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a b s t r a c t

Silane coatings are applied to metal surfaces for various purposes, e.g., to form a protective layer against
corrosion or to act as a primer for subsequent coating. In this work bis-1,2-(triethoxysilyl) ethane (BTSE)
was used as a precursor to deposit coatings on Al 99.99% substrates with three different techniques: dip-
coating (water based solution), vacuum plasma and atmospheric plasma. Infrared reflection absorption
spectroscopy (IRRAS), X-ray photoelectron spectroscopy (XPS) and field emission gun-scanning electron
microscope (FE-SEM) were used to characterise the structure, composition and surface morphology of
the silane coatings. The aim of this investigation is to compare the surface and bulk characteristics of the
films prepared with the three different methods, in order to get information on how the BTSE molecule
PS
RRAS

is modified by the deposition technique.
The results show that films could be deposited by both vacuum and atmospheric plasma, besides

the more traditional wet dipcoating. The layers deposited by vacuum plasma can be considered as
hybrid organic–inorganic, comparable to the silane layers obtained by dipcoating. Atmospheric plasma
treatment, however, leads to the formation of more inorganic films richer in Si–O bonds.

XPS and FTIR measurements show the presence of Si–O–Si bonds, while Si–O–Si, Si–O–C, Si–O and
are r
Si–CH3 absorption bands

. Introduction

In various applications, metals are coated with organic films
o improve their general properties and specifically their corro-
ion behavior. So far a variety of silanes deposited by dipcoating
ave been investigated for aluminium and steel alloys [1,2].
ilanes provide strong adhesion to the substrate and exhibits
utstanding corrosion protection performance on Al alloys, com-
arable in some cases to that of the hexavalent chromium
ontaining conversion pre-treatment [3]. It was found that non-
unctional silanes such as bis-1,2-(triethoxysilyl) ethane (BTSE)

rovide better corrosion protection than the organofunctional
nes, such as �-aminopropyltriethoxysilane (�-APS) [4] and �-
lycidoxypropyltrimethoxy silane (�-GPS) [5]. The coating process
or the deposition of silane films can be dry or wet, depending on

∗ Corresponding author at: Université Libre de Bruxelles (ULB), Faculty of
ciences-Analytical and Interfacial Chemistry, CP 255, Bd Triomphe, B-1050 Brus-
els, Belgium.
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evealed by IRRAS measurements.
© 2010 Elsevier B.V. All rights reserved.

the methods of application [6–8]. As of now, these silane films are
mostly deposited from solution through dipcoating or rollcoating,
which require addition of water to the silane molecules in order
to hydrolyse the methoxy or ethoxy groups and form functional
silanol groups, i.e.:

X-SiOCH2CH3 + H2O → X-SiOH + CH3CH2OH

where X represents an organofunctional group such as chlorine,
amine, epoxy or mercapto, etc.

An important aspect in the interaction of silanes with metal-
lic surfaces is the nature and pre-treatment of the substrate. An
alkaline pre-treatment is needed for the formation of hydroxyl
groups on the metal surface. Together with the silanol groups, they
are essential to the formation of a covalent Si–O–metal bond at
the metal/film interface [9,10]. In addition, thermal treatment of

the silane film improves the barrier properties [10], by enhancing
cross-linking (condensation of silanol groups) i.e.:

X-SiOH + HOSi-X → X-SiOSi-X + H2O

http://www.sciencedirect.com/science/journal/03009440
http://www.elsevier.com/locate/porgcoat
mailto:abatan@ulb.ac.be
mailto:abatan@fundp.ac.be
dx.doi.org/10.1016/j.porgcoat.2010.04.009
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erhead. The system is operated at 13.56 MHz (RF). The plasma is
formed by feeding the argon process gas, into the system, upstream
of the electrodes at a flow rate of 30.0 l/min. The concentrated BTSE
precursor is kept in a temperature controlled bath at 373 K and is
introduced into the plasma, downstream of the electrodes (in the
A. Batan et al. / Progress in Or

This cross-linked film will then act as a physical barrier between
he metallic substrate and the aggressive environment, by reduc-
ng the number of pathways along which penetration of aggressive
pecies could happen. Hence, the barrier properties of the film and
s such the corrosion protection properties of the substrate are
mproved.

To enhance the corrosion protection of BTSE coatings additives
an be included in the silane matrix, both for barrier and corrosion
nhibition enhancement [11–15]. A recent study by Phanasgaonkar
nd Raja [16] and Montemor et al. [17] proved that the addition
f silica nanoparticles to silane films increased the anti-corrosion
roperties of the coating. The nanoparticles enhance the forma-
ion of crack-free films with improved mechanical durability and
mproved corrosion protection properties [18]. They also seem to
ave a pore blocking effect [19–21] as they can fill defects and
oids inside the silane film. This leads to a significantly decreased
orosity and conductivity and as such to improved barrier proper-
ies. Deposition of silanes through wet methods has been widely
tudied, but the technique presents some drawbacks. Firstly, wet
eposition is a multistep processing, requiring dedicated substrate
re-treatments before film deposition to enhance the metal-film
onding, and a post-treatment through thermal curing for the cre-
tion of barrier properties. Further, wet processing involves the
se of solutions (containing organic solvents if not water-based,

.e. hexane, acetone, and ethanol) and the creation of waste flows,
side from the long time (about 2 days) required for hydrolysis of
he coating solution [22]. It is also possible that some water or sol-
ent remains in the silane film after curing, and this can decrease
he anti-corrosion properties.

Plasma technology could be an efficient and good alternative to
et deposition. It would allow the use of a plasma cleaning proce-
ure before the deposition of the polymer in the same reactor. The
lasma is used to chemically decompose the silane vapour precur-
or and as a source of active species involved in the film growth; the
lasma polymerization process is usually carried out at low pres-
ure. At present, the main shortcomings of this process in industrial
pplications are the high costs related to vacuum systems and the
imitations due to the closed vacuum reactor, which makes it harder
or samples to be prepared in a continuous process. Considerable
fforts are made in order to develop alternative techniques to over-
ome these disadvantages. Atmospheric plasma is one of the most
romising methods to deposit polymer films in a more flexible,
eliable, less expensive and continuous way [23].

Plasma deposition of some silane films has already been inves-
igated [8]. Most of these studies deal with the characterization,
tructure and properties of the deposited polymer films [24–28]
nd with the plasma polymerization mechanisms of the organosil-
con compounds [29,30]. These films act as corrosion protective
oatings, since they are usually branched, highly cross-linked,
nsoluble, pinhole-free and highly adhesive to most substrates
31,32]. The silane layers serve as an interfacial modifier for
mproved adhesion and corrosion resistance.

The present study deals with the surface and chemical char-
cterization of silane (BTSE) films on Al 99.99%, obtained with
ifferent deposition methods: dipcoating (water-based), vacuum
nd atmospheric plasma. Plasma polymerization of BTSE has never
een reported in the literature before, nor are reports available
n the comparison between different deposition methods. It is
bserved how the same precursor results in coatings with different
haracteristics depending on the technique employed.
. Experimental

The coatings under investigation have been deposited on cold-
olled aluminium sheets of high purity (Al 99.99%). The substrates
Fig. 1. Molecular structure of BTSE (1, 2-bis (triethoxysilyl) ethane):
(CH2)2Si2(OC2H5)6.

were alkaline pre-treated, for surface activation, by immersing
them in a NaOH solution (25 g/l at 343 K) for 6 s. They were then
rinsed with water and dried with pressurized air.

The precursor investigated was (bis-1,2-(triethoxysilyl)ethane)
BTSE: a 10% water-based solution for dipcoating and a concen-
trated 98% purity solution for plasma deposition, both solutions
provided by Chemetall GmbH. The molecular structure of BTSE
(CH2)2Si2(OC2H5)6 is shown in Fig. 1.

2.1. Wet deposition

For wet deposition, the BTSE 10% solution was diluted to 5% in
water and magnetically stirred for half an hour. The pre-treated
aluminium substrates were then manually dipped for 30 s in the
BTSE solution and dried in air to remove the excess liquid. After the
deposition of the coatings, the films were cured in an oven at 473 K
for 2 h.

2.2. Plasma deposition

2.2.1. Atmospheric plasma
The atmospheric plasma apparatus consists of a SurfX Technolo-

gies LLC, A-250D deposition system. Fig. 2 shows a schematic of the
plasma torch [33], which is cylindrical and ends with a 5 cm2 show-
Fig. 2. Schematic of the atmospheric plasma deposition device.
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Si–O bonds [34], the Si peak at 102.3 eV matches energies expected
Fig. 3. Schematic of the vacuum plasma reactor.

ost-discharge), by bubbling argon through the liquid precursor. A
ome-made shower ring of 3 cm diameter is used in order to have
homogeneous distribution of the precursor. It is made of a 3 mm
iameter aluminium pipe with 24 holes of 1 mm diameter each,
rilled on the inside and regularly distributed around the ring (see
ig. 2). The gas stream is directed onto a substrate located 0.5 cm
ownstream. The deposition of plasma films is carried out at 80 W
or 2 min.

.2.2. Vacuum plasma
The vacuum plasma reactor (Fig. 3) consists of three main parts:

he planar source (ICP-P 200, JE PlasmaConsult GmbH, Germany),
he gas injection system and the vacuum chamber.

The ICP-P 200 is a radiofrequency (13.56 MHz) inductively cou-
led plasma (ICP) source designed for the efficient production of
high density and low temperature plasma. It consists of a water

ooled four-antenna planar copper coil (diameter = 20 cm) whose
lectromagnetic power is transmitted to the gas through a dielec-
ric window (quartz). It operates in an automatic mode with a
F–power generator (Dressler® Cesar® 1310, Advanced Energy, Ger-
any) and a reflected power below 2 W is achieved within 10 s after
lasma ignition.

The gas injection system consists of four flow meters (MKS
179A types) which are connected to a “shower ring” output, allow-

ng a homogeneous gas distribution in the chamber. The 20 cm
iameter in-house shower ring is made of a 6 mm diameter stain-

ess steel pipe with 20 holes of 1 mm diameter each, drilled on the
nside and regularly distributed around the ring.

The plasma chamber consists of a 30 cm diameter grounded
tainless steel vessel connected to a pumping system (PFEIFFER
UO 20 MC 24 m3/h primary pump and PFEIFFER TPU 261 PC turbo
olecular pump). At the centre of the vacuum chamber, an alumina

ylinder is fixed on a four-axis manipulator. The sample holder con-
ists of a stainless steel disc inserted inside the alumina cylinder. A
mm diameter stainless steel stick is inserted inside the cylinder
nd connected to an electrical feedthrough, in order to apply DC or
F bias voltage on the sample holder if necessary. Otherwise, the

ample may be left at floating potential or grounded. The distance
etween the sample holder and the quartz window can be adjusted
rom 0.5 to 17 cm. The pressure is monitored using a Varian gauge
Convector p-type).
Coatings 69 (2010) 126–132

Samples are fixed to the sample holder by a carbon tape and
placed into the plasma chamber, which is then pumped down to
a pressure of 1 × 10−3 Torr. Plasma polymerization is carried out
by introducing the concentrated BTSE vapour monomer into the
plasma chamber through a leak valve and by adjusting the pres-
sure at 300 mTorr. Polymerization is performed in a continuous
wave mode. The deposition of plasma films is carried out at 200 W
for 5 min. After the discharge, the chamber is pumped down to
1 × 10−3 mTorr.

In order to avoid post-treatment reaction of residual surface rad-
icals with external reactants, the samples were kept in vacuum or
in an inert atmosphere for 4 h prior to transfer in air to the XPS.

2.3. Surface characterization

X-ray photoelectron spectroscopy (XPS) is performed on the
samples by means of a physical Electronics 5500 photoelectron
spectrometer. All spectra are collected using Mg K� X-rays oper-
ating at 300 W. High-resolution spectra are obtained using a pass
energy of 23.5 eV, which corresponds to a full width at half maxi-
mum (FWHM) on the Ag 3d5/2 peak of 1.05 eV. The binding energy
scale is calibrated by setting the main component of the C1s peak
at 284.4 eV [34].

Infrared reflection absorption spectra (IRRAS) of BTSE films
deposited on Al (99.99%) are measured at 45◦ with 2 cm−1

wave number resolution using a Nicolet 5700 FTIR spectrometer
equipped with a MCT detector cooled by liquid nitrogen. The IR
spectra are recorded and examined between 4000 and 650 cm−1.
One hundred scans are performed to acquire all IRRAS data.

A JEOL JSM-7000F FE-SEM (field emission gun-scanning electron
microscope) is used to characterize the surface morphology of the
samples with high spatial resolution. For cross-sectional imaging
purposes, the silane-coated samples are bent after immersion in
liquid nitrogen, in order to ensure a sharp cut of the film.

2.4. Electrochemical impedance spectroscopy (EIS)

The electrochemical impedance spectroscopy (EIS) measure-
ments were performed at the OCP in the 105 Hz to 10 mHz
frequency range, using an AUTOLAB PGSTAT30 in potentiostatic
mode. The amplitude of the perturbation was 10 mV rms. The cell
consisted of a three-electrode setup: a SCE reference, a platinum
grid as a counter electrode, and the working electrode, which is the
BTSE-coated aluminium under study (active area: 1.54 cm2). A Pt
wire coupled with a 10 �F capacitance was placed in parallel with
the reference electrode, in order to reduce the phase shift induced
by the reference electrode in the high frequency range. The tests
were performed in 0.4 Na2SO4.

3. Results and discussion

3.1. Films deposited by dipcoating

The coated samples are transferred to the XPS analysis cham-
ber immediately after film deposition and curing. According to XPS
analysis (Fig. 4, spectrum A), the composition of the outer surface
region of the films corresponds to SiO1.7C.

The binding energies and atomic percentages of silicon, oxy-
gen and carbon present in the water-based BTSE film are given in
Table 1. The film consists of 27.5 at.% silicon, 45.8 at% oxygen and
26.7 at.% carbon. The oxygen peak at 532.3 eV is characteristic of
for R–Si–O2– type silicones [34], and the carbon peak at 284.4 eV
does not reveal a significant C–O component.

The infrared absorption spectrum of a dip-coated BTSE film
is presented in Fig. 5 (spectrum A) and the corresponding peak
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Fig. 4. XPS survey spectra of BTSE films deposited by wet deposition (A), vacuum
plasma (B) and atmospheric plasma (C).

Table 1
Composition and binding energies of BTSE films as for XPS measurements.

Binding energy (eV) Atomic concentration (%)

Si2p C1s O1s Si2p C1s O1s

Wet deposition 102.3 284.4 532.3 27.5 26.7 45.8
Vacuum plasma 102.7 284.4 532.3 28 24.3 47.6
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XPS spectra of the vacuum plasma BTSE films are shown in Fig. 4
(spectrum B) and the elemental analysis results are reported in
Atmospheric plasma 103.2 284.4 532.8 34.7 6.7 58.6

ssignment is in Table 2. Peaks of Si–CH3 at 1272 cm−1, the asym-
etric Si–O–Si stretching vibration at (1200–1000) cm−1 and the

i–CH3 bending vibration at 800 cm−1 are observed. The Si–O–C
tretching vibration at 1110 cm−1 and CH2 wagging vibrations of
i–CH2–Si groups at (1000–1020) cm−1 might overlap with the
i–O–Si stretching vibration at (1200–1000) cm−1. The signal at
18 cm−1 can be identified as Si–OH stretching vibration. Previ-
us studies have shown that upon thermal curing of these layers
he IR absorption signal of the Si–O–H bonds decreases and the one
f the Si–O–Si bonds increases [35], indicating that condensation
eactions take place between the silane molecules in the bulk of the
ayer, resulting in a cross-linked network. This network formation
ncreases the barrier properties against hydration and corrosion
f the substrate, as observed by electrochemical impedance spec-
roscopy [35].
A cross-section of a water-based 5% BTSE film deposited by dip-
oating is shown in Fig. 6A. The film thickness is about 50 nm.

Table 2
IRRAS peak assignment for the BTSE films.

Wave number (cm−1)

Wet deposition

1272
1200–1000
1110
1020–1000

918
800

Vacuum plasma

1270
1200–1000
1110
1020–1000

850
806

Atmospheric plasma
1250–1000

912
712
Fig. 5. Infrared spectra of BTSE films deposited on Al by wet deposition (A), vacuum
plasma (B) and atmospheric plasma (C).

3.2. Films deposited by vacuum plasma
Table 1. The BTSE film contains Si, C, O. The oxygen peak at 532.3 eV
is characteristic of Si–O bonds [34], the Si peak at 102.7 eV matches

Group Assignment

Si–CH3 ıs(CH3)
Si–O–Si �as(Si–O–Si)
Si–O–C vas(Si–O–C)
SiCH2–Si CH2 wagg.
Si–OH ıs(SiOH)
Si–(CH3)2 r(Si–CH3)

Si–CH3 ıs(CH3)
Si–O–Si �as(Si–O–Si)
Si–O–C �as(Si–O–C)
SiCH2–Si CH2 wagg.
Si–(CH3)3 r(Si–CH3)
Si–(CH3)2 r(Si–CH3)

Si–O–Si �as(Si–O–Si)
Si–OH ıs(SiOH)
Si–(CH3)2 r(Si–CH3)
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expected for SiO2 type silicones [34]. The composition measured
by XPS (Fig. 4, spectrum C) corresponds to SiO1.7C0.2.

The infrared spectra of plasma polymer BTSE films is presented
in Fig. 5 (spectrum C) and the peak assignment is given in Table 2. A
peak corresponding to the Si–O–Si asymmetric stretching vibration
Fig. 6. SEM micrograph of the cross-section of BTSE films deposited o

nergies expected for R–Si–O3– type silicones [34], and the carbon
eak at 284.4 eV is characteristic of C–C or C–H.

The composition of the film corresponds to SiO1.7C0.9 (Fig. 4,
pectrum B) in comparison to SiO3C7 in the case of the unreacted
TSE precursor. This Si:O:C ratio suggests that Si–O bonds formed
nd Si–C bonds broke during the process, releasing hydrocarbons.

Fig. 5 (spectrum B) shows the infrared survey spectrum of a
lasma formed BTSE layer deposited at plasma powers of 200 W,
.3 Torr, with a deposition time of 5 min. The peak assignment is
iven in Table 2. It reveals the presence of a significant amount of
imethylsilyl groups.

Siloxane (Si–O–Si) at (1200–1000) cm−1, dimethylsilyl
Si–(CH3)2) at 806 cm−1 and trimethylsilyl (Si–(CH3)3) at
50 cm−1 are clearly visible. The Si–O–C stretching vibration
t 1110 cm−1 and CH2 wagging vibrations of Si–CH2–Si groups
t (1000–1020) cm−1 might overlap with the Si–O–Si stretching
ibration at (1200–1000) cm−1. However, a comparison of the
elative intensities between CH3 (�as(CH3) 2960 cm−1, �s(CH3)
903 cm−1) and CH2 (�as(CH2) 2928 cm−1, �s(CH2) 2860 cm−1)
tretching vibrations leads to the conclusion that the concentration
f CH2 is rather low (see Fig. 7).

Fig. 6B shows the cross-section FE-SEM micrograph of a BTSE
lm deposited on the aluminium substrate by vacuum plasma. The
lm is continuous and compact and about 70 nm thick. The per-

ormed plasma process leads to a topographically homogeneous
lm.

.3. Films deposited by atmospheric plasma

Films are deposited at plasma powers from 40 to 100 W with
eposition times from 2 to 30 min, at atmospheric pressure. Only
he XPS and IRRAS spectra at 80 W are presented because no
ffect is observed on the composition and structure of the film
y varying the power and deposition time. Indeed, the infrared
pectra recorded on the samples synthesized at these different
owers do not reveal any change in the band and peak energy
nd relative intensities, suggesting a similar chemistry in the
lms. Due to the particularity of the plasma process, the depo-
ition time has only an effect on the thickness of the films

eposited.

The binding energies and atomic percentages of silicon, oxygen
nd carbon present in the films are given in Table 1, as a result of
PS analysis. The film consists of 34.7 at.% silicon, 58.6 at.% oxygen
nd 6.7 at.% carbon. The oxygen peak at 532.8 eV is characteristic
wet deposition (A), vacuum plasma (B) and atmospheric plasma (C).

of Si–O bonds [34] and the Si peak at 103.2 eV matches energies
Fig. 7. IRRAS spectrum of plasma polymer BTSE film deposited by vacuum plasma.
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Table 3
Fitting data from XPS analysis of BTSE films.

Element (peak) Predominant oxidation states (location of peak maximum)

Dipcoating Vacuum plasma Atmospheric plasma

Si2p +II +III +III, +IV
(102.3 eV) (102.7 eV) (103.2 eV)

C1s 0 0 0
(284.4 eV) (284.4 eV) (284.4 eV)
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O1s −II −II −II
(532.3 eV) (532.3 eV) (532.8 eV)

t (1250–1000) cm−1 is observed. A band at 912 cm−1 is also visible,
ndicating the presence of Si–OH.

A cross-section of a BTSE film deposited by atmospheric plasma
s shown in Fig. 6C. The film thickness is about 80 nm (deposi-
ion time 30 min). The atmospheric plasma process also leads to
topographically homogeneous film.

.4. Comparison of the films deposited with the different
echniques

Table 1 summarizes the XPS results for films deposited with
he three methods. While the values related to dip-coated and
acuum plasma films are comparable, the carbon content in the
tmospheric plasma BTSE films decreases from 26.7 to 6.7% and
he C/O ratio decreases from 0.6 to 0.1. The silicon content on the
lm surface, on the other hand, increases from 27.5% in the film
eposited by dipcoating and vacuum plasma, to 34.7% in the film
eposited by atmospheric plasma.

The Si2p binding energy for atmospheric plasma films is higher
han expected, exhibiting a value (103.2 eV), which is in agree-

ent with IRRAS measurements. Indeed, the XPS data show that
TSE films deposited by atmospheric plasma are more oxidized
han those deposited by vacuum plasma and dipcoating, and the
orresponding IR spectrum shows a shift of the Si–O–Si stretch-
ng band at 1250–1000 cm−1, revealing a higher oxidation state. In
ontrast, the Si–CH3 band at 1270 cm−1 is attenuated, suggesting
he oxidative removal of the methyl groups and corresponding to
decrease of the atomic concentration of carbon, as shown by XPS.
he absence of a C–H stretching at 2950 cm−1 also provides evi-
ence to support the preferential loss of organic material on the
lms deposited by atmospheric plasma.

The characteristics of BTSE films are also studied using curve fit-
ing of the Si2p core level peaks. The Si2p peaks are resolved into four
omponents (Fig. 8) according to the method described by Alexan-
er et al. [34]. The evolution of the peaks is summarized in Table 3.
he component at 102.1 ± 0.1 eV is assigned to silicon bound to
wo oxygen atoms R2Si(–O)2 [34], the component at 102.8 ± 0.1 eV
o silicon bound to three oxygen atoms R2Si(–O)3 [34] and the one
t 103.4 ± 0.1 eV is assigned to silicon bound to four oxygen atoms
i(–O)4 [34]. In the BTSE film deposited by dipcoating, the com-
onent R2Si(–O)2 is 86%, while in the plasma BTSE film deposited
y vacuum plasma, the dominant component is R2Si(–O)3 (94%.).
n the plasma BTSE film deposited by atmospheric plasma, the
xidized components R2Si(–O)3 and Si(–O)4 are 56.5 and 43.4%,
espectively.

The oxygen present during atmospheric deposition accounts for
arbon removal and a corresponding rise in the oxygen concentra-
ion. This points out the formation of oxidized coatings richer in

i–O bonds than those deposited by vacuum plasma and dipcoating.

Preliminary EIS measurements were performed on the dip-
oated samples to check how the presence of BTSE affected the
arrier properties of the bare substrate. The tests were performed
n the samples immersed in NaSO4 and the attention was focused
Fig. 8. XPS high-resolution spectra (Si2p) of deposited BTSE films by wet deposition
(A), vacuum plasma (B) and atmospheric plasma (C).
on their behaviour in the middle frequencies range, where the bar-
rier properties of this type of coatings are usually observed [36].

Fig. 9 shows the impedance modulus (Bode diagram) of the
uncoated substrate (covered by its characteristicnative aluminium
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ig. 9. Modulus of the impedance (bode representation) of a Blank Al sample and
f an Al sample dip-coated with BTSE.

xide) and the substrate dip-coated with BTSE. A significant dif-
erence could be observed in the middle frequency range of the
wo samples (circled part in the figure). This is an indication that
he aluminium is homogeneously covered by the dip-coated silane
ayer, which ensures good barrier properties.

EIS tests are ongoing and have not yet been performed on the
tmospheric and vacuum plasma silane films. Based on the pre-
iminary EIS results on dip-coated samples and the above findings,
etter performance in terms of barrier properties are expected for
he plasma-deposited coating, in particular for the atmospheric
lasma, because of the higher cross-linking evidenced by the above
esults.

. Conclusions

The object of this study is the comparison among BTSE films
eposited with three different techniques: dipcoating (water-
ased silane), vacuum plasma and atmospheric plasma.

Atmospheric and vacuum plasma deposition of BTSE films has
ever been reported in the literature before. XPS and IR measure-
ents show the presence of silicon under Si–O state in the layers

eposited by the different methods. IRRAS highlights groups such
s Si–O–Si, Si–O–C, Si–O and Si–CH3.

XPS is used to quantify the silicon environments present in
he different coatings. For dip-coated layers, a high proportion of
i(–O)2 environment is obtained. The silicon atoms in the plasma
TSE films deposited by vacuum plasma are in the Si(–O)3 environ-

ent. For atmospheric plasma method, 43% of the silicon atoms are

n the Si(–O)4 environment and 57% are bonded to three oxygen
Si(–O)3).

The layers deposited by vacuum plasma can be considered
s more organic–inroganic films, comparable to the silane layers

[

[
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obtained by dipcoating. Atmospheric plasma treatments, however,
lead to the formation of oxidized films richer in Si–O bonds, hence
more inorganic than those deposited by vacuum plasma and dip-
coating.
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