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situ nanoparticle size evolution
during magnetron sputtering onto liquids†

Pinar Eneren, *a Anastasiya Sergievskaya, b Yunus Tansu Aksoy, a

Polona Umek,c Stephanos Konstantinidis b and Maria Rosaria Vetranoa

Despite extensive research since 1996, there are still open questions regarding the primary location of the

nucleation process, the growth mechanism of the nanoparticles (NPs), and the influence of the liquid

properties on the ultimate size of the NPs for the magnetron sputtering of metals onto liquids. Hence,

for the first time to the authors' knowledge, the particle size evolution is in situ and in real-time

examined during and after the sputtering of the silver atoms onto silicone oil, i.e., Sputtering onto Liquids

(SoL) process. The particle size distribution (PSD) is measured via the Light Extinction Spectroscopy (LES)

technique, and the deposition rate and stirring speed effects on the PSDs are analyzed. Based on De

Brouckere mean diameters, the size evolution of silver nanoparticles (Ag NPs) over time is monitored. Ag

NPs bigger than 20 nm are detected, and the PSDs are shown to be poly-disperse, which is also

supported by the ex situ TEM measurements and in situ time-resolved absorption spectra. Moreover, it is

shown that aggregation and growth of Ag NPs occur both at the plasma–liquid interface and inside the

silicone oil during and after the magnetron sputtering. Despite the same amount of deposited silver, the

growth kinetics of Ag NPs in silicone oil vary at different deposition rates. In particular, at higher

deposition rates, larger NPs are formed. Stirring is seen to help disaggregate the particle lumps. Faster

stirring does not substantially influence the final size but promotes the formation of smaller NPs (<20

nm). Also, low colloidal stability of Ag NPs in silicone oil is observed.
1 Introduction

There exist critical length scales below which materials'
physico-chemical properties signicantly differ: particles with
diameters < 100 nm possess features unlike those of bulk
solids.1 These features of nanoparticles (NPs) are determined by
their composition, size, size distribution, shape, and level of
aggregation.2 Owing to their superior characteristics (e.g.,
thermal, electrical, and mechanical), NP synthesis attracts
growing attention in various elds, such as material science,
pharmaceutics, and biochemistry.3–5 However, NP synthesis is
susceptible to slight changes in experimental conditions
(impurities in chemicals, dust, room temperature, humidity
level, etc.), especially for large-scale production. It is therefore
crucial to control those properties to tailor the NP characteris-
tics for the foreseen applications.
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NPs can be synthesized with physical, chemical, or physico-
chemical methods.6 In contrast to chemical synthesis that
demands reducing and stabilizing agents, ultra-pure and well-
dispersed nanouids (colloidal mixture of base liquid and
solid particles with at least one dimension <100 nm (ref. 7)) can
be obtained without the formation of byproducts via physical
syntheses,8 e.g., thermal evaporation, laser ablation, and sput-
tering, etc. In this respect, plasma-based magnetron sputtering
of metals onto low-vapor pressure liquids is considered a green
solution to the reproducibility and purity issues since they take
place in a controlled environment, i.e., in a vacuum chamber
lled with inert gas.9 During magnetron sputtering, metal
atoms that rst deposit onto the liquid surface later diffuse
throughout the liquid. This mechanism differs from the classic
wet-chemical synthesis, in which the NPs are supposed to be
homogeneously formed inside the liquid. As a result, the
composition and size distribution of NPs can be tailored
through the working gas pressure, sputtering power (discharge
voltage/current), sputtering duration, viscosity, and tempera-
ture of the host liquid, etc.6

The ionized inert gas atoms, such as Ar+, bombard the target
surface, provoking the physical ejection, i.e., the sputtering
phenomenon, of metal atoms and/or small primary clusters.
However, no collisions among the sputtered species are ex-
pected in the gas phase at low pressures,10 which is elucidated
Nanoscale Adv., 2023, 5, 4809–4818 | 4809
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Fig. 1 The principle of the LES technique: light intensity attenuates
due to particles/droplets.
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as a straight path from the target to the substrate.11 More in
detail, the sputtered species preserve their initial kinetic energy
in the absence of gas-phase collisions, and they do not scatter
around. The metal inux exponentially decreases for increased
gas pressure at a xed sputtering power.12,13

Unlike the wet-chemistry synthesis where stabilizing agents
are present, the growth rate of NPs in magnetron sputtering is
restricted by the diffusion and coalescence rates of the NPs within
the liquid.9 In general, three particle growth situations are
postulated: collision and growth of particles occurring only on the
plasma–liquid interface,14 inside the bulk liquid,15,16 or in
both.10,17 The coordination of a volatile stabilizer with the sput-
tered species in the gas phase during the sputtering can suppress
the coalescence of NPs during the nucleation stage in the liquid
phase.18

As NPs have a high surface-to-volume ratio, they are prone to
collide and coalesce to lower their total surface energy.19 The
growth, aggregation, and colloidal stability of NPs during and aer
the Sputtering onto Liquids (SoL) process highly depend on the
selected sputtered metal10 and the surface coordination ability of
the bulk liquid's molecules.14 Therefore, a host liquid having
compatible surface coordination ability with the surface of the NPs
can hamper the aggregation and aid the synthesis of size-
controlled NPs.20 Noteworthy, each host liquid exhibits partic-
ular stabilization capabilities for different NPs due to various
chemical interactions between the liquid's molecules and the
sputtered metals. For example, Au sputtering onto castor oil and
polymerized rapeseed oil (chemically different vegetable oils with
similar viscosity values) produces a well-dispersed nanouid and
a transparent lm under identical sputtering conditions, respec-
tively.21 In the case of ionic liquids (ILs), the coalescence continues
until metal NPs are stabilized by the adsorption of ILs' constituent
ions acting as capping agents.20 Modied collision/coalescence
kinetics of the NPs during the thermal annealing results in
larger particles both in spherical and anisotropic shapes.19

The temperature and viscosity of the host liquid are articu-
lated to be inuential also in the NP growth kinetics. Heating on
the substrate is anticipated during deposition, mainly due to
the high kinetic energy of the sputtered species.22 As one of the
major contributors to the consequent temperature gradient in
the liquid (several tens of mW cm−2 energy ux density on the
surface23), these sputtered species modify the growth and
transport phenomena of the NPs. Indeed, thermocouple
reading in the liquid is reported to be increasing during
magnetron sputtering.24,25 This temperature rise diminishes
both the viscosity and surface tension of the liquid, leading to
easy penetration of the sputtered species through the liquid
surface.9 The higher the liquid temperature, the higher the
number of collisions among these species beneath the liquid
surface, which may result in larger NPs,18 e.g., Au NPs in the
ionic liquid 1-butyl-3-methylimidazolium tetrauoroborate
(C4mim+/BF4

−)14 and polyethylene glycol.26 Apart from that, due
to the high viscosity of the liquid, a thin lm can be created on
the substrate.21,24,27,28 Metal atoms do not have sufficient time to
diffuse through it, favoring lateral growth. The higher the liquid
viscosity, the slower the nanoparticle growth29 and the transport
of the NPs, which may end up with bigger NPs.16,21,28 This can be
4810 | Nanoscale Adv., 2023, 5, 4809–4818
benecial for the coating of ILs with a highly reective metal
surface to serve as a lunar liquid mirror telescope.30

The metal inux is reported to have a linear relation with
respect to the increased sputtering power at a xed gas pressure.
Besides, bigger NPs may be obtained at a higher discharge
voltage, corresponding to the higher kinetic energy and enhanced
diffusivity of the sputtered species.31,32 This might be related to
different heating levels on the liquid surface since no size change
for the NPs is also reported.11,15 A darker-colored nanouid is
expected aer a longer sputtering experiment due to the higher
particle concentration.33 Ambiguity exists for the effect of longer
sputtering on the size of the NPs. Some researchers claim no
impact and only the increase in particle concentration,11,15,18,20,31,34

while some argue that as a consequence of the increased particle
concentration, collision frequency among the sputtered species
and NPs is promoted, causing larger NPs to form.10

Current magnetron sputtering measurements lack in situ
and real-time particle size characterization. In other words, the
nanouids must be sampled and even partially treated or
diluted aer the SoL experiments for several posteriori analyses.
Nonetheless, sampling may introduce uncertainties and involve
inevitable human errors, leading to inconsistencies among the
experimental results.35 In addition, the granular state of the
nanouids may change due to sampling.36 Further, there might
be very long time laps between the production of NPs and the
time they are characterized. The Light Extinction Spectroscopy
(LES) technique, on the other hand, does not require any
sampling and can be applied to a broad particle size range (a
few tens of nm to a few microns). Owing to its non-
intrusiveness, the interactions at the plasma–liquid interface
and the NP growth mechanism are unperturbed.

In this research, the particle size evolution of magnetron
sputtering of the silver atoms onto silicone oil is in situ and real-
time examined for the rst time. The experiments are per-
formed using a Direct Current Magnetron Sputtering (DC-MS)
power supply to ignite the plasma inside a vacuum chamber
at low Argon gas pressure of 0.07 Pa. The effects of the sput-
tering power and the duration of the plasma treatment on the
particle size distribution (PSD) are investigated, as well as the
rotational speed of the stirring bar for the mixing.
2 Materials & methods
2.1 LES technique

The LES technique focuses on the transmittance of a collimated
poly-chromatic light beam passing through a medium popu-
lated with an ensemble of particles (see Fig. 1) and allows
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic of the setup. The main vacuum chamber is con-
structed to enable the LES measurements during magnetron sput-
tering experiments so that the PSDs of Ag NPs are in situ and in real-
time characterized.
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determining their size distribution. Owing to the incorporation
of broad light spectra, a priori shape information of the PSDs is
no longer required. The light intensity of the beam attenuates
due to the scattering and absorption characteristics of the
particles, and their sum is called extinction. The spectral
components of the attenuated light depend on its wavelength,
the relative complex refractive index spectrum of the particles to
the medium, and the size, shape, and concentration of the
particles.37 The light extinction can be analytically modeled by
the Lorenz–Mie theory38 that solves the scattering of a plane
electromagnetic wave by a spherical, homogeneous, non-
magnetic, and non-porous particle, i.e., Mie scatterer. Owing to
its simplicity, the Lorenz–Mie theory is still extensively applied
for the calculation of the extinction cross-sections of nano-
aggregates.35 Then, the PSD in volume can be retrieved using an
appropriate data inversion algorithm.

The resolution limit of the other optical methods (laser
diffraction, dynamic light scattering, etc.) is dictated only by the
scattering properties of the particles at a single wavelength. On
the contrary, the LES technique involves both scattering and
absorption characteristics of the particles over a broad wave-
length range.39 However, a clear parameter range, in terms of
particle size and concentration, with a specic accuracy is quite
compelling to be dened for the LES technique. Indeed, the
optical properties of the particulate system, the signal-to-noise
ratio of the experiment, the optical path length, the selected
light scattering model, and the stability of the inversion algo-
rithm play a signicant role.40 Moreover, inversion stability is
mostly inuenced by the signal quality of the measured trans-
mittance and the accuracy with which the complex relative
refractive index is known.41 More details on the LES technique
can be found in ref. 42 and 43 and some mathematical
formulations are presented in the ESI.†
2.2 Experimental setup

The experimental setup consists of two parts: a deposition
chamber for the SoL experiments and an optical assembly for
the LES measurements. The schematic of the experimental
setup is given in Fig. 2. Sputtering experiments take place in
a cylindrical stainless-steel deposition chamber. A negatively-
biased magnetron cathode holds a silver target, possessing
a diameter of 5.08 cm, a thickness of 0.635 cm, and a purity of
99.99%. To meet stable deposition conditions, the cathode is
water-cooled. The host liquid is low-vapor pressure, trans-
parent, and chemically inert, e.g., a silicone oil poly-
dimethylsiloxane (PDMS, Sigma Aldrich, CAS number 63148-62-
9) with the viscosity and surface tension of 50 cSt and 20.7 mN
m−1, respectively. No stabilizing agent is added to the silicone
oil (6.8 g). The deposition occurs inside a quartz cuvette and the
distance between the target and the liquid surface is 9.8 cm. The
cuvette is xed inside a holder on the transfer arm that can
move through the load-lock and the main deposition chambers.
A magnetic stirrer is placed beneath the cuvette so that the
rotational speed of the stirring bar can be remotely regulated.
To eliminate the water content, the silicone oil is rst degassed
in the load-lock chamber that is pumped down to 10−4 Pa. High-
© 2023 The Author(s). Published by the Royal Society of Chemistry
purity argon is injected into the deposition chamber at
a constant ow rate of 30 sccm (standard cubic centimeter per
minute) to generate the plasma. The surface of the silver target
is then sputter-cleaned in the argon plasma prior to sputtering
experiments. When the surface chemistry of the target is
stabilized, the plasma is switched off, and then the cuvette is
transferred from the load-lock chamber to the main deposition
chamber. Finally, the plasma is reactivated for the desired
amount of time at the desired sputtering conditions. During
these experiments, a DC-MS power supply is used and the argon
pressure is maintained constant at 0.07 Pa. The LES part is
composed of emission and receiving optics. The former
comprises a highly stabilized light source (DH-2000-DUV,
Ocean Optics), two solarization-resistant optical bers, an
inline intensity attenuator, and a UV-VIS collimating lens. The
receiving optics include a similar UV-VIS collimating lens,
a solarization-resistant optical ber, and a spectrometer
(Maya2000-PRO, Ocean Optics) that is quite sensitive in the UV
range (very high signal-to-noise ratio). Optical access is allo-
cated in the vacuum chamber for the optical bers, facing each
other via vacuum feed-through accessories. Furthermore, ber
optics are rigidly xed to a platform that can be moved up and
down so that the LES measurements can be accomplished at
different heights along the cuvette. The reference and attenu-
ated light intensity data are recorded by the spectrometer with
an integration time of 10 ms and transferred to a laptop to
execute the data inversion algorithm required for the LES
technique. The collimated light beam passes through the quartz
cuvette having an optical path length of 2 cm and is located
1 mm below the plasma–liquid interface.
Nanoscale Adv., 2023, 5, 4809–4818 | 4811
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Table 1 Test matrix at total sputtering energy of 3 kJ and Ar pressure
of 0.07 Pa. The distance between the silver target and the surface of
the silicone oil is 9.8 cm

Test #
Applied power
[W]

Sputtering time
[min]

Stirring speed
[rpm]

1 10 5 200
2 10 5 200
3 10 5 200
4 50 1 200
5 25 2 200
6 10 5 600
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2.3 Conditions & test matrix

We investigate the effect of the applied sputtering power and
sputtering duration, and the rotational speed of the stirring bar
on the PSDs of Ag-silicone oil nanouids. The sputtering power
and the sputtering duration are varied in such a way that the
total sputtering energy delivered to the silver target is kept
constant (see test matrix in Table 1). In other words, the sput-
tering duration is lowered to compensate for the increasing
silver inux, which is resultant of the increased sputter power.
Due to the various heat sources (e.g., plasma-born species,
sputtered metal particles, plasma radiations, and the heated
target), the temperature of the substrate may increase.44 This
increase would become substantial for the conditions where
high sputtering power is applied for long durations.15 None-
theless, no signicant temperature variation on the surface of
the silicone oil is predicted in this work owing to the reduced
sputtering duration for the tests with higher sputtering power.
More specically, the overestimated rate of the temperature rise
on the liquid surface is 1 °C min−1 according to authors' recent
study.25 Hence, both ambient and nanouid temperatures are
expected to be around 24 ± 2 °C.
3 Results & discussions

Stabilization of Ag NPs can be difficult as the instabilities may
originate from the surface oxidation or random aggregation.45–47

Due to the plasmonic properties of Ag NPs,48 the outcome of the
magnetron sputtering can be detected even by the naked eye. An
example of a successful deposition experiment can be seen in
Fig. 3, in which Ag NPs are well-dispersed within silicone oil
Fig. 3 Silicone oil in a quartz cuvette before (left) and after (right) the
silver deposition. The stirring bar at the bottom helps enhance the
particle dispersion.

4812 | Nanoscale Adv., 2023, 5, 4809–4818
without any brown cloud-like spots, i.e., no concentration
gradient. Mixing via a stirring bar helps not only to prevent the
temperature gradient during the deposition process but also to
disperse the NPs within the liquid. In the absence of stirring,
the particles would disperse only via diffusion, which would
take more time. Plus, no particle sedimentation is anticipated
owing to the constant stirring in the cuvette.

3.1 TEM imaging

The size, shape, and composition of Ag NPs are determined via
ex situ Transmission Electron Microscopy (TEM). TEM imaging
is performed using a Jeol 2100 microscope operating at 200 kV.
Four drops of Ag-silicone oil nanouid are diluted with 3 mL of
ethyl acetate. Two drops of the prepared dispersion are then
deposited on a lacy carbon lm supported by a copper grid (300
mesh) and dried on a hot plate at 50 °C. Thereaer, the grid is
soaked in ethyl acetate for 5 hours and dried in air. Prior to TEM
imaging, all samples are stored at room temperature and in the
dark to minimize photo-induced oxidation. The acquired
images are presented in Fig. 4 and analyzed with Digital-
Micrograph soware. The TEM results reveal the presence of
spherical NPs with diameters ranging from 2 to 40–50 nm. The
rings of the SEAD pattern of Ag NPs are assigned to (111), (200),
(220), (311), and (331) lattice planes of face-centered cubic Ag
(ICDD car. No. 04 0783) and indicate the polycrystalline nature
of Ag NPs.

3.2 LES diagnostics

The scattering characteristics of the Ag NPs are considered to lie
between the Rayleigh scattering regime (for small NPs) and the
lower bound of the Mie scattering regime (for large particles).49

If the particle cloud consists of small and randomly oriented
particles, the LES technique becomes less sensitive to the
particle morphology as opposed to the particles with high
aspect ratio.40 That is, the light extinction property is more
sensitive to the size of the aggregates than their morphology.35 It
should be noted for the poly-disperse distributions that the
scattering of larger particles can suppress that of smaller ones,
depending on the size parameter.50 During the LES measure-
ments, Ag NPs are not subject to oxidation in the plasma owing
to the lack of three-body collisions16 under good vacuum
conditions, and the NPs are composed of pure silver crystallites.
Hence, for the LES diagnostics, the complex refractive index
spectrum of pure bulk silver is extracted from ref. 51. The real
part of the refractive index of the silicone oil is measured via the
ellipsometry technique (Accurion EP3-SE Imaging
Ellipsometer).

3.2.1 Absorption spectra & repeatability. One of the rst in
situ and real-time assessments on the nucleation and growth of
Au NPs occurs through the chemical reduction process by using
synchrotron SAXS/WAXS, and UV-VIS spectroscopy.52 The
temporal evolution of not only the UV absorption but also the
PSD and number concentration helps to interpret the different
stages of the growth kinetics. Likewise, Fig. 5 depicts the in situ
and real-time absorption spectra of the Ag NPs in silicone oil
during magnetron sputtering. While the plasma is on, the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 In situ and real-time recorded absorption spectra of the Ag NPs in silicone oil (a–f) for Tests 1–6, respectively, and their comparison at the
final acquisition, i.e.,∼30minutes after the plasma is turned off (g). The violet curves express the temporal measurements when the plasma is on,
whereas the orange curves show the temporal measurements after the plasma is turned off. The data acquisition rates are not identical.

Fig. 4 TEM image of Ag NPs (left) and corresponding Selected Area Electron Diffraction (SAED) pattern (right) from Test 3. The SEAD pattern is
showing the (111), (200), (220), (311), and (331) reflections of silver (ICDD car. no. 04 0783).

© 2023 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2023, 5, 4809–4818 | 4813
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absorption level rapidly increases, arising from the continuous
silver inux and incorporation of Ag atoms in silicone oil
(curves in violet color). Along the deposition period, the char-
acteristic localized Surface Plasmon Resonance (SPR) bands
emerge over time with the peak located around l = 410–415 nm
and remain invariant. Similar in situ absorption curves (peak
around l = 410 nm) are obtained during the chemical synthesis
and growth of Ag NPs.53 When the plasma is turned off, the
absorption level starts to rst increase (curves in orange color,
reaching the maximum). This can be explained by an offset/
delay in the detection time due to the presence of tiny parti-
cles (<3−4 nm) that cannot be detected in the absorption
spectrum until they reach sufficient size. Aerward, the
absorption level around the SPR peak decreases gradually, and
the peak shis towards longer wavelengths (red-shiing).
Generally speaking, this tendency implies a broader PSD and/
or particle aggregation.40,54 The number of acquired data is
lower in Tests 4 and 5 (lower number of violet curves) due to the
Fig. 6 In situ and real-time PSDs of Ag NPs in silicone oil (a–f), their co
turned off (g). The plasma is on (violet) and off (orange).

4814 | Nanoscale Adv., 2023, 5, 4809–4818
shorter sputtering duration, i.e., 1 and 2 minutes instead of 5
minutes. Test 6 exhibits unlike behavior to Tests 1–3 with
a larger red-shiing in the SPR band due to higher stirring
speed. In Fig. 5g, the latest absorption curves from Fig. 5a–f are
plotted, which correspond to the acquisitions∼30minutes aer
the plasma is turned off. The resemblance in the absorption
spectra among Tests 1–3 proves that the SoL experiments are
well repeatable under similar conditions. Despite constant total
sputtering energy and thus the same amount of deposited silver
atoms, both the smaller peak at shorter wavelengths and the
SPR bands deviate drastically under different deposition rates
or stirring speeds. The evolution of the aforementioned char-
acteristic Ag SPR bands is ascribed to the presence of metallic
Ag NPs larger than 3–4 nm in diameter.17,55 In fact, the
absorption spectra in Fig. 5 display not only the growth of larger
Ag NPs but also the formation of new small Ag NPs56 (peak
evolution at shorter wavelengths) from the aggregation of non-
crystalline particles (<3−4 nm), for which the plasmon
mparison at the final acquisition, i.e., ∼30 minutes after the plasma is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The properties of the final PSDs from Fig. 6g. D43 designates
the volume mean diameter (De Brouckere mean) and CoV symbolizes
the Coefficient of Variation (dispersity level) of the population

Test # D43 [nm] CoV [—]

1 62.8 0.24
2 64.9 0.27
3 63.8 0.27
4 74.6 0.37
5 67.5 0.30
6 62.5 0.25
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absorption is not observable,17 and absorption depends only on
the total metal concentration.53 These very small primary clus-
ters with low structural order grow via collisions and coales-
cence and form crystalline Ag NPs. Consequently, a bi-
modal8,32,57,58 and poly-disperse PSD would be expected due to
the coexistence of very small and relatively large Ag NPs since
fresh nucleation and ongoing nanocrystal growth processes
simultaneously happen during the deposition period.24,59

3.2.2 Particle size distributions. Fig. 6a–f present the
temporal evolution of the PSDs of the population found via the
LES technique, tted with the assumption of log-normal
distribution.32,60,61 Since the LES technique cannot detect the
tiny primary clusters without plasmon characteristics, the rst
detected Ag NPs in silicone oil have a diameter of ∼20 nm and
we observe that Ag NPs continue to grow in silicone oil aer the
plasma is turned off (curves in orange color shiing towards
larger diameters). Similar post-sputtering growth is also re-
ported in the literature.9,29,34,62,63 Nevertheless, this is the rst in
situ and real-time examination of the impact of the stirring
speed on the PSD during SoL experiments to the best of the
authors' knowledge.

Fig. 6g shows the PSDs obtained from the nal acquisitions
(∼30 minutes aer the plasma treatment). We see that the Ag
NPs produced during Tests 1–3 are similar, demonstrating good
repeatability of the measurements. We also see that, although
the mode diameters do not strongly vary, the poly-dispersity of
the PSDs depends on the selected experimental conditions. In
particular, Test 4 yields the most poly-disperse PSD that
includes the largest NPs, i.e., it seems that the particles tend to
aggregate more during faster deposition. To better understand
the size evolution of the Ag NPs over time, we evaluate the
volume mean diameter D43 (De Brouckere mean) for all test
cases, as illustrated in Fig. 7, and the PSD properties corre-
sponding to the nal acquisition are listed in Table 2, including
the Coefficient of Variation (CoV, dispersity level) of the particle
population. In Fig. 7, we observe that slower deposition rates
facilitate the formation of smaller NPs (Tests 1–3 and Test 6).
Fig. 7 Temporal evolution of D43 diameters with the uncertainty of
±1 nm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
On the contrary, larger D43 diameters (both initially and ulti-
mately) are obtained at higher deposition rates despite the same
amount of deposited silver. This can be due to an initial accu-
mulation and clustering of particles already at the plasma–
liquid interface and its vicinity before penetrating into the
liquid.64 These weak but bigger aggregates coming from the
plasma–liquid interface disaggregate thanks to stirring, with
a consequent increase in the population of smaller NPs, i.e.,
a decrease in D43 diameters. Later, we observe an increase in D43

diameters, which should be due to the increased particle
concentration, during which the aggregation is triggered. These
aggregates cannot be disaggregated by stirring anymore, which
is more evident in Tests 4 and 5. In other words, the temporal
evolutions of D43 diameters exhibit a valley except for Test 6,
which can be attributed to better mixing at higher stirring speed
(200 rpm for Tests 1–5 vs. 600 rpm for Test 6). Despite the same
silver deposition rates and similar ultimate D43 and CoV values
shown in Table 2, Test 6 possesses a smaller peak value of the
PSD in volume (y-axis in Fig. 6g) with respect to Tests 1–3. This
means that compared to Tests 1–3, there are more particles
smaller than the detection limit of the LES technique (<20 nm)
in Test 6 to satisfy the conservation of mass. This conrms
a certain limitation of aggregation with the increased stirring
speed. A higher stirring rate is reported to enhance the diffusion
both on the liquid surface and inside the liquid bulk, which
hinders the NPs accumulation on the liquid surface and results
in smaller NPs.10,65
4 Conclusions and perspectives

In this work, for the rst time, in situ and real-time character-
ization of the particle size distribution (PSD) both during and
aer magnetron sputtering of the silver onto silicone oil
experiments at low Ar gas pressure with a DC-MS power supply
is performed. First, the coexistence of tiny and larger nano-
particles is demonstrated with the absorption spectra. Then,
based on the Light Extinction Spectroscopy (LES) diagnostics,
Ag NPs larger than 20 nm are captured and the PSDs are illus-
trated to be poly-disperse, which is also validated by the TEM
results. The temporal particle growth is discussed in terms of
the De Brouckere mean diameter. Even though the same sput-
tering energy is applied (i.e., the same amount of silver atoms
incorporated in silicone oil at the end of plasma treatment), the
growth kinetics of Ag NPs in silicone oil differ due to the
Nanoscale Adv., 2023, 5, 4809–4818 | 4815
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different deposition rates. In fact, particle aggregation is
promoted at higher deposition rates due to the area of higher
concentration at the plasma–liquid interface. Additionally,
increased stirring yields the formation of smaller NPs but does
not substantially affect the nal size in our range of working
conditions. As in the study of Deng et al. (Pt/Cu alloy NPs in
PEG),10 our LES results conrm that aggregation and growth of
Ag NPs take place both at the interface and inside the silicone
oil. The temporal variations in the absorption spectra and
temporal increase in the particle size reveal low colloidal
stability of Ag NPs in silicone oil. That is, silicone oil may not be
a good capping agent for Ag NPs under our experimental
conditions, but the introduction of additional stabilizing agents
inside the host liquid before sputtering can help to obtain
stable suspensions with smaller NPs.66 Yet, prolonged experi-
mentation is required to draw a conclusion.

In the short term, experiments at even lower deposition rates
and different stirring speeds can be conducted to better track
particle aggregation with the LES technique. Measurements at
different levels of the cuvette can be carried out to check the
gradient in the particle concentration. Prolonged waiting
periods aer the plasma treatment (under the same vacuum)
can be studied, as well as the comparison of the air exposure in
the ambient (during storage) prior to ex situ analyses. Further
LES measurements can be acquired during the High-Power
Impulse Magnetron Sputtering (HiPIMS) and bipolar HiPIMS
(B-HiPIMS) methods. Compared to DC-MS, the sputtered metal
atoms are ionized and possess higher kinetic energy (few tens of
eV) in HiPIMS,67 and these ions are further accelerated in B-
HiPIMS with decent control over their energies.68,69 The accel-
erated species dissipate their energy while penetrating through
the liquid surface, causing local heat-up and reduction in the
liquid viscosity. Therefore, higher kinetic energy levels inu-
ence the properties of the NPs due to the varied interactions at
the plasma–liquid interface, which should be explored to ne-
tune the NPs. This ne-tuning can even be carried out online
during the deposition. The LES observations might help to
better understand the NP formation process during reactive
magnetron sputtering deposition.70 Moreover, the LES tech-
nique can also be implemented into other nanouid synthesis
methods, such as electrode erosion using discharges in
liquids,71 evaporation in vacuum onto liquids,72 sputtering-
based Gas Aggregation cluster Source (GAS),61 in a stopped-
ow device during a chemical reduction.52

Despite their lure as an efficient heat transfer strategy,73

nanouids are still not in practice as the working uid due to
the inconsistent experimental results. The preparation of the
nanouids (two-step method or chemical synthesis) mostly
includes miscellaneous stabilizers that can interact with the
material of the heat-transfer device, yielding material loss.74

Hence, the tribological effects of the nanouids (corrosion,
erosion, and abrasion), together with the particle stability,
could be resolved by magnetron sputtering onto liquids. Thus,
the LES technique can provide a robust basis for the in situ and
real-time size characterization of mono- or poly-disperse, nano-
to submicron particles in a plasma environment to ne-tune the
particle size.
4816 | Nanoscale Adv., 2023, 5, 4809–4818
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and V. Švorč́ık, J. Nanoparticle Res., 2015, 17, 11.

35 F. Onofri, M. Wozniak and S. Barbosa, Contrib. Plasma Phys.,
2011, 51, 228–236.

36 G. Crawley, M. Cournil and D. D. Benedetto, Powder Technol.,
1997, 91, 197–208.
© 2023 The Author(s). Published by the Royal Society of Chemistry
37 R. Xu, Particle Characterization: Light Scattering Methods,
Kluwer Academic Publishers, Miami, 2002.

38 G. Mie, Ann. Phys., 1908, 330, 377–445.
39 J. M. Smith, A. Roth, D. E. Huffman, Y. M. Serebrennikova,
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J. Hanuš, J. Kousal, L. Hanyková, I. Krakovský and
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T. Belmonte, J. Appl. Phys., 2021, 130, 151101.

72 A. Fujita, Y. Matsumoto, M. Takeuchi, H. Ryuto and
G. H. Takaoka, Phys. Chem. Chem. Phys., 2016, 18, 5464–
5470.

73 Y. T. Aksoy, Y. Zhu, P. Eneren, E. Koos and M. R. Vetrano,
Energies, 2021, 14, 80.

74 P. Eneren, Y. T. Aksoy and M. R. Vetrano, Energies, 2022, 15,
2525.
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00312d

	Time-resolved in situ nanoparticle size evolution during magnetron sputtering onto liquidsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00312d
	Time-resolved in situ nanoparticle size evolution during magnetron sputtering onto liquidsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00312d
	Time-resolved in situ nanoparticle size evolution during magnetron sputtering onto liquidsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00312d
	Time-resolved in situ nanoparticle size evolution during magnetron sputtering onto liquidsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00312d
	Time-resolved in situ nanoparticle size evolution during magnetron sputtering onto liquidsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00312d
	Time-resolved in situ nanoparticle size evolution during magnetron sputtering onto liquidsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00312d

	Time-resolved in situ nanoparticle size evolution during magnetron sputtering onto liquidsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00312d
	Time-resolved in situ nanoparticle size evolution during magnetron sputtering onto liquidsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00312d
	Time-resolved in situ nanoparticle size evolution during magnetron sputtering onto liquidsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00312d
	Time-resolved in situ nanoparticle size evolution during magnetron sputtering onto liquidsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00312d
	Time-resolved in situ nanoparticle size evolution during magnetron sputtering onto liquidsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00312d

	Time-resolved in situ nanoparticle size evolution during magnetron sputtering onto liquidsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00312d
	Time-resolved in situ nanoparticle size evolution during magnetron sputtering onto liquidsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00312d
	Time-resolved in situ nanoparticle size evolution during magnetron sputtering onto liquidsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00312d
	Time-resolved in situ nanoparticle size evolution during magnetron sputtering onto liquidsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00312d


