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Abstract

Plasma-assisted approaches are broadly used in thin-film deposition, surface preparation and
top-down fabrication. Particularly, plasma processes, which can operate at atmospheric
pressure, have ensured the simultaneous synthesis and deposition of numerous thin film
compositions that have met multiple applications. Yet, the wide variety of reactive species
composing plasmas induces a non-negligible amount of side reactions that result in a lack of
regularity in polymeric materials compared to the ones formed by wet chemical polymerisation
processes.

The combination of ultrashort nanosecond plasma discharge (ton =~ 100 ns) and long plasma
OFF-time (torr = 0.1 — 100 ms), for the initiation and propagation of the free-radical
polymerisation reaction, was recently demonstrated to yield the formation of conventional
polymer layers. Based on the current understanding of the process, i.e. significance of the
plasma pulse frequency, this thesis aims at gaining a deeper insight in the influence of other
important parameters. The nanosecond pulsed plasma deposition of low dielectric constant
insulating thin films is studied. Providing additional dimensions to the characterisation, the
dielectric layer’s properties such as the leakage current and the dielectric constant, allow to
discriminate mechanisms that would not have been identified from other techniques. Hence,
ensuring the further development of the fundamental understanding of the nanosecond pulsed
plasma approach.

From the nanosecond pulsed plasma deposition reaction of different tetra-organosiloxane
compounds, the growth mechanisms driving the formation of insulating polymer layers are
elucidated. For vinylic monomers, the plasma-induced polymerisation is demonstrated to be
highly favour over plasma-state polymerisation at low plasma pulse frequency. This yields the
excellent retention of the monomer structure and the prevalence of surface reactions, which are
essential to obtain remarkable insulating properties.

In addition to the significance of the monomer structure, the saturation ratio, i.e. the monomer
partial pressure over its saturated vapour pressure (Pm/Psat), is demonstrated as a key parameter
of the thin film’s growth. While low Pm/Psat values result in the prevalence of gas phase
reactions, excessively high Pm/Psat values lead to the formation of poorly reticulated and leaky
polymer layers, when operating at low plasma pulse frequency. As such, three different regimes
of growth are identified: the monomer deficient regime, the competition regime, and the energy
deficient regime. Optimisation of saturation ratio ensures the formation of smooth and
conformal low dielectric constant insulating thin films.

Taking advantage on the understanding gained on the nanosecond pulsed plasma deposition of
insulating polymer layers, the dielectric constant is tuned from the careful selection of the
starting monomer compound. Several vinylic cyclo-siloxane and -silazane compounds are
notably studied. Dielectric constant values as low as 2.8 are obtained from the monomer
possessing the lowest polarisable bonds and the larger ring size, i.e. the 1,3,5,7-tetramethyl-
1,3,5,7-tetravinylcyclotrisiloxane, while retaining a low leakage current density in the range of
10° A/cm? at 20 V.
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CHAPTER | — Introduction

This chapter aims at providing a detailed review on the atmospheric pressure plasma-initiated
chemical vapour deposition (AP-PiCVD) of polymer-like thin films elaborated using an
ultrashort pulsed plasma-enhanced chemical vapour deposition (PECVD) process. The current
understanding of the AP-PiCVD method is surveyed through the analysis of the relationships
between the growth mechanisms, chemical structures and functional properties of the resulting
thin films.
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I-1 Motivations

In organic field-effect transistors (OFETS), the key component for modern flexible electronic
circuitry, the dielectric layer is in direct contact with the active layer (i.e. semiconducting layer)
irrespective of the OFETs configuration.[*1 Charge transport occurs in the first few molecular
layers near the surface of the gate dielectric under the application of an electric field.
Consequently, the gate dielectric has a strong influence on the charge transport in OFET
devices, and high capacitance densities from the dielectric are essential to lower the power
operation of electronic devices. Although using high dielectric constant (high-k) thin films to
achieve high capacitance densities is a theoretically suitable option, high-k materials suffer
from rather high leakage current and dipole disordering that affects the carrier mobility of the
underlying semiconductor layer. On the other hand, low-k materials can be used taking note
that the capacitance of a dielectric layer is inversely proportional to the thickness. Thus,
ultrathin low-k layers provide a good alternative as gate dielectric.l>®! Apendix 1 provides the

definitions and these physical relationships.

I-1.1 Organosilicon Thin Films as Low-k Dielectrics

Among the various low dielectric constant (low-k) materials suitable for the preparation of
dielectric thin films, silicon-based polymeric dielectrics have attracted a continuous attention.
Owing to their chemical stability, bio and chemical inertness, heat resistance, insulating and
mechanical properties, organosilicon films are used in a wide range of applications, including
(bio)passivation,[’® corrosion protection of metals,>° scratch resistance on flexible
substrate!! and gas barrier films.['2l For their integration in microelectronics, carbon doped
silicon oxides (SIOCH) based coating have been widely studied as an interlayer dielectric (ILD)
during the effort of reducing the dielectric constant in the back-end-of-line (BEOL, the part of

the integrated circuits manufacturing process where the interconnects are made) .32

The reduction of materials dielectric constant can be achieved by reducing the polarizability
using low polar bonds (e.g. C—C, C—H, Si—CHjs, etc.) and/or by reducing the density of the
material by introduction of porosity, according the Clausius—Mossotti equation (I-1-1):
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Where & is the vacuum permittivity (eo = 8.854 x 102 F.m™), & (e = k) is the material
dielectric constant, N is the number of molecules (dipoles) per unit volume (density) and a. is
the polarizability, which is the sum of the electronic, ionic and orientation (or dipolar)
polarizations.!*8! One should note that reducing the density is mandatory to reduce the film’s
dielectric constant close to unity, i.e. close to the k value of air that fill the porous structure.*>-
71 Doping of silica (SiO2) by carbon (C), mostly in the form of Si—CHg, induces the reduction
of the bonds polarizability in the SICOH while also providing additional free volume. This
additional free volume results in the formation of constitutive porous films allowing the further
decrease of the material dielectric constant. Among the other strategies to provide a constitutive
porosity to the films, one can cite the cyclic precursor approach consisting on the use of cyclic
precursors, i.e. decamethylcyclopentasiloxane (D5).[*®! To further increase the self-organised
free-volume in the thin films, the cyclic precursor approach can be combined to the carbon-
bridging approach using cyclic compounds bearing pendant vinyl groups such as 1,3,5-
trimethyl-1,3,5-trivinylcyclotrisiloxane (V3D3) and 1,3,5,7-tetramethyl-1,3,5,7-
tetravinylcyclotrisiloxane (V4D4).[1%21 Another route to obtain low-k dielectric materials is
the subtractive porosity approach (Figure I-1-1), which aims at forming porosity using an
adequate thermal treatment (e.g. UV, thermal® or plasma post-treatment!?%). In addition to
the multiplication of the processing steps, subtractive porosity approaches are detrimental to
the mechanical properties of the films.[*6:17:2425] Moreover, the thermal treatment can restraint

the choice of substrates.
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Figure 1-1-1: a) Monomers used for the cyclic and the carbon-bridging approach. b)
Schematisation of the substrative porosity process where (i) the matrix and the porogen (in

gray) are co-deposited before (ii) being annealed to remove the porogen and creating pores.

To meet with the requirement of synthesizing ultrathin low-k layers and avoid any complication
due to the de-wetting or post-thermal treatment, new vapour phase deposition methods have
been developed for the production of ultrathin and pinhole free layers with good uniformity.
Among the developed strategies, chemical vapour deposition (CVD) processes, including
plasma-enhanced chemical vapor deposition (PECVD) processes, are widely used in the

microelectronic sphere.

A huge variety of low or non-toxic organosilicon precursors are commercially available and
affordable. A number of these organosilicon precursors are sufficiently volatile at room
temperature and atmospheric pressure, making them appealing for CVD polymerisation.[26:27]
Silicon oxycarbide films have notably been deposited from linear monomers such as
methyldiethoxysilane,!?® 1,3,5-trivinyl-1,1,3,5,5-pentamethyltrisiloxane,’?8) and cyclic ones
such as octamethylcyclotetrasiloxane,?! 1,3,5,7-tetramethyltetravinylcyclotrisiloxane, ]

1,3,5-trimethyltrivinylcyclotrisiloxane!?!] to obtain low-k materials. This short precursors’ list



is obviously non-exhaustive and several excellent reviews on the chemistry and the

characterisation of organosilicon-based films are available in the literature.[*3-1626]

For films synthesized by CVD, the use of cyclic siloxane bearing polymerisable pendant groups
(vinyl) promotes a better retention of the monomer’s cyclic structure while ensuring the
formation ~ of  highly  cross-linked  networks.'®?1  Notably,  poly(1,3,5-
trimethyltrivinylcyclotrisiloxane) has been demonstrated as good candidate for gate dielectric

in organic field effect transistor (OFET) owing to their mechanical flexibility.[?*]

I-1.2 Atmospheric-Pressure Plasma-Enhanced Chemical Vapour Deposition

of Low-k Materials

PECVD approaches are drawing an ever-growing interest since they can be operated both under
atmospheric-pressure (AP) and low-temperature conditions. Atmospheric-pressure plasmas are
operated without using expensive vacuum-related equipment making them attractive cost-

saving alternative to low-pressure plasmas.[0-%2

In addition, atmospheric plasmas can be generated using different configurations, e.g. plan-to-
plan or torches. These features make AP-PECVD processes particularly suitable for the coating
of large and unconventional substrate shapes and materials, including paper sheets or polymer
fibres. Plan-to-plan dielectric barrier discharges (Figure 1-1-2) are notably suitable for the roll-
to-roll coating of various substrates, while micro plasma torches are suitable for the localized

deposition, i.e. patterning, of functional thin films.B%
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Figure 1-1-2: a) Photograph and b) schematic representation of our plan-to-plan dielectric
barrier discharges reactor setup.

Atmospheric-pressure plasmas are already implemented in the industry for several
applications, e.g. adhesion primer coatings and barrier layers, and various commercial
atmospheric-pressure plasma solutions are available, e.g. Molecular Plasma Group

(www.molecularplasmagroup.com), Isytech Plasma (www.isytech-plasma.com), AcXys

Technologies (www.acxys.com) and Plasmatreat (www.plasmatreat). In addition, research

activities have extended the range of materials formed by AP-PECVD to a wide variety of
transparent conductive thin films, crystalline transition metal oxide thin films, metallic thin
films, organic and polymer thin films. As examples, works undertaken in parallel to this PhD
thesis have yield the formation of highly conductive silver coatings inkjet printed on paper and

highly transparent conductive polymer thin films on plastic foils.[33%

However, the numerous side reactions occurring in plasma-based processes obstruct the
formation of regular polymer chains, leading to highly cross-linked materials called “plasma-
polymers” presenting a chemical structure quite different from the starting organic monomer.
To promote a better retention of the monomer functionality, pulsing the plasma discharge is a
common approach which favours the occurrence of plasma-induced free-radical
polymerisation that can persists over several tens of milliseconds during the plasma OFF-time

(torr) and afford a more chemically regular polymer layer. Yet, only few studies on the
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atmospheric plasma-enhanced chemical vapour deposition of low-k polymer thin films for gate

dielectric applications have been reported to date, to the best of my knowledge.?*!

A recent approach called plasma-initiated chemical vapour deposition (PiCVD), combines
ultrashort plasma pulses (ton < 100 ns) and plasma OFF-times in the range of the free-radical
polymerisation lifetime (torr from 1 to 100 ms), to yield the atmospheric-pressure synthesis
and deposition of atomically smooth, conformal thin films with an unprecedented degree of
polymerisation for plasma-enhanced and atmospheric-pressure CVD processes.*81 The
approach, being relatively new, this thesis aims at gaining a deeper fundamental knowledge of
the structure-property-processing relationships to enlarge the range of applications of the

process by synthesising ultrathin low-k insulating layers.

I-2 Plasma-Enhanced Chemical VVapour Deposition

1-2.1 Plasmas

Plasma is an ionized gas which consists of electrons, photons, ions and neutrals in fundamental
and excited states (Figure 1-2-1).3237381 The existence of charge carriers such as electrons and
ions makes plasma electrically conductive. However, plasma is macroscopically electrically
neutral due to the random directions taken by the generated free charged particles (electrons

and ions).[32:38.39
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Figure 1-2-1: Different states of matter.

Plasma, known as the fourth state of matter, can be generated by applying electromagnetic,
thermal or electrical energy to gas. 99.9 % of the Universe is made up of plasma. The most
common natural plasma observed on Earth are lightning and aurora borealis.'*¥ In laboratories,
plasma is generally generated through application of electrical energy to a gas or a gas mixture

that can contain precursor vapours or aerosol.

1-2.1.1 Classification of Plasmas

The different elements constituting plasma exhibit different densities and temperatures mainly
depending on the configuration, pressure, type of energy supply and amounts of energy
transferred to the plasma. Accordingly, plasmas are classified as thermal or non-thermal based
on the temperatures of electrons, ions and neutrals.®2%! Many books and reviews described
the physics and the chemistry of thermal and non-thermal plasmas.>372% Hence, only a brief

description of thermal and non-thermal plasma is introduced here.

In thermal plasma, also called hot plasma, electron and heavy particles, i.e. neutrals and ions,
have almost the same temperature (Te= Th = 10* K) corresponding to a local thermodynamic
equilibrium (LTE). Here, chemical reactions are governed by collisions and non-radiative
processes.l323%401 |n nature, thermal plasmas are found in the central part of lightning and the
core of the sun.%*1 In laboratories, systems like arc torches and electric arcs welding are used
to generate hot plasmas which are suitable for pyrolytic processes and application in metallurgy

for instance.*!
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On the other hand, non-thermal plasma, also called cold plasma, are weakly ionized plasmas
where electron temperature (Te = 10*-10° K) far exceed that of heavy particles which are often
close to room temperature (ca. Th~ 200-400 K).[238%1 This difference in temperature depends
on the collision rates between plasma particles (i.e. electron-electron and electron-heavy
particles). Only inelastic collisions from electrons to heavy particles allows the transfer of
kinetic energy. Although resulting in excitation or ionization, these inelastic collisions do not
raise the heavy particles temperature. Collision frequency of the plasma particles depends on
the pressure (Figure 1-2-2). As such, the non-equilibrium nature of cold plasmas are easily
achieved at low-pressure (10 to 102 Torr), which are characterized by low atom densities
yielding low collision rate among the particles.?>%41 Nevertheless, low-vapour pressure
systems require expensive related vacuum equipment, directing a huge interest to non-
equilibrium (cold) atmospheric pressure plasmas (APPs). However, it is challenging to
generate non-equilibrium plasmas at atmospheric or higher pressures since collisions frequency
among the plasma particles increase with the increase of pressure. This high collision rate
favour the equilibration of temperatures between electron and heavy particles leading to arc

formation and gas heating. (3238411
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Figure 1-2-2: General evolution of electrons and heavy particles temperature according to the
pressure in glow discharges.!® T and T are the electron and gas temperature (= heavy particle

temperature) respectively. The higher the pressure, the shorter the difference between T. and
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Th, due to the increase of of particles’ collision frequency, resulting in plasma state close to the

local thermodynamic equilibrium. Image taken from ref [38].

I-2.1.2 Generation of Cold Atmospheric Pressure Plasmas

The initiation of non-equilibrium plasmas is based on the development of electron
avalanches.>*2 In laboratories, plasma is ignited using high voltage sources to accelerate the
existing charge carriers. The successive avalanche of free electrons to self-sustain the gas
discharge is the main aspect of the Townsend-breakdown. This self-sustain or breakdown
discharge occurs at a specific voltage, as studied by Paschen, corresponding to the gas used to

produce the plasma.B

To maintain a non-equilibrium state at atmospheric pressure, special generation schemes are
used to avoid gas heating and limit discharge current.?%4? These generated schemes are
adapted to the electrical excitation frequency used to produce non-thermal atmospheric

pressure plasmas.[3042]

For high frequency operations (f >1 MHz), including radiofrequency (RF) and microwave
(MW) discharges, the discharge is always virtually on. Hence, the current density should be
lowered under 50 mA cm to avoid the occurrence of gas heating.[*?]

On the other hand, low frequency operation (f < 1 MHz) enables to limit the discharge duration
and avoid gas heating by alternating the electrodes polarities (AC discharges) or by placing a
dielectric material between the electrodes.3%3242431 The latter approach is the most used for
charge-limitation at atmospheric pressure plasmas leading to the production of stable glow
discharge.®Yl By adding the dielectric material (e.g. glass, quartz, ceramics, mica, Teflon) in
series in the current path, the discharge is referred as dielectric barrier discharge (DBD).
Several reviews reported the different existing electrodes arrangement.[%3141 |n atmospheric
pressure plasma DBDs, the discharge gap is usually in the range of 0.1-10 mm while the
amplitude of the voltage necessary to sustain the discharge is in the range of 1-100 kV

depending on the gas and the electrode gap dimension. !

The gas temperature in PECVD processes based on DBD can remain lower than 330 K opening
the possibility to treat thermosensitive substrates. Moreover, the low electron density in
atmospheric pressure glow DBD (~10* ¢cm) combines to the ability of the electrons and ions
to follow the oscillation of the electric field when operating at low plasma frequencies
(f <1 MHz) are responsible for the perfectly uniform discharge created over the electrodes.

The lower energetic media of plasma when working at low-frequency compared to MW or RF

14



plasma makes low-frequency plasmas more suitable for the formation of organic thin films

where the retention of the chemistry is necessary.

In chemical vapour deposition (CVD), solid thin films are deposited on a substrate from the
thermally activated chemical reaction undergone by a gaseous monomer in the gas phase. Plasma-
enhanced chemical vapour deposition (PECVD) is a variant of CVD in which the plasma’s reactive
species (electron, ions, metastable, photons) are used to activate chemical reactions. The use of
plasma enables the decrease of the deposition temperature in PECVD compared to thermal CVD
methods, thus allowing the deposition on thermal sensitive substrates.*>*®! In addition, the reactive
species in plasma can reach high energies (i.e. tens of eV), far above the bond dissociation energies
of any organic or organometallic molecules. Hence, almost every molecule can react in PECVD
and form a thin film. Thus, monomers in PECVD are not restricted to unsaturated compounds and

the introduction of initiator species is not required. 04243461

Similarly to CVD processes, chemical reactions in PECVD can occur both in the gas phase and
at the substrate surface. Gas phase reactions leading to the formation of powdery depositions
represent a crucial point to overcome when operating at atmospheric pressure PECVD (AP-
PECVD). The amount of formed particle is higher in the case of filamentary discharge.?
Hence, thin films obtained by surface reactions are often desired over thin films formed by gas

phase reactions.

Surface reactions can occur either by the Langmuir-Hinshelwood or the Eley-Rideal
mechanism where both involve the diffusion of reactant from the gas phase to the surface. In
the former mechanism, (i) the reactants separately adsorbed on the surface before (ii) reacting
while for the latter mechanism, a molecule from the gas phase (b-ii) collide and react with an

adsorbed reactant (Figure 1-2-3).14%
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Figure 1-2-3: (a) Langmuir-Hinshelwood and (b) Eley-Rideal mechanisms describing surface

reactions between two reactants.

The uniform coverage of all the sides of a complex geometric substrate (e.g. trenched wafer)
is termed as conformal coverage (Figure I-2-4). Conformal coatings are the result of a
competition between vapour-phase reactants transport and surface reaction. Yet, conformality

is best achieved when surface reaction rate is lower than gas phase diffusion rate.[**]

a) Conformal b) Non-conformal

A

4

Figure 1-2-4: Scheme of a)a conformal coating (blue) and b) non-conformal coating in a

trenched wafer (gray).
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I-2.2 Plasma Polymerisation

Plasma polymerisation can ensure the growth of thin films on various substrates from volatile
organic monomers. However, plasma polymerisation significantly differs from conventional
polymerisation. In particular, the numerous side reactions occurring during the plasma
polymerisation of organic compounds obstruct the formation of regular polymer chains, leading
to the formation of highly cross-linked thin films called “plasma-polymers”.}#447 These plasma-
polymers exhibit an alteration of the chemical functionality required from the starting monomer.
The extent of the monomer alteration during the plasma polymerisation depends on the PECVD
conditions. Indeed, the retention of the monomer structure decrease with the increase of the
energy input per molecule. This energy level is calculated using the Yasuda factor, that is,
Y=W/FM, where W is the deposition power (discharge wattage in J/s), F is the monomer flow
rate (mol/s) and M is the monomer molecular weight (g/mol). Based on the W/FM factor,
Yasuda divided the materials formation in PECVD into two operating regimes,** which were
later extended to three regimes,[*® that are: (i) the monomer-deficient regime, (ii) the

competition regime and (iii) the energy-deficient regime (Figure 1-2-5).

(ii) Competition regime

Plasma-polymer deposition rate

W/FM parameter

Figure 1-2-5: The different regimes of plasma-polymer deposition. Adapted from Roualdes et
al.l*®l
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The energy-deficient regime (also reported as the monomer-sufficient regimel*®l or the
monomer-rich regimel*) is encountered in the case of low W/FM values where the power
input is insufficient to create a sufficient amount of reactive species to ensure the reaction of a
large proportion of the monomer molecules and their deposition in thin film form. In this

region, the deposition rate increases with the increase of the W/FM (Figure 1-2-5).

The competition regime corresponds to W/FM values for which the growth rate is maximum.
In this region, the deposition rate is almost constant upon variation of W/FM.! & The monomer-
deficient regime (also reported as the power saturated domain®4 or the monomer-lean
region™) is related to high W/FM. In this case, the deposition rate decrease with the increase
of the W/FM due to the depletion of the monomer species.

Although the use of Yasuda parameter has been a subject of controversies when applied to
atmospheric plasma polymerisation,’-%4 the deposition rates and the chemical compositions
of atmospheric deposition plasma polymerisation reactions more than often comply with the

Yasuda observations at low pressure.®!

The ever growing interest to correlate the processing-property-structure relationships with the
energy transferred to monomer’s molecules has mainly be involve in the evaluation of the
W/FM value. This could enable comparison of data from different laboratories and particularly
to have an insight on the mechanism undergone by a same monomer deposited at low pressure
or at atmospheric pressure plasma using different reactor configurations.[*>%>571 If a thorough
understanding and the accurate determination of the energy consumed per monomer molecules
should enable to develop the knowledge on the growth mechanism of organic thin films
elaborated in plasma polymerisation, better retention of the monomer functional group is
systematically reported using unsaturated monomers.[#44%58591 |n the presence of unsaturated
bonds, the plasma polymerisation reaction is always attributed to the competition of two

mechanisms: (i) plasma-state polymerisation and (ii) plasma-induced polymerisation.

I-2.2.1 Plasma-State Polymerisation

Plasma-state polymerisation is dominated by gas phase reaction (i.e. fragmentation,
recombination) which occurs only under plasma conditions.[%621 |t is similar to atomic
polymerisation and occurs predominantly for high W/FM values, hence encountered in the
monomer-deficient regime. In plasma-state polymerisation, the monomer molecules are
extensively fragmented into individual atoms and small fragments, which then recombine

randomly into a highly cross-linked structure.[47:5560.63]
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I-2.2.2 Plasma-Induced Polymerisation

Plasma-induced or plasma-initiated polymerisation is assimilated to free-radical
polymerisation where the polymerisation of polymerisable monomers (vinylic, triple bond,
acrylic, cyclic monomers) is initiated by radicals produced under plasma exposure. Hence,
conversely to plasma-state polymerisation, the chemical structure of the resulting thin film is
expected to be more chemically regular.P841 Yet, the occurrence of plasma-state

polymerisation as a side reaction cannot be neglected.

I-2.2.3 Fostering Plasma-Induced Polymerisation over Plasma-State Polymerisation

To overcome the limitations of plasma polymerisation of organic compounds and ensure a
better control of the thin film chemistry, pulsed-plasma methods were developed to favour
plasma-induced polymerisation over plasma-state polymerisation. Under pulsed conditions,
reactive species are created periodically during the plasma ON time (ton). While the short
lifetime reactive species rapidly disappear (i.e., ions, electrons and photons), the created
polymerisation-initiating species can either recombine or initiate a free-radical polymerisation
reaction during the following plasma OFF time (torr). Hence, promoting a higher selectivity of
the reaction and ensuring the growth of a more chemically regular plasma polymer.[%8621 Yet,
the role of the penning ionisation should not be completely neglected at atmospheric
pressure.*243 Penning ionisation is a process involving the reaction of neutral species with an

excited metastable in the gas phase.

The composition of a plasma polymer elaborated under pulsed PECVD conditions depends on
the ratio of plasma ON and OFF times, usually reported in term of the duty cycle (DC) which

is defined as:
t -
DC = ON 1-2-1
torr t ton

The duty cycle basically represents the percentage of time during which the plasma in on. The

equivalent average power (<P>) delivered during plasma ON cycle is given by:

<P >=DCX Ppegk 1-2-2
where Ppeak is the peak power delivered during the plasma ON time. Consequently, decreasing
the DC ultimately results on the decrease of the average power allowing a better retention of
the monomer functional group during the deposition. Klages et al. have notably demonstrated

the link between the retention of the monomer structure with the increase of the plasma-OFF
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time (with 0 <torr<180 ms) while keeping the plasma ON-time constant to ton =1 ms.
Although the frequency at which they were working was not reported, this huge decrease of
the duty cycle (through the increase of the torr) resulted on 80% retention of the epoxy group
of the used glycidyl methacrylate monomer for torr longer than 9 ms.[64]

Beyond, several studies have shown that films produced at the same DC but employing
different durations of ton and torr yielding different pulse widths results in different thin film
compositions and deposition rates.[265¢¢1 |rrespective of the torr, employing long plasma ton
usually results in the formation of thin films showing similar characteristics to those achieved
under continuous wave (CW) condition (Figure 1-2-6). On the other end, employing
excessively long torr does not necessarily enhanced the retention of the monomer functional
properties and rather have a negative impact on the morphology of the resulting film. 626566l
Consequently, the prevalence of the plasma-induced free-radical polymerisation mechanism
over the plasma-state polymerisation, depends on the structure of the starting monomer and the

conditions of the plasma discharge.

a) CW Plasma b) Pulsed Plasma
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Figure 1-2-6: Schematic representation of the applied voltage in continuous wave and pulsed
low frequency dielectric barrier discharge processes.

Yasuda’s early works highlighted the impact of the monomer structure on the deposition rate
in plasma polymerisation. By measuring the hydrogen yield, hydrocarbon monomers were
classified into three major groups allowing by extent to cover the behaviour of other organic
compounds. Hence, the plasma polymerisation behaviour of organic compounds are
categorised in four groups according to the structure of monomers: “group I”’ is comprised of
compounds containing triple bond(s), aromatic or heteroaromatic structures; “group II”
comprised of compounds containing double bond(s) and/or cyclic structures; “group III”

comprised of saturated hydrocarbons and “group IV” which is comprised of the oxygen
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containing compounds such as carbonyl, ether, carboxylic acid.[*%61 The reactivity of the
latter group has been extensively investigated through the use of methacrylate and allyl
methacrylate monomers (family of esters compounds, Figure 1-2-7). An increase of the growth
rate (in nmes?) of these methacrylate-based thin films and the better retention of the monomer
structure during their AP-polymerisation was notably reported with the increase in the number

of unsaturation of the starting monomer.[9:58.67]
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Figure 1-2-7: Example of studied organic compounds from group IV. i) propyl isobutyrate, ii)

n-propyl methacrylate, allyl methacrylate and iv) propargyl methacrylate.[°6:5l

Nisol et al. notably investigated the influence of the monomer structure, through the use of five
different esters (i.e. methyl methacrylate; propyl isobutyrate; n-propyl methacrylate; allyl
methacrylate and propargyl methacrylate), on their respective reactivity in plasma using a low-
frequency generator at a constant frequency of 20 kHz.*! Owing to their developed method to
measure the energy absorbed per molecule (Em in eV), they reported the necessity of a higher
Em to obtain a total breakdown of the molecule bonds from unsaturated compounds, especially
when the molecule presented a number of unsaturation higher than three such as for allyl
methacrylate and propargyl methacrylate. In addition, by following the trend of the energy per
molecule (Em) with the increase of the monomer flows (Fq), they identified two regime of
growths from their resulting thin films, i.e. the monomer lean and rich regions. Despite the
reported better retention of the ester group with the increase of the number of unsaturation, no
major changes in the chemical structure of the resulting thin films investigated by FTIR, was
observed with the decrease of the monomer flow in the monomer rich region. However, they

reported the formation of rough surface morphology indicating the rather preponderance of gas
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phase reaction when using their plasma conditions. Yet, the authors attributed this formation

of powder to the high reactivity of allyl methacrylate.

Using a duty cycle (DC) of 45 % at a frequency f =7 kHz, Scheltjens et al. also reported a better
retention of the monomer structure from the AP-polymerisation of allyl methacrylate compared
to its saturated analogue propyl isobutyrate.[®® Unfortunately, the values of the plasma-OFF
and ON time were not reported. Following the evolution of weight rate (gem2es!) with the
increase of the plasma power, they also managed to identify the monomer-deficient and energy-
deficient regimes. However, all their resulting thin films were reported to present a non-sticky
oily morphology. This was assuredly due to the occurrence of an excess of termination
mechanisms leading to the formation of short oligomers. The presence of these short oligomer

chains was notably highlighted owing to the analysis of their thermal properties.®®

In 2012, Coclite and Gleason investigated the benefit of free-radical forming species on the
PECVD reaction of vinyl compounds. In particular, the method, called initiated PECVD
(iPECVD), involves the use of an initiator with a weak peroxide bond (i.e. tert-butyl peroxide)
to deposit to form more regular plasma-polymers from organosiloxane compound (i.e. 1,3,5-
trivinyl-1,1,3,5,5-pentamethyltrisiloxane).l?®] Although being a MW plasma, the plasma
density delivered by the process was as low as 0.07 Wecm™ owing to the large surface area of
the electrodes used. Hence, the process takes advantage of this low plasma density to activate
a low energy activated initiator, while promoting the retention of the monomer structure. A 10-
fold increase of the deposition rate of the thin films deposited by IPECVD was reported
compared to those deposited by the conventional initiator-free PECVD process using the same
deposition conditions.’?®! However, due to the short lifetime of the free-radical species under
atmospheric pressure conditions, iPECVD is operated under vacuum conditions. Moreover, the
continuous discharge used still presented a detrimental effect on the chemical structure of the

resulting thin films.

I-3 Nanosecond Pulsed Plasma for the Atmospheric-Pressure

Plasma-Initiated Chemical Vapour Deposition of Polymers
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In 2015, Boscher et al. developed an atmospheric-pressure plasma deposition approach that
combines ultra-short plasma pulses (ton < 100 ns) and long plasma OFF-times (torr) for the
initiation and propagation of the free-radical polymerisation reaction, respectively.l® The
approach, called atmospheric-pressure plasma-initiated chemical vapour deposition (AP-
PiCVD) was implemented in an atmospheric pressure DBD reactor with high-voltage square-
wave pulses that generate two distinct ultrashort current discharges (ca. 100 ns) at the voltage
rising and falling edges (Figure 1-3-1 a). The ultrashort plasma pulses repeated at a low
frequency enable to reduce the undesired plasma side effect reactions. As a result, AP-PiCVD
displays strong similarities with the initiated CVD (iCVD) process presented later in this thesis,
by affording the formation of smooth and conformal thin films with an excellent retention of
the functional group, highlighting the prevalence of free-radical mechanisms over plasma state
polymerisation under these conditions (Figure 1-3-1 a,b).%81 In particular, the significance of
ultrashort plasma pulses (ton < 100 ns) over pulsed radio-frequency plasma discharges was
demonstrated. Indeed, films produced at the same DC but employing different plasma pulses
duration resulted in different growth rate (expressed in nmes™) and different film compositions.
In a more informative way and to define the different mechanisms taking place during the
plasma deposition process, the growth rates were plotted as thickness increment per discharge
cycle (ton +torr) for both nanosecond plasma pulses and pulsed radio-frequency plasma
discharges (Figure 1-3-1 c, d).[626568 |n contrast to pulsed radio-frequency plasma discharges,
ultrashort plasma pulses allow the use of DC as low as 0.01 % (and even below in recent
studies) while keeping torr in the millisecond range. This results in both higher growth rates

and better retention of the chemical functions for the films elaborated by AP-PiCVD.
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Figure 1-3-1: (a) Traces of the high voltage pulse giving rise to ultrashort current discharges
(ca. 100 ns). (b) FTIR spectra of a conventionally polymerised poly(glycidyl methacrylate) and
a glycidyl methacrylate-based thin film formed using 100 ns plasma discharges (ton) and 1 ms
OFF time (torr). (c) Growth rate per second according to the duty cycle and (d) thickness
increment per discharge cycle (ton + torr) for the films prepared from GMA using nanosecond
plasma discharges (red) and pulsed radio-frequency plasma discharges (blue). Data adapted

from Boscher et al.[®8]

I-3.1 Applications covered by AP-PiCVD

The potentiality of the AP-PiCVD process has been illustrated through the preparation of

several functional coatings that are reported in the following sections.

1-3.1.1 Fire Retardant Polymer Thin Films
The AP-PiCVD reaction of the diethylallylphosphate (DEAP) monomer provided fire retardant
properties to a sensitive bio-based cellulosic substrate (textile).®1 The fire retardant properties

were attributed to the excellent retention of the monomer structure that was shown to undergo
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a conventional free-radical polymerisation pathway by mass spectrometry.[ In particular, the
P—O—C bonds of the resulting poly(DEAP) coating yield the formation of chars upon heating.

The AP-PiCVD principle, implemented in an atmospheric pressure dielectric barrier discharge
(AP-DBD) configuration known to enable the treatment of large surfaces,[’® was applied to
large cotton fabrics. Importantly, the efficient combination of ultrashort plasma ON-time and
long OFF-time (in the range of free-radical polymerisation lifetime under these conditions),

allow to circumvent the heating of the substrate and prevent any damage.

The effective fire protection conferred to the textile was also attributed to the conformality of
the poly(DEAP) coating on the fabric fibres. Conformality was illustrated by the hollow shape
of the chars formed after the burn test (Figure 1-3-2).16°

Figure 1-3-2: SEM images of cotton fibres conformally coated by the AP-PiCVD
poly(diethylallylphosphate) thin film (left) before and (right) after the burning test. The hollow
shape of the chars formed upon heating illustrates the conformal nature of the poly(DEAP)

coating. Data adapted from Hilt et al.[6%]

1-3.1.2 Adhesion of Biomolecules

The epoxy-rich layers afforded by the AP-PiCVD reaction of GMA has been used for the
immobilization of two different enzymes, i.e. laccase and p-lactamase, allowing the
functionalisation of a bioactive surface layer, which ensured antibiotics degradation (Figure I-
3-3).[Y1 In particular, the authors took advantage of the AP-PiCVD method to prepare
poly(GMA) thin films with an optimal epoxy groups concentration, such as illustrated by FTIR
(Figure 1-3-1 b) to covalently bind enzymes to the surface. In agreement with previous
studies,?! the immobilised enzyme have shown a better enzymatic activity compared to their
free form in solution. It is noteworthy that during the water erosion test performed over six
days at a flow rate as high as 30 kmeh, no loss of antibiotics degradation activity was
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observed. This observation indicated that no delamination occurred due to the good adherence
of the AP-PiCVD layer.l'!]

a) Epoxy functionalized coating b)Enzymes direct immobilization

G
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Figure 1-3-3: Scheme of (a) the AP-PiCVD epoxy-rich coating and (b) the grafted enzymes,

i.e. laccase and B-lactamase, through covalent bonding. Data adapted from Bonot et al.["!]

1-3.1.3 Thermoresponsive Polymer Thin Films

The AP-PiCVD reaction of N-vinyl caprolactam (NVCL) monomer enabled the formation of
thermosresponsive thin films. The formation of true PNVCL homopolymer chains being
essential to achieve thermoresponsive properties, the work reported by Loyer et al. provides
the best demonstration of the capability of the PiCVD principle.[¥l In accordance with the
water-solubility of the PNVCL homopolymers synthesised from solution-based approaches,
the PNVVCL homopolymer thin film was soluble in water resulting in a completely transparent
solution at room temperature. Interestingly, the PNVCL solution became cloudy (or turbid)
upon heating, which is a typical behaviour of polymers obtain from NVCL,* 7! due to the
coiling of the polymer at high temperature (bottom and upper inset images of Figure 1-3-4 a),["%]
reducing the water solubility of the PNVCL chains. The temperature-responsive property
afforded by the PNVCL homopolymer was attributed to the good retention of the monomer
structure confirmed by mass spectrometry analysis, owing to the prevailing occurrence of free-
radical polymerisation. SEC analysis of the films grown from NVCL at low plasma pulses

shows an average molecular mass (Mw) of the PNVCL chains of 4,100 g-mol™.

The temperature at which the PNVCL homopolymer solution undergoes a phase transition is
called a lower critical solution temperature (LCST).l" In their study, the LCST was monitored
by measuring the absorbance of the PNVCL solution using UV-Vis spectroscopy which
allowed to observed a sharp transition around 40 °C in the range of values interesting for
biomedical applications,!”®! similar to their counterpart synthesized from wet chemistry

methods.[7477]

With the aim of synthesising water-stable PNV CL-based thin films, the potential of AP-PiCVD

to form copolymer, through the successful copolymerisation of NVCL with EGDMA, was
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reported for the first time.l”® Ethylene glycol dimethacrylate (EGDMA) monomer was selected
as a cross-linking agent due to its biocompatibility and potential to form water-stable thin films.
The optimal ratio of the two monomers was determined to effectively combine the respective
functionalities of NVCL and EGDMA.. The as-deposited poly(NVCL-co-EGDMA) thin film
elaborated with a low amount of EGDMA, i.e. 99.4 %:0.6 % equated to NVCL:EGDMA,
exhibited excellent thermoresponsive properties but was demonstrated to be water-soluble after
30 minutes immersion in water. On the other hand, the use of high amount of EGDMA
systematically resulted in water-stable thin films but with limited thermoresponsive properties.
Interestingly, the as-deposited poly(NVCL-co-EGDMA) thin film composed of
NVCL:EGDMA molar ratios of 98.5 %:1.5 % demonstrated both excellent thermoresponsive
properties and an excellent chemical stability, including the retention of its smooth morphology
even after soaking in water. Owing to the water stability of the AP-PiCVD poly(NVCL-co-
EGDMA), their thermoresponsive properties were assessed by measuring their water contact
angle from 7°C to 65°C. Unsurprisingly, their optimal poly(NVCL-co-EGDMA) composed of
NVCL:EGDMA molar ratios of 98.5 %:1.5 % displayed a LCST of 27.6°C, several degrees
lower than PNVCL homopolymer layers.[® Indeed, the introduction of hydrophobic co-
monomers is known to induce the decreases of LCST.[”® Notably, the presence of EGDMA
within the thin film was evidenced by FTIR which displayed the peak related to ester C(O)O
at ca. 1732 cm™* and ether COC group at ca. 1169 cm™* and 1040 cm™2, well separated to the
NVCL’s characteristic functions that is the lactam group (N—C=O)iing located at
ca.1620 cm L.l Subsequently, the thermoresponsive properties of the water-stable
poly(NVCL-co-EGDMA) layers was demonstrated for anti-biofouling applications (Figure I-
3-4 b).["8

Overall, these proof-of-concept studies illustrate the significance of combining the nanosecond
plasma discharges and long plasma OFF-time (1-100 ms), on the resulting chemistry and
properties of AP-PiCVD coatings. Notably, by simply using a co-monomer, thermoresponsive
thin films LCST value was easily tune opening a new route toward chemical vapour deposition
of other functional homo and copolymers. In addition, the conformal nature of the PiCVD
process makes it appropriate for the coverage of 3-dimensional structures, which is highly

desirable for the preparation of functional devices such as sensors and transistors.
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Figure 1-3-4: a) UV—vis absorbance spectra of the AP-PiCVD PNVCL homopolymer layer
performed at different temperatures. Data adapted from Loyer et al.[”®l b) Changes in frequency
of QCM-D sensors coated with p(NVCL-co-EGDMA)- after a bovine serum albumin (BSA)
injection at 22°C and 50°C. The inset schemes depict the BSA-coated surface interactions.

Data adapted from Moreno-Couranjou et al.["®]

I-3.2 Principle and Important Parameters in AP-PiCVD

The AP-PiCVD principle relies on the combination of ultrashort plasma pulses and long plasma
OFF-times to initiate a free-radical polymerisation reaction while minimizing the negative
impact of plasma on the resulting polymer thin film chemistry. Therefore, the plasma pulse
repetition frequency was identified as an important parameter and thorough investigations were
performed to gain insight on its impact on the mechanisms driving the atmospheric-pressure
plasma-initiated chemical vapour deposition process. From the analysis of this precedent
investigations and the existing knowledge on iCVD and PiCVD, this thesis hypotheses the
existence of other parameters, such as the monomer structure or monomer saturation ratio, as
important parameters. Hence, this thesis develops a deeper understanding of the structure-
property-processing relationship, notably in the perspective to extend the range of applications
covered by AP-PiCVD (Table I-3-1).

1-3.2.1 Frequency of the Nanosecond Pulsed Plasma Discharges

Since the ultrashort current discharge, representing the duration of the plasma ON-time (ton),
occurs at the voltage rising and falling edges, the duration of the plasma torr is determined by
the plasma pulse repetition frequency of the high voltage square-wave pulses (Figure 1-3-5).

28



Optical emission spectroscopy (OES) measurements confirmed that plasma discharges were
only created at the high voltage rising and falling edges, giving rise to two current discharges
lasting ca. 100 ns. The current oscillations following these two current discharges are attributed
to parasitic capacitive coupling from the circuit intensified by the fast voltage variations.
Owing to the wide range of frequency covered by the process, a large range of duty cycle
(DC = ton/(ton + torr), from 0.0001 % to 0.1 %, can be investigated by tuning the plasma OFF-
time (torr) from 100 ms to 100 us, which can be simply achieved by varying the plasma pulse
frequency between 10 Hz and 10,000 Hz.
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Figure 1-3-5: Traces of the 1-V curves used for the atmospheric-pressure plasma initiated
chemical vapour deposition (AP-PiCVD) of polymer and plasma thin films. The ignition of
plasma ultrashort high-voltage square-wave pulse (blue curve) results in the creation of two
current discharges lasting ca 100 ns (red curve). These current discharges represent the time
when the plasma is ON (ton).

As such, Loyer et al. studied the AP-PECVD reaction of the three methacrylate monomers
(MMA, BMA and GMA, Table 1-3-1) at different ultrashort plasma pulse frequencies and
investigated the impact on the growth rate, morphology and chemistry of the resulting films.[®!
One should note that all the methacrylate monomers were investigated using comparable partial
pressures (Pm) in spite of their different saturated vapour pressure (Psat) ranked as followed:
pMMA ~ pBMA w5 pGMA Unsurprisingly, an increase of the growth rate with the increase of the

plasma pulse frequency was first observed (Figure 1-3-6). Indeed, the increase of the frequency

29



is known to lead to the increase of the reactive species that yield an increase of the deposition
rate.[%81 However, a collapse in the growth rate of films obtained from BMA, GMA and NVCL
was observed for the highest plasma pulse frequencies contrary to films obtained from MMA
(blue arrows in Figure 1-3-6).13871 This collapse hinted on the occurrence of different growth
mechanisms during the AP-PECVD of the methacrylate monomers using ultrashort plasma
pulses. This collapse observed in the growth rate of BMA, GMA and NVCL-based thin films
was mainly attributed to the different sensitivity of the monomers toward plasma. Nevertheless,
the influence of the monomer saturation pressure (Psat), monomer partial pressure (Pwm) and thus

the monomer saturation ratio (Pm/Psat) on the growth mechanisms, should not be neglected.

%1 pamA
L5

—~ 06 1 T~ -
e 0.6 | F4 @0
: :
o 04 4 L3 ‘q—)’
E 0.4 g
m P
g 0.2 2 §
s %41 0.2 | 3
: K
6 0 ,__---/'/ 0 ._’l/ 0

100 1000 10000 100 1000 10000

Discharge frequency (Hz) Discharge frequency (Hz)

-8
__ 08 ] PGMA . PNVCL 008
e-;q ~~ l6 = @;1"0_4 1 Lo.07 H‘V_r
w) ~
S 0.6 | g g : L0.06 g
(sTs] = £ b | A
2 4 T < 0.3 ] 0.05 o
o 0.4 ] == logs =
£ c e u
2 c g02 Loos ©
= 2 £ % =
g 0.2 S 8011 10.02 _Fé
5 0 O ] too1 ©
0 y y —+0 01 : : 0o ©
100 1000 10000 10 100 1000
Discharge frequency (Hz) Discharge frequency (Hz)

Figure 1-3-6: Growth rates per second according to the plasma pulse frequency for the films
grown from MMA, BMA GMA and NVCL. The change of the curve’s tendency in the case of
PGMA is due a change of density for f > 1kHz.The blue arrows show the point after which a
collapse of the growth rate is observed. Data adapted from Loyer.[™®

To have a clear view on the different mechanisms that were taking place during the nanosecond
plasma deposition process, the growth rate was plotted as thickness increment per discharge
cycle (ton + torr, with ton being kept constant). As a reminder, the highest frequencies results

on the shortest plasma torr and hence the shortest cycle duration (ton + torr). Irrespective of
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the methacrylate monomers, higher thickness increments per ton + torr cycle were observed
for longer torr highlighting the occurrence of deposition reactions during torr (Figure 1-3-7).
For each study, a plateau of the thickness increments per ton + torr cycle was reached for high
torr times. This plateau, attributed to the termination of the free-radical polymerisation
mechanism, was shown dependent on the monomer and deposition conditions. In particular,
the termination of the free-radical polymerisation was observed after 15 ms for MMA and
BMA based-films and after 100 ms for GMA based-films.[26.58]

Thus, the trend of the poly (alkyl methacrylate)’s thickness increment (progressive increase
with the increase of the cycle duration before reaching a plateau) readily indicates the
occurrence of different mechanisms. Notably, plasma-induced free-radical polymerisation was
identified as prevailing occurring mechanism for long plasma-OFF times (i.e., low plasma
pulse frequencies) allowing the maximal growth of the polymeric chain during one cycle pulse
duration. On the other hand, plasma-state polymerisation was rather prevalent for short plasma
torr (i.e. high plasma pulse frequencies) leading to the pronounced fragmentation and
dissociation of the monomers’ molecule overcoming the conventional growth of the chains and

yielding lower thickness increment.[2¢l
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Figure 1-3-7: Weight and thickness increment per discharge according to the cycle time
(ton + torr) for the thin films elaborated from a) MMA, b) BMA and ¢) GMA. Data adapted
from Loyer et al.l%6.7

The mass spectrometry study of the thin films elaborated at low plasma pulse frequencies
revealed the formation of true polymeric chains composed of MMA, BMA, GMA, NVCL and
DEAP as repeating unit, demonstrating the excellent retention of starting monomer’s chemistry
during the deposition.[*¢6%731 Nevertheless, these mass spectra presented number of species in-
between two successive oligomer units, which was even more prominent for PMMA (Figure
I-3-8 a & b) compared to PGMA, PDEAP and PNVCL.[36.69.73.80]

31



Loyer et al. demonstrated through a deeper analysis of their mass spectra that the species
observed in-between two successive conventional [(M)» + H]™ oligomer units arose from the
plasma-induced monomer single fragmentation wused to initiate the free-radical
polymerisation.® Whereas iCVD involves a labile initiator (e.g., TBPO) cleaved into well-
defined radicals by hot filaments to start the free-radical polymerisation of vinylic monomers,
AP-PIiCVD relies on reactive monomer fragments to initiate the free-radical polymerisation
reaction. The high energetic electrons composing plasma have been demonstrated to gain
enough energy to break any of the bonds of the studied methacrylate monomers, creating a
high number of fragment from each monomers, which can play both the role of initiating (Ri)
and terminating group (Ry) leading to [Ri(M)aR: + H]" oligomers (Figure 1-3-8 d). Thus, the
combination of plasma OFF-times (torr) in the range of the free-radical polymerisation lifetime
and ultra-short plasma pulses (ton < 100 ns) afforded by AP-PiCVD allowed the formation of
true polymeric chains, which mainly differ from their counterparts synthesized via
conventional methods by the variety of their ending groups, i.e. [Ri(M)aR: + H]*.[% Increasing
the ultrashort plasma pulses frequency was demonstrated to yield a significant number of
alterations such as observed by mass spectrometry.
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Figure 1-3-8: MALDI-HRMS spectra for the thin film elaborated from MMA at a discharge
frequency of 100 Hz. a) mass range m/z = 100-800, b & d) mass range m/z = 390-510. The
lines displayed on a) show the position related to the MMA oligomers with H as end groups
([(M)n + H]"). The stars on b) point the different peak distribution that can be observed between
two successive conventional [(M)n + H]* oligomers. The lines displayed on d) point the mass
peaks resulting from the possible [Ri(MMA)aR: + H]* combinations derived from c) the free-
radical polymerisation of MMA with the different initiating and terminating groups that can
form upon the o-bond breakdown of MMA when exposed to plasma. Data adapted from Loyer

et al.[8%

Size exclusion chromatography analysis also evidenced the strong impact of the ultrashort
plasma pulse frequencies on the chemical structure of the thin films. To avoid any
misinterpretation, these SEC measurements were compared to each other according to the
elution time since the weight-average molar mass of the resulting thin film could not be reliably

assessed due to the chemistry discrepancies between the low and high pulse’s frequency thin
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films. Hence, they reported the formation of oligomeric chains with weight-average molar mass
(Mw) of 2,596 gemol* and 4,761 gemol* for PMMA and PBMA respectively, and polymeric
chain of 94,364 gemol* for PGMA, when using a low plasma pulse frequency of 100 Hz.[¢]
This result was also in good agreement with the ranking of their propagation rate constants
which further proved the importance of the monomer kinetic properties at low plasma pulse
frequency.l®l On the other hand, with the increase of the plasma pulse frequency, the peak
associated to the long polymer chains growth observed at short elution time disappeared (in the
case of MMA and BMA) or became less prominent (in the case of GMA) while the overlapping
peaks observed at longer elution time remain prevalent. They attributed these overlapping
peaks to the formation of several compounds of high degree of cross-linking. Hence, instead
of being a complete transition from one mechanism to the other one as one may assume in view
of the trend of thickness increment of the different poly(alkyl methacrylate) films, they
demonstrated that the AP-PECVD reaction was rather a competition between plasma-induced
free-radical polymerisation dominated by the monomer’s kinetic at low plasma pulse
frequencies and plasma-state polymerisation dominated by plasma polymer regime at high
plasma pulse frequencies.*8 Similar observations were made during the AP-PiCVD reaction
of NVCL. Indeed, SEC analysis of the NVCL-based films elaborated at low plasma pulse
frequency (i.e.10 Hz) showed the formation of longer oligomeric chain with a My =
4,100 g=mol™?, providing their observed thermoresponsive properties. However, the increase
of the plasma frequency to 1,000 Hz resulted in the formation of shorter chains and a more
cross-linked structure showing a Mw = 950 gemol™2. This highly cross-linked structure did not
present any thermoresponsive properties demonstrating the loss of the monomer chemical

functionality during the deposition.[”®]

Owing to FTIR measurement, they observed that all the thin films elaborated at low plasma
pulse frequency confirmed, in good agreement with their MS observation, the retention of the
monomer structure during the deposition. This retention of the monomer structure was shown
to be ensured thanks to the prevailing occurrence of free-radical polymerisation through the
vinyl bond of the different monomers, which bands located at ca. 1,635 cm™ and 1,310 cm™

were shown to disappear in all the poly (alkyl methacrylate) films.

Although the vinyl bond was also absent in the FTIR of the methacrylate based-films obtained
at high plasma pulse frequencies, they all presented spectra that strongly differed from those
of their starting monomers, which is typical for plasma-polymers. Such alteration was also
witnessed by XPS. Curiously, they observed that BMA and MMA based-films showed a
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decrease of hydroxyl group with the increase of the plasma pulse frequency contrary to GMA
based-films which showed a rise of hydroxyl band vibration with the increase of the plasma
pulse frequency in good agreement with their MS observations.®®! If the rise of hydroxyl band
vibration in the GMA was justified by the opening of the sensitive epoxy function, the opposite
observation made with the MMA and BMA based-polymers was not fully understood and was
still requiring deeper investigations.*®! The increase of the plasma pulse frequency was
similarly observed to lead to the alteration of the monomer structure during the AP-PiCVD
reaction of DEAP and NVCL.1973 The latter also showed the formation of hydroxyl group.[”]

The ultrashort plasma pulses frequency was also demonstrated to have a strong impact on the
morphology of the thin films. Using SEM, they observed a systematic formation of smooth
surface morphologies for thin films elaborated at low plasma pulse frequency, irrespective of
the starting monomer.[38.686971731 This demonstrated the preponderance of surface reaction
which justify the conformal coverage of unconventional substrate with a high level of
conformity (Figure 1-3-9 b).[%668l

On the other hand, the increase of the plasma pulse frequency to f > 1,000 Hz, resulted in the
formation of rough surface morphologies and non-conformal coating due to the preponderance
of gas phase reaction as usually encounter in plasma-state polymerisation. In addition and to
further emphasize the importance of the thickness increment plot according to the cycle
duration, they demonstrated that the use of different plasma pulse frequencies (one should
remember here that ton was kept constant in this study) can lead to the growth of thin film with
similar growth rate but presenting different features, i.e. different chemistry and morphology
(Figure 1-3-9). This demonstrated that the film roughening in plasma polymerisation is not
related to an excess of deposition rate but rather to an excess of gas phase reaction (Figure I-3-
9a, b &c).ll
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Figure 1-3-9: a) Growth rates (nm.s?) of the films grown from glycidyl methacrylate (GMA)
plotted according to the plasma pulse frequency. SEM top view and cross-sectional images of
the PGMA elaborated at plasma pulse frequency of (b) 100 Hz and (c) 10,000 Hz. Data adapted
from Boscher et al.[2658]

Overall, the plasma pulse frequency has a strong influence on the chemistry and morphology
of the resulting thin films, which ultimately have an impact on their properties. The duality of
the atmospheric-pressure plasma initiated chemical vapour deposition (AP-PiCVD) process,
combining two different regimes, i.e. the plasma-state polymerisation and plasma-induced

36



polymerisation of plasma—polymer and polymer-like moieties, respectively, is highlighted
above. Although the two regimes simultaneously occurred when combining plasma and vinylic
monomers, surface reaction (i.e. adsorption and subsequent free-radical polymerisation) was
identified as prevailing mechanism at low plasma pulse frequencies, leading to unprecedented

degree of polymerisation for PECVD processes. 3¢

Table 1-3-1: List of the polymers and monomers previously investigated by AP-PiCVD and

their applications.

Polymers Monomers Application Ref
O
RN N
i P CHy
poly(diethylallylphosphate) H3o/\o’ \ Fire retardant | [69]
PDEAP 0o
HsC—/
[¢]
poly(N-vinyl caprolactam) HCP N\ . .
PNVCL Biomedical [73]
0]
HCP N
poly(NVCL-co- ethylene o CH AP
glycol dimethacrylate) e o : Anti-fouling | [78]
3 O/\/ CHy
CHy o]
0
Poly(glycidyl methacrylate) HsC Adhesive [71]
PGMA O/WO coating
CH,
0
Poly(butyl methacrylate) HsC Fundamental
PBMA 0NN, studies 73
CH :
s it
Poly(methyl methacrylate) HsC ~CHs Fundamental ]
PMMA O studies
CH,

1-3.2.2 Monomer Structure — Vinyl Bonds as a Prerequisite
All the works reported above, involving different vinylic monomers (MMA, BMA, GMA,
EGDMA, NVCL, DEAP) demonstrated the different sensitivity of the monomers to the plasma



pulse frequency, regarding several of the analysis performed. From the study of the poly(alkyl
methacrylate), a clear distinction was systematically noticed between the reactivity and
sensitivity of MMA- and GMA-based films while BMA- based films were reported to have an

intermediate behaviour.

Notably, the evaluated growth rates obtained at a low plasma pulse frequency of 100 Hz for
identical monomer partial pressure (Pm) were reported as followed: DRvma (0.18 nmes™) <
DRgwma (0.24 nmes ™) « DRema (2.50 nmes™), in good agreement with their propagation rate
constant also ranked as: k,MMA4 ~ [LBMA < | DGMA [3] However, in CVD polymerisation, the
rate limiting step may also be related to the adsorption of the reactant to the surface.[*! Hence,
at equivalent monomer partial pressures (Pm), the monomer with the lowest vapour pressure
(Psat) is expected to remain adsorbed longer on the substrate compared to higher Psat monomers,
which are expected to desorb more quickly before reacting and contributing to the film growth.
Consequently, the fastest growth observed from GMA-based films synthesised at low plasma
pulse frequency was also attributed to the lower Psat combined to the higher k, of its starting
monomer.8l This result highlighted the importance of both the monomer chemical and
physical properties, notably the kinetic property of the monomer hinting on the fact that free-
radical polymerisation steps in AP-PiCVD polymerisation is identical to radical polymerisation
steps in the bulk phase, and the adsorption of the monomer molecules pointing out similarity
with iCVD.F® Therefore, the deposition rate should be strongly influenced by the
concentration of initiating species and active growing chains ([M‘]), the concentration of
monomer adsorbed on the surface ([M]), and the kinetic rate constant of the different monomers
(i.e kp and ki). At equivalent monomer’s vapour concentration (Pw), the studied vinylic
monomers surface concentrations were ranked as [MMA]@ad) < [BMA]@d) < [GMA]@g) =

[NVCL]aq) suggesting the importance of the monomer saturation ratio (Pw/Psat).[6]

Moreover, contrary to MMA-based films, a collapse in the growth rate of films obtained from
BMA, GMA and NVCL was observed with the increase of the frequency. These results
highlighted the dependence of the growth rates to the monomer structure and/or concentration

at the highest frequencies, with transition in the deposition regime (blue arrows in Figure I-3-
6).[36,73]

The sensitivity of the different monomer toward plasma was also noticed through their MS.
Indeed, although elaborated at low plasma pulse frequency, the mass spectrum of the MMA
based-films was more populated than the ones of GMA and NVCL based-films.[673&1 This
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higher magnitude of species observed in-between two successive oligomer units [(M)n + H]*
in the case of MMA based-films suggested the strong influence of the monomer itself during
the AP-PICVD reaction. In particular, the mass spectrometry analysis of the thin films
elaborated from MMA at low repetition frequency revealed the integration of oxygen to the
polymeric chains, responsible for the strong hydroxyl vibration bands detected by FTIR. Such
observation was related to the reactivity of oxygen and water available from the surrounding
atmosphere. On the other hand, subtraction of oxygen and addition of carbon was detected at
higher frequencies, which indicated the alteration of the monomer’s chemistry and higher

cross-linking degree such as expected for plasma-polymers.[36.801

The contrast between the high weight-average molecular weight reported for PGMA compared
to the PMMA and PBMA was attributed the large difference of their Psx in addition to their
propagation constant. With this observation, they emphasised again the importance of the

monomer’s kinetic and adsorption properties at low plasma pulse frequencies. !

To have a deeper insight on the origin of these different polymeric lengths, they used the
density functional theoretical (DFT) calculation.’®! The bond dissociation energy (BDE) of the
epoxy ring was found to be around 2 eV lower than the other o-bonds of the GMA molecule.
Since presenting the weakest bond in the molecule, the epoxy group was identified as a
chemical buffer that effectively protect the molecule from a statistical breakdown while
promoting the film's adhesivity through a natural cross-linking.*88% Combining this result to
the favoured kinetic of GMA monomer conveniently justified the better chemical retention and
the longer PGMA polymeric chain formed. On the other hand, MMA molecule was shown to
have a difference in BDE as low as 0.5 eV among all its o-bonds. This highlighted its higher
sensitivity to a statistical molecule breakdown implying the generation of a higher amount of
fragments. Therefore, this higher amount of fragment formed at low plasma pulse frequency
resulted in a higher occurrence of chain termination yielding the formation of shorter PMMA
chains which yielded a populated mass spectrum.®6®1 This observations highlighted the

importance of the monomer structure or monomer saturation ratio.

Surprisingly, the NVCL-based films were made of shorter oligomeric species despite of the
low Psat of NVCL. Even though a statistical fragmentations of the NVCL lactam ring, offering
seven different opening pathways, may explain the difference with the GMA case for which a
localized fragmentation was able to protect the structure during the deposition, this different
behaviour may not be fully explained by the statistical breakdown of NVCL. Indeed, NVCL is
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in solid state at room temperature making it necessary to melt it to be vapour deposited. In their
study,[">8 in spite of melting the NVVCL at 50°C, the PNV/CL thin films grown by Loyer et al.
may still suffer from low monomer partial pressure that yield to the damaging of a higher
portion of monomer, which can act as terminating group leading to the formation of short
oligomeric chains similarly to MMA, and deposition rates (0.35 nmes™ at 100 Hz) one order of
magnitude lower than the one obtained from GMA (2.50 nmes™ at 100 Hz).[”®

In addition, the AP-PiCVD films presented extremely different sensitivity to plasma regarding
their FTIR although all elaborated at low plasma pulse frequency. Indeed, while MMA and
BMA based-films showed an integration of hydroxy! group, GMA and NVCL based- films did
not. These observations demonstrated again the importance of the monomer structure or the

importance of monomer saturation ratio.

The difference in sensitivity toward plasma was also observed with the SEM of the reported
AP-PIiCVD films. While MMA and BMA based-films systematically showed a smooth surface
morphology when elaborated at plasma pulse frequencies lower or equal to 1,000 Hz, GMA
based-films were already showing a rough surface morphology from 1,000 Hz. On the other
hand, NVCL-based films showed a rough surface morphology from the low plasma pulse
frequency of 100 Hz. This threshold between the preponderance of surface reactions (yielding
smooth thin films) and gas phase reactions (yielding rough or powdery thin films) seemed to

be monomer structure or monomer saturation ratio dependent.

1-3.2.3 Monomer Saturation Ratio and Substrate Temperature — Monomer Adsorption

To understand this shift from predominant gas phase mechanisms (fragmentation and
recombination) to surface mechanisms (initiation, propagation and termination) according to
the plasma pulse frequency, a kinetic model called pulsed plasma method (PPM) was
developed.®Y This PPM model is based on the same principle as the rotating sector method
(RSM) and the pulsed laser polymerisation (PLP) method. Contrary to other plasma-
polymerisation model, the PPM integrates the non-steady plasma initiation, the polymerisation

propagation and termination, as well as the chain transfer event.[®

According to the model which take into account the experimental data on the AP-PiCVD
reaction of alkyl methacrylate monomers,*¢2% polymeric films in AP-PiCVD are assumed to
occur through three following major steps (Figure 1-3-10): (1) activated species (radicals) are
created intermittently according to the plasma pulse frequency, (2) diffusion and adsorption of

primary radicals and monomer from the vapour phase onto a surface where (3) the
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polymerisation occurs leading to formation of thin films with unprecedented degree of
polymerisation and the conformal coatings of 3D structures with high aspect ratio.[6:68:81]

Hence showing strong similarities with iCVD.[828

pmmmm Plasmaontimet,, ---.

—i»oMo,(h

R; = ki (plasma)[M]
(ii) Fragmentation
e
Mg — 2Xe(g)

Ry = kf(plasma)[M]

(iii) Recombination
*Me(y) — Mg

2Xeg) — M)
2Xe(g) — 2X(g) /

(iv) Adsorption
Mg — Maa)
Me (o) —— Me(yq)
X — X@a
Xe) — Xe@q)

(v) Propagation
P
Mn.md; 2 —_— Mlvl.lnd)

Kp
Xeo(aq) + > XMe .q)

1
1
1
1
1
1
1
;
: R, = k,[Me; Xe][M]
I
1
1
1
1
1
1
1
1
1
1
1

(vi) Chain transfer

Ker1Ker,2

Mp®(ad) + X@ad) «— Mn — Xj@a) + Xjj®a)
Ry = tkyr1p2[X/X0][Me/M]
(vii) Termination
ke
Mn'ud; + NIH].{.I(’) — Mn+m (ad)
ke

L UL g g g —————

Mn®Ga) + Mp®aq)y —— + M, (ad)
ke
Mp®(ad) + Xe gy —— Mp — Xqag)
ky
Mn.mdj & X'{ud) — o a Hx(ad)
\ R, = 2k, Me; Xe]?

SN S NN SR U SR N NS S NN SE AR D S SN SR SN N G S G SN R S wP

Figure 1-3-10: Mechanisms used by Loyer et al. in their kinetic model of the AP-PiCVD

process. Data adapted from Loyer et al.[

The PPM model allow estimating the maximum conversion rate of MMA and GMA from
monomer to radicals at low plasma pulse frequencies (low DCs). At equivalent Py (monomer
partial pressure), the maximum conversion rates was evaluated to be 5% and 20% for MMA
and GMA respectively.[® This result let assume a higher sensitivity of the GMA’s molecules
compared to the MMA’s ones under the plasma discharge. However, as already mentioned
earlier, GMA possesses a chemical buffer group (i.e., the epoxy group) which protects the
molecule from a statistical breakdown contrary to MMA, which is more prone to produce a
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wide range of radicals. Moreover, not all the created radicals participate to the polymerisation
reaction since some of them could be deactivate and be flushed away before reaching the
substrate. Therefore, for a better understanding of the reactivity of radicals in the reactive
volume, the ratio between reacted radicals (that adsorb and polymerise on the surface) and
radicals created was plotted according to the ultra-short plasma pulse frequencies. Globally, a
linear increase of the radical reactivity was systematically observed with the increase of the
plasma pulse frequency before reaching a plateau indicating a saturation, readily visible in the
case of GMA. Owing to this result which matched with the variation of their deposition rates
and the variation of their SEM morphologies, Loyer et al. concluded that the transition from
preponderant surface mechanisms to preponderant gas phase mechanisms is a result of the
saturation of the reactive species on the substrate surface when reactivity reaches 100%.H The
early saturation of GMA’s reactive species (at ca. 1000 Hz) is attributed to its low vapour
pressure implying that the surface substrate would be prone to saturate quickly. On the other
hand, the lack of saturation observed in the curve of MMA radical’s reactivity is simply linked
to the lower adsorption of the monomer’s molecule on the substrate, due to the high Psa of
MMA. Overall, this study demonstrated the importance of adsorption mechanisms in the
PiCVD process and notably de monomer surface concentration which can be related to the non-
dimensional parameter given by the ratio of the monomer partial pressure (Pm) and its saturated

vapor pressure (Psat).

As a result, few rules were introduced to achieve the AP-PiCVD reactions of vinylic
monomers. Notably the use of low repetition frequency of the ultrashort square-wave pulses
consistent with the lifetime of the free-radical polymerisation for the selected monomer. Since
lower vapour pressure (Psat) adsorption to the surface were shown to be promoted, and both the
growth and the conventional polymerisation pathway enhanced, as observed with GMA, they
also advised the use of monomer with sufficient vapour pressure to allow its delivery in vapour

phase at atmospheric pressure. 54

In addition, free-radical polymerisation prevalent at low plasma pulse frequencies and taking
place through the vinyl bond seemed to lead to the retention of the monomer structure. If the
use of a vinyl monomer has been set as a prerequisite to allow the simultaneous synthesis and
deposition of polymer with various functionalities with AP-PiCVD, the linked between the
retention of the monomer structure and the vinyl bond of the monomer was not established or

clearly investigated. 3!
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Similarities between iCVD and AP-PiCVD are found, notably regarding the emphasized
importance of monomer adsorption on the surface which is foreseen as important parameter of
the AP-PICVD process. Indeed, the well-established iCVD process which allows the
deposition of various functional polymer thin films that can be synthesized by free-radical
polymerisation via surface-growth mechanisms, shows an adsorption-limited kinetic.[281 This
was notably demonstrated through the iCVD deposition of different n-alkyl acrylate (from
ethyl to hexyl) were the relationship between the polymerisation kinetic, such as the deposition
rate and the number-average molecular weight (Mn) of the resulting thin films, and the
monomer surface concentration was clearly elucidated.’®! Indeed, the studied group of
monomers showed an increase of their deposition rates and My with the decrease of monomer
saturated vapour pressure, although all synthesized in the same conditions similarly to the
observations made for the AP-PiCVD reaction of alkyl methacrylate monomers. This provided
a hint on the influence of the monomer saturation ratio (Pm/Psat) on the growth mechanism of
the resulting thin films. The adsorption-limited kinetic of the process was further demonstrated
through the systematic increase of the deposition rate of the main studied monomer, i.e., ethyl
acrylate, with the decrease of the substrate temperature irrespective of the investigated
conditions (e.g., increase of the filament temperature and substrate temperature).[®3lAs a result,
the saturation ratio (Pm/Psat) was introduced as a measure of the amount of adsorbed monomer,
which was related to the adsorbed volume (Vaq) of the studied butyl acrylate monomer through
BET equation highlighting the formation of multilayers with a coverage c= 2.536.182°l

With the aim of developing a mechanistic model for describing the kinetic behaviour in iCVD,
Lau et al. proposed a theoretical model, based on experimental data. Hence, the reaction
mechanism for iCVD was proposed as a series of elementary steps involving gas phase initiator
decomposition followed by surface reactions. Overall, this reaction mechanism present the

same major steps as in AP-PiCVD (Figure 1-3-11).
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Figure 1-3-11: Mechanisms used by Lau et al. in their kinetic model of the iCVD process.[“>#°]

Owing to the excellent understanding of the structure-property-processing relationships in
ICVD process, several types of functional polymers thin films were elaborated for applications
as biopassive coating,?® water-repellent coatings ,dielectric gate for organic microelectronic,
etc.#21 Many of the monomers used in iCVD are commercially available and have been
reported in several reviews.[*>#4851 The highly pure polymers obtained with iCVD resulted in
the formation of insulating low dielectric constant polymers from organosiloxane compounds
such as 1,3,5-trivinyl-1,3,5-trimethyl cyclotrisiloxane (V3D3) and 1,3,5,7-tetramethyl-1,3,5,7-
tetravinylcyclotrisiloxane,[**2! as well as the formation of insulating high dielectric constant
copolymer from di(ethylene glycol) divinyl ether (DEGDVE) and 2-cyanoethyl acrylate
(CEA).H

Overall, strong similarities with the iCVD regarding the growth mechanisms and the resulting
thin films’ characteristics were clearly demonstrated, although AP-PiCVD is unlikely to
produce pure homo- or copolymers since being a plasma-based process. Notably, the
importance of the monomer structure, the monomer saturation ratio or the combination of the
two effect is repeatedly pointed out as parameter influencing the growth of the AP-PiCVD
films. Yet, their influence cannot yet be discriminate due to the lack of a systematic study of
their respective importance. The development of a clear understanding of these parameters,

such as in iICVD, would be beneficial for the formation of functional thin films with high
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potential for entirely new fields of application. The recently developed process has only
covered few applications so far, and this thesis aims at extending the library of monomers
deposited by AP-PICVD by targeting the synthesis of low dielectric constant insulating
polymer layers for dielectric gate application in organic microelectronic. In addition to their
application-driven motivation, the characterisation of the dielectric properties of the films was
foreseen to provide an additional dimension for the development of a fundamental

understanding of the AP-PiCVD approach.

I-4 Thesis Framework

The objective of this thesis is to gain a deeper understanding on the influence of the monomer
structure and monomer saturation ratio through the study of the atmospheric pressure plasma
deposition of organosiloxane monomers for the preparation of high-quality and ultrathin
polymer layers for dielectric gate application. The study of the dielectric properties of these
films (leakage current, k value...) provides a new dimension to the characterization of the films

and enables a better comprehension of the growth mechanisms.

I-4.1 Importance of the Monomer Structure on the AP-PiCVD Reaction

The Chapter Two evidences different growth mechanisms of thin films obtained from
tetrasiloxane compounds possessing vinyl groups and/or a cyclic structure, i.e. 1,3,5,7-
tetramethyltetravinylcyclotetrasiloxane (V4D4) and octamethylcyclotetrasiloxane (D4), and
those which don’t, i.e. decamethyltetrasiloxane (DMTSQO). While ring-opening reaction is
observed with the D4 monomer, the free-radical polymerisation reaction through the vinyl bond
is preponderant for the AP-PiCVD reaction of V4D4. The characterization methodologies

described in this chapter are used extensively in subsequent chapters.

I-4.2 Importance of the Monomer Saturation Ratio on the AP-PiCVD
Reaction

In Chapter Three, the saturation ratio (Pm/Psat) is demonstrated as key parameter to promote a
free-radical polymerisation pathway and ensure the growth of smooth and dense thin films.
Supported by the physico-chemical characterization (FTIR, SEM, growth rate, dielectric

constant), and the relationship established between the saturation ratio and the resulting films
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properties, guidelines are provided to determine the optimal process window for the AP-PiCVD

of functional polymer thin films.

I-4.3 Importance of the Monomer Structure on the Dielectric Properties of
the AP-PICVD Thin Films

The Chapter Four reports the atmospheric pressure plasma deposition reaction of cyclic
organosiloxane (V3D3 and V4D4) and organosilazane (V3N3 and V4N4) monomers for the
preparation of high-quality and ultrathin dielectric polymer layers. The ability to tune the k
value (2.8 < k < 4.2) by carefully selecting the monomer structure is demonstrated. Lower
polarizability (organosiloxane) and bigger ring size monomer (V4D4) give the lowest k value.
AFM and SEM investigations highlight the atomically smooth, defect-free and conformal
nature of the as-deposited polymer thin films, which is desirable for microelectronic

applications.

In this cumulative dissertation, each chapter is structured as a journal article. As such, each
chapter begins with a brief introduction, followed by the description of the experimental
methods used, the presentation of results and discussion, and ending with conclusions. The
chapters are arranged in a manner that provides continuity within the thesis. The supporting
information of each chapter are provided in the appendix. The thesis concludes with a summary
of the work accomplished and outlook for future work.
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CHAPTER Il — Importance of the Monomer Structure on
the AP-PICVD Reaction

This chapter demonstrates the importance of the monomer structure on the growth mechanisms
and performances of low dielectric constant insulating thin films elaborated from the
atmospheric-pressure plasma-enhanced chemical vapour deposition (AP-PECVD) reaction of
three tetrasiloxane compounds. Through a comprehensive experimental study, the use of
vinylic monomers is confirmed as a prerequisite for AP-PiCVD to enable free-radical
polymerisation, allowing the retention of the starting monomer’s structure, and surface reaction

pathways yielding the formation of atomically smooth thin films with excellent insulating

properties.
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1 | INTRODUCTION Consequently, the gate dielectric has a strong influence on

Dielectric polymer thin films are essential materials for or-
ganic field effect transistors (OFETs), which are a key ele-
ment in the emerging field of flexible electronics, owing to
their lightweight, insulating properties and mechanical
flexibility."*! Irrespective of the OFET configuration, the
dielectric layer is always in direct contact with the active
layer (i.e., semiconducting layer). Charge transport occurs in
the first few molecular layers near the surface of the gate
dielectric under the application of an electric field.

the charge transport in OFET devices,""! and high capaci-

tance densities from the dielectric are essential to lower the
power operation of electronic devices. This can theoretically
be achieved from high-k materials, which, however, suffer
from rather high leakage current and dipole disordering that
affects the carrier mobility of the underlying semiconductor
layer.”* Thus, ultrathin low-k and ultralow-k layers provide
a good alternative as a gate dielectric.

Among the different processing pathways available for
the synthesis of gate dielectric polymer thin films, chemical
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vapour deposition (CVD) processes provide a one-step route
for the synthesis, deposition and integration of functional
thin films.[! Moreover, the deposition of the material directly
from the gas phase suppresses the need for orthogonal sol-
vents and even allows the processing of insoluble and
non-meltable materials on unconventional substrates.!”
Plasma-enhanced chemical vapour deposition (PECVD)
processes have been widely used for the elaboration of low-k
thin films.[*”! If several strategies (i.e., porogen approach,!®!
foaming approach,”! cyclic precursor approach!'® and
carbon-bridging approach[“]) have been proposed to lower
the dielectric constant of the materials, the resulting thin
films, called “plasma polymers,” suffer from moderate-to-
poor retention of the precursor structure or/and limited
mechanical or insulating properties. In particular, the
PECVD of low-k dielectric thin films from constitutive por-
osities (e.g., cyclic precursor approach) is restricted by the
disruption of the ring structure of cyclic precursors.?!
However, the low-pressure initiated chemical vapour de-
position (iCVD) of vinyl-containing precursors allows the
retention of the monomer structure and their polymerisation
in a thin film form directly from the gas phase. The iCVD of
1,3,5-trimethyl-1,3,5-trivinyl  cyclotrisiloxane (V3D3) was
notably reported to yield the formation of low-k polymer thin
films (i.e., k=2.2) that meet a wide range of requirements
for the next generation of electronic devices.!"”!

Yet, plasma-assisted deposition approaches possess the
significant advantage of being potentially operated under
atmospheric-pressure conditions, which is highly desirable to
reduce the equipment costs and number of procedures for
in-line processing.'*'*) Therefore, huge efforts have been
made to improve the selectivity of AP-PECVD processes and
notably favour the free-radical polymerisation of vinylic
monomers. Proposed strategies include the softening of
plasma using various plasma gases,'*'”) discharge config-
urations''* and plasma excitation modes."*! Among all the
developed methods, pulsing the plasma discharge is a com-
mon approach to promote a better retention of the monomer
structure, owing to the predominant occurrence of a plasma-
induced free-radical polymerisation pathway, which can
persist over several tens of milliseconds during the plasma
off-time (topg), Whereas photons, ions and electrons rapidly
disappear."””’ A recent approach called plasma-initiated
chemical vapour deposition (PiICVD)*’! combines ultra-
short plasma pulses (ton < 100 ns) and plasma off-times in
the range of the free-radical polymerisation lifetime (fopp
from 1 to 100 ms) to yield the atmospheric-pressure synthesis
and deposition of atomically smooth, conformal ultrathin
low-k polymer insulating layers.l">*'! This ultrashort square-
wave-pulsed plasma process, displaying strong similarities
with iCVD, has notably provided thin films with an un-
precedented degree of polymerisation for plasma-enhanced
or atmospheric-pressure CVD processes.ml The significance

of the ultrashort square-wave pulses frequency'”** and

monomer saturation ratio, Pyy/Ps,: (With Py being the partial
pressure of the monomer and P, the saturation pressure of
the monomer at the temperature of interest), has recently
been demonstrated.”!! The understanding gained on the
PiCVD reaction enables the definition of ideal process win-
dows. Yet, if all these studies claim the presence of poly-
merisable double bonds as a prerequisite to the PiCVD of
formation of atomically smooth and conformal polymer
layers with an excellent retention of the monomer func-
tionality, none of them have demonstrated this requirement.
The present study evidences the significance of vinyl groups
and ring structure in ultrashort square-wave-pulsed AP-
PECVD from the growth and properties of tetrasiloxane-
based thin films. In particular, the selection of vinylic or
nonvinylic and linear or cyclic tetrasiloxane compounds
(i.e., decamethyltetrasiloxane [DMTSO], 1,3,5,7-tetramethyl-
1,3,5,7-tetravinylcyclotetrasiloxane [V4D4] and octamethyl-
cyclotetrasiloxane [D4]) enables to evidence the influence of
the monomer structure on the deposition reaction at dif-
ferent plasma pulse frequencies. The cross-comparison of
the thin film's deposition rate, chemistry and morphology
highlighted the importance of unsaturated vinyl bonds to
sustain the free-radical polymerisation during the plasma
off-time. The investigation of the thin films' insulating
properties confirmed the defect-free and pinhole-free nature
of the layer obtained from V4D4, resulting in good
insulating properties of 29-nm-thick pV4D4 thin films that
exhibit a leakage current density in the range of
1077 A-cm ™2

2 | EXPERIMENTAL SECTION

2.1 | Materials and substrates

The three tetrasiloxane compounds investigated in this
study, that is, DMTSO (97%; Sigma-Aldrich); V4D4
(97%; Fluorochem) and D4 (98%; Sigma-Aldrich), were
all used as purchased and without any further pur-
ification. All the deposition experiments were carried
on intrinsic and highly boron-doped (p =0.01 Q-cm)
polished silicon wafers (Siltronix). Before each ex-
periment, the silicon wafers were treated during 40s
using a 95%/5% argon/oxygen atmospheric-pressure
plasma operated in the dielectric barrier discharge re-
actor described in the following section.

2.2 | AP-PECVD of polymer layers

The thin films were elaborated in the dynamic mode using
an open-air atmospheric-pressure dielectric barrier discharge
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(AP-DBD) setup, as previously described."®**! Briefly, the
AP-DBD setup is composed of two high-voltage electrodes
(30-mm width and 300-mm length) covered with an alumina
dielectric and a stainless steel moving table (1-3 mm-s™") as
a ground electrode (Figure S1a,b). The plasma was ignited by
1-ps high-voltage square-wave pulses of 6 kV produced by an
AHTPBIOF generator from EFFITECH, allowing the gen-
eration of two ultrashort plasma discharges (i.e., ton =100
ns) at the voltage rising and falling edges (Figure S2). Plasma
pulse frequencies ranging from 16.7 to 3160 Hz were studied,
corresponding to plasma off-times (topr) ranging from 316 ps
to 59.9 ms. The discharge gap was maintained as 1 mm. The
tetrasiloxane compounds were directly delivered to the de-
position area using a bubbler setup and argon (99.999%; Air
Liquid) as a carrier gas. The flow of carrier gas (Ar), fixed to
15 L-min~" (Foumier) for all the tetrasiloxane compounds in
the first part of the present work (reduced to 4 L-min~" for
DMTSO and D4 in Section 3.4), was diluted with a second
source of argon to maintain the total gas flow constant to
20 L-min~" (Figure Slc). To prevent contamination from the
surrounding atmosphere and more particularly reduce the
O, and N, contamination, argon fluxes were added on both
sides of the AP-DBD electrodes.

2.3 | Thin-film characterisation

2.3.1 | Morphology and topography

Scanning electron microscopy (SEM) images were
obtained using a Hitachi SU-70 FE-SEM. To avoid
distortions due to charge effect, the samples were
coated with a 2-nm platinum film before the SEM
observations. A Quanta FEG 200 from EDAX Inc. in
environmental SEM (ESEM) mode was used to ac-
quire the images of the viscous thin films and mea-
sure their thickness. Atomic force microscopy (AFM)
topography images were obtained using an Innova
instrument operating in a tapping mode. Film thick-
nesses were measured by a spectroscopic ellipsometer
FS-1, a KLA-Tencor P-17 Stylus profiler and SEM
cross-sectional observation. The spectrometric ellip-
sometry measurements were acquired at a single an-
gle of 65° using four different wavelengths (i.e., 465,
525, 590 and 635nm), and the data were fitted to a
Cauchy model. The weight of the films was de-
termined by weighting the substrates before and after
the deposition experiments using a Sartorius ME36S
scale. For each deposition condition (monomer and
frequency), the thickness and mass growth rates were
determined from the measured thicknesses and
weight of a minimum of two different thin films
prepared wusing different deposition times. The
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effective deposition time, which is the time effectively
spent under the high-voltage electrodes and calcu-
lated independently from the plasma pulse frequency,
corresponds to the number of runs (1-20) multiplied
by the width of the high-voltage electrodes (30 mm)
divided by the speed of the moving table
(1-3mm-s™"). For all the experiments reported in this
study, the growth rates were shown to be directly
proportional to the deposition time, yielding small
standard deviations of the growth rates, even though
they were evaluated from thin films prepared with
different deposition times.

2.3.2 | Chemical characterisation
Fourier-transform infrared spectroscopy (FTIR) analysis of
the AP-PECVD thin films was performed in a transmission
mode on double-polished silicon wafers using a Bruker
Vertex 70 spectrometer equipped with a deuterated triglycine
sulphate detector. The spectra were obtained over a range of
4000-400 cm ™" with a resolution of 4cm™". A 10-min ni-
trogen purge was performed before each measurement to
diminish the contribution of carbon dioxide and moisture.
The monomer spectra were acquired with the same
FTIR spectrometer using an attenuated total reflection
accessory. X-ray photoelectron spectroscopy (XPS) analyses
(300 x 700 um?) were carried out with a Kratos Axis Ultra
DLD spectrometer using a monochromatic Al Ka X-ray
source (hv =1486.6 eV). A flooding gun was used to reduce
the charging effect on the samples' surface. Photoelectron
emission was collected at 0° with respect to the surface
normal. The surface of the specimen was pre-cleaned by
bombardment with Ar* ions (2 kV) before the collection of
XPS data. CasaXPS software was used for chemical
quantification.

2.3.3 | Density functional theory (DFT)
calculations

DFT calculations were performed using the 4.2.1
programme suite.”””! The hybrid functional PBE
(Perdew-Burke-Ernzerhof) was used for every calcula-
tion along with Ahlrichs' basis set def2-TZVP and
Weighend's auxiliary basis set def2/I.1*”**! The numer-
ical chain of sphere approximation RIJCOSX and the
dispersion correction D3 were also applied in any in-
stance.!””*°! The bond dissociation energies (BDEs) of
the investigated monomers were calculated by using a
previously reported method.”*! Analytical frequency
calculations were performed for each fragment and
molecule to obtain their free enthalpy and to ensure the
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convergence of the calculation. Due to the molecules'
symmetry, only a half (for DMTSO) and fourth (for D4
and V4D4) of the BDEs were calculated.

2.4 | Fabrication and electrical
characterisation of the metal/insulator/
semiconductor (MIS) devices

The AP-PECVD dielectric thin films were sandwiched be-
tween a highly doped Si wafer used as a bottom electrode
and a patterned Au layer as a top electrode. The patterned
Au layer was prepared using a shadow mask of 1cm?® by
electron beam evaporation with a base pressure below
10~° mbar. Before Au evaporation, a thin layer of Ti (10 nm)
was evaporated on top of the dielectric thin film to ensure
the adherence of the Au layer (50nm). The capacitance
versus frequency (C-f) characteristics of the MIS devices
were measured using an IM3570 Hioki impedance analyser.
The C—f measurement was performed at a frequency range
of (100Hz; 1MHz) with an excitation level of 0.1V.

The dielectric constant was estimated at 1kHz using the
following relation:

<
S dpolymer

_ &€ polymer

; 9]

where C is the capacitance of the dielectric thin film, S is the
surface of the contact, &, £ and dpgiymer are the vacuum
permittivity, the dielectric constant and the thickness of the
thin film, respectively. The current density-voltage (J-V)
characteristics of the MIS devices were determined at am-
bient atmosphere using Keithley 2634B instrument.

3 | RESULTS AND DISCUSSION

To demonstrate the influence of vinyl groups and ring
structures on the atmospheric-pressure plasma-enhanced
chemical vapour deposition of organosilicon insulating lay-
ers, we selected three different tetrasiloxane compounds,
that is, vV4D4, D4 and DMTSO (Figure 1a). DMTSO
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FIGURE 1 (a) The chemical structure, molecular weight (g-mol™") and the vapour pressure (Pg,, mmHg; https://pubchem.ncbi.nlm.
nih.gov)[”] of the studied organosiloxane monomers. (b) Growth rates per second according to the plasma pulse frequency (Hz) and

(c) thickness increment per ton + topr cycle for the thin films grown from 1,3,5,7-tetramethyl-1,3,5,7-tetravinylcyclotetrasiloxane (V4D4),
octamethylcyclotetrasiloxane (D4) and decamethyltetrasiloxane (DMTSO)
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(also reported as DMTS and MD2M in the literature)*! is a
linear tetrasiloxane substituted with methyl groups, simi-
lar to the well-studied hexamethyldisiloxane (HMDSO)"*?
but with a longer Si-O-Si backbone. D4 (also reported as
OMCTS and OMCATS in the literature)****! and V4D4 are
cyclic tetrasiloxanes, with D4 being substituted by only me-
thyl groups and V4D4 possessing four methyl and four vinyl
groups. To elucidate the AP-PECVD growth mechanisms of
the selected tetrasiloxane compounds, we selected an
AP-DBD fed with argon, used as both carrier and plasma
gas, and ignited with 1-us square-wave high-voltage pulses
(Figure S2). In this first section, the carrier flow and total
flow rate were kept constant to ensure a fair comparison of
the tetrasiloxane compounds (Table S1). The assumption
that the argon carrier gas was saturated with the monomer
vapours and that under such conditions the monomer
saturation ratio (Py/Psy) is approximatively equal to the
ratio of the carrier gas flow rate over the total flow rate
(Fearrier/ Frota) €nables the investigation of similar monomer
saturation ratios (Figure S1c). Series of thin films were pre-
pared from each of the selected monomers using different
square-wave high-voltage pulse frequencies (later called
plasma pulse frequencies) to determine the influence of the
monomer's structure on the AP-PECVD reaction. Naked eye
observations revealed that the physical state of the thin films
was strongly influenced by the nature of the tetrasiloxane
compound. Whereas macroscopically smooth and adherent
thin films were grown from V4D4, viscous and
inhomogeneous thin films were obtained from D4 and
DMTSO (Figure S3). These morphology discrepancies hint at
different chemistries (chain length, degree of reticulation)
and suggest a strong influence of the monomer structure on
the growth mechanisms.

3.1 | Effect on the growth rate

The mass and the growth rates were evaluated from
weight, ellipsometry and profilometry measurements. One
should note that irrespective of the plasma pulse fre-
quency, the substrate temperature (known to affect sur-
face adsorption) remained constant at room temperature.
In accordance with previous studies”’**! and irrespective
of the monomers, the growth rates (nm-s™') mainly in-
crease with the increase of the plasma pulse frequency
(Figures 1b and S4b, Table S1). This is attributed to the
creation of a larger amount of reactive species, owing to
the increase of the plasma pulse frequency, which leads to
a higher concentration of polymerisation-initiating species
[I] responsible for an increase of the deposition rate.
Interestingly, a collapse in the growth and mass rates is
observed for plasma pulse frequencies higher than
1000 Hz for the thin films obtained from V4D4 (Figures 1b
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and S4b). This drop of the deposition rate is known to be
highly dependent on the monomer; for example, a max-
imum growth rate was observed around 300 and 1000 Hz
for N-vinylcaprolactam (NVCL)"**! and glycidyl metha-
crylate (GMA),”?! respectively. The decay of the deposi-
tion rates at higher frequencies is related to an excess of
reactive species that induces the depletion of the mono-
mer. It is assumed that this behaviour is more pronounced
for the monomer possessing a low vapour pressure (Pg,;)
such as NVCL (P nver, sooc = 0.355 mmHg),**) GMA
(Psat, GMa, 20°c = 0.315 mmHg) ™ and  VAD4  (Pyy, vans,
s0°c = 0.040 mmHg).!"?! Indeed, low P, implies a lower
concentration of the monomer in the gas phase, which
induces a higher probability of interaction between the
monomer and the active plasma species that is responsible
for significant monomer depletion.

A closer look at the growth rates at low frequencies
allowed spotting further differences between the thin
films obtained from V4D4 and the ones obtained from D4
and DMTSO (Figure 1b, inset). In particular, higher
growth rates are achieved from V4D4 at low plasma
pulse frequencies. To have a better insight into these
differences, the growth rate data are plotted as thickness
increment per ton + topr cycle (with ton kept constant;
Figure 1c and Table S1). Similar to previous studies,!** !
the thickness increment per ton + topr cycle for the thin
films obtained from V4D4 highlights the occurrence of
deposition during torr With an increase of the thickness
for ton + torr cycles of 0.33-10 ms (Figure 1c). A quasi-
plateau is reached for t{orr longer than 10 ms. This pla-
teau around 10 pm per fon + torr cycle is attributed to
the termination of the free-radical polymerisation of
V4D4. Indeed, soon after the end of each plasma pulse
(ton), it is assumed that only the free-radical poly-
merisation reaction takes place. Previous works reported
that the propagation of the free-radical polymerisation
reaction can occur for 1-100 ms after tox under the stu-
died conditions.!?%**3°!

However, no significant increase of the thickness in-
crement per ton + torr Cycle is observed for the thin films
obtained from D4 and DMTSO (Figure 1c). Irrespective
of the topr duration, both showed a quasi-constant
thickness increment per fon+ torr cycle, fluctuating
around 3 pm. This observation demonstrated that in the
absence of polymerisable bonds, such as for D4 and
DMTSO, the growth is not sustained during plasma off-
time. Indeed, exposure of monomer to ultrashort plasma
pulses produces a range of radicals and neutral fragments
that can recombine or act as initiation groups.***! In
the case of V4D4, a part of the activated species formed
during the plasma on-time can initiate the growth of
polymer chains and yield solid and homogeneous thin
films. Yet, the lack of polymerisable bonds and
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insufficient plasma activation in the case of D4 and
DMTSO result in the formation of short oligomers and
poorly reticulated chains responsible for the formation of
viscous and poorly adherent thin films such as that re-
ported above (Figure S3).

3.2 | Effect on the chemistry

The dependence of the growth rate on the monomer
structure evidenced the occurrence of different me-
chanisms, which can also affect the chemistry of the re-
sulting thin films. FTIR was used to characterise the
different bonding arrangements in the as-deposited thin
films, which were compared with their respective
monomers. The absorption bands in the 1250-950 cm™*
region are associated with the asymmetric stretching and
bending motions of the Si-O-Si groups.”’*°! Interest-
ingly, similarities were observed in the spectra of the
linear monomer DMTSO and its corresponding thin films
elaborated at low plasma pulse frequencies (f<100
Hz), indicating the good retention of the monomer
structure during the deposition reaction (Figure S5).
Indeed, the band associated with the Si-O-Si group is
sharp and split with peaks at 1068 and 1032 cm™", which
represent the contribution of the Si-O-Si network and
suboxide stretching forming the structure of the DMTSO
monomer.*”! This band is broadened in the thin film
elaborated at 100 Hz, showing peaks at 1087 and
1032 cm™" (Figure 2). Although the splitting of this band
is typical for long linear siloxane chains,***”! the shift
and broadening of the Si-O-Si band indicate the het-
erogeneity of Si-O bonding environment that might in-
clude the initial DMTSO arrangement. The increase of
the plasma pulse frequency induces a dramatic change
in the Si-O bonding environment with a noticeable
transition observed when reaching 178 Hz (Figures 2 and
S6, Table S2). A further increase of the plasma pulse
frequency leads to a clear conversion of the dominant
Si-O-Si network structure, whose peak is centred at
1087cm™, to a silsesquioxane-like ladder structure
showing a peak at 1106 cm™2.*! Further information is
found in the 1290-1230 cm™" region where the peak re-
lated to the Si-CHj; is known to vary in position de-
pending on the degree of cross-linking of the siloxane
coatings.!'"*? Indeed, the absorption peak assigned to
the siloxy unit O,~Si—(CH3)4 — ) (x =1, 2, 3), with x being
the number of alkyl substituent, shifts towards higher
wavenumbers upon the mono-, di-, or tri-substitution of
the silicon atom by oxygen, designated as “M,” “D” and
“T” configurations, respectively. The position of the band
associated with the Si-CH; located at 1256 cm™" in the
monomer (which is consistent with the equal repartition
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FIGURE 2 Fourier-transform infrared spectra of the
1290-1230 cm ™ and the 1225-970 cm™" regions corresponding to
(left) the Si-CHj; bonding region and (right) the Si-O-Si stretching
absorption region of the decamethyltetrasiloxane (DMTSO)
monomer and the thin films elaborated at different plasma pulse
frequencies. The M, D and T groups represent the mono-, di- and
tri-substitution of the silicon atom by oxygen, respectively

of the Si atoms between the M and D configurations) is
slightly shifted to 1259 cm™" in all the DMTSO-based thin
films, irrespective of the plasma pulse frequency. This
slight shift is attributed to the preponderant formation of
Si® configuration, which is a chain propagating unit,
indicating that the polymerisation of this monomer pre-
ferentially occurs through a methyl group subtraction,
similar to the plasma polymerisation of HMDSO using
low-frequency sinusoidal excitation.**°! Indeed, if the
energy transfer from excited argon species can provide
sufficient energy to break any of the bonds in
HMDSO,*"*’! DFT calculations have highlighted that
the most probable initial decomposition reaction of
HMDSO is to eliminate a CH; radical by Si-C bond
dissociation.!**! Similarly, DFT calculation of the BDE of
DMTSO (Figure S7) points out the methyl groups from
SiM—(CH,); as weakest bonds (ca. 3.9 eV) in the DMTSO
monomer, showing a significant difference in energy
with the Si°-O (ABDE~1.8eV) and suggesting their
greater sensitivity to plasma breakdown. Thus, justifying
that the polymerisation of DMTSO preferentially occurs
through the ablation of a methyl group is in good
agreement with the FTIR observations.

The absorption band located in the 900-700 cm™" region
is attributed to the Si-C stretching and rocking motions.***"!
The linear tetrasiloxane monomer, DMTSO, contains both
Si-(CH3), and Si-(CHj); groups. The band located at
796 cm ™}, common to all the studied monomers and attrib-
uted to Si-(CHz),, which can originate from O,-Si-(CHy),, is
also detected in the DMTSO-based thin films and confirms

62



ABESSOLO ONDO ET AL.

O

Normalized absorbance (a.u.)

D4 monomer

1290 1280 1270 1260 1250 1240 1230 1200 1150 1100 1050 1000
Wavenumber (cm™") Wavenumber (cm™")

FIGURE 3 Fourier-transform infrared spectra of the
1290-1230 cm™" and the 1225-970 cm™" regions corresponding to
(left) the Si-CH; bonding region and (right) the Si-O-Si stretching
absorption region of the octamethylcyclotetrasiloxane (D4)
monomer and the thin films elaborated at different plasma pulse
frequencies. The M, D and T groups represent the mono-, di- and
tri-substitution of the silicon atom by oxygen, respectively

the retention of the Si configuration to Si° during the
AP-PECVD reaction. However, the band located at around
841 cm™" in the DMTSO monomer and the DMTSO-based
thin films is attributed to the Si—~(CHs); stretching from
O-Si—(CHs); (Figure S8). Even for higher plasma pulse fre-
quencies, the band related to O-Si-(CHs); remains sig-
nificant and suggests the presence of a large density of end
groups that correlates to formation of short oligomers.
Different behaviours were observed for the thin films
grown from the two cyclic tetrasiloxane compounds, that is,
D4 and V4D4. Although strong similarities are observed at
low plasma pulse frequency, that is, 100 Hz, between the
V4D4 monomer and its resulting thin film, major dis-
crepancies are already noticed between the D4 monomer
and its respective thin films (Figures 3 and S9, Table S3). The
asymmetric stretching band associated with the Si-O-Si
groups shows a single peak located at 1052cm ™" in the D4
monomer spectrum. This band splits into two peaks located
at 1074 and 1024cm™" in the D4-based thin films. The
splitting of this band, already observed for the DMTSO
monomer and the DMTSO-based thin films, highlights the
preponderant occurrence of a ring-opening reaction, even
when using low plasma pulse frequency (e.g., 56.2 Hz;
Figure S9). The increase of the plasma pulse frequency up to
1000 Hz neither induced any further broadening of the band
related to Si—-O-Si nor shifted the Si-CH; band from the Si°
configuration. The absence of shifting of the Si-CH; band
towards higher wavenumbers indicates that the original D
configuration of the silicon was retained during the ring-
opening reaction undergone by the D4 monomer throughout
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the deposition process. The band related to Si-(CHs), loca-
lised at ca. 798 cm™" is only slightly shifted to 804cm™ in
the spectrum of the D4-based thin films, irrespective of the
plasma pulse frequency. Nevertheless, a small shoulder to
this peak is observed at around 844 cm™" and indicates the
formation of O-Si—(CHs); chain end groups (Figure S10).
Combining these results with the retention of the Si” con-
figuration further confirms that the polymerisation of the D4
monomer predominantly occurs through the cleavage of the
Si—O bond of the D4 ring. Indeed, the DFT-calculated BDEs
of D4 (Figure S7) reveal moderate differences in energy be-
tween the Si°—(CHs), (ca. 43¢eV) and Si°-O (ca. 54¢eV)
bonds, which does not protect the ring from breakdown.
However, the FTIR spectra of the thin films obtained
from V4D4 elaborated at low plasma pulse frequency
(f<178 Hz) display a unique band at ca. 1065cm™" as-
sociated with the Si-O-Si ring (Figures 4, S11 and S12).
Such a value is slightly higher than the measured one for
V4D4 (1053 cm™?), but it is consistent with the reported
ones for iCVD pv4D4 layers (1065 cm™").["!! The lack of
broadening and splitting of this band in the V4D4-based
thin films, in contrast to the observations made for D4, is
consistent with the hypothesis that the cyclic tetra-
siloxane structure of V4D4 is preserved at such low
plasma pulse frequency. The increase of the plasma pulse
frequency induces a broadening of the Si-O-Si peak,
indicating the heterogeneity of Si-O bonding environ-
ment that includes the cyclotetrasiloxane ring of V4D4
among other assemblies. Notably, a clear transition oc-
curs when reaching a plasma pulse frequency of 362 Hz
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FIGURE 4 Fourier-transform infrared spectra of the
1290-1230 cm ™" and the 1225-970 cm™" regions corresponding to
(left) the Si-CHj; bonding region and (right) the Si-O-Si stretching
absorption region of the 1,3,5,7-tetramethyl-1,3,5,7-
tetravinylcyclotetrasiloxane (V4D4) monomer and the thin films
elaborated at different plasma pulse frequencies. The M, D and

T groups represent the mono-, di- and tri-substitution of the silicon
atom by oxygen, respectively
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where the heterogeneous Si-O bonding environment is
confirmed by the appearance of a shoulder at 1022 cm ™"
(Figure 4). This shoulder indicates the ring opening of a
part of the V4D4 molecules, similar to what was observed
with the D4-based thin films. However, the V4D4 ring
structure remains far more preserved than the one of D4,
even for high plasma pulse frequency (f> 362 Hz). The
superior retention of the V4D4 ring structure is attrib-
uted to (i) the presence of its substituents (Figure S7),
among which the weakest n-bond of C=C shows a sig-
nificant difference in energy with the Si®-O (ca.
ABDE ~ 3.1 eV) and Si°-CHj; (ca. ABDE ~ 1.4 €V), hence,
justifying the detection of a preponderant substitution of
the methyl group by oxygen with the increase of the
plasma pulse frequency, and (ii) the conventional free-
radical polymerisation pathway that occurs after the in-
itial breakdown of the monomer.**!

Despite the noise in the 2000-1400 cm™" region of the
V4D4-based thin-film spectra hindering any quantitative
analysis relative to the peaks that can be found in this
region, some qualitative observations were still possible.
Indeed, a reduction of the bands related to the vinyl bond,
located at 960, 1600, 3017 and 3057 cm™ %, suggests the
predominant occurrence of free-radical polymerisation
(Figures S11 and S13). Furthermore, the generation of
polyethylene-like backbones, resulting from the cleavage of
the vinyl group during the AP-PECVD reaction, is indicated
through the generation of the symmetric stretching band
located at 2878 cm™" (Figure S13).l'"**! It should be noted
that the reduction of the vinyl band was observed irre-
spective of the plasma pulse frequency. The Si-CHj; band is
located at 1261 cm™" in the thin films elaborated at plasma
pulse frequency equal to or lower than 178 Hz (Figure S12
and Table S4). The position of this peak is close to the one
measured for the V4D4 monomer, that is, 1260cm™>,
highlighting the retention of the Si® configuration. The
combination of this result with the preservation of the
monomer's ring demonstrated earlier indicates the good
retention of the monomer structure during the deposition
of the thin film elaborated using low plasma pulse fre-
quencies (f<178 Hz). The increase of the plasma pulse
frequency results in the shift of the Si-CH; band to
1265cm™" from the V4D4-based thin films elaborated at
362 Hz. The shift of this band towards higher wavenumbers
demonstrates the creation of a large proportion of cross-
linking Si" configuration in the V4D4-based thin films
formed at higher plasma pulse frequencies, indicating the
alteration of the monomer structure.

The relative atomic composition of all the thin films
elaborated at 100 and 1000 Hz was examined by XPS.
In accordance with their FTIR spectra, all the thin
films elaborated at a plasma pulse frequency of 100 Hz
presented a relative atomic composition close to one of

their respective monomers (Table S5 and Figure S14).
The increase of the plasma pulse frequency to 1000 Hz
induced a drastic decrease of carbon content from 60 to
29 at% in the DMTSO-based thin films. This result
confirms the selective ablation of methyl groups during
the AP-PECVD reaction of DMTSO and indicates the
formation of a more inorganic material with the in-
crease of the plasma pulse frequency. In the thin films
obtained from V4D4, the carbon content is reduced
from 54 to 48 at% upon increase of the plasma pulse
frequency, whereas no particular modification in the
composition of the D4-based thin films was noticed.
This further demonstrates the dependence of different
mechanisms on the monomer structure, even for high
plasma pulse frequency. The decrease of the carbon
content in the V4D4-based thin films is accompanied
with the increase of the oxygen content, supporting the
assumption of a simultaneous ablation of methyl
groups and a ring-opening reaction when using high
plasma pulse frequencies.

3.3 | Effect on the morphology

Although thin films are deposited at an equivalent sa-
turation ratio Py;/Psa (75%), morphological discrepancies
are observed between the thin films obtained from V4D4
and those obtained with the nonvinylic compounds
(i.e., D4 and DMTSO), irrespective of the plasma pulse
frequency (Figure 5). Indeed, macroscopic observations of
the D4- and DMTSO-based thin films displayed viscous
and inhomogeneous morphologies that make high-
magnification SEM observations difficult due to sample
charging and electron beam damage. Nevertheless, nu-
merous particles were readily observed at their surfaces
(Figures S15 and S16). The viscous and inhomogeneous
morphology of the D4- and DMTSO-based thin films is
attributed to the rather short oligomers and poorly re-
ticulated chains formed during the deposition of these
monomers, such as evidenced above, and to a pre-
ponderance of the gas-phase reactions. Whereas the
V4D4-based thin films elaborated at plasma pulse fre-
quencies equal to or higher than 362 Hz displayed rough
surface morphologies (Figures 5 and S17), the V4D4-based
thin films elaborated at lower frequencies (i.e., f < 362 Hz)
exhibit a smooth, pinhole and particle-free surface mor-
phology, demonstrating the preponderance of surface re-
actions when using V4D4 and low frequencies. Hence,
high surface roughness is not related to higher growth
rates or higher thicknesses, as the thin films obtained from
V4D4 and elaborated at low plasma pulse frequencies
(i.e., f<362Hz) combine both smoother surface and
higher growth rate than the thin films obtained from the
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FIGURE 5 (Left) Thickness increment according to the ton + torr cycle duration of the thin films obtained from V4D4, D4 and
DMTSO. (Right) Top-view SEM images of the V4D4-based, D4-based and DMTSO-based thin films elaborated at 100, 362 and 1000 Hz.
D4, octamethylcyclotetrasiloxane; DMTSO, decamethyltetrasiloxane; V4D4, 1,3,5,7-tetramethyl-1,3,5,7-tetravinylcyclotetrasiloxane

nonvinylic compounds. These results demonstrate the
importance of the vinyl bonds to promote the growth of
smooth, solid and homogeneous thin films from ultrashort
square-wave-pulsed AP-PECVD.

3.4 | Effect on the dielectric properties

The importance of the vinyl bonds is highlighted in the
first part of this report as an important parameter for the
ultrashort square-wave-pulsed AP-PECVD of smooth and
homogeneous polymer thin films. Notably, the use of low
ultrashort square-wave pulse repetition frequencies (e.g.,
100 Hz) for the deposition of a vinylic monomer (V4D4)
results in the prevailing occurrence of surface reactions,
especially the free-radical polymerisation reaction, which
persists over several tens of millisecond during the long
plasma topp (Figure 1c). In addition, these V4D4-based
thin films display a smooth and particle-free surface
morphology across the entire surface of the substrates,
including 4-inch silicon wafers (Figures 5 and S3a). This
combined with the excellent retention of the monomer
structure, highly desirable to form low dielectric constant

thin films from a constitutive porosity approach, made
these V4D4-based thin films good candidate to assess
their dielectric properties. On the contrary, the dielectric
properties assessment of the thin films obtained from the
nonvinylic compounds could not be possible due to their
physical aspect (Figures 5 and S3b,c). To be able to
compare and understand the influence of the different
tetrasiloxane compounds’ structures on the dielectric
properties of their resulting thin films, it was essential to
determine suitable conditions for the preparation of solid
and homogenous thin films with smooth surface from
the two nonvinylic compounds, that is, D4 and DMTSO.

Therefore, in this second part, the thin films obtained
from the nonvinylic compounds, D4 and DMTSO, were
elaborated using a saturation ratio Pyy/Ps,. = 20%, which was
identified as a good compromise between the energy-
deficient regime (high Pyi/Ps,) and the monomer-deficient
regime.[**“°! Subsequently, series of thin films were prepared
at a fix plasma pulse frequency of 100 Hz to fit with the
frequency at which the pV4D4 thin films are elaborated and
eliminate the influence of the plasma pulse frequency. The
thin films obtained from D4 and DMTSO elaborated using a
saturation ratio of 20% were solid and macroscopically
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FIGURE 6 Atomic force microscopy images of the as-deposited thin films obtained from V4D4, D4 and DMTSO. The thickness (djayers)
and root-mean-square roughness (Ry) values are provided for each of the presented thin films. D4, octamethylcyclotetrasiloxane;

DMTSO, decamethyltetrasiloxane; V4D4, 1,3,5,7-tetramethyl-1,3,5,7-tetravinylcyclotetrasiloxane

homogeneous. Their smooth and particulate-free surface
morphology was confirmed by SEM (Figure S18). AFM
images further witnesses the pinhole-free and defect-free
nature of the different thin films (Figure 6). Irrespective of
the tetrasiloxane monomer structures and thin film thick-
ness (up to 118 nm), root-mean-square roughness (R,) were
measured below 1 nm. Such low R, values are desirable for
microelectronic applications.[z]

One should note here that if the use of a lower monomer
saturation ratio (Py/Psy) did not significantly altered the
chemical composition and bonding arrangement of the
D4-based thin films (Figures S19 and S20, Table S6), XPS
and FTIR highlighted discrepancies between the DMTSO-
based thin films prepared at Py;/Pg, of 75% and 20%. Indeed,
the DMTSO-based thin film elaborated at Py;/Pg=20%
shows a main peak located at 1026cm™ with a weak
shoulder at 1068 cm™" that represents the contribution of
Si-O-Si suboxide and network (Figures S21 and S22,
Table S7). A surge of a small broad peak is noticed at
1137 cm™" that could correspond to the contribution of the
silsesquioxane-like cage structure or the O-C vibration in
Si-O-C bonds.****"! This unsurprising result combining
with the decrease of the Si—-O-Si network band is indicative
of the decay of the molecule during the AP-PECVD reaction.
However, the band related to the symmetric bending Si—-CHj;
is shown to remain located at the same position, that is,
1260 cm™}, demonstrating the existence of an Si-O-Si net-
work, hence confirming a partial retention of the Si° con-
figuration during the elaboration of the DMTSO-based thin
films. Yet, a weak shoulder at 1270 cm™" is also observed in
this peak, demonstrating the formation of the cross-linking
Si' configuration. In good agreement with the FTIR ob-
servations, XPS analysis revealed that the relative atomic
composition of the DMTSO-based thin films elaborated at
Pyi/Pgy of 20% strongly differs from the ones of the monomer
and the DMTSO-based thin film elaborated at Py;/P,; of 75%
(Table S8). Indeed, DMTSO-based thin films elaborated at
Pyi/Pgy of 20% show a huge increase of the oxygen content
from 17.6 to 31 at% measured, confirming the oxidation of

silicon during the AP-PECVD reaction. The increase of the
oxygen content took place concurrently to a decrease of the
carbon content from 60 to 38 at%.

The V4D4-, D4- and DMTSO-based thin films were
soaked for 24 h in different common polar solvents
(i.e., water, ethanol and acetone) to investigate their
chemical stability. Except for the DMTSO-based thin
film soaked in water, all the resulting thin films retain
their atomically smooth nature with R, values below
1nm, regardless of the solvent in which they were
soaked (Figures S23 and S24, Table S9). In addition,
the thickness of V4D4-based thin films was unaltered,
underlying their good chemical stability. This stability
is attributed to the highly cross-linked network formed
during the low-frequency ultrashort plasma-pulsed
AP-PECVD of V4D4 from the polymerisation of the
vinyl pendant group of the V4D4 monomer, as con-
firmed by FTIR (Figures S11 and S13). However, a
significant decrease of the thickness was observed for
the D4-based (except in water) and DMTSO-based thin
films (ca. 37%-57%), assuredly due to the difficulty of
these nonvinylic monomers to form highly branched
and connected network at low plasma pulse
frequencies (ultrashort ton combined with a long topr).

341 |
films

Ultrathin low-k insulating thin

Measurements on a series of fabricated MIS were performed
to quantify the dielectric properties, such as the leakage
current and the capacitances as a function of the frequency,
of the different thin films. For each of the investigated
tetrasiloxane monomer, the areal capacitance (C;) of their
as-deposited thin films was measured for three different
thicknesses and plotted according to the frequency
(Figure 7). An abrupt drop of the capacitance with vanishing
capacitance in the high frequency limit was especially
observed for the thin films obtained from D4 and DMTSO,
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whereas the V4D4-based thin films showed smaller capaci-
tance steps. Such capacitance steps might, for instance, be
related to defects in the films, parasitic capacitances or a
dipole orientation lag of the molecule behind the alternating
electric field, commonly termed the polarisation effect. B3I The
pronounced high-frequency drop of the capacitance is
attributed to the series resistance,[47] as the measured capa-
citance drops below the minimum geometric capacitance,
Co =g/ dpolymer-

The real part of the dielectric constant (¢’ = k) of each
thin film was estimated from a linear fit of C; versus 1/d
(Equation 1), where C; was measured at 1kHz (Table S10
and Figure S25). All the organosiloxane thin films exhibited
a dielectric constant lower than the one of the dense silicon
dioxide (SiO,) which has a kg, = 4.0 + 0.1.*! Hence, they
are all considered as low dielectric constant materials.!***!
Surprisingly, the thin films obtained from the two nonvinylic
compounds displayed a dielectric constant, k,pps = 2.72 and
kpppmrso = 3.03, lower than the one obtained from V4D4
(ie., kpvaps = 3.32). The dielectric constant depends on the
molecular polarizability and density of the molecules, as
commonly described by the Clausius-Mossotti equation.*”
Therefore, the observed variations of the k values suggest the
influence of the monomer structure as well as probably the
density of the resulting thin films. In particular, the methyl
groups, which are known to induce a constitutive porosity,
detected in the DMTSO-based thin films are partly re-
sponsible for the low dielectric constant of the DMTSO-
based thin films, ca. k = 3.03.

Interestingly, the thin films obtained from V4D4 showed
a leakage current density in the range of 107’ A-cm 2 On
the contrary, the D4- and DMTSO-based thin films presented
a high leakage current density in the range of 107* A-cm™
(Figure 8 and Table S11), which is three orders of magnitude
higher than the leakage current density of the V4D4-based
thin films. The low dielectric strength of the D4- and
DMTSO-based thin films might be related to their poor
cross-linking. Additionally, the pV4D4 thin films demon-
strated good down scalability of their insulating properties
even for thicknesses as low as 29 nm (Figure S26). These
insulating properties further confirm that the low-frequency
ultrashort plasma-pulsed AP-PECVD of the vinylic V4D4

S ——

FIGURE 7 (jversus frequency of all the
as-deposited thin films obtained from V4D4,
D4 and DMTSO. D4,
octamethylcyclotetrasiloxane; DMTSO,
decamethyltetrasiloxane; V4D4, 1,3,5,7-

3 tetramethyl-1,3,5,7-

] tetravinylcyclotetrasiloxane

ppDMTSO

—=—61.5 nm
45 nm

30 nm

10* 10 10

Frequency (Hz)

monomer results in the formation of compact and highly
cross-linked thin films, corroborating the prevalent free-
radical polymerisation observed in FTIR. Although a com-
mon strategy to enhance the dielectric strength of polymers
is by chemical cross-linking,**! using a monomer bearing
vinyl bonds allows to readily obtain a good cross-linked
material circumventing the need of orthogonal solvent
and/or post curing step.

3.5 | Discussion

The present results evidence the significance of poly-
merisable double bonds for the low-frequency ultrashort
plasma-pulsed AP-PECVD of atomically smooth and ultra-
thin low-k insulating thin films. Indeed, at Py;/Pgs, = 75%,
the energy-deficient regime is observed for the nonvinylic
compounds, that is, D4 and DMTSO, due to the use of
ultrashort plasma activation (i.e., ton=100ns) and the
quick depletion of the plasma-activated species during the
next plasma off-time. This results in the formation of short
and poorly reticulated oligomers (Figure S3). With the aim
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FIGURE 8 J; versus E; of the as-deposited thin films obtained
from V4D4, D4 and DMTSO. D4, octamethylcyclotetrasiloxane;
DMTSO, decamethyltetrasiloxane; V4D4, 1,3,5,7-tetramethyl-
1,3,5,7-tetravinylcyclotetrasiloxane
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to increase the molecular size and degree of cross-linking in
the thin films elaborated from D4 and DMTSO, one could
operate in the monomer-deficient regime. However, oper-
ating in the monomer-deficient regime, which could be
achieved by increasing the input power (W; decreasing
the plasma fogp in the present case) or by decreasing of the
monomer saturation ratio (Pyi/Pg,,), would be at the expense
of the monomer's chemical structure. Moreover, reaction of
the monomer with the activated species is responsible for
the formation of a large amount of condensable species that
generate particles.”"’so] Under these conditions, particles are
generated and defects such as grain boundaries yield low
dielectric strengths (Figure 8).

Using a vinylic compound, that is, V4D4, these two re-
gimes are identified, alongside a clear competition between
the plasma-induced polymerisation and plasma-state poly-
merisation, as expected for the PECVD of vinyl mono-
mers.”"! The monomer-deficient regime, dominated by
plasma-state polymerisation, is observed at high plasma
pulse frequency (f> 362 Hz) where the high probability of
interaction between the monomer and the active plasma
species is responsible for the significant monomer dissocia-
tion rate (Figures 4 and S12). The excess of gas-phase reac-
tion in this regime is responsible for the granular surfaces
and low thickness increment per cycle (ton+ lorr
(Figure 5). The shift from the monomer-deficient regime to
the energy-deficient regime is ensured by decreasing the
plasma pulse frequency (f<362Hz), which yields to the
predominance of the surface adsorption of the monomer and
its subsequent plasma-induced polymerisation to form
atomically smooth and highly cross-linked low-k polymer
thin films.

4 | CONCLUSION

The influence of the monomer structure on the growth,
morphology, chemistry and dielectric properties of or-
ganosiloxane thin films prepared from ultrashort plasma-
pulsed AP-PECVD was elucidated from the study of three
tetrasiloxane compounds and different ultrashort plasma
pulse frequencies. The predominant plasma-induced
polymerisation enabled by the polymerisable double
bonds of V4D4 is responsible for the excellent retention
of the monomer structure, as highlighted by FTIR and
XPS. The highly cross-linked pv4D4 thin films showed
excellent insulating properties with a leakage current
density in the range 10~7 A-cm™2, even for a thickness as
low as 29 nm. However, the gentle processing conditions
of the low-frequency ultrashort plasma-pulsed AP-
PECVD applied to nonvinylic monomers (D4 and
DMTSO) resulted in poorly reticulated thin films, which
exhibited rather high leakage current densities. These

findings will considerably simplify the integration of low-
k dielectric polymer thin films for flexible organic elec-
tronic application.
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CHAPTER Il — Importance of the Monomer Saturation
Ratio on the AP-PiCVD Reaction

Following the study on the influence of the monomer structure on the AP-PiCVD, in particular
the requirement of the use of vinylic monomer, the present chapter investigates the influence
of the monomer saturation ratio on the AP-PiCVD reaction. The investigation of a series of
thin film, prepared from the AP-PiCVD reaction of a cyclic vinyl organosiloxane monomer
using different monomer saturation ratios (Pm/Psat), is performed. Owing to the relationship
established between the saturation ratio and the growth rate together with the chemical
composition and dielectric constant of the resulting thin films, highlighting the Pm/Psat as a key
parameter of the process, guidelines are provided to determine the optimal process window for
the AP-PiCVD of functional polymer thin films.
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The growth mechanisms of low dielectric constant polymer thin films elaborated
from the atmospheric-pressure plasma-initiated chemical vapour deposition
(AP-PiCVD) reaction of a cyclic vinyl organosiloxane are experimentally elucidated
in this study. The use of ultrashort plasma pulses (ca. 100 ns), as a polymerisation
initiator, with long plasma off-times results in the formation of atomically smooth
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1 | INTRODUCTION

Flexible electronics is an emerging field requiring materials
that can work with unconventional substrates, that is,
plastic, paper and textile.!"! Field-effect transistors (FET) are
key units of modern electronic devices. FET on flexible or
stretchable substrates required components, for example,
gate dielectric, electrodes and semiconductors, that can
withstand mechanical stress.!"! Among these different
components, the dielectric layer plays an important role in

5 20 35 50 65 80
Py/Pgat (%)

atmospheric plasma, low-k dielectric, nanosecond pulsed discharges, plasma-initiated chemical
vapour deposition, ultrathin polymer film

the functioning of the device.l”! Yet, high capacitance den-
sity is essential to lower the power operation of electronic
devices. This can be achieved using high-k materials, which,
however, suffer from dipole disordering that affects the
carrier mobility of the underlying semiconductor layer.
Thus, ultrathin low-k layers provide a good alternative
as a gate dielectric.””) In particular, dielectric polymers
have received a lot of attention due to their lightweight,
chemical, thermal and mechanical stability,“’("] as well as
their good insulating properties.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2020 The Authors. Plasma Processes and Polymers published by Wiley-VCH Verlag GmbH & Co. KGaA
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In the current context and shift towards more
environment-friendly methods, chemical vapour deposi-
tion (CVD) processes foster an ever-growing interest over
solution-based approaches for the synthesis and integra-
tion of functional thin films.[”! Moreover, CVD processes
are particularly suitable for the patterning and conformal
deposition of thin films. In addition, the simultaneous
synthesis and deposition directly from the gas phase
avoid the need for orthogonal solvents and even allow the
processing of insoluble and nonmeltable materials on
unconventional substrates.”! Plasma-enhanced chemical
vapour deposition (PECVD) has been widely used for the
elaboration of dielectric thin films."*! However, the
resulting thin films, called “plasma polymers,” suffer
from a poor retention of the precursor structure. Thus,
the PECVD formation of low-k dielectric thin films from
constitutive porosities is restricted by the disruption of
the ring structure of cyclic precursors. Unlike PECVD,
the low-pressure-initiated chemical vapour deposition
(iCVD) of vinyl-containing cyclic precursors can yield the
formation of low-k polymer thin films.'"!

Yet, PECVD approaches possess the major advantage of
being compatible with atmospheric-pressure operating
conditions."*"" In particular, the combination ultrashort
plasma pulses (fon < 100 ns) and long plasma off-times (forr)
in the range of the free-radical polymerisation lifetime can
yield the atmospheric-pressure synthesis and deposition of
atomically smooth, conformal and ultrathin low-k polymer
insulating layers."”! The approach, called plasma-initiated
chemical vapour deposition (PiCVD), displays strong
similarities with iCVD.""*! Indeed, the polymerisation and
deposition mechanisms in AP-PiCVD are assumed to occur
through three major steps: (a) activated species (radicals) are
created intermittently according to the plasma pulse
frequency, (b) diffusion and adsorption of primary radicals
and monomer from the vapour phase on a surface where
(c) the polymerisation occurs.'*! Although the influence
of the plasma pulse frequency has been thoroughly
studied,!"* " the influence of the monomer saturation ratio,
Pyi/Ps, (With Py being the partial pressure of the monomer
and Py, the saturation pressure of the monomer at the
temperature of interest), still needs to be understood.
The present work elucidates for the first time the influence of
the Py;/Pg, ratio on the growth mechanisms in AP-PiCVD.
The influence of the monomer saturation ratio on the
polymerisation initiation is investigated for different plasma
pulse frequencies, highlighting the dependence of the gas
phase and surface reaction kinetics on the initiating and
monomer species concentrations. The studies concerning a
series of atomically smooth ultrathin polymer insulating thin
films prepared from an organosiloxane monomer, that is,
1,3,5-trimethyl-1,3,5-trivinylcyclotrisiloxane  (V3D3), at a
plasma pulse frequency of 100Hz further evidenced the

impact of the Py/Pg, ratio on the thin-film chemistry and
morphology, which ultimately influence the functional
properties (dielectric constant and leakage current in the
present study). Indeed, a decrease of the dielectric constant
from ca. 4.4 to ca. 2.9 is simply achieved by the increase of
the Py;/Ps, ratio. On the basis of this experimental study,
guidelines are provided for the atmospheric-pressure
PiCVD of polymer thin films with an optimal retention
of the structure and functional group of the selected
monomers.

2 | EXPERIMENTAL SECTION

2.1 | Materials and AP-PiCVD

Thin films were elaborated in an open-air atmospheric-
pressure dielectric barrier discharge (AP-DBD) setup, as
previously described.'’! In short, the AP-DBD setup is
composed of two high-voltage electrodes covered
with alumina dielectric and a stainless steel moving
table as a ground electrode. The plasma was ignited by
1-us square pulses of 6 kV produced by an AHTPB10F
generator from EFFITECH (Gif-sur-Yvette, France),
allowing the generation of two ultrashort plasma dis-
charges (i.e., tox=100ns) at the voltage rising and
falling edges. Plasma pulse frequencies ranging from
31.6 to 3,000 Hz were studied, corresponding to plasma
off-times (topr) ranging from 333 us to 31.6 ms. The
discharge gap was maintained at 1 mm. The monomer,
that is, V3D3 was purchased from Fluorochem and used
without any purification. The monomer was directly
delivered to the deposition area using a bubbler setup
and argon (air liquid, 99.999%) as a carrier and plasma
gas. The flow rate of the carrier gas (Ar) was varied from
1 to 15 L/min (Fearrier), Whereas the total gas flow (Fiotar)
was maintained constant at 20 L/min using another Ar
source. This allowed to investigate different monomer
saturation ratios, from 5% to 75%. It was not possible to
go beyond 75%, as high monomer partial pressures (Py,)
induce quenching of the plasma discharges.!'® Such
irregularity of the plasma discharges could be cir-
cumvented by increasing the input energy, but it would
assuredly lead to the alteration of the monomer's
structure during the deposition."*'”! To prevent
contamination from the surrounding atmosphere and
more particularly reduce the O, and N, contamination,
argon fluxes were added on both sides of the AP-DBD
electrode. All depositions were carried on intrinsic and
highly boron-doped (o =0.01 ohm/cm) polished silicon
wafers (Sil'tronix, Archamps, France). Before each
deposition experiment, the substrates were treated using
a 95%/5% argon/oxygen plasma for 40s.

72



ABESSOLO ONDO ET AL.

2.2 | Thin-film characterisation

2.21 | Morphology and topography
Scanning electron microscope (SEM) images were obtained
using a Hitachi SU-70 FE-SEM (Tokyo, Japan). To avoid
distortions due to charge effect, the samples were coated with
a 10-nm platinum film before the SEM observations. Atomic
force microscopy (AFM) images were obtained using Innova
instrument operating in a tapping mode. The mechanical
properties of the samples were investigated by the mean of
an MFP-3D Infinity AFM (Asylum Research/Oxford Instru-
ments, Santa Barbara, CA) working in bimodal AM-FM
(amplitude modulation-frequency modulation). The second
eigenmode (ca. 1.7MHz) is used to detect resonance
frequency shift via a phase lock loop set at 90°. These fre-
quency shifts are proportional to the elastic modulus of the
sample. The AFM tip (AC160TS; Olympus, Japan) cantilever
stiffness and inverse optical sensitivity are calibrated before
the measurements by a Sadler noncontact method. A Hertz
punch model is chosen to reflect the supposed Hertzian in-
teractions between the tip and the surface. From theory, the
only free parameter to be determined is the AFM tip radius.
This value is obtained by analysing a reference sample of
polystyrene/polycaprolactone. The elastic modulus of the
polystyrene phase is known at 2.7 GPa and the tip radius
is then extracted. Film thicknesses were measured by a
spectroscopic ellipsometer FS-1 and a KLA-Tencor P-17
Stylus profiler (Milpitas, CA). The spectrometric ellipsometry
measurements were acquired at a single angle of 65° using
four different wavelengths, that is, 465, 525, 590 and 635 nm,
and the data were fitted to a Cauchy model. For each de-
position condition (frequency, Py/Ps,y), the growth rate was
determined from the measured thicknesses of minimum
three different thin films prepared using different deposition
times and the effective deposition time, which correspond
to the time spent under the high-voltage electrodes, given
by the number of runs multiplied by the width of the
high-voltage electrodes (30 mm) and divided by the speed of
the moving table. For all the experiments reported in this
study, the film thickness was shown directly proportional to
the deposition time, yielding small standard deviations of the
growth rates, even though they were evaluated from thin
films prepared with different deposition times.

2.2.2 | Chemical characterisations

Fourier-transform infrared spectroscopy (FTIR) analysis
of the AP-PiCVD thin films was performed in a trans-
mission mode on double-polished silicon wafers using a
Bruker Hyperion 2000 spectrometer equipped with a
mercury cadmium telluride detector. The spectra were
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obtained over a range of 4,000-400cm™" with a resolu-
tion of 4cm™'. A 10-min nitrogen purge was performed
for each measurement to diminish the contribution of
carbon dioxide and moisture. The monomer spectrum
was acquired with the same FTIR spectrometer using an
attenuated total reflection accessory. X-ray photoelectron
spectroscopy (XPS) analyses (300 x 700 um?) were carried
out with a Kratos Axis Ultra DLD spectrometer using a
monochromatic Al Ka X-ray source (hv=1,486.6¢V).
A flooding gun was used to reduce the charging effect
on the samples' surface. Photoelectron emission was
collected at 0°. The surface of the specimen was pre-
cleaned by bombardment with Ar* ions (2 kV) before the
collection of XPS data. Casa XPS software was used for
chemical quantification.

2.2.3 | Fabrication and characterisation
of the metal insulator semiconductor

The AP-PiCVD dielectric thin films were sandwiched
between a highly doped Si wafer used as a bottom elec-
trode and a patterned Au layer as a top electrode. The
patterned Au layer was prepared using a shadow mask of
1 cm? by electron beam evaporation with a base pressure
below 10~° mbar. Before Au evaporation, a thin layer of
Ti (10 nm) was evaporated on top of the dielectric thin
film to ensure the adherence of the Au layer (50 nm).
Capacitance versus frequency characteristics of the metal
insulator semiconductor (MIS) devices were measured
using an impedance analyser, IM3570 Hioki. The C-f
measurement was performed in a frequency range of
(100 Hz; 1 MHz) with an excitation level of 0.1 V. The
dielectric constant was measured at 1 kHz and estimated
from the relation:

E _ Eoglpolymer (1)

S dpolymer

The J-V characteristic measurements of the MIS
devices were performed at ambient atmosphere using
Keithley 2634B instrument.

3 | RESULTS AND DISCUSSION
3.1 | Influence of the plasma pulse
frequency

To gain insight into the influence of the monomer
saturation ratio (Py/Psy;) on the growth mechanisms of
the thin films deposited using ultrashort plasma pulses, we
selected a cyclic vinyl organosilicon monomer, that is,
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V3D3, which was previously demonstrated to form smooth
and ultrathin low-k polymer insulating layers via
AP-PiCVD.'"?l The monomer was fed to an AP-DBD
reactor using a bubbler system and argon as a carrier and
plasma gas (Figure S1). Making the assumption that the
argon carrier gas was saturated with V3D3 vapour,
its dilution in the overall argon gas flow allowed to
investigate different Pyj/Ps, ratios (approximated to be
equal to the ratio of the carrier gas flow rate to the total
flow rate, Fapier/Fiotai; Figure S1b). The AP-DBD was
ignited using ultrashort high-voltage square pulses of 1 us,
creating two distinct current discharges at the rising and
falling edges of the high-voltage pulses (Figure S2), as
previously reported.[lz] In this first section, two monomer
saturation ratios, Py/Psa; (20% and 75%), were studied for
different plasma pulse frequencies (Table S1) to determine
their influence on the initiation and lifetime of the free-
radical polymerisation of the selected monomer. Irre-
spective of the monomer saturation ratio and plasma pulse
frequency, the substrate temperature remained constant at
room temperature. For all the investigated conditions,
solid thin films were obtained. However, obvious growth
rate and morphology discrepancies were readily noticeable
from a naked-eye observation.

3.1.1 | Effect on the growth rate

Unsurprisingly, the growth rate (nm/s) was shown to
increase with the increase in the plasma pulse frequency
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(Figure 1a). Indeed, the increase of the plasma pulse
frequency leads to the formation of a larger amount of
reactive species and therefore a higher concentration of
polymerisation-initiating species [I] that yield an increase
in the deposition rate. Reasonably, the increase of
the monomer saturation ratio, Py/Pg,, yields an increase
in the growth rate for all the studied frequencies
(Table S1). This difference in the growth rate, more ob-
viously noticeable from 1,000 Hz plasma pulse frequency
(Figure 1a), assuredly correlates with the higher con-
centration of monomer [M].

To extract information on the lifetime of the free-
radical polymerisation step for each of the investigated
monomer saturation ratio, Py/Ps,, the growth rate data
(Table S1) are plotted as thickness increment per cycle
(ton + torr, With ton being kept constant). In accordance
to previous studies,'*'? the thickness increment per
cycle for the thin films elaborated using a 20% monomer
saturation ratio highlights the occurrence of deposition
reactions during fopg, With an increase of thickness for
ton + torr cycles, between 0.33 and 3 ms (Figure 1b). A
quasi-plateau of 6 picometre (pm) per cycle is reached
above torr longer than 3 ms, indicating the termination
of the free-radical polymerisation of V3D3 under these
conditions (Py/Pg,c = 20%). Curiously, and in contrast to
the previous observations, the thickness increment per
cycle of the thin films elaborated using a 75% monomer
saturation ratio was shown to first decrease with the
increase of the cycle duration before reaching a plateau
for ton + torr longer than 3 ms. The plateau of thickness
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(a) Growth rate per second according to the plasma pulse frequency. (b) Thickness increment per cycle duration (ton+torr)
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increment per cycle for the thin films elaborated using
a Py/Pg,=75% was slightly higher (8 pm per cycle)
than the one for the thin films elaborated using a
Py/Psye =20% (6 pm per cycle). This slight difference is
attributed to the larger concentration of monomer [M]
and its higher adsorption rate at high Py;/Ps,.. However,
the opposite behaviour of the thickness increment per
cycle for the thin films elaborated from the shortest torr
may be related to the creation of a much larger number of
polymerisation-initiating species for high Py;/Ps,.. Indeed,
a previous study has highlighted that the exposure of the
monomer to ultrashort plasma pulses produces a range of
radicals and neutral fragments that can act as initiation
groups.[14] Therefore, for high monomer saturation ratio,
the large concentration of monomer [M] coupled to an
increase in the plasma pulse frequency likely yields a
high concentration of initiating species [I], which
conjugated to high [M]; thus, high adsorption rates yield
high deposition rates. Overall, this difference in the
thickness increment per cycle trend is indicative of the
occurrence of different competing mechanisms, which
are known to also have an influence on the chemistry
and morphology of the resulting thin films.

3.1.2 | Effect on the chemistry

FTIR was used to characterise the different bonding ar-
rangements in the as-deposited thin films (Figures 2 and S3).
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Irrespective of Py;/Ps,,, the FTIR spectra of the thin films
elaborated at a plasma pulse frequency of 100 Hz display
the peak associated to the Si-O-Si ring at ca. 1,012cm™"
(Figure S4). Such value is slightly higher than the mea-
sured one for the V3D3 monomer (997 cm™%), but it is
consistent with the reported ones for iCVD PV3D3 layers
(995-1,020 cm™1).[*'¥ The small shoulder observed at
higher wavenumbers is attributed to the minor side re-
actions related to the plasma initiation of the poly-
merisation reaction. The increase of the plasma pulse
frequency induces a broadening and shift of the Si-O-Si
peak, indicating the heterogeneity of Si-O bonding en-
vironment that includes cyclotrisiloxane ring among
other assemblies.!"”! Notably, the heterogeneous Si-O
bonding environment of the thin films elaborated using a
20% monomer saturation ratio at 1,000 and 3,000 Hz is
confirmed by the appearance of a shoulder centred at
around 1,090 and 1,130 cm™!, attributed to the formation
of a linear Si-O-Si and silsesquioxane ring structure,
respectively (Figures 2, S4 and Table $2).[%'*°! The
presence of a broad absorbance peak centred at around
3,250cm™" is attributed to the incorporation of -OH
groups, which further evidenced the alteration of the
monomer structure during the deposition at high plasma
pulse frequency. Meanwhile, the absorbance peak related
to the Si-O in the silanol group (Si-OH) is also detected
at around 900cm™’, allowing to assume that the pre-
viously mentioned -OH groups are bonded to silicon
(Figure S5). Interestingly, the Si-CHj; peak located at
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1,259 cm™ is shifted to 1,263cm™" for the thin films
elaborated using a 20% monomer saturation ratio, even
for the thin film elaborated at 100 Hz, indicating a slight
alteration of the monomer structure during the synthesis
using such low Py/Ps,; (Figure S6).

Regarding the thin films elaborated using a 75%
monomer saturation ratio at 1,000 Hz, a broad shoulder
is observed between 1,074 and 1,163 cm™ ', whereas
different bonding arrangement is observed at 3,000 Hz
(Figures 2, S4 and Table S3). Indeed, the absorbance
peak located at 1,004 cm ™" is assigned to the asymmetric
stretching of the Si-O-Si ring in short polymeric
chains.!"*! In addition, instead of being observed as a
shoulder, there is a clear distinction between the peaks
related to the formation of linear Si-O-Si, the cage
structures and the preservation of the Si—O-Si ring,
suggesting a competition between a free-radical poly-
merisation pathway and the formation of new Si-O-Si
bonds. Nevertheless, the position of the Si-CHj; peak
is at 1,260cm™ for the thin films elaborated at 75%
P/ Py, ratio, irrespective of the plasma pulse frequency
(Figure S6), demonstrating the retention of the Si
configuration and suggesting a limited formation of new
Si-O-Si bonds. The different behaviour at high plasma
pulse frequency (>1,000 Hz) for the two studied Py;/Pga¢
ratios correlates well with the trend observed for
the thickness increment per cycle. In addition, in
contrast to the thin films elaborated using a 20%
monomer saturation ratio, no incorporation of silanol
groups was detected for the thin films elaborated at 75%
Py/Pg,, ratio, irrespective of the plasma pulse frequency
(Figure S5).

1000 Hz

1000 Hz

FIGURE 3
using a monomer saturation ratio (Pyy/Ps,,) of (2) 20% and (b) 75%

3.1.3 | Effect on the morphology

If the thin films elaborated at plasma pulse frequencies
lower than 1,000 Hz systematically show a smooth
surface morphology irrespective of the Py/Pg,; ratio
(Figure 3), strong morphology discrepancies are ob-
served above 1,000 Hz. In particular, rough surface
morphologies are observed for the thin films elaborated
using a 20% monomer saturation ratio at 1,000 Hz. This
demonstrates the preponderance of gas phase reactions
due to the high concentration of initiating species [I]
produced at such high frequency (i.e., 1,000 Hz).
Nevertheless, this statement is apparently in contra-
diction to the smooth surface morphologies observed for
the thin films elaborated using a much higher monomer
saturation ratio (75%) at 1,000 Hz. Indeed, at identical
plasma pulse frequency (1,000Hz), higher partial
pressures of the monomer (Py;) yield a higher con-
centration of initiated species (117561, > (11206 1,)-
However, higher Py;/P,, ratios are also responsible for
higher surface adsorption of the monomer on the sur-
face, and they counterbalance the system reactivity in
favour of surface reactions. Hence, higher surface
roughnesses are not related to higher growth rates or
higher thicknesses, as the thin films elaborated at
1,000Hz for a Py/Ps,; ratio=75% combine both
smoother surface and higher growth rate. Thus, the
threshold between the preponderance of surface
reactions (yielding smooth thin films) and gas phase
reactions (yielding rough or powdery thin films) in
AP-PiCVD is not only dependent on the plasma pulse
frequency but also on the Py;/Ps,, ratio.

Scanning electron microscope top view images of the as-deposited PV3D3 elaborated at different plasma pulse frequencies
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FIGURE 4 Atomic force microscopy images of the as-deposited thin films elaborated using different Py;/Pg,, ratios: 5%, 35% and 75%.

The thickness (dpyy/r,,) and root mean square roughness (Ry) values are provided for each of the presented thin films

3.2 | Influence of the Py;/Pg,;

In the first part of this report, the monomer saturation
ratio, Pyi/Ps,y, is highlighted as an important parameter
in AP-PiCVD. Notably, the increase of the Py;/Pg,; ratio
led to a better retention of the monomer structure,
which is highly desirable to form low dielectric con-
stant thin films from a constitutive porosity approach.
To gain further understanding on the influence of the
monomer saturation ratio on thin film's growth me-
chanism and the properties, a series of thin films was
prepared from different Py;/Pg, ratios at a plasma pulse
frequency fixed at 100 Hz. The studied monomer sa-
turation ratios ranged from 5% to 75%, as for this spe-
cific monomer, that is, V3D3, Py,/P;,, ratio beyond 75%
induces a quenching of the plasma discharges. It is
worth reminding here that irrespective of the monomer
saturation ratio and at a plasma pulse frequency of
100 Hz, the substrate temperature (known to influence
the monomer adsorption) remained constant at room
temperature. In accordance with the previous SEM
observation (Figure 3), all the thin films elaborated at a
plasma pulse frequency of 100 Hz display a smooth and
particle-free surface across the entire surface of the
substrates, including 4-inch silicon wafers (Figure S7).
AFM images confirm the pinhole-free and defect-free
nature of the thin films (Figures 4 and S8). Irrespective
of the Py/Ps, ratio and thin film thickness (up to
120 nm), root mean square roughnesses (Ry) below
1nm were measured. Such low R, values are desirable
for microelectronic applications.llJ

3.21 | Effect on the growth rate

Interestingly, in the perspective of practical applications
and integration into electronic devices, for all the in-
vestigated monomer saturation ratios, highly homogeneous

thicknesses were measured (with a standard deviation
lower than 1 nm for thicknesses exceeding 100 nm) across
the entire surface of 4-inch silicon wafers (Figure S7a).
Unsurprisingly, higher growth rates are achieved from
higher monomer partial pressures (Py;). Notably, the in-
crease of the monomer saturation ratio, Py;/Pg,, from 5% to
35% results in an increase in the growth rate, from
ca. 0.2nm/s to a maximum of ca. 0.7 nm/s (Figure 5 and
Table S4). Any further increase of the monomer saturation
ratio above 35% leads to a plateau at 0.7 nm/s. Although
the Py;/Pg, range cannot be investigated up to 100% due to
discharge quenching above Py/Pg,; ratio of 75%, the shape
of the growth rate curve resembles that of a type I
adsorption isotherm, commonly referred as Langmuir
isotherm,”"! which occurs when adsorption is limited to a
complete monolayer.
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FIGURE 5 Growth rate and dielectric constant of the
as-deposited thin films are plotted according to the monomer
saturation ratio, Py;/Psy, at which they were elaborated. The red
and black lines show the trend of the growth rate and the dielectric
constant, respectively

77



8of 13 PLASMA PROCESSES

ABESSOLO ONDO ET AL.

AND POLYMERS

(@
10 T T T

(b)

—A— 5% 35nm
—a— 20%_38 nm
—&— 50%_34 nm

10°
F Y
10 5 \
10‘51
10° 4

107 4

1Jil (A/em?)

10 o
10 -

10“101

—A— 65%_19 nm
—&—75% 31 nm 4 1l

>

Ey

10™

Ei (MV/em)

FIGURE 6

o 1 2 3
Ei (MV/cm)

(a) Ji versus Ei of the as-deposited thin films elaborated using a monomer saturation ratio, Py/Pg,, <50%. (b) Breakdown

electric field (Ei) of the thin films elaborated using a monomer saturation ratio, Py/Ps,y, >50%. The results are presented with the following
notation: X% — d nm, where X represents the Py;/Pg,, ratio and d is the thickness of the thin film

3.2.2 | Effect on the dielectric properties
To evaluate the dielectric properties of the as-deposited
thin films, a series of MIS structures was fabricated
(Table S5). Particular attention was paid to the influence
of the monomer saturation ratio, Py/Ps, on the
insulating properties of the thin films, as the as-deposited
PV3D3 thin films elaborated at Py;/Ps,; ratio of 75% have
shown a breakdown electric field at 1.5 MV/cm in our
previous study.'”! The breakdown electric field is
determined as the electric field (E) at which the leakage
current density (Ji) increases abruptly. Interestingly, the
thin films elaborated at a Py/Pg, ratio <50% showed

a leakage current density lower than 107°A/cm® at
2MV/cm for thicknesses in the range of several tens of
nanometres (Figure 6a,b and Table S6). No clear break-
down electric field has been observed in these thin films
even at a higher applied electric field. In addition, a fair
down scalability of thin films' insulating properties is
observed for the thin films elaborated using a Py/Pgy
ratio <50% (Figure S9). However, a breakdown electric
field is observed for the thin films elaborated at a Py;/Pg,;
ratio >50%. The decrease of the dielectric strength in the
thin films elaborated at Py;/Pg, ratio >50% might be
related to unreacted monomer molecules trapped in
the layer.

104= i ] T in } ™ T i | E T T T
F——111nm F——21nm F——22nm
103 - 35nm ] 'E—~—4‘1 nm ] s 31 nm
g ﬁ i 87 nm 40 nm
w102 - e — — '
£ N | = 1
O 10 5% 1T 35% N r 75%
100 - ] - I | - I il i [ ul d I
107 0% 10* 10° 10° 10* 40* 10* 10° 10° 10 10° 10* 10° 10°
Frequency (Hz) Frequency (Hz) Frequency (Hz)

FIGURE 7 Ci versus frequency of all the as-deposited thin films elaborated using a monomer saturation ratio, Py/Psat, of 5%, 35%

and 75%
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For each of the investigated monomer saturation ratio,
Py/Pg,, the areal capacitance (Ci) of all the as-deposited thin
films was measured for different thicknesses and plotted
according to the frequency (Figures 7, S10 and Table S5).
A decrease in the capacitance to almost zero at high
frequencies is often observed, especially for the thin films
elaborated at a Py/Pg, ratio >50%. This pronounced
high-frequency drop of the capacitance is attributed to the
series resistance,””! as the measured capacitance drops below
the minimum geometric capacitance, Cy = &/dpolymer-

The areal capacitance of each thin film was measured
on three different thicknesses (Table S5).1'%! Subse-
quently, the dielectric constant (k) of each thin film was
estimated from a linear fit of Ci versus 1/d (Equation 1)
and plotted according to the Py;/Pg, ratio at which they
were elaborated. The increase of the monomer saturation
ratio from 5% to 35% resulted in the decrease of the
k value from ca. 4.4 to 2.9, respectively (Figure 5 and
Table S5). It is noteworthy that the thin films obtained
using a monomer saturation ratio higher or equal to 20%
exhibit a dielectric constant lower than k=4.0+0.1,
and they are all considered as low dielectric constant
materials.[®®) Interestingly, the variation of the dielectric
constant as a function of the monomer saturation ratio
is the mirror of the f(Py/Ps,)=growth rate curve
(Figure 5), with a plateau reached for monomer
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saturation ratio higher than 35%. The dielectric constant
of material made up of nonpermanent dipole moment is
commonly described by the Clausius—Mossotti equation,
expressing the dependence of the dielectric constant
on the molecular polarizability and density of the
molecules./”’! Therefore, the variations of the k value, in
addition to the changes in the growth rate, suggest an
impact of the monomer saturation ratio on the chemistry
and the density of the deposited thin films.

3.2.3 | Effect on the chemistry

FTIR and XPS were used to characterise the bonding
environment and the composition of the thin films. The
FTIR spectra of all the thin films elaborated using a
monomer saturation ratio Py;/Ps,. > 20% appear identical
(Figure S11), with a sharp asymmetric Si-O-Si stretching
peak located at 1,012cm™" (Table S7). As mentioned
earlier in this report, such value is consistent with the
reported ones for iCVD PV3D3 layers.["**! The lack of
broadening in this peak is indicative of the preservation
of the original cyclic siloxane ring. Further information is
found in the 1,290-1,230 cm™" region where the position
of the peak related to the Si-CHj; is known to vary in
position, depending on the number of oxygen bonds with

5%

20%

35%

50%

65%

Normalized absorbance (a.u.)

75%

r

o L EE T A A S R

V3D3 monom

Wavenumber (cm™)

1290 1280 1270 1260 1250 1240 1230

1150 1100 1050
Wavenumber (cm™)

1200 1000

FIGURE 8 Fourier-transform infrared spectra of the 1,290-1,230 and the 1,225-970 cm™" regions, corresponding, respectively, to the
Si-CHj; bonding region and the Si—O-Si stretching of the V3D3 monomer and the thin films elaborated using various Py/Pg,.. The M, D and
T groups represent the mono-, di- and trisubstitution of the silicon atom by oxygen, respectively
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Si (Figure 8). Indeed, the absorption peak assigned to
O,-Si-(CH3)(4—x) (x=1, 2 and 3) shifts towards high
wavenumbers upon the mono-, di- or trisubstitution of
the silicon atom by oxygen, designated as “M”, “D” and
“T” configurations, respectively.!”**! Interestingly, all
the thin films elaborated using Py;/Pg,; ratio >35% have a
Si-CH; peak located 1,261 cm™ L. Such a value, close to
the one measured for the monomer, that is, 1,259 cm™?,
demonstrates the retention of the Si” configuration. This
result, also related to the preservation of the monomer's
ring, indicates the good retention of the monomer
structure for all thin films elaborated using a Py;/Pg,; ratio
>35%. Also, this observation correlates with the similar
k values observed for the thin films elaborated using
Pyi/Pg,; ratio >35%.

However, the Si-CHj peak is observed to shift to
higher wavenumbers (Figure 8), that is, 1,263 cm~! and
1,267 cm™?, for the thin films elaborated using monomer
saturation ratios of 20% and 5%, respectively. This blue
shift is attributed to the formation of Si configuration,
which even becomes dominant for Py/Pg,; = 5%. More-
over, a monomer saturation ratio of 5% results in the
broadening and blue shift of the asymmetric Si-O-Si
stretching peak to 1,018 cm™" (Figure 8 and Table S7),
confirming the alteration of the monomer structure for
low Py/Ps,; ratio. The broad shoulder on the Si-O-Si
peak presents two peaks centred at 1,130 and 1,080 cm ™,
which correspond to the contribution of the silsesquioxane-
like cage structure and linear Si-O-Si, respectively.”! One
should note that no infrared activity of Si* configuration was
observed, whose peak would be located at 1,250 cm™%.1**"!
According to the monomer alteration observed for low
monomer saturation ratios, the formation of Si-OH groups
was observed with a peak located at 907 cm™" for the thin
film elaborated using a Py;/Pg, ratio of 5% (Figure S11). This
observation also justifies a much higher dielectric constant
value observed for this film compared with the others, owing
to the high polarizability of -OH groups.

The relative atomic composition of the thin films
was examined by XPS. Although all the prepared thin
films display silicon concentrations (ca. 18-19%)
close to the expected one for PV3D3 (Table S8 and
Figure S12), strong discrepancies were observed for
the oxygen and carbon elements. Unsurprisingly, the
thin films elaborated from the highest Py/Pg,; ratio
(75%) display a relative atomic concentration (Si, 19%;
0, 22% and C, 59%) very close to the one expected for
PV3D3 (Si, 20%; O, 20% and C, 60%). However, for the
thin films elaborated using a monomer saturation
ratio of 5%, lower carbon content (ca. 43%) and higher
oxygen content (ca. 38%) are measured, coinciding
with the oxidation of the silicon atom as previously
observed in FTIR.
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FIGURE 9 Distribution of the SiP, Si” and Si? configurations of
the Si element estimated from the simultaneous X-ray photoelectron
spectroscopy curve fitting of the Si 2p, C 1s and O 1s core levels for
the thin films synthesised at different Py;/Pg,, ratios. The variation of
the dielectric constant as a function of the Py/Pg,, is plotted to
highlight its correlation with the evolution of the Si configurations

To gain a deeper understanding on the influence of
Py/Pg,, ratio on the chemical composition of the films,
the environment of the silicon-based wunits was
determined from the simultaneous XPS curve fitting of
the Si 2p, C 1s and O 1s core levels, as described
elsewhere.l””?*] particularly, the Si 2p peak was fitted
with a sum of three components, considering three
different silicon environments: (a) Si® that corresponds
to the silicon-based unit present in the monomer, that
is, [(CH,=CH)(CH3)SiO,/,], which can be further
crosslinked or not through its vinyl group, and (b) Si®
for [R;Si03),] and Si? for [SiO,/,] that could arise from
the alteration of the monomer structure and where R is
more likely to be methyl or vinyl groups already
present in the starting monomer. Unsurprisingly, in
view of the previous observations, the film prepared
from the lowest monomer saturation ratio (5%) shows
the lowest retention of the Si® configuration, with only
11% of the original Si configuration retained (Figure 9
and Table S9). Such an alteration of the monomer
structure is coupled to the creation of a large propor-
tion of crosslinking Si* configuration (60%), and
in a lesser extent to the formation of crosslinking Si?
configuration (28%), responsible for the higher
dielectric constant of this film, that is, ks, =4.4. The
increase in the monomer saturation ratio to 20% results
in a significant increase in the Si® configuration
to 58%, coupled with a decrease in the Si" configuration
to 25% as well as a decrease in the dielectric constant to
3.5. A further increase in the monomer saturation ratio
results in even better retention of the Si® configuration
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up to 77% and lower dielectric constants, ca. 2.9.
However, similar to what was observed for the
dielectric constant and growth rate evolution, the
distribution of the Si configurations is not significantly
varied above a monomer saturation ratio of 35%.

The variation of the Si configurations and notably the
creation of crosslinking units (Si* and Si®) are known to
affect the elastic modulus of organosiloxane thin films. In the
present work, a decrease in the Young modulus is observed
when Py;/Ps,, ratio is increased (Figure S13). The relationship
between the composition and mechanical properties of our
AP-PiCVD thin films is interpreted through the concepts of
continuous random network theory and percolation of
rigidity.*”! As a key parameter to these concepts, the
average connectivity number, which is the ratio of network
forming bonds to network forming atoms in a polymeric thin
film, is calculated from the XPS curve-fitting data.l””)
Following the same rationale as Trujillo et al.,**! the Si°, SiT
and Si? configurations are ascribed to 2.20, 2.40 and 2.67
connectivity numbers, respectively. The connectivity number
of the different thin films is calculated by summing the
weighted contribution of each configuration, that is, multi-
plied by their relative abundance determined from the XPS
curve fitting:

<r>=22x%Si®% + 2.4 x SiT% + 2.67 x Si%%.

Expectedly, the connectivity number exhibits a trend
close to the evolution observed for the Young modulus, and
all the thin films elaborated using a Py;/Ps, ratio >20%
show an <r> value of approximately 2.3 (obviously close to
the percolation threshold value of the Si” group that
constitutes the main Si configuration in these films). The
thin films elaborated using a 5% monomer saturation ratio
demonstrates the highest connectivity number, ca. 2.4,
which corresponds to the threshold value at which the
material becomes rigid and amorphous. It is interesting to
note that the thin films elaborated at Py/Pg,, > 20% possess
a connectivity number below the percolation threshold (2.4)
and can, therefore, be considered as nonrigid materials.

3.3 | Operating regime in PiCVD

Monomers bearing polymerisable vinyl groups and low
plasma pulse frequencies are essential for the AP-PiCVD
of regular polymer thin films.""*'* In addition to these
two prerequisites, the present work highlights the influ-
ence of the monomer saturation ratio on the chemical
and physical properties of the thin films formed using
ultrashort plasma pulses (ton < 100 ns) and long plasma
off-times (torp). This is not surprising, as Yasuda widely
demonstrated that the energy density per monomer
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strongly influences the chemical composition and struc-
ture of plasma polymer thin films.””! However, when
vinyl compounds are used in PECVD, plasma-induced
polymerisation and plasma-state polymerisation both occur
simultaneously,”™” and the Yasuda factor, that is,
Y=W/FM, where W is the deposition power (J/s), F is
the monomer flow rate (mol/s) and M is the monomer
molecular weight (g/mol), becomes insufficient to describe
or predict the PECVD of vinyl compounds, notably when
operating under atmospheric pressure conditions."!

Nevertheless, the present investigations evidence the
different regimes of PECVDF?: (a) the monomer-deficient
regime, (b) the competition regime and (c) the energy-
deficient regime. In the present case, the monomer-deficient
regime is observed for monomer saturation ratios lower than
20% (Figure 5), notably at higher plasma pulse frequency
(f>1,000Hz) where the high probability of interaction
between the monomer and the active plasma species is
responsible for the significant monomer dissociation rate
(Figure 2a). Under such conditions, the high concentration of
condensable vapours quickly yields small-to-large clusters
that are responsible for low growth rates (Figure 1b) and
granular surfaces (Figure 3a), respectively. If the monomer-
deficient regime can be attenuated from a decrease of the
plasma pulse frequency, the minimum plasma pulse
frequency, that is, maximum plasma off-time, is limited by
the lifetime of the free-radical polymerisation propagation
step. This limitation is illustrated by the altered chemical
structure (Figure 8), lower growth rate and higher k value
(Figure 5) of the thin films grown from a Py,/Ps, ratio of 5%
and for which further decrease of the plasma pulse frequency
below 100 Hz does not yield any improvement.

On the other hand, the energy-deficient regime is ob-
served for high monomer saturation ratio, typically for
P/ Pgy > 65%, and low plasma pulse frequency. Under
these conditions, if high monomer structure retention is
ensured (Figure 8), lower levels of crosslinking are most
probably obtained, resulting in lower dielectric strengths
(Figure 6). If the energy-deficient regime may not be
readily identified from the growth rate variation (Figure 5)
or macroscopic features for crosslinking monomers such as
V3D3, it might result in the formation of low molecular
weight species for monomers possessing a single vinyl
group. The formation of short oligomers can result in the
formation of viscous thin films, as reported for the AP-
PiCVD reaction of butyl methacrylate for Py;/Pg,; of 20%,!""
or thin films that suffer from leaching of low molecular
weight species.!*”!

The present study highlighted an ideal process
window (35% < Pyy/Ps,: < 65%) for which no changes are
detected in the deposition rate (Figure 5), the chemical
structure (Figures 8 and 9) and the functional properties
of the thin films (Figures 5 and 6). This region, known as
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the competition regime, provides a rather large operating
window for the dry and atmospheric-pressure deposition
of atomically smooth and ultrathin low-k polymer
insulating layers. The competition region is strongly
dependent on the kinetic properties and saturation
pressure (Pg,,) of the studied monomer, and it needs to be
determined for each case, bearing in mind that if high
P, allows high monomer partial pressure (Py;), high
Py can quench the plasma, and low monomer saturation
ratios (Py/Ps,y) Will yield low adsorption rates. However,
monomer possessing low Pg,, can be heated up to ensure
high monomer partial pressure required to grow polymer
thin films with optimal functional properties.**! In the
perspective of applications where the length of the
polymer chain is crucial to grant functional properties to
a thin film, for example, thermoresponsive polymer
layers,* or prevent leaching of low molecular species, for
example, biomedical coatings,”"*** it is essential to under-
stand and determine the influence of the monomer satura-
tion ratio (Py;/Ps,y) on the growth mechanism of the thin
films to define the optimal process window of AP-PiCVD.

4 | CONCLUSION

The importance of the monomer saturation ratio
(Pam/Psyy) for the AP-PiCVD of low dielectric constant thin
films was demonstrated in this study. FTIR and XPS
highlighted the better retention of the monomer structure
with the increase of the Py/Pg, ratio, resulting in a de-
crease of the dielectric constant from 4.4 to 2.9. Never-
theless, the increase of the monomer saturation ratio
above 50% is responsible for the early breakdown electric
field of the polymer thin films. Thus, an ideal process
window was defined for the AP-PiCVD of atomically
smooth, conformal and ultrathin low-k polymer insulating
layers from V3D3. The PV3D3 thin films elaborated using
a Py;/Pg,, ratio in the range of 20-50% showed excellent
insulating properties with a leakage current density of
1078 A/cm?, even for a thickness as low as 21 nm. In ad-
dition, the investigation of different monomer saturation
ratios at various plasma pulse frequencies allowed a better
description of the competition between the various me-
chanisms implied in the growth of thin films using ultra-
short plasma pulses. The strong correlations established
between the monomer saturation ratio and the growth
rate, the chemistry and the resulting properties of the thin
films could be beneficial for the synthesis of other func-
tional thin films elaborated by AP-PiCVD.
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CHAPTER IV— Importance of the Monomer Structure on
the Dielectric Properties of the AP-PICVD Thin Films

The previous chapters highlight the importance of the vinyl group on the atmospheric-pressure
chemical vapour deposition of polymeric thin films using low nanosecond plasma pulses as
polymerisation initiator. In addition, the significance of the monomer saturation ratio (Pm/Psat),
impacting the retention of the monomer structure and thus the functional properties of the films,
is demonstrated. Insight into the growth mechanisms is provided. The present chapter aims at
exploiting the versatility of the AP-PiCVD approach to investigate the dielectric properties of
thin films elaborated from two cyclic organosiloxane (V3D3 and V4D4) and two
organosilazane (V3N3 and V4N4) monomers. The dielectric constant of as-deposited polymer
layers is shown to vary (i.e. 2.8 < k < 4.2) by varying the monomer bonds, i.e., siloxane and
silazane, as well as their ring size, demonstrating the importance of the monomer structure
(functionality). Low leakage current densities measured in the range of 10° A/cm? for a

thickness as low as 12 nm exhibit the good insulating properties of the resulting layers.
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ABSTRACT: The straightforward synthesis of ultrathin low
dielectric constant insulating polymer layers from four cyclic
organosilicon monomers (i.e., two organocyclosiloxanes and two
organocyclosilazanes) by atmospheric pressure plasma-initiated
chemical vapor deposition (AP-PiCVD) is demonstrated. The
combination of ultrashort plasma pulses (ca. 100 ns), as
polymerization initiator, with long plasma off-times (10 ms),
yields the formation of atomically smooth and conformal polymer
layers with excellent insulating properties. Leakage current
densities of 107 A cm™ are measured for film thicknesses as
low as 12 nm. Low dielectric constants are obtained because of
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the retention of the cyclic structure of the monomers during the deposition. The polymer layers prepared from 1,3,5,7-
tetramethyl-1,3,5,7-tetravinylcyclotrisiloxane display the lowest dielectric constant (k = 2.8). The present study demonstrates
the ability to vary the dielectric constant of as-deposited polymer layers by varying the monomer bonds, i.e., siloxane and

silazane, as well as their ring size.

KEYWORDS: low dielectric constant polymer, polymer dielectric, polymer thin film, atmospheric plasma CVD,

plasma-initiated chemical vapor deposition (PiCVD)

B INTRODUCTION

Dielectric polymers are lightweight materials that have
attracted a huge interest in electrical and electronic
applications because of their insulating properties, chemical
resistance, and mechanical ﬂexibility.1 In particular, dielectric
polymer layers have been integrated into various micro-
electronic devices, including flexible displays® and sensors.”
Integrated into organic field-effect transistors (OFETs) as a
gate dielectric, the capacitance (C;) of these dielectric polymer
layers must be kept hi§h enough to ensure a low power
operation of the devices.” This requirement can be addressed
by using polymers with high dielectric constant (denoted &, or
k). High-k polymers have a low dielectric strength, and thick
layers are typically required to prevent high leakage current,
ultimately leading to an increase of the power consumption.™”
Another strategy is to downscale the thickness of low-k
polymer layers.”® The Clausius—Mossotti relation states’
g —1 N

g +2 3 (1)

where ¢, is the material dielectric constant, N is the number of
molecules (dipoles) per unit volume (density), and a is the

-4 ACS Publications  © 2019 American Chemical Society

3304

polarizability, which is the sum of the electronic, ionic (also
referred to as the distortion® or atomic’ polarization), and
orientation (or dipolar®) polarizations. Thus, the dielectric
constant of polymers can be lowered by doping silicon dioxide
using less polarizable bonds, e.g, Si—CH or silicon oxy-
carbides,® and/or decreasing the density (IN) via subtractive or
constitutive porosities.8’9

Solution-based deposition methods, e.g., spin-coating, are
broadly employed to deposit low-k polymers in thin film form
and are often combined with a thermal curing step to remove
the residual solvent.”*> Complications appear with the
solubility of these polymer layers requiring the use of a
cross-linker to prevent a detrimental swelling and implying the
use of an orthogonal solvent with underlying layers. Plasma-
based processes, broadly used in the microelectronics
industry,” provide an excellent alternative for the deposition
of a wide variety of thin films at both low temperature'® and
atmospheric pressure (AP).'” A plethora of studies have
already reported the plasma-enhanced chemical vapor
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deposition (PECVD) of low-k thin films.'”'" The PECVD of
low-k thin films relies on four strategies, ie., porogen
approach,'” foaming approach,'® cyclic precursor approach,"*
and carbon-bridging approach,'® that can be used separately or
combined."* The two first approaches aim at forming
subtractive porosities by thermal,'' UV, or plasma post-
treatments.'® In addition to the multiplication of the
processing steps, subtractive porosity strategies are detrimental
to the mechanical properties of the films.'® On the other hand,
constitutive porosity approaches mainly rely on the use of
cyclic precursors, e.g., decamethylcyclopentasiloxane (DS),"*
for which a high degree of retention of the ring structure is
ensured under mild or pulsed plasma conditions."” Never-
theless, minimizing the highly reactive and nonspecific nature
of plasma to protect the ring structure of cyclic siloxanes also
implies a lower degree of cross-linking of the films.'” The
network connectivity of the films can be increased by
introducing carbon-bridging groups.” Notably, the use of
cyclic siloxanes bearing polymerizable pendant groups, e.g,
1,3,5-trimethyl-1,3,5-trivinylcyclotrisiloxane (V3D3)15 and
1,3,5,7-tetramethyl-1,3,5,7-tetravinylcyclotrisiloxane
(V4D4)," promotes a better retention of the ring structure
while ensuring the formation of highly cross-linked net-
works.'”'® In recent years, the low-pressure-initiated chemical
vapor deposition (iCVD) of vinyl-containing cyclosiloxanes
has been reported as a convenient alternative to the PECVD
approach.'” iCVD, which can produce ultrathin and conformal
polymer insulating layers," is particularly suitable for the
preparation of flexible field-effect transistors for low-power soft
electronics.”

However, plasma-based processes still possess significant
advantages over iCVD since PECVD can be operated at
atmospheric pressure.'’ Moreover, atmospheric plasmas can be
implemented as a microplasma torch for the localized
deposition and patterning of functional thin films,"”** which
is particularly relevant to the preparation of semitransparent
micro solar cells. Among the developed materials, transparent
conductive thin films,*" crystalline oxide semiconductor thin
films,'®** and metallic contacts'®* can all be formed at low
temperature on paper23 or polymers substrates by using
atmospheric plasmas.””** Dielectric layers can also be prepared
by using atmospheric plasmas;** however, the preparation of
ultrathin organic layers with good insulating properties remains
a challenge due to the reactivity of plasmas that alters the
chemical structure of the monomers and induces particle
formation.'™'> Very recently, the combination of ultrashort
plasma pulses (ca. 100 ns) with plasma off-times in the range
of the free-radical polymerization lifetime (e.g., 1—100 ms) was
demonstrated to yield conformal conventional polymer layers
under atmospheric pressure conditions.”>*® The method,
called plasma-initiated chemical vapor deposition, has already
been exploited for the atmospheric-pressure degosition of
conformal fire-retardant polymer layers on textile, 7 thermor-
esponsive copolymer layers,” and functional polymer layers on
3D substrates for immobilization of biomolecules.”” The
present work aims at investigating further the capabilities of
AP-PiCVD in the perspective to extend its range of
applications to microelectronics. In particular, this work
investigates the ability to form polymer layers with tunable k
value by AP-PiCVD. With the objective to decrease of the
power consumption of future microelectronic devices, the
down-scalability of the dielectric properties of the AP-PiCVD
layers is assessed. For the first time, we report the atmospheric-
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pressure deposition of atomically smooth, conformal, and
ultrathin low-k polymer insulating layers from a dry process.
The excellent down-scalability of the AP-PiCVD approach is
highlighted by the low-leakage current (ca. 10° A cm™?)
measured for a film thickness as low as 12 nm. The high
retention of the monomer structure in AP-PiCVD allowed the
easy tuning of the k value from the careful selection of the
polarizability and ring size of the monomer.

B EXPERIMENTAL METHODS

Materials and Substrates. The four investigated monomers, i.e.,
1,3,5-trimethyl-1,3,S-trivinylcyclotrisilazane (V3N3), 1,3,5,7-tetravin-
yl-1,3,5,7-tetramethylcyclotetrasilazane (V4N4), 1,3,5-trivinyl-1,3,5-
trimethylcyclotrisiloxane (V3D3), and 1,3,5,7-tetravinyl-1,3,5,7-
tetramethylcyclotetrasiloxane (V4D4), were all purchased from
Fluorochem and used without any purification. All depositions were
carried on intrinsic and highly boron doped (p = 0.01 ohm-cm)
polished silicon wafers (Siltronix, Archamps, France). Prior to each
experiment, the silicon wafers were treated using a 95%/5% argon/
oxygen plasma for 40 s. A high-resolution stationary manometer 424-
10 (Dwyer, IN) was used to determine the vapor pressure of V3D3,
V3N3, V4D4, and V4N4 at 20 °C.

AP-PiCVD of Polymer Layers. The thin films were deposited by
using an open-air atmospheric-pressure dielectric barrier discharge
setup as previously described.”® The nanosecond discharges used to
initiate the free-radical polymerization of the selected vinylic
monomers were ignited by 1 us square pulses of 6 kV produced by
an AHTPBI1OF generator from EFFITECH, allowing the generation
of ultrashort plasma discharges (ca. t,, = 100 ns) at a discharge
frequency of 100 Hz (ie., t,z = 10 ms). The discharge gap was
maintained to 1 mm. Each monomer was directly delivered to the
deposition area by using a bubbler setup and argon (Air Liquide,
99.999%) as carrier gas. The flow rate of the argon carrier gas was set
to 15 L min~". The total gas flow was maintained constant to 20 L
min™' by using another argon source. To avoid O, and N,
contamination, argon fluxes were added on both sides of the
electrodes.

Thin Film Characterizations. Scanning electron microscopy
(SEM) images were obtained by using a Hitachi SU-70 FE-SEM. To
avoid distortions due to the charge effect, the samples were coated
with a 10 nm platinum film prior to the SEM observations. Atomic
force microscopy (AFM) images were obtained by using an Innova
instrument operating in tapping mode.

Chemical Characterizations. FTIR analyses of the resulting
films were performed in reflection mode on Si wafers by using a
Bruker Hyperion 2000 spectrometer equipped with an ATR objective.
The spectra were obtained over a range of 650—4000 cm™ with a
resolution of 4 cm™". The monomer spectra were acquired with the
same FTIR spectrometer. XPS analyses (300 X 700 um?) were
performed with a Kratos Axis Ultra DLD spectrometer using a
monochromatic Al Ka X-ray source (hv = 1486.6 V). A flooding gun
was used to reduce charging effect on the samples surface.
Photoelectrons emission were collected at 0° angle with respect to
the normal. The surface of the samples was precleaned by
bombardment with Ar* ions (2 kV) and etched for 300 s, prior to
the collection of XPS data. Casa XPS software was used for chemical
quantification and identification.

Fabrication and Electrical Characterization of the Metal/
Insulator/Semiconductor Devices. The synthesized dielectric
polymer layers were sandwiched between a highly doped Si wafer
used as bottom electrode and a patterned gold layer as top electrode.
The patterned gold layers were formed by using shadow masks by
electron beam evaporation at a base pressure lower than 107 mbar.
Prior to gold evaporation, a thin layer of titanium (10 nm) was
evaporated on top of the AP-PiCVD layers to ensure the adhesion of
the gold layer (50 nm). Capacitance versus frequency (C—f)
characteristics of the metal/insulator/semiconductor (MIS) devices
were measured by using an impedance analyzer (IM 3570 HIOKI).
The C—f measurements were performed in a range of frequencies
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from 100 Hz to 1 MHz with an excitation level of 0.1 V. The -V
characteristic measurements of the MIS devices were performed at
ambient atmosphere by using a Keithley 2614B instrument while the
voltage was from —20 to 20 V.

Density Functional Theory (DFT) Calculations. DFT calcu-
lations were performed by using the 4.0.1 program suite using the
HPC facilities of the University of Luxembourg.®”*' The hybrid
functional B3LYP was used for every calculation along with Ahlrichs’
basis set def2-TZVP and Weighend’s auxiliary basis set def2/].>>*?
The numerical chain of sphere approximation RI_]COSX and the
dispersion correction D3 were also applied in any instance.**** The
bond dissociation energies (BDE) of the investigated monomers were
calculated by using a previously reported method.>® Analytical
frequency calculations were performed for each fragment and
molecule to obtain their free enthalpy and to ensure the convergence
of the calculation. Because of the molecules’ symmetry, only a third
(for V3N3 and V3D3) and fourth (for V4N4 and V4D4) of the BDE
were calculated and reported.

B RESULTS AND DISCUSSION

AP-PiCVD of Atomically Smooth and Conformal
Ultrathin Polymer Layers. To demonstrate our atmos-
pheric-pressure chemical vapor deposition approach toward
the simultaneous synthesis and deposition of atomically
smooth, conformal, and ultrathin insulating polymer layers
with tunable dielectric properties, four different cyclic
monomers were selected, ie., two silazanes (1,3,5-trimethyl-
1,3,5-trivinylcyclotrisilazane (V3N3) and 1,3,5,7-tetravinyl-
1,3,5,7-tetramethylcyclotetrasilazane (V4N4)) as well as two
siloxanes (1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane (V3D3)
and 1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane
(V4D4)). Briefly, they are six- to eight-member silazane or
siloxane rings with three to four vinyl pendant groups,
respectively (Figure 1). The vinyl groups are a prerequisite
in AP-PiCVD, which relies on the free-radical polymerization
reaction.””*® The cyclic structure of the selected monomers is
foreseen to provide a constitutive porosity to the polymer
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Figure 1. Chemical structure of the V3D3, V3N3, V4D4, and V4N4
monomers. The DFT calculated ring size of these cyclic monomers
ranges from 6.9 A® to 7.3, 10.0, and 10.2 A for V3D3, V3N3, V4D4,
and V4N4, respectively.
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layers and therefore yield a low dielectric constant according to
the Clausius—Mossotti equation (eq 1).” Thus, the four
monomers, which differ by their polarizability, i.e., different
chemical bonds between the silazanes and siloxanes, and/or
their ring sizes (Figure 1), should yield different dielectric
constants. The pore surface area of each siloxane and silazane
rings was determined in their most stable geometry by DFT
calculations. The silazane’s pores are roughly 6% larger than
the siloxane’s ones due to longer Si—N (174 pm) bonds in
comparison to Si—O (166 pm) bonds and lower Si—N-—Si
(106—110° and 122—128°) angles in comparison to the Si—
O-Si (109—110° and 131—143°) angles. In a general manner,
the pore surface area increases by 40% when increasing the
ring members from six (i.e., V3D3 and V3N3) to eight (i.e.,
V4D4 and V4N4).

To initiate the free-radical polymerization of the selected
monomers, we employed 1 ys square-wave high-voltage pulses
(6 kV) to ignite an atmospheric-pressure dielectric barrier
discharge in argon (Figure 2a). Each high-voltage pulse
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Figure 2. (a) Scheme of the atmospheric-pressure plasma-initiated
chemical vapor deposition used for the preparation of atomically
smooth, conformal, and ultrathin low-k polymer insulating layers. (b)
Traces of the high-voltage pulse and current discharges.

generates two distinct current discharges (ca. 100 ns) at the
voltage rising and falling edges (Figure 2b). The repetition
frequency of the high-voltage pulses was set to 100 Hz. This
corresponds to a 10 ms plasma off-time, which is consistent
with the lifetime of the free-radical polymerization reaction of
vinyl compounds in AP-PiCVD.>>*"*%3¢

The AP-PiCVD reaction of the selected monomers leads to
the deposition of macroscopically smooth and defect-free thin
films across the entire surface of the substrates, including 4 in.
silicon wafers. Scanning electron microscopy (SEM) observa-
tions confirmed that, irrespective of the monomers, smooth
and particle-free thin films are formed over the whole surface
of the substrate (Supporting Information Figure S1). The
pinhole-free nature and low particulate density of the AP-
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PiCVD thin films are further confirmed through atomic force
microscopy (AFM) investigations (Figure 3). More impor-

vape= 1687

%

Figure 3. Atomic force microscopy (AFM) images and root-mean-
square roughness (Rq) of pv3D3 (d = 224 nm), pV4D4 (d = 168
nm), pV3N3 (d = 377 nm), and pV4N4 (d = 126.7 nm) coatings
prepared by AP-PiCVD. d is the thickness of the thin films.

tantly, AFM highlights the atomically smooth nature of the AP-
PiCVD thin films with a root-mean-squared roughness (R,)
measured below 7 A, even for thicknesses higher than 300 nm
(Figure 3). Such low R, values, similar to the ones measured
for the thin films grown by low-pressure iCVD,”” make the
proposed AP-PiCVD approach highly suitable for OTFT
applications.

SEM cross-sectional observation of the AP-PiCVD thin films
deposited on a trenched wafer highlights their excellent
conformality with a dygom/drop aNd 2 dyigervan/drop Tatio close
to 100% and 63%, respectively (Figure 4). dop dggewary and
dpotrom are the thicknesses at the top, sidewall, and bottom of
the trench, respectively. The conformal coverage of 3-

Figure 4. SEM cross-sectional image of 233 nm thick pV3N3 coating
on a9 um deep and 1.5 ym wide silicon trench structure.
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dimensional structures, which is very difficult to achieve by
classical wet methods, is also highly desirable for the
preparation of functional devices, e.g., sensors’® and
transistors.’

In addition to the atomically smooth and conformal nature
of the as-deposited layers, the AP-PiCVD process allowed their
rather fast and uniform deposition. Ellipsometry measurements
confirmed that uniform thicknesses were achieved across the
whole length of the silicon substrates. The deposition rates
were evaluated to be 0.68, 0.70, 0.96, and 0.42 nm s~ for the
V3D3, V3N3, V4D4, and V4N4 monomers, respectively
(Table 1). The monomer carrier gas flow (1S5 slm), in which

Table 1. Vapor Pressure (P,,), Deposition Rate (DR), Pore
Size, and k Value of the V3D3, V3N3, V4D4, and V4N4
Monomers and Their Respective As-Deposited AP-PiCVD
Layers

monomer P, (Torr) DR (nm s_l) pore size (Az) k
V3D3 3.33 0.69 + 0.09 6.9 3.6 +0.1
V3N3 >18 0.70 + 0.04 7.3 42 £+ 0.1
V4D4 0.04 0.96 + 0.04 10.0 28 £0.1
V4N4 0.29 0.42 + 0.04 10.2 3.7+ 0.1

the monomer partial pressure (Py) is approximately its vapor
pressure (P,,,), and dilution flow (5 slm) being identical for the
four monomers, the Py/P,, ratio was constant for all
monomers (in spite of their different Py, ).”” This approach
ensures comparable adsorption mechanisms that are known to
have a strong influence on the growth mechanisms in the AP-
PiCVD process.”**® The slight growth rate differences can be
attributed to different polymerization rate parameters.’® First,
the different P, of the monomers (Table 1) for a constant P,/
P, ratio implies different monomer gas phase concentrations
that directly affect the amount of initiating species [M*] and
the initiation rate R. One can also assume that the four
monomers possess different propagation constants (k,) that
yield different propagation rates (R,). In other words, in a
process driven by surface reactions where a comparable
amount of monomer adsorbs [M],4 on the surface, the growth
rates are determined by the ability of the adsorbed monomer
to polymerize prior to its desorption.

The AP-PiCVD thin films were soaked for 24 h in
different solvents to investigate their chemical stability. After
24 h immersion in common polar solvents, i.e., acetone and
ethanol, the thickness of the layers was unaltered for the
pV4D4 and pV4N4 layers and only slightly reduced (ca. 8 to
20%) for the pV3D3 and pV3N3 layers (Table S1 and Figure
S2). More interestingly, the organosilicon layers retain their
atomically smooth nature with a Rq measured below 10 A,
which is desirable for application in microelectronic. These
observations underline the excellent chemical stability of the
organosilicon layers and suggest the successful polymerization
of the vinyl pendant groups of studied monomers, yielding
highly cross-linked organosilicon networks.

Ultrathin Low-k Polymer Insulating Layer. A series of
metal/insulator/semiconductor (MIS) structures were fabri-
cated to evaluate the dielectric properties of the as-deposited
polymer layers (Table S2). All the polymer layers deposited
from V3N3, V4D4, and V4N4 (pV3N3, pV4D4, and pV4N4)
were able to sustain a voltage up to 20 V without any
occurrence of an electrical breakdown, even for thicknesses as
low as 12 nm (Figure S). Additional measurements performed
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Figure S. Voltage dependence of the absolute leakage current density
I7{V)! of the MIS devices with the ultrathin (d < 30 nm) AP-PiCVD
layers grown from V3N3, V4D4, and V4N4.

on thicker polymer layers are available in Figure S3. For all the
presented polymers layers, the experimental current—voltage
characteristics show a linear behavior indicating an ohmic
leakage current. The apparent increase of the measured current
around —20 V was attributed to a transient response when
abruptly applying the bias voltage at the beginning of the
measurement. Thus, the initial data points (V < —17 V) have
been disregarded for the analysis. The linear fits of the
experimental current—voltage characteristics (solid lines in
Figure S3) reveal resistance values in a range of approximately

4-55 GQ cm?” for different pV3N3, pV4D4, and pV4N4 layers.
Taking into account the thickness of the polymer layers, these
effective resistance values correspond to specific resistivities of
p=(4=+2)x 10" Q cm for pv4D4 and pV4N4 and slighly
higher values of 10" Q cm and more for pV3N3. Such
excellent insulation properties highlight the ability of our low-
frequency ultrashort plasma pulses approach, ie., AP-PiCVD,
to produce insulating ultrathin dielectric layers under
atmospheric pressure conditions in an open-air reactor.
These excellent insulating properties were confirmed with
leakage current densities (J;) below 107 A cm™ for the AP-
PiCVD layers grown from V3N3, V4D4, and V4N4 (Figure
$3), making them attractive as gate dielectric polymers.
Surprisingly, an electrical breakdown, which is defined as an
exponential increase of the leakage current density,”
observed for rather low electrical field for the pV3D3 layers
(Figure S4). Indeed, for 23 nm thick pV3D3 layer, a voltage of
4.6 V yields to an abrupt increase of J, corresponding to a
breakdown electric field (E,) of 1.5 MV cm™'. This early
dielectric breakdown observed for the pV3D3 layers may find
its origin in the much higher saturation pressure (P,,) of the
V3D3 monomer (Table 1). Indeed, with the aim of making fair
comparisons between the four monomers selected, identical
argon carrier gas flows (15 L min™") have been used with the
aim to investigate a similar Py;/P,, ratio (approximated to be
equal to the ratio of the carrier gas flow rate over the total flow
rate). Therefore, the much higher P, of V3D3 implies a much
higher partial pressure (Py) of this monomer that may either
be responsible of a partial quenching of the nanosecond
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discharges or promote the formation of smaller oligomers™
that could altered the dielectric resistance of the films.

For each of the investigated monomers, the areal capacitance
(C)) of all the as-deposited polymer layers was systematically
measured on three samples of different thickness and plotted
with respect to the frequency (Figure 6). An abrupt drop of the
capacitance with vanishing capacitance in the high frequency
limit was observed for the pV3N3, pV4D4, and pV4N4 layers,
while the pV3D3 and pV3N3 (42 nm) layers show smaller
capacitance steps. Such capacitance steps might, for example,
be related to defects in the films, parasitic capacitances, or a
dipole orientation lag of the molecule behind the alternating
electric field, commonly termed the polarization effect.* The
pronounced high frequency drop of the capacitance down to
zero is instead attributed to the series resistance of the MIS
structure™ because the measured capacitance drops below the
minimum geometric capacitance Cy = &/dqiymer

The real part of the dielectric constant (¢’ = k) of each
polymer layer was estimated from the relation

C = 8OE[;olymer

dpolymer (2)

where C; was measured at 1 kHz for different layer thicknesses
(Figure 7). It is noteworthy to underline that the C; of all the

300 ’ . :
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—~200F |
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Figure 7. Estimation of the dielectric constant of the as-deposited
pV3D3, pV3N3, pV4D4, and pV4N4 layers.

synthesized layers was stable in the studied frequency range,
i.e., low frequencies. The siloxane layers exhibited the lowest
dielectric constant compared to the silazane ones, i.e., kyy3ps =
3.6 £ 0.1 and kyysps = 2.8 + 0.1. It should be highlighted here
that the kyyp, value (2.8) is in accordance with the values
reported for the pV4D4 layers prepared from the low-pressure-
initiated chemical vapor deposition method, ie., k = 2.8 +
0.1."" On the other hand, the k values of the pV3N3 and
pV4N4 layers were evaluated to 4.2 + 0.1 and 3.7 + 0.1,
respectively. While the dense silicon dioxide (SiO,) has a kg,
= 4.0 + 0.1,° the silicon carbonitride (SiC,N,) has a ksicn, =
4.5-5.5.*" Consequently, the low dielectric constant (k < 4)*°
of the pV3D3, pV4D4, and pV4N4 must stem from the ability
of the AP-PiCVD process to preserve the ring’s structure of the
selected monomers.

The FTIR spectra of the as-deposited polymer layers (Figure
8) confirmed the assumption of the preservation of the ring’s
structure responsible for the low dielectric constants measured.
Indeed, all the polymer layers exhibit strong similarities with
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their respective monomer (Tables S3—S6), whereas the
qualitative reduction (pV3D3 and pV3N3) or full disappear-
ance (pV4D4 and pV4N4) of the absorbance peaks of vinyl
bond located at ca. 1600 cm™" and ca. 3050 cm ™' suggests the
predominance of the free-radical polymerization pathway
(Figure 8 and Figure SS).

The strong absorbance peak corresponding to the cyclic
siloxane ring of V4D4 located at 1053 cm™" is present in both
the spectra of the monomer and the polymer layer (Figure 8c).
The absence of broadening of this peak for the polymer layer is
consistent with the hypothesis that the AP-PiCVD process has
preserved the original cyclic siloxane ring of V4D4. Similarly,
the strong absorption peak observed in the both spectra of
V3D3 and the as-deposited pV3D3 layers at 997 cm™'
(corresponding to the Si—O—Si tricyclosiloxane ring) points
out a fair retention of the tricyclosiloxane ring during the
deposition. However, the presence of a weak peak that can be
attributed to Si O open cycle moieties can also be observed
around 1080 cm™.*' Ring-opening of cyclic monomers is not
surprising and can be attributed to plasma-induced side
reactions. This can justify the higher dielectric constant of the
formed pV3D3 layers (3.6) compared to the one synthesized
by iCVD, i.e., k;CV‘Q& =2.2." On the other hand, FTIR suggests
a retention of the other groups in the pV3D3 layers, notably
the methyl and ethyl groups bonded to silicon (Figure S6).
The mono-, di-, or trisubstitution of the silicon atom with
oxygen, designated as “M”, “D”, and “T” configurations,
respectively, can be easily monitored from the Si—CH;
symmetric bending peak observed in the 1300—1240 cm™
region (Figure S6). Shifting of this absorption peak toward
higher wavenumbers is indicative of a higher substitution of
carbon by oxygen atoms (O,—Si—(CH;),_, with x = 1, 2,
3).">* Despite the possible ring-opening of V3D3 during the
deposition process, the original D configuration of the silicon
was retained. This result further confirms the prevalence of the
free-radical polymerization reaction over the opening of the
V3D3 ring. To understand the reactivity difference between
the V3D3 and V4D4 in AP-PiCVD, DFT calculation of their
bond dissociation energies (BDE) was performed and pointed
out the weaker stability of the Si—O bonds of V3D3 (4.0 eV)
compared those of V4D4 (5.5 eV) (Figure S7). Thus, the
differences in energy of the Si—O bonds with the other single
o-bonds in V4D4 are significant (ABDE » 1.5 eV) and suggest
a much lower sensitivity of the cyclotetrasiloxane ring to
plasma breakdown, while the cyclotrisiloxane ring is not
granted any protection due to the rather small differences in
energy with the other single 6-bonds present in V3D3 (ABDE
<02 eV).

The FTIR spectra of the layers elaborated from V3N3 and
V4N4 both exhibit a broad peak between 930 and 1140 cm™
(Figure 8b,d), which differs from the sharp Si—N—Si peaks of
the silazane rings of their respective monomers observed at ca.
930—910 and 1005 cm™! (Tables S4 and $6).>”** Moreover,
the peaks related to the stretching and deformation of N—H at
3399 and 1155 cm™, respectively, disappear. Such a
broadening or disappearance of the peaks is consistent with
the observation made for the pV3N3 and pV4N4 coatings
elaborated by iCVD.?” Moreover, these observations contrast
with the ones made for PECVD coatings where N—H bands
increase due to the disruption of the silazane rings.**
Nevertheless, the FTIR spectra of the layers elaborated from
V3N3 and V4N4 also strongly resemble the ones obtained for
pV3D3 and pV4D4 (Figure 8), and the enlargement of the Si—
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Figure 8. FTIR spectra of the AP-PiCVD layers synthesized from (a) V3D3, (b) V3N3, (c) V4D4, and (d) V4N4 and their respective monomers.

N—Si peaks between 930 and 1140 cm™" could be related to
the formation of Si—O—Si bonds when operating under open-
atmosphere conditions. One should also mention the shift of
the Si—CH; peak of the silazane-based coatings to higher
wavenumbers, ie., from 1252 to 1257 cm™), indicative of a
partial oxidation of silicon (Figure S6). Therefore, a
quantitative XPS analysis of the chemical composition of the
AP-PiCVD coatings was undertaken to evidence any
discrepancy between the expected and actual chemical
compositions of the films. Unsurprisingly in view of their
FTIR spectra, the pV3D3 and pV4D4 layers exhibit an almost
perfect match with their expected chemical composition
(Table S7). On the other hand, XPS analysis of the layers
obtained from V3N3 and V4N4 reveals a drastic decrease of
the nitrogen content, from 20% expected to ca. 0.6—10%
measured, coupled with the incorporation of oxygen, ca. 19%
(Table S7). Hence, the broadening of the Si—N—Si peaks
observed in the FTIR spectra of the layers obtained from the
silazane monomers can be attributed to the oxidation of silicon
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and the formation of Si—O bonds, in accordance with previous

PECVD studies.*
It is noteworthy to highlight that for all the investigated

monomers the formation and incorporation of —OH groups
was not detected in the AP-PiCVD coatings. Indeed, the
presence of a hydroxyl group was not observed by FTIR,
neither at 3500 cm™ nor at 920—830 cm™."> This aspect is
important for the targeted application since the sorption of
water in the dielectric layer should be avoided because the
inclusion of such highly polarizable bonds —OH would lead to
an increase in the resulting k value. Overall, the lower bond
polarizability of the siloxane compounds and the larger and
more stable ring of V4D4 make it the monomer of choice to
grow ultrathin low-k polymer insulating layers by AP-PiCVD.
Such findings could considerably simplify the elaboration of

microelectronic devices.
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B CONCLUSION

Atomically smooth, conformal, and ultrathin low-k polymer
insulating layers were successfully deposited from a straightfor-
ward atmospheric-pressure gas phase approach based on
ultrashort plasma pulses. The polymer layers, prepared from
various cyclic organosilicon monomers (V3N3, V4D4, and
V4N4), showed excellent insulating properties with a leakage
current density of 107 A cm™ for layers as thin as 12 nm.
These excellent insulating properties have been attributed to
the pinhole and defect-free nature of the organosilicon films.
The ability to vary the dielectric constant of the resulting
polymer layers was achieved by varying the polarizability of the
monomer bonds, i.e., siloxane and silazane, as well as the
monomer ring size. Particularly, the cyclic siloxane layers
exhibited lower dielectric constant values (k,y3p; = 3.6 and
kovaps = 2.8) compared to the cyclic silazane layers (ka3N3 =
4.2 and kjyung = 3.7) due to the lower polarizability of the
siloxane bonds. The retention of the ring structure in AP-
PiCVD allowed the synthesis of polymer layers bearing a
constitutive porosity, with the layers elaborated from the larger
siloxane ring (V4D4) possessing the lowest dielectric constant
values (kyysps = 2.8).
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V-1 Summary

This PhD dissertation provides an in-depth understanding on the growth mechanisms driving
the formation of organosilicon thin films in a nanosecond pulsed AP-PECVD process. In
particular, the influence of the monomer structure and monomer saturation ratio on the growth
rate, morphology, chemistry and dielectric properties of the resulting thin films is elucidated
here for the first time. In addition to expand the range of application of the process, the
investigation of the thin films’ dielectric properties (leakage current, k value...) performed in
this thesis provides a deeper understanding of the structure-property-processing relationships.
As such, guidelines are drawn for the nanosecond pulsed AP-PECVD formation of functional

polymer thin films.

The importance of the monomer structure is demonstrated through the nanosecond pulsed AP-
PECVD reaction of different siloxane compounds. Irrespective of their cyclic or linear
structure, the low-frequency nanosecond pulsed AP-PECVD reaction (combination of ultra-
short plasma pulses, i.e. 100 ns, with very long OFF-time, i.e. 10 ms) of non-vinylic siloxane
compounds yields poorly reticulated thin films exhibiting high leakage current densities. The
same AP-PECVD conditions being applied to siloxane compounds bearing vinyl bonds, such
as the 1,3,56-tetramethyltetravinylcyclotetrasiloxane  (V4D4) or the 1,3,5-
trimethyltrivinylcyclotrisiloxane (V3D3), promotes the preponderance of plasma-induced free-
radical polymerisation enabling the excellent retention of the monomer structure and the
formation of atomically smooth, dense and highly cross-linked thin films. The superior
insulating properties of the thin films elaborated from vinylic siloxane compounds, afforded
by their highly crosslinked structure, allowed to conclude that monomer with polymerisable

bonds are essential to promote the growth of high quality insulating thin films.

Unsurprisingly, two growth mechanisms were readily identified from the variation of the
plasma pulse frequency (variation of torr duration) and the variation of the monomer saturation
ratio (Pm/Psat) from the nanosecond pulsed AP-PECVD reaction of the vinylic cyclic siloxane
compounds, i.e. V3D3 and V4D4. Gas phase reactions are preponderant in the monomer
deficient regime (low Pm/Psat or high plasma pulse frequencies). The combination of ultra-short
plasma pulses with very long OFF-time (low plasma pulse frequency) is essential to ensure the
prevalence of surface reactions (adsorption and subsequent free-radical polymerisation) falling
in the competition regime (or energy-deficient regime for high Pm/Psat) and resulting in the

formation of smooth and conformal insulating thin films. For excessively high Pwm/Psa, the
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energy-deficient regime is reached, and the thin films become leaky. The strong influence of
the monomer structure on the growth mechanisms is well observed in the energy-deficient
regime where non-vinylic siloxane compounds yield the formation of viscous thin films

composed of short oligomers.

Therefore, using low plasma pulse frequencies, the insulating properties of the thin films elaborated
from vinylic compounds displayed a strong dependence on the monomer saturation ratio (Pm/Psat).
Optimisation of the monomer saturation ratio is required for each vinylic compound to yields
the formation of thin films with excellent insulating properties and low-k values owing to the

better retention of the monomer structure.

To summarize, monomers with polymerisable bonds, high monomer saturation ratio and low
plasma pulse frequency are essential to promote the plasma-induced free-radical
polymerisation of atomically smooth and highly crosslinked insulating low-k thin films. Taking
into account the understanding gained, the versatility of the approach was exploited to grow
low dielectric constant insulating layers from four organosilicon compounds, i.e. two silazane
(V3N3 and V4N4) and two siloxane (V3D3 and VV4D4). The ability to tune the k value (2.8 <
k <4.2) from the careful selection of the monomer structure highlighted the importance of the
starting monomer chemistry. The lowest dielectric constant value was obtained from the
monomer with lower polarizability (organosiloxane) and larger ring size, i.e. the V4D4, which
showed a k-value as low as 2.8. Low leakage current densities, in the range of 10° A/cm? at 20
V for thicknesses as low as 12 nm, are measured, confirming the excellent down scalability of
the insulating properties of the thin films elaborated using this nanosecond pulsed AP-PECVD

process.

V-2 Outlook

This PhD dissertation provides a deep understanding of the growth mechanisms of low
dielectric constant insulating thin films elaborated by nanosecond pulsed PECVD operated at
atmospheric pressure. In particular, the straightforward synthesis of tuneable insulating
organosilicon thin films by the atmospheric pressure plasma-initiated chemical vapor
deposition (AP-PiCVD) could simplify the integration of low-k dielectric polymer thin films
for flexible organic electronic application. The chemical stability of the low dielectric constant
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insulating thin films obtained in the framework of this thesis offers the possibility to combine
the nanosecond pulsed AP-PECVD process to wet chemistry methods for the fabrication of an

organic field effect transistor device.

The knowledge generated in this work, highly complementary to a previous PhD work
undertaken at LIST, provides solid guidelines for simultaneous synthesis and deposition of new
functional thin films from a dry and atmospheric-pressure process. Further works could notably
investigate the influence of the Pm/Psat 0n the length of the polymer chains grown from the AP-
PiCVD reaction of alkyl methacrylate monomer. The determination of optimal process
window, optimisation of the monomer saturation ratio (Pm/Psat), is particularly important when
investigating new monomers in the perspective to extend the field of applications of thin films
synthesised by the AP-PiCVD. When targeting applications where the length of the polymer
chain is crucial to grant functional properties to a thin film, such as thermoresponsive polymer
layers, or prevent leaching of low molecular species, the understanding and determination of
monomer saturation ratio (Pwm/Psat) influence on the growth mechanism of the thin films is

essential.
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Appendix 1: definitions

This appendix provides the definitions of some keywords used in thesis. For more physical

relationships of all these terms, | refer the reader to literature.!*?
1) Structure and working principle of organic field-effect transistors

Organic field-effect transistors (OFET), also referred as organic thin film transistors (OTFT)
since assembled from a thin-film stack (Figure 1), are composed of three fundamental
components: the contacts (source, drain and gate), the organic semiconductor (active layer) and
the dielectric layer. The drain and the source electrodes which are in direct contact with the
active layer, are used to inject and collect charge carriers, while the gate is isolated from the
active layer by a dielectric layer.*!

VDS

Source

v Semiconductor
GS

Dielectric layer

Gate

Substrate

Figure 1: Structure of an organic thin film transistor (OFET) in bottom gate/top contact (BGTC)

configuration.

OFET operates under the application of two voltages: one between the source and the gate
(Ves) and the second one between the source and the drain (Vps). Without the application of a
gate voltage (Ves), the current (Ip) between the drain and the source is very low (no charge
accumulation) and the transistor is off. The application of a gate voltage polarises the dielectric
resulting in the accumulation of charge carriers at the semiconductor-dielectric interface. The

electric field applied at the gate electrode determines the density of the charge carriers

99



accumulated at this interface. Hence, the current flow between the drain and source electrodes
is modulated by the applied gate voltage. The transistor turns on when the voltage Vps is
applied, inducing the transport of the accumulated charge carriers from the source to the drain
electrode, through the semiconductor, where a source-drain current (Ips) is generated.*6-81 As
such, the transport of the charge carriers occurs in the first few monolayers of the organic
semiconductor, near the surface of the gate dielectric. Thus, the interface between the dielectric

and the active layer plays a major role in the device performances.

2) Dielectric properties

Dielectric materials are electrical insulators that can be polarized by the application of an
electric field. The crucial parameters of a dielectric material are the maximum possible electric

displacement (Dmax) the dielectric can sustain:

Dmax = EOSrEB (1)

where & is the vacuum permittivity (€= 8.854 x 1012 F.m™), & (€= k) is the dielectric constant
(also called relative permittivity) and Eg is the dielectric breakdown field.

o Capacitance & relation between C and k

The capacitance per unit of area, Ci, which in the two-parallel-plate model can be represented
using the following equation:
Er (2)

Ci=803

where d is the thickness of the dielectric. The magnitude of the capacitance Ciis monitored by
the k value and the thickness (d) of the dielectric. The capacitance density, which is the ability
of a material to store electrical charges at a given voltage, must be high to lower the operation
voltage in OFET.

o Dielectric constant

The capacitance is directly proportional to the dielectric constant (2 & 3) which represents the

potential amount of electric energy, in the form of induced polarisation, that can be stored in a
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material under the application of an electric field. Indeed, placed in an electrical field, the
dielectric’s electrical charges shift from their average equilibrium positions toward the electric

field direction causing dielectric polarisation (Figure 1).

a) Unpolarised b) Polarised

Figure 1: Schematic of a parallel-plate metal—insulator—metal (MIM) capacitor where a) in the

absence of an applied electric field, the charge distribution is at equilibrium in the dielectric.
b) Applying an electric field leads to the shift of the charge from their average equilibrium
positions toward the electric field direction.

o Dielectric polarisation

This effect is related to the polarizability which is the ability of the molecule’s electron cloud
to be distorted under the application of an electric field, hence resulting in the acquiring of an
electric dipole moment. This induced electric dipole moment, which is not permanent, can be
induced by two polarisation phenomena, i.e., distortion polarisation and electronic polarisation.

The electronic polarisation, ae, describes the modification of the cloud of bound electrons
around the positive atomic nuclei under the application of an electric field. The electronic
polarisation operates at frequencies up to ~10%° Hz. The distortion polarisation, aq, also referred
as ionic polarisation, relates the distortion of cations and anions in opposite direction under the
application of an electric field. It responds to field frequencies up to ~10'2 Hz. In the case of
polar molecules, their existing permanent dipole moment is rearranged under the application
of the electric field giving rise to the orientation polarisation.

The physical relation between the dielectric constant and the properties of the molecule is given
by the Debye equation:

&g=1 N -
—_ " et aa+

) ®)
e +2 3eo 3kbT
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where N is the number of molecules per m?, x is the orientation polarizability, k the Boltzmann
constant, and T the temperature in K. The term x%/3kT stems from the thermal averaging of the
permanent electric dipole moments of the molecule in the presence of an applied field. Hence,
the dielectric constant of a material depends on the polarity of the molecule. Indeed, the
dielectric constant of a material is high if the molecule is polar, thus highly polarisable. To
obtain a low dielectric constant material, one can reduce the density N of the material by
introducing pores or reduce the polarizabilities oe and ag.

The same expression without the permanent dipole moment contribution, is called the

Clausius—Mossotti equation:

& —1 N
= (ae + ad) (4)
e+ 2 3&0

Due to all these microscopic mechanisms, the polarisation of the dielectric does not occur
instantaneously in response to the electric field (E). The delay of polarisation observed when
changing the electric field in the dielectric medium is called dielectric relaxation and gives rise
to a dielectric loss (tan §).1281This dielectric loss can be viewed as the energy dissipation

coming from the dipole relaxation or the leakage current.[

o Leakage current density

Ideally, dielectric materials should totally prevent the flow of the electrical current. Yet, a
certain amount of current defined as leakage current (or leakage current per unit area, Ji), flows
through the dielectric in practice when submitted to an electric field. The amount of the leakage
depends on the electric field. The electrical breakdown corresponds to the process in which the
dielectric start to conduct electricity resulting in the exponential increase of the leakage current
density (Ji). The key parameters associated with it are the breakdown voltage (Vs) and

breakdown electric field (Eg, Figure 2).
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Figure 2: Representative curve of current density (Ji) vs. electric field of pvV3D3 layer. The

breakdown field (Eb) is observed when the current density (Ji) increases abruptly.
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Figure S1: a) Photograph of the AP-PDBD reactor setup that affords the dry, single-step, and
up-scalable solution for the deposition of functional thin films. b) Schematic of the dielectric
barrier discharge displaying one upper electrode and a moving grounded electrode (represented
as a table) on which the substrate is stuck. The radicals are created during the plasma ON time
(purple area) in the gap between the upper and the grounded electrode. ¢) The monomer to
deposit is held in a bubbler and the vapours of the studied monomers are directed toward the

reactor chamber using argon (Ar), which was playing the role of carrier and the plasma gas.
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Figure S2: Traces of the I-V curves used for the atmospheric-pressure plasma enhanced
chemical vapour deposition (AP-PECVD) of polymer and plasma thin films. The plasma was
ignited with a 1us ultrashort high-voltage square pulse (black curve) resulting in the creation
of two current discharges lasting ca 100 ns (red curve). These current discharges represents the

time when the plasma is actually ON.
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Table S1: Experimental condition for the deposition performed to determine the impact of
plasma pulse frequencies on the initiation and lifetime of the free-radical polymerisation of
V4D4, D4 and DMTSO. The deposition rate (DR) and the thickness increment per cycle (thick.

incr.) are provided.

Moromer | FFEGUNeY 1L Presre fou o DR e
(SLM) (SLM) (pm)
16.7 15 5 1 1 59879 0.126 7.57
31.6 15 5 1 1 31645 0.254 8.03
56.2 15 5 1 1 17793 0.484 8.61
100 15 5 1 1 9999 0.981 9.95
V4D4 178 15 5 1 1 5617  1.25 7.02
362 15 5 1 1 2761  2.08 5.76
562 15 5 1 1 1778  2.56 4.56
1000 15 5 1 1 999 4.82 4.82
3160 15 5 1 1 315 411 1.30
16.7 15 5 1 1 59879 0.0427 2.56
316 15 5 1 1 31645 00967  3.06
56.2 15 5 1 1 17793 0154  2.75
100 15 5 1 1 9999  0.239 2.39
D4 178 15 5 1 1 5617  0.600 3.37
362 15 5 1 1 2761  0.906 2.50
562 15 5 1 1 1778  1.38 2.46
1000 15 5 1 1 999 1.41 1.41
3160 15 5 1 1 315 6.02 1.90
31.6 15 5 1 1 31645 0.113 3.58
56.2 15 5 1 1 17793 0.125 2.22
100 15 5 1 1 9999 0.274 2.74
178 15 5 1 1 5617  0.327 1.84
DMTSO
362 15 5 1 1 2761  1.03 2.86
562 15 5 1 1 1778  1.71 3.05
1000 15 5 1 1 999 3.33 3.33
3160 15 5 1 1 315 7.99 2.53
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Figure S3: Optical images of the thin films grown on silicon wafer from (a) V4D4, (b) D4 and

(c) DMTSO at identical deposition condition (f = 100 Hz; Pm/Psat = 75%).
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Figure S4: a) Vapour pressure (Psat) in mmHg and chemical structure of all the studied

organosiloxane compounds. b) Growth and mass rates per second plotted according to the

plasma pulse frequency as well as the thickness and weight increment per cycle duration (ton

+ torr) Of the thin films grown from i) V4D4; ii) D4 and iii) DMTSO.
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Figure S6: FTIR spectra of the 1290-1230 cm™ and the 1225-970 cm™ regions corresponding
respectively to the Si—CHs and the Si—O—Si stretching absorption region of the DMTSO
monomer and the thin films elaborated at different plasma pulse frequencies. The M, D and T

group represent the mono-, di-, and tri-substitution of the silicon atom by oxygen, respectively.
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Figure S7: Bond dissociation energies (BDE) of (a) V4D4, (b) D4 and (c) DMTSO.
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Figure S8: FTIR spectra of the 900-700 cm™ region corresponding to the Si—C stretching
absorption region of the DMTSO monomer and the thin films elaborated at different plasma

pulse frequencies.
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Table S2: FTIR absorption assignments of DMTSO monomer and the resulting thin films

elaborated at different plasma pulse frequencies, i.e. 100 Hz, 362 Hz and 1,000 Hz.

Chemical bond DMTSO ppzm_'ll')so
-1
(nm) 100 Hz 362 Hz 1,000 Hz
CHs antisymmetric | ,qq, 2060 2061 2061
stretching
CHs symmetric 2902 2901 ) i
stretching
CHs sym.
deformation from 1256 1259 1259 1259
Si-CHs
Si-O asymmetric
stretching in ladder |~ i 1103 1106
Si-O as_ymmetrlc i 1087 ) i
stretching
Si-O-Si asymmetric
stretching in linear | 1068 - - -
network
Si-O-Si asymmetric
stretching in 1032 1032 1034 1034
suboxide
Si(CHs)s rocking 837 840 841 841
Si(CHs)2 rocking 791 796 796 796
Si-C stretch 752 755 755 -
11
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Figure S9: FTIR spectra of the ppD4 thin films elaborated using a 75% saturation ratio at

different plasma pulse frequencies.
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Figure S10 FTIR spectra of the 900-700 cm™ region corresponding to the Si—C stretching

absorption region of the D4 monomer and the thin films elaborated at different plasma pulse

frequencies.
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Table S3: FTIR absorption assignments of D4 monomer and the resulting thin films elaborated

at different plasma pulse frequencies, i.e. 100 Hz, 362 Hz, and 1,000 Hz.

Chemical bond D4 Fc?r?f)
-1
(nm-) 100 Hz 362 Hz 1,000 Hz

CHs antisymmetric | ., 2961 2961 2961
stretching

CHs symmetric | ;o 2913 2913 2913
stretching
CHs sym.

deformation from | 1259 1257 1259 1259

Si-CHs3

Si—O asymmetric
stretching from - 1074 1074 1074
linear network

(Si—0)s3
asymmetric
stretching from the
ring

1051 - - -

Si—O asymmetric
stretching in - 1024 1024 1024
suboxide

Si(CHs)2 rocking | 798 804 804 804

14
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Figure S12: FTIR spectra of the 1,290-1,230 cm™ and the 1,225-970 cm™ regions
corresponding respectively to the Si—CHz and the Si—O—Si stretching absorption region of the
V4D4 monomer and the thin films elaborated at different plasma pulse frequencies. The M, D
and T group represent the mono-, di-, and tri-substitution of the silicon atom by oxygen,

respectively.
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Figure S13: FTIR spectra of the 3,150-2,600 cm™ and the 1,650-1,350 cm™ regions

corresponding respectively to the C—H absorption region of the V4D4 monomer and the thin

films elaborated at different plasma pulse frequencies.
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Table S4: FTIR absorption assignments of VV4D4 monomer and the resulting thin films

elaborated at different plasma pulse frequencies, i.e. 100 Hz, 362 Hz, 1000 Hz.

ppV4D4
(cm™)
100 Hz 178 Hz 362 Hz 1000 Hz

Chemical bond V4D4
(nm?)

=CH:2
antisymmetric 3057 3057 3057 3057 -
stretching

C-H stretching of

. 3017 3017 3017 3017 -
vinyl bond

CHs antisymmetric

. 2964 2964 2965 2965 2964
stretching

CHs symmetric

. 2905 2906 2906 2906 2924
stretching

CH3 symmetric

. - 2978 2978 2978 2978
stretching

C=C stretching

from Si—-CH=CH> 1598 i ) i i

=CH: deformation

from Si—-CH=CH> 1406 i ) i i

CHs sym.
deformation from 1259 1261 1261 1263 1265
Si-CHs3

(Si—0)s3
asymmetric
stretching from the
ring

1053 1064 1062 1065 1070

Si—O asymmetric
stretching in - - - 1022 -
suboxide

=CHz waging from

Si_CH=CH. 958 963 963 - -

Si(CHs)2 rocking 787 791 788 788 788
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Table S5: Theoretical and experimental atomic composition of the thin films obtained from

the AP-PECVD reaction of V4D4, D4 and DMTSO (Pm/Psat = 75 %).

Atomic %
Si N @) C
1000 Hz 23 0 30 48
V4D4 100 Hz 22 0 25 54
Theory 20 0 20 60
1000 Hz 27 0 27 46
D4 100 Hz 27 0 29 44
Theory 25 0 25 50
1000 Hz 28 0 43 29
DTMSO 100 Hz 17 0 22 60
Theory 23.5 0 17.6 59
1004 - . - L 100
| | | | |
c C c
80 - o) . ol || A 0‘7 - 80
= Si Si Si
© 60 1 B 60
5
< 40- . . 40
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Figure S14: Distribution of the atomic compositions of the thin films obtained from the AP-

PECVD reaction of V4D4, D4 and DMTSO calculated from the XPS survey scans.
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Figure S15: SEM top view images of the thin film obtained from D4 and elaborated at different

plasma pulses frequency using a 75% monomer saturation ratio.
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1000 Hz

50 um

Figure S16: SEM top view images of the thin film obtained from DMTSO and elaborated at

different plasma pulses frequency using a 75% monomer saturation ratio.
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Figure S17: SEM top view images of the thin film obtained from V4D4 and elaborated at

different plasma pulses frequency using a 75% monomer saturation ratio.
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Figure S18: a) Optical images and b) top view SEM images of the thin films obtained from
D4 and DMTSO elaborated using a monomer saturation ratio Pm/Psat 0f 20%. The plasma pulse
frequency was fixed to 100 Hz. The variation of the thin films colours are due to their difference

of thickness.
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Figure S19: FTIR spectra of the D4 monomer and the as-deposited thin films elaborated at a
fix plasma pulse frequency, i.e. 100 Hz, using different saturation ratio Pm/Psat 75 % and 20 %.
The thin films obtained from D4 and elaborated using a saturation ratio Pm/Psa of 20 % shows
a similar FTIR spectrum than the thin films elaborated using a saturation ratio of 75 %. Indeed,
the single peak located at 1,052 cm™ in the D4 monomer spectrum, attributed to the asymmetric
stretching band associated to the Si—O—Si group, is split into two peaks located at 1,074 cm™
and 1,024 cm in the resulting thin films. The splitting of this band is typical for long linear
siloxane chain and consequently highlights the occurrence of a ring-opening reaction during

the AP-PECVD reaction of this D4 monomer.
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Figure S20: FTIR spectra of the 1290-1230 cm™ and the 1225-970 cm™ regions corresponding
respectively to the Si—CHs bonding region and the Si—O—Si stretching of the D4 monomer
and the thin films elaborated at fix plasma pulse frequency of 100 Hz using saturation ratios of
75 % and 20 %. The M, D and T group represent the mono-, di-, and trisubstitution of the
silicon atom by oxygen, respectively. A small peak is noticed at 1,130 cm™ that corresponds to
the contribution of the silsesquioxane-like cage structure. Interestingly, the band related to
Si—CHj3 located at 1,259 cm™® did not show any shift, indicating that the original D

configuration of silicon is retained during the ring-opening reaction.
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Table S6: FTIR absorption assignments of the D4 monomer and the thin films elaborated at a

fix plasma pulse of 100 Hz using different saturation ratio Pm/Psa of 20 % and 75 %.

Chemical bond

D4 monomer

(cm™)
-1
(hm) 75 % 20 %
CHs antisymmetric 2964 2961 2964
stretching
2906 2913 2913
CHs sym. deformation from 1959 1957 1961
Si-CH3s
- - 1129
Si—O asymmetric stretching i 1074 1068
from linear network
(Si—O)s asymmetric 1051 i i
stretching from the ring
Si—O asymmetric stretching i 1024 1024
in suboxide
Si(CHs)s rocking - -- 844
Si(CHs)2 rocking 798 804 802
26
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Figure S21: FTIR spectra of the DMTSO monomer and the as-deposited thin films elaborated
at a fix plasma pulse frequency, i.e. 100 Hz, using different saturation ratio Pm/Psat 0f 75 % and

20 %.
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Figure S22: FTIR spectra of the 1,290-1,230cm™ and the 1,225-970cm™ regions
corresponding respectively to the Si—CH3 bonding region and the Si—O—Si stretching of the
DMTSO monomer and the thin films elaborated at fix plasma pulse frequency of 100 Hz using
saturation ratios of 75% and 20%. The M, D and T group represent the mono-, di-, and

trisubstitution of the silicon atom by oxygen, respectively.
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Table S7: FTIR absorption assignments of the DMTSO monomer and the thin films elaborated

at a fix plasma pulse of 100 Hz using different saturation ratio Pm/Psa: of 20 % and 75 %.

Chemical bond DMTSO ppzmI)SO
-1
(hm) 75% 20%
CHs antlsymmetrlc 2960 2960 2962
stretching
CHs symmetric stretching 2902 2901 -
CHs sym. deformation from
SiT-CHa ' ' 1270
CHs sym. deformation from
SiP-CHs 1256 1259 1259
SiI-O asyrr_lmetrlc stretching ) i 1137
in ladder
Si-O asymmetric stretching - 1087 1137
Si-O-Si asymmetric 1068 i i
stretching in linear network
SI-O-SI asymmetric 1032 1032 1026
stretching in suboxide
Si(CHs)s rocking 837 840 842
Si(CHs)2 rocking 791 796 796
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Table S8: Theoretical and experimental atomic composition of the thin films obtained from the

AP-PECVD reaction of D4 and DMTSO elaborated at a saturation ratio Pm/Psat = 20 % and

75 % using a plasma pulse frequency of 100 Hz.

Atomic %
Si N O C
As-deposited at Pm/Psat = 20 % 28 0 28 44
D4 As-deposited at Pm/Psat = 75 % 27 0 27 46
Theory 25 0 25 50
As-deposited at Pm/Psat = 20 % 31 0 31 38
DTMSO | As-deposited at Pm/Psat = 75 % 17 0 22 60
Theory 23.5 0 17.6 59
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Table S9: Chemical resistance of the thin films obtained from V4D4, D4 and DMTSO towards
water, ethanol and acetone. The root-mean-square roughness (Rq) and thickness (d) were
measured before and after 24 hours of soaking. D4- and DMTSO-based thin films were

elaborated using a saturation ratio Pm/Psat 0f 20 % and VV4D4-based thin films using a Pwm/Psat

of 75 %.
PVv4D4 ppD4 ppDMTSO
Rq d Rq d Rq d
(nm) (nm) (nm) (nm) (nm) (nm)
As-deposited 0.64 118 0.47 58 0.71 61.4
Water-treated 0.41 122.3 0.6 52.5 1.4 43.2
Ethanol-treated 0.53 111.7 0.7 40.5 0.48 28.9
Acetone-treated 0.48 117.4 0.7 36.5 0.61 29.3
a) b)
J 14} i .
Il ~s-deposited ! As-deposited
[ ]water-treated 12 Water-treated e
—_ Ethanol-treated 1 = Ethanol-treated
g Acetone-treated g 1.0F Acetone-treated .
@ @ osf 1
£ 1 =
o g) 06 4
=
= 1 @ o4l 7
] 0.2 -
T 0.0 T
pVv4D4 ppD4 ppDMTSO pVv4D4 ppD4 ppDMTSO

Figure S23: (a) Thickness and (b) root-mean-square roughness of the thin films obtained from
V4D4, D4 and DMTSO before and after 24 hours immersion in ethanol and acetone. D4- and
DMTSO-based thin films were elaborated using a saturation ratio Pm/Psat of 20 % and V4D4-

based thin films using a Pm/Psat 0of 75 %.
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Figure S24: AFM images of the as-deposited thin films obtained V4D4, D4 and DMTSO after
the 24-hours of soaking in water, ethanol and acetone. D4- and DMTSO-based thin films were
elaborated using a saturation ratio Pm/Psat 0f 20 % and VV4D4-based thin films using a Pm/Psat

of 75 %.
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Table S10: List of the V4D4, D4 and DTMOS based-thin films integrated in

metal/insulator/semiconductor (MIS) structures and their respective areal capacitance (Ci)

measured at 1 kHz. Their respective k values are provided.

Monomer P'\("(;Ssat Thickness (nm)  Ci (nF-cm?) K
118 24.3
VA4DA4 75 o7 52.5 3.32
29 106
72 335
D4 20 58 41.5 279
37 64
61.5 44.9
DTMOS 20 45 s 3.03
30 86.4
120 . . : .
m pv4D4 k=3.32)
|
100 ® ppD4 4
A ppDMTSO
80 -

Ci [nF/cm?]
B (o))
o o

N
o

0.01

0.02
1/thickness (nm™)

0.03 0.04

Figure S25: Estimation of the dielectric constant of the thin films obtained from V4D4, D4
and DMTSO. D4- and DMTSO-based thin films were elaborated using a saturation ratio Pm/Psat

of 20 % and VV4D4-based thin films using a Pm/Psat of 75 %.
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Table S11: Leakage current values at 2 MV/cm of the thin films obtained from V4D4, D4
and DMTSO. D4- and DMTSO-based thin films were elaborated using a saturation ratio Pm/Psat

of 20 % and VV4D4-based thin films using a Pm/Psat of 75 %.

Ji (MV/cm)
Thin films Thickness
(nm) 2 2
oV4D4 57 9.7E-8 2.2E-7
29 2.1E-7 7.8E-7
ppD4_ 58 1.7E-4 3.4E-5
ppDMTSO 61.5 1.7E-4 1.1E-3
1073 ' r
10
10-5 | 57 nm
® 29nm
~ 10%
o
e
é’ 107
- .~
j_ 10-8
(]
10-9 ® [ ] ’
‘
10710 .- .
]
iloph > .
-2 -1 0

E; (MV/cm)
Figure S26: Leakage current density versus electric field (Ji-Ei) characteristics of MIS
structures with the thin films obtained from V4D4 measured on a 57 nm and a 29 nm thick

layer.
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Figure S1. a) Photograph of the AP-PiCVD reactor setup that affords a dry, single-step, and
up-scalable solution for the deposition of functional thin films. b) The monomer to deposit is
held in a bubbler. Vapours of the V3D3 monomer are directed toward the reactor chamber
using argon (Ar), which was playing the role of carrier and the plasma gas. c) Schematic of the
dielectric barrier discharge displaying one upper electrode and a moving grounded electrode
(represented as a table) on which the substrate is stuck. The radicals are created during the

plasma ON time (purple area).
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Figure S2. Traces of the I-V curves used for the atmospheric-pressure plasma initiated
chemical vapour deposition (AP-PiCVD) of polymer and plasma thin films. The plasma was
ignited with a 1us ultrashort high-voltage square pulse (blue curve) resulting in the creation of
two current discharges lasting ca 100 ns (red curve). These current discharges represents the

time when the plasma is ON.
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Table S1. Experimental condition for the deposition performed to determine the impact of
plasma pulse frequencies on the initiation and lifetime of the free-radical polymerisation of

V3D3. The deposition rate (DR) and the thickness increment per cycle (thick. incr.) are

provided.
Pm/Psat Frequency Far carrier Far totat  Pressure ton DR Thick. incr.

(%) (H2) (SLM)  (SLM) (bar) (1ps)  (nmls) (pm)
31.6 4 20 1 1 0.150 4.64

56.2 4 20 1 1 0.320 5.68

100 4 20 1 1 0.604 5.22

178 4 20 1 1 1.05 5.88

20

316 4 20 1 1 2.13 6.74

562 4 20 1 1 3.19 5.68

1000 4 20 1 1 5.59 5.59

3000 4 20 1 1 9.7 3.23

31.6 15 20 1 1 0.246 7.80

56.2 15 20 1 1 0.445 7.92

100 15 20 1 1 0.724 7.86

178 15 20 1 1 1.40 7.84

75

316 15 20 1 1 2.14 6.78

562 15 20 1 1 3.80 6.77

1000 15 20 1 1 7.88 7.88

3000 15 20 1 1 36.9 12.3
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Figure S3. FTIR spectrum of the thin films elaborated using a 20 % and 75 % saturation ratio

deposited at different plasma pulse frequencies.
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Figure S4. FTIR spectra of the 1250-970 cm™ region of V3D3 monomer and the resulting thin
films elaborated using a Pwm/Psat of 20 % and 75 % and deposited at different plasma pulse
frequencies, i.e. 100 Hz, 1000 Hz and 3000 Hz. Irrespective of the Pm/Psat, the broadening of
the peak associated to the Si-O-Si ring is observed with the increase of the pulse plasma

frequency.
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Table S2. FTIR absorption assignments of V3D3 monomer and the resulting thin films
elaborated using a Pm/Psat 0f 20 % and deposited at different plasma pulse frequencies, i.e. 100

Hz, 1000 Hz and 3000 Hz.

. Pol
Chemical bond Monomer czcmle;rs
-1
(hm) 100 Hz 1000 Hz 3000 Hz
-OH - - 3250 3246
=CHga stretching 3057 3059 - -
=CH stretch of 3017 i i i
vinyl bond
CHs
antisymmetric 2960 2963 2963 -
stretching
C=C stretch from
(Si—CH=CHy) 1597 i i )
CH2in Si—
(CH2)x—Si and 1407 - - -
vinyl
CHs sym.
deformation from 1259 1263 1265 1265
Si-CHs
Silesquioxane cage i i i 1130
structure
Linear Si—O - - 1090 1090
(S—0)s from the 997 1012 1018 1024
ring
Si-O in Si-OH ) i 900 900
group
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Figure S5. FTIR spectra of the 970-700 cm™ region of V3D3 monomer and the resulting thin
films elaborated using a Pwm/Psat of 20 % and 75 % and deposited at different plasma pulse
frequencies, i.e. 100 Hz, 1000 Hz and 3000 Hz. Note that, the Si-O stretch from the silanol
group (Si-OH) gives rise to an absorbance peak located at 900 cm™ for the polymer layers

synthesized using a Pm/Psa= 20 % (black arrows).
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Figure S6. FTIR spectra of the 1290-1230 cm™ region of V3D3 monomer and the resulting
thin films elaborated using a Pm/Psat of 20 % and 75 % deposited at different plasma pulse

frequencies, i.e. 100 Hz, 1000 Hz and 3000 Hz.
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Table S3. FTIR absorption assignments of V3D3 monomer and the resulting thin films
elaborated using a Pm/Psat 0f 75% and deposited at different plasma pulse frequencies, i.e. 100

Hz, 1000Hz and 3000Hz.

. Pol
Chemical bond Monomer (zc)r/nmlgrs
-1
(nm”) 100 Hz 1000 Hz 3000 Hz
=CH2 stretching 3057 3055 3055 -
:CI_—I stretch of 3017 . 3017 i
vinyl bond
CHs
antisymmetric 2960 2966 2963 2958
stretching
CHs symmetric ) ) 2908 i
stretching
CH:2 symmetrlc ) i 2874 ]
stretching
C=C stretch from
(Si—CH=CHy) 1597 1596 1596 -
CH2 in Si—
(CH2)x—Si and 1407 1407 1407 1402
vinyl
CHs sym.
deformation from 1259 1261 1261 1257
02—Si—CHs
Silesquioxane cage i i i 1137
structure
Linear Si—O - - 1090 1086
(Si—O)s3 997 1012 1016 1004
10
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dsoy, = (110 £ 0.8) nm dgsy, = (97.5 1+ 0.1) nm

Figure S7. a) Optical images and b) top view SEM images of the as-deposited PVV3D3 thin
film elaborated using different monomer saturation ratio (Pwm/Psat). The plasma pulse frequency
was fixed to 100 Hz. The reported thicknesses, dxs with x% being the Pm/Psat at which the thin
films were elaborated, is the average of four measurements randomly performed across the

entire substrate surface.
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Figure S8. AFM images of the as-deposited PV3D3 thin films elaborated using different

Pm/Psqt ratios. The thickness (dpmipsat %) and root mean square roughness (Rq) are provided for

each of the presented thin films.
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Table S4. Experimental condition of the deposition performed to determine the influence of

the monomer saturation ratio Pm/Psat on the resulting thin films features. The deposition rates

(DR) are provided.

Pm/Psat Frequency FAr, carrier FAr, total Pressure ton DR
(%) (Hz) (SLM) (SLM) (bar) (Ips)  (nmls)

5 100 1 20 1 1 0.21
20 100 4 20 1 1 0.604

35 100 7 20 1 1 0.67

50 100 10 20 1 1 0.69

65 100 13 20 1 1 0.66
75 100 15 20 1 1 0.724
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Table S5. List of the PV3D3 thin films integrated in metal/insulator/semiconductor (MIS)

structures and their respective areal capacitance (Ci) measured at 1 kHz employed. Their

respective k values are provided.

PM/Psat . - ] )
(%) Thickness (nm) Ci (nF-cm) Kk

34.6 116

5 21.6 184 4.38+0.02
10 387
56.8 56.1

20 37.7 81.6 3.47+0.02
18.5 165
87.7 31.6

35 41.3 62.5 2.91+0.03
21.1 121
43.8 57

50 34.1 79.6 2.97+0.04
19.6 134
44.2 68.1

65 29.5 771 2.88+0.13
19.5 133
40.5 645

75 30.6 93.7 3.04+0.06
22.6 119
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Table S6. Leakage current value of the as-deposited PV3D3 thin films presented below

Samples

5%

20%

35%

50 %

J(a-2 MV/cm)

1.1E-6

5.6E-8

1.9E-9

5.9E-8

J (a2 MV/cm)

9.4E-7

6.4E-8

1.4E-8

3.4E-8

1073
10
10°°
10®
1077
108
107
1 0-10
1 0—11

1Jil (A/cm2)

—a—5%_10.5 nm

I i I N I

—a—20%_38.2 nm

1073
10
10°
10°
10”7
108
107
1 0-10

Ji (Alem??)

—=—35%_21.1 nm
—4— 35%_87.5 nm

—#—50%_19.6 nm

—o—50%_34.1nm

1 0-11
-2

Ei (MV/cm)

Figure S9. Current density versus electric field (Ji-E) characteristics of MIS structures with

-2

PV3D3 thin films elaborated using different Pm/Psat ratio.

Ei (MV/cm)
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Figure S10. Ci versus frequency of all the as-deposited thin films elaborated using different

saturation ratio Pm/Psat.
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Figure S11. FTIR spectra of the V3D3 monomer and the as-deposited thin films elaborated at

a fix plasma pulse frequency, i.e. 100 Hz, using different saturation ratio.
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Table S7. FTIR absorption assignments of the V3D3 monomer and the thin films elaborated
at a fix plasma pulse, i.e. 100 Hz, using different saturation ratio Pm/Psat: 5 %; 20 %; 35 %);

50 %; 65 % and 75 %.

i Polymers
Chemical bond Monomer (cm?)

1
(nm) 75%  65%  50% 35% 20% 5%

-OH - - - - - - 3252
=CHz2 stretching 3057 3055 - - - -

=CH stretch of

vinyl bond 3017 ) i ) i ) )

CHs
antisymmetric 2960 2966 2964 2964 2964 2963 2965
stretch

C=C stretch
from (Si— 1597 1596 1598 1598 1598 - 1598
CH=CH>)

CH2zin Si—
(CH2)x~—Si and 1407 1407 - - - - -
vinyl

CHs sym.
deformation in 1259 1261 1261 1261 1263 1263 -
SiP conf.

CHs sym.
deformation in - - - - - - 1267
SiT conf

Silesquioxane
cage structure

- - - - - - 1130
Linear Si—O - - - - - - -
(Si—0)s3 997 1012 1012 1012 1012 1012 1018

Si-O in Si-OH
group

- - - - - - 907
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Table S8. Atomic compositions calculated from XPS survey scan of the PV3D3 thin films

elaborated using different saturation Pm/Psat, i.e. 5 %; 20 %; 35 %; 50 %; 65 %; and 75 %.

Atomic %
Element
pp-5% pp-20% pp-35% | pp-50% | pp-65% | pp75% | Theoretical

Si 19 18 18 18.4 19 19 20

0] 38 27 27 25.2 23 22 20

C 43 55 55 56.4 58 59 60
C:0:Si 2.3:2:1 3:1.5:1 3:15:1 3:1.4:1 3:1.2:1 3:1.2:1 3:1:1

40 - - -40

e e e i R DL _-3}60

- /A-""“ 36

- 32
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' Th 44
2044 - ool =I5 20
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PM/Psat

Figure S12. Atomic percentage of silicon (Si), carbon (C) and oxygen in the as-deposited thin

films vs. the saturation ratio Pm/Psat at which there were synthesized.
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Table S9. Concentration of the different configuration of Si in the different as-deposited
PV3D3 thin films elaborated using various saturation ratio Pm/Psa. Their respective average

connecting numbers are provided.

S; Atomic %
configuration 1 cop | pp-20% | pp-35% | pp-50% | pp-65% | pp75%
D 115 58 59 62.1 77 73.1
T 60.5 25 23 222 2.2 105
Q 28.0 17 18 15.7 20.8 16.4
<r> 2.6 23 23 23 23 23
2 6 | | | | | | | | | | | | 2 7
_2.4- . 06
m o -
G 2.2- =
S
0 05 2
S 2.0- 2
= 18- ' 12473
o) c
S o
® ®
$ 167 T e—e—o  |23°
1.4 -
| | | | | | . | | = | | = | | 2.2
5 20 35 50 65 80
Pu/Peat (%)

Figure S13. Evolution of the Young modulus and connectivity number of the as-deposited

PV3D3 thin films vs. the saturation ratio Pm/Psat at which they were synthesized.

20

158



Supporting Information

Atmospheric-Pressure  Synthesis of Atomically
Smooth, Conformal and Ultrathin Low-k Polymer
Insulating Layers by Plasma-Initiated Chemical

Vapour Deposition

Dominique Abessolo Ondo,! Frangois Loyer,! Florian Werner,> Renaud Leturcq,' Phillip J. Dale,?

Nicolas D. Boscher!-*

' Luxembourg Institute of Science and Technology, Materials Research and Technology Department,

41, rue du Brill, L-4422 Belvaux, Luxembourg

2 University of Luxembourg, Physics and Materials Science Research Unit, 41, rue du Brill, L-4422

Belvaux, Luxembourg

* Corresponding author: nicolas.boscher@list.lu

S-1
159


mailto:nicolas.boscher@list.lu

Figure S1. SEM top-view images of the as-deposited AP-PiCVD organosilicon thin films grown from

V3D3, V3N3, V4D4 and V4D4 on silicon wafers at an ultrashort plasma pulse frequency of 100 Hz.
Irrespective of their thickness, up to 337 nm for the thicker layer investigated, all films are smooth and
particle-free. Due to the atomically smooth surface of the AP-PiCVD layers reported in this work, the
focus had to be performed on the few dust particles present at the samples surface (cf. SEM micrograph

of sample pV4D4).
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Table S1. Chemical resistance of the pV3D3, pV3N3, pV4D4 and pV4N4 layers towards ethanol,

acetone. The root-mean-square roughness (Rq) and thickness (d) were measured before and after 24

hours of soaking.

pV3D3 layer pV3N3 layer pV4D4 layer pV4N4 layer
Rq d Rq d Rq d Rq d
(nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm)
As-deposited 0.5 224 0.2 361 0.5 90 0.6 127
Ethanol-treated 0.5 181 1.0 360 0.3 85 0.6 122
Acetone-treated 04 202 0.3 333 04 81 1.0 127
450 H As-deposited 192 As-deposited
Ethanol-treated ) Ethanol-treated
400 Acetone-treated Acetone-treated —
350} . 1.0}
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Figure S2. (a) Thickness and (b) root-mean-square roughness of the pV3D3, pV3N3, pV4D4 and

pV4N4 layers before and after 24 hours immersion in ethanol and acetone.
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Table S2. List of the poly(organosilicon) layers integrated in metal/insulator/semiconductor (MIS)

structures and their respective areal capacitance (Ci) at 1 kHz employed to estimate their k values.

Thickness (nm)

Ci at 1 kHz (nF-cm™)

29 117.6
pV3D3 layers 39 76.1
47 66.3
22 168.3
pV3N3 layers 42 91.0
119 33.0
28 88.9
pV4D4 layers 59 43.1
118 22.1
12 271.0
pV4N4 layers 35 99.8
70 48.9
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Figure S4. Current density (Ji) vs. electric field of pV3D3 layer. The breakdown field (Eb), observed
when the current density (Ji) increase abruptly, occurs at around 1.5 MV-cm! corresponding to a

voltage of 4.6 V for a 23 nm thick layer.
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Table S3. FTIR band assignments of V3D3 and the pV3D3 layers deposited by AP-PiCVD.

Vibration (cm™) V3D3 pV3D3 References

=CH, asymmetric stretching 3057 3054 3058!
CH, symmetric stretching in vinyl

3017 3017 30167
bond
CH; asymmetric stretching 2960 2960 2969-29653
CH; symmetric stretching 2900 2900 2905-2878!
CH, symmetric stretching - 2866 2861!
C=C stretching from Si—-CH=CH, 1597 1594 1615-1590°
CH,; in Si—(CH,),—Si and vinyl 1407 1403 1410-13903
CH; symmetric deformation from

1259 1255 1290-1240*
Si—CH;
Open cycle Si-O - 1083 1080!
(Si—O); long polymer chains 997 995 995!
—0-Si—-CHj; in cyclic compounds 831, 792, 781 831, 783 820-780°
CH; rocking from Si—-CHj;

740 737 870-750°
Si—C stretching interaction
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Table S4. FTIR band assignments of V3N3 and the pV3N3 layers deposited by AP-PiCVD.

Vibration (cm™) V3N3 pV3N3 References
N-H stretching from Si-NH-Si 3399 - 34004, 3370°
=CH, asymmetric stretching 3048 3053 30556
CH, symmetric stretching in vinyl
Y 8 Y 3006 i 3017
bond
CH; asymmetric stretching 2957 2960 2956°
CH; symmetric stretching 2900 2900 2905-2878!
CH, symmetric stretching - 2866 2861!
C=C stretching from Si-CH=CH, 1593 1597 1615-15903
=CH, deformation from Si-CH=CH, 1402 1403 1410-13903
CH; symmetric deformation from
1252 1257 1290-1240%
Si—CHj;
N-H deformation vibration 1155 - 1150*
Suboxide Si-O; (shoulder) - 1027 10356
1048°-10057,
Si—N-Si stretching 1005, 910 1002
92057
CH; rocking from Si—CHj; 831, 781 871 870-7503

166



Table S5. FTIR band assignments of the V4D4 and the pV4D4 layers deposited by AP-PiCVD.

Vibration (cm) V4D4 pV4D4 References
=CH, antisymmetric stretching 3056 3052 3090-30753
C—H stretching of vinyl bond 3017 - 30162
CH symmetric stretching in vinyl - 2981 2976!
=CH 2970 2970 2976-2974!
CH; asymmetric stretching 2960 2960 29566
CHj; stretching 2905 2885 28876
CH; antisymmetric stretching 2964 2969 2969-29653
C=C stretching from Si-CH=CH, 1598 1594 1615-15903
=CH, deformation from Si-CH=CH, 1407 1401 1410-13903
CHj; symmetric deformation from Si-CHj; 1259 1255 1290-1240*
Si—O-Si stretching from cyclosiloxane ring 1053 1051 1080
1075-1065%8
=CH, waging from Si-CH=CH, 958 958 980-950°
—0-Si—CHj; in cyclic compounds 787 781 820-780%
S-9
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Table S6. FTIR band assignments of the V4N4 and the pV4N4 layers deposited by AP-PiCVD.

Vibration (cm!) V4N4 pV4N4 References
NH stretching from Si-NH-Si 3385 - 34004
=CH, stretching 3047 3047 3055°
CH; antisymmetric stretching 2960 2960 2956°
CH, symmetric stretching in vinyl bond 3006 - 3017!
CH, symmetric stretching - 2866 2861!
C=C stretching from Si-CH=CH, 1593 - 1615-15903
=CH, deformation from Si—-CH=CH, 1402 1397 1410-1390°
CH; symmetric deformation from Si—
1252 1257 1290-12404
CH;
N-H deformation vibration 1165 - 1150*
Suboxide Si-O; (shoulder) - 1029 10356
1048°-10057,
NH stretching from Si-NH-Si 1005, 929 1002 (shoulder) 92057
CH; rocking from Si-CHj; (plus Si—C
864, 779 879 870-750°
stretching interaction)
CHj; in Me-Si-Me 725 775, 698 730-650°
S-10
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Figure S5. Enlargement of the 3200-2750 cm! region of the FTIR spectra of the as-deposited AP-

PiCVD layers and their respective monomers.
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Figure S6. FTIR detail of the Si—CHj stretching region for the as-deposited polymer layers and their

respective monomers. The pV3D3 and the pV4D4 polymer layers shows the D configuration of their
silicon atom whereas the pV3N3 and the pV4N4 exhibits a shift of the Si-CHj peak toward higher

wavenumber.
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Figure S7. Bond dissociation energies (BDE) of (a) V3D3, (b) V3N3, (c) V4D4 and (d) V4N4

calculated with DFT geometrical and frequency optimization.
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Table S7. Theoretical and experimental atomic composition of the different as-deposited AP-PiCVD

layers, i.e. pV3D3, pV3N3, pV4D4 and pV4N4.

Si (at.%) O (at.%) C (at.%) N (at.%)

V3D3 & pV3D3 (theo.) 20.0 20.0 60.0 -
pV3D3(experimental) 23.5 19.5 57.0 -

V3N3 & pV3N3 (theo.) 20.0 - 60.0 20.0
pV3N3(experimental) 21.5 19.2 53.5 5.8

V4D4 & pV4D4 (theo.) 20.0 20.0 60.0 -
pV4D4(experimental) 21.5 21.8 56.5 0.2

V4N4 & pV4N4 (theo.) 20.0 - 60.0 20.0
pV4N4 (experimental) 21.8 19.6 48.6 10
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