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ABSTRACT: Plasmons have facilitated diverse analytical applica-
tions due to the boosting signal detectability by hot spots. In
practical applications, it is crucial to fabricate straightforward, large-
scale, and reproducible plasmonic substrates. Dewetting treatment,
via applying direct thermal annealing of metal films, has been used
as a straightforward method in the fabrication of such plasmonic
nanostructures. However, tailoring the evolution of the dewetting
process of metal films poses considerable experimental complex-
ities, mainly due to nanoscale structure formation. Here, we use
grazing-incidence small- and wide-angle X-ray scattering for the in
situ investigation of the high-power impulse magnetron sputter
deposition of Ag on self-assembled Au nanoparticle arrays at low-
temperature dewetting conditions. This approach allows us to
examine both the direct formation of binary Au/Ag nanostructure and the consequential impact of the dewetting process on the
spatial arrangement of the bimetallic nanoparticles. It is observed that the dewetting at 100 °C is sufficient to favor the establishment
of a homogenized structural configuration of bimetallic nanostructures, which is beneficial for localized surface plasmon resonances
(LSPRs). The fabricated metal nanostructures show potential application for the surface-enhanced Raman scattering (SERS)
detection of rhodamine 6G molecules. As SERS platform, bimetallic nanostructures formed with dewetting conditions turn out to be
superior to those without dewetting conditions. The method in this work is envisioned as a facile strategy for the fabrication of
plasmonic nanostructures.
KEYWORDS: plasmonic, sputter deposition, bimetallic nanostructure, in situ, grazing-incidence X-ray scattering

■ INTRODUCTION
Strongly enhanced light-matter interactions induced by
localized surface plasmon resonance (LSPR) originate from
electromagnetic fields excited in the junctions between metallic
nanostructures.1−3 A strategic structure design can tune the
plasmonic properties since the organization of metallic
nanostructures offers the capacity to modulate plasmonic
coupling interactions and thereby adjust their ability to enrich
constructive hot spots.4−6 Due to these unique properties,
metallic nanostructures are used for various applications such as
solar conversion, analytics, data storage, and photocatalysis.7−11

It is widely recognized that LSPR characteristics largely depend
on the metal type and interparticle distance within the nanogaps
formed by the metallic nanostructure.12−14 To improve the
plasmonic properties of these metallic nanostructures, an
appropriate metallic composition and ensuring an optimal
structural configuration are essential for enriching their

applications. Among the metals utilized in these applications,
gold (Au) and silver (Ag) received significant interest due to
their exceptional plasmonic properties.15,16 Both Au and Ag
exhibit minimal optical losses in the visible and near-infrared
spectra, high polarizability, biocompatibility, and versatility.17,18

Specifically, Ag is known for its superior enhancement
properties, while Au is known for its excellent stability.19−21

Another approach to enhancing the plasmonic properties
involves integrating distinct metals onto a common substrate
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to construct a bimetallic or polymetallic plasmonic architec-
ture.22−24 Unlike monometallic systems, bimetallic Au/Ag
configurations combine the advantages of each metal, thereby
improving their plasmonic properties.25 Furthermore, creating
periodic nanostructures is crucial for achieving consistent
plasmonic properties, which enhances reliability and expands
their capability for a wide array of applications.26,27 Thus, it is
essential to pursue more efficient and scalable fabrication
techniques for plasmonic metallic nanostructures.

A dewetting treatment involving the thermal annealing of a
metallic film to produce plasmonic nanostructures has found
extensive use across various research contexts.28,29 Notably, this
approach demonstrates its capability to efficiently manufacture
metallic nanostructures on large surface areas. Furthermore, an
inherent benefit of this method lies in its capacity to facilitate the
creation of bimetallic structures by annealing distinct metallic
films together, thereby yielding multifunctional materials. In
recent years, many efforts have focused on the dewetting
treatment to realize high-order plasmonic metal nanostruc-
tures.30,31 To name a few examples, Zheng et al.28 developed Au
islands on the surface of fiber using a repeated dewetting
technique at 600 °C, while Awasthi et al.32 fabricated Au
nanoislands on polished silicon (Si) wafers using a similar
thermal annealing process at 500 °C. In the realm of binary
metallic structures, Kozioł et al.33 created Au/Ag nanoalloys
through the thermal annealing of metallic films at 550 °C, and Li
et al.34 proposed Ni/Au nanoparticles by rapidly thermal
annealing Ni/Au bilayer heterofilms on a GaN layer at 550 °C.
In general, the dewetting treatment can take place at
temperatures well below the melting point, efficiently generating
metallic nanostructures.35,36 Utilizing lower-temperature fab-
rication processes requires less energy input and thereby reduces
fabrication costs in applications, offers improved control over
experimental conditions, simplifies experimental setups, and
reduces experimental waste. Thus, the quest for a low thermal
annealing temperature remains an unresolved challenge in

achieving a large-scale plasmonic platform with a highly
organized structure and stable properties. This is essential as a
prerequisite for technology adoption and practical applications.
However, due to the stochastic nature of nucleation and growth
processes inherent to the dewetting treatment without coupling
to spinodal processes, precise control of the morphology of the
metallic nanostructures remains challenging, thereby impeding
the attainment of periodic configurations. The self-assembly
method presents a comparably straightforward approach to
fabricating periodic nanostructures.37 Moreover, depositing
dissimilar metal films onto the self-assembled metal nanoarray
enables the creation of multimetallic structures.

To fully maximize the functionality and application potential
of the metal nanostructures, the monitoring of their formation
process is essential. Hence, an in situ technique characterized by
high-resolution capabilities to monitor the nanoscale evolu-
tionary process is urgently necessary. Grazing-incidence X-ray
scattering (GIXS) techniques are powerful methods for
examining structures on the nanoscale.38,39 Due to their high-
temporal-resolution data acquisition capacity and excellent
sampling statistics, GIXS methods emerged as a widely favored
approach for in situ experiments.40,41 In addition, GIXSmethods
can be used to investigate the dimensions, spatial distribution,
and crystalline characteristics of metallic nanostructures during
codeposition and growth.42 Thus, GIXS methods can be applied
to monitor the metal film deposition process onto solid supports
and thereby gain a fundamental understanding of the evolution
of the formed metal nanostructures. Particularly, using the GIXS
technique to examine commonly used metals in plasmonic
structures, such as Au and Ag, is essential. Understanding the
mechanisms of formation, evolution, and growth of these metal
architectures by this technique is fundamental for exploring their
potential as surface-enhanced Raman scattering (SERS)
substrates and other practical applications.

To gain an in-depth study of such architectures, in the present
study, we prepare bimetallic nanostructures on solid supports via

Figure 1. (a) Schematic of in situHiPIMS deposition combined with in situ GIWAXS/GISAXS measurements. (b) SEM images of self-assembled 10
and 20 nm Au NPs arrays. (c) Particle diameter distributions of the 10 and 20 nm NP arrays extracted from SEM images by ImageJ. 2D (d) GISAXS
and (e) GIWAXS data of both 10 and 20 nm Au NP arrays.
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high-power impulse magnetron sputter (HiPIMS) deposition of
Ag onto templates consisting of Au nanoparticle (NP) arrays.
During sputter deposition, dewetting conditions are realized by
moderate heating of the substrate. With in situmonitoring of the
sputter deposition via grazing-incidence small- and wide-angle
X-ray scattering (GISAXS/GIWAXS), the growth character-
istics are detailed. In particular, we compare templates with 10
nm (particle diameter) and 20 nm Au NP arrays under
conditions with/without 100 °C thermal annealing. The
morphology and crystalline characteristics of the bimetallic
nanostructures are determined from the analysis of the
GISAXS/GIWAXS data. The outcome of our study demon-
strates that the Au/Ag composite exhibits an increased structural
organization and enhanced crystalline properties when sub-
jected to dewetting conditions. In addition, we can accurately
trace the development of Au/Ag nanostructures by examining
their size and distribution through our analytical GISAXS/
GIWAXS approach. SERS measurements serve as a proof of
concept for potential applications of such Au/Ag nanostruc-
tures, while the focus is not on the sensor optimization.

In the context of utilizing the Au/Ag nanocomposites with
appropriately sized gaps for SERS applications, we opt for a
deposition stage with a 2.5 nm gap size involving HiPIMS
deposition of Ag for 10 s (effective thickness of ca. 3.06 nm). The
SERS outcomes reveal that the 20 nm Au template, with
dewetting conditions, exhibits the highest sensitivity in detecting
rhodamine 6G (R6G) molecules. The SERS intensity at the
1365 cm−1 peak exhibits a 49% enhancement compared with the
substrate without dewetting treatment. Thereby, this study
provides a promising approach for producing binary or

multicomponent metal nanostructures while maintaining
precise traces of their dimensions and interparticle spacings.
Accordingly, our discoveries can be a pioneering advancement
in creating SERS platforms, color display technologies, catalysts,
and other applications rooted in plasmonics. This technique and
analysis method potentially find extensive applications in the
realm of plasmonics and contribute to the diversification of
analytical techniques in this field.

■ RESULTS AND DISCUSSION
Tailoring the spatial arrangement of bimetallic nanostructures
requires a robust approach to acquiring a profound compre-
hension of the nanostructure morphology. In addition, the study
of the crystallinity of a bimetallic nanostructure is essential, as it
impacts the stability and characteristics of the system.43

Consequently, the in situ investigation of morphology and
crystallization becomes imperative for obtaining a nuanced
understanding of the nanocomposites. Using the grazing-
incidence geometry ensures real-time measurements with a
high time resolution.44,45 Furthermore, this powerful technique,
in combination with modeling, allows an in-depth under-
standing of the plasmonic nanocomposites.46 Figures 1a and S1
show both the schematic and real configuration of the in situ
measurement setup used in this study, respectively, which
facilitates the investigation of both the crystalline structure (with
GIWAXS) and the morphology on the nanoscale (with
GISAXS) of the formed bimetallic nanostructures.

To study the influence of the templates on the nano-
composites, we assemble both 10 and 20 nm Au NP arrays on Si
substrates. We examine the initial Au NP arrays before analyzing

Figure 2. (a) Mappings of cake-cuts of the 2D GIWAXS data of 10 and 20 nm NP arrays acting as templates for the HiPIMS deposition of Ag under
dewetting conditions. 2D GIWAXS data of (b) 10 nm and (c) 20 nm AuNP arrays after sputter deposition of Ag for 10 s (ca. 3.06 nm) without (w.o.)
and with (w.) dewetting conditions. (d) Azimuthal integrations of selected 2D GIWAXS data collected during the sputter deposition of Ag on (d) 10
nm and (e) 20 nm NP arrays with dewetting treatment. (f) Azimuthal integrations of the 2D GIWAXS data shown in (b, c); the black line is the
corresponding fit for both (111) and (200) peaks.
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the Au/Ag binary structures induced via HiPIMS. Scanning
electron microscopy (SEM) images (Figure 1b) reveal the well-
organized assembly of Au NP arrays without any visible
aggregations. Calculations of particle diameter and interparticle
distance (as shown in Figures 1c and S2b) for the two template
types resulted in average size values of (11.73 ± 0.84) and
(21.15 ± 0.62) nm, with respective interparticle distances of
(36.9 ± 2.9) and (60.7 ± 4.7) nm. For the sake of simplicity, we
will continue to denote these templates via their particle sizes as
10 and 20 nm in the later context. The corresponding GISAXS
data (Figure 1d) exhibits periodic Bragg scattering signals in
horizontal scattering direction at the Yoneda peak position. In
alignment with the SEM results, the observed scattering features
indicate the remarkable size consistency and superior spatial
distribution of the fabricated Au NP arrays. Furthermore,
GIWAXS data (Figure 1e) shows the crystalline nature of the Au
NPs, with distinct intensity rings located at qz positions (ca. 2.64
and 3.05 Å−1) corresponding to the crystallographic planes
(111) and (200) of Au.47 Notably, for the 10 nmAuNP arrays, a
weak peak near the (111) plane suggests a suboptimal
crystallization of gold. Conversely, the 20 nm Au NP array
exhibits a pronounced crystalline quality, indicating its superior
crystallization. Accordingly, we substantiate that the Au NP
arrays produced through the self-assembly method show a high
degree of organization, rendering them ideal templates for
creating periodic bimetallic nanostructures.

Aside from Au, Ag is another well-liked noble metal renowned
for its beneficial plasmonic characteristics.48 Consequently, we
choose Ag as a second metallic constituent in creating Au/Ag
nanostructures via the HiPIMS deposition method on the Au
NP arrays (deposition rate ca. 3.06 Å/s). To attain improved

uniformity within the binary plasmonic architecture, we perform
an in situ thermal annealing process at the low temperature of
100 °C during the sputter deposition. Utilizing these thermal
dewetting conditions has already found application in various
research for creating plasmonic nanostructures.49 Since the
thermal annealing is applied during the sputter deposition in the
present study, only a more moderate temperature is required.
Actually, the annealing temperature applied in the present study
is lower than the temperatures in earlier reports (Table S1).
Figures 2a and S3 illustrate the temporal evolution of GIWAXS
data for 10 and 20 nm template samples with the HiPIMS
deposition. Similar to the GIWAXS results of the bare Au NPs,
two distinct intensity peaks in the GIWAXS data correspond to
the (111) and (200) crystallographic planes of Au/Ag. As the
duration of Ag deposition increases, there is a consistent
augmentation in the intensity of these peaks. Notably, the
observed constancy in peak positions can be attributed to the Ag
crystal planes close to Au, resulting in the absence of significant
shifts in peak positions. Figures 2b,c and S4 show selected two-
dimensional (2D) GIWAXS data of both 10 and 20 nm
templates, with different HiPIMS deposition times of Ag.

To analyze the intensity evolution of crystallographic planes
during sputtering, we make cake-cuts (Figure S4) of the 2D
GIWAXS data. The respective one-dimensional (1D) data are
seen in Figures 2d,e and S5. Two distinct Bragg peaks indicate
the (111) and (200) planes of Au/Ag. Consistent with previous
reports, the intensity of the (111) peak is stronger than that of
the (200) peak. In the case of the 10 nm template sample, the
weak peak close to the (111) position gradually disappears with
increasing sputter time, indicating that the crystallization of the
bimetallic nanostructure is enhanced. Significantly, during the

Figure 3. (a)Mappings of horizontal line cuts from 2DGISAXS data of 10 and 20 nm templates during the HiPIMS deposition of Ag under dewetting
conditions. (b) 2D GISAXS data of 10 and 20 nm Au templates with Ag sputter deposited for 10 s (effective thickness of ca. 3.06 nm) with dewetting
conditions. Selected horizontal line cuts from 2D GISAXS data (symbols) are shown together with fits (lines) of both (c) 10 nm and (d) 20 nm Au
templates during the in situ sputter deposition of Ag under dewetting conditions. The position of the line cuts is indicated in Figure S6.
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HiPIMS deposition under dewetting conditions, the two Bragg
peaks show a higher intensity in contrast to the sample without
dewetting conditions (Figure 2f). This difference shows that
thermal annealing affects the crystallization of the bimetallic
nanostructures. Notably, the crystallization of the metals
impacts their stability and plasmonic characteristics. The
validation of this phenomenon contributes to the confidence
in using low-temperature thermal annealing conditions as a
viable technique for fabricating plasmonic nanostructures.

In addition to the crystallization characteristics, precise spatial
control is another crucial aspect of outstanding plasmonic
nanostructures. This aspect is particularly important in the
plasmonic structure fabrication, where an in-depth analysis of
the dimensions and interparticle gaps within the metallic
structure directly enables the creation of an optimal config-
uration for hot spots.50,51 Hence, it is imperative to systemati-
cally examine the formation of binary metallic nanostructures by
using high-resolution techniques in conjunction with modeling
methodologies aiming at the accurate reconstruction of the
nanostructure. Utilizing the GISAXS geometry is a pivotal
approach to realize this objective.38 A selection of in situ
GISAXS data acquired under varying HiPIMS deposition
durations is shown in Figure S6 and Video 1. The statistical
analysis of the Au/Ag bimetallic nanostructure formation
process is carried out by reducing the 2D GISAXS data into
1D representations via horizontal line cuts. Figures 3a and S7
exhibit time-dependent mappings composed of horizontal line
cuts at the Yoneda peak position of Au/Ag (Figure S6). We
delineate the temporal evolution of critical scattering features,
thereby revealing two overarching structural states, which are
periodic and irregular regions.

Right from the start of the sputter deposition process, in the
mappings equidistant peaks are seen across all examined
samples. In particular, there are two obvious peaks for 10 nm
and four peaks for 20 nm Au NP arrays. These peaks emanate
from the organized array of Au NPs and arise from the mean
interparticle distance within the Au nanostructure. As the
sputter deposition progresses, an additional Bragg peak feature
(highlighted by the dashed line) emerges, which is primarily
attributed to the presence of Ag clusters. This Ag cluster peak
moves toward smaller qy values throughout the sputter
deposition, signifying an increase in the mean interparticle
distance and particle size. Additionally, the first-order peak
associated with the Au NPs tends to become more narrow,
suggesting that the deposited Ag increases the size of the Au/Ag
composite nanoparticles. After about 10 s sputter deposition of
Ag (effective thickness of ca. 3.06 nm), the second-order peak of
the 10 nm template merged into the first-order peak.

A comparable phenomenon is observable in the case of the 20
nm sample, where the third-order peak gradually merges with
the second-order peak during the Ag deposition process. This
outcome implies that following the deposition of Ag for
approximately 10 s, the bimetallic nanostructure exhibits a
notably reduced order in its structural arrangement. Con-
sequently, in the present study, 10 s HiPIMS deposition is
identified as the boundary demarcating the periodic region of
the Au/Ag bimetallic nanostructures. The 2D GISAXS data
(Figure 3b, 10 and 20 nm template with deposition Ag for 10 s
under dewetting conditions) substantiates this observation by
the absence of periodic Bragg features when compared to the
results obtained with the bare Au NP arrays (Figure 1d).
Notably, the 20 nmAu template displays more periodic intensity

Figure 4. (a, c) Radius and (b, d) interparticle distance of Ag NPs located between the Au NPs acting as template during the sputter deposition in case
of the (a, b) 10 and (c, d) 20 nm templates as extracted fromGISAXS fits. (e) Gap sizes between AgNPs of 20 nm template calculated from determined
parameters. (f) Schematic structures (top view) of bare 20 nm Au NPs before (top) and after sputter deposition of Ag for 10 s Ag (bottom) as
determined from the fit parameters.
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peaks in GISAXS in comparison to the 10 nm template,
suggesting a higher level of structure order when depositing Ag
for 10 s. This outcome can be ascribed to the template’s larger
size, which experiences a relatively minor influence from the Ag
deposition, allowing it to maintain a more periodic structure. In
the context of plasmonic nanostructure application, achieving a
high order of the nanostructure is significant, as it contributes to
generating periodic hot spots, thereby enhancing the plasmonic
properties.52 Furthermore, achieving reduced interparticle
spacings is also imperative for creation of hot spots. Hence,
the choice of an appropriate nanostructure holds utmost
significance. In this particular instance, we designate the 10 s
deposition as the preferred stage due to its capacity to yield the
narrowest interstitial spacing within the periodic region of our
HiPIMS deposition process.

To quantitatively assess the spatial characteristics of the Au/
Ag bimetallic nanostructures in a precise manner, we analyze the
GISAXS data with a theoretical framework based on the
distorted wave Born approximation (DWBA) (Figure S8) for
the accurate determination of particle dimensions and
interparticle gaps. Figures 3c,d and S9 depict the selected
horizontal line cuts of the 2D GISAXS data, taken every 2 s (an
interval of effective thickness of ca. 0.61 nm). Experimental data
(symbols) are compared with the corresponding model fits
(black lines) for both the 10 and 20 nm templates subjected to
Ag deposition. The pure Au NP arrays (bottom curves),
characterized by clearly visible scattering peaks, exhibit a well-
defined periodic structure. Within a short period after initiating
the sputtering process (as shown in the curve at 2 s), a
prominent peak emerges at a high qy value (ca. 1.6 nm−1),
signifying the scattering signature of the Ag nanostructure. As
the sputter deposition continues, the scattering peak associated
with Ag progressively shifts toward lower qy values, indicating
the growth of Ag clusters via coalescence (gray arrow).
Furthermore, the regularly spaced peaks resulting from the Au
NP array become less distinct, by transitioning from a sharp peak
to a more diffuse shoulder-like scattering feature after 10 s of

sputter deposition. This change suggests that the binary
structure undergoes a loss of well-defined periodicity when
subjected to longer deposition times of Ag in HiPIMS. It is
worth noting that the intensity of the peaks originating from the
Ag clusters on both 10 and 20 nm Au templates is significantly
enhanced under dewetting conditions (Figure S10). The
intensities in the GISAXS data predominantly signify the
number of scatterers and their order. In our context, these
increased intensities result from a higher degree of structural
order, which will be beneficial for the SERS properties.

The evolution of fit parameters, encompassing the sizes and
interparticle distances of the Au/Ag bimetallic nanostructures, is
seen in Figures 4 and S11. These modeling results are consistent
with the radius and interparticle distance distribution analysis of
the SEM images (Figures 1c and S2b), which validates the
reliability of our GISAXS modeling. Figure S11a,b demonstrate
that the interparticle spacing remains consistent for both the 10
and 20 nm Au templates, throughout the Ag deposition process.
This consistency suggests that the Au NPs serve as periodically
positioned nucleation centers for the bimetallic nanostructure
formation. Additionally, an increase in the size of the Au/Ag
structure as the sputtering time is extended affirms the successful
formation of the binary structure (Figure S11c,d). The sizes of
the Au/Ag nanostructures achieved under the dewetting
conditions are smaller compared to those without dewetting
conditions. This finding suggests that the thermal annealing of
the substrate contributes to a more regular arrangement of the
formed NPs. Figure 4a−d provides information on the radius
and center-to-center distance of bare Ag NPs, which are isolated
between the larger Au/Ag NPs. The spacing between these Ag
NPs on both the 10 and 20 nm Au templates increases as the
sputter time progresses. Notably, the Ag NPs subjected to
dewetting conditions exhibit a reduced radius and interparticle
distance in comparison to those without dewetting conditions.
These outcomes can be ascribed to the effects of thermally
activated surface diffusion of AgNPs. In the course of the sputter
deposition, the formation of Ag structures initiates from

Figure 5. SEM images of (a, b) 10 nm and (c, d) 20 nm Au templates after HiPIMS deposition of Ag for 10 s (a, c) with and (b, d) without dewetting
conditions. (e) Schematics of 20 nm Au template sputtered with 10 s Ag under dewetting conditions. (f) SERS results of 10−4 M R6G molecule
detected by 10 and 20 nm Au templates sputtered 10 s Ag with and without dewetting conditions.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c10726
ACS Appl. Mater. Interfaces 2024, 16, 40286−40296

40291

https://pubs.acs.org/doi/suppl/10.1021/acsami.4c10726/suppl_file/am4c10726_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c10726/suppl_file/am4c10726_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c10726/suppl_file/am4c10726_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c10726/suppl_file/am4c10726_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c10726/suppl_file/am4c10726_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c10726/suppl_file/am4c10726_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c10726/suppl_file/am4c10726_si_002.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c10726?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c10726?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c10726?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c10726?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c10726?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


individual island grains, rather than originating from a
continuous film.53 Motivated to minimize the surface energy,
the Ag islands subjected to dewetting exhibit a more
homogeneous formation process, gradually transforming into
regular NPs. Consequently, these regular Ag NPs show smaller
dimensions than their irregular counterparts and feature a higher
density of nucleation sites.

For plasmonic applications, the gaps within the plasmonic
structures play a crucial role in generating hot spots. Figure 4e
presents the computed gaps determined from the modeling
parameters. Our study can achieve exceptionally narrow gaps
(ca. 2.5 nm). In contrast to prior investigations, in a SERS
platform, such a sub-3 nm gap, as realized within our study,
demonstrates a notable competitiveness.33 Additionally, a top-
view schematic of the model used for the GISAXS modeling
(Figure 4f) elucidates both the interparticle spacing and
dimensions of bare 20 nm Au NP array and their configuration
following a 10 s HiPIMS deposition of Ag.

To further corroborate these results, we conduct ex situ SEM
measurements on the Au template with Ag deposition for 5, 10,
and 20 s. These SEM images reveal discernible differences due to
the applied dewetting conditions, suggesting that our choice of a
low-temperature thermal treatment at 100 °C is sufficient to
yield substantial outcomes (Figures 5a−d, S12, and S13). Figure
5a−d depicts both 10 and 20 nm Au templates with Ag
deposition for 10 s. Consistent with prior findings, it is evident
that the Au/Ag bimetallic nanostructure exhibits a more ordered
arrangement under dewetting conditions than the sample that
did not undergo the heating process. In addition, it is notable
that the number density of the Ag NPs located between the large
Au/Ag NPs is larger when using dewetting conditions.
Significantly, the 20 nm template exhibits an improvement of
regularity of its structure when contrasted with the 10 nm
template, rendering it a more desirable choice for potential
applications in SERS. Furthermore, we reversely model the
geometry 20 nm Au template with a 10 s Ag deposition
bimetallic nanostructure through the utilization of modeling
parameters (Figure 5e). The results of the modeling align with
the observations from SEM, further validating our GISAXS
modeling approach.

To substantiate the potential use of the bimetallic
nanostructures analyzed in this study, we conduct SERS
measurements on the samples of Au template with HiPIMS
deposition of Ag for 10 s. Rhodamine 6G (R6G) is commonly
used in SERS applications, with the detection method leveraging
the technique’s notable sensitivity and selectivity, offering rapid
and nondestructive on-site analysis.54−57 In this work, we
choose R6G as the model molecule to be detected with SERS.
The spectral signals from the molecules are distinctly discernible
at a concentration of 10−4 M (Figure 5f). Notably, in
comparison to the sample that was not subjected to the heating
process, the SERS signal is increased. The 20 nm Au substrates
with dewetting condition exhibit a SERS intensity at the 1365
cm−1 peak with a 49% enhancement compared with the
substrate without dewetting treatment. This observation
strongly implies that the dewetting conditions foster the
formation of a more regular bimetallic nanostructure, con-
sequently leading to a notable enhancement in the SERS
properties. Additionally, we analyze the relative standard
deviation (RSD) of 20 nm Au/10 s Ag substrates concerning
the SERS peak intensities at 1365 and 1512 cm−1. The substrate
with dewetting conditions yielded an RSD of 6.34 and 5.96%,
respectively (Figure S14a), reflecting a good signal reproduci-

bility when compared with the substrate without dewetting
conditions (Figure S14b). It is worth mentioning that the
primary objective of our research is to investigate the formation
mechanisms of Au/Ag bimetallic nanostructures through our
techniques rather than optimizing SERS. Consequently, the
detection of practical molecules and the calculation of the limit
of detection (LOD) were not explored in this study.

■ CONCLUSIONS
In summary, this study outlines the fabrication of periodic binary
metal nanostructures composed of Au and Ag through the
HiPIMS deposition of Ag onto a self-assembled array of Au NPs
under dewetting conditions. To gain insights into the formation
mechanisms of the bimetallic nanostructures, we use in situX-ray
scattering techniques. We investigate the morphology of 10 and
20 nm Au templates following HiPIMS deposition of Ag with
both GIWAXS and GISAXS. The GIWAXS results reveal an
augmented crystallization of the binary Au/Ag architecture due
to the dewetting conditions installed by the heated substrate.
Through the subsequent modeling of GISAXS data, we derive
information about the dimensions and center-to-center distance
of nanostructures at various stages of the HiPIMS deposition
process. Upon computation of the interparticle gaps through
modeling, we attain an optimal configuration (Ag deposition for
10 s, effective thickness of ca. 3.06 nm) suitable as a SERS
platform. By using these binary Au/Ag nanostructures to detect
R6G, we observe that 20 nm Au Np array/10 s Ag in
combination with the dewetting conditions yields the highest
detectivity. These results elucidate a prospective approach for
both the fabrication and analysis of binary plasmonic
nanostructures, which is offering promise as an effective SERS
platform. The systematic analysis of these binary structures
furnishes significant insights for designing and assessing
plasmonic nanostructures. Thereby, our findings provide a
promising candidate for advancing binary plasmonic nanostruc-
tures, including SERS platforms, color display technologies,
catalysts, and related domains.

■ EXPERIMENTAL SECTION
Materials. Chloroauric acid (HAuCl4, 99.9%), sodium

borohydride (NaBH4), L-ascorbic acid (AA), cetyltrimethylam-
monium bromide (CTAB), cetyltrimethylammonium chloride
(CTAC, 96%), 3-aminopropyltriethoxysilane (APTES), suc-
cinic anhydride, and Rhodamine 6G (R6G) were purchased
from Sigma-Aldrich. Hydrogen peroxide (H2O2, 30%) and
sulfuric acid (H2SO4, 98%) were purchased from Carl Roth
GmbH & Co., KG. Silicon wafers (Si 100, p-type) were
purchased from Silchem Handels GmbH (Freiberg, Germany).
Silver (99.99%) was purchased from MaTeck GmbH (Jülich,
Germany).
Synthesis and Self-Assembly of Au NPs. Both 10 and 20

nmAuNPs were synthesized through the seed-mediated growth
method. Au nanoseeds, around 3−5 nm, were gained by quickly
injecting NaBH4 solution (0.01 M, 0.6 mL) into the mixed
solution of CTAB (0.1 M, 9.75 mL) and HAuCl4 (0.01 M, 0.25
mL). By adding as-prepared nanoseeds (0.3 mL) into a mixed
solution containing H2O (190 mL), CTAB (0.1 M, 9.75 mL),
HAuCl4 (0.01M, 4mL), and AA (0.1M, 15mL), 10 nmAuNPs
were obtained. 20 nm Au NPs were fabricated with the same
process by changing the seed contents to 0.15 mL. After
standing overnight, the solutions were centrifuged (15,000 rpm,
7min for 10 nm; 10,000, 5min for 20 nm) twice to rinse off extra
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surfactant and redispersed in deionized (DI) water for the next
steps.

As for the surface modification of substrates, the Si wafers
were cleaned by an acid bath (H2SO4/H2O2 = 7:3). After
cleaning with deionized water, the substrates were immersed in
1% APTES/ethanol solution for 8 h to grafted amino groups.
Then, the substrate was put into 0.01 M succinic anhydride/
ethanol solution for 8 h to modify the negative charge. In the
end, the self-assembled Au NSs monolayer arrays were acquired
by immersing the modified substrates into both 10 and 20 nm
Au colloidal solutions for about 6 h. To ensure that all chemical
coatings were completely removed from the substrates and Au
NPs after self-assembly, we washed the substrates several times
with ethanol and annealed them at 100 °C for 10min every time.
In Situ Measurements. The in situ GIWAXS/GISAXS

measurements were performed at the MiNaXS/P03 beamline of
the PETRA III storage ring at DESY, Hamburg.58 The scattering
signals were collected with a LAMBDA 9 M (2 images per
second, pixel size 55 μm, X-Spectrum, Germany) and Pilatus 2
M (20 images per second, pixel size 172 μm, Dectris Ltd.,
Switzerland) detector, respectively. The detailed instrumental
parameters of the GIWAXS/GISAXS setup can be found in
Table S2. The sputter deposition (deposition rate 0.306 nm/s)
measurements with a 100 °C heating process were performed by
the HiPIMS system and followed in situ with GIXS measure-
ments. The sample was moved repeatedly perpendicular to the
X-ray beam along the horizontal direction during the in situ
measurements to avoid possible X-ray radiation damage of the
sample. The schematic and real configuration of the in situ
measurements setup are shown in Figures 1a and S1.
Characterization. The field emission SEM (FESEM)

images were obtained by a high-resolution FESEM (Zeiss
Gemini NVision 40, Germany) at a working distance of 5 mm
and an accelerating voltage of 5 kV. For the SERS measure-
ments, we performed ex situHiPIMS deposition of Ag on the Au
NP substrates. The bimetallic nanostructure-coated substrates
were immersed in an R6G 10−4 M solution and left overnight at
room temperature. Then, the substrates were removed from the
solution, rinsed with ultrapure water, left to dry at room
temperature, and placed under the microscope. SERS spectra
were acquired with a Witec spectrometer (Germany), using a
100× air objective and the 633 nm wavelength under a power of
0.5 mW provided by a He−Ne laser, with an integration time of
2 s.
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