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Abstract 

Micro and nano-patterning of surfaces is a trend challenge in the field of the 

miniaturization of devices assembled via top-down approaches. This study demonstrates the 

possibility of depositing sub-micrometric localized coatings − spots, lines or even more 

complex shapes – made of amorphous hydrogenated carbon (a-C:H) thanks to a moving XY 

stage. Deposition was performed on silicon substrates using chemical vapor deposition 

assisted by an argon atmospheric pressure plasma jet (APPJ). Acetylene was injected into the 

post-discharge region as precursor by means of a glass capillary with a sub-micrometric 

diameter. A parametric study was carried out to study the influence of the geometric capillary 

configurations (capillary diameter and capillary-plasma distance) on the deposited coating. 

Thus-formed patterns were investigated by Scanning Electronic Microscopy and Atomic 

Force Microscopy. Furthermore, chemical composition of large coated areas was investigated 

by Fourier Transformed infrared spectroscopy according to the chosen atmospheric 
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environment. Observed chemical bonds show that reactions of the gaseous precursor in the 

discharge region and both chemical and morphological stability of the patterns after treatment 

are strongly dependent on the surrounding gas. Various sub-micrometric a-C:H shapes were 

successfully deposited under controlled atmospheric conditions using argon as inerting gas. 

Overall, this new process of additive manufacturing by atmospheric plasma offers an 

unusually high resolution at low cost. 
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Introduction  

 

Micro and nano-structuration of surfaces is a topical challenge in the field of ultrafine 

process applications. Miniaturization of devices increases the need of bottom-up or down-to 

approaches for their integration in lab-on-chips, Micro-Electro Mechanical Systems (MEMS) 

or for applications in photonic, medicine, biology, micro-fluidic or watch-making domains. 

The additive and subtractive approaches compete currently with each other. Even so, the 

additive approach seems to be the most efficient tool for extreme miniaturization, limiting by 

the way material losses. Among the common additive microfabrication techniques such as 

Physical Vapor Deposition, Plasma-Enhanced Chemical Vapor Deposition, Molecular Beam 

Epitaxy or 3D laser micro-lithography, the resolution is often restricted to a limited scale 

range and/or dedicated to some materials only. For instance, the two-photon polymerization 

(2PP) is a very attractive technique among the aforementioned examples [Maruo (1997), 

Cumpston (1999), Kawata (2001), Serbin (2003), Deubel (2004)]. Three-dimensional 

microstructuring of photosensitive materials by 2PP is effective for the fabrication of 3D 

structures having a resolution of 200 nm or higher (100 nm) [Serbin (2003)]. The 2PP 

approach provides much better structural resolution and quality than stereo-lithography. 

However, these two processes are only dedicated to the microfabrication of exclusive 

photosensitive materials and cannot be considered for carbon polymers and other materials as 

oxides or metals. Consequently, the main strategic stake consists in the development of a new 

3D micro and nano-fabrication process with high flexibility of use, wide versatility of 

materials and substrates choice and high deposition rates to process an object in a reasonable 

period of time. Avoiding multi-step processing according to the required materials and the 

size of the patterns is also a major advantage. Among the foreseen candidates, atmospheric 
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pressure micro-plasma treatments can be envisaged in a wide range of applications from 

electronic to medicine [Mariotti (JPD 2011)]. Working under atmospheric conditions without 

resorting to low-pressure system reduces notably heavy infrastructure and manufacturing 

costs. Also, deposition at atmospheric pressure prevents damages to desorbing and 

temperature-sensitive substrates such as living materials. Over the last few years only, 

isolated nanometric objects as well as localized functionalization of surfaces were envisaged 

[Belmonte (JPD 2011), Belmonte (JTST 2011), Motrescu 2012]. Perspectives on atmospheric 

pressure plasmas for nanofabrication have the distinction of being diverse and very exciting 

[Mariotti, JPD 2011]. For example, micro-optical waveguides [Hollander (2003)], vias-filling 

in electronic engineering or fabrication of integrated circuits in the microelectronic industry 

are subjected to intensive miniaturization. Both precise etching and deposition that are 

required in integrated manufacturing have been achieved thanks to the development of new 

advanced plasma tools [Mariotti (JPD 2011)]. Henceforth, quasi one-dimensional materials 

can be reached using laterally confined deposition by means of micro-sized injectors. In the 

early 2000s, Holländer and Abhinandan [Hollander (2003), Abhinandan (2004)] deposited 

localized quartz-like and hydrocarbons spots and lines from hexamethyldisiloxane (HMDSO) 

and acetylene respectively under vacuum. They used a stainless steel capillary of 250 µm 

(inner diameter) of as injector. Once introduced in the vacuum chamber (0.2-2 mbar), the gas 

jet flows through the Radio-Frequency (RF) or Microwave (MW) excitation zone. The peak 

height of the needle-like coatings grown from C2H2 could reach ~2.4 mm and the width at the 

half of the maximum height was 440 µm. Deposition experiments can be considered as simple 

decomposition reaction of a gaseous precursor assisted by atmospheric pressure plasma. In 

addition, APPJs demonstrate that nanometric patterns (lines or even more complex shapes) 

can be etched on silicon substrates with a good directionality, using noble gas plasma jet 

injected by means of a nano-capillary [Kakei (2010)]. These results demonstrate also that 
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nano-sized charged particles can be taken out from the plasma jet with nano-capillary. In this 

way, both deposition (“writing”) and etching (“erasing”) modes can be coupled and embedded 

in the same material printing device by means of various suitable capillaries used as localized 

precursor or plasma jet sources. This novel approach based on APPJs allows any end-user to 

“write/erase” patterns over a surface without resorting to specific and expensive masks. In 

addition, tridimensional printing can be easily solved by using a moving XYZ stage where the 

gap between the capillary and the substrate surface can be continuously adjusted. 

Furthermore, in order to limit the use of harmful and flammable products in the 

semiconductor industry such as silane, tetraethoxysilane, trimethylaluminium…), localized 

treatments with small quantities of precursors and high conversion rates reduce the generation 

of hazardous contaminants and avoids fluorinated gases emission that promotes the 

greenhouse effect. 

Synthesizing localized a-C:H coatings is an ideal case study for miniaturization since 

needle-like deposits were obtained with C2H2 as precursor in a recent past. This achievement 

showed that a-C:H polymers exhibit very interesting tribological properties. Localized a-C:H 

coatings are good candidates for low frictional coatings in solid lubrication applications and 

can be integrated onto stressed moving parts in micro-mechanical systems [Hollander (2003), 

Shimizu (2003)]. Indeed, a-C:H  have extremely low friction coefficients ranging between 

µ=0.05 [Miyake (1987)] and 0.35 [Zaidi (1994)] depending on the H content. a-C:H films are 

subjected to intensive research in this objective [Fontaine (2001), Comprehensive Hard 

Materials (2014)]. In addition, low density, high hardness, chemical inertness and infrared 

transparency make it an ideal material for protective optical coatings. According to the 

Robertson diagram [Robertson (1998), Robertson (2002)], hard a-C:H diamond like carbon 

(DLC) is better than soft a-C:H Polymer Like Carbon (PLC with µ<0.15) for tribological 

applications. A progressive transition from soft to hard a-C:H is typically observed according 
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to the hydrogen incorporation into the film. The friction and wear performances of a-C:H are 

significantly affected by the structural nature of the films (sp3/sp2 hybridization, density, 

hydrogen content, surface energy, roughness…) and the surrounding conditions [Chen 

(2013)]. For example, the sp2/sp3 ratio is known to lead to soft or hard a-C:H materials 

depending on the hydrogen content in the structure. The experimental conditions can induce a 

domain transition from soft to hard a-C:H depending on the deposition parameters such as ion 

bombardment energy in the case of low-pressure deposition, gas composition or substrate 

temperature [Manage in thesis (1998), Manage (2000)]. Finally, the chemical characteristics 

of the deposited patterns under atmospheric conditions are a key point in the formation of a-

C:H patterns and their subsequent mechanical properties. In this regard, the chemical control 

of the surrounding gas is essential.  

Although APPJs are very attractive as it was mentioned before, the main drawback with 

APPJs is that plasmas cannot be reduced indefinitely in size. Indeed, the Debye length set a 

minimal size below which no ionized medium can be sustained. If a plasma is confined in a 

cavity comparable in size to the Debye length, shielding of the charge by the plasma and 

quasi-neutrality can no longer be preserved. Typical value of the Debye length for APPJs is 

between 10-100 µm [Eden (2006), Mariotti (JPD 2010)]. On that account, deposition of sub-

micro-patterns using APPJs containing both the plasma gas and the precursor as it has been 

reported by Holländer and Abhinandan, becomes impossible below 10 µm [Hollander (2003), 

Abhinandan (2004)]. In the objective of ultra-miniaturization of patterns, a convenient 

configuration has to be necessarily envisaged. This problematic has been dealt with using a 

novel approach by separating the precursor micro-jet from the plasma jet. The benefit is the 

possibility to work under post-discharge conditions to reduce significantly the temperature of 

the treated zone near the room temperature and to prevent damage of alterable substrates. The 

use of a moving stage using a controlled micrometric displacement can be done to realize 
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localized spots, lines or more complex geometries over any substrate. This work emphasizes 

the opportunity of decreasing the size of a-C:H patterns from a micrometric to a nanometric 

scale. To determine optimal hydrodynamics conditions, a parametric study of the 

experimental setup scanning the main process parameters (capillary-plasma distance, capillary 

diameter, precursor pressure…) is proposed at the beginning of this paper. Throughout this 

article, we will show that the control of the chemical composition of the surrounding gas is an 

extremely important condition to reach ultrafine hydrocarbon patterns. 

 

Experimental details 

 

a-C:H micro and nano-patterns were deposited on polished intrinsic silicon {100} 

oriented surfaces of 500 µm in thickness. Prior to the treatment, substrates were successively 

cleaned in acetone and methanol, treated in an ultrasonic bath and put on the substrate stage 

for exposition to the argon plasma jet (see Figure 1). This plasma jet is generated thanks to a 

surfatron wave-launcher operating at atmospheric pressure. The plasma discharge is sustained 

by microwaves generated using a Sairem power generator operating at 2.45 GHz. The power 

absorbed by the plasma was fixed at 20 W for this work. To drive the afterglow on the silicon 

substrate, a curved fused silica tube of 3 mm in diameter was positioned inside the resonant 

cavity. The argon flow rate injected into the fused silica tube was fixed at 50 sccm (standard 

cubic centimeter per minute). C2H2 (AAS27 type sold by Air Liquide) was used as gaseous 

chemical precursor. C2H2 is injected into an aluminosilicate glass capillary machined to 

control the shape and size of its extremity. Capillaries could be forged from 0.64 mm (initial 

inner diameter) down to 500 nm using a micropipette puller system (Sutter instruments) and a 

microforge (WPI instruments). In this work, aluminosilicate glass was chosen for better 
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performance in a high temperature range: it has a low thermal expansion coefficient (4.10-6 K-

1) and a higher softening point (1170 K) in comparison with borosilicate glass (1090 K). 

Consequently, aluminosilicate glass has a greater chemical durability and can withstand 

higher operating temperatures than borosilicate glass near the discharge region. The capillary 

is positioned with respect to the extremity of the apparent glow discharge, which can be 

defined approximatively as the end of the discharge. In a microwave discharge, the effective 

end of the discharge is the place where the electronic density is equal to the critical density 

which corresponds roughly to the end of the emissive zone.  

 

  

Figure 1. (a) Schematic representation of the experimental device operating at atmospheric 
pressure. (b) Extremity of a forged aluminosilicate glass capillary with an inner diameter of 
500 nm. (c) Picture of the treatment zone. 

 

With the purpose of minimizing unwanted vibrations and improving the resolution of 

patterns, the experimental device was supported by an isolating table (Accurion Halcyonics-

i4). The XY movement of the substrate is managed thanks to a linear XYZ stage while the Z 

displacement is used to adjust precisely the capillary-substrate distance (linear stage LS-110 

(a) 
(b) 

(c) 
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PI Micos). The accuracy of the displacement is ± 0.1 µm. The Z-position between the 

capillary and the substrate surface was kept constant throughout this work (about 50 µm). The 

acetylene micro-jet flow rate depends on the inner capillary diameter and was regulated 

according to the C2H2 upstream pressure imposed in the capillary entrance thanks to the 

pressure regulator at the exit of the gas bottle. The minimal upstream pressure required to 

observe an acetylene jet is measured for different capillary diameters leading to specific 

hydrodynamic conditions, as discussed in the next section.  

Bearing in mind that air moisture and oxygen possibly affect the chemistry of the a-

C:H deposition at atmospheric pressure, we had to inert the treatment area. In addition, 

encapsulation of the experimental device prevents contamination of the user by possible 

nanoparticles and suppresses health damage. Isolation from the surrounding atmosphere is 

achieved by putting the experimental device in a Plexiglas box filled with argon (Alphagaz 1) 

provided by Air Liquide, with a maximum content in H2O and O2 below 3 ppm and 2 ppm 

respectively. The quality of argon inerting is controlled in real time by measuring the relative 

humidity (Rh) and the oxygen content. This device allows us to rapidly reach 0.1% O2 and 

1% Rh (less than 20 minutes). However, the inerting quality is probably better, these values 

corresponding to the oxygen and relative humidity sensitivities of the probes. 

The morphology of a-C:H patterns was characterized by scanning electron microscopy 

(SEM) using a Phillips FEG-XL30S microscope and the topology was evaluated by Atomic 

Force Microscopy (AFM) using a Bruker Innova® microscope operating in tapping mode. 

The effect of the argon inerting rate on the post-discharge chemistry was analyzed by optical 

emission spectroscopy (OES) using a Jobin-Yvon TRIAX 550 spectrometer equipped with a 

1200 gr/mm diffraction grating blazed at 500 nm and a Horiba Jobin–Yvon i-Spectrum Two 

iCCD detector. The composition of the deposited a-C:H patterns was analyzed by Fourier 
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Transformer Infrared spectroscopy (FTIR) for different argon inerting values. A Cary 600 

Fourier Transform spectrometer was used in the range of wavenumbers [4000 - 800] cm−1 and 

mapping an analyzed area of 25×25 µm2 in reflection mode thanks to a microscope. 

 

Results and discussion 

A. Experimental considerations – parametric study 

To start with, the examination of hydrodynamic conditions related to the acetylene jet 

flow is a useful step to check the applicability of the present decoupled approach. Indeed, for 

a given upstream pressure, the reduction of the capillary diameter dramatically affects the 

pressure inside the capillary and, consequently, the acetylene flow rate as well as the 

deposition rate. The relative acetylene upstream pressure in the capillary (with regard to the 

atmospheric pressure) was measured using a Bourdon gauge. The relative upstream pressure 

was determined by dipping the capillary in ethanol. The emergence of a stream of bubbles 

indicates the minimum of the upstream pressure to impose. The relevant hydrodynamic 

parameters (C2H2 flow rate, jet velocity and Reynolds number) are calculated from the 

measured minimum relative upstream pressure (more details are given as supplemental 

material). Results are presented in figure 2: 
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Figure 2. (a) Plot of the measured minimum C2H2 upstream pressure and the corresponding 
acetylene flow rate for different capillary diameters. (b) Evolution of the calculated 
hydrodynamic parameters (acetylene jet velocity and Reynolds number) as a function of the 
capillary radius, using the measured upstream pressure. 

 

The measure of the relative minimum upstream pressure shows that the acetylene pressure 

in the capillary increases exponentially when the inner diameter decreases. The extrapolation 

of this curve to lower diameters demonstrates the possibility of getting nano-jets with an 

adapted pressure regulator system: e.g. the upstream pressure should be around 5 bars for a 
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capillary of 200 nm. The acetylene flow rate (considering the upstream pressure value) 

decreases linearly when the diameter decreases. The acetylene jet velocity can be estimated 

using the relation given in the supplemental material. Below 10 µm, the jet velocity exceeds 

the sound velocity (580 m.s-1) taken at the post-discharge temperature (about 450 K). For 

smaller diameters, the C2H2 jet reaches rapidly supersonic velocities (up to 1800 m.s-1 for ~1 

µm diameter). Then, the residence of the precursor in the post-discharge region becomes 

extremely short. For example, if the distance from the capillary to the substrate is, say, 50 µm, 

the species residence time is 1.0×10-7 and 2.9×10-8 s for capillary diameters of 10 and 1 µm 

respectively. The drastic diminution of the residence time necessarily leads to a weaker 

consumption of acetylene for thinner capillaries. On the other hand, the decrease in the flow 

rate combined to the reduction of the exit section of the jet should certainly promote the 

reaction of C2H2 with active surrounding species transported to the post-discharge. More 

specifically, the penetration length (compared with the total section of the jet) of the active 

species by gaseous diffusion in the acetylene jet is greater when its diameter is reduced. This 

typical diffusion length in which the acetylene decomposition takes place can be regarded as a 

skin effect. As a result, the conversion rate of acetylene and the reaction of its products with 

active species  reaching the post-discharge and the surrounding medium are probably widely 

enhanced for thinner capillaries.  

In fluidics, the flow regime of a gas is usually defined by the Reynolds number. The 

Reynolds number computed from acetylene velocities and flow rates remains lower than 500 

whatever the capillary diameter (more details are given in supplemental material). If we 

assume that the transition from a laminar to a turbulent regime occurs around 2000 [Seo 

(2010)], these values indicate that the acetylene jet is laminar, which ensures the stability of 

the flow and consequently the localization of precursor onto the surface. 
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Another crucial parameter is the position of the acetylene jet in the post-discharge region. 

The distance between the capillary and the extremity of the glow discharge is very important, 

if we consider that the decay of the concentration of active species in the flowing afterglow is 

sufficiently fast to significantly affect the dissociation rate of the precursor. Consequently, a 

non-negligible dependence of the deposition rate on the position of the capillary in the post-

discharge region can be expected. Figure 3 depicts the evolution of the deposition rate of a-

C:H spots realized in static condition versus the capillary-plasma distance: 
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Figure 3. Evolution of the growth rate of a-C:H spots versus the distance in afterglow, 
defined as the distance between the capillary (5 µm in inner diameter) and the end of the 
discharge.  

 

The evolution of the deposition rate versus the plasma distance can provide several hints 

about the implicated species and an approximate scheme of growth mechanisms. This profile 

can be explained by means of active species distribution involved in the acetylene 

decomposition. Different reactive species could be identified in the plasma glow area: atomic 
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oxygen (O), hydroxyl (OH), atomic hydrogen (H) and nitric oxide (NO). The presence of 

these different species was determined by OES measurements and will be discussed in detail 

in part C. Ozone, which is a very labile species, is assumed to be weakly concentrated, 

because of the high temperature of the microwave plasma (a few hundreds of °C typically). 

Two deposition regimes are discernible when the capillary is moved away from the end of the 

glow discharge. Near the discharge (in zone 1), the deposition rate increases up to a maximum 

located 3 mm downstream the plasma. It is useful to give an estimation of the required time of 

species coming from the plasma to travel this distance. Keeping an argon flow rate of 50 sccm 

and an inner diameter of 3 mm, the velocity of the plasma jet is close to 0.18 m.s-1. The 

maximum located at 3 mm is reached at 0.15 ms. This time is typical of a chemical reaction 

associated to the activation of a precursor coming from the plasma. It is known that the main 

precursor involved in the hydrocarbon film growth is C2H2
+. C2H2

+ is mainly products by Ar+ 

ions and gives CH, C2H and C2 as secondary by-products [Fauchais (1997), Asmussen (2002), 

Benedikt (2002), Pothiraja (2012)]. Since the recombination of Ar+ is very fast, his transport 

in the post-discharge region is limited and cannot lead to the direct formation of C2H2
+. Then, 

the presence of Ar+ ions can be ruled out in the dissociation mechanisms of C2H2. However, 

the lifetime of metastable argon Ar* in the post-discharge is longer [Bussiahn (2010), Yu 

(2006), Xiong (2010)]. The density of neutral argon atoms and C2H2 molecules is close to 

∼1019 cm-3, whereas the density of Ar* is lower by about 7 orders of magnitude (∼1012 cm-3). 

In atmospheric condition, O2 and H2O molecules are present at fairly high concentration in the 

post-discharge by gaseous diffusion (their density is about ∼1015 cm-3). Consequently, Ar* is 

rapidly quenched by H2O and O2 to generate OH and O as active species [Leblond (1981)]. 

The time required for the chemical activation of OH and O is typically of ∼10 ms. In this way, 

the increase in the deposition rate in the zone 1 up to 3 mm is strongly correlated with the 

formation of OH and O precursors. Next, OH and O are able to reach the deposition zone by 
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diffusion and react directly with C2H2 to form C2H and regenerate H2O or OH respectively. 

Thanks to this mechanism, the lateral growth rate of the spots reaches a maximum at 3 mm 

downstream the discharge. In zone 2, a rapid decrease in the growth rate occurs up to 10 mm 

where deposition becomes negligible. This decrease is attributed to the depletion of the active 

species O and OH since the concentration of C2H2 is constant all along the profile. 

Finally, the optimal zone for the deposition is found at 3 mm, at the transition between 

zone 1 and zone 2. Subsequently, the capillary was placed at this transition position for all the 

results presented hereinafter. 

 

B. Deposition under atmospheric environment 

 

Hydrocarbon spots were deposited by means of different capillary sizes (2, 1 and 0.5 

µm in inner diameter) without inerting by argon. The deposition time was set at 1 second in 

static condition. The deposition time was kept constant for this series. SEM micrographs of 

the spots are presented in figure 4 for each capillary: 
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Figure 4. SEM micrographs of glass capillaries (inner diameters: 2 µm (a), 1 µm (b) and 0.5 
µm (c)) and the corresponding hydrocarbon spots deposited using the capillaries showed 
above. 

 

SEM micrographs of patterns show that hydrocarbon spots have a regular circular 

shape and that spots are well localized on the substrate surface, where the capillary is 

positioned. The comparison of spots obtained by reducing the glass capillary size reveals a 

very good congruence between the inner diameter of the capillary and the diameter of the 

spot. However, our experimental device does not allow the use of capillaries below 500 nm in 

diameter because the acetylene pressure regulator is limited to 4 bars. As described 

previously, the acetylene upstream pressure in the capillary increases exponentially (see 

figure 2a) and the maximum upstream pressure value is reached for a diameter of 500 nm. 

It is worth noting that neither spreading of hydrocarbon contamination nor soiling area 

are observed around the spots.  This observation means that deposition from the acetylene jet 

is very directional while the broadening of the spot should be still observed considering its 

sprawl over the silicon surface. We suppose that the localization is enhanced by the etching of 



17 

 

 

carbon induced by the uptake of a small amount of oxygen and water in the acetylene jet by 

gaseous diffusion. O2 or H2O species are in high concentration in the non-inerted surrounding 

atmosphere. As described above, the incorporation of H2O by diffusion in the immediate 

vicinity of the C2H2 jet inhibits the growth of a-C:H by reaction with C2H which is the main 

species involved in the growth of a-C:H patterns. Consequently, the limitation of acetylene 

decomposition around the acetylene jet when it spreads over the surface improves 

localization. In addition, it is likely that atomic oxygen and OH radicals etch the a-C:H spot 

around the deposited pattern [Jeong (1998), Jeong (1999)]. Although O has a relative short 

lifetime at atmospheric pressure compared to NO for example [Seo (2010)], atomic oxygen 

can reach the C2H2 jet and the deposition area provided that the plasma jet velocity is 

sufficient. The lifetime of atomic oxygen is in the range of hundreds of milliseconds [Lu 

(2008)], [Ono (2000)]. An assessment of the moving distance O can be made from the argon 

flow rate (50 sccm). The velocity of plasma jet is close to 0.18 m.s-1 and the distance over 

which O can be transported is in the range 20-100 mm. Then, the presence of O is possible at 

a sufficiently high concentration to permit the etching of the hydrocarbon pattern in zones 1 

and 2, thus enhancing localization. 

As a conclusion, we can expect that O and OH act both as activators for the deposition 

of a-C:Hand as etching agents around the deposited spots. 

However, when deposition of non zero-dimensional patterns was tried, the role of 

these reactive oxygen-containing species becomes more complex. Indeed, hydrocarbon lines 

were deposited in dynamic mode by setting the substrate velocity at 10 µm.s−1. We observed 

that a rapid and progressive dewetting of the deposited lines occurs when the samples are 

taken out of the plasma, leading to the formation of aligned micro-droplets. In Figure 5, FTIR 

spectra of two large a-C:H(:O) spots (about 50 µm in diameter) are depicted. These coatings 
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were deposited in the same conditions and under atmospheric environment (30%Rh and 

20%O2). FTIR spectra were recorded just after treatment and after 1 day to evaluate the 

ageing of the sample. 
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Figure 5. FTIR spectra of two a-C:H:O spots (about 50 µm in diameter) deposited under 
atmospheric conditions just after treatment (a few minutes) and after 1 day. 

 

First, the increase in the peak intensity located at 1080 cm−1 and assigned to the Si–O–

Si stretching mode [Luna-Lopez (2009)] is due to the disclosing of the apparent surface of the 

native silica layer after dewetting of the deposited pattern. The comparison of both spectra 

indicates that the ageing of patterns shows a dramatic increase in bonds between carbon and 

oxygen-containing groups (mainly carbonyl and carboxyl groups) whereas no significant 

evolution is observed with hydrogenated carbon groups. A significant increase in the intensity 

of two absorption bands attributed to -C=O groups (carbonyl stretching mode in ketone 

groups) and CO–H groups (stretching mode) located at 1720 and 3560 cm−1 respectively, is 
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clear after 1 day [Manage (2000), Konshina (1997), Marcinauskas (JOAM 2010), Mawhinney 

(2001)]. This enlargement is also accompanied by an enhancement of the absorption band 

centered at 1200 cm−1, which is assigned to the stretching modes of the C–O surface moieties 

[Fanning (1993), Mawhinney (2001)]. The presence of the broad band arising in the vicinity 

of 3270 cm−1 comes from hydrogen bonded in O–H hydroxyl groups [Konshina (1997), 

Manage (2000)]. This signal decreases slightly after 1 day but not enough to reveal a chemical 

consumption of hydroxyl groups. The absorption peak around ~930 cm−1 is the signature of 

the Si–OH groups on the apparent substrate after dewetting [Theil (1990)]. The presence of 

this strong absorption line shows the activation and the modification of the silicon surface by 

the afterglow discharge. It should be mentioned that the dewetting process starts immediately 

after deposition. Hence, the absorption differences observed between a non-withdrawn sample 

from the post-discharge and after 1 day must be much larger in reality but these two spectra 

recorded after deposition are very representative of the reactivity of the deposited patterns. 

Considering the strong increase in oxygenated groups, it is therefore correct to say that the 

chemical composition of the coatings deposited under atmospheric environment is strongly 

affected by ageing in air. 

The region ~2900 cm−1 is assigned to numerous C–H stretching modes corresponding 

to aliphatic groups. More specifically, this region can be divided into three bands related to 

CH3-2 symmetric and asymmetric stretching modes. The band at 2860 cm−1 represents sp3 

CH2 symmetric vibrations and the other two vibrations at around 2930 and 2960 cm−1 are 

assigned to sp3 CH2 and sp3 CH3 asymmetric stretching modes respectively [Liu (1997), 

Kulisch (2006), Marcinauskas, JOAM (2010)]. These vibrational modes do not appear to be 

significantly affected by the ageing. 
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The identification of absorption bands observed at ~932 and ~3046 cm−1 is less 

straightforward and can be debatable. We reckon that the absorption peak observed before 1 

day at ~3046 cm−1 could result from the stretching mode of sp2 C–H aromatic groups. This 

mode is also observed at wavenumbers around ~3060 cm−1 in the literature [Robertson 

(1991), Liu (1997), Mawhinney (2001)]. This assignment is justified by the presence of the 

aromatic sp2 C-C stretching mode at 1556 cm−1, also observed as a shoulder of the C=O sharp 

peak at 1720 cm−1 and already found at 1583 cm−1 in the work by Robertson [Robertson 

(1991)]. The absorption broad peak appearing at 932 cm−1 can be attributed to the bending 

mode of C-H observed at 970 cm−1 by Salonen et al. [Salonen (2004)].  

We assume that the conceivable mechanism of dewetting consists in the fast reaction 

of the C–O surface moieties, carbonyl and hydroxyl groups with the atmospheric moisture 

when the sample is taken out of the post-discharge region [Smith (1995)]. This assumption 

was tested by heating a dewetted sample up to 670 K under a confocal microscope equipped 

with a heating stage. The rewetting of film occurs at a temperature of about 380 K and can be 

attributed to the thermal decomposition of the carboxylic acid functional groups under heating 

by dehydration (H2O elimination) and decarboxylation (CO2 elimination in air)  [Nguyen 

(JPC 1995), Valor (2002)]. The mechanism of the direct formation of carboxylic groups by 

direct ozonolysis of unsaturated carbon bonds must be regarded thoroughly since it was 

shown to be important by Mawhinney et al. [Mawhinney (2001)]. The ozonolysis reaction of 

unsaturated bonds such as alkenes to form very instable intermediate products, which 

decompose rapidly in carboxylic and carbonyl identities, is highly suspected to occur in a-C:H 

films exposed to O3 [Criegee (1975), Neeb (1996), Neeb (1998), Manoilova (1998)]. The 

reaction of ozone in the carboxylation reaction follows the ozonolysis mechanism:  
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As indicated earlier, O3 concentration increases with the decrease in atomic oxygen 

concentration and temperature in the post-discharge region [Jeong (1998)]. However, the 

temperature measured in the deposition area reaches 450 K. So, the temperature is still too 

high to allow the stability of O3. At this temperature, the ozone concentration must be very 

low because ozone is destabilized very rapidly as soon as the temperature rises above 380 K. 

Deposition at high temperatures can lead to a spontaneous dewetting of a-C:H:O films. The 

dewetting of patterns arises after withdrawal of the samples from the thermal deposition area, 

which suggests a relaxation of thermal stresses. However, a-C:H(:O) patterns deposited under 

complete argon inerting at similar and even higher temperatures are not subjected to 

dewetting. This observation allows us to discard a purely thermal effect occurring on the 

chemical or mechanical stability of a-C:H:(O) patterns. Then, the direct reaction of free 

radicals R• embedded in the a-C:H matrix with molecular oxygen coming from the 

atmosphere by gaseous diffusion should be strongly considered. This reaction can be 

described according to the following mechanism suggested by Bilek et al. [Bilek (2011), 

[Kosobrodova (2012), Kosobrodova (2014)]: 
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The direct oxidation of the dangling bonds by diffusion of molecular oxygen, leads mainly 

to the formation of C–O–C and C=O groups that are highly subjected to the subsequent 

hydrolysis. This first mechanism can be accompanied by subsequent radical reactions that 

form COH, COOH, C=O and C–O–C groups. This mechanism based on the reaction of 

dangling bonds is independent of the temperature and proportional to the O2 concentration in 

the atmosphere. Thus, oxidation of the carbon layer can be easily suppressed by inerting the 

surrounding medium, which was also confirmed in our work. 

In summary, highly oxygenated and hydrogenated a-C:H:O patterns are subjected to 

strong subsequent chemical instabilities, which promotes contamination by atmospheric water 

and the destruction of coatings by dewetting. First, reaction of free radicals with molecular 

oxygen or water produces C–O surface moieties and carbonyl groups in the post-discharge 

area. Then, dewetting by hydrolysis of these bonds is assisted by the ambient moisture. This 

affects significantly the structural and mechanical properties of the coatings. However, the 

subsequent dewetting promotes the localization of circular shaped a-C:H:O patterns. In case 

of more complex shapes deposited in dynamic condition, the composition of the atmospheric 

surrounding medium has to be carefully controlled to ensure both the chemical purity and 

stability (a-C:H instead of a-C:H:O) of patterns and to avoid dewetting. The last part of this 

paper concentrates on the effect of argon inerting. 
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C. Benefit of argon inerting on the chemical and structural stabilities of 

hydrocarbon patterns 

 

In order to minimize oxidation and subsequent dewetting of a-C:H patterns, the medium 

surrounding the deposition area was inerted by an argon flow injected into the Plexiglas box 

enclosing the experimental device (figure 1a). The evolutions of O2 and H2O partial pressures 

plotted against inerting time are presented in figure 6. To evaluate the effect of argon inerting 

on plasma chemistry and confirm the role of atomic oxygen and hydroxyl groups, 

characterizations were carried out by optical emission spectroscopy (OES) without acetylene 

injection. The optical fiber was positioned at the end of the plasma, by varying the flow rate 

of the inerting gas (Ar) down to the limit of detection1%Rh-0.1%O2. In all spectra, hydroxyl 

radicals OH (306.0 nm: A2Σ+, ν=0 → X2Π, ν=0), atomic oxygen O (777.15 nm: triplet state), 

NH (336.0 nm: A3Π+, ν=0 → X3Σ-, ν=0), N2 (337.10 nm: C3Πu, ν=0 → B3Πg, ν=0), H (656.25 

nm: Hɑ, n=3→2 ) and NO (258.68 nm: A² Σ+, ν=0 → X² Π, ν=3) transitions are clearly 

identified from tabulated data [Pearse (1976)]. For the sake of clarity, we have chosen to 

represent the intensity ratios of the transitions of detected species and that of the most intense 

argon line at 811.51 nm. The evolutions of different ratios are reported in figure 7 as a 

function of the relative humidity Rh.  
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Figure 6. Evolutions of O2 and H2O partial pressures plotted against the time of box filling 
with argon. 
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Figure 7. Intensity ratios of the transitions of main chemical impurities with respect to the 
most important argon transition at 811.51 nm as deduced from OES measurements at the end 
of the plasma. 

 

Figure 6 shows that argon filling is accompanied by a drastic diminution of the O2 and 

H2O partial pressures after about 15 min. The estimated maximal partial pressures by 

extrapolation of curves are ~10−4 bar, i.e. 2.1%Rh and 0.03%O2. O2 and H2O concentrations 

are higher than the maximum impurities levels in argon announced at 5 ppm and 3 ppm 

respectively. OES measurements shown in figure 7 set out a clear picture on the inerting 

quality. It is interesting to focus on the atomic oxygen triplet transition at 777.15 nm. The 

atomic oxygen concentration remains constant in the range 10-26%Rh and 1.8-20%O2. To 

explain this plateau, we have to consider two opposite effects. The presence of atomic oxygen 

lines in the post-discharge region are principally due to optical transitions of atomic oxygen 

formed in the discharge. Atomic oxygen has a very short lifetime and therefore oxygen lines 

appear as a very weak signal whereas the contribution of oxygen transitions in the optical 

spectrum prevails. When the flow rate of inerting gas increases, the intensity of oxygen 

transitions increases as the plasma expands out of the tube. In a discharge surface wave, this 

means that the critical density below which the plasma disappears is shifted downstream. 

Then, the electron density at a given position increases and so, the oxygen transition 

intensities if the concentration of oxygen is constant.  However, the depletion of the oxygen 

content when the inerting argon flow rate increases balances out the increase in the electron 

density, and the intensity of oxygen transitions remains roughly constant between 10-26%Rh 

and 1.8-20%O2. Below 10%Rh-1.8%O2, the plasma extension stops, and the decrease in the 

intensity of the oxygen lines is due only to the improvement of inerting. OES measurements 

in the tube (results are not reported here) revealed that the concentrations of all contaminants 
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are constant over the range of inerting argon flow rates as soon as the plasma tube is clean 

enough, which requires a few minutes after plasma ignition.  

It is important to note that the O2 signals around 760 nm and 770 nm are associated 

with two emission bands of the oxygen atmospheric system (b1Σg
+, ν=0) → (X3Σg

-, ν=0) and 

(b1Σg
+, ν=1) → (X3Σg

-, ν=1) [Pearse (1976)] respectively are not reported because these lines 

are not detected in our spectra, unlike pure argon-oxygen plasmas. The lack of O2 can be 

related to the complete consumption of O2 diffused in the plasma to form atomic O and NO. 

Metastable argon are directly involved in the reaction with O2 following the reaction Ar* + O2 

→ Ar + 2O described by Kutasi et al. [Kutasi (2011)]. Nevertheless, the lack of O2 lines in 

OES spectra along the inerting procedure does not mean that molecular oxygen is not present 

in the afterglow and its environment. Figure 6 shows that the O2 content is almost 103 times 

lower after complete inerting while O lines intensities are only divided by 10. Even though 

OES intensities are not directly representative of concentrations, a notable difference is 

observed between OES and inerting measurements. In complete inerting condition, we 

suppose that the plasma pumps probably residual O2 in the surrounding medium to form 

atomic O. Thus, the area and the post-discharge are cleaned of O2 and the dewetting of the 

film is suppressed. 

Lines attributed to OH radicals are detected in all OES spectra. The formation of OH 

radicals from H2O molecules can be done by ionized or metastable argon atoms. The increase 

in OH concentration while the box is filled with argon up to 12%Rh-5%O2, is due to the 

increase in the electron density, accompanied by an effective increase of Ar*  and Ar+ species. 

Below 12%Rh-5%O2, OH radicals decrease by lack of water, which promotes the rise of 

argon metastable states. Finally, OH concentrations corresponding to low and high inerting 

degrees are quite similar and the expected OH-free medium is not really observed although 
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the %Rh is 10 times lower after complete inerrting. On the other hand, it should be noted that 

if acetylene is introduced, the concentration of OH radicals must be much higher. Indeed, 

acetone is used as stabilization agent in acetylene storage and brings additional oxidizing 

species. The presence of OH and O in complete inerting conditions is not unwelcomed 

because these two species are involved in the dissociation of C2H2. Only molecular oxygen 

has to be suppressed to avoid the film oxidation and a subsequent dewetting. Also, it is more 

likely that depletion of O2 and H2O, together with plasma extension, modify the dissociation 

mechanisms of C2H2. In a purified atmosphere, Ar* generated in the plasma are able to attain 

more easily the C2H2 jet. The secondary chemical route consists most probably in the direct 

reaction of metastable argons generated in the plasma with C2H2 to form C2H as primary 

precursor involved in the a-C:H growth. With inerting and depletion of O2, oxidation of 

dangling bonds is completely suppressed in an Ar environment as it was observed. The 

depletion of O2 and the demise of dewetting support the idea that the proposed mechanism 

based on the oxidation by the atmospheric oxygen of radicals does operate.  

Figure 8 depicts the FTIR absorbance spectra of large hydrocarbon spots deposited by 

varying the composition of the surrounding atmosphere. The FTIR spectra were acquired only 

a few minutes after deposition. 
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Figure 8. FTIR spectra of large a-C:H(:O) spots deposited by varying the inerting argon flow 
rate in the Plexiglas box (expressed in relative humidity Rh and oxygen content). All spectra 
were acquired a few minutes after deposition. 

 

The influence of inerting on the optical properties of the deposited coating shows that 

absorption peaks corresponding to carbonyl and hydroxyl groups decrease dramatically as a 

whole. The C–O, C=O, CO–H and O–H groups localized at 1265, 1756, 3560 and 3270 cm−1 

progressively drops whereas no signal is observed at 1%Rh-0.1%O2. The occurrence of these 

peaks discloses the strong chemical reactivity of as-deposited coatings, whose hydrolysis is 

very fast in the air. All FTIR spectra were recorded at equivalent times after deposition and 

each spectrum is representative of the chemical stability of the a-C:H coatings after treatment. 

Besides, strong attenuation of the Si–O–Si absorption band located at 1080 cm−1 is observed 

when Ar inerting is improved. This attenuation comes from a weaker contribution of the 

dewetting process. The silicon surface covered by the a-C:H spots is better masked for higher 
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inerting degrees. For that reason, inerting by argon ensures a higher chemical stability of the 

hydrocarbon patterns. In contrast, the hydrocarbon groups are entirely preserved up to 5%Rh-

0.6%O2: CHx (1170 cm−1), CH bending (1437 cm−1) [Liu (1997)], olefin sp² C=C stretching 

band (1610 cm−1) [Louh (2006), Marcinauskas Vacuum (2007)] and CH2−3 broad triplet 

around 2900 cm−1 [Liu (1997), Kulisch (2006), Marcinauskas, JOAM (2010)]. The intensity 

ratio C=C(1610 cm−1)/CO(1756 cm−1) increases from 0.96 to 1.03 whereas the intensity ratio 

CHx (1437 cm−1)/C=C(1610 cm−1) decreases from 1.00 to 0.83 when the Plexiglas box is 

filled with argon. The evolutions of these ratios show an improvement of the chemical 

stability of the unsaturated carbon bonds due to O2 depletion in the post-discharge 

environment and a better decomposition of C2H2, promoted by the temperature increase and 

the extension of the plasma.  

Two specific micro-patterns were deposited under maximal Ar inerting flow rate 

(1%Rh-0.1%O2): a straight line (1.3 µm×4 mm) and a square (50×50 µm2) with a 

displacement velocity of 100 µm.s−1. The size of the capillary was 5 µm in diameter. AFM 

images are presented in figure 9: 
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Figure 9. AFM images of a hydrocarbon line and a hydrocarbon square deposited under 
argon inerting conditions (1%Rh-0.1%O2). 

 

In the case of the straight line (figure 9a), the pattern shows a good linearity with small-

scale oscillations, which can be attributed to low hydrodynamic fluctuations in the plasma 
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flow rate. The AFM image was recorded at the beginning of the line. In the investigated area, 

the full width at half maximum (FWHM) is found to be closed to 1.33 µm and this value is 

constant along the entire range of the line (~2 mm). The deposition rate is estimated at ~1200 

nm.s−1. The FWHM is slightly lower than the inner capillary diameter (5 µm). The lower 

width of the line with regard to the capillary diameter is attributed to the etching mechanism 

induced by atomic oxygen and to a lesser extent by H, as evidenced by OES measurements. 

This observation is confirmed by the deposition of the square pattern (figure 9b). The 

calculated average growth rate is 900 nm.s−1. This estimation is closed to growth rate 

estimated for the straight line. The AFM image and the extracted thickness profiles presented 

in insert of figure 9b, reveal that the four sides are not equivalent. A progressive decrease in 

the height of the structure appears over time. Consequently, the progressive lowering of the 

height is also attributed to the etching of the carbon. These results show that a small amount 

of oxygen is sufficient to etch a localized coating. The etching rate calculated from the 

extracted AFM thickness profiles is 22.5 nm.s−1.This value is much lower than the deposition 

rate but the displacement velocity is very fast and the coating left exposed in post-discharge is 

submitted to an efficient etching. In the perspective of further miniaturization, small oxygen 

contamination should be completely eliminated. 

 

Conclusion 

In summary, we have successfully demonstrated the ability to deposit submicronic 

amorphous hydrogenated carbon spots onto a silicon surface. The best spot resolution is 

obtained at 3 mm from the discharge, in the post-discharge region. This distance corresponds 

to the place where the reactive species O and OH involved in the C2H2 dissociation are 

formed by dissociation in the plasma of O2 and H2O coming from the surrounding medium. 
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Next, deposition under atmospheric conditions shows that hydrocarbon patterns are subjected 

to a subsequent dewetting phenomenon due to post-hydrolysis of C–O surface moieties 

probably activated by reaction of free radicals embedded in the a:C:H matrix with the 

molecular oxygen. In the case of deposition in static condition, the post-dewetting 

phenomenon enhances the spot localization but for lines or more advanced geometries, the 

post-dewetting destroys the deposited shapes after treatment. In the next step, we have shown 

that argon inerting of surrounding medium avoids the post-dewetting and greatly improves the 

patterning of micrometric lines. Also, we have shown that the gases free from impurities have 

to be controlled with the greatest possible care. In these inerting conditions, micrometric a-

C:H lines and squares were deposited onto silicon with a micrometric resolution never 

reached before by APPJs. Finally, this additive manufacturing process based on a decoupled 

method using an APPJ and a precursor micro or nano-jet offers an unusually high resolution 

at low cost. 
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Supplemental material 

The study of the jet flow requires the calculation of several hydrodynamic parameters 

that depend on the capillary geometry and the acetylene upstream pressure imposed into the 

capillary. First, the acetylene flow rate Q (expressed in m3.s-1) at the capillary outlet can be 

calculated according to the following relation: 

 

� = ��
�1− ���	

	. �2. (�	���)�  

Where SB is the surface of the extremity aperture in m, DB is the diameter of this aperture, DA 

is the inner diameter of the non-forged capillary (0.64.10-3m), PA is the upstream pressure 

imposed in the capillary in Pa, PB is the standard atmospheric pressure (101 325 Pa) and ρ is 

the volume weight of acetylene taken at 1.11 kg.m-3. 

Then, the jet velocity can be calculated as follows,  

� = 4���	������� 

Where M is the acetylene molar weight (in kg.mol-1), R is the constant of ideal gases and T, 

the temperature of the gas. 

Knowing the jet velocity, the Reynolds number Re can be expressed as [Arnoult (2008)]: 

�� = ���	�(�)  

The dynamic viscosity of acetylene expressed in µPa.s is estimated using the relation 

µ(T)=1.267+0.0305T obtained from data reported in the reference [CRC (2006)]. 
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The sound velocity at the temperature T is calculated from the ideal gas law: 

�� = �� ���  

It is useful to note that γ=5/3 for a monoatomic gas and γ=7/5 for a diatomic gas. The γ 

coefficient 5/3 is usually used for precursor diluted in argon.  However, in our case, γ must be 

calculated as the ratio between the isobaric and the isochoric heat capacity at the temperature 

of the jet in the post-discharge. The calculation of the γ coefficient established on the basis of 

Cp(T)=4.16608.10−2 kJ.mol-1 and Cv(T)=3.30682.10−2 kJ.mol−1 data for acetylene gives 

γ=1.2598. This value is close to the γ coefficient for a diatomic gas. Eventually, the sound 

velocity is estimated at 580 m.s−1 for a gas temperature of 450 K (assuming that thermal 

equilibrium is reached rapidly). 
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