a collaboration (6-months traineeship) with the “Laboratoire Plasma et Conversion 

d’Énergie” (LAPLACE) at l’Université Paul Sabatier (Toulouse, France).  

 

Laboratoire Plasma et Conversion d’Énergie has achieved international recognition in the 

use of plasmas for numerous applications (e.g., coting deposition, surface cleaning, gas 

purification) as well as in the chemical, physical, electrical characterization of low-pressure 

and atmospheric pressure plasmas. With the focus on understanding the mechanisms 

governing the dielectric barrier discharges operated at atmospheric pressure, this laboratory 

has become a global reference point in the field of plasma physics.  
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Introduction 

Problem statement 
 

Transparent materials such as glasses and some polymers play an essential role in our daily 

life. Indeed, it is well known that their application in mirrors, windows, automobile 

windshields, and eyewear make our day-to-day activities more comfortable. These examples 

aside, many more can also be found in several spheres of human activity, including such 

sectors as diverse and distinct as the medical, photovoltaic and food industry fields. 

Unfortunately, due to the unavoidable condensation of water vapor on solid surfaces, these 

materials undergo fogging under normal operating conditions.  

 

Fogging can be defined as a natural phenomenon occurring when humid air condenses and 

transforms into small and discrete liquid drops on a solid surface whose temperature is less 

than or equal to the dew point [1]. The as-formed droplets create an irregular pattern that 

causes a blurred view because of the scattering of incident light in all directions [2]. As a 

result, optical properties such as the light-transmitting capabilities of transparent materials 

are severely compromised. Although condensation is not harmful, its occurrence can be 

upsetting, as it usually forms on items used in our daily lives, including bathroom 

mirrors, eyeglasses, swimming goggles, binoculars, glass lenses or camera lenses, to name a 

few [3–7]. 

 

Further to this, fogging causes serious problems in different spheres of activity where 

materials with excellent optical performance are required. For example, the presence of 

condensation has been reported to reduce the precision of analytical instruments such as gas 

chromatographs [8] and microscopes [9], while blurred vision is generally associated with 

safety concerns in the aeronautic and automotive sectors [10–13] as well as in certain surgical 

procedures (e.g., endoscopic surgery) [14–20]. In applications where we seek to maximize 

the solar energy input, as in greenhouse cladding materials, fogging can dramatically reduce 
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the light transmission, resulting in a decrease in crop yield [21–24]. Similarly, condensation 

reduces the efficiency of photovoltaic panels due to a decrease in the amount of light, i.e., 

incident photons, entering the solar cells [25,26]. In the food packaging industry, the presence 

of condensation on the inside of packed produce (e.g., freshly chopped vegetables) gives rise 

to esthetic and hygienic concerns [27–30]. 

 

How to prevent surfaces from fogging up? 
 

Today, when selecting materials to fabricate elements dealing with condensation such as 

chiller cabinets, greenhouse claddings, food packaging, protective goggles, or aircraft 

windows, it is standard practice to incorporate some anti-fogging characteristics in their 

design. Over the last decade, various anti-fogging strategies have been applied to deter 

fogging and are generally grouped into two groups. The first group of anti-fogging strategies 

pertains to changes in certain environmental parameters including relative humidity, 

temperature, and surrounding air flow. Among these, the heating of materials (by applying 

an external voltage, for example) and the improvement of the air velocity are well-proven 

strategies to avoid or remove surface fog [10,20,31–36]. In the former case, fogging is 

prevented as the surface of the material is kept above the dew point on heating. In contrast, 

an increase in the air velocity enhances evaporation and ultimately minimizes condensation, 

as a result of the humidity drop at the vicinity of the solid surface. Although these practices 

are very effective in combating surface fog, it should not be forgotten that the energy 

consumption and, in some cases, the concerns related to the design of defogging equipment 

or to material selection, may account for their application in very specific cases. 

 

As regards design issues, a paradigmatic example can be found in vehicle windshields. The 

windshield defrosting and defogging systems are ideally required to promptly melt ice or 

snow on the outer surface of the windshield while removing surface fog from its inner surface 

[37]. IR thermography has demonstrated, however, that the warm air ejected by the 

defrosting/defogging system does not extend over the entire windshield surface [11]. This 

limitation, due to the windshield’s geometry, contributes to the emergence of “dead zones” 
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located at the corners and at the upper side of the windshield, where frost and surface fog 

persist [38]. 

 

On the other hand, the issues regarding transparent heaters for defrosting/defogging purposes 

pertain mostly to materials selection. An ideal defogger must rapidly remove condensation 

on application of a voltage as low as possible [39]. To this end, the working saturation 

temperature of the heater must be as high as possible to reduce the defogging time. It has 

been reported that the working saturation temperature relies on the convective heat loss at 

the solid-air interface, which is linked to the material’s heat-transfer coefficient [34]. For this 

reason, the current trend in this field is to fabricate transparent heaters using materials with 

the lowest overall heat-transfer coefficient. In this regard, numerous studies on carbon 

nanotubes (CNTs) [40], graphene [34,41,42], graphene oxide [43], indium tin oxide 

(ITO) [44], Pt-decorated Ni micromesh [45], and silver/cupronickel wire mesh [33,46] are 

strongly emerging to address this issue. Even though these materials have amply 

demonstrated outstanding anti-fogging performance, their large-scale application remains far 

from a practical reality, for cost-effectiveness reasons. 

 

In the case of anti-fogging strategies focusing on changing the morphology of water drops, 

the preparation of hydrophilic or superhydrophilic surfaces have generated significant 

interest because of their capacity to reduce light scattering via filmwise condensation (see 

“spreading mechanism” in section 1.5.1). In addition, these surfaces exhibit a higher 

evaporation rate than those featuring dropwise condensation, because of the greater radius of 

curvature of water drops [9]. As a result, beside the fact that filmwise condensation mitigates 

scattering events, superhydrophilic surfaces become fog-free more quickly than, for example, 

untreated ones, which are usually more hydrophobic. 

 

In theory, surfaces with water-repellent properties also prevent the effects of condensation. 

That said, their use for anti-fogging purposes appears to have attracted less attention 

compared to that of the (super)hydrophilic surfaces. This fact is most likely motivated by two 

reasons. First, to prevent light scattering, these surfaces must be tilted to roll off water drops; 
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second, given that both small sliding angles and contact angle hysteresis are required (see 

“Cassie-air trapping state” in section 1.4.2.2), more sophisticated manufacturing processes 

are required to fulfill such requirements. Compared to the above-mentioned category 

(controlling external parameters), the second category of anti-fogging strategies represents a 

more interesting option because of their easier, more manageable nature and lower related 

energy costs. 

 

With this in mind, the anti-fogging property can be attained either through the deposition of 

a thin film of a distinct material that is normally more hydrophilic than the substrate or by 

direct modification of the substrate’s surface features (roughness or chemistry). The 

deposition of anti-fogging coatings has been broadly applied for both inorganic and organic 

substrates, while the modification of the substrate’s surface features has been almost 

exclusive to polymeric films (sections 1.6.3 and 1.6.4). As in the case of anti-fogging 

strategies pertaining to changes in the environmental parameters, these procedures have 

proven to be effective in combating surface fog; that said, their integration into mass 

production is a challenging task. For example, the fabrication of anti-fogging coatings by 

conventional coating techniques, such as dip-coating, spin-coating, or layer-by-layer 

deposition, usually involves time-consuming multistep processes, and quite often, is not 

adapted to thermally sensitive substrates (e.g., polymers, composites), because of the 

application of post-thermal treatments. With all of these constraints, the use of these surfaces 

is restricted to the laboratory and is as yet not adapted for large-scale production, with the 

exception of the food industry and in very specific cases (e.g., protective eyewear). 

 

Research purpose and objectives 
 

The aim of this doctoral project is to develop a straightforward cost- and time-effective 

strategy to fabricate anti-fogging coatings with potential applicability in mirrors, eyeglasses, 

windows, swimming goggles, endoscope lenses, or photovoltaic modules, to name a few. 

 



	

	 5 

In this doctoral project, the feasibility of conferring anti-fogging characteristics to 

commercial glass substrates has been demonstrated. Glass samples were endowed with the 

anti-fogging feature through a plasma deposition process; specifically, by a dielectric barrier 

discharge (DBD) operated in N2 at atmospheric pressure (Townsend discharges) in the 

presence of 1,3,5,7-tetramethylcyclotetrasiloxane (TMCTS) and nitrous oxide (N2O). 

Surprisingly, the use of atmospheric pressure DBDs for the manufacture of anti-fogging 

coatings has thus far not been explored, despite their tremendous potential for integration 

into mass production. Indeed, plasma processing at atmospheric pressure eludes the 

constraints imposed by operation at low pressure, such as the need for vacuum systems, and 

allows for coating deposition at room or near to room temperature. The latter feature makes 

AP-DBDs suitable for the fabrication of anti-fogging coatings on “thermally sensitive” 

materials, such as polymers or polymer-based composite materials. 

 

The following objectives define the scope of this doctoral project: 

 

1. Study of the structure, chemistry, topography, and wetting behavior of plasma-deposited 

coatings.  

 

To reach this objective, coatings were analyzed using several characterization techniques. 

The chemistry of coatings was characterized by X-Ray Photoelectron Spectroscopy (XPS) 

and Fourier Transform Infrared Spectroscopy (FTIR). Surface topography was characterized 

by Atomic Force Microscopy (AFM) and wetting behavior was assessed by means of the 

sessile drop method. 

 

2. Correlation between the deposition conditions and the anti-fogging performance of 

coatings.  

 

To reach this objective, the anti-fogging response (light transmission under fogging 

conditions) was correlated with the deposition parameters and discussed in terms of the 

chemistry and surface roughness of the coatings. The investigated deposition parameters 

were the [N2O]/[TMCTS] ratio ([X] indicates concentration of X), the [N2O] + [TMCTS] 
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sum, and the power dissipated in the discharge. The optimal deposition conditions were 

identified.  

 

3. Unveiling the origin of the anti-fogging performance. 

 

To reach this objective, the (cyclic) structure and the chemistry (presence of Si-H and Si-

CH3 groups) of TMCTS were both questioned. Using the optimal deposition conditions, a 

comparative study involving three other precursors with different structure and chemistry, 

namely octamethylcyclotetrasiloxane (OMCTS), 1,1,3,3-tetramethyldisiloxane (TMDSO), 

and hexamethyldisiloxane (HMDSO), was conducted.  

 

Dissertation organization 
 

This dissertation consists of six chapters. Chapter 1 provides a review of strategies toward 

anti-fogging property based on water drop/surface interactions. The core problems associated 

with the fogging of surfaces are detailed along with the most relevant theories of surface 

wetting. Strategies allowing for the fabrication of anti-fogging surfaces based on surface 

chemistry and/or roughness modification, including the deposition of organic, inorganic, and 

composite materials, and the application of surface modification techniques are discussed in 

length. A brief overview of the current state and future opportunities coupled with 

considerations for future research in the field of anti-fogging technology are also presented. 

Chapter 2 provides theoretical notions of plasmas physics and addresses some aspects 

relevant to atmospheric pressure dielectric barrier discharges (AP-DBD). Electrical 

breakdown in gases is explained in detail and correlated with the operation modes of 

dielectric barrier discharges. A brief description of the interactions between the plasma 

species and the substrate occurring during coating deposition is also presented along with the 

use of TMCTS for coating deposition. The techniques used to characterize the plasma-

deposited coatings are described in chapter 3. Experimental results are presented in chapters 

4, 5, and 6. Finally, the lessons learned from this doctoral project, topics proposed for future 

research, and recommendations to move forward from the results presented here are 

summarized in general discussion and conclusions.   
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1.1 Résumé 
 

Les matériaux à base de verre et de polymères sont devenus essentiels dans la fabrication 

d’une multitude d’éléments, notamment les lunettes, les pare-brise d’automobile, les miroirs, 

les serres et les emballages d’aliments, qui s’embuent malheureusement dans les conditions 

normales de fonctionnement. Loin d’être un phénomène inoffensif, la formation de 

minuscules gouttes d’eau à la surface nuit aux propriétés optiques (par exemple, la capacité 

de transmission de la lumière) et pose souvent des problèmes d’esthétique, d’hygiène et de 

sécurité. Dans ce contexte, il n’est pas surprenant que la recherche dans le domaine des 

surfaces antibuée gagne en popularité, en particulier depuis les dernières années, compte tenu 

du nombre croissant d’études consacrées à ce sujet. Ce chapitre aborde les avancées les plus 

pertinentes publiées à ce jour concernant les surfaces antibuée, avec une attention toute 

particulière pour certaines caractéristiques comme le dépôt des revêtements, la micro/nano 

structuration et fonctionnalisation des surfaces. Tout d’abord, une brève explication de la 

formation de buée sur les surfaces, les principaux problèmes d’intérêt liés au phénomène de 

formation de buée, les stratégies antibuée ainsi qu’une description des états de mouillage des 

surfaces antibuée sont présentés. Les mécanismes antibuée sont ensuite discutés en termes 

de la morphologie des gouttes d’eau, en poursuivant avec une description des principales 

techniques de fabrication des surfaces antibuée. Ce chapitre se termine en décrivant les 

perspectives actuelles et futures de l’utilité des surfaces antibuée pour plusieurs applications 

et en abordant certains défis toujours d’actualité dans le domaine. 
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1.2 Abstract 
 

Glass- and polymer-based materials have become essential for the fabrication of a multitude 

of elements, including eyeglasses, automobile windshields, bathroom mirrors, greenhouses, 

and food packages, which unfortunately mist up under typical operating conditions. Far from 

being an innocuous phenomenon, the formation of minute water drops on the surface is 

detrimental to their optical properties (e.g., light-transmitting capability) and, in many cases, 

results in esthetical, hygienic, and safety concerns. In this context, it is therefore not 

surprising that the research in the field of fog-resistant surfaces is gaining in popularity, 

particularly in recent years, in view of the growing number of studies focusing on this topic. 

This chapter addresses the most relevant advances released thus far on anti-fogging surfaces, 

with a particular focus on coating deposition, surface micro/nanostructuring, and surface 

functionalization. A brief explanation of how surfaces fog up and the main issues of interest 

linked to fogging phenomenon, including common problems, anti-fogging strategies, and 

wetting states are first presented. Anti-fogging mechanisms are then discussed in terms of 

the morphology of water drops, continuing with a description of the main fabrication 

techniques toward anti-fogging property. This chapter concludes with the current and the 

future perspectives on the utility of anti-fogging surfaces for several applications and some 

remaining challenges in this field. 
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1.3 Introduction 
 

Fogging is the naturally occurring phenomenon by which water vapor condenses on a solid 

surface whose temperature is less than the dew point of the surrounding air-water vapor 

mixture [47]. The dew point is the temperature at which water vapor in air must be cooled to 

reach saturation (relative humidity of 100%) [1]. From a physical point of view, the 

conversion of water vapor into liquid water in the presence of a solid surface involves two 

main stages, namely, formation of minute droplets with radii exceeding a critical value or 

“heterogeneous nucleation”; and drop growth [48]. That said, to fully address the fogging 

phenomenon, the contact angle of water drops must be taken into account as it determines 

whether the condensate will fog up the surface or not. Generally speaking, the higher the 

water contact angle, the more pronounced the effects of condensation [49]. The main reason 

for this lies in the fact that each droplet scatters the incident light in all directions because of 

the small radius of curvature at the drop water/air interface [22]. The interaction between 

light and water drops explains to a large extent, why transparent materials become blurry 

when exposed to hot and humid environments. This feature of fogged surfaces is commonly 

referred to in the literature as “breath figures” [50–52]. 

 

The fogging of surfaces has been shown to cause adverse effects on sectors of activity such 

as the medical, the automotive, or the photovoltaic. For example, the presence of 

condensation on optical elements as diverse as mirrors, lenses, and prisms decreases the 

precision of microscopes and chromatographs [8,9]. In the automotive and aeronautic sectors 

(e.g., train, vehicle, and aircraft), the fogging of windshields is quite often linked to safety 

concerns as it causes limited visibility and image distortion [10–13]. Fogging has also been 

reported to impair the visual field of endoscopes during surgical procedures [53] and lower 

the energy-conversion efficiency of solar cells [26]. In the food industry, condensation on 

greenhouse claddings limits the crop yield [54,55] and reduces the visual appearance of 

packaged food, which is perceived by consumers as a lack of freshness and quality [56]. 
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Thus far, two anti-fogging strategies have amply demonstrated their effectiveness in 

preventing these situations from occurring. The first one involves changing the 

environmental parameters, namely, temperature, relative humidity, and surrounding air flow. 

Rear windshields, chiller cabinets, or swimming pool windows equipped with heat elements, 

are some examples of how to remove surface fog by simply changing temperature. The 

heating equipment is basically a conductive coating that keeps surface temperature above the 

dew point upon application of a voltage [39]. Quite a number of papers on electrothermal 

coatings based on oxides such as In2O3-SnO2 [44] and graphene oxide [41,43], metals such 

as Ni, Ag, and Cu [33,45,46], and semimetals such as carbon nanotubes [40] and 

graphene [42], have been published in this regard. These materials make it possible to remove 

fogging with minimal energy consumption [57]. Increasing air flow velocity is another well-

known approach to get rid of surface fog. In this instance, air mixing first, promotes water 

evaporation and diminishes the number of potential condensation points [31,32]. The way 

windshield defrosting/defogging systems operate is an eloquent illustration of this 

phenomenon [11,37,38]. The incorporation of moist adsorbents [58] or purging by dry air or 

inert gas [59,60] have also proven to be successful in preventing condensation in dual-panel 

lens and double-glazed windows, respectively.  

 

The second category of anti-fogging strategies focuses on changing the morphology of water 

drops by tuning the wetting characteristics of the surface. The wetting behavior of any 

material can be tailored by adjusting its surface features, i.e., roughness and surface 

chemistry, either by direct modification or by deposition a coating of a distinct material on 

the surface. As detailed in the following sections, this practice has shown to be suitable to 

endow anti-fogging surfaces with additional features such as icing-delay, anti-reflective, anti-

bacterial, or anti-fouling characteristics. Anti-fogging strategies based on the direct 

modification of the substrate’s surface features can be divided into two families. The first 

one pertains to changes in surface chemistry through the creation of functional groups 

different from the ones originally found on the surface. In this case, the bulk properties and 

surface topography remain virtually unchanged. On the contrary, the second family of anti-

fogging strategies involves either enhancing surface roughness or “carving” surface 

nano/micro features with well-defined geometries, by means of “bottom-up” processing. 
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Here, a rigorous control of topography is crucial, as surface features exceeding 100 nm have 

been shown to compromise the optical properties, mainly because of light scattering, and the 

resistance to scratching and wear [61,62]. On the other hand, the deposition of thin films by 

“top-down” processing has also proven to be as effective as “bottom-up” processing or 

surface treatments in endowing polymeric and ceramic substrates with the anti-fogging 

feature. 

 

Given the above considerations, anti-fogging surfaces can be classified into four distinct 

groups according to their apparent contact angles (APCAs) [63]: more specifically, 

superhydrophilic, hydrophilic, superhydrophobic, and hydrophobic surfaces. Hydrophilic 

and superhydrophilic surfaces, with an APCA in the range of 10° < !  < 40-50° and 

5° <	! < 10°, respectively, are made of “water-loving” materials. According to Drelich and 

colleagues [64], complete drop spreading or “superhydrophilicity” is possible only in 

textured or/and structured surfaces (rough and/or porous) featuring a roughness factor, as 

defined by Wenzel equation, greater than one. Surfaces with water-attracting features make 

water drops spread over the surface, thus forming a thin water film that allows for incident 

light to pass through without being scattered. As a result, the surface remains optically clear, 

even under strong fogging conditions.  

 

A water contact angle of 90° has been conventionally adopted as the cut-off value to 

differentiate hydrophilic surfaces from those repelling water, i.e., (super)hydrophobic 

surfaces [65,66]. That said, it is widely accepted that surfaces with water contact angles above 

40-50° [22,49,67] are not able to mitigate the effects of condensation despite being 

hydrophilic; hence, the above-mentioned 10° < 	!  < 40-50° range. Hydrophobic and 

superhydrophobic surfaces, with an APCA in the range of 90° < 	!  < 150° and 

150° < ! < 180°, respectively, are the result of a nano/microtextured surface coated with an 

intrinsically water-repellent material.  

 

The term “superhydrophobic” refers to a nearly non-wettable state characterized by very low 

contact angle hysteresis and sliding angles (< 5-10°) [68], and can formally be described by 
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the “Cassie air-trapping” or a closely related wetting state [63,69]. Contrary to 

(super)hydrophilic surfaces, the application of water repellency for anti-fogging purposes 

appears to have attracted less interest within the scientific community. The fact that 

(super)hydrophobic surfaces must be tilted to remove condensation; and that the combination 

of water repellency with the anti-fogging performance calls for more complex and more time-

consuming manufacturing processes may account for this divergence. 

 

A concise overview of common fogging concerns and the fundamental aspects of fogging 

occurrence are introduced in section 1.3. On this basis, wetting states depicting the 

interaction of water drops with solid surfaces are presented in section 1.4. Materials and anti-

fogging mechanisms are described in section 1.5. In section 1.6, fabrication techniques 

toward anti-fogging property are discussed in detail and classified into “top-down” and 

“bottom-up” processing, and surface functionalization. Featured applications of anti-fogging 

surfaces in key sectors of activity such as the food and photovoltaic industries and medicine, 

are addressed in section 1.7. Section 1.8 concludes with our personal standpoint based on 

remaining and forthcoming challenges, current trends, and potential promising 

breakthroughs in this field. 

 

1.4 Wetting states of anti-fogging surfaces 
 

Experience shows that condensation of water vapor on a solid surface can occur according 

to two distinct modes, namely dropwise and filmwise condensation [70–72]. In dropwise 

condensation, a myriad of small water droplets with high contact angles forms when water 

vapor condenses on a low energy surface. In this case, the effects of fogging materialize, 

even though the surface is not fully wetted. On the contrary, should condensation take place 

on a substrate with high energy surface, water drops will exhibit very low contact angles 

(filmwise condensation). Here, no fogging is observed, as a thin film of water, not greatly 

hindering light transmission, forms on the surface.  

 



	

	 14 

As can be inferred from what Mother Nature show us, the morphology of water drops has a 

key role in the optical properties of materials under fogging conditions. Thus, surface 

chemistry and topography must both be properly adjusted to change water drops shape, and 

in this way, design surfaces simultaneously meeting suitable wetting behavior and anti-

fogging requirements. As detailed in the following section, several wetting states have been 

proposed to explain the wettability of solid surfaces, considering surface chemistry and 

topography in a straightforward way, in terms of contact angles and surface roughness. 

 

 Smooth surfaces 

1.4.1.1 Young model 
 

As depicted in Figure 1.1, water drops resting on a smooth surface can be characterized by 

the angle !f between the surface and the tangent line drawn along the liquid/vapor interface 

from the point where solid, liquid, and vapor phases meet. 

 
Figure 1.1: Microscopic view of a water drop showing surface tensions at liquid/vapor, 
liquid/solid, and solid/vapor interfaces and forces acting on water molecules (adhesive and 
cohesive forces). Surface tension is the energy required to increase the surface area of a 
given phase by a unit of area (J m-2). Fs = forces between water molecules at the drop 
surface, and Fb = forces between water molecules within the bulk. 
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In the early 19th century, Thomas Young [73] stated that the contact angle !f is governed by 

the mechanical equilibrium resulting from surface tensions acting on the liquid drop/surface 

system, as follows: 

 

cos !f =
jkl − jkn
jnl

 (1.1)	

 

where jkn, jkl, and jnl are the surface tensions solid/liquid, solid/vapor, and liquid/vapor, 

respectively, and !f is the so-called “static contact angle”. 

 

Strictly speaking, Equation 1.1 does not appear in Young’s publication “An essay on the 

cohesion of fluids” [73]; however, there are two statements contained in it, namely, for each 

combination of a solid and a fluid, there is an appropriate angle of contact between the 

surfaces of the fluid, exposed to the air, and the solid and We may therefore inquire into the 

conditions of equilibrium of the three forces acting on the angular particles, one in the 

direction of the surface of the fluid only, a second in that of the common surface of the solid 

and fluid, and the third in that of the exposed surface of the solid, which substantiate that the 

contact angle can be defined in terms of the surface tensions jkn, jkl, and jnl.  

 

Although the use of surface tensions rather than forces, as stated by Young, has been a subject 

of debate [74], theoretical derivation of Equation 1.1 has recently been proven using 

thermodynamic arguments [75–78]. Despite this, Young’s equation (Equation 1.1) does not 

adequately reflect the complexity of wetting phenomena, as it applies strictly to atomically 

flat and chemically homogeneous surfaces that neither dissolve nor react when in contact 

with the liquid. With all of these constraints, interpreting water contact angles measured on 

real surfaces, i.e., APCAs, calls for wetting states considering, not only surface chemistry 

(via surface tensions) but also surface roughness. 
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 Rough surfaces 

1.4.2.1 Wenzel equation 
 

Following observation of contact angles on real surfaces, Wenzel [79,80] proposed an 

alternative to Young’s equation including the effect of surface roughness on the wetting 

behavior, as follows: 

 

cos !o = pq cos !f (1.2) 

 

where !o is the “apparent contact angle” or the contact angle measured on a rough surface, 

pq is the roughness factor, and !f is the contact angle as described by Equation 1.1. 

 

The roughness factor is defined as the ratio between the real surface area rs (for a given 

surface topography, i.e., peaks and valleys) and the geometric area resulting from the 

projection of the rough surface onto a hypothetical planar surface rt. Given that rs > rt, 

hydrophilicity and hydrophobicity are both enhanced with surface roughness. Indeed, an 

increase in roughness factor lowers !o  when !f  < 90° yet enhances !o  when !f  > 90°. 

Regardless of the hydrophilicity/hydrophobicity of the surface, the wetting of a rough and 

chemically homogeneous surface results in two-phase solid-water interface with no air 

trapped within, namely the Wenzel wetting state (Figure 1.2a). 

 

1.4.2.2 Cassie-Baxter equation 
 

As reported in the preceding paragraph, Wenzel state presumes that rough surfaces are fully 

wettable. Nevertheless, it has been shown that liquid drops can eventually break Wenzel’s 

assumption, and not displace the air trapped into the cavities [81,82].  
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Cassie and Baxter addressed this issue by assuming that such surfaces are composed of two 

distinct features, one with a fractional area uv and Young’s contact angle !v, and the other, 

with a fractional area uw  and Young’s contact angle !w , with uv  + uw	= 1. The apparent 

contact angle, which can be regarded as a weighted average of static contact angles for each 

fraction, is given by the Cassie-Baxter equation: 

 

cos !xy = uv cos !v + uw cos !w (1.3) 

 

In this case, two wetting scenarios are possible: Cassie air-trapping and Cassie impregnating 

sates. The first wetting state considers water drops lying on the top of protrusions of the solid 

surface and air trapped underneath them (Figure 1.2b). This distinguishing feature of the 

Cassie air-trapping state has been attributed either to re-entrant geometries [83] or the 

combination of a hierarchical topography with a low surface energy material. On this basis, 

the first fraction uv corresponds to the solid/liquid interface with a fractional area ukn and 

!v  = !f  (flat protrusions), and the second one uw , to the liquid/vapor interface with a 

fractional area unl = 1- ukn and !w = 180° (full water repellency). In light of these boundary 

conditions, Equation 1.3 thus becomes [84,85]: 

 

cos !x{ = −1 + ukn (cos !f + 1) (1.4) 

 

Equation 1.4 represents the so-called “Cassie air-trapping wetting state” (Figure 1.2b). 

Here, the resulting three-phase solid-water-air interface is a sine qua non for a 

superhydrophobic anti-fogging surface to operate optimally. The term “optimally” refers to 

the situation in which water drops leave the surface upon rolling leaving no remnants behind. 

Conversely, if the surface is impregnated by water (water displaces air trapped in the 

cavities), Cassie-Baxter equation can be rewritten as follows:  

 

cos !x} = 1 + ukn (cos !f − 1) (1.5) 
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Equation 1.5 represents the so-called “Cassie impregnating wetting state” (Figure 1.2c) 

[69]. In both wetting states, ukn ranges from 0 to 1. When ukn = 1, the wetting behavior is 

described by Young’s equation (flat surface), while ukn = 0 results in a non-wettable surface 

(!	= 180°). 

 

 
Figure 1.2: Wetting regimes. (a) Wenzel state, (b) Cassie air-trapping state, and (c) Cassie 
impregnating state. Solid, liquid, and vapor phases meet in an imaginary circular line known 
as the “triple phase contact line” (TPCL). 

 

 The issue of line tension in micro/nano droplets and contact angle 

hysteresis 
 

According to Marmur [86], Wenzel and Cassie-Baxter equations do not adequately describe 

the wetting behavior of real surfaces, as they are built on the assumption that the contact 

angle does not depend on the size of the drop. Although appropriate for water drops 

sufficiently large compared with surface features (roughness), these equations do not take 

into account the non-negligible effects of line tension in nano- and micro-scaled sessile 

droplets [87–89], which also forms during condensation. In this context, Bormashenko [90] 
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recently reported a general formula describing the wetting behavior of rough surfaces 

including the effect of the tension line in minute droplets. 

 

On the other hand, for a specific system water drop/surface, the combination of the triad 

jkl,	jnl, and jkn with surface roughness must result in a unique contact angle. That said, the 

observed contact angles usually differ from those obtained using the above-mentioned 

equations, primarily because of the motion of the triple phase contact line (TPCL). The TPCL 

is defined as the imaginary circular line where solid, liquid, and vapor phases meet 

(Figure 1.1) [63]. A moving TPCL leads to a minimum value of the contact angle, or 

“receding angle” !~�Ä  and a maximum one, or “advancing angle” !ÅÇÉ , which can be 

assessed using two different methods, namely dynamic sessile drop method and tilting base 

method [65].  

 

In the dynamic sessile drop method, a water droplet is dropped onto a horizontal surface from 

a syringe without losing contact with the needle. When water is removed from the drop, the 

contact angle decreases to a minimum value or the receding contact angle, !~�Ä, before TPCL 

moves inward (Figure 1.3a). When liquid is added, TPCL reaches a stable state characterized 

by the advancing contact angle, !ÅÇÉ, that is, the contact angle measured just before TPCL 

moves outward (Figure 1.3b). The difference between advancing and receding contact 

angles (∆! 	= !ÅÇÉ  - !~�Ä ) is called “contact angle hysteresis” (CAH) [68]. Adhesion 

hysteresis, chemical heterogeneities, and surface roughness have been reported as the main 

factors behind the contact angle hysteresis [77,91–94]. Nevertheless, the pinning of the TPCL 

is probably the most important source of CAH, as observed in silicon wafers [93] and 

extruded polymer [94] films, known for being atomically smooth and free of chemical 

heterogeneities.  

 

In the tilting base method, a water droplet is placed on a horizontal surface as in the preceding 

method. In addition to the CAH, this approach allows for the assessment of contact angles 

when water drops meet a tilted or a moving surface (i.e., dynamic wettability). The difference 

with respect to the sessile droplet method is that the angle between the surface and the 
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horizontal plane is gradually tilted from 0° to a critical value Ö, also known as “sliding angle” 

(SA), triggering drop motion (Figure 1.3c) [95]. As will be seen later in section 1.5, the 

water contact angle (WCA), the contact angle hysteresis (CAH), and the sliding angle (SA) 

are key parameters requiring control to design anti-fogging surfaces featuring rolling-

mechanism. 

 
Figure 1.3: Dynamic sessile drop method for the assessment of (a) receding _XA< and (b) 
advancing _Ü?á contact angles. (c) Tilting base method for the measurement of advancing 
and receding contact angles, and sliding angles. Adapted with permission from “Definitions 
for hydrophilicity, hydrophobicity, and superhydrophobicity: Getting the basics right”, Law, 
K.-Y., J. Phys. Chem. Lett., Volume 5, Issue 4, 2014, Pages 686-688. Copyright 2018, 
American Chemical Society. 

 

1.5 How to prevent surfaces from fogging up: Anti-fogging strategies, 

mechanisms, and materials 
 

Anti-fogging strategies explored thus far can be grouped into two broad categories. The first 

one aims at controlling the parameters external to the liquid/solid interface, that is, those 

involved in the nucleation of water drops (e.g., temperature, air flow, and relative humidity). 

Although this approach has proven to be very effective in avoiding or removing 

condensation, it is outside the scope of this chapter. The second category of anti-fogging 

strategies pertains to changes in the morphology of water drops either by directly tuning the 

substrate’s surface features (chemistry and roughness) or by coating deposition. Compared 
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to the first category of anti-fogging strategies, the elaboration of surfaces endowed with the 

anti-fogging feature has generated more interest, in light of the numerous papers published 

in the last ten years. According to the most recent literature, the way these surfaces combat 

fogging can be explained by three different mechanisms: 

 

 (Super)hydrophilic anti-fogging surfaces: Spreading mechanism 
 

Anti-fogging surfaces featuring spreading mechanism are mostly coatings made from 

hydrophilic or “water-loving” materials. These materials interact with water drops causing 

them to spread across the surface, and thus form a scattering-free water film (Figure 1.4).  

 

 
Figure 1.4: Illustration of the spreading mechanism. As water drops spread across the 
surface, total internal reflection (dashed red rays) become less prevalent while transmitted 
light (dashed green rays), increasingly less scattered, travel through the system water 
drop/surface. These surfaces are either hydrophilic (10° < _ < 40-50°) or superhydrophilic 
(5° < _ < 10°). 

 

To date, there appears to be general agreement that wetted surfaces remain optically clear 

under aggressive fogging conditions, if the contact angle of water drops is less than 40-50° 

[22,49,67]. Generally speaking, these coatings can be made either from polymers and 

inorganic materials or from a mixture of both (composite materials). Polymers with pendant 

hydrophilic functionalities such as hydroxyl (OH), carboxyl (COOH), ester (COOR), amino 

(NH2), amide (NHCOR), sulfonic (SO3H), and dihydrogen phosphate groups (PO4H2) are 

materials of choice for anti-fogging coatings (Table 1.1).  

q = 90° 0° < q < 90° q ≈ 0°

Time

! ! !



	

	 22 

Table 1.1: Repeating units of the main polymers of natural origin used in anti-fogging 
formulations. CMC: carboxymethyl cellulose, QC: quaternized cellulose. *Water-soluble. 
**Water-swellable. ***Water-insoluble. 

Kingdom 
of nature Repeating unit Anti-fogging polymer 

Fungi 

 

Pullulan (*) 

Protista  
(Algae)  

Agar-agar (*/**) 

 

Alginate (*) 

Animalia 
(Animals) 

 
Chitosan (*/***), R = H 

Chitin (***), R =  

 

Hyaluronic acid (***) 

Plantae  
(Plants) 

  
Cellulose (***), R = H 

 
CMC (*), R = 

 
 

QC (*), R = 

 

 

Phytic acid (*), R = 
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In this regard, the use of natural polymers has been receiving increasing attention in recent 

years because of their unique features, including the possibility of covering thermally 

sensitive materials, their easy availability, as well as their non-toxic and environmentally 

friendly nature. On the other hand, synthetic polymers have also been explored for anti-

fogging purposes because of their unique features, including their availability and 

crosslinkable nature, low-cost, and tunable interaction with water drops. These 

macromolecules can be classified into four main families according to their chemical 

structure, namely, polyethers, polyvinyls, polyacrylates/polyacrylamides, and 

polymethacrylates (Table 1.2).  

 

The criterion of either being naturally-sourced or not, appears not to apply when considering 

inorganic materials. As a matter of fact, most of the studies reported thus far on inorganic 

coatings with anti-fogging performance consider more suitable to classify them, according 

to their response to light, into two groups. The first one comprises intrinsically hydrophilic 

and non-photoresponsive materials, such as SiO2, ZrO2, In2O3-SnO2 (ITO), MgO-Al2O3, and 

graphene oxide, while the second one is integrated by materials becoming superhydrophilic 

upon exposure to UV light, such as TiO2, ZnO, and Bi2O3. These materials are typically 

covered with abundant hydroxyl (OH) groups per area unit. On the other hand, the 

combination of the photo-induced superhydrophilicity with the photocatalytic property 

allows for the use of TiO2-based materials in applications where self-cleaning and anti-

fogging characteristics are required. Without going into detail, photocatalysis is basically a 

set of reactions whereby a dirty TiO2 surface gets cleaned at room temperature. For this to 

occur, TiO2 must absorb UV light to yield “reactive oxidizing species” (ROS), such as 

superoxide and hydroxyl radicals, that decompose organic pollutants into CO2 and H2O [96]. 

Unfortunately, the fact that TiO2 necessitates UV light to perform makes it challenging to 

design TiO2-based anti-fogging coatings for indoor applications. Indeed, when stored in a 

dark place, an UV-irradiated TiO2 surface (superhydrophilic) experiences a conversion 

toward a more hydrophobic state, which is normally less effective in combating surface fog. 

To remedy this situation, a growing number of studies have focused efforts not only on 

enhancing the anti-fogging performance of TiO2 in the absence of UV light, but also on 

broadening its photocatalytic response to visible and near-IR regions. 
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Table 1.2: Repeating units of the main synthetic polymers used in anti-fogging formulations. 
*Water-soluble. **Water-swellable. ***Water-insoluble. 

Family Repeating unit Anti-fogging polymer 

Polyether 
 

Poly (ethylene glycol) (PEG) (*) 
R1 = R2 = H 

Poly (ethyleneglycol dimethacrylate) 
(PEGDMA) (*) 

R1 = R2 =	 	
Poly (ethyleneglycol methacrylate) (PEGMA) 

(*) 
R1 = H, R2 as in PEGDMA  

Poly (ethyleneglycol diacrylate) (PEGDA) (*) 

R1 = R2 =  

Polyvinyl 
 

Poly (vinyl alcohol) (PVA) (*) 
R = OH 

Poly (vinyl acetate) (PVAc) (***) 

R =  
Poly (vinyl-N-pyrrolidone) (PVP) (*) 

R =  

Polyacrylates & 
Polyacrylamides 

 

Poly (acrylic acid) (PAA) (*) 
R = OH 

Poly (2-hydroxyethyl acrylate) (PHEA) (*)  

R =  
Poly (acrylamide) (PAM) (*) R = NH2 

Polymethacrylates 

 

Poly (methacrylic acid) (PMAA) (*) 
R = OH 

Poly (methyl methacrylate) (PMMA) (***) 
R = O-CH3 

Poly (2-hydroxyethyl methacrylate) (PHEMA) 
(**) 

R =  
Poly (dimethylaminoethyl methacrylate) 

(PDMAEMA) (*) 

R =  

O

O
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Mixing with oxides, such as WO3, ZnO, SiO2, ZnFe2O4, and reduced graphene oxide [97–

103]; doping with metals, such as Cu and Ag [104,105]; incorporating porogens, including 

PEG and cetyltrimethylammonium bromide (CTAB), coupled with a calcination treatment 

[106–110]; using “building blocks” with high surface-to-volume ratios (e.g., nanofibers, 

nanobelts, nanospheres) [111–117]; and increasing the surface roughness [118–122], have 

amply demonstrated to be suitable approaches to fabricate dual anti-fogging/self-cleaning 

TiO2-based films, with no need for UV light to perform. 

 

Despite not being implemented as widely as coating deposition, the direct modification of 

the substrate’s surface features (chemistry and roughness) has amply proven its effectiveness 

in fabricating fog-resistant surfaces featuring spreading mechanism. In this regard, the anti-

fogging performance can be met either by modifying surface topography (section 1.6.2) or 

by creating hydrophilic functionalities by means of surface treatments (section 1.6.3). 

 

 (Super)hydrophobic anti-fogging surfaces: Rolling mechanism 
 

Contrary to those featuring spreading mechanism, surfaces with water-repellent 

characteristics must be tilted to a minimal angle Ö (sliding angle) to roll off water drops, and 

thus avoid the effects of surface fog (Figure 1.5).  

 

 
Figure 1.5: Illustration of the rolling mechanism. Upon elevation of one side of the surface, 
water drops roll off easily, thereby preventing light scattering. These surfaces are either 
hydrophobic (150° > _ > 90°) or superhydrophobic (_	> 150°) and exhibit very low CAH 
and SA. 

Tilting !"#$
!%&'

(
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There is general agreement among the scientific community that surface features required for 

a superhydrophobic anti-fogging surface to perform optimally are high contact angles (CA) 

coupled with low CA hysteresis and low slides angles (Figure 1.6). Surfaces displaying these 

characteristics fall into one of the following wetting states: Wenzel, Cassie air-trapping, 

Cassie impregnating (with a single level of hierarchy of roughness), and Lotus-like (with a 

double level of hierarchy of roughness, that is micro and nanoscale roughness).  

 
Figure 1.6: Routes toward water-repellency and anti-fogging performance. (a) The “two-
step” route: deposition of a layer with high specific surface and hydrophobization. (i) 
Deposition of fly-eye bio-inspired ZnO nanostructures and treatment with 1H, 1H, 2H, 2H-
perfluorooctyltriethoxysilane (PFOTES) [123]; (ii) deposition of raspberry-like SiO2 
nanospheres and hydrophobization with 1H,1H,2H,2H-perfluorodecyltriethoxysilane 
(PFOTS) [124]; (iii) deposition of dandelion-like ZnO microspheres and subsequent 
treatment with heptadecafluorodecyltripropoxysilane (FAS-17) [125]; (iv) deposition of 

(a) “Two-step” route

1) Coating deposition
2) Hydrophobization  

1)  

2)  

2)  

2)  

2)  

2)  

(i)

(ii)

(iii)

(iv)

(v)

2) 
3) 

2) 
3) 

(b) “Three-step” route

1) Surface roughening
2) Coating deposition
3) Hydrophobization

1)  

(i)

(ii)

WCA » 162º, CAH » 3º, SA » 3º  

WCA » 159º, SA » 7º  

WCA » 163º, CAH » 3º, SA » 6º  

WCA » 152º, CAH » 3º

WCA » 151º, CAH » 1º

WCA » 155º, SA » 15º  

WCA » 160º, CAH » 3º, SA » 6º  
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epoxy micropillars covered with ZnO nanohairs and hydrophobization with PFOTES [126]; 
(v) deposition of multiscale ommatidial arrays of a resin containing “methacryl POSS” and 
treatment with 1H,1H,2H,2H-heptadecafluorodecyl methacrylate (HDMA) [127]. (b) The 
“three-step” route: surface roughening, coating deposition, and treatment with a low surface 
energy material. (i) Dome-like surfaces on PDMS covered with solid SiO2 nanoparticles and 
hydrophobization with fluoroalkylsilane molecules (FAS) [128]; (ii) ZnO nanohairs on poly 
(vinylidene difluoride) (PVDF) microratchets treated with FAS-17 [129]. WCA: water 
contact angle, CAH: contact angle hysteresis, SA: sliding angle. Figures reprinted with 
permission from refs. [123–129]. 

 

The rose petal-like state has not been considered here as it usually displays high contact angle 

hysteresis. Cassie air-trapping and Lotus-like wetting states are suitable for anti-fogging 

purposes as water drops roll off the surface leaving no others behind. In contrast, Wenzel and 

Cassie impregnating wetting states do not meet anti-fogging requirements. Here, drops 

remaining entrapped into the surface features, after the tilting of the surface, can be 

detrimental to the anti-fogging performance, as they scatter light as larger water drops do.  

 

With this in mind, anti-fogging surfaces featuring rolling mechanism can be fabricated 

according to two different routes: the “two-step” and “three-step” routes. The “two-step” 

route (Figure 1.6a), which is typically applied to ceramic substrates, is based on the 

deposition of “building units” followed by a treatment with a low surface energy material 

[123–127], while the “three-step” route (Figure 1.6b) consists of surface microstructuring of 

a polymeric substrate by soft lithography (section 1.6.2.2), followed by coating deposition 

and hydrophobization [128,129]. 

 

 Hydrophilic/oleophobic anti-fogging surfaces: Percolation 
mechanism 

 

Anti-fogging surfaces featuring percolation mechanism are mainly coatings made of 

fluorosurfactants polymers, namely, perfluorinated polyethylene glycol polymers [130–137] 

(Figure 1.7a) and perfluoropolyether polymers (Figure 1.7b) [138,139], containing 

hydrophilic and oleophobic domains [140].  
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Figure 1.7: Fluorocarbon surfactants used in anti-fogging surfaces featuring percolation 
mechanism. (a) Linear and “Y-shaped” perfluorinated polyethylene glycol oligomers. 
Hydrophilic and oleophobic components are separated in the polymer chain. Depending on 
the hydrophilic domain, these molecules can be anionic, cationic, non-ionic, or amphoteric. 
(b) Family of perfluoropolyether polymers (PFPE): hydrophilic and oleophobic domains 
cannot be distinguished in the backbone. Red: hydrophilic domain, blue: hydrophobic 
domain, purple: a polymerizable vinyl group. 

 

Due to this particular feature, these surfaces enable small molecules (e.g., water molecules) 

to penetrate the coating faster than do larger ones (e.g., hexadecane molecules). To date, two 

distinct mechanisms have been proposed to explain this striking behavior. The first one, at 

times referred to as the “flip-flop” mechanism, relies on the presence of “defects” of 

appropriate size in the coating [130,131,133,134,136,137]. In general, when 

fluorosurfactants are deposited on a substrate, perfluorinated chains are orientated outward 

(hydrophobic/oleophobic region) while polyethylene glycol- and hydroxyl-containing 

moieties are directed toward the surface (hydrophilic/oleophobic region). Considering that 

this configuration results in a low surface energy barrier repelling oil and water drops, right-

sized defects in the fluorine-containing layer are then necessary to enable water drops to 

permeate and reach the interface coating/substrate (Figure 1.8).  

n m

(a) (b)

Linear fluorosurfactants
“FSN” and “FSO”

Y-shaped fluorosurfactant

n m

n = 6-18, m = 4-6

CF3R = 

R = 

R = 

m/n = 1

“Zdol”

“Z-03”
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Figure 1.8: Illustration of the “flip-flop” mechanism. The distinguishing feature of a 
oleophobic/hydrophilic coating is the tendency of water drops to permeate the coating, and 
thus eliminate the effects of condensations, while blocking or slowing down the passage of 
oily substances. Accordingly, oil contact angles (OCA) are greater than water contact angles 
(WCA). Adapted from “Bioinspired, roughness-induced, water and oil super-philic and 
super-phobic coatings prepared by adaptable layer-by-layer technique”, Brown, P. S.; 
Bhushan, B.; Young, T.; et al., Sci. Rep., Volume 5, 2015, Page 14030. (Open access). 

 

Another proposed mechanism accounting for the simultaneous hydrophilicity/oleophobicity 

relies on the rearrangement of polymer chains when in contact with water or any other polar 

liquid [138,139]. Contrary to the preceding mechanism, the presence of defects in the 

fluorine-containing region is no longer necessary. Here, when a water drop meets the surface, 

perfluorinated chains rapidly rearrange inducing the formation of “channels” that allow for 

small water molecules to permeate quickly toward the hydrophilic region, while blocking or 

slowing down larger oil molecules. As in the case of TiO2-based materials, surfaces with 

simultaneous hydrophilicity and oleophobicity are suitable for use in applications requiring 

anti-fogging performance with a certain degree of self-cleaning activity. Badyal’s group 

[136] proposed a “switching parameter”, defined as the difference between oil (hexadecane) 

and water static contact angles, to quantitatively assess the percolation mechanism. The 

higher the “switching parameter,” the better these anti-fogging surfaces perform. In another 

study, Howarter et al. [133] demonstrated that an advancing WCA < 30° and a receding 

OCA > 67°, are necessary to meet simultaneous self-cleaning and anti-fogging properties. In 

either case, the strong affinity between water molecules and the surface enables water drops 

(the cleaning fluid) to wet the surface by displacing oily substances (the pollutant). 
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1.6 Fabrication techniques toward anti-fogging property  
 

The above-illustrated mechanisms highlight the fact that a judicious combination of surface 

topography and surface chemistry is key to developing surfaces with fogging resistance. 

Bearing this in mind, a plethora of fabrication techniques aimed at adjusting the wetting 

behavior of water drops on solid surfaces has been thus far applied. The following sections 

present the most widely used techniques for the preparation of anti-fogging materials. To be 

consistent with the notions outlined above, these techniques have been classified into three 

distinct categories: bottom-up and top-down processing, and surface functionalization. 

 

 Bottom-up processing 
 

Bottom-up processing involves the assembly of small “bricks” such as nanoparticles and 

polymers into more complex systems. 

 

1.6.1.1 Dip-coating deposition 
 

When vinyl/acrylic polymers such as PVA, PVP, and PAA, are used as starting materials, 

dip-coating deposition allows for the fabrication of anti-fogging coatings endowed with frost-

resisting and even self-healing features [141–144]. In PET and PC substrates (eyeglasses) 

covered with PVA-Nafion complexes prepared by Sun et al. [145] a minimum thickness of 

61 nm was required to prevent fogging effects at room temperature, while a thickness of 

247 nm was necessary to ensure transparency over boiling water (Figure 1.9a). In addition 

to providing PC lenses free of frozen fog (Figure 1.9b,c), PVA/Nafion films were also found 

to be self-healable (Figure 1.9d,e). After five cycles of damage and healing tests, the 

transmittance of the coated PET fully recovered (Taverage ≈ 99% at 500 nm), as supported by 

the complete closing of the scratches (Figure 1.9f,g). 
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Figure 1.9: (a) Anti-fogging properties of a PVA-Nafion film with thickness of ∼247 nm, 
respectively. These films were first conditioned in a -20°C refrigerator for 1 h and then 
placed over boiling water (∼	50°C and ∼	100% RH). (b) Pair of polycarbonate eyeglasses, 
with the left-hand lens coated with PVA-Nafion films and the right-hand one uncoated. (c) 
Eyeglasses after being conditioned at -20°C for 1 h and then exposed to an ambient 
environment of ∼20°C and ∼	40% RH. (d) Digital images of the PVA-Nafion film on a glass 
substrate that heals scratches. (i) Film scratched with sandpaper and (ii) scratched film from 
panel i after healing in water for 5 min. The scale bar is 1 cm. (e) AFM images of the 
scratched PVA-Nafion film before (i) and after (ii) healing in water. (f,g) Changes in 
transmittance at 500 nm and Rrms roughness, respectively, of the PVA-Nafion film during five 
cycles of the scratching-healing process. Reprinted with permission from “Highly 
transparent and water-enabled healable antifogging and frost-resisting films based on 
poly(vinyl alcohol)-nafion complexes”, Li, Y.; Fang, X.; Wang, Y.; Ma, B.; and Sun, J., 
Chem. Mater., Volume 28, Issue 19, 2016, Pages 6975-6984. Copyright 2018, American 
Chemical Society. 
 

Although PEG-based coatings do not feature self-healability [146], hydrogels prepared by 

Molina et al. [147] using a PEG functionalized with 3-isocyanatopropyltriethoxysilane hold 

great promise for the manufacture of anti-fogging films with drug delivery capability, due to 

its water absorbing characteristics. Anti-fogging coatings made from isosorbide-based epoxy 

resin, a polymer containing epoxide groups, also exhibited potential applicability as drug 

(f)

(e)

(g)

(d)(a)

(b)

(c)
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delivery system [148]. Different research groups have recently developed fog-resistant films 

containing sulfonic and phosphonic groups, well known for their high water-absorbing 

characteristics and underwater oleophobicity [149–152] (Figure 1.10). 

 

 
Figure 1.10: (a) Chemical structure of SBSi and the formation of SBSi coatings on the 
oxidized substrate. Light transmission through the samples of PMMA, bare glass, and SBSi-
glass after the treatments of (b) hot or (c) freezing at -20°C. (d) Water spray on samples of 
PMMA, bare glass, and SBSi-glass. (e) Anti-fogging test by treating the water steam to 
samples of PMMA, bare glass, and SBSi-glass. (f) Oil-water separation apparatus and 
images of oil-water mixtures, residues, and filtrates in vials before and after separation. The 
colors of organic fluids are original, without pigment added. (g) Optical images of the 
underwater-oil CA measurements for SBSi-glass performed with air bubbles, ether, toluene, 
hexane, gasoline, diesel, and soybean oil; and quantitative results of OCAs for bare and 
SBSi-glass samples. Reprinted with permission from “Surface modification for 
superhydrophilicity and underwater superoleophobicity: Applications in antifog”, Huang, 
K.-T.; Yeh, S.-B.; and Huang, C.-J., ACS Appl. Mater. Interfaces., Volume 7, Issue 38, 2015, 
Pages 21021-21029. Copyright 2018, American Chemical Society. 
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Ezzat and colleagues [153] fabricated anti-fogging glasses with extreme wettability 

(WCA < 5°) by anchoring zwitterionic poly(sulfobetaine methacrylate) (pSBMA) and 

poly(sulfobetaine vinylimidazole) (pSBVI) polymer brushes, while Huang et al. [154] 

deposited by dip-coating silanized zwitterionic sulfobetaine silane (SBSi) on glasses 

(Figure 1.10a). In the latter study, the coated glasses recovered up to 99% of the initial light 

transmission after being exposed to hot water, as well as cooled at -20°C (Figure 1.10b,c). 

This behavior was in agreement with the observed “see-through” property under different 

fogging scenarios (Figure 1.10d,e). Furthermore, a SBSi-coated stainless steel mesh 

selectively separated water from various oil/water mixtures and oil/water emulsions with 

high efficiency (˃ 99.5% and ˃ 98.2%, respectively) (Figure 1.10f,g).  

 

Oil/water separation efficiencies ˃ 99.5% were also observed in a stainless steel wire mesh 

coated with anti-fogging formulations based on phytic acid and ferric ions (FeIII) [155]; while 

fog-resistant coatings reported by Wu’s group [156] were shown to not only repel oil 

underwater (OCA > 150°), but also to prevent bacterial adhesion (E. coli and S. aureus). 

Combining the dip-coating deposition with the in situ nanopressing technique 

(Figure 1.11a), Zhang and collaborators built on glass and PET samples bilayer 

configurations integrated either by solid silica nanoparticles (WCA = 33.1°) [157] 

(Figure 1.11b) or by hollow silica nanoparticles (WCA = 37.5°) [158] (Figure 1.11c) partly 

embedded in a thin film of thermally crosslinked PVA-PAA blends. The anti-reflective 

property observed in optimal SNs-HSNs/(PVA-PAA) configurations resulted in better light 

transmittance (Taverage ˃ 93%) in the visible range when compared with that of uncoated 

substrates (Taverage » 85-90%). 

 

Coatings with anti-fogging activity can also be prepared by immobilizing inorganic 

nanoparticles (typically SiO2 and TiO2) either in a network of hydrophilic polymers on the 

substrate (e,g., PVA, PVP, and PEGMA [159], glycidoxypropyltrimethoxysilane [160] or a 

catechol-conjugated polymer [161]) or on the substrate by direct deposition using sol-gel [25] 

or aqueous solutions [162]. 
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Figure 1.11: (a) Schematic of the in situ nanopressing process. (b) SEM images of (i) 
SNs/polymer/PET, and (ii) ISNW20-SNs/polymer/PET, ISNW20: 20 washing cycles. (iii) 
Digital images exhibiting the antifogging property of blank (lower part) and ISNW20-
SNs/polymer coated (upper part) PET, respectively; (iv) Transmission spectra of blank PET, 
polymer/PET, SNs/polymer/PET, ISN-SNs/polymer/PET, ISNW20-SNs/polymer/PET, and 
ISNW120-SNs/polymer/PET, respectively. (c) (i) SEM image of the 2HSNs/polymer thin film 
coated glass, (ii) TEM image of the HSNs. (iii) Digital images exhibiting the antifogging 
properties of 2HSNs/polymer coated glasses (upper part) and blank glasses (lower part). (iv) 
Transmission spectra of blank glass and glasses coated, respectively, by polymer, 
1HSNs/polymer, 2HSNs/polymer, and 3HSNs/polymer. The best anti-fogging configuration 
is shown in a red rectangle. Figures and graphics reprinted with permission from references 
[157,158]. 
 

The use of mesoporous silica nanoparticles (MPSNPs) [163,164], hollow silica nanospheres 

(HSNs) [165], double-shell hollow nanospheres of SiO2/TiO2 (DSHNs) [166], and solid 

silica nanoparticles (SSNPs) [167], among others, as building blocks allows for the 

fabrication of anti-fogging films with hierarchical roughness featuring spreading mechanism 

(high specific surface). Coatings made up of SSNPs deposited on La(OH)3 nanorods prepared 

by You and colleagues [168] have proven remarkable capacity to alleviate surface fog 

(WCA ≈ 0°) and minimize light reflection under sun exposure. Cao et al. [169] employed 

very recently faujasitic nanozeolites (DZ) with an average size of 25-30 nm as assembly 

units to prepare on glass samples coatings with anti-reflective/anti-fogging features, while 

(b) (c) 

(i) (ii) 

(iii) (iv) 

(i) (ii) 

(iii) (iv) 

PVA/PAA
SNs or
HSNs
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Liu and colleagues [170] proposed a soft templating route combining in situ growth with a 

modified Stöber method to synthesize TiO2/SiO2 nanospheres directly on glass surfaces 

(Figure 1.12a). Upon calcination (500°C for 2 h), the resulting 500-nm-sized TiO2/SiO2 

nanospheres conferred superhydrophilic property (WCA = 2°) suitable for anti-fogging 

purposes to glass samples (Figure 1.12b,c). 

 

 
Figure 1.12: (a) The in situ synthesis mechanism of TiO2/SiO2 nanospheres. (b) Contact 
angle of the blank substrate, substrate with SiO2 particles, and substrate with TiO2/SiO2 
nanospheres. (c) The anti-fogging property of the samples. “In situ growth of TiO2/SiO2 
nanospheres on glass substrates via solution impregnation for antifogging”, Liu, F.; Shen, 
J.; Zhou, W.; Zhang, S.; and Wan, L., RSC Adv., Volume 7, Issue 26, 2017, Pages 15992-
15996. Published by The Royal Society of Chemistry. 

 

Several studies have proven, on the other hand, the feasibility of conferring anti-fogging 

performance to glass (WCA < 10°) by depositing silica or titania sols by dip-coating, 

followed by calcination [171,172] in the absence or presence of porogens (e.g., PEG [173], 

CTAB [174]). The removal of residual carbon-containing groups/porogens upon calcination 

led to an increase in surface roughness, which drove the surface toward a superhydrophilic 

state. 

 

1.6.1.2 Spin-coating deposition 
 

Spin-coating deposition makes it possible to prepare anti-fogging coatings based on semi-

interpenetrating polymer networks (SIPNs) with frost-resistance [175] and even anti-

bacterial/anti-viral activity [176]. For example, Zhao and colleagues [177] prepared SIPNs 

(a) (b)

(c)
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based on random copolymers of poly(DMAEMA-co-MMA) within a network of UV-cured 

PEGDMA with anti-fogging/anti-bacterial features (Figure 1.13). 

 

 
Figure 1.13: (a) Schematic illustration of partial quaternization of poly(DMAEMA-co-
MMA). Photos of different samples: (b) control glass and (c) SIPN-Q-5, which were first 
stored at -20°C for 30 min and then exposed for 5 s to ambient lab conditions (∼	20°C, 50% 
RH). Light transmittance at the normal incident angle for various samples: (d) as prepared 
and (e) 5 s under ambient condition (∼	20°C, 50% RH) after being stored at -20 °C for 
30 min. (f) Zone-of-inhibition test result of (a) SIPN-Q-5 and (b) SIPN-Q-10 in a cultured 
lawn of E. coli. “SIPN-Q-X”, X: x mol% in the copolymer of quaternized DMAEMA. 
Reprinted with permission from “Dual-functional antifogging/antimicrobial polymer 
coating”, Zhao, J.; Ma, L.; Millians, W.; Wu, T.; and Ming, W., ACS Appl. Mater. Interfaces., 
Volume 8, Issue 13, 2016, Pages 8737-8742. Copyright 2018, American Chemical Society. 
 

Partial quaternization of DMAEMA via SN2 (substitution nucleophilic bimolecular) 

(Figure 1.13a) using 1-bromoundecane (5 mol% in the copolymer, “SIPN-Q-5”) yielded 

coatings providing glass samples, not only with remarkable optical properties 

(Taverage > 90%,) and capacity to prevent surface fog (Figure 1.13b-e), but also with very 

high killing efficiency against E. coli and S. epidermidis (5-log reduction) (Figure 1.13f). 

Nam et al. [178] developed a two-step process consisting of deposition of functionalized PEG 

(a)

(b) (c)

(f)

(e)(d)
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containing polymers with pendent polymerizable norbornene (NB) groups by spin-coating, 

followed by immersion in a solution of Grubb’s catalyst to fabricate optimal fog-resistant 

glasses (NB £ 30 mol%) with water-attracting features. Unlike SIPNs, no UV light nor heat 

was required to induce crosslinking. Anti-fogging composite coatings based on a bilayer 

configuration with enhanced mechanical properties can be fabricated by spin-coating 

deposition [179,180]. Films consisting of a bottom layer (“primer”) of colloidal SiO2 

(30 wt%) embedded in cross-linked network of dipentaethritol hexaacrylate, and a top layer 

containing HEMA and “Tween-20” have shown encouraging results (Figure 1.14a) [181]. 

The addition of 10 wt% of “Tween-20” to the coating formulation, resulted in 

superhydrophilic coatings with fully adherence to PMMA substrates and long-lasting fog-

free effect (˃ 1 year) (Figure 1.14b). 

 

 
Figure 1.14: (a) Bilayered anti-fogging coating. (b) Steam anti-fogging tests of coatings in 
AF10 after 1 year in service. Reprinted with permission from “Preparation of water-resistant 
antifog hard coatings on plastic substrate”, Chang, C.-C.; Huang, F.-H.; Chang, H.-H.; 
Don, T.-M.; Chen, C.-C.; and Cheng, L.-P., Langmuir, Volume 28, Issue 49, 2012, Pages 
17193-17201. Copyright 2018, American Chemical Society. 

 

As in dip-coating deposition, the spin-coating process provides a facile way to build up 

inorganic coating on flat substrates, employing “building bricks” such as solid and hollow 

nanoparticles, microspheres, and nanorods, among others [182]. Here, the idea is to procure 

anti-fogging activity by designing surfaces endowed with hierarchical topography. With this 

(a) (b)
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goal in mind, Shan and colleagues [183] developed 400-nm-thick coatings made up of a thin 

film of Cu-Bi2O3 covered with MPSNPs, by combining the spin-coating technique with the 

sol-gel method. Anti-fogging MPSNPs/Cu-Bi2O3 films (Cu:Bi2O3 molar ratio = 5) performed 

adequately when exposed to humid air after being cooled in a freezer (-18°C) and were able 

to degrade methyl orange and stearic acid upon exposure to UV light (1 mW cm-2).  

 

Mesoporous SiO2/Bi2O3/TiO2 triple-layered thin films prepared on glass slides using a simple 

sol-gel/spin-coating approach showed similar results in terms of photocatalytic response and 

anti-fogging performance [184]. Silica- and titania-based coatings with enhanced wetting 

behavior can be prepared in ways other than those involving the deposition of building 

blocks. Similar to dip-coating deposition, particular emphasis has been placed on the in situ 

generation of nanopores upon calcination, for example, by using porogens [185] or 

surfactants [186]. Regardless of the adopted strategy, the principle is simple: the infiltration 

water drops into the nanoporous network drives the anti-fogging phenomenon (spreading 

mechanism). Alternatively, Budunoglu and collaborators [187] fabricated 135-nm-thick SiO2 

films with tunable porosity on glass samples using “ormosil” (organically modified silica) 

gels, which were prepared via hydrolysis and condensation of TEOS and 

methyltrimethoxysilane (MTMS). The pore size was tuned by changing the TEOS/MTMS 

volume ratio in the sol-gel mixture. A rational commitment between the “see-through” 

property, mechanical durability, and optical clarity (Taverage > 95%, in the visible range) was 

met for a TEOS/MTMS volume ratio of 3:2.  

 

Despite the conceptual simplicity behind the spin-coating technique, the feasibility of 

fabricating anti-fogging coatings with hierarchical surface features similar to those observed 

in the compound eyes of insects have been recently demonstrated. For example, Sun and 

colleagues [123] designed fog-free surfaces by depositing on glass samples fly-eye 

bioinspired ZnO microspheres (Figure 1.6ai). Following hydrophobization with 1H, 1H, 2H, 

2H-perfluorooctyltriethoxysilane, coated glasses prevented water drops from accumulating 

on the surface when placed in an artificial fogging chamber for 2 min at a tilting angle of 10° 

(WCA = 162.2° and SA ≈ 3°). Zhang and collaborators [188] reported a straightforward 
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method involving sol-gel process and spin-coating deposition to produce films with moth 

compound eye-like features using a mixture of MPSNPs containing surfactants and SiO2 sol. 

Finally, Li’s group [189] very recently reported on the fabrication of coatings with water- 

and oil-attracting features made of Cu3SnS4, a ternary semiconductor. Following annealing 

in N2 at 500°C, spin-coated glasses (Rrms = 0.432 nm) displayed superamphiphilicity, as 

revealed by a WCA and OCA below 1°, and a band-gap (1.74 eV) compatible with 

applications in the field of photovoltaic cells (see section 1.7.2). 

 

1.6.1.3 Layer-by-layer deposition  
 

The layer-by-layer (LbL) deposition is a straightforward coating technique to build up multi- 

layer structures. This bottom-up approach involves sequential assembling of thin layers by 

dipping the sample into different solutions, followed by rinsing cycles. In general, the 

coating’s robustness is ensured either by electrostatic interactions or by covalent and non-

covalent interactions between adjacent layers, namely, hydrogen, hemiacetal, and ester 

bonds. In the last five years, various research groups have demonstrated that the incorporation 

of natural polymers, such as carboxymethyl cellulose (CMC), chitosan (CHI), and other 

polysaccharides [190–192]; and synthetic polymers, such as polyvinyl and polyacrylic 

compounds [193–197], into anti-fogging formulations can be successfully attained via LbL. 

For example, Spiroiu’s group [198] fabricated anti-fogging layers with WCA exceeding 90°, 

based on self-assembled structures of CHI and sodium lauryl ether sulfate micelles, while 

Lee’s group [199] developed zwitter-wettable coatings comprising a hydrophilic bottom 

layer of (CHI/CMC)30 capped with three hydrophobic (CHI/Nafion) bilayers (WCA » 110°). 

As did Shibraen’s and Cohen’s groups [192,193], these research groups considered the water-

absorbing characteristics of these coatings to account for the observed anti-fogging 

performance and, in some cases, the frosting delay capacity (percolation mechanism) 

[193,194].  

 

Sun and colleagues [200] designed anti-fogging films with oil-repellent features via the 

assembly of hyaluronic acid (HA) and branched poly(ethylenimine) (bPEI) and subsequent 
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hydrophobization with perfluorooctanesulfonic acid potassium salt (PFOS). It was found that 

glass and plastic lenses coated with PFOS-(HA/bPEI)50 films were able to heal cuts of 80 µm 

in width after 5 min in water. Very recently, Shiratori et al. [201] demonstrated that films 

composed of multistacked layers of negatively charged PVA-PAA blends and positively 

charged PAH-PVA-PAA blends featured not only capacity to minimize fogging effects but 

also anti-reflective and anti-thrombogenic properties (Figure 1.15).  

 

 
Figure 1.15: (a) Scanning electron microscopy image of ((PAH-PVA-PAA)/(PVA-PAA))10 
films. (b) Transmittance of films with different numbers of bilayers on glass substrates. (c) 
Photography of a cooled glass slide with (left) and without (right) the coating in a high-
humidity environment (90% RH) at 35°C after being cooled in a refrigerator to < 5°C. 
Fourier transform infrared spectra of (d) bare silicon wafer substrate and fibrinogen and (e) 
((PAH-PVA-PAA)/(PVA-PAA))10 films before and after contact with a fibrinogen solution. 
Reprinted with permission from “Antifibrinogen, antireflective, antifogging surfaces with 
biocompatible nano-ordered hierarchical texture fabricated by layer-by-layer self-
assembly”, Manabe, K.; Matsuda, M.; Nakamura, C.; Takahashi, K.; Kyung, K. H.; and 
Shiratori, S., Chem. Mater.,Volume 29, Issue 11, 2017, Pages 4745-4753. Copyright 2018, 
American Chemical Society. 

 

The hierarchical topography observed in ((PAH-PVA-PAA)/(PVA-PAA))10-coated glasses 

coupled with abundant OH groups per area unit translated to extreme wetting behavior 

(WCA < 5°) (Figure 1.15a). Qualitative assessment of the anti-fogging performance 

(a) (c)(b)

(d) (e)
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revealed that ((PAH-PVA-PAA)/(PVA-PAA))10 coatings conferred noticeable visual 

characteristics to glasses when in contact with a moist environment at 35°C (Figure 1.15b). 

Furthermore, the light transmission values (Taverage ≈ 95%) were greater than those of a bare 

glass (Taverage ≈ 91%, in the 450-850 nm range) (Figure 1.15c). In view of the FITR results, 

these anti-fogging coatings prevented the adhesion of fibrinogen, thus revealing a potential 

application as “anti-anticlotting” material (Figure 1.15d,e). 

 

Regarding inorganic anti-fogging layers, studies carried out by various research groups in 

the last seven years show that, solid and mesoporous SiO2 nanoparticles, i.e., SSNPs and 

MPSNPs, can be assembled in three different ways [202–204]. The first one involves 

combining SSNPs with nanosheets (Figure 1.16a). In this context, worthy of mention are the 

studies conducted by Byeon and colleagues [205,206], who designed coatings with 

luminescent/anti-fogging features by assembling nanosheets of RE-doped gadolinium 

hydroxides (RE = Eu, Tb, and Dy) with SSNPs. Following annealing at 500-600°C, the 

resulting (Gd2O3:RE/SSNPs)n coatings (n = 7-9, 30) prevented fogging via spreading 

mechanism (WCA < 5°). Depending on the dopant, the coated glasses featured efficient red 

(Eu), green (Tb), and blue (Dy) light emissions when illuminated with light of 254 nm. In a 

similar manner, stacking of reduced graphene oxide (RGO) nanosheets with nanoparticles of 

SiO2 [207] or TiO2 [101] has also been used to produce fog-resistant coatings with high 

specific surface area.  

 

The second way to prepare anti-fogging coatings with hierarchical porosity involves using 

“building blocks”, such as raspberry-like [124,208–210] and mulberry-like [113,211,212] 

nanospheres, which are synthesized prior to the deposition process by a judicious assembly 

of nanospheres (Figure 1.16c,d,f,g).  
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Figure 1.16: LbL strategies for the deposition of inorganic materials used in anti-fogging 
coatings [206,208,211,213]. C: Carbon (template), MPSNPs: Mesoporous silica 
nanoparticles, NS: Nanosheets, PC: Polycarbonate (template), PDDA: Poly 
(diallyldimethylammonium chloride), PSS: Sodium poly(4-styrenesulfonate), SSNPs: Solid 
silica nanoparticles. 

 

Many other research groups have followed a protocol similar to that depicted in 

Figure 1.16c,d,f to fabricate super wettable surfaces with hierarchical roughness, using only 
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nanoparticles of SiO2 [130,131,202,214], TiO2 [98,112], ZrO2 [215], Al(OH)3-Mg(OH)2 as 

building units or PDDA-sodium silicate complexes [216]. The third way to produce 

hierarchically rough anti-fogging surfaces is based on the assembly of mesoporous silica 

nanoparticles (MPSNPs) according to the protocol depicted in Figure 1.16b [213,217–219]. 

On the other hand, several studies have shown that anti-fogging activity comparable to the 

one obtained these ways can be attained, without the need for calcination or annealing post-

treatments [220,221] coupled, in some cases, with a reduction in the number of deposition 

cycles. For example, Sun and collaborators [222] evidenced that only three deposition cycles 

of MPSNPs (~ 50 nm) alternating with PDDA sufficed to retain transparency when coated 

PC, CR-39 were exposed under very humid conditions. Analogously, Guo et al. [223] used 

the LbL assembly technique to produce fog-free films consisting of discrete layers of 

poly(ethylenimine) (PEI) and PSS containing clusters of calcium silicate hydrates (CSH). 

Interestingly, coatings integrated by multi-stacked layers of ZnO nanoparticles (NP)/nano-

flowers (NF) and PAA proved to not only be effective in eliminating the effects of 

condensation but also in blocking UV light [224] and killing bacteria [203]. Notable capacity 

to block UV light was also noticed in a multistack configuration consisting of discrete layers 

of PEI and CMC-modified TiO2 nanoparticles recently prepared by Li and collaborators 

[225]. Further to this, (PEI/CMC@TiO2)15 coatings were found to delay aging of PET 

substrates while conferring them anti-fogging performance (WCA ˂ 5°). 

 

1.6.1.4 Physical and chemical vapor deposition 
 

Sputtering methods such as RF magnetron sputtering, and evaporation methods such as 

electron beam deposition has proven to be suitable to fabricate nanostructured anti-fogging 

inorganic coatings, with high deposition rates, excellent adhesion, and uniformity [226,227]. 

For example, Kwak and colleagues [228] reported a two-step process to fabricate ZnO-based 

anti-fogging coatings consisting of the deposition of a ZnO seed layer on glass samples by 

RF sputtering, and subsequent growth of ZnO nanorods using ammoniacal solutions of zinc 

nitrate hexahydrate. Because of a light transmission as high as bare glass (≈ 90% in the 

400-700 nm range) and the ability to block light below 370 nm as in [203,224,225], these 
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surfaces hold promise for fenestration purposes. ITO nanorods prepared by RF magnetron 

sputtering, followed by in-air annealing at 250°C have shown to endow glass samples with 

satisfactory anti-fogging and self-cleaning properties [229] (Figure 1.17a,b). Coatings met 

extreme wettability (WCA ˂ 1°) with sputtering times ˃ 40 min, because of the increase in 

size of nanorods (Figure 1.17c). No fogging was observed in the samples treated for 60 min 

under an aggressive cold fog test a -20°C (Figure 1.17d). Following functionalization with 

2H-perfluorodecyltrichlorosilane, the as-prepared surfaces were easy to clean, as a drop of 

green powder phosphor lying on the surface was easily removed when water was added, 

leaving no remnant (Figure 1.17b). 

 

 
Figure 1.17: Schematic illustration of the fabrication procedures for preparing a 
multifunctional ITO nanorod film: (a) superhydrophilic ITO nanorods (WCA < 1°) 
displaying anti-fogging behavior when exposed to a humid environment (RH > 80%) after 
storage at -20°C, and (b) superhydrophobic ITO nanorods (WCA = 172.1°, SA » 0°) 
featuring self-cleaning activity. (c) WCA of the post-annealed ITO nanorod films on glass 
substrates as a function of the growth time. The insets show the water CAs of a bare glass 
substrate and of an ITO nanorod film grown on a glass substrate for 60 min. (d) Top- and 
side view SEM images of the ITO nanorod film grown on a glass substrate for 60 min. 
Reproduced from “Fabrication and characterization of large-scale multifunctional 
transparent ITO nanorod films”, Park, H. K.; Yoon, S. W.; Chung, W. W.; Min, B. K.; and 
Do, Y. R., J. Mater. Chem. A, Volume 1, Issue 19, 2013, Pages 5860-5867. Copyright 2018, 
with permission of The Royal Society of Chemistry. 

 

RF magnetron sputtering made it possible to build multifunctional TiO2-based configurations 

showing tremendous potential in smart window applications, as observed in glasses covered 

with a TiO2(anatase)/VO2(monoclinic)/TiO2(rutile) tri-layered film [230] or with a multi-

stacked TiO2(anatase)/Si/Ag(Cr)/TiNx structure [231]. Using electron beam evaporation, 

Eshaghi and collaborators [232] developed a multistack configuration consisting of discrete 

layers of SiO2 and TiO2 that proved to be effective in preventing condensation effects on 
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glass. In the same vein, Palmisano and colleagues [233] demonstrated the feasibility of 

depositing smooth TiO2 coatings with better anti-fogging and self-cleaning performances 

than the ones observed in a commercial anti-fogging glass (Pilkington ActivTM glass).  

 

Using the CVD technique on glass samples, Chen and collaborators [234] deposited SiO2 

coatings with a regular convex nipple structure employing ammonia-catalyzed sol-gel 

solutions of TEOS. Even though all of the treated samples remained fog-free when placed 

over hot water or cooled at -18°C, the best optical properties (Taverage ≈ 95% in the 

400-800 nm range) were noticed in glasses treated for 10 h. Shoji et al. [235] prepared silicon 

resin thin films on PC substrates with tunable hydrophobic/hydrophilic features using a low-

pressure RF plasma. When plasma polymerization was performed in O2/HCOOH atmosphere 

under a power input between 50 and 150 W, the coated PC displayed extreme wettability 

(WCA ˂ 5°) and remained fog-free when exposed to steam, breath, and room conditions after 

cooling at lower temperature. 

 

1.6.1.5 Electrochemical deposition  
 

Meroni and colleagues [236] reported on the feasibility of an electrochemical method 

(potentiostatic deposition), similar to that employed by Patel et al. [237], to deposit several 

layers of TiO2 on glass. Following application of 3.6 V for 60 s to a glass sample immersed 

in a TiO2 sol, the resulting crack-free smooth TiO2 coatings were fully wettable yet degraded 

transparency of glass substrates, as supported by a decrease in the average transmittance from 

92% (uncoated glass) to approximately 75% in the visible region. In addition, the anti-

fogging property was consistent, with a decrease in WCA from 40 to 0° following exposure 

to UV light (30 mW cm-2). In contrast, TiO2 coatings with nanofiber morphology fabricated 

by Tricoli’s group [116] by electrospinning, displayed non-UV-activated anti-fogging 

features. Following thermal treatment at 500°C, the resulting TiO2 nanofibers of 200 nm in 

thickness provided glasses with excellent capacity to avoid blurry view when exposed to 

vapor, because of the great amount of hydroxyl on the surface (specific area = 106 m2 g-1, 

WCA < 10°), as well as acceptable light transmission (Tmax ≈ 93%) for incident light of 400 
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and 600 nm. Similarly, films composed of TiO2 nanobelts were shown to be superhydrophilic 

with no previous UV exposure [117]. In this instance, titanate nanobelts (TNB), which were 

synthesized via a hydrothermal method, were deposited on ITO glass via electrophoretic 

deposition, and then functionalized with 1H,1H,2H,2H-perfluorooctyltriethoxysilane (FAS) 

(Figure 1.18a,b). When the functionalization time was 2 min, the resulting dynamic wetting 

behavior of the FAS-treated surfaces (WCA » 156.2° and SA » 8.6°) led to the easy cleaning 

against yellow nitrogen-doped titanate powder (Figure 1.18c,d). Upon calcination at 500°C, 

a drastic shifting toward a super wettable state (WCA » 0°) was noticed, because of the 

removal of the hydrophobizing agent and the conversion of TNB into porous TiO2 (anatase) 

(Figure 1.18e). Under fogging conditions, the TiO2-coated glasses exhibited higher 

transmissivity than did uncoated ones (Figure 1.18f). 

 

 
Figure 1.18: (a) Schematic drawing of the synthesis and hydrogen-bond-driven stabilization 
of titanate nanobelts. (b) Schematic illustration of the electrophoretic deposition process to 
prepare a TNB/FAS film. (c) SEM image of the as-prepared superhydrophobic TNB/FAS film 
(2 min). The inset image shows water droplets on the transparent TNB/FAS film on ITO glass. 
(d) Time sequence of the self-cleaning process on the superhydrophobic coating with low 
water adhesion. (e) Water droplet on the superhydrophilic TiO2 film. (f) Photograph of an 
ITO substrate deposited with superhydrophilic coatings (bottom) and a control ITO substrate 
without any coating deposition (upper) taken from a refrigerator (-4°C) to the humid 
laboratory air (ca. 50% RH). Reproduced from “Transparent 
superhydrophobic/superhydrophilic TiO2-based coatings for self-cleaning and anti-
fogging”, Lai, Y.; Tang, Y.; Gong, J.; Gong, D.; Chi, L.; Lin, C.; Chen, Z.; Liu, M. J.; Zheng, 
Y. M.; Zhai, J.; et al., J. Mater. Chem., Volume 22, Issue 15, 2012, Pages 7420-7426. 
Copyright 2018, with permission of The Royal Society of Chemistry. 
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1.6.1.6 Others 
 

The techniques mentioned above cover the most common bottom-up approaches for 

producing anti-fogging surfaces; however, other not less important ones have not been 

addressed here. These include: solvent casting methods [238–240]; bar coating methods 

[27,241–245]; spray coating techniques [115,246–248]; and multi-step approaches 

[249,250]. 

 

 Top-down processing 
 

Top-down processing is based on the removal of material from a starting sample either to 

increase surface roughness or to create fine patterns, and thus drive the surface toward anti-

fogging property. 

 

1.6.2.1 Dry and wet etching methods  
 

In dry etching, the sample is subjected to either high energy particles (e.g., electrons, X-rays), 

ions, or both; while in wet etching, the sample is dipped in an acid or in an alkaline solution 

for a certain period of time to “carve” the surface. In wet etching, the surface morphology, 

the material removal rate, and the resulting optical properties can be tailored, by varying 

certain experimental parameters, namely, temperature, the concentration of reactive species, 

and etching time [251–253]. In this regard, He et al. [251] designed dual anti-fogging/anti-

reflective glasses (WCA = 4.3°), with nanoflake-like surface features using a liquid alkali 

etching (5 g L-1 of NaOH, 85°C). A similar approach was reported by Myoung and 

colleagues [252] (Figure 1.19). 
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Figure 1.19: SEM images of glasses etched for different periods of time (4, 12, and 24 h): 
(a) glass “A” (27.42 wt% of Na2O), (b) glass “B” (24.08 wt% of Na2O), and (c) glass “C” 
(0.35 wt% of Na2O). (d) Transmittance spectra of glass A before and after etching (KOH 
1M) at different etching times, and (e) anti-fogging performance of etched “A” glasses (4 h) 
when cooled at -10°C and exposed thereafter to steam (right: before etching and left: after 
etching). Reproduced from “A multifunctional nanoporous layer created on glass through a 
simple alkali corrosion process”, Xiong, J.; Das, S. N.; Kar, J. P.; Choi, J.-H.; and Myoung, 
J.-M., J. Mater. Chem. Volume 20, Issue 45, 2010, Pages 10246-10252. Copyright 2018, with 
permission of The Royal Society of Chemistry. 

 

In this instance, glass samples with variable wt% of Na2O were dipped in KOH solutions at 

95°C for 4, 12, and 24 h (Figure 1.19a-c). Even though hydrophilicity was shown to increase 

with the etching time, at least 4 h of etching treatment were required to obtain “A” glasses 

with resistance to fogging (Figure 1.19d). Furthermore, this treatment increased the 

maximum transmittance of “A” glasses from ≈ 90 to 97.7% (at 630 nm) due to a concomitant 

variation in size of nanoflake-like structures (Figure 1.19e). Aqueous NaHCO3 solutions 

have also shown an ability to “chisel” glass surfaces to yield sponge-like structures with a 

notable capacity to alleviate fogging effects [253]. Yao et al. [254] fabricated fog-free glasses 

in a sequential approach consisting in chemical dry etching using a H2SiF6-containing vapor 

(≤ 20°C), annealing at 720°C for 135 s, and low-pressure O2 plasma treatment for 25 min. 

On the other hand, etching can be used to “activate” surfaces prior to coating deposition. 

Here, the goal is to ensure the adherence of anti-fogging coatings on the substrate to prevent 
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them from detaching when exposed to a humid environment or under normal cleaning 

practices. For example, Lam et al. [109] deposited TiO2/SiO2 bilayers on NaOH-etched and 

UV-irradiated PC, while Yao and collaborators [255] dipped glasses, which were previously 

treated following the above-mentioned protocol [254], in a SSNPs solution (20 nm) to ensure 

the “see-through” property. In another study, Di Mundo’s group [256] conferred anti-fogging 

capability to PC films through a self-masked plasma etching and subsequent deposition of a 

superhydrophilic silica-like coating, using a low-pressure O2/Ar plasma fed with 

hexamethyldisiloxane (HMDSO). 

 

Evidence shows that the above-illustrated etching methods make it challenging to prepare 

surface structures with desired geometric order and well-defined shapes (e.g., subwavelength 

structures, SWSs). In this context, reactive ion etching (RIE) has proven to be a more suitable 

approach due to its unique ability to etch with finer resolution, and higher aspect ratio than 

isotropic etching does [257]. For example, Lee and colleagues [258] tailored the wettability 

of borosilicate glass substrates by means of a self-masked RIE operating under controlled 

conditions, namely, 50 W and CF4:O2 ratio of 4:1. When the etching time was 7 min, the 

glasses became hydrophilic (WCA = 12.5°) in response to a concurrent formation of tapered 

SWSs with aspect ratios in the 1.5-2 range. Both the low WCA and the high surface energy 

(87.8 mN m-1) substantiated the observed fog-free effect when the etched glasses were 

exposed to steam. Alternatively, Xu et al. [259] built up tapered conical structures (aspect 

ratio of 2.8) by reactive ion etching (100 W and CHF3:Ar ratio = 2), using a thin film of Ag 

nanoparticles as etching mask. As in the previous study, the judicious combination of the 

inherent hydrophilicity of SiO2 and the nanohole egg-crate-like structure was behind the 

observed broadband optical transmissivity (400-1400 nm) as well as the anti-fogging 

performance (WCA ≈ 0°) of quartz slides. RIE in combination with bottom-up processing 

allows for the fabrication of nanostructured polymer-based anti-fogging coatings with 

outstanding optical performance. In this regard, it is worth highlighting the straightforward 

strategy reported by Suh and collaborators [260] involving the deposition of an UV-curable 

polyurethane acrylate by roll-pressing, and subsequent self-masked RIE to fabricate super 

wettable glasses (WCA < 5°). Following the same idea, Sim et al. [261] elaborated anti-

fogging layers with graded roughness (gradient-index anti-reflection coating, GIARC) using 
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block copolymers of polystyrene (PS) and polydimethylsiloxane (PDMS) (i.e., PS-b-PDMS) 

as starting materials.  

 

 
Figure 1.20: (a) Facile solution-based procedure for the preparation of the gradient-index 
anti-reflection coating (GIARC) based on Si-containing block copolymers. SEM images of a 
double-layered GIARC consisting of (b) SD55k (fPDMS = 0.091) and (c) SD43k 
(fPDMS = 0.488). (d) Comparison of the anti-fogging properties of GIARC and a bare glass 
substrate. (e) Changes in transmittance with the exposure time to water vapor. Reprinted 
from “Ultra-high optical transparency of robust, graded-index, and anti-fogging silica 
coating derived from Si-containing block copolymers”, Sim, D.; Choi, M.-J.; Hur, Y.; Nam, 
B.; Chae, G.; Park, J.; and Jung, Y., Adv. Opt. Mater. Volume 1, Issue 6, 2013, Pages 428-
433. Copyright 2018, with permission from John Wiley and Sons. 

 

Briefly, glass substrates were first coated with PS-b-PDMS films and subjected thereafter to 

RIE to convert the copolymer into nano-structured SiO2 (Figure 1.20a). Surface features 

such as roughness and porosity, as well as the optical properties of the resulting coating were 

found to depend on both the molecular weight of PDMS and its fraction in the copolymer 

(Figure 1.20b,c). Optimized nanoporous silica films “SD55k” (fPDMS = 9.1%), enabled an 

easy legibility of the letters behind the coated glasses when exposed to super-saturated water 

vapor at 90°C (Figure 1.20d). This behavior was consistent with an average transmittance 

remaining almost unchanged at approximately 97% under the same conditions 

(Figure 1.20e). 

 

(a) (b)

(c)

(d)

(e)
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1.6.2.2 Lithography 
 

This top-down approach makes it possible to design subwavelength structures, SWSs 

(£ 100 nm) with excellent precision and accuracy using photons, electrons, or ions. Park et 

al. [61] applied “orthogonal interference lithography” to fabricate periodic square arrays of 

tapered SWSs on silica samples with an aspect ratio of 5.5 and packing densities above 

106 mm-2. The resulting surfaces simultaneously met anti-fogging performance, with a 

WCA ≈ 0°, and minimal reflection over a wide range of incident angles (0 to 80°) in the 

visible and near-IR wavelengths. Mao and collaborators [262] very recently reported on the 

potential applicability of “direct laser interference lithography” (DLIL) for the manufacture 

of anti-fogging eyeglasses. A square periodic array of inverted nanocones made of 

polyurethane acrylate, which was fabricated in a sequential approach consisting in DLIL, dry 

etching, and UV replication process, has also generated worthwhile results [263]. Due to the 

superhydrophilicity (WCA ≈ 0°) conferred by the SWSs with an aspect ratio ≈ 4, no fogging 

was observed when the nanotextured glasses were placed over saturated steam. Moreover, 

such glasses displayed remarkable light transmission (Taverage ˃ 95%, incidence angle of 0°) 

over the 350-1400 nm range. In another study, Duan and colleagues [264] combined a sol-

gel/dip-coating method with DLIL to design non-UV-activated anti-fogging ZrO2 coatings 

with a grooved or a mastoideus surface.  

 

Soft lithography, on the other hand, allows for the preparation of polymer-based anti-fogging 

coatings with micro/nanostructured surface features using mechanical procedures, such as 

stamping and molding. In this regard, Zheng’s group [129] fabricated anti-fogging surfaces 

with water-repellent and icing-delay characteristics by planting onto poly(vinylidene 

difluoride) microratchets, which were obtained by the heat-pressing pattern-transfer 

technique, nanohairs of ZnO (Figure 6bii). Following hydrophobization with 

heptadecafluorodecyltripropoxysilane (FAS-17), water drops remained in a non-freezable 

state at -5°C and rolled off the surface when exposed to breeze, due to the water-repellent 

properties of the surface (WCA ≈ 150°). Epoxy micropillars arrays covered with ZnO 

nanohairs fabricated by soft replication methods (“Bosch process”) and crystal-growth 
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techniques have shown better results in terms of ice formation delay [126]. In this case, an 

icing delay time as high as 9839 s was noticed in the FAS-treated surfaces (an icing delay 

time of 7360 s at -10°C was reported in the previous study), even though the contact angle 

was virtually the same (WCA ≈ 152°) (Figure 1.6aiv). 

 

Although lithography has great potential for the fabrication of intricate structures, 

surprisingly only a few research groups have focused their expertise toward developing anti-

fogging films with topographical features similar to the ones found in insect’s eyes [265–

267]. For instance, moth eye-like nanostructures integrated by polydimethylsiloxane domes 

have been elaborated employing the lift-up soft-lithography technique (Figure 1.6bi) [128]. 

Following deposition of SSNPs and subsequent treatment with monolayers of self-assembled 

fluoroalkylsilane (FAS), the resulting hydrophobicity (WCA = 155° and SA = 15°) 

supported the rolling mechanism behind the observed anti-fogging activity. By means of 

sacrificial layer-mediated nanoimprinting (SLAN), Raut and collaborators [127] deposited 

on glass samples a moth eye-like structure made from a resin containing 

methacryloyloxypropyl polysilsesquioxane (Figure 1.6av). Following treatment with 

1H,1H,2H,2H-heptadecafluorodecyl methacrylate, optimal surfaces with ommatidial 

features of 20 μm in diameter (WCA ≈ 151° and CAH ≈ 2°) displayed very low average 

reflectance (ca. 4.8%) and very fast transmittance recovery (Taverage = 100% in ≈ 10 s) after 

exposure to saturated steam. Without the need for hydrophobization post-treatments, moth 

eye-like nanostructures consisting in PMMA nanonipples covered with solid silica 

nanoparticles were also found to retain transparency under fogging conditions [268]. Despite 

an aspect ratio as low as 1, nanostructured surfaces reduced drastically glare and remained 

optically clear when exposed to moisture for 15 min due to their superhydrophilicity 

(WCA = 2°). 

 

1.6.2.3 Template-assisted fabrication 
 

Generally speaking, template-assisted fabrication involves two basic steps. An anti-fogging 

solution is deposited into a micro/nanoporous material (template), allowing the solvent to 
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evaporate. Afterwards, the template is selectively removed, yielding micro/nanostructured 

arrays or freestanding 3D structures. Following this protocol, Han and collaborators [269] 

recently developed a relatively complex yet elegant method to fabricate biologically-inspired 

anti-fogging films. Here, butterfly’s wing scales were used as a template to produce a SiO2 

film with multiscale hierarchical pagoda structures. The hierarchical surface roughness 

resulting in the significantly high surface density of the hydrophilic OH groups, translated to 

extreme wetting behavior. Coated glass samples featured excellent anti-fogging activity, as 

supported by the observed optical transparency (Taverage ≈ 95%) under aggressive fogging 

conditions. Using the colloidal templating method, Vogel et al. [270] demonstrated the 

feasibility of preparing a SiO2-based periodic array of nanopores with tunable re-entrant 

geometry. Regardless of the pore size and the opening angle, which were changed by 

adjusting the TEOS/EtOH ratio in the starting sol-gel solution, all of the coated glasses 

exhibited extreme wetting behavior (WCA » 0°) following calcination at 500°C. SiO2 layers 

prepared from colloidal particles of 200 nm in diameter imparted superior anti-fogging 

capacity to glass slides. 

 

 Surface functionalization and related techniques 
 

In addition to “top-down” and “bottom-up” processing, another way to confer anti-fogging 

performance to a given material consist in modifying its surface chemistry. Surface 

treatments such as plasma treatment [271] and ionic implantation [67] have amply 

demonstrated their effectiveness in conferring resistance to fogging to poorly wettable 

polymers such as polyethylene, polypropylene, and polyethylene terephthalate. The main 

reason for this relies on the formation of hydrophilic groups on the surface, such as OH, 

COOH, COH, CN, NH2, etc., well known for their favorable interaction with water drops 

(spreading mechanism) [272–274]. Worthy of mention are the studies conducted by Patel 

and collaborators [28,237], who prepared anti-fogging polyethylene terephthalate (PET) 

using low-pressure plasmas operating under a controlled O2 gas atmosphere (20 sccm, sccm: 

standard cubic centimeters per minute). Following plasma treatment for 5 min, PET films did 

become superhydrophilic (WCA went from 95 to » 0°) in response to a concurrent rise in the 
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number of carbonyl-containing functionalities on the surface. Even though the plasma-

treated PET retained transparency when placed over a cup of hot water, the hydrophilicity 

was found to degrade upon exposure to both dry and humid environments for 7 days. These 

authors have also demonstrated [237] the feasibility of conferring anti-fogging property to 

ITO glass, following application of 50 V for 20 min to an aqueous solution of H2SO4 were a 

ITO sample was immersed. These authors argued that the electrochemical oxidation of water 

yielded hydroxyl groups on the ITO surface, which explains why, WCA abruptly decreased 

from 80 to 0°. Although not prevented, hydrophilicity loss due to surface aging was slower 

than that observed in the plasma-treated PET films under the same fogging conditions. 

Alternatively, extremely wettable (WCA < 5°) films of polydiethylene glycol 

bis(allylcarbonate) with resistance to fogging were prepared by implantation of Ar+ ions 

under very low O2 pressure [67]. A pre-implantation treatment with He+ ions was found to 

delay significantly the hydrophilicity loss, hence the occurrence of fogging.  

 

While the above-mentioned surface treatments hold great promise for the manufacture of 

agricultural and food packaging films with anti-fogging characteristics, the problem of 

surface aging remains unresolved. This fact may explain why the incorporation of surfactants 

appears to be gaining in popularity in this regard [29,275,276]. Surfactants are molecules 

consisting of two well-differentiated parts, namely, a hydrophobic tail and a hydrophilic 

head. In general the hydrophilic domain contains hydroxyl [277–283] or amine groups [284]. 

When incorporated to polymer formulations, these molecules migrate from the bulk to the 

film surface, where they dissolve in the condensed water, decreasing its surface energy. As 

a result, water drops wet evenly the surface and scattering events are mitigated [280]. 

According to Irustra [284] and Salmeron [285] the use of additives comes with two major 

problems. First, as long as a sufficient amount of surfactant dissolves in the condensed water, 

the anti-fogging/anti-dripping film will perform adequately; however, given that it takes a 

while for these molecules to migrate and dissolve in water, these films usually fog up when 

exposed to sudden temperature or humidity changes. Second, considering that surfactants are 

gradually washed away by the dripping water, the anti-fogging/anti-dripping performance 

deteriorates over time. Thus, controlling the migration rate of these molecules is crucial to 

retaining the anti-fogging performance long term. In general, the migration of surfactants can 
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be slowed down if bonded to inorganic nanoparticles such as SSNPs [286–288] or if added 

to blends of hydrophilic grafted co-polymers with un-grafted ones [289]. To retain wetting 

features for longer periods of time, covalent grafting of “bulky” surfactants, also known as 

“graft co-polymerization”, represents a feasible alternative to plasma and ionic implantation 

treatments, as well as the addition of surfactants per se [23,290]. The applicability of this 

surface treatment on low surface energy polymers is motivated by the fact that the steric 

hindrance prevents these molecules from hiding in the bulk, thus hampering surface aging. 

Voluminous surfactants such as monostearic acid monomaleic acid glycerol (MMGD), [291] 

glycerol monolauric acid monoitaconic acid diester (GLID) [292], trifluoroacetic acid allyl 

ester (TFAA) [293], maleic anhydride (MA) [294], or polyether pentaerythritol monomaleate 

(PPMM) [295] have been successfully grafted to the backbone of linear low-density 

polyethylene (LLDPE) without compromising its optical and mechanical properties. 

 

1.7 Application trends of anti-fogging surfaces 
 

In sectors of activity such as the medical, the photovoltaic, or the horticultural, the use of 

surfaces endowed with anti-fogging performance is on the rise and under perpetual 

development. In this section, some of the most relevant applications of these surfaces are 

briefly presented. 

 

 Food industry 
 

In the horticultural sector, the presence of condensation inside greenhouses causes injury to 

produce (dripping water) [55,289] and favor the development of fungal diseases [29]. Further 

to this, the decline in sunlight passing through the greenhouse claddings due to the total 

internal reflection occurring at the water drop/air interface has also been reported to affect 

crop yield [22,49,296]. Far from being an irrelevant issue, the effects of condensation on light 

transmission have been studied extensively for more than 20 years. For instance, using 

different agricultural films, including polyethylene (PE), PE with IR-absorbing features, UV-

stabilized PE, and double-layered PE films, Cemek and Demir [55] estimated an average loss 
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in light transmittance between 5 and 17% for a 2-month testing period. Similar results were 

reported by Pearson and colleagues [297] (transmission loss ≈ 13%) and Geoola’s group 

[298] (transmission loss = 9-10%) with modified and unmodified PE films. In this context, 

the use of plastics containing anti-fogging/anti-dripping additives (section 1.6.3) is more 

than welcome, as better light transmission translates to enhanced plant growth rates and more 

abundant crops. Commercial additives such as AtmerTM400 and AtmerTM103 (Uniquema 

Polymer Additives, Switzerland), Loxiol A4 Spezial (Emery Oleochemicals, Malaysia), 

DyneonTM MM5935 EF (Dyneon LLC, USA), and AF0406PE (Tosaf, Israel) deliver proven 

anti-fogging/anti-dripping performance to the most commonly used cladding materials (e.g., 

PE, PP, PTFE, PVC, PS, and PC). 

 

Regarding food packaging, plastic films used to pack freshly chopped meats or vegetables 

play two crucial roles: they help limit waste by displaying the content more attractively and 

provide protection, so that food remains safe to eat for a reasonable period of time. However, 

unless the package contains moisture absorbers (e.g., sorbitol, xylitol) or enables moisture to 

permeate, sudden changes in temperature results in a packed produce surrounded of 

condensation. Experience shows that consumers are less likely to purchase when the “see-

through” property is severely compromised. As in the case of greenhouse cladding materials, 

the incorporation of anti-fogging additives into polymeric films (e.g., PP [299–302], PTFE 

[303], LLDPE [29,304,305], and PLA [306].) represents the most cost-effective solution 

adopted thus far by the manufacturing sector to minimize the effects of condensation. 

 

 Photovoltaic industry 
 

Solar cells are electrical devices made of semiconductors that generate voltage when exposed 

to light [307]. It is widely known that silicon is the leading material in solar cell production; 

however, its use comes with a major problem: more than 30% of the incident light is reflected 

because of its high refractive index. In addition to this, dust accumulation has been reported 

to contribute up to another 10% to overall non-absorbed light [308]. Surprisingly, compared 

to existing literature on anti-reflective coatings for solar cells, few studies have addressed the 
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issue of condensation, even though the formation of surface fog adversely affects the energy 

conversion efficiency of these devices. Indeed, according to Lu et al. [25] the scattering 

phenomenon provoked by water drops decreases the amount of photons reaching the cell 

surface, hence the ratio between the number of collected carriers and the number of all the 

incident photons, namely, the quantum efficiency.  

 

A reasonable approach to address this problem involves the use of coatings made of highly 

porous SiO2. These surfaces reduce contaminant adsorption and enable water drops to wet 

the surface [25,26,165]. For example, after covering the photoanodes of a high-performance 

solid-state dye-sensitized solar cell with SSNPs, Park and collaborators [26] observed an 

improvement in the photovoltaic efficiency of 5.9% in the presence of condensation. These 

anti-fogging coatings endowed with anti-reflective characteristics would not only improve 

the optical properties of future transparent solar cells but also their photovoltaic conversion 

efficiency, by enhancing light harvesting. Dual anti-fogging/anti-reflective coatings with 

self-cleaning property, have also shown to further improve the performance of solar cells. In 

general, these coatings are made of TiO2 and SiO2/TiO2 mixtures [309–311]. In addition to 

featuring resistance to fogging, the cell surface is cleaned at room temperature as a result of 

the photocatalytic activity (ROS species) and the “sweeping” effect of water (photoinduced 

superhydrophilicity). 

 

 Medicine 
 

In light of the growing number of endoscopic procedures reported annually in developed 

countries (e.g., 15-20 millions in the US), it is an incontestable fact that camera-guided 

instruments have become indispensable surgeon’s colleagues [312]. In these situations, 

where a sharply defined field of view is required for obvious reasons, surgeons must 

paradoxically struggle with the low-quality images provided by the endoscope camera. The 

root cause of the impaired surgeon’s vision reflects the result of at least two factors acting 

together. The first one arises from the soiling of endoscope lens when in contact with 

physiological fluids and tissues during surgery. The second factor pertains to lens fogging 
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induced by temperature and relative humidity differences between operating rooms and 

human body [16]. To restore optimal view, surgeons are usually compelled to pull out the 

endoscope to clean the lens in water or saline. These recurring disruptions of the operative 

process put the patient’s health at risk, slow down the surgery’s progress, and contribute to 

surgeon frustration. In this regard, several studies [313,314] have evidenced that an increase 

in the number of times that the endoscope is withdrawn led to the increases in both the 

estimated blood loss and the operative time. Longer operative times make financial costs for 

both hospitals and patients skyrocket. 

 

Within this framework, the implementation of anti-fogging technology is key to ensuring a 

safe and a successful surgical procedure. Available strategies aimed at maintaining a clear 

operating field can be divided into four broad categories: endoscope lens warming, use of 

temporary anti-fogging coatings and modified endoscopes, and other defogging 

approaches [16]. Regarding those changing the morphology of water drops, anti-fogging 

strategies based on temporary coatings involve applying commercial solutions such as 

Covidien FRED [14,18,315], Betadine [316], Hibiscrub [18], and baby shampoo [18] on the 

endoscope lenses. FREDTM (Fog Reduction and Elimination Device) and BetadineTM are 

aqueous solutions: the first one containing isopropyl alcohol (< 15 wt%) and surfactants 

(2 wt%); and the second one, well known for its antiseptic activity, containing povidone-

iodine (10 wt%). Cheaper alternatives such as the use of patients’ saliva [317] or saline 

solutions [318], as well as rubbing the lens on viscera [319] have also proven to be suitable 

to mitigate fogging effects. Also, worthy of mention are the endoscopes incorporating lenses 

covered with permanent anti-fogging coatings. For instance, using the layer-by-layer 

assembly, Aizenberg and colleagues [312] coated bronchoscope lens with solid silica 

nanoparticles embedded in a thermally cured polydimethylsiloxane resin. 100-nm-thick 

SSNPs/PDMS films endowed endoscope lens with anti-fogging and blood-repelling 

characteristics. Ohdaira et al. [15,320] prepared TiO2-coated lenses using the spin-coating 

technique followed by silicone-sealing and post-treatment at 200°C for 10 min. After 

12-15 h of exposure to UV light, the as-fabricated coatings displayed better anti-fogging 

performance than did heated or washed lenses [15], making it possible to perform surgery 

with no retraction of the laparoscope [320]. 
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 Optical applications 
 

From swimmers to surgical technicians to mining workers, dealing with fogged eyeglasses 

can be a challenging task. Indeed, this frustrating phenomenon usually forces the person to 

focus on wiping eyeglasses dry or wait for them to defog, putting under certain circumstances 

her/his safety at risk [4–6,321–323]. Protective eyewear fogging experienced by construction 

workers when laboring outside illustrates one among many obvious paradigmatic examples 

of surface fog formation, as it encompasses all of the favorable conditions to induce water 

condensation, namely, transitions between warm and cool environments, worker exertion, 

and oftentimes tight eyewear. Even tough Mother Nature dictates that the fogging of eyewear 

must occur, human intervention can efficiently prevent it. For example, the fogging of 

surgical goggles can be reduced by applying a temporary anti-fogging solution called “Body 

Glove Fog Away” [324]. Permanent coatings of TiO2 have been very successful in preventing 

condensation on mirrors [325–328]. In the same vein, coatings based on cellulosic ethers, 

have also shown to confer notable anti-fogging capability to a plethora of elements, including 

visors and transparent shields, sports goggles, safety glasses, face shields, and surgical 

masks, among others [329,330].  

 

1.8 Concluding remarks and outlook 
 

Anti-fogging mechanisms and their link with recent progress in fabrication techniques 

toward anti-fogging property are discussed in length in this review. Anti-fogging surfaces 

with additional features such as self-healing, self-cleaning, and anti-bacterial properties as 

well as the main sectors of human activity making use of them, including food and 

photovoltaic industries and medical practice, are also addressed. Nevertheless, despite years 

of tremendous efforts and achievements made in the field of anti-fogging surfaces, some 

relevant challenges remain. 

 

Standards applied in North America (e.g., CSA Z611-M86 [331] and ASTM F659-10/-06 

[332,333]) and Europe (e.g., CEN EN 168 [334]) for guaranteeing (protective) eyeglasses to 
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reliably perform under fogging conditions are quite limited and not necessarily adapted to 

daily activities. In F659-10 and EN 168 standards, the sample is immersed in distilled water 

at room temperature (23 ± 5°C) for 1 h, and then placed over a water bath (50.0 ± 0.5°C) 

after being dried at room temperature (50% RH) for ³ 12 h. For a sample to be considered 

anti-fogging, the time required for the light transmittance to decrease to 80% of its initial 

value (non-fogged sample) must be less than or equal to 30 s. In Z611-M86 standard, the 

sample is cooled at -25°C and exposed thereafter to ambient conditions (23°C, 50% RH). 

Here, rather than measuring light transmission, the time it takes for a transparent substrate to 

defog is reported. The application of these standards is highly questionable when assessing 

the fogging resistance of eyeglasses during day-to-day activities, for example, when taking a 

walk, when moving from a warm to a cold environment, when cooking in a steaming 

environment or even when breathing. In our opinion, developing a certification adapted to 

everyday activities would be welcomed. 

 

According to Briscoe [22], Grosu [67], and Pieters [49] a WCA angle of less than 40-50° is 

required for a surface to be anti-fogging; that said, several studies 

[135,138,143,145,175,195,199] disagree with this rule, as it is possible to prevent fogging 

effects despite WCA exceeding this cut-off value. The main reason for this lies in the fact 

that this rule only holds true for nonporous anti-fogging coatings whose surface features do 

not display time-dependent behavior. In addition to the contact angle, several factors related 

to fogging effects, such as the number and the size of water drops [123,133], surface 

rearrangement phenomena [193], as well as the capability of the coating to transport water 

molecules [198,199], must also be considered to establish a more robust anti-fogging 

criterion. 

 

On the other hand, designing of a “well-rounded” anti-fogging material is more than a simple 

adjustment in the morphology of water drops, as many other features, such as mechanical 

durability and optical properties, must also be considered. For example, the use of inorganic 

materials to elaborate anti-fogging coatings faces two major challenges, namely, the 

deposition on thermally sensitive materials and the problem of light reflection. Following 



	

	 61 

coating deposition, it is standard practice to implement thermal treatments (e.g., calcination, 

annealing); however, high temperatures make it challenging to coat polymeric substrates 

because of thermal degradation concerns. In this regard, developing coating techniques 

adapted to thermally sensitive substrates would undoubtedly be welcomed. Optical 

transparency is another critical parameter to consider when designing anti-fogging layers. 

The adjustment of the refractive indices of the coating and the substrate is of considerable 

relevance to minimize the reflection of light. This implies that the thickness of the coating 

must be equal to à 4äÄ⁄ , where λ is the wavelength of the incident light and äÄ  is the 

refractive index of the coating [335]; and that the refractive index of the coating must be 

äÄ = åäçäÅé~ , where äç  is the refractive index of the substrate and äÅé~  is the refractive 

index of the air (äç > äÄ) [336]. Fulfilling simultaneously these two design criteria is quite 

often more difficult than imagined. 

 

Despite the plethora of materials and fabrications techniques employed thus far to design 

anti-fogging surfaces, bridging the gap between fundamental research and industry is a 

pending issue. Even though their large-scale fabrication is not particularly challenging, 

addressing the problem of mechanical durability is crucial to make it a reality. Experience 

shows that any surface is exposed to mechanical wear caused by rubbing during day-to-day 

use or by solvents under normal cleaning practices. In coated surfaces, temperature variations 

can lead to coating deformation or detachment because of the differences in thermal 

expansion coefficient between the coating and the substrate. Mechanical wear, temperature 

variations, and exposure to cleaning products may result in a deterioration of the anti-fogging 

performance over time. Thus, designing anti-fogging surfaces with abrasion resistance (e.g., 

durable self-healing properties) with optimal adherence to the substrate is key to ensuring a 

long service life once integrated in items, such as mirrors, eyeglasses, and home windows, 

that make our day-to-day living more comfortable. 

 

According to recent studies, the future trend in this promising field points to unique anti-

fogging surfaces exhibiting an optimal combination of features to cover a wide range of 

applications. For example, dual anti-fogging/anti-bacterial surfaces will likely be most 
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welcome in endoscopic surgery, while anti-fogging surfaces endowed with self-healing 

properties would find a niche of opportunity in swimming goggles, solar panels, or 

automobile windshields. Undoubtedly, anti-fogging surfaces would be welcomed in 

applications where a clear visualization of the liquid medium plays a crucial role. Such is the 

case, for example, with micro/nanofluidic devices and microreactors for chemical synthesis 

and cell culture. Another opportunity niche for anti-fogging surfaces can be found in fiber 

optics [337] as well as among amateur and professional photographers. We firmly believe 

that future development of anti-fogging technology will be based on two fundamental 

pillars—industrial research and the use of eco-friendly materials. For example, developing 

less time-consuming and cost-effective fabrication techniques compatible with industrial 

manufacturing is undoubtedly a pending issue. Similarly, improving mechanical durability 

of anti-fogging surfaces and using of anti-fogging materials coming from renewable sources 

to bring environmental savings continues to be the “Achilles Heel” of anti-fogging 

technology. In conclusion, research focusing on fundamental aspects of anti-fogging surfaces 

is still necessary to make industrial and professional applications of anti-fogging technology 

a reality.  
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2 Phenomenology: From discharge physics to coating 

deposition 

2.1 Introduction 
 

The ever-growing performance demands on sectors of activity such as the military, the 

biomedical, or the automotive, have promoted the fabrication of coatings with functional 

properties (e.g., thermochromism, anti-bacterial activity, fouling resistance, etc.), by plasma 

enhanced chemical vapor deposition (PECVD). This interest mainly arises from the 

advantages that this coating technology has compared to conventional deposition techniques 

(e.g., dip-coating, spin-coating, etc.), including a low environmental impact, more control 

over coating thickness, and a great versatility as regards coating composition and 

microstructure. That said, PECVD features constraints related to high capital costs and time-

consuming operation requirements derived from vacuum processing. To overcome these 

drawbacks, atmospheric pressure processing has emerged as a promising approach for the 

one-step fabrication of functional coatings, because of its potential for integration into in-line 

processes without the economic constraints imposed by vacuum operation. In this context, 

the use of dielectric barrier discharges (DBDs) at atmospheric pressure, a well-known 

strategy to generate non-thermal plasmas, holds great promise for the preparation anti-

fogging coatings. 

 

On this basis, the aim of this chapter is to describe the theoretical notions of atmospheric 

pressure dielectric barrier discharges (AP-DBD) and their use in coating deposition. Some 

aspects relevant to PECVD are briefly described in section 2.1. Beginning with the definition 

of the plasma state followed by a description of some plasma parameters, section 2.2 focuses 

on the basics of plasma physics. Types of plasmas and electrical breakdown in gases are 

presented in sections 2.3 and 2.4, respectively. Fundamentals of dielectric barrier discharges 

(DBD), including the requirements for plasma generation, self-sustaining mechanisms, and 

operation regimes are discussed in section 2.5. Interactions between the plasma species and 

the substrate occurring during coating deposition are detailed in section 2.6. Section 2.7 
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concludes with a concise overview of the deposition of siloxane coatings using AP-DBD, 

with the focus on 1,3,5,7-tetramethylcyclotetrasiloxane (TMCTS). 

 

2.2 Fundamentals of plasmas: Getting the basics right 

 Definition of plasma  
 

A plasma is an ionized gas, often referred to as the “fourth state of matter”, consisting of 

neutral and charged particles exhibiting a collective behavior [338]. With an equal number 

of negative and positive charges, the plasma state is electrically neutral at the macroscale, 

that is [339]: 

 

 −#(äé + ä�) +è #äêë = 0
ê

 (2.1) 

 

where ä� is the electron number density, äé is the ion number density (ions with charge −#), 

and äê is the ion number density (ions with charge +ë#). The unit of ä is m-3. 

 

To illustrate the concept of collective behavior, let us briefly recall the kinetic theory of gases. 

According to this theory, gas particles interact only during collision events. Between two 

consecutive collisions, they move in straight lines because of the rapid decay of the 

interparticle forces with the distance—Van der Waals forces µ "íì. Accordingly, the motion 

of gas particles is governed by short-range interactions. In the plasma state, the random 

motion of plasma particles results in local concentrations of positive and negative charges. 

Given that the Coulomb force behind the electrostatic interactions decays more slowly 

(µ "íw) than van der Waals forces do, these charge concentrations affect the motion of the 

neighboring particles, even over relatively long distances. Owing to the long-range effects of 

the Coulomb force, plasma species feature a cooperative response when subjected to external 

stimuli (e.g., electric, electromagnetic fields), namely collective behavior. Debye shielding 

is a clear example of collective response of plasma particles (section 2.2.2.3). 
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One of the simplest ways to generate a plasma consists in applying an electric or an 

electromagnetic field to a gas [340]. Any gas at room temperature possesses a few free 

electrons per cm3, most coming from cosmic rays. On application of a sufficiently high 

electric field, these electrons gain kinetic energy and travel a very short distance before they 

collide with the gas particles. Collisions leading to the formation of ions, radicals, and 

electronically excited species are called “inelastic collisions”. In contrast, collisions that 

result in neither excitation nor ionization of the gas particles, but rather in a change in the 

direction of motion of electrons are called “elastic collisions”. During an elastic collision, 

electrons do not transfer their kinetic energy to the gas particles because of the large mass 

difference. Man-made plasmas are sustained electrically by direct current DC (100 kHz), 

radio frequency RF (13.56 or 27.12 MHz), or microwave MW (433 and 915 MHz or 

2.45 GHz) power applied to a gas at a pressure ranging from a few mTorr to 760 Torr 

(atmospheric pressure) [341].  

 

The exposure of a gas to extremely high temperatures also makes it possible to generate a 

plasma. For that to occur, the thermal energy of the gas must be higher than the ionization 

energy of its constituent particles. In this case, there is some realistic probability that 

somewhere in the gas, the thermal agitation of the atoms or molecules results in inelastic 

collisions. This is the process occurring in star cores where temperatures can reach millions 

of degrees. 

 

 Basic plasma parameters 

2.2.2.1 The degree of ionization 
 

Strictly speaking, the term “plasma” should be applied to a gaseous phase containing only 

charged particles. In practice, however, the terms “plasma” and “ionized gas” are often used 

interchangeably. To differentiate one from the other, it is standard practice to refer to the 

degree of ionization of the medium Öé . This parameter relates the number of ionized 

atoms/molecules to the total number of heavy particles in the gas [339]: 
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 Öé =
äé

äé + äf
 (2.2) 

 

where äé and äf are the number densities of ions and neutrals, respectively. 

 

When Öé  £ 10-4, most collisions occurring in the gas involve short-range interactions—

elastic electron-neutral collisions are predominant. These weakly ionized gases are usually 

referred to as “cold plasmas” due to a misuse of language. In contrast, when Öé  > 10-4, 

coulombic long-range interactions prevail over short-range ones. These highly ionized gases 

are called “hot” or “thermal” plasmas.  

 

2.2.2.2 Plasma temperature 
 

In a plasma, as in any gas in thermodynamic equilibrium, the temperature is determined by 

the mean translational kinetic energy of its constituent particles. When an electric field is 

applied to a plasma, electrons are the first particles to respond because of their high mobility 

(and low mass) compared to that of heavy particles. On collision with the heavy particles, 

electrons transfer part of their kinetic energy causing, in some cases, ionization, dissociation, 

or excitation, among other elementary processes (see section 2.6). The probability of 

ionization, excitation, or dissociation of the gas particles depends, to a great extent, on how 

many electrons have enough energy to trigger these processes. A good indicator of the 

electron population available to provoke inelastic (and elastic) collisions is the electron 

energy distribution function (EEDF). If the collision frequency electron-neutrals is 

independent of the velocity of the electrons (constant) and the effects of the electric fields 

are negligible, the EEDF can be described, as in an ideal gas, by a Maxwellian 

distribution [340]: 

 

 î(.) = 2.07 ò
.
〈.〉õú

v w⁄

#ù7 ò−
1.5.
〈.〉 ú 

 
 

(2.3) 

 

where 〈.〉 is the average energy of electrons. 
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Under these conditions, electrons are in equilibrium with the gas particles, and therefore one 

temperature suffices to define the plasma (ü�†�Ä°~¢£ç = ü§Åç). Accordingly, it can be inferred 

that the EEDF tends toward a Maxwellian shape as the degree of ionization increases, 

because of the increase in the number of electron-electron collisions [342]. The average 

energy of the electrons for a Maxwellian distribution is given by: 

 

 〈.〉 = • . ∙ î(.)&.
¶

f
=
3
2®yü� (2.4) 

 

Which is the definition of the electron temperature, ü�. Equation 2.3 can also be applied to 

ions and neutral species. Indeed, the energy distribution function for the heavy particles is 

not far from the Maxwellian one, with üé¢£ç  » ü§Åç . The plasma temperature is usually 

expressed in energy units. For ®yü = 1 eV = 1.6 ´ 10-19 J corresponds to a temperature of 

approximately 11600 K. 

 

 
Figure 2.1: (a) Maxwellian (solid blue line) and Druyvesteyn (dashed blue line) electron 
energy distributions with average electron energies of 1, 3, and 5 eV and corresponding 
elemental processes (Adapted from ref. [340]). (b) Pressure dependence of electron and gas 
temperatures in DC-driven plasma discharges (Adapted from ref. [343]). 

 

Electron-electron collisions tend to maintain the Maxwellian shape by driving the 

distribution toward low electron energies. However, when the degree of ionization is low, 

collisions between electrons and heavy particles become important. As a result, the EEDF 
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broadens and shifts toward high electron energies, thus becoming less Maxwellian. In this 

case, the Druyvesteyn distribution function usually provides more accurate results [344]: 

 

 î(.) = 1.04 ò
.
〈.〉õú

v w⁄

#ù7 ©−
0.55.w

〈.〉w ™ 

 
 

(2.5) 

 

where . is the energy and 〈.〉 is the average energy. 

 

Under these conditions, the temperature of electrons is much greater than that of ions and 

neutrals, i.e., ü� > üé » ü§. Although not explicitly shown in Equation 2.5, the exponent’s 

argument contains the . 0⁄  ratio or “reduced electric field”, where . is the applied electric 

field and 0 is the gas pressure. Therefore, the average electron energy 〈.〉 and the electron 

temperature ü�  are also function of this parameter. As illustrated in Figure 2.1a, as the 

average energy decreases, the high-energy tail of the Druyvesteyn distribution decays faster 

than that of the Maxwellian distribution, which translates to fewer high-energy electrons 

producing ions, excited species, and excited species [345]. 

 

In general, laboratory plasmas can be defined by at least two different temperatures—one for 

the electrons and the other for the ions/neutral species. That said, if the interaction between 

these two species increases, for example, by increasing the pressure or the ionization degree, 

their associated temperatures tend to converge, thereby shifting the plasma from a “cold” 

state to a “hot” state (Figure 2.1b). As the pressure increases, the energy transfer from 

electrons to heavy particles becomes more effective, resulting in the thermalization of the 

plasma [343]. 

 

2.2.2.3 Debye length and plasma parameter 
 

To illustrate the concepts of Debye length and plasma parameter, let us consider an extra 

positive charge + Q in an infinitely large homogeneous plasma, with ä� @ äé. Following the 

insertion of the charge, charge displacements that ensue (positive ions are repelled faster than 
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the electrons are attracted), lead to the formation of a negatively charged sheath in the vicinity 

of + Q that insulates it from the rest of the plasma (right side of Figure 2.2). The as-formed 

net space charge shields the plasma from the electric field generated by + Q [346]. 

 

 
Figure 2.2: Illustration of the “Debye shielding”. If the charge density is perturbed, plasma 
reconfigures to reduce the resulting electric field. Image adapted from 
https://www.nextbigfuture.com/2016/09/electrostatic-glider-update.html. 

 

For a negatively charged particle, the shielding “cloud” contains an excess of positive ions 

(left side of Figure 2.2). A similar behavior is observed when an external electrical field is 

applied; charges redistribute to shield the plasma from it. This effect is known as “Debye 

shielding” and the space region over which the electric field due to a charged particle is 

collectively shielded is called “Debye sphere”. The radius of this sphere or “Debye length” 

à´, is a characteristic dimension of the plasma (µm to mm in man-made plasmas) and can be 

expressed, as follows [338]: 

 

 à´ = ¨
≠f®yü�
ä�#w

 (2.6) 
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where ≠f is the permittivity of free space (8.8542 ´ 10-12 F m-1), ä� is the electron number 

density, ü�  is the electron temperature, ®y  is the Boltzmann constant 

(1.3806 ´ 10-23 m2 kg s-2 K-1), and # is the charge of the electron (1.6022 ´ 10-19 C). 

 

According to Equation 2.6, an increase in the number of electrons per unit volume makes 

shielding more effective—à´  diminishes—because of the increment in the number of 

electrons available to populate the shielding sheath. The dependence on temperature of à´ 

indicates that, the more energy the shielding particles have, the further away they are, on 

average, from the charge. Accordingly, the extent of the effects of the electric field generated 

by the charge are less localized. Outside the volume delimited by the Debye sphere, the 

criterion of neutrality is met because of the collective response of the plasma to external 

electric fields or internal charge perturbations. The number of electrons in a Debye sphere is 

given by [338]: 

 

 Æ´ =
4Ø
3 ä�à´õ  (2.7) 

 

The dimensionless number Æ´, often called “plasma parameter”, must be greater than one to 

ensure effective shielding; in other words, the Debye sphere must contain a very large number 

of electrons. In conclusion, for an ionized gas to be a plasma—collective effects dominating 

over collisions—two criteria must be met simultaneously [338]. First, the physical 

dimensions of the system must be much larger than the Debye length (L >> à´), and second, 

the number of particles (electrons or ions) inside the Debye sphere must largely exceed unity 

(Æ´ >> 1). 

 

2.3 Plasma types  
 

Although plasmas are rarely found on earth, as most of them occur during unusual weather 

events such as lightning or aurorae borealis, they are common in the universe. Indeed, more 

than 99.9% of cosmic matter, e.g., stars, nebulae, comet tails, and interstellar medium, is 
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composed of ionized gas. Natural and man-made plasmas cover a wide range of electron 

temperatures and densities—ü� varies from 10-2 to approximately 105 eV while ä� can go 

from ~ 1 to more than 1020 electrons per cm3 (Figure 2.3). 

 

 
Figure 2.3: Classification of man-made and natural plasmas as a function of electron 
temperature and electron density (Adapted from http://pdml.tamu.edu/about.html.). 

 

Regardless of the origin, plasmas can be divided into three categories: 

 

 Plasmas in complete thermodynamic equilibrium (CTE plasmas) 
 

For a plasma to be in complete thermodynamic equilibrium (CTE), the principle of 

microscopic reversibility must be fulfilled, that is, each one of the radiative (photon emission) 

and non-radiative (e.g., excitation, ionization, dissociation) processes must be balanced by 

their inverse processes. Here, the effective energy transfer from electrons to heavy particles 

via collisions, derived from a very high ionization degree and high plasma densities, results 

in a uniform energy distribution among all plasma species; hence ü�†�Ä°~¢£ç = üé¢£ç= ü§Åç. 
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The physical state of a CTE plasma can be described by a finite number of thermodynamic 

variables—the density of heavy particles and the temperature ü—and is governed by the 

following four laws of equilibrium [346]: 

 

• The velocity distribution of the plasma particles follows the Maxwell-Boltzmann 

distribution:  

 

 î(') = ò
6�

2Ø®yü
ú
õ w⁄

#ù7 ©−
6�'w

2®yü
™ 

 
 

(2.8) 

 
where 6�  is the mass of the electron (9.1094 × 10-31 kg), '  is the velocity, ®y  is the 

Boltzmann constant (1.3806 ´ 10-23 m2 kg s-2 K-1), and ü is the plasma temperature. 

 

The Maxwell-Boltzmann translational energy distribution (Equation 2.3) also pertains to all 

plasma species. 

 

• The population of the excited states for all plasma species as a function of temperature 

obeys Boltzmann’s law:  

 

 
ä∞
äf
= ò

±∞
±f
ú #ù7 ≤−

≥≠∞ − ≠f¥
®yü

µ 

 
 

(2.9) 

 

where äf is the density of species in the energy state ≠f, ä∞ is the density of species in the 

excited energy state ≠∞, ü is the plasma temperature, and ±∞ and ±f are the statistical weights 

(partition functions) associated with the energies ≠∞ and ≠f, that is, the degeneracy factors 

giving the number of states with energies ≠f	and ≠∞, respectively. 

 

• The ionization equilibrium is given by the Saha equation: 

 

 
ä�äé
äf

=
2±é
±f

(2Ø6�®yü)õ w⁄

ℎõ #ù7 ≤−
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(2.10) 
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where ä�, äé, and äf are the densities of electrons, ions, and neutrals, respectively; ü is the 

plasma temperature, ≠é − ≠f is the energy required to remove the outermost electron from an 

isolated atom in gaseous phase and form a cation, i.e., the first ionization energy; ®y is the 

Boltzmann constant (1.3806 ´ 10-23 m2 kg s-2 K-1), ℎ  is the Planck constant 

(6.63 ´ 10-34 m2 kg s-1), and ±é and ±f are the statistical weights (partition functions) of ions 

and neutrals, respectively. 

 

• The intensity of the radiation is governed by Planck’s law, also called “black-body” 

radiation law: 

 

 ,(∂) =
2ℎ∂õ

$w
1

#ù7 ∑ ℎ∂®yü
∏ − 1

 

 

 

(2.11) 

 

where $ is the speed of light in vacuum (2.9979 ´ 108 m s-1) and ∂ is the frequency of the 

radiation.  

 

Plasmas in CTE have no practical relevance as they cannot be generated in a controlled 

manner under laboratory conditions; deviations from CTE are indeed very common [340]. 

Deviations from CTE are mainly due to irreversible energy losses by radiation, convection, 

and conduction, as well as to the presence of temperature gradients between the plasma and 

the reactor walls. 

 

 Plasmas in local thermodynamic equilibrium (LTE plasmas)  
 

A more realistic description of plasmas is built upon the concept of the local thermodynamic 

equilibrium (LTE). In LTE plasmas, radiation is not required to be equilibrium with 

collisional processes; however, microscopic reversibility must be respected as in CTE 

plasmas. Collisional (no radiative) processes only allow for a sufficient energy transfer 

between electrons and heavy particles in plasma volumes on the order of the mean free path 
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length à. The mean free path length is the average distance travelled by a particle between 

two collisions. In these small volumes, the equilibrium is similar to that of a CTE plasma 

with a single temperature ü, which can vary slightly from point to point in the plasma. Except 

for the Planck’s law, plasma obeys (locally) the above-mentioned equilibrium relations. 

 

Plasma torches, flames, and high-pressure arcs are clear examples of LTE plasmas. With 

electron densities ranging from 1013 to 1018 cm-3, these plasmas typically operate at 

atmospheric pressure and are often referred to as “thermal” or “hot” plasmas” [347]. Thermal 

plasma technology covers a wide spectrum of applications, including coating deposition 

(e.g., plasma spraying, wire arc spraying, etc.), synthesis and densification of powders, and 

waste treatment. However, LTE plasmas are not well suited for applications involving 

thermally sensitive materials, such as polymers or fabrics, because of their destructive nature.  

 

 Plasmas that are not in any local thermodynamic equilibrium (non-

LTE plasmas) 
 

Deviations from LTE are more the rule than the exception in low-pressure plasmas. The 

relatively low electron density, which typically ranges from 104 to 1015 cm-3, does not allow 

for collisions to thermalize the plasma, and consequently one temperature no longer suffices 

to characterize it. In this case, electron temperature is much greater than that of the heavy 

particles, that is, ions and neutrals (ü� >> üé » ü£). The electron temperature can be as high 

as 104-105 K (1-10 eV), while that of the gas can be as low as room temperature, hence the 

terms “non-thermal” or “cold” when referring to non-LTE plasmas [348]. None of the above-

mentioned equilibrium relations (Equations 2.8-2.11) can be applied to describe the 

physical state of a non-LTE plasma. 

 

Unlike thermal plasmas, the non-destructive nature of cold plasmas makes them well suited 

for materials processing at room temperature. In this context, plasma enhanced chemical 

vapor deposition (PECVD) has generated growing interest, since the advent of the integrated 

circuit in the late 1960s, in the field of functional coatings. In a typical PECVD process, 
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reactant gases (e.g., SiH4, TiCl4, N2O, NH3) often diluted in a carrier gas (e.g., Ar, He, N2) 

are introduced into a DC, RF, or MW low-pressure plasma where, they undergo dissociation, 

ionization, and excitation on interaction with plasma species. The resulting molecular 

fragments react with each other and adsorb on the substrate forming a coating.  

 

This coating technology has made it possible to fabricate a multitude of high value-added 

products, including semiconductor devices, optical waveguides, energy efficient windows, 

displays, solar panels, cutting tools, antiseptic textiles, and medical equipment, among others. 

Compared to conventional deposition processes, such as CVD, PVD, or sol-gel coating 

deposition, PECVD has many advantages [349]: 

 

• Control over coating composition (stoichiometry) and microstructure can be achieved by 

optimizing the plasma-surface interactions via deposition parameters. 

 

• Wide variety of coating materials (e.g., SiOx, SiNx, SiOxNy, a-Si:H, SiC, diamond like 

carbon). 

 

• Coatings combining electrical, thermal, optical, and other properties can be fabricated by 

stacking several thin layers (layer-by-layer deposition). 

 

• High deposition rates (³ 1-10 nm s-1) and low operating temperatures (£ 350°C) 

compared to those of vacuum-based techniques such as PVD. 

 

• Uniform coatings on a variety of flat, spherical, hemispherical, and cylindrical substrates. 

 

Although these features make PECVD very attractive to coating companies, the need for 

vacuum-processing required in low-pressure operation, imposes excessively high capital 

equipment and maintenance costs. Bearing this in mind, many research groups have 

demonstrated great interest, over the past two decades, in developing more cost-effective 

plasma-assisted coating processes. In this regard, atmospheric pressure plasma enhanced 
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CVD (AP-PECVD) is undoubtedly a very promising technology. Compared to low-pressure 

PECVD, the greater feasibility domain available for AP-PECVD is attributed to two factors. 

First, the reduction of the constraints imposed by vacuum	compatibility of materials, and 

second, the lower capital cost of equipment associated with atmospheric pressure operation 

[347]. Despite these advantages, generating a cold plasma at atmospheric pressure is quite 

challenging. In general, the application of several tens of kilovolts above the breakdown 

voltage of the carrier gas causes the discharge to transit to an electric arc (thermal plasma). 

Temperatures of up to 20000 K typical of electric arcs make them unsuitable for the 

fabrication of anti-fogging coatings. Fortunately, the strategies listed below have proven to 

be effective in generating low temperature plasmas at atmospheric pressure by preventing 

the non-thermal-to-thermal plasma transition [350,351]: 

 

• Decreasing the product “pressure ´ inter-electrode distance” to ensure operating 

conditions analogous to those of low pressure. This is the operating principle of micro-

hollow cathodes (MHCD) [352,353]. 

 

• Using non-uniform electric or electromagnetic fields to localize the discharge, and thus 

prevent electrodes from short-circuiting by a discharge channel. This is the operating 

principle of corona discharges [354].  

 

• Limiting the energy absorbed in the discharge by restricting the applied voltage or the 

current. 

 

• Inserting a dielectric material between the electrodes. This approach, better known as 

“dielectric barrier discharges” (DBDs), was used in this doctoral project to fabricate anti-

fogging glass. 

 

To understand the working principle of DBDs, the following sections describe the electrical 

breakdown in gases, the main AP-DBDs configurations, and the operating conditions 

required to produce anti-fogging coatings. 
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2.4 Electrical breakdown in gases 
 

Electrical breakdown is the process whereby a non-conductive material becomes conductive 

upon application of a sufficiently strong electric field [355]. Depending on the gas 

composition, pressure, and inter-electrode distance five different steady-state DC discharges 

can occur when a voltage is applied between two metal parallel electrodes (Figure 2.4). 

 

 
Figure 2.4: (a) Voltage-current characteristics of DC discharges (current values are 
illustrative) and (b) schematic diagram of a DC discharge between two metal parallel plate 
electrodes. Curve in red: atmospheric pressure discharges. Curve in blue: low-pressure 
discharges (typically < 103 Pa). DWX: breakdown voltage, K\: saturation current. (Adapted 
from ref. [356]). 

 

• The Townsend dark discharge is characterized by an inter-electrode voltage remaining 

nearly unchanged for very low current values. The degree of ionization is so small that 

no appreciable light is emitted, hence the term “dark”. 

 

• The glow discharge is characterized by current values higher than those of the Townsend 

dark discharge, despite requiring lower voltages to self-sustain. This weakly ionized 
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plasma emits light because of the radiative decay of the excited plasma species and is 

sustained by electrons coming from the cathode. Glow discharges are used in light 

sources, coating deposition, surface etching, surface cleaning, sterilization of materials, 

wastewater treatment, and analytical spectrochemistry, among other applications [357]. 

 

• Corona discharges are typically generated at atmospheric pressure in the presence of a 

non-uniform electric field near sharp tips, along thin wires, and between cylindrical 

electrodes. These luminous discharges are sustained by electrons produced at the cathode 

and in the gas phase by photo-ionization [354]. 

 

• Streamer discharges are also known as “filamentary” discharges. Streamers are 

transient filamentary plasmas, which makes them different from corona discharges, and 

are used in air purification, wound healing, and ozone production [358]. 

 

• Arc discharges carry very high currents although they require low voltages to self-

sustain. Arc discharges emit a very intense light. Unlike glow and corona discharges, 

electron emission is due to the heating of the cathode (thermionic emission) caused by 

ion bombardment. High-pressure arcs are plasmas in local thermodynamic equilibrium 

(section 2.3.2) and are applied in the synthesis of nanomaterials and metal powders, 

cutting technology, welding of metals, and treatment of industrial wastes [359,360].  

 

Although dielectric barrier discharges are powered by oscillating voltages, continuous 

analogies and references to DC discharges are made in the literature [361]. In DC discharges, 

three types of electrical breakdown have been reported, namely, Townsend, streamer, and 

spark breakdown. The first two are observed in DBDs and result in two different operating 

regimes, namely homogenous/diffuse regime (Townsend and glow discharges) and 

filamentary regime.  
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 Townsend breakdown mechanism 
 

Electrical breakdown of gases for low 0 ∙ &  values (< 30 Torr cm), where 0  is the gas 

pressure and & is the inter-electrode distance, is called “Townsend breakdown” [362]. To 

illustrate the Townsend breakdown mechanism, let us consider two plane-parallel electrodes 

connected to a DC power supply and spaced distance &  apart. The space between the 

electrodes is filled with a gas of given temperature and pressure. As mentioned above, any 

gas at room temperature has a few free electrons per unit volume (“seed” electrons), 

originating from external sources such as cosmic rays, natural radioactivity, or UV light.  

 

When a relatively low voltage is applied between the electrodes, these “primary” electrons 

experience a force, 2	= # ∙ . (where . is the electric field whose magnitude is * &⁄  and # is 

the charge of the electron) that accelerate them toward the anode. As a result, a minute current 

in the circuit, which is proportional to the number of electrons arriving at the electrode, can 

be measured (Figure 2.4, point 1). Once these electrons have reached the anode, the current 

no longer depends on the voltage and saturates (Figure 2.4, point 2). The saturation value of 

the current is given by: 

 

 ,f = # ⋅ ä�f 

 

 

(2.12) 

(1)  

where ä�f  is the number of primary electrons and #  is the charge of the electron 

(1.6022 ´ 10-19 C). 

 

At this point, the dependence of current on external sources results in a non-self-sustaining 

discharge, which means that the discharge would extinguish upon removal of the electron 

source. If the voltage increases still further, electrons gain enough energy to ionize the gas 

atoms/molecules and thus trigger the so-called “electron avalanches” (Figure 2.5a). 

Accordingly, the current ,f due to the external sources is amplified because of the generation 

of new electrons in the inter-electrode space. 

 



	

	 80 

 
Figure 2.5: (a) Electron avalanche in the presence of a uniform electric field B = D ?⁄ . In 
blue: seed electrons and electrons resulting from inelastic collisions. In red: secondary 
electrons emitted by the cathode. In green: positive ions resulting from the ionization of gas 
particles (Adapted from ref. [363]. (b) Variation of the Ln current as a function of the inter-
electrode distance, with an E/P uniform (Adapted from ref. [364]). 

 

The increase in the number of electrons per unit length resulting from the avalanche process 

is given by: 

 &ä�
&ù = Ö ⋅ ä�(ù) (2.13) 

 

Integration over distance & between the cathode and the anode results in:  

 

 ä� = ä�f ⋅ #∫Ç 

 

 

(2.14) 
 

where ä�  is the number of electrons arriving at the anode per second (ù  = &), ä�f  is the 

number of primary electrons generated per second at the cathode (ù  = 0), and Ö  is the 

Townsend’s first ionization coefficient. The reciprocal of this coefficient is related to the 

average distance travelled by the electron between two ionizing collisions. Equation 2.14 

can be expressed in terms of current, as follows: 

 

 , = ,f ⋅ #∫Ç 

 

 

(2.15) 
 

E

Cathode (-)

Anode (+)

+

+

+

+
+

+

+
+

+ +

e-

e-

e-
e-

e-

e-e-

e-
e-

e-e-

e-

e-
e-

e-

d

e- e-

Slope =  

!
" #

!
" #

> !
" %

> !
" &

!
" % !

" &

'
()	+,

()
	+

Inter-electrode distance, d

(a) (b)



	

	 81 

where ,f is the saturation current as defined in Equation 2.12 and #∫Ç, also known as the 

“multiplication factor”, represents the number of ionizing collisions, on average, produced 

by electron impact per unit length along the direction of the electric field; in other words, the 

number of electrons generated per unit length in the avalanche process [364].  

 

In the case of electronegative gases such as SF6, electron attachments can occur—more 

accurate results call for the use of an “effective ionization coefficient” defined as Ö�qq = Ö −

ª , where Ö  and ª  are the Townsend’s first ionization coefficient and the coefficient of 

attachment, respectively. The coefficient of attachment represents the number of attachments 

produced in the path of a single electron traveling a unit distance in the direction of the 

electric field. In this case, the expression for the current is: 

 

 , = ,f º
Ö

Ö − ªΩ #
(∫íæ)Ç −

ª
Ö − ª 

 

(2.16) 

 

In the absence of attachments (ª = 0), Equation 2.16 reduces to Equation 2.15. 

 

For a given gas composition, the Townsend’s first ionization coefficient features pressure 

and temperature dependence [365]. Assuming constant temperature, the exponent Ö& can be 

expressed as a function of the reduced electric field (. 0⁄ ), as follows: 

 

 #∫Ç = #øt∙Ç∑
∫
t∏¿ 

 

 

(2.17) 
 

With: 

 

 Ö
0 = r ⋅ #òí

y
¡/tú 

 

 

(2.18) 

 

where r and ¬  are gas-dependent constants, 0  is the gas pressure, .  the applied electric 

field, and Ö 0⁄  is the reduced Townsend’s first ionization coefficient. 
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In view of Equation 2.15, graphical representation of √ä	, versus inter-electrode distance 

should give a straight line of slope Ö for a given value of (. 0⁄ ). Experimental evidence 

shows, however, that this only applies to short inter-electrode distances, as long inter-

electrode distances results in current growing faster than expected [364] (Figure 2.5b). Such 

deviation from linearity substantiates the presence of electrons involved in the avalanche 

process, other than those produced by gas ionization. According to Townsend, the emission 

of secondary electrons caused by ion bombardment of the cathode is the most likely source 

of this current enhancement [366]. That said, other sources of secondary electrons, such as 

those emitted by the cathode as a result of photon bombardment, and by the gas on collision 

with metastable species (“Penning ionization” [367]) or with photons (photo-ionization), can 

also contribute to increasing the current [368]. 

 

Considering the foregoing, Townsend introduced an additional ionization coefficient to 

characterize the emission of secondary electrons, namely Townsend’s second ionization 

coefficient j [369]. With values ranging from 10-4 to 10-1, j represents the probability of 

emission of secondary electrons from the cathode [370]. The value of this coefficient depends 

on the cathode material, the state of its surface (e.g., roughness, surface contamination, etc.), 

the type of gas, and the reduced electric field [371]. In general, the number of electrons 

emitted by the cathode, and therefore the secondary ionization coefficient, decreases with the 

work function of the cathode. Similarly, the higher the reduced electric field is, the higher 

the Townsend’s second ionization coefficient becomes because of the increase in the 

population of positive ions capable of ejecting electrons from the cathode. The basic premise 

here is that each of the #∫Ç-1 positive ions generated in the primary avalanche reach the 

cathode and cause the ejection of j(#∫Ç − 1) electrons. 

 

Given that secondary electrons can initiate further avalanches, corresponding current must 

therefore be “added” to that of the primary electrons. In the steady state, the resulting current 

is given by: 
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 , = ,f
#∫Ç

1 − j[#∫Ç − 1] 

 
 

(2.19) 

 

where ,f  is the saturation current as defined in Equation 2.12, &  is the inter-electrode 

distance, Ö and j are Townsend’s first and second ionization coefficients, respectively.  

 

If j[#∫Ç − 1] < 1 the discharge is non-self-sustaining, that is, as soon as the external source 

of electrons, ä�f is removed, (e.g., a UV light source generating electrons from the cathode 

by photoelectric effect) the discharge will extinguish itself. With increasing voltages, a 

transition from the dark current ,f  to a self-sustaining discharge occurs at the so-called 

“breakdown voltage” *∆~ . At this point, current given by Equation 2.19 becomes 

indeterminate because:  

 

 j[#∫Ç − 1]	= 1 

 

 

(2.20) 
 

Equation 2.20 represents the “Townsend’s breakdown criterion”. Following gas breakdown, 

a slight increase in the applied voltage generates at least as many electrons by secondary 

emission and ionization as are lost at the anode or by recombination in the gas.  

 

By combining Equation 2.17 with Equation 2.20 and taking into account that . = * &⁄ , 

one can obtain the expression for the breakdown voltage or “Paschen’s Law”: 

 

 *∆~ =
¬(0 ∙ &)

√ä[r(0 ∙ &)] − √ä ø√ä ∑1 + 1j∏¿
 

 

 

 

(2.21) 

 

Breakdown voltage depends on the gas (A and B are gas-dependent constants) and exhibits 

a minimum for a critical value of 0 ∙ & product, as depicted in Figure 2.6. 
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Figure 2.6: Paschen’s curves showing the breakdown voltage as a function of U ∙ ? for 
different gases (Adapted from ref. [372]).	The Paschen’s curve is only applicable to parallel 
plane electrodes or uniform electric fields in the absence of a magnetic field. 

 

The minimum voltage required to break down the gas (“ignite” the plasma) can be calculated 

by differentiating Equation 2.21, &*∆~ &(0 ∙ &)⁄ , and by setting the result at zero. 

Accordingly, Equation 2.22 is obtained: 

 

 *∆~(«é£) = 2.718 ∙
r
¬ √ä ò1 +

1
jú 

 

 

(2.22) 

 

In practice, for an applied voltage equal to *∆~, the number of generated electrons is not 

enough to produce a self-sustaining discharge. To increase the number of electrons at the 

cathode and attain a self-sustaining regime, the applied voltage must be slightly higher than 

*∆~ . In other words, a slight overvoltage Δ*  = *- 	*∆~  > 0 must be applied to ensure a 

continuous renewal of electrons [356]. 

 

Slightly above the breakdown voltage along with a sufficiently large resistance in series with 

the discharge, the Townsend’s breakdown criterion is met, j[#∫Ç − 1] = 1. The resistance 

has two purposes, namely, limiting the current to very low values and preventing the electric 
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field inside the inter-electrode space from being distorted by the positive space charge [351]. 

This type of discharge was briefly introduced above and is known as “Townsend dark 

discharge”, and basically each electron emitted from the cathode, initiates an electron 

avalanche which generates exactly one secondary electron.  

 

For most discharges with 0 ∙ & < 30 Torr cm (low-pressure discharges, typically in He, Ar, 

Ne, etc.), if current is “allowed” to increase above a certain value, the transition from the 

Townsend dark discharge to a glow discharge occurs (j[#∫Ç − 1] > 1) [373]. Here, the 

densities of charged particles, in particular that of ions, can reach such values that the ion 

space charge field is no longer negligible compared with the applied electric field. The 

electric field in the gas is then distorted by the presence of this volume space charge and 

becomes inhomogeneous. As the space charge becomes important, the voltage necessary to 

maintain the glow discharge diminishes (Figure 2.4). The distinguishing feature of a glow 

discharge is the presence of different “regions” across the inter-electrode space characterized 

by a particular light transmission intensity, electrical potential, electric field, and ion and 

electron densities (i.e., Aston dark space, cathode glow, cathode dark space, negative glow, 

Faraday dark space, positive column, anode glow, and anode dark space) [352]. Although, it 

is possible to generate a glow discharge at a pressure as high as 1 atm, it is not uncommon 

that above a few centimeters of mercury the current increases rapidly, because of heating of 

the cathode, and the glow discharge transitions into an arc discharge (thermal plasma). 

 

During the breakdown process, each avalanche generally extends across the inter-electrode 

space and does not necessarily begin with a single electron, as many of them can be emitted 

at different points on the cathode. Electron avalanches fill the inter-electrode space making 

Townsend and glow discharges “homogeneous”. This feature makes it possible to 

differentiate them from the filamentary discharges which are very localized, as will be seen 

in the following section. 

 

 



	

	 86 

 Streamer breakdown mechanism 
 

Electrical breakdown of gases for high 0 ∙ &  values (> 200 Torr cm) or sufficiently high 

overvoltages (Δ* = *-	*∆~) is called “streamer breakdown” [356,362]. Two main features 

distinguish it from the Townsend breakdown mechanism. First, discharges develop much 

faster (~ ns vs. ~ µs), because no secondary electron generation mechanisms with a long 

delay are involved (e.g., cathode processes [374]); and second, the breakdown voltage 

depends on the gas and not on the cathode material. 

 

As in the Townsend breakdown, the presence of a primary avalanche is a sine qua non for 

the streamer breakdown to occur. Once initiated, should ionization of gas prevail over ion 

bombardment of the cathode, the streamer breakdown is most likely to take place. From a 

formal point of view, Townsend-to-streamer breakdown transition (avalanche-to-streamer 

transition) occurs when the number of ions generated by a single electron avalanche #∫Ç is 

approximately 108. Meek’s criterion defines this cut-off value as follows [375]: 

 

 Ö&	»	18-20 
 
 

(2.23) 
 

During the primary avalanche, electrons move faster than ions do as they are much lighter. 

As a result, the positive ions remain virtually stationary where they are produced, i.e., at the 

tail of the avalanche, while the head of the avalanche becomes populated by electrons 

(Figure 2.7b). This configuration results in a dipole whose space charge field E’ interacts 

with the external field E, so that the field in front of and behind the avalanche is enhanced 

while that “inside” the avalanche is lessened, with respect to the external field E (Figure 

2.7a). 

 

When the Meek’s criterion is met (Equation 2.23), the electric field induced by the space 

charge becomes comparable to the applied field and the transition from the Townsend to 

streamer breakdown occurs with little or no participation of the cathode surface 

(Figure 2.8a). At this point, an intense ionization and excitation of the gas atoms/molecules 

in front of the avalanche head occurs. Excited atoms/molecules return to their ground states 
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and some electrons and ion recombines, emitting photons in both cases. Some of these 

photons generate secondary electrons by ionization of gas particles (photo-ionization) and 

initiate further avalanches ahead of the avalanche head [376]. 

 

 
Figure 2.7: (a) Representation of field distortion in a gap caused by space charge of an 
electron avalanche (local electric field). (b) The space charge distribution in an electron 
avalanche. The head of the avalanche is rounded because the diffusion of electrons occurs 
in all directions and is assumed to be concentrated within a spherical volume with negative 
charge ahead of the positive charge. The form of the tail is wedge-shaped (Adapted from 
ref. [377]). 
 

Given that photons travel at the speed of light, this process leads to the rapid development of 

a self-propagating streamer from the cathode to the anode. This type of streamer is called 

“negative streamer” (Figure 2.8b). The propagation of the streamer can be anode- or 

cathode-directed, depending on the inter-electrode distance and the applied voltage [355]. If 

the overvoltage (Δ* = *-	*∆~) is high or the inter-electrode distance is large, the avalanche-

to-streamer transition generally occurs before the avalanche head reaches the anode. In this 

case, the streamer initiates far from the anode and propagates against the direction of the 

electric field (anode-directed or negative streamer). For moderate inter-electrode distances 

or moderate overvoltages, the avalanche-to-streamer transition occurs when the primary 

avalanche has reached the anode, because the electric field induced by the space charge is 

not strong enough to ionize the gas particles previously. Positive ions remaining in the inter-
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electrode space cause small avalanches in their vicinity, leading to the formation of a streamer 

propagating from the anode to the cathode or “positive streamer” (Figure 2.8c).  

 

 
Figure 2.8: Temporary and spatial evolution of a streamer. (a) Electronic avalanche 
propagation and avalanche-to-streamer transition, (b) negative or anode-directed streamer, 
(c) positive or cathode-directed streamer, and (d) formation of a conductive filament or 
micro-discharge (Adapted from ref. [376]). 

 

Streamers grow in length between the electrodes until they form a conductive filament 

(Figure 2.8d). At this point, an increase in current results in an arc discharge requiring 

relatively low voltages to self-sustain (Figure 2.4). 

 

Considering the foregoing, when a sufficiently high voltage is applied between two metal 

electrodes (* > *∆~), gas breaks down in a multitude of short-lived micro-channels of plasma. 

At atmospheric pressure, the small mean free path of the electrons causes these micro-

discharges to transit easily to a thermal arc (LTE-plasma), in response to an increase in the 

number of collisions. Thermal plasmas are unsuited for the preparation of coatings on 

materials such as polymers or glass, because of their destructive nature—they can reach 

temperatures as high as 10000 K [351]. Nonetheless, the streamer-to-arc transition can be 

prevented by insulating at least one of the electrodes from the plasma by a dielectric barrier, 

as will be discussed in detail the following section. 
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2.5 Dielectric barrier discharges (DBDs) 
 

Providing a non-LTE plasma at elevated pressure (e.g., atmospheric pressure) is certainly the 

distinguishing feature of dielectric barrier discharges (DBDs). That said, the wide variety of 

DBDs configurations and the ease of scaling-up of DBDs from laboratory conditions to full-

scale industrial units are also worthy of mention. These remarkable features explain why the 

application of DBDs has attracted growing interest, particularly in recent years, in material 

processing and fundamental plasma research. 

 

 Fundamentals: DBD configurations and working principle 
 

A dielectric barrier discharge (DBD) can be described as a system whereby a plasma forms 

between two electrodes, at least one of which is covered with an insulating material, on 

application of a voltage in the kilovolt range [361]. DBDs are typically operated at or near 

atmospheric pressure with inter-electrode distances ranging from 0.1 to 10 mm. Unlike 

discharges occurring between two metal electrodes, the capacitive character of DBDs 

imposes the use of alternating or pulsed voltages with frequencies between 0.05 and 100 kHz 

to displace the current between the dielectric(s) and the plasma phase [378]. 

 

Insulating materials with high breakdown strength and low dielectric loss are required for 

DBDs to operate with moderately high voltage amplitudes. Coinciding with the advent of 

DBDs for ozone generation in the mid-19th, glass has predominantly been used since then. 

Currently, apart from glass, DBD designs containing other ceramics (e.g., quartz, mica, 

enamel) and polymers (e.g., silicon rubber, Teflon) are not uncommon. Some examples of 

DBD configurations are shown in Figure 2.9 [379].  
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Figure 2.9: Typical dielectric barrier discharge configurations: (a, b) single-barrier 
parallel-plate discharge, (c) double-barrier parallel-plate discharge, (d) single-barrier 
concentric discharge, (e) single-barrier surface discharge, and (f) double-barrier surface 
discharge (coplanar discharge). Adapted from ref. [361]. 

 

Parallel-plate configurations are often employed in surface treatments such as the etching 

and functionalization of polymers [380]. The DBD design shown in Figure 2.9b allows for 

the generation of a discharge on both sides of the dielectric. When plasma treatment (e.g., 

surface functionalization, surface cleaning, coating deposition) is conducted on an insulating 

material behaving as a dielectric barrier, this DBD configuration is of choice. In this case, 

both sides of the material are treated simultaneously. The configuration illustrated in Figure 

2.9c, which was used in this doctoral project for the fabrication of anti-fogging coatings, 

avoids the contact between the electrodes and the plasma. The cylindrical configuration 

shown in Figure 2.9d was designed by Werner von Siemens in 1857 for ozone production 

[378]. These configurations are “volume DBDs”. Alternative DBD designs such as “surface 

DBDs” are also possible. A typical example is given in Figure 2.9e, in which electrodes are 

inside and on the top of the dielectric. A different layout is shown in Figure 2.9f. In this case, 

electrodes are inside the dielectric. DBD designs with electrodes buried in the dielectric can 

be found in plasma display panels for flat television screens.  
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Other no less important DBDs configurations include point-plane, multi-point-plane, knife-

plane, knife-cylinder, wire-cylinder configurations, and packed bed dielectric barrier 

discharges (PBDBDs), among others. For example, PBDBs use beads made of a dielectric 

material for remediation of environmental pollutants (e.g., NOx, SOx, and volatile organic 

compounds, VOC) and conversion of greenhouse gases into useful chemicals [381]. 

 

By limiting the charge deposited on the electrodes, the dielectric barrier prevents the 

streamer-to-arc transition. Let us see how DBDs make this possible [351]. The physics 

behind the development of a micro-discharge is the same in the presence or absence of a 

dielectric barrier (Figure 2.8). The main difference is that the passage of current between the 

electrodes causes charges to accumulate on the dielectric surface, resulting in an increase in 

the voltage on the dielectric as the micro-discharges grow (Figure 2.10a). If this voltage 

increases fast compared to that applied between the electrodes, a voltage drop in the gas will 

ensue and the micro-discharges will extinguish, thus avoiding the formation of a thermal 

plasma (very high ionization degree).  

 

 
Figure 2.10: The working principle of a DBD. (a) Electrons in the micro-discharge spread 
across the dielectric surface when they reach the anode, while the positive ions in the tail 
head towards the cathode. (b) The micro-discharge extinguishes and a second one initiates 
elsewhere. (c) Transient reversal of the electrodes polarity induced by charge accumulation. 
The presence of a dielectric material leads to the formation of a transient discharge, which 
must be reactivate by the external circuit using an alternating or pulsed current power 
supply. (Adapted from ref. [351]). 
 

If the applied voltage increases still further, micro-discharges will initiate at different 

locations, given that the charges accumulated on the dielectric surface decrease the electric 

field “felt” by the gas at the locations where micro-discharges previously formed 
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(Figure 2.10b). When the polarity is reserved in the following half-cycle (Figure 2.10c), the 

charges previously deposited on the dielectric enable the gas to break down under an electric 

field lower than that of the previous half-cycle. This makes it easier for a new micro-

discharge to develop where micro-discharges initiated during the previous half-cycle 

(“memory effect”) [382].  

 

 DBD regimes 
 

DBDs have been reported to operate in at least two distinct regimes, namely 

homogeneous/diffuse regime (Townsend breakdown) and filamentary regime (streamer 

breakdown). Numerous factors including the gas purity, the inter-electrode distance, 

pressure, the electrode configuration, frequency, and the applied voltage determine which 

regime is present [383]. For example, it has been shown that the addition of oxygen to 

nitrogen plasmas tends to produce a filamentary regime [384]. Similarly, operating with 

relatively large inter-electrode distances and/or with voltages well above the breakdown 

voltage also result in a filamentary regime. 

 

A filamentary DBD is composed of micro-discharges randomly distributed on the dielectric 

surface, which tend to self-organize under certain conditions [385,386]. With a diameter of 

~ 100 µm, these discharges form and extinguish on the nanosecond time scale (10-100 ns) 

and correspond to many short current pulses in a “spiky” discharge current waveform (Figure 

2.11a). In a homogeneous DBD, (e.g., Townsend and glow discharges), the plasma forms 

and extinguishes once per half-cycle of the applied voltage and exhibits a single current peak 

(Figure 2.11b). This current peak lasts a few microseconds in the case of a glow discharge 

(e.g., He, Ne, Ar, etc.) and a few tens of microseconds in the case of a Townsend discharge 

(e.g., N2).  
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Figure 2.11: V-I characteristics of (a) a filamentary discharge in nitrogen (gas gap = 1mm 
and applied voltage = 6.4kV) of (b) a homogeneous discharge in nitrogen —Townsend 
discharge (gas gap = 1mm and applied voltage = 10 kV) (Adapted from ref. [387]). 

 

At low pressure, DBDs typically operate in a homogenous regime (HDBD). At atmospheric 

pressure, obtaining a homogenous discharge is also possible—despite 0 ∙ & values exceeding 

several tens of Torr cm—yet it is restricted to specific operating conditions (e.g., voltage, 

frequency, gas composition [388]). Experimental evidence shows that two conditions must 

be met simultaneously to obtain a homogenous DBD at atmospheric pressure (e.g., 

Townsend discharge in N2 and glow discharge in rare gases, such as He, Ne, and Ar). First, 

the “j emission” (i.e., emission of secondary electrons) must be enhanced with respect to the 

“Ö ionization” (i.e., ionizing collisions produced by electrons, see Equation 2.15) to ensure 

a Townsend breakdown. Second, the current amplitude must be limited to control the 

discharge development, for example, by adequately designing the electrode configuration 

and/or by selecting the power supply [389]. 

 

The idea behind these approaches is to prevent the streamer breakdown by ensuring many 

seed electrons between two consecutive discharges and thus, not meet the Meek’s criterion. 

Indeed, many seed electrons are more likely to trigger many avalanches and not one, as in 

the streamer breakdown. In this regard, numerous studies have evidenced the key role of 

metastable atoms/molecules in providing these seed electrons either by Penning ionization 

(Glow discharges in rare gases) or by cathode ionization (Townsend discharges in nitrogen). 

Derived from to the presence of metastable species in the plasma, the so-called “memory 

(a) (b)
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effect” observed between two consecutive discharges is a sine qua non for the Townsend 

breakdown to occur [390]. 

 

The Penning ionization involves the collision and energy transfer from a metastable atom or 

metastable molecule r∗ to another atom or molecule ¬, leaving r∗ unexcited and ¬ ionized, 

that is [367]:  

 

 r∗ + ¬ ⟶ r + ¬Ã + # 
 
 

(2.24) 
 

For Penning ionization to occur, the ionization potential of ¬  must be lower than the 

excitation potential of r∗  [391]. Penning mixtures in which glow discharges have been 

observed include He in the presence of minute concentrations of nitrogen—He (23S) 

metastable ionizes the nitrogen impurities—and Ar (43P state) in the presence of minute 

concentrations of acetone, methanol, hydrogen peroxide, or ammonia [388,392,393]. 

Penning ionization makes it possible to initiate the discharges at voltages below those 

predicted by the Paschen’s law (i.e., breakdown voltage, Equation 2.21). Coupled with the 

emission of (secondary) electrons from the cathode by ion bombardment—ions are “trapped” 

in the positive column between two consecutive discharges and can diffuse toward the 

cathode—Penning ionization is responsible for the Townsend breakdown in rare gases.  

 

As regards homogeneous discharges in nitrogen or “Townsend” discharges, several studies 

have revealed the key role of the N2 (A3Su+) metastable in the gas breakdown mechanism 

[362,387]. Because of the absence of positive column, the emission of (secondary) electrons 

from the cathode are due to N2 (A3Su+) metastable bombardment and not to ion 

bombardment, as is the case with glow discharges. In addition, the relatively low excitation 

potential of N2 (A3Su+) metastables precludes the ionization of gas particles via Penning 

collisions, and therefore, the generation of secondary electrons in this way.  
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2.5.2.1 The HDBD-to-FDBD transition in nitrogen 
 

In nitrogen at atmospheric pressure, obtaining a homogenous DBD (HDBD) or Townsend 

discharge is restricted to specific conditions of gas composition, voltage, frequency, inter-

electrode distance, and dielectric materials [387]. Outside the limits for each parameter, the 

discharge transitions easily to a filamentary regime (FDBD). For example, the voltage range 

in which a HDBD can be obtained is restricted from several kilovolts to a very few tens of 

kilovolts. For a given frequency, the lower limit is the voltage required to generate the 

discharge over the entire surface of the dielectric, while the upper limit corresponds to the 

maximum voltage at which “instabilities” begin to appear. Homogeneous DBDs have also 

shown to transition to a filamentary DBD when operated at very high frequencies (>> kHz) 

[387] or with relatively large inter-electrode distances. The choice of the dielectric is also of 

paramount importance. It has been shown that the range of operating conditions in which a 

HDBD can be generated is broader for a dielectric with a low permittivity [394]. 

 

As discussed in the previous section, the main species behind the self-sustaining of a 

Townsend discharge are the primary (seed) electrons and the N2 (A3Su+) metastables; hence 

any factor increasing the rate of destruction of these species will favor the HDBD-to-FDBD 

transition. Such is the case, for example, with the certain impurities such as O2 (³ 500 ppm) 

[384,395,396], H2 (³ 2500 ppm) [395], or C2H4 (³ 15 ppm) [397], which quench the 

N2 (A3Su+) population by Penning collisions (Equation 2.24).  

 

In the case of polymeric dielectrics, atomic oxygen and atomic hydrogen, well-known 

N2 (A3Su+) scavengers, can be released into the discharge because of the damage to the 

dielectric surface during plasma treatment [387]. The presence of dust or airborne 

hydrocarbons on the dielectric surface and the formation of etching products during plasma 

treatment may also have a detrimental effect on the N2 (A3Su+) population. Fortunately, the 

laminar gas flow between the two electrodes limits the destruction of N2 (A3Su+) by 

maintaining the impurities at low concentration. 
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2.6 Plasma-surface interactions: Low-pressure vs. atmospheric pressure 
 

The use of dielectric barriers represents a robust approach to generate non-thermal plasmas 

for plasma-assisted chemical vapor deposition (PECVD). This coating deposition technique, 

widely known in the microelectronic industry, allows for the preparation of functional 

coatings via reaction of gas-phase active species with a given substrate, at atmospheric or 

low pressure (section 2.3.3). 

 

In a typical PECVD, the elementary processes occurring between the plasma species and the 

precursor molecules are very complex and not well understood (Table 2.1) [398]. 

Experimental evidence reveals that the species resulting from these interactions react with 

the surface in several ways leading to the insertion of functional groups (grafting), generation 

of radicals, chemical or physical ablation (etching), and deposition of thin films. Although, 

the prediction of likely reaction pathways is a challenging task, it is widely accepted that the 

elementary processes occurring in chemical vapor deposition (CVD) are similar to those 

occurring in PECVD [399] (Figure 2.12). 

 

 
Figure 2.12:	Schematic of main processes involved in a CVD process. In bright purple: 
plasma generated by a DBD. (Adapted from ref. [399]). 
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The CVD process comprises the following steps: 

 

(1) The molecules of liquid precursor enter the reactor along with the carrier gas by forced 

convection, by diffusion, or under the action of electrostatic forces, once vaporized. On 

interaction with the plasma species (e.g., electrons, metastables), the precursor undergoes 

fragmentation producing molecular fragments, ions, radicals, and excited species. These 

species can react with each other either in the gas phase (homogeneous reactions) or 

on/with the surface (heterogeneous reactions). Gas-phase reactions can lead to the 

formation of large fragments, which can grow into powders.  

 

(2) Diffusive and convective transport of reactants from the gas stream through the boundary 

layer to the substrate surface. 

 

(3) Chemisorption (chemical or Langmuir adsorption) and physisorption (physical or van der 

Waals adsorption) of reactants on the substrate surface. 

 

(4) Surface processes leading to the nucleation and growth of a coating, including diffusion 

to attachment sites (e.g., edges and kinks) and chemical decomposition of reactive 

species. 

 

(5) Desorption of (volatile) by-products from the surface. 

 

(6) Diffusive and convective transport of by-products away from the surface substrate 

through the boundary layer and back to the gas stream. 

 

The use of a plasma source instead of heat (CVD) not only provides the energy required to 

generate the active species in the gas phase but also prevents thermal degradation of the 

substrate. 
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Table 2.1: Elementary processes in active plasma environments. R: radical; S: surface; g: 
gas, f: fast, s: slow (Adapted from ref. [349]). 

Reaction General equation Example 
Reactions with electrons   

Ionization #í + r → rÃ + 2#í #í + Æw → ÆwÃ + 2#í 

Excitation #í + r → r∗ + #í #í + Œw → Œw∗ + #í 

Dissociation #í + r¬ → r + ¬ + #í #í + œR–— → œR–õ + – + #í 

Dissociative 
ionization #í + r¬ → rÃ + ¬ + 2#í #í + üR“8— → üR“8õÃ + “8 + 2#í 

Dissociative attachment #í + r¬ → rí + ¬ #í + œR“8— → “8í + œR“8õ 

Three-body recombination #í + rÃ + ¬ → r + ¬ #í + –Ã + “–— → – + “–— 

Radiative recombination #í + rÃ → r + ℎ∂ #í + r"Ã → r" + ℎ∂ 

Reactions between heavy 
species   

Charge exchange rÃ + ¬ → r + ¬Ã ÆwÃ(î) + Æw(5) → Æw(î) + ÆwÃ(5) 

Penning ionization r∗ + ¬ → r + ¬Ã + #í –#∗ + Œw → –# + ŒwÃ + #í 

Ionization by interchange rÃ + ¬“ → r¬Ã + “ ÆÃ + Œw → ÆŒÃ + Œ 

Combination r + ¬ → r¬ 
r¬ + “” → r“ + ¬” 

2œR–õ → œRw–‘ 
œR–w + Œw → œRŒ + –wŒ 

Heterogeneous interactions 
(with surfaces)   

Adsorption p§ + œ → pk “–w + œ → (“–w)k 

Metastable deexcitation r∗ + œ → r + œ Æw∗ + œ → Æw + œ 

Sputtering rÃ + ¬k → r + ¬ r"Ã + –k → r" + – 

Secondary electron emission rÃ + œ → œ + #í ŒÃ + œ → œ + #í 
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As indicated in the section 2.3.3, due to the economic constraints imposed by low-pressure 

(LP) processing, considerable interest has been placed on the development of atmospheric 

pressure (AP) plasma sources for use in CVD. Even though AP-PECVD techniques have 

considerable advantages over LP-CVD ones, some features typical of atmospheric pressure 

processing must not be overlooked when designing coating equipment and selecting 

precursors [350,400]. These include: 

 

• The inorganic or organometallic precursor is diluted in a carrier gas (e.g., N2, He, Ne, Ar) 

at atmospheric pressure. 

 

• Precursor (partial) pressures are higher at atmospheric pressure than at low pressure. This 

results in an increase in the rate of homogeneous reactions and, in many cases, in the 

formation of powders, which deposit on the substrate as the coating forms. Although 

higher precursor pressures are linked to higher coating growth rates, a rapid consumption 

of the precursor in the gas stream may translate to poor coating thickness uniformity. 

 

• Because of the relatively high density of plasma species, three-body reactions, often 

neglected in low-pressure processes, become of great importance at atmospheric 

pressure. 

 

• Collisional de-excitation of metastables atoms/molecules with the carrier gas 

atoms/molecules gains in importance. As a result, some radiative species, generally 

observed at low pressure, will not necessarily be observed at atmospheric pressure (e.g., 

H alpha).  

 

• Ions do not possess kinetic energy when they reach the surface because of the low 

collisional mean free path (~ μm) at atmospheric pressure. For this reason, physical 

etching (sputtering) is unlikely to occur. 

 

• Mass transport limitations are comparatively more significant at atmospheric pressure. 

Diffusion is a relatively slow process compared to convection. 	
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As mentioned above, atmospheric pressure DBDs in N2 can be operated in two distinct 

regimes, namely homogeneous and filamentary. The suitability of HDBDs for the fabrication 

of coatings has been amply demonstrated; however, the use of FDBD for the same purpose 

is highly questionable because of the quality of the coatings. Indeed, coatings obtained using 

FDBDs are less dense and less homogeneous than those obtained using homogeneous DBDs 

(Figure 2.13). 

 

 
Figure 2.13: Influence of the discharge regime on the coating morphology. (+): anode, (-): 
cathode. 
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2.7 Atmospheric pressure deposition of SiOxCy:H coatings from siloxane 

precursors: Focus on 1,3,5,7-tetramethylcyclotetrasiloxane  
 

The application of plasma technology for coating deposition, almost always at low pressure, 

has witnessed the use of several siloxane precursors including the 1,3,5,7-

tetramethylcyclotetrasiloxane (TMCTS). Coinciding with the development of the 

microelectronics industry in the 1990’s, the TMCTS was used for the fabrication of high-

quality SiO2 layers and Al/SiO2 interconnects for integrated circuits and waveguides. With 

the advent of device miniaturization in the 2000’s, the TMCTS was used for fabrication of 

SiO2 coatings with low dielectric constant or “low-K” coatings. Currently, the application of 

TMCTS for the manufacture of SiO2-like coatings continues to be in the early stages of its 

development, most likely due to the reluctance of research groups to use siloxane precursors 

other than those employed thus far for that purpose, such as hexamethyldisiloxane 

(HMDSO), tetraethoxysilane (TEOS), and silane (SiH4). 

 

Surprisingly, the use of TMCTS for the fabrication of anti-fogging coatings by atmospheric 

pressure PECVP has not been explored, despite the interesting results reported by Ward et 

al. [401]. These authors deposited SiOxCy:H coatings from TMCTS and 

octamethylcyclotetrasiloxane (OMCTS) using a He plasma in the presence or absence of O2 

(oxidant) at atmospheric pressure. When O2 was added, coatings were wettable (hydrophilic) 

because of silanol groups at the coating surface. The presence of hydrophilic groups at the 

surface is a sine qua non for most of the anti-fogging coatings prepared thus far to minimize 

the effects of fogging [402]. An overview of the experimental conditions used in the 

deposition of TMCTS coatings by low-pressure or atmospheric pressure plasmas is shown in 

Table 2.2. Interestingly, coatings deposited from TMCTS (or other precursors) at low 

pressure do not possess silanols (i.e., Si-OH). However, at atmospheric pressure, silanol 

groups appear only in TMCTS-based coatings, suggesting that the combination of TMCTS 

with atmospheric pressure plasma deposition is a necessary condition to prepare anti-fogging 

coatings. 
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Table 2.2: Deposition conditions for TMCTS and other siloxane precursors at low and atmospheric pressure. 
Experimental 

conditions 
Precursor/oxidant/ 

carrier gas Coating Substrate Purpose Si-OH 
(930 cm-1) Ref. 

ECR-CVD 
10-50 mTorr 
2.45 GHz/13.56 MHz 
400-1000 W 

TEOS/TMCTS 
(1-20 sccm) 
O2 (0-48 sccm) 

HQ SiO2 Al Electronic 
interconnections 

No [403] 

ECR-CVD 
13-53 mTorr 
2.45 GHz/13.56 MHz 

TMCTS 
(6.5-21 sccm) 
O2 (42-64 sccm)/Ar 

HQ SiO2 Al 
Electronic 

interconnections 
No [404] 

ECR-CVD 
900-1800 mTorr 
13.56 MHz/100 W 

SiH4/TMCTS (1/50) 
O2 (20-54.4 sccm)/N2 

HQ SiO2 Al 
Electronic 

interconnections/ 
waveguides 

No [405] 

ECR-CVD 
mTorr?/13.56 MHz 
400-1000 W 

TMCTS/He + CHn 
(porogen) 

SiOxCy:H Si (100) 
Electronic 

interconnections 
(low-k coating) 

No [406] 

ECR-CVD 
5-15 mTorr/900 W 
2.45 GHz/13.56 MHz 

OMCTS/TMCTS/HMDSO 
(50/50/100 sccm) 
O2 (100-400 sccm) 

HQ SiO2 
Si (100)/ 

Stainless steel 
Electronic 

interconnections 
- [407] 

RF-PECVD 
3-3.8 Torr 
250-700 W 

TMCTS (0.5-4 sccm) 
CO2 (3000-5000 sccm) 

SiOxCy:H Si (100) 
Electronic 

interconnections 
(low-k coating) 

No [408] 

RF-PECVD 
2-6 Torr/400°C 
0-800W (LFRF) 
200-60 W (HFRF) 

3MS/TMCTS (500 sccm) 
O2 (0-500 sccm) 
CO2 (1000-18000 sccm) 
He (0-4000 sccm) 

SiOxCy:H Si (100) 
Electronic 

interconnections 
(low-k coating) 

No [409] 

LFRF-PECVD 
266-600 Pa 
400-800 W 

TMCTS 
CO2 (1.67.10-5-3.10-4 m3/s) 
O2 (0-8.35.10-6 m3/s) 

SiOxCy:H Si (100) 
Electronic 

interconnections 
(low-k coating) 

No [410] 
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Table 2.3: Continuation 
Experimental 

conditions 
Precursor/oxidant/ 

carrier gas Coating Substrate Purpose Si-OH 
(930 cm-1) Ref. 

RF-PECVD 
100 mTorr/20-150 W 
373-573 K 

TMCTS/DMDMOS/3MS 
N2O, O2 
Precursor/oxidant = 0-30 

SiOxCy:H 
Si (100)/ 

KBr 

Electronic 
interconnections 
(low-k coating) 

Weak FTIR 
signal [411] 

RF-PECVD 
500 mTorr 
15 W/180°C 

TMCTS + CPO/BMO 
(porogens) 

SiOxCy:H Si (100) Low-k coating No [412] 

RF-PECVD 
500 mTorr/13.56 MHz 
83 W/180°C 

TMCTS (84 sccm) + 
Drug (Daunomycin, 
Rapamycin, NPC-15199) 

SiOxCy:H 
Stainless steel 

(316 L) 
Drug-eluting 

coating - [413] 

PECVD 
760 Torr 
350-450°C 

TMCTS (1 sccm) 
O3 (0.2-4%)/N2 (1 sccm) 

HQ SiO2 Si (100)/ SiO2 
Electronic 

interconnections 
- [414] 

APGD-PECVD 
1020 mbar/15 kHz 
350-450°C 

OMCTS/TMCTS 
O2 (1%)/He (1900 sccm) 

SiOxCy:H PE 
Gas barrier 

coating 
(O2 blocking) 

No/(OMCTS) 
Yes/(TMCTS) 

[401] 

APGD-PECVD 
1 atm/27.12 MHz 
100 W/25°C 

HMDSN/HMDSO/ 
TMDSO/TMCTS/TEOS 
O2 (2%)/He 

SiOxCy:H Si (100) - Yes (TMCTS) [415] 

APGD-PECVD 
1 atm/27.12 MHz 
250 W/120°C 

TMCTS+TEOFS/ 
O2 (2%)/He 

SiFxOyCz:H Si (100) Fiber 
optics/waveguides 

Non [416] 

APGD-PECVD 
1 atm/13.56 MHz 
60-80W/120°C 

TEOS/TMCTS/BTESE 
O2 (0.35-0.5 L/min) 
He (30 L/min) 

HQ SiO2 
Si, PC, and 

PMMA 
Hard coating 

(scratch-resistant) 
Non [417] 

BTESE: Bis(triethoxysilyl)ethane, BMO: Butadiene monoxide, CPO: Cyclopenteneoxide, DMDMOS: Dimethyldimethoxysilane, ECR-
CVD: Electron Cyclotron Resonance Chemical Vapor Deposition. LFRF-HFRF: Low-frequency & high-frequency radiofrequency, HQ: 
High-quality, HMDSN: Hexamethyldisilazane, TEOFS: Tetraethoxyfluorosilane, 3MS: Trimethylsilane. 
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3 Characterization techniques of anti-fogging coatings 

 

In this chapter, the techniques used for the characterization of anti-fogging coatings are 

briefly described to provide the reader with an essential background. The experimental details 

are discussed in the following chapters. 

 

3.1 Chemical characterization 

 Attenuated total reflectance Fourier transform infrared 

spectroscopy (ATR-FTIR) 

 

Fourier transform infrared (FTIR) spectroscopy is an analysis technique that uses infrared 

(IR) light to identify molecular structures, chemical bonding, and functional groups in solid, 

liquid, and gaseous samples [418–421]. Infrared light, also known as “infrared radiation”, 

covers the region of the electromagnetic spectrum between the visible (~ 760 nm, red light) 

and the microwave (~ 1 mm). The infrared range is often subdivided, in relation to the visible 

range, into three spectral regions, namely near-IR (14000-4000 cm-1), mid-IR 

(4000-400 cm-1), and far-IR (400-30 cm-1). When a sample is illuminated with IR light, a 

part of the radiation is transmitted while the other is absorbed by the “vibrating bonds” of the 

sample. Given that each bond vibrates at specific frequencies, the use of IR light allows for 

the qualitative and quantitative analysis of any material, including coatings and biological 

samples. From a formal point of view, two conditions must be met simultaneously for a 

vibration to occur in the IR spectrum [422]. First, the electric dipole moment must change 

during the vibration, that is: 

 

 
!"
!#

≠ 0 (3.1) 

 

where !& is the change in dipole moment and !# is the change in bond length or bond angle. 
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Vibrations satisfying Equation 3.1 are said to be IR active. In the mid-IR region, chemical 

bonds can vibrate in several modes (Figure 3.1). Vibrational modes can lead to changes 

either in bond lengths or in bond angles, i.e., stretching and bending vibrations, respectively. 

Stretching vibrations can be symmetric (ns) and asymmetric (na). For bending vibrations, 

there are four modes: scissoring (ds), rocking (r), wagging (w), and twisting (t). The first 

two bending vibrations are “in-plane” modes and the other two are “out-of-plane” modes. 

 

 
Figure 3.1: Vibrational modes in IR spectroscopy. 

 

Second, the energy of the incident IR light (photon) must be equal to the difference between 

two vibrational energy levels. The frequencies at which a molecule absorbs are governed by 

the same equation as for a classical harmonic oscillator: 
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where '(  is the frequency at which a specific vibration occurs, -  is the speed of light 

(2.99792 ´ 108 m s-1), / is the force constant (N m-1) of the vibrating bond, and 12 and 14 

are the masses (kg) of the two atoms involved in the vibration. 

 

The portion of the IR light passing through the sample under study is examined by a 

spectrometer, a device that decodes the chemical information contained in it to produce a 

spectrum. The IR spectrometer used in the study of anti-fogging coatings houses two key 

components, namely a Michelson interferometer and an attenuated total reflectance (ATR) 

accessory. The ATR accessory is placed in the sample compartment (Figure 3.2a). 

 

 
Figure 3.2: (a) FTIR spectrometer layout*, (b) working principle of an interferometer, and 
(c) ATR crystal. (*http://mmrc.caltech.edu/FTIR/Literature/General/FTIRintro.pdf). 

 

An interferometer consists of a beam splitter and two perpendicular plane mirrors, one of 

which moves back and forth a distance dL and the other is stationary (Figure 3.2b). The 

distance dL is measured with high accuracy using a He-Ne laser [423]. The beam splitter is 

an optical element that allows for 50% of the incident IR light to travel toward the fixed 

mirror while reflecting the rest to the movable mirror (points 1 and 2). Beams leaving the 

beam splitter are reflected back from the stationary and movable mirrors, after travelling a 

Beam
splitter

IR
source

L

L

dL
To ATR 
accessory

Movable mirror

Stationary mirror

(1)

(2)

(2)

(3)

(3)

(4)

Sample

ATR crystal
IR beamTo detector

!"

#

(a) (b)

(c)

Evanescent 
wave



	

	 107 

distance of 2L and 2(L + dL), respectively (point 3), so that they reach the beam splitter with 

an optical path difference OPD (or optical retardation) of 2dL. Depending on the wavelength 

and the optical path difference, waves composing the beams combine by constructive and 

destructive interference and then pass through an ATR accessory (point 4). The IR beam is 

focused at a certain angle 7, on the edge of an internal reflection element or ATR crystal, 

which is in close contact with the sample (Figure 3.2c). Because of the low refractive index 

of the sample compared to that of the crystal, the infrared beam is totally reflected when it 

reaches the crystal/sample interface. This physical phenomenon, called “total internal 

reflection”, occurs if the angle of incidence	7 exceeds a certain limiting angle or “critical 

angle” 79, which be calculated as follows [424]: 

 

 79 = :;<=2 >
<4
<2
? (3.3) 

 

where <2 and <4 are the refractive indices of the crystal and the sample, respectively. 

 

Under conditions of total internal reflection, a part of the IR beam penetrates the sample as 

an evanescent wave (“Goos-Hänchen effect” [425]), thus being partially absorbed by the IR 

active vibrations (upper part of Figure 3.2c). The evanescence wave is said to be attenuated, 

hence the appellation “attenuated total reflectance” for this IR technique. The evanescent 

wave extends into the sample a distance known as “depth of penetration” !@, which is defined 

as the distance from the sample/crystal interface in which the intensity of the evanescent 

wave decreases to approximately 63%. The depth of penetration is given by the Harrick 

equation [426]: 

 

 !@ =
A

2,<2B:;<47 − (<4 <2⁄ )4
 (3.4) 
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where A is the wavelength of the incident light (nm), <2 and <4 are the refractive indices of 

the crystal and the sample, respectively; and 7 is the angle of incidence of the IR beam with 

respect to the normal of the crystal surface. 

 

It can be inferred from Equation 3.4 that the evanescent wave penetrates the sample to a 

greater or lesser extent depending on the values of the tetrad A, 7, <2, and <4. This feature 

makes the ATR technique suitable for the analysis of thick or strongly absorbing samples 

[427,428]. For the most common ATR crystals (e.g., Ge, Si, CdTe, ZnSe, ZnS, ZrO2, Al2O3, 

diamond), the depth of penetration ranges from 0.5 to 5 µm [429–431]. After one or more 

internal reflections, the IR beam leaving the ATR crystal is focused onto the detector. The 

detector collects and digitizes the intensity of the infrared light as a function of the time 

(OPD) for all frequencies, thereby constructing an interferogram. The mathematical function 

known as “discrete Fourier transform” (DFT) makes it possible to extract the component 

“frequency” from the interferogram to produce an interpretable IR spectrum, such as those 

shown in the chapters 4, 5, and 6.  

 

 X-ray photoelectron spectroscopy (XPS) 

 

X-ray photoelectron spectroscopy (XPS), also known as “Electron Spectroscopy for 

Chemical Analysis” (ESCA), is a high-sensitive surface analysis technique used since the 

late 1970s for the chemical characterization of a wide variety of surfaces, thin films, and 

interfaces. The physical principle behind the XPS technique is the photoelectric effect, 

phenomenon by which electrons are emitted from a surface on exposure to light. Although 

somewhat sophisticated and expensive, XPS instrumentation is relatively simple to use. 

Briefly, a solid sample is introduced into a chamber, which is then pumped down to ultra-

high vacuum (UHV, < 10-8 mbar). Afterwards, the sample is irradiated with low-energy, 

monochromatic X-rays coming from a metal anode. Typically, commercial XPS systems are 

equipped with aluminium (Ka 1486.6 eV) and magnesium anodes (Ka 1253.6 eV) as X-ray 

sources (Figure 3.3a). Soft X-rays cause the emission of photoelectrons and Auger electrons 
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from the core and valence levels of the atoms composing the sample (Figures 3.3b and 3.3c) 

[432]. 

 
Figure 3.3: (a) XPS instrumentation [433]. (b) Emission of photoelectrons and (c) Auger 
electrons. Auger process involves four sequential steps: (1) absorption of a X-ray photon by 
a core electron (e.g., 1s or K electron), (2) emission of a core electron leaving a hole in the 
shell, (3) a second electron from an outer shell (e.g., 2s or L1 level) fills in the hole (4) with 
simultaneous emission of an outer electron (e.g., 2p electron). The result is a three-electron 
process that results in a doubly ionized atom. Spectroscopic notation of this Auger electron 
is KL1L2,3 or KLL. 

 

According to Berglund and Spicer [434], the emission of photoelectrons can be explained as 

follows. A core electron is excited from its ground state to a higher energy state on absorption 

of X-ray photon. The excited electron travels through the material without undergoing 

inelastic scattering, until it reaches the surface, from which is ejected into the vacuum. For 

photoelectron emission to occur, it basically requires that the energy gained by the electron 

after absorption of an X-ray photon be higher than the work function of the sample, EFGH@IJ. 

Given that the total energy is conserved in the process, the binding energy KL, that is, the 

energy required to eject a core electron from the atom can be expressed, as follows: 
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 KL = ℎ' − NL − EF@J9 
 
 
 

(3.5) 
 
 
 
 
 

 

where ℎ' (eV) is the energy of the incident X-ray photon, NL (eV) is the kinetic energy of 

the photoemitted electron which is measured by the energy analyzer, and EF@J9 is the work 

function of the spectrometer (eV). Note that binding energies are referred to the Fermi level 

of the sample (Figures 3.3b and 3.3c). 

 

According to Equation 3.5, it is possible to determine the binding energy of a specific core 

level by measuring the kinetic energy of its corresponding photoemitted electron (ℎ' and 

EF@J9 are known beforehand). The term EF@J9 is the work required to bring an electron from 

the sample (vacuum level) to the entrance of the energy analyzer and can be determined by 

calibrating the spectrometer with a standard reference material, such as gold (4f7/2 peak at 

84.0 eV) or copper (2p3/2 peak at 932.5 eV) [435]. Further details on the instrument 

calibration procedure can be found in the ASTM E2108 standard [436]. 

 

 
Figure 3.4: Sample/spectrometer energy level diagram for (a) conductive and (b) insulating 
samples. In conductive samples, the Fermi level (OP ) of the sample and that of the 
spectrometer are aligned because of the ohmic contact between them. A potential “OQR” 
appearing in insulating samples in response to a surface charging phenomenon causes the 
Fermi level of the spectrometer to raise with respect to that of the sample. (OS = Energy level 
of vacuum, OP = Fermi level, TUVWXYZ = Work function of the sample, TUXZQ[\]WZ[Z\ = Work 
function of the spectrometer). 
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Given that each ejected core electron has a unique binding energy (BE), XPS allows for the 

identification of all elements (excluding H and He) with detection limits between 0.005 and 

1.0 at.%. Further to this, binding energies are very sensitive to the chemical environment of 

the element being analyzed. Indeed, when the same atom is attached to different chemical 

species, shifts in binding energies of up to 10 eV can be observed [437]. This effect is referred 

to in the literature as the “chemical shift”. Thus, in addition to the wide elemental coverage, 

XPS provides information on the surface chemistry as essential as valence states and bonding 

environments. In general, binding energies shift to high energies as the oxidation state of the 

element increases. For example, the C1s binding energy increases with the number of oxygen 

atoms bonded to the carbon atom, namely, BEC-C < BEC-O < BEC=O < BEO-C=O < BEO-(C=O)-O. 

 

In the case of insulating samples, the emission of photoelectrons leaves the surface positively 

charged. As a result, the surface acquires a positive potential L9^ that cause misalignment of 

Fermi levels of the sample and spectrometer (Figure 3.4b). If not counteracted, surface 

charging results in distorted XPS peaks appearing at binding energies higher than those 

predicted by Equation 3.5. Using an internal reference such as the adventitious carbon 

contamination on the sample (C-H/C-C component of the C 1s spectrum is set at 285.0 eV), 

coating the sample with a thin layer of gold, neutralizing surface charge by an electron beam, 

or isolating electrically the sample from the specimen holder are among the well-proven 

methods to minimize charging effects [438].  

 

In XPS, operating under ultra-high vacuum (UHV) is key to performing a successful surface 

analysis, for two main reasons. First, remnant gases such as CO2 or water vapor are less likely 

to cover the sample, and therefore contribute to the XPS spectrum. That said, most samples 

are covered with a few monolayers of adventitious carbon, coming from the vacuum system 

(vacuum pump oils) or from airborne hydrocarbons. Second, UHV operation enables 

electrons to reach the energy analyzer without being inelastically scattered, that is, with 

unaltered kinetic energy. Electrons coming from a sampling depth between 3 and 10 nm, 

retain their original kinetic energy and therefore are responsible for recognizable XPS peaks. 

In contrast, inelastically scattered electrons contribute to the background. This explain why 

XPS is a surface sensitive technique.  
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A typical XPS spectrum covers a range of several hundreds of eV (wide scan or survey 

spectrum) and consists of a series of photoelectron peaks. XPS spectra are usually given by 

intensity (counts or counts per second, cps) as a function of the binding energy (eV), although 

kinetic energy can be plotted instead. Following calibration for charging compensation and 

background subtraction, survey scan spectrum enables us to conduct a semi-quantitative 

analysis of the sample. To this end, the intensity of the photoelectron peaks is assumed to be 

proportional to the number of atoms of a given element in the surface. The atomic 

concentration of an element in the surface can be estimated, as follows [439]: 

 

 _` =
à E`⁄

∑ ac Ec⁄c
 (3.6) 

 

where _` is the atomic concentration of the i-th element (at.%), à  is the signal intensity due 

to any elemental constituent of the sample, and E` is the sensitivity factor for the element i.  

 

In addition to photoelectron peaks, other not less important spectral features, such as Auger 

peaks, satellites (shake-up and shake-off peaks), plasmon loss peaks, and valence band peaks 

can also appear in an XPS survey spectrum. As in the case of photoelectron peaks, these 

features provide information on the elemental composition, even though their interpretation 

is more complex. Further details on each element can be obtained from the narrow scan or 

high resolution XPS spectrum (HRXPS) of photoelectron peaks found in the survey 

spectrum. The shape of each peak and the binding energy at which they occur can vary 

depending on chemical state of the emitting atom; hence HRXPS analysis makes it possible 

to distinguish atoms with different oxidation states and/or bonding environments. 

 

3.2 Surface characterization 

 Atomic force microscopy (AFM) 

 

The atomic force microscopy (AFM) is a surface characterization technique belonging to the 

family of the so-called “scanning probe microscopies” (SPM) [440]. The AFM employs a 
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flexible cantilever to measure the interaction forces between the tip and the sample and thus 

generate a 3D profile of the surface on the nanoscale. 

 

A standard AFM instrument consists of a flexible cantilever (100-500 µm in length) with a 

sharp tip (probe), a laser, a 4-quadrant photodiode detector (2-quadrant photodiode detectors 

are also possible), a piezoelectric scanner, and the feedback and measurement electronics 

(Figure 3.5). Probes are generally made of silicon or silicon nitride, although other materials 

such as diamond or quartz can also be used. Probes are 3-15 µm in length with tip radii 

< 15 nm [441,442].  

 

 
Figure 3.5: AFM instrumentation. (Image from http://web.mit.edu/cortiz/www/afm.gif). 

 

Generally, the sample under study is placed on a scanner containing a piezoelectric material, 

which controls the movement of the sample along with a feedback loop. A piezoelectric 

material changes its physical dimensions in response to an applied voltage (inverse 

piezoelectric effect). When constructed in a hollow cylindrical shape, the piezoelectric moves 

the sample laterally in the x-y plane with a resolution ranging from 0.1 to 1.0 nm and in the 

z-axis with atomic resolution. 
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Sample scanning causes the cantilever to bend as a result of the forces exerted on the tip. 

Deflections of the cantilever are detected by measuring the position of a reflected laser beam 

on the different segments of the photodiode (Figure 3.5). A 4-quadrant photodiode detector 

measures lateral and vertical forces, while a 2-quadrant photodiode detector only measures 

vertical forces. The as-measured cantilever deflections are used to generate an image of the 

surface topography without causing any (significant) damage to the sample [443]. 

 

During sample scanning, the force between the tip and the sample varies depending on the 

spring constant of the cantilever and the surface-probe distance. According to Hooke’s Law, 

this force can be calculated as follows: 

 

 d9 = −/ ∙ e9 (3.7) 

 

where d9 is the force tip/sample (N), / is the spring constant (N m-1), and e9 is the cantilever 

deflection (m). 

 

Forces acting between the tip and the sample surface include van der Waals forces, 

coulombic, capillary, and adhesive forces, among others. Among these, van der Waals 

interactions (short-range interactions) contribute most to the movement of the cantilever. 

Depending on the magnitude of the van der Waals forces, AFM can operate in three different 

modes, namely, contact mode, tapping mode, and non-contact mode [444]. 

 

Contact Mode: Repulsive van der Waals forces are measured in this operation mode. Here, 

the tip comes into contact with the sample and moves with a specific height (the deflection 

of the cantilever varies) or under a constant force (cantilever deflection is kept constant). The 

first mode is used to scan flat samples while the second is used to image samples with 

protruding surface features. The small distances between the probe and the surface (< 0.5 nm) 

allow for the analysis of frictional behavior of the sample. However, due attention must be 

given to soft samples, as frictional forces can cause surface damage.  
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Tapping Mode: In this operating mode, the cantilever oscillates up and down at or slightly 

below its resonance frequency. This mode is less destructive than the contact mode, as the 

tip contacts the surface intermittently (this eliminates the frictional forces). Surface imaging 

is performed by maintaining constant the oscillation amplitude, i.e., the tip-sample 

interaction remains unchanged. This operational mode was used in this study. 

 

Non-Contact Mode: The spacing between the tip and the sample is on the order of tens to 

hundreds of angstroms. A very stiff cantilever oscillates above the sample surface with small 

amplitudes at a frequency greater than its resonance frequency. Using a feedback loop to 

monitor the changes in the amplitude due to attractive van der Waals forces, a high-resolution 

3D image of surface topography can be obtained. Quite often, this AFM mode requires ultra-

high vacuum to achieve best imaging [443]. 

 

Further to surface imaging, atomic force microscopy allows for the quantitative assessment 

of surface roughness. In this regard, it is standard practice to measure the so-called 

“roughness parameters” to provide a more complete description of the surface under study. 

In this work, two roughness parameters, namely the arithmetic average height (Ra) and the 

root mean square roughness (Rrms o Rq) were measured (Figure 3.6). These amplitude 

parameters refer to variations of the surface features in the z-axis (variations in height) with 

respect to a reference line (or reference plane). 

 

The arithmetic average height (Ra), also known as “center-line average” (CLA), is defined as 

the average absolute deviation of the roughness irregularities from the mean line along the 

sampling length f. In mathematical form [445,446]: 

 

 gG =
1
f
h |j(k)|!k
I

l
 (3.8) 

 

The root mean square roughness (Rrms) is the square root of the mean of the square of the 

vertical deviations from the mean line; in other words, is the standard deviation of the 
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distribution of surface heights. This parameter is more sensitive than Ra to large deviations 

from the mean line. In mathematical form [446,447]: 

 

 gmHF = .
1
f
h j4(k)!k
I

l
 (3.9) 

 

 
Figure 3.6: Schematic of a surface profile Z(x). Note that Rrms > Ra. 

 

3.3 Assessment of the deposition rate 

 Stylus profilometry 

 

A stylus profilometer allows for the measurement of surface roughness on a micrometric 

scale. The principle of operation is relatively simple. Briefly, a sharp tip in contact with the 

surface under study (stylus load = 0.05-100 mg) is displaced across the surface, moving at a 

constant speed between 1 μm s-1 and 25 mm s-1 (Figure 3.7). The scanned lengths can be as 

long as 200 mm while the scanned areas can be as large as 5 ´ 5 mm2 [445]. Vertical motions 

of the stylus (i.e., variations in z coordinate) are converted into electrical signals using a 

linear variable differential transformer (LVDT) or an optical or a capacitance sensor. 

Afterwards, the electrical signals are amplified and digitally converted for analysis by 

imaging software. Three-dimensional images of the surface topography can be obtained, with 

a vertical resolution as low as 0.1 nm for smooth surfaces and as low as 1 nm for rough 

Mean lineZ

X
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Sampling length

Ra



	

	 117 

surfaces [448]. That said, the vertical range typically can go from 2 to 250 μm, making it 

possible to determine the deposition rate of coatings of several tens of microns thick. 

 

 
Figure 3.7: Schematics of a stylus profilometer head with loading system and scan 
mechanism used in Veeco/Sloan Dektak profilers [445]. 

 

The stylus tip is usually made of diamond, even though other materials such as Al2O3 (ruby 

and sapphire) and Si3N4 (silicon nitride) can also be employed. Most tips are cone-shaped 

with included angles between 60 and 90° and radii of curvature of 2, 5, or 10 μm (ISO 3274-

1975). The lateral resolution of this technique is of the order of the square root of the tip 

radius [445]. 
 

3.4 Assessment of wetting behavior 

 

Wettability is the property illustrating the degree of affinity between a liquid and a solid 

surface, while the contact angle is the parameter that makes it possible to quantify this 

concept. In general, it can be said that surface chemistry determines surface tension n, and 

therefore the wettability in a strict sense, while surface roughness allows for its modification, 

to a certain extent. As discussed in length in section 1.4, several theories have been proposed 
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to explain the wettability of solid surfaces, considering both parameters in a straightforward 

way. Indeed, to control the wettability and thus the anti-fogging property, surface roughness 

and surface chemistry must both be properly adjusted [402]. 

 

Methods as diverse as the drop sessile method, the captive bubble method, the tensiometric 

(Wilhelmy balance) method, the tilting plate method, or the capillary bridge method, have 

been thus far developed to measure contact angles [449]. Among these, the drop sessile 

method is likely one of the most frequently used, as it allows for the measurement of contact 

angles in a straightforward way. Here, the contact angle that appears between the surface and 

the tangent to the point where solid, liquid, and gas phases meet is measured using a setup 

such as the one depicted in Figure 3.8a. 

 

 
Figure 3.8: (a) Schematic setup used in this doctoral project to measure contact angles. (b) 
Photograph of a sessile drop lying on clean glass showing the tangent line at the three-phase 
point, the base line, and the outer contour of the drop. 

 

The equipment used to measure contact angles consists of a horizontal platform where the 

coated glass under study is placed, a motor-driven syringe, a light source, and a video camera. 

The video camera enables us to photograph the water drops and the motor-driven syringe 

enables us to control rate at which water drops are dropped on the coating. Following the 

pinning of the three-phase contact line, the image of the droplet is captured and analyzed by 

a computer software. To determine the water contact angles, grey scale values are adjusted 
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to trace the so-called “base line”, i.e., contact line between droplet and the surface, and the 

outer contour of the drop (Figure 3.8b). The tangent at the triple-phase point and the base 

line delimit two contact angles, one on the right side of the droplet and the other on the left 

side. The value mean of these two angles is used to characterize each drop.  

 

When selecting a method to determine contact angles, two aspects must be kept in mind, 

namely, advantages and disadvantages of the method and the factors influencing the 

experimental determination of contact angles (Table 3.1). 

 

Table 3.1: Advantages and disadvantages of the sessile drop method.  
Advantages Disadvantages References 

Simple, easy handling, and 
visual clarity Two contact angle values per drop  [449–452] 

It is possible to measure 
samples with small surface 
areas 

Measurements at multiple 
locations when collecting 
information from a large area is 
time-consuming 

[450] 

Small amount of water required 
(~ µL) 

Droplet evaporation may distort 
contact angles [449–451] 

Suitable for heterogenous 
surfaces 

The needle may distort the droplet 
shape (especially in surfaces with 
high hysteresis) 

[449,451] 

Measurements under extreme 
temperature and pressure 
conditions 

The placement of base line in non-
reflective and extreme wettable 
surfaces is challenging 

[449,452] 

Image analysis software 
reduces subjectivity when 
determining contact angles 

Susceptible to operator error if a 
strict protocol is not followed [449,450] 

 

Factors such as the roughness and chemical heterogeneity of the surface, the presence of 

impurities on the surface, drop volume, time after drop deposition, temperature, mechanical 

vibration, and liquid reactivity have been reported to affect contact angles. Undoubtedly, 

controlling these parameters simultaneously is a challenging task. Despite this, the sessile 

drop method is considered the method of choice if high accuracy in contact angle 
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measurements is not required—standard deviations ranging from < 0.5 to 5° are usually 

reported in literature [453,454].  

 

3.5 Assessment of the anti-fogging performance 

 

A slightly modified setup compared to the ASTM F 659-06 setup [332,333] or its equivalent 

European version BS EN 168 [334] (Figure 3.9a) was used to assess the resistance to fogging 

of coated glasses (Figure 3.9b). Briefly, 590-nm light coming from a LED (point 1) is 

directed through an iris diaphragm (point 2). Light reaches the sample after being reflected 

from a 45-degree mirror and passed through a 50:50 beam splitter (points 3 and 4). The 

sample is placed on a 1 ´ 1 cm2 aperture made in a polymer plate covering a bath containing 

water at 50.0 ± 0.5°C (point 5). Perpendicular incident light is reflected back to the sample 

from a mirror placed inside the bath and then directed from the 50:50 beam splitter to a 

converging lens (point 6). A silicon photodiode placed in front of the converging lens (point 

7) converts light into an electrical current, which is then converted into transmittance values. 

A sliding mirror door isolates the sample from the water bath, thus making it possible to 

measure the light transmitted through the sample before exposure to water vapor.  

 

The protocol described in the ASTM F 659-06 standard requires us to prepare the samples. 

Before testing, coated glasses were immersed in distilled water at 23 ± 5°C for 1 h and dried 

thereafter at room temperature for ³ 12 h. For a coated glass to be considered anti-fogging, 

the time required for the light transmittance to decrease to 80% of its initial value (non-fogged 

sample) must be less than or equal to 30 s. 
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Figure 3.9: (a) ASTM F 659-06 setup (equivalent BS EN 168) for the assessment of fogging 
resistance. (b) Setup for the assessment of the anti-fogging performance. The setup is 
composed of (1) a 590 nm LED (light emitting diode), (2) a diaphragm, (3) a beam splitter, 
(4) a mirror, (5) a mirror inside the water bath as shown in (a), (6) a converging lens, and 
(7) a photodetector. 

 

The resistance to fogging of coated glasses was also evaluated by “hot fog” test. In this test, 

the anti-fogging performance was evaluated by visual inspection and by taking photographs 

of the samples after being placed on an Erlenmeyer flask containing water at 80°C for 15 s. 
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4.1 Résumé 

 

Garantir la propriété de « voir à travers » des matériaux transparents dans des conditions très 

humides a favorisé la mise au point de stratégies antibuée visant à prévenir les effets de la 

condensation, notamment les modifications de certains paramètres environnementaux, le 

dépôt de revêtements présentant des affinités avec l’eau et la modification directe des 

caractéristiques de surface du substrat. Parmi ceux-ci, le dépôt de revêtements (super) 

hydrophiles représente une option plus attrayante en raison de sa nature plus malléable et de 

son effet antibuée plus durable. Cela dit, la plupart des techniques de dépôt utilisées jusqu’à 

présent pour la fabrication de revêtements antibuée présentent des contraintes liées à des 

processus fastidieux ou à une implémentation restreinte. Pour remédier à ces inconvénients, 

nous rapportons l’application de décharges à barrière diélectrique à la pression 

atmosphérique (AP-DBD) comme alternative prometteuse au dépôt en une étape de 

revêtements antibuée sur des échantillons de verre en utilisant de faibles quantités de 1,3,5,7, 

de tétraméthylcyclotétrasiloxane (TMCTS) et d’oxyde nitreux (N2O). L’effet des paramètres 

de dépôt, à savoir le rapport [N2O]/[TMCTS] et la somme [N2O] + [TMCTS], sur la chimie 

et la structure des revêtements a été étudié par spectroscopie infrarouge à transformée de 

Fourier (FTIR) et par spectroscopie photoélectronique par rayons X (XPS). L’épaisseur des 

revêtements et la topographie de la surface ont été étudiées par profilométrie et par 

microscopie à force atomique (AFM), respectivement. Le comportement au mouillage des 

revêtements a été évalué par des mesures d’angle de contact avec l’eau (WCA) et leurs 

propriétés antibuée ont été déterminées visuellement et quantitativement selon le protocole 

décrit dans le standard ASTM F659-06. Quelles que soient les conditions de dépôt, les 

revêtements étaient lisses (Rrms = 2-4 nm) et ils ne présentaient pas de défauts de surface 

majeurs. Cependant, les revêtements préparés à [N2O]/[TMCTS] = 30 étaient supe 

hydrophiles en raison de la présence de groupes silanol et présentaient des performances 

antibuée supérieures à celles du verre nu lorsqu’exposé à de l’eau chaude à 50°C. En 

revanche, les revêtements préparés sous [N2O]/[TMCTS] = 10 n’étaient pas antibuée en 

raison de leur moins hydrophilicité. La somme [N2O] + [TMCTS] n’a pas eu d’impact 

significatif sur les performances antibuée.  
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4.2 Abstract 

 

Ensuring the “see-through” property of transparent materials under very humid conditions 

has promoted the development of anti-fogging strategies focusing on preventing the effects 

of condensation, including changes in certain environmental parameters, the deposition of 

coatings with water-attracting features, and the direct modification of the substrate’s surface 

features. Among these, the deposition of (super)hydrophilic coatings represents a more 

attractive option because of the more manageable nature and longer-lasting anti-fogging 

effect. That said, most of the deposition techniques used thus far for the fabrication anti-

fogging coatings feature constraints related either to time-consuming processes or to limited 

scalability. To overcome these drawbacks, we report on the application of atmospheric 

pressure dielectric barrier discharges (AP-DBDs) as a promising alternative for the one-step 

deposition of anti-fogging coatings on glass samples using minute amounts of 1,3,5,7-

tetramethylcyclotetrasiloxane (TMCTS) and nitrous oxide (N2O). The effect of the 

deposition parameters, namely the [N2O]/[TMCTS] ratio and the [N2O] + [TMCTS] sum, on 

the chemistry and structure of the coatings was investigated by Fourier Transform Infrared 

Spectroscopy (FTIR) and X-ray Photoelectron (XPS) Spectroscopies. Coating thickness and 

surface topography were investigated by profilometry and atomic force microscopy (AFM), 

respectively. The wetting behavior of the coatings was assessed by water contact angle 

(WCA) measurements and their anti-fogging properties were determined visually and 

quantitatively according to the ASTM F659-06 standard protocol. Regardless of the 

deposition conditions, coatings were smooth (Rrms =2-4 nm) and exhibited no major surface 

defects. However, coatings prepared at [N2O]/[TMCTS] = 30 were superhydrophilic 

(WCA » 5-10°) because of the presence of silanol groups, i.e., Si-OH, and featured superior 

anti-fogging performance compared to bare glass when exposed to hot water at 50°C. In 

sharp contrast, coatings prepared under [N2O]/[TMCTS] = 10 did not display anti-fogging 

performance because of their less hydrophilicity (WCA » 60°). The [N2O] + [TMCTS] sum 

did not have a significant impact on the anti-fogging performance.  
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4.3 Introduction 

 

Fogging is the natural phenomenon whereby water vapor condenses into the form of tiny 

droplets on a solid substrate whose temperature falls below the dew point [48]. The 

condensed drops scatter the incident light in all directions creating a whitish layer on the 

surface, known as “breath figures” [133]. The effects of breath figures (or fogging) have been 

reported to depend primarily on the morphology and the size of water drops. In general, the 

higher the contact angle and the smaller size, the more pronounced the effects of fogging 

[134].  

 

The fogging of surfaces can cause serious problems in such spheres of human activity as the 

medicine, the architecture, and the horticultural sector, and photovoltaic industry. For 

example, the fogging of camera-guided instruments such as those employed in endoscopic 

surgeries (e.g., laparoscopes) distorts the field of vision, thus putting the patient’s life at risk 

[14,15]. The formation of surface fog has been reported to lower the energy conversion 

efficiency of solar cells [25,26] and reduce the light transmission through the greenhouse 

claddings [295]. Less sunlight entering the greenhouse translates to a delayed crop maturity 

derived from a decrease in the rate of photosynthesis [295]. These examples aside, dealing 

with fogged eyeglasses, windows, or bathroom mirrors can be both dangerous and incredibly 

frustrating [5,7,455]. 

 

Several anti-fogging strategies have thus far been explored to prevent these situations from 

occurring. Most of them have focused either on changing certain parameters, such as the 

temperature [13,456–458] or the air flow velocity [459–462], or on changing the morphology 

of water drops by the deposition of (super)hydrophilic coatings [137,160,190,216]. Even 

though the first category of anti-fogging strategies has proven successful in avoiding or 

removing condensation, the deposition of (super)hydrophilic coatings appears to be the 

preferred option, in view of the growing number of papers that have been published in this 

regard. 
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Due to the favorable interaction with water molecules, a (super)hydrophilic coating causes 

fog drops to spread across the surface. Drop spreading leads to the formation of a thin layer 

of water allowing for the incident light to pass through without being scattered, thus 

preventing the effects of fogging [27]. According to recent literature, these coatings can be 

prepared in three different ways. The first way is based on the deposition of inorganic 

materials that are hydrophilic, such as SiO2, or become superhydrophilic when exposed to 

UV light, such as TiO2, ZnO, SnO2, WO3, and V2O5 [97,230,463]. The second way involves 

depositing thin films from polymers containing hydrophilic groups, such as hydroxyl 

[195,196,280], amino [241], carboxyl/ester [24,143], or sulfonic [152,199] groups. Finally, 

the third way employs “building blocks”, such as solid or mesoporous SiO2 nanoparticles, 

blended with hydrophilic polymers to produce nanostructured coatings [179,464]. 

 

Even though these procedures make it possible to obtain coatings with the anti-fogging 

performance, their integration into mass production face two major hurdles. First, the 

fabrication of anti-fogging coatings usually involves multistep processes, and second, the 

synthesis of the starting  materials often requires chemicals that are either toxic or detrimental 

to the environment [195,196]. To circumvent these technological barriers, atmospheric 

pressure dielectric barrier discharges (AP-DBDs) have emerged as a promising tool to 

produce SiOxCy:H coatings in one step from siloxane precursors, such as 

hexamethyldisiloxane (HMDSO) or tetraethoxysilane (TEOS), with rapid deposition rates 

and tunable wetting properties [383,465,466]. In adition, the use of atmospheric pressure 

DBDs represents an eco-friendly and cost-effective alternative to conventional deposition 

techniques, such as dip-coating or layer-by-layer deposition, as it requires no solvents nor 

considerable amounts of precursor to produce thin films. 

 

On this basis, the aim of this paper is to report on the feasibility of preparing anti-fogging 

coatings on glass samples using 1,3,5,7-tetramethylcyclotetrasiloxane (TMCTS) and nitrous 

oxide (N2O) by a DBD operated in N2 at atmospheric pressure (i.e., Townsend discharge). 

The composition and structure of the coatings was studied by Fourier Transform Infrared 

(FTIR) and X-ray photoelectron (XPS) spectroscopies. Surface roughness and coating 

thickness were measured by atomic force microscopy (AFM) and profilometry, respectively. 
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The wetting behavior was assessed by water contact angle (WCA) measurements. Anti-

fogging performance of coated glasses was evaluated by visual inspection following 

exposure to hot water at 80°C, and by the protocol described in the ASTM F 659-06 standard.  

 

4.4 Materials and methods 

 Materials and sample preparation 

 

The siloxane precursor used in this study was 1,3,5,7-tetramethylcyclotetrasiloxane 

(O4Si4(CH3)4H4), also known as “TMCTS” (Figure 4.1). Liquid TMCTS (NMR grade and 

purity ≥ 99.5%) was purchased from Sigma-Aldrich. Nitrogen (N2, grade 4.8) and nitrous 

oxide (N2O, 99.998%) were provided by Linde (Québec, QC, Canada). Acetone and 

methanol were purchased from Laboratories MAT (Québec, QC, Canada) and commercial 

alcohols (Ontario, ON, Canada), respectively. Rectangular-shaped glass samples 

(13 cm ´ 5 cm ´ 2 mm) were kindly provided by Multiver Ltd (Québec, QC, Canada). Prior 

to coating deposition, glass samples were ultrasonically cleaned with acetone for 10 min and 

rinsed with methanol and deionized water to remove any organic remnant. Afterwards, glass 

samples were ultrasonically washed with deionized water for 10 min and wiped dry with a 

cotton cloth (Amplitude KappaTM, Contect, Inc., Spartanburg, SC, USA). 

 

 

Figure 4.1: Molecular structure of TMCTS. 
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 Deposition process 

 

A DBD design, such as that in Figure 4.2, was used to prepare TMCTS-based coatings. The 

DBD reactor is composed of two parallel plate electrodes; the upper one is a 0.64-mm-thick 

alumina sheet coated with a conductive paint (3.5 cm ´ 3.0 cm), while the bottom one is a 

stainless-steel plate (13 cm ´ 9 cm). The plasma was generated within the inter-electrode 

space on application of a sinusoidal voltage with a peak-to-peak amplitude of 14 kV and a 

frequency of 3 kHz. These operating conditions correspond to a power dissipated in the 

discharge of 0.25 W cm-2. 

 

 

Figure 4.2: DBD setup used for the deposition of TMCTS-based coatings. 
 

The gas inlet consisted of two independent lines, one for N2 (carrier gas, 6 L min-1) and other 

for N2O (oxidant, variable flow rate). Gases were carried to the inter-electrode space through 

a diffuser, thereby ensuring a laminar flow and a continuous renewal of the gaseous 

atmosphere during the deposition process. The flow rates of N2 and N2O were measured 

using mass flow controllers (BronkhorstTM, Ruurlo, Holland). A TMCTS aerosol in N2 was 

injected into the inter-electrode space at 1 L min-1 using a syringe pump (FisherbrandTM, 

Thermo Fisher Scientific, Runcorn, Cheshire, UK) coupled to a nebulizer (Mira Mist CETM, 

Burgener Research Inc., Mississauga, ON, Canada).  
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Prior to the deposition process, glass samples were placed on the bottom electrode keeping 

the inter-electrode distance at 1 mm. Afterwards, the reactor chamber was pumped down to 

10-2 torr and filled with nitrogen until pressure reaches 760 Torr (1 atm). Coating deposition 

was carried out in static mode (i.e., no relative movement between the glass sample and the 

electrodes) for 20 min. Table 4.1 summarizes the deposition parameters that were varied in 

this study. 

 

Table 4.1: Deposition parameters. [X] indicates concentration in parts per million (ppm). 
R = [N2O]/[TMCTS] and S = [N2O] + [TMCTS]. 

Coating [TMCTS] [N2O] R S 

A 9.0 91.0 10 100 

B 3.2 96.8 30 100 

C 6.5 193.5 30 200 

D 18.0 182.0 10 200 

 

[N2O]/[TMCTS] ratios were set at 10 (sub-stoichiometric ratio) and 30 (over-stoichiometric 

ratio) considering the following reaction between the TMCTS and the N2O in the plasma: 

 

[H(CH3)SiO]4 + 20 N2O → 40 N2 + 4 CO2 + 8 H2O + 4 SiO2 (4.1) 

 

 Coating characterization 

4.4.3.1 Stylus profilometry  

 

Coating thickness was determined by stylus profilometry. Following coating deposition, 

coatings were slightly scratched off with a tweezers tip each 2 mm from the entrance to the 

exit of the discharge. The average height of the resulting steps was measured in triplicate 

from the entrance and parallel to gas flow using a DektakXTTM profilometer (Bruker Nano 

Surface Division, Tucson, AZ, USA) with a stylus force of 1 mg (radius = 5.0 mm). The 
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uncertainty in the average thickness was calculated as the standard deviation of these 

measurements. Measurements lasting 60 s were performed on a distance of 500 µm. 

Deposition rate of the coatings was calculated by dividing the as-measured thickness by the 

deposition time. 

 

4.4.3.2 Attenuated total reflectance Fourier transformed infrared 

spectroscopy (ATR-FTIR) 

 

The chemical bonds and structure of the coatings were analyzed using a FTIR spectrometer 

(Cary 660 FTIR, Agilent Technologies, Victoria, Australia) equipped with a DLaTGS 

detector and a Split-Pea attachment (Harrick Scientific Products, Pleasantville, NY, USA). 

Spectra were averaged over 128 scans and recorded from 400 to 4000 cm-1 at a resolution of 

4 cm-1. Following baseline correction, Origin software (Origin Lab Corp. v 8.5) enabled us 

to fitting curves to overlapping peaks for semi-quantitative analysis. For the sake of 

comparison, all spectra were normalized with respect to the 1000-1200 cm-1 peak from Si-

O-Si asymmetric stretching, na Si-O-Si. For each sample, spectra were recorded in triplicate 

perpendicular to the gas flow and at a distance of 0.5 cm from the entrance to the discharge. 

For each experiment presented here, all IR spectra exhibited identical features. 

 

4.4.3.3 X-ray photoelectron spectroscopy (XPS) 

 

The surface composition of the coatings was investigated by X-ray Photoelectron 

Spectroscopy (XPS) using a PHI 5600-ci spectrometer (Physical Electronics, Chanhassen, 

MN, U.S.A). A standard aluminium X-ray source (Al Ka 1486.6 eV) was used to acquire the 

survey spectra of Si, C, O, and N in the range 0-1400 eV, while a standard magnesium X-

ray source (Mg Ka 1253.6 eV) was used to acquire the high-resolution spectra of C and Si. 

Photoelectrons coming from an area of 5 ´ 10-3 cm2 were detected at an angle of 45° with 

respect to the surface normal. Analyses were conducted at 10-8 torr with no need for surface 

charge neutralization. The spectrometer work function was adjusted by setting the binding 
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energy of the C-C/C-H feature at 285 eV. By least squares minimization, curve fitting of the 

C1s and Si2p envelopes was carried out using Gaussian-Lorentzian functions and a Shirley-

type background. All photoemission peak areas were calculated by PHI MultiPakTM software 

v 9.3. Nine analyses per sample were performed to assess the chemical homogeneity of the 

coatings (from the entrance to the exit of the discharge) and provide a mean value with its 

corresponding standard deviation. 

 

4.4.3.4 Atomic force microscopy (AFM) 

 

The surface topography of the coatings was examined at the nanometer scale on 2 ´ 2 µm2 

and 20 ´ 20 µm2 areas using an atomic force microscope (Dimension 3100, Veeco Digital 

Instruments by Bruker, Santa Barbara, CA, USA) equipped with an etched silicon tip with a 

radius of curvature < 10 nm (OTESPA probe, Bruker Nano Surface Division, Santa Barbara, 

CA, USA). AFM images were acquired in the tapping mode at a scan rate of 0.5 Hz and a 

line resolution of 256 ´ 256. Two roughness parameters, namely the root mean square 

roughness (Rrms) and the mean roughness (Ra) were measured following image flattening 

(NanoScope Analysis software v 1.5 by Bruker). 

 

 Wetting behavior assessment 

 

The wetting behavior of the coatings was assessed using the sessile drop method. Briefly, 3-

µL water drops were dropped from a height of 1 cm and contact angles were measured 

following the pinning of the three-phase contact line using a Video Contact Angle System 

(VCA-2500 XETM, AST products Inc., Billerica, MA, USA). For each sample, nine droplets 

were deposited on different locations from the entrance to the exit of the discharge area. The 

water contact angles (WCA) reported here are the average of the values measured on the right 

and left sides of sessile drops. 
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 Fogging resistance assessment 

 

The fogging resistance of coated glasses was assessed by means of a Fog Quantification Box 

(FQB), which was fabricated taking into account the anti-fogging requirements defined in 

the ASTM F659-06 standard [195]. Briefly, coated glasses were placed over a bath 

containing water at 50°C to measure the “two-pass” transmittance of a 590-nm light as a 

function of time. According to the ASTM F659-06 standard [333], if the percentage of light 

transmitted through the sample is greater than or equal to 80% following 30 s of exposure to 

water vapor, the anti-fogging requirement is met. 

 

4.5 Results and discussion 

 Deposition rate of the coatings 

 

Figure 4.3 shows the deposition rate of the coatings as a function of the position along the 

length of the discharge. Regardless of the deposition conditions, it was found that deposition 

rates were at their highest at approximately 2 mm from the entrance to the discharge. 

Nonetheless, the deposition profiles appeared to be governed by the [N2O]/[TMCTS] ratio. 

In this respect, two groups of coatings can readily be distinguished, namely, those fabricated 

under sub-stoichiometric [N2O]/[TMCTS] ratios (R = 10) and those fabricated under over-

stoichiometric [N2O]/[TMCTS] ratios (R = 30). 

 

In the case of sub-stoichiometric conditions ([N2O]/[TMCTS] = 10), deposition profiles 

result in a thickness gradient characterized by a deposition rate at the entrance of the 

discharge of few nm min-1, followed by a marked increase to 348 nm min-1 for the coating 

D, and 336 nm min-1 for the coating A. Afterwards, deposition rates decreased steadily along 

the length of the discharge to approximately 10 nm min-1 at the exit. In the case of over-

stoichiometric conditions ([N2O]/[TMCTS] = 30), deposition profiles exhibited similar 

features even though deposition rates were significantly lower. Here, deposition rates 

increased less abruptly to approximately 67.6 nm min-1 for the coating B and 98.3 nm min-1 
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for the coating C, and then decreased more gently to 11 nm min-1 at the exit of the discharge. 

Such deposition profiles suggest a slow consumption of the precursor along the length of the 

discharge, compared to that of the samples A and D. Interestingly, for the same value of the 

[N2O]/[TMCTS] ratio, deposition profiles were almost superimposable. 

 

 
Figure 4.3: Deposition rate as a function of the position for coatings deposited under 
different [N2O]/[TMCTS] ratios and [N2O] + [TMCTS] sums.  
 

Despite these particularities, the trend observed in the deposition rates are not surprising 

given that the amount of precursor must decrease along the length of the discharge as a result 

of the interaction with the plasma species (e.g., electrons, radicals, N2 metastables, etc.). In 

investigating SiO2-like cotings deposited from N2/N2O/HMDSO mixtures using an AP-DBD, 

Enache et al. [467] revealed similar deposition profiles. As did Premkumar and collaborators 

[468], who prepared coatings from Ar/N2/O2/HMDSO mixtures by PECVD, these authors 

formulated a simple mechanistic model to account for the observed deposition profiles [467].  

 

The proposed mechanism was built on two basic assumptions, namely, that HMDSO 

molecules do not react with the substrate, and that the Si-O-Si containing radicals resulting 

from the interaction of HMDSO with the N2 (A3Su+) metastable species have sticking 
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coefficients equal to one (i.e., they are incorporated into the coating/substrate with probability 

unity). On the other hand, it can be argued that the residence time of the fragments resulting 

from these interactions is greater than that required for them to diffuse toward the glass 

surface, as no coating was observed outside the discharge (³ 3.0 cm). 

 

 Structural analysis of the coatings 

 

Understanding the chemistry and the structure of the plasma-deposited coatings is key to 

explaining their resistance to fogging (section 4.5.5). For this reason, IR features have been 

compared to those of the TMCTS and discussed further in section 4.5.2.5, in terms of band 

broadening and frequency shifts. 

 

4.5.2.1 IR spectrum of liquid TMCTS 

 

Figure 4.4 shows a detailed assignment of the infrared bands of TMCTS. Vibrational modes 

of methyl groups resulted in two small bands, one at 2968 cm-1 due to the C-H asymmetric 

stretching (na), and other at 2922 cm-1 due to the C-H symmetric stretching (ns). Asymmetric 

(da) and symmetric (ds) bending vibrations of C-H in CH3 groups were found at 1406 and 

1259 cm-1, respectively [412,469–472]. As in the case of hydrocarbon compounds, these 

features are expected to occur at 1450 and 1380 cm-1, respectively; however, the silicon atom 

bonded to the methyl group cause them to shift to lower frequencies [412,470–472]. The 

absorption originating from the CH3 symmetric bending (ds CH3) is likely the most 

characteristic one of the methylsilyl-containing siloxanes. The frequency at which this 

feature appears depends on the number of methyl groups bonded to the silicon atom in the 

(CH3)n-SiO4-n units (where n = 1, 2, and 3). In general, this band occurs at ~ 1275 cm-1 when 

n = 1 (“T-units”), at ~ 1265 cm when n = 2 (“D-units”), and at ~ 1255 cm-1 when n = 3 (“M-

units”) [473–475]. This absorption is always accompanied by the Si-C stretching and CH3 

rocking vibrations. In M-units, both the CH3 rocking and the Si-C asymmetric stretching 

appear at 845 cm-1, along with the Si-C symmetric stretching at 760 cm-1 [471,476]. In D-

units, the CH3 rocking appears at 855 cm-1, while the asymmetric and symmetric stretching 
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vibrations of Si-C appear at 800 cm-1 and 690 cm-1, respectively [471,474,476]. In T-units, 

only one peak in the 750-780 cm-1 range is observed, as in the case of TMCTS (n Si-C/r CH3 

at 771 cm-1) [412,471]. 

 

 
Figure 4.4: IR spectrum of liquid TMCTS (n = stretching, d = bending, r = rocking, 
a = asymmetric, and s = symmetric). 
 

Numerous studies on siloxane compounds have evidenced that the frequency at which the 

Si-O-Si asymmetric stretching (na Si-O-Si) occurs can vary from 1010 to 1125 cm-1 

depending on the molecular structure. In linear siloxanes, this band broadens as the chain 

length increases and splits into two features at approximately 1080 and 1020 cm-1, when the 

number of siloxane groups (Si-O-Si) is greater than or equal to three [477–480]. In cyclic 

siloxanes, this band shifts from 1020 to 1090 cm-1 as the cycle increases in size. As in linear 

siloxanes, this band broadens and splits into two features at approximately 1050 and 1090 cm-

1, but in this case, when the number of siloxane groups is greater than or equal to six (6-

membered rings) [477–480]. The Si-O-Si asymmetric stretching results in only one spectral 

feature at 1074 cm-1, given that the TMCTS is a cyclotetrasiloxane [412,472].The weak band 

at 575 cm-1 can be attributed to the symmetric stretching of Si-O-Si groups, i.e., ns Si-O-Si 

[469,472,476]. 
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Absorptions characteristic of the Si-H group are strong and isolated, making it easier to 

identify them. The band at 2167 cm-1 can be assigned to the Si-H stretching (n Si-H) 

[412,472]. The position of this feature, which usually ranges from 2100 to 2250 cm-1, is 

extremely sensitive to the chemical environment of the Si-H group [428,481,482]. The ring 

strain in cyclic siloxanes and the number of O-Si-O units in the vicinity of the Si-H group 

also influence the position of this vibrational mode. In cyclic siloxanes [(CH3)HSiO]n 

(n = 3-7), the Si-H stretching shifts to high frequencies as the cycle decreases in size. The 

electron attraction from adjacent O-Si-O units also causes n Si-H to shift to high frequencies 

as a result of the Si-H bond strengthening [428,481]. This band is accompanied by another 

more intense at 873 cm-1, which can be attributed to the asymmetric bending of H-Si-O 

groups (da H-Si-O) [412]. 

 

4.5.2.2 IR spectra of the coatings 

 

Coatings deposited on glass samples using an atmospheric pressure DBD exhibited many 

infrared features similar to those of the liquid TMCTS and several new ones. However, some 

differences in terms of peak areas, peak positions, and peak widths are worth mentioning. 

Figure 4.5 shows the infrared spectra of selected sections of coatings deposited under a sub-

stoichiometric ratio (coating A, [N2O]/[TMCTS] = 10) and under an over-stoichiometric 

ratio (coating B, [N2O]/[TMCTS] = 30). These samples were selected because of their 

different anti-fogging performance. 
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Figure 4.5: IR spectra of (a) 4000-500 cm-1, (b) 3800-2400 cm-1, (c) 1800-1300 cm-1, and 
(d) 1300-700 cm-1 regions of coatings deposited at R = 10 (in red) and R = 30 (in blue). 
 

4.5.2.2.1 Coatings deposited at [N2O]/[TMCTS] = 10 

 

Spectral features related to methyl groups such as na,s CH3 in the 2866-2970 cm-1 range 

(Figure 4.5b), da CH3 at 1410 cm-1 (Figure 4.5c), ds CH3 at 1274 cm-1, and n Si-C/r CH3 in 

the 750-850 cm-1 range (Figure 4.5d) were observed despite the addition of N2O (oxidant) 

in the discharge. The presence of these bands suggests that under a [N2O]/[TMCTS] ratio of 

10 is not possible to completely remove the methyl groups from the TMCTS during the 

deposition process. The disappearance of bands due to Si-H vibrations, namely n Si-H and 

da H-Si-O (Figure 4.5a), provides evidence to support the greater reactivity of the Si-H bond 
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compared with that of Si-C or C-H bonds [417]. Accompanied by a shoulder at ~ 1150 cm-1, 

the Si-O-Si asymmetric stretching (na Si-O-S) broadened and appeared at a frequency lower 

than that of the TMCTS (1029 vs. 1074 cm-1). The unresolved band between 3000 and 

3650 cm-1 due to O-H stretching vibrations [471,475,483] (Figure 4.5b) substantiates the 

presence of silanol groups in the coatings, a revealed by the feature at ~ 920 cm-1, i.e., Si-O 

bending in Si-OH groups (Figure 4.5d) [427,471,475,484]. Another less intense and 

complex band between 1500 and 1750 cm-1 can be attributed to presence of C=O (n C=O in 

aldehydes and amides) and N-H bonds (d N-H2) [483] in the coatings (Figure 4.5c). 

 

4.5.2.2.2 Coatings deposited at [N2O]/[TMCTS] = 30 

 

Because of the increase in the N2O concentration in the discharge, CH3-related absorptions, 

such as n Si-C/r CH3 in the 750-850 cm-1 range, da CH3 at 1410 cm-1, and ds CH3 at 

~ 1275 cm-1 were less intense when compared with those of the coatings deposited at 

[N2O]/[TMCTS] = 10. Some contribution to the band between 750 and 850 cm-1 may also 

come from the bending of Si-O-Si groups (δ Si-O-Si), which typically occurs at 800 cm-1 

(Figure 4.5d) [427,485]. The oxidative removal of CH3 groups was accompanied by an 

increase in the intensity of the d Si-OH band (~ 920 cm-1) and the disappearance of the Si-H 

functionality. As in the case of coatings prepared under a [N2O]/[TMCTS] = 10, the Si-O-Si 

asymmetric stretching, which also exhibited a shoulder at ~ 1170 cm-1, broadened and 

appeared at a frequency lower than that observed in the precursor (Figure 4.4). Bearing in 

mind the intensity enhancement of both the d Si-OH band (Figure 4.5d) and the broad band 

ranging from 3000 to 3650 cm-1, it can be argued that the amount of silanol groups is greater 

than that found in coatings prepared at [N2O]/[TMCTS] = 10 (Figure 4.5b). Bands related 

to carbonyl- and nitrogen-containing groups (i.e., C=O, NH) also occurred in the 

1500-1750 cm-1 range, but in this case, they were less intense than those observed in coatings 

prepared at R = 10 (Figure 4.5c). 
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4.5.2.2.3 Curve fitting of IR spectra 

 

Along with the CH3 symmetric bending (ds CH3), the analysis of the band between 1000 and 

1200 cm-1 (na Si-O-Si) makes it possible to obtain structural information of the coatings. It 

has been reported that this spectral feature can be curve fitted with two [427], three [412,486], 

or four [473] components. In the case of SiO2 coatings, the Si-O-Si asymmetric stretching 

results in two spectral features, one at ~ 1070 cm-1 due to the in-phase vibrations, known as 

“AS1”; and other at ~ 1200 cm-1 due to the out-of-phase vibrations, known as “AS2” 

[427,487,488]. The ratio of the area below the AS2 band to the area below the AS1 band 

allows for the qualitative assessment of the structural disorder in the coating. Indeed, the 

higher the AS2/AS1 ratio is, the more disordered the silica network is [489]. According to 

Rouchon et al. [490] the structural disorder is due to the presence of voids, stress, suboxides, 

or roughness at the interface coating/substrate, among other defects. 

 

In the case of carbon-containing SiOx coatings (i.e., SiOxCy:H), at least a third component 

must be taken into account when curve fitting the na Si-O-Si band. In this regard, worthy of 

mention is the elegant curve fitting conducted by Grill and Neumayer [412] in SiOxCy:H 

coatings prepared by plasma enhanced chemical vapor deposition (PECVD) from mixtures 

of TMCTS and an organic precursor. These authors attributed the first component at 

1020-1035 cm-1 to the presence in the coatings of cyclic siloxanes with D3h symmetry and 

silicon sub-oxidized states (e.g., O-Si-Si and O-Si-C). The second component at 

1065-1070 cm-1 was attributed to a Si-O-Si network with a Si-O-Si angle ~ 144° and some 

preserved TMCTS rings. Finally, the third component at 1135-1150 cm-1 was attributed to 

the presence of cage-like entities with Si-O-Si angles greater than 144°. It was also suggested 

that some contribution to the Si-O-Si envelope comes from the asymmetric stretching of Si-

O-C and C-O-C groups; however, no curve fitting was performed in this regard. 

 

Curve fitting of the most representative vibrational modes of Si-O-X (X = Si, C, and H), Si-

(CH3)n (where n = 1, 2, and 3), and CH3 groups was conducted considering the foregoing. To 

illustrate this point, an example is given in Figure 4.6. 
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Figure 4.6: Example of curve fitting of the 650-1300 cm-1 region for a coatings deposited at 
S = 100 and R = 10. The spectral features resulting from ns O-Si-C [491,492], d Si-O-Si, and 
n Si-C/r CH3 vibrations were also considered to provide further detail on the chemistry and 
structure of the coatings. 
 

Table 4.2 summarizes the integrated band areas and full width at half maximum of bands for 

plasma-deposited coatings. From the results shown in Table 4.2, it can be inferred that an 

increase in the amount of TMCTS and N2O in the discharge (i.e., [N2O] + [TMCTS] sum) 

appears to not modify significantly, either the chemistry or the structure of the coatings, if 

the [N2O]/[TMCTS] ratio remains unchanged. This indicates that the [N2O]/[TMCTS] ratio 

is a key factor in determining the chemistry of the coatings, and therefore, their anti-fogging 

performance. For this reason, coatings obtained at S = 100 has been used as a reference in 

this study (Figure 4.6). 
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Table 4.2: Full width at half maximum (FWHM) of bands and integrated band areas (A) for 
plasma-deposited coatings in the 650-1300 cm-1 range. 

Coating 
A 

R = 10 
S = 100 

B 
R = 30 
S = 100 

C 
R = 30 
S = 200 

D 
R = 10 
S = 200 

Acage-like (1135-1150 cm-1) 50.4±0.5 56.5±0.2 55.2±0.5 52.6±0.6 

AD4H ring/SiO2-like (1065-1070 cm-1) 35.4±0.8 44.1±0.8 40.1±0.6 38.9±0.3 

AO-Si-Si/O-Si-C (1020-1035 cm-1) 40.5±0.2 22.4±0.5 25.8±0.4 39.2±0.4 

FWHMcage-like, (cm-1) 86.7±0.6 97.6±0.3 93.9±0.7 84.1±0.7 

FWHMD4H ring/SiO2-like, (cm-1) 61.1±0.5 54.2±0.6 56.9±0.4 58.5±0.6 

FWHMO-Si-Si/O-Si-C, (cm-1) 49.1±0.4 45.7±0.7 40.7±0.4 54.2±0.5 

AdSi-OH (920-930 cm-1) 13.7±0.9 17.0±2.0 15.2±0.7 16.7±0.3 

FWHMdSi-OH (cm-1) 62.4±0.7 60.1±0.4 58.4±0.6 67.2±0.7 

AdCH3 in Si-(CH3)n, (1270-1275 cm-1) 3.1±0.5 1.4±0.7 1.7±0.5 2.6±0.4 

FWHMdCH3 in Si-(CH3)x (cm-1) 12.6±0.4 10.3±0.3 10.6±0.2 12.1±0.2 
 

Further analysis of the spectral features of the coatings A (R = 10) and B (R = 30) provides 

interesting structural information. As regards the na Si-O-Si feature, the observed band 

asymmetry/broadening and shift to low frequencies when compared to that of the TMCTS 

can be ascribed to a variation in the Si-O-Si bond angle, as indicated by Raballand and 

Keudell [493]. Changes in the Si-O-Si bonding environment are not surprising as only 0.1 eV 

is required to decrease by 13° the Si-O-Si angle [494], which substantiates the presence in 

the coatings of various Si-O-Si arrangements, such as cyclic entities, chains, and cage-like 

structures. As supported by the band in the 1135-1150 cm-1 range, the presence of cage-like 

structures in the coatings suggests that the (Si-O)4 rings of TMCTS were partially preserved. 

Furthermore, this feature broadened and shifted to higher frequencies as the amount of N2O 

injected in the discharge increased. This may be due to the formation of cage-like structures 

with various symmetries, such as closed cages (e.g., “T6”, and “T8”) and open cages (e.g., 

“T7”), similar to those found in silsesquioxanes (i.e., [RSiO3/2]n where R = H, alkyl, alkoxy, 

alkylene, aryl, etc.) [417]. In addition, the ratio of the area below the “cage-like” band to that 
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of the na Si-O-Si band was greater in coatings prepared at R = 30 (46% vs. 40%), suggesting 

a higher proportion of these entities in the coatings. 

 

Bands related to “open” structures were also found to vary with the [N2O]/[TMCTS] ratio. 

In both coatings, the FWHM of the “DH4 ring/SiO2-like” band was less than that reported in 

the SiO2 (~ 75 cm-1), which suggests that the distribution of the Si-O-Si bond angles is less 

widely spread and relatively close to 144° [493,495]. The observed decrease in “O-Si-Si/O-

Si-C/“D4H ring/SiO2-like” area ratio when [N2O]/[TMCTS] ratio went from 10 to 30, may 

account for the shift in the na Si-O-Si maximum from 1029 (R = 10) to 1050 cm-1 (R = 30), 

because of the oxidative removal of carbon from the O-Si-C entities. This finding is 

consistent with the loss of the CH3 groups, as revealed by the decrease in the band due to the 

CH3 symmetric bending (ds CH3). The frequency at which the ds CH3 feature occurred 

(~ 1275 cm-1) in both coatings indicates that most of the CH3 groups were integrated in “T” 

units (i.e., O3Si-(CH3)1); that said, its asymmetry provides strong evidence of the presence of 

“D” (i.e., O2Si-(CH3)2) and “M” (i.e., O1Si-(CH3)3) units in the coatings. 

 

At low N2O/TMCTS ratios (R = 10), the Si-CH3 bond is mainly preserved, in light of the 

features at 1275 cm-1 (ds CH3 in Si-(CH3)n) and 774 cm-1 (n Si-C/r CH3) (Figure 4.5d). 

However, under these conditions, the emergence of the d Si-OH absorption at ~ 920 cm-1 was 

accompanied by the loss of the Si-H functionalities, as neither n Si-H nor d H-Si-O vibrations 

were observed (Figure 4.5a). Accordingly, it may be argued that, the formation of Si-OH 

groups at low oxidant/precursor ratios, occurs primarily through the breaking of Si-H bonds, 

most likely on interaction with the N2 (A3Su+) species [496], or/and with the oxygen atoms 

coming from the dissociation of the N2O in the plasma [497]. That said, the hydroxylation of 

a small number of Si-CH3 groups, that is, the conversion of Si-CH3 groups into Si-OH ones 

cannot entirely be excluded. At high N2O/TMCTS ratios (R = 30), it is reasonable to assume 

that most of the Si-CH3 groups underwent hydroxylation, in view of the sharp decrease in the 

ds CH3 band accompanied by a further increase in the d Si-OH feature [498]. 
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 Surface composition of the coatings 

 

Table 4.3 shows the surface composition of plasma-deposited coatings at R = 10 and R = 30 

in terms of atomic percent (at. %) of carbon, oxygen, and silicon, as well as O/Si and C/Si 

ratios.  

 

Table 4.3: Surface composition of plasma-deposited coatings as a function of the position. 
(Middle: at 0.5 cm from the entrance to the discharge). 
Coating Position C1s O1s Si2p N1s O/Si C/Si 

A 
(R = 10) 

Entrance 20.6±0.5 52.4±0.4 24.4±0.3 2.6±0.3 2.14±0.04 0.84±0.03 

Middle 19.4±0.3 53.4±0.6 24.5±0.2 2.7±0.1 2.17±0.04 0.79±0.02 

Exit 19.2±0.5 54.3±0.3 23.9±0.4 2.6±0.2 2.27±0.05 0.80±0.03 

B 
(R = 30) 

Entrance 9.5±0.3 65.2± 0.4 24.7±0.5 0.6±0.1 2.64±0.07 0.38±0.02 

Middle 8.1±0.6 66.8± 0.4 24.5±0.7 0.6±0.2 2.73±0.09 0.33±0.03 

Exit 7.9±0.4 66.3±0.6 25.3±0.4 0.5±0.1 2.72±0.07 0.31±0.02 

TMCTS - 33.3 33.3 33.3 - 1 1 
 

XPS survey analyses reveal that surface composition of both coatings does not change 

significantly from the entrance to the exit of the discharge. This may indicate that the 

fragmentation of TMCTS occurring along the length of the discharge was not strongly 

affected by the [N2O]/[TMCTS] ratio. 

 

When compared with the atomic composition of TMCTS, plasma deposition conducted 

under over-stoichiometric or sub-stoichiometric [N2O]/[TMCTS] ratios resulted in coatings 

with much less carbon (<< 33%) and more oxygen (>> 33%). In coatings deposited at R = 30, 

the average content of carbon and oxygen at the surface were approximately 9 and 66%, 

respectively. These values were approximately 20 and 53%, respectively, in coatings 

deposited at R = 10. Not surprisingly, coating deposition conducted in the presence of a 

higher amount of N2O in the discharge (R = 30) resulted in coatings with less carbon, thus 

supporting the removal of methyl groups observed in the FTIR analyses. Interestingly, the 
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average silicon content appears unaffected by the addition of the oxidant, as it remains almost 

unchanged at approximately 24-25%. This particular feature coupled with a relatively low 

carbon percentage compared to that of the TMCTS, explains the C/Si ratios found in the 

coatings. 

 

Interestingly, O/Si ratios were greater than that of the stoichiometric silica (O/Si = 2). The 

non-stoichiometricity of the SiOxCy:H coatings evidences the incorporation of oxygen from 

the discharge and substantiates the presence silanol groups (FTIR results). The low O/Si 

values observed in coatings prepared at R = 10 compared with those of the coatings prepared 

at R = 30, highlights how important is the amount of N2O to remove carbon from the 

precursor molecules. With a more important concentration at R = 10, a slight amount of 

nitrogen, most likely coming from the N2 in the discharge [499], was found in both coatings. 

The incorporation of nitrogen has also been reported in SiOxCy:H coatings made from 

HMDSO/N2O and SiH4/N2O mixtures using a DBD operated in N2 at atmospheric pressure 

[485]. Interestingly, a low content of N2O in the discharge correlated with an enhanced 

nitrogen incorporation efficiently. 

 

Although XPS analyses were consistent with the results obtained by FTIR, it has been 

deemed appropriate to provide further detail on the carbon and silicon bonding environments. 

As illustrated in Figures 4.7a and 4.7b, C1s envelopes were resolved into two or three bands. 

In both coatings, the feature at 285.0 eV revealed that most of the carbon comes from C-H 

and C-C containing species [500,501]. The components at approximately 286.3 eV and 

288 eV can be attributed to the presence of single-bonded C-O/C-N [500,501] and double-

bonded C=O/N-C=O [500,501] containing species, respectively. The C-O/C-N band was 

slightly more intense in coatings deposited under soft oxidizing conditions (Figure 4.7a). 

This result was in agreement with FTIR spectra, where it was found that vibrations of C=O 

and N-H groups resulted in more intense IR features at R = 10 than at R = 30 (Figure 4.5c). 

With the XPS survey scan and the HRXPS analyses in mind, it can be said that coatings 

fabricated at R = 10 contain more carbon, and that this carbon is less oxidized than that of 

the coatings fabricated at R = 30, because of the additional feature at 288 eV. 
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Figure 4.7: HRXPS C1s and Si2p spectra for the coating A (R = 10) (a,c) and the coating B 
(R = 30) (b,d), respectively, on areas located at 0.5 cm from the entrance to the discharge. 
 

Even though the Si percentage does not vary significantly with the [N2O]/[TMCTS] ratio, 

the Si bonding environment does slightly. According to O’Hare’s [502] and Alexander’s 

groups [503], Si2p envelopes can be composed of up to four peaks depending on the number 

of oxygen and carbon atoms bonded to the silicon, i.e., (CH3)nSiO(4-n)/2 (where n = 0-3). The 

first peak at 101.5 eV is generally attributed to M-units (n = 1), the second peak at 102.1 eV 

to D-units (n = 2), the third peak at 102.8 eV to T-units (n = 3), and the last one at 

103.4-103.6 eV to the presence of SiO4 entities or Q-units in the coatings (n = 4). As shown 

in Figure 4.7c and 4.7d, the Si2p core level can be described by the abovementioned 

components. It is worth mentioning that the layer deposited at over-stoichiometric ratio 

(Figure 4.7d) is more oxidized given that the Q-units+T-units/D-units+M-units ratio is 

greater than that found in the sub-stoichiometric case (0.75 vs. 0.5; Figure 4.7c). It can 
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therefore be concluded that the coatings deposited at R = 30 possessed a higher inorganic 

character, and therefore, are somewhat closer to the SiO2-like structure. This is in line with 

the results shown in Table 4.3. Indeed, the coatings obtained under an over-stoichiometric 

ratio (R = 30) possesses a greater amount of oxygen and less amount of carbon than those 

prepared at R = 10. 

 

 Surface topography of the coatings 

 

Coatings were quite homogeneous and exhibited no surface defects at the microscale 

(Figure 4.8). Interestingly, an increase in the N2O in the discharge (compare Figures 4.8a 

and 4.8b, and Figures 4.8c and 4.8d) appears to not affect significantly the morphology of 

the surface features nor the surface roughness. Indeed, coatings were smooth, in view of the 

small Rrms values (2-4 nm) for both 2 ´ 2 and 20 ´ 20 µm2 areas. A similar trend was noticed 

in the mean roughness measured on both 2 ´ 2 and 20 ´ 20 µm2 areas, with Ra values of 2 

and 1.8 nm, respectively. In either case, plasma-deposited coatings were rougher than the 

glass substrate, which exhibited surface features in the range of 0.5-1.5 nm range (not 

shown). 
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Figure 4.8: Atomic force micrographs of the plasma-deposited coatings on glass using a 
homogeneous N2/N2O Townsend discharge. (a) R = 10, (b) R = 30 on a 2 × 2 μm2 scanning 
area, and (c) R = 10 and (d) R = 30 on a 20 × 20 μm2 scanning area (AFM analyses were 
performed on areas located at 0.5 cm from the discharge). 
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 Anti-fogging performance and wetting behavior of the coatings 

 

To assess the anti-fogging performance of coated glasses, light of wavelength 590 nm 

transmitted through the coated glasses in the presence of water vapor at 50°C was measured 

as a function of time (ASTM F659-06 protocol). For comparative purposes, an uncoated glass 

sample was also tested (Figure 4.9a).  

 

 
Figure 4.9: (a) Percentage of light transmitted as a function of time through plasma-coated 
glasses fabricated under different [N2O]/[TMCTS] ratios and [N2O] + [TMCTS] sums. (b) 
Side view of a coated glass obtained at [N2O]/[TMCTS] = 30 and [N2O] + [TMCTS] = 100, 
when exposed to water vapor at 80°C (Fog testing was performed on areas located at 0.5 cm 
from the discharge). 
 

Regardless of the deposition conditions, transmittance curves exhibited a marked decrease 

within the first seconds followed by a very slow recovery. According to Chevallier and 

colleagues [195], the drop in light transmission observed within the first ~ 10 s is due to the 

scattering of incident light provoked by water drops and can be correlated with the anti-

fogging performance by the following exponential relationship: 

 

o = 100 ∙ p=cq																																																																												0 < s < stuvw
 (4.2) 
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where o is the light transmission (%), s is the elapsed time (s), and stuvw
 is the time required 

for light transmission to decrease to a minimum value.  

 

Although simple, Equation 4.2 proves successful in predicting whether a coated glass will 

be fogging-resistant or not, as small values of /  are linked to a better anti-fogging 

performance. Indeed, the smaller the exponent /, the slower the drop in light transmission, 

and therefore, the more likely the coated glass to meet the anti-fogging requirements defined 

in the ASTM F659-06 standard, that is, transmittances above 80% after 30 s of exposure to 

water at 50°C (Table 4.4). 

 

Table 4.4: Typical data measured from the light transmission curves presented in Figure 4.9. 
*The uncertainty in the A d CH3/A d Si-OH ratios was calculated by error propagation using data 
from Table 4.2. 

Coating x (s-1) Transmittance 
at 30 s (%) WCA (deg.) A d CH3/A d Si-OH 

B (R = 30, S=100) 0.12 ± 0.01 93.4 5-10 0.08 ± 0.05 

C (R = 30, S=200) 0.20 ± 0.01 93.2 5-10 0.11 ± 0.02 

A (R = 10, S= 100) 0.38 ± 0.03 67.8 62 ± 4 0.23 ± 0.05 

D (R = 10, S=200) 0.44 ± 0.02 66.2 55 ± 5 0.17 ± 0.03 

Uncoated glass 0.85 ± 0.03 61.4 72 ± 2 - 

 

Fog testing revealed that uncoated glass fogged up promptly when exposed to the water vapor 

50°C, while those coated with a TMCTS-based film maintained, in the worst case, ~ 66% of 

the light transmitted after 30 s of exposure (coating D). Further to this, the analysis of light 

transmittance at 30 s makes it possible to distinguish two families of coatings in terms of the 

anti-fogging response: those that meet the anti-fogging requirements (coatings deposited 

under over-stoichiometric [N2O]/[TMCTS] ratio (R = 30)) and those that did not (coatings 

deposited under sub-stoichiometric [N2O]/[TMCTS] ratio, R = 30). Coatings deposited 

under higher oxidizing conditions exhibited superior anti-fogging performance 

(Transmittances > 80% at 30 s) and featured a drop in light transmission (i.e., smaller values 

of /) faster than that observed in coatings prepared at low oxidant/precursor ratio (i.e., 
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smaller values of /). Interestingly, the anti-fogging performance and the wetting behavior of 

the coatings can be correlated by the ratio A(ds CH3 in Si-(CH3)n)/A(d Si-OH), that is, the area below 

the IR band due to the symmetric bending of CH3 groups to the area below the IR band due 

to silanol groups. It was found that the smaller the ratio, the lower the contact angle, and thus, 

the better anti-fogging performance. 

 

Numerous studies on wetting phenomena have demonstrated that the wetting behavior of any 

surface is not only determined by its chemistry but also by its roughness. According to the 

Wenzel model [79], when a water droplet meets a rough surface, the resulting contact angle 

can be described as follows: 

 

cos	7m|}~^ =g� cos 7FH||q^ (4.3) 

 

where 7m|}~^ is the contact angle measured on a rough surface (i.e., apparent contact angles), 

g� is the roughness factor, which is defined as the ratio between the actual surface area in 

contact with the liquid drop and its projection onto a planar surface (equivalent to a smooth 

surface), and 7FH||q^ is the contact angle for an ideal smooth surface. 

 

From Equation 4.3, it can be inferred that an increase in the roughness factor enhances the 

hydrophilicity of the coating (i.e., decrease in the water contact angle) if its water contact 

angle is below 90°. Nonetheless, the decrease in the WCA observed in the plasma-deposited 

coatings as the ratio increased from 10 to 30 cannot be due to an enhancement of surface 

roughness, because Rrms and Ra values remained virtually unchanged. Accordingly, the anti-

fogging performance of the coatings prepared at R = 30 can primarily be explained in terms 

of a surface chemistry governed by the Si-OH groups (see FTIR and XPS results). These 

hydrophilic functionalities cause water drops to spread to form a continuous water film on 

the surface (WCA = 5-10°), resulting in a non-fogged surface such as that shown in Figure 

4.9b. 
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4.6 Conclusions 

 

A coating made from 1,3,5,7-tetramethylcyclotetrasiloxane (TMCTS), a cyclic siloxane 

precursor, with remarkable anti-fogging properties has been prepared for the first time. The 

chemistry, the surface topography, and the anti-fogging performance of coatings deposited 

under different operating conditions were investigated in detail. Light transmission 

measurements (ASTM F 659-06) revealed that the anti-fogging performance was governed 

by the [N2O]/[TMCTS] ratio and not by the [N2O] + [TMCTS] sum. The better anti-fogging 

performance observed in glass substrates coated under generous oxidant conditions 

([N2O]/[TMCTS] = 30)—compared with that of the coatings prepared under less oxidant 

conditions ([N2O]/[TMCTS] = 10)—was due to their capacity to spread fog drops to form 

sheet-like water layers (WCA = 5-10° vs. 55-62°). Considering that coatings deposited at 

[N2O]/[TMCTS] = 30 were very smooth (Rrms = 2.4-2.6 nm), their superhydrophilicity, and 

therefore, their resistance to fogging was attributed to a surface chemistry characterized with 

small Si-CH3/Si-OH ratios (i.e., concentration of surface Si-OH groups greater than that of 

the Si-CH3 ones), as revealed by FTIR and XPS. The independence of the anti-fogging 

performance on the [N2O] + [TMCTS] sum can be beneficial if the atmospheric pressure 

Townsend discharges are implemented on an industrial scale to fabricate anti-fogging 

coatings. In this regard, minimizing the total amount of gases injected into the discharge, 

while keeping a suitable [N2O]/[TMCTS] ratio, would undoubtedly reduce the 

manufacturing cost, thus bringing economic savings. 
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5.1 Résumé 

 

Au cours des dernières années, un nombre croissant d’études ont été consacrées à la 

conception de revêtements destinés à être utilisés dans des applications traitant la formation 

de buée, tels que les endoscopes, les rétroviseurs des automobiles ou les lunettes de 

protection. Malheureusement, la mise en œuvre à l’échelle industrielle de la plupart des 

techniques de dépôt des couches utilisées à cette fin est une tâche ardue en raison des 

contraintes liées à une faible reproductibilité ou à des délais de fabrication trop longs. Il est 

donc nécessaire de développer des stratégies rentables et rapides compatibles avec la 

production en série pour la fabrication de revêtements antibuée. Dans cette optique, nous 

rapportons l’utilisation de décharges à barrière diélectrique à pression atmosphérique (AP-

DBD) fonctionnant en présence de petites quantités d’oxyde nitreux (N2O) et de 1,3,5,7-

tétraméthylcyclotétrasiloxane (TMCTS), comme étant une approche prometteuse pour la 

fabrication en étape unique de verre antibuée. Il a été constaté qu’une augmentation du 

rapport [N2O]/[TMCTS] ou de la puissance dissipée dans la décharge avait pour résultat des 

revêtements ayant une structure similaire à celle de la SiO2 avec des groupes hydrophiles 

abondants, tels que Si-OH, C-O ou O=C-O, en surface. En raison de leur hydrophilicité 

(WCA< 40°), les revêtements fabriqués sous des ratios [N2O]/[TMCTS] ³ 30 et de puissance 

dissipée ³ 0,25 W cm-2 confèrent aux échantillons de verre une remarquable performance 

antibuée en présence de vapeur d’eau à 80°C. De plus, le protocole ASTM F 659-06 a révélé 

que les verres traités montraient une transmission de la lumière plus élevée (Taverage > 90%) 

que du verre non traité qui s’est embué dans les mêmes conditions (Taverage » 55%), après 

30 s d’exposition à la vapeur d’eau à une température de 50°C.  
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5.2 Abstract 

 

Over the past few years, a growing number of studies have focused on designing coatings for 

use in applications dealing with fogging such as endoscopes, automobile side view mirrors, 

or protective googles. Unfortunately, the implementation on an industrial scale of most of 

the coating techniques used for that purpose is a challenging task, because of constraints 

related either to low reproducibility or to long manufacturing times. Developing cost- and 

time-effective strategies compatible with mass production to fabricate anti-fogging coatings 

is thus necessary. With this goal in mind, we report on the use of atmospheric pressure 

dielectric barrier discharges (AP-DBDs) operated in the presence of small amounts of nitrous 

oxide (N2O) and 1,3,5,7-tetramethylcyclotetrasiloxane (TMCTS), as a promising approach 

for the one-step fabrication of fog-resistant glass. It was found that an increase in either the 

[N2O]/[TMCTS] ratio or the dissipated power resulted in coatings with a structure similar to 

that of SiO2 with abundant hydrophilic groups, such as Si-OH, C-O, or O=C-O, on the 

surface. Because of their water-attracting features (WCA < 40°), coatings deposited under 

[N2O]/[TMCTS] ratios  ³ 30 and dissipated power ³ 0.25 W cm-2 conferred a remarkable 

anti-fogging performance to glass samples when placed over water at 80°C. Moreover, the 

ASTM F 659-06 protocol evidenced that coated glasses maintained a higher light 

transmittance (Taverage > 90%) after 30 s of exposure to water vapor at 50°C and exhibited a 

slow light transmission drop compared to that of uncoated glass, which promptly fogged up 

(Taverage » 55%). 
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5.3 Introduction 

 

Experience shows that the loss of the “see-through” property and the blurred view typical of 

fogged surfaces can be incredibly frustrating. Eyeglasses steaming up during physical 

activity, condensation forming on the inside of windows during cold winters, or bathroom 

mirrors becoming blurred during a steamy shower are some obvious examples [402]. In 

addition to being upsetting, the fogging of surfaces has been shown to cause adverse effects 

on sectors of activity as diverse as the medical (e.g., endoscopic surgery [16]), the food 

industry (e.g., food packaging [239], refrigerated display cabinets [35], and greenhouses 

[295]), and the automotive (e.g., automobile windshields [11] and side view mirrors [328]) 

and photovoltaic sectors (e.g., solar cells [162]). Although it may appear surprising, these 

examples have at least two features in common. First, the solid surface on which water 

condenses is able to reduce the temperature of nearby water vapor below the dew point; and 

second, condensation takes the form of tiny droplets (“dropwise” condensation) [504,505]. 

Each droplet scatters the incident light in all directions leading to the formation of a whitish 

layer on the surface, commonly referred to as “breath figures” [506]. 

 

Numerous studies have evidenced that changing the morphology of water drops, for example, 

through the interaction with a (super)hydrophilic coating, is key to endowing surfaces with 

the anti-fogging feature [22]. The working principle of an anti-fogging coating with water-

attracting features consists in spreading water drops across the surface to form sheet-like 

layers, and thus minimize light scattering [507]. Generally speaking, these coatings can be 

grouped according to their chemical nature, into two main categories, namely organic and 

inorganic coatings. Organic coatings are typically made from synthetic polymers bearing 

hydrophilic groups, such as hydroxyl, carboxyl, ester, amino, or amide groups. These include 

polyvinyl polymers (e.g., poly(vinyl alcohol) [195] and poly(vinylpyrrolidone) [175]); 

(metha)acrylic polymers (e.g., poly(acrylic acid) [194] and poly(methacrylic acid) [180]); 

and polyethers (e.g., poly(ethylene glycol) [178] and poly(ethylene glycol) dimethacrylate 

[177]), to name only a few. Nevertheless, the preparation of anti-fogging coatings from 

natural polymers, such as carboxymethyl cellulose [192], alginate [190], or chitosan [199] 

appears to have gained in popularity over the last five years. The distinctive features of these 
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macromolecules, including low cost, high availability, and non-toxic nature, may explain this 

interest. As regards inorganic coatings, intrinsically hydrophilic materials (e.g., SiO2 [218], 

zeolites [169], graphene oxide [43], Cu3SnS4 [189], and In2O3-SnO2 [229]) or materials that 

become superhydrophilic on exposure to UV light (e.g., TiO2 [508] and ZnO [509]) are 

commonly used in coating formulations. 

 

Despite the wide variety of available materials, the multistep nature of most of the deposition 

techniques explored thus far makes it difficult to produce anti-fogging coatings on an 

industrial scale. For this reason, less complex and less time-consuming alternatives 

compatible with mass production are necessary to fabricate fogging-resistant coatings in a 

more cost-effective manner. In this context, the implementation of plasma-assisted 

deposition techniques at atmospheric pressure may represent a promising coating approach, 

because of the advantages over conventional deposition techniques, including the 

environmentally friendly nature (solventless deposition) and the potential for industrial scale 

integration (one-step processing) [349]. 

 

Within the plasma deposition processes, the application of atmospheric pressure dielectric 

barrier discharges (AP-DBDs) is on the rise and under perpetual development [383]. In an 

AP-DBD, an ionized gas at atmospheric pressure (i.e., plasma) forms between two electrodes 

spaced a few millimeters apart upon application of voltage amplitudes typically in the 

kilovolt range. At least one of the electrodes is insulated from the plasma with a dielectric 

material to allow for the deposition process to occur at room temperature [378].  

 

In recent years, the growing use of AP-DBDs for the fabrication of functional SiOxCy:H 

coatings from siloxane precursors, such hexamethyldisiloxane (HMDSO), 

tetramethyldisiloxane (TMDSO), or tetraethoxysilane (TEOS), has been most likely 

motivated by two reasons. First, the coatings’ surface features (roughness and chemistry), 

can be tuned by adjusting the deposition parameters, including the dissipated power, the 

precursor flow rate, the inter-electrode distance, and the deposition time [383]. Second, 

deposition rates can be controlled by using the appropriate siloxane precursor (structure and 
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functional groups) [415]. Surprisingly, despite this versatility and the numerous studies on 

plasma-deposited siloxane coatings endowed with interesting features, such as gas barrier 

properties [510], abrasion [511] and corrosion [512] resistance, no papers on AP-DBDs for 

the fabrication of anti-fogging coatings are evidenced thus far. 

 

The aim of this study is to use an atmospheric pressure dielectric barrier discharge (AP-DBD) 

to deposit anti-fogging coatings on glass substrate using nitrous oxide (N2O) and 1,3,5,7-

tetramethylcyclotetrasiloxane (TMCTS), as siloxane precursor. To comprehend how 

deposition parameters, namely the [N2O]/[TMCTS] ratio and the dissipated power, influence 

the anti-fogging performance, both the structure and the chemistry of the plasma-deposited 

coatings were thoroughly analyzed. Surface chemistry of coatings was studied by X-ray 

photoelectron (XPS) and Fourier transform infrared (FTIR) spectroscopies. Surface 

topography was investigated by atomic force microscopy (AFM). Wetting behavior of 

coatings was studied by contact angle measurements and coating thickness was measured by 

profilometry. The resistance to fogging was assessed by measuring the light transmission of 

the coated glasses as a function of time (ASTM F 659-06 standard) and by photographing 

the samples following exposure to water at 80°C. 

 

5.4 Materials and methods 

 Materials and sample preparation 

 

The siloxane precursor used in this study was 1,3,5,7-tetramethylcyclotetrasiloxane 

[(CH3)HSiO]4 (≥ 99.5%, Sigma-Aldrich), also known as “TMCTS” (Figure 5.1). 
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Figure 5.1: Structure of 1,3,5,7-tetramethylcyclotetrasiloxane (TMCTS). 

 

Rectangular-shaped glass samples (13 cm ´ 5 cm ´ 2 mm) were kindly provided by Multiver 

Ltd (Québec, QC, Canada). Prior to the deposition process, glass samples were ultrasonically 

cleaned twice; the first time with acetone for 10 min to remove persistent pollutants followed 

by rinsing with methanol; and the second time with soapy water for 10 min to remove any 

organic remnant. Afterwards, glass samples were rinsed with de-ionized water for 10 min 

and wiped dry with a cotton cloth (Amplitude KappaTM, Contect, Inc., Spartanburg, SC, 

USA). Methanol and acetone were purchased from commercial alcohols (Ontario, ON, 

Canada) and Laboratories MAT (Québec, QC, Canada), respectively. Alumina sheets used 

in the manufacture of the DBD reactor were acquired from Goodfellow (Huntingdon, UK, 

England). Nitrogen (N2, grade 4.8, plasmogenous gas) and nitrous oxide (N2O, 99.998%, 

oxidant gas) were provided by Linde (Québec, QC, Canada). 

 

 DBD setup and deposition conditions 

 

A schematic of the atmospheric pressure DBD deposition system is shown in Figure 5.2a. 

The DBD setup is integrated by two parallel-plate electrodes spaced 1 mm apart. The AC-

driven upper electrode is a 640-µm-thick alumina sheet covered with a silver-based 

conductive paint and the bottom electrode is a grounded stainless-steel plate. Glass samples 

were placed on this electrode prior to coating deposition. The atmospheric pressure DBD was 

operated in the Townsend regime with applied peak-to-peak voltage amplitudes between 13 
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and 17 kV and voltage frequencies between 3 and 6 kHz (Figure 5.2b). A minimum voltage 

of ~ 12.5 kV was required to generate the plasma between the two electrodes (i.e., breakdown 

voltage). Using LabVIEWTM software, the average power per unit area (W cm-2), hereinafter 

referred to as “dissipated power” (DP), was calculated as the product of the applied voltage 

and the discharge current integrated over one discharge period. All waveforms were recorded 

on a numerical oscilloscope (DPO2000, Tektronix Inc., Beaverton, OR, USA). 

 

 
Figure 5.2: (a) DBD setup showing gas flow, electrodes, and glass sample. (b) A current-
voltage characteristic of an atmospheric pressure TMCTS/N2O/N2 discharge operating in 
the homogeneous regime or “Townsend” regime (f = 6 kHz, Vapplied = 16 kVpeak-to-peak). 
 

A gas inlet composed of two independent lines made it possible to carry N2 at 4 L min-1 and 

N2O at variable flow rate to the inter-electrode space, while ensuring a pressure of 

760 mm Hg over the course of the deposition process. Flow rate of both gases was measured 

by mass flow controllers (BronkhorstTM, Ruurlo, Holland). A third line enabled to inject a 

TMCTS aerosol in N2 into the inter-electrode space at 1 L min-1 via a nebulizer (Mira Mist 

CETM, Burgener Research Inc., Mississauga, ON, Canada) coupled to a syringe pump 

(FisherbrandTM, Thermo Fisher Scientific, Runcorn, Cheshire, UK). This line was heated at 

40°C to prevent nebulized TMCTS from condensing inside. The deposition time was set at 

20 min and coating characterization was performed at a distance of 0.5 cm from the entrance 

to the discharge. Table 5.1 summarizes the deposition parameters that were varied in this 

study. 
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Table 5.1: Deposition parameters. [X] indicates concentration in parts per million (ppm) 

Experiment 
Sample 
code 

[TMCTS] 
(ppm) 

[N2O] 
(ppm) 

[N2O]/[TMCTS] 
Dissipated power 

(W cm-2) 

A 

A1 

10 

0 0 

0.25 
A2 100 10 
A3 200 20 
A4 300 30 
A5 400 40 

B 

B1 

10 300 30 

0.10 
B2 0.40 
B3 0.55 
B4 0.70 

 

[N2O]/[precursor] ratios were set at 0, 10, 20, 30, and 40, taking into account the following 

reaction between TMCTS and the oxidant in the discharge: 

 

[H(CH3)SiO]4 + 20 N2O → 40 N2 + 4 CO2 + 8 H2O + 4 SiO2 (5.1) 

 

 Characterization of surface chemistry 

5.4.3.1 Attenuated total reflectance Fourier transformed infrared 

spectroscopy (ATR-FTIR) 

 

Functional groups present in the coatings were investigated by means of a FTIR 

spectrophotometer (Cary 660 FTIR, Agilent Technologies, Victoria, Australia) equipped 

with a DLaTGS detector (deuterated L-alanine-doped triglycine sulfate), a Ge-coated KBr 

beam splitter (Harrick Scientific Products, Pleasantville, NY, USA), and a Split-Pea 

accessory (Harrick Scientific Products, Pleasantville, NY, USA). Spectra over the 

400-4000 cm-1 range were recorded by the co-addition of 128 scans with a resolution of 

4 cm-1 and normalized with respect to the intensity of the band due to the Si-O-Si asymmetric 

stretching, na Si-O-Si (1000-1200 cm-1). Under the same deposition conditions, spectra 
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reported here (in triplicate) displayed similar spectral features. Origin software (Origin Lab 

Corp. v 8.5) was used to curve fit overlapping peaks following baseline correction. 

 

5.4.3.2 X-ray photoelectron spectroscopy (XPS) 

 

Surface composition of plasma-deposited coatings was studied by X-ray photoelectron 

spectroscopy (XPS) using a PHI 5600-ci spectrometer (Physical Electronics, Chanhassen, 

MN, U.S.A). For survey spectra (0-1400 eV), samples were analyzed using a standard Al Ka 

X-ray source (1486.6 eV) at 300 W, while a standard Mg Ka X-ray source (1253.6 eV), also 

operated at 300 W, was used to acquire high-resolution spectra. In either case, no charge 

neutralization was required. Photoelectrons coming from an analyzed area of ~ 0.5 mm2 were 

detected at a take-off angle of 45º from the sample normal. Charge referencing was carried 

out by setting the binding energy of the adventitious carbon C1s feature at 285.0 eV. The 

analysis chamber was kept at a pressure below 10-6 Pa during each acquisition. The curve 

fitting of the C1s envelopes was performed using Gaussian-Lorentzian functions following 

Shirley-type background subtraction. All photoemission peak areas were calculated by PHI 

MultiPakTM software v 9.3. Three analyses per sample were performed to provide an average 

atomic percentage of surface elements along with their corresponding standard deviations. 

 

 Characterization of surface topography 

5.4.4.1 Atomic force microscopy (AFM) 

 

Surface topography of coated glasses was investigated at the nanoscale by means of an 

atomic force microscope (Dimension 3100, Veeco Digital Instruments by Bruker, Santa 

Barbara, CA, USA) operated in the tapping mode. A standard etched-silicon cantilever 

system (OTESPA probe, Bruker Nano Surface Division, Santa Barbara, CA, USA) was used 

for the acquisition of topographical images at a scan angle of 90°. The radius of curvature 

and the aspect ratio of the silicon tip were < 10 nm and ~ 1.6/1, respectively. AFM images 

were recorded at a scan rate of 0.5 Hz with a line resolution of 256 ´ 256 and analyzed by 
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NanoScope Analysis software v 1.5 (Bruker). Surface roughness was evaluated on 

10 ´ 10 µm2 (tip velocity = 50 µm s-1) and 1 ´ 1 µm2 (tip velocity = 5 µm s-1) areas and 

characterized by the mean roughness (Ra) and the root mean square roughness (Rrms). 

 

 Coating thickness and deposition rate measurements 

 

Coating thickness were measured using a DektakXTTM profilometer (Bruker Nano Surface 

Division, Tucson, AZ, USA) with a stylus force of 1 mg (radius = 5.0 mm). Coatings were 

first scratched off with a pointed tip tweezers in direction of gas flow. Afterwards, the height 

of the as-formed steps was measured in triplicate at 0.5 cm from the entrance of the discharge 

and perpendicular to gas flow. Lasting for 10 s, each acquisition was performed on a distance 

of 300 µm. Deposition rate of the coatings was calculated by dividing the as-measured 

thickness by the deposition time. 

 

 Wetting behavior of the coatings 

 

The wetting behavior of uncoated and coated glass samples was investigated by contact angle 

measurements using the sessile drop method. To this end, 3 μL of ultrapure water were 

dropped from a height of 10 mm to ensure consistency in contact angle measurements. Static 

contact angles were measured following the pinning of the three-phase contact line using a 

Video Contact Angle System (VCA-2500 XETM, AST products Inc., Billerica, MA, USA). 

Ten contact angles per sample were measured to provide an average value with its 

corresponding standard deviation. 

 

 Anti-fogging performance assessment 

 

Assessment of the anti-fogging performance was carried out according to the protocol 

described in the ASTM F 659-06 standard [332,333] (European version: BS EN 166-168). 

Briefly, coated glasses were placed over a bath containing water at 50°C to measure light of 
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wavelength 590 nm passing through the sample as a function of time. For a coated glass to 

be considered anti-fogging, the time required for the light transmittance to decrease to 80% 

of its initial value (non-fogged) must be lower than or equal to 30 s. The anti-fogging 

performance was also tested by visual inspection. In this case, coated glasses were 

photographed after being placed on an Erlenmeyer flask containing 200 ml of water at 80°C 

for 15 s (hot-fog test). 

 

5.5 Results and discussion 

 Structural analysis of the coatings 

 

Thoroughly describing the chemistry and the structure of the plasma-deposited coatings is 

key to substantiating their anti-fogging performance (section 5.5.4). For this reason, IR 

features have been compared with those of the TMCTS and discussed, in terms of band 

broadening and frequency shifts, in this section. Figure 5.3 shows the assignment of major 

bands in the IR spectrum of TMCTS. 

 

 

Figure 5.3: IR spectrum of liquid TMCTS (n= stretching, d = bending, r = rocking, 
a = asymmetric, and s = symmetric).  
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Vibrational modes of Si-O-Si groups resulted in two spectral features, one at 1074 cm-1 due 

to the asymmetric stretching (na), and other at 575 cm-1 due to the symmetric stretching (ns) 

[412]. These vibrational modes arise from the 4-membered tetrahedral ring in the TMCTS 

molecule, which is characterized by a Si-O-Si angle of 160.5° and a D4h point symmetry 

[513]. Asymmetric and symmetric stretching of C-H in CH3 groups were observed at 2968 

and 2922 cm-1, respectively [472,514]. Frequencies at which these vibrations occurred were 

similar to those reported in hydrocarbon compounds. Bending modes of methyl groups were, 

however, found at lower frequencies: the asymmetric (da) and symmetric (ds) bending of 

methyl groups were observed at 1406 and 1259 cm-1, respectively [401,472]. These 

absorptions were accompanied by a band at 771 cm-1, which can be attributed to CH3 rocking 

(r) and Si-C stretching (na,s) vibrations in the (CH3)HSiO2 moieties. Two intense bands at 

2167 and 873 cm-1 evidenced the presence of Si-H bonds in the precursor; the first one can 

be assigned to the stretching of Si-H groups (n Si-H) while the second one can be assigned 

the asymmetric bending of H-Si-O groups (na H-Si-O) [472]. 

 

Coatings deposited on glass substrates using an atmospheric pressure N2/N2O Townsend 

discharge displayed many IR spectral features similar to those observed in the liquid 

precursor and several new ones. Figure 5.4 shows infrared spectra of selected sections of 

coatings deposited under different [N2O]/[TMCTS] ratios and 0.25 W cm-2. Absorptions 

characteristic of CH3 groups, such as the symmetric (ds) and asymmetric (da) bending in Si-

CH3 at 1273-1280 cm-1 and 1410 cm-1, respectively, became less intense as the amount of 

the oxidant in the discharge increased. Similarly, symmetric (ns) and asymmetric (na) 

stretching of C-H at 2909 and 2972 cm-1, respectively, as well as the Si-C (na,s) stretching 

and CH3 rocking (r) vibrations in the 750-790 cm-1 range also became attenuated, 

substantiating the oxidative removal of methyl groups (Figure 5.4a). The sharp decrease in 

the intensity of bands pertaining to Si-H groups provides evidence to support the high 

reactivity of the Si-H bond, compared with that of Si-C or C-H bonds (Figures 5.4b and 

5.4d) [417]. Moreover, the presence of two very weak bands at 2170 and 2190 cm-1 reveals 

that the complete removal of the Si-H groups is not possible in the absence of N2O in the 

discharge. This doublet may be due to stretching vibrations of unreacted Si-H bonds in 
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H2SiO2 and HSiO3 moieties, respectively [515]. The Si-O-Si asymmetric stretching (na Si-

O-Si) appeared at frequencies lower than that of the liquid precursor (1074 cm-1). Coupled 

with the emergence of a shoulder at ~ 1150 cm-1, this feature broadened and shifted from 

1026 to 1072 cm-1, as the [N2O]/[TMCTS] ratio increased from 0 to 40 (Figure 5.4d). 

 

 
Figure 5.4: IR spectra of (a) 2400-3800 cm-1, (b) 2100-2300 cm-1, (c) 1300-1800 cm-1, and 
(d) 700-1300 cm-1 regions of plasma-deposited coatings under different [N2O]/[TMCTS] 
ratios, namely, 0 (in black), 10 (in red), 20 (in green), 30 (in navy blue), and 40 (in light 
blue). 
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include a very weak band at 1350 cm-1 due to CH2 wagging (w) in Si-CH2-Si entities (R = 0), 

a strong band at 920-950 cm-1 due to the Si-O bending in silanols (i.e., Si-OH groups), and 
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features at 1630 and 1560 cm-1 (Figure 5.4c), some contribution to the last band may also 

come from the N-H stretching in NH2 or -NH- groups. The CH2 wagging mode has been 

reported to provide hints on how the siloxane precursor polymerizes in the plasma phase 

[516], which intimates that the Si-CH2-Si “bridges” were formed in a manner similar to that 

reported in coatings deposited from HMDSO/Ar and HMDSO/He plasmas [471]. The weak 

band at 1666 cm-1 can be attributed to the stretching of carbonyl group (C=O) in carboxyl 

(COOH) or amide functionalities (CONH) [517]. 

 

In general terms, effects similar to those described above were observed in coatings deposited 

under different levels of dissipated power (DP) and [N2O]/[TMCTS] = 30 (Figure 5.5). 

Absorptions related to CH3 groups, such as n Si-C/r CH3 (700-850 cm-1), symmetric and 

asymmetric bending of CH3 in Si-(CH3)n (1275-1279 cm-1 and 1410 cm-1, respectively), and 

stretching vibrations of C-H in CH3 (2900-3000 cm-1) decreased with the dissipated power. 

(Figures 5.5a and 5.5c). The diminishment of these features was accompanied by the 

complete loss of the Si-H functionality (Figure 5.5b). The Si-O-Si asymmetric stretching, 

which also exhibited a shoulder at ~ 1170 cm-1, broadened and shifted from 1040 to 1069 cm-

1 as the dissipated power increased (Figure 5.5d).  

 

As in the case of coatings prepared under different [N2O]/[TMCTS] ratios, the broad band 

between 3000 and 3700 cm-1 substantiates the presence of silanol groups (band at 920 cm-1) 

and amine groups (band at 1630 cm-1) in the coatings. Here, the absence of the CH2 wagging 

supports the idea that the formation of Si-CH2-Si entities is not possible when N2O is added 

in the discharge. In addition, coatings prepared either in the absence of oxidant (R = 0) or 

under very low dissipated power (0.1 W cm-2) exhibited two features that deserve to be 

mentioned. The first one at ~ 950 cm-1 (Figure 5.4d) may be attributed to the Si-O-C 

symmetric stretching [518] (Figure 5.4d), while the second one at 910 cm-1 may be attributed 

to the O-Si-O bending in dangling bonds “Si-O-”(Figure 5.5d) [519]. 
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Figure 5.5: IR spectra of (a) 2400-3800 cm-1, (b) 2100-2300 cm-1, (c) 1300-1800 cm-1, and 
(d) 700-1300 cm-1 regions of plasma-deposited coatings under different power dissipated in 
the discharge, namely 0.10 (in black), 0.25 (in red), 0.40 (in green), 0.55 (in navy blue), and 
0.70 W cm-2 (in light blue). 
 

Further analysis of some of the most relevant IR bands provides valuable structural 

information on the coatings. Focusing on the unresolved feature between 700 and 850 cm-1 

makes it possible to evaluate how many CH3 groups are bonded to one silicon atom. In 
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in the coatings. Indeed, in M-units, CH3 rocking occurs at ~ 845 cm-1, while the na,s Si-C 

stretching vibrations occur at 760 and 845 cm-1 [471,476]. Similarly, in D-units, CH3 rocking 
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at 855 cm-1 is always accompanied by the asymmetric and symmetric stretching vibrations 

of Si-C at 800 and 690 cm-1, respectively [471,474,476]. Surprisingly, an increase in the 

dissipated power or the [N2O]/[TMCTS] ratio translated to a loss of T-units, thus supporting 

the removal of methyl groups mentioned above. However, the various overlapping features 

observed even at very high levels of DP or high [N2O]/[TMCTS] ratios, makes it difficult to 

determine the precise contribution of the remaining D- and M-units. 

 

These findings were consistent with the changes observed in the symmetric deformation 

mode of CH3 groups. This spectral feature has been shown to shift to high frequencies as the 

number of CH3 groups bonded to the silicon atom in (CH3)n-SiO4-n units (where n = 1, 2, 

and 3) diminishes. In general, this band appears at ~ 1275 cm-1 in T-units, at ~ 1265 cm in 

D-units, and at ~ 1255 cm-1 in M-units [520–523]. Coupled with the asymmetry of this 

absorption, the observed narrowing and shift of up to 5 cm-1 to high frequencies as both the 

dissipated power and the [N2O]/[TMCTS] ratio increased, substantiates the prevailing 

presence of T-units over that of D- and M-units (not shown). 

 

The presence of Si-C and C-H bonds noticed in coatings deposited at high DP or high N2O 

concentration suggests that the energy provided per TMCTS molecule did not suffice to yield 

highly crosslinked coatings [524]. With this in mind, it can be argued that the lack of energy 

per siloxane molecule is somehow responsible for the formation of Si-OH groups, as 

supported by the bands at 920-940 cm-1 and 3000-3800 cm-1. Interestingly, the amount of 

these hydrophilic functionalities was found to increase with the N2O concentration in the 

plasma phase (Figures 5.4a and 5.4d). In addition, the overlapping features in the 

3000-3800 cm-1 region reveal that various Si-OH populations [525,526], including isolated, 

partially H-bonded, and strongly H-bonded Si-OH groups, were present in the coatings. 

Interestingly, these populations were shown to vary with the [N2O]/[TMCTS] ratio. Thus, 

the main contributions to this band came from isolated and partially H-bonded Si-OH groups 

when [N2O]/[TMCTS] ≤ 10, while strongly H-bonded Si-OH groups were observed for 

greater [N2O]/[TMCTS] ratios.  
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Surprisingly, this does not appear to apply to coatings deposited under different levels of 

dissipated power. As a matter of fact, both the O-H bending and stretching vibrations were 

nearly unaffected by changes in the DP, as neither significant intensity variations nor band 

broadenings were observed (Figures 5.5a and 5.5d). As in the case of coatings deposited at 

R ≥ 20, the broad and asymmetric band at 3430 cm-1 evidenced the presence of strong and 

moderately strong H-bonded silanols. 

 

Regarding the Si-O-Si features, three points deserve to be mentioned. First, the band resulting 

from the Si-O-Si asymmetric stretching can be resolved into three [412,527,528] or four 

components [529–531] (Figure 5.6a). According to Grill et al. [412] the first component at 

1135-1150 cm-1 arises from Si-O-Si entities with angles > 144°, such as those found in cage-

like structures. The second component at 1065-1070 cm-1 includes absorptions originating 

from a siloxane network with a Si-O-Si angle of ~ 144°, such as that of a fully relaxed SiO2, 

and preserved TMCTS cycles. The third component at 1023-1035 cm-1 arises from strained 

siloxane rings with D3h point symmetry and various silicon sub-oxidized states, such as O-

Si-Si and O-Si-C, with Si-O-Si angles < 144°. Second, plasma deposition conducted either 

under very high oxidizing conditions (R = 40) or under very high dissipated power 

(0.7 W cm-2), yielded coatings with a Si-O-Si bending and a Si-O-Si stretching vibrations 

resembling those of the stoichiometric SiO2 (800 cm-1 and 1080 cm-1, respectively) [532]. 

Not surprisingly, this is consistent with the loss of Si-X end groups (X = H, CH3, O-CH3), 

which obviously hinder the formation of a SiO2 structure [524]. Third, the shift to high 

frequencies observed in the na Si-O-Si can primarily be ascribed to a variation in the average 

Si-O-Si bond angle [533]. This issue was addressed in the late 1980s by Sen and Galeener 

[534,535], who proposed a model based on the nearest neighbor atoms interactions, by which 

the frequency at which the na Si-O-Si occurs can be calculated, as follows: 

 

'G =
1
2,-

Ä>
/
1Å

? (1 − cos 7) + >
4/
31Ñ`

?Ö
2 4⁄

 (5.2) 
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where / is the force constant of the Si-O bond (N m-1), 1Å and 1Ñ` are the mass of oxygen 

and silicon atoms (kg), respectively; and 7 is the average Si-O-Si bond angle (deg.). 

 

Should the force constant / remain unchanged, that is, the Si-O bond length is assumed not 

to vary with the carbon content in the coating, the above equation thus becomes [536]: 

 

'G = 'l sin(7 2⁄ ) (5.3) 

 

where 'l = 1135.6 cm-1 for an average Si-O-Si bond angle of 144° (thermally grown SiO2 

coatings, na Si-O-Si at 1080 cm-1). 

 

It was found that the Si-O-Si bond angle as calculated from Equation 5.3, increases linearly 

with the [N2O]/[TMCTS] ratio and the dissipated power (Figure 5.6b).  

 

 
Figure 5.6: Curve fitting of the 850-1300 cm-1 region (deposition conditions: 
[N2O]/[TMCTS] = 30, DP = 0.25 W cm-2). (b) Variation of the Si-O-Si bond angle as a 
function of the [N2O]/[TMCTS] ratio and the dissipated power. 
 

In the case of coatings fabricated under different oxidant/precursor ratios, the shift in na Si-

O-Si from 1026 to 1072 cm-1 can be attributed to an increase in the Si-O-Si bond angle from 

129 to 141°, with a rate of change of ~ 0.3°/[N2O]/[TMCTS] (red straight line Figure 6b). 
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Similarly, the shift in na Si-O-Si from 1040 to 1067 cm-1, with a rate of change of 

~ 12°/W cm-2, observed in coatings produced under different DP, can be attributed to an 

increase in the average Si-O-Si bond angle from 132 to 140° (blue straight line in 

Figure 5.6b). 

 

In investigating SiOxCy:H coatings deposited from bistrimethylsilylmethane, Kim and 

colleagues [536] reported a similar trend between na Si-O-Si and the carbon content. In their 

study, it was shown that the fewer the number of Si-CH3 groups in the coatings, the higher 

the frequency at which na Si-O-Si occurred. These authors argued that the shift in the na Si-

O-Si frequency was due to the conversion of Si-C groups into Si-O ones. To illustrate this 

point, let us consider a T-unit (i.e., O3Si-(CH3)1). When the Si-C bond is converted into a 

new Si-O one, the bond electron density is further away from the silicon atom than it was in 

the Si-C bond, because of the greater electronegativity of oxygen (cO (3.44) > cC (2.55)). As 

a result, the electrostatic repulsion between the as-formed Si-O bond and the other three Si-

O bonds is lessened and consequently, the Si-O-Si bond angle in the resulting Q-unit (i.e., 

SiO4) increases concomitantly. 

 

 Surface composition of the coatings 

 

XPS survey spectra revealed that the surface of coatings was composed of silicon, oxygen, 

carbon, and nitrogen, with atomic percentages (at. %) and elemental ratios (O/Si and C/Si) 

depending on the dissipated power and the oxidant/precursor ratio (Table 5.2). 

 

When compared with the percentage composition of TMCTS, plasma deposition conducted 

under different [N2O]/[TMCTS] ratios or dissipated power yielded coatings with more 

oxygen and much less carbon. The average carbon percentage decreased monotonically from 

~ 25 to 4% as the oxidant/precursor ratio went from 0 to 40. This reduction, which was 

accompanied by an increase in the oxygen content from ~ 42 to 70%, substantiates the loss 

of CH3 groups observed in IR spectra. Interestingly, increasing the DP at intervals of 
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0.15 W cm-2 from 0.10 to 0.70 W cm-2, did not lead to a gradual variation in the percentages 

of carbon and oxygen. The average carbon content was approximately 5% in all of the 

analyzed coatings, except for those prepared at 0.10 W cm-2, in which carbon percentage was 

as high as 21%. The levelling off of the carbon content suggests that the fragmentation of 

TMCTS molecules in the plasma reaches saturation at 0.25 W cm-1.  

 

Similarly, plasma deposition carried out at 0.10 W cm-2, yielded coatings with an oxygen 

content less than that found in the coatings fabricated at ³ 0.25 W cm-2, which was shown to 

level off at ~ 68%. The oxidative removal of carbon coupled with a silicon percentage that 

remained nearly unchanged explains the C/Si ratios ranging from 0.14 to ~ 1. It is interesting 

to note that coatings prepared in the absence of the oxidant ([N2O]/[TMCTS] = 0) or under 

low dissipated power (0.10 W cm-2) exhibited a C/Si ratio close to that of the TMCTS 

(C/Si » 1). 

 

Table 5.2: Surface composition of the coatings (at. %). * Percentage composition of TMCTS. 
Sample Si2p O1s C1s N1s O/Si C/Si 

A1 R = 0 26 ± 2 42 ± 5 25 ± 6 7 ± 3 1.6 ± 0.4 1.0 ± 0.1 

A2 R = 10 27 ± 1 54 ± 4 19 ± 4 0.5 ± 0.3 2.0 ± 0.2 0.7 ± 0.2 

A3 R = 20 26.0 ± 0.9 59 ± 3 14 ± 3 0.4 ± 0.1 2.3 ± 0.1 0.6 ± 0.2 

A4 R = 30 28 ± 1 67.2 ± 0.8 4.6 ± 0.3 0.08 ± 0.08 2.4 ± 0.1 0.16 ± 0.02 

A5 R = 40 26.8 ± 0.6 69.5 ± 0.4 3.6 ± 0.4 0.1 ± 0.1 2.6 ± 0.1 0.14 ± 0.01 

B1 0.10 W cm2 26. 1 ± 0.5 52 ± 3 21 ± 3 0.9 ± 0.9 1.9 ± 0.1 0.8 ± 0.1 

B2 0.40 W cm2 27.7 ± 0.4 67 ± 1 5 ± 1 0.1 ± 0.1 2.43 ± 0.05 0.18 ± 0.04 

B3 0.55 W cm2 28.0 ± 0.6 68 ± 2 4 ± 2 0.1 ± 0.2 2.42 ± 0.09 0.16 ± 0.06 

B4 0.70 W cm2 27.4 ± 0.7 67.2 ± 0.8 5 ± 1 0.1 ± 0.1 2.45 ± 0.08 0.20 ± 0.03 

TMCTS* 33.3 33.3 33.3 - 1 1 

 

The incorporation of oxygen from the discharge may account for the O/Si ratios exceeding 

unity (O/Si ratio in TMCTS). Several studies on atmospheric pressure N2/N2O plasmas 
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[537,538] have evidenced the dissociation of N2O following impact with N2 (A3Su+) 

metastables, as a potential source of such element in the plasma phase. Electron-impact 

dissociation of N2O to produce oxygen is also possible [539,540], yet less likely to occur, 

given that electron number density is approximately 105 times less than that of N2 (A3Su+) 

metastables [496]. In addition, most of the O/Si ratios were between 2 (O/Si ratio in SiO2) 

and 2.6. These values substantiate the presence of Si-OH groups in the coatings (FTIR 

results), and lead us to believe that, on average, the building units (i.e., M, D, T, and Q) at 

the coating surface bear at least one OH group.  

 

It is worth highlighting that coatings prepared either in the absence of oxidant (R = 0) or 

under very low DP (0.1 W cm-2) exhibited O/Si ratios below 2, yet surprisingly possessed Si-

OH groups. That said, such ratios are compatible with the presence on the surface of OH-

containing surface entities, such as O2Si(OH)(CH3) units (O/Si = 2), combined, for example, 

with M-units (O/Si = 1). Using different siloxane precursors (i.e., 

tetramethylcyclotetrasiloxane, dimethyldimethoxysilane, and trimethylsilane), Fisher’s 

group [411] also found that OH-containing SiOxCy:H coatings can be obtained in the absence 

of an oxidant in the discharge.  

 

Considering the foregoing, it can be said that, depending on the [N2O]/[TMCTS] ratio and 

the dissipated power, coatings are either organic SiOxCy:H or inorganic SiO2-like, both with 

a non-negligible amount of surface silanols. In addition to the oxygen, the slight amount of 

nitrogen incorporated into the coatings concurs with previous findings reported by Gherardi 

et al. [499] with coatings prepared from hexamethyldisiloxane (HMDSO) using a N2/N2O 

Townsend discharge. Interestingly, soft deposition conditions (e.g., [N2O]/[TMCTS] = 0, 

DP = 0.1W cm-2) correlated with enhanced nitrogen incorporation efficiency, which reaches 

up to 7%. 

 

Although XPS analyses were consistent with the results obtained by FTIR, it has been 

deemed appropriate to provide further insight into the carbon bonding environment at the 

coating surface. The main reason for this lies in the fact that carbon-containing groups can 
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also be involved in the anti-fogging performance [507]. For each study, curve fitting of C1s 

envelopes was performed on (three) coatings obtained under different deposition conditions 

(Figure 5.7). C1s envelopes can be fitted with two or three components. The first component 

at 285 eV can be attributed to C-C/C-H bonds, the second at ~ 286 eV to C-O bonds (e.g., 

hydroxyl groups), and the third at ~ 288 eV to C=O bonds (e.g., carboxyl and ester 

groups) [500].  

 

In general terms, an increment in the N2O concentration resulted in a surface chemistry 

characterized by carbon-containing functionalities with more than one oxidation state. 

Surprisingly, coatings deposited in the absence of N2O, exhibited a minor feature related to 

C-O bonds (286.3 eV), which explains in part, the band in the 3000-3700 cm-1 range (FTIR 

results) (Figure 5.7a). In pure nitrogen, it can be assumed that the oxygen atoms involved in 

the formation C-O bonds come from the opening of the TMCTS ring. When N2O was added 

in the discharge, films displayed an additional feature at higher binding energies (288 eV), 

pertaining to carbonyl-containing species (Figures 5.7b,c). The observed variation in the (C-

O + C=O)/C-C ratio from 0.24 to 0.83 as the [N2O]/[TMCTS] ratio went from 0 to 40, may 

be due to an increase in the number of COOH and OH functionalities (at the expense of C-

C/C-H bonds), coupled with the formation of nitrogen-containing groups at the coating 

surface.  

 

Mutel et al. [541] and Strobel et al. [542] showed that a N2 plasma containing either oxygen 

impurities or N2O yielded polypropylene films covered with not only oxygen-containing 

functionalities, such as OH and COOH, but also with nitrogen-containing functionalities, 

such as NH2, -C=NH, and -CO-NH2. Accordingly, one can infer that N2O in the discharge 

can also promote the formation of these functionalities, and therefore the curve fitting of C1s 

envelopes must include features pertaining to nitrogen-containing species, such as C-NH2 

(286.4 eV), -C=NH (287.3 eV), -CO-NH2 (289.2 eV) entities [541]. Indeed, the presence of 

nitrogen in the coatings (Table 5.2) supports the likely contribution of these species to the 

features at 286 and 288 eV. 
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Figure 5.7: Curve fitting of C 1s core level spectra for (a-c) coatings obtained under 
[N2O]/[TMCTS] = 0, 20, and 40 (0.25 W cm-2), and (d-f) coatings obtained at 0.1, 0.4, and 
0.7 W cm-2 ([N2O]/[TMCTS] = 30). 
 

Coatings deposited at 0.10 Wcm-2 exhibited a major feature at 285 eV and a minor feature at 

286.5 eV (Figure 6.7d), while those deposited at higher DP exhibited an additional feature 

at higher binding energies (~ 288 eV) (Figures 5.7e and 5.7f). Interestingly, an increase in 
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the DP from 0.1 to 0.7, did not prove to be as successful as increasing the [N2O]/[TMCTS] 

ratio in generating hydrophilic functionalities (i.e., C-O, C-N, C=O, C=N, etc.). As a matter 

of fact, the (C-O + C=O)/C-C ratio levelled off at approximately 0.48 when the dissipated 

power ³ 0.4 W cm2, unlike that of the coatings deposited under different [N2O]/[TMCTS] 

ratios which increased from 0.24 to 0.83 as the ratio went from 0 to 40.  

 

As regards Figures 5.7b and 5.7e, two aspects are worth mentioning. First, at least a 

DP = 0.25W cm-2 and a [N2O]/[TMCTS] = 20 were required to form carbonyl-containing 

groups at the coating surface. Second, a simultaneous increase in both deposition parameters 

did not translate to a greater number of C=O and C-O containing groups. In fact, the (C-

O + C=O)/C-C ratio for coatings prepared under a [N2O]/[TMCTS] = 20 and 0.25 W cm-2 

was slightly greater than that of the coatings prepared under [N2O]/[TMCTS] = 30 and 

0.40 W cm-2 (0.52 and 0.48, respectively). This may reflect a synergistic effect between the 

different plasma species in favoring the removal of CH3 groups over the generation of C=O- 

and C-O-containing groups. 

 

 Surface topography and deposition rate of the coatings 

 

Plasma-deposited coatings were smooth at the microscale, in light of the small values of Rrms 

(2.6-6 nm) and Ra (2-5 nm) for both 1 ´ 1 and 10 ´ 10 µm2 areas (Table 5.3).  

 

It was found that an increase in the dissipated power from 0.1 to 0.70 W cm-2 resulted in 

coatings with surface roughness following no definite trend and varying by 1.5 nm at most. 

In contrast, except for coatings obtained at R = 30, an increase in the [N2O]/[TMCTS] ratios 

from 0 to 40 correlated with a rise in surface roughness of up to 3.1 nm. One possible 

explanation for this trend is that an increase in the N2O concentration in the plasma phase 

may promote the nucleation of small particles in the plasma and the modification of the 

plasma-surface interactions during the deposition process [543]. Under this scenario, more 

particles in the plasma phase may translate to coatings with rougher surfaces. 
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Table 5.3: Root mean square roughness (Rrms), mean roughness (Ra), and deposition rates of 
plasma-deposited coatings on 1 ´ 1 and 10 ´ 10 µm2 areas. 

Sample Rrms (nm) Ra (nm) Rrms (nm) Ra (nm) DR (nm min-1) 

  1 ´ 1 µm2 10 ´ 10 µm2  
A1 R = 0 2.9 ± 0.1 2.23 ± 0.09 2.63 ± 0.06 2.00 ± 0.08 2 ± 1 
A2 R = 10 5.0 ± 0.5 3.9 ± 0.2 4.69 ± 0.07 3.65 ± 0.09 3 ± 1 
A3 R = 20 5.5 ± 0.6 4.4 ± 0.4 5.0 ± 0.2 3.93 ± 0.03 2 ± 1 
A4 R = 30 4.3 ± 0.1 3.4 ± 0.1 4.5 ± 0.2 3.2 ± 0.3 2 ± 1 
A5 R = 40 6.0 ± 0.5 4.9 ± 0.5 5.05 ± 0.07 3.95 ± 0.05 3 ± 1 

B1 0.10 Wcm2 5.1 ± 0.9 4.5 ± 0.9 4.8 ± 0.4 3.9 ± 0.2 3 ± 1 
B2 0.40 Wcm2 5 ± 3 3 ± 1 4.5 ± 0.7 3.8 ± 0.3 1 ± 1 
B3 0.55 Wcm2 3.4 ± 0.5 2.6 ± 0.4 3.5 ± 0.9 2.5 ± 0.9 2 ± 1 
B4 0.70 W cm2 4.1 ± 0.9 3.0 ± 0.8 4.6 ± 0.5 3.2 ± 0.7 2 ± 1 

Clean glass   1.0 ± 0.2 0.8 ± 0.1  
 

In addition, no significant differences in the morphology of surface features were observed. 

To illustrate this point, atomic force micrographs of an anti-fogging coating deposited at 

0.7 W cm-2 and [N2O]/[TMCTS] = 30 are shown in Figure 5.8. Except for some isolated 

island-like features, coatings exhibited no remarkable surface defects, such as pinholes, 

scratches, or cracks and were quite homogeneous at the microscale, as supported by the Rrms 

and Ra values. Furthermore, the smoothness of these coatings, which can be ascribed to the 

homogeneous nature of the Townsend discharges employed in this research, may be due to 

an efficient packing at molecular level [470].  

 

In this regard, Shirtcliffe et al. [544] state that smooth coatings are produced when plasma 

generated species have a high sticking probability, and therefore bond when they come into 

contact with the substrate. The interpretation of the height and phase images is similar and 

suggests that plasma-deposited coatings exhibited no spatial variations of the surface 

chemical composition. Based on this assumption, the phase contrast images shown in 

Figure 5.8 are most likely due to a variation of friction across the coating surface, derived 

from the nanometric differences in roughness [545,546]. 
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Figure 5.8: (a) 3D and (b, c) 2D phase contrast images of a plasma-deposited TMCTS on 
glass using a homogeneous N2/N2O Townsend discharge. (d) 2D phase contrast image of an 
untreated glass substrate. Deposition conditions = 0.7 W cm-2 and [N2O]/[TMCTS] = 30 (In 
the 3D image, the phase contrast colors are used to enhance the standard topographic 
information obtained from the height). 
 

The presence of island-like features was also observed by Trunec and colleagues [547]. They 

evidenced that SiOxCy:H coatings prepared from hexamethyldisilazane and 

hexamethyldisiloxane using a homogeneous (Townsend) discharge in N2 were quite smooth 

(Rrms » 8 nm), in contrast to those prepared using a filamentary discharge in N2 that exhibited 

surface features of approximately 150 nm. These findings lead us to believe that a transient 

transition from a homogeneous discharge (Townsend discharge) to a filamentary discharge 

is behind the island-like features observed on the coatings. It is a well-documented fact that 

obtaining a DBD operating in the Townsend regime is limited to restricted conditions of gas 

composition, electrical parameters (e.g., voltage, frequency), inter-electrode distance, and 

dielectric materials [383,387]. Outside the limits for each parameter, the discharge transitions 

easily to the filamentary regime. Among these, a local variation in the gas composition 

caused by adventitious impurities coming from the electrodes is the most likely cause of this 

transition, given that the other deposition parameters did not vary during the deposition 
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process. Indeed, certain impurities have been reported to favor the homogeneous-to-

filamentary transition because of the quenching of the N2 (A3Su+) metastables by Penning 

collisions (N2 metastables are the main responsible species for the self-sustaining of 

Townsend discharges) [395,548].  

 

Regarding deposition rates, they were found not to depend on the deposition conditions as 

no definite trend was observed. Their low variability (they remained in the 1-3 nm min-1 

range) may be due to the fact that the amount of TMCTS injected in the plasma was set at 

10 ppm in all experiments. 

 

 Anti-fogging performance and wetting behavior of the coatings 

 

Quite a number of studies have evidenced that, under fogging conditions, the primary factor 

in determining whether the condensed water vapor will fog a given surface or not is the 

morphology of water drops [402]. It is a well-documented fact that surface chemistry and 

topography must both be properly adjusted to change water drops shape, and in this way, 

design coatings meeting suitable anti-fogging requirements [402]. For this reason, structural 

properties and chemistry of plasma-deposited coatings have been correlated with the anti-

fogging performance by means of water contact angle measurements (Figure 5.9). 

 

Depending on the deposition conditions, coatings were superhydrophobic with a WCA of 

~ 102° (R = 0), hydrophilic with a WCA in the 10-70° range (10 < [N2O]/[TMCTS] < 30, 

0.1 W cm-2 < DP < 0.55 W cm-2), or superhydrophilic with a WCA < 10° 

([N2O]/[TMCTS] = 40, DP = 0.70 W cm-1). While an increase in the [N2O]/[TMCTS] ratio 

or the dissipated power resulted in coatings with enhanced hydrophilicity, the way water 

contact angles varied with the deposition parameters was significantly different (compare 

Figures 5.9a and 5.9c). Water contact angles decreased in a linear manner with the 

[N2O]/[TMCTS] ratio, in contrast to those of the coatings prepared at different dissipated 

power, which featured a marked decrease between 0.1 and 0.25 Wcm-2 followed by a 

levelling off at 0.4 W cm-2. 
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Figure 5.9: Water contact angles, “fogging parameter”, and O/Si ratios for coatings 
deposited under different (a) [N2O]/[TMCTS] ratios (0.25 W cm-2) and (c) dissipated power 
([N2O]/[TMCTS] = 30). Percentage of light transmitted as a function of time through 
plasma-coated glasses obtained under different (b) [N2O]/[TMCTS] ratio and (d) dissipated 
power. 
 

This enhancement of the water-attracting features cannot be ascribed to a rise in surface 

roughness, in light of the Rrms and Ra values [81,82], but rather to the presence of hydrophilic 

groups such as Si-OH formed as the expense of other more hydrophobic or reactive groups, 

such as Si-CH3 or Si-H, respectively, as revealed by FTIR and XPS analyses. In this respect, 

the above-illustrated trends of contact angles correlated with the chemistry of the coatings 

through an arbitrary parameter, here referred to as “fogging parameter”. The fogging 

parameter was defined as the ratio of the area below the band at 1260-1270 cm-1 (ds CH3 in 

Si-CH3) to the area below the band at 920-940 cm-1 (d Si-OH). It was found that, the greater 

the [N2O]/[TMCTS] ratio or the dissipated power, the lower the fogging parameter. Low 

values of the fogging parameter translate to coatings with low or very low contact angles 

because of the relatively high concentration of (hydrophilic) Si-OH groups at the surface 
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compared to that of (hydrophobic) Si-CH3 groups. As mentioned in the introduction, 

hydrophilic groups are able to interact with water drops to form a thin film of water on the 

coating surface, and thus alleviate light scattering typical of fogged surfaces.  

 

To assess the fogging resistance of plasma-coated glasses, light of wavelength 590 nm 

transmitted through the samples was measured in the presence of water vapor at 50°C as a 

function of time (ASTM F 659-06 standard). For comparative purposes, a clean glass sample 

was used as a reference (Figures 5.9b and 5.9d). Regardless of the deposition conditions, 

transmittance curves revealed similar features, namely, a drop within the first 5-10 s 

followed by a recovery levelling off very slowly to a plateau. Interestingly, the drop in light 

transmission was shown to be much slower in coatings deposited under [N2O]/[TMCTS] 

ratios ³ 30 or dissipated power ³ 0.25 W cm-2. With light transmittances well above 80% at 

30 s, these coatings conferred superior anti-fogging properties to glass samples because of 

their (super)hydrophilicity (WCA £ 20°). In addition, their associated fogging ratio values 

between 0 and 0.10 evidences that the absence of hydrophobic Si-CH3 groups at the surface 

is not a sine qua non for these coatings to proffer anti-fogging effect to glass samples. That 

said, O/Si ratios above approximately 2.3 appear to be linked to the anti-fogging feature 

(Figures 5.9a and 5.9c).  

 

Because of water drops with WCA ³ 60°, coatings fabricated at lower [N2O]/[TMCTS] ratios 

or dissipated power experienced a more rapid decrease in transmittance during the same 

period of time. Here, water drops scattering light in all directions resulted in a light 

transmission recovery not exceeding 80% at 30 s, and therefore not compliant with the anti-

fogging requirements contained in the ASTM F 659-06 standard. Note that with a dramatic 

drop in light transmission to Taverage ≈ 55%, uncoated glasses were severely fogged 

(WCA » 55°). These findings support those of Briscoe et al. [22] and Pieters et al. [49] who 

analyzed the transmittance of normally incident light on glass and plastic films (polyethylene, 

polystyrene, and polymethylmethacrylate) under fogging conditions. It was found that light 

transmission was higher in fogged surfaces with water drops with contact angles below 40°, 

in contrast to those covered with water drops with contact angles between 40 and 90°, in 
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which light transmission was significantly lower. In investigating the anti-fogging feature of 

glasses coated with thermally crosslinked poly(ethylene glycol)-functionalized 

(poly(vinylalcohol)/ poly(acrylic acid))30 coatings, Lee et al. [199] also demonstrated that a 

better anti-fogging performance was linked to transmittance curves exhibiting a slow drop 

within the first 5-10 s. 

 

This particular feature of transmittance curves can be explained in terms of growth and 

coalescence of water drops. In this respect, of note are the studies conducted by Beysens [48] 

and Knobler [549] on the growth of “breath figures” on different substrates such as silicon 

and hydrophobized glass. The kinetics of surface fog formation can be described by three 

different growth regimes, each of them characterized by several physical parameters, 

including the average radius 〈g〉 of the droplets and the surface coverage ä (the latter defined 

as the ratio of the surface area covered by water drops to the substrate area). The first regime, 

which takes place once drops are nucleated on the surface, is characterized by a low surface 

coverage and a drop growth without significant interactions. The distances between droplets 

are relatively large compared to their sizes, so that coalescence events are rare. Here, the 

average radius of the droplets varies with time according to the following power law: 

 

〈g〉 ≈ såç (5.4) 

 

where s is the elapsed time and &l is equal to 1 3⁄  when the temperature of the surface is kept 

constant. 

 

During the second regime, also known as “self-similar regime”, surface coverage ä increases 

because of the growth and coalescence of drops. When ä	³ 0.3, the rate of coalescence begins 

to speed up significantly, so that the exponent in Equation 5.4 is better defined by &l = 1. 

Interestingly, in this regime no visible drops appear in the space between the already existing 

drops and surface coverage reaches a saturation value of 0.55, regardless of the wetting 

behavior of the substrate. In the third regime, a second generation of droplets grow in the 

space between the already formed drops. The second generation of water drops exhibits all 
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of the features, including growth laws and surface coverage, of the first generation. In the 

long term, many generations of droplets will coexist on the surface. Even tough each 

generation exhibits a ä	= 0.55, the fraction of the surface covered by the droplets approaches 

unity in the steady state. 

 

Unfortunately, the above-mentioned regimes do not adequately reflect the complexity of the 

growth of breath figures, as they apply strictly to solid surfaces that are smooth, chemically 

homogeneous, as well as to those that do not dissolve as a result of interactions with water. 

Undoubtedly, there is no such ideal surface in real life and other factors such as the hysteresis 

of the contact angle, the nucleation rate of water drops, and the wetting behavior of the 

surface must be taken into account. Hysteresis of the contact angle resulting from the pinning 

triple phase contact line has been reported to reduce the duration of the self-similar regime 

and cause water drops to spread anisotropically as they coalesce. The nucleation rate of water 

drops, that is, the number of water drops nucleated per unit volume with radii exceeding a 

critical value é∗, depends on the wetting behavior. In this regard, the classical theory of 

nucleation reveals that the more water-attracting the surface is, the higher the nucleation rate. 

 

Considering the foregoing, it can be argued that the hysteresis of the contact angle coupled 

with the relatively high nucleation rate of water drops in (super)hydrophilic surfaces is behind 

the slower decrease in light transmission observed in coatings deposited under 

[N2O]/[TMCTS] ratios ³ 30 or dissipated power ³ 0.25 W cm-2. In this case, relatively flat 

water drops with high contact angle hysteresis nucleating, growing, and coalescing fast on 

the surface may account for the lower decrease in light transmission observed within the first 

seconds of fogging testing. The light the transmission recovery that follows in all coated 

glasses can be attributed to the formation of a sheet-like water layer. Accordingly, it can be 

inferred from transmittance curves shown in Figures 5.9b and 5.9d, that the morphology of 

water drops (WCA), which relies on the wettability of the solid surface, is the parameter that 

makes it possible to determine whether the coated glasses will remain optically clear or not 

under very humid conditions. 

 



	

	 184 

To illustrate this point, the resistance to fogging of a plasma-coated glass 

([N2O]/[TMCTS] = 30, DP = 0.7 W cm-2) was tested under more aggressive fogging 

conditions (Figure 5.10a). The portion of the glass sample coated with the anti-fogging 

coating remained optically clear when placed over hot water at 80°C. Moreover, the “see-

through” property was maintained when the coated glasses were brought back to ambient 

conditions, thereby enabling an easy legibility of the letters behind them (Figures 5.10b). 

However, both the uncoated part of the glass and the coated part closer to the gas exit fogged 

up under the same testing conditions making it more difficult to see through them. For 

comparative purposes, a plasma-coated glass ([N2O]/[TMCTS] = 20, DP = 0.25 W cm-2) 

with a transmittance close to the threshold value set in the ASTM F 659-06 standard (76% at 

30 s) was also tested (Figure 5.10c). Even though this configuration resulted in a fogged 

surface, the “see-through” property was not severely compromised (Figure 5.10d). 

 

 
Figure 5.10: Side view of coated glasses obtained (a) at [N2O]/[TMCTS] = 30, 
DP = 0.7 W cm-2 and (c) at [N2O]/[TMCTS] = 20, DP = 0.25 W cm-2, respectively, when 
exposed to water vapor at 80°C. (b,d) The coated glasses on a paper with letters written in 
it following hot-fog testing. 
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5.6 Conclusions 

 

In this study, anti-fogging coatings were deposited on glass samples using 1,3,5,7-

tetramethylcyclotetrasiloxane as precursor by means of a DBD in N2/N2O operated at 

atmospheric pressure. It was observed that an increase in either the [N2O]/[TMCTS] ratio or 

the DP led to similar changes in the structure and chemistry of the coatings and made it 

possible to produce coatings with enhanced water-attracting features, hence more likely to 

be fogging-resistant. Interestingly, AFM results showed that, regardless of the deposition 

conditions, coatings were quite homogeneous and exhibited surface features of the order of 

4-5 nm. After 30 seconds of exposure to a moist environment at 50°C, quantitative 

assessment of the anti-fogging performance revealed that coatings obtained under 

[N2O]/[TMCTS] ratios ³ 30 or dissipated power ³ 0.25 W cm-2 conferred superior visual 

characteristics to the glass samples. Indeed, the average light transmission values, which were 

found to be relatively similar, were considerably better than those of an uncoated glass 

sample (i.e., > 90% and 55%, respectively). The anti-fogging characteristics were correlated 

with the surface chemistry of the coatings through an arbitrary parameter, called “fogging 

parameter” and the O/Si ratios. O/Si ratios ³ 2.3 coupled with fogging ratio values in the 

0-0.10 range were found to be necessary to procure an excellent fogging property under very 

humid conditions. As revealed by the XPS and FTIR analyses, the presence of hydrophilic 

functionalities, such as silanol (Si-OH), hydroxyl (C-OH) carboxyl (COOH), ester (COOR), 

at the coating surface accounted for these values. These results lead us to believe that the 

high reactivity of Si-H bonds is behind the formation of these hydrophilic functionalities and 

the incorporation of nitrogen from the plasma phase. In conclusion, the possibility of tuning 

the structure and composition of the coatings by means of atmospheric pressure dielectric 

barrier discharges operated under a controlled TMCTS/N2/N2O atmosphere undoubtedly 

represents a unique opportunity niche to produce anti-fogging coatings in one step with 

potential integration on an industrial scale. 
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6.1 Résumé 

 

Au cours des dernières années, les revêtements super hydrophiles ont suscité un intérêt 

considérable en raison de leur applicabilité potentielle dans les secteurs d’activité affectés 

par la formation de buée, tels que l’industrie alimentaire, le secteur de l’architecture et la 

médecine. Malheureusement, la plupart des techniques de dépôt en couches utilisées jusqu’à 

présent ne sont pas adaptées à la production de revêtements à grande échelle en raison de leur 

nature à plusieurs étapes. Dans ce cadre, l’utilisation de décharges à barrière diélectrique à 

pression atmosphérique (AP-DBD) fonctionnant sous une atmosphère gazeuse contrôlée de 

N2/N2O offre une alternative prometteuse aux techniques de dépôt classiques, pour la 

fabrication de revêtements antibuée en une étape. En utilisant cette approche, quatre 

précurseurs de siloxane ayant des structures différentes et un nombre différent de groupes Si-

H et Si-CH3; à savoir, le 1,3,5,7-tétraméthylcyclotétrasiloxane (TMCTS), 

l’octaméthylcyclotétrasiloxane (OMCTS), le 1,1,3,3-tétraméthyldisiloxane (TMDSO) et 

l’hexaméthyldisiloxane (HMDSO) ont été déposés sur des échantillons de verre. La 

résistance à la buée des verres revêtus a été évaluée quantitativement par le protocole décrit 

dans la norme ASTM F659-06 et qualitativement par inspection visuelle. L’effet de la 

structure et de la chimie de ces précurseurs sur les performances antibuée a été étudié par 

spectroscopie infrarouge à transformée de Fourier (FTIR) et spectroscopie photoélectronique 

par rayons X (XPS). La rugosité de surface et l’épaisseur des revêtements ont été déterminées 

par microscopie à force atomique (AFM) et profilométrie, respectivement. Les performances 

antibuée, la chimie de surface et la topographie de surface de verres revêtus par plasma étaient 

corrélées aux mesures d’angles de contact avec l’eau (WCA). Les verres à revêtement 

TMCTS présentaient une remarquable performance antibuée résultant d’une hydrophilicité 

supérieure (WCA < 5°) par rapport à celle des verres à revêtement OMCTS, TMDSO et 

HMDSO, qui présentaient des angles de contact avec l’eau de 80°. La rugosité rehaussée 

observée dans les revêtements TMCTS, couplé à la présence des fonctionnalités hydrophiles 

telles que C-O, O=C-O et Si-OH à la surface, explique les caractéristiques visuelles 

supérieures des verres revêtus lorsqu’ils sont exposés à la vapeur d’eau chaude. Ces résultats 

nous amènent à conclure que la structure cyclique du TMCTS, en conjonction avec la 

réactivité élevée des liaisons Si-H, est responsable de la performance antibuée.  
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6.2 Abstract 

 

In recent years, superhydrophilic coatings have attracted enormous attention because of their 

potential applicability in sectors of activity concerned by fogging, such as the food industry, 

the architectural sector, and medicine. Unfortunately, most of the thin film deposition 

techniques used thus far, are not suitable for large-scale coating production due to their 

multistep nature. In this regard, the use of atmospheric pressure dielectric barrier discharges 

(AP-DBD) operated under a N2/N2O gas atmosphere offers a promising alternative to 

conventional deposition techniques, for the fabrication of anti-fogging coatings. Using this 

approach, four siloxane precursors with different structures and different number of Si-H and 

Si-CH3 groups; namely, 1,3,5,7-tetramethylcyclotetrasiloxane (TMCTS), 

octamethylcyclotetrasiloxane (OMCTS), 1,1,3,3-tetramethyldisiloxane (TMDSO), and 

hexamethyldisiloxane (HMDSO), were deposited on glass samples. The fogging resistance 

of coated glasses was assessed quantitatively by the protocol described in the ASTM F659-

06 standard, and qualitatively by visual inspection. The effect of the structure and chemistry 

of these precursors on the anti-fogging performance was investigated by Fourier Transform 

Infrared Spectroscopy (FTIR) and X-ray Photoelectron Spectroscopy (XPS). Surface 

roughness and coating thickness were determined by atomic force microscopy (AFM) and 

profilometry, respectively. The anti-fogging performance, surface chemistry, and surface 

topography of plasma-coated glasses were correlated with water contact angles (WCA) 

measurements. TMCTS-coated glasses featured a remarkable anti-fogging performance 

arising from a hydrophilicity higher than that of the OMCTS-, TMDSO-, and HMDSO-

coated glasses (WCA < 5° vs. 80°), which were not fogging-resistant. Coupled with surface 

hydrophilic functionalities, such as C-O, O=C-O, and Si-OH, the relatively high roughness 

of TMCTS-based coatings, compared to that of OMCTS-, TMDSO-, and HMDSO-based 

cotings, accounted for the superior visual characteristics of TMCTS-coated glasses when 

exposed to hot water vapor (80°C). These results lead us to conclude that the cyclic structure 

of TMCTS in conjunction with the high reactivity of the Si-H bonds is responsible for the 

anti-fogging performance. 
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6.3 Introduction 
 

When one breaths on a transparent material, the exhaled water vapor condenses into a myriad 

of tiny droplets, resulting in deterioration of the “see-through” property. This typical feature 

of condensation, often referred to in the literature as “breath figures”, is primarily due to the 

interaction between the water drops and the incident light [550]. In essence, the effects of 

fogging arise from the total internal reflection of light at the water drop/air interface and the 

change in the direction of propagation of the transmitted light [551,552]. 

 

Although fogging is not harmful, its occurrence has been reported to cause serious problems 

in sectors of activity, such as the solar industry, the transport sector, the medical field, or the 

food industry, in which transparent or optical materials are required [402]. For example, the 

presence of condensation on photovoltaic cells decreases the percentage of solar energy that 

is converted into usable electricity, because of a reduction in the number of photons reaching 

the surface of these devices [25]. The fogging of endoscope lenses during a minimally 

invasive surgery (e.g., laparoscopic surgery) contributes to medical errors derived from a 

suboptimal visualization of the operating field [16]. In the same vein, severe condensation 

on aircraft [12] or automobile [11] windshields can give rise to safety concerns. As regards 

the food industry, it has been found that moisture condensed on the inner surface of the 

packages reduces the consumers’ ability to see the product (e.g., freshly chopped vegetables 

or meats), when exhibited in a chiller cabinet in supermarkets. Further to this, when produce 

are not esthetically displayed, the condensation may result in food spoilage [56]. Vegetable 

growers acknowledge that the formation of water drops on greenhouse claddings translates 

to a decrease in crop yield and contributes to the development of fungal diseases [553]. 

 

To prevent these situations, the application of hydrophilic or superhydrophilic coatings has 

strongly emerged, particularly in recent years, as a promising anti-fogging approach. A 

coating with water-attracting features prevents the effects of condensation by spreading the 

water drops across the surface [49]. Generally speaking, these coatings are made of natural 

polymers such as pullulan and chitin [27,191]; synthetic polymers such as vinyl derivatives 

[195–197,201] and fluorocarbon surfactants [138,139]; and inorganic materials such as SiO2 
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and TiO2 [112,114,169,170,218]. Other inorganic materials such as ZrO2 [554], In2O3-SnO2 

[229], MgO-Al2O3 [555], Cu3SnS4 [189], and graphene [42] have also shown to be promising 

candidates for the fabrication of anti-fogging coatings. 

 

Even though these materials have amply demonstrated their effectiveness in minimizing the 

effects of fogging, their large-scale application is a challenging task for cost-effectiveness 

and practical reasons. Indeed, most of the coating techniques explored thus far involve 

multiple steps and, in some cases, are incompatible with thermally sensitive substrates 

because of the application of thermal post-treatments [174]. Developing less time-consuming 

coating techniques adapted for mass production is therefore crucial to overcome these 

drawbacks, and thus broaden the range of application of anti-fogging coatings beyond 

laboratory research. 

 

In this context, the use of plasma enhanced chemical vapor deposition (PECVD) at 

atmospheric pressure may represent a promising alternative to conventional coating 

deposition techniques. Compared to vacuum-based plasma processing or sol-gel techniques, 

atmospheric-pressure plasma deposition has many advantages, including its potential for 

integration into mass production (vacuum equipment is not necessary), its environmentally 

friendly nature (solvent-free processing), and its suitability for treating thermally sensitive 

materials such as polymers with low glass transition temperatures [417]. 

 

Within the family of plasmas operated at or near atmospheric pressure, the so-called 

“dielectric barrier discharges” (DBDs) hold great promise for the one-step fabrication of anti-

fogging coatings on a wide range of substrates. A dielectric barrier discharge can be described 

as a system in which an ionized gas, commonly referred to as “plasma”, is generated between 

two electrodes, when an alternating voltage of the order of kilovolts, is applied [378]. To 

ensure coating deposition at room temperature, at least one layer of an insulating material is 

placed between the electrodes. DBDs have typically been used to prepare siloxane-based 

coatings with electrical [416,514,556] or protective features [417,557,558], so as to meet the 

ever-growing demand for functional materials in the optical industry, the food industry, and 
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the microelectronic industry. Surprisingly, no papers on the use of DBDs for the deposition 

of siloxane-based anti-fogging coatings on glass are evidenced thus far. 

 

On this basis, the aim of this study is thus to fabricate anti-fogging glass by coating deposition 

using an atmospheric pressure DBD. To this end, two cyclic siloxane precursors, 1,3,5,7-

tetramethylcyclotetrasiloxane (TMCTS), and octamethylcyclotetrasiloxane (OMCTS); and 

two acyclic ones, 1,1,3,3-tetramethyldisiloxane (TMDSO), and hexamethyldisiloxane 

(HMDSO), were used in this study. The anti-fogging performance of plasma-deposited 

coatings was discussed in terms of surface roughness and chemistry and correlated with the 

structure and chemistry of siloxane precursors. The structure and chemical composition of 

plasma-deposited coatings were investigated by Fourier Transform Infrared Spectroscopy 

(FTIR) and X-ray photoelectron spectroscopy (XPS). Surface roughness and coating 

thickness were measured by atomic force microscopy (AFM) and profilometry, respectively. 

The wetting behavior of the coatings was assessed by water contact angle (WCA) 

measurements. The resistance to fogging of coated glasses was assessed quantitatively by the 

protocol included in the ASTM F659-06 standard, and qualitatively by visual inspection by 

photographing the samples after being exposed to hot water. Glasses endowed with the anti-

fogging feature were subjected to different thermal treatments to enhance the mechanical 

robustness of the coatings and impart a better adhesive to the coating/substrate. The fogging 

resistance of thermally treated glasses was measured following vigorous washing in order to 

evaluate the reliability of the anti-fogging treatment. 

 

6.4 Experimental section 

 Materials and sample preparation 

 

Four siloxane precursors, namely, 1,3,5,7-tetramethylcyclotetrasiloxane [H(CH3)SiO]4 

(TMCTS), octamethylcyclotetrasiloxane [(CH3)2SiO]4 (OMCTS), 1,1,3,3-

tetramethyldisiloxane H2(CH3)2Si2O (TMDSO), and hexamethyldisiloxane (CH3)3Si2O 

(HMDSO) were purchased from Sigma-Aldrich (NMR grade, purity ≥ 99.5 vol.%) and used 

as received without further purification (Figure 6.1). 
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Figure 6.1: Siloxane precursors used for the preparation of coatings by AP-DBD. (a) 
TMCTS, (b) OMCTS, (c) TMDSO, and (d) HMDSO. 
 

Methanol and acetone were purchased from commercial alcohols (Ontario, ON, Canada) and 

Laboratories MAT (Québec, QC, Canada), respectively. Nitrogen (N2, grade 4.8) and nitrous 

oxide (N2O, 99.998%) were provided by Linde (Québec, QC, Canada). Glass samples 

measuring 13 cm ´ 5 cm ´ 2 mm were kindly provided by Multiver Ltd (Québec, QC, 

Canada). Prior to the deposition process, glass samples were ultrasonically cleaned with 

acetone for 10 min followed by rinsing with methanol and deionized water to remove any 

organic remnant. The as-treated glasses were ultrasonically washed for 10 min with 

deionized water and then wiped dry with a cotton cloth (Amplitude KappaTM, Contect Inc., 

Spartanburg, SC, USA). Afterwards, glass samples were immersed in a piranha solution 

(H2SO4:H2O2, 3:1 v/v%,) for 10 min to generate reactive Si-OH groups on the surface 

(surface activation), rinsed with abundant deionized water, and dried with a dry air jet. 

 

 Experimental setup and operating conditions 

 

A parallel-plate DBD reactor, such as the one in Figure 6.2, was used in this study. It consists 

of two electrodes spaced 1 mm apart, one of which is a 0.64-mm-thick alumina sheet 

(Goodfellow, Coraopolis, PA, USA) covered with a silver-based conductive paint 

(3.5 cm ´ 3 cm), and the other is a stainless-steel mobile plate (13 cm ´ 9 cm) where glass 

samples were positioned prior to the deposition process. 

= Si = O = C = H 

(a) (b) (c) (d) 
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Figure 6.2: DBD design used for the deposition of siloxane-based coatings. 

 

The DBD reactor was by an oscillating voltage with a peak-to-peak amplitude of ~ 16.5 kV 

and a frequency of 6 kHz. The breakdown voltage was found to be approximately 12.5 kV. 

These operating conditions, which resulted in an average power per unit area of 0.70 W cm-

2, made it possible to maintain the discharge in a homogeneous regime (i.e., Townsend 

regime) throughout the deposition process. The average power per unit area was calculated 

using LabVIEWTM software, as follows: 

 

ê =
1
o ∙ ë

h íG@@(s) ∙ aHJGF(s)!s
t

l
 (6.1) 

 

where o is the period (s), ë is the surface of the glass sample in contact with the plasma (cm2), 

íG@@  is the applied voltage (V), aHJGF  is the measured current (A). Note that the integral 

extends over one cycle. 

 

The voltage applied across the electrodes íG@@  was measured by a high-voltage probe 

(Tektronix P6015A), while the current passing through the electric circuit aHJGF  was 

determined by a passive oscilloscope probe (Tektronix P2200). The voltage drop across a 

50 W resistor connected in series with the ground electrode enabled us to measure the current. 

All waveforms were recorded using a numerical oscilloscope (DPO2000, Tektronix Inc., 
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Beaverton, OR, USA). The gas inlet was composed of two independent lines, one of which 

carried N2 (plasmogenous gas) at 3 L min-1 and the other carried N2O (oxidant gas) at 

variable flow rate to the discharge site. This configuration allowed for a continuous renewal 

of the gaseous atmosphere during the coating process. The flow rate of gases was measured 

by mass flow controllers (BronkhorstTM, Ruurlo, Holland). Using a syringe pump 

(FisherbrandTM, Thermo Fisher Scientific, Runcorn, Cheshire, UK) coupled to a nebulizer 

(Mira Mist CETM, Burgener Research Inc., Mississauga, ON, Canada), a third line made it 

possible to inject N2 at 1 L min-1 along with 10 ppm of the corresponding precursor (aerosol) 

into the inter-electrode space. Gases passed through a diffuser to ensure a laminar flow over 

the deposition area. In all experiments, the concentration of N2O in the discharge was 50% 

greater than that required if one assumes stoichiometric conditions between the precursor and 

the oxidant, that is: 

 

TMCTS: [H(CH3)SiO]4 + 20 N2O → 40 N2 + 4 CO2 + 8 H2O + 4 SiO2 (6.2) 

OMCTS: [(CH3)2SiO]4 + 32 N2O → 32 N2 + 8 CO2 + 12 H2O + 4 SiO2 (6.3) 

TMDSO: H2(CH3)2Si2O + 18 N2O → 18 N2 + 4 CO2 + 7 H2O + 2 SiO2 (6.4) 

HMDSO: (CH3)3Si2O + 24 N2O → 24 N2 + 6 CO2 + 9 H2O + 2 SiO2 (6.5) 

 

Accordingly, 270, 300, 360, and 480 ppm of TMDSO, TMCTS, HMDSO, and OMCTS, 

respectively, were injected into the discharge. The aerosol delivery line was heated and kept 

at ~ 40°C to prevent precursors from condensing on the inside before they reach the discharge 

site. Prior to the deposition process, a cleaned glass sample was positioned on the bottom 

electrode at room temperature. Afterwards, the plasma chamber was pumped down to 

0.01 Torr and filled with N2 until pressure reaches 760 Torr (1 atm). Pressure was allowed to 

stabilize before feeding the aerosol. The deposition time was set at 10 min, except for the 

coatings that were analyzed by FTIR, for which the deposition time was set at 60 min. The 

speed at which glass samples were moved was kept constant at 35 cm min-1, i.e., the bottom 

electrode moving back and forth 50 times. 
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 Thermal and washing treatments 

 

Coated glasses exhibiting anti-fogging performance were thermally treated to enhance 

mechanical robustness and impart a better adhesive to the coating/substrate. The effect of 

temperature (100 and 500°C), treatment time (1 and 5 h), and gas atmosphere (Ar and O2/Ar, 

2% v/v) on the anti-fogging performance was studied. The resistance to fogging of thermally 

treated samples was also investigated after an industrial washing treatment. The washing 

process involved the following steps: (1) inserting the samples into a washing reactor at 

8 m min-1 using a small mobile cart, (2) pre-washing with a water jet at 50-55°C; (3) washing 

by water jet projection (50-55°C) followed by a vigorous brushing (two rotating brushes 

were placed on the coated side and the other two on the uncoated side); (4) rinsing with a 

water jet at 50-55°C followed by washing with two rotating brushes; and (5) fan drying at 

room temperature. Brushes rotating at 1700 rpm (rpm = revolutions per minute) were made 

of nylon fibers of either 0.15 or 0.3 mm in diameter, depending on whether they were in 

contact or not with the coated side, respectively. 

 

 Chemical characterization of the coatings  

6.4.4.1 Attenuated total reflectance Fourier transformed infrared 

spectroscopy (ATR-FTIR) 

 

The chemical structure of the coatings was investigated by FTIR spectroscopy using a FTIR 

spectrophotometer (Cary 660 FTIR, Agilent Technologies, Victoria, Australia) equipped 

with a DLaTGS detector, a Ge-coated KBr beamsplitter, and a Split-Pea attachment (Harrick 

Scientific Products, Pleasantville, NY, USA). Infrared spectra were recorded at room 

temperature with a resolution of 4 cm-1 and 128 scans using a 45-degree incident ATR 

accessory (1.5 mm2 active sample area, Si crystal with a depth of penetration at 1000 cm-1 of 

0.81 µm for nsample = 1.5) in the 400-4000 cm-1 range (mid-IR). For each coating, 9 equally 

spaced points were analyzed from the gas entrance side to the gas exit side (Figure 6.2). 

Using Origin software (Origin Lab Corp. v 8.5), spectral features were normalized with 
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respect to the band due to the Si-O-Si asymmetric stretching, na Si-O-Si (1000-1200 cm-1) 

following baseline correction. 

 

6.4.4.2 X-ray photoelectron spectroscopy (XPS) 

 

Chemical surface composition of coated glasses was determined by X-ray photoelectron 

spectroscopy (XPS) on a PHI 5600-ci spectrometer (Physical Electronics, Chanhassen, MN, 

USA) operated under high vacuum (< 10-6 Pa). A standard Al X-ray source (Ka, 

hn = 1486.6 eV) at 300 W was used to record survey spectra (0-1400 eV), while a standard 

Mg X-ray source (Ka, hn = 1253.6 eV) at 300 W was used to record high-resolution spectra 

(HRXPS). Photoelectron detection was carried out at a take-off angle of 45° and surface 

charging effects were compensated by setting the C-C/C-H aliphatic carbon binding energy 

peak at 285.0 eV. The analyzed area was approximately 0.005 cm2 for all samples. By means 

of the least squares fitting, curve fitting of C1s and Si2p features was performed using 

Gaussian-Lorentzian functions, following Shirley-type background subtraction (PHI 

MultiPakTM software v 9.3). Nine analyses per sample were carried out to evaluate the 

chemical homogeneity of coated glasses and provide a mean value with its corresponding 

standard deviation. 

 

 Morphological characterization of the coatings  

6.4.5.1 Atomic force microscopy (AFM) 

 

The nanoscale topography of coated glasses was investigated by means of an atomic force 

microscope (Dimension 3100, Veeco Digital Instruments by Bruker, Santa Barbara, CA, 

USA) operated in the tapping mode. A silicon tip (OTESPA probe, Bruker Nano Surface 

Division, Santa Barbara, CA, USA) with a radius of curvature < 10 nm and an aspect ratio 

of approximately 1.6/1 was used to scan the surface (scan angle 90°). AFM images were 

recorded at a scan rate of 0.5 Hz with a line resolution of 256 ´ 256 and flattened using a first 

order line fit (NanoScope Analysis software v 1.5 by Bruker). Surface roughness was 
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examined on 5 ´ 5 (tip velocity = 5 µm s-1) and 50 ´ 50 µm2 (tip velocity = 50 µm s-1) areas, 

and characterized by two roughness parameters, namely the root mean square roughness 

(Rrms) and the mean roughness (Ra).  

 

 Coating thickness and deposition rate measurements 

 

Coating thickness and deposition rates were determined by stylus profilometry. Briefly, a 

pointed tip tweezers was used to scratch off the coatings from the entrance to the exit of the 

discharge (in direction of gas flow). The height of the resulting steps was measured each 

1 mm perpendicular to gas flow using a DektakXTTM profilometer (Bruker Nano Surface 

Division, Tucson, AZ, USA) with an applied force of 1 mg. A cone shaped stylus (45 deg.) 

with a tip radius of 5.0 µm was used for that purpose. Each acquisition lasted for 10 s and 

was performed on a distance of 300 µm. The thickness measured on 6 equally spaced points 

enabled us to calculate an average value and its corresponding standard deviation. The 

deposition rate of the coatings was determined by dividing the as-measured thickness by the 

deposition time. The uncertainty in the deposition rates was calculated by error propagation. 

 

 Wetting behavior of the coatings  

 

The wetting behavior of coated glasses was assessed by the sessile drop method using a Video 

Contact Angle System (VCA-2500 XETM, AST products Inc., Billerica, MA, USA) 

equipped with a built-in high-resolution CCD camera. 3-μL drops of ultrapure water were 

dropped from a height of 10 mm and contact angles were measured following the pinning of 

the three-phase contact line. Each water contact angle value (WCA) was averaged from 

measurements on eight drops and was accompanied by its corresponding standard deviation.  
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 Fogging resistance assessment 

 

A slightly modified version of the standard test method ASTM F 659-06 was used to assess 

the resistance to fogging of coated glasses [195]. Briefly, coated glasses were immersed in 

distilled water at 23°C for 1 h and then air dried at room temperature for at least 12 h. 

Afterwards, they were placed over a bath containing water at 50°C and exposed to light of 

wavelength 590 nm. For a surface to be anti-fogging, the F 659-06 standard states that the 

percentage of light transmitted through the sample must be equal or greater than 80% 

following 30 s of exposure to water vapor at 50°C. The anti-fogging performance was also 

tested under more aggressive fogging conditions by placing the coated glasses on an 

Erlenmeyer flask containing water at 80°C for 15 s. In this case, the resistance to fogging 

was evaluated by visual inspection by photographing the samples immediately after they 

were brought back to ambient lab conditions (i.e., 17-20°C, 50% RH). 

 

6.5 Results and discussion 

 Electrical characterization of the discharge 

 

Figure 6.3a shows the voltage-current characteristics of a N2O/N2 discharge obtained in the 

presence of TMCTS. The current pulse appearing at every half cycle of the applied voltage, 

on the capacitive current reveals a discharge operating in a homogeneous regime (Townsend 

regime). 
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Figure 6.3: (a) The I-V characteristic of a N2O/N2/TMCTS discharge, and (b) a detail of the 
I-V characteristics of a N2/N2O discharge in the presence of TMCTS, OMCTS, TMDSO, and 
HMDSO. 
 

Similar I-V characteristics were observed in OMCTS-, HMDSO-, and TMDSO-containing 

N2/N2O plasmas (Figure 6.3b), suggesting that the presence or absence of the “anti-fogging 

feature” in the coated glasses cannot be attributed to a change in the discharge physics. 

Nonetheless, the voltages applied to sustain the discharge depended slightly on the siloxane 

precursor. For example, in a HMDSO-containing N2/N2O plasma, the peak-to-peak voltage 

amplitude was found to be 7.1% greater than that observed in an OMCTS/N2/N2O, for the 

same dissipated power (0.7 W cm-2). Moreover, this amplitude variation appears to be linked 

to a slightly faster N2 breakdown, i.e., 0.04 ms faster than in an OMCTS-containing N2 

plasma. 

 

 Structural analysis of the plasma-deposited coatings  

 

Figure 6.4 shows the infrared spectra of the siloxane precursors and their associated plasma-

deposited coatings. Main IR absorption assignments for TMCTS, OMCTS, TMDSO, and 

HMDSO are summarized in Table 6.1. 
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Figure 6.4: (a) IR spectra of TMCTS, OMCTS, TMDSO, and HMDSO. (b) IR spectra of 
plasma-deposited coatings in the 500-4000 cm-1 range. Detail of the (c) 700-1300 and (d) 
2600-3800 cm-1 regions showing the main IR spectral features (n = stretching, d = bending, 
r = rocking, a = asymmetric, and s = symmetric). 
 

Coatings deposited on glass substrates using a N2/N2O atmospheric Townsend discharge 

exhibited some IR absorptions similar to those observed in the liquid precursors 

(Figure 6.4a). These include the CH3 rocking and Si-C stretching between 750 and 850 cm-

1, the CH3 symmetric bending in Si-(CH3)x groups (x = 1, 2, and 3) at ~ 1277 cm-1, and the 

Si-O-Si asymmetric stretching between 1000 and 1200 cm-1 (Figure 6.4b).  

 

On the other hand, changes in peak half-widths, intensities, and positions reveal clear 

structural differences. When compared with the IR spectra of the siloxane precursors, the 

asymmetric stretching of Si-O-Si groups, i.e., na Si-O-Si, broadened and shifted slightly to 
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low frequencies, accompanied by the emergence of a shoulder at ~ 1150 cm-1 (Figure 6.4c). 

The bonding environment of Si-O-Si groups in carbon-containing SiOx coatings (i.e., 

SiOxCy:H), can be described in terms of linear chains as well as cyclic and polycyclic entities, 

such as cage-like and ladder-like structures. In this regard, the broad band ranging from 1000 

to 1200 cm-1 can be fitted with three [412,527,528] or four components [529–531] 

(Figure 6.5). 

 

 
Figure 6.5: Curve fitting of the 800-1300 cm-1 region (TMCTS-based coating). 

 

According to Grill and Neumayer [412], the first component at 1023-1035 cm-1 can be 

assigned to silicon sub-oxidized states (e.g., O-Si-C and O-Si-Si groups), long chains with 

Si-O-Si angles of less than 144°, and siloxane rings with a D3h point symmetry. The second 

contribution at 1065-1070 cm-1 can be attributed to a siloxane network with Si-O-Si angles 

of ~144° and some 4-membered tetrahedral rings, such as those integrating the TMCTS and 

OMCTS cycles. In the 1135-1150 cm-1 range, the third contribution to the Si-O-Si stretching 

originates from cage-like entities in the coatings, such as those found in silsesquioxane 

polymers (Si-O-Si angles > 144°).  
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Table 6.1: Principal IR bands of the siloxane precursors used in this study. n = stretching, 
d = bending, r = rocking, a = asymmetric, and s = symmetric. 

HMDSO OMCTS TMDSO TMCTS 
Vibrational 

mode 
Comment References 

2962 2962 2962 2968 na C-H in CH3 [412,472,514,559,560] 
2902 2904 2903 2906 ns C-H in CH3 [412,472,514,559] 

  2127 2165 n Si-H in H-SiOSi [412,472,559,560] 
1410 1412 1419 1406 da C-H in Si(CH3)x [412,472,514,560] 
1256 1259 1255 1259 ds C-H in Si(CH3)x [412,472,514,560] 
1072 1061 1061 1063 na Si-O-Si - [412,560] 

  906  n Si-C, r CH3 in Si(CH3)2 [412,472,559,560] 
  877 865 d H-Si-O in H-SiOSi [412,559,560] 

849    n Si-C, r CH3 in Si(CH3)3 [412,472,514,560] 
  831  n Si-C, r CH3 in Si(CH3)2 [412,472,514,560] 

756 804 769 754 n Si-C, r CH3 
in 

Si(CH3)1,3 
[412,472,514,560] 

689 
692 
660 
549 

619 710 ns Si-O-Si - [412,472,559] 

 

Because of the presence of N2O in the discharge, the IR features pertaining to CH3 groups 

(i.e., ds C-H, da C-H, n Si-C, r	CH3, etc.) either diminished or disappeared. In OMCTS- and 

TMDSO-based coatings, the weak absorption at ~ 1277 cm-1 (ds CH3 in Si-(CH3)x) suggests 

that most of the remaining CH3 groups were bonded to one silicon atom in the form of O3-

Si(CH3)1 entities (“T-units”). Nonetheless, the presence of both O2-Si(CH3)2 (D-units) and 

O1-Si(CH3)3 (M-units) in the coatings cannot be excluded, in view of the several overlapping 

features in the 750-850 cm-1 region (Figure 6.4c). In addition, in the case of TMCTS and 

TMDSO-based coatings, the CH3 loss was accompanied by the disappearance of the Si-H 

bond, as no absorption in the range of 2130-2170 cm-1 was observed (Figure 6.4b). 

 

Further evidence of the loss of CH3 functionalities is available upon examination of the 

region ranging from 2600 to 3800 cm-1 (Figure 6.6d). The absence of the C-H asymmetric 

(ns) and symmetric (na) stretching of CH3 groups in the 2900-2970 cm-1 range, supports the 

loss of the organic component of the coatings. Even though plasma-deposited films did not 

display a marked organic character, both the position (1043-1057 cm-1) and the full width at 
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half maximum (FWHM » 250 cm-1) of the na Si-O-Si absorption reveal a coating structure 

different from that of the stoichiometric SiO2 (na Si-O-Si at 1075-1080 cm-1 and 

FWHM » 70 cm-1 [561]). 

 

Coatings exhibited several features that were not observed in the IR spectra of the siloxane 

precursors. These include two bands pertaining to Si-OH (silanol) groups, one at 

930-935 cm-1 due to the Si-O bending, and other in the 3000-3700 cm-1 range due the O-H 

stretching [525]. From the shape of the latter feature, it can be inferred that various 

populations of silanol groups were present in the coatings [525,526]. Specifically, three 

populations of these functionalities were identified, namely isolated Si-OH groups at 

3600-3700 cm-1, partially hydrogen-bonded Si-OH groups at 3460 cm-1, and strongly 

hydrogen-bonded Si-OH groups at 3200-3400 cm-1. Quite a number of studies have revealed 

two interesting aspects regarding silanol groups [411,485,497,499]: first, the addition of an 

oxidant in the discharge, such as N2O or O2, appears to be linked to the formation of these 

functionalities, and second, the content of Si-OH groups in the coatings can be varied by 

modifying the oxidant/precursor ratio. Of interest is the study reported by Fanelli et al. [497] 

who deposited SiOxCy:H coatings from siloxane precursors with a different number of Si-

CH3 and Si-H groups (i.e., hexamethyldisiloxane, pentamethyldisiloxane, and 1,1,3,3-

tetramethyldisiloxane) using an atmospheric pressure DBD fed with Ar/O2. Regardless of the 

precursor, a minimum O2/precursor ratio of 25 was found to be the threshold value to provide 

coatings with a high Si-OH content. Similarly, Massines and collaborators [485] evidenced 

that SiO2-like coatings, with a non-negligible amount of silanol groups can be obtained using 

N2/N2O Townsend discharges with N2O/HMDSO ratios > 6.  

 

Minor absorptions in the range of 1550-1750 cm-1, most likely due to the C=O stretching, 

intimates the presence of carbonyl-containing functionalities in the coatings, such as carboxyl 

(COOH), ester (COOR), or amide groups (CONH) [517]. That said, CN-related absorptions 

cannot be excluded, given that the C=N stretching also falls within the same frequency 

range [517]. 
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 Surface chemical composition  

 

Table 6.2 shows the chemical composition of plasma-deposited coatings in terms of atomic 

percent (at. %) of Si, C, O, N, as well as O/Si and C/Si atomic ratios, as determined by XPS 

survey analyses. 

 

Table 6.2: Surface composition of plasma-deposited coatings. * Percentage composition of 
siloxane precursors. 

Sample Si2p O1s C1s N1s O/Si C/Si 

TMCTS* 33.3 33.3 33.3 - 1 1 
TMCTS 27.9 ± 0.8 67.0 ± 0.6 5 ± 1 0.1 ± 0.2 2.40 ± 0.07 0.18 ± 0.04 
OMCTS* 25 25 50 - 1 2 
OMCTS 28.7 ± 0.6 64.9 ± 0.7 6.5 ± 0.8 - 2.26 ± 0.06 0.23 ± 0.03 
TMDSO* 28.6 14.3 57.1 - 0.5 2 
TMDSO 28.4 ± 0.6 63.9 ± 0.7 7.6 ± 0.7 0.08 ± 0.08 2.25 ± 0.06 0.27 ± 0.03 
HMDSO* 22.2 11.1 66.7 - 0.5 3 
HMDSO 27.8 ± 0.3 66 ± 1 6 ± 1 - 2.38 ± 0.05 0.20 ± 0.05 

 

Plasma deposition conducted under conditions of over-stoichiometric [N2O]/[precursor] 

ratios resulted in coatings with much less carbon and more oxygen, when compared with the 

theoretical composition of siloxane precursors. The average carbon content was found 

between 6 and 7% in all coatings, except for those prepared from TMCTS, in which carbon 

percentage was a slightly lower (~ 5%). Such carbon content coupled with a relatively high 

silicon percentage compared to that of the TMCTS, accounts for the lowest C/Si ratio found 

in the coatings. 

 

With regard to O/Si ratios, two points deserve to be highlighted. First, O/Si ratios greatly 

exceeding that of the precursors (O/Si = 1 for TMCTS and OMCTS, and O/Si = 0.5 for 

TMDSO and HMDSO) substantiate the incorporation of oxygen, most likely resulting from 

the dissociation of N2O on collision with the N2 (A3Su+) species [485,499,562]. Second, O/Si 

ratios are greater than 2 (O/Si ratio in stoichiometric silica), substantiating the presence of 

Si-OH functionalities in the coatings (FTIR analyses). Strictly speaking, O/Si ratios > 2 are 

also compatible with the presence of Si-O-C groups at the surface; however, their 



	

	 206 

identification by FTIR is challenging, because the asymmetric stretching of Si-O-C and Si-

O-Si groups falls within the same frequency range [563]. 

 

The coatings deposited from TMCTS- and TMDSO-containing plasmas incorporated a slight 

amount of nitrogen. This result significantly differs from that reported by Gherardi et al. 

[499] who found a greater amount of nitrogen (0.5-0.7%) in the coatings deposited in static 

conditions (stationary bottom electrode) using a N2/N2O/HMDSO Townsend discharge. This 

discrepancy may be explained in terms of gas dynamics. Because of the movement of the 

bottom electrode during the deposition process, the flow of gases through the inter-electrode 

space is likely more turbulent. A turbulent flow may hinder the incorporation of nitrogen-

containing species from the plasma phase into the coatings, thus explaining the lower 

nitrogen content. Interestingly, the presence of Si-H in the precursor appears to correlate with 

an enhanced nitrogen incorporation efficiency. 

 

Although XPS analyses were consistent with the results obtained by FTIR, it has been 

deemed appropriate to provide further insight into the carbon bonding environment at the 

surface. The main reason for this lies in the fact that carbon-containing surface groups can 

also be involved in the anti-fogging performance [507]. To this end, curve fitting of the C1s 

envelopes obtained from high-resolution XPS spectra was performed for each coating 

(Figure 6.6). In general terms, the C1s core level spectrum can be decomposed into two or 

three components, namely, C-C/C-H at 285 eV, C-O (epoxy and hydroxyl groups) at 287 eV, 

and O-C=O (carboxyl and ester groups) at 289 eV [500]. Unlike coatings obtained from 

OMCTS, TMDSO, and HMDSO, TMCTS-based coatings exhibited a third component at 

higher binding energies, pertaining to carbonyl-containing species (compare Figures 6.6a 

and 6.6b-d). The additional feature at 288.8 eV intimates that the cyclic structure coupled 

with the presence of Si-H bonds in the TMCTS is behind the formation of carboxyl (COOH) 

and ester (COOR) groups. As a matter of fact, this feature was not observed either in 

TMDSO-based coatings, despite the Si-H bonds in the TMDSO, or in OMCTS-based 

coatings, despite the cyclic structure of OMCTS.  
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Figure 6.6: Curve fitting of the  C1s core level spectrum of (a) TMCTS-based, (b) OMCTS-
based, (c) TMDSO-based, and (d) HMDSO-based coatings. 
 

Bearing in mind the incorporation of nitrogen in TMCTS- and TMDSO-based coatings 

(Table 6.2), the XPS peaks due to the presence of (hydrophilic) nitrogen-containing 

functionalities, such as such as C-NH2 (286.4 eV), C=NH (287.3 eV), and CO-NH2 

(289.2 eV), should also be included in the C1s analysis (Figures 6.6a and 6.6c) [541,542]. 

 

Curve fitting of the Si2p feature provides structural information of the coatings on extreme 

surface (Figure 6.7). Depending on the number of oxygen and carbon atoms bonded to the 

silicon, i.e., (CH3)xSiO(4-x)/2 (where x = 0-3), the Si2p envelopes can be composed of up to 

four peaks. In general, the first peak at 101.5 eV is attributed to M-units (x = 3), the second 
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at 102.1 eV to D-units (x = 2), the third at 102.8 eV to T-units (x = 1), and the last one at 

103.4-103.6 eV (x = 0) to Q-units, such as those found in stoichiometric SiO2 [502,503]. 

 

 
Figure 6.7: Curve fitting of Si2p core level spectra of (a) TMCTS-based, (b) OMCTS-based, 
(c) TMDSO-based, and (d) HMDSO-based coatings. 
 

Approximately 75% of the silicon can be described by the same “building units” that 

integrate the precursors, that is, D- and T-units. Indeed, TMCTS (or “D4H”), OMCTS (or 

“D4”), and TMDSO (or “D2H”) are composed of D-units while HMDSO (or “T2”) is 

composed of T-units. The remaining 25% was found in the form of Q- and M-units 

(Figure 6.7). Interestingly, the percentage of Q-units in TMCTS- and TMDSO-based 

coatings (5.9 and 8.0%, respectively) was lower than that found in OMCTS- and HMDSO-

based coatings (13.6 and 12.7%, respectively). In view of these results, it could be argued 
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that the bonding environment of the silicon slightly depends on the starting siloxane, and that 

the precursors containing Si-H bonds (i.e., TMCTS and TMDSO) make it more difficult to 

obtain SiO2-like coatings. 

 

 Surface morphology and deposition rate of the coatings 

 

Figure 6.8 shows the atomic force micrographs of the coatings deposited using a N2/N2O 

plasma at atmospheric pressure in the presence of TMCTS, OMCTS, TMDSO, and HMDSO. 

In general terms, the coatings were homogeneous and devoid of surface defects, such as 

pinholes or cracks. This result is consistent with the application of a N2 discharge operating 

in the Townsend regime (Figure 6.3), such as that employed by Gherardi’s [564] and 

Starostin’s [468] groups to prepare high-quality SiO2-like coatings. That said, some 

differences in surface roughness as well as in the morphology of surface features are worthy 

of mention. While OMCTS-, TMDSO-, and HMDSO-based coatings were very smooth, in 

light of the small Rrms values (1.3-7 nm) for both 5 ´ 5 and 50 ´ 50 µm2 areas, the island-

like features with a higher aspect ratio observed on TMCTS-based coatings caused Rrms to 

increase to 19 nm. Not surprisingly, the mean roughness values Ra measured on both 5 ´ 5 

and 50 ´ 50 µm2 areas (Table 6.3) were relatively close to those of Rrms. With a Ra of 

» 14 nm, TMCTS-coated glasses were rougher than OMCTS-, TMDSO-, or HMDSO-coated 

glasses, in which Ra values were between 1 and 5.3 nm, and than the glass substrate, which 

exhibited surface features in the 0.5-1.5 nm range (not shown). 
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Figure 6.8: Atomic force micrographs of the plasma-deposited coatings on glass using a 
homogeneous N2/N2O Townsend discharge. (a) TMCTS-, (b) OMCTS-, (c) TMDSO-, (d) 
HMDSO-based coatings. 
 

Interestingly, the values of surface roughness Ra and Rrms followed a trend similar to that of 

the deposition rates. In addition, the relatively high surface roughness of TMCTS-based 

coatings compared to that of OMCTS-, TMDSO-, and HMDSO-based coatings may result 

from the high deposition rate of TMCTS, i.e., TMCTS (23 nm min-1) >> TMDSO 

(6.8 nm min-1) > HMDSO (4 nm min-1) > OMCTS (1.6 nm min-1). Bearing in mind the 

deposition rates and the surface features shown in Figures 6.8b-d, it could be argued that the 

coatings deposited from OMCTS, TMDSO, and HMDSO are denser than those deposited 

from TMCTS. Moreover, the smoothness of these coatings may indicate an efficient packing 

on the molecular level [470]. According to Shirtcliffe and collaborators [544], very smooth 

coatings are obtained when the species generated in the plasma have a high sticking 

probability, and therefore bond at the first contact point. 
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Table 6.3: Root mean square roughness (Rrms), mean roughness (Ra), and deposition rates 
(DR) of plasma-deposited coatings on 5 ´ 5 and 50 ´ 50 µm2 areas (VP: vapor pressure). 

Sample Rrms (nm) Ra (nm) 
Rrms 
(nm) 

Ra (nm) 
DR 

(nm min-1) 
VP (torr) 

/20-25°C 

 5 ´ 5 µm2 50 ´ 50 µm2   

TMCTS 17.9 ± 0.7 14.1 ± 0.5 19 ± 1 14 ± 1 23 ± 2 7 

TMDSO 6.76 ± 0.07 5.33 ± 0.05 4.9 ± 0.2 3.9 ± 0.2 6.8 ± 0.5 110 

HMDSO 2.0 ± 0.1 1.42 ± 0.02 4 ± 2 3 ± 2 4.0 ± 0.2 42 

OMCTS 1.32 ± 0.07 1.02 ± 0.05 7 ± 1 1.9 ± 0.9 1.6 ± 0.6 1 

Glass 0.7 ± 0.2 0.5 ± 0.1 1.6 ± 0.5 1.1 ± 0.5 - - 
 

Considering that the amount of TMCTS, OMCTS, TMDSO, and HMDSO was set at 10 ppm 

for all experiments, the differences in the deposition rates cannot be due to changes in the 

concentration of the precursors in the discharge. In addition to this, the siloxane precursors 

containing Si-H bonds (e.g., TMCTS and TMDSO) allowed for the preparation of coatings 

with high deposition rates—a feature that has also been reported by several research groups. 

In investigating SiOx coatings for gas barrier applications, Badyal and colleagues [401] 

revealed that TMCTS deposited faster than OMCTS did under identical conditions (He/1% 

O2 discharge at atmospheric pressure and 0.12 mL h-1 of each precursor). These authors 

emphasized that the labile nature of the Si-H bond (DHdissociation Si-H < Si-C < Si-O) makes 

TMCTS more reactive than OMCTS, thus providing suitable justification for the high 

deposition rates. These results also support those of Cui et al. [417], who deposited SiO2-like 

coatings on poly(methyl methacrylate) and polycarbonate from TMCTS, tetraethoxysilane 

(TEOS), and 2-bis(triethoxysilyl)ethane (BTESE), by a RF-driven atmospheric plasma. In 

addition to the high reactivity of the Si-H bond, they referred to the four-membered siloxane 

ring in the TMCTS molecule as a contributing factor to the deposition rate. As indicated by 

Badyal and colleagues, [401] Si-H bonds would preferentially break on collision with the 

reactive oxygen species in the plasma, leading to the formation of “activated” siloxane rings. 

These rings would then react with each other to produce multiringed structures possessing 

high sticking coefficients. Considering the surface topography of the coatings (Figure 6.8), 

these arguments lead us to believe that these multiringed structures do not pack efficiently at 

the molecular level, unlike the species generated in the presence of OMCTS, TMDSO, and 
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HMDSO in the plasma. In another study conducted by Pai et al. [404], TMCTS was used to 

prepare high-quality SiO2 coatings on Si wafers by electron cyclotron resonance CVD under 

an Ar/O2 atmosphere. By comparing the deposition rates with those reported in TEOS-based 

coatings (TEOS = tetraethylorthosilicate), these authors suggested that both the greater 

volatility (i.e., vapor pressure) and the greater number of silicon atoms in the TMCTS are 

behind the higher deposition rates. In this case, no mention to the Si-H bond nor the cyclic 

structure of the TMCTS was made. 

 

As shown in Table 3, for the same number of silicon atoms, the precursors with a greater 

vapor pressure make it possible to obtain coatings with higher deposition rates, as pointed 

out by Badyal and colleagues [401]. Similarly, Fujino et al. [414] found that the greater the 

number of silicon atoms in the starting siloxane, the higher the deposition rate (TMCTS and 

TEOS were used in their study). That said, this result appears to not apply here, as the 

OMCTS (4 silicon atoms per molecule) did not deposit faster than did TMDSO or HMDSO 

(2 silicon atoms per molecule). 

 

 Anti-fogging performance and wetting behavior of the coated glasses 

 

Figures 6.9a-f shows the resistance to fogging of the coated glasses when placed over hot 

water at 80°C (hot-fog test). Glass samples covered with a TMCTS-based coating remained 

optically clear (Figure 6.9a) and maintained the “see-through” property when they were 

brought back to ambient conditions (Figures 6.9b,c). Under the same testing conditions, 

OMCTS-, TMDSO-, and HMDSO-coated glasses promptly fogged making it difficult to see 

through them. Moreover, fogged glasses did not become clear when they were brought back 

to ambient lab conditions (Figures 6.9f,i,l).  
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Figure 6.9: (a,d,g,j) Top and (b,e,h,k) side views of coated glasses placed over an 
Erlenmeyer flask containing water at 80°C for 15 s. (c,f,i,l) Coated glasses at a distance of 
~ 1 m from the Erlenmeyer following hot-fog testing. 
 

By means of contact angles measurements, the surface features of the coatings, such as the 

chemistry and roughness, have been correlated with the observed anti-fogging performance. 

Figure 6.10 shows the water contact angles measured on plasma-deposited coatings. The 

small standard deviations (~ 3°) of the measured water contact angles is in line with the 

surface homogeneity of the coatings at the microscale (see AFM results). Glasses covered 

with TMCTS-based coatings were superhydrophilic (WCA < 5°), thus substantiating the 

presence of silanol groups (Si-OH) and other hydrophilic functionalities, such as hydroxyl 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
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(C-OH), carboxyl (COOH), ester (COOR), and amino (NH2) groups at the surface (Figure 

6.10a). Coupled with surface hydrophilic groups, the high surface roughness of TMCTS-

based coatings (Figure 6.8a) makes it possible to procure an excellent anti-fogging property 

by increasing the specific surface area available for the wetting phenomenon. Here, any light 

ray at normal incidence (perpendicular) to the coating surface passes through without being 

scattered, and consequently the coated glass remains optically clear under very humid 

conditions (Figures 6.9a and 6.9b). 

 

 
Figure 6.10: WCA measured on (a) TMCTS-, (b) OMCTS-, (c) TMDSO-, and (d) HMDSO-
based coatings. 
 

In sharp contrast, the glasses coated with OMCTS-, TMDSO-, or HMDSO-based coatings 

were far less wettable, despite the hydrophilic groups, such as Si-OH and C-OH, at the 

surface. Surprisingly, the wetting behavior of these coatings was found to not depend on the 

starting siloxane—the measured contact angles were very similar (WCA » 80°, 

(a) WCA < "° (b) WCA	= &' ±'°

(c) WCA	= &) ±*° (d) WCA	= +, ±'°
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Figures 6.10b-d). The relatively low surface roughness compared to that of the TMCTS-

coated glasses, explains why OMCTS-, TMDSO-, and HMDSO-coated glasses were less 

hydrophilic, and therefore fogged up on exposure to water vapor at 80°C. In this case, water 

drops on the surface remain in a nearly hemispherical shape, so that a significant portion of 

the incident light is not transmitted because of the total internal reflection occurring at the 

water drop/air interface. For this reason, the “see-trough” property is dramatically 

compromised as shown in Figures 6.9d-l. 

 

Numerous studies have shown that both the surface chemistry and surface roughness must 

be properly adjusted to change the morphology of water drops (i.e., wetting behavior), and 

in this way, design coatings meeting the desired anti-fogging requirements [402]. The wetting 

behavior of the coatings (Figure 6.10) can be explained by two classical models, namely the 

Wenzel model [79,80] and the Cassie-Baxter model [81,82]. According to these wetting 

models, given a smooth and hydrophilic surface (10° < WCA < 90°), an increment in its 

surface roughness results in a more wettable surface (WCArough < WCAsmooth), and 

consequently more likely to be fogging-resistant. The results shown in Figures 6.9 and 6.10 

support this assertation. Even though the surface chemistry of plasma-deposited coatings was 

relatively similar, the higher roughness of the TMCTS-based coatings accounts for their 

extreme wetting behavior, and thus the anti-fogging performance conferred to the glass 

samples. 

 

To quantify the “see-through” property of the TMCTS-coated glasses (Figures 6.9a-c), light 

transmission (590 nm) was recorded as a function of time according to the procedure 

described in the ASTM F 659-06 standard. Figure 6.11 shows the transmittance percentage 

of the TMCTS-coated glasses before and after being thermally treated under a controlled Ar 

atmosphere at different temperatures. For comparative purposes, an uncoated glass, a 

thermally treated TMCTS-coated glass previously exposed to room conditions for two weeks 

(natural aging of the coating), and a thermally treated TMCTS-coated glass subjected to a 

vigorous washing were also tested. 
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Figure 6.11: Percentage of light transmitted as a function of time through the TMCTS-coated 
glasses treated at (a) 100°C for 1 h, (b) 100°C for 5 h, (c) 500°C for 1 h, and (d) 500°C for 
5 h, under an Ar atmosphere. 
 

With transmittance values well above 80% at 30 s, TMCTS-coated glasses demonstrated 

excellent capacity to prevent fogging effects (red line). Similarly, coated glasses displayed 

outstanding anti-fogging performance after two weeks of exposure to (non-controlled) room 

conditions and following thermal treatment (pink and blue lines, respectively). Based on 

these findings, it can therefore be concluded that the duration and temperature of the thermal 

treatment barely alter the anti-fogging performance of TMCTS-coated glasses. Interestingly, 

the increase in both parameters (temperature and duration of thermal treatment) either 

separately or in combination has a positive impact on the anti-fogging performance of 

thermally treated glasses after being subjected to a vigorous washing (compare green lines in 

Figures 6.11a and 6.11b, 6.11a and 6.11c, and 6.11a and 6.11d). Except for the coated 
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glasses shown in Figure 6.11a (green line), in which transmittance values were between 15 

and 30% after 30 s of exposure to water vapor at 50°C, the washing treatment was found to 

not deteriorate considerably the anti-fogging performance (60% < Transmittance < 80%). 

 

To produce coatings with a longer lasting anti-fogging performance once subjected to a 

vigorous washing, thermal treatments were conducted under a controlled Ar atmosphere in 

the presence of a small amount of O2 (2% v/v). 

 

 
Figure 6.12: Percentage of light transmitted as a function of time through the TMCTS-coated 
glasses treated at (a) 100°C for 1 h, (b) 100°C for 5 h, (c) 500°C for 1 h, and (d) 500°C for 
5 h, under an Ar/O2 (2% v/v) atmosphere.  
 

The ASTM F659-06 protocol evidenced superior anti-fogging performance 

(Transmittance > 80%) in coated glasses before and after two weeks of exposure to (non-
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controlled) room conditions, and following thermal treatment (compare red, pink and blue 

lines, respectively in Figure 6.12). As in the previous case, the duration and temperature of 

the thermal treatment barely alter the anti-fogging performance of the TMCTS-coated 

glasses. Unlike the thermal treatment in pure Ar, an increase in the temperature in 

combination with an increase in the treatment time did not result in coated glasses with a 

better anti-fogging performance after being subjected to a washing treatment (compare green 

lines in Figures 6.12a and 6.12d). An increase in the duration of the thermal treatment from 

1 to 5 h caused no noticeable effect on the anti-fogging capacity (compare green lines in 

Figures 6.12a and 6.12b). In contrast, an increase in the temperature resulted in coatings 

with enhanced anti-fogging performance if the thermal treatment lasts 1 h (compare green 

lines in Figures 6.12a and 6.12c). The best anti-fogging performance, which was attained in 

coated glasses treated at 500°C for 1 h, is most likely due to an enhancement of the coating’s 

robustness and a better coating/substrate adhesion. 

 

6.6 Conclusions 

 

In this study, it has been demonstrated the feasibility of conferring anti-fogging performance 

to glass substrates by plasma-assisted chemical vapor deposition at atmospheric pressure. Of 

all of the siloxane precursors used as coating materials, TMCTS was shown to be the most 

appropriate for that purpose. Due to their extreme wetting behavior (WCA < 5°), TMCTS-

coated glasses remained optically clear when placed over an Erlenmeyer containing water at 

80°C. In addition, the “see-through” property was preserved even after the TMCTS-coated 

glasses were brought back to ambient lab conditions. In contrast, OMCTS-, TMDSO-, and 

HMDSO-coated glasses lost their “see-through” property on exposure to hot water, because 

of their less hydrophilic nature (WCA » 80°). After hot-fog testing, OMCTS-, TMDSO-, and 

HMDSO-coated glasses did not become clear, remaining severely fogged for a few seconds. 

Coupled with surface hydrophilic groups (e.g., Si-OH, C-OH, COOH), the relatively high 

surface roughness of TMCTS coatings (Rrms » 19 nm), compared to that of OMCTS, 

TMDSO, and HMDSO-coated glasses (Rrms = 1.3-7 nm), was shown to endow glass samples 

with remarkable anti-fogging performance. These results lead us to believe that the cyclic 
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structure of TMCTS in conjunction with the high reactivity of Si-H bonds is behind the 

formation of these surface groups, the incorporation of nitrogen from the plasma phase, and 

the enhancement of surface roughness. By treating the coated glasses at high temperature, a 

better adhesion strength at the coating/glass interface can be imparted without compromising 

the anti-fogging property. Indeed, light transmittance measurements revealed that coated 

glasses treated for 1 h at 500°C under an Ar/O2 (2% v/v) atmosphere featured excellent anti-

fogging performance (> 80% transmittance) for at least 1200 s (20 min) after being subjected 

to vigorous washing. In conclusion, the use of AP-DBD under a controlled TMCTS/N2/N2O 

atmosphere in combination with an appropriate thermal treatment is a winning strategy, with 

significant potential for integration into mass production, to prepare durable anti-fogging 

coatings on glass. 
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General discussion: Limitations and opportunities 

 

Experimental results have demonstrated that both the hydrophilicity and surface roughness 

of the coatings are greatly influenced by the [N2O]/[TMCTS] ratio, the power dissipated in 

the discharge, and the relative movement between the glass substrate and the plasma phase. 

Regardless of whether coating deposition is conducted or not in static or dynamic conditions, 

coatings were homogeneous and devoid of surface defects such as pinholes or cracks. In 

static conditions, coatings prepared under a [N2O]/[TMCTS] ratio ³ 30 or a dissipated power 

³ 0.25 W cm-2 endowed glass substrates with superior anti-fogging performance, as 

supported by the light transmission measurements (Taverage > 90%; chapters 4 and 5). The 

anti-fogging performance of the coatings correlated directly with a surface chemistry 

characterized by O/Si ratios ³ 2.3 and values of the fogging parameter between 0 and 0.10. 

In other words, the presence of surface silanols (Si-OH) coupled with minor contributions 

due to hydroxyl (C-OH) carboxyl (COOH), or ester (COOR) groups is a necessary condition 

to prevent fogging. The results reported in chapter 6 shows that the combination of the high 

reactivity of Si-H bonds with the cyclic structure of TMCTS is behind the anti-fogging 

performance. In this case, coating deposition conducted in dynamic conditions resulted in 

coatings with enhanced roughness and—as in the case of static conditions—with abundant 

silanol groups. 

 

Although experimental evidence indicates that the anti-fogging property is due, to a great 

extent, to silanol groups, explaining how and where these functionalities form during the 

deposition process remains a controversial issue.  

 

Silanol groups: Where do they come from? 

 

In a PECVD process with siloxane precursors, it is standard practice to incorporate oxidants, 

such as N2O, O2, or CO2, into the discharge to fabricate high-quality SiO2 coatings. 

Nevertheless, in the presence of oxidants in the discharge, the obtention of silanol-containing 

SiOxCy:H or SiO2 coatings—silanol groups are regarded as structural defects—is more the 
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rule than the exception when using atmospheric pressure plasmas [565,566] (see Table 2.2). 

Although undesired in applications where high-quality SiO2 coatings are required, silanol 

groups are crucial to providing coatings with the anti-fogging feature. 

 

Given that TMCTS does not possess Si-OH groups, it can be argued that such functionalities 

form as a result of interactions between precursor molecules and plasma species. A 

reasonable reaction mechanism accounting for the formation of Si-OH groups may involve 

the following steps: (1) homolytic cleavage of Si-H, Si-C, and C-H bonds in the precursor on 

collision with the N2 (îïΣ}ó) species; (2) oxygen atoms, coming from the dissociation of N2O, 

and hydrogen radicals recombine to yield •OH radicals; (3) the as-formed •OH radicals reacts 

with •Si-containing radicals to produce Si-OH functionalities. Although quite simple, as it 

does not consider other plasma species such as the electrons, two reasons lead us to believe 

in the feasibility of this mechanism. First, the average energy of the metastable N2 (îïΣ}ó) 

state (6.3 eV) is high enough to break the Si-H (3.1 eV), C-H (3.5 eV), and Si-C (4.7 eV) 

bonds, but not to break the Si-O bond, whose energy is estimated at 8.3 eV [412,567]. That 

said, the cleavage of the Si-O bond is not impossible, but less likely to occur. Second, in 

DBDs operated in N2 at atmospheric pressure (i.e., Townsend discharges), the concentration 

of N2 (îïΣ}ó) molecules is almost 5 orders of magnitude greater than that of electrons [568], 

so that it can be assumed that these species are responsible for the “activation” of TMCTS in 

the plasma phase.  

 

Zhang et al. [569] and Bogart et al. [570] elegantly demonstrated that the oxygen of the OH 

group comes from the oxidant. This finding leads us to believe that the origin of the oxygen 

of the Si-OH group can also be explained in this manner, given that the O/Si ratios are almost 

always greater than 2 (XPS results). Indeed, the addition of N2O into the discharge provides 

an additional source of oxygen—apart from TMCTS (O/Si = 1)—since the dissociation of 

N2O yields O atoms in various excited states, including the triplet, O(3P) and singlet, O(1D) 

states. The generation of these electronically excited species in N2-O2 and N2O plasmas has 

been studied with great detail by Kossyi et al. [571] and by Kline et al. [539]. Atomic oxygen 

can abstract hydrogen from the Si-CH3 and Si-H groups and thus produce •OH radicals. 
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These radicals can then generate Si-OH groups by recombination with •Si-containing 

radicals, without extensive decomposition of the precursor. Using ab initio molecular 

dynamics, Rimsza and colleagues [498] investigated the interaction of 2,4,6-

Trimethylcyclotrisiloxane, a cyclic siloxane with Si-H and Si-CH3 groups, with oxygen 

atoms in triplet, O(3P) and singlet, O(1D) states at different energies and collision angles. 

Simulation results revealed that collisions with singlet oxygen atoms led to the formation of 

Si-O-CH3 and Si-OH groups, while collisions with triplet oxygen atoms led to the removal 

of H, CH3, C2OH and OH-. The collision of oxygen atoms in singlet state with TMCTS must 

therefore be kept in mind to explain the presence of silanol groups in the coatings. 

 

Whether in the plasma phase or at the surface of the coating, the formation of Si-OH groups 

cannot be predicted from the results reported here, although Fanelli and colleagues [497] 

suggest that these functionalities are generated in the plasma phase. These authors found a 

relatively high content of silanol-containing species in the gas leaving the plasma reactor, 

thus suggesting that silanol groups found in the PMDSO-based coatings (PMDSO = 

pentamethyldisiloxane, a SiO2 precursor with one Si-H group and five Si-CH3 groups per 

molecule) were generated in the plasma phase via collisions between the PMDSO molecules 

and the plasma species. In the case of coatings deposited from hexamethyldisiloxane 

(HDMSO), a siloxane with six Si-CH3 groups per molecule, the incorporation of silanol-

containing entities from the gas phase may be excluded, as their content in the leaving gas 

was much lower. In this case, the formation of Si-OH groups may occur through 

heterogeneous reactions between the plasma and the surface. Considering the foregoing, 

there are substantial grounds for believing that the formation of silanol groups in the plasma 

phase is linked to the presence of Si-H groups in the precursor.  

 

Deposition mechanism of anti-fogging coatings 

 

The necessary incorporation of silanol groups or silanol-containing species with very high 

sticking coefficients from the plasma phase to the glass substrate may justify the observed 

high deposition rates [562,570] (chapters 4 and 6). Regardless of the working pressure, the 
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deposition rate of TMCTS-based coatings is surprisingly high compared to those reported in 

coatings deposited from other siloxane precursors. For example, Massines et al. [485] and 

Petersen et al. [510] reported maximum growth rates of approximately 12 nm min-1 in SiO2-

like coatings deposited at atmospheric pressure from HMDSO/N2/N2O mixtures. Pai and 

collaborators [403,404] found that the deposition rate was four times greater with TMCTS 

than with tetraethoxysilane (TEOS) or with silane (SiH4) (Table 2.2). This result was 

correlated with the number of silicon atoms and the vapor pressure of the siloxane precursor. 

The deposition rate was higher in TMCTS as it contains four silicon atoms per molecule 

(both TEOS and SiH4 have one silicon atom per molecule) and its vapor pressure is four 

times greater than that of TEOS. On the other hand, Cui et al. [417] argued that the differences 

in deposition rates can be explained in terms of bond energies and the structure of the siloxane 

precursor. They found that the deposition rate of the coatings obtained from 

bis(triethoxysilyl)ethane (BTESE) and TMCTS were similar but greater than that of the 

coatings obtained from TEOS. These results were explained in terms of bond dissociation 

energies and molecular structure. BTESE and TMCTS are more reactive than TEOS because 

of the Si-C and Si-H bonds, which are easier to break than the Si-O bonds. In addition, it was 

suggested that the cyclic structure of TMCTS play a crucial role in the deposition process. 

During the deposition process, TMCTS molecules react with each other through the Si-H 

bonds, leading to the formation of polycyclic entities. Although mass transport limitations 

are more significant at atmospheric pressure than at low pressure, these polycyclic structures 

bond at the first contact point with the substrate owing to their high sticking coefficients. 

Diffusion is a relatively slow process compared to convection, as supported by the Péclet 

number largely exceeding unity at atmospheric pressure. The Péclet number is a 

dimensionless number, named after the French physicist Jean Claude Eugène Péclet, that 

represents the ratio of mass transfer by motion of a fluid (convection) to mass transfer by 

diffusion, that is: 

 

 êp =
ò ∙ ô
ö

 

 

 

(7.1) 

 

where ò is gas velocity (m s-1), ô is a characteristic dimension of the system (m), and ö is 

the diffusion coefficient (m2 s-1). 
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A Péclet number exceeding unity means that diffusion limits the transport of radicals from 

the plasma phase to the substrate, so that only those remaining in the immediate vicinity of 

the surface (i.e., boundary layer) deposit on it. For example, in the case of HMDSO, radicals 

generated at 150 μm at most from the substrate contribute to the growth of the coating [572]. 

Given that the gas velocity is lower in the boundary layer than in the plasma (bulk), the gas 

stays longer in this zone. As a result, the dissociation of the precursor is more efficient, and 

therefore, the concentration of radicals here is greater than in the plasma. When the 

concentration of radicals in the boundary layer is depleted, the coating continues to grow 

more slowly because of the diffusion-limited incorporation of radicals from the plasma phase. 

For an inter-electrode distance of some millimeters, it is therefore clear that DBDs are not 

very effective in depositing thin layers, to the extent that a non-negligible amount of the 

siloxane precursor escapes the plasma phase by convection. 

 

Ward et al. [401] also highlighted the role of the Si-H bond in the deposition process after 

observing that TMCTS deposited faster than octamethylcyclotetrasiloxane (OMCTS) did 

under the same experimental conditions. This behavior was attributed to the presence of Si-

H bonds and the greater volatility of TMCTS. Bearing in mind the FTIR results and the 

above-mentioned arguments, it is reasonable to suppose that the formation of cyclic 

structures occur in the plasma phase. Figure 7.1 illustrates some possible reaction pathways 

involved in the deposition of anti-fogging coatings. 

 

Figure 7.1: Possible reaction pathways involved in the deposition of anti-fogging coatings 
showing the formation of different structures in the plasma phase. 
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Because of the labile nature of the Si-H bond, most of the Si-H groups in the TMCTS undergo 

hydroxylation—they convert into Si-OH groups—as soon as the precursor enters the plasma. 

The TMCTS activation may occur in two ways. The first involves collisions between oxygen 

atoms (1D) with TMCTS, as suggested by Rimzsa and colleagues [498]; and the second 

involves the homolytic cleavage of Si-X (where X = H, CH3) and C-H bonds on collision 

with the N2 (!"Σ$%) molecules, followed by the formation of Si-OH groups on recombination 

of Si• and •OH radicals in the plasma phase. Considering the high reactivity of silanol groups, 

it is likely that the condensation of activated TMCTS molecules occurs in the plasma phase, 

as supported by Fanelli et al. [497]. The resulting entities (e.g., cage-like, ladder-like, chain-

like structures) then deposit on the substrate on reaction with the surface silanols 

(condensation reactions). The remaining CH3 groups undergo hydroxylation to a greater or 

lesser extent depending on the N2O/TMCTS ratio, thus explaining the decrease in the 

AdCH3/AdSi-OH ratio (i.e., fogging ratio) with the concentration of N2O in the discharge. The 

heterogeneous reactions (plasma-surface) should not be overlooked, as the formation of such 

structures may also occur on the surface.  

 

Despite considerable efforts made thus far to understand the mechanisms controlling the 

deposition of SiOxCy:H coatings at atmospheric pressure, the nature of the involved reactions 

remains unclear. The problem is even more complex because of the different types of plasma 

used for coating deposition, each of them characterized by a density and energy of charged 

species. While most of the studies have focused on explaining the mechanism of HMDSO 

deposition; however, little or no attention has been given to fabrication of TMCTS-based 

coatings by AP-DBDs. For this reason, the mechanism shown in Figure 7.1 is an attempt to 

shed light on how and where silanol groups are formed and their potential role in the 

deposition process. On the other hand, understanding the physical phenomena behind the 

deposition of anti-fogging coatings involves modeling by computer-aided design. The 

modeling of mass transfer between the plasma phase and the substrate to explain the 

deposition mechanism and the dominant transport phenomenon involved in the formation of 

anti-fogging coatings is undoubtedly a pending issue. 
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On the reliability of the anti-fogging performance 
 

As far as the reliability of the anti-fogging performance is concerned, two aspects deserve to 

be mentioned, namely the loss of the anti-fogging performance over time and the adherence 

coating/substrate.  

 

In general, (super)hydrophilic surfaces are “unstable” in air to the extent that, they tend to 

reduce the solid/air interfacial energy over time (surface aging). In the case of anti-fogging 

coatings with water-attracting features—such as those reported in this dissertation—surface 

aging basically occurs through the adsorption of airborne hydrocarbons. It has been shown 

that the higher the concentration of surface hydroxyl groups, the more polluted the surface is 

[573–576]. Hence, surfaces that are favorably wetted by water are also aggressively fouled 

by contaminants. This naturally occurring phenomenon, which is intrinsically linked to high 

energy surfaces, disables the anti-fogging performance long term, as the water drops no 

longer form a continuous layer but rather a discrete pattern that scatters light [134]. In 

addition to this, anti-fogging surfaces are exposed to mechanical wear caused by finger 

contact or rubbing during day-to-day use or by solvents when washed with household 

cleaning products. Both mechanical wear and exposure to chemical reagents degrade the anti-

fogging performance and, in the worst-case scenario, ultimately detach coatings from the 

substrate.  

 

To prevent these problems from occurring, anti-fogging coatings were subjected to several 

thermal treatments. In view of Figure 7.2, which illustrates the number of Si-OH on the SiO2 

surface as a function of the temperature, a dramatic decrease in the anti-fogging performance 

may be expected on application of high temperatures. Contrary to all expectations, the 

application of a thermal treatment at 500°C for 1 h under a controlled Ar/O2 (2% v/v) 

atmosphere was found to impart a better adhesive coating/substrate without apparent damage 

to the anti-fogging performance. This highlights the fact that a fully hydroxylated coating 

(aOH = 4.6 OH nm-2) is not a necessary condition to prevent fogging. The combination of 

coating deposition followed by this thermal treatment made it possible to fabricate robust 
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SiOxCy:H coatings with an anti-fogging performance lasting even after several washing steps 

(section 6.5.5). 

 

 
Figure 7.2: (a) Silanol type distribution as a function of the pretreatment temperature in 
vacuo in silica: curve 1, average concentration of the total OH groups; curve 2, average 
concentration of the free isolated OH groups; curve 3, average concentration of vicinal OH 
groups bound through the hydrogen bonds; and curve 4, average concentration of surface Si 
atoms that are part of the siloxane bridges and free of OH groups (Reproduced from 
ref. [402]). 
 

Even though AP-DBD deposition followed by thermal treatment holds great promise for the 

manufacture of anti-fogging coatings, this procedure faces two major challenges. First, the 

requirement of thermal treatments makes this approach incompatible with polymeric 

substrates because of thermal degradation concerns and second, the fabrication of anti-

fogging coatings can be particularly time-consuming. The exploration of alternative 

strategies is therefore crucial to broaden the range of application of anti-fogging coatings to 

thermally sensitive materials. 
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On the assessment of the anti-fogging performance 
 

Regarding the assessment of the anti-fogging performance, there is not a wide variety of 

standardized testing methods available for that purpose. Indeed, standards used for testing 

the resistance to fogging in materials exposed to very humid conditions or sudden changes 

in temperature are few in number (e.g., CSA Z611-M86 [331] and ASTM F659-10/-06 

[332,333] in North America and CEN EN 168 [334] in Europe) and restricted to very specific 

cases (e.g., protective eyeglasses). This limits the quantitative evaluation of the anti-fogging 

activity performed in this doctoral research, as it cannot be compared with the anti-fogging 

performance that could be evaluated by other standardized methods.  

 

Future research: What’s next? 
 

I do believe that the future development of anti-fogging coatings prepared by atmospheric 

pressure Townsend discharges (APTD) will be built on four lines of research: 

 

• The first one involves further research on the cyclic structure and the chemistry of the 

siloxane precursor to respond some unanswered questions: How does the number of Si-

H groups affect the anti-fogging performance? Can be stated that the greater the number 

of Si-H groups in the precursor, the better the anti-fogging performance will be? How 

does the cycle size (i.e., number of O-Si-O units) affect the anti-fogging performance? 

Would it be possible to prepare anti-fogging coatings using mixtures of TMCTS with 

other siloxanes? 

 

• The second one involves investigating the plasma phase to understand how TMCTS 

molecules react with the plasma species, and thus propose a mechanistic model to explain 

the growth rate of the coatings.  

 

• The third line of research involves optimizing the optical properties (e.g., light 

transmitting capabilities in the absence of fogging) and the coating/substrate interface to 
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ensure anti-fogging coatings not detaching from the substrate when washed with 

household cleaning products. 

 

• The fourth line of research pertains to the development of cost-effective AP-PECVD 

processes to fabricate anti-fogging coatings endowed with additional features. Compared 

to conventional deposition techniques, such as dip-coating, spin-coating, or layer-by-

layer deposition, this manufacturing perspective would undoubtedly bring substantial 

environmental and economic savings  

 

For example, anti-fogging coatings endowed with anti-reflective characteristics can be 

produced by injecting nanomaterials with high specific surface or high porosity into the 

discharge along with the liquid TMCTS. Here, the idea is to lower the refractive index of the 

anti-fogging coating as much as possible in a cost-effective manner, so as to meet the 

condition of “zero reflectance” [336]. Materials in a variety of sizes and morphologies such 

as solid silica nanoparticles (SSNPs), hollow mulberry-like silica nano-spheres, mesoporous 

silica nanoparticles (MPSNPs), or hollow silica nanospheres (HSNs) can be used for that 

purpose. These coatings can be integrated into the design of solar cells to enhance light 

harvesting and thus improve photovoltaic conversion efficiency of these devices [577]. In 

the same vein, anti-fogging coatings endowed with self-cleaning characteristics can be 

prepared by injecting nanomaterials along with the TMCTS. The catalytic properties of TiO2, 

Bi2O3, or ZnO can be exploited in that regard. In this case, the surface of the anti-fogging 

coating is cleaned by combining two physical phenomena, namely the photocatalytic activity 

due to the formation of “reactive oxidizing species” (ROS) [463], and the “sweeping” effect 

of water layers resulting from the strong affinity between the water drops and the surface. 

Due to their anti-bacterial activity, these coatings show potential in applications dealing with 

fogging and bacterial growth, as in the medical practice (endoscopic surgery, surgical 

googles) and the food packaging industry. Anti-fogging coatings endowed with other 

interesting features may be also a reality. For example, with thermochromism by using VO2 

nanoparticles, with electrical/thermal conductivity by using reduced graphene oxide 

nanoparticles, or with scratch-resistance by using nanoparticles of cubic boron nitride (c-

BN). 
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Conclusions 
 

Throughout a systematic research work and an extensive review on the recent advances in 

anti-fogging technology, the potential applicability of coatings reported in this dissertation 

in scenarios dealing with fogging concerns has been established via the following original 

contributions: 

 

• It has been demonstrated the feasibility of conferring anti-fogging performance to 

commercial glass substrates by coating deposition using atmospheric pressure DBDs. 

 

• It has been found that the anti-fogging performance can be achieved by controlling the 

deposition parameters, namely the [N2O]/[TMCTS] ratio and the power dissipated in the 

discharge. 

 

• It has been provided evidence on the origin of the anti-fogging performance in terms of 

the chemistry and the structure of the siloxane precursor. 

 

• It has been evidenced that certain “microscopic” parameters such as the O/Si ratio, the 

fogging parameter, and the surface roughness can be correlated with macroscopic ones 

such as the wetting behavior and the light transmitting capabilities under fogging 

conditions. 

 

• It has been demonstrated that the application of a thermal treatment—under a controlled 

Ar/O2 atmosphere—allows for the fabrication of robust anti-fogging coatings with 

enhanced adhesion to the glass substrate. 

 

• It has been revealed a niche of opportunity for the manufacture of anti-fogging coatings 

using a Townsend discharge in nitrogen. 
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