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Stoichiometric Control of SiO, Thin Films
Grown by Reactive Magnetron Sputtering at

Oblique Angles

Aurelio Garcia-Valenzuela, Rafael Alvarez,* Carmen Lopez-Santos,
Francisco J. Ferrer, Victor Rico, Elena Guillen, Mercedes Alcon-Camas,
Ramon Escobar-Galindo, Agustin R. Gonzalez-Elipe, Alberto Palmero*

The deposition of SiOy (x < 2) compound thin films by the reactive magnetron sputtering
technique at oblique angles is studied from both theoretical and experimental points of view.
A simple mathematical formula that links the film stoichiometry and the deposition
conditions is deduced. Numerous experiments have been carried out to test this formula at

different deposition pressures and oblique angle L L L L A
geometries obtaining a fairly good agreement in all
studied conditions. It is found that, at low deposition
pressures, the proportion of oxygen with respect to
silicon in the film increases a factor of ~5 when solely =
tilting the film substrate with respect to the target, x
whereas at high pressures the film stoichiometry
depends very weakly on the tilt angle. This behavior is
explained by considering the fundamental processes 0
mediating the growth of the film by this technique.

1. Introduction

The magnetron sputtering technique is a well-known and
robust plasma-assisted deposition method typically
employed to grow dense and compact coatings.™?
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Thanks to its versatility and efficiency, numerous works
have appeared in the last decades aiming at improving
the control over key aspects of the deposition, such as the
thin film growth rate, surface roughness, crystallinity
degree or preferential texture, among others.>* In the so-
called reactive magnetron sputtering (rMs) technique,'® a
certain amount of reactive gas (e.g., oxygen or nitrogen) is
pumped into the plasma, affecting the film stoichiometry
and allowing the growth of compound layers.[*®! Yet, and
as a general issue of this technique, the reactive gas flow
has to be constrained within certain limits in order to
avoid the so-called target poisoning, i.e., the alteration of
the chemical composition of the first monolayers of the
target material, which causes process instabilities and a
drop of the growth rate of the films.l”~% In fact, in the last
years, much effort has been dedicated to minimize or
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cancel the influence of this undesired effect, e.g, by
evacuating the gases from the reactor at high pumping
speeds or by pulsing the flow of gases.®**Y] Moreover, in
ref.*?] we proposed a method to grow stoichiometric
compound layers using low fluxes of reactive gas, thus
avoiding target poisoning phenomena and demonstrat-
ing that the growth rate of TiO, layers improved ~400%.
This method relied on the results of Nyberg et al,[** who
proved that operating at oblique angles (i.e., varying the
angle between the substrate and the target surface)
induced changes in the film stoichiometry in typical rMS
conditions. In this paper, we quantitatively analyze the
connection between growth conditions, oblique angle
geometry and film stoichiometry, deducing a simple
mathematical formula that links them all. This equation
has been experimentally tested by growing SiOy (x < 2)
thin films under different experimental conditions,
obtaining a good agreement in all the studied cases.
The oblique angle geometrical configuration has been
widely explored in the last decades to grow thin films,
mainly by the electron beam-assisted evaporation tech-
nique in absence of plasma, and its fundaments are well
established in the literature.**! For instance, it is known
that the arrival of vaporized species at the substrate along a
tilted direction enhances surface shadowing mechanisms
and promote the formation of nanocolumnar arrays.™**¢
This configuration has also been tested in magnetron
sputtering depositions (MS-OAD), finding out a great
diversity of thin film nanostructures, from purely compact
to highly porous morphologies. In ref., [17) for instance, we
analyzed the growth of gold thin films by MS-OAD and
showed that, depending on the plasma gas pressure and
substrate tilt angle, structures ranging from compact to
highly porous columnar arrays could be achieved. This
geometrical configuration has also been tested in the
presence of areactive plasma finding that, even under same
experimental conditions, the film stoichiometry rapidly
changed when varying the angle between the target and
the film surface.***3! In fact, these stoichiometric varia-
tions were associated to the existence of ballistic sputtered
species, whose arrival rate at the film per unit area would
depend on the relative angle between the target and the
film substrate,[lg] while most reactive species would
remain unaffected thanks to their approximately isotropic
momentum distribution function in the plasma/gas. In
this work, we analyze from both theoretical and experi-
mental points of view the influence of the oblique angle
geometry on the stoichiometry of SiO (x < 2) layers,
and derive a simple equation that relates the value of
x and the deposition conditions at oblique angles. We
have particularly employed this material because of its
relevance, its numerous applications in different fields and
the extensive knowledge on its growth in the litera-
ture.[**2%! Nevertheless, the main ideas presented in this
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paper can be easily extrapolated to other conditions and
materials.

2. Experimental Section

Amorphous SiOy (x < 2) thin films were deposited onto silicon and
highly oriented pyrolytic graphite (HOPG) substrates ina cylindrical
vacuum reactor, pumped down to a base pressure lower than
5 x 10~*Paand equipped with a magnetron sputtering target device
(Gencoa Ltd., Liverpool, UK). This base pressure was achieved by a
combination of turbomolecular and rotary pumps. The working
pressure was adjusted with a throttling valve, placed between the
chamber and the turbo pump. A planar silicon target with a
diameter of 3in. and a thickness of 3 mm was used as sputtering
source (see Figure 1). The film substrate was grounded and placed
70 mm apart from the target, its temperature around 350 Kin all the
cases. Experiments were carried out using a pulsed unipolar power
DC supply at a frequency of 80kHz, 2.5 ps off-time, and a constant
electromagnetic power of 300 W. A mixture of Ar (purity 99.995%)
and O, (purity 99.995%) was used for the depositions. Two sets of
films were grown at two different argon pressures, 0.15 and 1.5 Pa,
while the relative angle between the substrate and the cathode, o,
was varied between 0° and 85°. Oxygen fluxes between 0 and 2 sccm
were used to change the stoichiometry of the samples. The
chemical composition of the layers (ie., the O/Si ratio) was
characterized by Rutherford Backscattering Spectroscopy (RBS).
The films used for this analysis were grown on graphite for a
better quantification of the oxygen and silicon signals. Experiments
were carried out in a 3MeV tandem accelerator at the Centro
Nacional de Aceleradores (CNA, Seville, Spain) with a beam of
1.5MeV alpha particles, accumulated doses about 10mC, 3mm
beam spot diameter, and a passivated implanted planar silicon
(PIPS) detector located at 165° scattering angle. The RBS spectra
were simulated with the SIMNRA software,?!! whereas the film
stoichiometry was obtained by dividing the measured areal
densities of O and Si. Field emission scanning electron microscopy
(FESEM) technique was used to characterize the film microstructure
using a Hitachi S4800 at the Instituto de Ciencia de Materiales de
Sevilla (CSIC-US, Seville, Spain).

3. Theory

We make use of the so-called effective thermalizing
collision (ETC) model to describe the collisional transport
of sputtered species from the target toward the film.™*® This

\

Particle flux s

/7 ?_‘ Substrate
e e Rt .

< Substrate
holder

\

Target

B Figure 1. Experimental setup.
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simplifying theory considers that the progressive loss of
kinetic energy and preferential directionality of sputtered
atoms in the gas/plasma can be simplified by introducing a
single effective collision, after which the sputtered particle
becomes thermalized with the plasma gas. Relying on this
idea, simple equations have been deduced in the last years
to describe the film growth under classical (non-oblique)
conditions, such as the well-known Keller-Simmons (K-S)

formula,?? ry = @, <pOLo/ng> [l - exp(—ng/poL())] that
relates the mass deposition rate of sputtered atoms, rq, the
pressure in the reactor, Pg the flux of atoms stemming from

the target, ®,, and the distance between the target and the
film, L. In this formula, the semi-empirical characteristic
pressure-distance product, p,Lo, can be related to the mean
free path for this single effective thermalizing collision, Ar,
by the relation p,L/pyLo = L/A1,12*) where

)\T = 1/]\](‘1"{‘7 (1)

with N the density of heavy particles in the plasma and ot
the so-called thermalization cross-section. This latter
quantity can be linked to the actual geometrical cross-
section, o, by the relation oy = vor, orlikewise, A1 = vag,**l
where v is the average number of subsequent collisions
necessary to thermalize a sputtered atom in the gas, as
calculated by Westwood in ref.,[25] and A the actual mean
free path of the sputtered species. Hence, by introducing
the so-called thermalization degree of sputtered atoms,
E = L/Ar, the K-S formula reads,
To = (I)O ].—GXTP(—,:’) . (2)
Using the ETC model, we have recently determined the
deposition rate of sputtered atoms by MS-OAD for a given
experimental configuration and for different tilt angles of
the substrate, «.[*® In that work, a fundamental relation
was found between the depositionrate at oblique angles, 74,
and that in the classical (non-oblique) configuration, ro, that
reads

ro — o = o exp(—E)(1 — cos a), (3)

and thus, whenever the K-S formula is applicable, using
Equation (2) and (3), we find

%: —W(l—cos a). (4)

In order to deduce a simple relation to account for the
variations of the film stoichiometry, we assume that the
reactive species from the plasma gas arrive at the film
surface following an isotropic momentum distribution, i.e.,
we neglect the influence of highly directed reactive species,
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such as those sputtered from the target or reactive ions
accelerated in the plasma sheath, an approximation that
agrees with numerous results in the literature whenever
the target is in non-poisoned conditions.!?*) In this way, the
flux of the reactive species directed toward the film surface,
Fg, is independent of «, and the deposition rate of reactive
species onto the film, rz, reads

R = s(X)Fg, (5)

where s(x) is the surface adsorption probability of reactive
species. In general, the mathematical dependence of s(x) on
x can be quite complex,'?”?¥] and strongly depends on the
particular material, surface features, temperature as well as
on the reactive species at play. In fact, much research is still
required to analyze the adsorption of reactive species when
the surface is not flat and its composition sub-stoichiomet-
ric. In this paper, we particularize Equation (5) to describe
the deposition of SiO, thin films as analyzed in ref.[?!
where it was proposed that molecular oxygen was the main
species responsible for the oxidation of the film, with an
adsorption probability very weakly dependent on the
particular value of x, whenever x < 2. This behavior clearly
differed from a typical Langmuir adsorption regimen
(where a linear dependence is expected between s(x)
and x).*% In fact, this weakly dependence of s(x) on the
surface coverage has been reported in several cases in
the literature’®*2! and has been generally explained by
considering the incorporation of reactive species onto
the film surface in two sequential steps: in a first stage,
reactive species form a very weak bond with the film
surface at the landing position, whereas, in a second stage,
these species diffuse over the surface until they find an
available site to bond.*” Assuming this weak dependence
between s(x) and x, the stoichiometricfactor of a film grown
at a deposition angle o reads x, = rr/r, which, using
Equation (4) and (5), yields

(1 — cos «), (6)

I 111

Xo_,__ =
Xo  exp(B)-1

valid when x, < 2, with X, being the film stoichiometry for
o = 0° (note that, according to Equation (6), xo is always
equal or below x,). Equation (6) is the main theoretical
result of this paper and demonstrates the intrinsic relation
between the tilt angle of the substrate, the film stoichiome-
try and the deposition conditions.

Figure 2 shows the available stoichiometric variation
range, X, /Xo, as a function of , as predicted by Equation (6).
Inthis way, when the thermalization degree is very low, i.e.,
inthelimit where sputtered particles do not experience any
collision in the gas phase and all of them arrive at the film
surface along a preferential direction, the trend
(Xa/X0)z.. ~ 1/cos a is obtained. Moreover, at very high
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Figure 2. Accessible stoichiometries of the SiOy thin films upon
the variation of the tilt angle.

thermalization degrees, the relation (xo/Xa)z.. ~1 is
found, no matter the particular value of a. Under these
conditions, sputtered atoms arrive at the film surface
following an isotropic momentum distribution function
and, hence, the stoichiometry of the film is independent of
the tilt angle of the substrate. Interestingly, Figure 2
anticipates that the most important stoichiometric varia-
tions should occur for tilt angles above ~ 45°.

4. Results and Discussion

Figure 3 presents the stoichiometry of the SiO, films as a
function of «, for an argon partial pressure of p, = 0.15 Pa

2=0.18
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Figure 3. Film stoichiometry for different tilt angles of the
substrate at different fluxes of reactive gas and an argon
partial pressure of 0.15Pa, together with the theoretical trend
predicted by Equation (6).
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and different oxygen fluxes, Fp,, into the reactor. As
expected, in classical non-oblique conditions (ie., for
a = 0°), the value of xq increases with Fo,, from xo = 0.15
when Fp, = 1 sccm to xo = 0.8 when Fp, = 2 sccm. How-
ever, when solely tilting the substrate for a given oxygen
flux, values as high as xgs = 0.8 can be achieved for
Fo, = 1 sccm, ie., the proportion of oxygen in the film
increases by a factor of ~5 relative to non-oblique
conditions, whereas the saturated value, xgs =2, is
achieved when Fp, = 2 sccm. In Figure 3, we have also
included the results for an intermediate oxygen flux,
Fo, = 1.5 sccm, showing that the film stoichiometry ranges
now from xp = 0.3 to xg5 = 1.4, i.e,, same factor as before
(~5) when increasing the deposition angle. These results
clearly show the potential of the OAD configuration to
control the film composition using low fluxes of reactive
gas. For instance, and according to Figure 3, an oxygen flow
of Fo, = 2 sccmisrequired to deposit SiOg g thin filmsin the
normal configuration, whereas only half of the oxygen flux
(Fo, = 1 scem) is required when o = 85°. Likewise, Fo, ~
3 scem is required to grow SiO, thin films in non-oblique
conditions, while the full stoichiometry is obtained for
Fo, =2 sccm and o = 85°.

Anincrease of the argon pressure in the reactor promotes
a higher thermalization degree of sputtered species in the
plasma gas: in Figure 4, we present the obtained
stoichiometries for an argon pressure of p, = 1.5 Pa at
different oxygen fluxes and tilt angles. This time, the
oxygen fluxes were set to0 0.3, 0.5, and 1 sccm to ensure the
sub-stoichiometric character of the layers in the classical
configuration. In these conditions (¢ =0°), xo increases
with the oxygen flux from xo, = 0.4 to xo = 1.2, indicating

x in SiO, ([O)/[Sil)

00+——T——T 7T T T T
0 10 20 30 40 50 60 70 80 90

Deposition angle, « (degrees)

Figure 4. Film stoichiometry for different tilt angles of the
substrate at different fluxes of reactive gas and an argon
partial pressure of 1.5Pa, together with the theoretical trend
predicted by Equation (6).
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the validity of the classical approach to grow SiOy by
pumping more reactive gas in the reactor. In Figure 4, we
also note that when the OAD geometry is employed, the
value of x changes lightly with «, namely from 0.4 to 0.6 for
Fo, = 0.3 sccm, from 0.6 to 0.9 for Fp, = 0.5 sccm, and from
1.2 to 1.8 for Fp, = 1 sccm, resulting in a factor of ~1.5
between the « = 0° and the o = 85° cases. This factor is
remarkably smaller than the one obtained in the lower
pressure cases (~5), suggesting that the higher thermaliza-
tion degree of sputtered species makes them arrive at the
film surface with a more isotropic momentum distribution,
thus precluding a significant dependence of their arrival
rate per unit area on a.

In order to compare Equation (6) with the experimental
data in Figures 3 and 4, a quantitative relation between =
and our experimental conditions must be estimated. This
relation can be calculated by considering that, by definition,
E = L/xr with L = 7cm and At given by Equation (1), where
N = p,/kgTg is the density of heavy particles in the plasma
gas with Ty ~ 350K the temperature of the gas, and o7 ~
8.3 x 1072°m? is the thermalization cross-section for an
elastic scattering event of a Si atom on an Ar heavy particle
(here, we neglect the unlikely collision of a Si sputtered
species with an oxygen species in the plasma gas).**
Following these assumptions, we deduce that, if p, is in Pa,
H~1.2x Pg» ie, B ~ 1.2 x 0.15 = 0.18 for the low pres-
sure case and E ~ 1.2 x 1.5 = 1.8 for the higher one. By
introducing the calculated value of £ and the corresponding
value of xo in Equation (6) as input parameters, we have
obtained the expected values of x,. These are depicted in
Figures 3 and 4, where we notice the fairly good agreement
with the experimental data in all studied cases. Interest-
ingly, Equation (6) predicts that, in the low pressure cases,
the full stoichiometryis achieved foro ~ 70° and an oxygen
flux of Fp, = 2sccm, whereas, in the higher pressure cases,
the full stoichiometry is never achieved, at least for tilt
angles between o = 0° and o = 85°.

As a final test to prove the validity of Equation (6), we
have analyzed the ratio x, /X0 as a function of « whenever
Xo < 2. According to this equation, a relation solely
dependent on E should be found, independent of the
particular flux of oxygen or, likewise, the value of Xxo.
Moreover, and according to Figure 2, the ratio x, /o should
be constrained within the curves x,/xo ~ 1/cos @ and
Xo/Xo ~ 1. In Figure 5, we show a representation of the
experimental (for x, < 2) and theoretical results, where it is
evident that all the experimental data collapse along the
theoretical curves obtained for each of the two values of the
argon pressure (thermalization degree). Overall, the results
in Figures 3-5 confirm the validity of Equation (6) to
describe the growth of SiOy thin films by rMS at oblique
angles. Furthermore, these results corroborate that the
stoichiometric variations obtained at different background
pressures are mediated by the different thermalization
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Figure 5. Value of x,/x, as a function of a for all experimental
cases studied in this paper, whenever x, < 2, together with the
trend predicted by Equation (6). Note that the cases with x, = 2
have not been plotted.

degrees, and hence by the isotropy of the momentum
distribution functions of sputtered species.

An additional issue in this paper is the high impact of the
OAD geometry on the thin film microstructure, which may
lead to the development of different bulk and surface
patterns depending on the nominal angle of incidence of
the deposition species.**** Even though these structures
can be easily removed by applying an electric bias to
accelerate plasma ions toward the film,*> it is of
relevance to illustrate the clear microstructural differences
among the SiOy thin films analyzed in this work. In Figure 6,
we show the cross-sectional FESEM images of selected
films for p, =0.15 Pa(=E ~ 0.18), Fo, = 1.5 sccm, and
a = 0°,45°,70°,85° respectively. In all these cases, the
deposition time was chosen to obtain films with thick-
nesses of about 500 nm. Clearly, a compact microstructure
is obtained for « = 0° and « = 45°, while a well-developed
columnar microstructure with large open pores at the
surface is present for the @ = 70° and « = 85° cases. This
behavior qualitatively agrees with that reported for Au thin
films grown by MS-OAD at low pressures,*”! where a
smooth transition from compact to columnar morphologies
were reported. The cross-sectional images of the films
grown at a higher pressure, p, = 1.5Pa(E ~ 1.8), are also
shown in Figure 6, where a clear porous microstructure
with vertically aligned column-like structures is evident in
all the cases. The deposition time was set to 30 min for the
o = 0° and a = 45° cases, 45 min for the o = 70° case, and
40min for the o =85° case. This kind of thin film
microstructure matches with that reported for SiO, thin
films grown at the backside of the substrate in the classical
MS configuration, and has been widely reported whenever
the film growth is governed by the shadowing-dominated
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Figure 6. Cross-sectional FESEM images of SiOy films deposited
in different conditions: a) Fo, = 1.5sccm, & = 0° and deposition
time 10 min; b) Fo, = 1.55ccm, o = 45° and deposition time 15 min;
¢) Fo, =15sccm, o =70° and deposition time 30min; d)
Fo, =1.5sccm, o =85° and deposition time 3omin; e)
Fo, =0.55ccm, « =0° and deposition time 30omin; f)
Fo, =0.55ccm, o =45° and deposition time 30min; g)
Fo, = 0.55ccm, o = 70° and deposition time 45min; and h)
Fo, = 0.55ccm, o = 85° and deposition time 40 min.

deposition of low energy vapor species that follow an
isotropic momentum distribution function in the plasma/
gas.*”#%l Moreover, film thicknesses are approximately
proportional to the deposition time, with a growth rate of
~ 50 nmmin %, no matter the tilt angle of the substrate, a
fact that agrees with our result above regarding the weak
dependence of the film stoichiometry on the tilt angle of the
substrate in these conditions. Finally, it is worth mention-
ing that film exposure to the atmosphere causes the
oxidation of its first monolayers, a phenomenon that may
increase the average content of oxygen in the material,
especially for layers with such a large specific surface as
those presented in Figure 6. As discussed in ref,!?
atmospheric oxygen affects a ~4 nm thick layer of material
on the surface, which in our conditions lead toward a
variation of the film stoichiometry below 2%, much lower
than the experimental error of the presented data.

The deduction of Equation (6) has been made by
considering numerous simplifying assumptions, e.g,
the introduction of an effective thermalizing collision
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between sputtered and heavy plasma species, the negligi-
ble role of reactive ions or the existence of an oxygen
absorption probability independent of the surface stoichi-
ometry, among others. In this regard, Equation (6) has
to be considered as a simple formula that provides
meaningful insights on the deposition dynamics and that
puts together aspects as different as the reactor geometry,
the nature of the sputtered and reactive species or the
plasma conditions by means of a simple mathematical
relation.

5. Conclusion

In this paper, we analyze how the oblique angle geometry
influences the film stoichiometry in reactive magnetron
sputtering depositions. We have shown that, at low
pressures, the oblique angle configuration may promote
the growth of compound thin films with a stoichiometric
factor about five times higher than in the normal
configuration. At higher pressures, the film composition
shows a weakly dependence on the tilt angle due to the
higher isotropy of the momentum distribution function
of sputtered particles in these conditions. We explain this
behavior by analyzing the progressive thermalization and
directionality loss of sputtered species for increasing
background pressures, deducing a simple formula that
relates the stoichiometry of SiOy thin films and the tilt
angle of the substrate. This equation reproduces all
experimental data fairly well at low and at high
deposition pressures. Although this paper is focused on
the growth of SiOy thin films, the main ideas herein are
general and can be easily applied for the growth of other
compound materials by rMS.

Acknowledgements: The authors thank the Junta de Andalucia
(P12-FOM-2265) and the Spanish Ministry of Economy and
Competitiveness (Projects MAT2013-42900-P, MAT2013-40852-R,
MINECO-CSIC 201560E055) for financial support.

Received: May 30, 2016; Revised: June 24, 2016; Accepted: July 2,
2016; DOI: 10.1002/ppap.201600077

Keywords: physical vapour deposition (PVD); reactive magnetron
sputtering; silicon oxide; stoichiometry control; thin films

[1] Reactive Sputter Deposition, Springer Series in Materials
Science, D. Depla, S. Mahieu, Eds., ISBN 978-3-540-76662-9,
Springer-Verlag, Berlin, Heidelberg 2008.

[2] J. M. Schneider, S. Rohde, W. D. Sproul, A. Matthews, J. Phys. D
2000, 33, 173.

[3] K. Ellmer, T. Welzel, J. Mater. Res. 2012, 27, 765.

[4] P.]. Kelly, R. D. Arnell, Vaccum 2000, 56, 159.

www.plasma-polymers.org 1247

85UB017 SUOWWOD BA1ER.D 3[eo![dde ay) Aq peusenob aJe sejo1e O ‘8sn JO Sejni 10} Al T8UIUO 811 UO (SUOIHPUOD-PUB-SWWBIAL0D A 1M ATe.d Ul |Uo//:SANL) SUONIPUOD pue Swie 1 8 88S *[£202/90/ET] uo Axiqiaujuo A8|Im 8|11hes 8a pepsieAiun Aq 22000910z dedd/z00T 0T/10p/woo As 1M Areiq 1 putjuo//sdny Wwo.j pepeojumod ‘ZT ‘9T0Z ‘69882TIT



1248

Plasma Processes
and Polymers

[5] W.D.Westwood, Sputter Deposition, AVS, 120 all Street, 32nd
Floor, New York, NY 10005, 2003, p. 204.

[6] P.Carvalho, L. Cunha, E. Alves, N. Martin, E. Le Bourhis, F. Vaz,
J. Phys. D: Appl. Phys. 2009, 42, 195501.

[7] 1. Safi, Surf. Coat. Technol. 2000, 127, 203.

[8] J. Musil, P. Baroch, J. Vlcek, K. H. Nam, J. G. Han, Thin Solid
Films 2005, 475, 208.

[9] A. Bousquet, F. Zoubian, J. Cellier, T. Sauvage, E. Tomasella,
Plas. Proc. Polym. 2013, 10, 990.

[10] C. Nouvellon, M. Michiels, J. P. Dauchot, C. Archambeau, F.
Laffineur, E. Silberberg, S. Delvaux, R. Cloots, S. Konstantini-
dis, R. Snyders, Surf. Coat Technol. 2012, 206, 3542.

[11] D. Depla, J. Haemers, R. De Gryse, Surf. Coat Technol. 2013,
235, 62.

[12] R. Alvarez, A. Garcia-Valenzuela, C. Lopez-Santos, F. J. Ferrer, V.
Rico, E. Guillen, M. Alcon-Camas, R. Escobar-Galindo, A. R.
Gonzalez-Elipe, A. Palmero, Plasma Process. Polym. DOI:
10.1002/ppap.201600019.

[13] T. Nyberg, C. Nender, H. Hogberg, S. Berg. Surf. Coat. Technol.
1997, 94-95, 242.

[14] A. Barranco, A. Borras, A. R. Gonzalez-Elipe, A. Palmero, Prog.
Mater. Sci. 2016, 76, 59.

[15] R. Alvarez, C. Lopez-Santos, J. Parra-Barranco, V. Rico, A.
Barranco, J. Cotrino, A. R. Gonzalez-Elipe, A. Palmero, J. Vac.
Sci. Technol. B 2014, 32, 041802.

[16] D. Toledano, R. Escobar Galindo, M. Yuste, J. M. Albella, O.
Sanchez, J. Phys. D: Appl. Phys. 2013, 46, 045306.

[17] R. Alvarez, J. M. Garcia-Martin, M. Macias-Montero, L.
Gonzalez-Garcia, J. C. Gonzalez, V. Rico, J. Perlich, J. Cotrino,
A. R. Gonzalez-Elipe, A. Palmero, Nanotechnology 2013, 24,
045604.

[18] R. Alvarez, J. M. Garcia-Martin, M. C. Lopez-Santos, V. Rico, F. J.
Ferrer, J. Cotrino, A. R. Gonzalez-Elipe, A. Palmero, Plasma
Process. Polym. 2014, 11, 571.

[19] N.van Duy, S.Jung, N. T. Nga, D.N. Son, J. C. S. Lee, W. Lee, J. Yi,
Mat. Sci. Eng. B 2010, 175, 176.

[20] A. G. Erlat, R. J. Spontak, R. P. Clarke, T. C. Robinson, P. D.
Haaland, Y. Tropsha, N. G. Harvey, E. A. Vogler, J. Phys. Chem. B
1999, 103, 6047.

Plasma Process. Polym. 2016, 13, 1242—1248
© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

A. Garcia-Valenzuela et al.

[21] M. Mayer, SIMNRA User’s Guide, Tech. Rep. IPP 9/113, Max-
Plank-Institut fur Plasmaphysik, Garching, Germany 1997.

[22] J. H. Keller, R. G. Simmons, IBM J. Res. Dev. 1979, 23, 24.

[23] A. Palmero, H. Rudolph, F. H. P. M. Habraken, Appl. Phys. Lett.
2006, 89, 211501.

[24] A. Palmero, H. Rudolph, F. H. P. M. Habraken, J. Appl. Phys.
2007, 101, 083307.

[25] W. D. Westwood, J. Vac. Sci. Technol. 1978, 15, 1.

[26] R. Snyders, J.-P. Dauchot, M. Hecq, Plasma Process. Polym.
2007, 4, 113.

[27] T. E. Itina, J. Appl. Phys 2001, 89, 740.

[28] A.D.Kulkarni, D. G. Truhlar, S. G. Srinivasan, A. C. T. van Duin,
P. Norman, T. E. Schwartzentruber, J. Phys. Chem. C 2013, 117,
258.

[29] E. D. van Hattum, A. Palmero, W. M. Arnoldbik, H. Rudolph,
F. H. P. M. Habraken, J. Appl. Phys. 2007, 102, 124505.

[30] L Richard, Masel Principles of Adsorption and Reaction on
Solid Surfaces, ISBN: 0-471-30392-5, John Wiley & Sons, 1996,
p. 383.

[31] P. Alnot, D. A. King, Surf. Sci. 1983, 126, 359.

[32] S.P.Singh-Boparaim, M. Bowker, D. A. King, Surf. Sci. 1975, 53,
55.

[33] A. Palmero, E. D. van Hattum, H. Rudolph, F. H. P. M.
Habraken, 2007, J. Appl. Phys. 101, 053306.

[34] P. Pedrosa, C. Lopes, N. Martin, C. Fonseca, F. Vaz, Mater. Lett.
2014, 115, 136.

[35] M. Macias-Montero, F. J. Garcia-Garcia, R. Alvarez, J. Gil-
Rostra, J. C. Gonzalez, J. Cotrino, A. R. Gonzalez-Elipe, A.
Palmero, J. Appl. Phys. 2012, 111, 054312.

[36] E. D. van Hattum, A. Palmero, W. M. Arnoldbik, H. Rudolph,
F. H. P. M. Habraken, Appl. Phys. Lett. 2007, 91, 171501.

[37] J. H. Kim, K. W. Chung, J. Appl. Phys. 1998, 83, 5831.

[38] A. Milella, M. Creatore, M. A. Blauw, M. C. M. van de Sanden,
Plas. Proc. Polym. 2007, 4, 621.

[39] A. Terriza, R. Alvarez, A. Borras, J. Cotrino, F. Yubero, A. R.
Gonzalez-Elipe, J. Colloid Interf. Sci. 2012, 376, 274.

[40] R. Alvarez, P. Romero-Gomez, J. Gil-Rostra, J. Cotirno, F.
Yubero, A. Palmero, A. R. Gonzalez-Elipe, J. Appl. Phys. 2010,
108, 064316.

DOI: 10.1002/ppap.201600077

35U8017 suoWIWIOD aA11ea.) ajgedt|dde auyy Aq pausenob ale sapie YO ‘9sn JO 3Nt 104 Alelq i auluQ AS|IAM UO (SUOIIPUOD-PUR-SWS)WD" AB | 1M AReid 1 puluo//:Sdny) suonipuoD pue swid 1 8yl 8ss *[£202/90/ST] uo AiqiauluQ AB|IM e|[1nes aq pepsioaiun Aq 22000910z dedd/zo0T 0T/10p/woo A | 1m- Afeid1putjuo//sdny wolj pepeojumod ‘2T ‘9T0Z ‘69882T9T



