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Abstract

Plasma-polymerized SiOxCyH: thin films have been playing an important role in many research studies due to
their wide range of applications. These materials are perspective for industrial applications as protective
coatings of metals or plastic substrates, anti-reflection coatings for solar cells, low-k dielectrics for
microelectronics, water-repellent barrier films etc. Materials based on organosilicon precursors prepared by
PECVD technique have become interesting for bioapplications in recent years as well due to their ability to
optimize protein adsorption and cell attachment. These coatings have a great potential e.g. in BioOMEMS
microfabrication or treatment of biosensors and surfaces of medical implants.

In the present study, low pressure RF capacitive coupled discharge in mixture of trimethylsilyl acetate (TMSA)
monomer with oxygen or argon was used to create hydrophobic SiOxCyH: coatings. This study is focused
primarily on research of properties of resulting coatings (chemical composition, mechanical properties, optical
properties, surface wettability and surface structure) in dependence on discharge parameters. Properties of
created thin films were examined in dependence on the ratio of TMSA monomer and carrier gas flow rates
during the deposition process. Influence of used carrier gas (Oz2 or Ar) on growth of TMSA-based plasma
polymers is discussed in this study as well.

Keywords: Plasma polymers, trimethylsilyl acetate, PECVD, FTIR, microindentation, confocal microscopy,
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1. INTRODUCTION

The use of organosilicon-based coatings prepared using plasma techniques in many industrial fields (e.g.
protective coatings, anti-reflection coatings, barrier films, superhydrophobic surfaces etc.) [1-5] explains
persistent interest in their research and development over the years. Interaction of SiOxCyH: surfaces with
biological agents (e.g. as proteins, enzymes, cells) have been intensively examined in recent years in order to
apply these materials also in the medical fields [6-8].

Desired properties of organosilicon material are achieved by optimization of deposition process, including the
choice of proper precursor, carrier gas (Ar, Oz, N2 etc.) and other factors of used discharge [1-9].
Hexamethyldisiloxane (HMDSO), trimethylsilane (TMS), tetramethyldisiloxane (TMDSO) and tetraethoxysiline
are among the most widely used monomers for preparation of organosilicon materials. The present work is
focused on preparation and characterization of plasma polymers based on trimethylsilyl acetate (TMSA)
monomer using plasma of RF capacitive coupled discharge. This precursor is, similarly to HMDSO and other
commonly used chemicals, suitable for formation of hydrophobic coatings as well as for hydrophilic materials
with SiO2-like structure for industrial applications. Besides Si-CHx and Si-O bonds occurring in commonly used
precursors, structure of TMSA described by linear formula CH3CO2Si(CHs)s includes C-C=0 group. Possible
integration of carbonyl functionalities into resulting coatings during plasma polymerization makes development
of TMSA thin films very perspective for medical applications. The aim of the present study is to find
relationships between the properties of TMSA-based coatings (chemical composition, mechanical properties,
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surface wettability etc.) and the variable discharge parameters. It was proven, that usage of different types of
carrier gases leads to the significant differences in structure of organosilicon coatings [1,9]. Therefore, several
mixtures of oxygen or argon carrier gases with TMSA monomer were used for preparation of TMSA films. The
main focus of the present work was on study of the influence of TMSA precursor amount in gaseous mixture
on the properties of resulting coatings as well as on the comparison of the growth of thin films using different
carrier gases.

2, EXPERIMENTAL DETAILS

Organosilicon thin films were prepared in RF glow capacitive-coupled discharges at low pressures (~33 Pa)
from mixture of TMSA and oxygen or argon in a parallel plate reactor. The bottom electrode served as the
silicon substrate holder and it was coupled to RF generator (13.56 MHZz) via a blocking capacitor. The supplied
power was kept at 50 W for all depositions and flow rates of TMSA and O2/Ar gas were changed. Changes of
the flow rates are represented by the percentage ratio R of TMSA in gaseous mixture given by equation (1),
where gc and grusa means the flow rate of carrier gas and flow rate of TMSA in sccm.

qc

" e+ Arusa

(1)

Properties of the prepared films were studied by several characterization methods. The chemical composition
of the resulting coatings was investigated by Fourier transform infrared spectroscopy (FTIR) using
spectrometer Bruker Vertex 80v, in range from 370 cm-"to 7500 cm-! with 500 scans and resolution of 8 cm-'.
Chemical composition of the surface was determined by X-ray photoelectron spectroscopy (XPS). XPS spectra
of studied films were measured using Escalab 250Xi device (ThermoFisher Scientific) and Axis Supra
spectrometer (Kratos Analytical). Signals of Si 2p, C 1s and O 1s were detected and used for determination of
atomic composition of appropriate elements. Si 2p and C 1s peaks were fitted in CasaXPS program to
determine concentration of specific bonds. Degree of surface hydrophobicity of each coating was determined
by water contact angle measurements using Kriiss DSA 30 device. Surface topography was observed by
confocal laser microscope LEXT OLS4000.

The thicknesses of thin films and optical constants were determined by non-destructive ellipsometric method.
All ellipsometric data were measured by Jobin Yvon UVISEL equipment at angle of incidence equal to 65’ in
the spectral range from 1 eV to 5.5 eV. Measured data were fitted in the program newAD by using PJDOS
dispersion model [10] including anisotropic thin film with wedge-shaped nonuniformity, transition layer and
silicon substrate. Mechanical properties were examined using indentation techniques. Measurements of
Martens hardness HM, indentation hardness H,r and effective elastic modulus Eex (Ees=E/(1-v2), where E is
the Young’'s modulus and v is the Poisson’s ratio) were realized using Fisherscope H100C microindentor (with
maximum load of 1N) and Hysitron T1 950 nanoindentor with maximum applied load equal to 11 mN.

3. RESULTS AND DISSCUSSION

Chemical composition of deposited TMSA coatings was determined using FTIR and XPS methods. Figure 1
shows example of baseline-corrected IR absorbances normalized to the thickness of the film. All absorption
peaks were identified according to the available literature [9,11-13]. IR spectra of TMSA coatings (Figure 1)
showed significant absorption band from 1000 cm-' to ~1200 cm™' which is connected with Si-O-C/ Si-O-Si
vibrations [9,11-13]. Structure of plasma polymers created using Oz as a carrier gas are very similar to coatings
based on siloxane chains (Figure 1) [9,11,13]. Intensities of these absorption peaks showed rapid increase
with increasing ratio R, when oxygen was used as a carrier gas during deposition. Changes in intensities of
Si—O-C vibrations were very low in case of thin films created from TMSA/Ar gaseous mixture, however usage
of high amount of argon led to broadening of this peak towards lower wavenumbers and gradually went to the
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region associated with silanol vibrations at ~935 cm-! (Figure 1) [12,13]. Medium absorptions presented at
lower wavenumbers (spectral range from 750 cm' to 950 cm') including peaks at 800 cm-', 840 cm-' and
890 cm-" are probably related to CHs rocking in Si-CHs, to asymmetric stretching of Si-C/Si-O bond and CH3
rocking mode in Si(CHs)x=2,3 groups [11-13]. Deformation modes of Si-O-Si may influence absorptions at
800 cm' and 890 cm' as well [12]. These structures gradually disappeared with increasing ratio of carrier gas
(Figure 1).

Absorption peak at ~1265 cm-' was identified as deformation mode of CHs in Si-CHs group [11,12]. Content
of Si-CHjs in analyzed samples was confirmed by presence of absorption peaks typical for CHs stretching
modes at 2880 cm™' and 2960 cm™' [11-13]. Symmetric and asymmetric stretching modes of CH2 were
determined in MIR spectra as well [11]. Since values of normalized absorbance in region of wavenumbers
near 1400 cm™' related to Si-CH2-Si [9] can be considered negligible, significant ratio of CH2 groups probably
formed long hydrocarbon chains. Si—-CHs and hydrocarbon structures were more presented in plasma
polymers formed in TMSA/Ar plasma in comparison with Si-O-C (Figure 1) and their intensities showed
decreasing trends with increasing R (ratio of carrier gas).

According to the IR spectra (Figure 1), TMSA-based plasma polymers contain C=0 functional groups
characterized by absorption at 1720 cm' [9,11-13]. However, this peak had relatively low intensity in
comparison with CHx vibrations. Fraction of C=0 bonds in the structures of pp-TMSA decreased with
increasing ratio R. If 75% of argon is used during deposition, intensity of C=0 vibration drops to the zero value
and it is replaced by OH bending vibration associated with adsorbed water molecules (Figure 1) [13]. The
absorption band spread in region above 3050 cm is related to OH groups [11-13] presented in TMSA
coatings. These stretching vibrations are connected with associated or isolated silanol groups and water
molecules. OH stretching peaks were more significant in coatings formed in TMSA/O: plasma. All investigated
TMSA coatings include amount of hydrogen bonded to silicon which has characteristic peaks in region 2000-
2450 cm [13].
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Figure 1 Examples of measured infrared spectra of TMSA plasma polymers

Surface chemistry of TMSA-based coatings was examined by XPS analysis. Characteristic peaks of silicon,
carbon and oxygen atoms were detected at all studied surfaces. Results of atomic composition of TMSA-based
surfaces are summarized in Figures 2A-C. Changes of atomic concentrations of carbon and oxygen
(Figures 2A, 2C) presented at TMSA surfaces created using TMSA/Ar gaseous mixture were relatively low
(less than 10 at. %) with increasing ratio R contrary to the films deposited from TMSA/O2. Concentration of
carbon showed decreasing trend with increasing amount of oxygen in gaseous mixture (Figure 2A). Atomic
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concentration of oxygen significantly increased when higher amount of oxygen was used (Figure 2C).
Concentration of silicon at TMSA surfaces formed in TMSA/O: slightly increased from 24 at. % to 31 at. %
(Figure 2B). Number of silicon atoms for coatings prepared using argon as a carrier gas was ~21 at. % in
range of R from 7 % to 50 %, then decrease at 5 at. % was observed (Figure 2B). Atomic concentration of Si
at the surface deposited from 100 % of TMSA monomer was 10 at.%. The most of the surface carbon was
bonded in C-C/C-H chains (49-82 % of carbon). C=0 functionalities were presented in negligible amounts:
0-4 % of carbon, as well as C-Si. The rest of carbon atoms was presented in C—O bonds. According to the
expectations [14], silicon atoms were part of Si(—O-)x=2,34Cy=2,1,0 structures. Formation of TMSA plasma
polymer in TMSA/O2 mixture using R=50% led to the high concentrations of oxidized Si(-O-)4 structures
(44 - 82 % of silicon). The rest of Si atoms was bonded in Si(—-O-)3C and Si(-0O-)2Co.
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Figure 2 A: Atomic concentration of carbon on the surface in dependence on ratio of carrier gas used during

deposition process; B: concentration of surface silicon; C: concentration of surface oxygen; D: dependence

of measured water contact angle on R; E: Example of surface structure of thin film prepared from TMSA/Ar
gaseous mixture using R=50 %; F: Graph of deposition rate in dependence on ratio R.

However, Si(-0O-)3C bonds, that showed decreasing concentration in dependence on ratio R (7 - 75 %) from
45 % of Si to 17 % Si, prevailed over Si(—O-)2C2. Amount of Si(-O-)2C: structures decreased from 23 % of
silicon atoms to zero with increasing R fro 7 % to 75%. In case of thin films prepared in TMSA/Ar plasma,
concentrations of Si(—O-)4 were negligible (0 - 4 % of Si) in comparison with less oxidized Si(-O-)2C2 (53 -

63 % of Si) and Si(-0O-)sC structures (~37 % of Si). Concentration of Si(—O-)Cs was negligible for all studied
TMSA coatings (~1 % of Si).

Figure 2D shows trends of measured water contact angle (WCA) in dependence on ratio of carrier gas R. Thin
films prepared in TMSA/Ar discharge using R<50 % are hydrophobic (water contact angle is higher than 90°).
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Dependence of WCA at the ratio R from 7 % to 75 % was decreasing from 103° to 84° (Figure 2D). Surfaces
deposited from TMSA/O:z plasma were considered hydrophilic: values of WCA were ~90° (Figure 2D).

Surface structure was examined by confocal microscopy. According to the results (Figure 2E), TMSA plasma
polymers seems to be smooth with low number of defects. However, more detailed study of the surface
microstructure using AFM technique is necessary for further discussion.

Indentation hardness H;r and elastic modulus E.+ were examined using micro and nano indentation
techniques. Values of indentation hardness increased with ratio R in range from 0 % to 75 % from 0.8 GPa
to 7 GPa, when oxygen was used as a carrier gas. Hr increased to 6 GPa in case of usage of TMSA/Ar
mixtures. Values of elastic modulus Ee increased from 15 GPa to 81 GPa for TMSA/O2 coatings. Elastic
modulus of TMSA/Ar thin films did not exceed 46 GPa.

Optical properties in UV/Visible spectral range were examined using ellipsometric measurements (Section 2).
Fitting of available data alowed us to obtain approximate values of refractive index and extinction coefficient
as well as thickness of resulting coatings Refractive index of studied TMSA coatings, deposited using Oz as a
carrier gas, corresponding to the energy of 1.95 eV varied around 1.50, which is close to the refractive index
of SiO2n=1.47. Refractive index of coatings prepared from TMSA/Ar increased from 1.6 to 1.7 with increasing
R from 0 % to 50 %. The thin film created using 75 % of argon was photosensitive and unmeasurable in set
spectral range (Section 2). Values of extinction coefficient for photon energy equal to 1.95~eV did not exceed
k=102 for all thin films characterized by UV/Visible ellipsometry.

According to the results summarized in this section, usage of oxygen during PECVD process leads to the
formation of highly oxidized structures with higher amount of incorporated silicon resembling siloxane-based
materials [1,2,9,14]. Higher wettability of surfaces created in TMSA/O:2 discharge is probably a consequence
of observed oxygen incorporation. Differences in the growth mechanism of organosilicon coatings affect
deposition rate as well as properties of resulting coatings. Trends of deposition rate, which is equal to the ratio
of thickness of resulting film and deposition time, are shown in Figure 2F. Thickness of photosensitive coatings
prepared using TMSA/Ar gaseous mixture with R=75 % was determined by profilometry (3D profilometer
DektakXT Bruker). According to the Figure 2F, deposition rate decreases with increasing amount of carrier
gas. If low ratio R (0 — 21 %) is used during PECVD process, deposition rates for argon and oxygen carrier
gases can be considered equal. Deposition rate is higher if argon is used as a carrier gas for R250 %.

4, CONCLUSION

Properties of TMSA-based plasma polymers prepared in RF glow discharge using different carrier gases (Oz2,
Ar) were investigated by several characterization methods. Chemical structure of deposited coatings depends
on choice of carrier gas as well as on ratio R of carrier gas in the mixture. The mechanical properties of studied
TMSA-based coatings ranged from amorphous glass-like properties to properties of soft polymeric materials.
The surface roughness of prepared coatings was very low, it was comparable with the roughness of the
substrate surface. This work proves, that it is possible to prepare hydrophobic surfaces with relatively high
amount of carbon bonded in C-C/C—H chains using TMSA/Ar plasma. Therefore, our further research of
coatings created using TMSA/Ar discharge will be oriented in this direction. Presence of carbonyl bonds at all
examined surfaces was very low contrary to the C—C/C-H and C-O bonds. Another part of future research
will apply results presented in this study for optimization of production process of organosilicon coatings rich
in C=0 functionalities suitable for bioapplications.
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