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Abstract

This study focuses on metal/polymer nanocomposite thin films made by atmospheric pressure Plasma-Enhanced
Chemical Vapor Deposition (AP-PECVD). The aerosol of isopropanol-dissolved tetrachloroauric acid
(HAuCl4s:3H20 gold salt) is injected in a dielectric barrier discharge (DBD) to synthesize plasmonic
nanocomposite thin films. Argon is used as carrier gas with or without 133 ppm addition of ammonia (NH3) to
respectively get or not a Penning mixture. Results show that NH3 largely influences the salt reduction and thin film
properties.

According to the aerosol characterization, the size distribution at the plasma entrance supports that isopropanol
mainly evaporates before injection in the plasma. The salt initially dissolved in each droplet precipitates during
evaporation before injection as solid nanoparticles of about 30 nm diameter with eventual traces of solvent. Then,
the nanocomposite thins film are studied. Optical properties, as plasmonic resonance, are characterized by UV-
visible absorption spectroscopy. The chemical composition is analyzed using X-ray photoelectron spectroscopy
(XPS) and Raman spectroscopy, complemented by X-ray diffraction (XRD) analysis as well as chemical mapping
obtained by Energy dispersive spectroscopy (EDS) coupled to scanning electron microscopy (SEM) operating in
Scanning Transmission Electron Microscopy (STEM) mode. Additionally, the morphology of the deposits is
investigated by atomic force microscopy (AFM) and SEM, highlighting the influence of NH3 gas on the film nature
and therefore its role in the overall deposition process. Finally, optical emission spectroscopy (OES) of the plasma
gives clue to better understand the effect of NH3.

The overall results show that the salt nanoparticles are reduced in the plasma phase leading to non-aggregated
metal Au NPs embedded in a carbon-based matrix formed by isopropanol polymerization. The presence of NHj3
in the plasma unambiguously decreases the salt reduction and affects the thin film properties, consequently
changing their plasmonic response related to the size, concentration and composition of the embedded NPs.



1 Introduction

Due to their robustness and ease of use, dielectric barrier discharges (DBDs) have been widely studied and
used since they were discovered by Siemens. For decades, U. Kogelschatz!!l largely participated in their
developments in various fields. Specifically, DBDs have found applications in material science for surface
functionalization ! or the synthesis and deposition of thin films for solar cells?®» 4] in foam!™ or as water barriers(¢!
as examples. Among other low-temperature plasma sources, DBDs are distinguished for their capability to achieve
high-quality plasma deposition of dense films at atmospheric pressure. In the corona configuration, they allow in-
line treatment of large surfacel’l. Depending on the gas chemical composition, the voltage frequency, the nature of
the dielectrics and the configuration, DBDs can be divided into two families defined by the gas breakdown
mechanism: streamer breakdown leading to filamentary DBD or Townsend breakdown leading to diffuse DBD!'}
(81 1 The first one leads to the development of microdischarges having a radius of about 100 um which last less
than 100 ns!'%, whereas the second one produces glow or Townsend diffuse discharges!'! ['?]. The use of a Penning
mixture such as Ar/NH; favors the formation of diffuse DBDs!!*: ['4]] thanks to a good adequation between the
energy of metastable states of the carrier gas (Ar, ~11.5 eV) with the ionization potential of an impurity (NH3,
~10.1 eV) giving place to Penning ionization due to the collision of a metastable excited state of the carrier gas
with other species.

More recently, DBDs have been used for the synthesis of nanocomposite (NC) thin films!'> by atmospheric
pressure plasma enhanced chemical vapor deposition (AP-PECVD). A NC thin film is a matrix in which particles
ranging from few to hundreds nanometers, called nanoparticles (NPs), are embedded'®!. Depending on the nature
of the NPs, thin film properties can differ!!”). For instance, when metal NPs are used, the NC can have a plasmonic
responsel'82%, Plasmons are collective oscillations of free electrons in metal NPs and these oscillations are at
their maximum when the frequency of the incident wave to which the NPs are subjected corresponds to the electron
oscillation frequency. This phenomenon is called surface plasmon resonance. Gold NPs are of special interest due
to their appealing optical properties??!. For instance, they are promising in the field of solar energy, particularly in
the development of photovoltaic panels??! since plasmon resonance occurs at wavelengths aligned with a zone of
high emission in the solar spectrum.

Different solutions were explored for synthesizing NC thin films on large surface areas using DBDs. For
the sake of simplicity, most of them use an aerosol, i.e. droplets of the thin film precursors transported by a carrier
gas to the plasma. The first approach consists of injecting into the DBD a solution of premade NPs in suspension
in a polymerizable solvent!'>} [23}. 241 Although this route allows for a large variety of nano-objects to be injected
into the discharge favoring the synthesis of complex multifunctional NC materials, NPs are found as aggregates
when the solvent evaporates?¥l. Even if NCs containing NP aggregates could be of interest when large surfaces of
interaction are required, e.g. in photocatalysis for water treatment?], NP aggregation could be avoided by NP
functionalization?® or by forming the NPs in the gas stream before the plasma or in the plasma which avoids
hazardous chemicals manipulation. The second approach is based on the in-situ synthesis of NP from, as an
example, a metal precursor, such as a metal salt?’], and their incorporation inside a polymer matrix%1.

Depending on the frequency applied to the plasma, the mechanisms taking place in the discharge differ,
in turn affecting thin film properties. Despite that at low frequencies of about 1 kHz, the discharge power is too
low to polymerize the matrix precursor?’» it can induce a drift of NPs to the surface via the Coulomb force if the
NP diameter reaches 10 nm and NPs achieve a fixed chargel*®l. At higher frequencies (above 10 kHz), the discharge
power increases promoting a higher solvent polymerization”. Therefore, alternating low and high frequency, i.e.
provoking a modulation of the plasma, makes it possible to control the morphology of the NC obtaining
homogeneous thin films?!. This plasma-modulation approach has been successfully utilized for the synthesis of
Ti02/Si0, NCs from TiO, NPs in hexamethyldisiloxane (HMDSO)?%], NC formation based on TiO, NPs
embedded in a carbon-based matrix from TiO, NPs dispersed in isopropanol (isopropyl alcohol, IPA)4 or, more
recently, SiO,-based NCs in a biodegradable polymer from SiO, NPs dissolved in ethyl lactate (ELA)B?. Lately,
this approach was also utilized for the formation of Au NPs based NCs!?”). Nadal et.al.?"! injected directly into the
Ar plasma a metal salt (HAuCls) dissolved in a polymerizable solvent, namely isoproponal in the form of an
aerosol leading to the simple in-situ synthesis of a metal/polymer NC with non-aggregated gold NPs.

The novel venue reported in [?7 demonstrated the potential of DBDs in the one-step and safe-by-design
process for the synthesis of Au NCs. Nevertheless, for large-scale production, the process must be optimized in
terms of, for example, carrier gas selection. In this research, the effect of using both Ar and Ar/NH3 as Penning
mixture for NCs formation is deeply studied. Optical emission spectroscopy was utilized for understanding the
gold salt reduction process and different material characterization techniques revealed the role of the carrier gas
on the optical properties, chemical composition, structure and morphology of the deposited gold/polymer NCs thin
films.



2 Experimental details
2.1 AP-PECVD set-up

Figure 1 shows a schematic representation of the experimental set-up. Solutions of gold salt (HAuCls-3H,O,
99.99% pure, Aldrich) dissolved in reagent grade isopropanol at 0.1 gold weight percent (% of gold mass in the
mixture) are first prepared. A liquid aerosol of the solution is then produced by pneumatic fragmentation of liquid
meniscus with impaction of bigger droplets to remove them in a TSI® constant output liquid atomizer. The
temperature of the solution is controlled by a thermostatic bath, and its weight is measured at the beginning and at
the end of each experiment to determine the mass flow rate of atomized solution (expressed in g/min) injected in
the plasma during the deposition process. To reduce the amount of atomized thin film precursors, the Ar gas flow
rate used to produce the aerosol is set to the minimum value ensuring a continuous droplet production by the
atomizer: 0.9 L/min. Pure Ar or Ar/NH; mixture is added at the flow rate of 3.1 L/min to the aerosol stream to
dilute thin film precursors concentration before the plasma inlet. Consequently, the aerosol droplets are transported
in a 4 L/min carrier gas flow with or without 133 ppm of NHs.

The plasma reactor is composed of two parallel electrodes with 2x5 cm? area both covered by a 1 mm thick
dielectric layer. The aerosol is injected within the 2 mm gap between the two dielectrics. Once injected, the feed
mixture is guided by two quartz bars until its aspiration on the opposite side to avoid lateral precursor losses and
ensure a laminar gas flow of constant velocity in the plasma. Thanks to controlled leakage, the pressure is constant
and equal to 760 Torr. The mean gas residence time in the plasma zone is 30 ms. Deposition is performed during
40 min on circular glass substrates (diameter of 22 mm and thickness of 0.2 mm, Oxford Instruments) placed on
the lower dielectric. In this study, the thin film characterization is made at 3 mm from the feed mixture entrance
into the plasma zone (4.5 ms residence time).
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Figure 1: Global view of the NC thin film AP-PECVD set-up, in which a metal salt solution is atomized by using an Ar flow
and the resultant aerosol is diluted and injected inside the plasma chamber.
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Figure 2 : Low (black) and high (red) frequency voltages, and current (blue) measured on a complete cycle (800 Hz + 60
kHz for 2.5 ms, Duty cycle = 0.25) during NC thin film deposition.

Table 1 : Main experimental parameters used to prepare the two families of samples: A samples with NH3 and NA samples

without NH;.
Experimental parameters/Samples A NA
NHj3 in the dilution flow Yes No
Bath temperature [°C] 20 20
Room temperature [°C] 26+3 24 + 1
Solution flow rate [g/min] 0.18+0.01 0.19+£0.02
IPA [%)] 1.8 +0.01 1.9+0.02
Gold salt [ppm] <6 ppm <6 ppm
NH; [ppm] 133 0
800 Hz peak-to-peak amplitude [kV] 34 3.4
60 kHz peak-to-peak amplitude [kV] 2.2 2.2
60 kHz surface power density [W-cm™] 0.11+0.02 0.09 +£0.03

As previously explained, two plasma frequencies are needed to synthesize the desired NC in a DBDP4:
(i) a frequency lower than 1 kHz to drift the NPs to the substrate (ii) a frequency higher than 10 kHz to polymerize
IPA with a thin film growth rate increasing proportionally to the frequency. In the present work, the plasma is
created using a superposition of a low-frequency voltage (0.8 kHz, 3.4 kV peak-to-peak amplitude) applied
continuously, and a high-frequency voltage (60 kHz, 2.2 kV peak-to-peak amplitude) applied during 2.5 ms every
10 ms. According to Bazinette et al.*3], the 800 Hz voltage does not have any effect on the 60 kHz DBD. Thus,
even if the 800 Hz is continuously applied, it can be considered that the DBD used in this work corresponds to
alternating 800 Hz and 60 kHz discharges, with voltage amplitude of 3.4 kVpp and 2.2 kVpp, respectively. These
amplitude values were chosen according to the following criteria: the high value of the low frequency voltage
ensures an efficient particle transport toward the substrate. The value of the high frequency voltage is 100 V higher
than the breakdown voltage and leads to a DBD power of around 0.1 W/cm?. Each voltage is provided by a low
frequency signal generator (Agilent 33220) and an audio amplifier (Crest CC4000) connected to an up-voltage
transformer (Boige et Vignal or Montoux). The two voltages are synchronized and applied to different electrodes.
Specifically, the upper electrode is powered by the 60 kHz voltage and the lower one by the 800 Hz voltage (Figure
2). This technical solution allows for choosing independently each frequency and each voltage amplitude, which
was not possible with the so-called frequency shift keying (FSK) mode used previously?’l. Figure 2 presents the
two voltages over a complete cycle and the current measured when the aerosol is injected. Both the 800 Hz and



the 60 kHz DBDs are filamentary DBDs. This is always the case in the presence of the aerosol whether or not the
carrier gas contains NHs. NH3 addition only induces a slight increase in the discharge power (Table 1).

While NH3 has little influence on the discharge, it has a major one on the NC thin film. Thus, two sets of
operating conditions are considered in this study: a first NH3 (A) and a second without NH3 (NA). For each set, at
least three different samples were prepared. Table 1 summarizes the experimental conditions used to prepare the
two families of samples as well as the maximal amount of each chemical species entering the plasma.

2.2 Characterization techniques
2.2.1 Aerosol

Size distributions of droplets from 15 to 750 nm have been measured at several positions between the
atomizer and the plasma using a differential mobility analyzer (DMA TSI 3071). For practical reason, these
measurements cannot be done with Ar, but with N>. However, similar droplet sizes are expected in both gases
since the surface tension of isopropanol, controlling the size of droplets produced by pneumatic nebulization, as
well as the saturation vapor pressures are very close in both Ar and No*#4. The gas flow rate in the atomizer is the
same as the one used to deposit the NC films (0.9 L/min), while the atomized solution has a gold weight
concentration (0.2 wt %) twice that used for thin film deposition.

2.2.2 Nanocomposite thin films

Optical, morphological and structural properties of the thin films as well as their chemical composition are
determined using complementary techniques. When spatial resolution is available, measurements are
systematically made at 3 mm from the gas inlet in the plasma zone to avoid variations related to the reactive
components residence time in the plasma.

Optical properties

UV-vis absorption spectra of the films are measured on a 2 mm spot using an Ocean Optics DH-2000 lamp
with a halogen and a deuterium lamp to cover the UV-vis range and an AvaSpec-ULS2048XL-EVO spectrometer
from Avantes to record the spectra.

Morphological and structural properties

X-ray diffraction measurements (XRD) are carried out on an Empyrean diffractometer (Malvern-Panalytical)
equipped with a copper tube (filtered radiation Ka=1.541874 A), a sampling holder position 5-axis cradle and a
PIXcel multi-channel detector. The diffractometer operates within the theta-theta Bragg-Brentano configuration
in a 20 angular range of 15° to 90° (step size and time of 0.0263° and of 160 s, respectively). The XRD data were
treated and analyzed using Highscore+ (Panalytical) software.

Scanning Electron Microscopy (SEM) observations are carried out on a ZEISS Gemini SEM 360 FEG-SEM
microscope, operating at 5.0 kV. The samples surface is graphitized (~10 nm in thickness) by carbon thermal
evaporation to avoid charge accumulation during the observations, making intrinsic NC film carbon content
analysis impossible.

The morphology of the deposits is also investigated using a commercial atomic force microscope, AFM
(SMENA NT-MDT). Scans are performed in intermittent contact mode. The tips used are manufactured by
NANOSENSORS with a resonance frequency of 160 kHz and a radius of curvature of the apex of less than 10 nm.
Grain size analyzes were performed with a thresholding algorithm implemented in Gwyddion software. The size
of the grains is defined by an equivalent radius. It corresponds to the radius of the disc having the same surface as
the projected surface of the grain.

Chemical composition

The previously described SEM-FEG microscope is equipped with a Oxford Instrument energy-dispersive X-
ray spectroscopy (EDX) detector (Ultim Max 170 mm? detector) for the elemental analysis and imaging coupled
to topography imaging. EDS chemical mapping is also carried out using a Inlens SE detector (In Column) operating
at 8 kV. The distance used between the sample and the EDX window was fixed to 41 mm for a working distance



of 8.5 mm and solid angle of 35°. EDX data treatment and analysis is made with the Oxford Instrument AZtec
software.

X-ray photoelectron spectroscopy (XPS) analyses are performed using a K-Alpha" spectrometer
(Thermo.Fisher Scientific, East Grinstead, UK) operating in the constant analyzer energy mode and equipped with
a micro-focused and monochromatic Al Ko X-ray source (1486.6 eV, spot size: 400 um, 12 kV, and 6 mA) and a
flood gun (charge compensation system for insulating samples). For the analysis, the NC films are clipped onto
the sample holder and outgassed 12 hours in the fast-entry lock. The pass energy is fixed to 200 eV and 40 eV for
the survey and the high resolution regions, respectively. The photoelectron take-off angle was normal to the surface
of the samples and the sample surface covered by each analysis is of 0.5024 mm? (1x0.4> mm?). The binding
energy scale is referenced to the (C-C/C-H) C 1s component at 285.0 eV. Data acquisition and processing are made
using Advantage software ThermoFisher Scientific, version 5.9902. The surface chemical composition was
calculated by using the manufacturer sensitivity factors.

Raman spectroscopy was used to get insights into the structural properties of the carbon matter, thanks to a
high resolution Horiba HR 800 Raman microspectrometer coupled to a microscope with a 1000x long distance
objective (N.A = 0.9) for experiments in air. A He—Ne laser beam operating at 633 nm is used as an excitation
source. Its power is fixed to 63 pW for 1% filter and 0.5 mW for 10% filter at the sample (spot size of 200 nm in
diameter). The spectra are collected in the whole 180-3000 cm™! wavenumber with an acquisition time of 10 s
along 3 accumulations each.

2.2.3 Plasma diagnostic by optical emission spectroscopy (OES)

Light emitted from the plasma is collected by a 600 pm optical fiber with a collimator lens which is placed
perpendicularly to the gas flow direction at 3 mm from the gas entrance in the plasma zone. The light is then
directed to the 25 um width slit entrance of a Maya2000Pro spectrometer (Ocean Optics) with a 14 um pixel size.
Prolonged exposure time (1 s) optical emission spectra in the 220-1050 nm range is taken in each experimental
condition to discern the effect of NHj3 in the deposition of NC thin films.

3 Aecrosol characterization

Droplets produced by the atomizer are diluted 2.4 s after production by liquid fragmentation in the atomizer
while they are transported by the carrier gas during 2.8 s before entering the plasma. During that time, both size
and concentration evolve, due to evaporation, losses to the walls and coagulation by diffusion of NP, as well as by
dilution. To determine the liquid or solid state of the aerosol injected in the plasma, size distributions have been
measured at several positions between the atomizer and the plasma.

At first, measurements made with non-volatile paraffin show that with a gas flow of 0.9 L/min, the atomizer
generates around 6.107 droplets per cm?®, with a number median diameter value of 340 nm. Then, the aerosol
generated from a solution of gold salt in isopropanol is investigated. After 0.4 s, the mean diameter already drops
down to 40 nm, as expected from fast evaporation of isopropanol. Indeed, amorphous or crystallized salt crystal
NPs can be formed depending on the ratio of the evaporation rate, controlling the formation rate of primary nuclei
of solid salts by local surface precipitation in each droplet, over the diffusion rate of these primary nuclei of crystal
from the surface, where they necessarily appear due to the local surface oversaturation of salt in solution by surface
precipitation®. The dilution, done later, 2.4 s, induces an additional evaporation step and a decrease of the droplets
concentration. At the entrance of the plasma reactor, the measured NPs concentration is around 10° per cm?, with
a mean diameter of 36 nm. This value is slightly higher than the one estimated for a dry salt residue (around 32
nm, assuming a crystallized HAuCls:3H20 salt with a density of 3.9 g/cm? and a spherical shape of amorphous
salt or/and faceted shape of salt crystal. Hence, the aerosol injected into the DBD is made of suspended solid
particles slightly bigger than the dense crystallized salt NP that would have been formed by slow evaporation of
all the solvent from the initial solution droplet. These small differences from 10 to 15% are observed between the
measured 36 nm and the expected 32 nm mean diameters of NPs injected in the plasma assuming total solvent
evaporation. Despite this difference close to 10 to 15%, measurement errors related to flow rate uncertainties of
sampled and sheath gas flows in the DMA, the reproducibility of these size distributions evolution supports that
NPs entering the plasma are slightly larger than expected for the perfectly crystallized salt NP that can be formed



by complete and slow evaporation conditions. This is either due to residual traces of solvent around the 30 nm
solid salt core of NPs or/and to a lower density of a probably amorphous salt NPs that could be formed in such
fast evaporation conditions leading to amorphous more or less spherical and porous solid particles®*),

During pneumatic fragmentation of the salt solution in the atomizer, used for the production of droplets
suspended in the carrier gas, i.e. for the production of the initially liquid aerosol, evaporation of the solvent is
observed and characterized by the measure of the gold salt concentration in the solution to be nebulized, before
and after experiments. This evaporation increases the IPA quantity in the aerosol and is sensitive to temperature.
However, the partial pressure of isopropanol is always far below the saturation vapor pressure, as demonstrated
by the fast evaporation of initial 300 nm droplets down to 30-40 nm salt particles after only 0.4 s (measurements
very close to the atomizer outlet). To control this parameter, the bottle containing the solution was placed in a
thermostatic bath. However, as shown in Table 1, this bath is insufficient to fully stabilize the solution flow rate
as the room temperature varies. Besides, this evaporation also limits to 2 h the duration of experiments to avoid
the increasing salt concentration of the solution in the atomizer with subsequent larger dried NPs formed by
evaporation of initial droplets with the same sizes. This effect is limited here with large volume of solutions and
short experimental tests (< 2 h). It could also be handled by continuous refilling of the solution in the bottle by a
solution with a controlled concentration of salt.

According to these results, with the experimental conditions used in the film deposition (solution
concentration of 1.6 mg/mL, i.e. 0.1% in weight of gold), the distribution size of the NP entering the plasma should
have a modal diameter around 25-30 nm. Assuming the total conversion of gold salt to metallic gold to form
crystalline spherical NPs, the diameter of the gold NP should then be around 12 nm.

4 Thin film analysis

4.1 Optical properties

NCs obtained by injecting the acrosolized HAuCls solution in a pure Ar DBD (NA) are purple, and exhibit a
large absorption band between 500 and 900 nm (Errore. L'origine riferimento non & stata trovata.a),
attributable to the plasmonic resonance of gold NPs. The width of the band might be due to a large size distribution
of the NPs, or could indicate the presence of strong inter-particle interactions, as a consequence of very short inter-
particle distances®. The shift to high wavelength could also be related to the polymer coating of the NPs. On the
contrary, the NCs prepared in presence of ammonia (A) have a dark-brown color and do not evidence a net

plasmonic signature in their absorption spectra (Errore. L'origine riferimento non é stata trovata.b).

a) b)
0.20 0.20
Ar/IPA/salt ArlNH3lIPAIsaIt
S o154 3 o154
8 8
[«}}
3 3
S o010 S o104
Ko Ko
S o
2 2
0.05 1 0.05 -
< <
0.00 0.00

T T T T T T T T T T T
350 400 450 500 550 600 650 700 750 800 850 900

Wavelength (nm) Wavelength (nm)

T T T T T T T T T T T
350 400 450 500 550 600 650 700 750 800 850 900

Figure 3 : UV-vis absorption spectra of a) NA and b) A samples.



4.2 Phase and morphology analysis
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Figure 4 : XRD patterns of a) NA and b) A samples

XRD patterns recorded on NA and A samples show that gold NPs are present in both samples. The characteristic (111) Au
diffraction line is clearly evidenced (ICDD N° 98-004-4362) in both samples, even if its intensity is higher in A pattern than

in NA one (
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Figure 4). Typically, the pick area for NA sample is found to be equal to 318 + 110 Cts's™'-° while it is of
486 + 100 Cts's™'-° for A sample. Using the Scherrer equation, a crystal size can be inferred from the (111) peak
broadening. Assuming isotropic in shape crystallographic coherent domains, an average value of 7.8 £ 1.8 nm and
13.1 £2.0 nm is measured for NA and A samples, respectively. Note that an additional weak peak is observed in
the pattern of A sample which might be attributed to layered graphite (ICDD N°98-005-3781). The appearance of
a single and small in intensity peak does not allow any conclusions to be drawn regarding the presence of graphite,
which, however, might explain the black sample color.

The initial low-magnification SEM observations on A and NA samples (Figure 5) evidence two different
morphologies. Without ammonia (NA sample), the coating is mainly made of dense non-aggregated and almost
isotropic in shape NPs (Figure 5a) having a diameter about 20nm. The selected image almost shows non aggregated
NPs aggregation, with a few number of clustered NPs. With ammonia, the collected images of A samples are fully
different due to the presence of large rounded structures (likely large NPs) that are often surface-decorated with
smaller and highly contrasted particles. These small particles appear also as individual objects as those observed
for NA sample.



Figure 5: SEM images of a) NA sample and b) A sample.

In agreement with low-magnification SEM observations, AFM topographic scan on NA sample (without NH3
addition) reveals a surface nanostructuration with mainly NPs, assumed to contain gold, most of the time arranged
in rosaries. It should be noted that the probe convolution artifact presented in the AFM image of the NHs-free
deposit (Figure 6a) is corrected by modeling the AFM tip from the manufacturer's specifications and then by
applying an image algorithm for erosion 7). Grain size analysis shows a NPs size distribution centered around an
equivalent radius of about 10 nm (6b). An attentive lecture of Figure 6b shows that in fact there is a double
distribution. The main one (87% of the grains), has a mean radius of 12 + 3 nm which could be related to non-
aggregated NPs. The second one is between 15 nm and 35 nm and could correspond to assemblies of gold NPs
bound by polymer, as suggested by the clearer shapes on the AFM scan in 6a. Since the adhesion of the deposits
is low, a scratch test of the deposit is also carried out to assess its thickness (6¢). There is a step height equivalent
to the maximum height of the surface profile (S=35 nm). This means that the deposit is mainly formed of a
discontinuous monolayer of NPs. For this coating, the presence of the polymer is difficult to be detect.
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Figure 6 : AFM observation of a NA sample (without NH3); a) topographic scans of the deposit, b) grain size distributions
inferred from AFM image analysis and c) scratch test profile measured on the white line of the scratched sample image.

AFM topographic scan on an A sample (with NH3 addition) reveals a surface nanostructuration with less
dense NPs coverage (Figure 7a). The analysis of the size of the particles evidences of a larger size distribution,
with equivalent radius varying between 30 nm for the smallest to 200 nm for the largest NPs (Figure 7b). These
particles are systematically wider than tall with an aspect ratio of about 0.3. An average equivalent radius over the
entire distribution could be nevertheless deduced with a value of 91 £ 37 nm. Coupling the topographic image to
the phase signal shows particles with a faceted shape, suggesting the formation of crystals (Figure 7c). The phase
image also reveals a slight heterogeneity around the particles which could be linked to the presence of a carbon-
based polymer coating. The small circular spots are characteristic of the glass substrate.
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Figure 7: AFM observation of an A sample (with NH3); a) 5x5um? topographic scan; b) grain size distributions inferred
from the AFM scan (c) 1x1um? phase scan.

These two deposits being discontinuous, the bearing areal ratio curve extracted from the topographic scan,
also called the ABBOTT curve ¥ makes it possible to estimate the volume of material deposited. The
calculations show a volume of material deposited approximately 1.3 times greater for the deposit without NH3
compared to that with NHs, respectively 9.4x103 um3/um? and 6.4x107 pm?/um?,

4.3 Chemical analysis

Low-resolution XPS survey spectra of the analyzed samples reveal the presence of various elements on the
surface, including C, Au, Cl, O, Si and N regardless of whether NH3 is used during the deposition process.
However, their atomic percentages notably vary (Table 2) . Additionally, trace levels of Na and K are detected
(probably coming from the glass substrate). Note the presence of Si with a non-negligible surface atomic
composition (Table 2), indicating a partial coverage of the glass substrate or its total coverage with a film of less
than ~10 nm in thickness. Indeed, XPS is a surface analysis technique and provides chemical information on the
outer surface layer without exceeding a sampling depth of 10 nm. Since the presence of Si is only due to the
sample-glass substrate, it can be deduced that NH3 gas prevents the formation of a continuous and/or thick NC
film, in agreement with AFM observations performed on A sample (Figure 7b).

Table 2 : Surface chemical composition (at%) of A (with NH3) and NA (without NH3) samples determined by XPS.

Sample C%)  Au®%) Cl%)  O(%) Si(%)  N(%)
A 36.0 3.5 9.5 31.7 10.7 8.2
NA 55.7 13.8 1.4 23.5 43 1.4
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Figure 6 : High resolution XPS spectra of NC films prepared with (NA sample in red) and without (4 sample in blue)
NH; addition a) Au 4f, b) N 1s, ¢) Cl 2p and d) C 1s spectra

Table 2 also evidences a gold atomic percentage significantly higher in the NA sample, i.e. when ammonia
is not used in the deposition process. High-resolution Au 4f XPS spectra in Figure 8a show that in both samples
gold is mainly present in its metallic state (Au®), therefore in the deposition process an effective reduction of the
gold salt occurs leading to conversion of Au*" to Au’. In particular, the Au 4f spectrum of the NC film deposited
without NH; appears dominated by the Au’ contributions. The Au 4f spectrum of the NA sample consists of a
doublet (Au 4f7» and Au 415/, respectively, at 84.0 and 87.7 eV) due to spin-orbit coupling, the position being in
agreement with previous literature on Au NPsB% 491 This seems to well correlate with optical characterization
results and naked-eye observations. In fact, the greater amount of Au’ in the film produced without NH; results in
a red-purple plasmon resonance profile as a signature of gold NPs.

Even if the XPS fingerprint of metallic gold is identified for both samplest*!], Au** contributions are also
clearly present in the Au 4f spectrum of A sample (see assignments in Figure 8a), suggesting an uncomplete gold
reduction when ammonia is added to the DBD feed mixture. Therefore, the introduction of NH3 in the gas-phase
during NC film processing promotes a decrease of the plasma reduction efficiency on the gold salt.

It is worth noting that the atomic concentrations of Cl and N are almost negligible in the NA sample (Table
2), contrary to the case of the A sample prepared with NH3 addition. Indeed, the high-resolution N 1s spectrum of
the NA sample exhibits the characteristic contributions of amino and ammonium groups at a binding energy of
399.8 and 401.7 eV respectively (Figure 8b)[*?. In parallel, the Cl 2p doublet peak of the NA sample with Cl 2p3
and Cl 2pi» components respectively at 197.8 eV and 199,0 eV, respectively, suggests the contribution from a
chloride salt (Figure 8c) 2. It is worth mentioning that in the case of the A sample, the presence of NH4s™ (N 1s
spectrum, Figure 8b) and metal chloride contributions (revealed by the Au** and Cl- contributions in the Au 4f



and ClI 2p XPS spectra, respectively) point to the possible formation of NH4sAuCly salt, reasonably occurring via
acid-base reaction between HAuCls and NHs.

Both A and NA samples contains carbon (Table 2), meaning that with and without NH3 the process leads to
the formation of a carbon-based NC from isopropanol fragmentation and polymerization during the plasma
discharge. The C atomic percentage is lower with NHs, (Table 2) in this case it is not possible to exclude that
graphite might be produced as suggested by the black color of A sample and the suspicion of graphite presence
suggested by XRD analysis. The examination of the high-resolution C1s XPS spectra in Figure 8d shows that both
of A and NA samples present contributions from C-H/C-C, C-O and C=0 moieties. At this stage Raman
spectroscopy is required to have a better knowledge of the carbon-containing component of the produced NC films.

Raman spectra (Figure 9) reveals a broad intensity region (1000 and 2000 cm™) ascribed to carbon-based
species*’l and related to the polymer-like film formed during the plasma process. Furthermore, an intense peak at
287 cm! is also identified. According to Chang et al.™¥ low frequency (<300 cm™) vibrational modes can be
produced by interactions between gold surfaces and halide anions such as chloride (CI°), thus the presence of Au-
Cl vibrational modes cannot be discarded in any of the deposited material. However, the presence of Au-Cl stretch
mode at 339 em '™ and the stronger signal at lower frequency indicates that [AuCls]" species are also present
maybe in the form of NH4AuCly salt. Once again the introduction of NHj into the plasma seem to decrease the
HAuCl4 reduction efficiency.
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Figure 7 : Raman spectra of as-deposited Au NPs-based film.

To have information on the NPs chemical composition, SEM Z-contrast imaging and EDS mapping are
performed. On NA sample (Errore. L'origine riferimento non & stata trovata.), contrast imaging on selected
zones evidences more details on the composition of the previously observed NPs (Figure 10a). They appear as
surrounded by a low electronic density matter like a polymer (Figure 10b). Chemical mapping confirms that the
core of these NPs is made by metallic gold (the yellow highlighted areas are oxygen free) while the outer is gold
free. This metallic core can be single of multiple as highlighted in Figure 10c. The whole NP volume appears
chlorine and nitrogen free.



Figure 8 : SEM-EDS analysis of NA sample: a) SEM micrograph of an assembly of particles, b) Z-contrasting image
highlighting the difference in the chemical composition of the inner and outer parts of the observed particles and c) Chemical
mapping confirming the inorganic nature of the particle core (metallic gold) and the organic nature of its outer shell
(probably oxygen and carbon)

An unambiguous conclusion cannot be done on the carbon-based chemical nature of the outer gold core layer in
these NPs as carbon was pulverized everywhere to allows SEM analysis.



Samples with ammonia, coupled SEM and EDS results are fully different (

N Ka, ,

Tpm

Figure 9), chemical mapping on such complex objects confirms that outer small particles are metallic
gold particles, while the inner part is free from oxygen, and contain nitrogen and chlorine suggesting the formation
of a kind of amorphous NH4Cl1 and/or NH4AuClj salts, in agreement with the observation of Cl-, AuCls", and NH4*
signatures in the high-resolution Cl 2p and Au 4f XPS spectra and that of ammonium groups in the N 1s one.



Beside these large objects, SEM images also evidence small and non-aggregated particles (

O Ko, N Ka, ,

Cl Ko, Au Mo,

Tpm

Figure 9). They seem to be of almost the same nature as those observed in sample NA, i.e. consisting of
a metallic gold core surrounded by a kind of carbon-based soft matter. Non-coated small particles also appear on
the collected images but as confirmed by EDS chemical mapping (not shown) they are only carbon made resulting
from performed carbon pulverization treatment.

It can be therefore concluded that the chemical reactivity of NH3 largely influences the salt reduction,
furthermore, its concentration (133 ppm) small as compared to that of IPA (2%) and large compared to that of gold
salt (about 6 ppm). Before discussing the different explanations, it is worth studying the influence of gas chemical
composition on the plasma by optical emission spectroscopy.
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Figure 9.SEM- EDS chemical mapping of two representative particles of NA sample suggesting that their inner part is made
from NH4Cl or NH1AuCls while metallic gold nanoclusters concentrate in their outer part.

5 Plasma analysis

During the plasma deposition of Au-containing -NPs NC coatings, optical emission spectra were recorded.
A typical spectrum in the 650-1000 nm range is presented in Figure 12a. It is important to highlight that regardless
of the experimental condition, emitted radiation was dominated by deexcitation of Ar I levels (4p-4s transition).
Interestingly, the addition of the 133 ppm of NHj into Ar/IPA discharge does not result in the emission of NH"
excited species (at 324 nm, Il — a4, 5.42 eV —1.55 eV) as it is observed in low frequency Ar/NH; DBDs!"3],
The excitation of NH species typically occurs through collisions with electrons of energy close to 5 eV. Therefore,
the absence of NH" might be attributed to the lack of low-energy electrons, which instead could be colliding with
isopropanol molecules which has a concentration of about 2%. These collisions lead to the breaking of C-H (4.28
eV), C-0 (3.71 eV) and O-H (4.80 V) bonds. This in turn leads to the IPA plasma polymerization, as suggested
by XPS results. Nevertheless, emission lines corresponding to H, and OH" radicals (at 309 and 656 nm,
respectively) are not observed, which suggests the absence or the very fast consumption of these radicals.
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Figure 10: a) Typical optical emission spectrum of Ar/IPA/salt DBD b) ¢) and d) Ar I intensity lines in different wavelength
ranges of Av/IPA DBD with and without NH3, and with and without gold salt.

It must be noted that the intensity emission of Ar I line varies depending on the gases and precursors
introduced during the plasma process. Figure 12 reports the intensity of argon lines during the reduction and
deposition of the gold salt with and without NH;. The intensities are also compared when no salt is introduced to
facilitate understanding of the process. The addition of IPA to Ar/NH3 decreases the intensity of Ar emission,
while the addition of the salt to Ar/IPA or to Ar/NH3/IPA increases all the Ar emission lines. The decrease of Ar
emission due to the addition of IPA vapors (IPA droplets are fully evaporated before the plasma inlet) could be
related to the transition from the diffuse glow discharge to the localized filamentary discharge. The increase of Ar
emission induced by the salt introduction could be explained by the fact that even if IPA mainly evaporates from
the droplets between the atomizer and the plasma, according to the aerosol characterization, each droplet leads to
a salt NP having a diameter of about 30 nm at the plasma entrance. These NPs should theoretically lead to Au NPs
of about 12 nm in case of complete gold salt reduction and if they are dried but not reduced the salt crystal size is
about 25 nm. All these particles are large enough to be charged by the plasma which induces a decrease in the
electron density. This electron reduction is usually compensated by an increase of the electron energy, which is in
agreement with the Ar emission increase as Ardp is excited by high energy electrons 61,

A remarkable point is that the addition of HAuCl, salt to the Ar/NH3/IPA plasma strongly increases the
intensity of Ar I lines, so that the emission observed in the Ar/NH3/IPA/salt process is nearly equal to that of
Ar/IPA. This strong increase cannot be explained only by the presence of the NPs in the plasma, but is probably
also associated to a decrease of the NH3 proportion. Since NHj3 is added to the dilution flow, i.e. 400 ms before



entering the plasma reactor, this result suggests that NH3 is partially consumed by a reaction with the salt, leading
to the formation of a new component. This hypothesis will be further discussed in the next section.

6 Discussion and Conclusion

According to the NC thin film analysis, NH3 addition drastically influences gold salt reduction:

e Without NH3s, in NA samples, gold salt appears almost fully reduced (XPS and EDS), leading to
gold NPs of about 8 nm diameter according to XRD. These gold NPs have a large plasmonic
resonance. The diameter of the NPs observed on the substrate are larger, about 12 nm according to
AFM images. The gold NPs are probably covered by a thin polymer layer which increases their
sticking coefficient to the glass substrate. Most of these NPs are non-aggregated. However, they
tend to have a rosary organization which explains the plasmonic absorption extending from 500 to
900 nm.

With NHjs, in A samples, according to XPS, the quantity of gold incorporated in the films is smaller,
and part of it is not reduced. XRD still detects gold crystallites with a larger diameter than in NA
samples (13 nm), but AFM and SEM measurements show that most of them are aggregated and
often embedded in thick layers of carbon polymer, which may also contain graphite. Part of the
aggregation could occur on the sample surface, since according to AFM analyzes the NPs are not
round but like a dome. Hence, the absence of a plasmonic absorption of the film could be due to a
combination of several factors. First, the quantity of gold NPs is very small. Second, the aggregation
might induce a quenching of the plasmonic resonance. Indeed, it is known that the plasmonic
resonance of gold nanospheres in solution undergoes a decrease, a broadening and a redshift as the
NPs aggregatel*¢: [471 Finally, the presence of a thick layer of light-absorbing polymer around the
NPs might hide the absorption.

In the light of these considerations, the formation of the gold NPs from the droplets in absence of ammonia is
first discussed. In solution, the gold salt is dissolved to give colored AuCls ions. Isopropanol being a mild
reductor, it might react with these ions, leading to the formation of colorless Au'Cl,” ions. However, this reaction
has been shown to be slow, especially when the gold salt concentration is low*8l. Accordingly, we observed a
good stability with time of the prepared salt solutions if the latter are placed in an opaque to UV light bottle. After
injection, the aerosol keeps protected from UV light until it enters the plasma reactor, so that the reduction of gold
should not occur before the plasma.

As shown by the morphological and chemical analyses of the coatings, the gold salt is totally reduced in the
plasma reactor to form gold NPs. The modal diameter of the gold NPs determined from XRD is around 8 nm,
which suggests that each salt solution droplet converts into a gold NP. The reduction of Au*" ions to Au® atoms
and their aggregation to form metal NPs thus probably occur in the nanoparticles resulting from IPA evaporation
(i.e. evaporation of IPA present in one droplet of aerosolized salt solution) forming a solid salt NP imperfectly
crystallized with eventual traces of liquid isopropanol. Several mechanisms could be implied in the reduction: (i)
free electrons of the plasma electrons could enter the wet crystals and directly reduce gold; (ii) the reduction
process could be induced by reactive radicals formed by decomposition of IPA; (iii) the reduction may be driven
by photochemical reduction resulting from the emission of vacuum ultraviolet light observed in dielectric barrier
discharges (DBDs) in Ar™*, or by thermal decomposition.

Concerning the first two hypotheses, Vasudevan et al.>" found that, using an atmospheric pressure
plasma jet in an aqueous solution of HAuCls, the reduction of Au** ions and the subsequent deposition of gold
NPs is primarily driven by the presence of free electrons within the plasma and the in-situ formation of hydrogen
peroxide resulting from the combination of OH" radicals. The participation of H* and OH" radicals is also reported
inP®, Nevertheless, this conclusion cannot be drawn with the evidence found under the experimental conditions
of this research. According to UV-range spectrum (220-400 nm) of Ar/IPA/salt discharge, the emission of OH
excited state is not observed. On the other hand, in this work, other reactive radicals might be generated by the
decomposition of IPA, for instance the radical *C(CH;3)OH, which is known to quickly reduce the Au*" ions to
Au® atoms!*¥) 521, Note that these reactions involving electrons or radicals are slow if the droplets are completely
dry at the entrance of the plasma, since the mobility in solid crystal salt is very low.



On the other hand, photochemical or thermal reduction of the Au** ions to Au® could be envisaged even
in the solid phase. Indeed, AuCls ions are known to be reduced to Au® atoms by UV light around 250 — 350 nm[31.
The formation of the NPs from the isolated Au’ atoms is then generally obtained by annealing. However, under
our experimental conditions, in the 250 — 350 nm range of the emitted plasma spectra, no emissions are found
which suggests a limit influence of this reduction mechanism. However, in Ar DBD, there is an efficient continuum
emission around 130 nm that largely contribute to secondary emission of the cathode as there is no auto-absorption
of this emission due to Ar, dissociation. These photons which play a dominant role in the plasma physics [' can
also play a role in plasma chemistry. Besides, thermal direct synthesis of nanoparticles by decomposition of
HAuCly films at 150°C has also been reported 2!l However, such a temperature cannot be reached in a DBD
plasma having a power of 0.5 W/cm?.

Focusing on the effect of NH; on these mechanisms, as previously mentioned, plasma optical emission
spectroscopy results suggest that ammonia reacts with the salt before entering the plasma reactor. Indeed, ammonia
is a base and is known to react with HAuCly, leading to the formation of another salt, e.g. NH4AuCl, or to amine
gold complexes, such as ‘fulminating gold’. These compounds may have a different solubility than HAuCl4, and
distinct properties regarding the reduction of gold and the formation of NPs. For instance, in aqueous solution, the
addition of ammonia is shown to reduce the size of the formed NPsP4 53],

In this work, several hypotheses might explain the hindering effect of ammonia. First, the reaction of ammonia
with the gold salt injected with residual liquid isopropanol may lead to the formation of a new gold salt less
miscible with isopropanol, which could precipitate to form a dry crystal before entering the plasma cell. The plasma
reduction of the salt would thus have to occur in the solid phase, so that only the photochemical and thermal
mechanism could also occur. Ammonium ions may also act as electron scavengers reducing the salt reduction and
the charge of the NPs and then their drift to the substrate. Another possibility, in the case NH3 addition leads to a
NPs size decrease as observed in aqueous solution, is that the gold NPs are too small to have a constant charge and
thus to be electrostatically transported to the surface, which might also have an effect on the charging of
nanoparticles, preventing their deposition.
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