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Am'cl_e history: Films were produced on stainless-steel substrates by radiofrequency Plasma Enhanced Chemical Vapor Deposi-
Received 29 August 2016 tion (RF-PECVD) of mixtures containing 70% hexamethyldisiloxane, 20% oxygen and 10% argon. While the plas-
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ma excitation power was varied from 15 to 75 W, the deposition time and total gas pressure were kept constant
at 1800 s and 8.0 Pa, respectively. The influences of the plasma power on the plasma kinetics and the ion bom-
bardment of the growing film are discussed. Film composition and chemical structure were determined using
X-ray photoelectron- and infrared reflectance-absorbance spectroscopy, respectively. Profilometry was used to
measure the thicknesses of the resulting layers. The root mean square roughness was evaluated from surface to-
pographic profiles acquired by atomic force microscopy. Scanning electron microscopy and energy dispersive
spectroscopy were employed to evaluate the morphology and elemental composition of the coatings. Electro-
chemical impedance spectroscopy and potentiodynamic polarization tests were used to derive the corrosion re-
sistance of the samples to a saline solution. Substantial changes in the material structure and progressive
increases in film thickness were observed with increasing applied power. The resulting material was an
organosilicon layer composed of Si—O backbones surrounded by methyl groups, very similar to conventional
polydimethylsiloxane. Increases in the proportions of Si—0O and methylsilyl groups in the structure were ob-
served at greater plasma excitation powers, indicating densification of the structure owing to greater ion bom-
bardment. The surface morphology and roughness were also dependent on the treatment power.
Independently of the deposition conditions, application of the film increased the corrosion resistance of the stain-
less steel. A 10,000-fold elevation in the total system resistance under electrochemical testing was achieved for
the film prepared with the greatest ion bombardment intensity. Film thickness was observed to be a key param-
eter but the coating structure had a major effect on this result.
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1. Introduction

Plasma Enhanced Chemical Vapor Deposition, PECVD, has emerged
as a clean, simple and cost-effective methodology for the production
of silicon-based coatings. Many studies, employing plasma deposition
and hexamethyldisiloxane, HMDSO, as the starting material, have dem-
onstrated the convenience of this method to prepare nanocomposites
for the controlled release of silver [1], ice repellent coatings [2], humid-
ity sensors [3], gas permeation barriers [4], dielectric films for gates in
MgZnO transistors [ 5], corrosion resistant layers for Al 2024 and magne-
sium [6-7] as well as protective gradient coatings [8]. Thus, a broad
range of structures have been prepared using the PECVD of HMDSO.
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More specifically, many studies [9-11] have been devoted to the de-
velopment of alternative techniques for reducing or preventing the cor-
rosion process of metallic surfaces. Amongst the extant plasma
deposition studies, however, most are focused on the protection of
iron [12,13], magnesium [14], bell metal [15] and aluminum [16,17],
materials which present lower corrosion resistance than stainless steel.

Silica films are frequently adopted as barriers for metal corrosion
protection since they are more inert and denser than the silicone-like
coatings. However, SiOx-like films, also present drawbacks related to
surface defects, adherence, porosity, intrinsic stress, and rigidity which
hinder further improvements in the barrier properties and, consequent-
ly, in the corrosion protection. Despite their lower inertness and density,
organosilicon films present smoother, more flexible networks, which
exhibit good adhesion to diverse substrates. Some of the disadvantages
of using the organosilicon structure could be overcome if its degree of
crosslinking could be increased. Reticulation, which connects neighboring
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chains, tends to approximate the silicon backbones, and therefore, to de-
crease the interatomic spacing, thereby increasing the film density. The
physical stability, inertness, and permeability are affected by this process,
thus improving barrier properties [7].

According to Fanelli et al. [ 18], electron collision plays the major hole
in the fragmentation of HMDSO, even if high proportions of oxygen are
present in the plasma. Indeed, siloxane films prepared from HMDSO
plasmas are generally deposited using high oxygen additions [18-21].
The findings show that either greater applied powers [22] or greater
proportions of oxygen [18] produce a transition from an organic to an
inorganic SiOy-like material. Although this structural change is benefi-
cial regarding density, when high oxygen proportions are used the pro-
portion of silanol groups increases. Silanol groups act as degradation
initiator points and, therefore, reduce the inertness of the coating. Adhe-
sion of the film to the substrate also affects its anti-corrosion perfor-
mance. Owing to improved adhesion despite its lower density [20], a
uniformly adhered organosilicon layer, prepared in plasma fed
HMDSO presents better anti-corrosive protection than its SiO-like
counterpart.

The objectives of this study are as follows: (i) to investigate whether
the degree of crosslinking and silanol content of HMDSO-derived films
can be tailored by the plasma excitation power while maintaining the
convenient organosilicon structure; (ii) to evaluate whether there is
any correlation amongst the structural changes and the corrosion pro-
tection provided to stainless steel. For this, excitation power was chosen
as the key process parameter since it promptly affects the density or the
energy distribution of the plasma species or both and may not increase
the silanol content. Low oxygen dilution was employed for the same
reason. Radiofrequency power was supplied to the sample holder to
promote low energy ion bombardment of the growing layer in an at-
tempt to promote cross-linking between chains [23]. Therefore, the
novelty of the work consists in investigating whether the degree of
crosslinking can be controlled in the organosilicon structure and how
it affects the saline corrosion resistance of stainless steel, an already
highly inert material.

2. Experimental

The plasma cleaning, treatment and deposition processes were con-
ducted in a capacitively coupled plasma reactor. A complete description
of the system is found elsewhere [24], but essentially, it is composed of a
stainless-steel reactor, a vacuum system and an electrical power gener-
ator. The reactor contains two horizontal parallel-plate stainless steel
electrodes, capacitively coupled to a 13.56 MHz power supply through
a matching network. Gases are admitted to the reactor through plastic
tubes via needles valves. The system pressure is monitored by a capac-
itance gauge and controlled by needle valves. To generate plasma in this
configuration, the lower electrode is fed RF power; the upper electrode
is earthed.

In this work, films were deposited on plates of AISI 304 stainless
steel, of polished silicon and of glass. The substrates were chemically
cleaned in ultrasonic baths [25], dried in a hot air flow, and then placed
on the lowermost electrode of the plasma reactor. To eliminate the na-
tive oxide layer, prior to each deposition, the substrates were further
cleaned in an argon plasma (70 W, 15 Pa, 600 s). The samples were sub-
sequently treated in oxygen plasmas (50 W, 10 Pa, 300 s), to grow a new
oxide layer under controlled conditions, as reported by Fracassi [26].
Films were then deposited for 1800 s in plasmas generated from 70%
HMDSO, 20% oxygen and 10% argon at a total pressure of 8.0 Pa. While
the precursor flow, pressure and deposition time were fixed for all the
experiments, excitation power, P, was increased from 15 to 75 W. The
effect of this parameter on the properties of the films was investigated.

A homemade low-pass filter was used to measure the induced self-
bias voltage on the powered electrode. Composed of inductors and ca-
pacitors, the filter was tuned to block the 13.56 MHz RF power, allowing

only the DC (direct current) induced voltage to be measured by a volt-
meter connected in parallel with the electrodes.

The thickness of the films was measured using a Veeco Dektak 150
profilometer, from a film step-height produced by partially masking
the glass substrate with a Kapton tape prior to deposition and removing
it afterwards.

The morphology of the samples was inspected by Scanning Electron
Microscopy, SEM, using a Jasco JSM6010 instrument. Secondary elec-
tron (SE) micrographs were generated of the surface of films deposited
onto stainless-steel and silicon substrates and from cross-sections of
those prepared on silicon. Beam energies of 3 and 10 keV were used.
Prior to the SEM imaging, a thin conductive layer was deposited onto
the surfaces by plasma sputtering (40 mA, 60 s) of an Au-Pd alloy. The
surface roughness of the as-received and plasma-treated stainless
steel was calculated from scanning probe Atomic Force Microscopy
(AFM) images, acquired in the contact mode using a Park System XE
100 microscope. The area of each scan was 20 x 20 pm?.

Film chemical structure was investigated using Infrared Reflectance
Absorbance Spectroscopy (IRRAS) (Jasco FTIR, model 410) of samples
prepared on polished AISI 304 steel. Transmission spectra, within the
range from 4000 to 400 cm™ !, were obtained by collecting 128 scans
for each sample at 4 cm ™! resolution. The surface chemical composition
was examined using a SPECSLAB II (Phoibos-Hs 3500 150 analyzer,
SPECS, 9 channels) X-ray Photoelectron Spectrometer, which employs
a non-monochromatic Al K, (hv = 1486.6 eV) X-ray source. The carbon
line at 284.4 eV was used as a reference to determine the binding energy
(BE) of O 1s, C 1s and Si 2p core electrons. These calculations were per-
formed using the Casa XPS software (version 2.3.13). The accuracy of
the BE values was =+ 0.1 eV. Elemental composition was also determined
by energy dispersive spectroscopy, EDS, using an X-ray (Dry SD Hyper)
detector coupled to the scanning electron microscope (Jasco JSM6010).
Energy resolution was of 129-133 eV for the Mn K-a line at 3000 cps.

Electrochemical Impedance Spectroscopy (EIS) and potentiodynam-
ic polarization tests were used to investigate the corrosion resistance of
the as-received and plasma-treated AISI 304 steel. EIS measurements
were carried out at the open circuit potential, applying a sigmoid func-
tion (10 mV) in the frequency range 10~2-10° Hz. A potentiostat PAR
273A-EG&G, with POWERSINE-PAR software for data acquisition, was
used in these experiments. A three-electrode electrochemical cell was
employed: a Saturated Calomel Electrode (SCE) as reference, a platinum
foil as counter electrode, the plasma-treated AISI 304 steel as the work-
ing electrode. Potentiodynamic polarization was used to evaluate the
resistance to corrosion pitting of as-received AISI 304 steel and steel
coated with plasma-deposited film. The potentiodynamic polarization
curves were taken in relation to the open circuit potential (OCP), by ap-
plying a potential scan from — 1.0V to + 1.5V, atarate of 1 mVs~'. An
Autolab PGSTAT 128N with Nova 2.1 software was used for the data ac-
quisition. An electrochemical cell with three electrodes was employed:
a Ag/AgCl/3MKCl (+210 mV vs SHE) electrode was used as a reference,
a stainless-steel disk as a counter electrode and AISI 304 steel as-re-
ceived and covered with plasma-deposited film, having an exposed
area of 1 cm?, as the working electrode. The measurements were real-
ized after an immersion time of 1800 s. Electrochemical measurements
were performed at the center of the samples using 3.5% NaCl solution
(pH 6.2).

3. Results and discussions

Fig. 1 shows the thickness of the films as a function of P. Films with
thicknesses ranging from 400 to 2150 nm were obtained by increasing
the plasma excitation power from 15 to 75 W. As the deposition time
was kept constant (30 min) the deposition rate followed the same
trend as the film thickness, increasing from 17 to 67 nm min ™.

For films deposited under conditions very similar to those employed
here [15] slightly lower (14.4 to 28.5 nm min~ ') deposition rates were

found in the 20 to 70 W power range, with the differences being
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Fig. 1. Thickness of the films and self-bias voltage as a function of the plasma excitation
power for the depositions undertaken. The flow of feed components, deposition time
and pressure were kept constant for all the experiments.

attributed to the different working pressures. On the other hand, greater
deposition rates (40 to 140 nm min~ ') were obtained in the work of
Vautrin-Ul et al. [13], using a microwave excited plasma (80% of
HMDSO and 20% of O,) while biasing the sample holder with radiofre-
quency power (0 to 120 W). A rise in self bias polarization enhanced
the deposition rate. Another result very similar to those presented
here is found in the work of Zhou et al. [27], who used HMDSO/Ar/O, di-
electric barrier discharges but no self-bias voltage.

The rising trends in thickness and deposition rate can be attributed
to the effect of P on the average energy and density of the electrons in
the plasma [22], affecting the overall plasma activation rate. Aside
from this, is the influence of P on the ion bombardment mechanism.
Studies in the literature propose that the self-bias voltage of the driven
electrode, V},, depends on the radiofrequency excitation power. To eval-
uate this relationship, Vi, was measured; the results are depicted in Fig.
1. A progressive increase in Vy, from 15 to 70 V was seen as the excitation
power was enhanced from 15 to 75 W, in good agreement with results
of a previous investigation [28]. Therefore, the rise in V}, with increasing
P, at constant pressure, affects the probability of ionized fragments
reaching the substrate surface, which is a factor that may change the de-
position rate.

Experimental data (not shown) demonstrated that increasing the
power beyond 75 W resulted in detachment of the films from the sub-
strates, suggesting an increase in the intrinsic stress with increasing
film thickness. Despite this observation, films with high thickness (1-
2 um) and good physical stability were obtained using excitation pow-
ers of up to 75 W. The good stability of the coatings, even after aging
in air, is in part due to the improved adhesion promoted by plasma
cleaning and treatment of the stainless steel native oxide conducted be-
fore the deposition procedure.

Fig. 2(a) shows infrared spectra of the films in the 4000 to 400 cm™
range; Fig. 2(b) shows infrared spectra in the 1200 to 400 cm™ ' range.
The wavenumbers of the main absorptions and their respective assign-
ments are summarized in Table 1. A broad band between 3750 and
3200 cm™ !, which is attributed to O—H stretching in silanol groups
(Si—OH), is observed in the spectra.

One of the most prominent peaks, lying between 1000 and
1200 cm™ ', is a doublet composed of the symmetrical (1100 cm™!)
and asymmetrical (1020 cm™!) stretching modes of Si—O in Si—0—Si
groups [29]. Organic groups are shown to be present by the bands cen-
tered at 2900 (sym. v C—H), 2960 (asym. v C—H), 1400 (6 C—H) 1260
(v C—H in (Si(CHs)x)), 840 (6 C—H in (Si(CHs)3)) and 780 cm™ ' (&
C—H in (Si(CHs)3)). The latter three absorptions reveal the retention
of the HMDSO structure in the plasma deposit. The presence of the
dimethylsilyl group ((SiCHs),), a chain propagation unit, suggests the
formation of a structure similar to that of conventional PDMS
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Fig. 2. Transmission infrared spectra of pp-HMDSO films deposited at different powers (a)
400-4000 cm ' and (b) 1200-400 cm ™.

(polydimethylsiloxane) which is terminated with Si(CHs)3 functionali-
ties [18]. The schematic representation of such a structure is given in
Fig. 3.

Carbonyl groups (C=0), detected by the weak band around
1700 cm™ !, originate from oxidative reactions in the plasma phase or
by plasma-surface interactions due to oxygen present in the gas mixture
[22]. For films deposited at powers >50 W, a peak around 2190 cm™ ',
characteristic of the Si—H stretching vibration, also emerges. Generally,
Si—H is detected as a lateral or termination group in high molecular
weight fragments (higher than that of HMDSO) [18], indicating further
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Table 1

Wavenumber and assignments of the bands detected in the infrared spectra of the films.
Wavenumber (cm™~!)  Assignments Groups
3750-3200 —OH stretching mode Si—OH
2900-2960 CH symmetric and asymmetric stretching CHj and CH,
2190 SiH stretching mode SiH
1705 C=0 stretching mode CH,0
1406 C—Hj3 symmetric bending Si(CH3)x
1260 CH3 symmetrical bending mode Si-(CH3)x
1200-1000 Si—0 asymmetrical stretching mode Si-O-Si
840 CHs rocking Si-(CHs)s
780 CH3 rocking Si-(CH3),

differences between the conventional PDMS and the silicone-like plas-
ma deposited material. The intensity of this band thus indicates the de-
gree of fragmentation of trimethyl-silyl groups [30]. As indicated by
points 1, 2 and 3 of Fig. 3, this fragmentation constitutes part of the
main propagation route for film ramification [18].

The good adhesion of the film to the substrate is ascribed to the ex-
istence of covalent bonds between O of the film (Si—O) and the treated
metallic oxide structure (Fig. 3). Furthermore, the extra energy provid-
ed by ion bombardment counter-balances the rise in the internal stress
induced by the increase in deposition rate/film thickness, thus
explaining the stability of the films investigated here despite their rela-
tively high thicknesses.

Comparing the spectra of Fig. 2(b) reveals an increase in the overall
intensity of the bands, which correlates well with the film thickness
(Fig. 1). But thickness changes are not the only reason for the evolution
observed in the spectra of Fig. 2(b). Structural changes also take place.
Support for this inference is obtained by analyzing the behavior of the
Si—0 band (~1000 cm™!). For the low P regime (<50 W) the

component attributed to the asymmetric mode (1020 cm™!) is more
prominent, while for high P levels (>50 W), the contribution associated
with the symmetric (1100 cm™"') vibrations rises, reaching practically
the same intensity as that of the asymmetric one. Also interesting is
the shift of this band to greater wavenumbers as the deposition power
is increased from 60 to 75 W. This evolution can be attributed to the in-
crease in the proportion of Si—H, which inhibits cross-linking between
chains and thus tends to decrease the film density [13].

Another example of structural alteration is related to the continuous
broadening of the Si—O band. This effect is explained in terms of the ad-
dition of different species to the Si—0O—Si environment, generating
contributions at a variety of wavelengths, which overlap into a single
envelope. For the same reason, the peaks observed around 840-(Si-
(CHs)3) and 780 cm™ ! (Si-(CHs),) merge into each other in the spectra
obtained from the films deposited at higher applied powers. Such band
broadening is consistent with an increase in plasma fragmentation at
higher applied power and with the increasing energy transferred to
the growing layer by ionic impacts. The latter process contributes to
the production of new reactive sites on the growing polymer surface,
which can also account for the addition of different groups to the poly-
meric backbone.

In the work of Fanelli et al. [ 18] it is postulated that the primary frag-
mentation of the HMDSO molecule occurs preferentially at the Si—O
bond by electron impact, despite its high energy compared to the
Si—C of the methylsilyl groups. Through oligomerization reactions, lon-
ger chains are then formed, generating molecules with molecular
weights greater than that of HMDSO [22]. The relative increase in the in-
tensity of the peak at 780 cm™ ! with respect to the C—H band intensity
(2980 cm™ 1), attributed to (Si(CH3)), which represents propagation
units in the chain (vertical backbone in Fig. 3), suggests the formation
of longer silicon backbones at greater plasma powers [31]. Furthermore,
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Fig. 3. Schematic representation of the structure formed by plasma polymerization of HMDSO.
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the scission of C—H bonds in Si-CHs groups in the plasma or by plasma-
surface interactions, effectively accounts for crosslinking (horizontal
backbone in Fig. 3) and the incorporation of a series of functional groups
in the film structure as reported by Blanchard and co-workers [31].

To further evaluate the effect of the plasma excitation power on the
chemical structure of the films, the relative density of Si—O groups,
[SiO], was evaluated from areas of the band at 1100 cm™ !, using the
model proposed by Lanford and Rand [32]. The results are depicted in
Fig. 4(a) as a function of P. The overall tendency is towards greater rel-
ative densities for the range of powers between 25 and 60 W. An in-
crease in the Si—O density with increasing self-bias was also
encountered in the work of Zajickova et al. [23] and Vautrin et al. [13]
in experimental conditions similar to those used here.

The relative densities of CHy (2960 cm™!), OH (3750-3200 cm™ 1),
Si(CH3)x (1260 cm™!) and SiH (2190 cm™ ') were also evaluated and
are presented in Fig. 4(b) as a function of P. Although the absolute
values cannot be compared between species, the tendencies in the den-
sity of each species as a function of P are revealed. A general decrease
can be seen in the curve which represents the relative density of CHy
species, [CHy], as P is increased from 25 to 75 W. On the other hand,
the relative density of methyl groups in Si(CHs)y, [Si(CH3)yx], increases
for depositions performed with P ranging from 25 to 60 W. Indeed,
the trends in [Si(CH3)x] and [SiO] are exactly the same, indicating that
power is not affecting the organosilicon nature of the structure but rath-
er the deposition rate and degree of compaction.
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Fig. 4. Relative density of SiO (a) and of OH, CHy, Si(CHs3)x and SiH (b) in the film as a
function of the plasma excitation power.

In the low P regime, the lower average energy of the plasma elec-
trons is consistent with a lower concentration of precursor fragments
and thus with reduced deposition rates. It is postulated that only slight
variations in the plasma kinetics occur, contributing to fragmentation of
trimethylsilyl groups. But in general, the system is operating in the lack-
of-energy regime since the nature of the incorporated fragments is not
significantly changed by further increasing P. Only the deposition rate
is severely affected under such conditions.

The relative density of —OH groups, [OH], initially falls but then in-
creases for P> 25 W. Hydroxyl groups could originate from multiple-
step reactions in the plasma phase since oxygen was incorporated into
the gas mixture and is present in the HMDSO molecule itself. Heteroge-
neous gas-solid reaction may also account for incorporation of oxidized
(OH, C=0) species especially ifion bombardment is present. The depo-
sition of energy by ion bombardment promotes emission of lateral and
terminal groups of the chains, such as CHx and H. This phenomenon
contributes to the creation of unstable pendant bonds which tend to
be absorbed by chain crosslinking. But this absorption only occurs
when the density of radicals is sufficient to enable recombination. The
distance between radicals is another relevant issue. If crosslinking is
not possible, radicals are left active in the structure and tend to incorpo-
rate oxidized groups from the atmosphere when the sample is with-
drawn from the vacuum chamber.

The initial fall in [OH] and its constancy at near null values after-
wards are indicative of an increase in the degree of cross-linking. As il-
lustrated in Fig. 3 (adapted from Blanchard and co-workers [31]), the
connection of neighboring chains through covalent bonds produces a
structure similar to, but more crosslinked than, conventional silicone.
The final increase in [OH] and [Si—H], simultaneously with the fall in
[SiO] and [Si(CH3)x], indicates structural rarefication upon an increase
in the ion bombardment and also in the deposition rate. According to
Fracassi [26], the variation in the proportion —OH density of pp-
HMDSO films may be related to modifications in the degree of cross-
linking.

In summary, considering the conditions employed here, the excita-
tion power apparently has no further effect on the plasma kinetics
than increasing the deposition rate. The major effect on the molecular
structure of the films is produced by heterogeneous reactions induced
by ion bombardment.

Atomic concentrations of carbon, [C], silicon, [Si], and oxygen, [O], in
the films, calculated from the XPS spectral data, are depicted in Fig. 5(a)
as a function of the plasma excitation power. If the hydrogen content,
which cannot be measured by XPS, is ignored, the films are composed
of about 47% carbon, 30% silicon and 23% oxygen. These proportions
are roughly the same as those encountered in the work of Alexander
et al. [22] and match well with the composition of conventional polydi-
methylsiloxane, that is, 50% C, 25% Si and 25% O. Comparing the mea-
sured and expected atomic proportions, an enrichment of Si and a
reduction in C is seen, consistently with the loss of lateral groups from
the structure together with an increase in crosslinking (as schematized
in Fig. 3).

Once again neglecting the H content, and considering the HMDSO
molecule, [C], [Si] and [O] are in the proportions 67%, 23% and 10%, re-
spectively. That is, the formation of a deposit from HMDSO occurs via
molecular fragmentation, which involves a substantial loss of C and
very possibly of H. Thus, relatively high proportions of Si and especially
of O in the solid phase are ascribed to the fragmentation of the
organosilicon molecule in the plasma environment, producing light
neutral species such as C;H,, CH,, C;Hg, and C3Hg. The non-reactive na-
ture of such fragments reduces the probability of their incorporation
into the film structure [22,23]. Oxidation of the organic fragments, pro-
ducing groups with low sticking coefficients, also contributes to reduc-
tion of C in the solid phase. The relatively high proportion of Si
remaining in the film also indicates considerable cross-linking [22,23].

The high resolution Si 2p spectra of the samples were fitted using
four components centered at 101.5 eV (SiO(CHs)s3), 102.1 eV
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Fig. 5. (a) Atomic concentration of carbon, silicon and oxygen in the films as a function of
the plasma excitation power. (b) Relative proportion of each type of silicon bond
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(SiO5(CHs),), 102.8 eV (SiO3(CHs)) and 103.4 eV (SiO,4) consistently
with previous works [33-35]. The proportion of each contribution to
the total area of the peak was evaluated and is depicted in Fig. 5(b)
as a function of P. Independently of the deposition condition,
SiO,(dimethylsiloxane) is the predominant group in good accor-
dance with the PDMS-like structure derived from the infrared spec-
troscopy results. The proportion of this group further increases for
P > 35 W while those related to SiO (trimethylsiloxane) and SiO3
(methylsiloxane) groups are reduced, vanishing at the highest pow-
ers. Further evidence for methyl abstraction is provided by the in-
crease in the proportion of SiOy.

Despite the changes observed in the molecular structure of the films
at greater plasma powers, chemical composition is barely affected. Sim-
ilar results were observed previously [36]. In the power range used here
the organosilicon nature of the film was preserved together with pro-
motion of inter-chain connections due to ion bombardment. The ratio
between the fluxes of charged to neutral species reaching the substrate
seems to dominate the structure densification/rarefication process. As
the deposition rate increases rapidly, the energy deposited by ionic im-
pact is diluted and crosslinking is not effective. The balance between de-
position rate and ion bombardment, which most favors crosslinking,
was observed at 60 W.

Fig. 6 shows 20 x 20 um? topographical images of the bare stainless
steel and of the coated samples. On the surface of the bare steel the grain
boundaries of the alloy, and the chemical polishing marks, characterized
by dark, parallel, horizontal lines, are readily observed. Some scratches,
possibly generated by the polishing process, can also be seen. Further-
more, the distinct textures noticed in the image are associated with dis-
tinct phases in this material.

The morphology of the substrate is largely retained even after plas-
ma deposition, indicating that the film follows the topography of the
steel. At low plasma power (25 W) the deposition results in uniform
films containing sparsely scattered particles, whose concentration
grows with increasing power, thus promoting the transition from a uni-
form to a granular structure. For the sample prepared at the greatest
power an organized pattern of the particles, defined by the texture of
the grains in which they were deposited, is clearly observed. Owing to
the increase in the coating thickness the substrate grain boundaries be-
come less distinct in this sample. Wang et al. [37] also observed the de-
pendency of the film morphology on the type of substrate - glass,
polypropylene or polyethylene. No film detachment was detected
throughout the inspected areas of each sample.

The granular structure of the films prepared from HMDSO-contain-
ing plasmas is related to the plasma-phase polymerization stimulated
by oxygen present in the mixture [38]. Particulates of different molecu-
lar weight are formed in the plasma phase and are incorporated into the
film structure due to electrostatic or gravitational forces. The rate at
which the particles are formed depends on the proportion of oxygen
in the plasma and on the plasma excitation power since these parame-
ters affect the availability of reactive precursors in the plasma. Argon is
known to reduce polymerization in the plasma phase and hence the
concentration of particulates incorporated into the film.

The intensity of ionic bombardment is also relevant. Vautrin et al.
[13] demonstrated the influence of the self-bias polarization on the
morphology of films deposited from HMDSO/O, plasmas. A substantial
decrease in the particle grain size with increasing RF bias was seen to re-
sult from a greater number of reactive sites created on the surface by
ionic bombardment. In the present work, the concentration and diame-
ter of particles is observed to increase with increasing Vy,. This morpho-
logical evolution is attributed to a balance between the effect of the
applied power on the availability and size of agglomerates in the plasma
phase and that of the greater ionic bombardment experienced at greater
applied powers.

Fig. 7(a) shows cross-sectional micrographs of the films deposited
on Si substrates using three different deposition conditions. The plasma
deposited film is readily detected in the micrographs by visual inspec-
tion as well as by its compositional characteristics. As inclination was
not controlled in these experiments, the thickness of the layer could
not be directly determined from the micrographs. A uniform interface
along the entire extension of the Si surface is, however, clearly visible.
The integrity of the film-substrate interface even after cleavage indi-
cates the good physical stability and adhesion of the coatings. The top-
view micrographs of the samples prepared on Si and stainless steel sub-
strates are presented in Fig. 7(b) and (c) respectively, showing the same
surface morphology despite the different substrates.

The mean square roughness, RMS, of the samples, determined from
the images presented in Fig. 6, is depicted in Fig. 8 as a function of P. For
the bare steel the RMS value is represented by the dotted line. With the
exception of the film prepared at 15 W, which presented the most reg-
ular surface, film deposition increases roughness. Two gradients are ob-
served in the curve, the first as power increases from 15 to 25 W and the
second, as P increases from 50 to 60 W. Both trends are ascribed to an
increase in the proportion of particulates in the structure.

The corrosion resistance of the samples to saline solution was evalu-
ated by electrochemical impedance spectroscopy and potentiodynamic
polarization tests, using samples prepared on stainless steel at different
plasma excitation powers and then with different thicknesses. Fig. 9(a)
shows the results for the impedance modulus, |Z], as a function of
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Bare Stainless Steel frequency. Results for the as-received stainless steel are also presented.

m_ At greater powers the curves are shifted upwards, which is consistent

g with a better performance in the corrosive environment. While all the

films protected the steel, the best results were found for films prepared
at the greatest excitation powers (60 and 75 W).

Fig. 9(b) presents the phase angle, which defines the difference in
phase between voltage and current, as a function of frequency for the
different samples. For the bare steel, a curve with one concavity is ob-
tained with a maximum around 10° Hz. Upon film deposition the be-
havior of the phase angle with frequency is substantially altered. First,
at the high frequency edge (10° Hz), the curves begin with greater
phase angles (60 to 90°) than that of the bare steel (<10°), indicating
the presence of the protective film. For the system prepared with
15 W, the phase angle falls in the low frequency region, generating a
second concavity centered around 10~ " Hz. The same behavior is ob-
served for the phase angle of the systems deposited at 35, 50 and
75 W, with the second concavities arising at around 10!, 10° and
10~ Hz, respectively. For the samples containing the films deposited
at 25 and 60 W, the frequency variation hardly affects the phase angle.
Consistently, an overall elevation in the corrosion (Eco) and pitting
(Epic) potential was observed for the sample treated in 25 W plasmas
while the rise was substantially lower (20%) for those exposed to treat-
ments of 50 and 75 W, as derived from the potentiodynamic polariza-
tion results depicted in Fig. 10(a) and in Table 2.

The absence of the second concavity in the phase angle curves, sug-
gests greater stability of the coatings to the action of the solution. Since
the second concavity may be a result of electrolyte-metal interactions,
non-porous, compact layers are expected in such cases. Consequently,
a densification of the layer with increasing deposition power from 50
to 60 W is deduced from the phase angle and impedance analyses, in
good agreement with the infrared results. The reduction in the film den-
sity when P is further increased (75 W) is suggested by the emergence
of the second concavity in the curve corresponding to this sample. No
detachment of the film was detected even after the electrochemical
experiments.

The total resistance of the samples, R, which represents the sum of
the electrolyte resistance, pore resistance and polarization resistance,
evaluated from data of Fig. 9(a) and the model proposed by Mansfeld
[39], is shown in Fig. 10(b) as a function of P for the pristine (dotted
line) and coated stainless steel. Film deposition increases the total resis-
tance of the substrate, independently of the deposition condition, but a
rising trend is observed when P increases from 25 to 60 W; beyond this
R; stabilizes. An improvement of around 10,000 times in the total sys-
tem resistance is detected for samples prepared at the highest powers
(60 and 75 W). In addition to being superior to those obtained by acid
passivation [40] the improvements obtained in the corrosion resistance
of stainless steel shown here were produced by a dry, clean treatment,
which does not create waste requiring special disposal.

The film thickness is a key parameter in the interpretation of such re-
sults. Considerable thickness variation (5 times) was detected when the
excitation power was increased from 15 to 75 W (Fig. 1), but even the
thinnest film (~400 nm) increased R; by around 200 times. Fig. 11(a)
shows the behavior of R; as a function of the layer thickness, where an
increase in R; with increasing thickness is observed within particular P
ranges (25-35 W and 50-60 W). For the other intervals, considerable
variations in thickness did not promote changes in the total resistance.
Moreover, changes in R; are observed even at fixed film thickness (35
to 50 W), suggesting that it also depends on other variables.

Fig. 11(b) shows the effect of P on the Ry/h ratio, which provides the
total resistance per unit of thickness (nm) of the material. Ri/h remains
practically unchanged for samples prepared at low excitation powers
(15-35 W), but continuously increases as P is elevated from 25 to
60 W, following exactly the same trend observed for [Si—O] and

504
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Fig. 6. 20 x 20 um? atomic force microscopy image of the bare stainless steel and of the
steel treated at different applied powers.
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Fig. 7. (a) Cross-sectional and (b) top view secondary electrons micrographs of the samples deposited in plasmas of different powers on Si wafers. (c) Top view secondary electrons

micrographs of the samples deposited in plasmas of different powers on stainless steel.

[Si(CH3)x] derived from IR spectroscopy. That is, although there are
changes in thickness, structural modifications play the major role in
influencing R, (Fig. 10(b)).

Fig. 12 shows the behavior of R; as a function of the relative density
of Si—O0 and Si(CH3)y in the film structure. In both curves, if the point at
75 W is ignored, R tends to rise with increasing [SiO] and [Si(CH3)y], re-
vealing the major influence of the structure, more specifically of the
densification, on the corrosion resistance. A substantial reduction in
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Fig. 8. Root mean square roughness of the films as a function of the plasma excitation
power. The dotted line represents roughness of the bare substrate.

the relative density of Si—O and Si(CHs)x groups was detected as P
was increased from 60 to 75 W (Fig. 4(a) and (b)). According to the in-
terpretation previously proposed, this reduction should promote a loss
in corrosion protection, since it reflects structure rarefication, but this
was not observed. It should be noted, however, that the thickness of
the film deposited at 75 W was almost twice that of the film deposited
at 60 W, which compensates for the structural modifications. Thus the
thicknesses are responsible for the differences between these two sam-
ples, and can be used as an indicator for selecting the best deposition
condition. The results of Figs. 11(a), (b) and 12 thus allow the distinc-
tion between the effects of thickness and structural variations on the
total resistance of systems prepared here.

Owing to the structural and chemical similarities of the
organosilicon HMDSO plasma-deposited films and the conventional
PDMS polymer, their mechanical and tribological properties are similar
to those of elastomers (depending on the degree of cross-linking). A
prior investigation demonstrated that films deposited from HMDSO
and O, plasma mixtures are highly resistant to scratching [41]. This
characteristic, associated with transparency in the visible region,
makes the organosilicon plasma deposited coatings attractive for pro-
tection of polymeric optical devices; moreover, these coatings are
harder than conventional polymers and do not present the stress prob-
lems of silica layers deposited on flexible substrates [23]. Furthermore,
Rangel et al. [42] have demonstrated that, despite their high carbon con-
tent, plasma-deposited organosilicon films are highly resistant to attack
promoted by oxygen plasmas. This result is attributed to the formation
of a silica layer upon exposition of the surface to reactive oxygen, thus
protecting the organic underlayer. This explains why plasma polymer-
ized HMDSO films present very good physical stability upon atmospher-
ic aging [29]. All these characteristics are important regarding the
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Fig. 9. (a) Impedance modulus as a function of frequency for the samples deposited at
different excitation powers. The impedance modulus for the bare steel substrate is also
presented. (b) Phase angle as a function of frequency for the samples deposited in
plasmas of different powers. The phase angle for the bare steel substrate is also presented.

durability of the coating applied as a corrosion barrier, and will be the
subject of future investigations.

4. Conclusions

It was demonstrated that the plasma excitation power influences
the properties of films deposited from HMDSO, oxygen and argon. A
plasma polymer structure resembling conventional PDMS was obtain-
ed, with a degree of cross-linking dependent on the applied power.

Convenient changes in the chemical group structure, which contrib-
uted to the barrier properties of the coatings, were also observed. Depo-
sition rate increased roughly fivefold with increasing plasma power. The
greatest deposition rate was not optimal since it was detrimental to the
barrier properties of the layer.

Despite the chemical structure modifications, chemical composition
was barely affected. Indeed, the structural changes were sufficient to
promote a crosslinked organosilicon structure highly resistant to saline
solutions, the most hazardous environment for steels. Together with the
degree of crosslinking, the proportion of silanol can be tailored by the
plasma excitation power. No correlation was detected between corro-
sion resistance and roughness. The major parameters of interest were
the film's structural resistance to saline solution, its impermeability to
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Fig. 10. (a) Potentiodynamic polarization curves and (b) total resistance of the systems
coated with films of different thicknesses as a function of the plasma excitation power.
The dotted line represents the total resistance for the untreated steel substrate.

the electrolyte, and its physical stability even after electrochemical
experiments.

Although the coatings prepared at 60 and 75 W presented different
properties, they provided the same corrosion resistance for the metallic
alloy. Considering the energy demands as well as the proportion of
silanol groups, the coating prepared at 60 W is readily elected as opti-
mal. This deposition condition, which improved the corrosion resistance
of the stainless steel by four orders of magnitude, may also represent an
excellent treatment for other less corrosion resistant metals.

A possible application for the layers prepared here is the construc-
tion of multilayered organosilicon/silica films, a better barrier system
for protecting metallic substrates than single layers as both have the
same thickness. To enable the construction of such devices the barrier

Table 2
Corrosion (Ecqr) and pitting (E,;¢) potentials for the as-received and coated stainless steel
derived from potentiodynamic polarization tests.

Sample Ecorr (V) Epit (V)
Bare steel —0.180 0.201
25 W 0.029 1.233
50 W —0.001 1.028
75 W —0.007 0.972
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Fig. 11. (a) Total resistance of the systems as a function of the respective film thickness;
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Fig. 12. Total resistance of the systems containing films with different thicknesses as a
function of the relative density of SiO and Si(CHs)x.

properties as well as the optical, mechanical and tribological properties
of films possessing the same thickness should be investigated.
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