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Abstract

The demand for a “green” approach to the synthesis of nanomaterials is becoming increas-
ingly pressing. In response to this need, we present, for the first time, the use of spark
ablation as an environmentally friendly deposition technique to obtain nanoparticles of
copper nitride, a material that is gaining increasing attention in the field of photovoltaic
advanced technologies. This method involves the ablation of pure copper electrodes in
nitrogen atmosphere while a spark current is tuned. The overall result is the co-presence
of nitride and oxide nanoparticle agglomerates with different sizes according to the spark
current, as confirmed by X-ray diffraction, Raman spectroscopy, X-ray photoelectron spec-
troscopy and energy-dispersive spectroscopy techniques. Scanning probe microscopy and
scanning electron microscopy show an increase in the number and size of nanoparticle
agglomerates with an increasing current, while the nanoparticle size is always about sub-10
nm. The findings of this work promote spark ablation as a simple, versatile, cost-effective,
environmentally friendly deposition method to obtain nitride-based nanoparticles. Fur-
thermore, it is compatible with many types of materials and substrates, increasing the
possible combinations of metals/semiconductors and carrier gas types to obtain completely
innovative materials with unique compositions and properties.

Keywords: spark ablation; copper nanoparticles; copper nitride; copper oxide; environmentally
friendly deposition

1. Introduction

Due to their large surface-to-volume ratio and the size effects of quantum mechanics,
nanoparticles (NPs) have potential applications in various fields such as nanoelectronics,
sensors and biosensors, non-linear optics, catalysis, hydrogen storage and solar technol-
ogy [1]. NPs are mainly synthesized through the sol-gel process, but recently, gas-phase
methods have been increasingly applied [2]. Gas-phase synthesis has the advantage of
high purity due to the absence of liquid solvents, and the higher thermal stability of gases
compared to liquids makes the approach very flexible. Moreover, it usually provides
crystalline NPs that can have different sizes by tuning the experimental parameters.

One of the most versatile techniques for generating gas-phase NPs is spark ablation,
an innovative physical deposition technique that meets the growing need for new and
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versatile materials with specific properties tuneable in an easy way. In this process, very
tiny spots on the surface of metal/semiconductor electrodes are rapidly sublimated into a
vapour cloud when a discharge is generated at ambient pressure between two electrodes
facing each other, creating high-temperature plasma (about 20,000 °K) [3]. This cloud
flow, transported by a carrier gas, travels away from the plasma region towards the de-
position area. During this, it rapidly cools down, coalescing into single NPs, and then
aggregates/agglomerates through a condensation process. Its strength and versatility lie
in three main aspects: the possibility to ablate different metallic/semiconductor materi-
als in the same deposition process, creating completely new and complex alloys, hardly
achievable with other techniques; the employment of different deposition configurations
(i.e., filtration, impaction) that allow for the coverage of many kinds of substrates (flexible
and porous or rigid) with different sizes, according to the application; and the option to op-
erate not only with an inert gas but also in a reactive atmosphere to produce nanostructured
compounds (nitrides and oxides). Moreover, it is an eco-friendly process as no chemical
precursors are required and no waste is produced [4]. Regarding impaction configuration,
it is the most versatile one for two main reasons. First, it allows for the deposition of thicker
porous films that are extremely advantageous for specific applications [5]. Second, it can
be easily combined with a printer by moving the nozzle in the XY-plane to directly write
complex patterns without lithography or masks [6,7]. Being a valid method to create new
materials with exclusive compositions, spark ablation represents a challenging route to
obtain nanostructured materials, suitable for advanced technology development [8]. With
a specific focus on photovoltaic advanced technology and smart futuristic lithium-ion
batteries, one of the semiconductors that is attracting the interest of materials scientists is
copper nitride [9,10]. Copper nitride is a semiconductor with an indirect bandgap energy
of about 1.4 eV, which makes it an ideal material for solar energy conversion [11]. The
growing attention towards this compound is also due to its non-toxicity and its cheapness,
the fact that it is made of earth-abundant elements, and especially because its bandgap can
be easily tuned to meet the suitable absorption properties required for the application [12].
The fabrication of materials at the nanoscale is a hot topic in the photovoltaic systems field
because nanostructures can potentially improve the efficiency of devices [13,14]. Spark
ablation guarantees not only nanostructure fabrication in an easy and green way but also
the low cost of production compared to other technologies [15].

In this work, we present an easy, versatile, and eco-friendly way to synthesize copper
nitride NPs by the spark ablation of pure Cu electrodes in nitrogen atmosphere. The influ-
ence of the spark current on the morphology, structure, and chemistry of the samples was
analysed by using Atomic Force Microscopy (AFM), scanning electron microscopy (SEM),
scanning tunnelling microscopy (STM), X-ray diffraction (XRD), Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS), and energy dispersive X-ray spectroscopy (EDS). To the
best of our knowledge, this is the first work that discusses Cu-N NP deposition by spark
ablation, providing a new advantageous route to obtain NPs made of this compound com-
pared to more traditional ones [16] in a safe way and carried out at atmospheric pressure
and room temperature.

2. Materials and Methods

Copper nitride NPs were deposited on silicon substrate by the spark ablation technique
using a VSP G1 nanoparticle generator apparatus (VSParticle, Delft, The Netherlands)
arranged in an impaction configuration. It was equipped with two copper electrodes
(30 mm long and 6 mm thick cylinders, 99.9% purity) facing each other, with variable
distance automatically controlled by a micrometric manipulator, piping to transport the
produced metal vapour cloud through a carrier gas flow, a nozzle for the impaction-based
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transfer of the ablated mass towards the substrate, and a deposition chamber where the
substrate was located. Our experiments are conducted by configuring a spark ablation
system in a crossflow vacuum-assisted impact deposition setup. In this configuration, the
electrical discharge generates an arc between the electrodes, creating plasma that causes
the evaporation of the electrode materials. The generated vapour is carried out by the
carrier gas (nitrogen in this case) from the electrode region to the deposition chamber where
the substrate is placed. The directionality of the vapour flux is caused by the pressure
difference between the spark chamber and the deposition chamber where the pump is
on. The high-voltage generator is combined with a 25 nF capacitor (C) to collect the
charge until discharge occurs at a specific frequency. Before starting the deposition process,
nitrogen gas was introduced into the system, flowing for 30 min, both for cleaning the
system and stabilizing the gas carrier flux. The processes were conducted at a deposition
pressure equal to 1022 mbar in nitrogen gas flow set to 5 L/min. The carrier gas flow
mainly influences the particle size distribution, and this almost high value was selected to
guarantee the formation of smaller NPs with a size lower than 10 nm deposition [17]. The
tuned parameter was the spark current Ig,ar (5,7 and 10 mA), which influences the aerosol
concentration, while the spark voltage Vs, and the deposition time were kept constant at
1.3 kV (the set-point voltage value) and 300 s, respectively. The deposition conditions are
summarized in Table 1.

Table 1. Deposition parameters set during the experiments.

Parameters Values
Vep 1.3kV
Ny flux 5L/min
Deposition time 300 s
Ispark (tuned) 5-7-10 mA
Egpark 47.5 m]

A schematic of the deposition equipment can be visualized in Figure 1a. The equivalent
electrical circuit scheme of the spark generator is shown in Figure 1b. This circuit is simple
yet ingenious at the same time. The spark itself acts as a switch and requires no fast-
switching electronics. The current source charges capacitance C and a spark occurs when
its voltage reaches the gas breakdown value, then the capacitor is discharged, and the
process is repeated with a specific frequency. Figure 1c shows a photograph of the VSP-G1
nanoparticle generator employed in this work.

The structure of the samples was investigated by X-ray diffraction (XRD). Broad-scan
analyses were performed using a Rigaku SmartLab SE diffractometer (Tokyo, Japan) in
pseudo-parallel Bragg—Brentano mode with an incident angle of 0.3°, and the spectra were
collected in the 26 range from 10° to 80°, using Cu Ka radiation (A = 0.154 nm) at 40 kV
and 50 mA. The step size was set to 0.010° and the scan speed was 0.2° min~1.

Further structural information of the nanoaggregates was acquired by Raman spec-
troscopy. The analyses were performed by means of an InVia spectrometer, Renishaw
PLC (Gloucestershire, UK). An Ar*-ion laser working at 514.5 nm was used as the excita-
tion source (25 mW of the maximum output power). All spectra were collected at room
temperature in the spectral range of 200-1500 cm~! and with a resolution of 1.5 cm ™.

The surface topography, morphology, and roughness of the nanoaggregates were
investigated by Atomic Force Microscopy (AFM—Nanosurf CoreAFM, manufacturer is
Nanosurf AG, Liestal, Switzerland). AFM topography images were acquired in tapping
mode, at room temperature and in air environment. Silicon probe tips with chromium-
platinum conductive coating (MULTI75-EG, manufacturer is BudgetSensors, Sofia, Bulgaria)
were used at the typical resonance frequency of 75 kHz, with a constant force of 3 N/m.
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The roughness of the samples was determined from the root mean square (RMS) calculated
with the commercial Gwyddion 2.68 software.
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Figure 1. (a) Schematic of spark ablation system used for depositions; (b) classical circuit of spark
nanoparticle generator; (c) photograph of system used in this work.

A CreaTec Fischer variable-temperature ultra-high vacuum (UHV) scanning tunnelling
microscope was employed to perform STM measurements at room temperature in UHV
(10~1° mbar) using a Pt/Ir tip. Copper NPs were deposited on Au (111)/mica substrate.

For a further characterization of the NPs” morphology, the samples were loaded into
the Cryo-FIB/SEM system (Tescan-Amber, TESCAN Essence Software, Version 1.3.4.0 build
8124). The system is composed of an electron beam and an ion beam that can be employed
distinctly for surface observation and ion milling within a single instrument. SEM imaging
was conducted in ultra-high-resolution mode, operating at an accelerating voltage of 5 kV
and a current of 100 pA. To carry out EDS measurements in the SEM, a low accelerating
voltage (2-5 kV) was used to detect the characteristic X-rays of nitrogen present at the
surface, associated with copper nitride formation. This approach was chosen to exploit the
reduced penetration depth of the electron beam at low voltages, thereby enhancing surface
sensitivity and minimizing the contribution from the underlying substrate. However, due
to the limited excitation volume and lower X-ray yield at these voltages, this method does
not allow for accurate quantitative analysis.

XPS measurements were performed by using a Phoibos150 (Specs) photoelectron
spectrometer with a monochromatic Mg Ko source (1253.60 eV) operating at 200 W (15 kV,
15 mA). Base pressure in the analysis chamber was 8 x 10~ mbar. The deposited silicon
substrate was mounted onto the sample holder by using conductive adhesive tape. Survey
scan spectra were acquired utilizing a pass energy of 100 eV and a 1 eV step. High-
resolution spectra were acquired using a pass energy of 25 eV and 0.03 eV step. In each case,
the analysed area was about 700 pum x 300 pm. The spectra were processed by CasaXPS
software Version 2.3.16Dev52. The binding energy scale was referenced to the adventitious
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C 1s peak (284.8 eV). For the analysis of high-resolution spectra, all peaks were fitted
using the Shirley background and GL (30) line shape (a combination of Gaussian 70% and
Lorentzian 30%).

3. Results

The XRD patterns of spark-ablated NPs are shown in Figure 2 and they are used to
determine the crystalline phase of the nanostructures.

Si(100)
- Cu(200)

- Cu3N(100)
Cu0o(110)
- CuzN(111)

Intensity (arb.units)

2theta (degree)

Figure 2. XRD patterns of the samples deposited at different Ig, .

All sample patterns showed peaks attributable to metallic, nitride, and oxide phases
that co-exist in the nanosctructured films. The diffraction peak centred at 20 = 32.9°
comes from silicon substrate. The most intense diffraction signal at 26 = 51.3° is due to
the reflection from the metallic Cu (002) planes (JCPDS# 04-0836). Two contributions
from the CusN nitride phase were detected: a very weak diffraction peak centred at
20 =22.6°, ascribable to CuzN (100), and another more relevant reflection at 26 = 40° coming
from CusN (111) planes [18]. An oxide peak was found around 26 = 31°, attributable to
monoclinic CuO (110) crystallites (JCPDS# 01-080-0076).

The presence of an oxide is expected because it is well known that Cu NPs are very
susceptible to oxidation and gradually convert to Cu oxides in the presence of air or other
oxygen sources [19]. In fact, one of the most common effects during the synthesis of CuxN
by various techniques (both chemical and physical) is the presence of O as an impurity
embedded in the films [20]. The monoclinic structure of Cu-O is the favourite oxide phase
as it is the most stable [21].

With the aim to elucidate the local crystal structure of the samples, Raman spectroscopy
was conducted, and the spectra are shown in Figure 3.

The peak detected at around 620 cm ™! can be assigned to the copper nitride phase
(the pink box in the Figure), specifically to the stretching mode of a Cu-N bond [22-24].
The slight shift towards a lower wavenumber could be attributed to deviation from a
stoichiometric compound, i.e., a Cu-rich nitride structure [12]. The Raman peak around
985 cm ! is attributed to silicon substrate [25]. The band located at around 300 cm ™! is
a characteristic vibration of a monoclinic CuO crystal [26], specifically Ag Raman-active
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mode, confirming the presence of this structure hypothesized by XRD analysis. A peak
around 800 cm ! is also detected, very small at the lowest spark current and more visible
at the highest one. It can be attributed to the unintentional formation of Cu(OH); on
the surface after the exposure of the nitride films in air [27,28]. The broad band around
1100 cm~! belongs to C-C stretching modes due to surface carbon-based adsorbates from
the atmosphere [29]. These results are in good agreement with the XRD analysis.

Si
substrate

Si .
substrate ——5mA

N
Y

Cu;N

1

Intensity (arb. units)

250 500 750 1000 1250 1500
Raman shift (cm™)

Figure 3. Raman spectroscopy spectra of copper nitride nanostructured aggregates.

X-ray photoelectron spectroscopy (XPS) was employed to investigate the surface
chemistry. The survey spectrum for a representative as-received sample (10 mA), shown in
Figure 4, evidences the spectral signatures attributable to all the expected elements, i.e., Cu,
N and O, together with other possible elements detectable on the sample’s surface.

Counts per second (arb. units)

0 200 400 600 800 1000
Binding energy (eV)

Figure 4. Large-area survey spectrum for representative as-received sample (10 mA).

The carbon trace detected in the survey is attributable to the presence of organic con-
taminants introduced during the handling process or CO; adsorbed from the atmosphere,



Crystals 2025, 15, 587

7 of 15

as found in the Raman spectra. The high-resolution spectra of C 1s, Cu 2p, O 1s, and N 1s
are shown in Figure 5.
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Figure 5. The high-resolution XPS spectra of the (a) C 1s, (b) Cu-2p, (c) O 1s, (d) N 1s core peaks fit
into sub-peaks. In the panel (b) the satellite peaks are indicated by asterisks.

The spectrum of the Cls peak (Figure 5a) is fitted by three components with binding
energies of 284.8 eV (1), 286.6 eV (2), and 288.6 eV (3). These peaks are assigned to C-C/C-H,
C-0-C, and O-C=0 groups, respectively. The C-C/C-H group peak position is considered
a reference to correct the charging effect of the sample.

Figure 5b depicts the Cu 2p XPS spectrum and the fitting process into sub-peaks. It is
generally separated into Cu 2p3,, and Cu 2p1,, doublet structures (two peaks) due to the
spin—orbit coupling. The binding energy of the main Cu 2p3,, and Cu 2p;/, photoemission
lines is in correspondence with the ISO calibration standard reference values [30]. Cu
2p3,2 and Cu 2pq /, are fitted into two sub-peaks. Cu* 2p3,, and 2p; /, signals are located
at binding energies of about 932.8 eV and 953.1 eV, respectively, while Cuy, 2p3,, and
2p1 /2 signals peak at about 933.9 eV and 954.9 eV, respectively [31]. This indicated that
the valence of Cu on the surface of the NP film is +1 or +2. The binding energy equal
to 932.8 eV is equal to the value reported for CusN films [32]. Three satellite peaks are
detected, too, indicated by asterisks in the Figure. Two satellites are centred at 940.2 eV and
943.2 eV, and another one at about 961.8 eV, generally due to the “shake up” process when
additional electrons are excited to higher energy states [33]. It is worth additionally noting
that the copper Auger peak (Cu LMM) reported in the survey is a further indication of the
presence of Cu?* or similarly of CuO presence in the aggregates [30,31,34].

Figure 5c shows the peak fitting of the O 1s high-resolution XPS spectrum. Two sub-
peaks are identified under the main peak (at 531.1 eV), located at 529.9 eV (1), attributable
to O% in CuO [35], and at 531.5 eV (2), assignable to the oxygen atoms from the OH- groups
on the CuO surface [36].

Figure 5d shows the results of the fitting procedure on the N 1s high-resolution XPS
spectrum. The high-resolution N 1s spectrum is fitted by three distinct components centred
at 398.7 eV (1), 400.0 eV (2), and 401.6 eV (3), which can be assigned to a Cu-N bond [37],
nitrogen dissolved into the copper nitride NP film [38], and N-O bonds [39], respectively.

Table 2 summarizes the results of the fitting procedure for each analysed element.
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Table 2. Summary of XPS data obtained from fitting calculations regarding binding energy values,

full width at half maximum (FWHM), area and percentage of each fitting component.

BE (eV) FWHM AREA %AREA
Cls
1 284.8 1.5 2202 70.8
2 286.6 1.8 499 16
3 288.6 1.7 406 13.1
Cu2ps
Cu+ 932.8 1.6 2234 18.8
Cu?* 933.9 1.8 3165 25
satl 940.2 1.9 959 7.8
sat2 943.2 1.9 1191 9.8
Cu2pypp
Cu+ 953.1 1.7 1536 12.9
Cu?* 954.9 1.8 814 6.9
sat3 961.8 3 2095 18
O1ls
1 529.9 1.8 4457 70.2
2 531.5 1.6 1894 29.8
Ni1s
1 398.7 1.4 241 35.1
2 400 14 353 51.4
3 401.6 1 92 13.4

depicts the AFM 2D micrographs at different spark currents.
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The surface morphology of the samples was studied by AFM and SEM. Figure 6

Figure 6. AFM images of copper NPs by tuning the spark current during the growth process in
Ny atmosphere; (a) Lspark =5 mA, (b) Lspark = 7 mA, (¢) Lpark = 10 mA, (d) spheres (red circle) and
agglomerates (green circle) randomly distributed on the surface of the sample ablated at a current of

10 mA taken as representative.

All the deposited nanoparticle layers appear continuous and uniform on the silicon
substrate while showing a co-presence of aggregates and smaller particles. The particle
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aggregates change their dimension according to the current. At the highest I;px = 10 mA
(Figure 6¢), their size falls in the interval 100-300 nm, which decreases down to 80-160 nm at
7 mA of spark current (Figure 6b) and reaches the lowest values between 50 nm and 130 nm
at the lowest current of 5 mA (Figure 6a). The increase in the current also causes a slight
rise in the surface roughness, from 5 nm (at 5 mA) to about 8§ nm (at 10 mA). AFM analyses
also revealed, for all samples, the presence of spheres (few hundred nm in diameter) and
agglomerates (sizes from a few hundred nm to few mm) randomly distributed over their
surface (see red and green circles in Figure 6d, respectively, of the sample ablated at a
current of 10 mA, taken as representative). They are known as “splashing particles”. By the
use of STM, the individual size and size distribution of the particles were better analysed.
Figure 7 displays a representative STM image (size scan 100 x 100 nm?, Figure 7a) carried
out at a tunnelling current of 60 pA together with a profile section (Figure 7b) corresponding
to the white dotted line. The images clearly show how the aggregates are composed of
sub-10 nm particles, resulting in an average size equal to (6.6 £ 0.7) nm, confirming the
small size of NPs at the selected gas carrier flow.

34

(a) (b)

Figure 7. (a) STM topographical image of one representative sample (10 mA) of spark-ablated Cu
NPs (scans at 1V, 60 pA); (b) line profile representations of NPs.

The morphology images obtained by SEM observations are shown in Figure 8 together
with the elemental mappings recorded by EDS analysis for the sample ablated at 10 mA of
spark current, taken as representative.

Figure 8. SEM images of the samples ablated at 5 mA (a), 7 mA (b) and 10 mA (c). EDS images of the
sample ablated at 10 mA (c).
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All films appear almost uniform on the silicon substrate, as AFM showed, too. The
presence of randomly distributed small self-assembled splashing particles of varying
diameters in the range 100-400 nm can be observed, in line with AFM scans. These spheres
are evidenced by red circle in the figure, and they have different densities according to the
ablation process conditions. Specifically, it decreases by diminishing the spark current. A
density of (120 x 10%) spheres/mm? can be counted for the sample deposited at 10 mA of
spark current, which decreases down to (60 x 10%) spheres/mm? at 7 mA and finally down
to (2 x 10%) spheres/mm? at 5 mA. The origin of these round NPs is not easy to understand
as spark discharge is a very complex process. Some authors [18,40] describe two different
mechanisms occurring in spark discharge that can form spherical NPs with diameters of
several hundred nm. They can be “primary particles”, made exclusively of pure metal from
the electrodes, that are formed by the collision of smaller spherical particles and undergo
complete coalescence; alternatively, they can form parallel to the evaporation-condensation
process by the separation of the material directly from the locally heated electrode surface.
For the latter mechanism, the authors observed that the dimension of these large “solidified
droplets” range from 100 nm to a few microns and their number is negligible compared to
that of NPs. Splashing particles coexist with NP agglomerates whose sizes change with the
spark current. In detail, their size varies in the range 1-2 um at the lowest spark current
(Figure 8a), reaching a dimension of 3 pm when the current rises to 7 mA (Figure 8b), and
up to 5 um at the highest set spark current (Figure 8c). Moreover, the agglomerate density
increases with the current rising, too. Compared to other aggregate formation, these larger
agglomerates were instead formed at a later stage, in proximity of the substrate area, when
the temperature dropped below the value that allows rapid coalescence, leading to an
irregular shape. Dilution and cooling by the flowing gas take place near the substrate
position region, where room temperature can be assumed. In the diluted state, more
agglomeration may occur before reaching the substrate, because the time available is orders
of magnitude longer than the time in the hot zone before dilution. Further aggregation
may occur on the substrate surface. Figure 8c also shows, as an example, an EDS analysis
of the sample deposited at 10 mA. The images indicate that the analysed layer is made of
copper, nitrogen, and oxygen, suggesting that oxide and nitride are formed. In particular,
an analysis of the agglomerate (see the green box) shows signs of both copper and oxygen,
rather than nitrogen, as they form at a later stage, close to the substrate area, having plenty
of time to oxidize. Nitrogen seems to be placed mainly around particles. In contrast, an
EDS analysis of the sphere (see the blue box) shows that it is essentially made up of copper
only, confirming the thesis that this type of structure was formed in the first moments after
spark discharge.

4. Discussion

The spark ablation of pure copper electrodes in nitrogen atmosphere by tuning the
spark current resulted in the deposition of nitride particle agglomerates, together with
metallic and oxide ones. This main finding was confirmed by the synergistic roles of
the different employed characterization techniques, whose results can be summarized
as follows:

- The XRD spectra consist of broad peaks where we assume that nitride and oxide
compounds coexist; in particular, two contributions from the CuzN nitride phase are
detected at 20 = 22.6° (100) and 26 = 40° (111).

- The Raman analysis shows good agreement with the XRD results, recording peaks at
a Raman shift assigned to the Cu-N stretching mode and additionally to the character-
istic vibration mode of the monoclinic CuO crystal.
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- The surface chemistry studied by XPS confirms the presence of copper, nitrogen and
oxygen in the samples, and the binding energies of the peaks are attributable to Cu-N
and Cu-O bonds.

- AFM and STM scans show the co-presence of single NP and NP aggregates; NP size
is almost the same around 6.6 nm, while aggregates become larger by increasing the
spark current.

- SEM observations confirm AFM morphologies, showing the presence of agglomerates
together with NP aggregates with increasing size by increasing Isyak-

Finally, EDS analysis reveals the presence of oxygen in addition to Cu and N, confirm-
ing the formation of copper oxides in addition to copper nitride.

From chemical and structural points of view, all the characterization results are in
good agreement in confirming the formation of the Cu-N compound together with the
Cu-O one. Therefore, it can be affirmed that spark ablation, conducted in Ny atmosphere
by using pure metal electrodes, is an effective way to deposit nitride compounds, provided
you also accept the formation of oxides. As a matter of fact, the spark generates ionized
nitrogen molecules and atoms (N, and N*), which participate in the process as active
species, able to react with ablated Cu clusters to form nitride compounds. At the same time,
nitrogen reacts with the electrodes, too, leading to nitride formation on the Cu electrode that
can be ablated as nitride clusters when the spark spot is focused on a nitride region. The
same considerations are valid for oxygen, too, which represents, in this case, an undesired
presence attributable to contamination coming from the carrier gas bottle [41], in addition
to the surface reaction after post-processing exposure to the air ambient. Actually, during
our experiments, nitrogen carrier gas is used directly from the tank without any other
additional purification system. Therefore, trace impurities of O, and H;O, together with
O and OH radicals and their ions, are generated during the spark in the plasma. In the
presence of both oxygen and nitrogen ions, copper immediately reacts with oxygen to
form oxide compound, which prevails, although oxygen gas is present in a very small
quantity. This is due to the higher electronegativity of oxygen ions compared to nitrogen
ones, therefore showing a stronger tendency to bond with metal particles [42]. Even though
it has a slower reaction speed, copper reacts with nitrogen ions too, that is the primary
gas in the deposition chamber, forming a small fraction of the nitride phase. Thus, these
two phases co-exist in the deposited layer. These findings are in good agreement with
the literature about the spark ablation of metallic electrodes in N, atmosphere, where the
oxides’ presence is not surprising due to spark deposition being a no-vacuum process [43].
Some strategies have been implemented to obtain unoxidized metal NPs, like sintering [41]
or carrier gas mixing with Hj [44,45]. These strategies pave the way to obtain nitride NPs
in a close pure form, which strictly requires the minimization of oxygen presence in the
chamber to reduce oxide formation, due to the higher reactivity of copper to oxygen ions.
The attainment of the nitride phase is not obvious in our experimental conditions, as clearly
confirmed in [46] where only Cu and CuO phases were detected by ablating Cu electrodes
in N, atmosphere, with the majority being CuO particles. On the contrary, in a very recent
study [47], the authors obtained TiN NPs by the spark ablation of pure Ti electrodes using
nitrogen as a carrier gas, also selecting flux rates higher than the one used in this work.
This result encourages the study of the role of the nitrogen flow rate to enhance the reaction
of nitrogen ions towards copper particles, also keeping in mind that it is a parameter that
strongly influences the final average size of NPs and consequently the morphology of the
layers. Therefore, accurate optimization will be necessary to achieve the right compromise
between the desired NP final size and the nitriding degree.

The morphology results determined by AFM and SEM analyses, where NP aggregates
with increasing size following a current increase are observed, can be explained by consider-
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ing what happens when the spark current is tuned during the ablation process. The current
influences the total spark power P supplied by the generator and required to generate the
discharge, which is defined as [48] P = Igpark-Vsp- Ispark is the current that charges the
capacitor that periodically releases its energy into the spark, and Vi, is the set-point voltage
(1.3 kV) entered by the user (V) that is the mean voltage across that capacitor.

Spark energy E is given by E = %CV% where C is the capacitance of the capacitor
employed in the VS-Particle G1 system (25 nF) and V4 is the discharge voltage that is
different to V. Specifically, it is the voltage reached between the two electrodes when the
spark happens before dropping to zero when the spark is off, and it depends on the carrier
gas and the distance between the electrodes. The relation between V4 and Vs, empirically
determined is the following [49]: V4 = 1.5-V;p. Figure 9 clarifies the trend of the voltage
between the electrodes over five consecutive sparks taken as an example.
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Figure 9. Voltage trend during spark ablation process over five consecutive sparks.

This means that for all the experiments, the discharge voltage is equal to 1.95 kV and
the mean spark energy is about 47.5 m]. The tuning of the current influences the sparking
frequency, being equal to f = %W As a matter of fact, it is equal to 100 Hz, 150 Hz and
200 Hz at 5 mA, 7 mA and 10 mA, respectively. At the same time, the aerosol concentration
is affected, too. The Cu NP mass production rate (M) is proportional to spark repetition
frequency f and electrode mass ablated per spark Am, which increases linearly with the
spark energy [50]. It is described by the formula M = f-Am. In our experimental conditions,
the spark energy is always the same, as previously discussed; therefore, Am is constant for
all spark currents. The frequency, instead, changes at each deposition process, specifically
following the same trend of the current. Therefore, the increase in the spark current leads
to higher NP mass production rate M, increasing the probability that the ablated particles
collide and agglomerate, generating larger aggregates, as observed by both AFM and SEM
analyses.

5. Conclusions

In this work, the spark ablation technique is employed for the deposition of nanoparti-
cles films in a versatile and ambient-friendly way, without resorting to a chemical route,
generally requiring solvents and post-processing steps, and producing waste streams. Pure
copper electrodes were ablated in nitrogen atmosphere at three different spark currents in
order to investigate its effect on the morphology, structure, and chemistry of the samples.
The overall result is the co-presence of nanoparticle agglomerates of nitride and oxide due
to traces of oxygen in the reactor, as confirmed by XRD, Raman, EDS and XPS analyses,
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with different sizes according to the spark current, as confirmed by AFM, STM and SEM
observations. Copper nitride is known to be a very interesting eco-friendly material for
many applications (e.g., ultra-high-capacity cathode material or solar absorber in photo-
voltaic technology). Moreover, the co-presence of copper oxide and nitride NP aggregates
has found increasing interest in the field of antiviral and antibacterial coatings, as it is
able to improve these properties. Consequently, the found multi-phase nanostructure
coexistence could be exploited for high-performance devices based on the synergy between
the properties of a single compound. Future work will be devoted to study the capability
to control the nitridation process through the tuning of the carrier gas flow rate to explore
(as to exploit, too) the opportunity to obtain a completely nitridated NP layer. In parallel,
suitable strategies will be considered to minimize oxide phase formation due to the higher
affinity of copper towards oxygen rather than nitrogen.
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