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Chapter 3: Study of the stability and 

hydrophilicity of plasma-modified 

microfluidic materials 
 

1. Introduction 

Microfluidic devices have become increasingly attractive for various fields such 

as catalysis [163], chemical synthesis [164], biology and physics due to their 

reduced size and high surface area-to-volume ratio, which are characteristics that 

enable fast analysis, short reaction times and the potential for patterning [165]. 

Robust application of microfluidics requires surfaces that can be hydrophilic or 

hydrophobic, patterned, optically transparent and charged. As a result, surface 

properties play a major role in determining the microfluidic chip characteristics. 

Currently, the most commonly used microfluidics material is 

polydimethylsiloxane (PDMS): -[O-Si(CH3)2]n-. 

Despite exhibiting several advantageous properties, this material is extremely 

hydrophobic and difficult to modify. Although many studies have shown that 

PDMS surfaces can be modified using various techniques, the instability of the 

grafted or deposited coatings poses a major challenge for the fabrication of 

functional microchips [166]. Therefore, other polymers - especially 

thermoplastics displaying enhanced fabrication possibilities compared to PDMS - 

have been identified as alternative materials that might provide more robust 

coated surfaces. 

NOA 81 (Norland Optical Adhesive) is a thiolene-based photocurable resin that 

displays outstanding mechanical, chemical and optical properties for applications 

in the field of microfluidics [39]. NOA is a dissolvable, safe and biocompatible 

material with intrinsic hydrophilicity that causes microchannel filling via 

capillary forces [41]. Aside from the hydrophilic enhancement of the NOA 81 

surface by oxygen plasma, no other report of plasma surface changes was 

encountered in the literature. 
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COC (Cyclic Olefin Copolymer) is a thermoplastic copolymer composed of 

norbornene (C7H10) and ethylene (H2C=CH2) groups. Other polymeric materials 

such as polymethyl methacrylate or polystyrene are often used as starting 

microfluidic materials, but the COC grade 6013S has the unique advantage of 

exhibiting a high glass transition temperature (Tg = 130 °C), which allows it to be 

shaped easily and to be coated using conventional vacuum techniques without 

any surface processing [167]. Moreover, COC is resistant to hydrolysis, acids, 

alkalis, and polar solvents. Thus, this material can withstand several processing 

steps including photo-patterning, wet etching and surface functionalization [168]. 

 

THV, a terpolymer composed of Tetrafluoroethylene (F2C=CF2), 

Hexafluoropropylene (F2C=CF-CF3) and Vinylidene (H2C=CF2), belongs to a 

new class of fluorinated microfluidic materials that are well suited for droplet and 

organic solvent microfluidics, and that exhibits many advantages such as a low 

surface energy and a high resistance to chemicals [42]. The low melting 

temperature (165°C) of THV makes it an appropriate candidate for rapid 

prototyping. However, this emerging substrate lacks chemical reactivity: the THV 

polymer backbone presents aliphatic carbon and fluorine atoms that make the 

surface functionalization of this material difficult with conventional surface 

modification techniques. 

Although various techniques of polymer surface modifications by conventional or 

plasma processes have been reported in the literature [169-177], they lack 

specificity and they are not suitable for microfluidic devices because they rarely 

allow for selective patterning on the surface of the microchannel for purposes 

such as liquid phase separation [178]. 

 

Superhydrophilic wetting properties have significant effects on liquid behavior on 

a surface [179-182]. Therefore, control of surface energy over the microchannel 

walls is very desirable for enhancing the wetting properties of microchannel 

surfaces. Indeed, a hydrophilic layer deposition on polymers allows spatial 

control over water droplets generated in microsystems [183] such as water-in-oil-

in-water (w/o/w) emulsions [184]. 
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Such hydrophilic coatings can be achieved through the use of low pressure 

plasma deposition techniques. Plasma processes are dry, clean and 

environmentally-friendly and already have been used successfully for the 

deposition of hydrophilic coatings without exposing the materials to a high-

temperature environment [185]. Among these dry processes, plasma-enhanced 

chemical vapor deposition (PECVD) techniques are promising for tailoring the 

surface properties of microfluidics materials depending to the desired application. 

 

The effective plasma modification of polymeric material surfaces with long-

enduring hydrophilic coatings invites development of microfluidics to address a 

range of challenges in the fields of chemistry, biology and medical technology. 

Moreover, depending on the nature of the chemical or gaseous precursors used 

for the deposition, several chemical functional groups can be grafted onto the 

surface depending on the desired application. For instance, PECVD based on 

organosilicon precursors, is one of the most appealing methods to deposit both 

inorganic SiO2 silica-like and SiOxCyHz polymer-like films. 

 

Organosilicon-oxygen mixtures are widely used for thin film deposition and they 

are of particular interest in gas sensor applications [186] and in applications as 

barrier films for food [187], corrosion protection layer [188], pharmaceutical 

packaging for biocompatible materials [189], dielectric layers [190], 

microelectronics and optics [191,192]. Among the different organosilicon 

precursors available, tetraethoxysilane (TEOS), tetramethoxysilane (TMOS) 

tetramethyldisiloxane (TMDSO), hexamethyldisilazane (HMDS) and 

hexamethyldisiloxane (HMDSO) have been extensively studied [193-201]. 

Compared to silane compounds, these organosilicon precursors are non-toxic and 

non-explosive monomers to handle. 

 

HMDSO is the most commonly used silane compound for silica-like deposition 

due to its low toxicity, low cost, and a higher room temperature vapor pressure 

(48 Torr) than TEOS (4 Torr). Used as a precursor in low-pressure plasmas with 
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oxygen, HMDSO leads to the deposition of SiO2-like layers, following this 

simplified chemical oxidation equation: 

(CH3)3Si-O-Si (CH3)3+ 12 O2→2 SiO2+ 6 CO2+ 9 H2O [202] 

 

Of course, this equation do not represent the plasma chemistry that occurs during 

the silica-like deposition process, although a recent paper proposed several 

dissociation processes for the fragmentation of the HMDSO monomer in a low-

pressure reactor with oxygen plasma [203]. No aging studies of silica-like coated 

microfluidic materials have been reported using low-pressure plasma techniques. 

In this study, three new classes of polymers - COC, NOA 81 and THV - were 

investigated using two different dry processes, PECVD and sputtering, in order to 

produce adherent silica-like thin films. The stability of these films upon aging in 

air and water storage determines the most suitable material for 

implementation/application in a catalytic microreactor treated/fabricated by a dry 

plasma process. 

 

2. Materials and methods 

2.1 Chemicals 

Hexamethyldisiloxane (99%, HMDSO) was purchased from Merck (Germany). 

Acetone, isopropanol and ethanol were HPLC-grade from Sigma-Aldrich 

(France). All chemical reagents were used without further purification. 

 

2.2 Materials  

Cyclic olefin copolymer (COC) films (Topas® grade 6013, Tg = 130°C, 254 μm 

thickness) were purchased from Topas Advanced Polymers, Extrusion Lab 

(USA). Polymer sheets of dimensions 20 mm x 20 mm x 350 µm were obtained 

at 290°C from the COC pellets. The sheets were then cleaned with isopropanol 

and cut for further use as polymer substrates for plasma treatments.  

 

NOA 81 substrates were obtained by pressing a drop of liquid NOA 81 monomer 

between a flat PDMS stamp and a glass microscope slide. The resin was then 
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UV-cured for 7 seconds under a 365 nm UV light (Hamamatsu LC8, lamp power 

of 10 mW/cm²). 

THV substrates (Dyneon®) grade 500 were provided by the Laboratoire des 

Macromolécules et Microsystèmes en Biologie et Médecine (Institut Curie, 

UMR168, CNRS). A 5 mm thick, blank THV wafer was cut into 10 mm x 10 mm 

squares for the experiment. 

Polished stainless steel 316L grade plates were purchased from Goodfellow 

(France). Samples of 15 mm x 15 mm and 1 mm thick were used as substrates for 

ellipsometry experiments. 

All substrates were cleaned by immersion in ethanol and acetone solutions 

followed by a high-pressure, high-purity nitrogen gas drying step. 

 

3. General procedure for the silica-like deposition using 

plasma processes 

3.1 Sputtered silica-like thin film deposition 

The deposition of the silica-like thin films was performed using a Hybrid 

Deposition System Hyrenique Series HSPT520 (13.56 MHz) apparatus provided 

by Plasmionique (Quebec, Canada). Based on prior work in our lab [168], the 

surfaces of the substrates were fixed on a rotating substrate holder to produce a 

uniform deposition. In order to remove low molecular weight fragments present 

on the surface of the COC, PDMS and NOA samples, the substrates were cleaned 

by an argon and oxygen plasma as a pre-treatment step. The chamber was first 

pumped down to a pressure of 5.10-6 Torr. A mixture of Ar and O2 (2:1 mass flow 

ratio, Ar 20 sccm and O2 10 sccm) was then introduced into the chamber to reach 

the desired working pressure of 6 mTorr for 5 min at an applied power of 200 W. 

The pretreatment step discussed above cannot be carried out on the THV 

substrate due to its intrinsic chemical properties. In order to achieve subsequent 

functionalization, fluorinated polymers require a specific pre-treatment step 

consisting of nitrogen and hydrogen plasma. By selecting the appropriate 

nitrogen/hydrogen ratio, defluorination of the surface of fluorinated polymers can 

be achieved [204-206]. 
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Therefore, based on previous work in our laboratory [207], optimal parameters 

for the pre-treatment step of the THV samples were determined to consist of a 

mixture of N2 and H2 (1/3:2/3 mass flow ratio, N2 10 sccm and H2 30 sccm) 

introduced into the reactor, at a working pressure of 6 mTorr for 5 min with an 

applied power of 75 W. 

After each pretreatment step, the silica-like layer was deposited by RF magnetron 

sputtering deposition from a 2’’ SiO2 99.995% sputtering target (Kurt J. Lesker 

Company, France). This target was chosen since sputtered films are known to 

have a composition close to this source material. The plasma was generated at an 

applied power of 150 W with a mixture of Ar and O2 (mass flow ratio of 6:1, Ar 

30 sccm and O2 5 sccm) for a duration of 60 min. 

 

3.2 Deposition of SiO2-like layer by PECVD 

Silicon oxide-like thin films were deposited using a homemade low-pressure 

plasma reactor. The RF plasma (13.56 MHz) was generated inside a Pyrex tube 

(46 mm internal diameter, 600 mm length) using capacitive coupled external 

electrodes [162]. PDMS, COC and NOA samples were first cleaned to remove 

adsorbed atmospheric contaminants using the pretreatment step described 

previously, via exposure to a 200 W argon (150 sccm) /oxygen (150 sccm) 

plasma treatment for 5 min at a total pressure of 1.4 mbar. THV substrates were 

pretreated by exposure to a 150 W nitrogen (75 sccm) / hydrogen (225 sccm) for 

5 min at a total pressure of 1.4 mbar. 

 

After each pretreatment step, a gas mixture composed of oxygen (300 sccm) and 

hexamethyldisiloxane (60 sccm) was introduced into the reactor. The monomer 

vapors were supplied to the reactor chamber from liquid hexamethyldisiloxane 

(Merk, 98.5%) contained in a cylindrical flask, via a heated stainless steel line at 

70 °C. A manual valve was used for fine control of the flow. Based on previous 

work in our lab [208] and from the literature [209,210], the optimal parameters 

chosen for the silica-like deposition were 150 W and 4 min respectively for the 

plasma power and deposition time, at a total pressure of 1.7 mbar. 
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4. Results and discussion 

4.1 Aging of silica-like coated substrates using water contact angle 

measurements 

4.1.1 Effect of the Ar/O2 plasma pre-treatment step 

The initial water contact angles (WCA) on the blank surfaces were equal to 60°, 

90°, 100°, and 110° respectively for NOA 81, COC, THV and PDMS. 

As shown in Table 4, all surfaces were hydrophilic after the plasma pretreatment 

step. However, after 15 days of aging in air, the WCA values rapidly increased 

for all substrates to near the initial values of the blank substrates, whereas the 

substrates placed in water storage exhibited a slower recovery rate. This 

temporary functionalization on the uppermost surface layer was probably due to 

oxygen radicals generated in the plasma. Once present on these surfaces, the 

radicals bond with hydrogen derived from either residual air present in the reactor 

or from ambient air upon exposure to the atmosphere. 

Both argon and oxygen have been used extensively as plasmagen gases for 

improving the wettability of polymeric surfaces by inducing the formation of 

hydroxide groups on the surface, which enhances the hydrophilicity of the 

material [174, 177, 211]. Azioune et al. [212] noted that using argon plasma as a 

cleaning step leads to the removal of the contaminated layer, which favors the 

appearance of oxides. This contaminated layer also decomposes when it reacts 

with oxygen plasma, and the decomposition leads to production of carbon dioxide 

and water by the following reaction: 

 

CxHyOz + (O2*, O)  CO2 + H2O 
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Table n°4: Evolution of water contact angles after plasma pre-treatment, in air 

and water storage. (PECVD: 150 W plasma discharge power, 4 min deposition 

time, 150 sccm oxygen flow rate and 0.3 mbar precursor pressure; sputtering: 150 

W plasma discharge power, 60 min deposition time, 30 sccm Ar flow rate and 

150 sccm O2 flow rate). 

Substrate 

Water contact angle values  

Blank 

After plasma 

pre-treatment 

step using 

PECVD 

Aging medium After one day After 15 days 

COC 90° ± 3° <10° a) 
Air storage 34° ± 3° 55° ± 3° 

Water storage 32° ± 4° 65° ± 5° 

THV 100° ± 3° 35° ± 3° 
Air storage 38° ± 3° 80° ± 3° 

Water storage 30° ± 5° 75° ± 3° 

NOA 60° ± 3° 33° ± 3° 
Air storage 42° ± 3° 55° ± 3° 

Water storage 41° ± 3° 60° ± 4° 

PDMS 110° ± 3° 27° ± 3° 
Air storage 120° ± 10° 110° ± 6° 

Water storage 43° ± 3° 52° ± 3° 

     
 

Substrate 

Water contact angle values  

Blank 

After plasma 

pre-treatment 

step in 

sputtering 

reactor 

Aging medium After one day After 15 days 

COC 90°± 3° <10° a) 
Air storage 53° ± 3° 73° ± 3° 

Water storage 32° ± 3° 80° ± 3° 

THV 100° ± 3° 40° ± 3° 
Air storage 46° ± 4° 88° ± 3° 

Water storage 40° ± 4° 79° ± 3° 

NOA 60° ± 3° <10° a) 
Air storage 20° ± 5° 40° ± 3° 

Water storage 13° ± 3° 55° ± 3° 

PDMS 110° ± 3° 33° ± 3° 
Air storage 105° ± 7° 110° ± 6° 

Water storage 42° ± 3° 65° ± 3° 
a) Superhydrophilic 

 

The produced water molecules are then activated by the plasma, thus, favoring 

the formation of hydroxides. 
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The observed initial hydrophilicity is probably due to increase in the surface 

roughness following the pretreatment step due to etching at high plasma power. 

Roy et al. [213] evaluated nitrogen as a plasmagen gas to demonstrate that the 

surface of treated COC samples exhibits fewer surface roughness effects, whereas 

the use of argon or oxygen leads to high surface roughness and thus increased 

hydrophilicity relative to the blank substrate. 

However, in the case of PDMS, measurements clearly indicate that the surface 

recovers its initial hydrophobicity after both dry processes in air aging. This 

hydrophobic recovery has been described thoroughly in the literature [214-217] 

and is due to: 1°) the migration of low molecular weight fragments from the bulk 

to the surface, 2°) the reorientation of polar groups from the surface to the bulk 

phase or the reorientation of non-polar groups from the bulk to the surface, 3°) 

the condensation of surface hydroxyl groups. The hydrophilic character of PDMS 

samples stored in water seems to be retained. However, Lawton et al. [218] 

showed that 1°) the hydrophobic recovery of PDMS eventually occurs regardless 

of the storage environment and that 2°) the thickness of the layer probably plays a 

major role in hydrophobic recovery. 

 

The surface of THV was rendered hydrophilic by abstraction of fluorine atoms 

from its surface by hydrogen and grafting of polar groups in parallel, as described 

by Egitto et al. [219]. In water storage, the hydrophobic recovery of the THV 

substrate was less extreme since more polar groups were incorporated onto the 

surface, as has been demonstrated by Wilson et al. [220]. Overall, though -like all 

substrates- the bare, pretreated surface of the THV substrate tends to recover its 

hydrophobicity. 

 

Therefore, an adapted surface functionalization is crucial in order to obtain a 

long-lasting hydrophilicity for the surfaces of these microfluidic materials; the 

specific functionalization investigated here consists of a silica-like coating.  

4.1.2 Effect of the silica-like coating 

As shown in Tables 5-7, directly following the plasma deposition, the silica-like 

coated COC, NOA and THV substrates became hydrophilic using both the 
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PECVD and sputtering techniques, with measured WCA values less than 10°. 

The drastic change in the surface wettability was attributed to the silica-like layer 

deposition. 

In order to assess the stability of the deposited layer, an aging study was 

performed by storing the silica-like coated samples in air and water for several 

weeks. 

When the PECVD technique was used to form a silica-like coating on the surface 

of the NOA 81, COC and THV substrates, the WCA measurements remained 

under 10° for up to 2 months in air storage, as shown in Figures 19-21. 

 

The coated PDMS substrates underwent hydrophobic recovery after only a few 

days in air storage, as shown in Table 8, and hydrophobic recovery was slower 

for storage in water, with WCA values similar to those measured after the Ar/O2 

pre-treatment step. In addition to the hydrophobic recovery process described 

previously, [221] demonstrated that an oxygen plasma treatment does not oxidize 

the PDMS surface uniformly. Although the coated PDMS substrate retained 

hydrophilic properties when stored in water, this sample was not studied further 

due to its limitations for use in microfluidic device fabrication; as such devices 

must be used in an air environment.  

The THV substrate coated using PECVD demonstrated a constant level of 

hydrophilicity in air storage, but the sputtered silica layer on THV showed a 

slight increase in WCA values in both air and water storage. Compared to the 

WCA value of 0˚ for COC and NOA directly following the sputtering deposition, 

the WCA value of coated THV was slightly higher (15˚). 

 

Globally, compared to the WCA measurements performed for samples stored in 

air, WCA measurements of the COC, NOA and THV samples stored in water 

clearly increased slightly over time. This phenomenon might be explained by 

assuming that the adhesion of the silica-like layer is limited due to the low 

sticking coefficients of these polymers, especially in the case of fluorinated 

polymers such as THV [222]. Since the coated samples stored in air exhibit stable 

WCA values, the discrepancy between samples stored in the different media is 
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likely due to the physical effect of the medium on the coating. The polar nature of 

water may enable the polymeric chains beneath the coating to migrate to the 

surface more easily, for example, catalyzing hydrophobic recovery. 

 

As demonstrated by Purrohit et al. [223], the formation of voids of 

nanodimensional sizes leads to porosity within the silicon oxide matrix. The 

increase in the WCA values observed for storage in water after both plasma 

processes might be explained by this moisture effect, which leads to water 

penetration [224]. In addition, Waters [225] showed that via diffusion action into 

these pores, water penetration leads to cracks and in some cases, to further 

delamination. Indeed, in the case of silica-like films deposited by PECVD, cracks 

were observed after storage in water, using the SEM technique as shown in 

Figure 18. Therefore, based on these assumptions, it can be concluded that water 

penetration phenomenon is amplified when the samples are stored in water and is 

directly related to the film thickness. In our case, ellipsometric measurements 

revealed a value of 30 nm of thickness for the sputtered silica-like layer whereas a 

value of 700 nm was found for the silica-like coating using the PECVD 

technique. 

 

However, in our case, there is no delamination effect as the WCA values are 

stable after 60 days. Therefore, an assumption may reside in the fact that a thicker 

deposited layer may lead to an increase in the number of voids formed within the 

silica-like layer. Thus, the water penetration effect would lead an increase in the 

surface roughness due to the cracking of the layer. Indeed, if the penetration 

depth/film thickness ratio is the same, substrates coated with the PECVD silica-

like layer are more likely to undergo a higher surface roughness than the ones 

coated using the sputtering technique, as the sputtered silica-like layer is thinner 

than the one deposited using the PECVD technique.  

 

This assumption is in accordance with the measured water contact angles in air 

and water storage for the COC, NOA and THV substrates, as in a general trend, 
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their evolution curves regarding water storage exhibit a higher plateau than the 

ones stored in air. 

 

 

(a) as deposited 

 

(b) after 15 days of water aging 

 

Figure n°18: SEM images of PECVD silica-like coating deposited on stainless 

steel substrates (150 W plasma discharge power, 4 min deposition time, 150 sccm 

oxygen flow rate and 0.3 mbar precursor pressure). 

 

Regarding PDMS, as shown in Figure 22, the sustained hydrophilicity in water 

storage is a well-known phenomenon that is frequently encountered in literature 

[226,227]. 
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Figure n°19: Evolution of water contact angles of NOA 81 with SiO2-like 

coatings deposited by PECVD and by sputtering in air and water storage 

(PECVD: 150 W plasma discharge power, 4 min deposition time, 150 sccm 

oxygen flow rate and 0.3 mbar precursor pressure. Sputtering: 150 W plasma 

discharge power, 60 min deposition time, 30 sccm Ar flow rate and 150 sccm O2 

flow rate). 
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Table n°5: Water contact angles measurements of NOA 81 with SiO2-like 

coatings deposited by PECVD and by sputtering in air and water storage. 

 Time After Deposition 

Aging 

medium 

SiOx 

Deposition 

method 

Before 

deposition 

(Blank 

NOA) 

0 days 15 days 30 days 60 days 

Air 

storage 

PECVD 60° ± 3° <10° a) <10° a) <10° a) <10° a) 

Sputtering 60° ± 3° <10° a) <10° a) <10° a) <10° a) 

Water 

storage 

PECVD 60° ± 3° <10° a) 28° ± 3° 44° ± 3° 45° ± 3° 

Sputtering 60° ± 3° <10° a) 24° ± 5° 37° ± 3° 38° ± 5° 

a) Superhydrophilic 

 

Table n°6: Water contact angle measurements of COC with SiO2-like coatings 

deposited by PECVD and by sputtering in air and water storage. 

 Time After Deposition 

Aging 

medium 

SiOx 

Deposition 

method 

Before 

deposition 

(Blank 

COC) 

0 days 15 days 30 days 60 days 

Air 

storage 

PECVD 90° ± 3° <10° a) <10° a) <10° a) <10° a) 

Sputtering 90° ± 3° <10° a) 10° ± 2° 18° ± 3° 20° ± 3° 

Water 

storage 

PECVD 90° ± 3° <10° a) 22° ± 5° 45° ± 4° 51° ± 3° 

Sputtering 90° ± 3° <10° a) 19° ± 5° 35° ± 3° 39° ± 3° 

a) Superhydrophilic 
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Figure n°20: Evolution of water contact angles of COC with SiO2-like coatings 

deposited by PECVD and by sputtering in air and water storage (PECVD: 150 W 

plasma discharge power, 4 min deposition time, 150 sccm oxygen flow rate and 

0.3 mbar precursor pressure. Sputtering: 150 W plasma discharge power, 60 min 

deposition time, 30 sccm Ar flow rate and 150 sccm O2 flow rate). 
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Figure n°21: Evolution of water contact angles of THV with SiO2-like coatings 

deposited by PECVD and by sputtering in air and water storage (PECVD: 150 W 

plasma discharge power, 4 min deposition time, 150 sccm oxygen flow rate and 

0.3 mbar precursor pressure. Sputtering: 150 W plasma discharge power, 60 min 

deposition time, 30 sccm Ar flow rate and 150 sccm O2 flow rate). 
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Table n°7: Water contact angle measurements of THV with SiO2-like coatings 

deposited by PECVD and by sputtering in air and water storage. 

 Time After Deposition 

Aging 

medium 

SiOx 

Deposition 

method 

Before 

deposition 

(Blank 

THV) 

0 days 15 days 30 days 60 days 

Air 

storage 

PECVD 100° ± 3° <10° a) <10° a) <10° a) <10° a) 

Sputtering 100° ± 3° 12° ± 3° 30° ± 5° 36° ± 6° 40° ± 6° 

Water 

storage 

PECVD 100° ± 3° <10° a) 20° ± 4° 22° ± 3° 22° ± 4° 

Sputtering 100° ± 3° 15° ± 3° 20° ± 5° 28° ± 5° 32° ± 5° 

a) Superhydrophilic 

 

Table n°8: Water contact angle measurements of PDMS with SiO2-like coatings 

deposited by PECVD and by sputtering in air and water storage. 

 Time After Deposition 

Aging 

medium 

SiOx 

Deposition 

method 

Before 

deposition 

(Blank 

PDMS) 

0 days 15 days 30 days 60 days 

Air 

storage 

PECVD 110° ± 3° <10° a) 
128° ± 

10° b) 

120° ± 

10° b) 

120° ± 

10° b) 

Sputtering 110° ± 3° 23° ± 3° 98° ± 5° 100° ± 4° 110° ± 6° 

Water 

storage 

PECVD 110° ± 3° <10° a) 20° ± 4° 44° ± 4° 64° ± 3° 

Sputtering 110° ± 3° 23° ± 3° 74° ± 5° 88° ± 3° 100° ± 5° 

a) Superhydrophilic 

b) Due to the superhydrophobic nature of the surface, the volume of the droplet was 

increased to 6 µL. 
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Figure n°22: Evolution of water contact angles of PDMS with SiO2-like coatings 

deposited by PECVD and by sputtering in air and water storage (PECVD: 150 W 

plasma discharge power, 4 min deposition time, 150 sccm oxygen flow rate and 

0.3 mbar precursor pressure. Sputtering: 150 W plasma discharge power, 60 min 

deposition time, 30 sccm Ar flow rate and 150 sccm O2 flow rate). 

 

4.2 Chemical composition of the silica-like modified substrates 

4.2.1 FTIR spectroscopy 

The chemical bonding structure of the deposited silica-like layer was determined using 

FTIR spectroscopy. The spectrum of the blank and of the silica-like coated NOA 81, COC 

and THV films are shown respectively in Figures 23-25. 
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Figure n°23: FTIR-ATR spectra of the blank NOA 81 surface (black line) and 

the silica coated NOA surface either functionalized using PECVD (red line) or 

sputtering (blue line). (PECVD: 150 W plasma discharge power, 4 min deposition 

time, 300 sccm oxygen flow rate and 0.3 mbar precursor pressure. Sputtering: 

150 W plasma discharge power, 60 min deposition time, 30 sccm Ar flow rate 

and 150 sccm O2 flow rate). 

 

In the NOA 81 blank spectrum shown in Figure 23, the broad band between 3200 

and 3500 cm-1 is due to O-H stretching of hydroxyl groups, revealing the 

presence of dimers or high molecular weight species. The peak around 1454 cm-1 

was attributed to the wagging mode of -CH3 groups. Infrared frequencies of NOA 

81 have not been previously assigned in the literature, so the absorption band 

located at 1733 cm-1 was assumed to be due to the carbonyl stretching of C=O, 

which is usually found in polymers [228]. 

The peak around 1681 cm-1 might correspond to an aryl derivative [229], whereas 

the small band in the 2800-3100 cm-1 region is probably due to C-H stretching, 

and the intensity of these peaks is probably related to alkyl groups [230]. In 

addition, the band located at 1145 cm-1 might correspond to a styrene phenyl ring 

[231] or to O=C-O-C antisymmetric stretching vibrations [232]. Since NOA 81 is 
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a mercaptoester polymer, the band located at 2571 cm-1 was attributed as the 

characteristic band for the S-H stretching mode of the thiol group [233]. 

 

 

Figure n°24: FTIR-ATR spectra of the blank COC surface (black line) and the 

silica coated COC surface either functionalized using PECVD (red line) or 

sputtering (blue line). (PECVD: 150 W plasma discharge power, 4 min deposition 

time, 300 sccm oxygen flow rate and 0.3 mbar precursor pressure. Sputtering: 

150 W plasma discharge power, 60 min deposition time, 30 sccm Ar flow rate 

and 150 sccm O2 flow rate). 

 

As shown in Figure 24, the absorption bands located at 2947 cm-1 and 2868 cm-1 

on the COC blank spectrum were assigned to the carbon/hydrogen stretching 

vibration modes of -CH2 and -CH3 groups from the polymer backbone. The peak 

around 1454 cm-1 corresponds to the wagging mode of -CH3 groups. 
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Figure n°25: FTIR-ATR spectra of the blank THV surface (black line) and the 

silica coated THV surface either functionalized using PECVD (red line) or 

sputtering (blue line) (PECVD: 150 W plasma discharge power, 4 min deposition 

time, 300 sccm oxygen flow rate and 0.3 mbar precursor pressure. Sputtering: 

150 W plasma discharge power, 60 min deposition time, 30 sccm Ar flow rate 

and 150 sccm O2 flow rate). 

 

The ATR-IR spectrum of the blank THV displayed in Figure 25 is dominated by 

two broad and intense bands at 1193 and 1149 cm-1, which correspond to CF2 

symmetric stretching vibrations [234].  

For all the sputtered silica-like coated samples, the initial peaks originating from 

the polymer backbone were significantly lower but were still present due to the 

low thickness of the silica layer (30-700 nm) and the depth of measurement of the 

FTIR technique itself (up to 1 µm). 

However, the spectra of all silica-like-sputtered samples showed two bands at 

1200 cm-1 and 1080 cm-1 corresponding respectively to the Si-O-Si asymmetrical 

and symmetrical stretching modes, and a characteristic vibrational band at 809 

cm-1 corresponding to the Si-O-Si bending mode [235]. 
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On the infrared spectra of the substrates coated using PECVD, the similar 

characteristic band corresponding to the Si-O-Si bending mode was attributed to 

the band located at 808 cm-1. Compared to sputtered substrates, the position of the 

Si-O-Si stretching bands were shifted to lower wavenumbers set at 1080 cm-1 and 

1160 cm-1, respectively, for the asymmetrical and symmetrical stretching bands 

[236]. 

This shift observed in the Si-O-Si absorption band is due to the differing nature of 

the two plasmas. In sputtering, the plasma generated is a low-pressure discharge 

with energetic Ar ion bombardment that occurs during the deposition of the layer. 

In PECVD, plasma with low ion energies is produced. Therefore, the shift of the 

Si-O-Si absorption band may be due to decreased ion bombardment during 

PECVD, leading to a thick layer [237]. This hypothesis is reinforced by 

ellipsometric measurements, which show that PECVD produces a thicker coating 

than sputtering. 

 

For all IR spectra, the broad absorption region around 3400 cm-1 was assigned to 

the hydroxyl group stretching mode. This band is related to the presence of Si-OH 

groups, as the interaction between the SiO2 layer and the moisture in ambient air 

lead to the formation of -OH groups at the surface of the coating [238]. 

Furthermore, the presence of Si-OH groups is revealed by the vibrational band 

located at 963 cm-1. The FTIR results demonstrate the presence of a silica-like 

coating for the COC, NOA and THV substrates, for both types plasma deposition 

processes investigated here. Further, all the substrates, coated using other method, 

displayed the same spectrum after 60 days of storage in water (results not shown 

here). 

 

4.2.2 XPS measurements 

The surface chemical compositions of the SiO2-like films deposited by sputtering 

and PECVD were analyzed by XPS analysis. 
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Blank COC Blank NOA 81 

Figure n°26: XPS C1s spectra of the surface of blank COC and NOA 81. 

 

Figure 26 shows the curve fitting for C1s high resolution spectra of blank COC 

and NOA 81. The C1s spectra of the blank films were satisfactorily fitted by a 

combination of three distinct peaks assigned to C-C/C-H moieties (BE = 285.0 

eV), C-O (BE = 286.5 eV for COC and 286.3 eV for NOA), and -COOH/COOR 

(BE = 289.0 eV). All components were assigned with the same full width at half-

maximum and their respective positions were not fixed. These values and the 

corresponding assignments are in good agreement with data previously published 

in the literature [236].  

 

The C-C/C-H peak corresponds to carbon bonded to carbon or to hydrogen in the 

polymer backbone. However, the C-O and COOH/COOR peaks of the blank 

substrates, attributed to the carbon-oxygen bond, reveal that these polymer 

surfaces are not inert to oxidation when in contact with air atmosphere, as 

observed in [239].  

The atomic compositions extracted from the survey spectra of the coated and 

blank COC are presented in Table 9. 
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Table n°9: Elemental atomic concentrations extracted from XPS on COC 

substrates before and after deposition of the SiO2-like layer (PECVD: 150 W 

plasma discharge power, 4 min deposition time, 150 sccm oxygen flow rate and 

0.3 mbar precursor pressure. Sputtering: 150 W plasma discharge power, 60 min 

deposition time, 30 sccm Ar flow rate and 150 sccm O2 flow rate). 

COC Samples 
C 

(%) 

O 

(%) 

Si 

(%) 

O/C 

Ratio 

Si/C 

Ratio 

Layer 

composition 

related to Si 

Blank surface 86.7 13.3 - 0.15 - - 

After Ar/O2 plasma 

pre-treatment step 

using PECVD 

73.5 25.3 1.2 0.34 0.016 - 

After SiOx PECVD 

deposition 
5.2 67.9 26.9 13.05 5.17 Si O2.52 C0.19 

After Ar/O2 plasma 

pre-treatment step 

using sputtering 

73.2 25.4 1.4 0.34 0.019 - 

After sputtered SiOx 11.0 62.7 26.3 5.7 2.39 Si O2.38 C0.41 

 

 
 

C1s high resolution spectrum Si2p high resolution spectrum 

Figure n°27:XPS C1s and Si2p high resolution spectra of the surface of COC 

coated with silica-like layer by PECVD (PECVD: 150 W plasma discharge 

power, 4 min deposition time, 150 sccm oxygen flow rate and 0.3 mbar precursor 

pressure). 
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Figure 27 shows the curve fitting with C1s and Si2p high-resolution spectra of the 

silica-like coated COC using PECVD. It has to be noted that the coated NOA 81 

and THV samples display the same spectrum as the COC one when using 

PECVD or sputtering. The C1s high resolution peak seen in Figure 27 was fitted 

with a single peak at 285 eV, reflecting possible carbon contamination of the 

upper surface of the coating. 

 

Moreover, the Si2p high-resolution spectrum was satisfactorily fitted with a single 

peak located at 103.9 eV and corresponding to the Si-O bonds [168]. This single 

peak is in good agreement with previously published data and confirms the 

deposition of silica-like film in the same composition range for all the substrates. 

Thus, these results confirm the presence of silica-like film on the coated COC, 

THV and NOA 81 substrates as indicated in Tables 9-11. 

For all the sputtered silica-like coated substrates, though, the carbon content 

extracted from the survey spectrum was also observed in the ATR-FTIR spectrum 

(presence of carbonyl groups between 1600 cm-1 and 1750 cm-1). This carbon 

content might result from the incorporation of contaminants during the sputtering 

deposition process, or they might originate from the ablation/ re-deposition of the 

carbon atoms of the blank substrate itself. 

 

  



Chapter 3: Study of the stability and hydrophilicity of plasma-modified microfluidic 

materials 

90 

Table n°10: Elemental atomic concentrations extracted from XPS on NOA 81 

substrates before and after deposition of SiO2 layer (PECVD: 150 W plasma 

discharge power, 4 min deposition time, 150 sccm oxygen flow rate and 0.3 mbar 

precursor pressure. Sputtering: 150 W plasma discharge power, 60 min deposition 

time, 30 sccm Ar flow rate and 150 sccm O2 flow rate). 

NOA 81 Samples 
C 

(%) 

O 

(%) 

N 

(%) 

S 

(%) 

Si 

(%) 

O/C 

Ratio 

O/Si 

Ratio 

Layer 

composition 

related to Si 

Blank surface 64.7 24.5 4.3 3.7 2.8 0.37 8.75 - 

After Ar/O2 plasma 

pre-treatment step 

using PECVD 
43.6 37.7 9.2 6.1 3.4 0.86 11.08 - 

After SiOx PECVD 

deposition 
8.4 65.6 - - 26.0 7.81 2.52 Si O2.52 C0.32 

After Ar/O2 plasma 

pre-treatment step 

using sputtering 
49 36.4 8.0 4.8 1.8 0.74 20.22 - 

After sputtered 

SiOx 
8.8 64.5 0.7 - 26.0 7.33 2.48 Si O2.48 C0.34N0.03 

 

 

 

Blank THV 

 

After N2/H2 plasma pre-treatment  

Figure n°28: XPS C1s high-resolution spectra of the surface of THV before and 

after the N2/H2 plasma pre-treatment step by PECVD (150 W plasma discharge 

power, 5 min treatment time, nitrogen (75 sccm) / hydrogen (225 sccm), total 

pressure of 1.4 mbar). 
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As shown in Figure 28, the typical XPS pattern for the THV substrate reveals the 

presence of -CF3, -CF2, -CF, and -C-CF peaks, which are characteristic of 

fluorinated polymers. These peaks confirm the presence of fluorine and carbon 

atoms in the polymer backbone. For the blank THV (Figure 28), the C1s region 

was calibrated to the CF2 peak at 292 eV and to the C-C/C-H peak at 285 eV 

according to [240]. The C1s spectrum was fitted with five spectral components 

assigned to C-H and C-C (BE = 285 eV), C-CF and C-OH (BE = 287.27 eV), CF 

(BE = 289.67 eV), CF2 (BE = 292 eV) and CF3 (BE = 294.07 eV). In conjunction 

with FTIR spectra (Figure 25), these data indicate the presence of CF2 bonds in 

the polymer backbone. Moreover, high intensity of C-H and C-C at 285.0 eV in 

the C1s peak was observed. This high intensity could be the result of a 

contamination in the fabrication process of THV sheets, as reported in literature 

[241].  
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Table n°11: Elemental atomic concentrations extracted from XPS on THV 

substrates before and after deposition of SiO2 layer (PECVD: 150 W plasma 

discharge power, 4 min deposition time, 300 sccm oxygen flow rate and 0.3 mbar 

precursor pressure. Sputtering: 150 W plasma discharge power, 60 min deposition 

time, 30 sccm Ar flow rate and 150 sccm O2 flow rate). 

THV Samples 
C 

(%) 

O 

(%) 

Si 

(%) 

N 

(%) 

F 

(%) 

O/C 

Ratio 

C/F 

Ratio 

Layer 

composition 

related to Si 

Blank surface 45.0 4.2 - - 50.8 0.09 0.88 - 

After N2/H2 plasma 

pre-treatment step 

using PECVD 

58.5 16.0 3.2 2.2 20.1 0.27 2.91 - 

After N2/H2 plasma 

and SiOx coating 

deposited by 

PECVD 

6.7 65.7 25.5 - 2.1 9.80 3.19 
Si O2.57 C0.26 

F0.08 

After N2/H2 plasma 

pre-treatment step 

using sputtering 

57.8 6.5 1.5 - 34.2 0.11 1.69 - 

After N2/H2 plasma 

pre-treatment and 

sputtered SiOx 

deposition 

10.5 60.4 24.4 - 4.7 5.75 2.23 
Si O2.47 C0.43 

F0.19 

 

According to the surface compositions shown in Table 11, it appears that 

sputtering increases incorporation of fluorine atoms into the deposited layer, as 

compared to PECVD. The sputtering technique accomplishes these results by 

inducing a re-deposition of the fluorine atoms present at the topmost surface layer 

during the N2/H2 plasma pre-treatment step. A similar phenomenon occurs for the 

silica-like film deposited by PECVD, but the fluorine incorporation is less 

pronounced due to the difference of parameters (pressure, flow rates, gas phase 



Chapter 3: Study of the stability and hydrophilicity of plasma-modified microfluidic 

materials 

93 

composition, etc…) in both processes. Nevertheless, these results are consistent 

with the WCA measurements. 

5. Conclusion 

Under optimal conditions, it has been demonstrated that the deposition of a silica-

like film using two different dry processes accomplished incorporation of 

superhydrophilic layer onto three different classes of microfluidic material. COC, 

NOA and THV were successfully rendered hydrophilic (and remained thus for 

several weeks) by means of a silica layer deposition, confirmed by FTIR and 

XPS. The aging of the silica-like deposited layer was assessed by WCA 

measurements and the stability of the coating in air and water storage was 

demonstrated. However, air aging revealed the instability of such coatings on 

PDMS surfaces due to the well-documented hydrophobic recovery of this 

material. 

Between these new classes of materials, the silica-like coated COC appears to be 

the most promising for microfluidic applications because of its high stability in 

terms of hydrophilicity in air and water storage and rapid prototyping compared 

to THV and NOA. 

Therefore, COC will be used as the starting material for the elaboration of the 

catalytic microreactor while the deposited silica-like thin film in the PECVD 

process will be used as a support layer for the adhesion between the catalyst and 

the COC substrate. 

However, an optimization could be performed on the sputtering technique by 

studying the different mechanisms involved in the plasma chemistry. Here, 

neither the plasma chemistry nor the organosilicon precursor fragmentation was 

studied here. Nevertheless, this can be achieved through the use of in-situ 

characterization techniques such as Optical Emission Spectroscopy (OES) or 

Mass Spectroscopy. 

 


