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The novelty of this paper lies in the development of a multistep process for the manufacturing 

of plasma millireactors operating at atmospheric pressure. The fabrication process relies on the 

integration of metallic electrodes over a Cyclic Olefin Copolymer chip by a combination of 

photopatterning and sputtering. The developed plasma millireactors were successfully tested 

by creating air discharges in the gas volume of the millichannel. A sputtered silica layer was 

deposited on the channel walls to provide a barrier between the plasma and the polymer in 

order to prevent the alteration of polymer surfaces during the plasma treatment. The interest of 

this process for employing plasma millireactor as high reactive environment is demonstrated 

here by the case of degradation of a Volatile Organic Compound (acetaldehyde) in ambient air. 

In this miniaturized device, we obtained a high acetaldehyde conversion (98 %) for a specific 

input energy lower than 200 J.L-1.  

 

Introduction 

Nowadays, non-thermal discharges at atmospheric pressure are 

of great interest to many fields owing to the highly reactive 

environment provided at relatively cold temperatures. 

Moreover, plasma processes are known to be environmentally 

friendly and an energy saving processing route [1]. 

Miniaturization of plasma reactors has the promise of 

producing the plasma at much lower voltages than conventional 

scale reactor, and thus achieving low power production. In 

addition, the microscale dimensions reduce the transport of 

both heat and mass, and so provide a nearly isothermal, rapid-

mixing homogeneous environment for efficient chemical 

reactions. Thus, generation of plasmas in micro and 

millichannels may lead to a better control of chemical 

transformations. 

Plasmas reactors used as a milli-scale source of ions, excited 

species and radicals open several opportunities for the chemical 

process intensification and could be an enabling technology 

across fundamental and applied science. Indeed, these 

microplasmas can be generated at relatively low gas 

temperatures and possess an electron energy distribution 

containing large fractions of high-energy electrons which lead 

to the production of reactive species [2]. 

Thus, the implementation of atmospheric plasma into sub-mm 

volume has become increasingly attractive for the efficient 

synthesis of valuable chemicals and nanostructures as well as 

for the decomposition of hazardous compounds [3,4]. 

These miniaturized plasma reactors can be classified based on 

the application, the electric field switching frequency ranging 

from DC to GHz, the geometries extending from dielectric 

barrier discharges [5] to micro hollow cathodes [6] and 

microcavity discharges [7]. Several studies have shown the 

interest of using plasma microreactors for environmental 

applications (such as the conversion of Volatile Organic 

Compounds [4,8,9], the conversion and activation of alkanes 

[10,11]), for the synthesis of nanoparticles [12,13], as UV 

radiation sources and also as plasma cathodes [14]. An 

overview of their applications can be found in some interesting 

review papers [4,14,15]. 

The Dielectric Barrier Discharge (DBD) configuration is one of 

the most advantageous approaches to favor the reliability of the 

plasma chip. In this configuration, a dielectric layer separates 

the electrodes from the plasma region. This layer acts as an 

insulator and so prevents spark formation which can potentially 

cause device failure during plasma treatments. In this case, the 

plasma has a capacitive nature and consists of a large number 

of filamentary microdischarges within the gas gap. The 

duration of these microdischarges is limited to a few 

nanoseconds. Thus, gas heating is minimized, whereas the 

activation of molecules and atoms in the gas volume is ensured 

by the large fractions of high-energy electrons [16]. 
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Dielectric barriers can be made of various insulating materials 

like glass, ceramic or polymer coatings [17,18]. Hard materials, 

such as glass or silicon, are commonly employed for the 

fabrication of plasma millireactors [13,19]. This is due to their 

ability in achieving small feature patterns. These materials also 

exhibit a good solvent compatibility and provide a suitable 

surface stability. Glass, in particular, is considered as the 

material of choice due to its electrical insulating properties and 

beneficial optical transparency which allows in-situ diagnostics 

such as optical emission spectroscopy or ultra-rapid camera 

measurement. However, the rapid prototyping of hard materials 

is severely limited due to the need for cleanroom facilities, the 

high cost involved in processing and the cost of the material 

itself [20]. Additionally, glass micromachining processes are 

technically demanding and time consuming. To overcome these 

drawbacks, polymers offer an attractive alternative to hard 

materials for rapid prototyping of miniaturized plasma reactor. 

They are relatively inexpensive, adaptable through formulation 

changes or chemical modification [21], and generally have 

faster fabrication processes (e.g., hot embossing, injection 

molding, etc.) [22]. Moreover, most of the polymers used in 

microfabrication exhibit a glass like transparency. Some 

authors do use polymers like ultraviolet-curable polymer [23] 

or Teflon® [5] as spacer for the fabrication of plasma 

millireactors. However, even in those cases, hard materials such 

as glass are still involved. 

Experimental 

Principle 

In this paper, we propose to elaborate on and investigate a DBD 

polymer miniaturized plasma system aimed at the volatile 

organic compound (VOC) elimination in ambient air. 

We chose COC (Cyclic Olefin Copolymer) as a base material 

for the fabrication of the proposed DBD millireactor. COC is a 

thermoplastic copolymer composed of norbornene and ethylene 

groups. Its properties directly depends on the norbornene-to-

ethylene ratio such as its glass transition temperature (Tg) 

which ranges from 70 °C up to 180 °C. Other polymeric 

materials such as polydimethylsiloxane, polymethyl 

methacrylate, or polystyrene could likely be used as the 

microreactor material but the COC has the advantage of being 

easily shaped, exhibiting good electrical insulating properties 

(Dielectric constant is 2.35 at 60 Hz) and it can be easily coated 

using conventional vacuum techniques without any surface 

processing [24,25]. These characteristics are well suited for the 

realization of a plasma millireactor operating under cold plasma 

conditions while its glass like transparency [26] is helpful to 

perform in-situ diagnostics of the discharge (Optical Emission 

Spectroscopy (OES) or Ultra-rapid camera measurements). 

Furthermore, COC is resistant to hydrolysis, acids, alkalis, as 

well as polar solvents. Thus, this material can withstand several 

technological steps including photo-patterning development, 

wet etching and surface functionalization stable upon aging 

[25]. Owing to these properties, the COC is a great candidate 

for a plasma millireactor material. Moreover, submicron-size 

surface features could be easily reproduced using conventional 

molding techniques due to the good flow ability of this polymer 

[27]. 

Figure 1 shows the main technological steps: the COC cap 

formation by molding (Figure 1.a), the electrode elaboration by 

a combination of photopatterning and sputtering (Figure 1.b), 

the passivation of the channel inner surfaces (Figure 1.b), the 

alignment and finally the thermal fusion bonding of the chip 

(Figure 1.c). 

The metallic electrodes were integrated by the use of a 

combination of photopatterning and sputtering which ensures a 

good adhesion to the polymer surface [28]. The geometry, 

dimensions and shape of the electrodes can be easily tuned.  

 
Figure 1: Principle of the multistep process investigated (a) Cap 

formation, (b) Electrode elaboration and (c) Chip assembly. 

 

In addition, the inner surface of the millichannel was covered 

with a sputtered silica layer. This dielectric layer provides a 

barrier between the plasma and the polymer in order to prevent 

the alteration of polymer surfaces during the plasma treatment. 

This strategy combines advantages of both materials: the 

physical properties of COC including fast prototyping 

capability, and the well-established surface chemistry of SiO2 

thin films which could acts for further immobilization of 
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specific molecules (metallic oxides, biomolecules …). 

Furthermore, previous studies have shown that the sputtered 

SiO2 thin films do not affect the transparency properties of the 

COC film as shown in [29]. 

Finally, the bonding step consists in the thermal fusion bonding 

of the both COC parts [30]. 

Materials 

Both COC pellets (Topas 6013S-04 Cyclic Olefin Copolymer) 

and thin films (Topas® 6013S, Tg = 130 °C, 254 µm thick) 

were purchased from Topas Advanced Polymers. S1818 

photoresist and Microposit 351 Developer were obtained from 

Shipley®. Hexadecane ≥99% and cyclohexane ≥99% were 

purchased from Sigma-Aldrich (France). 

Process development 

The plasma chip was prepared using the following procedure: 

Cleaning: COC pellets and films were first cleaned by 

sonication in ethanol for 30 min and then dried at 90 °C for 30 

min. 

Preparation of the COC cap: A few grams of the pellets were 

moved into an aluminum mold comprising the channel design. 

The molds were fabricated by micromilling (Minitech 

Machinery, US). The feature sizes of the straight millichannel 

were 50 mm length, 2 mm width and 0.5 mm depth. The mold 

was placed inside a heating hydraulic press (Specac) and the 

pellets were consequently melted at 170 °C for 10 min. A 

typical pressure of 2 MPa was applied for 10 min. The curing 

step had to be long enough in order to obtain chips without 

bubbles trapped inside the polymer. Finally the COC cap was 

released from the mold after being cooled down to room 

temperature. 

Electrode patterning: As shown in Figure 1.b, the electrodes 

were elaborated by lift off on the COC cap and on a 250 µm 

thick COC film with the same following conditions. First, a 

photopatterning step was completed. A 1.8 µm thick photoresist 

(S1818) was spin coated on the COC substrates and cured for 

90 s at 115 °C on a hotplate. Afterward, each COC substrate 

was aligned with a dedicated plastic mask which corresponds to 

the electrode geometric shapes and then UV exposed using an 

EVG - 620 Double Sided Mask Aligner (main exposure 

wavelength of 365 nm). Finally, the resist was removed from 

the irradiated area using a mixture of deionized water and 351 

developer solution with a volume ratio of 1:4. 

Electrode deposition: Sputtering was carried out using a 

hybrid deposition system (Plasmionique HSPT520). Once the 

resist layer was patterned, the electrodes were elaborated 

through magnetron sputtering. COC substrates were fixed on a 

rotated substrate holder to provide a uniform deposition. The 

chamber was first pumped down to reach a pressure of 5.10-6 

Torr. Then a mixture of Ar and O2 (2:1 mass flow ratio, Ar 20 

sccm and O2 10 sccm) was introduced into the chamber to 

reach the desired work pressure of 6 mTorr. First, the COC 

surfaces were treated by argon/oxygen plasma in order to 

remove the low molecular weight fragments and to favour 

grafting of reactive oxygenated species. This was done by 

applying a RF bias (13.56 MHz) on the substrate holder. 

Secondly, COC substrates were metallized with an 800 nm 

thick copper layer using DC magnetron sputtering from a 2’’ 

copper target 99.99% with an applied power of 100 W. Prior to 

copper deposition, a 10 nm thick titanium layer (2’’ Titanium 

target 99.97%, RF 75 W) was deposited in order to enhance the 

adhesion of the metallic layer onto the polymer material. The 

thickness of the metallic electrodes was evaluated by White 

Light Interferometry (Zoomsurf 3D system from Fogale 

Nanotech Company). The resist was finally removed in an 

acetone bath in combination with sonication for 30 min. The 

samples were consequently rinsed with ethanol and dried with 

N2 stream. 

Silica layer deposition: First, a shadow mask made of vacuum 

tape was done to localize the deposition into the inners surfaces 

of the channel as shown in Figure 1.b.4. The samples were 

consequently placed on the substrate holder to be cleaned as 

described for the electrode elaboration. The silica layer was 

deposited by RF magnetron sputtering from a 2’’ SiO2 99.995% 

sputtering target with an applied power of 150 W. A mixture of 

Ar and O2 was used with a mass flow ratio of 6:1 (Ar 30 sccm, 

O2 5 sccm). The thickness of the deposited silica layer was 

measured by spectroscopic ellipsometry (HORIBA Jobin Yvon 

i-HR320) on a silicon substrate. 

Sealing step: Before sealing the chips, the gas inlet and outlet 

were drilled through the COC cap. A mixture of Cyclohexane 

and hexadecane (3:1 volume ratio) was spread over the COC 

surfaces to be bonded in order to enhance the polymer chain 

mobility [31]. Afterwards, the upper and lower COC substrates 

were aligned and bonded together inside a heated hydraulic 

press (from Specac) at 110 °C for 3 min with an applied 

pressure of 0.6 MPa. Gaseous flow along the channel was 

ensured by plugging commercially available microfluidic 

connections. Figure 2 shows the final chip.  

Figure 2: (a) COC plasma millireactor and (b) Air discharge 

performed within the millichannel. Experiment was carried out 

at room temperature and the plasma frequency was set at 1 kHz. 

 

Thin film characterizations 

Infrared spectra were acquired using a Fourier Transform 

Infrared Spectrometer (Cary 660 Spectrometer - Agilent) with 

an Attenuated Total Reflectance module (GladiATR - Pike). 
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XPS spectra were recorded using PHI 5600 XPS spectrometer 

(Physical Electronics, Eden Prairie, MN, USA). Survey and 

high resolution spectra were acquired using the Kα line of a 

monochromatic Al (1486.6 eV) and Mg source, respectively, 

operated at 150 W. Analyses were performed with a 45° angle 

relative to the surface. Survey spectra were acquired from 0 to 

1400 eV for 15 min. Curve fitting for the high resolution peaks 

was completed using XPS PEAK Software (version 4.1) by 

means of a least square peak fitting procedure using a 

Gaussian-Lorentzian function and a Shirley baseline fitting. On 

each sample, three different spots were analysed. 

Water contact angle (WCA) measurements were performed 

using a GBX-3S system. The advancing contact angle was 

measured three times on different areas of the sample and a 

typical deviation of ±3° with respect to the mean value was 

observed. The reported value corresponds to the average of 

these three measurements. 

 

Experimental set-up for the VOC abatement 

Experiments were performed at room temperature. The gas 

mixture was composed of CH3CHO (100 ppm-mol), O2 (20%) 

and N2 (balance). The mass flow rate of the mixture to be 

treated was controlled by using a mass flow controller. The 

dielectric barrier discharge (DBD) was generated in the gaseous 

volume of the millichannel (Figure 2.b) (tension: 5 - 20 kV 

peak-to-peak voltage, frequencies: 200 Hz, sinusoidal). The 

power supply used to generate the sinusoidal signal was 

composed of a high voltage amplifier (TREK model 20/20C) 

and a function generator (Topward 8102 - 2 MHz). The power 

injected into the plasma was determined using the Manley 

method (V–Q Lissajous method) [17]. In this study, the injected 

energy is changed by varying the signal amplitude (e.g the 

tension), and keeping a constant signal frequency of 200 Hz. 

Ozone concentration in the gas outlet was evaluated using an 

ultra-violet absorption analyser GM-Pro (Anseros). The 

abatement of the acetaldehyde was assessed by GC- FID 

measurement (Varian 430-GC). The outlet line of the 

millireactor was heated in order to avoid the condensation of 

eventual residual acetaldehyde and water moieties which are 

products of the VOC oxidation.  

Results and discussion 

Silica layer characterizations 

The measured water contact angle on the COC blank surface 

was equal to 90° whereas the silica coated COC films were 

hydrophilic with a measured water contact angle (WCA) value 

less than 10°. This surface wettability change was attributed to 

the SiO2 film deposition. An aging study was performed by 

storing the silica coated samples in air for several months. The 

WCA values remain under a value of 20° for up to 6 months. 

Furthermore, in order to investigate the chemical structure of 

the deposited thin film, we used Fourier transform infrared 

spectroscopy. The spectra of the blank and the silica coated 

COC films are shown in Figure 3. 
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Figure 3: ATR-FTIR spectra of the (a) bare COC, (b) silica 

coated COC and (c) the silica coated COC after an air 

discharge. 

 

In both spectra, the absorption bands located at 2947 cm-1 and 

2868 cm-1 were assigned to the carbon/hydrogen stretching 

vibration modes of -CH2 and -CH3 groups from the polymer 

backbone. Additionally, the peak around 1454 cm-1 

corresponds to the wagging mode of -CH3 groups. These peaks 

were significantly weaker for the silica coated sample but they 

were still present because of the low thickness of the silica 

layer of 37 ± 0.4 nm (n refractive index 1.45 at 633 nm). 

The spectrum of the coated sample also shows two intense 

bands at 1080 cm-1 and 1200 cm-1 corresponding to the Si–O 

stretching modes and a vibrational band at 809 cm-1 associated 

to the Si-O bending mode. The broad absorption region around 

3400 cm-1 was assigned to the hydroxyl group stretching mode 

bands. This band was related to the presence of Si–OH groups 

due to the interaction between the SiO2 layer and the moisture 

in ambient air which leads to the formation of OH groups at the 

surface [32]. 

The surface chemical composition of the sputtered SiO2 film 

was analysed by XPS measurement. The atomic compositions 

extracted from the survey spectra of the coated and native COC 

are presented in Tab. 1. 

 

Sample % C % Si % O Si/O 

Native COC 88.4 - 11.6 - 

Silica coated COC 11.1 26.2 62.7 0.42 

Table 1: Surface composition of COC films measured by XPS 

 

The oxygen content of the bare COC film pointed out that the 

polymer surface was sensitive to oxidation when in contact 

with air atmosphere as already observed in [33]. 

Figure 4 shows the curve fitting with Si(2p) high resolution 

spectra of the silica coated COC samples. The Si2p high 

resolution spectrum was satisfactorily fitted with a single peak 

located at 103.9 eV and corresponding to the Si-O bonds [34]. 

This single peak is in good agreement with data published for 

sputtered silica coating and confirms the deposition of silica 

like film. However, the carbon content extract from the survey 
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was also observed in the ATR-FTIR spectrum of the silica 

coated COC. The absorption band located between 1600 and 

1750 cm-1 (Figure 3) was associated to the presence of carbonyl 

groups. This carbon content might result from the incorporation 

of contaminant during the deposition process. Thus, these 

results confirmed the presence of silica like film on the COC 

substrate.  

 

 

 

Figure 4: Si(2p) high resolution spectrum obtained by XPS 

measurement on silica coated COC sample. 

Chemical and mechanical stability of SiO2–COC  

An air discharge (without acetaldehyde) within the millichannel 

was carried out for 30 min with an injected power of 0.4 W, 

frequency of 1 kHz and flow rate of 20 sccm of dry air. As 

shown in Figure 3, the comparison between the FTIR spectra 

prior to and after the discharge shows no significant changes in 

the bulk chemical bonding of the layer. This fact confirms the 

good stability upon etching of the protective silica layer under 

cold plasma conditions. 

COC millireactors for VOC conversion 

The emission of volatile organic compounds (VOC) is an 

environmental issue of major concern. Among the processes 

studied to efficiently remove VOC, non-thermal plasma 

generated in electrical discharges has many advantages. Over 

the last decade, many studies have been dedicated to the 

evaluation of the efficiency of plasma process at atmospheric 

pressure for the removal of VOC at low concentration (the 

majority being below 1000 ppm-mol) [35,36]. Indeed, the 

energy injected into the air plasma is dissipated through 

reactive process producing actives species (O, OH, O3, NOx, 

N2 vibrationally excited and metastable states, …) through 

reactions involving electrons, rather than heating the gas [37]. 

These high energy electrons and these reactive species are 

known to initiate removal reactions of the selected pollutant 

[38].  

We used our plasma millireactors as a miniature source of 

reactive species for the purpose of VOC abatement. Figure 5 

presents the acetaldehyde degradation dependence with the 

Specific Input Energy (SIE) which is a key parameter of 

atmospheric pressure plasmas. The SIE was obtained from the 

injected energy which was assessed by Lissajous technique and 

the gas flow rate using the expression presented in Eq. (1). In 

this study, SIE was changed by varying the high voltage (from 

5 kV up to 20 kV), and keeping constant the flow rate and the 

frequency, and its value varies up to 325 J/L. This upper value 

of SIE corresponds to a maximum power injected in the plasma 

of 107 mW. 

 

(1) ��� �
����	
��
	���
�	���

����	�
�

 

The gas residence time in the plasma region is 150 ms 

according to the gas volume of the millichannel and the injected 

flow rate of 20 sccm. 

 

Figure 5: Acetaldehyde degradation dependence with the 

specific input energy. Inlet gas was composed by CH3CHO 

(100 ppm), oxygen (20%) and nitrogen (balance). Experiments 

were carried out at room temperature and the plasma frequency 

was set at 200 Hz. 

 

The residual acetaldehyde at the millireactor outlet decreased 

with the Specific Input Energy, and reaches 98% at 180 J/L, 

corresponding to a power injected into the plasma of 60 mW. 

When comparing these performances to recent publications [39, 

40], we obtained similar results on the acetaldehyde abatement 

without any use of a catalytic coating inside the millichannel. 

This highlights the fact that the increased surface area-to-

volume ratio of such millireactor leads to enhanced plasma-

surface interactions. Moreover, if needed, the efficiency of our 

millireactors could be increased by the presence of a catalytic 

coating on the channel walls. 

Conclusions 

A simple process for manufacturing plasma millireactors was 

demonstrated. This process is based on the integration of 

metallic electrodes onto a COC chip. The inner surfaces of the 

millichannel were successfully covered within a silica 
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protective layer. XPS and FTIR measurement confirmed the 

deposition of silica like film. The proposed plasma millireactor 

was used as a source of reactive species for depollution 

purposes. A high degradation of acetaldehyde (98 %) at room 

temperature was obtained for very short treatment times and 

specific input energy of 180 J.L-1. Experiments are in progress 

to integrate catalytic coating within the millichannel for the 

reduction of the formation of unwanted by-products and 

favouring complete oxidation to CO2 and H2O. Moreover, such 

preliminary results might be very promising for using plasma 

millireactors as a high reactive chemical medium and bring 

forward new perspectives on various applications including 

VOC abatement, chemical synthesis such as CO2 or CH4 

conversion in plasma millireactor. 
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