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ARTICLE INFO ABSTRACT

Handling Editor: Prof. L.G. Hultman Large-scale synthesis of high-purity nanoparticles is an intense topic of scientific research, with magnetron
sputter inert gas condensation recognized as a promising, environmentally friendly technique avoiding wet
chemical processes. This study explores the deposition of size-selected nanoparticles under varied substrate bias
voltages and reports on a consequent increase in deposition rates up to 32 %. These alterations in substrate bias
voltage induce a progressive change in the morphology of the resulting nanoparticle thin films, attributable to
the increased kinetic energy of the nanoparticles. Comprehensive characterization via quadrupole mass spec-
troscopy of the nanoparticle flux, scanning electron microscopy, X-ray photoelectron spectroscopy, and low-
energy ion scattering spectroscopy of the deposited nanoparticles corroborates the enhanced nanoparticle
yield associated with increased substrate bias voltage. These findings signify a methodological advancement,
enhancing the efficiency of magnetron sputter inert gas condensation and moving the technology a step further
towards feasible industrial production.
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1. Introduction vapor deposition technique for NP synthesis, offering a pathway to
generate high-purity particles via a dry process. Initially presented by

The exploration of nanoparticles (NPs) has become an integral part Haberland et al., in 1991 [8], this method combines NP formation by

of materials science, with practical applications ranging from catalysis
[1], photocatalysis [2], hydrogen sensing [3], hydrogen storage [4],
functionalized textiles for oil-water separation [5] to antibacterial [6]
and antiviral [7] surfaces. Such applications are possible as NPs exhibit
distinct physical and chemical properties, which can significantly differ
from their bulk counterparts due to their small size and thus high
surface-to-volume ratio. This has led to an increased research focus on
the controlled synthesis and characterization of NPs to better under-
stand their synthesis-structure-property behavior.

Magnetron sputter inert gas condensation (MS-IGC) is a physical

* Corresponding author.

inert gas condensation with enhanced deposition rates achieved by
magnetron sputtering. Additionally, magnetron sputtering also supports
the processing of refractory metals, including tungsten and molybde-
num, unavailable with evaporation-based cluster sources. The process
commences with the sputtering of atoms from a target material within
an aggregation chamber, typically maintained at a pressure between 10
and 100 Pa. Still in the vapor phase, these atoms then undergo
condensation, beginning with the formation of diatomic clusters
through a three-body collision step involving an inert gas, often argon.
As these nascent clusters migrate through the aggregation chamber, they

E-mail addresses: florian.knabl@alumni.unileoben.ac.at (F. Knabl), dominik.gutnik@unileoben.ac.at (D. Gutnik), prathamesh.patil@cest.at (P. Patil), christine.
bandl@unileoben.ac.at (C. Bandl), tijmen.vermeij@empa.ch (T. Vermeij), christian.pichler@cest.at (C.M. Pichler), barbara.putz@unileoben.ac.at (B. Putz),

christian.mitterer@unileoben.ac.at (C. Mitterer).

https://doi.org/10.1016/j.vacuum.2024.113724

Received 25 July 2024; Received in revised form 10 October 2024; Accepted 10 October 2024

Available online 11 October 2024

0042-207X/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:florian.knabl@alumni.unileoben.ac.at
mailto:dominik.gutnik@unileoben.ac.at
mailto:prathamesh.patil@cest.at
mailto:christine.bandl@unileoben.ac.at
mailto:christine.bandl@unileoben.ac.at
mailto:tijmen.vermeij@empa.ch
mailto:christian.pichler@cest.at
mailto:barbara.putz@unileoben.ac.at
mailto:christian.mitterer@unileoben.ac.at
www.sciencedirect.com/science/journal/0042207X
https://www.elsevier.com/locate/vacuum
https://doi.org/10.1016/j.vacuum.2024.113724
https://doi.org/10.1016/j.vacuum.2024.113724
https://doi.org/10.1016/j.vacuum.2024.113724
http://crossmark.crossref.org/dialog/?doi=10.1016/j.vacuum.2024.113724&domain=pdf
http://creativecommons.org/licenses/by/4.0/

F. Knabl et al.

accumulate additional atoms, leading to progressive growth. Upon
entering a differentially pumped high-vacuum chamber, the growth of
these NPs is considered to stop and a beam of NPs with a sharp size
distribution is obtained. The NPs comprise a mixture of positively
charged, negatively charged, and neutral particles, with their individual
fractions being according to literature largely different [9-11]. The
dominant NP fraction carries a single charge [12], making them sus-
ceptible to electrostatic manipulation. For instance, insertion of a biased
grid enables to measure an electrical current, which allows to determine
the NP flux in-situ [13]. For the Cu NPs addressed in this work, we know
from an earlier study that the predominant contributions originate from
negatively charged nanoparticles [13]. This allows the selection of NPs
based on their mass-to-charge ratio, utilizing either time-of-flight or
quadrupole mass spectrometry (QMS). Specifically, a quadrupole mass
filter can be employed to isolate NPs of a desired mass — and by
inference, assuming a known crystal density and spherical geometry, a
specific size — resulting in a refined size distribution. At the time of
writing, MS-IGC did not yet achieve a commercial breakthrough and a
subsequent large-scale application in industry, in particular due to a still
insufficient deposition rate [14].

Advancements in the MS-IGC technique have focused on enhancing
the efficiency and stability of NP synthesis. Notably, the introduction of
trace amounts of reactive gases such as Oz [15], Hy/CH4 [16], and water
vapor [14] into the inert gas stream has shown promise in increasing the
yield and process stability. From an engineering point of view, the
development of a full-face erosion magnetron [14] aims to optimize
target material utilization, addressing the prevalent issue of a decreasing
deposition rate associated with race track formation during sputtering
[17] and optimization of the gas flow within the aggregation chamber
through computational fluid dynamics models can reduce NP losses to
chamber walls [18]. Separately, in his early work MS-IGC pioneer
Haberland already applied a substrate bias voltage to accelerate metallic
NPs towards the substrate [8,19]. This was later-on studied by various
authors, reporting smoothening or roughening phenomena of initially
rough or smooth surfaces, respectively [20], flattening of individual
nanoparticles with increasing bias voltage [21] or the formation of thin
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film structures with varying degrees of porosity [22]. These works
identify three principal deposition regimes for nanoparticles, namely
soft landing, pinning, and implantation, which are distinguished by their
respective kinetic energy per atom [23]. However, none of the authors
discussed if applying a substrate bias voltage could increase the NP
deposition rate and thus the efficiency of the process.

In this study we demonstrate for the first time how the application of
a substrate bias voltage enhances the extraction of NPs up to 32 % from a
source operating with the MS-IGC principle, by monitoring both the in-
situ QMS signal of the entire nanoparticle flux and the amount and
morphology of nanoparticles arriving on the substrate, as visualized in
Fig. 1. Two different NP sizes, namely 8 nm and 1.8 nm, are studied in
detail, to investigate the influence of particle energy and landing con-
dition. The resulting NP thin films are characterized by scanning elec-
tron microscopy (SEM), as well as X-ray photoelectron (XPS) and low-
energy ion scattering spectroscopy (LEIS). Our findings indicate that
applying a substrate bias voltage does allow to extract an increased
quantity of NPs out of the NP source, while simultaneously affecting the
morphology of the thin film formed by NP deposition.

2. Materials & methods
2.1. Materials

Cu NPs were produced by magnetron sputter inert gas condensation
using Cu targets supplied by Kurt J. Lesker Company Ltd, with a purity of
99.999 %, a diameter of 25.4 mm, and a thickness of 3.2 mm. Cut single-
crystal Si (100) wafers with a thickness of 525 pm (MicroChemicals
GmbH) were employed as substrates.

To ensure a clean substrate surface for the deposition of NPs, a two-
step cleaning process was implemented. Initially, samples were ultra-
sonically cleaned for 10 min in an isopropanol bath and subsequently
dried using hot air. The substrates were then exposed to a low-pressure
plasma environment using a Tetra 30 plasma system by Diener elec-
tronic GmbH & Co KG. During this stage, an Ar gas flow was maintained
at 80 sccm, and the plasma was generated at 20 % of the system’s full
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Fig. 1. Synthesis schematic of Cu nanoparticles using the magnetron sputter inert gas condensation (MS-IGC) principle; substrate bias voltages between 0 and 1000 V
are used in this work. When the substrate bias is applied, we detect an increase in the NP flux (expressed by an increase in the QMS signal), enhancing the NP yield of
the fabrication process. The additional kinetic energies of impinging NPs markedly influence the NP-surface interaction and resulting thin film morphology.
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power capacity of 1 kW for a duration of 10 min, effectively removing
any remaining contaminants and preparing the substrate surface for NP
deposition.

2.2. Nanoparticle synthesis

Cu NPs were synthesized using an NL NL-DX3 nanoparticle deposi-
tion source (Nikalyte Ltd) attached to a MiniLab 125 deposition system
(Moorfield Nanotechnology Ltd), with an extensive description of the
system available in an earlier work [13]. NP nucleation and growth
occurs within an aggregation chamber containing three individual metal
targets, where only one Cu target was sputtered within this work. The
length of the aggregation chamber, which we define as the distance
between the metal targets and the 3 mm orifice terminating the aggre-
gation chamber, can be tuned using a linear translator, thus influencing
the NP growth conditions within the chamber. After terminating the
aggregation chamber, the NPs arrive in a differentially pumped expan-
sion zone, and further growth is assumed to stop. NPs leaving the ag-
gregation chamber are assumed to be fully developed, roughly spherical,
carrying mostly a single electric charge. In the subsequent expansion
zone, a QMS is situated. With the assumptions of a spherical nano-
particle shape, a single electric charge, and a crystal density equivalent
to that of bulk copper (9.0 cm® g™1), the NP size distribution can be
calculated. The NP flux is measured using the current detected at a grid
located at the exit of the QMS. As outlined in an earlier study, the
recorded data can be used to calculate the mass flux and the total
deposited NP mass [13].

Substrates were mounted on the sample holder and subjected to a
constant rotation speed of 10 rpm during deposition to ensure uniform
coverage, without the application of external heating. The deposition
processes were conducted under a base pressure below 5 x 10~ Pa, with
operational pressures reaching 0.17 Pa for 8 nm NPs and 0.13 Pa for 1.8
nm NPs within the deposition chamber.

For the 8 nm size-selected NPs, deposition parameters were set to a
30 min duration, an Ar gas flow rate of 70 sccm, an aggregation length of
90 mm, and a sputter current of 200 mA. For 1.8 nm size-selected NPs,
an Ar flow of 40 sccm, an aggregation length of 60 mm, and a sputter
current of 200 mA was used for a total deposition time of 45 min.
Deposition parameters were chosen to achieve robust QMS grid current
signals, as detailed in Section 3.1. For all samples, the same target was
utilized to maintain consistency across all samples.

Prior and after deposition, the quadrupole mass spectrometer was
used to determine the NP size distribution, operating in positive grid
bias mode. Throughout the deposition process, nanoparticles were
filtered by size (specifically 8 or 1.8 nm, equivalent to 1.44 x 10° amu
and 1.64 x 10* amu, respectively) and continuously monitored
throughout the deposition using the quadrupole mass spectrometer. The
chosen positive substrate bias voltage (0 V, 300 V, 1000 V) was applied,
then the substrate shutter was opened, resulting in a distinct step in the
detected grid current. NP size distributions were recorded with a closed
shutter and at 0 V for all samples, to ensure comparable measurement
conditions and to allow for direct comparison of the deposition process
without taking the effect of the substrate bias voltage into account.

2.3. Characterization methods

SEM micrographs were recorded using a Hitachi S4800 scanning
electron microscope. All micrographs were recorded using a secondary
electron detector for surface topology with an acceleration voltage of 3
kV. Focused ion beam (FIB) cross-sections and corresponding SEM mi-
crographs to estimate the NP thin film thickness were made in a Tescan
Lyra3. The NP thin film was protected by electron and ion beam
deposited Pt layers. Cross-sectional FIB milling was conducted by step-
wise reduction of the ion current from 2 nA to around 25 pA. The cor-
responding film thicknesses were measured by tilting of the sample and
using the built-in tilt correction.
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Image analysis of SEM micrographs for assessing the morphological
development was performed in ImageJ. For this purpose, a Gaussian
blur filter was used to reduce noise in the micrographs. Three greyscale
thresholds were used to distinguish and quantify unfilled portions or
groves of the NP films. Trends in the development of mean size and total
number of formed NP agglomerates and the relative unfilled area were
evaluated for all depositions.

The XPS measurements were carried out using a Thermo Scientific
Nexsa G2 X-ray photoelectron spectrometer system, following the exper-
imental protocol outlined by Greczynski and Hultman [24]. The base
pressure during spectra acquisition was below 3 x 10~ mbar, maintained
by an Edwards nXDS6i pump. No residual gas analysis was performed. An
Al Ko anode (1486.7 €V) served as the excitation source, and a mono-
chromator was used. Wide-scan XPS spectra were recorded with a pass
energy of 100.0 eV and a step size of 1.0 eV, while high-resolution spectra
were acquired with a pass energy of 20.0 eV and a step size of 0.1 eV. Both
types of spectra were recorded over a spot size of 300 pm in sequential
mode with a total acquisition time of 12 h per sample. The calibration and
linearity of the binding energy scale was confirmed by referencing stan-
dard core-level photoelectron peaks of Au 4f;,5, Ag 3ds/2, and Cu 2ps/s.
With the selected parameters, the energy resolution was determined by
measuring the Full Width at Half Maximum (FWHM) of the Ag 3ds,» peak
using a standardized procedure. This procedure automatically acquired Ag
3d spectra at X-ray spot sizes of 400, 200, 100, 50, and 30 pm, using a pass
energy of 90 eV (80 eV for the 400 pm spot). Under these conditions, the
Ag 3d FWHM was proven to be < 1 eV. The system automatically moved to
the silver standard sample, sputtered it at 1 keV for 20 s, and then acquired
spectra, measuring the FWHM and intensity above a linear background
from binding energies of 365 eV-371 eV with 1 eV background averaging.
Additionally, a spectrum was acquired at a low pass energy of 3 eV to
demonstrate an ultimate energy resolution of <0.5 eV. The analyzed
sample area consisted of a rectangular grid measuring 1.5 mm x 21 mm,
with 0.5 mm spacing between points. No complementary ultraviolet
photoelectron spectroscopy (UPS) was performed to determine the sample
work function [25]. The 8 nm samples were stored for 1 week, and the 1.8
nm samples for 5 weeks, in an air-tight sample storage box made of
acrylonitrile butadiene styrene and polystyrene under standard office
conditions before XPS analysis. No sputter cleaning, baking, or capping
layer was applied to the samples. To mitigate charging effects, all spectra
were referenced to the Cls peak at 284.8 eV (sp hybridized carbon). Due
to the absence of UPS data, we did not apply more accurate,
state-of-the-art binding energy referencing methods [24,26,27], and thus
cannot definitively assign specific chemical states to elements. However,
this approach is sufficient for determining the Cu NP loading on Si
surfaces.

The LEIS spectra were obtained using an ionTOF Qtac100 spec-
trometer, employing He ions as the probing species with an energy of 3
keV. The primary ion beam was directed at the sample surface with a
perpendicular incidence angle, and scattered ions were detected at a
scattering angle of 145°. Prior to each measurement, the samples were
cleaned in-situ by sputtering with an Ar ion beam of 1 keV for 25 s. A
time of flight filter was used to reduce the background signal from
lighter elements.

3. Results & discussion
3.1. Nanoparticle synthesis

As shown in Fig. 2, an increase in the positive bias voltage (300 V and
1000 V) applied to the substrate during NP deposition causes a corre-
sponding rise in the QMS grid current, which serves as an indicator of
the NP flux within the system [13] and thus implies an increase in
extracted NPs. This effect was consistently evident across the overall NP
size distribution, as demonstrated in Fig. 2a, as well as in the QMS grid
current signal obtained when monitoring a specifically filtered NP size
during deposition, as shown in Fig. 2b.
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Fig. 2. In-situ QMS data revealing an apparent increase in NP flux with applied substrate bias voltage. This increase is visible in the (a) NP size distribution as
determined by the QMS and the (b) time-resolved QMS grid current for a selected NP size (e.g. 4 nm, filter position indicated in a) by dashed line), with increases
corresponding to the application of 300 V and 1000 V bias voltage, illustrating the reversible nature of the substrate bias voltage effect on the NP flux.
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A possible interpretation could be that the variation in the response
of different NP sizes is due to their differential susceptibility to elec-
trostatic forces. According to Newton’s Second Law of Motion (F = m x
a), for a constant electrostatic force F applied to charged particles,
smaller NPs experience greater acceleration a due to their lower mass m.
This explains why lower bias voltages, such as 300 V, are effective at
influencing smaller NPs (1-4 nm), while larger NPs (up to 8 nm), with
greater mass, require a higher voltage (1000 V) to achieve a similar
effect. Consequently, the size-dependent behavior observed in the QMS
grid current might reflect the varying degrees of acceleration imparted
on NPs of different sizes by the same electrostatic force.

Substrate bias variation to enhance the NP yield was performed for
two different nanoparticle sizes: 8 nm and 1.8 nm diameter. Fig. 3a
shows representative NP size distributions, measured before and after
deposition (dark/lighter shade, respectively, 0 V bias), which exhibit
either a Gaussian or a bimodal Gaussian shape, depending on the
deposition parameters. These distributions were selected for our ex-
periments, given that they yielded robust QMS grid current signals
(indicative of the NP flux in NPs s~ 1) for our targeted NP sizes of 8 and
1.8 nm. The filter positions are indicated with vertical lines in Fig. 3a
and the corresponding QMS grid currents recorded at the start and end
of the depositions are marked by up-pointing (a) and down-pointing (v)
triangles, respectively. We opted not to select the peaks from the NP size
distributions in favor of achieving a more substantial difference in NP
mass. By comparing NP size distributions before and after deposition, we
confirmed that the process maintained a comparable NP size range
consistently across all experiments.

During deposition, the QMS was operated in filter mode, allowing
only size-selected NPs of either 8 nm or 1.8 nm to deposit on the sub-
strate and the QMS grid current was monitored to assess the size-specific
NP flux, as shown in Fig. 3b. Notably, the 1.8 nm NPs without substrate
bias experienced a significant 50.7 % reduction in deposition rate over
the 45 min time, the most substantial change observed within the
investigated time-period. Depositions at 300 V and 1000 V for 1.8 nm
NPs showed similar, albeit less dramatic, decreases, aligning with
documented behavior in MS-IGC literature [10,15,17,28-30]. This
pronounced effect at 0 V for 1.8 nm NPs is likely due to the shorter
aggregation length used in their synthesis, rendering the MS-IGC process
more sensitive to subtle variations, such as the progressing target
erosion over sputtering time. The 8 nm samples display a significantly
lower absolute grid current and thus NP flux. This is, however, offset by
the difference in mass with an 8 nm NP possessing approximately 90
times more mass than a 1.8 nm NP. As depicted in Fig. 3b, the QMS
results indicate that an elevated substrate bias voltage leads to an in-
crease in the grid current signal for 8 nm NPs as well, implying a greater
deposition rate of NPs.

In Fig. 3c, the QMS grid current, which reflects the nanoparticle flux
in NPs s’l, is converted into the corresponding mass flux in ng s113].
Due to the significant mass disparity between 8 nm and 1.8 nm NPs,
fewer 8 nm NPs can generate a substantially greater mass flux. This is
because the mass flux m is obtained by multiplying the NP’s mass m by
its flux, the latter being directly proportional to the QMS grid current
IQMS, thus TflO(IQMs X m.

With increasing substrate bias voltage, there is an anticipated rise in
the mass of deposited 8 nm NPs. While two of the three recorded curves
adhere to the commonly observed trend of decreasing NP flux
throughout the deposition process, the curve at 300 V deviates, exhib-
iting a slight uptick in deposition rate over time — rising from 9.0 to 9.5
ng s~ ! and then approximating the initial value after a 30 min deposition
period. The observed phenomenon can be attributed to two competing
effects; firstly, a reduction in the deposition rate originating from a
decrease in oxygen impurities in the aggregation chamber [10]; and
secondly, a gradual shift in the NP size distribution towards larger mean
sizes, a consequence of ongoing race track formation [17]. Integration of
the data from Fig. 3c yields the total deposited mass, as illustrated in
Fig. 3d. Consistent with the earlier observations, these results emphasize
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that the deposited mass increases with higher substrate bias voltage for
both NP sizes, with the largest increase observed for the 8 nm samples,
where a 32 % rise in deposited mass was calculated.

3.2. Nanoparticle thin film morphology

SEM micrographs captured near the NP beam center (position indi-
cated in Fig. 5d), where NP loading reaches its maximum, are presented
in Fig. 4, for both NP sizes. These images indicate a more pronounced
coverage with NPs with higher substrate bias voltage, thus indicating
enhanced material deposition and thin film thickness. The film thickness
of our sample series ranges from 10 nm for the 1.8 nm NP samples to 40
nm for the 8 nm NP samples, as determined in the vicinity of the NP
beam center by cross-sectional FIB analysis. Additionally, the
morphology undergoes a notable transformation with increasing sub-
strate bias voltage. Specifically, size-selected 8 nm NPs (Fig. 4a, c, €)
transition from a semi-dense distribution to larger agglomerates as the
substrate bias voltage increases, leading to less pronounced surface
features and fewer open channels separating the agglomerates. At 1000
V, the thin film becomes denser with larger agglomerates and a reduc-
tion of channels. It should be noted that the NP sizes visible in the SEM
micrographs are larger than the NP sizes determined via QMS due to
particle agglomeration, which shifts the average apparent particle size
in SEM to larger values. Therefore, a direct comparison between SEM
micrographs (representing post-deposition agglomerated particles) and
QMS data (representing in-flight individual NPs) is not possible. In
summary, the application of a substrate bias voltage not only increases
NP loading but also induces significant morphological changes, resulting
in a denser thin film.

For the 1.8 nm size-selected NP thin films, a uniform distribution of
finely dispersed NPs characterizes the morphology at 0 V (see Fig. 4b, d,
f). As the substrate bias voltage increases, a higher NP loading is evident,
where the surface of the formed thin film transitions from small, finely
distributed agglomerates to slightly larger, possibly patterned mor-
phologies. At 1000 V, the morphology markedly shifts to even larger
agglomerates, separated by clearly defined channels. In conclusion,
increasing the substrate bias voltage enhances NP loading and promotes
the coarsening of the surface topography.

Image analysis of the presented high-resolution SEM micrographs
was conducted to assess the prevalence of channels or pores on the
sample surface, showing a decrease in the area attributed to channels or
pores with increasing substrate bias voltage for both NP sizes.

An examination of the morphological evolution from the center of
the NP beam outward reveals a notable decrease in NP loading. This
observation is in agreement with subsequent findings from XPS and LEIS
investigations, detailed in the following paragraphs, and an earlier study
by our group [13].

3.3. Nanoparticle coverage

To quantify NP deposition, XPS analysis was conducted, investi-
gating the surface chemical composition within the topmost 5-10 nm
layer of the deposited NP thin films. Fig. 5a summarizes representative
wide-scan XPS spectra near the beam center, confirming the presence of
Si, C, O, and Cu elements. Notably, the Cu peak intensity demonstrates a
positive correlation with substrate bias voltage, suggesting an increased
Cu accumulation at higher substrate bias voltages. This trend is
confirmed by the high-resolution Cu spectra shown in Fig. 5b, which
indicate a progressive rise in Cu content for both NP diameters as the
substrate bias voltage is increased. In contrast, high-resolution Si scans
reveal only minor Si signals, which diminish as the substrate bias voltage
increases.

Due to inherent difficulties in performing an accurate peak fitting of
Cu 2p photoemission spectra [31], we performed peak fitting on the O 1s
spectra (Fig. 5c). This revealed contributions from both organic
carbon-oxygen bonds most likely associated with adventitious carbon as
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Fig. 4. SEM micrographs of thin films created from size-selected 8 nm (left side) and 1.8 nm (right side) NPs deposited at substrate bias voltages of 0 V (a-b), 300 V
(c-d), and 1000 V (e—f). The micrographs indicate an increase in deposited material and distinct morphological changes with rising substrate bias voltage. Mi-
crographs were captured near the NP beam center to highlight the region of maximum NP loading.

well as copper oxide bonds [32,33]. For the 8 nm NP samples, an in-
crease of copper oxide content with substrate bias voltage is clearly
visible. The 1.8 nm NP samples showed higher organic compound
contributions alongside copper oxide, and no clear trend in copper oxide
levels with bias voltage was observable. It has to be noted that organic
compounds and possible contributions from SiO, cannot be discrimi-
nated due to their similar peak positions. However, based on the survey
scans as well as the negligible high-resolution Si signal, peaks at higher
binding energies are likely tied to organic compounds. Detailed in-
vestigations on the NP oxidation behavior are not within the scope of
this manuscript and were already performed by other authors [34,35].

Quantitative XPS analysis revealed a gradual decrease in Cu content
(representative of NP loading of the Si substrate surface) with increased
distance from the beam center, shown in Fig. 5d. This is consistent with
SEM observations and a prior study [13]. Additionally, also here the Cu
content demonstrates a positive correlation over the whole distance
from the beam center with substrate bias voltage, with Cu loading in
size-selected 8 nm depositions rising from 26 at% to 32 at% at the beam
center. A similar pattern was observed for the 1.8 nm samples. Notably,
the lateral spread of NPs remained consistent across varying substrate
bias voltages, suggesting that the electric field does not significantly
influence the lateral distribution of NP deposition. Carbon contamina-
tion was present, accounting for 20 to 35 at% of the surface composition
for 8 nm and 1.8 nm NPs, respectively. Silicon and oxygen levels rose
with distance from the beam center, with silicon showing an increment
from 15 at% to 20 at% for the 8 nm NPs, and from 5 at% to 20 at% for the

1.8 nm NPs. Oxygen displayed a similar pattern, increasing from about
25 at% to 40 at% some 20 mm away from the beam center. In summary,
the XPS results corroborate the trends observed in the in-situ QMS data,
with a higher Cu NP loading for 8 nm depositions compared to 1.8 nm
NPs, albeit the difference is small. However, the increase in Cu loading
with rising substrate bias voltage is clearly evident, while the lateral NP
distribution remains unaffected by the substrate bias voltage.

3.4. Surface chemistry

LEIS offers even greater surface sensitivity than XPS, owing to its
reliance on the scattering of low-energy ions, which probes only the
outermost atomic layer [36]. This technique provides insights from the
surface with minimal penetration depth, with representative 3 keV He ™"
LEIS spectra depicted in Fig. 6a, which predominantly reveal Cu and O
on the sample surface, alongside a minor Si presence. A gentle sputter
cleaning using Ar ions, conducted before measurements within the
vacuum chamber, effectively removed organic contaminants from the
surface, as evidenced by the absence of a C signal and the low back-
ground noise.

Fig. 6b illustrates an increase in the Cu signal as the substrate bias
voltage rises, with all spectra captured at an intermediate distance of 10
mm from the NP beam center. Spatially resolved LEIS measurements
confirmed a decrease in the Cu signal with increasing distance from the
NP beam center. LEIS data does not allow to distinguish between the
oxidation states of Cu [36], or assign the detected oxygen to either the
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compounds and copper oxides. (d) Quantitative analysis of Cu loading (in at%) plotted against the distance from the center of nanoparticle beam, illustrating the
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substrate bias voltage on chemical composition of the top atomic layer. (a) LEIS 3 keV He" spectra highlighting the presence of elemental peaks for Cu, O, and Si. (b)

Cu spectra, showing an increased Cu signal with increasing substrate bias voltage.

copper oxide or SiOs.

LEIS provided a stronger Cu signal for 1.8 nm samples than for 8 nm
samples at the same substrate bias voltage. This is not the case for XPS,
implying that the greater number of small Cu NPs are capable of
achieving a greater surface coverage compared to the lower number of
large 8 nm NPs. Thus, in summary, LEIS not only corroborates the XPS

findings but also underscores the ability to enhance surface coverage —
and consequently, the NP deposition rate — with increased substrate
bias voltage.

Conducting a quantitative analysis of thin NP deposits, especially
those with a thickness below 10 nm, presents notable challenges. XPS
encounters its own limitations with an informational depth capped at
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approximately 10 nm. From comparison and agreement between our
XPS and LEIS data, we can conclude that our Cu NP deposits are equal or
thicker than 10 nm in the center of the NP beam. This is in good
agreement with the findings derived by FIB cross-sectional analysis.

3.5. Enhanced nanoparticle source efficiency

The observed increase in the QMS grid current signal as a function of
the substrate bias voltage suggests a rise in NP flux. To confirm that this
signal indeed represents a true increase in NP yield and is not an artifact
of the measurement process, we undertook a validation exercise.

One could argue that the applied substrate bias voltage affects the
electric circuit of the quadrupole mass spectrometer grid, where small
currents in the range of nA are measured. However, this is unlikely as the
quadrupole mass spectrometer grid operates on a battery-powered cir-
cuit, ensuring it remains isolated and independent from the deposition
system’s power supply. Furthermore, one could speculate that the
applied substrate bias voltage affects the plasma present within the
deposition chamber, therefore affecting the QMS grid current signal due
to the detection of plasma-derived charged species. Such a substrate bias
voltage, in particular if pulsed, would certainly affect the plasma
properties. However, in the case of MS-IGC, the plasma is confined
within the aggregation zone. If any plasma-derived charged species,
such as electrons or charged Ar ions, were to leave the aggregation
chamber and reach the expansion zone containing the quadrupole mass
spectrometer, they would be ejected within the quadrupole field due to
their incorrect mass-to-charge ratio, thus not affecting the detected QMS
grid current signal.

The presence of a plasma within the deposition chamber renders the
QMS grid current signal useless due to charged species arriving at the
grid. This was confirmed by performing a co-deposition of NPs along
with conventional cobalt sputtering using the planar 50.8 mm magne-
tron sputter target located within the main deposition chamber [13].
Once the conventional sputter process commences within the deposition
chamber, the QMS grid current signal becomes non-viable.

Curda et al. simulated an electrostatic field within a MS-IGC depo-
sition chamber under comparable conditions using a potential of +100
V, proving that NPs are affected in a distance of few cm [37]. This
suggests that the provided substrate bias voltage is of sufficient strength
to affect NPs traversing through the quadrupole and possibly even
within the aggregation chamber. However, the latter is less likely, as the
aggregation chamber is grounded and the orifice has an opening of only
3 mm.

The reason for the increased NP deposition cannot clearly be pin-
pointed as of now. We suggest that it is not associated with a higher NP
production rate, but rather with reduced losses. This could be associated
either with an increased ratio of NPs leaving the aggregation chamber
rather than being lost to the chamber walls, or a reduced filtering res-
olution of the quadrupole mass spectrometer, with the latter as the more
likely reason.

The QMS records in-situ the entire NP flux passing from the NP
source into the main chamber. Only a fraction of these recorded NPs
land on different positions of the substrate holder for subsequent anal-
ysis. The application of a substrate bias voltage clearly enhanced the
QMS grid signal, a direct measure of the amount of extracted NPs.
Within the tested range, the maximum increase was recorded at 32 % for
the case of 8 nm samples. However, no general statements can be made,
as the increase is likely to depend on various synthesis parameters and
appears to be NP-size-dependent. Furthermore, MS-IGC suffers from a
low repeatability. The phenomenon of enhanced NP flux was reversible,
with the magnitude of the observed effect substantially exceeding the
well-known decrease in deposition rate over time (see Fig. 3b) due to
erosion-induced race track formation on the target [17] and a decrease
in oxygen impurities in our system’s aggregation chamber [10].

The notion of an improved NP efficiency of the NP source is in
contrast to the well-established fundamentals of thin film growth on
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biased substrates [38], which lead to a densification of the film
morphology and to reduced growth rates due to re-sputtering effects. In
MS-IGC in conjunction with QMS, such an electric field is unlikely to
significantly change the sputter conditions around the sputter target due
to the de-coupled nature of the individual highly functionalized process
chambers.

3.6. Discussion on nanoparticle thin film formation mechanisms

Increasing the kinetic energies of single-charged NPs by 300 eV and
1000 eV constitutes a considerable addition to the NPs’ total energy,
significantly influencing the NP-surface interaction. In literature, three
principal deposition regimes, namely soft landing, pinning, and im-
plantation, are distinguished by their respective kinetic energy per atom
[23].

This is particularly relevant when considering the vast difference in
atom numbers between small (approximately 260 atoms for spherical
1.8 nm NPs) and large NPs (about 23,000 atoms for 8 nm NPs). With an
assumed speed of 100 m s7! [39] and thus a kinetic energy below 0.01
eV atom ! for non-accelerated NPs, the application of a 1000 V substrate
bias voltage to 1.8 nm negatively charged NPs results in an energy of
approximately 4 eV atom™, surpassing the threshold for soft landing
[23] and reaching beyond the intermediate pinning regime into the
implantation regime, as the binding energy of small Cu clusters can be
expected to be in the range of 2 eV atom™! [40]. The chosen range of
substrate bias voltages in this work thus provides a comprehensive
spectrum of NP landing conditions.

In his early work, Haberland et al. already applied a positive sub-
strate bias voltage to accelerate metallic NPs towards the substrate,
resulting in the formation of highly reflective and strongly adhering Mo
NP films on polished Cu substrates [8,19]. Size-selected Ag NPs were
studied by Shyjumon et al. under substrate bias voltages ranging from
—500 to —2500 V to attract positively charged NPs, noting an increasing
flattening of NPs with increasing kinetic energy [21]. These findings are
in line with our own, where we noted a densification in the thin film’s
structure corresponding with an increase in substrate bias voltage. The
underlying mechanism can be attributed to the high-velocity impacts (e.
g., single-charged 1.8 nm NPs with a kinetic energy of 1000 eV at a 1000
V bias voltage reach speeds of 3500 m s~1), which create localized
high-temperature spots upon each NP’s impact [19]. In the case of the
non-accelerated NPs forming thin films, only negligible NP deformation
is expected for both small and large NPs [23]. With rising impact energy,
increased flattening and plastic deformation is expected. In the case of 8
nm NP samples deposited at 1000 V, despite a low total impact energy of
around 0.05 eV atom ™!, this still represents an increase of more than
1000 % in impact energy compared to the non-accelerated deposition,
with an impact velocity of ~400 m s, thus explaining the observed
changes in the morphology as a function of the substrate bias voltage.

Regarding morphological changes, Rattunde et al. [20] reported two
opposing effects related to the application of a substrate bias voltage up
to 30 kV to Cu NPs: For initially rough substrate surfaces, a smoothening
is observed, while impinging NPs logarithmically increase the roughness
of an initially smooth surface. Michelakaki et al. [22] demonstrated that
by adjusting the substrate bias voltage to alter the kinetic energy of Hf
NPs, one can produce porous thin films, whose mechanical properties
increasingly resemble those of conventionally sputtered ones as the
substrate bias voltage rises. This mechanical similarity to dense sput-
tered films is in agreement with our observations of increased density
with increasing bias voltage.

4. Conclusions

In this study, we have demonstrated that the application of a sub-
strate bias voltage can significantly increase the deposition rate of size-
selected nanoparticles by magnetron sputter inert gas condensation
coupled with quadrupole mass spectrometry. This enhanced
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nanoparticle yield was monitored in-situ for different nanoparticle sizes
and subsequently verified through scanning electron microscopy, X-ray
photoelectron spectroscopy, and low-energy ion scattering spectros-
copy. Our results indicate a significant enhancement of up to 32 % in the
nanoparticle deposition rate with a distinct evolution in surface
morphology, illustrating the beneficial impact of the kinetic energy on
film characteristics. The advancements in process efficiency detailed in
this work mark a step forward in the optimization of magnetron sputter
inert gas condensation for industrial applications.
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