THESE POUR OBTENIR LE GRADE DE DOCTEUR DE
L’EcOLE NATIONALE SUPERIEURE DE CHIMIE DE MIONTPELLIER

En Chimie et physico-chimie des matériaux
Ecole Doctorale Science Chimie Balard

Unités de recherche IEM UMR 5635 et CIRIMAT UMR 5085

A fine physical chemical study of plasma
polymerized organosilicon thin films for VOCs
BTEX selective gas sensing

Ghadi DAKROUB

Sous la direction de Vincent ROUESSAC et Corinne LACAZE-DUFAURE

Présentée le 25 novembre 2021 devant le jury composé de

Patrice RAYNAUD, Directeur de recherche, CNRS, LAPLACE, Toulouse Rapporteur
Vincent JOUSSEAUME, Ingénieur de recherche, CEAtech-LETI, Grenoble Rapporteur
Vincent ROUESSAC, Chargé de recherche, CNRS, IEM, Montpellier Directeur de these
Corinne LACAZE-DUFAURE, Professeur d’université, ENSIACET, CIRIMAT, Toulouse Co-directrice
Mikhael BECHELANY, Directeur de recherche, CNRS, IEM, Montpellier Président
David FARRUSSENG, Directeur de recherche, CNRS, IRCELYON, Villeurbanne Examinateur
Stéphanie ROUALDES, Maitre de conférence, Univ. de Montpellier, IEM, Montpellier Co-encadrante
Thomas DUGUET, Chargé de recherche, CNRS Co-encadrant

enNsom

CHIMIENMontpellier






Table of content

Table of content

Acknowledgments

General introduction

Chapter 1: Generalities

1 Volatiles organic compounds (WOCS) ......ooveieriiriiiiniiieiesie ettt 7
P € o [ (o 1 (o] o SRS 11
2.1 Gas/SOlId INEEIACTION.......ccueeeiieiiietieitie et eiteeteeseeeteesteeeebeeseeeebeesseeesseesssesnsaessseasseenssesnsens 11
A N T - To 1o 0 £ o] PSSR 11
2.1.2 Gas absorption and diffusion...........c.cccevviieiieie i 18
2.2 Gas sensors 19
2.2.1 GAS SENSOIS LYPES ..ottt 19
2.2.2 Materials used for gravimetrical SENSOIS..........cccocvevieieiiieieece e 24
3 The PECVD for thin films preparation ............ccccocveiieiiieese e 27
3.1 The PECVD Process PrinCiple ......c..cooeeieriiriiriiniiiieienieeieseesit ettt ettt 27
3.1.1 The definition of PIaSMa ...........ccovveiirieiieie e 27
3.1.2 The PECVD deposition MeChaniSM...........c.coovririeieneiene e, 28
3.1.3 Plasma parameters influencing the deposition...........ccccceevvveiveiccienenn, 30
4 OrganoSilicoN MALEIIAlS. .........coiiiiiieie et reeere e 34
4.1 Conventional organosilicon POLYMETS. ......ccc.cveiviiriiriiiieniiriteieetee et 34
4.2 Plasma polymerized organoSiliCONS .......c..ceverieriiriinieiienierieeieetee et 35
4.2.1 HMDSO Plasma polymerization............ccccocveiieiiieiieiiee e sieesie e 36
4.2.2 Plasma polymerized HMDSO StrUCIUIE .........ccveviiieiieiieecie e 38
4.2.3 The PP-HMDSO different appliCations ...........cocevvvvirenenenenisieeeee, 43
5 Theoretical section: DFT Calculations and XPS spectra simulation..............c.ccoccoevvvennnnne. 46
5.1 The Schrodinger EQUALION .........cccvieiiiieeiiee ettt et e e e e seaeeeereeesaeesseeeenseeennes 46
5.2 Density FUnctional TREOTY ........cocuiiiiiiiiiiieiie ettt et et 47

5.2.1 The Kohn-Sham approach..........ccccceeeeiieiiieiiiie e 47



Table of content

5.2.2 ApproxXimation OFf EXC...........ccccoveveieiiiiie e, 49
5.3 XPS Spectra SIMULALION ....ccc.eeiuieiiiieiiieeiieieeeie ettt ettt see bt e saeebeesaeeenbeesssesnseesnseens 50
GO0 0 od (1] o] o FO TSP URRPRRP 53

Chapter 2: Materials and methods

T LT o (ol o1 €] o =LA o o OSSR 56
1.1 FIIMS d@POSILION ....veeiiiieeiiieeiiie ettt etee et e et e et e et e e e taeesssaeesssaeesssaeessseeesssaeessseeesnseaenns 56
1.2 Films thermal treatment .........cc.eeeiiiieiiieeiiie ettt ettt e e et e e e e e veeesbeeessaeeesaseaenes 58
2 Characterization MELNOMUS ..........cvviieiiee et sre e enes 59
2.1 Bulk CharacteriZation..........cceeeuiieiierieeiieiieeieeste et esteeeseeseeesbeesieeesseesseesnsaesssessseenssesnsens 59
2.1.1 Fourier Transform InfraRed SPECtrOSCOPY ......cocveververienierienieniiseseeeeeens 59
2.1.2 2%Si Solid- state Nuclear magnetic reSONANCE ............ccecvevvrveeerersveeerrenens 59
2.1.3 Energy dispersive X-ray SPECtrOSCOPY .....ecverreerrerruerreesiesreseesseseesseeseenns 60
2.2 Surface charaCteriZation ...........c.eecvieruieeiiieniieeieeseeeteerteeereeseeesteesieeenbeeseaesbaessaeesseensnesnsens 61
2.2.1 X-ray photoelectron SPECtrOSCOPY .....ccveiveereieerieeieiteesiesreseeseeseesre e enas 61
2.2.2 Water Contact ANGIE .........oviiiiiieieee e 62
2.3 PRYSICAL PIOPEILICS ..eecvvieiieeiiietieeiieerieeeieesiteeteestteeteesteeesseesseesseesseeesseesssesnsaesssessseesssessens 63
2.3.1 X-ray reflectometry analysis .........ccoceviiiiiiiniiee e 63
2.3. 2 EHIPSOMELIY ...ttt 64
2.4 Thermal PIOPETTIES ...c..eeuveruierieriietieiteete ettt ettt sttt sttt ettt ebe et st sbe et et e sbeesaeeanesieens 66
2.4.1 ThermogravemtriC analySiS ........ccoovereriiiiinisieee e 66
2.5 SOrption CharaCteriZAtION. ......cccuvieeeieeriieeeieeeeieeeetee et e e teeestaeeestaeeesaeesseeesnseeensseeensseeenns 66
2.5.1 Ellipsometry coupled t0 SOrption .........cccceevveveeiiiiie e 66
2.5.2 QCM coupled t0 SOrPLION.......ccveciiiieceece e 68
3 DFT computational detailS ..........c.coveiiiiiiiieie e 70
i o] o Tod [T ] o] o TSRS PRI 71

Chapter 3: Comparative study of bulk and surface compositions of plasma
polymerized organosilicon thin films ..., 75

Chapter 4: Plasma polymerized organosilicon thin films for Volatile Organic
Compounds (VOCS) EtECLION .......ccovueiiiririeieieiieeeeeeeee e 105



Table of content

Chapter 5: Plasma polymerized organosilicon thin films for BTEX sensors
APPHICALIONS ...ttt nne 127

(€1=1 g 1] &= L od0] 161 L6 Y (o] o TSRS 151

(R 4=) (=1 =1 A6 TSRS 155






Acknowledgments

Acknowledgments

Here | am after three years, writing my last words in this manuscript. It was difficult for
me to pack my things and leave behind the wonderful time I had with all of you. The wholesome
of this report would not be possible without many contributors who helped me carry out my

research. For those, | offer my acknowledgments:

First of all, I would like to express my sincere gratitude to the “Chimie Balard Cirimat”
Carnot Institute for funding this project and for giving me the chance to pursue my education
with this PhD degree.

I wish to acknowledge also the “Ecole Nationale Supérieure de Chimie de Montpellier”

(ENSCM) that welcomed me during these three years of PhD.

This PhD thesis was done in collaboration between two laboratories: “Institut Européen
des Membranes” (IEM) and “Centre Inter-universitaire de Recherche et d'Ingénierie des
Matériaux” (CIRIMAT). | would like to express my special thanks to the two laboratories
management for welcoming me and for providing me a great work environment during my
PhD.

Certainly, I would like to thank Michael Bechelany, CNRS Senior Researcher at IEM,
for chairing my PhD defence jury. Special thanks to Patrice Raynaud, CNRS Senior Researcher
at LAPLACE-Toulouse and Vincent Jousseaume, CEA Senior Researcher at Leti-Grenoble, for
accepting to report and evaluate my PhD work. | wish also to thank David Farrusseng, CNRS

Senior Researcher at IRCELYON-Villeurbanne, for examining my work.

I would like to express my deep gratitude to my two supervisors Vincent Rouessac
(IEM) and Thomas Duguet (CIRIMAT) for the first 2 years, thanks to their consistent support,
availability and guidance during these years, this project was accomplished. | wish also to
express my thanks to Corinne Lacaze-Dufaure (CIRIMAT) who co-supervised me during my
last year of PhD along with Vincent. Thank you for your support, availability and thoughtful

advices. As well, 1 would like to thank my co-supervisor Stephanie Roualdes for her help and



Acknowledgments

support. Finally, I wish to point out that I learned a lot from all of you on both personal and

scientific scales.

Special thanks to all of my colleagues and friends in IEM and CIRIMAT. Your presence
made my journey delightful and | am glad to have met each one of you.

Warmest thanks to the one who always supported me and was there through thick and

thin, Yara. I am beyond grateful for your presence by my side.

Finally yet importantly, | will always be indebted to the most important people in my
life, my Family: Dad, Mom, my brother Jad and my sister Tala. You were the reason and the

motivation behind this work. Thank you all for being always there for me.









General introduction

General introduction

Air pollution is one of the most severe problems nowadays that threatens human health
and environment. The air pollution is mainly a consequence of the uncontrolled pollutant
emissions derived initially from human activities and/or natural resources [1,2]. Some of the
major air and water pollutants are the volatile organic compounds (VOCs), specifically BTEX
(Benzene, Toluene, Ethylbenzene and Xylene) vapours. These pollutants are well-known for
their hazardous effects on environment and human health by causing harmful diseases such as
cancer and mutagenic diseases [3]. These severe problems force some countries to restrict
emissions of such vapours. For example, France in 2016 set a limit value of 0.6 ppb for benzene
in public buildings [4]. All of these risks impose the necessity of fast and on-site BTEX sensors
to increase the efficiency of air/water quality control and monitoring.

The most powerful technique used for BTEX detection is the gas chromatography (GC)
which allows to detect BTEX vapours down to ppt levels. Nevertheless, the main problem of
this technique is its huge size that limits its utilization to samples collecting and off-site analysis.
Several other sensing techniques such as optical, electrical, and gravimetrical technics, using
different materials (semi-conductors, zeolites, polymers...), have been tested for the detection
of BTEX vapours. However, until nowadays there is lack of attempts to manufacture a BTEX
portable sensor. For the fabrication of miniaturized gas sensors, one of the most competitive
technology is the gravimetrical sensing technique, requiring a functionalized thin film deposited
on a quartz of a micro-balance to ensure the selectivity of the sensor.

Conventional organosilicon polymers are the best candidates for VOCs mainly BTEX
gravimetrical sensing applications due to their flexible Si-O-Si chain and their hydrophobic
character [5-7]. However, the main problem of the conventional polymers is their large
thickness that reduce their sensitivity. As an alternative, the plasma enhanced chemical vapour
deposition (PECVD) is capable to elaborated thin, adherent and uniform polymer-like films on
a flat support. This process is widely used in microelectronics [8], mechanics as anti-corrosion
layers [9] and optics for the preparation of anti-reflection layers [10].

Accordingly, the objective of this thesis is to elaborate plasma organosilicon thin films
for BTEX gravimetrical sensing applications and to understand the BTEX sorption mechanisms

and the organosilicons behavior towards the BTEX vapors.



General introduction

The first chapter of this manuscript gives general notions on the different subjects
covered in this thesis. As well, this chapter presents a state of the art related to the themes
addressed in our study. In the first section, an overview on the VOCs is presented and
specifically BTEX vapors. In the second section, models of gas/solid interactions are described
as well as the gas sensing techniques and the materials used for gravimetrical sensing. The third
section concerns the plasma deposition process (PECVD), the deposition mechanism and the
influencing parameters. In the fourth section, the organosilicon materials are presented focusing
on the plasma organosilicons. As well, a state of the art concerning the application of plasma
organosilicons in the fields of hydrocarbons gas sensing and permeation is given. Finally, in
the last section of this chapter, a theoretical review on the DFT-based simulation of XPS spectra
is presented as well as a state of the art concerning the attempts found in the literature to

simulate BE energies shifts for polymers.

The second chapter of this thesis is devoted to the materials and methods used during
this work. First, the characteristics of the PECVD reactor used for the preparation of materials
are presented. Then, the characterization techniques used which concern the physicochemical
characterizations and the sorption performances are presented as well as the DFT computational

details.

The third chapter concerns the results presented in our first published article that deals
with a fine investigation of the bulk and surface chemical composition of the plasma
organosilicon materials function of the plasma energetic character. Also a comparison between
the surface and bulk chemical composition is presented. In this study, several analytic
techniques were used such as 2°Si quantitative solid state NMR to depict the bulk chemical
composition. However, for the surface chemical composition investigation a special
methodology was applied by combining experimental XPS and DFT calculations. This article
has been submitted to Surface and Interfaces, reviewed, accepted and published (DOI:
10.1016/j.surfin.2021.101256).

In the fourth chapter, a second article is presented and describes the VOCs sorption
performances of the synthetized organosilicon materials. The sorption study was performed
using the quartz crystal microbalance (QCM) and function of the chemical composition as well
the physical properties of the organosilicon films. This study aims to point out the ideal
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organosilicon film for gas sensing applications. This article has been submitted to

Sensors and Actuators B: Chemical.

The last chapter contains the third article which aims to improve the sorption
performances of the chosen material after a thermal treatment in order to integrate an optimized
organosilicon thin film in a BTEX gravimetrical gas sensor. As well, this article investigates
the sorption mechanism of the BTEX vapors into the organosilicon film using QCM and

ellipsometry coupled to sorption. This article will be submitted before the PhD defense.
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Chapter 1. Generalities

In this chapter, generalities over the main subjects involved in this PhD thesis will be
presented. First, an overview on the VOCs specifically BTEX vapours and their contributions
in air pollution will be presented in section 1.

Second, the theory behind the gas/solid interactions and the existing VOCs gas sensors
will be presented in section 2. In the same section, a state of the art concerning the materials
integrated in the BTEX sensors will be discussed.

In section 3, the plasma deposition process (PECVD) and its different parameters will
be detailed.

Afterwards, organosilicon materials, and specifically plasma organosilicons, will be
introduced in section 4 in terms of structure, chemical composition and applications. In this
section, a state of the art concerning the integration of organosilicons in gas sorption
applications will be argued.

Finally, the theoretical methods for XPS spectra simulation and approaches to simulate
XPS core levels using quantum calculations presented in the literature will be discussed in

section 5.
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1  Volatiles organic compounds (VOCs)

In this section, an overview on the VOCs and more precisely BTEX vapours as well as
their negative effects on environments and human health will be displayed bringing up the thesis
problematic.

Air pollution becomes one of the most serious problems recently due to the uncontrolled
pollutant emissions that are derived from different sectors such as industrial and transport
sectors. This severe problem poses threats to health and climate by causing hazardous disease
such as heart disease, chronic obstructive pulmonary disease, lung cancer and acute respiratory
[1][11]. The world health organization (WHO) has estimated that every year, air pollution Kills
around seven million people worldwide [12]. Therefore, the detection of the pollutant gases
becomes a serious task in large number of application fields. Table 1 illustrates the different
applications fields that require toxic effluents detection [13].

Table 1: Examples of gas detection application fields that was illustrated in reference [13].

Application field Function Detected gases

Environment

Home security

Public security

Motor/electrical engines

Industries:
— Petrochemical
—  Steel
— Water treatment

— Semi-conductors

Monitoring of toxic gases
present in atmosphere due to
industrial emissions

Toxic gas detection inside
homes emitted by fires or
explosions.  Quality  air
control, kitchen control
Detection of dangerous
pollutants. Indoor air quality
control

Control of the gas
concentration in the motors
in order to optimise the
combustion cycle

Air quality control, leaks

detection

VOCs, CO, CHas, CO2, NOy,
SOy, H2S, NH3, humidity

VOCs,
humidity

CO, CHa, COy,

Toxic gases, Oz, explosive
gases

CO, CO2, NOy, SOy, Hoy,
hydrocarbons

Hydrocarbons, O,
O3, CO, CO2, Hz, H2S, CHa,
Clz, HCI, AsHs, BCls, PHs,
HF, H2Cl.Si, TEOS, CiFs,
CsFs, GeHa, NH3, NO
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Well-known pollutants are the volatile organic compounds (VOCSs). These compounds
are carbon-based chemicals with high vapour pressure and low water solubility. They can easily
propagate far from their emission area and can cause hazardous problems to human health and
environment. The world health organization (WHO) classifies the organic volatile compounds

into three groups:

e Very Volatile organic compounds (VVOCs)
e Volatile organic compounds (VOCs)

e Semi Volatile organic compounds (SVOCs)

This classification is based on the boiling point of each chemical. The lower boiling
point corresponds to the higher volatility, which means the more the compound will be emitted
into the air. The volatile organic compounds, (VOCs), such as toluene, ethanol or acetone are
found in air and they are also strongly present in solids or liquids or on materials surfaces.

VOCs are emitted from solids or liquids as gases and can modify the chemical
composition of the ambient air. They are naturally produced by forest fires for example, but
mainly they are human-sourced. Several human activities are the origin of VOCs production
such as engine combustion, the industrial sector or domestic products. For example, the
manufacturing of paints and pharmaceuticals are responsible of VOCs emission. In addition,
the chlorination in water treatment produces VOCs such as chloroform. VOCs are also present
in petroleum fuels, hydraulic fluids, paints, cosmetic and dry cleaning agents [14,15]

The EPA’s Office of Research and Development's (Total Exposure Assessment
Methodology (TEAM) study) found that the concentration of organic pollutants is two to five
times higher inside homes than outside. Also, their study shows that the elevated concentrations
of organic compounds remain for several hours after the activity in the inside air.

VOCs contain a large range of chemicals; some of them can provoke short- and long-
term health problems. These toxic organic compounds cause harm diseases such as damage to
the liver and central nervous system and skin/eyes irritation [16]. Besides, VOCs are known as
environment pollutant due to their contribution in climate change and the ozone layer
destruction [17].

Some of the most harmful VOCs vapours are the BTEX vapours: Benzene, Toluene,
Ethylbenzene, and Xylenes. BTEX molecules shown in Table 2 belong to the aromatic
hydrocarbons group. Their molecular structure is based on a particular ring possessing Six

carbon atoms denoted as benzene ring which is the simplest aromatic hydrocarbon molecule.
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The other three BTEX compounds are benzene derivatives. They consist of a phenyl ring

substituted by methyl or ethyl groups.
Table 2: BTEX chemical structure

Benzene ©
Toluene CH
|/\/ 3
\/
Ethylbenzene P CH
3
-
Xylene Ortho-xylene |/\/CH 3
\/\CH?’
Meta-xylene ; CHj;
CHj,
Para-xylene CH,

Q

HsC

Road traffic is one of the most important BTEX vapours source. In fact, BTEX mixtures
are elaborated in oil industries to manufacture fuels for motor vehicles [14]. Toluene for
example is added to fuels to improve their octane index which makes the engine more efficient
and xylene is emitted by motor vehicles due to a reaction occurring inside the vehicle engine.
In addition, BTEX vapours are emitted by industrial sectors such as pharmaceutical, cosmetics
or paint industries. Besides, these vapours can be produced naturally from volcanoes and forest

fires.
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Table 3: Estimated intakes of BTEX by a person daily. All values are in pg/day. With @ Assuming 5 cigarettes/d; ® Assuming 2
L/d; and NA: Not applicable illustrated from [18]

Benzene Toluene Ethylbenzene | Xylene
Air breathing | 90 — 1300 2 —12000 2 —3600 70 — 2000
Cigarette 1800 2000 402 Up to 1902
smoking
Food Up to 250 Up to 64 NA NA
Drinking Up to 10P Up to 43 Up to 20P Up to 24°
water

BTEX vapours are well-known for their high toxicity and for their carcinogenic effects
[17,19]. They can threat human health by short-term risk such as respiratory disorders, allergic
reactions, liver, kidneys and lungs diseases and long-term risks such as reproductive toxicity,
carcinogen, decrease in the white blood cells, leukaemia and risk on the nervous system [20].
Several countries apply specifications for BTEX emission, for example, the Australian
Drinking Water Guidelines (ADWG) specifies that the benzene concentration should not
exceed 1 part per billion (ppb) in the drinking water. Similarly, the Environmental Protection
(Air) Policy 2019 specifies that the objectives are to reduce the concentration of benzene to 3
ppb, toluene to 100 ppb and xylene to 200 ppb in ambient air to protect human health and
environment.

All these risks provoked by the exposure to BTEX vapours imposes a real necessity to
detect and monitor the emission of these pollutants to protect human and environmental health.
In the following section, the most common gas/solid interactions phenomena will be mentioned

in order to describe the detection processes of analytes such as VOCs.

10
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2 Gas detection

This section is divided into two parts. First part presents generalities about the
interaction between solid and gas. In this part, the sorption mechanism will be detailed.
Furthermore, analytical models describing the gas adsorption on solids such as porous materials
will be described. Finally, analytical models describing the dissolution of gas into polymers,
which is the subject that concerns our work, will be pointed out.

In the second part, the different types of gas sensors will be presented focusing on the
gravimetrical gas sensors, which is the type used in this work. Afterwards, there will be a state
of the art concerning the different materials used for VOCs gravimetrical sensors, their

advantages and limitations.

2.1 Gas/solid interaction

One of the main phenomena concerning the gas/solid interaction is the sorption of gas
into solids such as porous materials or polymers. This process can be divided into three
phenomena: gas adsorption on the solid surface, gas absorption and diffusion in the solid bulk.
In this part, we will present these phenomena and explain the theoretical model behind each

one in order to understand the gas (such as BTEX vapours) interactions with solids.

2.1.1 Gas adsorption

Adsorption is a surface-based process in which molecules (adsorbates) in a gas or a
liquid are accumulated on the surface of a material (adsorbent) [21]. So, gas adsorption occurs
when a solid surface is exposed to molecules in a gaseous phase. This phenomenon is usually
defined by the increase of the gas concentration on the solid external surface [21]. The term
adsorption indicates a surface phenomenon only, and it should not be confused with the term
absorption that indicates the gas penetration into the mass of the solid. Generally, the adsorption
phenomenon can be categorized as physical or chemical and in the following paragraph the

difference between these two categories will be explained.

2.1.1.1 Physical and chemical adsorption

As mentioned above, the gas adsorption is usually divided in physical or chemical
adsorption. In fact, when a gas is in contact with a solid surface, the interactions involved in the
adsorption process allow distinguishing them.

The physical adsorption or “physisorption” results from weak physical interactions,

such as van der Waals forces, between the gas molecules (adsorbate) and the solid (adsorbent

11
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or substrate). Since, physical interactions in physisorption are similar to those responsible for

vapour condensation, therefore this adsorption can be assimilated to the condensation of vapour
into liquid [21].

The chemical sorption or “chimisorption” results from a chemical bonding between the

solid and the adsorbed gas. In this process, the adsorbate and the adsorbent form covalent or

ionic bonds that modify or strongly disturb their electronic structures [22,23]. Several criteria

differentiate the physical and chemical sorptions [23-25]:

The physical sorption is a phenomenon that occurs with any solid-gas without any
chemical reaction. On the other hand, the chemical sorption occurs only if gas molecules
and the solid atoms form strong bonds (covalent or ionic bonds).

Physical sorption is reversible and the adsorbed molecules undergo a condensation
phenomenon after sorption. The sorbed molecules can be easily desorbed using only a
pumping system or coupled with a heating system. However, the desorption of
chemically sorbed molecules is more complicated (energetically demanding) and
sometimes this process can be irreversible which is the case for the desorption of oxygen
from coal that produces CO and CO; instead of oxygen.

Generally, the adsorption of a gas is an exothermic phenomenon. The heat emitted
during a physical sorption is less than the heat emitted during a chemical sorption.
Physical adsorption is faster than chemical adsorption. In addition, the physical
adsorption usually leads to the formation of a multilayer on the surface, while chemical
adsorption usually involves the formation of a monomolecular layer (monolayer) on the

adsorbent surface (see Figure 1).

U

B 838.33.«...‘.
GODRRPOLOED

Adsorbent

Figure 1: (A) Monolayer and (B) Multilayer adsorption (issued from [24])
One of the well-known solution to ameliorate the adsorption phenomenon on a material

surface is to increase the specific area by introducing porosity in the material. This process will

12
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be later tested in the last chapter. Meanwhile, in the following paragraph, the porosity term will

be explained.

2.1.1.2 Porosity

The “specific area” term refers to the accessible surface per unit of mass of a material
by the targeted molecules (measured in m2.g™?). The most used method for measuring this
parameter is nitrogen or argon adsorption at 77 Kelvin. The measurement of this parameter
using these techniques is difficult to carry out for thin films due to the necessity of an important
mass quantity. Thus, the term porosity can be an alternative representation [13]; this parameter
is defined as the ratio between the free volume and the solid volume present within the material.
The size of the free volumes (also denoted pores) present in the material classifies the porous

materials into three groups identified by the IUPAC:

e Microporous materials, for pore diameters less than 2 nm.
e Mesoporous materials, for pore diameters between 2 nm and 50 nm.

e Macroporous materials, for pore diameters greater than 50 nm.

The open porosity of the materials is usually deduced from graphs called “isotherms”
that allows the identification of the pores size and shape. In the next paragraph we will present

the most used adsorption isotherms.

2.1.1.3 Adsorption isotherms

An adsorption isotherm is the set of equilibrium states corresponding to the mass of
adsorbed molecules as a function of the ratio between the equilibrium pressure P of the adsorbed
gas to its saturated vapour pressure Po, at a constant temperature. This P/Pg ratio is called the
relative equilibrium pressure [26].

The adsorption isotherm shape leads to the characterization of the porous materials
pores structure and size. In fact, such isotherm can give several information on the structure of
the porosity of the material. Thus, six types of isotherms were identified by the IUPAC and are
presented in Figure 2 [27,28].

13
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Figure 2: The six adsorption isotherms identified by the IUPAC illustrated from [28]

The I(a) and 1(b) adsorption isotherm types are characterized by their strong rise and the

existence of a plateau indicating the saturation of the adsorbent. These isotherms are obtained

with adsorbents having only micro pores that are filled up at low pressures. Isotherm 1(a) reveals

an adsorbent with micropores lower than 1 nm width, while isotherm I(b) reveals a wider

micropores size distribution [28]. The “type II” adsorption isotherm is characterized by a

gradual increase of the adsorbed quantity. This isotherm is obtained with non-porous or

macroporous adsorbents. The “type IV” adsorption isotherm is obtained with mesoporous

adsorbents in which capillary condensation occurs. In the type IV (a) isotherm, the capillary

condensation generates a hysteresis between the adsorption and desorption isotherms.

14
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However, when the mesopores size is less than a critical value (depending on several parameters
such as the adsorbate, the shape of the pores and the temperature), no hysteresis is observed and
the adsorption isotherm is type IV(b). “Type Il and V” adsorption isotherms are less frequent;
they are characterized by a very slow increase of the adsorbed quantity due to the weak
interactions between the adsorbent and the adsorbate. As an example, these types are observed
in the adsorption of water vapour on a hydrophobic surface. The “type VI adsorption isotherm
is observed mainly in the adsorption on energetically homogenous surfaces where the adsorbed
layers are formed gradually one after the other [28].

A large panel of analytic models was developed to describe the interactions between the
surface of the adsorbents and the adsorbed molecule. In the following paragraph, we will
introduce the most used ones for the characterization of the porous materials (specific area and

pores size distribution).

2.1.1.4 Adsorption analytic models
Among the large number of surface adsorption models that are developed, Henry,
Langmuir and Brunauer, Emmett and Teller (BET) models will be presented in this section.
The Henry Model
The Henry model is one of the simplest models for describing surface adsorption. It

predicts a linear increase of the adsorbed gas quantity with the relative pressure of the adsorbed
gas. Equation (1) reveals a linear relation representing the Henry regime with n being the

quantity of the adsorbed gas, Kn is the constant of Henry and p is the relative pressure.

n= KHp 1)

This equation is valid as long as the concentration range considered is low enough. So,
the adsorbed quantity in this case is generally weak. Therefore, the Henry model is not adequate
to describe the adsorption isotherms presented in Figure 2. Indeed, this model cannot explain
the curve of an isotherm nor the saturation phenomena. Other models have therefore been
developed and will be discussed [29].

The Langmuir model

In 1932, Irving Langmuir proposed the Langmuir adsorption model [30]. Despite its
simplicity, this model provides a first interpretation of the adsorption phenomena in equilibrium
and under time depending conditions. In fact, the Langmuir model is the starting point for most
of the approaches in surface chemistry [31]. In addition, the concept of monomolecular layer
formation on a flat surface is attributed to Langmuir [32], who developed it from chemical
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adsorption. Accordingly, Langmuir model does not take into consideration the existence of
porosity or the physical sorption in the solid volume [33].

Langmuir considers that all the atoms on the surface of a solid can react chemically and
independently with the adsorbed molecules. In fact, he considered that the molecules adsorption
occurs on adsorption sites which are present on the surface and possess identical energy. Based
on the kinetic theory of gases, Langmuir proposed his equation (equation (2)) indicating that
the fraction of filled adsorption sites 0 at a given temperature varies with the pressure of the gas
phase P according to the relation:

bP N,

S=a+p) N, @

With Nathe number of adsorbed molecules, Ns the number of adsorption sites and b
being a characteristic constant of the adsorbent / adsorbate studied couple and linked to the
adsorption activation energy.
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Figure 3: Langmuir adsorption isotherm issued from [34]

Figure 3 shows a graphical representation of the Langmuir isotherm in which 6 varies
as a function of the pressure P. This isotherm reveals that the adsorption phenomenon is
complete (0 = 1) at a certain pressure value. Beyond this value, it is considered that all the
surface atoms are covered by a monomolecular layer and cannot be used anymore for a
subsequent adsorption. This Langmuir isotherm should not be confused with a type | physical

adsorption isotherm which looks the same but does not correspond to the same phenomenon.
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The Brunauer, Emmett and Teller (BET) model

In 1938, Brunauer, Emmett and Teller [35] proposed an adsorption model based on
Langmuir theory and allowed the description of the type Il and type III physical adsorptions,
characteristic of the multilayer adsorption. According to this model, the adsorbed molecules
forming the first monolayer on the adsorbent surface can as well serve as adsorption sites for a
next adsorbed monolayer, which allows the formation of many adsorbed layers as shown in
Figure 4.

Gas molecules

Solid surface

Figure 4: Multilayer adsorption scheme based on BET theory, illustrated from [13]

In addition to Langmuir's assumptions (only one type of independent adsorption site and
absence of interactions between the adsorbed molecules), Brunauer, Emmett and Teller
consider that from the second layer, the adsorption energy (E-) is equal to the gas liquefaction
energy (EL). Furthermore, they considered that the adsorption takes place in a form of an infinite
number of monolayers. Therefore, they proposed the following equation (3) relating the
adsorbed quantity na to the relative pressure P/Po when the number of adsorbed layers tends to
infinity:

Ny Cper (p%) @)

o (1 —P%) <1 —P%+ Copr (%))

Where no is the amount of adsorbed molecules quantity necessary to cover the surface

of the adsorbent with a monomolecular layer while Cger is a constant related to the difference
between the adsorption and liquefaction energies of the gas.

The Cger constant affects the shape of the BET produced isotherms. For example, a
Csger higher than 2 (Cget > 2) generates a type Il isotherm, while a Cget between 0 and 2 (0 <
Cger <2) produces a type IlI isotherm [36].

Besides the description of the analytes adsorption on porous surfaces, it is interesting to

present the theory behind the interaction of analytes with polymers. In the next paragraph, we
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will explain the theories that describe the absorption and diffusion of analytes into solids such

as polymers.

2.1.2 Gas absorption and diffusion

The adsorption phenomena presented earlier are characteristic of the rigid porous solids
that can adsorb molecules on the wall of the pores. However, flexible materials such as
polymers are also characterized by gas absorption and diffusion into the material network.
These phenomena present a great interest in our work because they describe the penetration of
molecules into a polymer-type network such as that synthesized in this work.

Flory-Hugqins theory

The Flory-Huggins theory proposes to calculate the contributions of some
thermodynamic parameters, such as entropy and enthalpy, during the penetration of solvent
molecules into a polymer [37,38]. In fact, the entropy parameter is linked to the disorder
occurring in the polymer/gas mixture and the enthalpy parameter is linked to the
polymer/solvent mixture heat.

The sum of the enthalpy and entropy parameters leads to the calculation of the Gibbs
free energy change resulting from the mixing of the polymer and the solvent. Therefore, the
Flory-Huggins equation which is derived from the free energy change is expressed by the
following equation (4):

In(a) = In(®) + (1 — @) + y(1 — ®?) @

This equation relates the equilibrium fraction volume (®) of a gas probe into a polymer
to the solvent activity (a) using the binary interaction parameter (). The x parameter represents
the affinity between the solvent and the polymer; a zero value (non-thermal mixture) signifies
an ideal polymer / solvent mixture while an increase of the y parameter indicates a lower affinity
between the solvent and the polymer.

The Flory — Huggins equation does not take into account the elastic contribution to the
free energy change due to the deformation of the polymer network. Thus, Flory — Rehner [38]
modified the Flory — Huggins equation by adding an elastic energy term (Q )in order to take
into consideration the cross-linked networks. The elastic energy term (Q) is expressed by

equation (5):
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0= (1 2MC> VsE (1 1 >
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Where M. is the average molecular weight of the polymer between the crosslinks in the

polymer network, M is the polymer molecular weight, Vs is the solvent molar volume, R and
T are the gas constant and the temperature respectively, E is the polymer Young’s modulus and
a is the swelling factor. This factor (o) is defined by tsp/tap, tsp and tap being the thicknesses of
the swollen and dry polymers respectively.

This equation is used for the films deposited on substrates where the film swelling
occurs only in the perpendicular direction to the substrate. The addition of the elastic term (Q)
IS very important for the cross-linked films deposited on substrates and cannot be neglected due
to the strong swelling rate of these films. In fact, since the swelling can only occur in one
direction due to the presence of the substrate, the polymer network deformation is much
stronger than in the case of a three dimensional swelling. This case will be pointed out during
the BTEX sorption into the polymer network in the last chapter.

2.2 (Gas sensors

In this second part of section 2, we will present a detailed description of the different
gas sensors types, together with their advantages and disadvantages. In particularly, we will
focus on the gravimetrical sensors that will be used during this work. In addition, in this part,
we will present a state of the art concerning the materials involved in the gravimetrical sensor.
Note that a reduced state of the art concerning the gravimetrical sensor materials is found also

in the introduction of the second article (chapter 4 of this thesis manuscript).

2.2.1 Gas sensors types

In general, a detector that quantifies the presence of an analyte in the environment is

composed of three principal elements [39]:

e A sensing element that will allow the detection (the elaborated material).
e A transducer element converting the recognition into a detectable signal
(piezoelectric device, pH meter, electrode, photon counter....).

e A part dedicated for the signal treatment (amplifier and recorder).

The interaction between the sensing element (or recognition element) and molecules in

its environment can induce a variation of its parameters such as enthalpy or mass, as it is the
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case for a material exposed to a gas. Thus, these parameters modifications reflect the
analyte/material interaction and confirm the presence of species on/into the material. The role
of the transduction element is to transform this information into an interpretable and
quantifiable signal that will be treated by the last element dedicated for signal treatment.
Consequently, a wide range of sensors based on different principles has been developed
for gas detection. In order to classify the different sensors types, six general categories of
sensors based on the transduction mechanisms have been suggested by the International Union
for Pure and Applied Chemistry (IUPAC) [39]: optical sensors, electrochemical sensors,
electrical sensors, calorimetric sensors, magnetic sensors and mass-sensitive (gravimetrical)

SENSOrs.

2.2.1.1 Electrochemical sensors

The electrochemical gas sensors are based on the diffusion of the targeted gas through
a porous membrane to an electrode where, electrochemical oxidation or reduction of the gas
takes place at the surface of the working electrode [40,41]. Thus, the reaction produces a small
current which is proportional to the concentration of the gas [42]. Electrochemical sensors are
inexpensive and present a good sensitivity and selectivity. However, these sensors present
major problems such as the volatility properties and the wide potential window of the aqueous
electrolytes (AEs) in electrochemical sensors using (AEs) [43]. For electrochemical sensors
using ionic liquids (ILs) electrolytes, and despite their great performance, the liquid leakage
from the sensor and the slow gas diffusion caused by the liquid filling of the membrane pores
limit their use [44]. In the case of electrochemical sensors using solid electrolytes (SEs), the
high working temperatures needed for the oxidation reaction and the potential degradation of
the electrolyte limit their use [45].

2.2.1.2 Electrical sensors

A wide range of electrical sensors are used for gas detection such as capacitance sensors,
Schottky type barriers or the ones based on variation of the electrical conductivity which is the
case of semiconducting metal oxide, metal, conducting polymer sensors [39]. One of the most
used electrical sensor is the semiconducting metal oxide (SMQ). These sensors detect species
due to the oxidation and reduction reactions occurring between the metal oxide (MO) and the
target gases. The gas of interest penetrates onto the active sensing MO, causing a change in the
electrical resistance, from which the gas concentration can be determined [46]. SMO sensors

are inexpensive compared to other sensing technologies, easily miniaturizable and robust.
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However, this sensors type reveals serious problems such as poor selectivity, high sensitivity

to humidity and high operational temperature [10,47,48].

2.2.1.3 Calorimetric sensors

Calorimetric sensors are based on the variation of the temperature generated by
chemical reactions or by the thermal conductivity change in the presence of analytes. These
evolutions are converted into electrical signals such as changes of the resistance, current and
voltage. Calorimetric gas sensors are easy to manufacture [49], portable and show good
selectivity for volatile hydrocarbons [50]. However, they might present a weak performance
and inaccurate detection if a variation in the enthalpy occurs due to a change in the analyte
concentration. In addition, these types of sensors require a high power consumption, elevated

temperatures and are incapable to operate for a long-term.

2.2.1.4 Magnetic sensors
Magnetic sensors are based on changes in the paramagnetic properties of the gas being
analyzed. Usually, these sensors are used to detect oxygen due to its high magnetic

susceptibility compared to other gases such as nitrogen, helium, and argon [51,52].

2.2.1.5 Optical sensors

Optical sensors are based on detecting changes in visible light or in other
electromagnetic waves resulting from its interaction with the analytes [39]. Measuring
mechanisms such as fluorescence, emissions or absorption can be used to detect different gases
depending on a defined optical wavelength [53]. One of the most common optical gas sensors
is the infrared (IR) gas sensor, where the wavelength and the absorption intensity of mid-IR
light are measured to identify the existent species [54].

Gas sensing using optical methods could achieve high sensitivity, selectivity and
stability and their response time is relatively short. However, applications of optical sensors are
restricted due their miniaturization difficulty and their high cost.

In this work, we used ellipsometry coupled with gas sorption which can be considered
as a lab-scale optical sensor. The progressive introduction of a gas in the deposited layer by
ad/absorption changes the reflected light polarization. Such analyses will be detailed in the

materials and methods chapter and results will be presented in chapters 4 and 5.

2.2.1.6 Mass sensitive or gravimetrical sensors
Gravimetrical sensors are based on mass variations occurring at the surface of the sensor

[55]. The mass variation is caused by the incorporation of molecules into a sensing layer
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deposited on the mechanical resonator. This type of sensors is based on a piezoelectric material
whose function is to assess the frequency characteristics of a resonating structure or a
propagating acoustic wave caused by mass loading. Examples of mass sensitive sensors are
shown in Figure 5. A wide variety of gravimetrical sensors exist but the most known categories

are:

e Volume wave acoustic sensors (BAW for Bulk Acoustic Wave).
e Surface wave acoustic sensors (SAW for Surface Acoustic Wave).

e Resonant Micro/Nano cantilever.

Wave Propagalion
—>

Sensitive film -

\ Gold (Upper electrode)

/ \

\ / E_j
/ Quartz —¢
/ Gold (Lower electrode) ~ Piezoelectric substrate [ {

c

Figure 5: Schematic diagrams of mass-sensitive gas sensors: (a , b) quartz crystal microbalance (QCM) device; c) surface

acoustic wave (SAW) device; (d , e) microcantilever — (d) dynamic mode and (e) static mode. Illustrated from [39,56]

The BAW sensors such as the quartz crystal microbalance (QCM) or the film bulk
acoustic resonator (FBAR) contain a piezoelectric material resonant between two metal
electrodes. In this work we will focus on the QCM technic. The QCM setup is composed of a
piezoelectric quartz crystal wafer coated with metal electrodes (gold) as represented in Figure
5a and 5b, a quartz wafer metal holder, an oscillator, a digital counter measuring the frequency
changes, and a computer for data registration and plotting.

Basically, the detection is based on measuring the frequency shift of the resonant
mechanical oscillator (Figure 6). This frequency shift Af is directly related to the mass of the
analytes sorbed on the surface of the microbalance and was interpreted by Sauerbrey (1959)

with the following theoretical linear equation:

JPallq

Am = — SA
m 212 f Q]

Where S is the surface of the electrode (in m?), fo is the actuation frequency (Hz), pqand

g are the density and the Young's modulus of the quartz respectively.
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Figure 6: Principle of function of a gravimetrical sensor based on frequency-shift measurement [55]

This relationship is valid for rigid and sufficiently thin films (in the sense that the
frequency difference due to the deposited layer is negligible compared to the vibration
frequency of the quartz). In addition, this result is the basis of QCM microgravimetry
measurements in vacuum and air that can be used to detect chemicals such as volatile organic
compounds (VOCs) based on the chemical layer deposited on the surface of the quartz [57].

The SAW devices also use piezoelectric crystal resonators to generate acoustic waves.
These devices are more sensitive than BAWSs and have a different structure, consisting of a
piezoelectric substrate where two metal electrodes are deposited on its surface. An example of
this geometry is represented in Figure 5¢c. An acoustic wave is generated by a metal electrode
and then is propagated on the surface of the sensitive material. Once this acoustic wave reaches
the other electrode, a potential difference appears and can be measured. The measurement of
the propagated wave speed variation allows the determination of the adsorbed mass on the
sensitive layer. The SAW sensor is sensitive towards any specific analyte depending on the
coated chemical layer that can collect and distinguish between diverse molecules. It should be
noted that the operation of the SAW and QCM sensors requires a temperature and humidity
control because these parameters affect the QC resonant frequency shift during gas molecule
collection.

Micro/nanocantilevers devices are another type of mass-sensitive sensors. These sensors
can operate at higher resonance frequencies and both in dynamic and static conditions as shown
in Figure 5d and Figure 5e. The micro/nanocantilever movement changes when a mass of
analyte is adsorbed on its surface. In other words, when molecules adsorb on the
micro/nanocantilever surface, they cause modifications in its frequency (dynamic mode) or

changes in the stress at the surface that leads to an inclination of the micro/nanocantilever (static
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mode). Micro/nanocantilevers have presented a significant importance in recent years due to
their ability to measure very low adsorbed masses [55].

The gravimetrical sensors are great candidates for the gas detection due to their high
sensitivity, low cost and ability to be miniaturized. However, the most important drawback of
these sensors is their lack of selectivity. In fact, the mass-sensitive sensors detect the mass
change whatever the species. Therefore, there is a necessity of a chemical thin film deposited
on the quartz crystal (in the case of QCMS) in order to insure the selectivity of these sensors.
The QCM coupled to sorption will be one of the main techniques used for VOCs detection
during this work. The analysis process will be detailed in chapter 2 dedicated to the materials
and methods and the sorption results will be presented in chapters 4 and 5. Meanwhile, in the
following section, we will be focusing on the materials that can be developed for the

gravimetrical detection of VOCs and especially BTEX.

2.2.2 Materials used for gravimetrical sensors

As mentioned before, a gravimetrical sensing device usually needs a chemical thin film
to insure its selectivity and sensitivity [58]. A large number of materials have been developed
for gravimetric sensing applications especially for VOCs. We can mention materials such as
metal oxide nanostructures, zeolites, and polymers. In this section, a state of the art about the
materials involved in the gravimetrical sensing will be detailed in order to justify the chosen

material elaborated for BTEX sensing.

2.2.2.1 Metal oxide nanostructures

Metal oxide have been widely studied for VOCs gas sensing especially in the
manufacturing of semiconductor sensors type due to their low cost, high sensitivity, potential
for miniaturization and operation simplicity [59-61]. However, there was numerous attempts to
integrate metal oxide nanostructures in the gravimetrical sensing of VOCs [62,63]. We can
mention the recent work of Diltemiz et al. who elaborated nanofibers of copper(1l) oxide and
zinc oxide by electrospinning for formaldehyde detection using a QCM system; they succeeded
to detect up to 41 ppb of analytes [64]. In the work of Xie et al., they used also zinc oxide but
as nanospheres in order to detect methanol, ethanol, and isopropanol on their QCM device. The
results show a better sensitivity for methanol and ethanol molecules compared to isopropanol
molecules. According to Xie et al., this result is due to the position of hydroxyl in the molecules
that makes easier the adsorption of methanol and ethanol molecules on the ZnO surface than

isopropanol molecules [65].
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Despite the cited advantages of metal oxide, the main inconvenient of such materials for
BTEX sensing is their limited selectivity and their hydrophilic behaviour which reduces their
performance in the presence of humidity imposing high temperature operation [66,67].

2.2.2.2 Zeolite

Zeolite materials are good candidates for the detection of VOCs gases due to their high
specific area, non-toxic behaviour and high chemical and thermal stability. Several trials
integrated zeolites materials in the gravimetrical sensing and monitoring of humidity, NO, SO-
as well as VOCs gases such as acetone, pentane and hexane [68]. In the work of Brosillon et al.
the adsorption of an acetone/heptane gas mixture on a zeolite material was tested. The sensor
showed a good selectivity and sensitivity towards acetone due to the polarity, volatility and
boiling temperature differences between acetone and heptane [69]. Similarly, other works also
used zeolites to detect dimethylmethylphosphonate (DMMP) gas with piezoelectric sensor
devices (QCM). The results show high material sensitivity towards the targeted vapour and a
detection limit up to 0.1 ppm [70].

Nevertheless, the integration of such materials in the gravimetrical sensing applications
of VOCs especially BTEX is complex due to the necessity of surface hydrophobicity tailoring

for such materials and the need of high temperature application for desorption [70].

2.2.2.3 Polymers

Conventional polymers have been the most widely used materials for gravimetrical
sensing of VOCs, especially BTEX, due to their long flexible backbone chains and free volumes
that ensure the penetration of large amounts of analytes into the polymer network. In addition,
the flexibility of these polymer chains facilitates the desorption phenomenon, which means that
the desorption mechanism can occur rapidly, easily and without any heating operations [71,72].
Furthermore, the possibility of modifying the molecular structure of polymers as well as their
composition has made possible to study a large number of polymers with different functional
groups. Beside thermal and chemical stability [73], many polymers exhibit good adhesion
properties and can be deposited on many substrates. The most used polymers for the detection
of VOCs are organic polymers and organosilicon polymers. Organic polymers such as
poly(methyl methacrylate) (PMMA), polyisobutylene (P1B) and polybutadiene (PBD) has been
used for the detection of VOCs such as toluene vapor (one of the BTEX) [74,75]. Organosilicon
polymers such as polydimethylsiloxane (PDMS) were the earliest to be used in gravimetrical
sensors [76]. They are widely used for the detection of VOCs due to their hydrophobicity, which
is important for the detection of non-polar molecules such as BTEX. In the work of Mirmohseni
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et al., they used a PDMS layer casted on a quartz electrode in order to sense BTEX vapours
using a QCM system [77]. Maute et al. coated a PDMS layer on silicon cantilevers to sense
different vapour concentrations of n-octane, toluene and n-butanol. The coated cantilevers
showed high sensitivities towards n-octane vapour compared to the cantilevers without polymer
coating [78].

The application of polymers for the gravimetric sensing can face problems such as the
thickness of the coated polymer or the high crosslinking degree. In fact, devices coated with
conventional polymers can suffer from low sensitivity due to thick coated films [79]. In
addition, for NEMS applications, deposits made without solvent are advantageous solutions
because the capillarity forces present during the evaporation of the solvent can damage the
nanobeams [5,6]. The choice of gravimetric detection imposes thus conditions on the films
studied: they must be uniform, adherent and thin. Furthermore, the films should exhibit good
chemical and physical stability.

The dry process deposition techniques can be a solution for the functionalization of
gravimetric sensors. These techniques allow the synthesis of uniform films on a relatively large
wafer, thin films of few nanometers, and most important, adherent films. Thus, these type of
deposition processes answer the requirements of a sensing layer for gravimetric sensing
applications. In the following section, we will detail the dry elaboration process technique used
during this thesis, i.e. the plasma enhanced chemical vapour deposition (PECVD), its different
characteristic parameters that influences the deposited materials and finally its application for

the preparation of VOCs sensing materials.
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3  The PECVD for thin films preparation

The Plasma Enhanced Chemical Vapour Deposition (PECVD) process is a well-known
technique for the elaboration of thin, adherent and uniform films. This process will be used
during this thesis to elaborate thin films for the VOCs gas sensing applications. In this section,
the plasma deposition process will be detailed as well as the major parameters that influence

the deposit.

3.1 The PECVD process principle

In order to understand the PECVD process principle, a general knowledge about the

plasma (known also as the fourth state of matter) will be presented firstly.

3.1.1 The definition of Plasma

A plasma is a partially or fully ionized gas containing different species such as neutral,

excited and / or ionized atoms / molecules, radicals, electrons and photons (Figure 7). Despite
the presence of different charged species, this phase is electrically neutral due to the
compensation of negative and positive charges. In order to create these different species in a
gas, and therefore to create a plasma, it is necessary to supply a quantity of energy to a gaseous
environment. In the laboratory, this energy can be supplied in the form of electrical energy.
Under the effect of the electric field applied to the gas, the free electrons in the system can be
accelerated. These electrons can collide with the species present in the gas creating excited
species, neutral radicals due to the direct fragmentation of gaseous precursors, photons but also
few ions. This phenomenon will repeat itself between the electrons, the species produced and

the remaining molecules, enabling to maintain the plasma, appearing as a glow discharge [80].
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Figure 7: Scheme representing the different species in the plasma

Generally, the reactions occurring in the plasma phase can be divided into 3 categories:
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e Primary reactions correspond to the first interactions between electrons and neutral
molecules forming the gas phase such as ionization, dissociative ionization, excitation
and dissociative attachment. These reactions are followed by reactions of de-excitation
or dissociation.

e Secondary reactions correspond to the recombination between electrons and unstable
species created during primary reactions such as electron-ion/ electron-excited
molecules recombination.

e Reactions between heavy radicals.

Once all the species have been created, the system goes into a thermodynamic non
equilibrium state. In fact, in this system, the electrons and heavy species are not at the same
temperature due to the large difference in their mobility. Highly energetic primary electrons
have a very high temperature (> 10,000 K) while neutral and ionic species maintain a
temperature close to ambient (<500 K); in this case, the glow discharge is called a cold plasma,
being out of thermodynamic equilibrium as all the species are not at the same temperature.

The most abundant species in a cold plasma involving molecules are the radicals. These
unstable species possess one or more unpaired electrons on their outer layers and therefore are
very reactive. There are different reactions involving plasma radicals in contact with any surface
such as chemical etching, grafting, crosslinking in case of polymer substrates [81-83] and film
deposition. Whereas, non-condensable plasma phases favour etching, grafting and crosslinking,
plasma phases issued from condensable molecules essentially induce film deposition, the other
three phenomena becoming minor.

In this work, we will be interested in thin films deposition from condensable plasma
discharge. Thus, in the next part, we will discuss how the plasma can be used to grow thin films

on substrates.

3.1.2 The PECVD deposition mechanism

The PECVD process is based on the recombination and/or the adsorption of condensable

radicals of the plasma on the surface of a substrate leading to the formation of a thin film. This
deposition process will be used during this work and will be detailed hereafter.

Generally, a PECVD deposition involves only one of the two types of polymerization
entitled plasma induced polymerization and plasma polymerization [84].

The plasma induced polymerization is close to the conventional polymerization. It is

activated by radical species or electrons created in the plasma. These species react with
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functional groups (double bond or ring) on the surface of a substrate and the reaction propagates
to form a film.

The plasma polymerization is the reaction between different radicals created in the
plasma, which react together to form the film. Usually, the material obtained is amorphous and
highly crosslinked. In the frame of this thesis, only the plasma polymerization will be involved
in the elaboration of plasma-deposited thin films.

The deposition mechanism shown in Figure 8 incorporates the main steps of plasma
polymerization. Once the electrical energy (alternating voltage) is applied, electrons are
accelerated, plasma is activated and radicals are created (2). The first step is the adsorption of
the species at the surface of the substrate (3). Two types of adsorption are involved, either
physisorption type (weak interactions such as Van der Walls), or chemisorption type (strong
bonds between gaseous species and substrate). Then, the species diffuse (in the physisorption
case) once adsorbed on the substrate surface (4). Depending on the rearrangement processes,
the reactive species and their reaction products can either generate the film growing (5) and can
induce the desorption of gaseous by-product fragments to the plasma phase (6). They can

recombine in gas phase and be evacuated by the pumping system (7).
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Figure 8: The plasma deposition mechanism issued from [85]

Accordingly, this deposition mechanism gives to the plasma polymerized films many
advantages. As mentioned earlier, the PECVD deposition technique is able to elaborate thin (on
a nanometer scale), uniform, without defects and tridimensional films on a relatively large
substrate. In addition, the elaborated films are characterized by their very good adherence on
different supports, whatever their chemical nature or surface topography may be. As well, the
fact of randomly combining the species present in plasma gas phase generates a hybrid deposit

that can be used for different applications. In addition to these characteristics, one of the most
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important advantages of the plasma deposition is its versatility. In fact, depending on the
application, the operating conditions of the PECVD process can be optimized to obtain the
desired material. Thus, the many operating parameters, which can be adjusted, make it possible
to obtain materials with different structures and compositions.

In the next section, we will present the different parameters that can be controlled during

a PECVD deposition and their influence on the characteristics of the materials obtained.

3.1.3 Plasma parameters influencing the deposition

The PECVD differs from the thermal CVD by its versatility. In fact, the predominant
parameters in the CVD are the nature of the precursors used, the temperature and the pressure
conditions. However, the PECVD is also influenced by the plasma power and the plasma
frequency. In this section, we will explain how each parameter can affect the chemical

composition and the structure of the deposited materials.

3.1.3.1 Reactor geometry

The geometry of the reactor (precursor injection system, pumping system, shape and
volume of the reactor, and position of the substrate) influences the transport parameters of the
plasma species during the deposition process. This can modify the nature and the
hydrodynamics of the active species, and therefore the deposition rate and the (micro) structure

of the materials obtained.

3.1.3.2 Substrate temperature

One of the important advantages of the PECVD compared to the classical CVD is that
the deposition can be occurred at room temperature. This fact made the PECVD compatible
with any type of substrates. Nevertheless, the substrate temperature in a PECVD reactor can be
controlled up to few hundreds degree Celsius affecting the deposited material structure. In fact,
increasing the temperature of the substrate promotes surface mobility and desorption of species
to the plasma phase. Thus, this temperature elevation causes a decrease in the film growth rate
and an increase of the material crosslinking degree, or even the crystallization of the material

(at temperature of several hundred °C).

3.1.3.3 Plasma frequency
The applied current frequency has a strong effect on the ionization of the gas phase. A
low frequency leads to a high ionic energy and therefore the ionic bombardment of any surface

in contact with the plasma phase is important. In this configuration, the etching phenomenon is
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favoured. On the contrary, a high frequency leads to an increase in the number of electrons,
thus there are more electron-molecule shocks leading to an improvement in the number of
reactive species making film deposition the major phenomenon. Three frequency ranges can be

considered:

e Low frequencies (LF) (<450 kHz)
e Radio frequencies (RF) (1 MHz - 0.5 GHz)
e Microwaves (MW) (~ 1 GHz and above)

During this thesis, we worked on a microwave MW-PECVD reactor (presented and
detailed in the materials and methods section) to elaborate plasma polymerized thin films due
to several reasons.

First of all, the fact of using microwave frequencies avoids any ionic bombardment in
the plasma which reduces the probability of the film surface deterioration by the etching
phenomenon [86]. The second advantage is that microwaves do not require the use of
electrodes. In fact, the microwaves are distributed in the reactor using ECR (Electronic
Cyclotronic Resonance) applicators and they transmit their energy directly to the electrons in
the vapor phase. Furthermore, the MW-PECVD allows higher deposition rates comparing to
other frequencies, which highly reduces the deposition time [87]. Finally, the MW-PECVD
process allows the deposition of homogeneous layers on substrates of large dimensions [88].
Indeed, the absence of electrodes in the MW-PECVD enlarge the plasma area which is no more
limited by the size of the electrodes but by the number and lattice of the MW applicators. Also
the efficiency of a MW-PECVD process is better than the efficiency of a lower frequency
PECVD process as the electronic density is higher, thus the growth rate of the deposited film is
higher even if the working pressure is much lower, which induces a lower consumption of the
precursors. These last points make the MW-PECVD a very attractive deposition technique for

the industries.

3.1.3.4 Plasma power

The enhancement of the plasma electrical power favours the increase of the dissociation
degree of the species. Thus, a limitation of the reaction is observed by the reactive species
created at low power. However, at high plasma power, the reaction is limited by the transport

of the active species.
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3.1.3.5 Precursors

Identically to the thermal CVVD, many precursors can be chosen in a PECVD process.
They must be volatile under the pressure and temperature conditions chosen for the synthesis.
Gaseous precursors and liquid precursors with a high vapour pressure (several mbar) at ambient
temperature can be easily vaporized under the only effect of vacuum in the deposition chamber.
But liquid precursors with relative low vapour pressure should be heated up or/and pushed/lead
thanks to a pusher/carrier gas. In case of heated precursor, the feed tube should be also heated
up to maintain the vapour state of the precursor up to the PECVD chamber. For carrier or
dilution purpose, some gas or mixture of gases (Ar, He, N2...) can eventually be mixed with
the precursor(s) vapours in the deposition chamber. The variety of obtained materials is all the
larger than the composition of the plasma gaseous phase is complex.

3.1.3.6 Pressure

The pressure in the deposition chamber is linked to the precursors flux and the pumping
strength since it depends on the balance between the incoming flows (flow rates of precursors,
micro-leaks...) and the outgoing flows (pumping flow rates). In general, at the same plasma
power density, lower pressure slows down the reactions in the gas phase and increases ion
bombardment at the surface of the substrate, which reduces the deposition rate. On the contrary,
higher pressure leads to a high growth rate of the film but can even also lead to the formation
of powder in the gas phase if excessively high. Usually, the pressure for a PECVD process is
in the range of 10 - 1 mbar in order to control the formation of the deposit. In a MW plasma
the high electronic density generates an important monomer fragmentation which leads to high
film growth rate at lower pressures (= 10 — 102 mbar).

3.1.3.7 Yasuda parameter W/F.M

The deposit structure depends strongly on the fragmentation of the precursor which is
dependent on all the experimental parameters described above. In order to simplify the
conditions of synthesis, Yasuda proposed an empirical parameter [89]. The Yasuda parameter
corresponds to the energy supplied to the plasma related to the mass of the precursor. It is
expressed by the ratio W / (F.M), where W is the power supplied to maintain the plasma, F the
precursor flux and M the molar mass of the precursor. So, this parameter allows the

differentiation of the plasma energetic behaviour:

e For low W / F.M, the energy is low compared to the injected mass of the precursor
which is weakly fragmented and therefore the deposited film conserves the chemical
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patterns present in the precursor. In this case, the plasma is called soft plasma and the
precursor polymerization phenomena is close to the conventional polymerization.

e Conversely, for a high W / F.M, there is a precursor deficit and/or an energy exceed.
The molecules present in the plasma are strongly fragmented and the deposit is denser,

and more inorganic. In this case, we are talking about hard plasma conditions.

As shown in this section, the versatility of the PECVD technique makes it possible to
prepare various materials in terms of their composition and their (micro) structure. Among the
wide range of materials that can be elaborated by PECVD, in this work, the PECVD was used
to deposit plasma organosilicon materials.

In the following section, the organosilicon materials will be introduced as well as their
structure and applications fields. In addition, the choice of this material for gas sensing

application mainly BTEX vapours will be justified.
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4 Organosilicon materials

In this section, an overview on the organosilicon materials will be presented with a focus
on the plasma organosilicon materials. Characterization results issued from the literature will
be very briefly summarized to give a global idea on the plasma organosilicon material structure.
Indeed, a more detailed state of the art concerning the plasma organosilicon chemical
composition would be found in chapter 3 (introduction of the first article). Finally, the different
application fields and a state of the art concerning the introduction of plasma organosilicons in
gas sensing applications will be presented.

4.1 Conventional organosilicon polymers

Organosilicon materials have a chemical structure composed of silicon and carbon
atoms. In the case of supplementary oxygen atoms, silicon and oxygen atoms can be bonded
together to form siloxane bonds. In the case of the well-known PDMS polymer (shown in Figure
9) whose main chain is a siloxane one, each silicon atom is also bonded to two CH3 (methyl)
groups to form the dimethylsiloxane unit [SiO(CHs)2].

CH;

\ S|i O /
CHs n

Figure 9: Dimethylsiloxane monomer

In the PDMS, the covalent bond created between the silicon and the oxygen is extremely
stable due to its high large bond energy (452 kJ/mol). In addition, the wide Si-O-Si bond angle
(= 143°) and the high Si-O bond length (= 1.63 A) give the PDMS chain good flexibility and
mobility. Furthermore, the presence of free volumes in siloxane-type polymers (compared to
hydrocarbon polymers) explains their high solubility and high gas diffusion coefficients [90].
As mentioned before, these polymers are also hydrophobic due to the presence of methyl groups
pointing to the outside (Figure 9). Because of all these advantages, the organosilicon materials
(and especially organosiloxane ones) are widely used in different applications and specifically
in the sorption and detection of VOCs such as BTEX.
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Organosilicon polymers are usually polymerized conventionally by using a 3 steps
synthesis: the chlorosilane synthesis, the chlorosilane hydrolysis and finally ring opening
polymerization or polycondensation (more details can be found in [90]). However, as
mentioned before the conventional polymers are not totally adequate for gravimetrical sensing
applications. Thus, other polymerization techniques such as plasma polymerization of
organosilicon precursors could be a suitable solution. The next part will focus on the plasma

organosilicons, which will be the materials used in this work.

4.2 Plasma polymerized organosilicons

Thanks to the versatility of the PECVD technique, a wide range of organosilicon
materials could be elaborated. In fact, by varying the plasma parameters and the organosilicon
precursor, the PECVD technique is capable to elaborate various organosiloxane films
(SiOxCyH;) ranging from polymer-like materials (close to conventional PDMS) to inorganic
SiO»-like materials [91]. Thus, most of the work done on plasma polysiloxane-type materials
investigates the process parameters influence on the deposit structure. To sum up, most
important parameters influencing the chemical structure are the Yasuda parameter (W/F.M) and
the addition of a gas to the monomer flow.

The Yasuda Parameter:

The Yasuda parameter represents the energetic character of the plasma. As already
presented before, the increase of W/F.M induces the increase of the organosilicon monomer
fragmentation, therefore the deposit is affected by:

e Loss of the organic character due the cleavage of Si-CHs bonds.
e Formation of Si-CH2-Si bonds leading to a more crosslinked network.

e Densification of the material.

The Mixture of gas/monomer:

A large number of studies have mixed organosilicon monomers with dioxygen, for the
elaboration of silica SiO> films. The addition of O, enhances the fragmentation of the monomer
and favours the elimination of organic groups by forming inorganic Si-O-Si chains [92,93].

Other studies have mixed organosilicon monomers with other gases such as argon,
helium, or nitrogen. However, the addition of argon or helium does not affect strongly the
chemical structure of the deposit. In fact, it can enhance the molecule-ion bombardment leading
to a slight elimination of organic groups and increasing the films density [94,95]. On the other
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hand, the addition of N2 or NH3 has not only the effect of eliminating the organic groups, but it
leads to the formation of polysilazane films by creating nitrogen bridges between the Si atoms.

In this study, the PECVD deposition was carried out only with the monomer flow
without any mixing gas. The next paragraph will present the different precursors used in the
literature for the elaboration of plasma organosilicons.

Organosilicon precursors

Various linear or cyclic organosilicon precursors have been utilized in the synthesis of
SiOxCyH; films by PECVD such as Tetramethyldisiloxane (TMDSQ), Tetramethylsilane
(TMS) or hexamethylcyclotrisiloxane (D3). In this work, the precursor used for the elaboration
of SIOCH thin films is the hexamethyldisiloxane (HMDSO) shown in Figure 10. This monomer
has been chosen due to its high vapour pressure, which facilitates its injection into the PECVD
enclosure, its high deposition rate, accessibility, safety compared to silanes and low cost. In
addition, the HMDSO monomer has been widely tested for the elaboration of hydrophobic films
(under specific plasma conditions), close to PDMS (PDMS-like) in the literature [96-98].
Accordingly, this precursor can lead to the elaboration of adherent, thin, hydrophobic PDMS-
like films for BTEX sensing applications [99-101].

\ "/D\\S'/
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Figure 10: HMDSO monomer

For all the reasons mentioned above, the HMDSO will be the precursor used for the
elaboration of plasma polymers in this work. In the next section, the mechanism of the HMDSO
polymerization will be presented.

421 HMDSO Plasma polymerization

Gas phase analysis is very useful to determine the mechanism of the HMDSO plasma
polymerization. This analysis provides interesting information on the fragmentation process of
the monomer. Several studies have analysed the gas phase of pure HMDSO (or mixed with
argon or oxygen) using mass spectrometry (MS) [102-104], Optical Emission Spectroscopy
(OES) [105] or FTIR absorption spectroscopy [106]. The most abundant chemical species
present in the gas phase of an HMDSO plasma are listed in Table 4.
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Table 4: Chemical species identified in the HMDSO plasma gas phase [102-106]

Composite type Chemical species
Inorganic species Hz, ArH
Hydrocarbons CH, CH3, CH3, CH4

C2H, CoHa, CoHs, CoH4, CoHs, CoHs
CsHz, C3Hs, C3Ha, C3Hs, C3Hs, C3H7, C3Hs

Methylsilanes H>SiMe
HSiMe>
SiMes
Siloxanes composite MesSiOSiHMe, MesSiOSiMez, MesSiO

The species identified in the gas phase result from the dissociation of the monomer
(HMDSO) due to electronic impact, formed radicals ionization reactions and secondary
reactions occurring between ion-molecule, ion-radical and radical-molecule. So, these radicals
and ions produced in the plasma by fragmentation initiate the polymerization reactions.

The analysis of the gas phase shows that the main fragmentation reaction of the HMDSO
monomer is the abstraction of methyl groups especially at low plasma energy. However, the
plasma polymerized HMDSO (PP-HMDSO) deposit contains small organosilicon oligomers
[104,106] and the structure of these oligomers indicates that their formation is initiated by the
breaking of the Si-O bond in the monomer molecule.

Briefly, the HMDSO plasma polymerization process consists of the extension of the

HMDSO molecule by one dimethylsiloxane unit according to the following equation (7)[95]:

MesSi-O-*SiMe; + IO-SiMe3 - Messi—O-SiMez—C|)+-SiMe3 — MesSi-O-SiMe,-0O-SiMe; + SiMes*
SiMes SiMes @)
We should mention that, the gas phase of organosilicon monomers mentioned the
presence of reactive silicon-carbon double bonds groups (Si=CH) leading to the formation of
some Si—CH2>-Si or Si—-CH>—CHy bridges. Besides, the presence of the CH2 groups in the gas
phase [106] also could lead to the formation of some Si-CH> bridges. A detailed plasma
polymerization mechanism of HMDSO monomer can be found in the paper of Alexander et al.
[103,104].
After presenting the organosilicon plasma gas phase composition and the HMDSO
plasma polymerization mechanism, the next section will be dedicated to the PP-HMDSO

chemical structure based on a sum up of the results found in the literature.
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4.2.2 Plasma polymerized HMDSO structure

The plasma polymerization produces small amounts of deposited material (a few mg).
In addition, the polymer produced is generally insoluble in organic solvents due to its high
degree of crosslinking. Therefore, the characterization of the plasma materials by analytical
methods generally used for conventional polymers is complicated. However, the chemical
composition and structure of plasma polysiloxane materials are mainly characterized by
powerful techniques such as: infrared absorption spectroscopy (FTIR), AUGER electron
spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS), elemental analysis (AE),
solid state nuclear magnetic resonance (NMR), gas chromatography combined to mass
spectrometry (GC/MS) analysis. Other analyses such as water contact angle measurement
(WCA), scanning electron microscopy (SEM), ellipsometry are also widely used for the
characterization of plasma films. In this section, we will present some results of the
organosilicons chemical composition found in the literature; we will focus on the FTIR, 2°Si
solid state NMR and XPS techniques in order to depict the bulk and surface chemical
composition. Then, physical properties results will also be presented such as density, refractive
index and wettability. This summary is completed by a more detailed state of the art in the

chapter 3 (introduction of first article).

4.2.2.1 FTIR analysis

The different IR absorption bands of the plasma polysiloxanes are presented in Table 5.
Some of the bonds present in the polymers are also shown in the FTIR spectra of the HMDSO
monomer. Nevertheless, new bonds are also formed during the plasma polymerization, such as
Si-OH, Si-H, Si-(CH2)x-Si and Si-O-C. The absorption bands of the plasma organosilicons
spectra are generally wider than those of the monomer; this indicates the presence of various
compounds (compared to the monomer) and the high crosslinking degree of the plasma

materials.
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Table 5: Infrared absorption band of plasma organosilicons with v: mode stretching, 6: mode bending, p: mode rocking, s:

symmetric, a: asymmetric and s: strong, m: medium, v: variable [92,95,106-108]

Groups nature

Position

Wavenumber (cm™)

Vibration mode

Alkyl groups

CHs 2960 V3(C-H) 5-m
2900 v$(C-H) m

CHa 2925 V3(C-H) 5-m
2855 v$(C-H) m

Si-CH2groups

Si-CH2-CH>-Si 1400 S(CHy)

Si-CHy-Si 1360 3(CHo)

Si-CHs groups

Si-Mex 1410 3%(CHg)

Si-Mex 1260 5°(CHa) s-m

Si-Me3 845 p(CH3) / v(Si-C) %

S?-Mee, 760 o(CHs) / v(Si-C) %

S!-Mez 885 0(CH3) / v(Si-C) %

S!-Mez 805 o(CHa) / v(Si-C) %

Si-Me 775 p(CHs) / v(Si-C) Y

Si-H groups

R-SiH2-R 2138-2117 v(Si-H) S

H-SiRs 2110-2094 v(Si-H) S

H-SiR3 842-800 8%(Si-H) S

OH groups

OH in Si-OH 3650 v(0O-H) m

OH in Si-OH 3400 v(O-H) m

Si-OH 930 v(Si-0) S

Si-O-Si groups

Si-O-Si 1150-1100 V&(Si-0O-Si) VS

Linear siloxane chains 1093-1076 et 1055- VS

cyclotrisiloxanes 1024 VS

other cyclosiloxanes 1020-1010

Si-O-Si 1100-1050 5(Si-0O-Si) m
810-800

Si-O-C groups

Si-O-CHj3 1100-1075 Vv3(Si-0-C) Vs
850-800 V3(Si-O-C) s-m
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4.2.2.2 Solid-state NMR analysis

NMR analysis is the technique that provides the most detailed information on the
molecular structure of plasma polymers. This powerful technique investigates the bulk
chemical composition of the plasma organosilicons. However, only few works present in the
literature deal with this technique because it requires a large amount of materials (about 400
mg for the quantitative solid state NMR) and most PECVD reactors find difficulties to produce
this amount under normal conditions. The environments detected in siloxanes by 2°Si solid state
NMR are SiO(CHs3)s, SiO2(CHs)2, SiO3(CHs) and SiO4 denoted as M, D, T and Q respectively
(Table 6). These environments are located in chemical shifts range between +10 and -110 ppm.
Other compounds derived from initial ones (M, D, T and Q) can be detected in the NMR spectra
due to substitution of methyl groups by hydrogen or hydroxyl groups. We should mention also
that another compound that can also be found in the bulk composition of plasma organosilicons
is the Si(CH2)(CHa)s.

Table 6: The different environments detected in the NMR solid state spectra of plasma organosilicons (illustrated from [95,109—
111))

Resonance type Environments shift (ppm)
295 Si(CH2)(CHa)s 0
M : O-Si(CHz3)3 9
MH: O-SiH(CHs)2 -5
D: (-O-)2Si(CH3)2 -9 and -18
DM: (-O-)2SiH(CHs) -35
T:  (-O-)3SiCHs -47 to -77
Q: (-O-)sSi -84 to -110
B3¢ (CHz)3—(-Si—)—0— -3
(CH3)2—(=Si—-)—(0)2 1
C—(-0) 17.5
O-CHjs (methoxy) 40

4.2.2.3 XPS analysis

The XPS analysis is one of the most powerful techniques for the characterization of the surface
chemical composition. This quantitative technique allows the determination of the different
environments present on the surface of the material by the decomposition of the Si 2p core
level. However, the decomposition of the Si 2p peak of plasma organosilicons materials is
complex and due to the various environments present on the surface. Usually, the Si 2p core

level of PP-HMDSO is decomposed into four environments denoted as M, D, T and Q (similar
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to the environment shown in the NMR paragraph) [92,107,112-114]. The binding energy of
these environments increases when a methyl group is replaced by an oxygen atom. However,
Roualdes et al. [113] added a fifth component in the decomposition of the Si 2p spectra of a
plasma organosilicon elaborated in soft conditions. This supplementary environment is
attributed to SiC4, i.e. a SiC3 termination group bonded to a methylene bridge Si(CH3)3(CH2).
Table 7 represents the different Si environments found on the PP-HMDSO surface and their
binding energies illustrated from the literature (a more precise state of the art on the Si 2p core

level decomposition is presented in chapter 3).

Table 7: The different environments detected on the surface of organosilicon materials [92,98,107,112,114]

Corer level Environments Binding energy (eV)
Si2p SiCs4 99,5
SiOCs (M) 101.5-101.6
SiO2C. (D) 101,9-102.1
SiOsC (T) 102.6 - 102,8
Si0s  (Q) 103.2 - 103,6

4.2.2.4 Density

The plasma polymerized organosilicons exhibit higher densities compared to the
conventional polysiloxanes such as PDMS. Indeed, the plasma polysiloxanes reveal a highly
more crosslinked structure than their analogues conventionally polymerized. Indeed, the PP-
HMDSO density can varies from 1.1 to 2.2 g.cm™ depending on the plasma deposition
conditions (from the softest to the hardest ones). However, the PDMS, which is the closest
conventional polymer to the PP-HMDSO elaborated in low energetic plasma, has a density of
0.98 g.cm™[94,95].

4.2.2.5 Refractive index

The refractive indices of plasma polysiloxanes have been widely reported in the
literature. This characteristic depends not only on the material chemical composition, but also
on the material density. In fact, according to the Clausius-Mosotti equation (8) the refractive
index n is directly related to the dielectric constant € of the material, i.e. e=n? in the visible

optical range.
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Where pm is the material density, go is the vacuum permittivity, N; is the number of
atoms i per cm?, and a; is the polarizability of atom i.

Therefore, the variations of the material density and chemistry induce a variation of the
material refractive index. The plasma polysiloxanes refractive index varies from 1.4 to 1.9,
depending on the material density as well as the chemical composition [94,115,116] which are
directly related to the deposition conditions. For soft plasma conditions (low W/F.M) the
refractive index (=1.4) is close to the conventional PDMS refractive index (1.43). However, for
hard plasma conditions (high W/F.M), the high value (1.9) compared to the silica (which is a
dense Si-O material) refractive index (1.47), is mainly due to the chemical composition (high

carbon content) [117,118].

4.2.2.6 Wettability

The wettability of the PP-HMDSO thin films is highly dependent on the gas/monomer
mixture on the one hand and on the Yasuda parameter (W/F.M) on the other hand. For instance,
a film elaborated from a mixture of HMDSO and O exhibits a water contact angle (WCA) of
33° [119]. However, in this study we are interested in hydrophobic films and WCA
measurements previously revealed that the PP-HDMSO films can be very hydrophobic: the
non-polar methyl groups present on the surface electrostatically shield the polar Si-O-Si chain
and give a non-polar and hydrophobic characteristic to the surface [120]. For example at low
plasma energy, plasma polymers elaborated from pure HMDSO can exhibit a contact angle up
to 130° [121-124].

All these characterization techniques allow us to conclude that plasma organosilicon
films possess a complex structure and are basically composed of siloxane (Si—O-Si) chains and
methylsilyl (Si—-CH3)x groups. In addition, the main skeleton chains are also formed by other
chains such as Si-(CH2)x-Si or Si-O-C. As well, the characterization techniques can detect the
presence of Si-OH and Si-H as chain terminations. In this structure, the M, D, T, Q (see Table
6 and Table 7) and the additional Si(CH3)3(CH2) (denoted S) environments will be the main
components forming the film, knowing that the methyl groups can be replaced by —OH or —H.
Furthermore, and despite the higher material density compared to conventional PDMS, the
plasma organosilicon films elaborated in soft plasma contain free volumes in the material

structure. Figure 11 represents an idea of a PP-HMDSO chemical structure.
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Figure 11: A representation of the structure of a PP-HMDSO film (illustrated from [95])

All the characteristics of the PP-HMDSO films mentioned above made them gain the
attention of the science community and industries for several applications.

In the next section, the different applications employing plasma organosilicon materials
will be mentioned. In particular, we will be focusing on the gas sorption applications. Hence, a
state of the art concerning the gas sorption into plasma organosilicons will be presented which
is complementary to another one focused on the BTEX sorption into plasma organosilicons
illustrated in chapter 4 (introduction of the second article).

4.2.3 The PP-HMDSO different applications
In recent years, the scientists showed high interests in the organosilicon thin films

technology for different fields of application due to their important and adjustable properties.
We can mention applications fields such as microelectronics [125], biocompatible coatings
[126,127], optics [128,129], anticorrosion protection [130], solar cells [131], water vapour and
oxygen barrier [132]. Several properties of polysiloxanes (optical transparency, resistance,
controllable refractive index, etc.) make these materials very attractive for optical applications.
They are mainly used as anti-reflection protective layers or as components for integrated
circuits (waveguides, interconnections, corner reflectors). In the field of electricity and
electronics, plasma polysiloxanes are used as electric insulant for semiconductor technology.
In biotechnology, plasma polysiloxane films are used to cover biomedical membranes to make
them biocompatible. Certain specific characteristics of the plasma organosilicon films such as
low thickness, uniformity, high adhesion, and the absence of defects, make them suitable for
gas sorption applications. Furthermore, and most importantly plasma organosilicon polymers

are formed of flexible Si-O-Si chains, which facilitate the penetration of gases within them. As
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well, the hydrophobicity and the crosslinking degree of these deposits offers them the capacity
of being selective.

Several works integrated plasma organosilicon materials in the field of gas sensing,
permeation or separation. For example, Roualdes et al. have tested plasma polymerized
organosilicon thin films prepared by a low frequency PECVD for the permeation and sorption
of N2, Hz, CO2 and CH4. The permeation performances were studied as a function of the W/F.M
ratio i.e. plasma energetic character which affects the films composition and structure. The
sorption results showed a better performance for the films with an organic character i.e.
elaborated at low W/F.M due to their low density and high chain flexibility [115]. In addition,
Bosc et al. have worked on plasma polymerized HMDSO membranes for measuring the
sorption of hydrocarbons (an alkane series) using a QCM setup. The gas permeation
measurements showed that the permeability increases with hydrocarbons chain length due to a
stronger interaction between the polymer and the penetrant. In addition, they also concluded
that the solubility is highly dependent on the critical volume of the penetrant molecules. In fact
the solubility increases with carbon atoms, however this assumption is limited when the
diffused molecules size is close to the free volumes size [133]. Similarly, Rouessac et al. have
synthetized organosilicon materials by PECVD using a mixture of cyclic and linear siloxane
monomers for hydrocarbons sorption. The sorption performance was measured as a function of
the material composition and structure using QCM. As a result, they showed that the
hydrocarbons affinity and selectivity is strongly dependent of the material chemical structure.
In fact, the increase of the cyclic Si-O-Si percentage in the material decreases the vapours
solubility due to more rigid materials. However, when the number of the linear Si-O-Si chains
is important in the material the hydrocarbons solubility increases due to a more flexible
structure [134]. More recently, Andreeva et al. have studied the affinity of a plasma
organosilicon material towards toluene, formaldehyde and water using QCM. As a result, they
showed that the organosilicon super hydrophobic material is suitable for the detection of low
polar vapours such as toluene and formaldehyde. Their results were also interpreted considering
the high specific surface area. On the contrary, the water adsorption showed a poor performance
due to the hydrophobicity of the material [135]. One can also mention the work of Bougharouat
et al.; presenting the detection of different VOCs vapours by organosilicons (ethanol, methanol,
acetone and chloroform) using QCM. Their results showed good affinities especially to
methanol which was linked to material hydrophobicity and the presence of free volumes [7].
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Since organosilicons showed good performances in the field of gas sensing, this study
will be focusing on the use of plasma polymerized organosilicon thin films in the field of gas
detection and monitoring applications.

As mentioned above, the accurate knowledge of the organosilicon chemical structure is
necessary to understand the vapours (VOCs) sorption mechanism into these materials. The
experimental data presented earlier can be sometimes not very accurate due the complexity of
the polymer network (such as XPS). Therefore, in addition to the chemical characterization
used, quantum calculations ensure a theoretical support for the experimental data. For example,
the combination of XPS experimental analysis and DFT calculations refine the investigation of
the film surface structure. The following section will attack the theoretical background of the
quantum calculations specifically the simulation of XPS spectra by DFT calculations.
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5  Theoretical section: DFT Calculations and XPS spectra

simulation

Quantum methods such as the density functional theory (DFT) can be used to determine
electronic properties of molecules and solids. For example, calculations of core electron binding
energies can help and support XPS experimental data. In this section, we will present some
theoretical concepts about quantum methods as well as XPS spectra simulations on polymers

and specifically organosilicons.

5.1 The Schrodinger equation

The Schrodinger equation is a fundamental equation in quantum. This equation can give
information on the evolution over time of a non-relativistic system taking into account quantum
effects. Despite the fact that this equation describes evolutions over time, it can be simplified
to a time independent equation:

Ay = Ey )

Where H is the Hamiltonian operator, ¥ is the wave function and E represents the total

energy of the state V.
The Hamiltonian operator for a system of N nuclei and n electrons can be expressed by
(ina.u.):
! - 52,7, o1
__Zz ZZVZ ZZ I]+ O
i T T>1 j>i Tij

Where, M1 and Z, are respectively the mass and the charge of the nucleus I, ri represents
the distance between an electron and a nucleus, while Ry, is the distance between two nuclei |
and J, and rjj is the distance between two electrons i and j. In equation (10), the first term
represents the kinetic energy of the nuclei and the second term represents the electrons kinetic
energy. While, the third term depicts the electrostatic attraction between electrons and nuclei.
Finally, the two last terms describe the nuclei/nuclei and electron/electron repulsions
respectively.

The wave function ¥ is a mathematical representation of a quantum state of a quantum

system. ¥ is for instance function of the particle position or its momentum. The presence
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probability of a particle at a given position is a real number and can be calculated from the
square modulus of its wave function, i.e. |¥.

The Born-Oppenheimer approximation considers that the nuclei are much slower than
the electrons due to their difference in mass. Thus, it can be assumed that the nucleus are fixed
and their kinetic energy is negligible compared to the one of the electrons. This approximation
allows the reduction of the Schrddinger equation to the electronic Schrédinger equation leading

to the electronic wave function:
Helectronslpelectrons = EetectronsPetectrons (1)
However, for systems with more than one electron, there is no analytical solution to the
Schrédinger equation due to its complexity. Different methods have been developed to bypass
this problem and approximate solutions can be obtained. The density functional theory for
instance leads to a resolution of the Schrddinger equation for systems of physical interest.

5.2 Density Functional Theory
The principle of the density functional theory is to replace the n-electrons wave function
Y(7#,7,, ...17,) by the electron density p(#) which is the number of electrons per volume at a
specific position 7. The main two theorems responsible of the creation of DFT were established
by Hohenberg and Kohn (HK) [136].
First theorem known as the existence theorem, is based on relating all the properties of
a system in a ground electronic state to the ground state electron density po(x, y, z). In other
words, the determination of the ground state electron density allows the calculation of any
ground state property. The energy for example can be calculated from the ground state electron
density:
Ey = E(po) (12)
Second theorem known as the variational theorem, states that the calculation of the
ground state energy using a trial electron density function can fall on a higher or equal value
than the real ground state energy. Therefore, the ground state electron density function is
calculated using a variational method.
The approach therefore established later by Kohn and Sham [137] will be explained in

the following section.

5.2.1 The Kohn-Sham approach
In the Kohn-Sham approach, the electronic energy of system is represented by equation
(13):
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Elp]l = Tlp]l + Enelp] + Eecelp] (13)

Where, the first term represents the electron kinetic energies, the second term describes
the nucleus-electron attraction potential energies, and the last term represents the electron-
electron interaction energies.

The second term Ene[p] is the sum (integral) over all n electrons of the potential

corresponding to the electron attraction for all the nuclei I, thus the previous becomes:

Elp] = Tlpl + [ p@)one(@)dF + eolp] "

The problem of this equation is the difficulty of determining the kinetic and interaction
energies functionals, T[p] and Eec[p]. Hence, Kohn and Sham proposed a resolution using a
non-interacting electrons reference system. The non-interacting electrons system has to provide
a ground state electron density distribution similar to the real system (pref = po). The difference
in energy between these two systems is compensated by a ‘correction’ term called the exchange
and correlation energy Exc[p].

The exchange and correlation energy Exq[p] comes first from the difference between
the electron Kkinetic energy in the reference system, expressed from pref, and the real electron
kinetic energy, calculated from po. Thus, a quantity [p], representing the variation between the
electron kinetic energies of the two systems, is defined as: A[p] = T[p]reat — T[p]rer.

In addition, the variation between the real electron-electron energy and the classical

electrostatic coulomb repulsion energy is defined as AE,.[p] and can be written as:

1 ([ PGP . @)
AE,, [p] = E¢e [p]real - Eff }Tdrl dr,

By replacing [p]rea and Eee[p]rear in equation (15), we obtain the electronic energy

equation determined from the Kohn and Sham approach:

9 e, L(PCDP()
EKS = fp(r)vNe(r)dr + Eff 17—; C drl drz + AEee[p] + AT[p] + T[p]ref (16)
12

The two A terms shown in this equation represent the electron-electron repulsion energy
deviation from the classical system and the kinetic energy deviation from the reference system
respectively. Thus the exchange-correlation energy is:

Exclp] = AE..[p] + AT[p] @n
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Therefore, The Kohn-Sham electronic energy equation (16) can be written as:
g, L PP
Exs = Tlplrer +fp(7”)771ve(7”)d7” + Eff —117 = dry d7; + Exclp] (18)
12

The Kohn-Sham energy equation is exact. However, it won’t give a correct energy
unless the exact electronic density function p(r) and the functional for the exchange-correlation

energy Exc[p] are known. Thus, determining the Ex.[p] term is a need.

5.2.2 Approximation of Ey[p]

The main problem of the DFT is to find an accurate expression of the functional Ex.[p].
Thus, several scientists proposed approximations for this functional such as the local density
approximation (LDA) and the generalized gradient approximation (GGA) that have been used

in our work. Other functionals, e.g. hybrid functionals will thus not be described.

5.2.2.1 The local density approximation (LDA)

The local density approximation is based on the assumption that the exchange and
correlation energy term depends only on the local electronic density value p(r). In addition, the
LDA approximates that at every point in the system the electron density is considered as a
homogeneous electron gas. Thus, the value of the energy density at this point, is similar to the
one given by the uniform electron gas and the exchange-correlation energy can be expressed as

followed:

ELA[p(7)] = f p(Pexc[(p()]dr 9

Where, &y is the exchange and correlation energy of a homogenous electron gas.

The LDA can give correct results for systems in which the variation of the electronic
density is low. However, it can poorly describe some properties such as the bonding energies,
bond lengths and the semiconductor/insulators gap. This method is usually replaced by other
approximation for the exchange and correlation energy that uses the electron density and its
gradient.

5.2.2.2 The generalized gradient approximation (GGA)

The generalized gradient approximation (GGA) is one of the highly used methods
nowadays. This approximation of the exchange-correlation energy uses both the electron
density and its gradient. The gradient of the electron density is the first derivative of the

position.
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The GGA split the exchange correlation energy functional in two functionals, i.e. an

exchange-energy functional and a correlation-energy functional as presented in equation (20):

GGA _ pGGA GGA 20
Ex¢” = Ex™" + E¢ (20)

The GGA reduces the bond dissociation energy error and ameliorate the bond lengths
and angles. However, they are more computationally expensive than LDA functionals. The
functional used in our work is the Perdew, Burke, and Enzerhof functional (PBE)[138].

After this overview, the basis of the XPS spectra simulation for polymers will be
presented.

5.3 XPS spectra simulation
The simulation of XPS spectra is based on quantum methods. The Binding Energy (BE)
of a core electrons can be calculated using the difference between the total energy after
ionization (final state) and the total energy before ionization (initial state) of the system of
interest [139-142]:
BE = EN~Y(final) — EN (initial) (1)

Where N is the total number of electrons of the system.

This theoretical aspect can strongly support the experimental data. In fact, XPS analyses
can lead to complicated spectra especially when the chemical surface of the material is complex
and contains a large number of chemical group. Therefore, the quantum calculations combined
with experimental XPS refine the investigation of the surface chemical composition allowing a
more accurate decomposition of the core levels.

For example, Giesbers et al. compared several methods to simulate XPS spectra of a
wide range of organic monolayers using DFT calculations and second-order Mgller—Plesset
theory (MP2) combined with many basis sets. The core level spectra were calculated using the
Koopmans’ theorem. The calculated results were compared to the experimental data in order to
find the most accurate method. After correcting the core level position (by shifting the
computed binding energies), the B3LYP/6-311G(d,p) method was the more accurate method to
simulate C 1s core levels. In fact, a good match is obtained between the experimental data and
the calculated BE of the different carbon functional groups with a maximum error of 0.3 eV
[143]. Smith et al. also used DFT calculations to decompose C 1s and O 1s XPS spectra of
cellulose chars [144]. The Koopmans' theorem was applied to determine the core binding
energy. This theorem estimated the core level binding energy as the negative of the electron’s

shell energy in the initial state. However, this method needs a linear correction factor to estimate
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reasonable binding energies. The calculated binding energies (after the linear correction) as
well as the simulated spectra shapes matched exceptionally well with the experimental core
levels [144]. Later, Duguet et al. combined DFT calculations and experimentally determined
XPS spectra to characterize the surface of a poly epoxy polymer [145]. They used a
macromolecule made from one DGEBA and one EDA molecules as a model of the poly epoxy
and they performed DFT calculations of O 1s, N 1s and C 1s core levels binding energy of the
different environments present on the polymer surface in the framework of the AKS approach
(BE = EN"1(final) — EN (initial)). Accordingly, they calculated the binding energy shifts
that lead them to decompose the O 1s core level and the C 1s core level into two and five
environments respectively. As a result, this methodology allowed them to distinguish phenyl
groups from methyl bonds, C-OH and a part of C-O-C bonds from other C-O-C bonds [145].
Later on, the same group also studied the interaction between Cu atoms and the poly epoxy
surface [140] and they simulated XPS spectra to investigate the bonding mechanisms of the Cu
atoms on the poly epoxy polymer (AKS and u-GTS approaches). The simulation of the XPS
spectra of the Cu/polymer shows the replacement of the initial C-OH component by new
C—O—Cu bond and the formation of other new groups such as Cprenyi(Cu). The O 1s core level
decomposition also reveals the presence of Cphenyi—O—C and Cu—O—C bonds [140].

Basically, very few attempts are available in the literature concerning the decomposition
of Si 2p XPS spectra of organosilicons using ab initio calculations. Otsuka et al. simulated
thanks to DFT calculations the C1s, N1s, O1s or F1s core levels of a large range of polymers
including organosilicons such as PDMS. The calculation of the model molecules core electron
binding energies (CEBESs) was performed within the framework of the uGTS approach. The
computed CEBEs of all the polymers using uGTS method are in better agreement with the
experimental values compared to those calculated using Koopmans’ theorem. Furthermore,
reasonable polymers WDs were obtained; WDs being the difference between the oligomers
CEBEs (which corresponds to the gas phase) and of the polymer (solid phase) [146]. We can
also mention the work of Motozaki et al.[147]. They also used DFT to calculate CEBESs of gas
molecules containing silicon atoms using the unrestricted generalized diffuse ionization (uGDI)
method. They succeeded to compute acceptable CEBEs values with an aged absolute deviation
(ADD) value of 0.37. Furthermore, they calculated Si 2p, O 1s and C 1s CEBEs for silicone
polymers such as PDMS using deMon-KS DFT calculations. Reasonable differences between
the calculated and experimental CEBES were obtained.

As shown in the chemical characterization section, the PP-HMDSO surface can contain

a wide range of Si environments, which complicates the surface characterization using
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empirical methods only. Thus, one of this work’s aims is to simulate using DFT calculations
Binding energy differences (ABE) between the components in order to refine the material
surface characterization. This attempt will provide a progress in the Si 2p core level

decomposition with different siloxy contributions.
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6 Conclusion

This first chapter pointed out the general context in which this PhD thesis was initiated and
carried out. The hierarchy of the sections presented in this chapter, starting with the necessity
of BTEX sensing, then going through the different gas sensing techniques with a focus on the
gravimetrical methods as well as the PECVD deposition process and the organosilicon materials
for the VOCs detection and finally by the DFT calculations allows to draw the objective of this
thesis.

The objective of this work is to understand the VOCs, specifically BTEX vapours, sorption
mechanism into organosilicon materials for gas sensing applications. In the next chapter we

will present the materials and methods used during this PhD thesis.
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In this section, the materials and methods used during this PhD thesis will be presented.
First, the film deposition process will be described as well as the PECVD reactor. Then, all the
characterization techniques and the experimental parameters of each technique will be detailed.
As well, the sorption characterization methods will be described and their operating modes will
be thoroughly explained. Finally, the DFT computational details will be mentioned. We should
note that all the materials and methods introduced in this chapter are also described in the
following articles (chapters 3 to 5), but grouping them in one ‘materials and methods’ chapter
aims at simplifying the manuscript reading (the “materials and methods” section in every results

chapter, i.e. every article so being not required to be read).
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1 Sample preparation

1.1 Films deposition

The plasma polymerized HMDSO (PP-HMDSO) thin films were elaborated in a
microwave (MW-) PECVD reactor supplied by Boreal Plasmas (HEF Group). Figure 12
represents a scheme representation of the PECVD reactor. The reactor enclosure is a cylindrical
chamber (interior diameter around 200 mm); pumped using a primary pump (Oerlikon- Trivac,
25 m3/h) and a secondary turbo-molecular pump (Oerlikon-Turbovac, 145 L/s). The maximum
pressure attended in the enclosure is around 1.10® mbar (pressure gauge). The PECVD reactor
is supplied by a microwave generator (2.45 Hz, Sairem) using ECR antennas [148]. These
applicators are distributed on the top of the chamber at a distance of 7 cm from the sample
holder, forming a rectangular lattice matrix (3 x 2, 11 x 5.5 cm) (only two antennas are shown
in the scheme). This distribution ensures the homogeneity of the discharge and the deposited
films [148].

3
2 4
6
I: 5
—
1
1. Liquid HMDSO container 5.  Sample holder
2. Mass flow controller 6.  Secondary vacuum pump
3. MW applicators 7.  Primary vacuum pump
4,  Pressure gauges

Figure 12: a) The PECV reactor used during this thesis b) MW- PECVD set-up scheme
The HMDSO precursor (Sigma-Aldrich > 98.5%) was injected with no dilution or
carrier gas into the chamber using a mass flow controller (Brooks). The depositions were all
carried out at room temperature. The plasma input power W and the monomer flux F were

varied from 20 W to 140 W and from 1 sccm to 8 sccm, respectively. The microwave generator
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(1000) was used within its lower operating limit: 20W; thus for low W/F values, the flux has
been increased.

The W/F (Yasuda parameter explained above) composite ratio represents the plasma
energetic behaviour. This parameter was simplified by removing the precursor molecular
weight (M) because it is constant (same precursor for all deposits). Accordingly, the films were
synthesized at different W/F values ranging from “soft” for the lowest W/F values, to “hard”
for the highest. It must be mentioned that there was no temperature increase during the films
deposition. Table 8 reports the deposition conditions of each sample denoted as “WFX”, X

being the W/F ratio value.

Table 8: MW-PECVD thin films deposition parameters.
Sample Plasma HMDSO WI/F Deposition Thickness Average

power flux pressure  (nm) growth
(W) (sccm) (x10°3 rate
mBar) (nm/min)
WF25 20 8 2.5 15.5 308 154
WF5 20 4 5 10.5 337 109
WF10 20 2 10 7.5 351 58
WF20 20 1 20 5.9 242 30
WF40 40 1 40 6.2 395 33
WEF70 70 1 70 6.4 314 31
WF140 140 1 140 6.7 257 29

The errors on average thicknesses are deduced from the standard deviation over three
measurements and they are typically +/- 3 nm. For the quantitative Solid-state 2°Si NMR
analyses, four samples were prepared (WF2.5 to WF20). These films were deposited on glass
substrates and the powder was collected by scratching the films with a metallic spatula. The
deposition times for the WF2.5, WF5, WF10 and WF20 samples were 7, 13, 13, 28 hours,
respectively, carried out twice for WF5 and WF10 and three times for WF20. Approximately,
400 mg was collected for each sample and packed into a ZrO. rotor with a diameter of 7.5 mm.
For the QCM measurements WFS5 thin films were deposited on an AT-cut gold covered quartz
(6 MHz). Whereas, for all other analytic methods, films were deposited on a (100) p-type silicon
wafer (Si-Mat) in all conditions reported in Table 1. A PP-HMDSO collected powder and thin

film deposited on a silicon substrate are shown in Figure 13.
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Figure 13: a) PP-HDMSO powder collected for 2°Si NMR analysis b) PP-HMDSO thin film deposited on a 5 cm x 7 ¢cm
silicon substrate.

1.2 Films thermal treatment

The WF5 samples were annealed under air and nitrogen flow at three different
temperatures 250°C, 300°C and 350°C in order to test the sorption performance after annealing
(the temperature range choice was based on the TGA analysis). The temperature-heating rate
was 5 °C.min" from room temperature up to the desired temperature, followed with a plateau
of 15 minutes was maintained before cooling.
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2 Characterization methods

The different characterization techniques aim to investigate the bulk and surface
chemical composition of the organosilicons, the physical properties and more importantly the
gas vapours sorption. They will be detailed hereafter.

2.1 Bulk characterization

2.1.1 Fourier Transform InfraRed spectroscopy

Fourier Transform Infrared spectroscopy (FTIR) is a characterization technique that
determines the chemical bonds nature of a material. The sample is scanned by an IR radiation
range with different wavelengths. So, the FTIR is based on the absorption of some infrared
radiation by the analysed sample following the Beer-Lambert equation. This absorption
corresponds to vibrations (stretching or bending) or forced rotations of bonds present in the
material. Only vibrations involving a variation in the dipole moment of the molecule can
generate an absorption in the infrared. The molecular vibration frequency at which light energy
is absorbed depends on the nature of the bonds, the chemical environment, and the mass of the
atoms involved, i.e. the material chemical structure. The intensity and area of the absorption
bands depends mainly on the magnitude of the change in the dipole moment of the vibrating
molecule.

In this work, this technique is used for the bulk chemical composition characterization
of the organosilicon material. FTIR absorption spectra were collected between 400 cm™ and
4000 cm using a ThermoFisher 1S-50 spectrometer, in transmission mode at room
temperature. The scanning velocity was 0.4747 cm/sec.

The background signal (silicon wafer) was subtracted from all the spectra. The spectra

deconvolution and the baselines correction were done using Labspec software.

2.1.2 2Si Solid- state Nuclear magnetic resonance

Solid- state Nuclear magnetic resonance (NMR) is an extremely powerful technique that
gives information about the chemical environment of an atom by detecting variations in the
nuclei magnetization under the effect of a magnetic field and an electromagnetic wave. The
NMR is applicable for both solid and liquid state; however, in our case we will be clearly
interested in the solid-state NMR. The magnetic moment of a nuclei population placed in a
magnetic field BO form a real oscillator characterized by a frequency known as Larmor

frequency. During the NMR experiment, an electromagnetic wave (oscillating in the radio
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frequency domain) is applied to the oscillator which absorbs the wave energy. During the
frequency scanning, when the frequency of the applied wave is equal to the oscillator one, the
energy absorption is maximum resulting in the appearance of a resonance peak. This
phenomenon is very strong for nuclei with a non-integer spin, such as 2°Si (spin of %).

The detection of thin films by quantitative 2°Si solid state NMR is considered as a big
challenge due to the necessity of collecting a huge material mass (hundreds of milligrams).
During this thesis, the interests of using this technique for organosilicon chemical
characterization are: first, it is rarely found in the literature for organosilicons thin films; second,
it completes the bulk chemical characterization of organosilicons by providing a quantitative
analysis on the different component present in the materials.

Concerning the operational mode, Solid State 2°Si NMR spectra were recorded on a 300
MHz Varian VNMRS300 spectrometer ("Wide Bore™" magnet at 7.05 Tesla) using a Varian T3
MAS (Magic Angle Spinning) probe with 7.5 mm ZrO2 rotors. Spectra were acquired using
the quantitative SP technique (Single Pulse) with Magic Angle Spinning and 1 H decoupling.
A /2 pulse was used with a duration of 6 us, the recycle delay was chosen to be 60 s and the
spinning rate of all the samples was 5 kHz. Q8M8H (octakis-
(dimethylsiloxy)octasilsesquioxane) was used as a secondary reference (left peak at -2.25 ppm).
The width of the spectral window was 50 kHz and the line broadening was 50 Hz. The NMR
spectra were fitted using Gaussian/Lorentzian peaks with DMFIT software package.

2.1.3 Enerqy dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy (EDS or EDX) is a chemical composition
characterization technique that determines the elemental composition of a sample. The EDX
process is based on the ionization of atoms by an electron beam leading to holes formation in
the core electronic shells. After the ionization, these holes are filled by the electrons present in
the outer shells leading to the emission of X-rays (deexcitation energy). This technique was
combined during this work with the X-ray reflectometry in order to determine the material
density (this combination will be presented later in this chapter). The EDX analysis was
performed on a sample with a thickness of 1.5 pum approximately (to eliminate the risk of
detecting the Si of the silicon substrate) using a Silicon Drift Detector (SDD), X-MaxN, Oxford

Instrument.
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2.2 Surface characterization

2.2.1 X-ray photoelectron spectroscopy

X-Ray Photoelectron Spectroscopy (XPS) is a powerful technique for the surface
chemical composition characterization. It allows the determination of the elemental
composition as well as the different environments present on the surface (from a few A up to
10 nm).

The principle of XPS is based on bombarding a sample surface with X-Rays and then
analysing the emitted electron energy. The sample irradiation with X-rays provokes the
extraction of an electron from the core-level of the atoms called photoelectron with a specific
kinetic energy. The measurement of the electron kinetic energy allows the determination of
electron binding energy in its atomic level using the following equation:

BE = hv — KE — Qsample (22)

Where BE is the electron binding energy, hv is the photon energy, KE is electron the
kinetic energy and ¢ represents the work function of the sample. Actually, the Fermi levels of
the sample and the spectrometer are equal because they are electrically connected. Therefore,
an electric field appears affecting the photoelectron (acceleration) due to the difference between
the two work functions @sample and @spec (Figure 14). Thus, this therm (@sample -@spec) 1S added to
equation (22) giving:

BE = hv — KE — Psample T (‘psample - ‘pspec) = hv —KE — Pspec @3

Where @spec IS @ constant determined by the apparatus calibration.
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Figure 14: XPS principal measurements illustrated from [149]

The XPS analysis performed during this work was carried out using a Thermo Scientific
K-Alpha X-ray Photoelectron Spectrometer. In order to record the photoemission spectra, Al-
Ka radiation (hv = 1486.6 eV) was used from a monochromatized source. The diameter of the
spot on the sample surface was 400 um. We fixed the pass energy at 30 eV for narrow scan and
at 170 eV for survey scans. A Shirley background was systematically subtracted. In the end,
the photoelectron peaks were analysed and fitted using a combination of Lorentzian and

Gaussian peaks in Thermo Avantage software.

2.2.2 Water Contact Angle
Water contact angle (WCA) analysis is usually used to determine the hydrophilic or

hydrophobic character of the material surface. This method consists of dropping a water droplet
on the surface of the material and measure the contact angle © at point between the surface,

water and air as shown in Figure 15.
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Figure 15: scheme representation of the WCA on a solid surface

Where ysv is the solid-vapour (air) interfacial tension (or surface energy); ys. is the
solid-liquid interfacial tension; and yLv, liquid-vapour (air) interfacial tension. The three

interfacial tension and the contact angle are linked together in the young’s equation:
Ysv + ¥sL + Yiy.cos6 =0 (24)

The WCA measurements were carried out using a lab-made apparatus composed from
a camera which allows the acquisition of 6 uL drops photos deposited on a solid surface. All
the drops were photographed ten seconds after their deposition on the film surface. The
photographed drops were processed and analysed using the Image J software, which, together
with the Drop Analysis plugin developed by EPFL, allows the determination of the WCA. The
WCA was calculated as the mean value of 6 WCAs and the error on each mean value is

deducted from the standard deviation over the six measurements.

2.3 Physical properties

2.3.1 X-ray reflectometry analysis

The X-ray reflectometry analysis (XRR) was used to determine the electronic density
of the material. The XRR principle is based on applying an X-ray beam at grazing incidence on
a flat sample. The intensity variation of the reflected beam is recorded as a function of the angle
of incidence. Thus, the electron density (pe) can be determined from the limit angle of total
reflection (critical angle) which corresponds to total reflection half intensity ©c, using the
following equation:

A%r,

O, = Tpe

(25)
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Where A is the wavenumber and ro is the electron radius. X-ray reflectometry analysis
(XRR) were carried out using a Bruker D8 diffractometer with Cu Kal (A = 0.154056 nm)
radiation. Standard 6—26 scans for the data collections were taken from 20 = 0 to 4° with an
angular resolution of 0.002°.

The elemental composition determined by EDX and the electronic density calculated by
XRR analyses lead to the mass density (pm) of the PP-HMDSO films using equation (26):

2 GiA;

Pm = Pe NAZ—Cij (26)

Where C;j is the percentage of an element j in the PP-HMDSO chemical composition, Z;
its atomic number, A; its atomic mass and Na represents the Avogadro number. The error on
the density value is estimated to be + 0.03 g/cm®. This error is due to the zero-point error
(sample height and/or goniometer) and the unknown hydrogen content which is needed to
convert the electron density to the mass density.

2.3.2 Ellipsometry

Ellipsometry is an optical technique that allows to determine the thickness and refractive
index of a low absorbent thin film (from a few nm to several um), deposited on a highly
reflective support. This technique is based on the measurement of the light polarization state
change after reflection on a flat surface. The polarization state change of the incident light beam
is determined by the ratio (po) between the parallel and perpendicular reflection coefficients
defined by the following equation:

e

po=—=tan¥.e"

Ts @7)

Where rp, and rs are the ratios of the parallel (index p) and perpendicular (index s)
complex reflection coefficients of the analysed system respectively, tan ¥ is the amplitude ratio,
and A is the phase difference after reflection.

The analysis i1s deducted from the acquisition of the curves of tan ¥ and cos A as a
function of A (light beam wavelength), the thicknesses and indices of the superposed layers by
mathematical regression of the experimental data based on an optical model. The samples
optical response was modelled using a model composed of a semi-infinite plane substrate
(silicon wafer) and a layer of uniform thickness (PECVD deposit), transparent in the visible as

shown in Figure 16.
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Figure 16: Ellipsometric model scheme

The complex refractive index of the thin film (f) is defined by equation (28), where n
and k being the real and complex component:
A(A)) =n+ik (28)

Since the PECVD deposit is dielectric, the refractive index of the film can be expressed
as function of A using Cauchy's model for visible transparent dielectrics as follows (the

extinction coefficient (k) is considered zero):

5 B C
H(A)=A+}\—2+F (29)
However, in the case where the material absorbs weakly in the UV range, the extinction
coefficient k (not being zero) is added. Therefore, the Cauchy model for absorbent materials is
completed by the following equation:

E CF
Y (30)

k=2t

A
Thin films thicknesses and refractive indices (given at A = 633 nm) were determined by
spectroscopic ellipsometry (Semilab GES5E) at atmospheric pressure (Figure 17). The data
were collected from 1.2 to 4.5 eV and fitted using a composition of Cauchy transparent
dispersion law and a non-transparent dispersion term towards the UV range. The results are

retained when the fit quality exceeds 0.99 in the full spectral range.
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Figure 17: Ellipsometry apparatus used during this work

2.4 Thermal properties

2.4.1 Thermogravimetric analysis

The Thermo Gravimetric Analysis (TGA) was performed in order to investigate the
thermal stability of the PP-HMDSO and to display the optimal atmosphere and annealing
temperature. The analysis was carried out on a TGA-STD Q600 apparatus and the samples were
purged with nitrogen or air flow rate of 100 ml.min™. The temperature heating rate was constant
at 5 °C.mint from room temperature up to 1000 °C. The samples weights were 5 mg for the

sample purged with nitrogen flow and 10 mg for the sample purged with air flow.

2.5 Sorption characterization

2.5.1 Ellipsometry coupled to sorption

The ellipsometry coupled to sorption can be considered as an optical sensor (presented
earlier in chapter 1 paragraph 2.2.1) which is able to detect changes in the polarization of the
reflected light during the introduction of analytes in the polymer network. However, this
technique is difficult to miniaturize. The polarization change is presented in term of refractive
index and thickness variation with the increase of the probe concentration. Two cases can be
considered:

1) Rigid porous material composed on 2 phases: pores surrounded by dense walls. Thus,
the global refractive index is a combination of the refractive index of the pores and the refractive
index of the walls. The last is constant whereas the refractive index of the pore can increase
from 1 (material with open porosity under vacuum) up to the refractive index of the liquid probe

if it is capillary condensed in the mesopores. This is the only case (equivalent to type IV
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isotherm according to IUPAC) where it is possible to calculate the volume of the open porosity
and also the pore size distribution (PSD) which directly depends on the shape of the refractive
index isotherm as a function of the partial pressure of the probe. If the material is microporous,
its refractive index increases also but it is not easy to calculate the microporous volume as the
micropores do not represent a real independent phase. Thus its refractive index is unknown.

2) The material is not rigid. This is the case of PP-HMDSO synthesized at plasma low
energetic conditions. It can swell as far as the probe molecules are sorbed in the network. The
material cannot be considered as a mixture of phases. The material under vacuum is one phase
represented by its refractive index, continuously varying as far as the probe incorporates the
material by progressively spreading the polymers chains. The refractive index evolution as a
function of the partial pressure of the probe can decrease or increase depending on the evolution
of the swelling and the average dielectric constant.

Ellipsometry coupled to sorption (EP) measurements [150] was carried out by exposing
PP-HMDSO thin films to toluene or ethanol at controlled vapour pressures (scheme presented
in Figure 18). Samples were placed in a homemade optical cell equipped with pressure and
temperature control systems. The lab-made cell was initially pumped under primary vacuum
before any probe introduction down to 0.05 mbar. Afterwards, toluene or ethanol gas vapours
were introduced into the vacuumed cell gradually up to its saturation pressure. For the thickness
calculation, Cauchy model was always used as the global refractive index is that of a dielectric
material, under vacuum or during any partial sorption of the probe.

Last, for easy calculation, the refractive index was considered constant along the depth
from the surface, even if the concentration of the probe is probably higher close to the surface
than deep in the layer. The concentration close to the material-silicon interface can be estimated

very small as the material cannot easily inflate.

Polarized
laser beam

Analyser + detector
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Figure 18: Ellipsometry coupled to sorption set-up scheme [151]
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2.5.2 QOCM coupled to sorption

The QCM is based on measuring the frequency shifts of a coated quartz crystal due to

an additional mass uptakes caused by a contact with a gas vapour.

QCM measurements for gas sorption and desorption were performed using an Inficon
STM2 thin film oscillator monitor driven by a lab-made data collection software in order to get
mass uptake sorption isotherms (Figure 19). PP-HMDSO thin films were deposited on an AT-
cut gold-covered quartz (6 MHz). The coated quartz was placed in a chamber under vacuum in
which gas vapours were introduced systematically up to its saturated vapour pressure value at
room temperature. During measurements, the quartz was thermally stabilized using a water

circulation at 25°C. The frequency variation (Af ) between the coated quartz frequency at time
t and to was measured in MHz. Af is proportionally linked to the mass variation (Am) due to
gas vapour sorption or desorption according to Sauerbrey’s equation [151] (equation (6) shown
previously):
Pght
Am = — \/2;?
Where pq and g are the density (pg= 2.65 g.cm™) and the shear modulus (uq = 2.947x10!

SAf

g.cm 1.s72) of the quartz respectively, S is the surface area of the deposited film (0.5 cm?) while

fo represents the resonant frequency (6 MHz).

The mass of the deposited film can be neglected compared to the mass of the quartz.
Since the mass of both the quartz and the films are constant, Am corresponds to the sorbed
vapour mass uptake Msorbed by the thin films. Therefore, the mass uptake (Msored) OF the

deposited thin films was determined using equation (31):

Msorbed (P/PO) = > 1.67 X 10° X pqg XS

q
The collected data were converted into mass uptake and isotherms of msorbed @s a function

(31)

of relative pressure (P/Po) were collected and plotted.
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Figure 19: a) QCM apparatus used during this thesis b) QCM set-up scheme
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3  DFT computational details

Density Functional computations were performed to calculate the electron core-level
binding energies (BE) of Si atoms that are present in the chemical environments shown in Table
1.

Four PP-HMDSO molecules containing the S, M, D, T and Q environments were used
as models of subparts of the material. These molecules are presented in Figures S1 to S4 (S| of
article 1 shown in annex A). All geometries were fully optimized in vacuum using conjugate
gradients methods. The gradient corrected PBE functional [138] was chosen together with the
def2TZVP basis set[152,153] and Grimme’s dispersion corrections were added [154,155]. We
used the Gaussian 09 package[156]. All the stationary points were characterized as minima by
a vibrational analysis and it was followed by a NBO [157] population analysis to determine the
atomic charges.

The calculation of Si2p BE was done in a second step within the AKS (Kohn Sham)
framework using the deMon2k code.[158] Thus, the BE (AKS) of electrons of the Si 2p core

levels was determined using equation (32):
BE(AKS) = Erorar, (Ion) — Erora. (Neutral) (32)

With ErotaL (Neutral) and EtortaL (lon) the total energies of the neutral (initial state)
and ionized (final state) molecules, respectively. The ionized molecule has one missing electron
on the 2p orbital of the Si atom of interest.

To get these total energies, single point energy calculations were performed using the
PBE functional [138], GENA2 auxiliary functions [159], an all electron potential and an
augmented basis set (AUG-CC-PVTZ) [160] on the Si atom of interest, and a relativistic basis
and effective core potentials (RECP|SD) [161] on the others atoms, excluding H atoms
(DZVP).
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4 Conclusion

The characterization techniques described in this chapter are complementary and lead
to a fine investigation of the surface and bulk chemical composition (XPS, WCA, FTIR, RMN,
and EDX) as well as the physical properties such as refractive index, thickness and mass density
(Ellipsometry, EDX/XRR). In addition, the simulation of XPS BE shifts by DFT calculations
strongly supports the experimental XPS spectra and will ensure an accurate surface
characterization. Furthermore, the sorption characterization (QCM, Ellipsometry coupled to
sorption) allows the study of the materials performance towards the vapours. Therefore, using
all of these analyses provides a very high level of structural knowledge of our materials as well
as their behaviour towards the VOCs.

The next three chapters will be dedicated to the results achieved during this work divided
into three articles. First article concerns the bulk and surface chemical compositions of the
organosilicon materials. The second and the third articles discusses the VOCs, especially BTEX

sorption performances into the organosilicon materials.
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The following chapters will group the ensemble of the results achieved during this work. These
results are divided into three chapters in which each chapter represents an article.

The next chapter is dedicated to the results concerning the elaboration of organosilicon
materials and their chemical characterization. The aim of this article is to study and compare
the bulk and surface chemical composition of the organosilicon materials as a function of the
Yasuda parameter W/F i.e. the plasma energetic character. The introduction of this article
contains a state of the art concerning the chemical composition of organosilicon materials,
which is complementary to the summary presented in chapter one. The fine bulk chemical
composition investigation was done using 2°Si quantitative solid-state NMR and infrared
spectroscopy (FTIR). Since the organosilicon surface can contain a wide range of components,
our methodology to characterize the surface chemical composition is to combine experimental
XPS and DFT calculations. The DFT computations were so used to determine BE energy shifts
between the different Si environments. To our knowledge, there is no such attempts in the
literature, thus this work will be a step forward in the investigation of the surface composition
of organosilicon films. In addition, water contact angle measurements were performed in order
to detect the surface hydrophobic character. Accordingly, this chemical composition study
would lead us to understand the responses of the materials towards VOCs vapours in further
articles.
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Comparative study of bulk and surface
compositions of plasma polymerized
organosilicon thin films

Ghadi Dakroub?, Thomas Duguet, Jéréme Esvan', Corinne Lacaze-Dufaure®, Stéphanie
Roualdes?, Vincent Rouessac?".

LCIRIMAT, Université de Toulouse, CNRS, INP- ENSIACET 4 allée Emile Monso - BP44362,
31030 Toulouse cedex 4 - France.

2 Institut Européen de Membranes, IEM UMR 5635, Univ Montpellier, ENSCM, CNRS,
Montpellier, France

ABSTRACT: Plasma polymerized organosilicon thin films were deposited in a MW-PECVD
using hexadimethylsiloxane (HMDSO) as a precursor. Thin films were synthetized with
different plasma conditions ranging from soft (low plasma energy) to hard (high plasma energy)
ones. Quantitative 2°Si solid state NMR and FTIR spectroscopy were used to characterize the
bulk composition. X-ray photoelectron spectroscopy (XPS) coupled with Density functional
theory (DFT) calculations were used to determine the surface chemical composition. The bulk
and the surface of the plasma polymerized HMDSO (PP-HMDSO) showed a complex chemical
composition. The four main environments M, D, T and Q were present in the films. An
additional environment Si(CH2)(CHz)s denoted S was detected in the PP-HMDSO films. The
chemical composition comparison showed a difference between the bulk and the surface of the
films. Under soft plasma conditions, a high amount of SiOCs termination was present in the
bulk of the films. While, the SiO2C> chains were highly present on the surface. On the other
hand, under hard plasma conditions, the number of the SIOC3z termination increased on the
surface and decreased in the bulk. Under soft plasma conditions, the PP-HMDSO structure was
close to PDMS, while under hard plasma conditions, the PDMS similarity was lost.

KEYWORDS: PECVD, Organosilicon, PDMS, Thin films, NMR, FTIR, XPS, DFT.
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Introduction
Among the different precursors mentioned in the literature for plasma enhanced chemical vapor

deposition (PECVD), a very wide attention has been given to the organosilicon monomers that
allow the deposition of various polysiloxane films, ranging from polymer-like SiOxCyH; to
inorganic SiO2 —like materials [91]. The organic/inorganic balance of the layers depends on the
plasma composition [92,105] and the polymerization process conditions, e.g. plasma power and

monomer flux [113].

Many monomers can be used for the deposition of Si-containing films, among which the most
widely used is hexamethyldisiloxane (HMDSO)[124,162,163]. This monomer shows a great
interest because of its high deposition rate, good thermal and chemical stabilities[73], low cost
and especially its noticeable safety compared to silanes [99]. HMDSO plasma-polymerized thin
films are interesting for biomedical applications[164], optics[165], corrosion protective
coatings[166], food and pharmaceutical packaging [167]. Also, they are used in microelectronic
industry because of their low dielectric permittivity (low-k)[168], and in vapors and liquids
separation, purification and detection [115,134]. In the field of vapors detection, organosilicon
membranes have shown a high affinity towards volatile organic compounds (VOCs), and
specifically BTEX (benzene, toluene, ethyl-benzene, xylene) [5]. The sorption of gases at the
surface as well as their diffusion within the bulk are the two main mechanisms that condition
the performances of separation or detection of membranes. Therefore determining the bulk and
the surface composition is necessary in order to understand the interaction between BTEX and
PECVD organosilicon membranes [169].

The bulk of the plasma polymerized HMDSO (PP-HMDSO) deposits contain a wide range of
environments. Therefore, specific characterisation techniques are required to determine the PP-
HMDSO bulk chemical composition, such as quantitative 2°Si solid state NMR. The
environments detected in siloxanes by 2°Si solid state NMR are SiO(CHs)s , SiO2(CHa)2 ,
SiO3(CHz3) and SiO4 denoted as M, D, T and Q respectively as shown in Figure 20. The
corresponding chemical shifts in NMR range between +10 and -110 ppm. In addition, other
configurations derived from M, D, T, and Q due to substitution of methyl groups by hydrogen
or hydroxyl groups are found in the bulk structure. However, the quantitative NMR
characterization of the PECVD deposits is limited due to the sample requirements for the
measurement. 2°Si solid state NMR require hundreds of milligrams of powder and most PECVD
reactors find difficulties to produce this amount under normal conditions. Besides, a long time

of deposition to collect enough sample material can change the films chemistry [109-111,113].
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In complement, Fourier transform infrared spectroscopy is a well-known characterization to

determine the chemical bonds present in the whole thickness of the films.

CHj; c|;|-|3 (l;H3 o
H3C—Si—CH,— HSC—Sli—O— —O—S|i—O— H,C—Si—O— —O0—Si—0—
CH3 CH3 CH3 (l) ?

S M D T Q

Figure 20: The five environments of silicon atom present in PP-HMDSO

Finally, X-ray photoelectron spectroscopy (XPS) can be very useful for the determination of
the surface composition of the films (which can be as complex as the bulk), as long as a great
care is taken for spectral decompositions. The curve-fitting of the Si2p core level shows that
the PP-HMDSO thin films surface are composed of the M, D, T and Q environments described
above in NMR studies. The electron core-level binding energy increases when a methyl group
is replaced by an oxygen atom in these environments, following the M, D, T, Q sequence [114].
Unfortunately, the decomposition of Si2p is not straightforward and strongly limited with
experimental work alone. In order to decompose the Si2p core level, Alexander et al. [107] used
a simple method. First, they measured the positions of D and Q units using
polydimethylsiloxane (PDMS) and silica (SiO) standards. Secondly, the positions of M and T
were estimated by considering that the replacement of a methyl group with an oxygen atom
shifts the component position by half of the distance between D and Q. In other words, the four
components M, D, T and Q were separated by a constant binding energy shift. They also decided
to fix an equal full width at half-maximum (FWHM) for the four environments [92,170]. Other
authors decomposed the Si2p peak by using the M,D,T and Q components without mentioning
the position of the peaks nor the full width at half maximum (FWHM) [105,171]. Roualdes et
al. deposited SiOxCyHz thin films using the octamethyltrisiloxane precursor. They added a fifth
component at 99.5 eV for films obtained in soft plasma conditions (low power and high
monomer flux); this peak (S) could be attributed to SiC4 (SiCz chain termination linked to a
methylene bridge) as shown in Figure 20 [113]. On the other hand, O’Hare et al. performed a
thorough investigation of the binding energy shifts between the four siloxy components (M, D,
T, Q). First of all, a homopolymer PDMS standard was characterised by XPS to determine the
position of environment D. They further analysed siloxane deposits composed of (D, T) units
and (M, Q) units mixtures, with known composition determined by 2°Si NMR. The use of these

standards enables to identify the binding energy of each siloxy species (M, D, T, Q). As a
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result, the difference in the binding energy between each siloxane component is not the same.
Thus, the values of M-D, D-T and T-Q are 0.36 eV, 0.68 eV and 0.80 eV, respectively.
Eventually, the binding energy increases non-linearly when an oxygen atom replaces a methyl
group [114], in contradiction with previous studies [92,107,112].

The simulation of XPS spectra by quantum calculations ensures a theoretical support for the
experimental data in order to decompose the core levels. Duguet et al. used density functional
theory (DFT) calculations to simulate O 1s and C 1s spectra of a poly epoxy polymer composed
from diglycidylether of bisphenol A (DGEBA) and ethylene diamine (EDA) molecules. Thanks
to the binding energy shifts calculated by DFT they decomposed the O 1s and the C 1s by two
and five contributions respectively. As a result, they discriminated phenyl groups from CHs
bonds, C-OH and a part of C-O-C bonds from other C-O-C bonds [145]. Gavrielides et al.
worked on the same polymer, they simulated XPS spectra of the C 1s core level using Hartree-
Fock calculations. The C 1s core level is decomposed experimentally into three environments
i.e, C-C/C-H, C-N and C-O-H/C-O-C. The Hartree-Fock calculations provides the
decomposition of the same C 1s core level by nine contributions using calculated binding
energy shifts [139]. To our knowledge, there is a lack of attempts to decompose the Si 2p core
level for polysiloxanes with S, M, D, T and Q environments using quantum calculations.
Motozaki et al. calculated the core electron binding energies (CEBES) of Si containing gas
molecules by DFT calculations using the unrestricted generalized diffuse ionization (uGDI)
method. Reasonable CEBEs values were obtained with an aged absolute deviation (ADD) value
of 0.37. In addition, they calculated CEBEs of Si 2p, O 1s and C 1s for Si containing polymers
such as PDMS by deMon-KS DFT calculations. They obtained reasonable differences between
the calculated values and experimental ones [147].

In this work, we will present our methodology that combines experiments, chemical
characterization and quantum calculations at the atomic scale with the aim to understanding
and comparing bulk and surface compositions of the organosilicons. Thin films are deposited
by PECVD under various plasma conditions, using HMDSO as precursor. Then, the films are
characterized by ellipsometry to determine their thicknesses, Fourier transform-infrared (FTIR)
and 2°Si Solid-state NMR spectroscopies to determine bulk composition. Finally, XPS
combined with density functional (DFT) calculations of theoretical chemical shifts lead to the

fine determination of the surface composition.
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Materials and methods

Films deposition:
HMDSO plasma polymerized thin films were elaborated in a microwave (MW-) PECVD

reactor supplied by Boreal Plasmas (HEF Group). A schematic representation of the reactor is
shown in Figure 21. The deposition reactor is a cylindrical chamber, with a limit pressure of
1.10° mbar. The ECR antennas[148] supply the plasma power in the chamber from a
microwave generator (2.45 Hz, Sairem). The applicators are distributed on the top of the
chamber, forming a rectangular lattice matrix (3 x 2). This distribution ensures the homogeneity
of the discharge and the deposited films [148].

3
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1. Liguid HMDSO container 5. Sample holder
2. Mass flow controller 6.  Secondary vacuum pump
3. MW applicators 7. Primary vacuum pump
4.  Pressure gauges

Figure 21: MW- PECVD set-up scheme
The HMDSO precursor (Sigma-Aldrich, > 98.5%) was injected into the chamber using a mass

flow controller (Brooks) with no dilution or carrier gas. All depositions were performed at room
temperature, while the plasma input power W and the monomer flux F were varied from 20 W
to 140 W and from 1 sccm to 8 sccm, respectively. The W/F composite ratio represents the
energetic character of the plasma. The films were synthesized at different W/F values ranging
from “soft” for the lowest W/F values, to “hard” for the highest. This parameter is often
described as Yasuda parameter [84]. The deposition conditions of each sample are reported
Table 9. The sample names are “WFX”, X being the W/F ratio value.
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Table 9: MW-PECVD thin films deposition parameters.

Sample Plasma HMDSO WI/F Deposition Thickness Average

power flux pressure  (nm) growth
(W) (sccm) (x10°3 rate
mBar) (nm/min)
WF25 20 8 2.5 15.5 308 154
WF5 20 4 5 10.5 337 109
WF10 20 2 10 7.5 351 58
WF20 20 1 20 5.9 242 30
WF40 40 1 40 6.2 395 33
WF70 70 1 70 6.4 314 31
WF140 140 1 140 6.7 257 29

For the quantitative Solid-state °Si NMR analyses, four samples were prepared (WF2.5 to
WF20). These films were deposited on glass substrates and the powder was collected by
scrapping the films with a metallic spatula. The deposition times for the WF2.5, WF5, WF10
and WF20 samples were 7, 13, 13, 28 hours, respectively, carried out twice for WF5 and WF10
and three times for WF20. Approximately, 400 mg was collected for each parameters set and
packed into a ZrO» rotor with a diameter of 7.5 mm.

For all other analytic methods, films were deposited on a (100) p-type silicon wafer (Si-Mat) in
all conditions reported in Table 1.

Characterization methods:

Thin films thicknesses were determined by spectroscopic ellipsometry (Semilab GES5E) at
atmospheric pressure. The data were collected from 1.2 to 4.5 eV and fitted using a composition
of Cauchy transparent dispersion law and a Lorentz absorption term towards the UV range. The
results are retained when the fit quality exceeds 0.99 in the full spectral range.

The FTIR absorption spectra were collected between 400 and 4000 cm™ (ThermoFisher 1S-50)
in transmission mode at room temperature. The background signal (silicon wafer) was
subtracted from all the spectra.

Solid State 2°Si NMR spectra were recorded on a 300 MHz Varian VNMRS300 spectrometer
("Wide Bore™ magnet at 7.05 Tesla) using a Varian T3 MAS (Magic Angle Spinning) probe
with 7.5 mm ZrO; rotors. Spectra were acquired using the quantitative SP technique (Single
Pulse) with Magic Angle Spinning and *H decoupling. A n/2 pulse was used with a duration of
6 ps, the recycle delay was chosen to be 60 s and the spinning rate of all the samples was 5 kHz.
Q8MB8H (octakis(dimethylsiloxy)octasilsesquioxane) was used as a secondary reference (left
peak at -2.25 ppm). The width of the spectral window was 50 kHz and the line broadening was
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50 Hz. The NMR spectra were fitted using Gaussian/Lorentzian peaks with DMFIT software
package.

The XPS analysis were carried out using a Thermoelectron Kalpha apparatus. In order to record
the photoemission spectra, Al-Ko radiation (hv = 1486.6 ¢V) was used from a
monochromatized source. The diameter of the spot on the sample surface was 400 um. We
fixed the pass energy at 30 eV for narrow scan and at 170 eV for survey scans. A Shirley
background was systematically subtracted. In the end, the photoelectron peaks were analysed
and fitted using a combination of Lorentzian and Gaussian peaks in Thermo Avantage software.

Calculation
Density Functional computations were performed to calculate the electron core-level binding

energies (BE) of Si atoms that are present in the environments shown in Figure 20 .
Four PP-HMDSO molecules containing the S, M, D, T and Q environments were used as
models of subparts of the material. These molecules are presented in Figures S1 to S4 (SI). All
geometries were fully optimized in vacuum using conjugate gradients methods. The gradient
corrected PBE functional[138] was chosen together with the def2TZVP basis set[152,153] and
Grimme’s dispersion corrections were added [154,155]. We used the Gaussian 09
package.[156] All the stationary points were characterized as minima by a vibrational analysis
and it was followed by a NBO[157] population analysis to determine the atomic charges.
The calculation of Si2p BE was done in a second step within the AKS (Kohn Sham) framework
using the deMon2k code [158]. Thus, the BE (AKS) of electrons of the Si 2p core levels was
determined using equation (33):

BE(AKS) = Erora, (Ion) — Erora, (Neutral) (33)

With EtoraL (Neutral) and EtoraL (lon) the total energies of the neutral (initial state) and
ionized (final state) molecules, respectively. The ionized molecule has one missing electron on
the 2p orbital of the Si atom of interest.

To get these total energies, single point energy calculations were performed using the PBE
functional[138], GENAZ2 auxiliary functions[159], an all electron potential and an augmented
basis set (AUG-CC-PVTZ)[160] on the Si atom of interest, and a relativistic basis and effective
core potentials (RECP|SD)[161] on the others atoms, excluding H atoms (DZVP).
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Results and discussions
HMDSO polymerized FTIR spectra:

Figure 22 shows the FTIR spectra of HMDSO plasma polymerized films deposited with W/F
= 2.5, 40 and 140. Strong absorption bands are observed at 2960 cm™, 2140 cm, 1257 cm™,
1010-1090 cm?, 840 cm™ and 795 cm™ and a weak absorption band at 1354 cm™. The

absorption bands at 2960 cm™ and at 2140 cm™ correspond to CHs stretching and Si-H
stretching vibrations, respectively. The absorption band at 1257 cm™ represents CHs symmetric
bending SiMey (Me used as abbreviation for the methyl bond CH3). The wide band representing
Si—O-Si stretching vibrations is composed of two bands present between 1010 cm™ and 1090
cm*. Also, it can be assigned to Si-O-C asymmetric stretching. Furthermore, the Si—CH>-Si
absorption band is usually observed at 1080 cm™ — 1040 cm™, but for oxygen containing
coatings this peak is masked by the Si-O-Si band [119,172]. The absorption band at 840 cm™
can be attributed to CHs rocking vibrations in SiMes, while the peak at 795 cm™ is referred to
CHs rocking vibrations in SiMe,. The weak absorption band at 1354 cm™ is assigned to CH;
scissor vibration in Si-CH>-Si [92,121,173]. All peaks are summarized in Table 10.

—W/F 2.5

<
T
O

Si-H

— W/F 40

— W/F 140

I T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000
wavenumber (cm™)
Figure 22: FTIR spectra of pp-HMDSO films deposited at different W/F values.
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We observe a decrease in the intensity of the bands present at 2960 cm™, 1257 cm, and 840
cm ™t while increasing the W/F value from 2.5 W/sccm to 140 W/scem. This modification results
from the decrease in the number of CH3z bonds. We assume that the significant amount of
hydrocarbons bonds present at small W/F values (soft plasma conditions) is due to the low
monomer fragmentation. Whereas the decrease in the CHz bands intensities and the
simultaneous increase of the Si-H absorption band intensity at 2140 cm™ at higher W/F values
(hard plasma conditions), is due to the higher monomer fragmentation. This result is consistent
with the work of Sonnenfeld et al[174] who explained the loss of carbon containing groups by

the increase of monomer fragmentation at higher plasma specific energy.
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Figure 23: a) The FTIR spectra of WF2.5 and WF140 b) PDMS-like rate (SiMex /(SiOSi + SiMex)) of the films deposited at
different W/F values.
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Figure 23a shows a focused comparison of WF2.5 and WF140 infrared spectra, in the finer
range 600-1400 cm-1. A broadening and a shift of the SiOSi peak are observed while depositing
under harder plasma conditions (140 W/sccm). This band modification is possibly due to the
increase of the Si-O-C band intensity near 965 cm™. Sonnenfeld et al assigned the absorption
band near 943 cm™ in the FTIR spectra of a plasma polymerized TEOS to Si-O-C symmetric
stretching in Si-O-CHo.. In fact, under hard plasma conditions, the high fragmentation induces
the introduction of carbon atoms in the Si-O-Si skeleton forming molecules containing Si-O-Si
chains coupled with hydrocarbon branching. This molecules formation makes the skeleton

chains more rigid explaining the shift of the SiOSi/SiOC band to lower wavenumber values
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(from 1032 cm™ to 1010 cm™). In addition, the presence of the Si-CH2-Si bonds at higher W/F
values is possible since the FTIR spectra of the deposition from hexamethyldisilane reveal a
broad band at 1020 cm™ that has been attributed to Si-CH.-Si bridge, previously.[106]

Table 10: FTIR absorption bands of PP-HMDSO films

Chemical bond and Band position References

vibration mode (cm™)

CHs rocking in SiMes 760 [91] [119] [108]

CHs rocking in SiMez 795 [91][92] [148]
[119] [175]
[106]

CHsrocking in SiMes 840 [91] [92] [148]
[119] [175]
[106]

Si-O stretching Si-OH / 902

Si-C stretching in SiMez

Sym. Si-O-C stretching 965 [108][174]

Si-O stretching in SiOSi 1010-1090 [91] [92] [148]
[119] [173]
[175] [106]

[91] [119] [175]

CHs sym. bending in 1257 [91] [92] [148]

SiMex [119] [173]
[106]

Si-H stretching 2140 [91] [92] [175]
[106]

CHssym. Stretching 2900 [91] [92] [175]
[106]

CHs asym. Stretching 2960 [91] [92] [175]
[106]

The SiMey /(SiOSi + SiMey) ratio , i.e. the area of the SiMex band divided by the sum of the
areas of SiOSi and SiMeyx bands, is defined as the PDMS-like rate, and shown in Figure 23b.
The areas of the peaks were calculated by peak decomposition of the infrared spectra using
Labspec software. The uncertainty on the PDMS-like rate value, due to peak broadening or
peaks superposition is taken as the standard deviation over three repeated syntheses of each
sample. The decrease of the PDMS-like rate with increasing W/F proves that the character of
the films synthesized under soft conditions is closer to PDMS than the films prepared under
hard conditions. In fact, under hard conditions, the chemical and structural disorder due to the
introduction of Si-O-C, Si-CH»-Si and Si-H bonds is responsible for the loss of the PDMS
character.
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29Si NMR spectra:
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Figure 24: 2°Si NMR spectra of PP-HMDSO films deposited at 2.5 W/sccm and 20 W/sccm.

In order to get a deeper knowledge of the bulk composition and structure, thin films were
characterized by quantitative 2°Si solid state NMR. The 2°Si NMR spectra of the PP-HMDSO
deposited at 2.5 W/sccm and 20 W/sccm are shown in Figure 24. The spectra consist of 15
resonance lines listed in Table 11 that correspond to different environments distinguished by
their oxidation state, i.e. M for SiO(CHs)s, D for SiO2(CHa)2, T for SiO3(CHs) and Q for SiOa.
An additional environment S appears around O ppm, it can be referred to SiC4 which is likely a
SiC3 termination bonded to CH; bridge. Table 11 also shows the presence of different peaks
grouped in the same environment category; this is due to the change in the crosslinking degree

or the substitution of methyl by hydrogen and hydroxyl groups.
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Table 11: Positions and percentages of the environments in the PP-HMDSO deposited at different W/F value.

WF2.5 WF5 WF10 WF20
8(®Si)/ppm  Percentage  5(**Si)/[ppm  Percentage §(*°Si)/[ppm  Percentage  §(*°Si)/[ppm  Percentage

(%) (%) (%) (%)
M1- Si(OSi)Cs 8.9 27.4 9.0 20.3 11.4 14.7 137 54
M1- Si(OSi)Cs 6.9 19.0 6.9 20.4 1.7 28.2 1.7 28.2
S-Si(CHz)Cs -0.8 0.9 -0.4 2.1 0.0 3.3 0.6 4.3
D2 - Si(0Si).C> -10.6 11.8 -8.6 104 -9.0 16.0 -8.0 15.6
Low linearity
D2 - Si(0sSi).C. -18.9 10.0 -18.9 14.2 -18.9 14.7 -18.9 15.9
Intermediate
linearity
D2-Si(0Si).C2  -22.1 15.2 -22.1 10.2 -22.1 6.7 -22.1 7.0
High linearity
D2(H) - =370 13 -36.7 2.2 -345 2.6 -34.8 35
Si(OSi).CH
T1 - -46.9 0.4 -46.7 0.6 -47.7 0.7 -46.1 0.4
Si(OSi)(OH)2C
T2 - -56.0 3.9 -55.9 2.7 -55.2 2.9 -55.6 2.2
Si(OSi)2(OH)H
T3-Si(0Si)sC -65.8 4.6 -65.7 35 -65.1 4.8 -64.9 3.3
T3(H) - -76.0 1.7 -76.5 1.6 -75.8 0.4 -76.5 1.3
Si(OSi)s H
Q1 - -836 0.8 -82.2 0.1 -82 0.6 -85.7 1.2
Si(OSi)(OH)s
Q2 - -883 0.5 -92.4 7.3 -92.9 3.0 -91.8 4.3
Si(OSi)2(OH)2
Q3 - -995 1.6 -97.5 0.3 -98.8 0.1 -98.2 4.5
Si(OSi);0OH
Q4 - Si(0OSi)a -107.2 0.9 -104.5 4.1 -104.4 13 -106.3 2.9

The variation of the environments percentages with the increase of W/F from 2.5 W/sccm to 20
W/sccm is shown in Table 11 and Figure 25a. The monotonic decrease of the M environment
from 46% to 33%, reveals that the number of Si-(CHz)s chain terminations is reduced with the
augmentation of W/F. On the other hand, the increase of the S component from 1% to 4%
proves that the number of the Si-CH> bonds is more important at higher W/F values. Also, the
slight growth of the D2(H) peak intensity observed in Figure 24 confirms the increase of the
Si-H bonds in the PP-HMDSO deposits at greater W/F values. These variations validate that
under soft plasma conditions, the monomer fragmentation is low causing the preservation of
the Si-(CH3)s bonds in the bulk of the films. The increase of W/F values leads to the
enhancement of the monomer fragmentation, giving rise to the Si-H and Si-CH> bonds as
previously demonstrated in the FTIR section.

Three different D2 peaks are found that we presumably attribute to the more or less linear

character of the D chains (high, intermediate, low). In fact, the linearity of the SiO>C; chains is
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linked to the fragmentation degree of the monomer. The SiO2C; linear chains are flexible and
similar to the PDMS polymer chains, while the low and intermediate SiO.C, chains are mostly
folded, which explains their low linearity and their dissimilarity with PDMS.

Figure 25b illustrates a remarkable drop of the percentage of the highly linear SiO2C>
component in addition to an important increase in the percentages of the chains with
intermediate and low linearity while expanding W/F from 2.5 to 20 W/sccm. These evolutions
demonstrate that PP-HMDSO films deposited under soft conditions are close to the
conventional PDMS polymer. The low percentage of the T and Q environments compared to
the M and D units indicates that the deposits character is highly organic. Indeed, these
depositions were performed under soft conditions (W/F = 2.5 to 20 W/sccm) and without

oxygen as dilution gas.
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Figure 25: (a) NMR environments percentages of the films at different W/F (b) The percentages of the low linearity D (navy
blue), intermediate linearity D (light blue) chains, and high linearity D (grey) chains at different W/F values.

X-ray photoelectron spectroscopy:

The BE of the Si 2p electrons, calculated in the AKS framework using equation (33) defined in
the computational section above, are presented in Table 4, for the five environments S, M, D,
T and Q. The m and m2 indices on some environments serves to differentiate them (see Table
4). Two additional environments were added in molecular models that corresponds to (CH3z).-
Si-Hz and H»-Si-0». The Si-0O, Si-C, Si-H, C-C and C-H bonds lengths are in good agreement
with the experimental ones available in the literature (Table S7 annex 1) [176,177] In order to
decompose the peaks of the Si 2p experimental spectra, binding energy differences (ABEaks)

between the environments are used. The S environment was considered as reference for all the
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BEs because of its lowest binding energy, therefore at this environment ABEaks = 0. The
ABExks calculated are compared to binding energy differences between similar environments
in ref.[147]. The ABEs values obtained for M-S, D-M, T-D and Q-T in ref. [147] were 0.57,
0.36, 0.42 and 0.62 respectively. Thus, the ABEaks Vvalues calculated by DFT agree quite well
with the ones found in ref.[147].

The calculated charge of Si atoms (Qsi) increases with the number of Si-O bonds, leading to
an increase in the binding energy of the Si 2p electrons. A good linear fit is obtained in the form
of ABEaks = 0.26xQsi + 1.76 (r?2 = 0.85). Nevertheless, the charge of the two environments
SiH>C> and SiH20> does not follow this evolution. This is due to the neighbouring Si atoms
that affect the charge of the Si atom of interest in these environments. The calculated ABEs
presented in column 6 Table 12 indicate that there is a non-linear increase in the binding energy
when an oxygen replaces a methyl, in accordance with ref.[114]. These ABEaks are then used

to decompose the experimental XPS Si 2p core levels, as explained in the following.

Table 12: Si 2p BE, 4BE (the reference is the S environment) values and Si NBO atomic charges determined from DFT
calculations.

Environment BE Standard ABEaks ABEaks Charge Standard
(AKS) deviation (eV) environment Qsi(e)  deviation
(eV)
SiCs 107.74 0.00 181
S=SiCs SiCs 108.14 0.40 1.78
107.94 0.20 0.20 0.00 1.80 0.02
SiH2C» SiH2C2 107.97 0.00 1.16
SiOCs 108.49 0.75 1.97
SiOCs 108.49 0.76 1.98
SiOCsm 108.61 0.87 2.01
SiOCs 108.65 0.91 1.98
SiOCs 108.67 0.94 1.98
SiOCs m2 108.69 0.95 2.03
. SiOCs 108.78 1.04 1.98
M = SIOCs SiOCs 108.79 1.06 1.98
SiOCsm 108.84 1.10 2.00
SiOCs 108.86 1.13 1.98
SiOCs 108.86 1.13 1.97
SiOCs 108.90 1.16 1.98
SiOCs 108.92 1.19 1.98
108.74 0.12 1.00 M-S =0.80 1.99 0.01
SiO2C2 108.70 0.96 2.20
SiO2C2 109.00 1.27 2.20
Si02Cz 109.10 1.37 2.16
SiO2C2 109.11 1.37 2.16
SiO2C2 109.15 141 2.16
SiO2C2 109.17 1.43 2.16
. Si02C2 m2 109.21 1.48 2.18
D=Si0:C2 gi0,c, 109.21 1.48 2.16
SiO2C2 109.25 151 2.15
SiO2C2 109.25 151 2.16
SiO2C2 109.27 1.53 2.18
SiO2C2 109.27 1.53 2.16
Si02Cz 109.39 1.65 2.16
SiO2C2m 109.54 1.80 D-M =0.45 2.20
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10919 043 145 217 0.02

SiOH: SiOZH: 109.57 0.00 163

SI0sC 109.45 171 231

. Si0sC 109.84 2.10 2.30

T=SI0:C  gio,c 109.97 2.23 2.30
10975  0.20 2.01 TD=056 230  0.00

S0, 110.29 2.55 2.44

Q=Si0:s  SiOs 110.37 2.63 2.43
11033 0.04 2.59 OT=058 243 000

Figure 26 shows the fitted Si 2p core levels for WF2.5, WF40 and WF140. All the Si 2p peaks
were fitted with DFT S, M, D, T and Q components. The FWHM was fixed at 1.1 eV for all

components. We used a PDMS conventional polymer as reference for the SiO.C, (D)

environment and the calculated ABEaks to fix the BE of the components. A good fit to the Si

2p experimental envelope was obtained except for the low-BE side of the peak. The high BE

value of S as compared to the value found in Roualdes et al. [113] can originate from the choice

of the shape of the component S (fixed like others), or to the lack of an additional unknown

contribution.
6000 -

4000

intensity

2000 +

04
106

105

104 103 102 101 100
Binding energy (eV)

Figure 26: The decomposed Si 2p core level of WF2.5, WF40, and WF140. Dotted line = experimental envelope, full line =

calculated envelope.
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The decomposition procedure of the Si 2p core levels is described hereafter. First, a PDMS
homopolymer was used as a reference for the correct positioning of the SiO2C2 (D)
environment. In this sample, the PDMS O 1s core level exhibits a single oxidation state and is
therefore used for charge correction. It is fixed at BE = 532.0 eV as advised by Beamson and
Briggs [178]. The same charge correction value was used to adjust the binding energy of the
pure D Si 2p envelope, resulting in BE (D) = 101.88 eV. In addition, Si 2p3/2 and Si 2p1/2
components were used to fit the PDMS Si 2p core level with an equal FWHM, and an area ratio
of 2:1. A good fit is obtained with an energy separation of 0.67 eV, in accordance with reference
work [114,178]. We then modelled the synthetic peak that encompasses the Si 2p3/2 and Si
2pl/2 doublet (with asymmetry parameters), and used these parameters to model all
environments in the Si 2p fitting procedures. Finally, since the O 1s peak could not be used as
a reference anymore because of the multiple environments of O atoms in unknown PP-HDMSO
films, the position of the D component was fixed at 101.88 eV with regards to the maximum of
the C 1s peak (fixed at 284.5 eV). Other components (S, M, T, and Q) positions are constrained
by DFT calculated chemical shifts filled in the fitting procedure, and summarized in Table 12.
Intensities were left free to fit. The positions of the S, M, D, T and Q components extracted
from the decomposition procedure of the experimental spectra are shown in Table 13 and Figure
26.

Table 13: Binding energy of the various units present in Si 2p core level.

Environments Binding
energy (eV)

S ( SiCa) 100.6

M ( SiOCs) 101.4

D (SiO2C>) 101.9

T (SiOsC) 102.4

Q (SiO4) 103.0

The evolution of the environments percentages while increasing W/F is shown in Figure 27.
The percentage of SiO2C2 (D) environment, which represents the conventional PDMS
polymer, decreases from 34.6 % to 21.4 % while increasing W/F. However, the M percentage
evolves from 18.6 % to 28 % illustrating the augmentation of SiOC3z chain termination on the
surface with increasing W/F values. These variations confirm that under soft plasma conditions,
the low fragmentation leads to the preservation of the SiO.C environments on the surface i.e.
the PP-HMDSO films are closer to PDMS. On the contrary, under hard plasma conditions, the

high fragmentation results in a higher concentration of SiOC3 terminations on the surface, and
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the loss of the PDMS structure. The SiOCs component can be also assigned to -CHa-Si-(CHa)2-
bonds. These bonds formation is due to the introduction of carbon atoms in the SiOSi chains at
hard plasma condition as shown in FTIR and RMN sections. In addition, Table 14 illustrates
the evolution of the Si 2p, C 1s, and O 1s core levels FWHM while increasing W/F. The increase
in the FWHM of the three core levels confirms the formation of new bonds on the surface such
as CH»-Si-(CHz)2, Si-H, Si-O-C and Si-OH, leading to some disorder in the chains formation.
In both cases, the result is a loss of the PDMS-like character.

35 1

percentage (%)

5 10 20 40 70 140
W/F (W/sccm)
Figure 27: The percentages of S, M, D, T and Q components at different W/F values.

The high concentration of CH3 bonds and the low quantity of SiO4 units indicate that all the
deposits are organic. This can explain the low binding energy value of the SiO4 (Q) environment
compared to the binding energy of inorganic silica (103.2 eV for our reference, not shown).
Besides, the SiOs component can be referred to Si(OSi)x(OH)s.x environments. These hydroxyl
groups formation induces the loss of the inorganic Si(OSi)s sites causing the shift of the binding
energy to lower values, and they are identified by RMN in the present study (see Q1-3 in Table
11).

Table 14: The evolution of the FWHM of Si 2p, C 1s, and O 1s core levels with W/F.

W/F FWHM

(W/sccm)  Si2p C1s O 1s
2.5 2.18 1.52 1.51
5 2.20 1.56 1.52
10 2.29 1.70 1.61
20 2.31 1.80 1.60
40 2.31 1.83 1.68
70 2.35 1.90 1.64
140 2.43 1.97 1.65
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Water contact angle (WCA):
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Figure 28: WCA measurements for PP-HMDSO thin films at different W/F values

Figure 9 shows the water contact angle (WCA) of all the PP-HMDSO thin films. The error on
each value is deducted from the standard deviation over six repeated measurements. The WCA
values for the PP-HMDSO films are higher than 90° except the film deposited at 140 W/sccm
that reveals a lower WCA angle value (85.7°) but yet still close to 90°. Therefore, the
hydrophobic character is dominant on all the PP-HMDSO film despite the WF140 deposit that
shows relatively a low WCA value and can be considered as weakly hydrophobic. Indeed, as
shown in the sections above all the deposits are considered organic due to the high amount of
CH3 bonds and the low quantity of SiO4 components present in the films. Despite the films
hydrophobicity, the contact angle value decreases while increasing W/F from 2.5 W/sccm to
140 W/sccm. This WCA change can be justified by the disorder occurred in the bonds formation
while increasing W/F. In fact, the decrease of the Si-CH3 terminations amount and the
formation of new bonds such as Si-H, Si-OH and Si-O-C can reduce the WCA value.

Surface and Bulk comparison:

The FTIR, RMN and XPS analyses showed a difference in the composition between the bulk
and the surface of the deposited films. At soft plasma conditions, the FTIR and RMN analyses
showed an important amount of SiOCs termination in the bulk of the prepared films. In addition,
the linear SiO2C> chains that are close to chains found in conventional PDMS are present in
high concentration in the bulk. While the XPS analysis indicates that the number of SiO2C>

environment is larger than the amount of SiOCs component on the surface.
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On the other hand, at high plasma conditions, the amount of SiOCs units decreases while the
number of Si-H and Si-CH.-Si bonds increases in the bulk. In addition, the amount of the linear
Si02C; chains is lower at higher W/F values. XPS analyses showed a disorder in the bonds
formation in addition to an augmentation of the SiOCz component and a decrease in the SiO.C;
unit on the surface.

As a conclusion, under soft plasma conditions, the low fragmentation of the monomer preserve
the Si-(CHz3)s termination groups and promote the polymerization of linear SiO2C> chains in the
bulk and on the surface [174]. This structure elevates the flexibility of the chains and the
formation of free volumes in the polymer network. Thus, this chemical composition gives the
PP-HMDSO films a structure close to conventional PDMS. On the contrary, under hard plasma
conditions, the high fragmentation of the monomer favours the formation of random bonds
leading to a cross-linked network, more rigid with little amount of free volumes. Therefore, a
formation of Si-H, Si-O-C, Si-CH.-Si bonds and a change in the SiO»C structure are shown in
the material bulk. Also, the growth of the material network induces an increase of the SiOC3

concentration on the surface.

Conclusion
We have presented an investigation of the PP-HMDSO thin films bulk and surface chemical

compositions. The films were prepared in a MW-PECVD reactor under different plasma
conditions ranging from “soft” (i.e. low HMDSO fragmentation) to “hard” (i.e. higher HMDSO
fragmentation). Specific characterisation techniques were used to determine the bulk
composition such as 2°Si quantitative solid-state NMR and FTIR spectroscopy. A combination
between X-ray photoelectron spectroscopy (XPS) and DFT calculations was used to determine
the surface chemical composition. The chemical composition comparison showed a difference
between the bulk and the surface of the films. Under soft plasma conditions, a high amount of
SiOCs; termination is present in the bulk of the films. In addition, the linear SiO.C; chains that
are close to PDMS chains are present in high concentration in the bulk of the prepared films.
While the concentration of the SiO2C; chains is higher than the number of the SiOC3 component
on the surface. On the contrary, under hard plasma conditions, the concentration of the SiOCs
termination decreases while the amount of Si-H and Si-CH»-Si bonds increases in the bulk. In
addition, the linear SiO2C> chains decreases in the bulk at hard plasma conditions. On the
surface, the number of SiOCsz unit increases and the amount of the linear SiO2C> chains
decreases. The PP-HMDSO deposited under soft conditions shows a high PDMS-like rate,

while the PP-HMDSO prepared under hard plasma conditions shows a disorder in the bonds
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formation. The study of the bulk and surface chemical compositions of the PP-HMDSO thin
films, contributes to the understanding of the sorption phenomena of VOC vapors (especially

for BTEX), on organosilicon membranes that will be analyzed and presented in a future article.

Appendix A. Supporting Information
Images of the simulated molecules using Gabedit ref. 1 in SI.
Validation of the molecular simulation by comparing bond lengths with experimental data.
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Supplementary images:

Density Functional computations were performed to calculate the electron core-level binding

energies (BE) of Si atoms. The calculations included 2 steps.

Step 1 : Full optimization of the geometry of the molecules within the PBE-D3/def2TZVP level
of theory using the Gaussian 09 package. All the stationary points were characterized as minima
by a vibrational analysis. The optimized geometries are presented in Figure S1 to S4. All the

figures were obtained using Gabedit software [179].

Step 2 : Single point energy calculation of Si2p BE within the AKS (Kohn Sham) framework
using the deMon2k code. PBE functional, GENAZ2 auxiliary functions, all electron potential
and an augmented basis set (AUG-CC-PVTZ)[160] on the Si atom of interest, and relativistic
basis and effective core potentials (RECP|SD)[161] on the others atoms, excluding H atoms
(DZVP).
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Figure §29: TPDMS molecule.
The true PDMS molecule (TPDMS) shown in Figure S29 represents a short conventional

PDMS polymer chain. This molecule contains two SiOCz (M) environments (chain
terminations) and five SiO2C; (D) environments.

Figure S30: MPDMS molecule.

The modified PDMS molecule (MPDMS) shown in Figure S30 represents a PDMS chain with
a -CH>-CH2-CHs bond on two SiO.C> (D) environments.
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Figure S31: PDMS plasma molecule.

The PDMS plasma molecule shown in Figure S31 tentatively represents a plasma polymerized
organosilicon molecule. This molecule contains three M environments, two D environments
and one SiO3C (T) environment. Two additional environments are also shown in this molecular
model that corresponds to (CH3)2-Si-H2 and Hz-Si-O (Table S16 in Sl).

Figure S32: NPP molecule.

Another Plasma polymerized organosilicon molecule is shown in Figure S32. This large
molecule contains the four siloxy environments M, D, T and Q (SiO4) in addition to two S
environments (SiCa).
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Supplementary Tables:
Table S15: The calculated bonds lengths in the four molecules compared to the values found in the literature
Bonds lengths (A) References
Calculated Literature
values values
Si-0 1.64-1.68 1.613-1.66  [176][180]
Si-CH; 1.87-1.91 1.87-1.90  [177]
Si-CHj 1.88-1.90  1.85-192  [180][I81]
Si-H 1.50 1.48 - 1.51 [177][180]
Cc-C 1.54 - 1.55 1.54 [176]
C-H 1.10-1.12 1.10 [176][180]

Table S15 shows a comparison between the calculated lengths of the bonds present in the four
simulated molecules (PBE-D3/Def2TZVP level of theory) and the values found in literature.
The comparison shows a good agreement with literature.

Table S16: Si 2p atoms number, BE, ABE (the reference is the S environment) values determined from DFT calculations.

Si Atom (number) Environment  BE (AKS) Standard ABEaks
(eV) deviation (eV)
NPP Si38 SiCq 107.74 0.00
S =SiCs NPP Si19 SiC4 108.14 0.40
107.94 0.20 0.20
SiH2C» PDMS plasma Si68  SiH2C: 107.97 0.00
NPP Si28 SiOCs 108.49 0.75
TPDMS Si7 SiOCs 108.49 0.76
PDMS plasma Si51  SiOCsm 108.61 0.87
NPP Si53 SiOCs 108.65 0.91
NPP Si48 SiOCs 108.67 0.94
NPP Si3 SiOCsm2 108.69 0.95
. TPDMS Sil SiOCs 108.78 1.04
M =Si0Cs MPDMS Sil SiOCs 108.79 1.06
NPP Si15 SiOCsm 108.84 1.10
PDMS plasma Si2 SiOCs 108.86 1.13
NPP Si29 SiOCs 108.86 1.13
MPDMS Si7 SiOCs 108.90 1.16
PDMS plasma Sil2  SiOCs 108.92 1.19
108.74 0.12 1.00
MPDMS Si2 Si02C 108.70 0.96
MPDMS Si5 Si02C2 109.00 1.27
MPDMS Si3 SiO2C2 109.10 1.37
MPDMS Si4 SiO2C2 109.11 1.37
TPDMS Si3 SiO2C2 109.15 141
TPDMS Si2 SiO2C2 109.17 1.43
D =SiO,C> NPPSi10 Si02C2 m2 109.21 1.48
TPDMS Si4 SiO2C2 109.21 1.48
PDMS plasma Si41  SiO2C: 109.25 1.51
MPDMS Si6 Si02C2 109.25 151
PDMS plasma Sil SiO2C2 109.27 1.53
TPDMS Si6 SiO2C2 109.27 1.53
TPDMS Si5 SiO2C2 109.39 1.65
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NPP Si24 Si0.C2m 109.54 1.80
10919 013 1.45

Si0aHZ PDMS plasma Si63  SiOzH: 109.57 0.00
NPP Si45 Si0sC 109.45 171

_ PDMS plasma Sill  SiOsC 109.84 2.10
T=SI0:C  \ppsit1 Si0sC 109.97 2.23
10975  0.20 2.01

NPP Si23 Si0s 110.29 255

Q=si0:  NPPSil SiOq 110.37 263
11033 0.04 259

Table S16 shows the number of each Si atom and which molecule it belongs to, their calculated
binding energy BE (AKS) and the binding energy differences ABEaks. The S environment was
considered as reference for all the BEs due to its lowest binding energy. The m and m2 indices
on some SiOCszand SiO2C> environments serve to differentiate them. The m index represents a
Si-CH2- bond while the m2 index represents a Si-CH2-CH>- bond.
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A fine investigation on the chemical composition of a wide range of plasma organosilicon thin
films elaborated during this work has been presented in chapter 3. We have characterized the
bulk of the PP-HMDSO using powerful techniques such as the 2°Si quantitative solid-state
NMR completed with FTIR characterization. In addition, the films surface chemical
composition was depicted using a powerful methodology based on experimental XPS combined
with DFT calculations in order to support the experimental data. As well, WCA angle
measurements for the PP-HMDSO in order to determine the surface hydrophobicity. The
chemical composition comparison showed a difference between the bulk and the films surface.
Furthermore, the results show that the plasma energetic character plays a major role in defining
the PP-HMDSO chemical composition. Under a soft plasma, the deposits show a high PDMS-
like rate, while the films elaborated under hard plasma conditions present a disorder in the bonds
formation. This chemical composition investigation leads to the understanding of the VOCs

vapours into organosilicons membranes that will be presented in the next article.

In the next chapter, we will present some of the PP-HMDO physical properties such as
refractive index and density. In addition, and most importantly we will present the PP-HMDSO
thin films performances towards the VOCs vapours function of the Yasuda parameter (plasma
energetic character) using QCM and ellipsometry coupled to sorption. The introduction of this
article contains a complementary state of the art concerning the materials used for the VOCs
detection. This work will aim to figure out which PP-HMDSO film presents the best sorption
performances towards the VOCs vapours especially BTEX for potential application in a

portable gravimetric BTEX sensor.
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Plasma polymerized organosilicon thin films for
Volatile Organic Compounds (VOCs) detection
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der lee?, Diane Rebiscoul®, Vincent Rouessac®”.

LCIRIMAT, Université de Toulouse, CNRS, INP- ENSIACET 4 allée Emile Monso - BP44362,
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Montpellier, France
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ABSTRACT: Plasma polymerized (PP) thin films deposited in a soft or intermediate plasma
discharge from hexamethyldisiloxane (HMDSO) were developed as sensors for the detection
of volatile organic compounds (VOCs) vapours. Energy dispersive X-ray spectroscopy (EDX)
and X-ray reflectometry (XRR) were performed to determine the organosilicon films elemental
composition and density. Spectroscopic ellipsometry measurements were carried out to
determine the refractive index of the films. Quartz crystal microbalance (QCM) and
ellipsometry coupled to vapour sorption were used to investigate the sorption mechanism of
several VOCs vapours into the films as a function of the plasma deposition conditions. The
density and the refractive index of the PP-HMDSO films increased with the plasma energy due
to a different chemical composition and different proportion of free volumes in the material
network. The PP-HMDSO films showed different affinities towards the VOCs vapours
depending on the plasma discharge energy. The films elaborated in the lowest plasma energy
revealed a good sensitivity towards the VOCs especially toluene (one of the BTEX vapours)
compared to the other films deposited under higher plasma energy. In addition, the selectivity
between toluene and other non-BTEX VOCs such as heptane and ethanol decreased to become

zero while increasing the plasma energy.

KEYWORDS: Organosilicon, VOCs, sorption, thin films, QCM, Ellipsometry.
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Introduction:

Volatile Organic Compounds (VOCs) are toxic gases present in ambient air because of natural
resources and human activities, such as the transportation sector or industrial processes. Several
materials have been synthetized for VOCs detection such as activated carbons [182], zeolites
[183] and metal oxide materials [59]. Activated carbons are useful materials for VOCs detection
due to their microporous structure, large surface area and fast adsorption capability [182,184].
However, these materials reveal experimental problems such as their high flammability [185]
and difficulty of regeneration [186] that restrain their use in such applications. Alternatively,
zeolite materials seems to be useful candidates for VOCs detection thanks to their high specific
area, non-toxic behaviour and high thermal stability [187,188]. Nevertheless, zeolite are
hydrophilic and thus need a surface treatment to turn hydrophobic [189]. Furthermore, the
detection of VOCs using zeolite materials requires a compact Gas Chromatograph (GC) system
to analyse the gaseous effluent desorbed from the zeolite by thermal heating [4]. Numerous
other studies focused on the sorption of toluene and benzene on metal oxide materials such as
ZnO and WO3 [53,190]. A good sensitivity has been obtained towards benzene and toluene
detection with a fast response. Nevertheless, these materials have shown poor selectivity against
other VOCs such as acetone and ethanol, except for high operating temperatures [10,191]. On
the other hand, metal oxide materials show an important sensitivity to water vapour that highly
reduce their sensitivity towards VOCs [192].

Finally, organic polymers represent a very competitive class of materials for VOCs detection,
for instance polyisobutylene (PIB) and polybutadiene (PBD), or organosilicon (SiOCH)
polymers like polydimethylsiloxane (PDMS) and poly(methylphenylsiloxane) [193-195].
Organosilicon polymers present a high affinity to VOCs and especially to benzene, toluene,
ethylbenzene and xylene denoted as BTEX. These polymers are widely used in
chromatographic columns for VOCs detection. They have received a remarkable attention for
VOCs sensing applications due to their swelling effect upon VOCs absorption [196,197]. In
addition, they are non-toxic [99], thermally and chemically stable [73] with high surface
hydrophobicity, which is important for the detection of non-polar molecules such as BTEX
[135]. More particularly, organosilicon materials prepared by Plasma-Enhanced Chemical
Vapour Deposition (PECVD) are currently used in NEMS (Nano Electro Mechanical Devices)
devices for organic vapour detection not only because of their high affinity towards the target

molecules, but also because they equilibrate more rapidly and reversibly with the sorbed species
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than bulk polymers due to their micrometric thickness [198]. Sabahy et al. [5] have studied
PECVD-deposited SiOCH thin films for BTEX sensing application. By varying the precursors
and plasma deposition conditions i.e. plasma power, monomer flux and O> flow rate, different
SIOCH chemical compositions have been synthesized and the effects of the chemical bonds on
toluene sorption (as BTEX representative) has been investigated. The authors have shown that
SiOSi bonds play the major role in toluene adsorption due to the free volumes created by these
bonds in the films, either issued from the SiOSi chains flexibility or directly related to the high
methyl bonds proportion. In addition, they have concluded that Si-OH bonds are detrimental to
toluene sorption. This result can be related to water vapour adsorption on the films surface after
deposition favoured by the polarity of the Si-OH bonds preventing toluene adsorption. The
impact of Si-(CH3) bonds has also been studied. High concentration of Si-(CHs) bonds is
detrimental to toluene adsorption, however a compromise between low Si-(CHs) concentration
and films hydrophobicity is necessary. An optimized composition of the plasma-SiOCH thin
film could be obtained with a higher affinity towards BTEX than conventional polymers.
Finally, Boutamine et al. [6] have elaborated plasma polymerized thin films from HMDSO and
investigated VOCs sorption using a quartz crystal microbalance (QCM). The affinity toward
VOCs such as ethanol, methanol and chloroform has been correlated to the material surface

hydrophobicity, the molecules size and to the free volumes within the films network.

In the present work, we aim at elaborating performant materials for VOCs detection that can be
used in the manufacturing of portable gravimetric sensors being competitive in term of
compactness when compared to gas chromatograph system (GC). As previously mentioned,
due to their well-known low thickness, hydrophobicity, non-toxicity, thermal stability, and high
affinity to VOCs, plasma polymerized organosilicon thin films appear as perfect candidates for

the targeted application.

In a recent paper [199] we have thoroughly investigated morphological and structural
characterizations of plasma polymerized (PP-) organosilicon materials prepared in a microwave
plasma discharge from HMDSO. The characterization of the bulk chemical composition studied
by FTIR spectroscopy and quantitative 2°Si solid state NMR has revealed a high amount of
SiOCsz termination in the films deposited under soft plasma conditions (low plasma energy) due
to the low monomer fragmentation. Moreover, linear SiO2C> chains that are close to PDMS
chains were present in the material bulk deposited under soft plasma conditions. However,
under hard plasma conditions (high plasma energy), the high monomer fragmentation has

reduced the amount of SiOCs terminations and favoured the introduction of carbon/hydrogen
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atoms into the material bulk leading to the formation of new chemical bonds such as Si-O-C,
Si-CH>-Si and Si-H. Furthermore, the amount of the linear SiO2C> chains has decreased in the
material bulk at hard plasma conditions. These major evolutions have introduced chemical and
structural disorder in the bulk of the elaborated films. The surface chemical composition
detected using a combination between X-ray photoelectron spectroscopy (XPS) and density
functional theory (DFT) calculations has shown also a chemical modification while increasing
the plasma energy. In fact, the number of SiOCsz unit have increased and the amount of the
SiO2C> units have decreased. In addition, the formation of new chemical bonds on the surface
such as Si-CH>-Si, Si-H, Si-O-C and Si-OH, has been confirmed leading to some disorder in
the chains formation. Furthermore, the hydrophobicity of the films has been investigated; the
PP-HMDSO films have shown a hydrophobic character especially at low plasma energy (close
to 103°). As a conclusion of this previous paper, the films deposited under soft plasma
conditions have shown a quite similarity to conventional PDMS. On the contrary, the films
elaborated under hard plasma conditions have lost their PDMS-like character and changed to
more hybrid structures due to the new bond formation and enhancement of the structural
disorder in the films.

In the present study, some selected films among the previously prepared SIOCH plasma
polymerized thin films are more deeply characterized by Energy dispersive X-ray spectroscopy
(EDX) for the elemental composition, X-ray reflectometry (XRR) for the density, and
ellipsometry for the film thickness and refractive index. We have decided to select films
synthesized in a finer W/F range (5 W/sccm to 20 W/sccm) for which the influence of the
chemical composition modification on sorption properties is more pronounced. The deposition
conditions of the three samples WF5, WF10 and WF20 are reproduced from [199] and
presented in Table 17. The thicknesses of the samples are different from those presented in the
previous work due to a different deposition duration. In order to study the affinity of the
synthetized films towards VOCs, quartz crystal microbalance (QCM) and ellipsometry, both
coupled with gas sorption techniques, are used. Finally, the impact of the chemical composition
on the affinity towards VOCs is analysed leading to the identification of an optimized SiIOCH

film for VOCs gravimetric sensing applications.
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Table 17: MW-PECVD thin films deposition parameters issued from [199].

Sample Plasma HMDSO WI/F Deposition Average Average

power flux pressure  thickness growth
(W) (sccm) (x10°3 (nm) rate
mBar) (nm/min)
WF5 20 4 5 10.5 332 109
WF10 20 2 10 7.5 344 63
WF20 20 1 20 5.9 296 30

Materials and methods
Characterization methods:

EDX (Silicon Drift Detector (SDD), X-MaxN, Oxford Instrument) analyses were performed in

order to obtain the elemental composition of the PP-HMDSO films.

X-ray reflectometry analysis (XRR) were carried out using a Bruker D8 diffractometer with Cu
Kal (A=0.154056 nm) radiation. Standard 6—26 scans for the data collections were taken from
260 = 0 to 4° with an angular resolution of 0.002°. XRR measurements allowed the determination
of the electronic density (pe) from the limit angle of total reflection (critical angle) ©¢ ,using
equation (34):

A?r,

B, = Tpe

(34)

Where A is the wavenumber and ro is the electron radius.

The elemental composition determined by EDX and the electronic density calculated by XRR
analyses lead to the mass density (pm) of the PP-HMDSO films using equation (35):

XG4

Where C;j is the percentage of an element j in the PP-HMDSO chemical composition, Z; its
atomic number, Aj its atomic mass and Na represents the Avogadro number. The error on the
density value is estimated to be + 0.03 g/cm®. This error is due to the zero-point error (sample
height and/or goniometer) and the unknown hydrogen content which is needed to convert the

electron density to the mass density.

Thin films refractive indexes and thicknesses were determined by spectroscopic ellipsometry
(Semilab GES5E) at atmospheric pressure. The angle of incidence was fixed at 70° and the
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collected data range was from 1.2 to 4.5 eV. In the article, the refractive index was given at 633
nm but the data were fitted in the full light range using a composition of Cauchy transparent
dispersion law and a Lorentz absorption term towards the UV range. The fit quality exceeds
0.99 in the full range for all depositions.

In situ ellipsometry coupled to sorption (EP) measurements [148] were carried out by exposing
PP-HMDSO thin films to toluene or ethanol at controlled vapour pressures. Samples were
placed in a homemade optical cell equipped with pressure and temperature control systems. The
cell was initially pumped under primary vacuum before any adsorbate introduction down to
0.05 mbar. Afterwards, toluene or ethanol gas vapours were introduced into the pumped cell
gradually up to its saturation pressure.

QCM measurements for gas sorption and desorption were performed using an Inficon STM2
thin film oscillator monitor driven by a lab-made data collection software in order to get mass
uptake sorption isotherms. PP-HMDSO thin films were deposited on an AT-cut gold-covered
quartz (6 MHz). The coated quartz was placed in a chamber under vacuum in which gas vapours
were introduced systematically up to its saturated vapour pressure value at room temperature.
During measurements, the quartz was thermally stabilized using a water circulation at 25°C.

The frequency variation (Af') between the coated quartz frequency at time t and t0 was measured
in MHz. Af is proportionally linked to the mass variation (Am) due to gas vapour sorption or

desorption according to Sauerbrey’s equation [151] (36):

Pakq

Am = — SA (36)
m 2f2 f

Where pqand g are the density (pq= 2.65 g.cm=) and the shear modulus (g = 2.947x10

g.cm 1.s72) of the quartz respectively, S is the surface area of the deposited film (0.5 cm?) while
fo represents the resonant frequency (6 MHz). The mass density of the deposited film can be
neglected compared to the mass density of the quartz. Thus, we have considered that the density
of the coated quartz is equal to the density of the pristine quartz (pq). Since the mass of both the
quartz and the films are constant, Am corresponds to the sorbed vapour mass uptake Msorbed bY
the thin films. Therefore, the mass uptake (Msorved) OF the deposited thin films was determined

using equation

(37):
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& 167 % 10° S
o X 107X pg X (37)

Msorbed (P/PO) =

The collected data were converted into mass uptake using equation (37) and isotherms of Msorbed
as a function of relative pressure (P/Po) were collected and plotted.

Results
In this section, the elemental composition and physical properties such as density and refractive

index of the PP-HMDSO thin films as well as their response towards several VOCs vapours

separately are presented.

The elemental composition determined by EDX reveals a quite similar composition of the three
films. The carbon, oxygen and silicon percentages are 52.2%, 22.4% and 25.4% respectively,

revealing a composition close to conventional PDMS (table S18 in Sl annex 2).

The calculated density and the refractive index of the PP-HMDSO thin films are presented in
Figure 33. The film deposited at 5 W/sccm reveals a low density (1.35 g/cm®) compared to the
films deposited at 10 W/sccm and 20 W/sccm (values close to 1.45 g/cm?®). In addition, the
refractive index of the SIOCH films increases from 1.52 for the films deposited at 5 W/sccm to
values close to 1.57 for the films deposited at 10 W/sccm and 20 W/scecm. In fact, the variation
of the films density generates a variation of the deposited films refractive index while increasing

the W/F parameter. Indeed, the well-known Clausius-Mosotti equation

(38) reveals the influence of the material density to the dielectric constant or the refractive index

(n), since e=n? in the visible optical range:

K

e=1 pm

e+2 38021 i (38)
i=

Where pm is the density of the elaborated SIOCH films, ¢o is the vacuum permittivity, € is the

dielectric constant, N; is the number of atoms i per cm®, and i is the polarizability of atom i.
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Figure 33: The refractive index and the calculated density of the deposited films

The responses of the PP-HMDSO thin films towards hydrocarbons and ethanol vapours
sorption studied using QCM are presented in Figure 34. In this study, heptane and ethanol
vapours were used as representatives for COVs and toluene vapour as representative for BTEX
gases. Ethanol vapour was used as reference in order to compare its sorption to hydrocarbons.
The calculated mass uptake value represents the mass of the vapour sorbed by the thin film.
The effect of the films thickness on the toluene vapour sorption was studied (Figure S37in Sl
annex 2). As a result, the mass uptake increases proportionally with the film thickness. Thus, it
can be concluded that the molecules are not only adsorbed on the film surface but are absorbed
in the bulk also. Therefore, the mass uptake was simply divided by the film thickness value to
get the concentration of absorbed molecules per material volume unity even if no conclusion
can be written on how the absorbed molecules are diluted in the material matrix,
homogeneously or in a gradient concentration from the surface to the bulk. The uncertainty on
the mass uptake value is taken as the standard deviation over three repeated QCM

measurements.
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Figure 34: QCM sorption isotherms (25°C) showing the evolution of ethanol, heptane and toluene vapour mass uptake with
P/PO for a) WF5, b) WF10 and c) WF20.

As observed in Figure 34, the mass uptake of the gas vapours increases with increasing the
relative pressure P/PQ for all the PP-HMDSO thin films, PO being the saturated vapour pressure
at the temperature of the quartz, stabilized at 25°C. The WF5 film shows a linear increase of
the toluene uptake mass up to 100 mg/cma3 at a relative pressure equal to 0.8. Moreover, heptane
and ethanol uptake masses reveal also a linear increase but to lower values (close to 60 mg/cm?)
compared to toluene. Thus, the WF5 deposit shows a better affinity to toluene vapour than the
two other vapours. The WF10 deposit shown in Figure 34b illustrates weaker responses to the
three vapours compared to the WF5 deposit especially to toluene vapour. Besides, the toluene

isotherm of the WF10 film shows a non-linear increase. However, the final mass uptake for
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toluene vapour is higher than the two other vapours masses especially than ethanol uptake mass
indicating a better affinity for WF10 towards toluene vapour. Besides, WF5 and WF10 deposits
reveal a slightly better affinity towards heptane vapour compared to ethanol vapour. On the
other hand, the deposit with the higher W/F (WF20) shows similar isotherms for toluene and
ethanol. The toluene and ethanol isotherms shows a non-linear uptake mass increase showing
a fast sorption between 0 and 0.2 P/Po followed by a slower sorption between 0.2 and 0.8 P/Py.
Furthermore, heptane vapour isotherm reveal uptake masses lower than toluene and ethanol

suggesting a weaker affinity towards heptane vapour compared to toluene and ethanol vapours.

Figure 35 focuses on the comparison between the toluene sorption isotherms of the three PP-
HMDSO thin films. A remarkable change in the sorption isotherms is shown while increasing
W/F from 5 W/sccm to 10 W/sccm. However, identical isotherms are observed for the films
elaborated at 10 W/sccm and 20 W/sccm.
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Figure 35: QCM toluene sorption isotherm (25°C) of films synthesized at different W/F values.

In fact, the toluene isotherm loses its linearity while increasing W/F from 5 W/sccm to 10
Wi/sccm and the final uptake mass value decreases from 100 mg/cm® to 50 mg/cm?®
approximately. These variations indicates a slower sorption process especially at lower P/Pg
values (between 0 and 0.2) and a weaker affinity for WF10 and WF20 deposits towards toluene

compared to WF5.

The responses of the PP-HMDSO thin films towards toluene and ethanol vapours was also
studied using ellipsometry coupled to vapour sorption. Figure 36 shows the swelling of the PP-
HMDSO thin films along the normal to the film when exposed to toluene or ethanol vapours.
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We assume in this study that the swelling is homogenous despite the mechanical constraints
present between the film and the silicon support. This model induces that the COVs
concentration should vary along the depth of the film from the surface. dO is the thickness
measured under vacuum and d is the thickness measured as a function of the stabilized
environment pressure, i.e. after enough time to attend the equilibrium between the gaseous

molecules pressure and the absorbed molecules pressure inside the material bulk.
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Figure 36: Swelling of the elaborated PP-HMDSO thin films while exposed to toluene or ethanol atmospheres.

The swelling phenomenon of the SIOCH films when exposed to VOCs is due to the penetration
of the gas vapours into the material bulk through the free volumes present in the polymer
network. Figure 36 reveals that the thickness of WF5 thin film increases while increasing
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toluene or ethanol vapour relative pressure. However, WF5 reveals a higher swelling rate for
toluene compared to ethanol. Therefore, WF5 shows a better absorption of toluene molecules
compared to ethanol molecules. On the other hand, WF10 and WF20 isotherms indicate a low
film-swelling rate while exposed to both vapours. Nevertheless, WF10 swelling rate is slightly
better when exposed to ethanol compared to the swelling rate in the presence of toluene for

which a slight film contraction is observed.

Discussions
Density and refractive index

The density change shown in Figure 33 while increasing W/F from 5 W/sccm to 10 W/sccm
and 20 W/sccm is probably the result of the introduction of carbon atoms into the film skeleton
to replace the oxygen atom in the Si-O-Si chains creating new bonds such as Si-O-C and Si-
CHo>-Si. In fact, the Si-O-Si chains that form the material skeleton of organosilicon films are
responsible of creating free volumes in the material network and decreasing the density [200].
However, the replacement of these bonds by Si-O-C and Si-CH»-Si bonds and the disorder
introduced in the films network at higher W/F values shown in our previous work [199] reduce
the proportion of free volumes in the material bulk causing the increase of the films density.
Furthermore, the refractive index enhancement with W/F can be demonstrated by the films
density increase (equation (38). due to the reduction of the free volume proportion. In addition,
the refractive index increase can be a result of another factor, which is the electronic
polarizability increase due to the incorporation of carbon atoms into the material bulk. In fact,
the incorporation of carbon atoms can generate variations on chemical bond angles in the
SiOCH films leading to reduce the number of dipole moments in the system, hence, increasing
the polarizability [117,118,201]. Accordingly, the remarkable differences in the densities and
refractive indexes between WF5 on the one hand and WF10/WF20 on the other hand confirms
the division of the soft plasma range into two groups. In fact, the weak variation in the energetic
plasma character between WF5 and WF10 enhances the PP-HMDSO films density and
refractive index by changing the film composition and reducing the proportion of free volumes
in the SIOCH film.

Gas sorption performance

The SIOCH films performance towards VOCs vapours sorption depends strongly on the

chemical composition and the structure of the films. In the WF5 material, the sorption
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selectivity between toluene and ethanol is due to the hydrophobicity difference of the films
surface shown previously [199] that gives a higher affinity towards the non-polar toluene. In
addition, the better response for toluene compared to heptane can be assigned to the molecule
size and chain length for linear hydrocarbons. We assume that the absorption of toluene into
the films is greater than the absorption of heptane, which mainly remains adsorbed on the
surface. In fact, Zheng Yang et al. concluded that alkanes lie flat on silica surface and the
molecules adsorption on the surface increases with chain length [202]. We have also studied
butane vapour sorption on WF5 sample (Figure S38in SI annex 2). Butane vapour showed good
affinity towards WF5. The butane sorbed mass was 36 mg/cm? at P/Po = 0.34 greater than
heptane sorbed mass (27 mg/cmq) at the same P/Po value. Thus, WF5 thin film revealed a better
affinity towards butane vapour than heptane because of its shorter chain length. This result is
consistent with the work of Zheng Yang et al [202].

The decrease in the toluene uptake mass and the loss of linearity of the isotherm, i.e. slower
sorption process, while increasing W/F to 10 W/sccm and 20 W/sccm suggest a toluene
sensitivity decrease for the materials elaborated at higher plasma energy. In fact, the reduction
of the free volumes proportion detected in the density section weakens the toluene sorption
process. In addition, the formation of Si-OH bonds on the surface at higher W/F favours a rapid
water adsorption on the surface and can be detrimental for toluene sorption [5]. These chemical
and physical modifications can explain also the loss of the selectivity between toluene and
ethanol vapours shown especially in the WF20 deposit. Furthermore, the weak hydrophobicity
of WF20 compared to the two other samples and the large size of heptane molecule result in
lower sorbed masses compared to ethanol and toluene. As mentioned before, alkanes lie flat
on the silica surface [202]; this conclusion can explain the low penetrated masses of heptane
compared to toluene in all the PP-HMDSO thin films.

Similarly, the ellipsometry coupled to sorption results reveal a loss of the swelling rate during
toluene sorption for WF10 and WF20 indicating a weak affinity towards toluene vapour. In
fact, the material density increase and the chemical composition modifications observed in
WF10 and WF20 prevents the film swelling leading to a decrease in the gas vapours penetration
into the material. In addition, the swelling phenomenon can be linked to the crosslinking degree
of the films and the bonds chemical composition. In fact, a low crosslinking rate induces the
swelling of the polymeric chains [197]. Furthermore, the flexibility of the Si-O-Si chains
facilitates the penetration ability of VOCs, unlike Si-O-C chains that are less flexible. Hence,

the low films swelling rate can suggest an improvement in the WF10 and WF20 hardness
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provoked by the structural and chemical deformation of the films network shown in Dakroub
etal.[197,199,201]. On the other hand, we assume that the decrease in the WF10 film thickness
while exposed to toluene vapour is due to the absence of the free volume that prevents toluene
vapour absorption and a less rigidity of the WF10 film compared to WF20. Finally, the
ellipsometry coupled to sorption results are in accordance with QCM results showing a better

affinity for WF5 towards toluene vapour compared to ethanol vapour.

Conclusion

In a previous work, we determined the effect of the plasma energy on the chemical composition
and structure of the PP-HMDSO thin films. In the present article, physical properties such as
refractive index and density of the films were presented. In addition, the effects of the materials
chemical composition and the physical properties on the sorption of VOCs vapours were also

investigated.

In conclusion, the plasma energy governs the density of the films In fact, the films free volumes
proportion decreases while increasing the plasma energy leading to a denser material due to the
formation new bonds such as Si-CH»-Si and Si-O-C in the film structure. The chemical
composition modification shown previously and the density variation with the plasma energy
affect both the sensitivity and the sorption selectivity of the materials towards the VOCs. In
fact, the PP-HMDSO thin films elaborated in this study, showed different responses towards
tested VOCs vapours (ethanol, heptane, toluene) despite the small plasma conditions variation
between WF5, WF10 and W20 (5 W/sccm to 20 W/sccm). The WF5 showed good sensitivity
towards toluene and good sorption selectivity between toluene and the other tested VOCs
compared to the WF10 and WF20 deposits. This is due to a low density and high hydrophobicity
(= 103° detected previously in [199]) of the WF5 material as well as a high SiOSi bonds amount
in the PP-HMDSO network.

Finally, chemical and physical properties play important roles in the vapours sorption into the
organosilicon films. A combination of surface hydrophobicity and free volumes size (density)
should be optimized in order to achieve a good sensitivity/selectivity to toluene (BTEX) vapour
compared to other VOC:s.
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Appendix A. Supporting Information
Elemental composition of the thin films.
Film thickness effect on sorbed masses.
Butane vapor sorption into PP-HMDSO thin films.
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Elemental composition:

Table S18 illustrates the elemental compositions of the PP-HMDSO thin films determined by
EDX. WF5, WF10 and WF20 reveal a very close elemental composition. Indeed, these deposits
were elaborated in soft/intermediate plasma energy [199]. Accordingly, the mean value of the
elements percentages was calculated and presented in Table S18. The mean elemental
composition shows a composition close to conventional PDMS on the contrary of the film
elaborated in high plasma energy (reported from [1]) which illustrates a replacement of some
oxygen atoms by carbon atoms in the material bulk. These EDX results are consistent with the

chemical characterization results obtained previously [199].

Table S18: Elemental composition of the PP-HMDSO deposits

Conventional WF5 WF10 WF20 Mean values WF130
PDMS (Hard
conditions)
% C 50 52.9 51.0 52.6 52.2+0.8 58.2
% O 25 21.1 23.0 23.0 22.4+0.8 16.4
% Si 25 26.0 26.0 24.4 25.4+0.7 25.4
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Gas sorption performance

Film thickness effect on toluene sorption:

Figure S37 shows the responses of three WF5 films elaborated at different thicknesses (120 nm,
220 nm and 345 nm) towards toluene vapor studied by QCM. The obtained uptake mass values
of each sample are divided by its film thickness. The three isotherms reveal a quite similar
evolution while increasing P/P0O. Thus, we can assume that the uptake mass increases linearly
with film thickness indicating that the toluene vapor is not only adsorbed on the surface but it
is also absorbed by the whole film thickness. However, the distribution of the toluene molecules
into the film matrix remains unknown, it can be diluted homogeneously or in a gradient

concentration from the surface to the bulk.
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Figure S37: QCM Toluene sorption isotherms (25°C) for the WF5 deposit elaborated at different thicknesses 100

nm, 200 nm and 300 nm.

Butane vapour sorption:

Figure S38 shows the QCM isotherms of heptane and butane vapours sorbed in the WF5
deposit. The butane vapour isotherm reveals a maximum value of P/Py equal to 0.34. In fact,
the butane absolute pressure was fixed at 1 bar for security reasons because the room in which
was installed the gas-tight QCM setup under vacuum was not adapted to over pressures of
explosive gases. Despite the short range from vacuum op to P/Po = 0.4, the butane isotherm
shows higher sorbed masses than the heptane isotherm indicating a better sensitivity for WF5
to butane vapour than to heptane vapour. This affinity is due to the size of the butane molecule
which is shorter than the heptane one, allowing a better penetration of the butane molecules

into the material bulk.
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Figure S38: QCM sorption isotherms (25°C) showing the evolution of heptane and butane vapours mass uptake
with P/PO for WF5
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In Chapter 3, we have determined the plasma energetic character (Yasuda parameter) effect on
the PP-HMDSO chemical composition and structure. In chapter 4, we have completed the PP-
HMDSO chemical structure investigation by some physical properties such as density and
refractive index. In addition, the main objective of this work was to reveal the effects of the
materials chemical composition and physical properties on the VOCs sorption for gas sensing
applications. As a result, the plasma energy affect the density of the films. In fact, at high plasma
energy, the elaborated materials are densified due to a reduction in the materials free volumes
proportion. Furthermore, the VOCs sensitivity and selectivity are strongly dependent on
materials chemical composition and physical properties. The WF5 deposit elaborated in the
softest plasma showed the best sorption performances towards the VOCs with a good sensitivity
and toluene selectivity compared to other VOCs. Therefore, this work allowed us to outline

among a wide range of PP-HMDSO membranes, the one with the best sorption performances.

The objective of the next chapter is to improve the response of the chosen material towards the
BTEX vapors in order to achieve a better sensitivity/selectivity compared to other VOCs. The
chosen material will be thermally treated under different atmosphere conditions in order to
enhance its sorption performance. The sorption results will be studied function of the annealing
atmosphere using QCM and ellipsometry coupled to sorption. In addition, this work will aim
to understand the vapors sorption mechanism into the whole PP-HMDSO film. In other words,
the objective of this work is to optimize the PP-HMDSO membrane for potential application in

a portable BTEX gravimetric sensor.
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Abstract: Plasma polymerized Hexamethyldisiloxane (PP-HMDSO) thin films deposited at soft
plasma energy were developed as sensor for the detection of Benzene, Toluene, Ethylbenzene
and p-Xylene (BTEX) vapors. Thermogravimetric analyses (TGA) were performed to study the
films thermal stability. Accordingly, thermal treatments under air and nitrogen were carried out
in order to increase the free volumes in the PP-HMDSO network. FTIR spectroscopy and
Energy dispersive X-ray spectroscopy (EDX) were used to determine the thermal treatment
effect on the films chemical composition. Spectroscopic ellipsometry measurements were
performed to determine the films refractive index. Quartz crystal microbalance (QCM) and
ellipsometry coupled to vapor sorption were used to investigate the sorption mechanism of the
BTEX vapors into the films as a function of the thermal treatment atmosphere. The chemical
composition characterization showed the formation of Si-OH bonds and loss of the Si-C and
Si-H bonds after thermal treatment under air. However, the chemical composition revealed
slight modifications after treatment under nitrogen. The films refractive index decreased after
annealing due to a different chemical composition and free volumes distribution and size. The
PP-HMDSO film showed a better sensitivity to all BTEX vapors after thermal treatment and a

better selectivity compared to ethanol especially after a thermal treatment under nitrogen.

KEYWORDS: Organosilicon, BTEX, sorption, thin films, QCM, ellipsometry
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Introduction:

Air pollution becomes one of the most severe problems nowadays due to the uncontrolled
pollutant emissions derived from human activities, transport and industries sectors [1,2].
Several studies concerning the influence of the pollutant emissions on the environmental and
human health has pushed many countries to apply serious laws in order to reduce the pollutant
quantities in air or water. Volatile Organic Compounds (VOCs), especially BTEX (Benzene,
Toluene, Ethylbenzene and Xylene) are known as dangerous air and water pollutants, because
of their carcinogen and mutagenic effects [3]. In addition, they provoke hazardous threats to
human health even at low concentrations by causing diseases, harm to the liver and the nervous
system [17,19,203].

These severe problems made France in 2016 to set a limit value of 0.6 ppb for benzene in
public buildings [4]. Similarly, the Guidelines for Canadian Drinking Water quality specifies
that the maximum acceptable concentration in drinking water for benzene, toluene,
ethylbenzene and for all xylenes are 0.005 mg/L, 0.06 mg/L, 0.14 mg/L and 0.09 mg/L
respectively [204]. Therefore, the necessity of high and on site BTEX sensing devices for air

and/or water quality control as well as human health monitoring.

The existent most powerful technique for BTEX detection is the gas chromatography (GC),
permitting a very low BTEX detection limits down to ppt levels. However, this technique
reveals problems such as high cost, huge size and high-energy consumption that limits its
utilization for in-situ detections by samples collecting and off-line analysis. Other techniques
such as optical sensors have gained interests recently for gas detection applications due to their
high sensibility, sensitivity and stability. In addition, these techniques have showed a real time
detection ability due to their relatively short time response. However, the gas detection
application of the optical sensors can be seriously restricted due to their high cost and the
difficulty of miniaturization. Furthermore, for hydrocarbon gases detection, the use of a
broadband source in the mid-IR can reduce the selectivity between hydrocarbons, and thus the
selective detection of BTEX. In fact, some hydrocarbons gases have absorption bands in the
same spectral region and the use of a mid-IR system will often detect other hydrocarbons [205—
207]. Several other technologies have been studied in order to detect and monitor BTEX
vapours on a real time basis such as metal oxide semiconductors and gravimetric sensors
[55,208]. Metal oxides semiconductor sensors are good devices for VOCs and BTEX detection.

The detection principle of these devices is based on the conductivity change during the

129



Chapter 5. Article 3

interaction with the targeted molecules. These devices type presents many advantages such as
high sensitivity, low detection limits, real-time detection and low power consumption
[53,190,191,209]. However, despite all the cited advantages, these devices based on metal
oxides show poor selectivity between the VOCs. In addition, these devices require high
operating temperatures due to the water adsorption on the surface especially in humid

atmosphere [10].

Gravimetric or mass sensitive sensors are other promising techniques for gas detection due to
their high sensitivity and selectivity. These devices are electromechanical systems and their
detection principle is based on measuring the frequency shift caused by a mass increase due to
the sorption of the targeted analytes. In this context, the most widely used electromechanical
device is the quartz crystal microbalance (QCM). This system is widely used in VOCs detection
applications due to its low cost and its capacity of measuring small mass variations on the

nanogram scale [210-212].

In a previous work, we have characterized, using a gravimetric sensing technique (QCM),
toluene and ethanol sorption on different organosilicons thin films [article 2] that had been
previously elaborated by Plasma-Enhanced Chemical Vapor Deposition (PECVD) and
morphologically and structurally characterized [199] . The film deposited in the softest plasma
conditions had revealed the higher sensitivity to toluene and a good selectivity to toluene

compared to ethanol.

In this paper, the previously optimized deposit has been thermally treated under air and nitrogen
in order to improve its response towards all BTEX vapours. Fourier transform infrared (FTIR)
and Energy-dispersive X-ray spectroscopy (EDX) characterizations are carried out in order to
determine the chemical composition before and after annealing. Ellipsometry measurements
are performed to determine the refractive index change after annealing. Furthermore, the films
responses towards the targeted analytes and the sorption mechanism are investigated using
QCM and ellipsometry coupled to sorption. In addition, a comparison between the different
BTEX vapours sorption is illustrated. More globally, this work illustrates an optimized and

promising organosilicon material for BTEX gravimetric sensing applications.
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Materials and methods

Thermal treatment:
Two samples of plasma-polymerized thin film, synthesized in a microwave PECVD discharge

at 20 W input power and 4 sccm Hexamethyldisiloxane (HMDSO) flow rate [referenced WF5
in article 1 and 2], were annealed at 300°C under air or nitrogen atmospheres. The temperature
heating rate was constant at 5 °C.min! from room temperature up to 300°C where a plateau of

15 minutes was maintained before cooling.

Characterization methods:
Thermogravimetric analyses (TGA) of annealed WF5 films were carried out on a TGA-STD

Q600 apparatus in order to display the optimal atmosphere and annealing temperature. The
samples were purged with nitrogen or air flow rate of 100 ml.min™. The temperature heating
rate was constant at 5 °C.min** from room temperature up to 1000 °C. The samples weights
were 5 mg for the sample purged with nitrogen flow and 10 mg for the sample purged with air

flow.

The FTIR spectra were registered at room temperature in transmission mode between 400 and
4000 cm™ using a Nicolet NEXUS spectrometer with a scanning velocity of 0.4747 cm/sec. The

background signal of the silicon wafer (support) was subtracted from all the spectra.

Energy dispersive X-ray spectroscopy (EDX) analysis were carried out on a Silicon Drift
Detector (SDD), (X-MaxN, Oxford Instrument) in order to determine the samples elemental
composition. A dispersion on the results was estimated by the analyses of 4 different areas on

the film. This dispersion was close to 0.1%.

X-ray reflectometry analysis (XRR) was carried out using a Bruker D8 diffractometer with Cu
Kal (A=0.154056 nm) radiation. Standard 6—26 scans for the data collections were taken from
260 = 0 to 4° with an angular resolution of 0.002°. XRR measurements determine the calculated
limit angle of total reflection (critical angle) ©c leading to the calculation of the electronic

density (pe) using (39):

A%r,

O, = Tpe

(39)

Where A is the wavenumber and rg is the electron radius.
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The mass density (pm) of the samples was deduced from equation (40) using the
elemental composition obtained by the EDX measurements and the electronic density (pe)
calculated in equation (1).

2 GiA;

Where C; is the number of an element j in the chemical formula (deducted from the elemental
composition analysis), Aj its atomic mass, Zj its atomic number and Na is the Avogadro number.
The estimated error of the density value is + 0.03 g/cm®. This error is due to the zero-point error
(sample height and/or goniometer) and the unknown hydrogen content which is needed to

convert the electron density to the mass density.

QCM measurements for gas sorption and desorption were performed on an Maxtek TM-
400 apparatus. WF5 thin films were deposited on an AT-cut gold covered quartz (6 MHz). The

quartz temperature was fixed at 25°C during the measurements using a water circulation system.

The Frequency variation (Af') of the coated quartz between t and to was measured in MHz. Af

was linked proportionally to the mass variation (Am) due to gas vapour sorption or desorption

according to Sauerbrey equation (41):

v Pqlq

Am = — SA
m ZfOZ f (41)

Where pq and g are the density (pg= 2.65 g.cm™®) and the shear modulus (pq = 2.947x10"!
g.cm 1.s72) of the quartz respectively, S is the surface area of the deposited film (0.5 cm?) while
fo represents the resonant frequency (6 MHz). The thin film mass density can be neglected
compared to the quartz mass density. Therefore, we have considered that the density of the
coated quartz is equal to the density of the pristine quartz (pq). Am corresponds to the sorbed
vapour mass uptake msorbed by the thin films since the mass of both the quartz and the films are
constant. Therefore, the mass uptake (msormed) OF the deposited thin films was measured using

equation (42):

—A
f 1.67 X105 x p, X S

Msorbed (P/PO) = fqz (42)

The coated quartz was placed in a chamber under vacuum in which gas vapours were introduced

systematically up to their saturated vapour pressure value at room temperature. The collected
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data were converted into mass uptake using equation (42) and Msorbed(P/Po) isotherms were

drawn.

Thin films refractive index and thickness were determined by spectroscopic ellipsometry
(Semilab GES5E) at atmospheric pressure. The angle of incidence was fixed at 70° and the
collected data range was from 1.2 to 4.5 eV. The refractive index was measured at 633 nm. The
data were fitted using a composition of Cauchy transparent dispersion law and a Lorentz
absorption term towards the UV range. The fit quality exceeds 0.99 in the full range for all the
depositions. In situ Ellipsometry coupled to vapours sorption measurements [150] were
performed by exposing the WF5 thin films to toluene or ethanol vapour pressure. These
measurements allow determining the evolution of the films refractive index and thickness

during vapours sorption.

The samples were placed in a homemade optical cell equipped with a pressure and temperature
control systems. The cell was initially pumped under primary vacuum before the introduction
of any adsorbate. Toluene or ethanol gas vapours were introduced into the pumped cell

gradually up to its saturation pressure.

Results and discussion:

Thermal analysis:
The TGA of WF5 deposits under both air and nitrogen flows are shown in Figure 39.

Comparison of thermal degradation of the film in the presence of air or nitrogen provide some
highlights on effects of each degradation condition.

105 ] —— WF5 nitrogen flow
100 - — WF5S air flow

95—-
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85—-
80—-
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Figure 39: TGA of WF5 films under nitrogen flow (blue line) and under airflow (red line).
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The TGA curve under air flow shows a slight mass gain that begins near 221°C which is absent
in the TGA curve under nitrogen flow. We assume that this mass gain is due to the replacement
of carbon and hydrogen atoms by oxygen atoms consecutive to Si-C and Si-H bonds cleavage
(i.e. oxidation of some Si atoms). In fact, the IR spectrum of WF5 annealed at 250°C in the
presence of air (Figure S46 in Sl annex 3) reveals the rise of a broad absorption band between
3300 cm™ and 3800 cm™ that is assimilated to Si-OH bonds as well as a decrease in the intensity
of the Si-H and Si-C bonds. The absence of this mass gain in the TGA curve under nitrogen is
simply due to the absence of oxygen in the nitrogen atmosphere. The major mass loss appearing
at 300-350°C in the both TGA curves can be attributed to the cleavage of the Si-H and Si-C
bonds. Since the Si-O-Si bonds form the backbone chains of the films, the residue left at 500°C
can be assimilated to silica as shown also in the TGA curve of PDMS [213]. However, the TGA
curve under nitrogen flow reveals a shift to higher temperatures for the beginning of this major
mass loss compared to the TGA curve under airflow. This is due to the presence of oxygen
under airflow that accelerates the degradation of the WF5 film causing a faster weight loss.
Based on the TGA analyses, the annealing temperature was chosen in the interval between
250°C and 350°C. After several attempts, the optimal annealing temperature was selected at
300°C for both atmospheres.

Chemical composition:
Figure 40 shows the FTIR spectra of WF5 films before and after thermal annealing. As shown

in our previous work, the FTIR spectrum of non-annealed WF5 shows strong absorption bands
at 2960 cmt, 2900 cm™ (Figure 40c) 2140 cm™ (Figure 40b), 1257 cm™, 1010-1090 cm™, 840
cmtand 795 cm™ (Figure 40a). The absorption bands at 2960 cm™, 2900 cm™ and at 2140 cm’
! correspond to CHs, CH. and Si-H stretching vibrations, respectively. The sharp absorption
band located at 1257 cm™ represents the CHs symmetric bending in SiMex (Me used as
abbreviation for the methyl bond CHz). In addition, the wide absorption band shown in Figure
40a represents the Si-O-Si stretching vibrations and it is composed of two bands present near
1030 cmand 1090 cm™. This wide absorption band can also envelope the Si-O-C asymmetric
stretching present near 945 cm™. Moreover, the Si—-CH.-Si absorption band is usually observed
between 1080-1040 cm?, but for organosilicon coatings this peak is probably masked by the
Si-O-Si band [119,172]. The peak centred at 900 cm™ (Figure 40a) can be referred to O-Si-H
bonds [214]. The absorption bands located at 840 cm™ and 795 cm™ are attributed to CHjs

rocking vibrations in SiMes and to CHz rocking vibrations in SiMe; respectively.
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Figure 40: FTIR spectra of WF5, WF5 annealed under air and WF5 annealed under nitrogen flow in the a) 600-
1320 cm! b) 1850-2500 cm™ ¢) 2750-3800 cm™* ranges

Figure 40 also presents the FTIR spectra of the annealed films. The WF5 annealed under
nitrogen spectrum reveals slight modifications compared to the non-annealed material. The
intensity decrease of the Si-Mey, Si-Me2 and Si-Mez absorption bands can be explained by the
cleavage of some Si-C bonds after annealing. In addition, the slight modification in the Si-H
peak and the decrease in the O-Si-H absorption band intensity suggests a cleavage of some Si-
H bonds after thermal treatment. However, the FTIR spectrum of the WF5 annealed under air
illustrates remarkable modifications compared to the non-annealed WF5 and the WF5 annealed
under nitrogen flow. The important intensity decrease of the Si-Mex, Si-Mez, Si-Mez and C-Hx
absorption bands and the drop in the Si-H and O-Si-H intensities are due to the Si-C and Si-H
bonds cleavages respectively. Furthermore, the shift and the broadening shown of the Si-O-Si
absorption band is probably due to the decrease in the Si-O-C peak intensity present near 945
cm and the appearance of a Si-O-Si band at 1100 cm™ that can be assimilated to a SiOx
structure. In addition, the new flat absorption band appeared between 3300 cm™ and 3800 cm
s attributed to Si-OH bonds. In fact, the important carbon amount elimination and the
introduction of oxygen atoms observed in the WF5 annealed under air are due to the presence
of the oxygen atoms in the air that favours the cleavage of Si-C/Si-H bonds and the formation
of Si-O bonds. These variations are not shown in the WF5 sample annealed under nitrogen due

to the absence of oxygen atoms in the nitrogen atmosphere.

135



Chapter 5. Article 3

Figure 41 represents the elemental composition of the WF5 without and after annealing. The
carbon percentage decreases slightly after annealing under nitrogen and strongly after annealing
under air. Parallel, the oxygen percentage increases simultaneously with the carbon percentage
decrease especially after a thermal treatment under air. However, the silicon percentage remains
constant in the three samples. These modifications insure the oxidation of the material after
thermal treatment under air by replacing some carbon atoms with oxygen atoms, which is

consistent with the TGA and FTIR observations.
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Figure 41: Elemental composition of the PP-HMDSO films without and after annealing

Refractive index:
The refractive index of the WF5 films without annealing, after annealing under nitrogen flow

and air flow are presented in Figure 42. The films refractive index decreases from 1.53 for the
as-deposited film to reach 1.50 and 1.47 for the deposits treated under nitrogen flow and airflow,

respectively.
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Figure 42: The refractive index of the non-annealed and annealed PP-HMDSO films

This refractive index decrease is probably due to the physical properties and/or chemical
composition change after annealing. In fact, the thermal treatment under nitrogen can enhance
the free volumes proportion leading to an increase of the chains spacing. Besides, the chains
spacing increase can generate a refractive index decrease, since it is directly related to the
dielectric constant of the film i.e. refractive index (e=n? in the visible optical range, n being the
refractive index and ¢ is the dielectric constant). This phenomenon can be explained by the
slight film swelling after annealing (around 3%) that was detected by ellipsometry (Figure S47

in SI, annex 3).

Furthermore, the important refractive index reduction observed after thermal treatment under
air is also due to the incorporation of oxygen atoms shown in the chemical composition section.
In fact, the oxygen atom incorporation into the films decreases the electronic polarizability due

to bonds angle variations [117,118,201] leading to a decrease of the refractive index value.

Parallel to the refractive index decrease after annealing, one could expect a decrease of the films
mass density with annealing. Now, the mass density values calculated are 1.38 g/cm?®, 1.40
g/cm?® and 1.45 g/cm? for the as-deposited, nitrogen-annealed and air-annealed respectively
(almost falling within the estimated error range + 0.03 g/cm?®) do not reveal a noticeable effect
of annealing on this textural parameter. However, we can depict a tendency of density increase
after annealing under airflow. In fact, even if the annealing makes globally increase chains
spacing, the introduction of voluminous oxygen atoms is detrimental to the films density.

Consequently, both effects compensate explaining the weak density variation.
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Gas sorption:
Figure 43 shows the response of the WF5 thin films towards BTEX and ethanol vapours

measured by Quartz crystal microbalance (QCM). The mass uptake value is obtained from the
frequency shift measured by QCM using equation (41) and it represents the sorbed vapour mass
by the thin films. The mass uptake error shown on each isotherm was taken as the standard
deviation over three repeated measurements. As observed in Figure 43, the gas vapours mass
uptake increases with the increase of the relative pressure P/Po for all the samples, Po being the
saturated vapour pressure at the temperature of the quartz which is stabilized at 25°C. Figure
43 reveals fewer modifications after air annealing than after nitrogen annealing which explains

the order of analysis followed.
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Figure 43: QCM measurements at 25°C showing the evolution of BTEX and ethanol vapour mass uptake for a) WF5 without
annealing b) WF5 annealed at 300°C under air ¢) WF5 annealed at 300°C under N2 flow

Figure 43a illustrates the QCM results for the as-deposited film. A better sensitivity towards
BTEX vapours is shown, compared to the sensitivity towards ethanol vapour. Indeed, this
selectivity is explained by the hydrophobicity of organosilicon materials [199] surface that
gives the films a higher affinity towards non-polar molecules (such as BTEX) compared to
polar molecules (such as ethanol). Furthermore, the non-annealed WF5 sample shows a
noticeable better affinity for benzene and toluene than for ethylbenzene and xylene. We assume
that this selectivity is due to the difference in the BTEX molecules sizes. Therefore, we have
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simulated all the BTEX molecules using DFT calculations (calculation details shown in Sl,
annex 3). After the geometry optimization, we have depicted the molecules size by measuring
the distance between the most two distant atoms in each molecule (Figure S48 in Sl annex 3).
The measurements show that the molecules lengths for benzene, toluene, ethylbenzene and
xylene are 4.95 A, 5.89 A, 7.21 A and 6.95 A respectively (estimated error between 0.01 and
0.02 A). Thus, the size of the xylene and ethylbenzene molecules is quite similar and slightly
larger than benzene and toluene molecules size. We can conclude that the penetration of the
smaller molecules (benzene and toluene) is easier than the larger ones (ethylbenzene and
xylene) despite the small differences between their size (all molecules are based on a single
benzene ring). In fact, this difference can be significant since the free volume of polymer

membranes such as PDMS is considered to be close to 5 A [197].

The responses of the deposited films annealed at 300°C under air towards BTEX and ethanol
vapours are shown in Figure 43b. The mass uptake at 0.8 P/Po for toluene/benzene increases
from 3.1 pg/cm? to 5.8 pg/cm? and for ethylbenzene/xylene from 2.4 pg/cm?to 4.1 uglem?,
when compared to the non-annealed film. We assume that this remarkable increase in the
sensitivity of the annealed materials towards BTEX vapours is due to the slight expansion of
the material network after annealing (swelling of 2% after annealing detected by ellipsometry)
that can increase the free volumes size in the material resulting in higher BTEX sorbed masses.
Moreover, the selectivity between toluene/benzene and xylene/ethylbenzene is preserved after
annealing. This selectivity preservation proposes a slight free volumes size expansion after
annealing in such a way that the toluene/benzene molecules penetration in the films remains

more favourable than the xylene/ethylbenzene molecules one. Furthermore, the ethanol sorbed
mass also increases from 1.8 pg/cm? to 2.5 ug/cm? after annealing under air. This ethanol
sensibility improvement can be explained by the incorporation of oxygen atoms in the material

bulk shown in the chemical composition section (especially the SiOSi band shift and

enlargement) and a consecutive increase in the polarity of the material.

Figure 43c presents the QCM results for the deposited film annealed at 300°C under nitrogen
flow. Similarly, the mass uptake value of toluene/benzene vapours at 0.8 P/Pg increases after

annealing to attend 6 pg/cm?. In addition, the mass uptake of xylene/ethylbenzene improves to

attend 5 pg/cm? at 0.7 P/Po. Beside the material network expansion mentioned above, this

sensitivity improvement could be a result of the cleavage of some Si-(CHs3) bonds after

annealing under nitrogen. In fact, several works showed that the high presence of methyl bonds
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does not favour the sorption of BTEX vapour, thus a compromise between these bonds amount

and the surface hydrophobicity should be taken into account [5,6,169].

However, the selectivity between BTEX vapours is lost i.e. identical isotherms are observed
for all BTEX vapours. This selectivity loss is probably due to the obtaining of a more expanded
material after annealing under nitrogen leading to an easier penetration of the larger BTEX
molecules (ethylbenzene and xylene). In fact, the free volumes size enlargement is stronger at
a thermal treatment under nitrogen than a thermal treatment under air because of the oxygen
atoms absence in nitrogen atmosphere. In other words, the presence of the voluminous oxygen
atoms (such as Si-OH bonds) in the material annealed under air can reduce the free volumes

size compared to a material annealed under nitrogen.

Table 19 illustrates the selectivity ratio between BTEX and ethanol vapours for each sample.
The selectivity ratio being the ratio between the BTEX vapours uptake mass and the ethanol
vapour uptake mass at a fixed P/Po (0.7). Since the QCM results divided the sorption behaviour
of the BTEX vapours into two groups, we have chosen toluene vapour as representative of
toluene/benzene group and ethylbenzene as representative of ethylbenzene/xylene group in
Table 19.

Table 19: Vapours selectivity calculated by the ratio of the mass uptakes at a same P/P0

AM Toluene / AM Ethanol AM Ethylbenzene / AM Ethanol
at P/Po=0.70 at P/Po = 0.70

WEF5 1.7 1.38

WF5 300°C Air 2.09 1.56

WEFS5 300°C N2 4 4.2

The selectivity ratios between BTEX and ethanol increase after annealing especially under
nitrogen. In fact, the thermal treatment under air ameliorates the BTEX sorption due to a less
compact material after thermal treating. However, the replacement of some carbon atoms by
oxygen atoms into the material network can improve the ethanol vapour sensitivity due to a
change in the material hydrophobic behaviour. Thus, the selectivity ratio increase is limited
after annealing under air. On the other hand, the selectivity ratios between BTEX and ethanol
vapours rise strongly after a thermal treatment under nitrogen flow. In fact, this selectivity
improvement is due to a less compact material and to the absence of the oxygen atoms

incorporation in the film.
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Figure 44: Thickness (black lines) and refractive index (blue lines) evolution of the non-annealed WF5 deposit while
exposed to toluene (filled square) and ethanol (empty square) vapours

The film swelling (considered as the thickness increase occurred in the perpendicular direction
to the substrate) and the refractive index change of the WF5 deposit without annealing when
exposed to toluene and ethanol vapours are shown in Figure 44. The film thickness increases
with P/Po during the sorption of both ethanol and toluene vapours. However, the swelling of the
WEF5 film is slightly higher when exposed to toluene vapour compared to the ethanol vapour.
Thus, the toluene molecules sorption into the film is better than ethanol molecules sorption for
all the P/Pg values. Indeed, as shown in the QCM section (Figure 43), the WF5 deposit shows
a higher affinity to toluene compared to ethanol due to the hydrophobic character of the WF5
film. The remarkable refractive index increase between 0.0 and 0.2 P/Po shown in Figure 44 is
due to the free volumes (~microporosity, type | isotherm according to IUPAC) filling by
toluene molecules during sorption. Whereas, the slight refractive index increase during ethanol
vapour sorption (compared to toluene) can be explained by a weak free volumes filling i.e.
weak affinity (due to material hydrophobicity), which is confirmed by the low film swelling

when exposed to ethanol vapour.

Figure 45a and Figure 45b illustrates the thickness evolutions of WF5 annealed under air and
WEF5 annealed under nitrogen respectively during toluene and ethanol sorption. Both samples
reveal a noticeable swelling (thickness enhancement) during toluene sorption up to 10% for
WEF5 annealed under air and 9% for WF5 annealed under nitrogen. This remarkable increase
compared to the non-annealed deposit reveals a better penetration of toluene molecules into the
material bulk due to the expansion of the film network after annealing. In addition, both samples

reveal also a film swelling when exposed to ethanol vapour. However, WF5 annealed under air
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illustrates a higher swelling rate during ethanol vapour sorption (around 6.5%) compared to
WEF5 non-annealed and WF5 annealed under nitrogen flow as shown in Figure 45a. Thus, WF5
annealed under air shows a better sensitivity towards ethanol vapour compared to the two other
samples due to the incorporation of oxygen atoms in the material that improves its affinity
towards ethanol molecules. As a result, the two annealed samples indicates a better affinity to
toluene vapour compared to ethanol vapour due to their hydrophobic behaviour (WCA = 95°).
Whereas, WF5 annealed under nitrogen indicates the higher selectivity between toluene and
ethanol vapours due to its larger free volume size and its weak affinity towards ethanol vapour,

which is consistent with the QCM results.
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Figure 45: Thickness (black lines) and refractive index (blue lines) evolution of the a) WF5 annealed under air b) WF5
annealed under nitrogen flow, while exposed to toluene (filled square) and ethanol (empty square) vapours
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Figure 45 also presents the variation of the refractive index during toluene and ethanol vapours
sorption. At small P/Po, the refractive index rises when exposed to both vapours knowing that
it is higher during toluene sorption. We should mention that during toluene sorption, the brutal
refractive index increase between 0.0 and 0.25 P/Po is probably due to the filling of the free
volumes sites occurred in this domain, which can be assimilated to the filling of microporosity
shown in [151]. However, this phenomenon is visible in ellipsometry coupled to sorption
because the sample was efficiently desorbed (turbo-molecular pump) compared to the QCM
measurements (primary pump, less efficiency). As observed, this free volume filling is
accompanied with a moderate swelling between 0.0 and 0.25 P/Po. Once the sites are filled with
toluene (near 0.25 P/Py), the swelling becomes more severe to attend higher percentages. Thus,
the important films swelling generates a decrease in the global density of the films impregnated
with the probe, which causes a decrease in the refractive index as shown in Figure 45. This
phenomenon is not visible in the WF5 non-annealed sample (Figure 44) due to the weak film
swelling. We assume that the toluene absorption is poor in the non-annealed sample. On the
contrary, after annealing toluene molecules penetrates better in the whole film. The refractive
index variation phenomenon is also shown in the WF5 annealed under air sample when exposed
to ethanol vapor. In fact, this sample shows a high affinity to ethanol compared to the other
samples. Therefore, the ethanol penetration in the material bulk is stronger. However, the
refractive index decrease begins at higher P/Po values compared to toluene. This is due to the
faster filling of toluene molecules into the free volumes sites compared to ethanol. In fact, the
toluene fast filling is due to the film better affinity towards toluene compared to ethanol and
due to the high toluene molecular volume compared to the ethanol molecular volume. However,
the refractive index of the sample annealed under nitrogen increases between 0.0 and 0.25 P/Pg
and remains constant during ethanol sorption. This is due to the low film swelling that signifies
a weak ethanol molecules penetration, thus a poor affinity. The global refractive index
measured is a combination of the material and the penetrated probe refractive indexes, which
explains the lower final global refractive index during ethanol sorption compared to toluene
sorption (Figure 45a). This result is not observed in the WF5 annealed under nitrogen sample

due to the slight ethanol penetration into this material.

Finally, we can describe the sorption mechanism of toluene in the annealed films by three steps:
First, the brutal refractive index increase indicates the rapid adsorption of toluene molecules on
the material surface (between 0.0 and 0.1). The second step, where the refractive index increases

very slowly or remain constant (Figure 45b) corresponds to the required time for the toluene
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molecules to cross the surface layer towards the bulk of the film (between 0.1 and 0.25). Finally,
the third and last step, where the refractive index decreases corresponds to the film swelling

allowing the penetration of additional probe mass.

Conclusion
In a previous work, we have determined the effect of the chemical composition and structure

of the PP-HMDSO thin films on the sorption of VOCs vapors. In the present article, the deposit
elaborated in the softest plasma conditions was thermally treated under air and nitrogen
atmospheres in order to investigate its sorption of BTEX vapors in comparison to as-deposited
films. A thermal study was carried out for the PP-HMDSO film to determine the optimal
annealing temperature. Furthermore, the chemical composition of the treated samples was
investigated and compared to the non-treated one. Physical properties such as refractive index
and density of the films were also presented. In addition, the sorption mechanism of the PP-
HMDSO films and the effects of the thermal treatment on the sorption of BTEX vapors were

also investigated.

In conclusion, the thermal treatment modifies the chemical composition of the films especially
under air flow. In fact, the percentage of oxygen atoms increases in the sample treated under
air due to the formation of Si-OH bonds and the cleavage of some Si-C and Si-H bonds.
However, the sample treated under nitrogen did not show important chemical composition
modifications. The refractive index of the films decreased after thermal treatment due to the
chemical composition change. Also, it can be linked to the modifications of the free volumes
size and distribution after treatment. The chemical composition modification shown previously
and the probable density variation after treatment affect both the sensitivity and the selectivity
of the materials towards BTEX vapors. In fact, the PP-HMDSO thin films showed good
sensitivity to all BTEX vapors compared to ethanol. After thermal treatment, the material
sensitivity towards all BTEX increased strongly. As well, the material sorption selectivity to
BTEX vapors compared to ethanol increased after treatment especially under nitrogen flow.
This is due to a probable material density increase and to the oxidation of the material occurred
after annealing under air that reduces its hydrophobicity. Finally, the selectivity ratio of sorption
BTEX/ethanol is over 4 after the thermal treatment under nitrogen whereas the ration is only

1.5-2 depending on the BTEX vapor after the thermal treatment under air

Obviously, chemical and physical properties play important roles in the sorption of BTEX

vapors into the organosilicon films. The sensitivity and the selectivity of the material were
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improved after treatment due to an optimization of chemical composition, surface

hydrophobicity and free volumes proportion/size. This work can be step forward towards the

manufacturing of a novel BTEX gravimetrical sensor.

146



Chapter 5. Article 3

Annex 3: Supplementary Information of article 3
(chapter 5)

Plasma polymerized organosilicon thin
films for BTEX sensors applications

Ghadi Dakroub?, Thomas Duguet!, Corinne Lacaze-Dufaure®, Stéphanie Roualdes?,
Arie Van der lee?, Diane Rebiscoul’, Vincent Rouessac®”.

L CIRIMAT, Université de Toulouse, CNRS, INP- ENSIACET 4 allée Emile Monso -
BP44362, 31030 Toulouse cedex 4 - France.

2 Institut Européen de Membranes, IEM UMR 5635, Univ Montpellier, ENSCM,
CNRS, Montpellier, France

3 ICSM-UMR 5257 CEA-CNRS-UM- ENSCM, CEA, Bagnols-sur-Céze, France

Thermal treatment at 250°C under air

Figure S46 show the FTIR spectra of the WF5 deposit without annealing and the WF5
after annealing at 250°C under air. The results show an intensity increase of the broad peak
between 3200 cm™ and 3800 cm™ assimilated to the Si-OH absorption band. In addition, the C-
Hx, Si-H and the chain terminations Si-Mez absorption bands reveal a decrease in the intensity
after the thermal treatment. These modifications indicate an oxidation of the deposit by the
cleavage of some hydrocarbon and Si-H bonds, and the formation of Si-OH bonds.
Furthermore, the increase and the broadening of the Si-O-Si absorption band after annealing

indicate the possible formation of thermal Si-O-Si chains.
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Figure S46: FTIR spectra of the WF5 as-deposited (black line) and annealed at 250°C under air.

Film swelling after annealing

Figure S47 represents the WF5 film swelling after annealing under nitrogen and air. In
order to measure accurately the film thickness variation, the measurements were done before
and after annealing on the same area on the sample. The results show an increase of 3% in the

film thickness after annealing under both atmospheres. This thickness increase is probably a

result of the film free volumes expansion after annealing.
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Figure S47: WF5 film swelling after thermal treatment
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BTEX molecules calculations

The BTEX molecules geometry optimization was done by DFT calculations in Gaussian
09 package [156]. The B3LYP hybrid functional [215,216]was used with the def2TZVP basis
set[152,153]. The NBO population analysis was chosen to determine the atomic charges [157].
After the geometry optimization the molecules size was determined by measuring the most two
distant atom in the molecule. Figure S48 shows an example on how the p-xylene molecule size

was measured after the geometrical optimization.
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Figure S48: p-Xylene molecule size measurement
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General conclusion

The objective of this work was to elaborate plasma organosilicon thin films for the
detection of BTEX toxic vapours. This project aims to obtain an optimized thin film that could

be integrated in the manufacturing of an on-site portable BTEX sensor.

The general notions and the bibliography discussed in the generalities chapter led us to
draw up this problematic. In fact, based on the understanding of the concept of gas/solid
interaction and thanks to the literature concerning the different types of gas sensors as well as
the materials used for sensing applications, the organosilicon thin films elaborated by plasma
deposition processes, notably PECVD, seems to be the most promising candidates for our
objective. These materials are characterized by their flexible Si-O-Si chains that facilitates the
molecules penetration. As well, their hydrophobicity favours the BTEX adsorption on the
surface and their free volumes ensures the absorption and diffusion of analytes in the polymer
network at room temperature. The great versatility of the PECVD technique for obtaining high
quality materials, notably adherent, stable and uniform polymer-like thin films with a
controllable chemical structure was also demonstrated. The interest of PECVD organosilicon
deposits for detection of VOCs mainly BTEX has been confirmed by a state of the art on gas
permeation and sensing membranes produced by this process, with a focus on the results
obtained previously by our group. In addition, thanks to the literature review concerning the
organosilicon physicochemical properties and the state of the art about the DFT-based
simulation of XPS spectra a fine characterization methodology of the plasma organosilicon

materials was built.

Experimentally speaking, a wide range of PP-HMDSO films at different plasma energy
was first synthetized in order to investigate their bulk and surface chemical compositions. The
films were elaborated using a MW-PECVD under different plasma conditions. Powerful
techniques were used to determine the bulk chemical composition such as 2°Si quantitative
solid-state NMR and FTIR spectroscopy. A combination between experimental XPS and DFT
calculations was applied in order to investigate the PP-HMDSO surface chemical composition.
It is noticeable that this work is one of very few attempts that combine DFT calculations with

experimental XPS to characterize the surface of an organosilicon complex network.
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The results have shown that the plasma energy plays a major role in the chemical
composition of the films. Under soft plasma conditions (low plasma energy), the elaborated
thin films are close to the conventional PDMS with a high concentration of SiOCz and linear
SiO2C> chains in the material bulk, while on the surface, the amount of the SiO2C> chains is
higher than the number of the SiOCs chain terminations. On the contrary, under hard plasma
conditions (high plasma energy), the elaborated materials show a disorder in the bonds
formation by the increase of the amount of Si—H and Si—CH>-Si bonds in the material bulk.
Moreover, the number of the linear SiO2C> chains that are close to PDMS decreases, while on
the surface, the SiOCs concentration increases and the SiO2C decreases. The physical
characterizations of films have shown that the plasma energy strongly affects the films free
volumes proportion in the material and thus the value of the mass density. With the plasma
energy increase, a denser material can be elaborated due to the disorder occurred in the bond
formation, in particular, the introduction of carbon atoms in the material skeleton (formation
Si-CH2-Si and Si-O-C). This fine characterization of the PP-HMDSO chemical compositions
and structure/texture, has allowed us to investigate accurately the bulk and surface physico-
chemical properties for a better understanding of the sorption phenomena of BTEX vapours

into organosilicon membranes.

The second step of the experimental study has focused on the effects of the materials
chemical composition and its physical properties on the sorption of VOCs vapours. Concerning
the VOCs sorption, the chemical composition modification and the density variation with the
plasma energy governs both the materials sensitivity and sorption selectivity towards the VOCs.
In fact, and despite the small differences in the plasma conditions between the tested PP-
HMDSO thin films (WF5, WF10 and WF20), these films have shown different sorption
performances towards three VOCs vapours (ethanol, heptane, and toluene). The film elaborated
with the lowest plasma energy (WF5) has shown the best sensitivity towards toluene with a
good selectivity to other tested VOCs. In correlation with the physico-chemical
characterizations, this is due to the low WF5 density and high hydrophobicity as well as the
PDMS-like character of this deposit (high Si-O-Si bonds and Si-O,.C> amounts). As a partial
conclusion, chemical composition, network structure and physical properties of the thin films
play the key role in the vapours sorption into the organosilicon films. A combination of
optimized free volumes size and surface hydrophobicity has enabled to depict, among a wide
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range of PP-HMDSO, the film ensuring the best sensitivity/selectivity to toluene (BTEX)

vapour compared to other VOCs.

Finally, the last step of the experimental study has aimed to improve the sorption
efficiency of the previously optimized PP-HMDSO film towards the BTEX vapours and to
understand its sorption mechanism. Thus, the optimized deposit (WF5) was thermally treated
under air and nitrogen atmospheres. Physico-chemical properties of the annealed samples were
determined and compared to the non-treated one. As well, the sorption mechanism of the PP-
HMDSO film and the thermal treatment effects on its performance towards BTEX sorption
were also investigated. After thermal treatment, modifications in the chemical composition of
the films especially under airflow have been observed inherent to the material oxidation.
Modifications of the free volumes size and distribution have also been induced by the thermal
treatment. Consequently, the refractive index of the film has decreased. The comparison of
sorption performances of the as-deposited film and the annealed ones have proved that the
physico-chemical modifications implied by the thermal treatment affect both the sensitivity and
the selectivity of the materials towards BTEX vapours. In fact, after annealing under air or
nitrogen atmospheres, the sensitivity towards all BTEX vipers as well as the BTEX/ethanol
selectivity have strongly increased. However, the BTEX/ethanol selectivity is higher for the
material annealed under nitrogen. This is probably due to the material oxidation occurred after
annealing under air that reduces its hydrophobicity.

Furthermore, the sorption mechanism of the BTEX vapours was analyzed by the
variation of the film thickness and refractive index during the sorption. As a result, we can
describe the BTEX sorption by a rapid adsorption on the surface in a first step. Then, in a second
and last step, the adsorbed molecules penetrate moderately into the material bulk. This

penetration leads to a film swelling allowing the absorption of additional BTEX molecules.

As a general conclusion, this work has attended its objective: plasma organosilicon thin
films could be elaborated, accurately characterized and validated for gas sensing applications.
Indeed, the optimization of the free volumes size and proportion as well as the chemical
composition has led to the identification of the optimized material having the best sorption
performance being suitable for BTEX detection. As well, the BTEX sorption mechanism into
the whole material could be investigated. Thus, this work opens a path towards the

manufacturing of a BTEX gas sensor by incorporating the studied material into miniaturized
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gravimetrical sensors such as Nano/Micro Electromechanical Systems (NEMS/MEMS), which

strongly interests the industries working in the field of air quality control.

As perspectives, QCM measurements have to be completed by time detection of BTEX
mixed with air at ambient pressure. In addition, other precursors than HMDSO (with in situ free
volume such as cyclic siloxanes) or other preparation approaches (such as UV annealing or the
porogen approach) could be investigated in order to enhance the materials porosity which could
improve the sorption allowing phenomenon. Concerning the characterization of the materials,
based on the refractive index variation, i.e. the dielectric constant variation, electrical sensing
techniques could be tested in order to measure the dielectric constant variation during the
vapours sorption and as a function of the working temperature. In fact, the BTEX detection
should be achieved in all climatic conditions (temperature and humidity). Finally, basic lab-
made QCM system should be replaced by miniaturized and more sensitive gravimetrical sensors

such as Nano/Mirco electromechanical systems (NEMS/MEMS).
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Volatile organic compounds (VOCs) mainly BTEX (Benzene, Toluene, Ethylbenzene, Xylenes) vapors
emissions is one of the most serious problems due to their high toxicity to human health and environment as
well as their contribution in air pollution. One of the well-known solutions for gas detection is the gravimetrical
sensing technique. However, this technique requires a functionalized thin layer to select the analytes.

The aim of this work is to study and understand the sorption mechanism of BTEX vapours into plasma
polymerized organosilicon thin films, on the surface (adsorption) and inside the material bulk (absorption,
diffusion) for gas sensing applications.

First, a large panel of organosilicon thin films were prepared by microwave Plasma Enhanced Chemical VVapor
Deposition (MW-PECVD) under various plasma conditions, using hexamethyldisiloxane (HMDSO) as
precursor. A fine investigation of the chemical composition was carried out in order to compare the bulk and
surface compositions of organosilicon films prepared by PECVD using a methodology that combines
experiments, chemical characterization and DFT calculations. With these aims, organosilicon films were
characterized by Fourier transform-infrared (FTIR) and 2°Si Solid-state NMR spectroscopies to figure out the
bulk composition. X-ray photoelectron spectroscopy combined with DFT calculations led us to determine the
surface composition of PECVD organosilicons films. Furthermore other characterization techniques such as
ellipsometry, water contact angle (WCA), XRR, EDX were performed in order to refine the investigation of
the structure and physical properties.

Second, the sorption of VOCs and BTEX gases was studied by Quartz Crystal Microbalance (QCM) and
ellipsometry coupled with vapor sorption. The effect of the plasma parameters, such as plasma power (W) and
the HMDSO flow rate (F), on the sorption of BTEX gases was studied and the ideal PP-HMDSO deposit with
the best performance towards BTEX was identified.

Finally, a thermal treatment on the optimized deposit was carried out in order to improve its response towards
the detected gases. Accordingly, different characterization techniques were carried out on the annealed deposit
such as FTIR, EDX, ellipsometry. In addition, the affinity of the deposit after treatment towards VOCs was
analyzed and compared to the non-annealed one.

As main striking results, this work has allowed to figure out the ideal plasma conditions to elaborate
organosilicons films for BTEX sensors applications. In optimized plasma conditions and after a thermal post-
treatment, a good BTEX sensitivity could be achieved with a good selectivity between BTEX and ethanol.

Les composes organiques volatils (COV) en particulier les BTEX (Benzéne, Toluene, Ethylbenzene, Xyléenes),
vapeurs trés toxigues pour I’homme et I’environnement, doivent étre détectées et éliminées. L'une des solutions
bien connues pour la détection des gaz est la technique gravimétrique. Cependant, cette technique nécessite
une couche mince fonctionnalisée pour sélectionner les analytes.

L'objectif de ce travail est d'étudier et de comprendre le mécanisme de sorption des vapeurs de BTEX dans des
films minces d'organosiliciés polymérisés par plasma, en surface (adsorption) et a l'intérieur du matériau
(absorption, diffusion) pour des applications de détection de gaz.

Tout d'abord, une large gamme de films minces d'organosiliciés a été préparée par dép6t chimique en phase
vapeur assisté par plasma en décharge micro-ondes (MW-PECVD) dans diverses conditions de plasma, en
utilisant I'hexaméthyldisiloxane (HMDSO) comme précurseur. Une étude fine de la composition chimique a
été réalisée afin de comparer les compositions du massif et de la surface des films en utilisant une méthodologie
qui combine expériences, caractérisations chimiques et calculs DFT. Dans ce but, les films d'organosiliciés
PECVD (PP-HMDSO) ont été caractérisés par FTIR et par RMN 2°Si du solide pour déterminer la composition
globale. L’analyse de la surface par XPS combinée a des calculs DFT a permis de déterminer la composition
de surface des films. De plus, d'autres techniques de caractérisation telles que I'ellipsométrie spectroscopique,
I'angle de contact a l'eau (WCA) et les analyses XRR et EDX ont été réalisees afin d'affiner I'étude de la
structure et des propriétés physiques.

Dans un second temps, la sorption des vapeurs de COV et BTEX a été étudiée par microgravimétrie par cristal
de quartz (QCM) et ellipsométrie spectroscopique couplée & la sorption de vapeur. L'effet des parametres du
plasma, tels que la puissance du plasma (W) et le débit d'HMDSO (F), sur la sorption des BTEX a été étudié
et le depbt de PP-HMDSO ayant les meilleures performances vis-a-vis du BTEX a été identifié.

Enfin, un traitement thermique optimal a été trouvé afin d'améliorer la réponse du matériau précédemment
identifié vis-a-vis des gaz détectés. Ainsi, les techniques FTIR, EDX et ellipsométrie spectroscopique ont été
utilisées pour caractériser le dép6t recuit. Ces analyses du matériau ont été complétées par ’analyse de l'affinité
du dépbt avant et apres traitement thermique vis-a-vis des COV.

Comme principaux résultats marquants, ce travail nous a permis de déterminer les conditions optimales de
plasma pour élaborer des films d'organosiliciés pour détecter les BTEX. Dans des conditions de plasma
optimales aprés post-traitement thermique, une bonne sensibilité aux BTEX a été obtenue et une sélectivité
remarquable entre les BTEX et d’autres COV a été mise en évidence.



