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Abstract
The use of multicomponent targets allows the gas-phase synthesis of a large

variety of alloy nanoparticles (NPs) via gas aggregation sources. However, the
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redeposition of sputtered material impacts the composition of alloy NPs, as
demonstrated here for the case of AgAu alloy NPs. To enable NPs with tailored

Au fractions, in operando control over the composition of the NPs is in high
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optical emission spectroscopy as
a versatile diagnostic tool to de-
termine and control the compo-
siton of the NPs. A strong
correlation between operating
pressure, intensity ratio of Ag
and Au emission lines, and the
obtained NP compositions is ob-
served. This allows precise in
operando control of alloy NP
composition obtained from mul-
ticomponent targets.
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1 | INTRODUCTION

Over the last few decades, metal nanoparticles (NPs) have
attracted huge attention due to their unique properties re-
sulting from the high surface-to-volume ratio. Their prop-
erties can be tuned by size distribution, filling factors, and
surrounding media (e.g., in the case of nanocomposites),
which makes them applicable in many fields like catalysis,“]
photocatalysis,”® optics,”! resistive switching,®'*! and
sensors.'®?! In particular, noble metal alloy NPs with the
composition as an additional tunable parameter are nowa-
days in the focus of researchers in a broad variety of appli-
cation scenarios. Due to the unique properties of alloy noble
metal NPs, especially of AgAu metal NPs, they can be uti-
lized for different applications, including heterogeneous
catalysis (e.g., oxidant-free benzyl alcohol dehydrogena-
tion),”"! in surface plasmon-enhanced photocatalysis,*” in
solar cells,[23] as a potential advanced ink for antic-
ounterfeiting purposes,”*! and for achieving a stable Ag ion
release.””! The optical properties of noble metal alloy NPs
are also well known,"”®! which are strongly dependent on the
shape, size, size distribution, and composition of the NPs.
Compared with conventional single-element NPs, the com-
position of alloy NPs is an additional crucial parameter,
which can be used to tailor their performance in the re-
spective application scenario. In this study, we focus on
AgAu NPs motivated by recent interest in plasmonic nano-
composites,'””**! functional nanocomposites,”*” solar energy
harvesting,”! and memristive devices.!**"!

Possible synthesis approaches for alloy NPs range
from biological over chemical to physical pathways, with
solution-based chemical synthesis being the most com-
mon approach.*"*?! Physical vapor deposition (PVD)
excels in generating high-purity NPs and does not rely on
the utilization of surfactants. A broad variety of PVD-
based strategies to produce alloy NPs with control over
NP composition has already been employed successfully.
These PVD strategies include surface energy-related self-
organization of NPs on solid substrates!”***~**! and in
liquids (i.e., “Sputter into liquids™)*°*! as well as gas-
phase synthesis. In this study, alloy AgAu NPs are fab-
ricated using a PVD approach known as gas aggregation
cluster source (GAS), which was first realized by
Haberland in 1992."°! In such a GAS, the NP sizes and
size distributions are controlled by the magnetron power,
gas flow, pressure, and aggregation length.[40] To produce
alloy NPs inside such a GAS, three different ways are
possible: the multiple magnetron approach,!**** the
single-alloy target approach,*”*”! and the multi-
component target approach.!**!

Recent approaches with multiple magnetrons in a
single GAS apparatus have enabled good control over NP
composition, but this approach is costly, needs huge

source dimensions, and is experimentally challenging,
because interferences between individual magnetrons
make the plasma control sometimes difficult.[**-**
Nevertheless, this method also allows control over the
structure, for example, core-shell, core-shell-shell, and
so forth. However, it can be sometimes challenging to
achieve only alloy particles without core-shell particles,
because the magnetrons are separated from each other.
Using only one alloy target is also a suitable and simple
strategy to synthesize alloy NPs, but controlled adjust-
ment of alloy composition is not possible here.[*>~*7!

In a previous work, single magnetron sputtering in-
side a Haberland-type GAS with multicomponent targets
was introduced as a new method to produce NPs with
defined size distribution, high purity, and variable com-
position, which can be adjusted by the operating pressure
in the GAS. In this method, one component is located in
the erosion zone of an otherwise pure target, which
serves as the second component. A change in pressure
impacts the mean free path of Ar ions and, in turn, also
influences the size of the erosion zone, which changes in
the last consequence, due to the special target geometry,
the composition of the produced NPs.!**!

Despite this simple relation between operating pres-
sure and NP composition,** additional effects have to be
considered for long-term depositions. It is known that in
a GAS, a significant amount of material can be re-
deposited on the target surface,l***! which in the case of
a multicomponent target may impact the alloy compo-
sition of the NPs. Furthermore, the erosion profile of the
target can affect the NPs synthesis in a GAS.>"!

The deposition characteristics of the gas-phase synthesis
of NPs, in general, are varying throughout the target life-
time,**>! which, in particular, is a challenge to be over-
come in the case of multicomponent targets. Thus, a
reliable in operando diagnostic approach is in high demand
to satisfy the necessity of a precise control of the NP com-
position. In operando approaches are extremely useful to
gain an insight into the NP formation process in a GAS, as
the finally deposited NPs do not contain full information
about any intermediate stages in the gas-phase synthesis.
To analyze the growth and transport of NPs in the GAS,
several in situ diagnostics, like small-angle X-ray scatter-
ing,°**?! passive thermal probe, Langmuir probe,”*! and
UV-Vis spectroscopy,l*” have already been applied suc-
cessfully. In earlier reports, optical emission spectra (OES)
were also successfully utilized to analyze sputter pro-
cesses'™* ™! or to analyze the oxidation and cluster forma-
tion processes in the GAS.!”!

In this study, the concept of alloy NP deposition by
single-target sputtering from a multicomponent target is
pursued. Special attention is being paid to the impact of
target aging on the composition of AgAu NPs, and a
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potential approach for in operando control of the NP
composition is discussed. In the context of target aging,
this study reveals that for the long-term use of multi-
component targets inside a GAS, the composition of alloy
NPs is gradually changing toward an enrichment in Au
with each subsequent deposition cycle, which could be
successfully attributed to redeposition effects. Redeposi-
tion is well known for magnetron sputtering. In the
general picture, sputtered atoms may be redirected and
adsorbed on the target surface due to collisions with gas
atoms. The effect of redeposition is especially prominent
in a GAS with its typical operational pressure range
around 100 Pa, which is significantly higher as compared
with conventional sputter deposition.*”*%**>*1 Whereas
in the case of single-component targets, any redeposition
solely changes the target's morphology and has no in-
fluence on elemental composition, in the case of alloy
targets or multicomponent targets, local changes in
composition have also to be considered. Redeposition is
well known for pure single-component targets as well as
in a GAS.**"! Furthermore, the target erosion profile
influences the NPs synthesis and limits the working
window in which NPs can be produced.””'! Due to these
target history effects, a precise prediction of NP compo-
sition just based on operation pressure, which was sug-
gested in an earlier report,**! is impossible for long-term
use of a multicomponent target. To account for the im-
mense significance of precise control over NP properties
for application purposes, a diagnostic approach to control
the NP composition is presented. This approach goes
beyond the application of OES as a tool for analysis of
discharge characteristics'>*°°! and utilizes a simple
UV-Vis setup to record the OES of Ag and Au from the
plasma. In this respect, in operando UV-Vis offers the
possibility to record OES as well as obtain information on
the NP plasmon resonance (PPR) of the NPs. Although
the PPR is a great tool to obtain information about the
growth and transport of NPs in the GAS (cf. transmission
spectra of pure Ag and AgAu NPs in Figures S1 and S2),
in this study, OES is presented as an efficient diagnostic
tool to determine the composition of AgAu NPs in op-
erando, which has the prospect to be used in future also
for active control over the composition by the im-
plementation of a feedback loop.

2 | EXPERIMENTAL SECTION

2.1 | Fabrication of the custom-build
multicomponent target

The composite AgAu target was prepared by milling a
radially symmetric trench of 3-mm width at the center
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of the erosion zone of an Ag target (99.99%, 2-inch
diameter; Kurt J. Lesker). Three concentric rings of
Au wire (99.95%, 1-mm diameter; Alfa Aesar) were
put into the trench and embossed into the target. The
chosen geometry allows a more effective use of the
more costly Au.

2.2 | Deposition and analysis of NPs

The GAS with the deposition chamber was mounted on
the transfer chamber of an Omicron XPS system
(Omicron full lab). This configuration allows the transfer
of the samples to the X-ray photoelectron spectroscopy
(XPS) analytical chamber without exposure to air. The
base pressure of the deposition chamber was
1.6 X 10~ Pa, pumped by a turbomolecular pump (TMU
262; Pfeiffer Vacuum) and a scroll pump (Edwards 6i).
The GAS was equipped with a 2” height-adjustable and
water-cooled DC magnetron (IX2U_9A327-02; Thin
Films Consulting). The height-adjustable magnetron
enables to tune the distance between the magnetron and
the orifice of the GAS. This distance was kept constant
and was only once adjusted, depending on the UV-Vis
light beam, which is explained in Section 2.3. The de-
position was performed at a DC power of 100 W, and the
pressure inside the GAS was randomized for each de-
position in a range between 37 and 188 Pa, corresponding
to argon flows of 20 and 120 sccm, respectively. MDX 500
from Advanced Energy was used as a power supply and
an Apex flow controller (AX-MC-200sccm-D/5M) with
200-sccm range was used for the gas flow regulation. The
deposition time was adjusted individually for all samples,
because different flows and pressures in the GAS change
the deposition rate strongly. The time was set in a way
that the surface coverage with NPs was sufficient to ob-
tain reliable XPS spectra. The XPS spectra were evaluated
with the software “CasaXPS.” Each spectrum was ana-
lyzed by four different persons to reduce statistical and
systematic errors that could occur, for example, during
the background correction of an XPS spectrum. By that
approach, we obtained a mean value for the NP com-
position. The highest and lowest calculated fractions
were used as the error of the XPS measurements. Quartz
wafers (0.5-mm thickness; Plan Optik) cut into
10X 10 mm pieces were used as substrate material.
Quartz was chosen, because it would allow ex situ
UV-Vis transmission measurements to determine the
optical properties. Depending on the selected operating
pressure, the resulting NP diameters range from 2 to
30nm (cf. scanning electron microscopy [SEM] micro-
graphs in Figure S3 and the corresponding histograms of
NP diameters in Figure S4).
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2.3 | Measurement of OES

As the magnetron was height-adjustable, but the position
of the access windows for the UV-Vis was fixed, the
height of the magnetron was adjusted in a way that the
UV-Vis light beam was in the closest distance to
the magnetron without getting cut by the magnetron
(Figure S5). The diameter of the light beam was 1.4 cm,
and hence the distance between the center of the light
beam and the ground cap of the magnetron was 0.7 cm.
This position was fixed for all experiments to maintain
the same aggregation length for the NPs. The integration
time of the Ocean Optics spectrometer (STS-UV) was set

to 25ms and 40 spectra were averaged, so that every
second, one spectrum was collected. After the back-
ground was subtracted from the counts, the height of the
Ag 1 (328nm) and Au I (312nm) peaks was measured
and averaged over the deposition time. The error of the
spectrometer is small and can be neglected in compar-
ison to the strong changes of the emission line spectrum
induced by experimental parameters like, for example,
pressure changes. A suitable error calculation was not
possible, because any changes detected could be caused
by a variation of an experimental parameter (e.g., change
in sputter trench), and should be thus considered as a
real signal.
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FIGURE 1 (a) A photograph of the target before (left) and after hours of deposition (right). The target surface is clearly enriched
with Au after deposition. (b) The EDX line scan and depth profile of the target, as recorded after prolonged deposition, shows a clear
transition between the Au wire and Ag target, but also an abrupt transition between the pure Ag target surface and the redeposition
area, where the target surface is enriched by Au. The profile is in good agreement with the EDX line scan and shows that the
transition region from the erosion zone to the redeposition zone lies exactly at the transition between Ag-rich region and Au-rich
region. Here, the racetrack (sputter trench) includes the regions B, C, and D, where the center region (C) corresponds to the position
of the embossed Au wires. The outer regions (A and E) correspond to the redeposition area. (c) The EDX map of the transition area
between regions D (left) and E (right) shows a sharp transition between almost pure Ag (marked red) and Au (marked green). EDX,
energy-dispersive X-ray spectroscopy; SEM, scanning electron microscopy
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3 | RESULTS AND DISCUSSION
Within this section, it will be discussed that in the con-
text of multicomponent targets with concentric rings at
the center of the erosion zone, the redeposition adds
another layer of complexity to a reliable determination of
alloy NP composition.

In Figure 1a, a photographic image of an AgAu mul-
ticomponent target before (left half) and after prolonged
deposition (right half) is shown. Whereas in the pristine
state before deposition, the Au wires are embedded into a
pure Ag target with a seemingly homogenous surface,
after the prolonged deposition, two phenomena can be
observed. The racetrack (erosion zone) of the target ranges
over the Au wires (region C) and the adjacent regions (B
and D). The remaining surface of the target is covered by
redeposition of golden and dark golden color. To describe
this redeposition effect in more detail, SEM energy-
dispersive X-ray spectroscopy (EDX) measurements were
performed, and the resulting EDX line profile of a scan
over the regions A to E and the depth profile of the target
(recorded via profilometry) are depicted in Figure 1b. The
line scan shows that the target surface within regions A
and E is Au-rich with an Au content of 90 at% and above.
Before the deposition, these areas correspond to the pris-
tine Ag target surface. Accordingly, the presence of the
high Au content after the deposition indicates that in
these areas, there is significant redeposition. The profil-
ometer depth profile implies that the thickness of the
deposit within areas A and E is roughly in the order of
64-100 wm. At the center of the erosion zone, in area C,

AND POLYMERS

there is another Au-rich region, which corresponds to the
embedded Au wires. Adjacent to the wires, areas B and D
represent a region of almost pure Ag (Ag content 95 at%
and above). There is a sharp transition from the Au-rich
region C to the Ag-rich regions B and D, which is expected
from the target geometry of the manufactured target be-
fore deposition. Interestingly, the transition between the
regions A to B and D to E also appears very sharp and
narrow in the EDX line scan. This observation indicates
that there is a distinct boundary between the regions of
redeposition (A and E) and the erosion zone (B-D). To
gain further insights into this boundary, EDX elemental
maps showing the Ag (red) and Au (green) content, as
well as the corresponding SEM micrograph, are shown in
Figure 1lc. These measurements were obtained at the
interface between regions D and E (as schematically
depicted by a grey box in Figure 1b). The EDX maps
underline that there is a sharp transition between the
Au-rich redeposition region and the Ag-rich part of the
erosion zone. In between the Ag-rich erosion zone
(left, red) and the Au-rich redeposition zone (right, green),
there is an overlap area with a width in the range of
100 pm. Within the overlap area, there are Au-rich and
Ag-rich subregions; however, alloy-like smooth transitions
are not observed.

To obtain additional information on the redeposition
and target surface enrichment with Au, the target surface
morphology was investigated by SEM (Figure 2). Besides
the target surface Au enrichment effects, the surface
morphology also varies across the different areas on the
target. Whereas within the erosion zone (regions 3-6),

FIGURE 2 Scanning electron microscopy pictures from different positions on the target at the same magnification. The inset numbers
show the position on the target from which the pictures are taken. Panels (1 and 2) and (7 and 8) show an interesting pyramid-like structure
formed by the redeposition. For regions 3-6, the morphology is smooth and the surface exhibits spherical dome-like structures with a

regular distribution
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the morphology is smooth and the surface exhibits
spherical dome-like structures with a regular distribu-
tion, the surface morphology at the redeposited areas is
dominated by large, irregular structures with a high
number of cracks in between (regions 1-2 and 7-8).

So far, the investigations on the target after prolonged
deposition have shown that there is an abrupt transition
between the Au-rich redeposition area and the Ag-rich
part of the erosion zone. In fact, only within a small
region (100-um width as compared with 6.7-mm width
for the overall erosion zone), an overlap of Au-rich and
Ag-rich compartments has been observed. However, in
the multicomponent target approach, the capability to
control NP composition traces back to changes in the
width of the effective erosion zone upon variation of
pressure. This suggests that redeposition and target his-
tory will also impact the composition range, which can
be achieved with the multicomponent target approach.
In the following section, the effect of target history on the
composition of AgAu NPs will be discussed. Within the
range of the experimental aggregation pressure between
37 and 188 Pa, AgAu NPs with a gold fraction (xAu)
between 54 and 82 at% were obtained. More deposition
details can be found in Section 2.2. The results from a
quantification of the Au fraction based on the Au 4d and
Ag 3d lines (cf. Figure S6) from the recorded XPS spectra
are shown in Figure 3a, where the Au fraction is plotted
versus the pressure in the GAS. The plot shows that the
linear relation between alloy NPs composition and op-
erating pressure, which was proposed in an earlier work,
is not completely sufficient to describe the composition

dependence of the AgAu NPs, which is reflected in a
rather low linear correlation coefficient of 0.833 (Pearson
correlation).l**! In contrast to the first study by Vahl
et al.,l**! the deposition times were increased drastically
and a higher number of individual depositions were in-
vestigated. This implies that changes on the target sur-
face due to redeposition also impact the composition of
alloy NPs from multicomponent targets in a GAS. To also
account for the effect of target aging in terms of re-
deposition, we incorporated the accumulated deposition
time as a measure of target history as a second parameter
into a linear regression. Hence, the target history is de-
fined as the sum of all individual deposition times of the
experiments as well as the preparation times, where the
discharge was on but the shutter was closed. Using a
linear fit with pressure and target history as parameters,
the fit (blue line) is in reasonable agreement (correlation
coefficient of 0.983) with the composition data from XPS
quantification (red bars), as depicted in Figure 3b.

For practical applications, the parameter of target
history is not very useful, as it is not obtainable in the
experiment itself but only accessible via bookkeeping
over every experiment's deposition time. An in oper-
ando diagnostic approach, which is capable of directly
determining the NPs composition, is highly favorable.
Such an approach could also be used to control the
NPs composition via a feedback loop, for example,
controlling the gas flow. In the following section, in
operando optical spectroscopy techniques are dis-
cussed as a potential pathway to enable control over
NP composition.
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FIGURE 3 Evaluation of the Au fractions of AgAu NPs (xAu) as experimentally obtained from X-ray photoelectron spectroscopy (XPS)
quantification. The plot of gold fractions versus operating pressure (a) shows a considerable deviation from the expected simple linear

behavior (Pearson correlation coefficient: 0.833),1*"]

which indicates that additional parameters impact the resulting composition of the

nanoparticles. In this context, the target lifetime (i.e., the cumulative deposition time) correlates with the ongoing change in redeposition. In
the 3D plot of the gold fraction versus target lifetime as well as pressure (b), the linear fit shows a reasonable agreement (Pearson correlation

coefficient: 0.983)
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Considering the plasmonic properties of noble metal
(alloy) NPs, such as AgAu, an in operando monitoring of
the plasmon absorption peak by UV-Vis spectroscopy
can be applied to obtain information about the NPs.!*”]
However, this approach renders very challenging for
alloy NPs, due to the extinction coefficient as well as the
simultaneous influence of NPs diameter and composition
on the plasmon peak's wavelength (Figures S1 and
$2).1°1] However, by using the identical UV-Vis setup
also, direct optical emission lines (OES) from the Ag and
Au species in the plasma can be recorded, which con-
sequently makes OES a viable diagnostic approach to be
used complementary to in situ UV-Vis. OES has already
been reported as a tool to monitor compositional changes
of thin films in conventional sputter deposition pro-
cesses.l>* %%l The intensity in an OES spectrum is re-
lated to the amount of excited atoms of a specific element
in the gas phase, and a good correlation between the
intensity of optical emission lines and the resulting ele-
mental concentrations in thin films is commonly re-
ported."* 72 Although in a conventional sputter
deposition process, all sputtered atoms that enter the gas
phase are contributing to the thin film, the formation of
alloy NPs in a gas-phase synthesis adds another layer of
complexity. One cannot be sure whether all sputtered
atoms of both elements are contributing equally to the
formation of NPs. One possibility is that one element
preferentially contributes to the cluster growth and more
of the other elements get lost on the walls of the GAS.
Nevertheless, the intensity of an emission line for a
specific element is related to the concentration of this
element in the plasma and should correlate with the
fraction of this element in the formed NPs. One ad-
vantage of using OES is also that different sputter yields
of the individual components of the multicomponent
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target do not play a role, because only already sputtered
atoms can contribute to the signal. An exemplary OES
spectrum, recorded in operando during a typical alloy NP
deposition, is shown in Figure 4a. Within the range from
305 to 345 nm, three optical emission lines corresponding
to the elements Ag (indicated by orange color) and Au
(indicated by blue color) are observed. We assign the line
around 312nm to the Au I emission line at 312.28 nm
and the line around 327 nm to Ag I line at 328.07 nm.
These are the most intense lines with the shortest wa-
velength difference to each other for each element within
this range. Both the Au I line at 312 nm and the Ag I line
at 328 nm were intense enough to record them over the
whole pressure range studied in this study. For further
evaluations, the peak intensities of these lines, I5z; and
I,y 1, were extracted from the spectra.

To underline the effect of redeposition and target
aging, we investigated the time evolution of the selected
Au I and Ag I emission lines. For this purpose, at first,
the target was conditioned by running a deposition at a
pressure of 168 Pa, which corresponds to a narrow
sputter region (i.e., narrow erosion zone) and yields
considerable redeposition. The following deposition is
operated at a significantly lower pressure of 45 Pa, which
results in a broader sputter region that also covers a part
of the redeposited area. In Figure 4b, the time evolution
of the peak intensities I, and I, during the deposition
at a pressure of 45Pa is shown. During the deposi-
tion, Ing; is increasing, whereas I, is decreasing si-
multaneously. This change is especially prominent
within the initial period of the deposition (with time
constant 7 ~47.9s) and settles gradually within the final
period of the deposition. A similar behavior is observed
regularly, if the pressure decreases drastically in com-
parison to the previous deposition. This is in good
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FIGURE 4 Exemplary optical emission spectroscopy during the deposition of AgAu nanoparticles. (a) The peaks in the spectrum
can be clearly attributed to the emission lines of the elements Ag (indicated by blue color) and Au (orange), and the two emission lines

that are considered for further evaluations are marked with a red rectangle. These two emission lines were selected for further evaluations

due to their high intensity as well as a small difference in wavelength. (b) Time evolution of the Au I and Ag I emission lines for an
exemplary deposition after a drastic pressure reduction from 168 to 45 Pa. Au I exhibits an exponential decay in the peak intensity
over deposition time. This behavior is an effect of target history caused by redeposition, which is schematically sketched in (c)



8 of 11 PLASMA PROCESSES

DREWES ET AL.

AND POLYMERS

agreement with our EDX analysis of the target after the
deposition, which showed an abrupt change between Au-
and Ag-rich regions. The effect of target history and re-
deposition is schematically depicted in Figure 4c in terms
of the time evolution of the target cross-section. For high
pressures, the erosion zone is narrow (indicated in green
in Figure 4c) and a lot of Au is redeposited on the target
in the vicinity of the erosion zone (indicated in yellow). If
in the next deposition, the pressure during the deposition
is reduced, the erosion zone will be wider (cyan col-
or) and also a lot of the redeposited material (AgAu) will
be sputtered off until the redeposited material is removed
from the erosion zone. However, when the target is
conditioned by running a deposition at a pressure of
92.4 Pa, this corresponds to a broader sputter region.
When afterward the pressure is increased to 182 Pa,
which corresponds to a narrow sputter region, nearly no
changes in the emission lines over time are visible, be-
cause no redeposited material gets sputtered (Figure S7).
Before each deposition of NPs, the target was cleaned
and conditioned by running the discharge for 60s, be-
cause earlier experiments have shown that this time is
sufficient to clean the target and to obtain a stable cluster
formation and deposition rate. The cleaning was per-
formed with a closed shutter at the pressure under which
the following deposition should be performed, so that no
clusters can approach the substrate. However, the effect
of target history on the resulting NP composition
(Figure 3), as well as the gradual change in Ing; and Iny 1,
as observed by OES, indicates that the pre-deposition
cleaning time was too short to reduce the effect of re-
deposition and the target got gradually enriched with Au.
Nevertheless, also the change in the target geometry over
the lifetime due to erosion can possibly influence the
composition slightly. The effect of target erosion could
not be overcome by longer cleaning times, but the effect
of redeposition plays a major role.

However, as OES is able to capture the change of the
peak intensities I, and I, in operando, we will elabo-
rate in the following section how OES can be applied as a
diagnostic tool to determine the NP composition. In the
most general approximation, the peak intensities of the
most intensive emission lines for the elements Ag and Au
are related to the presence of excited Ag and Au species
in the plasma. The amount of excited Ag and Au species
in the plasma, in turn, is related to the overall amount of
sputtered species from the target. On the basis of the
assumption that the NPs form via nucleation, growth,
and coalescence from Ag and Au atoms from the gas
phase, the composition (in terms of the atomic fraction of
Au, xp, in atomic percent) of the resulting NPs can be
expressed by Equation (1).

Cau X I
Xau o e )
Cau X Inur + cag X Iagr
1 rgl Cag
— =l & Creg X —; Cret = —, 2
XAu Aul Cau
Crel = (Cl X P) + ¢, (3)
1 Ingt Ing1
— —lxc XpX £ + ¢ X £ 4)
XAu Aul IAuI

Here, the values of peak intensities of the selected
emission lines I, and I,,, averaged over the whole de-
position time, are representing the amount of excited Au
and Ag species in the plasma. Furthermore, coefficients
Cau and cug are introduced to take into account the po-
tential differences in the contributions of Ag and Au to
the OES signal and to the NP composition. Therefore, the
intensity coefficients cover two aspects: On the one hand,
the fraction of excited species for Au and Ag depends on
the plasma parameters and, on the other hand, the
growth process of NPs in the gas-phase synthesis may
lead to a different incorporation of Ag and Au into
the NPs.

Instead of considering separate intensity coefficients
Cau and cag, Equation (1) can be simplified by using a
relative intensity coefficient c.; (Equation 2).

The plot of (1/Xay) — 1 versus Ingr/ Iaur in Figure 5a
shows a nonlinear relation, which implies that the
coefficient c is not readily described by a constant. In
contrast, the color scale in Figure 5a indicates that the
pressure does impact coefficient c,. In this context, it is
important to mention that with varying pressure inside
the GAS, the position and width of the plasma zone are
also varying. In addition, the variation of pressure also
impacts plasma parameters like electron energy dis-
tribution function and electron density. To accommodate
any potential effect of pressure, the fitting parameter c,
can be written in a linear approximation (Equation 3),
which is used in the following evaluation. Inserting
Equation (3) into Equation (2), the empirical fit model is
obtained, as shown in Equation (4).

To test the derived fit model, the first four depositions
(blue color, calibration) were used to obtain the fit
parameters c¢; and c,. In the experiment, the parameters
for the first four depositions were selected, such that the
full pressure range from approximately 37 to 188 Pa is
covered. Using these fit parameters as well as the diag-
nostic quantities pressure p and OES intensities, as
shown in Figure 5b, the NP composition can be esti-
mated for the following 19 depositions (red color, test).
The fitted NP composition X, 5, correlates well with the
experimentally determined NP composition xa,, xps. The
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FIGURE 5 The plot of (1/x,) — 1 versus Ing/Iayr in (a) shows a nonlinear relation and indicates that coefficient ¢, is not readily

described by a constant. The color scale implies that the pressure does impact coefficient c,. (b) The intensities obtained from in

operando optical emission spectroscopy (OES), as well as the operating pressure, are taken into account (Equation 4) from the first four
depositions (blue color, calibration). Afterward, the Au fraction can be reasonably predicted for the following 19 depositions only by

measuring OES and pressure (red color, test)

correlation factor (0.970) is very close to the earlier eva-
luation under application of the target history (0.983), as
depicted in Figure 3. However, compared with the target
history, the intensity ratio and the operating pressure are
easily obtainable by diagnostic approaches, in operando
at each timestep of the NP deposition. Thus, OES proved
to be a valuable tool to determine the composition of
alloy NPs inside a GAS, as soon as a series of reference
NP depositions has been analyzed regarding its compo-
sition and the fitting parameters have been determined
according to the empirical relation described in Equation
(4). Within its tested validity range (Ing/Is, between 3.03
and 9.87; p between 37 and 188 Pa), which is given by the
set of AgAu NPs that have been investigated by XPS
quantification, the empirical model offers a good esti-
mate of the composition of the AgAu NPs that are just
formed at these conditions. The effect of redeposition and
target aging, while altering the range of obtainable NP
compositions over the lifetime of the target, is here al-
ready reasonably covered by the changes in the intensity
ratio. After the determination of the fitting parameters,
the presented method yields a good basis for in operando
control over the alloy composition of NPs.

4 | CONCLUSION

In this study, the gas-phase synthesis via a gas aggrega-
tion source with a multicomponent target was applied to
fabricate AgAu alloy NPs with an Au fraction ranging
from 54 to 82at%. In this study, on the one hand, the
effect of redeposition on the composition of alloy NPs is

discussed. It is shown that the multicomponent target
was enriched with gold over the course of experiments
due to redeposition. The phenomenon of redeposition is
well known for pure metallic NP production in a GAS
and is related to the higher pressures in comparison to
normal sputter deposition. During the compositional
analysis of the NPs, we were able to show that compo-
sition does not only depend on the pressure in the GAS
but also on the cumulative deposition time. The relation
between target lifetime and composition is attributed to
the gold enrichment of the target due to redeposition. A
linear fit incorporating operating pressure and target
history (cumulative deposition time) was found to cap-
ture the obtained NP compositions well. On the other
hand, a versatile and robust approach for in operando
diagnostics is presented. It was demonstrated that for
practical applications, an in operando diagnostic ap-
proach is highly favorable over using a fitting function
based on cumulative deposition time, which is not an
intrinsic property of the target. Therefore, we searched
for an in operando diagnostic approach, which is able to
solve the problem of the target aging. A versatile, robust,
and simple diagnostic approach is described by using in
operando OES. A good correlation between operating
pressure, intensity ratio of Ag and Au emission lines, and
the experimentally obtained NP compositions was found.
With the addition of in operando OES, it is possible to
determine the alloy NPs fraction for a broad variety of
alloy systems, which are deposited by a GAS based on
magnetron sputtering using the multicomponent target
approach. In future, an in operando feedback loop could
be implemented, which can measure the pressure and
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the OES to operate the flow controller in operando ac-
cording to the composition needs of the operator.
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