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SiOXCyHZ-TiO2 Nanocomposite Films Prepared by a Novel PECVD-Sputtering Process
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Recently, there has been growing interest in the incorporation of particles in plasma deposited
thin films to creation of multifunctional surfaces. In this work a new hybrid methodology based on
the plasma enhanced chemical vapor deposition (PECVD) of hexamethyldisiloxane combined to
the reactive sputtering of TiO, is proposed for the preparation of SiOXCyHZ-TiO2 composite films.
Specifically, the effect of the proportion of O, in the plasma environment on the morphology, chemical
structure, elemental composition, wettability, thickness and surface roughness, of the films was studied.
Agglomerates of TiO, (16-83 um) were detected into the organosilicon matrix with the concentration
of particulates growing with the percentage of oxygen in the feed. In general, there was elevation in the
angle of contact of the surfaces as the oxygen supply increased. Interpretation is proposed in terms of
the influence of the oxygen supply on the TiO, sputtering rate and in the oxidation of plasma species.
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1. Introduction

The growing demand for materials of reduced dimensions
and that perform specific functions has increased the interest
in nanocomposite films'?. These are defined as solids
containing nano-dimensional phases with different properties
from those found in the matrix. The great attention devoted
to these materials in recent years is due to the fact that they
provide results not achieved when macroscopic phases of
each material are employed.

Amongst the different categories of nanocomposites,
those involving particles of metallic oxides (SiO,, Al,O,,
CeO, and TiO,) in silicon-based matrices generate coatings
with chemical stability, high hardness, resistance to oxidation
and to wear and with high refractive index and dielectric
constant, with bactericidal and photo-electrochemical action®.

There are reports in the literature showing that the
immobilization of TiO, nanoparticles in Si-based films
has demonstrated the potential for degradation of organic
pollutants in gas and liquid phase*. In the area of biomaterials,
SiO,-TiO, nanostructures have been evaluated as alternatives
to make the surface less receptive to biological cultures
(bacteriostatic), or more detrimental to them (bactericides), a
fact that avoids the inconveniences generated by the growth of
biofilms on the implant surfaces®®. There are also applications
related to the protection of metal surfaces against corrosion.
Estekhraji and Amiri’, for example, produced nanostructured
coatings SiO,-TiO, and SiO,-ZnO on aluminum by the sol-
gel method. The addition of TiO, and ZnO nanoparticles

*e-mail: luk.oliveira2013@gmail.com

resulted in a coating with enhanced hardness and corrosion
resistance. Recently, a new type of cathodic protection
technology, called photo-generated cathodic protection,
has been investigated®. In this, electrons and vacancies (h*)
pairs are generated from the irradiation of the TiO, coating
with ultraviolet light. The electrons created in this process
are transferred from the semiconductor to the metallic
substrate by the conduction band, increasing the negative
potential of the metallic electrode in seawater and, thus,
protection against corrosion. Vacancies, on the other hand,
can promote, with low efficiency’, the decomposition of
water (H,0 +2h" — 1/2 O, + 2H") instead of decomposing
the semiconductor layer that is then preserved and can offer
long-term protection for the metallic substrate. Based on this
principle, Cheng et al.® applied, by the dip coating method,
composite SiO,-TiO, films on stainless steel. The analysis by
electrochemical impedance spectroscopy showed less potential
for corrosion for the samples analyzed with the incidence of
UV light. The authors also suggest that the formation of Ti-
O-Si bonds provides better photoelectrochemical properties
than the Ti-O-Ti bond. Although the transfer of electrons to
the substrate has a detrimental effect to the photocatalytic
potential, it is beneficial to the protection of the metallic
surface against corrosion and, once occurring in a moderate
way, it may bring multifunctionality to the material.
Different methodologies are normally used to prepare
Si0,-TiO, nanocomposites, such as the sol-gel'®!",
hydrothermal'? and plasma'*'>. The sol-gel method is
the most widespread for its simplicity, however the high
consumption of solution'® and the low adhesion of the films
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to the substrates drive the development of alternatives.
In this context, plasmas have been considered as clean,
energetically, and economically viable method of producing
nanocomposites with adjustable structures and controlled
properties. Because it is a thermodynamical non-equilibrium
methodology, alterations that are not viable by traditional
chemical methods can be implemented in plasma. Thus,
chemical, topographical and morphological modifications can
be associated in one-step, dry, simple and viable treatments
for large-scale applications. Although there are several
studies on the production of TiO, films by sputtering and
of Si0,-TiO, nanocomposites by wet routes, no reports of
the production of this composite by sputtering or by co-
sputtering during PECVD were found.

Thus, the purpose of this work is to develop a one-step
methodology for the synthesis of SiOXCyHX/TiO2 composite
films, based on the plasma enhanced chemical vapor
deposition, from the hexamethyldisiloxane compound,
HMDSO, diluted with argon and oxygen, simultaneously
to the sputtering of TiO,. Specifically, it will be evaluated
the effect of the proportion of oxygen and argon admitted
to the deposition atmosphere on the deposition mechanisms
and the properties of the resulting films.

2. Experimental

2.1. Plasma treatment

Films were collected in substrates of 1 cm x 2 cm prepared
from glass (soda-lime-silica) and mirror-like aluminum
(5052-H32). Prior to deposition, samples were chemically
cleaned in an ultrasonic bath (Crist6foli) using the procedure
described by Mancini et al."”.

The films were deposited in a low-pressure plasma
system, described in a previous work'®. Figure 1 shows the
schematic of the stainless-steel chamber with approximately
5.2 x 10”3 m® in volume where two circular, parallel electrodes
(11.9 cm in diameter) are 5.0 cm apart. The system is
evacuated by a rotary pump (Edwards E2M18) and the
pressure monitored by a Pirani sensor (model APGX), located
on the top flange of the reactor. The introduction of gases to
the chamber is performed via a stainless-steel distribution
system coupled to flexible polyamide tubes. The flow rate
of'the gases is controlled by needle valves (Edwards, model
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Figure 1. Schematic of the stainless-steel plasma chamber.
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LV-10K). Liquid compounds, as hexamethyldisiloxane, are
conditioned in an evaporation cell (100 ml Erlenmeyer) which
is connected to a flange of the reactor via a needle valve.
The gradient of pressure created by pumping induces the
evaporation of the compound to the reactor when the valve
is opened. A (RF) radiofrequency supply (Tokyo Hy-Power
RF-300, 13.56 MHz, 0-300 W) is coupled, via an impedance
matching circuit (Tokyo Hy-Power, model MB-300), to the
lowermost electrode.

For the deposition procedures conducted here, clean
substrates were attached to the upper electrode; 0.8 g of
titanium dioxide powder (P25, Evonik) was spread on
the center of the lower electrode and system was pumped
down to the base pressure (2.0 Pa). To prevent TiO, dust
from being carried to the vacuum system when pumping
starts, a siphon-type connection between the reactor outlet
and the pump inlet and/or filters for particulate material are
recommended in this case.

The deposition atmosphere was then established by
introduction of 2.0 Pa of the compounds participants of the
process which were HMDSO (20%) and the dilution gases
(80%), a mixture of Ar and O,. In this way, the working
pressure was of 4.0 Pa. The process was carried out without
cooling the electrodes. Under similar conditions to those
used here and using the same system, temperatures lower
than 60°C are reported in the driven electrode (target),
but still lower values are expected for the grounded sample
holder. The proportion of O, in the plasma was increased
from 0 to 50% while that of Ar was decreased from 80 to
30% in order to keep the working pressure constant in
all the experiments. The plasma was ignited by applying
radiofrequency signal (13.56 MHz, 150 W) to the lower
electrode were TiO, powder was spread. The upper electrode
(sample holder) was grounded. In this configuration, it is
induced low energy ion bombardment of the driven electrode,
sputtering TiO, fragments to the PECVD process, produced
from HMDSO. While argon proportion is decisive for
sputtering it also plays a role on the activation of the HMDSO.
Oxygen, on the other hand, chemically activates HMDSO
and affects the overall chemistry of the PECVD process
and of the resulting film. Thus, variation in the proportion
of each dilution gas aims to find the synergy of their effects
to provide the creation of the nanocomposites and allow the
control of their characteristics. Deposition time was fixed in
1 hour for all the five depositions conducted here.

2.2. Characterization of the films

The chemical structure of the films was inspected by
infrared spectroscopy in the IRRAS (Infrared Reflectance
Absorbance Spectroscopy) mode with the aid of a Jasco
FTIR 100-00 spectrometer. For each sample, 128 scans
were recorded (400 to 4000 cm™) with resolution of 4 cm,
with the resulting spectrum being the arithmetic mean of
these acquisitions. Samples were deposited on reflective
substrates (polished aluminum) for this analysis. Elemental
composition was determined by Energy Dispersive X-ray
Spectroscopy (EDS) with the aid of a Dry SD Hyper detector,
which presents a resolution of 129 to 133 eV on the Mn
Ko emission line at 3000 cps and is coupled to a scanning
electron microscope (JEOL JSM6010 LA). Spectra were
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collected in 10 kV, on work distance to 10 mm for a spot
size 70, amplified in 950x from samples metallized with a
thin conductive layer, produced from the sputtering of an
Au/Pd target.

The surface thermodynamical properties of the samples
were investigated in a Ramé-Hart 100-00 goniometer, using
samples deposited on glass slides. Drops of 2.0 pul of deionized
water and diiodomethane were deposited in three different
positions of each sample, and the contact angle measured at
room temperature and under controlled humidity conditions.

The layer thickness was determined by profilometry using
glass samples whose surfaces were only partially subjected
to the deposition process. For that, a part of the substrate area
was protected with a mask (Kapton® adhesive tape (3M))
and the system submitted to the deposition process. After
completion and removal of the mask, a step was created
between the protected from and exposed to plasma areas.
The step height, which represents the thickness of the film,
was measured by profiles acquired from three different
positions. For the acquisition of each profile, the tip was
scanned 2000 pm along the step under load of 3.0 mg. Five
measurements were made in each profile providing 15 values
of'thickness per sample. For the roughness analysis, the same
procedures were adopted, but using glass samples without the
step, that is, those in which the film was uniformly deposited.

The surface microstructure of the samples was inspected
by scanning electron (SEM) and atomic force (AFM)
microscopies. Secondary electron micrographs were recorded
from samples prepared on polished aluminum in a JEOL
JSM 6010LM equipment. To avoid charging, the samples
metallized with Au-Pd (60 mA and 60 seconds) were used
in these analyses. The micrographs were acquired with
magnifications of 2500 and 5000x, beam energy of 3.0 kV
and spot size of 30. Topographic profiles of 5 um x 5 um
were acquired by AFM in a Park-systems XE-100 equipment,
in the non-contact mode, employing a silicon tip of 5 nm
nominal radius.

3. Results and Discussion

The thickness of the films is presented in Figure 2 as
a function of the proportion of oxygen in the deposition
atmosphere, O,%, determined from the samples deposited
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Figure 2. Film thickness and deposition rate as a function of the
proportion of O, admitted in the plasma dilution.

on glass slides. In general, films hundreds of nanometers
thick were obtained. As the deposition time was kept constant
(60 min), the deposition rate follows exactly the same trend
as the thickness. A general reduction in layer thickness and
deposition rate are observed when oxygen is incorporated
to plasma. There is a steep drop when low proportions
of O, are used (up to 20%) while a new growing trend is
observed for O,% > 20%. The same trend was observed in
the work of Duarte, Massi and Sobrinho®. Considering that
the highest (0% O,) and the lowest (20% O,) deposition rates
were 6.6 and 3.1 nm/min, respectively, itis noticed that O,%
affects only subtly the deposition rate.

To understand this behavior, one must consider firstly that
Ar acts as a plasma activator. The presence of this element
in moderate proportions increases the average energy and/or
average density of the plasma species?, and thus the proportion
of reactive species. Besides its effect on the direct and indirect
activation of HMDSO molecules, generating fragments
that are the precursors for film formation, Ar promotes ion
bombardment of the driven electrode where TiO, is placed,
emitting species of this compound to the plasma. So, when
the dilution atmosphere is composed only of Ar (0% O,), the
plasma activity is high as well as the sputtering effectiveness.
When 20% of O, is admitted, there is a sudden reduction in
the deposition rate. Lin et al.?!, published a study in which
the mean temperature of the plasma electrons generated from
mixtures of argon and oxygen was analyzed using optical
emission spectroscopy (OES). The results showed that the
average electron temperature decreases with an increase in
the oxygen flow above a certain value. This tendency, also
observed by Safeen et al.?2, is attributed to the absorption of
electrons by oxygen molecules, generating negative species,
such as O" e O,'. Besides its effect on electron density, the
sticking coefficient of oxygen species on metals is around
1. In other words, oxygen active groups are lost from the
plasma atmosphere, also contributing to the overall reduction
in deposition rate and layer thickness with respect to that
observed with pure argon dilution. Owing to such phenomena,
the chemical effect of oxygen on the HMDSO activation does
not overcome that of reduction in the plasma activity, caused
by the lowering in the Ar content. A higher proportion of O, is
necessary to enhance the activation of the precursor compound
and to elevate the deposition rate, explaining the rising trend
in deposition rate with increasing O,%. Nevertheless, the
abundance of reactive species from oxygen brings further
consequences: it affects the sputtering process and the film
etching. As in oxygen plasmas, O" and O*" are generated,
it is postulated they also contribute to ejection of fragments
of TiO, by ion bombardment. However, the probability of
oxygen ions to stick on the target is much higher than that of
removing material by sputtering. Oxygen abundance and film
deposition process also favors the target poisoning, reducing
the sputtering yield of TiO,. Because of these facts, and of
the low energy ion bombardment provided in the present
configuration of the plasma system, deposition kinetics is
dominated by HMDSO fragmentation, with titanium dioxide
contributing as a secondary phase for film growth. Then,
the lower deposition rates when O, is present is ascribed to
the oxygen effect on the plasma activity, provoke by loss of
electrons, loss of reactive species and by reduction of the
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Ar content, as well as on the removal of material from the
film (etching). The effect of the O,% on TiO, sputtering rate
thus affects the incorporation of the secondary phase in the
resulting film. Finally, it is considered that TiO, deposition
mechanism approaches that propose by Berg and Nyberg®.

The average roughness of the samples deposited on glass
slides is shown in Figure 3. The roughness of the as-received
glass is around 150 nm (horizontal line). An increment of this
value is observed when the oxygen proportion is increased
beyond 20% while a reduction is evidenced when O,% is
lowered (< 20%). To understand these results, micrographs
obtained from samples prepared on Al are presented in Figure 4.

It is evident in these micrographs that the aluminum
substrate has imperfections inherent to the manufacturing
process, which are totally or partially covered by the deposition
of the film. The film alters the substrate’s morphology
regardless of the employed deposition condition. For low
proportions of O, (< 20%) the surface is smoothened by
the growth of a uniform film, which is consistent with the
roughness result shown in Figure 3. The condition that
promoted the highest deposition rate also resulted in one
of the smoothest films (0% O,). In some cases, even after
exposure to plasma, the deeper scratches of the substrate
are still evident on the surface, a fact consistent with the
layer thicknesses. In addition to these, irregular clusters
with a porous morphology appear, suggesting the presence
of a uniform covering with particulates linked to it. With
increasing O,%, there is an elevation in the concentration
of particulate material present on the surface, which can be
pointed out as the factor responsible for the roughness rise
in Figure 3. The same effect has already been observed in
the work of Darriba and collaborators'. The roughness of
oxides, in general, decreases with the oxygen content due
to the reduction in the deposition rate and the enhancement
in exothermic processes taking place on film surface during
the growth. But in the present case, deposition rate increases
with increasing O,%, once the process is not a conventional
sputtering deposition and is dominated by HMDSO activation.

As can be noticed, the results of surface morphology
consistently explain those of roughness although both have
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Figure 3. Film roughness as a function of the proportion of O,
admitted in the plasma dilution.
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been obtained from samples prepared on different substrates
(glass and Al). This fact suggests that similar films may be
obtained on substrates with different chemical natures (metallic-
glassy) and electrical properties (dielectric-conductive), as
already verified in previous works?*.

Figure 5 shows 5 pm x 5 pm topographic profiles
acquired from the film matrix, that is, outside the region of
micrometric particles, for samples deposited on polished
aluminum. In this scale it is observed that film does not
completely hide the defects of the substrate. However, in
all cases it is identified the presence of a film with granular
structure typically observed in films deposited from HMDSO
by PECVD?*, Variations in O,% produce a gradual change
in the film’s topography which is smoothened for oxygen
additions of up to 40%, but becomes rougher when 50%
of O, is admitted. Besides affecting the morphology of the
film, O,% also influences the characteristics of the granulates
incorporated in the structure, which appear as lighter points
in the images. Firstly, the concentration of particulates
growths with increasing O,%. In addition, they appear
more integrated to the structure when 20% of O, is used
to dilute the plasma. More uniform (rounded) particulates
are observed in depositions conducted with 0% and 40%
of O, in the plasma while the larger ones are observed for
30% of O,. Although at different scales, these results show
good agreement with the scanning electron micrographs of
the samples and may have influence on the properties of the
films in specific applications.

The infrared spectra (IRRAS) of the samples deposited
on polished aluminum are depicted in Figure 6. The spectra
show characteristic groups of the organosilicon structure,
namely, Si-O-Si (803 and 1042 and cm™)**, Si-(CH,),
(1251 ecm™)®, CH, (2939 and 2954 cm™)*. Interestingly,
the band at around 1260 cm™' disappears from the spectra of
the films deposited with higher oxygen proportions (> 20%)
while another one, attributed to Si-O-C groups, emerges at
1240 cm™, indicating the transformation of the organosilicon
film into a silicon oxycarbide.

Hydrogen removal from methyl groups by active
oxygen of the plasma, process enhanced with the growth
0f O,%, explains the formation mechanism of this network.
The de-hydrogenated structure has Si-O-C and Si-C-O
groups as well as Si-O-Si characterizing it as a hybrid
between silica and silicon oxycarbide. The concentration
of HMDSO fragments in the plasma grows with increasing
O, proportion beyond 20%, explaining the rise in the
deposition rate and thickness of the films (Figure 2), but
without changing chemical nature of the material. On the
other hand, structural changes related to the incorporation
of TiO, groups are detected between 500-1500 cm™. From
the TiO, (P25) spectrum in the same figure, the broadband as
well as the shoulders on it, represent contributions ascribed
to titanium dioxide, namely 492 (Ti-O-Ti)*, 667 (Ti-OH)
and 750 cm™ (TiO, network vibrations)’'. In general, the
elevation in O,% promotes removal of organic groups (CH,)
from the organosilicon structure, favoring the creation of
an intermediate network between the SiO, and the Si-O-C,
besides the TiO, incorporation. The vibration of Si-O-Ti
groups is expected to provide contributions in 667 cm™ and
between 993-998 cm™!. Thus, the bands observed in these
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Figure 4. Secondary electron micrographs of samples deposited on aluminum in plasmas containing different proportions of oxygen. The
micrograph of the Al substrate is also presented.
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Figure 5. Topographic profiles of samples deposited on polished aluminum plates in plasmas containing different proportions of oxygen.

regions for the spectra of films deposited with the higher ~ aluminum) are presented in Figure 7a. Although the elements
0,%, may also have the contribution of functional Si-O-Ti.  of the substrate (Al, Mg) are detected in all samples, when

The atomic proportions of the elements derived from  they are disregarded in the calculations, Figure 7b, result in
the EDS spectra of the samples and the substrate (polished  an upward trend in the titanium content when O,% > 20%.
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That is, the sputtering promoted by Ar is not the exclusive
mechanism for the incorporation of TiO,. Chemical reactions
catalyzed by oxygen seems to play a role in this process.
Furthermore, films that presented the highest proportion of
Ti also presented higher proportions of Si and O. According
to the chemical structure results, the higher the concentration
of oxygen present in the plasma the faster the removal of
carbon. However, the creation of a layer of Ti oxide particles
spread on the surface, by itself affects the results obtained from
deeper layers. Finally, the results of elementary composition
corroborate the proposal of incorporating Ti on the surface
of a Si-based film.

The compositional maps of the samples were registered
by EDS and are shown in Figure 8. By the chemical results,
it is observed a continuous Si-based structure with the
arising of agglomerates composed of Ti and O. Carbon is
hardly detected in the particulates, however, Ti is verified
to be uniformly spread on the film matrix, corroborating the
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Figure 6. Transmission infrared spectra of the films deposited with
different percentages of oxygen in the feed. The spectrum of TiO,
(P25 Evonik) is also shown.
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proposal that this element takes part in the PECVD reactions
and thus is incorporated in the film.

The contact angle of the films, 0, is depicted in
Figure 9 as a function of the oxygen proportion in the
plasma. Data were acquired using deionized water and
diiodomethane. The corresponding values for the uncoated
substrate (glass) are also presented. For the non-polar
compound, the contact angle is reduced with enhancing
0,% up to 30%, rising afterwards. The most receptive
surface to non-polar fluids was obtained with 30% of
O, dilution. Considering the results for water, a hydrophobic
surface is originated from the depositions without O, in
the plasma (0% O,), what is in good agreement with
the predominantly organosilicon nature of this sample.
The incorporation of Ti does not substantially affect the
wettability of the organosilicon, possibly due to its reduced
proportion (Figure 8). When O, is incorporated (20%) and
the resulting structure is a silicon oxycarbide, there is a
drop in 0 reaching about (35°). There is growth trend in
0 with further increasing the O, proportion in the plasma,
regime in which the transition to a hybrid structure of
SiO, with Si-O-C inclusions was identified. However, as
wettability is a property essentially dependent on the first
atomic layers of the material, the increase in 0 with O,% is
attributed to the greater incorporation of TiO, particulates
on these surfaces. Studies in the literature report values
between 80-90° for the contact angle of the TiO, used
here (P25)"2. Comparing the trends obtained in contact
angle and roughness with increasing 0,%, there are no
direct correlations among them, indicating that the main
factor responsible for the growth in 6 with 0,% is, in
fact, due to chemical changes promoted on the surface.

The group of results presented here, points to creation
of a composite structure in which titanium oxides
particulates are incorporated in a Si-based film, by a
single step-plasma methodology. Further studies will be
conducted to verify the effect of this incorporation on
the photocatalytic activity, microbial effect and corrosion
resistance of the samples.

Atomic Proportion (%)

Aluminum 0 10 20 30 40 50
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b)

Figure 7. (a) Atomic proportion originally obtained from samples deposited with different proportions of O, in the plasma. (b) Atomic
percentage of the elements found in the samples treated with different proportions of O, in the plasma, but without considering the elements
of the substrate. In both graphs the correspondent results for the Al substrate are presented.
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Figure 9. Contact angle as a function of the percentage of oxygen
in the feed for distilled water (right axis) and diiodomethane (left
axis). Contact angles of the glass substrate are also given by the
dashed areas.

4. Conclusions

In the methodology proposed here the proportion of
oxygen in the plasma dilution affects the deposition kinetics
as well as the film properties.

The kinetics alterations are induced once oxygen
contributes to removal of organic groups from the HMDSO
fragments, transforming the organosilicon film into a silicon
oxycarbide and silicon oxide mixed structure. Oxygen also
affects the density of electrons, the target poisoning process,
the sputtering yield, the fragmentation of HMDSO and the
etching of the grown film. Owing to a combination of such
effects, deposition rate and Ti incorporation are altered.
The concentration, size and form of the particulate phase
as well as the surface microstructure and the roughness of
the composite films are all affected by oxygen admission
in the plasma. Surface wettability by water can be shifted
from hydrophobic to hydrophilic by means of chemical and
structural changes induced by variations in the proportions
of the dilution gases. Film deposition is dominated by the
PECVD of HMDSO, whereas TiO, deposition is a secondary
process. These different contributions of the PECVD and
sputtering allowed the creation of a silicon-based structure
containing TiO, particulate material.

Therefore, considering the association of the results
presented here, it is demonstrated the possibility of preparing
SiOXCyHZ/TiO2 composite films using the one-step methodology
that combines the PECVD of the HMDSO and the sputtering
of TiO,. It was also demonstrated the possibility of adjusting
the composites properties by controlling the proportion of
O, and Ar in the plasma.
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