Check for
updates

PLASMA PROCESSES
AND POLYMERS

Received: 8 March 2020 Revised: 17 July 2020 Accepted: 2 August 2020

DOI: 10.1002/ppap.202000044

FULL PAPER

Single-step deposition of hexamethyldisiloxane surface
gradient coatings with a high amplitude of water contact
angles over a polyethylene foil
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Abstract

One interesting category of nano- and micro-engineered surfaces is surface
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gradients, which allow the controlled optimization of biointerfaces at a small
scale in an extended area length. Plasma coatings offer a large diversity of
functionalities at the nanoscale, accompanied by high chemical stability and

adhesion on a variety of substrates at ambient temperature. Atmospheric-
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pressure plasma-assisted deposition could be employed for the generation of
surface gradients on thermosensitive materials. In this study, a corona plasma
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1 | INTRODUCTION biosensors, drug release systems, and so forth. However,

ether, hydroxyl, and thiol groups decrease biofouling pro-

It is already known that some functional groups, such as
amines, CHx, CFx, or carboxylic acid groups can favor
protein adsorption. Hence, surfaces modified with these
functionalities can be wused for tissue regeneration,

cesses and can be employed in the marine industry or for
antimicrobial applications."” The optimization of such
functional surfaces for devices in contact with complex
biological media is generally complex and long. Therefore,
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any approaches, such as surface gradients, which allow
the faster development of these surfaces, are welcome by
biomedical device developers and manufacturers.

A surface gradient enables a systematic study of the
impact of gradually varying experimental parameters by
conducting a single experiment, using a single surface
and keeping experimental conditions identical.l’! There-
fore, this method is highly preferential for developing
high-performance biosensing platforms or devices for cell
guiding or sorting. These advantages will guarantee high
reproducibility or high throughput along with consider-
able time and cost savings. Nevertheless, to fully benefit
from the advantages of surface gradients, the ideal
method is to develop gradients under less-complicated
operational systems to create the possibility of upscaling
with a linear change of a variable over a large range of
distances for a better prediction of correlation between
chemical/topographical/mechanical cues and biological
events.

After developing the gradient of the desired property
over the surface, the gradual change in the variable is
correlated to the length of the gradient. Later, the region
with the highest adsorption, proliferation, differentiation,
or any other biological event will be selected and vali-
dated by testing the generated gradient in the presence of
the desired bioreaction and targeted physiological con-
ditions. For the example of biosensors, the area with
optimal adsorption, corresponding to optimal density and
biomolecular orientation, is expected to be used as the
reference surface for biosensor development. In the case
of biosensors, the bioreaction is typically the recognition
of the labeled biomolecule with its complementary mo-
lecule (antibody, enzyme, etc.), the receptor, which is
already immobilized over the surface. The receptor den-
sity is expected to be higher in a region with a gradient
with specific properties, giving rise to the highest de-
tectable signal.'! Another possible biosensing scheme is
detecting the response of cells toward areas with desired
wettability and mechanical and topographic properties of
the gradient, which they choose to proliferate, differ-
entiate, and so forth, and which can be recognized
by detecting the relevant biomarkers or imaging
techniques.'!

The applications of the surface gradients are not
limited to exploring the high-performance area but can
also be used as a driving tool for initiating biological
phenomena such as cell migration (e.g., bacterial che-
motaxis).[ One important implication of cell motility is
cell response to the chemoattractant gradient, which is
the cause of important health issues such as metastasis of
cancerous cells,m for instance, the role of the fetal bovine
serum gradient in metastatic breast cancer cells and the
degree of chemotaxis. )

Several techniques have already been used to generate
surface gradients, such as self-assembled monolayer, dip-
ping, spin coating, and so forth. However, not all of these
techniques allow us to simultaneously control the surface
characteristics at the nano-, micro-, and macroscales, and
not all simultaneously provide high throughput and high
flexibility. Plasma polymerization techniques can offer these
advantages. Here, reactions take place in the gas phase and
are eco-friendly, providing a high density of the desired
functional groups,'”! and most important, they enable sur-
faces to be coated, regardless of the substrate type. Also,
taking advantage of the atmospheric nonequilibrium pres-
sure plasmas, it is possible to coat thermosensitive sub-
strates, owing to a moderate discharge temperature
(T ~40°C) and the atmospheric pressure operational con-
ditions of cold plasmas.

Controlling plasma parameters, it is possible to tailor
the mechanical and chemical stability of the polymer
coatings independently,"”! which is not straightforward
with other techniques, because it requires structural chan-
ges to be applied during the synthesis of polymers.!"! There
are two possible ways of generating surface gradients by
plasma: one is based on passing a reactive gas over a surface
and activating functional groups of the substrate, and the
other is based on the deposition and polymerization of the
precursor over a substrate. There are few reports on using
plasma polymerization for the generation of chemistry or
wettability gradients by deposition techniques.l'* '
However, some of the plasma-generated gradient studies
reported so far are based on the activation of the surface in
the absence of a precursor, solely by passing varying
amounts of O, over it,!"”**! which generally leads to non-
durable surface properties.

The plasma polymer concentration gradient can be
implemented by tuning the flow rate of a precursor, the
ratio of flow rates (in the case of two precursors), and/or
by changing the plasma power input to achieve a differ-
ent degree of precursor fragmentation, leading to a var-
iation in the deposited film. This composition change
should be accompanied either by spatial displacement of
the sample in regard to the plasma source or by using
a mask.

The majority of the reported plasma polymer gra-
dients in the literature focus on introducing amino-
functional groups at one end of the coating and methyl-
rich groups at the other end by changing the flow rate
ratio of the two relevant precursors. The varying pre-
cursor composition is introduced as follows: either the
sample placed inside the plasma chamber (in vacuum
plasmas) is masked/exposed or the plasma needle is
gradually displaced along the sample (atmospheric-
pressure plasmas); besides, a varying ratio of the two
precursors (or ratio of one precursor and one gas) is
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delivered by the plasma itself 12l Frequently reported
precursors for generating plasma polymers are carboxylic
acid and/or amino-functional acrylic acid, and allylamine
along with apolar hydrocarbon precursors such as 1,7-
octadiene (OD), and the gradients generated are used
mainly for cell studies.”*?°! In another study, the
thickness gradient of glycol dimethyl ether was generated
on top of the acrylic acid plasma polymer platform by
using a tilted mask. The results proved that the cell at-
tachment and morphology varied as a function of the
surface chemistry gradient.!'*! Similar studies have been
conducted using plasma polymerization with OD and
acrylic acid as a gradient generating species based on a
moving mask to form nonpolar functional groups on one
side and negatively charged species on the other side. The
characterization of the sample surface after the covalent
coupling of the antibodies and the later application of
fluorescent-linked ligand have demonstrated an antibody
activity gradient along with the coating.m]

Klages et al., have generated a plasma coating che-
mical gradient with organosilicon, hexane-1-al, and gly-
cidyl methacrylate precursors in a single-step mode and
without a mask.!”*! However, this approach is not flexible
(one reactor needed for one specific gradient), and cur-
rently, it does not seem adequate for generating func-
tional gradients, because it is also very difficult to
upscale. It is an approach for more fundamental research.

The plasma approach reported in this study is
maskless (plasma jet), flexible, upscalable, and combines
an automated movement procedure with the deposition
of the precursor for the generation of durable plasma
polymer coatings with wettability and chemistry gra-
dients, and as it is a one-step simple approach, it has
advantages over previously reported similar plasma-
generated chemical gradient approaches.

We report here on the generation of corona plasma jet-
deposited surface chemistry and wettability gradients by
using hexamethyldisiloxane (HMDSO) as a precursor and
by continuously varying the O, flow rate. We show here
that it is possible to generate such a gradient with a con-
tinuous increase of inorganic character and wettability at
the 10-cm scale on a thermally sensitive polymer foil.

2 | EXPERIMENTAL
2.1 | Plasma-assisted deposition
211 | AlmaPLUS plasma setup

All the experiments were performed using a fully auto-
mated system (AlmaPLUS; AlmaPlasma s.r.l.) equipped
with a CNC pantograph and a remotely controlled high-
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voltage pulsed generator (AlmaPULSE, Almaplasma s.r.L.).
The system also includes a remotely controlled liquid and
gas console composed of four mass flow controllers (EL-
FLOW; Bronkhorst), a liquid flow meter (miniCORI flow;
Bronkhorst) and a controlled evaporation mixer (Bron-
khorst). The plasma source, fixed on the head of the CNC
system, is a single high-voltage electrode corona jet (Al-
malJET), as described in Reference [29], which is well suited
for localized plasma treatments and the deposition of
complex three-dimensional coatings. In the plasma poly-
merization experiments reported in this paper, the primary
gas introduced into the plasma discharge region from the
upper part of the source consisted of 2.0 slpm of argon (Ar)
and 0.2 g/hr (0.0043 ml/min) of HMDSO (Sigma-Aldrich).
Different oxygen values range from 0 to 400 ml/min
(0-0.4 slpm), which can also be defined either as percen-
tages with respect to the whole carrier gas inside the plasma
0,/(0, + Ar; 0-7.4%) or molar ratios of it with respect to the
fixed precursor rate (O,/HMDSO): 0, 17, 35, 70, 175, 262,
350, which are added to generate the gradients.

A secondary gas (3 slpm of Ar) was injected through a
diffuser in the region downstream of the high-voltage
electrode tip. A shroud gas (3 slpm of nitrogen, N,) was
also injected at the outlet of the plasma source using a
further gas diffuser, specifically designed to confine the
plasma discharge from the surrounding environment.
The distances between the tip of the plasma jet and the
substrate were kept constant at 15 mm. The deposition of
circular coatings or spots (“static mode”) and gradient
(“dynamic mode”) samples was performed on poly-
ethylene (PE) films (thickness: 500 um). The size of the
spots was ~2 cm with a deposition time of 60s, and the
gradient coating was deposited at a speed of 15 mm/min.

The Almajet setup including inlets and the generated
filamentary plasma are shown in Figure 1.

2.1.2 | Static and linear deposition

Single spots (“static mode”) of HMDSO polymers were
deposited on PE transparent films with 60-s treatment time.
In total, seven samples were prepared using static deposi-
tion, starting from the first sample without oxygen, and
gradually increasing the O, content up to 400 ml/min, that
is, 7.4% O, content.

After optimization of the parameters for static deposi-
tion, similar parameters were translated to the dynamic
deposition with a 15-mm/min process speed (i.e., moving
speed of the plasma jet). The oxygen flow rate started from
0 to 80 ml/min O, (0-1.6%), and electrical parameters were
kept constant at 12 kV-12 kHz. However, above 80 ml/min
(3.8%), the electrical conditions were increased to
15kV-15kHz to provide more power for sufficient gas
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FIGURE 1

AlmaJET plasma source. (a) Details of gas injection channels; (b) three-dimensional rendering of AlmaJET; (c)

plasma treatment of a substrate; (d) free-flow propagation of the plasma plume

ionization efficiency and to avoid jet quenching due to the
higher concentration of O, molecules delivered.

3 | CHARACTERIZATION OF THE
DEPOSITED FILMS

3.1 | Fourier transform infrared
measurements

Fourier transform infrared (FTIR) measurements were
performed on all the samples by means of an Agilent Cary
660 FTIR spectrometer in attenuated total reflectance
(ATR) mode equipped with a monolithic diamond crystal
and with the beam set at 45°, performing 32 scans with a
scan resolution of 4cm™. A baseline correction was per-
formed for each spectrum after the data acquisition.
The spectra were normalized to one of the characteristic
peaks of the PE substrate at ~2,913cm™", corresponding
to the stretching band of CH, given by the substrate
material only.

3.2 | Water contact angle measurements
Static contact angle measurements were performed by
means of a drop shape analyzer (DSA30; KRUSS): a
distilled water drop (2 ul) was deposited on the sample
substrate and the contact angle was measured using the
Young-Laplace method.

3.3 | Atomic force microscope
measurement

The atomic force microscopy (AFM) analysis was per-
formed with an Innova microscope (Bruker, Santa Barbara)
and images were acquired in the air in AC mode at scan
rates between 0.5 and 1 Hz. Semi-contact silicon cantilevers
(RTESP; Bruker) with a spring constant of 40 Nm™" were
employed. The surface topography of coatings was acquired
by maintaining the first resonance amplitude of the tip
constant. Images were processed with the manual tilt cor-
rection of the software SPIP (ImageMet).

3.4 | Standard error of mean analysis
The coating morphology was investigated by means of the
standard error of mean (Phenom G2 ProX), applying an
accelerating voltage of 10kV on sample sputters coated
with gold. The energy dispersive X-ray analysis was per-
formed on a different single area of the samples and the
spectra obtained were analyzed using the Phenom ProSuite
and Elemental Identification software packages.

3.5 |
saline

Aging test in phosphate-buffered

Statically deposited films were dipped into 80 ml of the
phosphate-buffered saline (PBS) solution at room
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temperature to evaluate the water stability of the coatings.
After 24 hr of immersion, samples were dried with com-
pressed air and the FTIR spectra acquired were compared
to those obtained before the stability test.

4 | RESULTS AND DISCUSSION
4.1 | Static deposition
4.1.1 | FTIR characterization of

statically deposited coatings

The ATR-FTIR spectra of ppHMDSO films at different
oxygen contents are presented in Figure 2. The char-
acteristic peaks of HMDSO, including the Si-O-Si
asymmetric stretching mode, transversal optical mode 3
(TO3), between 1,000 and 1,150 cm™" due to the in-phase
stretching vibration of oxygen atoms moving back and
forth along the bound axis with a silicon atom, and the
TO4 between 1,150 and 1,200 cm ™2, responsible for the
out-of-phase stretching of the oxygen atoms with respect
to the Si atoms and appearing with the formation of
glassy-like films containing defects (e.g., porosity, con-
tamination, nonstoichiometry), Si-CH; symmetric de-
formation vibration mode (1,260 cm™'), adsorbed water
(3,000-3,600 cm™ "), the CH; rocking in Si—(CHs), or/and
TO of Si-O-Si at 800 cm ™}, the Si—-OH band at 925cm™,
the C-H; at 2,965cm™", as well as the peaks due to the
CH, present in the PE substrate at 720, 1,470, 2,850, and
2,915cm™}, are recognized in the spectra.

As HMDSO contains six methyl groups, the initial
coating deposited without oxygen is expected to show a
strong organic character. However, the fragmentation of
Si—-CH; bonds and the removal of methyl groups with the
introduction of oxygen result in coatings with an inorganic
character."”! This shift of organic to inorganic character
makes the comparison and quantification of FTIR peaks
more complicated, as similar chemical bonds are present in
both kinds of coatings with very different conformation and
constraints. Therefore, the evolution of peak intensity is not
proportional to the thickness when comparing organic-like
coatings and inorganic-like coatings. It should also be noted
that no significant variation of thickness is expected, except
for the condition without O,. This is because the HMDSO
quantity is constant and there has been an excess of O,
compared with HMDSO, since the first addition of the lowest
quantity of O,. Only the polymer cluster size in the gas phase
varies with the O, increase but the total quantity of matter
deposited is expected to be quite constant. This hypothesis is
confirmed on the spectra not normalized to the peaks related
to the substrate, where the intensity of the peaks is quite
similar, irrespective of the deposition conditions.

PLASMA PROCESSES Sof14
AND POLYMERS

O, percentage

Absorbance normalized

1400 1900 2400 2900 3400 3900

Wavenumber (cm™)

FIGURE 2 Normalized Fourier transform infrared spectra
for static deposition of hexamethyldisiloxane films with
increasing O, content

The FTIR spectra show that all peaks are decreasing
with the transition from organic to inorganic
character, except the right shoulder of Si-O-Si peak
(1,150-1,200 cm™"), corresponding to TO4 (Figure 3).
The decrease of peaks' intensities is sharp and occur-
ring at a specific oxygen-added quantity around 1.5%,
where the transition between polymer-like and glassy-
like coatings occurs.

The decrease of the area of the peaks linked to the
organic bonds (Si—-CHj3, CH3) was expected. The decrease
of the other peaks (TO1, TO2, TO3, Si-OH, H,0) is
not trivial at a constant amount of the matter. It can
be explained by much more constrained bonds in
the “glassy-like structure,” compared with the “polymer-
like structure” for TO1 (transversal optical rocking), TO2
(transversal optical bending), and TO3 (transversal
optical stretching) peaks. For the Si-OH and H,O, the
decrease can be explained by a decrease of silanol groups
replaced by a full Si-O-Si network when oxygen
admixture increases. A similar trend can be observed
in a heat treatment of silica coatings elaborated at low
temperature in the presence of humidity.

The increase in TO4 peak can be mainly explained by
the formation of a glassy-like coatings containing a sig-
nificant amount of defects (pores, nonstoichiometry, or
contaminants such as C or N).[‘“]

By increasing the oxygen concentration in plasma, the
Si-O-Si peak gets wider due to the appearance and then
widening of the component corresponding to TO4 optical
mode, suggesting a shift toward a silica-like polymer with
an increasing amount of defects.

Also, to evaluate the quantity of defects in glassy-like
coatings, the widening of the Si-O-Si peaks can be used.
As can be seen in the plot (Figure 3), there is a constant
increase in the quantity of defects in the silica coatings
from 80 ml/min (1.6%).
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FIGURE 3 Magnified Fourier transform infrared spectra of
the statically deposited coatings from 1,000 to 1,300 cm™!

Monitoring the variation in the intensity of the band
attributed to Si-CHj; at 1,270-1,275cm ™", representing
the organic character of the coating can help interpret the
evolution of the thin film with the O, increase (Figure 4).

Comparing the moderate intensity of the second peak
for the Si—-CH; band of plasma coatings with the intense
peak for polydimethylsiloxane (PDMS) from the litera-
ture,m] it can be concluded that the plasma coatings al-
ways present a higher inorganic character than intrinsic
PDMS. This can be explained by the presence of oxygen
in the environment, even without introducing it into the
plasma gas.

4.1.2 | Morphology of the statically
deposited coatings

Scanning electron microscopy analysis

In Figure 5, scanning electron microscopy (SEM) images
show an increase in roughness with the increase in O,
content in the plasma gas. As expected, the coatings be-
come fragile (i.e., cracks appeared) when they present a
high inorganic character. These observations from SEM
analysis were also confirmed later during the AFM ana-
lysis. The samples presenting a high organic character
show soft and adhesive properties that cause con-
taminations on the AFM tip, making characterization
difficult (Figure 6a,b). However, in samples with a higher
inorganic character, presenting a denser structure, this
effect was not observed (Figure 6¢-g).

Surface roughness characterization of the statically
deposited coatings

As can be seen in the images for roughness analysis ac-
quired by AFM for static depositions (see Figure 6),
starting from the first image on the left (which is related
to zero O, content) to the image on the right (for

maximum oxygen content applied), the particle size and
roughness increase following a logarithmic trend. We
assume that these increases in roughness and particle
size, which are correlated, are due to the increasing
fragmentation of the precursor molecules by reactive
oxygen species and the further polymer cluster aggrega-
tion in the gas phase favored by the higher density of
reactive species.**! These increasingly bigger aggregates
are deposited on the surface, followed by coalescence,
causing a higher surface roughness with O, content.
After a critical concentration of O, (around 5%) is
reached with a maximum root mean square (RMS)
roughness of 30 nm, no more fragmentation of the pre-
cursor is possible, and the grain size of the depositing
polymer clusters and roughness become constant
(Figure 7). This plateau can be explained by an equili-
brium between the growth/agglomeration of the polymer
cluster and its etching in the gas phase. It is also shown
that the roughness factor, which is defined by the ratio
between the actual area and the projected surface area, is
always below 1.3 over the whole range of oxygen content
in the discharge.

WCA characterization of the statically deposited
coatings

It has been reported that two parameters, in particular,
define the wettability of organosilicon surfaces, the sur-
face hydrocarbon content, and the surface roughness or
roughness factor."! However, several studies have pro-
ven the effect of O, gas introduction on surface hydro-
philicity during plasma-assisted deposition of HMDSO; in
fact, the presence of oxygen molecules in the gas phase
enhances the in-flight reaction rate, increasing monomer
fragmentation and reducing the organic character of de-
posited coatings.”>*°! Figure 8 shows the variation trend
of water contact angle (WCA) values against oxygen

Area under Si-CH3 peak
iy

0, (%)

FIGURE 4 The plot represents integration of the peaks
attributed to the Si—-CH; band at around 1,270 cm™" recorded
for statically deposited coating versus oxygen percentage
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FIGURE 5 Scanning electron microscopy images of statically deposited coatings: (a) untreated polyethylene, (b) the first
deposition condition with 0% O,, (c) the last deposition condition with 7.4% O,

concentration in the plasma discharge region. The ex-
perimental data outline that a gradual increase in the
oxygen flow rate in the Ar flow leads to an exponential
decay of WCA value. This decay of WCA can be related
to the exponential decay of the organic character until
200 ml/min (3.8%) of O,, as shown in Figure 4. This
means that the variation of WCA is mainly related to the
varying chemical composition of the coatings (including
exponential decay). Then, a possible change in the nature
of the silica surface leads to an additional decrease of
WCA until 0°. The maximum WCA for 0% O, was around
97°, which is in agreement with the ~100° value observed
for conventional (no effect of roughness) bulk PDMS.!")
At the opposite end of the gradient where the silica-like
coating is present, the WCA was shown to be close to 0°,
that is, lower than the WCA expected on amorphous
smooth silica surfaces (40-50°).°* This superhydrophilic
behavior cannot be explained by the roughness factor,
which always remains below 1.3, as discussed in Re-
ference [39]. Therefore, we assume that this unexpected
superhydrophilic behavior is due to the silica film with a
higher content of silanol hydrophilic groups, as shown on
the FTIR spectra (Figure 2), with the peak appearing at
950 cm™'. This specific chemical state of plasma SiO,
films can be reached due to the long plasma exposure in
the most oxidant conditions. A hypothesis can be for-
mulated: these extreme conditions favor the postdeposi-
tion reactions of the coating with the ambient moisture,
due to microstructural defects generated by etching in the
gas phase and on the film. Identically, the WCA of the
coatings is always lower on the edge of the plasma
coatings, because more reactive species or specific con-
ditions are generated at the interface due to plasma or gas
flow inhomogeneities, leading to more defective coatings
prone to silanol formation in contact with air. In con-
clusion, it is shown that a wide range of WCAs can be
achieved with the Corona jet by using a single precursor,
HMDSO.

Aging test in PBS

The FTIR spectra for the stability test of the coatings with
0%, 0.4%, and 7.4% oxygen content are shown in Figure 9.
Comparing the FTIR spectra obtained for each coating
before and after immersion in PBS, and considering the
organosilicon peaks (Si-O-Si and Si-CHs), it can be
concluded that the coatings have a satisfactory stability in
the PBS solution, irrespective of the organic/inorganic
character, because the organosilicon peaks do not show
significant variation after 24 hr of immersion in PBS.
However, stability decreases slowly with the increase of
the inorganic character, as shown with the variation of
intensity in some peaks (at 900 or 3,400 cm ™). This result
confirms the promising stability of the coatings in a
physiological medium at neutral pH, indicating that the
PDMS-like coating (without oxygen addition) is already
well cross-linked.

4.2 | Dynamic deposition
4.2.1 | FTIR characterization of the
gradient coating

FTIR measurements were performed in each area related
to the deposition condition along the gradient line and in
the middle of the coating (see Figures 10 and 11). The
same analysis process for statically deposited coatings
was applied to the gradient lines generated in the dy-
namic mode and identical peaks were used to interpret
the chemistry of the coating. As expected, a similar trend
was observed for the structure/defect evolution and or-
ganic character of the gradient coatings, as can be seen in
Figure 12. An increase in the structural defects and a
decrease in the organic features of the gradient were
observed toward the end of the gradient where the
coating demonstrated high inorganic features. The plots
for dynamic deposition demonstrated similar trends but
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FIGURE 6 Atomic force microscopy tapping mode images of the organosilicon statically deposited spots with increasing O, content
over the polyethylene substrate. The measurements were made at the center of the coating. (a) 0% O,, (b) 0.4% O, (c) 0.8% O,, (d) 1.6% O,,
(e) 3.8% Oy, (f) 5.7% O,, (g) 7.4% O,, and (e) the images were obtained on a 5 um X 5 um scale with a 0.7-Hz scan rate. Scale bars show
2 um length on the surface
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FIGURE 7 Roughness evolution for statically deposited
plasma coatings versus an increase in oxygen concentration in
the plasma gas (percentage)

with more gradual changes from organic to inorganic
features, compared with static deposition; these are
probably a consequence of the noninstantaneous varia-
tion (a few ms) provided by the mass flow controller,
which instead produced a gradual transition from the O,
flow set in a certain condition, resulting in a gradual
variation of the coating characteristics. The static de-
posits, instead, present sharp transitions between each
investigated case, as these cases are deposited separately
and stable O, gas flow was reached before starting the
deposition process. In addition, there is an increase in the
structural defects’ concentration of the gradient coating
versus oxygen flow rate with a more gradual slope,
compared with the static condition, which maybe also
due to the fact that the concentration of oxygen is lower
close to the substrate due to the jet movement, which is
adding nitrogen from air, and the saturation point is not
easily detectable, unlike the significant saturation state
observed for the static condition.

WCA (°)
<
9

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
0,%

FIGURE 8 Water contact angles (WCAs) measured for the
statically deposited coatings at the center and edge of the
coatings versus O, content in the gas phase
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FIGURE 9 Fourier transform infrared characterization of
the three statically deposited coatings immersed in phosphate-
buffered saline as a stability test. PE, polyethylene

4.2.2 | Surface roughness
characterization of the gradient coating

The gradient line generated, starting from 0% and ending
at 7.4% O,, was characterized at different positions along
the gradient line by AFM in the tapping mode (see
Figure 13). It can be observed that the initial rounded and
flat protuberances corresponding to the deposition of the
precursor in the absence of oxygen gradually coalesce
after introducing oxygen and evolve into bigger pro-
tuberances (typical of polymer-based coatings), as already
observed for the static deposition mode. By introducing
O, (Figure 13c) when the precursor is partially decom-
posed (Phase 1), better-defined grains start to appear and,



10 of 14 PLASMA PROCESSES

MALEKZAD ET AL.

AND POLYMERS

Si-O-Si
4 A

i
i
1
I
|
|
|
\
i
|
'
'
'
'
'

O, percentage
0

0,4%

w

N
wn

-
w

Absorbance normalized
~

-

o
n

500 1000 1500 2000 2500 3000 3500
Wavenumber (cm™)

FIGURE 10 Normalized Fourier transform infrared
spectra for gradient line of hexamethyldisiloxane film at the
center of the coating with increasing O, content (0-7.4% O,)
after baseline correction
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FIGURE 11 Magnified Fourier transform infrared spectra
of the gradient coating at 950-1,300 cm™*

by further increasing the oxygen rate, bigger well-defined
grains are formed as a result of the full decomposition of
the precursor, contributing to the increase of the surface
roughness to the maximum (Phase 2). This increase is

-
o

Area under Si-CH3 peak

O B N W A W O N ® ©
[ ]

0 1 2 3 4 5 6 7 8
0, (%)

FIGURE 12 The integration of the peaks attributed to the
Si-CHj, band at around 1,270 cm™" along the gradient coating
versus oxygen percentage is presented

evident when looking at the variation of the height of the
randomly selected grains in the cross-section texture
profiles. (Figure 13, right panel). Here again, the transi-
tion from flat protuberance to well-defined grains is
slower in the dynamic deposition mode. For the higher
oxygen contents (Phase 3), the decrease in surface
structure height (Figure 13g) can be explained as
an etching effect due to the production of an excess of
oxygen radicals when the precursor is already fully
fragmented with oxygen, as already observed in the static
deposition mode.

The image analysis for the several points along the
gradient coating demonstrated a roughness variation in the
range of 10-70 nm (see Figure 14). Compared with the
static deposition mode, there is a more gradual increase of
roughness and a higher roughness maximum is reached.
Another difference observed is also a higher decrease of
roughness after reaching this maximum roughness. The
evolution of roughness can be broken down into three
phases. In Phase 1, the precursor continues decomposing
and the clusters of polymers formed in the gas phase be-
come bigger. In Phase 2, the precursor is becoming fully
decomposed and an equilibrium between the polymer
cluster growth and etching is reached in the gas phase,
leading to maximum cluster size and roughness. When the
etching rate of polymer clusters in the gas phase is higher
than the growth rate, there is a decrease in the average
cluster size in the gas phase, followed by a decrease of the
roughness of the coating. An additional etching on the
grains, when deposited on the surface, is also possible for
the highest contents of O,, but it is supposed to be much
lower than the etching in the gas phase, where conditions
are harsher and clusters easier to etch (Phase 3), as dis-
cussed previously. A different mixture of reactive species
due to the movement of the jet mixing the ambient air with
the plasma could explain why bigger polymer clusters are
formed and why a significant etching at a critical amount of
oxygen admixture is observed for dynamic deposition,
compared with static deposition.

Moreover, the previously mentioned delay in the re-
sponse time for dynamic deposition can explain the slower
shift of the coating from its organic character with small
protuberances to an inorganic character with bigger grains.

4.2.3 | WCA characterization of the
gradient coating

WCA values obtained for gradient plasma film at the center
of the coatings demonstrate a trend similar to that of values
measured for statically deposited coating conditions, con-
firming generally the successful generation of wettability
gradients along the coating. Here again, the evolution can
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be broken down into three phases. Initially, there is an
abrupt decrease of up to 0.8% oxygen gas introduction,
mainly due to the fast decrease of CHy content in the
coating (Figure 15). In the second phase, a plateau is
reached for intermediate O, flow rates in the range of
0.8-3.8% gas, as observed for static deposition. This plateau
can be explained by a coating already containing a max-

AND POLYMERS

with CH, evacuated in the atmosphere). In Phase 3, a sharp
decrease of WCA after 3.8% oxygen introduction is ob-
served. This decrease of WCA is more important for the
static deposition mode with a minimum WCA close to zero
(superhydrophilic). As this higher decrease of WCA cannot
be explained by a significant change in roughness or
roughness factor (Figure 14), we hypothesized that it is

imum of Si-O-Si bonds and a minimum of CH, in the
coating (full decomposition of the precursor at this stage

mainly due to a change in the chemical composition/mi-
crostructural defect in the coatings, leading to a higher
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FIGURE 13 Atomic force microscopy tapping mode images of the organosilicon gradient with increasing O, values over the
polyethylene surface (on the left) and height profile of the randomly selected surface section (on the right). (a) Position 0 mm from the start
of the line with 0% O,, (b) 10 mm from the start with % O, (c) 20 mm from start with 0.4% O,, (d) 52 mm from start with 0.8% O, (e) 67 mm
from start and 1.6% O,, (f) 97 mm from start with 5.7% O,, and (g) 125 mm from start with 7.4% O,. Scale bars show 2-um length on the
surface
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FIGURE 14 Plots depict the roughness evolution along the
gradient coating with 0-7.4% oxygen introduction with total
135-mm length versus distance from the starting point of the
gradient coating. Atomic force microscopy measurements were
made twice on each point and the scanned area was 10 um in
the central region of the deposited line

content of hydrophilic groups in the coatings, as shown on
the FTIR spectra (e.g., silanol, OH). The decrease of WCA is
less important for the dynamic deposition mode due to the
mixing of ambient air and plasma jet, leading to a lower
density of the reactive oxygen species (dilution effect).

5 | CONCLUSION

In this study, we obtained a fast and economic way of op-
timizing surfaces (combinatorial approach) by means of
surface gradients deposited with an atmospheric plasma jet
for developing biosensors or devices, which will be in
contact with biological or complex media. It was observed
that by continuously increasing the oxygen content in the
gas phase during the deposition of polymers, the mor-
phology, chemistry, and wettability of the surface gradually

140.0
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FIGURE 15 Water contact angles (WCAs) measured for
the gradient line at the center of the plasma film coating as a
function of O, content in the gas phase
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changed, offering more inorganic and hydrophilic surfaces
with increased roughness at an intermediate concentration
of oxygen, which can aid biomolecule, that is, cell adhesion
and proliferation. These surface changes are thought to be
mainly due to a change of polymer cluster size and nature
in the gas phase, just before deposition on the polymer
substrate. The differences observed for the dynamic de-
position mode are due to a more linear variation of de-
position conditions and a higher content and slightly
different nature of reactive species due to the mixing of
ambient air and plasma gas with a cluster inside, owing to
the movement of the jet. The good stability of the coatings
in a physiological liquid (PBS) indicated possible applica-
tions of the gradient surface for biosensing, even if a slight
stability decrease was observed for more inorganic regions.
Meanwhile, surface gradients are also suitable for direct
application in chemotaxis studies. PE substrate was selected
as a model of a sensitive substrate, and deposition with
atmospheric plasma did not show any degradation of the
polymer substrate in selected deposition conditions, sug-
gesting that this approach is suitable for depositing
HMDSO-based coating gradients on heat-sensitive materi-
als. Plasma gradient was obtained on a range of several cm
and width of 2 cm, with roughness values varying between
10 and 70 nm and wettability varying between 110° and 40°
WCA, and with a jet moving speed of 15mm/min with
6 min of deposition time per full gradient coatings.

These results reveal the possibility of achieving a gra-
dual variation of the chemistry and roughness by dynamic
deposition. Meanwhile, dynamic deposition provided a
higher amplitude of roughness and WCA as compared with
static deposition (70 vs. 35 nm; 110° vs. 80°).

As an ideal gradient is expected to show a complete
linearity between the varying property and the length of
the gradient, with a high amplitude for the variable, the
next step is to improve linearity and expand amplitude in
variables. Lateral resolution as a limitation for plasma
jets is also an aspect that will be addressed in the near
future as instrumentation advances.
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