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After decades of surface engineering research by plasma deposition of functional thin films, attention has now shifted towards multifunctional coatings combining several properties in a single-layer system [START_REF] Tiginyanu | Nanostructures and Thin Films for Multifunctional Applications: Technology, Properties and Devices[END_REF][START_REF] Faustini | [END_REF][3] . One of the approaches to achieve multifunctionality consists in embedding nano-objects in a thin film matrix, creating a multiphase material commonly called nanocomposite [4][5][6] . The high surface-to-volume ratio and extended interface area in nanocomposite thin films allow for a wider range of material properties compared to macroscopically combined materials. Numerous ways were implemented to introduce nano-objects in plasma-deposited thin films, including: plasma-enhanced chemical vapor deposition (PECVD) from metal-organic precursors resulting in nanometer-scale metal inclusions in organic matrices 7,8 , magnetron cosputtering of two targets corresponding to the matrix and reinforcement material [9][10][11] , combinations of PECVD for matrix deposition and sputtering for nanoparticles deposition [12][13][14][15] , or direct injection of solid nanoparticles in plasma deposition systems through gas aggregation sources [16][17][18] . In all cases, the presence of solid nano-objects in the so-called "dusty" plasma results in additional processing challenges. For instance, the plasma undergoes a decrease in electron density due to electron collection by particles, which is accompanied by a rise in electron temperature to generate more electrons per each ionization collision [19][20][21] . The nano-objects can also be subjected to various plasma interactions, such as charging and agglomeration [21][START_REF] Lieberman | Principles of Plasma Discharges and Materials Processing: Lieberman/Plasma 2e[END_REF][START_REF] Lopez | [END_REF][24][25][26][27] . This last point is critical as it affects the final size and distribution of nano-objects. Since nanoscale objects tend to be more reactive as they get smaller, agglomeration remains a major obstacle to the synthesis of nanocomposite thin films with well-distributed small-scale nanoparticles (< 10 nm).

Recently, the use of liquid colloidal solutions sprayed as mists in PECVD systems proved to be an adequate strategy for the growth of high-quality nanocomposite thin films [28][29][30][31][32][33][34][35][36][37] . More specifically, the early works of Ross et al. 38 and Ogawa et al. 39,40 opened a new area of research with the direct injection of liquid precursors and colloidal solutions in low-pressure PECVD systems. The corpus on these particular experiments is still remarkably slight: only a handful of published articles exists to this day [38][39][40][41][42][43][44] . In these hybrid, aerosol-assisted plasma processes (or "misty plasma" processes, as first coined by Coppins 45,46 ), the colloidal droplets are used as a vector to deliver the nanoparticles from the injection system to the substrate. Ideally, the liquid solvent evaporates during transport, leaving nothing but the nanoparticles on the surface of the sample, which will be quickly covered by the continuous deposition of the matrix. In other words, the droplets "feed" nanoparticles to the nanocomposite, and the plasma rids the sample of solvent residue and provides the matrix material by fragmentation of a gaseous precursor. Since agglomeration in the gas phase is prevented by the dispersion of the nanoparticles in liquid droplets, this strategy is well suited for the growth of nanocomposite thin films containing small, nonaggregated nanoparticles, as shown in a recent publication 41 . However, the interactions with mists expectedly bring additional processing challenges, which can affect thin film growth. For example, a rather predictable consequence for low-pressure systems would be the pressure variations induced by liquid droplet evaporation. So far, most research involving misty plasmas for the growth of nanocomposite thin films focused on process capabilities and/or film properties 42,[47][48][49] . In this work, the mist-assisted plasma deposition of SiO2/TiO2 nanocomposite thin films is investigated using in situ optical emission spectroscopy and in situ spectroscopic ellipsometry. It is shown that a deeper understanding of the plasma deposition kinetics is critical to gain a fine control on the plasmasynthesized nanocomposites' properties.

The reactor used in this study has been described in a previous publication 41 . In short, an inductively coupled plasma is generated in an oxygen-argon gas mixture (95% O2, 5% Ar) using a helicon antenna with an applied RF power of 400 W. The plasma then diffuses from the source region to a 21 L processing chamber, wherein a 0.11 standard cubic centimeters per minute (SCCM) flow of hexamethyldisiloxane (HMDSO, Sigma Aldrich) is injected as a precursor for plasma deposition of SiO2 on a silicon substrate. In addition to the gaseous organosilicon precursor, the processing chamber also hosts a Kemstream direct-liquid injector (DLI). A lab-made colloidal solution containing monodisperse TiO2 nanoparticles (≈ 3 nm diameter) is injected through the DLI in a pulsed fashion, creating sequences of 1-ms pulses with a frequency of 0.5 Hz. The parameter N defines the number of pulses per minute cycle. For instance, N = 10 results in sequence of 10 pulses at 0.5 Hz (namely 20 seconds total) followed by a 40-seconds period without injection. The solvent used for the colloidal solution is a mixture of propylene carbonate (PC), propylene glycol (PG) and methanol with a volume fraction of 20.25/54.75/25, respectively. The solution is very stable over time; detailed synthesis protocol has been the subject of earlier publications 50,51 .

The residual pressure before plasma deposition was in the order of 10 -3 mTorr, and the working pressure was 3 mTorr with a total gas flow of 24 SCCM. Pressure variations due to the pulsed liquid injection were recorded using an MKS capacitance gauge. Time-resolved optical emission spectroscopy was carried out using an Avantes AvaSpec-3648-2-USB2 dual-channel spectrometer, scanning between 500 and 900 nm with an integration time of 100 ms. Film growth was monitored by in situ spectroscopic ellipsometry using a J.A. Woollam M-2000 ellipsometer.

Samples were modeled as heterogeneous structures with a Bruggeman effective medium approximation, comprised of data from Herzinger et al. 52 for the SiO2 matrix and a custom Tauc-Lorentz dispersion law for the TiO2 nanoparticles 41,53 .

Figure 1 shows the pressure variations over time in the processing chamber. Starting at t = 0 s, a sequence of N 1-ms-long pulses is injected in the reactor. A sharp pressure rise is observed after each pulse due the injection and evaporation of the liquid droplets. For a single pulse, the pressure doubles its initial value, yielding Δp ≈ 3 mTorr. For repeated injections, a cumulative trend appears: the system does not have enough time between two pulses to return to the nominal 3 mTorr conditions. In other words, evaporated solvent molecules from a given pulse remain in the gas phase when the next pulse occurs. This leads to alternating pressure conditions during deposition, with a "high-pressure" period immediately after the injection(s), and a "low-pressure" 3-mTorr period the rest of the time. This result hints at two distinct kinetics driving plasma deposition, one for each period. Figure 1 further shows that the post-injection pressure deviates from a simple first-order decay. A good fit was reached with a sum of two exponential decays: for any number of pulses and many pressure datasets, the time constants were τ1 = 1.6 ± 0.3 s and τ2 = 8.6 ± 1.0 s. Although assigning a definite physical meaning to these values is still delicate at this stage, it can be noted that the order of magnitude of a few seconds is consistent with the droplet evaporation times calculated by Ogawa et al. 39 in low-pressure environments. Since the sole evacuation of excess pressure at maximum pumping capacity would have led to first-order kinetics with much shorter timescales, the pressure decrease seems evaporation-limited (as opposed to pumping-limited). In addition, with the amount of liquid injected per pulse (~1 µL/pulse), the expected change in pressure for a prompt and total solvent evaporation would be Δp ≈ 15 mTorr. This value is higher than the Δp ≈ 3 mTorr observed in the experiments, which confirms that droplet evaporation is not instantaneous but rather occurs over a few-seconds timescale. 

𝑝(𝑡) = 𝑝 0 + 𝐴𝑒 -𝑡 𝜏 1 ⁄ + 𝐵𝑒 -𝑡 𝜏 2 ⁄
, where p0 = 3 mTorr, τ1 = 1.6 ± 0.3 s and τ2 = 8.6 ± 1.0 s.

Selected results obtained from time-resolved optical emission spectroscopy are presented in Figure 2 for a single liquid pulse starting at t = 0 s. While Fig. 2a displays an Ar line intensity (750 nm), Figs. 2b and2c show oxygen-to-argon (844 nm/750 nm) and hydrogen-to-argon (656 nm/750 nm) line intensity ratios. In the last two cases, Ar is used as an actinometer gas to probe the populations of O and H atoms 54,55 . As shown in Fig. 2, similar trends are observed with or without TiO2 nanoparticles in the injected solution (black curves vs. red curves). This result reveals that misty plasma effects are dominated by plasma-droplets interactions rather than plasmananoparticles interactions. Indeed, having solid nanoparticles in low-pressure plasma is known to cause significant changes in the fundamental plasma parameters, and therefore on the optical emission spectrum, as the nanoparticles behave as "electron wells" 20 . The non-observation of these changes thus indicates that the droplets reach the substrate while still in the liquid state, which is a key point to avoid in-plasma nanoparticles agglomeration and to ensure a good distribution of nanoparticles in the plasma-deposited nanocomposite films 41 . (Paschen notation) giving rise to the emission at 750 nm is mostly populated by electron impact on ground-state Ar atoms, this suggests a time variation of electron temperature Te (assuming Maxwellian electron energy distribution function) and/or electron density ne 20,56 . Over the range of experimental conditions investigated, previous Langmuir probe measurements recorded near the substrate in oxygen plasma indicated that both Te and ne decreased as the pressure rose from 1 to 25 mTorr 57 . This behavior is typical of large-volume diffusion plasmas, where the spatial profile of the electron density changes with increasing pressure 58,59 . Hence, the trend displayed in Fig. 2a most likely accounts for Te and ne variations. Here, a single first-order decay was sufficient to fit the data, with a time constant τ Ar = 2.0 ± 0.3 s. This result reveals that Te and ne are more strongly influenced by the more prominent pressure variations described by τ1 = 1.6 ± 0.3 s than the smoother one linked to τ2 = 8.6 ± 1.0 s.

In Fig. 2b, the behavior of the oxygen-to-argon line ratio follows closely the pressure rise, with the difference that a quick dip is observed before the prominent rise and subsequent decay.

This decrease of O atoms can be linked to either an oxygen depletion by chemical reactions with the solvent or a lower dissociation rate of O2 by electron-impact due to lower Te and ne values early in the pulse cycle. After the dip, the rise in the oxygen population with respect to the continuous O2/HMDSO plasma is unlikely to originate from the fragmentation of oxidation products, since the latter are rather stable molecules (H2O, CO, CO2) 54 . On the other hand, previous studies have shown that oxidation products can prevent O atoms loss at the walls by occupying surface recombination sites 54 . This effect was also demonstrated for Cl atoms loss with Cl2 as a recombination site obstructer 60,61 . As fewer O atoms are lost at the walls, the O atoms population in the plasma must increase. Hence, such a rise in the oxygen population most likely results from a reduction of the loss coefficient of O atoms at the walls due to a competition for surface recombination sites between O atoms and oxidation products. Here, the first-order decay time for O atoms, τ O = 8.1 ± 1.7 s, becomes comparable to the second time constant τ2 = 8.6 ± 1.0 s observed on Figure 1. Such slower dynamics are to be linked to heterogeneous surface reactions (recombination and desorption) at the reactor walls.

In the case of H atoms (Fig. 2c), the dramatic increase in hydrogen-to-argon line intensity ratio can quite clearly be ascribed to the high hydrogen content in the molecules constituting the misty solvent. However, this surge is much more prominent than what was previously observed with pressure: while the hydrogen-to-argon line ratio linked to atomic hydrogen increased by more than two orders of magnitude, the pressure linked to all solvent atoms and molecules rose by only a factor of two. This difference highlights that additional hydrogen atoms produced by plasmadroplet interactions represent only a small fraction of the total hydrogen content available in the mist, but remains significant with respect to the small amount of hydrogen atoms coming from continuous HMDSO fragmentation. A clear change in trend can also be seen in Fig. 2c around t = 10 s, which was not present when injecting methanol alone (no PC nor PG in the solution, not shown in Fig. 2). Since the presence of nanoparticles in the dispersions does not affect the spectral behavior of the plasma, this result suggests that the two kinetics can be attributed to successive evaporation/oxidation of methanol and PC/PG. In line with the pressure variations depicted in Fig. 1, H-to-Ar line ratios were also fitted with a sum of two first-order decays. Here, the corresponding time constants were τ1 H = 0.6 ± 0.2 s and τ2 H = 4.5 ± 1.2 s. These values are lower than the pressure time constants τ1 and τ2 and the time constant for O atoms τ O . This indicates that solvent injection gives rise to additional hydrogen atoms loss mechanisms, for example through hydrogen abstraction by impinging H atoms to form volatile H2 molecules 62,63 .

Figure 3 shows the evolution of film thickness and nanoparticles volume fraction over a given time interval during a 60-minutes plasma deposition, as determined by in situ spectroscopic ellipsometry 41 . Matrix growth appears to slow down periodically, with the plateaus corresponding to the injection periods (light blue sections in Fig. 3). This observation is consistent with the pressure increase and Ar line emission intensity decrease coming after the injection: at higher pressures, Te and ne are reduced and the excitation kinetics of Ar 2p states by electron impact is lower. Accordingly, the dissociation kinetics of HMDSO by electron impact is also slower, which slows down plasma deposition 64 . Interestingly, because the reduction in deposition rate occurs during the mist injection periods, the nanoparticles are supplied to the sample at the same time, and their fraction in the film increases (orange curve in Fig. 3). This percentage decreases again between the injection periods, as no additional nanoparticles are injected while SiO2 deposition continues. However, the deposition rate of SiO2 is low enough to keep the TiO2 fraction within a relatively narrow range of values (see right vertical scale in Fig. 3). Hence, the growth of a nanocomposite thin film in the misty plasma consists of two alternating steps (either matrix-or nanoparticles-predominant), occurring at regular intervals determined by the number of pulses N.

From the spectroscopic ellipsometry results presented in Fig. 3, it can also be noticed that during each "no injection" step, the slope of film thickness versus time is the same as the one of a standard SiO2 PECVD in the same experimental conditions (dashed line in Fig. 3). This observation is more appreciable in Fig. 4, presenting the deposition rate as a function of time for depositions with and without liquid injection. Naturally, for a sample deposited without any mist injection, the deposition rate remains constant throughout the whole process and lies around 2 nm/min. At N = 30 pulses per minute, which is the maximum value at a frequency of 0.5 Hz, the deposition rate is also relatively stable, at a lower value of around 0.4 nm/min. At N = 30 the pressure stays relatively high (up to 20 mTorr) and the deposition rate is therefore continuously hampered. From the N = 10 curve, the deposition oscillates between a slow growth step (corresponding to the liquid injection, as identified before) and a "fast" growth step. An axis break was added to the graph to illustrate that this trend is preserved for longer deposition times. Adjusting the number, duration or frequency of the pulses will therefore modify the span of the slow deposition step, which enables to control the fraction of nanoparticles introduced in the film and ultimately its final properties. In summary, the present work showed that low-pressure misty plasma deposition can exhibit different process kinetics that can play a crucial role on nanocomposite film properties.

Pressure variations in the mist-assisted deposition displayed a cumulative trend for series of liquid injections, dividing deposition in two steps of "high-" and "low-pressure" conditions. Such changes readily modified the plasma parameters, including the electron temperature and density. Overall, pressure and spectroscopy measurements revealed two distinct decay timescales, a faster one linked to plasma-droplet interactions and a slower one linked to heterogeneous surface reactions such as recombination, desorption and abstraction at the plasma reactor walls. In situ spectroscopic ellipsometry exposed how these changes in the gas phase directly affected film growth. At higher pressures, lower Te and ne yielded limited precursor fragmentation and consequently slower matrix deposition. Thus, matrix growth was slowed down synchronously with the nanoparticles input.

This new insight on plasma-mist deposition kinetics allows for a better connection between injection parameters and film properties. 
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 1 Figure 1 -Pressure variations over time upon liquid injection. Each pulse sequence starts at t = 0. Decreasing parts of the curves were fitted with a sum of two exponential decays:

Figure 2 -

 2 Figure 2 -Time-resolved optical emission spectroscopy for argon line intensity (a), oxygen-toargon line ratio (b), and hydrogen-to-argon line ratio (c) after a single liquid injection at t = 0.

Figure 3 -

 3 Figure 3 -Film thickness and nanoparticles content evolution of TiO2-SiO2 nanocomposite thin films over a given time interval, as determined by in situ spectroscopic ellipsometry. Mist injection periods of ten pulses at 0.5 Hz are marked in light blue. Evolution of SiO2 thickness during growth without mist injection is added as a dashed line.
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 4 Figure 4 -Deposition rate of SiO2 thin films (black) and TiO2-SiO2 nanocomposite thin films as a function of time for N=10 (blue) and N=30 (green).
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