
Atmospheric Pressure Plasma Deposition of Hydrophilic/Phobic
Patterns and Thin Film Laminates on Any Surface
A. Demaude,*,† C. Poleunis,‡ E. Goormaghtigh,§ P. Viville,∥ R. Lazzaroni,∥ A. Delcorte,‡

M. Gordon,⊥ and F. Reniers†

†Faculty of Sciences, Chemistry of Surfaces, Interfaces and Nanomaterials - ChemSIN, Universite ́ libre de Bruxelles, cp 255, Avenue
F.D. Roosevelt 50, B-1050 Bruxelles, Belgium
‡Institute of Condensed Matter and Nanosciences, Universite ́ Catholique de Louvain, Place Louis Pasteur 1, Box L4.04.10, B-1348
Louvain-la-Neuve, Belgium
§Structure and Function of Biological Membranes, Center for Structural Biology and Bioinformatics, Universite ́ libre de Bruxelles,
Boulevard du Triomphe, CP 206/2, B-1050 Brussels, Belgium
∥Laboratory for Chemistry of Novel Materials, Universite ́ de Mons, Place du Parc 20, 7000 Mons, Belgium
⊥Department of Chemical Engineering, University of California−Santa Barbara, Eng II #3351, Santa Barbara, California
93106-5080, United States

ABSTRACT: Patterned and layered hydrophilic/phobic coatings
were deposited on multiple surfaces using nonfluorinated
precursors (AA, acrylic acid; PMA, propargyl methacrylate) with
an atmospheric pressure dielectric barrier discharge operating in
open air. Water contact angles of the resulting films could be
tuned from <5° (superhydrophilic) to >135° (very hydrophobic)
by adjusting the AA/PMA feed ratio and/or via postdeposition
exposure of films to an Ar/O2 plasma treatment. Coatings could
be applied to any surface and were seen to be water stable, due in
large part to cross-linking induced from the reactivity of the PMA
pendant groups. Hybrid hydrophilic/phobic patterns at sub-
millimeter length scales, and philic/phobic/philic laminates were
produced using a shadow mask and sequential deposition, respectively. Chemical heterogeneity of films was assessed using XPS,
SIMS, and micro-IR imaging and suggest that localization of COOH and OH groups are primarily responsible for
hydrophilicity. Overall, this work demonstrates that atmospheric pressure plasma polymerization is a simple and scalable
method for robust and tunable control of wettability of surfaces of all kinds.

■ INTRODUCTION

Hybrid surfaces possessing both hydrophilic and hydrophobic
functionalities can be found in nature1,2 and are also being
explored for a variety of technological applications such as
directing fluid motion in microfluidic devices,3 controlling cell
growth on biomedical surfaces,4 and to impart antifouling or
self-cleaning properties.5,6 For example, the Stenocara beetle
(Figure 1) that lives in desert regions uses patterned
hydrophilic “bumps” and hydrophobic “channel” regions to
harvest and funnel fog, respectively.7 Multilayer or laminate
coatings with alternating hydrophilic and phobic character
have also been used to control cell adhesion8 and potentially in
marine and biological environments to inhibit fouling.
Traditional approaches to deposit such coatings utilize a
combination of photolithography, chemical vapor deposition,
and/or location-specific covalent grafting of perfluorinated or
aliphatic species on the surface;9−11 unfortunately, these
methods are often tedious, expensive, not scalable, and/or
involve potentially hazardous chemical agents.
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Figure 1. Stenocara beetle (Physasterna cribripes) and scanning
electron micrograph of the textured surface on its back. Left and right
scale bars correspond to 5 mm and 1 mm, respectively. Images are
from ref 13.
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Plasmas, on the other hand, have been used to prepare (e.g.,
clean, make reactive, change adhesion) and modify surfaces to
have hydrophilic or hydrophobic character, but infrequently
both. One example does exist where a dielectric barrier
discharge (DBD) plasma was used to locally graft hydrophilic
functionalities to a fluorinated polymer (hydrophobic)
substrate using a physical mask.12 Given the potential utility
of these hydrophilic/phobic surfaces in many technological
venues, it is important to develop simple and robust techniques
to create them, as well as apply them to different materials.
In this work, we demonstrate a simple, scalable, and tunable

method, based on atmospheric pressure plasma deposition of
polymer-like films, which can produce hydrophilic/phobic
patterns and thin film laminates on virtually any surface.
Acrylic acid (AA) and propargyl methacrylate (PMA)
precursors were fed to an atmospheric pressure DBD running
in Ar to create hydrophilic and/or phobic films. As-deposited
PMA coatings were very hydrophobic (WCA > 125°), but they
could be easily rendered hydrophilic (WCA < 5°) with a
simple O2-plasma treatment. Alternatively, AA (which can be
of interest for biocompatibility) can be codeposited with PMA
to tune the WCA from philic to phobic, which, via cross-
linking facilitated with PMA,14,15 results in hybrid films that are
exceptionally water stable, contrary to most pure AA films.
Moreover, to our knowledge, synthesis of philic/phobic
laminates by atmospheric pressure plasmas has not been
reported; this approach, and the resulting coatings, may find
application in antifouling situations8 and for water filtration
membranes.16

Stable hydrophilic/phobic 2D patterns in the hundreds of
micrometers to millimeter length scale regime were created
using sequential deposition through a PVC mask, and water
contact angle (WCA) contrast of 25° and 125°, respectively,
could be obtained. Hydrophilic/phobic laminates of ∼300 nm
thick were created by stepwise deposition with a DBD plasma
“curtain” for film deposition rates of ∼1 nm/s.
X-ray photoelectron spectroscopy (XPS), microinfrared

analysis (μ-IR), and time-of-flight secondary ion mass
spectrometry (TOF-SIMS) showed that hydrophilic regions
(e.g., patterns or laminates) were enriched in carboxylic acid
moieties and had higher CO/CH2CH3 ratios.

■ EXPERIMENTAL SECTION
The atmospheric pressure DBD plasma system used in this work is
schematically shown in Figure 2 and summarized in detail

elsewhere.17 The discharge was operated at 16.2 kHz (30, 60, and
90 W). The total argon flow was kept at 20 L/min with 1 to 3 L/min
diverted through glass bubblers (25 °C) containing the acrylic acid
(AA) and propargyl methacrylate (PMA) (98%) precursors
(purchased from Sigma-Aldrich and Alpha Aesar, and used as
received).

The DBD had glass plate dielectrics with the gas feed entered
through a slit in the upper (powered) electrode. The substrate was
positioned on a rolling stage controlled via stepper motor. Gas feeds
to the plasma and presursor cells were controlled by mass flow
controllers (MFCs). Prior to each deposition, the reactor was
thoroughly cleaned using methanol and acetone, and the substrate (Si
wafer or Al plate) was first “activated” in a pure argon plasma at 60 W
for 150 s (i.e., one pass of the substrate through the DBD). Thin films
were then deposited by entraining precursors in the Ar feed to the
DBD (1−3 L/min to bubblers, with total Ar flow = 20 L/min) with
two and four substrate “passes” (150 s exposure/pass) through the
discharge for Si and Al substrates, respectively. When both precursors
were used simultaneously, the gas flow to the DBD was allowed to
mix for one pass before striking the plasma. Deposited films were also
sometimes treated using an Ar/O2 plasma (18L/min Ar, 0.1 L/min
O2) at 60 W for one pass. Hydrophilic/phobic patterns were
synthesized by plasma deposition through a 140 μm thick
microperforated PVC sheet (1 mm holes, from Easyflyer) applied
directly on the substrate.

Water contact angles (WCA) of the plasma deposited coatings
were determined using a Krüss DSA100 goniometer (static mode)
and Drop Shape Analysis software. (Non)-patterned coatings were
characterized by deposition of a (3) 0.3 μL droplet of deionized water
at 400 μL/min dispensing rate, and all measurements were repeated at
least 5 times. Thickness of the deposited films were measured using a
DektakXT profilometer. Atomic Force Microscopy (AFM) was used
to analyze the surface morphology of plasma deposited films and
multilayer samples. AFM images were recorded in air with a
Nanoscope IIIa microscope from Bruker operating in tapping mode.
The probes were silicon tips with a spring constant of 24−52 N/m, a
resonance frequency lying in the 264−339 kHz range and a typical
radius of curvature in the 5−10 nm range. The images presented here
are recorded with a sampling resolution of 512 × 512 data points and
scan sizes of 10 × 10 μm2.

Infrared reflection absorption spectroscopy (IRRAS, 650−4000
cm−1) and IR imaging (900−3600 cm−1) of the hydrophilic/phobic
films were performed using a Nicolet 5700 FTIR spectrometer and
Cary 620 FTIR microscope equipped with LN2-cooled HgCdTe
detectors, respectively. The analysis area for IR imaging was 2640 ×
2640 μm2 with 128 × 128 pixels and 64 scans/pixel.

X-ray photoelectron spectroscopy (XPS) analysis was performed
with a PHI 5600 Physical Electronics photoelectron spectrometer
using Mg anode (200 W) with pass energies of 190 and 24 eV for
survey and high-resolution scans, respectively. Average surface

Figure 2. Schematic of the dielectric barrier discharge (DBD) plasma system used to deposit hybrid hydrophilic/phobic films.
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concentrations were determined using CasaXPS software with C 1s
and O 1s sensitivity factors of 0.205 and 0.63, respectively. The C 1s
spectral envelope was fit with a standard Gaussian−Lorentzian, and a
Shirley background using the same software. Secondary ion mass
spectrometry (SIMS, 200 × 200 μm2 analysis area) was carried out
with a TOF-SIMS5 from IONTOF (Münster, Germany) equipped
with a Bi5+ ion source (55 fA at 30 keV); samples were sputter
cleaned (Ar+, 3 keV, 5 nA) before SIMS analysis.

■ RESULTS AND DISCUSSION
Hydrophobic Surfaces. Hydrophobic films were depos-

ited from PMA using different Ar flows to the precursor
bubbler (1−3 L/min) and plasma powers (30, 60, 90 W), as
detailed in Figure 3. In all cases, films showed hydrophobic

character (WCA > 90°), and when deposition conditions were
optimized (1−2 L/min, 60 W), superhydrophobic films with
WCA > 135° were obtained. In general, WCA increases with
plasma power because more energy is given to the system,
leading to fragmentation and the loss of polar functional
groups, which, in turn, result in more cross-linking and
polymerization. Surface roughness, which is known to
influence wettability, also contributes to the high WCA
observed on the films deposited at 60 and 90 W (>120°, the
maximum value that can be found on a flat surface). Indeed,
AFM performed on the 60 W film revealed an RMS roughness
of 125 ± 5 nm. In addition, we have found that films produced
from precursors containing reactive chemical moieties, e.g.,
alkenes or alkynes, tend to be powdery at high precursor
flows.18 These findings are in good agreement with the surface
morphology of PMA coatings studied by SEM in a previous
paper,17 where rough surfaces made up of 50−100 nm
globular-like features were observed.
Hydrophilic Surfaces. Hydrophilic films were produced

using two methods: (i) postdeposition treatment of the
aforementioned hydrophobic PMA films with an Ar/O2
plasma, and (ii) via direct deposition using mixed PMA and
AA precursors. In the former case, O2 plasma-treated PMA
films had WCAs in the 5−25° range, which we believe is due
to grafting of polar, oxygen-containing chemical species to the
surface (Figure 4b). In the latter case, which may be
additionally useful for biocompatibility applications,14 WCAs

were ∼50°. These higher values are likely due to surface
COOH moieties provided by the AA precursor (Figure 4b).
Our choice to combine PMA and AA precursors is based on

the observation that films deposited from pure AA are often
soluble in water,15,16 and our prior work17 demonstrating that
PMA-like precursors with pendant reactive groups may more
easily facilitate cross-linking, and hence stability, of the film. To
explore this potentially beneficial effect in more detail, WCAs
of films with various PMA/AA precursor ratios were tested
before and after immersion in water for 1 h (Figure 4a). In
general, water stability of the films increased with the amount
of PMA in the precursor mix and with applied power, both of
which likely increase cross-linking in the film. However, these
two parameters also increase the water contact angle of the
film. The best compromise between high hydrophilicity (51°)
and good water stability was obtained with a 50/50 Ar flow
ratio to PMA/AA at 60 W, which is equivalent to a PMA mass
fraction of ∼0.32.
It is interesting to note that O2-plasma treatment of the

PMA film results in superhydrophilicity (WCA < 5°), but after
water immersion, the WCA increase to ∼20°. This evolution
could be explained by fragmentation of polymeric chains at the
film surface, generated by the Ar/O2 plasma treatment, along
with the grafting of polar moieties. When the same is immersed
in water, these independent polymeric fragments could be
eliminated. Multiple (and short, 20 s) immersion tests confirm
this hypothesis, namely a single 20 s rinse is sufficient to see
the WCA jump from <5° to 20°, and thereafter, longer and
repeated water immersions do not further increase the WCA
above ∼20°. Immersion in water of this Ar/O2 plasma treated
coating and the subsequent removal of fragments also leads to
a decrease of roughness (RMS of 128.4 nm before rinsing
compared to 66.3 nm after rinsing). At unchanged surface
composition, this explains also the increase in contact angle.
More generally, the change in wettability between the PMA,
the Mix, and the AA films can be directly correlated to the
introduction of COOH moieties coming from the AA, as
shown by the comparison of O−CO versus C−C
component intensities ratio (IO−CO/IC−C) in Figure 4c.
From this figure, it also comes up that the decrease in WCA
between the PMA and the PMA+O2 films is not influenced as
much by the change in the IO−CO/IC−C ratio, as the oxygen
plasma treatment does not generate specific carboxylic groups
at the surface. Indeed, this would rather be explained by the
grafting of alcohol moieties, as will be shown later in this paper
by comparing the IR spectra of a PMA area and of a O2-plasma
treated PMA area of a hybrid coating (see Figure 9b). This
grafting of alcohol moieties at the surface leads to a global
increase of the total oxygen surface concentration. This
concurs with the comparison of the XPS O 1s versus C 1s
peak intensity ratio (IO 1s/IC 1s) with the WCA of the different
coatings in Figure 4d, that shows a higher IO 1s/IC 1s ratio for
the PMA+O2 film compared to the PMA films.

Hydrophilic/Phobic Laminates. Multilayer, hydrophilic/
phobic coatings were obtained by alternately depositing PMA
and PMA/AA (Mix) films for a total of three layers, i.e., in
PMA-Mix-PMA and Mix-PMA-Mix configurations. The
wettability of each layer was measured after every plasma
deposition step and compared with PMA and Mix-only films,
as shown in Figure 5. The data show that the contact angle
values of the different films are preserved, even when a film is
deposited directly on a surface of the opposite wetting nature.
We also note that films deposited on a PMA layer (the second

Figure 3. Water contact angles for hydrophobic films produced from
the PMA precursor using an atmospheric pressure DBD discharge.
Substrate was a Si wafer and Ar gas flow to the PMA bubbler is noted.
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layer of PMA-Mix-PMA sample and the third layer of Mix-
PMA-Mix sample) show amplified wettability properties
(lower WCA) compared to when they were directly deposited
on the substrate.

This observation can be explained by comparing the
roughness of Mix films directly deposited on the silicon
substrate versus deposited on the first PMA layer, of initial
roughness of 125 nm. As shown in Figure 6, Mix films

Figure 4. (a) Comparison of WCAs measured on PMA, O2-plasma treated PMA, and PMA/AA precursor deposited films, before and after
immersion in water for 1 h. ØPMA/ØAA is the ratio of PMA versus AA in the precursor gas flows, and Ar/O2 represents the O2-plasma treatment.
Plasma power was 60 W for all samples. (b) XPS of the C 1s spectral envelope of the PMA, O2-treated PMA (PMA+O2), PMA/AA (Mix) at 1/1
ratio, and pure AA precursor films using 60 W and precursor gas flows of 2 L/min. All envelopes are normalized to the C−C component. Evolution
of WCA with the ratio of (c) O−CO versus C−C component relative intensities obtained from the C 1s high resolution spectra, and (d) O 1s
versus C 1s relative intensities for the PMA, PMA+O2, Mix, and AA films obtained from the survey spectra.

Figure 5. Comparison of WCAs for consecutive layers of hydrophilic/phobic laminate films. Laminates were deposited in two configurations,
PMA-Mix-PMA and Mix-PMA-Mix configurations, and compared to their single film counterparts.
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deposited onto a PMA layer exhibit higher roughness (187 nm
versus 149 for Mix films deposited on Si), which leads to a
lower contact angle.
The alternating chemistry of these multilayer coatings was

examined more closely using SIMS, as depicted in Figure 7 for
the PMA-Mix-PMA film. The C4H

−, C4H3
−, and C4H5O2

−

fragments were selected as indicators of the presence of PMA.
Indeed, the signal intensity ratio of C4H

− compared to C4H3
−

could highlight cross-linking because it basically consists of
replacing a C−H bond by a C−C bond.19,20 As PMA
molecules have one more reactive moiety (alkyne function)
compared to AA molecules, they can potentially induce greater
cross-linking in the plasma deposited films. Similarly,
considering the chemical structure of AA and PMA, the
C4H5O2

− ion is more likely to be a fragment of PMA than AA.
The relative ion profiles thus confirm that the PMA content is
higher in the first and third layers, in good agreement with the
deposition sequence. Although the C3H3O2

− (acrylate) and
C2H3O2

− (derived from acrylate) ion fragments could be
associated with both AA and PMA, the chemical structure of
these two precursors suggests that the sputtering of AA will
statistically produce a larger relative quantity of these ions than
for PMA. Indeed, it is necessary to break more bonds in PMA
than AA to generate the C3H3O2

− and C2H3O2
− ions.

Moreover, C3H3O2
− is often used as a signature fragment in

SIMS analysis of poly(acrylic acid) coatings.21 The signal
intensity of these ions in the depth profile is effectively lower
when the intensities of C4H

− and C4H5O2
− are higher and vice

versa, confirming the presence of AA mainly in the middle
layer.

Hybrid Hydrophilic/Phobic Patterned Coatings. To
demonstrate the utility and ease of direct plasma deposition of
patterned hydrophilic/phobic coatings, (hydrophilic) Mix
patterns were deposited on (hydrophobic) PMA, and vice
versa, namely (hydrophobic) PMA deposited on (hydrophilic)
O2-plasma treated PMA, using a PVC shadow mask (1 mm
diameter circles in a hexagonal pattern). Wettability contrast of
these surfaces was studied by manually depositing small (0.3
μL) water droplets on the surface in various locations, as
shown in Figure 8. Indeed, the hybrid hydrophilic/phobic
nature of these surfaces can clearly be seen, particularly for the
case of PMA on O2-treated PMA.
Although water microdroplet measurements on these hybrid

patterned films demonstrate their wettability contrast, the local
chemistry of various hydrophilic/phobic domains was further
investigated using micro-IR imaging. For example, Figure 9
shows how the intensity of the CO stretching band
(∼1720−1740 cm−1) varies across the hydrophilic/phobic

Figure 6. AFM images of (a) a Mix film (RMS = 149 ± 10 nm) deposited on a silicon substrate, and (b) a Mix film (RMS = 187 ± 10 nm)
deposited on the first PMA layer.

Figure 7. Relative intensity profiles of anions detected in the dynamic SIMS depth profiling analysis of the PMA-Mix-PMA laminate sample.
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Figure 8. Images of ∼0.3 μL water droplets on hybrid patterned hydrophilic/phobic surfaces. (a) Mix on PMA and (b) PMA on O2-plasma treated
PMA.

Figure 9. Micro-IR imaging of CO stretch intensity for hybrid patterned hydrophilic/phobic films. (a) Mix on PMA (1722 cm−1) and (b) PMA
on O2-plasma treated PMA (1734 cm−1). Spectra from regions 1 and 2 in panel a, and spectra from regions 3 and 4 in panel b are shown in Figure
10a and Figure 10b, respectively.

Figure 10. (a) Comparison of the mean IR spectra between the hydrophilic mix area (1) and the PMA hydrophobic area (2) taken in the regions
shown in Figure 9a. The wavenumber range corresponds to that of the CO stretching band. (b) Comparison of the mean IR spectra between the
hydrophobic PMA area (3) and the hydrophilic O2-plasma treated PMA area (4) taken in the regions shown in Figure 9b. The spectra are
normalized to the CH2/CH3 stretching band (2900−2600 cm−1).
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interface, and that local chemical heterogeneity can be easily
achieved with the masking and sequential plasma deposition
methodology developed herein.
In the case of the Mix on PMA sample, the main difference

is a shoulder appearing on the CO stretching band in the
hydrophilic area (arrow, Figure 10a). Indeed, the Mix area
contains acrylic acid, and this shoulder can be associated with
the presence of carboxylic acid groups in the film. For the PMA
on O2-treated PMA sample, the chemical difference between
the areas is reflected by the higher intensity of the OH
stretching band in the mean spectrum of the hydrophilic area
(Figure 10b).

■ CONCLUSION
A simple, robust, and tunable method to synthesize hybrid
patterned and laminate hydrophilic/phobic coatings with
submm spatial resolution was developed. The method utilizes
an atmospheric pressure dielectric barrier discharge with PMA
and AA precursors and shadow masks. Despite the apparent
similarity in chemical structure of the precursors, the deposited
coatings exhibited WCA varying from <5° to >125°,
depending on the deposition parameters, demonstrating the
power, ease, and tunability of atmospheric pressure plasma-
based film deposition. The double and triple bonds located at
both ends of PMA ensure not only a high deposition rate but
also cross-linking that favors the formation of a stable, water
insoluble layer. The originality and utility of the combined
precursor method ensures perfect miscibility, with adjustable
polar vs carboxylic acid functionalities that allows precise
tuning of surface wettability.
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