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Abstract 

This work investigates the effects of process parameters on thin-film deposition by Direct 

Liquid Injection in a low-frequency Dielectric Barrier Discharge (DBD). The precursor, 

hexamethyldisiloxane (HMDSO), is introduced as micrometer-size liquid droplets with 

nitrogen carrier gas in a pulsed mode and the discharge is produced at atmospheric pressure 

in a pulsed regime. No significant deposit is observed during plasma-off time and outside 

the discharge region. Despite the pulsed injection, this reveals that the precursor content in 

the plasma zone remains constant over much longer time scales and that thin-film 

deposition results from droplets charging and their transport towards the dielectrics by the 

low-frequency electric field. Over the range of experimental conditions investigated, it is 

                                                

* Electronic mail: nicolas.naude@laplace.univ-tlse.fr 
† Electronic mail: luc.stafford@umontreal.ca 



2 

 

found that pulsed, aerosol-assisted plasma deposition is limited by the amount of energy 

provided to precursor droplets, and not by precursor insufficiency.  

 

Keywords: Dielectric Barrier Discharge, Atmospheric Pressure Plasma Processes, Pulsed 

Direct Liquid Injection, Aerosol-Assisted Plasma Deposition, Organosilicon Coatings. 
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1. Introduction 

Atmospheric-pressure plasmas operated in reactive gas mixtures are widely used for 

(multi)functional thin-film deposition. Among them, Dielectric Barrier Discharges (DBD), 

one of the most well-developed non-equilibrium plasmas, are frequently used to deposit 

thins films on large area surfaces [1,2]. Considering their broad range of applications, 

including anti-fogging capacity, corrosion protection ability, biocompatibility, moisture 

barrier and water-repellent properties [3–13], organosilicon thin films have been 

extensively researched, and the parameters controlling their deposition kinetics, structure, 

and morphology have been widely investigated. Based on the available literature, the so-

called Yasuda’s parameter, a parameter equivalent to the ratio of discharge power to 

precursor flow rate (W/F), is an important factor affecting plasma-deposited thin films [14]. 

Park et al. [15] reported that this parameter influences the chemical structure, density, and 

yield of the material deposited by plasma polymerization of hexamethyldisilazane using a 

radio frequency capacitive discharge. Similarly, Petersen et al. [16] reported that at low 

W/F, plasma-assisted polymerization of hexamethyldisiloxane (HMDSO) is dominated by 

oligomerization, leading to polydimethylsiloxane thin films, whereas at high W/F, cross-

linked SiOx thin films are formed. Bardon et al. [17] also assessed the effects of plasma 

power and precursor flow rate on acrylate thin-film deposition by semi-dynamic DBD 

operated in helium with 1,6-hexanediol dimethacrylate precursor. Their results indicate 

that these parameters have a strong influence on the energy supplied to precursor 

molecules, and thus on the plasma-assisted precursor conversion rate. 
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In addition to Yasuda’s parameter, the plasma deposition kinetics and precursor 

polymerization dynamics depend on the plasma power injection controlled, for example, 

by the plasma-on time (duty cycle) [18–20]. In such pulsed plasma conditions, Manakhov 

et al.[19] proposed that plasma-assisted deposition occurs only during plasma-on time, 

whereas free radical polymerization occurs during plasma-off time. The studies conducted 

on thin-film deposition by plasma polymerization at atmospheric pressure further show 

that the morphology of the deposited material depends on the nature and flow of the 

precursor, which is usually introduced into the plasma chamber either directly as a gas (for 

example, silane) or as a vapor from the liquid phase through an atomizing system (for 

example, HMDSO) [21–25]. In a study conducted on the deposition and polymerization of 

HMDSO by corona discharge, O’Neil et al. [26] showed that the surface morphology of 

the deposited material changes upon increasing the flow of the injected HMDSO precursor. 

The authors concluded that at low monomer flow rate, the precursor is fully vaporized, and 

deposition is due to the plasma polymerization of the gas-phase monomer. Meanwhile, at 

high flow rate, the precursor is not fully vaporized, and liquid droplets are introduced into 

the plasma chamber in the form of aerosols. Hence, droplets can interact with the plasma 

and contribute to the thin-film deposition process. The morphology of the organosilicon 

coatings deposited at high flow rate in the so-called misty plasma (combination of liquid, 

gas, and plasma states [27]) is different from the one achieved at low flow rate in a purely 

gas-phase plasma process. Despite the available studies, the effect of liquid droplets on 

plasma-assisted thin-film deposition at atmospheric pressure remains poorly understood 

due to the complexity of biphasic liquid-plasma interactions [28]. A better understanding 

of such features could bring new opportunities for material processing. 
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In this study, the effects of process parameters, namely, duty cycle, delay between 

precursor injection and discharge ignition, and the amount of injected HMDSO 

microdroplets on the plasma-assisted deposition of organosilicon thin films in low-

frequency Townsend DBDs operated in nitrogen are assessed. In contrast to other studies 

based on aerosols and atmospheric-pressure plasmas reported in literature, direct-liquid 

injection and the discharge are both pulsed. This approach offers a wide parameter space 

for fundamental studies of misty plasmas at atmospheric pressure applied to thin-film 

deposition. Selected experiments are also done by varying the continuous flow of the N2 

gas used to carry along the discharge cell the precursor droplets injected and to underline 

the contributions of transport phenomena. Based on this complete set of data, the influence 

of the energy injected in the plasma per precursor molecule is explored and the 

predominant role of plasma-droplet interactions is highlighted. 

 

2. Experimental setup and diagnostics 

The experimental setup used in this study has been described previously [29–31]. It 

consists of a metallic chamber containing two horizontally mounted alumina plates coated 

with conductive silver paste to serve as plasma electrodes (3 cm × 6 cm). A silicon wafer 

substrate (4 cm × 7 cm) was fixed on the bottom alumina plate with Kapton tape, and two 

glass spacers were placed on top of the silicon substrate to keep the gas gap distance at 

1 mm. In all experiments, the chamber was first filled with a continuous flow of N2 gas 

(Alphagaz 1, Air Liquide) at atmospheric pressure. In this system, gas injection occurs 

through a diffuser located at the entrance of the plane-to-plane DBD cell, and a self-
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regulating valve located between the outlet of the plasma chamber and the vacuum pump 

is used to maintain the pressure at 750 Torr. Here, the diffuser and glass spacers ensure a 

longitudinal flow of the carrier gas and precursor through the DBD cell between the two 

alumina plates. DBD was ignited between the two metallic electrodes by applying a 1 kHz, 

13 kVpeak to peak sinusoidal signal that is generated using a Tektronix AFG3021C power 

supply connected to a linear power amplifier whose output is linked to the primary winding 

of a step-up transformer. A high-voltage probe (TektronixP6015A) connected between the 

high-voltage electrode (top electrode) and ground was used to measure the applied voltage. 

The flowing current and charge were deduced from the voltage values measured across a 

100 Ω shunt resistor and a 220 nF capacitor, respectively; both were placed in parallel 

between the low-voltage electrode (bottom electrode) and ground. Meanwhile, the power 

injected into the DBD was calculated from Lissajous plots, based on the electrical signals 

acquired using an oscilloscope (TELEDYNE Lecroy HD06104A) and the approach 

described in [32–34].  

 

The liquid HMDSO precursor (SigmaAldrich) along with a nitrogen carrier gas was 

injected into the discharge using a commercialized, two-stage, direct-liquid-injection 

system purchased from Kemstream. More specifically, the liquid contained in the precursor 

chamber (first stage) is injected in a pulsed mode in the mixing chamber of the device 

(second stage) filled with N2 (Alphagaz 1, Air Liquide). The content of the mixing chamber 

(HMDSO precursor droplets and nitrogen carrier gas) is then injected in pulsed mode 

through the diffuser in the plasma chamber. Injection, i.e. the quantity of liquid and gas 

injected in the DBD was controlled by the frequency and duration of the pulses. In this 
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work, only the duration of the pulsed liquid injection (from stage 1 to stage 2) was varied 

between 2 (lower limit recommended by the manufacturer is 1.5 ms) and 6 ms; the pulse 

duration of precursor droplets and carrier gas was kept constant to 10 ms. As for the pulse 

repetition frequency, it was fixed to 0.1 Hz; hence, over the range of experimental 

conditions investigated, the discharge “sees” a new pulse every 10 s. In some cases, a 

continuous nitrogen carrier gas flow (between 0.07 and 1.4 L.min-1), in addition to the 

pulsed HMDSO aerosol in nitrogen, was applied while maintaining atmospheric-pressure 

conditions. Such flow was used to examine the role of continuous precursor transport (and 

thus of the precursor residence time) across the inter-dielectric space. 

 

To characterize the aerosol, the spray was illuminated with a blue light and observed 

at 45° using a FastCAM camera (APX RS Photron, 1500 fps). The aerosol was analyzed 

by post processing the recorded images with a MATLAB program to assess the time 

evolution of the light intensity scattered by liquid microdroplets. As an example, images 

of an aerosol of HMDSO in nitrogen produced with a pulsed liquid injection of 5 ms under 

atmospheric pressure conditions is reported in Figure 1a along the pulse injection period. 

As can be seen, this aerosol is composed of microdroplets that expand at the outlet of the 

injector. Over the range of experimental conditions investigated, the expansion rate along 

the longitudinal axis is about 5 m.s-1. In addition, the variation of the total light scattering 

(integrated over the whole images of Figure 1a) was calculated over time and plotted in 

Figure 1b. Microdroplets are observed for 10 ms after the liquid is first detected, which 

confirms that the entire process of liquid injection into the DBD reactor occurs within the 
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opening time of the second stage of the direct-liquid injection device, with no significant 

injection afterwards.  

 

 

Figure 1: a) Fast camera images of the liquid precursor recorded at different times during the injection process. Of note, 

on each image, even if the maximum intensity decreases with time, the contrast was adjusted for aerosol visualization. 

b) Variation of the total light intensity scattered by liquid droplet as a function of time for 10 ms injection. 

 

After plasma deposition, the silicon substrate was removed for thin-film thickness 

measurements. However, the plasma-deposited layers are soft and thus not easily 

measurable by profilometry. In addition, the composition and structure of the film are 

unknown to use a reliable spectroscopic ellipsometry model. Therefore, they were analyzed 

by Fourier Transform InfraRed (FTIR) in a transmission mode (Bruker). Of note, FTIR 
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spectra emphasize the typical bands reported in the literature of plasma-polymerized 

HMDSO with the main feature of Si–O–Si (1200–1000 cm-1) bands [35–37]. Hence, 

considering Beer-Lambert law, FTIR is used to extract a relative thickness of the deposited 

thin film (in arbitrary unit) by integrating the area of the Si-O-Si absorption band.  

  

3. Dielectric barrier discharge with direct liquid injection 

The electrical characteristics (voltage, current, and charge) of nitrogen discharge with 

and without direct liquid injection are presented in Figure 2. As shown in Figure 2a, the 

electrical characteristics of the DBD generated with pulsed flow of N2, in the absence of 

liquid HMDSO precursor, are representative of a homogeneous Townsend discharge [38]. 

Of note, depending on the experimental conditions, pulsed nitrogen gas injection in a 

Townsend discharge operated with a continuous nitrogen gas flow can destabilize the 

discharge [39]. Such effect is not linked to the sharp and narrow temporal gas velocity 

profiles, but rather to gas recirculations in presence of singular head losses. In a previous 

study [39], it was shown that these flow perturbations arising from irregularities from the 

inlet pipe to the gas mixing chamber and then to the DBD cell combined with impurities 

outgassing from the walls introduce significant changes in the neutral gas composition. In 

particular, the release of oxygen impurities with abnormal concentrations over time scales 

much longer than the pulse duration was shown to plays a vital role on the Townsend 

discharges’ physics and characteristics. Here, to prevent gas recirculations and changes in 

the neutral gas composition, the gas and precursor inlet line were simplified to minimize 
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singular head losses. Consequently, identical current-voltage characteristics are recorded 

with continuous N2 flow and pulsed N2 gas injections. 

 

 

Figure 2: Applied voltage, current, and charge profiles recorded with pulsed N2 flow (a) without and (b) with direct 

liquid HMDSO injection at 10 ms pulse duration and 0.1 Hz pulse frequency. 

 

In the presence of a pulsed aerosol of HMDSO with nitrogen carrier gas, sudden current 

increase (shown by a saturation of the input channel of the oscilloscope) and increased 

charge values are detected (Figure 2b). This confirms that micro-discharges appear, and 

that the discharge transits from homogeneous to filamentary regime following direct 

injection of micrometer droplets [1,40]. Such features most likely arise due to the loss of 

long-lived metastable N2(A) states that are involved in the production of seed electrons by 

secondary electron emission [38], but also by associative ionization between excited 

nitrogen atoms and atomic oxygen [41,42]. 
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4.  Interaction between Townsend discharge and injected liquid  

Figure 3 presents the spatial distribution of the organosilicon deposit collected after 2 

min. of plasma discharge exposure for a 10 ms direct liquid injection duration and a 0.1 Hz 

liquid injection frequency. Considering the scheme of the deposition process, the deposit 

is observed only where the discharge occurs, i.e., between the two metallic electrodes that 

do not cover the whole surface of the two alumina plates. Pre- and post-discharge deposits 

are not visible to the naked eye. To confirm this observation, FTIR spectra of the substrate 

surface were recorded at five different positions along the gas flow lines. The graph in 

Figure 3 presents the spatial variation of the film relative thickness: it is higher between 

the electrodes, without deposition before and after the electrode area. Polymerization and 

deposition thus occur only in the presence of plasma. To corroborate this hypothesis, the 

same experiment was carried out at an applied voltage lower than the breakdown voltage. 

No deposition was observed, even if an electric field is present. This indicates that 

deposition results from plasma-droplet interactions.  
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Figure 3: Scheme of the deposition process and spatial distribution of the organosilicon deposit. The results for the film 

thickness are obtained from the Si-O-Si band area recorded by FTIR analysis. As a rough estimate, a film thickness of 

about 20 arb. unit throughout this work corresponds to about 1 µm. 

 

5. Thin-film deposition with direct liquid injection 

5.1.  Influence of plasma-on time 

To understand the kinetics driving organosilicon thin film deposition with direct liquid 

injection, the discharge was pulsed in synchronization with each pulsed, 10 ms, 0.1 Hz 

injection of liquid. In the first set of experiments, the plasma-on time during which a 

voltage is applied between the two electrodes of the DBD cell was varied between 10 ms 

(during pulsed liquid injection with no time delay) and 10 s (referring to a continuous 

plasma) (Figure 4a). The material deposited on the substrate under different conditions for 
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a total process duration of 4 min. (24 pulses of HMDSO) was analyzed by FTIR, and the 

variation of the film thickness was extracted and plotted as a function of plasma-on time. 

In Figure 4b, the result for each condition corresponds to an average over all positions 

along the gas flow lines, and the error boxes represents the inhomogeneity of the film. Each 

experiment were repeated several times and standard deviation were low compared to 

thickness variations along the gas flow lines. As can be seen, the thickness of the deposited 

film linearly increases with plasma-on time up to 10 s. Hence, enhanced deposition rates 

over the total process duration of 4 min. are observed at longer plasma-on times, even 

though liquid injection occurs for only 10 ms. From this set of data, it seems that the 

amount of liquid injected within 10 ms interacts with the plasma for at least 10 s, and that 

the precursor remain confined in the plasma zone between the two electrodes over this 

whole timescale. Such conclusion reveals that the precursor is charged upon exposure to 

charged species as expected for micrometer droplets [43,44] and that thin-film deposition 

results from the transport of charged droplets towards the dielectrics by the low-frequency 

electric field. In such conditions, charged droplets in the misty plasma [27] behave as 

charged solid particles in a dusty plasma [27,45].  

 



14 

 

 

Figure 4: a) Schematics of the plasma-on time with respect to the pulsed HMDSO injection. The plasma-on time rises 

from the top to the bottom. b) Variation of the film thickness for a total process time of 4 min. (linked to the deposition 

rate) as a function of plasma-on time. Pulsed injection time of 10 ms, pulsed injection frequency of 0.1 Hz. Here, 10 s 

corresponds to a continuous plasma deposition. All measurements were recorded on a sample placed on the bottom 

dielectric, except for one condition highlighted in red as “Upper dielectric sample” which completely overlap the one 

obtained for the same treatment on the bottom electrode.  

 

Knowing that the injected droplets can be deposited on both dielectrics, the top as well 

as the bottom one, an experiment was conducted to ensure that the material on the bottom 

dielectric is fully attributed to plasma processing and does not form over time due to other 

mechanisms such as gravity. In this experiment, the substrate was placed on the top 

dielectric, and the thickness of the film deposited on this substrate after 4 min. of 

continuous plasma processing (plasma-on time = 10 s) was measured (red square symbol 

in Figure 4b). Taking the error margins into account, the deposited film has the same 

thickness (and thus the same deposition rate) as the one deposited on the bottom dielectric 

under the same conditions. This indicates that the top dielectric is not a source of precursor 
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and therefore of plasma deposition. It further underlines that the low-frequency 

electrostatic force induces a motion of charged droplets towards both the top and bottom 

dielectrics and play a very important role in aerosol-assisted plasma deposition with respect 

to other ones such as gravitational, thermophoresis, and dielectrophoresis forces [45]. 

Notably, the film thickness measured at very short plasma-on times seems higher than the 

linearity line seen at longer times. However, recall that the films deposited at short plasma-

on times are quite thin, and so, their measured thickness is largely uncertain. At plasma-on 

times greater than 500 ms, the ratio of film thickness to plasma-on time is constant. This 

confirms that the precursor is always present in the gas gap, even at liquid injection pulse 

durations as low as 10 ms.  

 

5.2.  Influence of the delay between liquid injection and discharge 

ignition 

According to previous studies, thin-film deposition in pulsed plasmas can also occur 

during plasma-off time [19,20,46]. Herein, the impact of plasma-off time was assessed by 

varying the delay period between liquid injection and discharge ignition (Figure 5a). The 

plasma-on time was fixed at 500 ms and the delay time was varied from 0 to 5 s (a half 

time of the injection period). As shown in Figure 5b, the film thicknesses at 0, 100, 500, 

1000, and 5000 ms delay times for a total process time of 4 min. are in the same range. 

This means that the deposition rate is independent of the delay time. Hence, the quantity 

of precursor does not change during the period between two pulses (i.e., 10 s for a liquid 

injection frequency of 0.1 Hz). Based on these results, the deposition occurring during 
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plasma-off time seems negligible compared to the one achieved during plasma-on time. 

This last observation further confirms a strong interaction between the injected droplets 

and the plasma. Upon plasma exposure, HMDSO droplets are charged such that they can 

become confined in the gas gap by the low-frequency electric field. The latter is also 

responsible for their transport towards the dielectric allowing the thin-film deposition. In 

line with this result, the transport of the droplets and their residence time in the inter-

dielectric space can play a critical role in the deposition process. It is therefore proposed in 

the next section to analyse plasma assisted deposition in the presence of a continuous 

carrier gas flow of nitrogen, in addition to the pulsed HMDSO aerosol in nitrogen. 

 

 

Figure 5: a) Schematics of the delay time with respect to the pulsed HMDSO injection. The delay time rises from the top 

to the bottom. b) Variation of the film thickness for a total process time of 4 min. (linked to the deposition rate)) as a 

function of delay time between liquid injection and discharge ignition. Pulsed injection time of 10 ms, pulsed injection 

frequency of 0.1 Hz, plasma-on time is fixed at 500 ms. 
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5.3.  Influence of a continuous nitrogen gas flow 

Most plasma processing studies involving continuous vapors or aerosols injection make 

use of a continuous carrier gas flow to transport the precursor towards the discharge zone. 

Modification of this flow rate induces variations in the residence time of the precursor 

because of drag forces between carrier gas and precursor droplets, thereby affecting the 

thickness of the plasma-deposited film. The film thicknesses for a total process duration of 

4 min. are determined and reported on Figure 6a over the range of carrier gas flow of 0–

2 L.min−1. Clearly, the film thickness, and thus the film deposition rate significantly 

decreases with increasing rate of continuous gas flow. This can readily be explained by a 

lower residence time of HMDSO droplets in the plasma.  

 

  

Figure 6: (a) Variation of the film thickness for a total process time of 4 min. (linked to the deposition rate) as a function 

of continuous N2 gas flow rate. (b) Spatial deposition profiles along the gas flow lines recorded at different continuous 

flow rates. Pulsed injection time of 10 ms, pulsed injection frequency of 0.1 Hz, plasma-on time is fixed at 500 ms. 
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To further assess the role of carrier gas, coatings were analysed at seven different 

positions along the gas flow, under varying conditions of continuous N2 flow rate. As 

shown in Figure 6b, when the flow rate of N2 is lower than 0.1 L.min−1, maximum 

deposition occurs at the centre of the substrate. As the flow rate is increased beyond 

0.1 L.min−1 (up to ~2 L.min−1), the maximum thickness of the deposited film decreases and 

moves closer to the outlet [47]. Notably, for this range of continuous gas flow, a small 

deposit is observed after the discharge compared to the absence of post discharge 

deposition without a continuous carrier gas. This result is consistent with the results 

reported by Sarra-Bournet et al. [48] which observe the appearance of a post discharge 

deposit by increasing the continuous flow in classical vapor-assisted plasma deposition 

conditions. Overall, these results indicate that the force on droplets linked to the presence 

of a nitrogen flow rate in the L.min−1 range can compete with the electrostatic force on 

charged droplets leading to thin-film deposition on the substrate surface. This explains the 

displacement of the deposit towards the exit at higher continuous N2 gas flow rates. In 

addition, when the continuous flow rate increases, the residence time of the species in the 

inter-dielectric space decreases, and interactions between the plasma and the droplets are 

restricted, resulting in the deposition of thinner films.  

 

In line with these findings, it can be proposed that thin-film deposition with direct-

liquid injection in a DBD results from the mechanisms illustrated in Figure 7. Upon 

exposure to the low-frequency DBD, HMDSO droplets are rapidly charged. Considering 

average ion and electron number densities of ~1012 cm-3 in filamentary discharges operated 

in nitrogen [1] and assuming that the droplet charging time is given by the inverse of the 
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ion plasma frequency [49], charging of HMDSO droplets most likely occurs within ~5 ns. 

Hence, droplets become charged over times much shorter than (i) the time scales of 

microdischarges (~100 ns) in filamentary DBDs [34], (ii) the period of the applied electric 

field (1 ms at 1 kHz), and (iii) the gas residence times linked to pulsed (~3 ms) and 

continuous gas flows (~150 ms at 0.7 L/min).  

 

Once charged, without continuous nitrogen gas flow, it was highlighted that the 

electrostatic force controls the droplet motion and thus the thin-film deposition over both 

top and bottom dielectrics. For a steady-state charge of ~104 electrons per 10 µm HMDSO 

droplet (and thus a mass-to-charge ratio ~102 kg/C) [44,50], the amplitude of oscillations 

of charged droplets in a 7.5 kV.mm-1 electric field at 1 kHz is comparable to the gas gap 

(~1 mm). This indicates that the collection of HMDSO droplets on the dielectrics leading 

to organosilicon thin-film deposition strongly depends on their size: droplets much smaller 

than 10 µm are easily collected within half-period of the applied electric field whereas 

droplets much larger than 10 µm remain trapped over multiple low-frequency cycles until 

they become pushed out of the DBD cell by the carrier gas. As the flow of continuous 

nitrogen gas increases, the contribution of the neutral drag force increases such that the 

transport of droplets along the gas flow lines becomes more important. For example, the 

ratio of neutral drag-to-Coulomb force amplitude on 10 µm HMDSO droplets with ~104 

electrons is 1% at 0.07 L.min-1 and 17% at 1.4 L.min-1.  

 

In the collection criterion discussed above, HMDSO droplets immersed in the 

filamentary DBD were assumed to acquire a charge uniformly distributed over the whole 
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surface (see Figure 7). However, over the range of experimental conditions investigated, 

the Debye length in microdischarges is comparable to the droplet size. Thus, spatially 

inhomogeneous charging of HMDSO droplets can modify the balance between the inward 

surface tension of the liquid and the outward electrostatic and liquid pressure forces. This 

can cause the droplet to become unstable and undergo Coulomb fission [44,51], before 

reaching the so-called Rayleigh condition [52]. The result is the formation of smaller 

progeny droplets from unstable parent droplets. Because of the high amplitude of 

oscillations of progeny HMDSO droplets, they can more easily be collected on the 

substrate following their interaction with the low-frequency electric field. Hence, thin-film 

deposition using direct-liquid injection of HMDSO in the filamentary DBD may become 

linked to the amount of energy provided to precursor droplets for charging, electrostatic 

deformation, and fission; this aspect is examined in more details in the next section. Of 

note, as highlighted by Coppins [27], the time scales for droplet electrostatic deformation 

in misty plasma processes are usually much shorter than the one for droplet evaporation, 

both in and out of the plasma. Thus, for the Coulomb fission phenomenon of interest here, 

evaporation kinetics can be neglected.  
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Figure 7:Scheme of the different mechanisms involved in thin-film deposition of organosilicon coatings by pulsed 

injection of HMDSO droplets into a DBD. Mechanisms include (1) droplet charging, (2) Coulomb and (3) Neutral drag 

forces on droplets, and (4) Electrostatic deformation leading to Coulomb fission.   

 

5.4.  Influence of the energy injected into the discharge 

It is well-established that the Yasuda parameter relating plasma power to precursor 

flow rate is one of the most important factors affecting the plasma-precursor interaction 

and thus plasma deposition and polymerization kinetics. These studies make use of a 

continuous gas flow to transport the precursor vapor into the plasma. Considering that in 

some experiments conducted herein no continuous gas flow was used, we interpret the 

Yasuda parameter as the ratio of power injected into the DBD to precursor residence time. 
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In such case, the energy parameter can be defined as follow (also called by some authors 

Specific Energy Input (SEI) [53]): 

 

𝐸 = 𝑃 × 𝑡&'()*'+,' × 𝐷𝑢𝑡𝑦	𝐶𝑦𝑐𝑙𝑒   (1) 

 

where P is the power determined from electrical analysis of the DBD, tresidence is the average 

time during which the gas remains in the discharge (calculated based on the dimensions of 

the inter-dielectric space and the continuous N2 gas flow rate), and Duty Cycle is the ratio 

between the plasma-on time and the liquid injection time. At zero continuous gas flow, the 

residence time of the precursor seems infinite. However, since the pressure in the chamber 

is maintained at 750 Torr by pumping, the liquid precursor flows inside the plasma 

chamber. Looking at Figure 6a, the thickness of the film obtained for a N2 gas flow rate of 

0.1 L.min−1 is comparable to the one of the films obtained in the absence of a continuous 

N2 gas flow. If the average thickness of the deposit depends mainly on the residence time 

of the species in the discharge, it may be hypothesized that the pumping system generates 

a flow equivalent to ~0.1 L.min−1 continuous gas flow. 

 

To assess the effect of the energy parameter provided by Equation (1) on the kinetics 

driving organosilicon thin-film deposition by direct liquid injection into nitrogen DBDs, 

the thickness profile extracted from Si-O-Si peak area as a function of energy was plotted 

for a total process duration of 4 min. As shown in Figure 8, the thickness of the deposited 

film, linked to the deposition rate, increases linearly with the energy in the early stages. 

Hence, the deposition rate is limited by the amount of energy provided to precursor 
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molecules, and not by precursor insufficiency [16,17,54]. However, beyond ~0.05 J.cm−2, 

the increase becomes less significant with a departure from the proportional curve, which 

suggests either a saturation in conversion or a limitation in the precursor quantity; we will 

come back to this point later on.  

 

 

Figure 8: Variation of film thickness recorded for a total process time of 4 min. (linked to the deposition rate) as a 

function of the energy parameter. Pulsed injection time of 10 ms, pulsed injection frequency of 0.1 Hz. The results are 

shown for various plasma-on times and delay times between precursor injection and plasma ignition with or without a 

continuous N2 gas flow. 
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5.5.  Influence of the quantity of liquid injected into the discharge 

In the previous sub-section, we have shown that the thickness of the deposited 

organosilicon film depends only on the plasma-on time and not on the delay between 

pulsed liquid injection and discharge ignition. Furthermore, by plotting the variation of 

film thicknesses as a function of the energy parameter, we have seen that the plasma 

deposition rate is first energy-limited and then deviates from this trend at higher energies. 

To examine the effect of the quantity of liquid injected into the discharge on the amount of 

plasma-deposited material, the liquid opening time of the direct-liquid injector (time during 

which the liquid flows from the liquid chamber of the injector to the injection chamber) 

was varied. Of note, all results presented previously were recorded at 5 ms liquid opening 

time and 10 ms injection duration. Figure 9a and b show the variation of liquid flow, film 

thickness, and mean power density injected into the DBD, respectively, as a function of 

liquid opening time (tliq) between 2 and 6 ms, at constant injection duration (10 ms) and 

frequency (0.1 Hz). As expected, the results presented in Figure 9a reveal that the amount 

of liquid injected into the DBD cell increases linearly with tliq. Such feature is linked to an 

increase in the number and/or size of the HMDSO droplets. Over the same range of 

experimental conditions, the power density injected into the DBD remains almost constant 

at around 0.2 W.cm−2 (Figure 9c). As for the film thickness, also shown in Figure 9b, 

despite the significant rise in liquid flow, it does not increase with tliq. As previously 

discussed from the data presented in Figure 8, this confirms that the discharge is saturated 

with precursor. In other words, the power provided by the discharge enables the deposition 

of the same quantity of precursor, irrespective of the amount of precursor injected. Here, 

in addition to plasma deposition and plasma polymerization, the energy is also used to 
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induce droplet charging, electrostatic deformation, and Coulomb fission. As for the 

departure from the linear trend observed at high energy parameters in Figure 8, since it 

cannot be linked to a precursor insufficiency, other mechanisms must be involved, for 

example, the gas phase coalescence of droplets because of mutual interactions [43,55] or 

different plasma polymerization processes. 

 

 

 
 

Figure 9: Variation of (a) liquid flow, (b) film thickness recorded for a total process time of 4 min. (linked to the 

deposition rate), and (c) mean power density injected into the DBD as a function of liquid opening time.  

 

6. Conclusion 

This study investigates the kinetics driving the plasma-assisted deposition of 

organosilicon thin films using pulsed HMDSO aerosols with nitrogen into a DBD at 

atmospheric pressure. The effects of plasma-on time, delay between precursor injection 

and plasma ignition, continuous gas flow, and liquid quantity on the thickness (or rate) of 
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the plasma-deposited film were assessed. The obtained results show that the deposit 

thickness (or rate) is proportional to the plasma-on time; however, it is independent of the 

plasma delay time. This indicates that the precursor is always present in the inter-dielectric 

gap, even if injection only occurs over a short time scale with respect to the pulsed injection 

frequency. In such conditions, thin-film deposition results from droplets charging and their 

transport towards the dielectrics by the low-frequency electric field. Moreover, the use of 

a nitrogen carrier gas flow leads to thinner films whose maximum thickness is shifted 

towards the exit of the substrate. Hence, the transport of droplets with the nitrogen carrier 

gas flow along the gas flow lines competes with the thin-film deposition as a result of 

plasma-droplet interactions on the substrate surface. Finally, the deposition is favored by 

an increase in the energy provided per precursor molecule. In addition to plasma deposition 

and polymerization, such energy is also used for droplet charging, electrostatic 

deformation, and fission. Future studies will aim at exploring the physico-chemical 

structure of such films, in particular the extent of plasma polymerization and retention of 

the initial monomer structure for technological applications. 
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