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Abstract: The requirements of nanocomposite thin films, having non-aggregated nanoparticles
homogeneously dispersed in the matrix, have been realized using a new method of Direct Liquid
Reactor-Injector (DLRI) of nanoparticles. In this approach, unlike conventional aerosol-assisted
plasma deposition, the nanoparticles are synthesized before their injection as an aerosol into plasma.
In our experiments, we have used two different plasma reactors, namely an asymmetric low-pressure
RF plasma reactor and a parallel plate dielectric barrier discharge at atmospheric pressure. Our
results have shown that DLRI can be easily coupled with various plasma processes as this approach
allows the deposition of high-quality multifunctional nanocomposite thin films, with embedded
nanoparticles of less than 10 nm in diameter. Hence, DLRI coupled with plasma processes meets the
specifications for the deposition of multifunctional coatings.

Keywords: nanocomposite thin films; nanoparticles; aerosols; pulsed direct liquid reactor injector;
plasma deposition; low-pressure discharges; dielectric barrier discharges; safer-by-design

1. Introduction

Nanocomposite thin films are coatings of matrix-embedded nanoparticles targeted for
their multifunctional properties. These functions can vary depending on the concentration,
size, shape, and distribution of the nanoparticles, as well as the characteristics of the
matrix and the interfaces, especially in the case of very small nanoparticles (i.e., when
the interfaces, considered as the surface of the nanoparticles, become comparable with
their volume) [1]. Usually, the methods for the preparation of nanocomposite materials are
complex and should be designed specifically for each process [1,2].

Concerning plasma-assisted approaches, different processes have been developed. The
injection of complex molecular precursor(s) in plasma processes is the simplest method. For
example, organometallic molecules, i.e., molecular species containing metal atoms or metal-
loids (for example, silicon) bonded with organic compounds, are widely used as precursors
for plasma enhanced chemical vapor deposition (PE-CVD). In specific conditions, it enables
the formation of nanocomposite materials with nanoparticles embedded in an organic
matrix [3,4]. However, the precursors must be compatible with the experimental conditions
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(e.g., volatile at the working pressure), as well as stable during storage, manipulation, and
use, which limits the range of targeted materials.

Multifunctional nanocomposite thin films may also be prepared in multi-step pro-
cesses. For example, silicon nano-crystals of 3 nm were produced by post-growth heating
sub-stoichiometric silicon nitrides deposited by PE-CVD [5]. These nanoparticles can also
be obtained by coupling different physical and chemical processes such as evaporation [6],
sputtering [7-9], and nucleation in the gas phase [10]. However, all of these techniques
are complex, as they require specific experimental conditions (e.g., working pressure, gas
mixture, and plasma operating mode).

Recently, new attractive methods based on aerosols have been proposed [11,12]. These
approaches implement liquid solutions of pre-prepared nanoparticles directly injected into
the plasma in the form of liquid droplets. The aerosols can be produced by bubbling [13,14],
nebulizing [15-17], or direct liquid injecting (DLI) [18] the liquid solution, as used in
chemical vapor deposition (CVD) and atomic layer deposition (ALD) processes [19].

However, the nanoparticles in nanocomposite thin films deposited by aerosol-assisted
plasma processes are usually highly aggregated [12]. Aggregation can start in the liquid
solution. Hence, colloidal solutions, instead of liquid dispersions of nanoparticles [20],
i.e., highly stable suspensions of non-aggregated nanoparticles, must be used. To prepare
colloidal solutions, it is necessary to functionalize the nanoobjects, for example, by using
ligands. However, this critical step often requires large quantities of stabilizing agents with
heteroatoms (e.g., nitrogen for amines or sulfur for thiols) [21]. Therefore, the processes of
colloidal solution preparation are not always “green” and can pose serious environmental
hazards [22]. In addition, in conflict with the principle of atom economy [23], they introduce
new species in the final process, which affect the downstream process and consequently
contaminate the coatings with heteroatoms from the ligands.

Aggregation may also arise in the aerosol upon the evaporation of the liquid droplets [16].
Depending on the balance between nanoparticle diffusion in the liquid phase and the
solvent evaporation rate, it leads to different types of aggregates [24]. Injected into plasma,
the liquid evaporation can be enhanced due to plasma-droplet interactions [25].

Concerning aggregation, the interactions of plasma species with droplets can induce
additional phenomena including droplet charging [26] as well as electrostatic droplet
breakup [27,28]. The charging of droplets in plasmas also promotes their electrical confine-
ment enhancing their residence time in the plasma volume [29]. Consequently, plasma-
droplet interactions can have a significant effect, not only on the plasma behavior (e.g., elec-
tron temperatures, plasma densities, and transport properties [30-33]), but also on the plasma-
deposition process (e.g., precursor fragmentation [34], thin-film deposition rates [18,35], and
degree of plasma polymerization [36,37]).

Finally, although aerosol-assisted processes are simpler and more versatile than all
other processes used to prepare nanocomposite thin films, they require the handling of
nanoparticles, at least during the preparation of the colloidal solution, which can adversely
impact human health and the environment [38]. Therefore, it is of paramount importance
to develop secure processes for the formation of nanocomposite thin films.

Recently, we proposed a safer-by-design method to form small nanoparticles (<10 nm)
before their injection as an aerosol in a downstream process. Called the Direct Liquid
Reactor-Injector (DLRI) [39], it relies on a pulsed DLI that enables the synthesis of nanoparti-
cles from liquid organometallic compounds before the injection of the as-prepared nanopar-
ticles as aerosols. This study reports plasma processes coupled with DLRI for thin film
deposition namely, a low-pressure RF discharge and an atmospheric-pressure dielectric
barrier discharge (DBD). Focused on nanocomposite thin films based on ZnO nanoparticles
embedded in diamond-like carbon (DLC) matrix, DLRI appears as a versatile, simple,
economic, and environmentally friendly method that overcomes the drawbacks of the
injection of liquid solutions in plasmas.
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2. Materials and Methods

The DLRI setup used consisted of an Atokit injection atomizer from Kemstream,
(Montpellier, France). As shown in Figure 1a, this injection-atomizer operates in two
stages: (1) the pulsed injection of a liquid solution containing the organometallic precursors
into a mixing chamber fed with a reactive gas leading to the formation of the targeted
nanoparticles, and (2) the pulsed injection downstream of the as-synthesized nanoparticles
as an aerosol. DLRI is thus a safer-by-design method for the preparation of nanoparticles
containing aerosols.

Carrier gas
Pgas

1

H,0 vapor

1 Liquid inje(M

tig fiig | Mixing

\h;:y
2 Output injector

tgas: fgas

(a)
Room temperature

[zn(Cy),] + H,0 ZnO + 2HCy

DDA, solvent
(b)

Figure 1. (a) Schematic diagram of the DLRI, the operating parameters and their temporal evolutions
are defined in the box below. In this paper, (b) the hydrolysis of dicyclohexyl zinc is involved.

In this paper, ZnO nanoparticles were targeted. The chemical reaction shown in
Figure 1b is the hydrolysis of zinc dicyclohexyl, Zn(Cy); (from Nanomeps) [20]. The liquid
phase consisted of a liquid solution of the organometallic precursor (0.025 mol.L~?) dis-
solved in dried pentane, with dodecylamine (DDA) used as a stabilizing agent (0.1 eq.).
It was introduced (t;; = 5 ms and fliq =1 Hz) by the liquid injector (1 in Figure 1a) in
the mixing chamber and turned in a chemical reaction chamber. In parallel, water va-
por was produced by bubbling a neutral gas in water, transported and mixed with the
liquid droplets producing ZnO nanoparticles. The latter are then sprayed downstream
(tgas =10 ms, At =2 ms, fgas =1 Hz) by the output injector (2 in Figure 1a) [39].

To compare DLRI with other conventional aerosol-assisted methods, a colloidal so-
lution of pre-prepared ZnO nanoparticles was injected into the plasma processes in the
so-called direct liquid injection (DLI) mode. The solution consisted of a pentane solution
with the same ZnO nanoparticles (6 nm in diameter, 0.025 mol.LL71, 15 mL). However, it
required a much large quantity of ligands (150 times more DDA) to obtain a stable colloidal
solution [40].

DLRI (and DLI) was coupled with either an asymmetric capacitively-coupled radiofre-
quency (RF—13.56 MHz) plasma reactor at low pressure (0.1 mbar) or a low-frequency
(1 kHz) plane-to-plane dielectric barrier discharge (DBD) at atmospheric pressure [41].

At low-pressure plasma, DLRI was connected to the shower electrode system posi-
tioned 5 cm above the lower polarized electrode (30 cm in diameter). Argon (Alphagaz 1)
was used as the carrier gas and also as it enables it to ignite and sustain the plasma. Dif-
ferent parameters were measured during deposition, including working pressure and the
injected RF power (set to 100 W) from a Cesar power supply coupled with an impedance
matchbox (in automatic mode).

In the atmospheric-pressure plasma, DLRI was connected to a diffuser, which was
supplied with a continuous flow of nitrogen gas between the two plane-to-plane electrodes
(3 cm x 3 cm) separated by a 0.1 cm gas gap. nitrogen (Alphagaz 1) used as the carrier gas
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was favored to work in a Townsend discharge regime [41]. Current-voltage characteristics
were measured throughout the deposition process. For all conditions, the amplitude of the
applied sinusoidal voltage was set to 13 kV peak-to-peak.

The nanocomposite thin films were deposited on silicon samples for ex situ anal-
yses. The film composition was studied by infrared spectroscopy (Burker—Vertex 70,
Billerica, MA, USA) in transmission mode. The film thicknesses were determined using
spectroscopic ellipsometry (Semilab—SE 2000, Budapest, Hungary). By assuming a uni-
form multilayer structure with the thin film described by the Forouhi-Bloomer dispersion
law [42] sandwiched between the silicon substrate with its native oxide (2.7 nm thick) and
air (classically defined as a void in ellipsometry), the calculated ¥-A angles were compared
to the experimental ones and optimized by regression through a minimization of the ki2.
The optical indexes (refractive index and extinction coefficient) and the thickness were then
obtained. Copper grids were also coated for transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy (HRTEM) analyses (JEOL—JEM1011 at
100 kV, JEM 2100F (Akishima, Japan) at 200 kV, and JEM-ARM200F at 200 kV from ‘Centre
de microcaractérisation Raimond Castaing’). This type of sample was only collected in
low-pressure processes as the presence of metallic grids induces parasitic effects (arcing,
contamination, nucleation) in the DBD. The recorded TEM images were magnified by two
perpendicular sizes (denoted as d; and d) to characterize the sizes of the nanoparticles us-
ing the Image]J software (freeware: https://imagej.nih.gov/ij/). Further processing of these
images was conducted according to the 2D size plot method developed by Zhao et al. [16].

3. Results
3.1. DLRI in a Low-Pressure Plasma Process
3.1.1. Thin Film Characteristics

Figure 2 reports the characteristics of the nanocomposite thin films obtained by cou-
pling the DLRI with a low-pressure RF discharge. From the typical TEM image reported in
Figure 2a, the film is made of nanoparticles homogeneously dispersed in the matrix, the
2D size plot reported in Figure 2b shows the presence of a single population of isotropic
nanoparticles, with an average diameter of 6 + 2 nm. The nanoparticles in the film (A, B
and C in Figure 2c) are crystalline: the distances determined by Fourier transformation of
the HRTEM images correspond to the (100), (002), (101), and (201) interplanar distances
anticipated for wurtzite ZnO (0.281, 0.260, 0.247, and 0.136 nm, respectively) [20]. The TEM
images also gave an estimate of ZnO nanoparticles volume fraction of ~5 vol%. With such
a load of ZnO nanoparticles, neither the optical indexes obtained by spectroscopic ellip-
sometry (Figure 2d) nor the IR spectra could be used to further investigate the presence of
ZnO nanoparticles. However, both are characteristics of the matrix structure. With optical
indexes within (1.92 + 0.04 i) at 1.96 eV (Figure 2d), it consists of a diamond-like carbon
(DLC) with a high concentration of hydrogen and a rich sp® carbon composition [42,43].
This is in good agreement with the IR spectrum on the 2700-3500 cm ! range (Figure 2e)
and its deconvolution that shows a more abundant contribution of sp> CHy (in red with
the stretching bands corresponding to CH3/~2870 cm ™! (symmetrical), and ~2960 cm ™!
(asymmetrical), CHy/~2850 cm ™! (sym.) and ~2930 cm! (asym.) and CH/~2900 cm 1)
than of sp? CHy (in blue) whether in olefinic (CH,/~2925 cm ™! (sym.) and ~2980 cm !
(asym.) and CH/~3020 cm™1) or aromatic (CH/~3060 cm™1) compounds [44].

Hence, ZnO/DLC nanocomposite thin films with small (6 nm in diameter) and spatially
dispersed nanoparticles are formed with the DLRI coupled with a low-pressure plasma.
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Figure 2. Characteristics of the coatings obtained with DLRI into an asymmetric low-pressure RF
discharge (tliq =5ms, tggs = 10 ms, At =2ms, f = 1 Hz, deposition time 10 min): (a) TEM image (b) and
the corresponding 2D size plot of ZnO nanoparticles—the red curve corresponds to the average size,
(c) HRTEM image (d) optical indexes spectra and (e) IR spectrum in the 2700-3500 em~! range. In (f),
the linear evolution of the thickness as a function of deposition time allows the deposition rate to

be determined.
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3.1.2. Mass Balance

To further characterize the plasma deposition process, the mass balance was estimated.
The first point deals with the yield of conversion of pentane into DLC thin film. This is
defined as the ratio of the plasma-deposited thin film volume to the precursor injection
rate [45]. Figure 2d shows that the film thickness is linear with the deposition time, yielding
a thin-film deposition rate of 9.2 & 1.8 nm.min~!. Compared to the liquid injection rate
of 360 pL.min~! at f = 1 Hz, and considering the deposition rate constant on the whole
electrode of 300 mm in diameter, the precursor conversion yield was 0.3 vol%. This value
is several orders of magnitude higher than the ones reported for PE-CVD processes in
hydrocarbon gases estimated in the 10~ to 1072 vol% range [46,47].

For the nanocomposite thin film composition, the theoretical volume fraction of
ZnO nanoparticles was estimated. Since the stoichiometry of the reaction in Figure 1b
was 1:1 [20] (i.e., one mole of ZnO is produced per mole of [Zn(Cy),]), the theoretical
number of ZnO nanoparticles produced and injected per pulse depends directly on the
injection parameters, especially the liquid flow rate and the concentration of nanoparticles
in the initial solution. Theoretically, the number of 6 nm ZnO nanoparticles produced
per pulse at the Zn(Cy), concentration of 0.025 mol.LL.~! and liquid flow rate of ~6 uL
per pulse was 1.1 x 10'°. Considering that the nanocomposite thin film composition is
uniform on the whole electrode surface, the DLRI process yielded a theoretical volume
fraction of nanoparticles of ~16 vol%, which was about three times greater than the value
determined experimentally. This discrepancy indicates that the transport of nanoparticles
to the substrate was incomplete. Thus, the plasma was affecting the ballistic transport of
the ZnO nanoparticles from the output of the DLRI to the bottom electrode.

As reported, in dusty plasmas [48], a single object immersed in a collisionless plasma
acquires a negative charge given theoretically by the orbital motion limited model (OML).
The time needed to charge this nanoparticle may be estimated by:

AD
T = 1
ch rNP’wp ( )

where Ap is the Debye length, w), the ion plasma frequency, and rnp the nanoparticle
size [49]. For instance, in a low-pressure argon plasma with T, =1 eV, T; = 300 K, and
ne=n; =10 m=3[48], a nanoparticle of ryp &~ 6 nm will be charged within 7, ~ 2 ms. If
this charging time is less than the residence time of the ZnO nanoparticles in the plasma,
then the nanoparticles will be efficiently confined in the plasma volume.

The residence time can be defined as the time to travel the interelectrode distance. The
aerosol velocity needs determining. The aerosol produced at low pressure (0.1 mbar) was
then imaged by light scattering (Figure 3a), the light intensity recorded by a fast camera
being characteristic of the aerosol transport. At different positions, z;, from the injector
exhaust, the time evolution of light intensity was extracted and compared to the pulsed
injection (Figure 3b). The plot position, z;, versus delay, t;, gave an estimate of the aerosol
velocity of ~6 m.s~! (Figure 3c). Considering that this velocity is comparable for all the
species in the aerosol, i.e., the small nanoparticles (diameter < 10 nm) and the micrometric
droplets, it leads to a residence time in the interelectrode distance of ~10 ms.

The charging time of nanoparticles was therefore slightly below the residence time,
suggesting that most of the ZnO nanoparticles can efficiently be charged. Consequently,
a few will be transported to the substrate, while others will undoubtedly remain electro-
statically confined in the plasma volume until the next injection pulse (the pulsed flow is
evacuating the nanoparticles from the discharge). This explains why the experimentally
measured volume fraction of nanoparticles in the final coating is less than the theoretically
calculated value.
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Figure 3. (a) Typical image of the aerosol formed with DLI (pentane, tiig = 5 ms, tges =10 ms, At =2 ms,
f =1Hz) obtained by fast imaging. (b) Temporal evolution of scattered light intensity. The delay ¢;
between pulsed aerosol injection (red curve) and the variation of light intensity (blue one) obtained
for different positions z; enables to determine (c) the droplet’s average velocity.

3.1.3. Plasma Behavior

To confirm the confinement of nanoparticles in the plasma volume, the electrical
parameters of the discharge were measured. Figure 4a depicts the temporal evolution
profile of the power injected in the discharge during a single DLRI pulse (red curve): the
injected power decreased down to 30 W within 200-300 ms, until it reached the set value of
100 W just before the injection of the subsequent pulse. Part of this temporal variation is
linked to the sudden pressure rise due to the pulsed operation of the DLRI (Figure 4b) [50].
However, this slow return to equilibrium also implied a temporal response of the plasma
to the presence of droplets and/or nanoparticles in the plasma volume.

100 : 0.25 r ;
- ‘ e i
. [ ‘ :
S 2 | :
g : £ : :
* 5 Q } 3
0 R . 0.15 PR S
02 0 02 04 06 08 1 12 .02 0 02 04 06 08 1 12
t(s) t(s)
(a) (b)

Figure 4. Temporal evolution of (a) the power injected with either DLRI (red) or DLI (blue) and
(b) the pressure with a DLRI (similar values are measured for the DLI) (tiig = 5 ms, tges = 10 ms,
At =2ms, and f =1 Hz). In (a), the black curve corresponds to the difference between the red and
blue curves.
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The temporal evolution profile of injected power during a pulse with DLRI was then
compared to the one of a pulse with DLI of pure pentane (Figure 4a). Unlike the profile
obtained with the DLRI (red curve), the injected power profile corresponding to the DLI
(blue curve) attained the set power value faster (~800 ms after pulse injection) and remained
constant until the next pulse is injected. The injection of the set power was then more
difficult in the presence of nanoparticles (DLRI) than without (DLI), as underlined by the
black curve in Figure 4a corresponding to the difference between the two profiles. ZnO
nanoparticles were then confined in the plasma volume. They were introducing additional
plasma losses (affecting the densities as well as energy distribution functions) as discussed
in dusty plasmas [48] that further modified the plasma impedance, and thus the injection
of power.

Hence, these results were consistent with the mass balance: both were revealing that
the process of nanocomposite thin film deposition by coupling DLRI with a low-pressure
plasma was controlled by the plasma through its role in the charging and electrostatic
confinement of nanoparticles.

3.1.4. DLRI vs. DLI of Colloidal Solutions

Lastly, a colloidal solution was injected in DLI mode into the low-pressure plasma.
Figure 5a presents a typical TEM image of the nanocomposite thin film produced. Again, it
showed ZnO nanoparticles homogeneously dispersed in the matrix. However, the 2D size
plot, shown in Figure 5b, exhibited two populations of nanoparticles with average sizes of
17 £ 1 and 118 =+ 26 nm, respectively. Compared to the initial diameter of nanoparticles
in the solution (8 £ 2 nm) [39], it shows that aggregation occurred in this process. Finally,
the IR spectrum on the 2700-3500 cm ! range reported in Figure 5c exhibited the same
characteristics of diamond-like carbon (DLC), the spectrum deconvolution showing slight
differences in the matrix composition. In addition, a small quantity of amines is detected
(Figure 5d; absorption band near 3400 cm ). These groups originate from the DDA ligand
whose concentration in the colloidal solution injected by DLI (15.0 eq.) is much greater
than that with the DLRI (0.1 eq.). Therefore, the ligands (DDA) injected in abundance in
the DLI mode in the plasma were significantly contaminating the final coating, which may
impact its final properties.

However, neither the deposition rate with a deposition rate of 8.1 £ 0.5 nm.min~
(Figure 5d) nor the volume fraction of nanoparticles estimated at ~5 vol% (Figure 5a)
significantly changed. To summarize, DLRI not only led to highly dispersed nanoparticles
in the unmodified-pure-DLC matrix process but it was also limiting the aggregation of
nanoparticles during the coating’s preparation.

The aggregation of nanoparticles in liquid droplets depends on the solvent, as well as
on the concentration of the nanoparticles in the droplets [24]. To have a rough estimation
of this mechanism, we considered that the aerosol was a distribution of droplets with a
diameter D, and that each droplet dried and formed an aggregate of diameter D 5. The
volume of aggregated ZnO nanoparticles in the volume of injected solution is then only
a function of the concentration, the molar mass and the mass density of ZnO, and the
theoretical average size of the aggregates formed upon the complete evaporation of the
solvent in the liquid droplet is:

1

M 1/3
Dc = (CZnO NP Mzno ) D, @)
Pzno

Under the experimental conditions used herein, the factor relating D4 and D; was
0.03. Since the aggregated ZnO nanoparticles size D4 was of the order of a few hundred
nm (Figure 5a), one thus expected that the droplet size D, at the exhaust of the DLI and
DLRI was of a few micrometers.



Coatings 2023, 13, 630 90f18

1034
102?
10"
10° ; ;
10° 10" 10? 103
d,, d, (nm)
(b)
)
T
=
£
s
2
2]
c
7]
£
T T T T T T T T T T T T T T T
2700 2900 3100 3300 3500

Wavenumber (cm™)

(©)

200

1501 {//

£
£ 1001
© A
50 o
0 : . , :
0 5 0 15 20 25

t (min)

(d)

Figure 5. Characteristics of the coatings obtained with DLI a colloidal solution into an asymmetric
low-pressure RF discharge (tliq =5ms, tgs = 10 ms, At =2 ms, f = 1 Hz, deposition time 10 min):
(a) TEM image, (b) the corresponding 2D size plot—with the red circles corresponding to the average
size of the two populations, and (c) IR spectrum in the range of 2700-3500 cm™~!, In (d), the linear
evolution of the thickness as a function of deposition time allows to determine the deposition rate.

Nevertheless, since DLI and DLRI were injecting the same concentration of ZnO
nanoparticles, it was expected that aggregation would occur in both cases. However, no
aggregation was observed with DLRI. In addition, size distributions of nanoparticles ob-
tained with DLRI (Figure 2b) were comparable to the ones obtained in batch synthesis [51].
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This suggests that the droplets produced with DLRI were smaller than those injected with
DLI. Indeed, while a fog of droplets was easily observed by light scattering with DLI,
there was no backscattered light detected with DLRI. Based on the Mie scattering theory, it
reveals that the number and/or size of droplets in the DLRI-produced aerosols were much
smaller than those obtained with DLI. Therefore, pentane evaporation occurred sooner
in the DLRI than in the DLI, as discussed by Carnide et al. [40]. This result was ascribed
to exothermic hydrolysis of the organometallic precursor [51]. This means that chemical
reaction has also a significant effect on aerosol characteristics, on the plasma process and
then on nanocomposite thin film deposition.

Overall, nanocomposite thin films with small (<10 nm) and highly dispersed nanopar-
ticles were produced by coupling DLRI with a low-pressure plasma. In the DLRI system,
the film structure was controlled by the chemical reaction, the aerosol type, and the balance
of forces on droplets and nanoparticles in the plasma.

3.2. DLRI in an Atmospheric-Pressure Plasma Process
3.2.1. Thin Film Characteristics

As shown in Figure 6, nanocomposite thin films were also obtained at atmospheric
pressure. Figure 6a reports a picture of the coatings deposited on a 4” (10.16 cm) silicon
wafer. The latter was limited to the electrode region (3 cm x 3 cm) [18]. Since no significant
deposit was observed outside the discharge region, this reveals that thin-film deposition
was resulting from charged species: the aerosol (droplets and nanoparticles) must be
charged following their interactions with charged species in the plasma and transported
towards the top and bottom electrodes by the low-frequency electric field [18].

Considering a homogeneous film with the same composition and a small volume
fraction of ZnO nanoparticles, an ellipsometric model of the plasma-deposited layer was
defined for different positions along the gas flow lines in the discharge cell. As shown in
Figure 6b, the film thickness obtained by regression was quite homogeneous along the
discharge-struck area of ~60 nm corresponding to a deposition rate of ~15 nm.min~!, with
slightly thicker coatings at the entrance and exit of the electrodes. However, compared to
the gradient observed on Figure 6a, the thin-film composition must be different along the
gas flow lines (from left to right).

To investigate the matrix composition, IR spectra were recorded at different points
along the gas flow lines. First, as shown in Figure 6¢, the matrix was also DLC. CH bands
between 2800 and 3000 cm~! were integrated on the different spectra and reported as
a function of position as a relative matrix thickness. In contrast with the spectroscopic
ellipsometry results, the thickness of the matrix was growing along the sample and homo-
geneous only over the last 20 mm of the discharge-struck area (Figure 6b). This means, first,
that matrix deposition did not take place homogeneously along the discharge zone [18].
It suggests that droplets efficiently confined in the discharge were transported along the
gas flow lines leading to a matrix gradient, with a more prominent deposition near the
exit. Secondly, it suggests a more prominent volume fraction of ZnO nanoparticles close
to the entrance of the discharge than at the exit. Unlike pentane, the results presented in
Figure 6 indicate that nanoparticles were not transported in liquid droplets and, conse-
quently, were deposited earlier on the substrate. To confirm this, optical microscope images
were collected. The results are shown in Figure 6d,e. At the entrance, Figure 6d reveals the
presence of numerous submicron structures without a discernable matrix coating between
them. In contrast, close to the exit, Figure 6e shows that the number of features strongly
decreased. Hence, ZnO nanoparticles were mostly deposited at the entrance, while the
matrix deposition took place progressively towards the exit of the DBD.

To confirm these differences in transport between ZnO nanoparticles and the precur-
sors of the matrix, optical measurements were performed. First, ellipsometric data were
recorded as a function of position along the discharge cell. The refractive indexes at 350 nm
were determined and reported in Figure 7a. Both n and k presented high gradients from
the entrance to the exit of the deposit area. For 7, the variation from 1.25 to 1.6 agreed very
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well with the porous aspect of the plasma-deposited coating observed in Figure 6d and e
and discussed by Martin et al. [52]. As for k, the behavior was in good agreement with an
evolution of the film composition, i.e., of small ZnO nanoparticles being more abundant at
the entrance of the discharge cell than at the exit. Indeed, at small scale (<10 nm), these
nanoparticles are highly absorbent at 350 nm [53].
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Figure 6. Characteristics of the coatings obtained with DLRI into a plane-to-plane DBD (t};; = 5 ms,
tgas =10 ms, At =2 ms, f =1Hz): (a) image of the coating and (b) the corresponding spatial evo-
lution of the film thickness along the gas flow line (blue arrow), (c) IR spectrum in the range of
2700-3500 cm~! and optical microscope images taken (d) at the entrance and (e) close to the exit of
the deposit area. The deposition time was 4 min.
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Figure 7. Optical properties of the coatings obtained with DLRI into a plane-to-plane DBD (f};; = 5 ms,
teas = 10 ms, At =2 ms, f = 1 Hz): (a) spatial evolution of the optical indexes, (b) image of the coating
(same as in Figure 6a) recorded under UV light illumination and (c) spatial profile of the fluorescence
intensity along the gas flow (blue arrow). The deposition time was 4 min.

The sample was finally exposed to UV illumination (350 nm). Loop-winded Figure 7b
shows, the plasma-deposited film exhibiting typical fluorescence of ultrafine (<10 nm) ZnO
wurzite nanoparticles (fluorescence at 580 nm) [53]. The plot of the integrated fluores-
cence signal as a function of position along the gas flow lines (Figure 7c) confirms that
nanoparticles were mostly deposited at the entrance of the discharge cell.

Hence, DLRI coupled with atmospheric pressure discharges enabled the formation of
ZnO/DLC nanocomposite thin films. However, in contrast with the low-pressure plasma
processes, the deposition of the nanoparticles and their spatial dispersion were more
evidently controlled by the process conditions (gas flow and electric field amplitude, with
both driving the balance of forces on droplets and nanoparticles in the plasma).

3.2.2. Mass Balance

Using the same previous method, for a liquid injection rate of 360 nL.min~! at f = 1 Hz,
and a deposition rate of 15 nm.min !, the yield of pentane conversion into thin film was
lower than at low-pressure of ~0.004 vol% but similar to hydrocarbon thin film deposition.
For example, Sarra Bournet et al. [54] obtained a deposition rate up to 60 nm.min~!
in discharge produced with 400 ppm of C,Hy in N, and a gas flow rate of 1 L.min !
corresponding to a conversion yield up to 0.015 vol%. Over the range of experimental
conditions investigated, the low yield indicates that many droplets remained trapped in
the gas gap over multiple low-frequency cycles until they were pushed out of the DBD cell
by the gas flow [18]. Indeed, at T, =1 eV, T; =300 K, and n, = n; ~ 102 em 3 in filamentary
discharges operated in nitrogen [55], a steady-state charge of ~10* electrons per 10 pm
pentane droplet (and thus a mass-to-charge ratio ~10% kg/C) can be estimated [16,56].
Consequently, the amplitude of oscillations of the charged droplet in a 4 kV.mm ™! electric
field (recall that the electric field is linked to the amplitude of the gas voltage after discharge
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breakdown and not to the externally applied voltage [57]) at 1 kHz became comparable to
the gas gap (~1 mm). Therefore, droplets much smaller than 10 um were easily collected
within half-period of the electric field whereas much larger ones could escape the DBD cell
without being deposited [18].

In contrast, the transport and deposition of nanoparticles sprayed with the DLRI
were independent of the matrix deposition, leading to a more efficient deposition at the
entrance of the discharge. Indeed, a 5 nm nanoparticle will be charged within 5 ns. Since
this charging time was much shorter than (i) the period of the applied electric field (1 ms
at 1 kHz), and (ii) the gas residence times linked to pulsed (>3 ms) and continuous carrier
gas injections (>50 ms), one could safely assume that all nanoparticles were charged [36].
For a steady-state charge of ~5 electrons per 5 nm ZnO nanoparticles (and thus a mass-
to-charge ratio ~10~* kg/C), the amplitude of oscillations of charged nanoparticles in a
4 kV.mm~! electric field at 1 kHz became much more than to the gas gap (~1 mm). Hence,
all nanoparticles would rapidly be transported towards the substrate by the low-frequency
electric field as discussed by other authors during the nebulization of colloidal solutions in
low-frequency DBDs [15,16]. Hence, DLRI yielded a theoretical volume fraction ranging
from 100 to 0 vol% from the entrance to the exit of the discharge cell. Charging in low-
frequency DBD thus enabled to maximisation of the deposition of ZnO nanoparticles.
Of note, though this process was limited to the discharge entrance, the volume fraction
of nanoparticles could be smoothened out by using a substrate displacement method as
described by Massines et al. [55] for typical PE-CVD processes at atmospheric pressure.

3.2.3. Plasma Behavior

Electrical measurements were conducted to assess the plasma behavior with the DLRI
operating at 1 Hz.

Over the range of experimental conditions investigated, discharges operated in nom-
inally pure nitrogen were representative of a homogeneous Townsend discharge with a
single peak per half-cycle of the applied voltage [57]. However, as soon as the first pulse of
precursor was injected, the onset in Figure 8 shows that the discharge became filamentary,
i.e., that micro-discharge channels perpendicular to the electrodes were formed [41]. This is
typically accompanied by a significant rise in the power injected into the DBD, as confirmed
by Figure 8. This transition from a homogeneous to filamentary regime was attributed to
the presence of nanoparticles and droplets in the discharge [18].
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Figure 8. Temporal evolution of the power injected into the DBD cell after the first pulse with
DLRI (th-q =5 ms, fgs = 10 ms, At = 2 ms, and f = 1 Hz). Typical voltage—current evolutions are
reported inset.
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In addition, once the discharge has transited to the filamentary regime (f = 0 in
Figure 8), the surface power converged to a constant, here, around 0.25 W.cm~2. Hence,
in such conditions, variations in discharge properties appeared very fast after injection of
the ZnO-containing pentane aerosol and then reached steady-state after a small number of
cycles. Of note, the time resolution was too small to discuss the mechanisms arising at the
pulse scale and the possible temporal variations from one pulse to another.

3.2.4. DLRI vs. DLI of Colloidal Solution

Nanocomposite thin films were finally deposited by DLI of a colloidal solution into
the plane-to-plane DBD. As shown in Figure 9a, the coating deposited on a 4” (10.16 c¢m)
silicon wafer remained limited to the electrode region (3 cm x 3 cm) but seemed more
homogeneous along the gas flow. Considering that thin-film deposition resulted from the
charging of the droplets in the aerosol and their transport towards the top and bottom
electrodes by the low-frequency electric field [18], it suggests that the aerosol, i.e., the liquid
droplets size, was more homogeneous in that case. In addition, as shown in Figure 9b, the
film thickness was constant along the discharge-struck area. In contrast with DLRI, it was
2 times higher with the colloidal solution. For the same liquid injection rate, this suggests
that the conversion yield was at least 2 times higher with the colloidal solution.

200

0.3

n@350 nm
o o
wu ose@Y

(d)

Figure 9. Characteristics of the coatings obtained with DLI of a colloidal solution into a plane-to-plane
DBD (tliq =5ms, tgss = 10 ms, At =2 ms, f =1 Hz): the (a) image of the coating, the corresponding
spatial evolution along the gas flow (blue arrow) of (b) the film thickness and of (c) the optical indexes
and (d) image of the coating (same as in a) recorded under UV light illumination. The deposition

time was 4 min.

However, as reported in Figure 9¢,d, the gradients of # and k and, consequently, the
fluorescence previously attributed to ZnO nanoparticles, were smaller in this case. This
reveals that the volume fraction was lower than in the DLRI mode. Indeed, trapped in the
liquid droplets, ZnO nanoparticles transport and deposition were directly controlled by
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the droplet transport and deposition [36], i.e., the transport of charged liquid droplets and
their evacuation by the carrier gas. The mass balance thus led to a smaller volume fraction
of ZnO nanoparticles [36]. Overall, nanocomposite thin films with ultrafine nanoparticles
(<10 nm) were prepared by coupling a DLRI system with atmospheric-pressure plasmas.
The structure of the deposited film was controlled by the balance of forces (controlling)
acting on the droplets and the nanoparticles.

4. Conclusions

By coupling the DLRI system with plasmas, multifunctional nanocomposite thin films
were prepared. This robust and fast approach promotes the implementation of nanocom-
posite thin films in innovative materials and devices to meet current and future societal
needs. DLRI is a simple, economic, and environmentally friendly method of nanoparticle
injection that enables the control and monitoring of nanoparticle size and morphology. It
is also robust and reproducible and, thus, can be easily scaled up and adapted to various
plasma processes. Herein, we showed that the nanocomposite thin films prepared by DLRI
with low-pressure RF discharge or atmospheric-pressure dielectric barrier discharge exhib-
ited a uniform distribution of ultrafine ZnO nanoparticles (<10 nm). The nanoparticles were
formed via a one-pot reaction of [Zn(Cy),] with water in presence of DDA and pentane was
used as a precursor to form the DLC matrix. In addition, to minimize nanoparticle handling
and suppress the aggregation of nanoparticles, the processes proposed in this study reduced
the emission of the nanoparticle synthesis byproducts by involving these compounds in
the matrix deposition. Considering the broad array of organometallic compounds that can
be used in DLRI/plasma deposition processes, a wide variety of nanocomposite thin film
materials may be prepared using this pulsed injection aerosol method.

5. Patents
DLRI application to dry processes was patented in EP 3275839/WQO 2018019862.
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