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Deposition of Hydroxyl Functionalized Films
by Means of ethylene Aerosol-Assisted
Atmospheric Pressure Plasma
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Jong-Shinn Wu, Fabio Palumbo,* Pietro Favia*
The atmospheric pressure plasma deposition of
 hydroxyl functionalized hydrocarbon films is
reported in this work, with a reactor fed with water aerosol and ethylene. The effects of power
and feed flow rates onto film chemistry have been investigated. Coatings produced with this

approach can find application in the biomedi-
cal field, among others, as platforms for cell
adhesion and proliferation. Results show that
operating at 4 kHz provides a much higher
amount of hydroxyl group in the coating
compared with samples obtained at 11 kHz.
After water immersion, the stability of the
films and their amount of hydroxyl groups
remain high. A simplified deposition mecha-
nism is proposed.
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1. Introduction

In the last two decades, coatings functionalized with

carbonyl, carboxylic, hydroxyl, amine, and ethylene oxide

(—CH2CH2O—) ether groups have been extensively studied

and proved to be appropriate for biomedical applications
such as: protein, DNA, and biomolecules immobilization;

cell adhesion and growth; biosensor fabrication; and non-

fouling surfaces.[1–21]

Hydroxyl functional groups are interesting for cell

adhesive surfaces and biomolecule immobilization, for

their polar weakly acid character, and reactivity. —OH

groups could be easily accessed for grafting bioactive

molecules by mild reactions,[22,23] in order to provide

functionalized surfaces for bio-devices and bio-sensors

development, just aiming to the biomedical field.

Wet chemical synthesis is one of the approaches for

functionalized polymers, in which two strategies, direct

functional polymerization and post-functionalization, are

commonly employed. However, they usually suffer from

time consuming tedious operations and poor yield, which

barely fits industrial requirements.[22,24–27]

Plasma deposition processes allow rapid, simple, one-

step protocols, for providing coatings with pre-determined

variable structure (crosslinking, roughness, and porosity)
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chemical composition and stability in water and other

media, well adherent to substrates.[28,29]

Considerable efforts have been devoted to the investiga-

tion of low pressure plasma deposition processes of

coatings functionalized with carboxylic, hydroxyl, and

amine groups using different monomers, e.g., acrylic acid,

allyl-alcohol, and allyl-amine, respectively.[30–39]

Typically, these processes were optimized in vacuum

conditions, that offer very high process versatility and

established scientific background; disadvantages are

encountered due to: the complexity and the cost of the

pumping systems; the low deposition rate when mild

conditions are used for improving the retention of

the monomer structure in the coatings; the low flow rate

for high-boiling monomers; and outgassing substrate

materials.

Since years atmospheric pressure plasma (APP) deposi-

tion processes attracts academic and industrial researchers

due to: possible advantages such as lower costwith respect

to expensive vacuum pumps; easy operation, and imple-

mentation in industrial lines.[8,40–42] In most cases,

confinement of the plasma processing electrode area has

to be considered, though, for safety and for limiting

contamination of the feed. Further, in APP deposition

processes the ion bombardment of the substrate is

negligible, also for this reason the adhesion of the coatings

to the substrates need more careful optimization with

respect to low pressure conditions. Dielectric barrier

discharge (DBD) is the most popular configuration for

APP deposition processes, allowing easy implementation,

large working area, and potential for scale up.[43,44]

As at lowpressure, inAPPprocesses acrylic acid is among

most investigated monomer for introducing carboxylic

groups on substrate surfaces to elicit cell attachment and

proliferation.[45–48]

Studies on biomedical applications report also on APP

deposition processes from methyl methacrylate for surfa-

ces functionalizedwith ester groups, suitable for prosthesis

and implants.[49] Recently, the authors of this paper

published a research on APP deposition processes of

polylactic acid-like[50] and PEO-like[18] coatings.

Depositionprocessesofhydroxyl functionalized coatings

fromalcohol precursors have been thoroughly investigated

in low pressure plasma[51–57]; on the contrary few papers

report on work aimed at depositing such films in APP

conditions from OH-bearing monomers (such as hydrox-

yethylmethacrylate or propargyl alcohol).[58,59] To the best

of our knowledge, literature does not account for the

modulation of hydroxyl content in APP polymerized

coatings from a water/hydrocarbon feed. Furthermore, it

should be highlighted that decoupling the flow rate of the

OH radicals precursor (H2O) from the one of the film

buildingblock source (anhydrocarbonmonomer) canallow

a finer tuning of the chemistry, with respect to a plasma
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system fed with an alcohol (or alike). In fact in the former

case the flow rate ratio is an additional parameter for

managing the grafting of OH groups in the coating.

In recentyears, aerosol-assistedAPPdepositionprocesses

emerged as novel approach to the plasma deposition of

functionalized coatings.[18,60–64] This technique allows the

direct injection in APP systems of ‘‘mist’’ (aerosol) of pure

liquidmonomers, solutions, and nanoparticle suspensions.

Withinthisapproach, theatomizationof the liquidprovides

higher amount of lowvapor pressuremonomers in the feed

comparedwith common bubblers, with a limited tempera-

ture dependence.[65] This approach allow to feed plasma

withhighboilingmonomers,withoutneed for heating, and

with solutions of complex, non-volatile species such as

most biomolecules, with consequent increase of the

structure retention of the monomer in the coating,

and high deposition rate compared with low pressure

systems.[50,66,67]

In the present study, OH-functionalized hydrocarbon

films have been deposited in a DBD equipment fed with a

water/ethylene/helium mixture, whereas H2O is injected

in aerosol form through an atomizer. Ethylene has been

chosen for the well-known good polymerization rates and

reaction mechanism in DBDs.[68,69] Chemical composition

and morphology of the deposited coatings have been

investigated, and a simplified deposition mechanism is

proposed.
2. Experimental Methods

2.1. Reactor Set-Up and Experimental Deposition

Conditions

The APP reactor is schematically represented in Figure 1. It

consists of two parallel plate silver electrodes, 8� 13 cm2

wide, 5mm apart, both covered with 0.6mm thick

alumina sheets. The gas feed is let between the electrodes

from one side, the opposite side was connected to an

aspirator hood. Helium (99.999%, Air Liquide) at 5 slm and

ethylene (99.95%, Air Liquide) at 10 sccm, carrier gas and

deposition precursor, respectively, were fed through

electronic mass flow controllers (MKS Instruments).

ethylene aerosol was added to the feed with an atomizer

(mod. 3076, TSI) operated with He in the 2–5 slm flow rate

range. The total He flow rate (carrier and atomizer) was

kept constant at 5 slm inall deposition conditions reported

in this paper.

Since un-atomizedwater was re-circulated and returned

in the water reservoir of the atomizer, the mass flow rate

of the water aerosol was properly calibrated from the

weight difference of the reservoir in each deposition

condition.

A quite linear increase of thewatermass flow rate, in the

range 6–111mgmin�1 resulted by increasing the atomizer
1103www.plasma-polymers.org



Figure 1. Schematic diagram of aerosol-assisted atmospheric pressure dielectric barrier discharge deposition system.
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flow rate from 2 to 5 slm. For sake of clarity, being a more

operative parameter, in the text the results are reportedas a

function of the atomizer flow rate.

The discharges were ignited using an AC power supply

consisting of a function generator (TG1010A, ThurlbyThan-

dar instruments), an amplifier (Industrial Test Equipment

Powertron 1000A) and a high-voltage transformer (Amp

Line). Theappliedvoltagewaskeptat6 kVppat4and11 kHz.

Before running the process, the system was purged with

5 slm He for 5min. Each discharge was run for 10min on

2.4� 2.4 cm2, 710mm thick, shards of double side polished

p-Silicon wafer (MicroChemicals GmbH, Ulm, Germany),

placed in the center of the electrode. Detailed operation

conditions are listed in Table 1

Theelectrical properties of theplasmawere investigated

fordetermining thevoltageandthecurrentdelivered to the

system; a high-voltage (P6015A, Tektronix) and a resis-
Table 1. Water–ethylene plasma deposition parameters.

Experimental p

Frequency

Applied voltage

Power density

Voltage waveform

Ethylene flow rate

Total He flow rate

He flow rate through atomizer
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tance type current probe were utilized, both connected

to an oscilloscope (TDS 20145C, Tektronix). The power

deliveredwas obtainedmultiplying the energy per voltage

cycle by the frequency. The energyper cyclewas calculated

from the time integral of the current times the voltage in

one cycle, which is equivalent to the area of the charge (Q)
versus V Lissajous figure.[70] This calculation provides an

average power value. Passing from4 to 11KHz, the energy/

cycle does not change appreciably, so that the (average)

power rises due to the frequency increase. Since at higher

frequency the energy per cycle is delivered in a reduced

time, the equal energy/cycle value is due to a larger current

in a shorter time in each discharge event (two in one

voltage cycle). From now on, we shall call power density

the average discharge divided by the electrodes surface

(W cm�2), a parameter that is commonly found in

literature.
arameters

4 kHz 11kHz

6 kVpp

0.3–0.4Wcm�2 0.9–1.3Wcm�2

Continuous

wave – sinusoidal

10 sccm

5 slm

0–5 slm

DOI: 10.1002/ppap.201400066
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Figure 2. FTIR analysis of films deposited at different atomizer
flow rates and frequency, 4 kHz (a) and 11 kHz (b).
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2.2. Coating Characterization

The thickness of the coatings was measured with a

profilometer (KLA D-120 Tencor) and presented as average

values of at least three measurements in the same

condition. The morphology inspection of film top and

cross-sections was carried out with a scanning electron

microscope (SEM Zeiss Supra 40, equipped with a field

emission Gemini column) under an extraction voltage of

3 kV after sputter metallization with 15nm Cr.

Water contact angle (WCA) measurements were per-

formed in static (us), advancing (ua), and receding (ur)

mode with a CAM 2008 (KSV Instruments), goniometer

equipped with a CCD camera. Water drops of 2–4ml were

used.

X-ray photoelectron spectroscopy (XPS) surface charac-

terization of the coatings were performed with a Thermo

Fisher Scientific Theta Probe Spectrometer, by using

monochromatic X-rays (300mm diameter spot). Survey

and High-Res spectra were acquired at a pass energy of 150

and 100 eV, respectively, in constant analyzer energy (CAE)

mode. Charging effects were compensated with a flood-

gun. Calibration of the binding energy (BE) scale was

performed by setting the aliphatic C1s component at

285.0 eV. Curve-fitting analysis (Smart type background;

and Gaussian/Lorentzian peaks), was applied to all High-

Res spectra; theThermoAvantage software (v. 5.24, Thermo

Fisher Scientific) was used.

Fourier transform infrared spectroscopy (FT-IR) was

carried out to characterize the bulk of the coatings. FT-IR

spectra (32 scans, 4 cm�1 resolution) were obtained in

transmissionmodewith aVertex 70VBruker spectrometer.

The spectrometer was evacuated to less than 150 Pa for

5min before spectrum acquisition to avoid interferences

due to atmosphere and the spectra were normalized by the

thickness. OH/CH and C55O/CH signal ratios were calculat-

ed from the peak areas of O—H (3650 cm�1), CH (2 780–

3 000 cm�1), and C55O (1 640–1 840 cm�1) bands. Back-

ground subtraction, integration of peak areas, and other

operations were performed with Opus 5.0 software.
Table 2. Relative FTIR area intensity ratio of OH and C55O with
respect to CH in function of atomizer flow rate and frequency.

Atomizer

flow [slm]

4kHz 11kHz

OH/CH C55O/CH OH/CH C55O/CH

0 0 0.1 0 0

2 1.4 0.2 0.1 0.1

3 2.4 0.2 0.4 0.3

4 2.5 0.3 0.3 0.6

5 2.8 0.4 0.2 0.6
3. Results and Discussion

3.1. FTIR Analysis

FTIR analysis allowed the identification of chemical bonds

and functional groups in the coatings. Figure 2 reports the

normalized FTIR spectra of films deposited under various

atomizerflowrateandfrequencyconditions.Theintensityof

OH (broadbandat3636–3150 cm�1), C55O (1708 cm�1), and

C—O (1056cm�1) stretching bands become more intense

with water aerosol injection both at 4 and 11kHz. In

particular, it should be stressed that the hydroxyl contribu-

tion is negligible, and other oxygen containing groups as
Plasma Process. Polym. 2014, 11, 1102–1111
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well,withoutH2Oaddition.A successful functionalizationof

the H2O aerosol-assisted deposited coatings is thus con-

firmed. It is worth to note that the spectra of these coatings

exhibit great similarity with those plasma-deposited from

allyl-alcohol in low pressure conditions.[56]

Table 2 shows the OH/CH and C55O/CH band intensity

ratios as a function of the experimental parameters for
1105www.plasma-polymers.org
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presenting the relative concentration trends of the

functional groups within the coatings. The results at

4 kHz reveal an increasing trend for OH and C55O groups

with raising the aerosol flow rate. At 11 kHz, instead, the

OH/CHandC55O/CHratios increase till 3 slmofHeatomizer

flow rate is used, then remain fairly constant or decrease (in

the case of OH groups). It should be highlighted that, at

4KHz, a OH/CH ratio as high as 2.8 can be found with the

highest aerosol flow rate (5 slm). Furthermore, at 4 kHz,

aerosol flow rates over 2 slm leads to quite high OH/C55O

ratios, in the range7–12,while at 11 kHz such ratio doesnot

change toomuch, or it is in favor of the carbonyl group. This

outcome clearly indicates that a certain selectivity toward

OH groups can be obtained in this deposition process by

properly tuning the frequency of the field applied to the

DBD, and in turn the power density. It should be considered

that, the broad C55O band in the spectra represents both

carbonyl groups and more oxidized carbon (such as in

esters, anhydrides, or carboxylic acids). On the other hand,

besides R—OHgroups, acid ones can contribute to the band

at 3 400 cm�1. Hence comparison with XPS data is

important to better discriminate the functional groups.
3.2. XPS Analysis

Comparing FT-IRwithXPS data allows to better understand

the distribution of functional groups in the coatings.

Surface composition XPS data are reported in Table 3,

where theadditionofoxygen functionalities in thecoatings

is confirmed both at low and high frequencies. It can be

observed that at 4 kHz the O/C XPS ratio follows the

increasing trend of the oxygen containing groups obtained

by FTIR analysis (Table 2). A lower trend of the O/C ratio is

found in coatings deposited at 11 kHz, with a maximum at

around 4 slm of atomizer flow rate. Both trends are in

agreement with FT-IR data. Indeed, also coatings deposited

from ethylene, with no water addition, evidence the

presence of oxygen. This can be likely ascribed to well-

known inevitable post-oxidation of the coatings at the
Table 3. Atomic ratio and concentration of C1s and O1s for
plasma-deposited water–ethylene films.

Atomizer

flow rate

[slm]

4 kHz 11kHz

C1s

[%]

O1s

[%] O/C

C1s

[%]

O1s

[%] O/C

0 91.1 8.9 0.10 94.7 5.3 0.06

2 90.4 9.6 0.11 93.8 6.2 0.07

3 78.3 21.7 0.28 87.3 12.7 0.14

4 77.8 22.2 0.29 86.1 13.9 0.16

5 75.6 24.4 0.32 90.4 9.6 0.11
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atmosphere, or reaction with water vapor or oxygen

desorbed from the electrodes during the process.[71]

Figure 3a–d shows the best-fitted C1s signal for the

coatings deposited without (0 slm) and with the highest

water aerosol flow (5 slm),at low and high frequency. It can

be observed that at 4 kHz theabundance of C—Omoieties is

much more relevant than the other oxidized components

when water aerosol is added (trace b). At 11KHz, hence at

higher power density, the reduced efficiency of the plasma

in selectively grafting hydroxyl groups is confirmed: in fact,

at 5 slm of water aerosol flow rate (trace d) the C—OH/C—

O—C component has an abundance close to the C55O/O—

C—O one. Both XPS and FT-IR data confirm that at lower

power density more —OH groups are included in the

coatings.
3.3. WCA Measurements

The wettability of the functionalized coatings was evalu-

ated throughadvancing, receding and staticWCAmeasure-

ments; WCA data are reported in Figure 4. The increase in

wettability, due to incorporation of oxygen containing

groups, is demonstrated for coatings deposited at 4 kHz

since thestaticandrecedingcontactangledecreaseswhena

water atomizer flow rate higher than 2 slm is used. When

the atomizer flow exceeds 3 slm, the static and receding

angles reach a minimum value around 508 and 188,
respectively. Furthermore, a high hysteresis can be

observed, which cannot be ascribed to the roughness of

the coatings; since SEM observations, shown in Figure 5,

indeed indicate a quite flat surface in all deposition

conditions. Thus the WCA hysteresis should be due to the

chemical composition of the coating, and its interaction

with water.

Little WCA changes are observed, instead, in coatings

deposited at 11 kHz, whenmore water is added to the feed.

This is in agreement with FT-IR and XPS data shown

previously, and with the fact that a low density of O-

containing polar groups is included in the coatings

deposited at higher power frequency.
3.4. Deposition Rate

The deposition rate for coatings deposited both at 4 and at

11 kHz are reported in Figure 6 as a function of the water

addition (atomizer flow rate) and of the field frequency. At

4 kHz, the deposition rate exhibits a raising trend with the

water aerosol addition, reaching values as high as about

68nmmin�1, only slightly influenced by He flow rate

higher than 3 slm. In contrast, at 11 kHz a decreasing trend

for the growth rate is found with increasing the atomizer

flow rate, from 95 to about 30nmmin�1. It is important to

consider that without water aerosol, i.e., in conditions
DOI: 10.1002/ppap.201400066
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Figure 3. Best fitting of C1s spectra: 4 kHz (a, b) and 11 kHz (c, d) at atomizer flow rate of 0 (a, c) and 5 slm (b, d).
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leading to hydrocarbon films, the deposition rate at 11KHz

is much higher.

These outcomes highlighted the different effect of water

addition in the feedat differentpowerdensity, pointing out

to relevant changes in feed fragmentation and composition

of the plasma. In particular, a competition of depositing
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(hydrocarbon species) and etchant (oxygen and H atoms)

species can be hypothesized, whose relative contribution

depends on the power applied.

According to the results and the latter speculation, a

simplified surface reaction mechanism can be proposed as

schematized in Figure 7. It can be supposed that the
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rements of films deposited at 4 and 11 kHz and at different atomizer
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Figure 5. SEM top and cross-section view of a water–ethylene
plasma deposited film (4 kHz, 2 slm of atomizer flow rate).

Figure 7. Hypothesized water decomposition and surface
reaction mechanism.
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monomer mostly contributes to the formation of polymer

precursors, CHx radicals and alike, while water mainly

produces OH radicals, hydrogen (also originated from

ethylene), and oxygen atoms bydissociation or dissociative

recombination reactions.[72,73]
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Figure 6. Deposition rates of films deposited at 4 kHz (squares)
and 11 kHz (circles) at different atomizer flow rate.
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The latter species certainly canbe responsible for etching

of the growing film, whereas as well demonstrated in the

past, OH radicals have a high reactivity with hydrocarbon

polymers leading to surface grafting. On the other hand,

both hydroxyl radicals and H atoms are known to trigger

surface bonded hydrogen abstraction hence promoting

both polymer growth, through formation of active sites,

and enhanced reactivity of the surface toward etching

reactions.[74–76]

The chemical analysis and deposition rate results can be

rationalized considering that water is mostly involved into

two main broad reactions (indicated as (a) and (b) in

Figure 7):water dissociation inH andOH radicals, and then

the latter giving rise to O atoms. It is reasonable to suppose

that at low frequency, hence at lower power, channel (b) is

less relevant, and hydrogen atoms and hydroxyl radicals

can actively react with C—H bond on polymer surface

enhancing the formation of dangling bonds as well as

reacting with ethylene, thus contributing to monomer

activation. Both processes lead to enhanced film growth

rate. On the other hand, the dangling bonds can also react

withOHradicalspromotinghydroxylgroups incorporation.

In the low power density scenario, water addition can lead

to deposition rate (at constant monomer feed flow rate)

and hydroxyl groups addition increase. In the conditions

leading tohigher powerdensity, i.e., at higher frequency, an

increased production of film precursors is expected by

monomer fragmentation, thus the deposition rate at low
DOI: 10.1002/ppap.201400066
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water addition is quite higher than the one obtained at low

frequency. However, it can be supposed that channel (b),

leading to formation of the etchant species (O atom),

becomes more relevant when the power is increased, thus

athigherwater addition (atomizer flowrate) thedeposition

rate fairly decreases, as a result of film etching.
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Figure 9. FTIR absorption spectra of coatings before (continuous
line) and after water immersion for 1 (dashed line) and 7 d (dot
line).
3.5. Stability in Water

In order to evaluate the stability in water of the deposited

films, the changes in terms of film thickness and FITR

absorption spectra before and after water immersion were

investigated. Figure 8 shows film thickness variation after

immersion in distilled water for 1 and 7 d of coatings

deposited from C2H4/H2O/He (with 5 slm He of atomizer

flow rate) and C2H4/He feeds. It can be seen that coatings

deposited in water-free conditions, along with those

deposited at 11 kHz with 5 slm of H2O/He aerosol reveal

nearly no difference in thickness after water immersion,

thus they can be considered stable in water.

The coating deposited at lower frequency and with the

highest atomizer flow rate (5 slm), instead, shows a

thickness decrease from about 650 to 500nm after 1 d of

immersion. Afterward, considering the 7 d immersion, it

can be observed that the coating undergoes almost no

further changes, denoting that after releasing in water

some loosely bonded polymer portions in the first 24h, the

remaining film is quite stable.

Figure 9 shows the corresponding FTIR spectra of films

tested for the water soaking stability: the results indicate

consistency with what observed in terms of thickness
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Figure 8. Thickness variation of deposited films in time upon
water immersion. Circles: no water atomization; squares: 5 slm
He aerosol. White and full symbols: coatings deposited at 4 and
11 KHz, respectively.
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variation. Nearly no difference in the spectra have been

found for the coatings that showsno thickness changes (i.e.,

deposited without water aerosol addition or at high

frequency). An intensity decrease in OH stretching band

(3 636–3 150 cm�1) can be observed after water immersion

for the OH-rich coating. In this case (4 kHz), the calculated

area intensities ratio OH/CH clearly reveals a reduction

from 2.8 to 1.3 upon 1 d immersion. No further change of

intensity ratio was found while passing from 1 to 7 d in

water. Nevertheless, it can be affirmed that the relative OH

content in this coating, even after the loss during water

soaking, remains higher than the value found for the

samples obtained at higher power density, which never

passes 0.42.
4. Conclusion

Hydroxyl functionalized hydrocarbon films have been

successfully deposited using a water aerosol-assisted APP

DBD deposition system with ethylene as precursor and

helium as buffer gas. Different applied power frequency (4

and 11 kHz) and atomizer flow rate (0–5 slm) were

investigated.

The atomization of water combined with ethylene gas

feed lead to the rapid deposition of highly functionalized

plasma coatings. The results showahigh selectivity toward

the introduction of —OH groups in the coating, and high

deposition ratewhen the deposition process is run at 4 kHz.

At 11KHz, instead, because of the higher power density,
1109www.plasma-polymers.org
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lower OH selectivity and deposition rate are observed, very

likely due to the enhanced fragmentation of the feed and to

the higher density of oxygen atoms, which implies etching

reactions competing with the deposition process. Films

deposited at 11KHz show a very good stability in water.

Coatings deposited at 4KHzwith the highest water aerosol

flow rate, in spite of some reduction of OH density during

the1stdayofwater soaking, showthehighestdensityofOH

groups, stable for prolonged immersion in water. Thus, the

aerosol-assisted APP deposition has been proved to be

feasible for preparing organic coatings bearing hydroxyl

groups with potential application in the biomedical field.

Such coatings can be used for binding, once rinsed inwater,

suitable biomolecules, or on the other hand can be amatrix

for embedding, using similar aerosol-assisted processing,

pharmaceutical agents for drug release devices.
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