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A novel combined setup of a Haberland type gas aggregation source and a secondary radio frequency
discharge is used to generate, confine, and coat nanoparticles over much longer time scales than
traditional in-flight treatment. The process is precisely monitored using localized surface plasmon
resonance and Fourier-transform infrared spectroscopy as in situ diagnostics. They indicate that both
untreated and treated particles can be confined for extended time periods (at least one hour) with
minimal losses. During the entire confinement time, the particle sizes do not show considerable
alterations, enabling multiple well-defined modifications of the seed nanoparticles in this synthesis
approach. The approach is demonstrated by generating Ag@SiO, nanoparticles with a well-defined
surface coating. The in situ diagnostics provide insights into the growth kinetics of the applied coating
and are linked to the coating properties by using ex situ transmission electron microscopy and energy
dispersive X-ray spectroscopy. Surface coating is shown to occur in two phases: first, singular seeds
appear on the particle surface which then grow to cover the entire particle surface over 3 to 5 minutes.
Afterwards, deposition occurs via surface growth which coincides with lower deposition rates. Our setup
offers full control for various treatment options, which is demonstrated by coating the nanoparticles with
a SiO; layer followed by the etching of the part of the applied coating using hydrogen. Thus, complex
multi-step nanofabrication, e.g., using different monomers, as well as very large coating thicknesses is
possible.
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sensors.”**® The optical properties originating from the pres-
ence of localized surface plasmons*® open up applications in the
fields of, e.g., surface-enhanced Raman spectroscopy,* solar
cells,> and absorber layers for solar thermal collectors.*

1 Introduction

Over the last few decades, noble metal nanoparticles (NPs)
attracted the attention of many researchers because of their
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unique properties in comparison to their bulk counterparts.
These properties gave rise to various fields of applications such
as photocatalysis,"™ optics,® resistive switching,”™ and

“Institute of Experimental and Applied Physics, Kiel University, Leibnizstr. 19, D-24098
Kiel, Germany. E-mail: benedikt@physik.uni-kiel.de

*Chair for Multicomponent Materials, Institute of Materials Science, Kiel University,
Kaiserstr. 2, D-24143 Kiel, Germany. E-mail: alva@tf.uni-kiel.de

Chair for Synthesis and Real Structure, Institute of Materials Science, Kiel University,
Kaiserstr. 2, D-24143 Kiel, Germany

“Kiel Nano, Surface and Interface Science KiNSIS, Kiel University, Christian-Albrechts-
Platz 4, D-24118 Kiel, Germany

t Electronic  supplementary  information
https://doi.org/10.1039/d2na00806h

1 These authors contributed equally to this work.

(ESI)  available. See DOI:

§ Currently at: Department of Chemical Engineering, Engineering II, University of
California-Santa Barbara, Santa Barbara, CA 93106, United States.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Furthermore, noble metal NPs and especially Ag NPs show
antibacterial properties because their high surface-to-volume
ratio enables fast ion release.”® Fine control over the ion
release rate of Ag NPs is of high importance for applications like
antibacterial coatings in medicine, construction industry,
clothing, or food packaging. This can be achieved via the
incorporation of Ag NPs into a polymer matrix, e.g., PTFE,
PMMA, or PA6 as the ion release rate depends on the matrix
material as well as on its thickness.>*® The optical properties of
Ag NPs are also tunable by changing the surrounding dielectric
medium, because the localized surface plasmon resonance
depends on the dielectric constant of the surrounding
medium.” Therefore, a precise control over the matrix proper-
ties and its thickness is critical to tune the ion release, anti-
microbial, and optical properties.
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The inter-particle distance is an additional important
parameter to tune the optical properties of absorber layers,*®
which is usually difficult to tune when the NPs and the matrix
are synthesized at the same time or after each other on
a substrate. In such cases, core-shell NPs are interesting
building blocks, as a precise control of their coating thickness
comes with control over the inter-core distance once the parti-
cles are closely packed. Ag@SiO, NPs (Ag core and SiO, shell)
exhibit interesting optical® and antibacterial properties.*®
Ag@SiO, core-shell NPs can be synthesized by different
methods. For the core, Ag NPs can be synthesized by chemical,
physical, or biological methods.** A chemical way is, e.g., the
reduction of silver nitrate with hydrazine. In order to form
Ag@SiO, core-shell NPs, the Stober method?? can be applied to
coat the Ag NPs.** Such methods have the drawback that the
produced particles are in solution and it can be difficult to
remove all chemicals from the NPs to obtain high purity.

One particularly versatile approach to fabricate highly pure
noble metal nanoparticles without the need for any surfactant is
a magnetron-based, Haberland-type gas aggregation source
(GAS).* A Haberland type GAS consists of a vacuum chamber
equipped with a magnetron. The chamber is connected to
a deposition chamber via a small orifice with a diameter in the
range of millimeters. Due to the orifice the pressure in the GAS
is in the order of tens to hundreds of pascals, which is high in
comparison to conventional sputtering devices for the forma-
tion of thin films. The sputtered atoms can form NPs in the gas
phase due to the high pressure and are then transported to the
deposition chamber by the drag force of the sputtering gas.

GASs have also been successfully used to create core-shell
NPs. Huttel et al.** use multiple magnetrons in the gas aggre-
gation volume and tailor the distance between each magnetron
and the exit orifice to create binary or ternary core-shell NPs.
This approach however is limited by the time of flight of the
particles and the length of the aggregation zone and is mostly
used for metal@metal nanoparticles. In a second approach by
Ahadi et al* and Kylian et al.,** the Haberland type GAS is
combined with a secondary direct current (DC) magnetron
discharge to synthesize pure NPs in the GAS and then coat them
prior to deposition in the second discharge with a shell mate-
rial. The achievable coating thickness is limited by the
maximum power, which can be applied to the target and the
residence times defined by the strength of the gas flow. Inves-
tigations by Solar et al.*” on the exit velocity of NPs have shown
that for typical operating conditions even mean velocities of up
to 93 m s ' are possible. Therefore, special experimental
measures have to be taken in order to increase the residence
time of the particles in the secondary coating region, e.g., by
injecting additional argon gas. Moreover, the fabrication of
complex core-shell particles involving several layers is not
possible.

In this paper, we will present a combination of a Haberland
type GAS together with a secondary radio frequency (RF) plasma
discharge, in which Ag NPs are trapped for a secondary coating
process with SiO,. This setup circumvents the limitations of in-
flight coating, as the trapped particles can be treated over much
longer time scales and even over multiple processing steps
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independent of their synthesis parameters. On these time
scales, in situ diagnostics become powerful tools for very fine
control of the particle properties. Using both localized surface
plasmon resonance (LSPR) and Fourier-transform infrared
spectroscopy (FTIR) allows for creating core-shell particles with
a defined composition and thickness specifically designed for
their application. We will compare the two diagnostic methods
focusing on the insight into particle properties they offer. To
provide a ground truth for the in situ diagnostics, we are
extracting particles and using transmission electron microscopy
(TEM) and energy dispersive X-ray spectroscopy (EDX) as an ex
situ measurement.

2 Experimental setup and diagnostics
2.1 Experimental setup

The experimental setup shown in Fig. 1 is a modular vacuum
deposition setup consisting of two fundamental components:
a gas aggregation source (GAS) that generates metal NPs and an
RF plasma trapping setup, which holds them for further
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Fig. 1 (a) Side view of the experimental setup combining a gas
aggregation source (GAS) with a secondary treatment plasma setup for
long-term confinement. Particles are generated at the GAS at a higher
pressure, creating a flow directed through the feed pipe to the
differential pumping stage. Here, the buffer gas is pumped away
symmetrically to minimize the loss of particles. The particles then flow
through a second feed pipe through a shutter system directly into the
treatment plasma volume, where charging effects ensure their
confinement. While a coil electrode is used for the option of an
inductively coupled plasma, in this work it is only used in a capacitively
coupled mode. The plasma volume is surrounded by a grounded cage
for better confinement through higher electric fields. The hatched area
in red represents the IR/UV-vis beam area oriented perpendicular to
the sketch plane. (b) Top view of the treatment plasma chamber. The
IR/UV-vis beam path is shown in red. Argon is let in through the
marked nozzles to create a protective gas flow for the white cell
mirrors.
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treatment. The GAS is a custom-build Haberland type gas
aggregation source connected to the treatment plasma setup via
a differential pumping stage. The source was equipped with a 2-
inch height-adjustable and water-cooled DC magnetron (IX2U-
9A327-02; Thin Films Consulting). The height-adjustable
magnetron enables the tuning of the aggregation length, ie.,
the distance between the magnetron and the orifice of the GAS.
This distance was kept constant for all experiments. The
deposition was performed with a flow of 160 sccm Ar, which
corresponds to a pressure of about 170 Pa in the GAS. An MDX
500 from Advanced Energy was used as a power supply and was
operated in the power regulation mode with a power of 100 W.
An MKS flow controller (GE50 A) with a 500 sccm range was used
for the gas flow regulation. To keep the operating pressure of
the GAS and treatment plasma independent of each other,
a differential pumping stage is used to remove a large portion of
the buffer gas. By pumping symmetrically from top and bottom,
the resulting deflection of the particle stream is minimized.
Additionally, the particles are guided with a feed pipe up to
a distance of 10 mm in front of the aperture, keeping the
particle stream focused and maximizing transfer into the next
stage. At this point, a shutter allows for interrupting the particle
stream and sealing the treatment plasma from the rest of the
setup, if necessary. Finally, using a second feed pipe, the
particles are injected directly into the plasma volume where
charging effects and the resulting electric field forces ensure
confinement of the particles.

The treatment plasma consists of a grounded bottom elec-
trode on a linear movement stage with a 142 mm diameter. The
upper electrode is a copper coil with 2 x 3 windings driven with
a Dressler Cesar 133 RF generator providing a power of up to
150 W at 13.56 MHz at its middle contact behind a borosilicate
glass cylinder, enabling both inductively coupled (ICP) and
capacitively coupled plasma (CCP) operation. For this experi-
ment, the CCP mode was used exclusively as the higher energy
density of the ICP mode disintegrates the silver particles very
quickly, seen as emission lines in the optical emission spec-
trum. Around the plasma volume, a grounded wire mesh with
a 1 mm wire diameter and 3 mm spacing is used to improve
particle confinement using high electric fields in the resulting
plasma sheath. In the mesh, openings are cut for the feed pipe,
for a multi-pass IR/UV-vis beam path, and for particle extrac-
tion. Additionally, a gas inlet for different reactive gases is
present at the treatment plasma chamber. Different MKS flow
controllers (GE50 A) are connected to control the precursor flow.
The flow controller for the SiH,/Ar mixture with 0.01% SiH, has
a range of 200 sccm. Additionally, flow controllers with a range
of 10 sccm are present for H, and O,.

FTIR and UV-vis spectra are always recorded in situ in the
treatment plasma chamber (see Fig. 1) using a multi-pass beam
setup consisting of a white cell (neoplas control GmbH) for up
to 20 passes, increasing the optical path through the plasma
volume to zjg = 20 X 142 mm = 2.8 m for the IR beam and zyy.is
=4 x 142 mm = 0.6 m for the UV-vis setup. The beam path
crosses a region of about 10 mm height and 40 mm width. To
prevent deposition on the multi-pass cell and the windows, Ar
gas was injected at both sides of the multi-pass cell. The Ar flow
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was controlled with an MKS flow controller (GE50 A) with
a range of 50 sccm and was set to 30 sccm. The Ar gas flow is
shared by both gas inlets at both sides of the multi-pass cell. For
IR-spectrometric monitoring, a commercial FTIR spectrometer
(Bruker VERTEX 80v) is used with a liquid-nitrogen-cooled
DLaTGS detector. This setup has been previously used for
monitoring the growth and treatment of hydrogenated amor-
phous carbon (a-C:H) NPs generated from C,H, precursors.*®
UV-vis spectrometry is performed using a deuterium-halogen
light source (Ocean Optics DH-2000-BAL) and a spectrometer
(Ocean Optics USB4000).

Particle extraction is realized with a load-lock setup bringing
in a 10 mm x 10 mm silicon wafer piece clamped underneath
a stainless steel metal plate with a circular cutout. By applying
a short 200 ms pulse of 170 V to the metal plate using a Keithley
SourceMeter 2400, particles are accelerated towards the sample
holder and stick to the silicon wafer for further ex situ analysis.
With the chamber being operated only in the high vacuum
range and residual air coming in through the load-lock, there is
enough residual oxygen in the system when using a gas mixture
of 0.01% SiH, in Ar for SiO, coating without active addition of
oxygen.

For transmission electron microscopy (TEM) analysis, the
nanoparticles were scratched off the silicon substrate with
a scalpel and transferred onto a copper grid with a carbon lacey
coating (Plano GmbH). Bright field imaging as well as selected
area electron diffraction (SAED) were performed with a FEI
Tecnai F30 STwin G*> with 300 kV acceleration voltage. For
energy dispersive X-ray (EDX) spectroscopy, the microscope is
equipped with a Si/Li detector (EDAX System). The EDX spec-
troscopy data were processed with ES Vision (version 4.0.173).

2.2 Experimental procedure

In this chapter, the general experimental procedure will be
described in detail:

1. The system is pumped down with a turbo molecular pump
down to a pressure of 10> Pa. Then the valve to the turbo pump
is closed.

2. Rough pumps for the differential pumping stage and the
rough pump of the treatment plasma chamber are started.

3. The Ar flow for the GAS (160 sccm) and the multi-pass cell
(30 sccm) are activated and the valves of the rough pumps are
opened. The pressure in the GAS, at the differential pumping
stage, and in the treatment plasma chamber stabilizes at values
of about 170 Pa, 16 Pa and 11 Pa respectively.

4. The CCP Plasma is switched on with an RF power of 188 W
and a reflected power of 88 W.

5. The UV-vis or the FTIR spectrometer respectively starts
recording along the line of sight through the treatment plasma
chamber.

6. The power supply for the magnetron of the GAS is switched
on with 100 W usually for 10 s which starts the synthesis and
injection of Ag NPs into the treatment plasma. Only for the long-
term confinement in Fig. 2 an on-time of 60 s is used.

7. The flow of the SiH, mixture (0.01% in Ar) is set to 20 sccm
and the Ar flow through the multi-pass cell is reduced to 10

Nanoscale Adv., 2023, 5, M5-1123 | TN7
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Fig. 2 (a) In situ UV-vis transmission spectra for 7 different times
during the NP injection. O s corresponds to the plasma ignition in the
GAS. At 60 s the injection of Ag NPs is stopped. Plasma emission lines
were removed from the spectra. (b) Long-term measurement of
injected Ag NPs, which are trapped for 1 h in the CCP plasma. The peak
position Aeak corresponds to the wavelength of the minimum in the
transmission spectrum.

scem to keep the pressures constant. This flow creates precursor
densities below the critical point for silicon NP formation from
which was confirmed with prior FTIR
measurements in the absence of silver NPs.

8. Once the desired coating times of 1, 3, 5 and 10 min are
reached, the precursor flow is switched off by setting the flow
controller to 0 scem to stop the coating procedure.

silane precursors,

9. In the case of extraction, after a short waiting time, the NPs
are extracted by opening the load lock and moving the extrac-
tion unit close to the plasma. After the voltage pulse (170 V and
200 ms) is applied, the extraction unit is moved back into the
load lock, which is then closed again.

10. Plasma and spectrometers are switched off.

3 Results

3.1 Long-term confinement of uncoated Ag NPs

Fig. 2a shows several UV-vis transmission spectra during the
injection process. Here, plasma emission lines were excluded
from the spectrum using a reference spectrum taken before the
injection. The main peak = 355 nm of the localized surface
plasmon resonance (LSPR) of the Ag NPs can exhibit a red shift
both for an increase in the NP size**™** and for a surrounding
dielectric with a dielectric constant greater than unity.>”*>** In
Fig. 2b, the position of the main peak only shows a small red
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shift of 9 nm over one hour of confinement. This is unlikely to
come from a particle size increase due to agglomeration, as the
particles are charged in the plasma environment and repulse
each other. It is more likely that the presence of trace amounts
of oxygen causes an oxidation of the particle surface, effectively
changing the surface dielectric constant and thereby causing
the slight red shift. Therefore, this measurement can be
assumed as a reference measurement for an unperturbed
system without the usage of any precursor gas. The shift in the
LSPR is relatively small and still allows the detection of a shift of
the LSPR related to an additional coating of the Ag NPs, which
will be shown in the next section.

Looking at the absorption strength of the LSPR, a strong
increase can be seen during particle injection coming from the
increase in NP density. This increase is followed by a slight
decrease of about 5% in the first minutes of confinement after
which it stays very constant for the remainder of the experi-
ment, indicating that the NPs are well confined in the CCP
plasma. The small decrease also points towards oxidation, as
the oxide layer would effectively decrease the plasmonically
active diameter of the NP. After the CCP plasma is switched off,
the transmission over the entire spectral range goes back to its
initial value, showing that no NPs are deposited on mirrors or
windows in the optical path (see Fig. 1 in the ESIf).

Additionally, Fig. 2a shows a change in the peak shape. For
longer injection times a shoulder appears at higher wave-
lengths, which also stays after the injection is stopped. This
might stem from the coupling of LSPRs of multiple NPs. If
plasmonic NPs approach each other to a close distance of
around 30 nm or smaller, the LSPRs can couple which causes
additional resonances at higher wavelengths.”® Assuming an
average particle diameter of 20 nm and resulting LSPR cross
section** of o gpr = 2 x 10° nm? at the peak, we can use the UV-
vis spectrum to calculate a particle number density of n = 10"
m~>. This is in the same order of magnitude as the electron
density and therefore leads to a strong electron depletion.*>*®
Particles are not being charged to their theoretical capacitive
limit determined by orbital motion limited (OML) theory, but
rather only carry very few elementary charges that fluctuate
stochastically. While the average inter-particle spacing at this
density is about 5 pm, this reduction of repulsive forces leads to
a wide spacing distribution and particles regularly come close
enough for plasmonic coupling or even agglomeration to occur.
For the following investigations of coating of trapped NPs, the
injection time was limited to 10 s to lower particle densities and
thereby avoid plasmonic coupling phenomena.

3.2 In situ coating and in situ diagnostics of coating
thickness

Ag NPs were injected into the CCP plasma for treatment. Different
SiH, exposure durations were applied to control the thickness of
the dielectric shell around the Ag NPs. The recorded UV-vis
spectra can be seen in Fig. 3a. Over time, the main absorption
peak shifts towards higher wavelengths due to the LSPR from the
Ag NPs together with a general increase in overall absorption,
which is in line with the literature.””**** Interestingly, a shoulder

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) UV-vis absorption spectrum showing a LSPR peak shift. The starting time t = O s corresponds to the start of the coating treatment.

Plasma emission lines were removed from the spectrum. (b) Time evolution of the LSPR peak position for four different treatment durations. (c)
FTIR absorption spectrum with the inset showing a decomposition of the Si—O—Si asymmetric stretching absorption and the sum of fits. (d) Time
evolution of the integrated absorbance and calculated Si—O-Si concentration in the plasma volume for four different treatment durations.

at higher wavelengths becomes stronger with increasing coating
times similar to the results for high particle densities reported in
the previous section. Therefore, it can be assumed that the LSPRs
of different NPs are coupled to each other in the coated case. The
addition of silane as an electronegative gas lowers the free elec-
tron density further,” thereby lowering the average inter-particle
spacing. The agglomeration of coated particles could also lead to
the observed increased shoulder as even after agglomeration the
plasmonically active cores are electrically separated by their
shells. SEM pictures have shown that some agglomerates are
present on the samples (see Fig. 2 in the ESI}), yet it is unclear if
these agglomerates are formed in the CCP plasma or during the
deposition. Another study has also shown that agglomerates can
be formed already inside the GAS.*® Nevertheless, these agglom-
erates from the GAS would not affect the LSPR during the coating
period, as the GAS is switched off prior to the coating step.
Further investigations would be necessary to determine whether
agglomeration occurs in the treatment plasma.

Fig. 3b shows the time evolution of the main LSPR peak for
four separate treatments, differing from each other only in the
total coating time. Values smaller than 0 s correspond to the
pure Ag NPs before the SiH, was injected into the chamber. The
reproducibility of the experiment is very good, with the only
visible difference between the curves being the different points
at which the SiH, gas flow was turned off. In general, prior to the
treatment no significant changes are visible, which is expected

© 2023 The Author(s). Published by the Royal Society of Chemistry

and was shown in the previous section. Once the treatment
starts at 0 s, all curves show a strong redshift of the LSPR peak
position. Nevertheless, the trend is not linear. The slope
decreases until = 150 s, after which the LSPR shift shows
a linear dependency on the coating time until the SiH, flow is
switched off. The general redshift of the LSPR is explained by
the coating of the NPs with a dielectric medium, whereas the
change in the slope is more difficult to explain. It is known that
for thin coatings, the LSPR shift shows a linear dependence on
the layer thickness. For thicker coatings, the slope of the LSPR
decreases at some point before an asymptotic limit is reached
and the LSPR position does not change anymore with
increasing thickness. This is explained by the limited distance
to which the local electromagnetic field extends from the
surface of the silver NP into the coating.”” In this study, the
behavior is different indicating that most probably the coating
thickness is not increasing linearly with time or that the coating
of the NPs inside the CCP plasma is not homogeneous.

In situ FTIR experiments were additionally conducted to
differentiate between these options. A quantitative analysis of
the infrared absorption spectrum yields atomic Si densities for
the absorbing Si-O-Si bonds. The Si-O-Si asymmetric stretch-
ing (vas) vibration in the 1300-900 cm™" range splits up into
four separate lines. The first splitting occurs due to the AS
motion of two adjacent oxygen atoms being possible either in-
phase (vas1) or shifted 180° (v4s,). Furthermore, the stretching

Nanoscale Adv, 2023, 5, M5-1123 | 1119
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Table 1 Used parameters for Gaussian line fits. Wavenumbers were

selected based on ref. 50

Excitation

mode jlem ™t g/em™*
Vas1 LO 1208 + 13 40

Vpsp TO 1129 + 12 40

Vasy LO 1098 + 11 15

Va1 TO 1025 + 90 50

motion is possible in longitudinal optical (LO) and transversal
optical (TO) modes, which are coupled through long-range
Coulomb interactions leading to a second splitting.* The
positions and full width half maxima (FWHM) of these lines are
fitted following Fidalgo et al.*® and Kirk*® using bounds given in
Table 1 (see also Fig. 3 in the ESIt). An example decomposition
can be seen as an inset of Fig. 3c.

We obtain the absolute concentrations of Si in our observed
volume, by further considering the absorption intensities of the
Si-O-Si asymmetric stretching modes,* see Fig. 3d. The
reproducibility of the subsequent experiments is similarly good
as in the previously described UV-Vis measurements with only
one treatment (5 minutes, shown in yellow) showing a slightly
delayed onset of the silicon layer growth. This indicates that as
the chamber was cleaned using an O, plasma before the five
minute treatment (first treatment of the measurement series),
the initial chamber conditions have an influence on the growth
rate of the coating. A detailed look at the 10 minute treatment
(see Fig. 4), which was done last in the series of experiments,
shows that the first 150 seconds of treatment show a higher rate
of growth of about 0.23 pmol L™ " s, whereas afterwards a rate of
0.17 pmol L™* s7' is measured.

In Fig. 5, the long-term effects of confinement are shown for
slightly coated particles, as uncoated Ag particles are not visible
in the measured IR spectral range. The measurement shows
that after 90 s of coating, some slight increase continues in the
first 500 s likely due to residual precursors being used up and
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Fig. 4 Total concentration of Si determined through fitting the four
Si—O-Si stretching modes in the IR spectrum. The growth rate
changes after about 150 seconds from 0.23 umol L% s to 0.17 pmol
L~!s and is indicated with dashed lines.
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Fig.5 Prolonged argon plasma treatment of SiO,-coated Ag NPs. The
particles have been generated in the GAS and coated using silane
injection for 90 s (marked in grey) followed by an hour-long
confinement. Gas pressure: 11 Pa, CCP power: 100 W, and argon flow:
30 sccm.

some slight effects of the plasma treatment. Afterwards, no
further changes are seen. This and supplementary TEM
measurements (see Fig. 4 in the ESIT) show that it is possible to
confine the particles for tens of minutes without damaging the
coating, opening up possibilities for various treatments.

3.3 In situ observation of coating and etching of the coating

Finally, coating and etching experiments have been conducted
using both UV-vis and IR monitoring one after the other. In this
last section, the reliability of the particle coating and confine-
ment will be shown.

Here, Ag NPs were injected into the treatment chamber,
coated with SiO, for 200 s and then etched using H,. Fig. 6
shows the FTIR and UV-vis results of the coating and etching
experiments, measuring both the Si-O-Si concentration and
LSPR peak position. Looking at the change in the LSPR peak
position, a significant red shift is seen due to the coating
process in the first 200 s as discussed in the previous section.
Similarly, the IR absorption shows a linear increase of Si-O-Si
bonds indicating linear growth of SiO, on the surface. When the
SiH, flow was switched off at 200 s the IR absorption stops
increasing except for slight continuing growth while the
remaining precursors in the chamber are used up. In contrast,
the LSPR shows a continuing red shift albeit at a slower rate
than before the SiH, flow was switched off. At 250 s, H, gas was
injected into the treatment plasma chamber with a flow of 1
sccm. Here, the LSPR peak shows an immediate blue shift due
to the H, etching, with a decreasing rate over time that is also
seen in the IR absorption. This indicates that the etching
reactions become slower over time, probably due to the
decreasing surface area of the particles. When the H, flow is
switched off, the IR absorption stays constant at its new level,
while the LSPR peak position shifts towards longer wavelengths.

While the IR absorption is mainly dependent on the Si-O-Si
concentration in the NP shell, the LSPR is also influenced by
other particle properties such as charge® and temperature.”

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Deposition and etching experiment with SiO, coated Ag NPs.
Ag NPs were injected into the treatment chamber, coated using SiH4
and subsequently etched using H, (both marked in grey). This
procedure was done once with UV-vis measuring the LSPR peak
position (right axis) and once with FTIR monitoring measuring the Si—
O-Si concentration (left axis). The increase and decrease in coating
can be clearly seen in both methods.

Changing the gas composition especially with electronegative
gasses like SiH, and H, can significantly affect the electron
density and temperature in the plasma which determines
particle charge. Furthermore, it also affects the processes
leading to selective particle heating for example through
recombination of ions or hydrogen atoms on the particle
surface.> Additional plasma diagnostics would be necessary to
separate these effects from the influence of the coating
thickness.

3.4 Ex situ TEM and EDX investigations

After the in situ UV-vis and FTIR results were presented, trans-
mission electron microscopy (TEM) and energy-dispersive X-ray
spectroscopy (EDX) investigations of the extracted NPs will be
discussed to confirm the conclusions reached. Fig. 7a-d show
TEM pictures for NPs with different coating times. For coating
times up to 5 min the Ag NPs are not homogeneously coated,
but SiO, particles are segregating at the surface of the Ag NPs.
For 1 min some NPs seem to be completely uncoated and other
NPs are only partially coated. For coating times of 3 and 5 min
some NPs seem to be completely coated and others appear to be
only partially coated. On the other hand for 10 min coating
time, the NPs are homogeneously coated with a coating thick-
ness of around 6 nm. This growth behavior of the coating on the
Ag NPs is schematically shown in Fig. 7e-h.

This observation supports our claims in the in situ UV-vis
and FTIR measurements, where at around 150 s several
changes of optical properties were observed, indicating the
closure of a previously inhomogeneous coating. There are many
possible explanations for this initial inhomogeneity, one of
which are different reaction cross sections for the primary
attachment of SiO, on the Ag surface, the SiO, growth along the
interface between uncoated and coated Ag surfaces, and the
surface growth on top of a Si layer. This could lead to different
growth mechanisms becoming energetically favorable over time

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 TEM micrographs for different coating times. It is visible that the
NPs are not homogeneously coated for 1 to 5 min. After 10 min the
coating looks homogeneous (a—d). The growth of the coating on the
Ag NPs is schematically shown (e—h). Additionally, an EDX map is
shown for a sample with a coating time of 10 min, which shows that
the particles have an Ag core and a SiO, shell (i—1).

and cause an inhomogeneous initial growth (so-called island
growth mechanism). With our novel setup capable of confining
the NPs for hours, the longer treatment times necessary to reach
a well-defined homogeneous coating are easily possible.

While the NPs are seen as agglomerates on the TEM images,
the particles have been scratched off the Si substrates and were
transferred onto TEM grids. This procedure is known to cause
particle agglomerations. Yet, particle agglomerates were also
seen on SEM images (see Fig. 2 in the ESIf), which makes it
unclear whether this agglomeration already occurred during
confinement in the plasma, as possibly indicated by the
coupling of LSPRs seen in an absorption shoulder at higher
wavelengths described in an earlier section.

To analyze the coating composition, EDX measurements
were performed on the samples. A STEM high angle annular
dark field micrograph and the corresponding elemental EDX
maps can be seen in Fig. 7i-1. The Ag core and surrounding shell
out of Si and O are very well visible. To give a statistically rele-
vant impression of the Si concentration in the samples,
multiple TEM EDX spectra were acquired from samples with
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Fig. 8 Atomic concentration of Si measured with EDX during TEM
measurements for extracted Ag@SiO, NPs with different coating
times. Ten different areas of the TEM grid were used for statistical
analysis. Only silver and silicon were taken into account to minimize
the influence of oxidation after extraction and the background carbon
support on the TEM grid.

coating times 1, 3, 5 and 10 min. The exact stoichiometry was
not shown because SiOx was most probably further oxidized as
the samples were in contact with air. Nevertheless, the atomic
concentrations of Ag and Si were measured, and are shown in
Fig. 8. The Si concentration increases steeper from 1 min to
3 min in comparison to the slope from 3 min to 10 min. This is
in agreement with the in situ FTIR and UV-vis measurements,
where different slopes were found from 0 s to 150 s in
comparison to 150 s to 600 s.

4 Conclusions

In this work, we have presented a setup capable of confining
nanoparticles over very long time scales, which allows a high
degree of freedom in the coating process with an additional
high degree of process control through in situ diagnostics. This
has been demonstrated by creating Ag@SiO, core-shell NPs for
functional applications. Using a Haberland-type GAS, Ag NPs
with diameters between 5 and 60 nm have been prepared and
subsequently confined in a secondary RF plasma for further
plasma treatment. Both UV-vis and FTIR spectroscopy diag-
nostics have been shown to measure the growth of the SiO, shell
very sensitively, allowing for fine tuning of the particle proper-
ties towards a specific application. For UV-vis, a red shift of the
LSPR peak as well as an increase of its absorption strength was
observed increasing with the shell size. Similarly, in the FTIR
spectrum, the addition of Si-O-Si on the NP surface is seen as
an increase in vibrational absorption of lines in the region from
1300-950 cm ™. These findings have been confirmed using ex
situ TEM and EDX analysis, showing a partial surface coverage
for short coating times with a full shell forming after about
5 min. The homogeneity of the coating process could be
improved by varying the parameters of the treatment plasma
such as plasma power. Here, further particle number density
measurements, e.g. by using extinction measurements, are
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necessary to differentiate between changes in the plasma envi-
ronment and the coating process.

As GASs are very versatile nanoparticle sources, different
metal types, alloys, inorganic compounds, and even polymers
can be used as a target to create NPs of various materials. It was
shown that it is possible to coat NPs and confine them over an
hour without any significant losses of NPs from the treatment
plasma. The limits of the confining plasma are only reached
when NPs grow to sizes on the micrometer scale, where the
gravitational force becomes relevant as it scales with « * and
pushes particles into the lower sheath of the plasma. Our setup
overcomes the limitations of in-flight coating and enables
various forms of treatment even in multi-step processes
demonstrated here through the controlled growth and subse-
quent etching of an applied coating. This opens up many
possibilities for finely tuned particle preparation even of
complex core-shell nanoparticles with multiple shells for future
applications. One can even imagine creating NPs with a shell
with a compositional gradient consisting of different materials,
simply by adjusting the reactive gas injection accordingly.
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