Graphical Abstract

Unifying stability and plasmonic properties in hybrid nanoislands:
Au-Ag synergistic effects and application in SERS

Matej Bubas, Ivana Fabijani¢, Adriana Kendel, Snezana Miljani¢, Maria
Chiara Spadaro, Jordi Arbiol, Vesna Janicki, Jordi Sancho-Parramon

Plasmonic

proyes




Highlights
Unifying stability and plasmonic properties in hybrid nanoislands:
Au-Ag synergistic effects and application in SERS

Matej Bubas, Ivana Fabijani¢, Adriana Kendel, Snezana Miljani¢, Maria
Chiara Spadaro, Jordi Arbiol, Vesna Janicki, Jordi Sancho-Parramon

e Wide plasmon tunability achieved by galvanic replacement of Ag with
Au

e Conditions to obtain islands with Ag-like plasmons but far better sta-
bility are found

e Nanoislands with increased stability also showed best SERS detection
performance

e DFT and electrodynamics simulations provided key insights on the ob-
served behaviour



Unifying stability and plasmonic properties in hybrid
nanoislands: Au-Ag synergistic effects and application
in SERS

Matej Bubag?, Ivana Fabijani¢®, Adriana Kendel®, SneZana Miljanic¢®,

Maria Chiara Spadaro®?, Jordi Arbiol®4, Vesna Janicki?®, Jordi
Sancho-Parramon®*

®Ruder Boskovi¢ Institute, Bijenicka cesta 54, Zagreb 10000, Croatia
b University of Zagreb, Faculty of Science, Horvatovac 102a, 10000 Zagreb, Croatia
¢Catalan Institute of Nanoscience and Nanotechnology (ICN2), CSIC and BIST,
Campus UAB, Bellaterra, 08193 Barcelona, Catalonia, Spain
AJCREA, Pg. Lluis Companys 23, 08010 Barcelona, Catalonia, Spain

Abstract

In plasmon-based devices, the choice of metal for the nanostructures often
leads to an undesirable tradeoff between either superb performance of Ag
or stability of Au. There is a great interest in combining Au and Ag in
a way that preserves both their favourable properties, while also exploit-
ing synergistic effects to boost surface-enhanced Raman scattering (SERS)
performance beyond the capabilities of a single metal. To address this issue,
large-area nanofabrication procedure based on galvanic replacement was used
to create hybrid Au-Ag nanoislands with a diverse morphology and highly
tunable (through visible to NIR) plasmon resonance. Their stability was
comprehensively studied and shown to be complex to achieve. However, in
the right conditions, Au-Ag nanoislands with silver-like plasmonic properties
were fabricated, and shown to be stable over a period of at least 5 months.
Moreover, their SERS efficiency considerably outperformed even that of Ag
nanoislands. Computational investigation helped explain the advantageous
properties and provided insights for future sensor design. Detection of the
model molecules was achieved in the nanomolar range and in mild conditions
(low laser power), indicating great potential for biomedicine sensing. Beyond
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that, nanoislands with simultaneous stability and good plasmonic properties
can find application in a wide variety of photonic devices.

Keywords: plasmonics, hybrid nanoislands, alloys, galvanic replacement,
stability

1. Introduction

In the last couple of years, the field of plasmonics has reached a tip-
ping point, transforming from the field with a lot of potential to the field
bringing major innovations to practical use. Several different research areas
utilizing plasmonic metal nanoparticles, such as photothermal cancer treat-
ment [1], solar energy harvesting, |2, 3] and green chemistry photocatalysis
[4] have almost simultaneously reached the verge of commercialization, while
plasmon-based sensing leads the way with recently established commercial
applications [5]. Plasmon-based sensing has shown to be especially impor-
tant for biomedical use, playing a pivotal role in the widespread rapid virus
detection in a recent global pandemic situation, utilizing gold nanoparticles
[6, 7, 8]. Along with the gold nanoparticles, silver nanoparticles have found
widespread use, especially in surface-enhanced Raman spectroscopy (SERS)
due to the larger electric field enhancement, which results in stronger Raman
scattering and improved sensor performance. [9]

However, lower chemical resistance of silver nanoparticles presents a sig-
nificant drawback since, for practical purposes, stability and longevity are of
paramount importance. [9, 10, 11| In fact, along with larger field enhance-
ment, silver nanoparticles exhibit almost universally better plasmonic prop-
erties when compared to gold ones, such as higher extinction cross sections,
larger resonance quality factors and lower optical losses. [9, 12, 13, 14| Thus,
the interplay between chemical stability and plasmonic properties is critical
in the choice of nanoparticle material, which usually requires compromises.

This issue is particularly prominent in SERS where both properties carry
great importance. Recently, the potential of gold /silver alloy nanostructures
for SERS has been highlighted due to the possible synergistic properties
of the metal combination [15, 16, 17, 18], while (non-alloyed) hybrid metal
nanostructures have also shown improvement of SERS performance [19, 20,
21]. Moreover, by tuning the localized surface plasmon resonance (LSPR)
with the use of bimetallic nanostructures, the conditions for SERS-based
detection of chromophores can be optimized [22, 23, 24].



Alongside gold and silver, many other transition metals [25, 26, 21] and
semiconductors [27, 28] have been tested as active substrates for SERS. How-
ever, only good plasmonic metals such as copper, silver, and gold have shown
the outstanding SERS performance due to large field enhancement. Since
field enhancement is a crucial parameter for SERS performance, a lot of re-
search has been directed towards modifying nanostructures to optimize per-
formance. There is evidence that increasing the size of nanoparticle can be
beneficial [29], although adding smaller nanoparticles to lower the interparti-
cle distance seems to significantly improve the performance due to increased
field enhancement between particles [30]. Careful isolation of the influence of
nanoparticle distance on the field enhancement shows a substantial increase
of the field between the particles as the gap size decreases below 50 nm.
[31] Finally, research on the influence of nanostructure shape on the SERS
performance points to beneficial properties of sharp edges and high aspect
ratio features. [32, 33, 34, 35] Control of these parameters varies in different
fabrication approaches, with sophisticated and expensive lithography usually
providing the highest degree of control. However, due to low cost and ease
of fabrication, nanoparticle suspensions in solution, or assemblies on the sur-
face, provide a competitive alternative for industrial applications, especially
with recent advances in morphology control. [36, 37, 38]

In this work we present a straightforward procedure based on the gal-
vanic replacement of silver with gold, suitable for large-area nanofabrication
and allowing for a high degree of mophological tunability. It enables the
creation of nanoislands with composition and morphology varying from fully
alloyed nanoislands to clusters of nanorings with core-shell structures. As a
result, their plasmon resonance can be deliberately tuned through the whole
visible range, and extended well into the near-infrared window - the wave-
length range where light has the largest penetration depth into the biological
tissue. [39] The obtained hybrid metal nanostructures are appropriate for
SERS, especially of sensitive samples, as they enable the detection of model
molecules in the nanomolar range at extremely low laser power. Further-
more, we highlight the importance of ageing measurements to assess the
practical applicability of the produced nanostructures. Based on the results
of ageing measurements, we are able to identify the treatment conditions that
produce islands with the highest stability - a key property for any type of
sensing. Using density functional theory calculations, we show that charge
transfer effects from Ag to Au contribute to the excellent stability of Ag-Au
alloyed nanoislands. Despite good chemical resistance, we demonstrate that



the plasmonic properties can sometimes continue to change even in very mild
conditions, and attribute that effect to morphological changes.

The results obtained by extensive morphological, compositonal and opti-
cal characterization, as well as SERS potency of the samples, point to the fab-
ricated nanoislands that exhibit the combination of the highest stability, best
SERS performance, and excellent plasmonic properties. High-throughput
fabrication of nanoislands with gold-like stability and silver-like plasmonic
properties could prove to be important beyond sensing capabilities, carrying
a large potential in the field of plasmonics in general.

2. Methods

The method for sample preparation was based on the method outlined
by Fabijani¢ et al [40] but includes several modifications. The sample prepa-
ration workflow is shown in the figure S14.

Evaporation

The first step in the sample preparation was Ag deposition on glass sub-
strates (Menzel) by electron beam evaporation in a modified Varian chamber.
The base pressure was set to 107¢ torr and the deposition rate was set to
approximately 1 A/ s. For the deposition, the substrates were preheated at
200 °C. The preheating is done to ensure the growth of the film in the form
of separated nanoislands.

Annealing

After the deposition, the samples were annealed in air at 300 °C for 1h, to
enhance island formation, uniformity and sphericity. After the heating was
stopped, the annealing chamber was not opened and the samples were left
to slowly cool until the next day. Slow cooling was shown to improve the
adhesion of the thin film of metal nanoislands to the glass substrate which
results in less island desorption and flaking, better homogeneity and overall
improved preservation of the samples after chemical treatment. The effect
of slow cooling versus quick quenching after otherwise identical annealing
conditions is shown in the Figure S1.

Chemical treatment/galvanic replacement

The galvanic replacement was performed in a stepwise manner, with the
number of identical steps controlling the reaction progression.

One step consists of first adding 25 mL of milli Q water (MQW, 18 M
com-1) preheated to 90 °C in a 50 mL beaker, placed on a magnetic stirrer,
containing a Teflon grid as a sample holder, and a magnetic rod underneath



the holder. The preheating was done to avoid solid AgCls formation on the
surface of the sample. Next, 150 pL aliquot of 2mM aqueous solution of
HAuCly is added in the beaker and stirred for 30 s at 1500 rpm. Imme-
diately after, the sample is immersed in the solution and removed after 1
min. Upon removal from the solution, the sample is thoroughly rinsed with
ethanol (HPLC grade, Sigma-Aldrich) and air-dried.

The steps described above were repeated until the desired total reagent
volume has been reached. The exception was made for samples treated with
350 uL, with the volume of the HAuCl, aliquot changed to 100 pL in the
first two steps, because the desired total volume was not divisible by 150 uL.

UV /Vis spectroscopy

Transmission measurements were done in the spectral range from 200
- 1100 nm. using a UV/Vis Lambda 25 Perkin Elmer spectrophotometer
equipped with deuterium and halogen lamps.

Ellipsometry

To complement the transmission measurements, optical properties were
further investigated by spectroscopic ellipsometry, using a J. A. Woollam
V-Vase ellipsometer. A larger spectral range (0.57 - 5 €V, or approximately
248 - 2175 nm) was used. The measurements were performed at angles of
incidence of 55°, 65° and 75°. Modeling of the thin metal nanoisland film
effective optical constants was performed using a flexible multiple-oscillator
model with gaussian oscillators, to account for localized surface plasmon
resonance and interband transitions of nanoparticles with varying composi-
tions, shapes, sizes, and interparticle distances. Uncoated substrates were
also characterized by ellipsometry with the optical constants obtained by a
point-by-point fitting.

Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) measurements were done to connect
the insights obtained by optical measurements with the sample morphology.
Plain view images were taken using a field-emission microscope Jeol JSM
7000F at an acceleration voltage of 1 kV. Surface elemental analysis was
done by energy dispersive spectroscopy (EDS) with a EDS/INCA 350 (energy
dispersive X-ray analyzer) unit linked to the microscope.

Transmission electron microscopy (TEM)

Further structural and morphological insights were obtained by scanning
transmission electron microscopy (STEM) performed on a field emission gun
FEI Tecnai F20 microscope. The combination of high angle annular dark-
field (HAADF) STEM, and the electron energy loss spectroscopy (EELS)
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performed in the Tecnai microscope by using a GATAN QUANTUM filter,
was used to obtain compositional maps. For EELS mapping of C, K-edge at
284 eV was used, M4,5-edges at 367 eV was used for Ag and M4,5-edge at
2206 eV for Au.

Surface-enhanced Raman scattering (SERS)

To test the SERS efficiency of the prepared nanostructures 4-aminothiophenol
(4-ATP) and rhodamine 6G (R6G) were used as model molecules. Solutions
of model molecules, ¢ = 1x107° M, were prepared by dissolution of R6G
and 4-ATP in Milli-Q water and methanol/Milli-Q water mixture (1% v/v),
respectively, while solutions of lower concentrations (1x107% M, 1x10~7 M,
1x1078 M) were obtained by dilution of 1x107° M solution with Milli-Q wa-
ter. Samples for SERS measurements were prepared by applying 1 ul of an
appropriate 4-ATP or R6G solution on the metallic substrate and the formed
drop was left to dry. Raman and SERS spectra were measured on a Renishaw
inVia Raman microscope equipped with a laser emitting at 785 nm and 532
nm. Raman spectra of the solid compounds were recorded on an aluminum
holder using x5 objective (NA = 0.12), while the SERS spectra of the com-
pounds on the metallic substrates were acquired using x20 objective (NA =
0.40). For all the samples spectra were taken with 10-s exposure time and
one accumulation, except for the solid R6G sample, in which case five accu-
mulations were collected for a spectrum. The applied laser power depended
on the sample. Hence, the Raman spectrum of solid 4-ATP was obtained at
the laser power of 16 mW, while the SERS measurements of 4-ATP samples
were performed using the laser power of 0.1 mW. Due to strong fluorescence
of R6G, the Raman spectrum of the solid substance was acquired at 0.0003
mW, while the SERS spectra of R6G samples were measured using 0.2 mW
laser power. For each SERS sample, the spectra were taken in triplicate and
the averaged spectrum was shown in figures. The raw spectra were baseline
corrected using the WiRE 5.3 software.

Electrodynamics simulations

Electromagnetic response of a core-shell particle is computed using the
Mie theory extension developed by Aden and Kerker [41]. In essence, all the
involved electromagnetic fields (incident, scattered and those in the shell and
in the core) are expanded in terms of vector spherical harmonics that rep-
resent multipole electric and magnetic fields. Imposing boundary conditions
at the interfaces of the particle (core-shell and shell-external medium) the
expansion coefficients can be determined and relevant far-field and near-field
quantities can be computed. Otical constants of materials for simulations

6



were taken from [42].

In the case of particle clusters, calculations are based in the generalized
multiparticle Mie theory [43|. Like in the previous case, incident, scattered
and internal fields are expanded in a series of vector spherical harmonics
defined with respect to the center of the particle. The field acting over
each particle is the sum of the incident field and the field scattered by all
other particles. Imposing boundary conditions at every particle surfaces, a
linear system connecting the scattered and incident field expansion coefficient
results. The system of equations is truncated to a maximum multipolar
degree (typically around 5) until convergence of the computed far field or
near field quantities is reached.

Density Functional Theory (DFT) calculations

Density functional theory calculations were performed using the GPAW
package. [44, 45| It is based on projector augmented wave (PAW) method
and utilizes the atomic simulation environment (ASE). [46] Since the periodic
boundary conditions were used for system modelling, the basis set was con-
structed using plane waves. Monkhorst-Pack grid [47] was used for Brilluin
zone sampling, and occupation number smearing was of Fermi-Dirac type
with 0.1 eV width.

A 4 layer slab of Ag-Au alloy with 3 to 1 ratio respectively, based on
L1, crystal structure with 20 A of vacuum (to reduce self-interaction), was
optimized using PBE functional [48] with 16x16x1 k-point grid and 400 eV
plane wave cutoff energy until forces on all individual atoms were less than
0.08 eV/A.

To study charge transfer, Bader charge analysis was performed using an
algorithm described in the work by Tang et al [49] and VMDI[50] was used
for visualization of the results.

3. Results and discussion

3.1. Optical and morphological properties

Optical measurements (UV /Vis spectroscopy and spectroscopic ellipsom-
etry) taken one day after the sample fabrication (Figure 1) show that the
treatment enables broad tuning of the LSPR starting from blue (approx.
450 nm), through the entire visible spectrum, and ending in the near in-
frared (approx. 950 nm). Although the LSPR is undoubtedly affected by the
Au deposition on the nanoparticle surface, which shifts the LSPR to red, the
degree of tuning exceeds the range achievable purely by composition change
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Figure 1: Left: Initial transmittance spectra for samples ranging from untreated to treated
with 3000 puL of 2 mM HAuCly. The arrow depicts the trend of minima shift, which relates
to the shift of plasmon resonance. Right: Initial imaginary part of the dielectric function
for aforementioned samples. The arrow depicts the trend of maxima shift, which relates
to the shift of plasmon resonance.

Sample | Pure Ag | 350 pL | 750 puL | 1500 pL | 2250 pL | 3000 pL
Arspr (nm) | 455 | 477 | 505 | 580 | 663 | 911

Table 1: Plasmon peak position (ArLspr) as determined from the wavelength at transmit-
tance minimum for the investigated samples

from Ag to Au. Large tunability indicates that morphological changes are
likely responsible for the full magnitude of the LSPR shift. The initial trend
is a smooth and slightly nonlinear red shift of the plasmon resonance with the
increase of the total treatment agent (HAuCly) volume. Simultaneously with
the red shift, both the transmittance minima and the peaks of the imaginary
part of the dielectric function (e2) get broader and less prominent. Less light
absorbed and/or scattered indicates that plasmon quenching is taking place
as treatment progresses.

SEM pictures reveal systematic morphological changes with treatment
progression of nanoislands, both at the individual and the group level. Indi-
vidually, nanoislands change shape from quasi-hemispherical when untreated
to polyhedral and irregular with sharper edges, after which one or more
pinholes are gradually formed and expanded, finally forming a ring or a
cage-like structure. There is also a trend of individual nanoislands merging
into progressively larger nanostructures, resulting in about a micrometer-
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Figure 2: Scanning electron microscopy images for the for the samples ranging from un-
treated to treated with 3000 uL of 2 mM HAuCly. All micrographs are taken at the same
magnification

long agglomerated formations resembling microchains of nanorings (Figure
2). Nanoparticle size distributions become wider with more treatment (Fig-
ure S13). It is also visible that interparticle distances range between almost
zero, to about 20 nm, but become much larger for the pl. sample due to
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agglomeration and possible material loss. We note that SEM pictures were
taken for aged samples, so possible morphological changes with ageing are
also present.

All of the aforementioned morphological changes - the appearance of
sharper edges, [51] hollowing, [52, 53| and agglomeration [54, 55| - could be
contributing to the red shift. Moreover, the shift magnitude indicates that
the morphological effects dominate for highly treated samples. Consistent
with the SEM pictures, the features of the dielectric function (Figure 1 and
Figure S2) also testify to the near-percolation behavior for the highly treated
(2250 and 3000 pL)) samples, as the nanoislands become interconnected. The
€9 plateau at higher wavelengths, exhibited by the sample treated with 3000
pL of 2mM HAuCly, is typical for near-percolated nanostructures. [15, 56|

The pinhole formation is a standard consequence of the galvanic replace-
ment reaction.[57] During galvanic replacement, the nanoislands of a less no-
ble metal (lower reduction potential, in this work Ag) are used as a sacrificial
template which reduces the cations of a more noble metal (higher reduction
potential, in this work Au). During the reaction Au is being deposited on
the surface of Ag nanoislands. The initial deposition forms a thin layer that
can consist of pure Au [58, 59| or Au-Ag alloy [57, 60]. Reaction progression
thins out the sacrificial metal, multiplies and expands the pinholes, which
leads to the formation of nanoframes and nanorings as shown in the Figure
2. The resulting nanostructures are formed homogeneously over the whole
sample surface that contained the initial silver nanoislands. This shows that
our method, consisting of Ag deposition and annealing with subsequent gal-
vanic replacement procedure using HAuCly, serves as a simple and large-area
nanofabrication procedure that allows great tunability of optical and plas-
monic properties. As such, it is suitable for high-throughput fabrication for
many types of plasmon-based devices.

3.2. Stability investigation

Another necessary property for practical application of such devices is
stability. We have achieved satisfactory mechanical stability (adhesion to
the substrate) by optimizing the annealing procedure, as described in the
Methods section and shown in the Figure S1. Two other important facets
of stability are chemical resistance and preservation of morphology. For this
reason, we have conducted subsequent optical measurements a few days, and
also five months after the first ones. The observed changes provided us with
the aging profile of the samples and enabled us to asses their overall stability.
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During the ageing period the samples were stored in a (non-hermetically)
closed transparent plastic box and held at room temperature. As evident
from the Figure 3, after 5 months the optical properties of the samples have
changed dramatically. Samples treated with 350, 750 and 1500 pL of HAuCly
solution now have a similar LSPR position. Pure silver shifted to the red far
enough that the trend of LSPR shift with treatment is broken - although
untreated, it is now red shifted when compared to the all aforementioned
samples. LSPR position of the 2250 sample has, however, remained rela-
tively unchanged. The appearance of a shoulder with long ageing times in
the NIR region, seen in the transmittance measurements for samples treated
with up to 1500 pL of the reagent, can likely be attributed to continued
gradual agglomeration. In the Figure 2 agglomerates can be observed on the
SEM pictures that were done on the aged samples. As nanoislands agglom-
erate the resulting Au-Ag hybrid metal nanoisland should shift the LSPR
to the NIR region. Ellipsometry measurements are consistent with that as-
sumption, as €5 curves also form a shoulder in the NIR, and are continuously
increased at higher wavelengths with respect to the newly treated samples
(Figure 1 and Figure 3). Finally, electrodynamics simulations of clustering
effects also corroborate this assumption. As can be seen from Figure 3, a ran-
domly generated cluster in which a minimum gap between particles (20 nm)
is assumed displays electromagnetic response with a well-defined plasmon
resonance. When the minimum gap between particles is reduced, clustering
occurs and a red-shifted shoulder progressively develops in the extinction
spectra. It is attributed to coupled resonances of closely located particles
excited by light polarized along the axis joining the particles, as shown in
the near field simulations of the cluster (Figure S3).

The ageing profiles for each individual sample in the Figure 4 display
the peculiarity of their ageing process. The trend for silver is largely as
expected. It is known from literature that silver, when exposed to the at-
mospheric conditions, oxidizes forming a dielectric layer usually consisting of
silver sulphide.[61] The red shift is caused by the increase in the dielectric
constant at the interface with the Ag nanoparticle (dielectric overlayer vs
air). It is important to note that the red shift after the first few days is
significant, comparable to the further shift observed after 5 months (Figure
4).

The sample treated with 350 uL of reagent barely changes position after
the initial treatment, and also during the first few days. Even after 5 months
it shifts only a little, but contrary to the pure silver, it is a blue shift. The
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Figure 3: Top: Clusters of 60 AgggsAug 15 particles (left) and corresponding electrody-
namics response (right). Particles have a radius of 25 nm and are randomly located at the
plane z = 0 allowing for a minimum interparticle distance of 20 (top), 10 (middle) and
0 nm (bottom). Cross sections are calculated in the framework of the multiple particle
Mie theory assuming plane waves propagating in the z direction and averaged for x and
y polarization. Refractive index of the embedding medium is 1.25, i.e. glass-air aver-
age. Bottom: Transmittance spectra for 5 months old samples ranging from untreated to
treated with 3000 L of 2 mM HAuCly (left). Imaginary part of the dielectric function for
5 months old samples ranging from untreated to treated with 3000 puL of 2 mM HAuCly
(right).
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Figure 4: Trends of transmittance spectra changes for individual samples. Spectra show
initial change with treatment, and subsequent changes with ageing at different times during
5 months. Arrows depict trends of transmission minima changes which follow the plasmon
resonance shift.

750 pl sample, however, shows a clear trend reversal. After a prominent
red shift due to the galvanic replacement, the transmittance minimum im-
mediately starts shifting to blue and ends up almost at the same position
as it had before it was treated. A similar but even more pronounced trend
is present for the 1500 pul. sample. However, another distinct trend can be
observed for the 2250 pL sample. After a large red shift and an increase in
the transmittance resulting from the sample treatment, there is very little
further change with ageing. Transmittance minima for all samples, reflecting
the plasmon position shift with treatment and ageing, is given in the Table
S2.

To elucidate the reasons for different ageing trends and obtain more struc-
tural and compositional insights, TEM measurements were performed, and
combined with electrodynamics simulations. 350 and 2250 uL. samples were
chosen for closer inspection since they are the most stable and thus the most
promising ones. Moreover, they are the edge cases between which the trend
reversal takes place, thus providing helpful insight to elucidate the types of
changes happening in the other samples.

STEM-EELS analysis of the two samples shows two markedly different

13



morphologies and element distributions (Figure 5). The 350 uL sample is
fully alloyed throughout the whole volume (additional EELS measurements
showing individual particles are presented in Figure S15). There is no Au
shell surrounding the nanoisland - on the contrary, there is rather little Au
in the surface alloy composition. We propose that the slight blue shift that
is observed can be attributed to morphological changes related to surface
energy minimization (discussed later in the text), which could also explain
the much larger blue shift with ageing that can be seen for 750 and 1500 uL
samples. However, it is still unclear why there is a blue shift with respect to
the initial pure silver for the 350 uLL sample, as alloying even a small amount
of gold should result in a small relative red shift. We believe that the reason
could be in dielectric overlayer already forming on the Ag nanoisland surface
before the initial optical measurements on the untreated sample, and slightly
red shifting the plasmon resonance. As can be seen from the trends in Figure
4, there is already a notable shift in the first couple of days. Since the first
measurement was performed 1 day after fabrication, some dielectric layer
could have already formed and produced a noticeable red shift with regards
to the LSPR of pristine silver. We hypothesize that the treatment with
the small amount of reagent might lead to the removal of patina (dielectric
overlayer), reversing the red shift. Simultaneously, a very small amount of
gold deposited on the surface would shift the plasmon peak back near the
starting point.

To test, and further clarify this hypothesis, an aged silver sample was sub-
jected to the experimental procedure based on the one designed for galvanic
replacement (described in the Methods section) but modified - without using
the galvanic replacement reagent, HAuCly - just pure milli Q water (MQW,
18 MQ em™!), and rinsing with pure ethanol. Measurements taken immedi-
ately afterwards show a blue shift even when compared to silver nanoislands
aged for only 1 day (Figure S7). Combined with the electrodynamics simu-
lations (Figure S4) which also show that LSPR of pure silver nanoparticles
is blue shifted in comparison to silver with a thin AgsS overlayer (the most
likely corrosion product) [61], the results imply the removal of the dielectric
overlayer during such treatment, even without galvanic replacement.

In contrast to the 350 pL sample, while there is some alloying on the
nanoisland imaged by STEM-EELS on the aged 2250 pL. sample, the ele-
ments are mostly separated. Element separation can occur due to dealloying
in the later stages of the galvanic replacement process, when Ag atoms are
being removed from the surface of the nanoparticle, leaving only Au. [62] The
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irregular Ag island, with pinholes formed due to galvanic replacement pro-
cess, is in part covered by Au shell-like structure. However, it is interesting
to note that Au seems to have gathered in the pinholes, partially filling them.
The preferential pinhole filling by deposited Au could be directed by surface
energy minimization, leading to (incomplete) restoration of hemisphericity.
A similar effect was observed in the work by Chien et al, [63] where solid
nanoparticles were formed by Au preferentially backfilling the central void in
the Au-Ag hollow nanoparticles formed by galvanic replacement. Au is also
seen accumulating at the nanoisland edges, possibly contributing to nanois-
land agglomeration and merging that was observed with larger treatment
volumes.

Figure 5: STEM-EELS map of the 350 uL sample (top) and 2250 pL sample (bottom).
Near-complete overlap in the distribution maps of Ag and Au implies that the 350 plL
sample is fully alloyed, while the distribution maps of the 2250 uL. sample illustrate a
more segregated, core-shell-like structure.
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Unlike the samples treated with 350 uL and 2250 puL. of HAuCly, those
treated with 750 puL and 1500 uL. showed considerable changes in the trans-
mittance spectra with ageing. As possible explanations, we discuss com-
positional restructuring by Au-Ag interdiffusion, and purely morphological
restructuring.

Since the strong blue shift is present for the samples which are treated
more than the 350 puL sample, but less than the 2250 ul. sample, we hypoth-
esized that after the treatment they might possess a Au shell responsible for
the initial red shift, which dissappears with time due to slow element inter-
diffusion at room temperature. There are several condition that could enable
the spontaneus low-temperature alloying, such as large number of vacancies
formed by galvanic replacement (playing an important role in Kirkendall
effect), large interface area between core and shell elements enabling short-
circuit diffusion paths, a substantial defect density in nanoislands, and the
presence of stress-fields and dislocations. |64, 58, 65, 66] However, our elec-
trodynamics simulations (Figure S5) show that transition from core-shell to
alloyed structure could lead to blue shift only when Au shell would make up
about 50% or more of the total nanoisland composition. In fact, the shift
would be in the opposite direction with the atomic ratio of Au lower than
50%. Since such large Au ratio is not observed (EDS analysis showed up to
20% of Au in the nanoislands), the compositional restructuring can likely be
discarded as a cause for the blue shift.

Morphological restructuring that leads to the LSPR blue shift is likely
driven by surface energy minimization. Treated nanoparticles take an irreg-
ular shape with sharper edges, and form pinholes. Both of these characteris-
tics can, as previously stated, lead to red shift, but also increase the surface
energy. Surface energy minimization by respherification could partially re-
verse each process, while simultaneously shifting the LSPR back to the blue.
Respherification has been determined as the reason for the observed blue
shift with ageing after galvanic replacement by Yang et al [67]. Reduction
of the pinhole has also been reported by Sun et al [62] and attributed to
mass diffusion, while STEM-EELS pictures of 2250 uL. sample in Figure 5
show Au preferentially filling the pinholes in Ag nanoisland, suggesting such
filling is a possibility in the less treated samples too. Furthermore, com-
putational studies of Au-Ag alloyed and core-shell particles with a pinhole,
have demonstrated that hole reduction leads to substantial blue shift|68, 69]
We thus believe that gradual respherification, likely involving partial hole
reduction or filling, leads to the observed blue shift of LSPR with ageing.
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The simultaneous appearance of the shoulder around 800 nm can, as shown
by simulations in Figure 3, be attributed to the effect of partial agglomera-
tion. Agglomeration is not very prominent for 350 pL. sample, attesting to
its morphological stability. However, it is more evident for 750 L and 1500
puL samples (Figure 2, SEM pictures).

In light of these findings, we stress the importance of ageing measure-
ments when assessing the potential of a system involving similar multimetal-
lic nanostructures. As shown here, the initial properties might be short-lived
even in mild conditions, which limits the applicability of the results reported
without stability assessment.

With regards to the sample stability, it is important to note that the
transmittance minimum of the 350 pL. sample did not red shift, although
there is no gold shell protecting it from the atmosphere and preventing the
growth of a dielectric layer which happens on pure Ag sample. Since its sur-
face consists primarily of Ag, the lack of red shift due to Ag reacting with air
suggests that alloying with a small amount of Au is sufficient to passivize the
surface and increase the long-term chemical stability of the nanoisland. In-
deed, it has been widely reported that alloying greatly increases the chemical
stability of the nanoparticles. [16, 17, 70, 71, 72, 73, 74, 75| Transmittance
minima of the 750 L and 1500 ul samples also ended up close to the min-
ima of the untreated samples after 5 months of ageing. The final positions
show a very small progressive red shift as the volume of the HAuCly increases
which poin ts to passivization of nanoislands, regardless of alloyed or core-
shell structure. The samples treated with up to 1500 pLL have a transmission
minima at slightly higher wavelengths following the increase in the volume
of the reagent (consistent with composition change), but the differences in
LSPR are still much lower than the final shift caused by dielectric overlayer
enveloping the surface of the nanoisland. Furthermore, instead of decreasing,
as was observed with ageing of untreated Ag nanoislands, the transmittance
is very slightly increasing with ageing.

It is clear that adding an Au shell passivizes the Ag core because the Ag
atoms can’t get in contact with the atmospheric molecules. Interestingly,
alloying Au and Ag also leads to substantial passivization although surface
Ag atoms aren’t protected. The increased stability of Au-Ag alloyed nanos-
tructures in comparison with pure Ag nanostructures has been found under
various conditions and in different environments. Stability is increased in
aqueous solutions [16, 17] even in the presence of leeching electrolytes|71, 72].
Alloyed nanostructures have also shown chemical stability in oxidative mix-
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tures known to dissolve pure Ag [73|, even after 12 hours of exposure [74].
Finally, in air, Ag-Au nanoalloys have shown long-term ageing resistance
(during 3 months) [75] and combined chemical and thermal stability during
calcination (10 minutes at 600 °C [74] and 300 °C for 12 hours). |70]. However,
the exact reasons for the stability increase upon Au addition are still unclear.
Entropic effects, Ag depletion (leading to Au shell formation), difficulty of
oxygen diffusibility, silver-oxygen bonding, effects due to alloy structure, and
charge-transfer effects have been mentioned as possible reasons. [16, 71|

Here, we focused on the charge-transfer effects, as they should be present
always, regardless of the environment or the conditions. By using density
functional theory (DFT) we explored the charge distribution on a model
alloy system, a semi-infinite thin film of Ag-Au alloy with a respective 3 to 1
ratio (Figure S6). Charge analysis shows that electron density has partially
moved from Ag to Au (Table S1). Au atoms in such a system are significantly
negatively charged, drawing approximately 0.3 electrons in total from the
surrounding Ag atoms. Consequently, Ag atoms carry a partial positive
charge, losing approximately 0.1 electron. Inducing a partial positive charge
on Ag atoms makes them less prone to electron donation (oxidation) and
thus less reactive with oxidative species in the environment. Charge-transfer
effects thus explain, at least in part, the higher chemical resistance of Au-Ag
nanoalloys, in comparison with pure Ag nanostructures.

3.8. Surface-enhanced Raman scattering (SERS) study

Rough gold and silver surfaces have been widely used as substrates for
Raman scattering enhancement, allowing detection and structural analysis
of molecules at low concentrations. [76] To study the SERS efficiency of
the prepared metallic nanostructures, 4-aminothiophenol (4-ATP) and rho-
damine 6G (R6G) were used. Owing to high scattering ability and sub-
stituent driven adsorption, these aromatic compounds have been commonly
used as model molecules in the SERS spectroscopy. [77, 78| Assignment of
the bands is presented in the Supporting information, "Assignment of Ra-
man bands" section. The Raman bands of model molecules were excited
using laser at two wavelengths, 532 nm (results shown in Figures S10 and
S11 of Supporting information) and 785 nm (results shown here).

The SERS spectra of 4-ATP (¢ = 1x1075 M) on the prepared aged metal-
lic substrates were obtained and compared to the Raman spectrum of solid
4-ATP (Figure 6). Interestingly, the SERS spectra of 4-ATP clearly differed
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from the Raman spectrum of the solid sample. New, intense bands were as-
signed to NN stretching mixed with CH deformation (1430 and 1390 cm™!)
as well as to C-N stretching (1140 cm™1). [79] Appearance of these bands in
the SERS spectra of 4-ATP pointed to existence of new species on the metal-
lic substrates. It was assumed that dimers of 4-ATP molecules were formed
(4,4-dimercaptoazobenzene, DMAB), by linking two monomeric molecules
through amino groups. This was in agreement with the findings that laser
light can induce dimerization of 4-ATP molecules on rough silver surface.
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Figure 6: Raman spectrum of solid 4-ATP (a) and SERS spectra of 4-ATP, ¢ = 1x107°
M, on: Ag + Au (350) (b), pure Ag (c), Ag + Au (750) (d), Ag + Au (1500) (e), Ag +
Au (2250) (f), Ag + Au (3000) (g); laser wavelength: 785 nm, laser power: 16 mW (a)
and 0.1 mW (b-g). The spectra are displaced for visual clarity.

Among all the tested metallic substrates, the strongest enhancement of
the Raman scattering was obtained for 4-ATP on the fully alloyed Au-Ag
nanostructure (Ag treated with 350 uL. HAuCly), characterized by increased
stability but preserved plasmonic properties of silver. By further increase
in gold content, the intensity of the SERS spectra diminished, being the
weakest for 4-ATP molecules adsorbed on the nanoislands with the highest
Au content (Ag treated with 3000 L. HAuCly). Although SERS efficiency
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of pure Ag nanoislands is considerably lower than that of the 350 pL sample,
it surpassed the enhancing ability of the rest of the treated samples.

Apart from the difference in the overall SERS intensity, relative intensity
of the spectral bands changed with the metal composition of the tested sub-
strates. Hence, the intensity ratio of the C-S stretching band (1075 cm™1)
and C-N stretching band (1143 cm™!) varied from 0.610 (Ag) to 1.095 (Ag
treated 3000 pL of HAuCly), indicating nanostructure dependent orientation
of DMAB molecules towards the metallic surface. Due to high affinity of
nitrogen atoms for silver surface, the molecules were most likely placed on
the silver-based nanostructures with the central azo moiety close to the sur-
face, whereas adsorption of the molecules through sulfur atom was very likely
favored on the nanostructures constituting mostly of gold.

The SERS spectra of R6G (¢ = 1x107° M) on different metallic nanos-
tructures followed the same trend as the spectra of 4-ATP. The Raman scat-
tering, as shown on Figure 7, was enhanced at most for R6G molecules
adsorbed on the treated metallic substrate containing the least amount of
Au (the 350 uL sample. By increasing the gold content, the SERS inten-
sity decreased, though not as pronounced as in case of 4-ATP (DMAB). In
addition, the composition of the metallic nanostructures did not affect the
relative band intensity, leading to a conclusion that, regardless of the sub-
strate used, the preferred orientation of R6G molecules on the metal surface
remained the same.

It should be emphasized that the SERS spectra of 4-ATP and R6G were
taken using the laser power of 0.1 and 0.2 mW, respectively, three orders
of magnitude lower than the maximum power, indicating excellent SERS
efficiency of all the prepared metallic substrates, especially of the sample
treated with 350 uL HAuCly.

It is visible from the trends in the Figures 6, 7, and S10 the 350 uLL sample
shows the best SERS performance regardless of the model molecule or the
laser wavelength.

To verify the stability of the best performing sample we also performed
measurements on a freshly prepared 350 pul. sample, and additionally of
freshly prepared 750 pL sample for comparison. The efficiencies of the aged
and freshly prepared 350 uL samples are very similar, evidencing the stability
of nanostructures prepared in such conditions (Figures S19-S21). Addition-
ally, the relative SERS efficiencies of the freshly prepared 350 pl. and 750
pL samples (Figures S16-S19) are consistent with those of the aged samples
shown in Figure 6.
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Figure 7: Raman spectrum of solid R6G (a) and SERS spectra of R6G, ¢ = 1x107° M,
on: Ag + Au (350) (b), pure Ag (c), Ag + Au (750) (d), Ag + Au (1500) (e), Ag + Au
(2250) (f), Ag + Au (3000) (g); laser wavelength: 785 nm, laser power: 0.0003 mW (a)
and 0.2 mW (b-g). The spectra are displaced for visual clarity.

While it seems intuitive to assume that SERS performance follows the
LSPR intensity at the given wavelength, the relationship between these two
phenomena is quite complicated. Indeed, for a long time, SERS based on
the plasmonic properties was achieved without correlation with LSPR [14],
although recent research is showing some progress in elucidating the rela-
tionship between SERS and LSPR [80].

In this context, although the main reason for the best SERS performance
of the 350 uL. sample with alloyed Au-Ag nanoislands might be difficult to
asses, we suggest here some of the possible explanations:

(i) Based on the argumentation above, we believe that nanoislands in this
sample do not form a patina (dielectric overlayer) as the pure Ag ones on
the untreated sample. It has been reported that even a couple of nanometers
thick dielectric layer dividing the model molecules from the surface of the
nanoparticle can significantly reduce the SERS signal. [81] Our electrody-
namics simulations are in agreement with the reported data, and show that
even 1 nm thick AgsS shell covering Ag nanoparticle with a 25 nm radius
results in a 4-fold reduction of the maximum near field enhancement. (ii) As
a low amount of Au is added to the Ag nanoislands, the alloyed structure
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shows superior field enhancement when compared to the core-shell structure
(Figure Sb), for certain compositions even comparable to pure silver [82]. (iii)
Nanoislands in that sample can enhance the SERS performance because their
sharp edges (Figure 2) can lead to more intense hot-spots |83, 84]. (iv) Is-
lands on that sample have a relatively small interparticle distance (favorable
for hot-spot intensity). However, in contrast to the more treated samples,
very few of them merge (even after five months), and thus avoid reduction
of the hot-spot number and intensity. [85]

Low agglomeration during a prolonged period with no special storage
conditions makes this sample especially suitable for utilization in SERS and
other sensing techniques. In fact, although in some of the more treated
samples the nanoislands show more agglomeration that likely increases with
ageing, even they are still exceptionally stable when compared to the sensors
based on nanoparticle aggregates. Such aggregates lack stability and suffer
from low reproducibility. [9] Due to the aforementioned reasons, aggregates
are severely limited for practical applications regardless of the performance,
which points to nanoislands as a promising alternative.

Detection limit measurements for 4-ATP and R6G on the most SERS-
efficient sample (treated with 350 uL of reagent) are shown in the Figures S8
and S9. Details regarding the procedure are presented in the Supplementary
information, "Detection limit measurements" section.

Detection was possible in the nanomolar range (1x10~7 M) displaying
the high detectability of the substrate. Such detection limit is compara-
ble to several different recently reported bimetallic Au-Ag nanostructures
which also enable detection in the nanomolar range [86, 87, 88, 89, 90].
While some bimetallic structures enable detection even below the nanomolar
range [91, 92| we note that our measurements were performed using very low
laser power (< 0.2 mW, approximately 1000 times lower than the maximum
power). The SERS performance of our samples suggests that they might be
especially suitable for measurements of the laser radiation sensitive samples
such as cells and tissues since high detectability in mild conditions enables
avoiding photoinduced destruction of the sample. Special methods have been
developed to provide detectability under nondestructive conditions (reduced
laser power), such as optical fibers with nanoislands at the tips [93, 94], and a
recent study using a fiber-optrode with silver-coated gold nanostars reported
the same limit of detection as in our work [95]. However, we believe that us-
ing bimetallic nanoislands on simple glass substrates, as shown in this work,
is advantageous due to comparatively low cost, ease of production and much
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better suitability for large-area nanofabrication.

The ability to modulate the morphology of nanoislands can also play
a beneficial role for sensing capabilities due to multiple pinhole formation
which induces nanoporosity. The resulting increase of surface area can en-
able adsorption of a larger amount of labeling agents. These molecules can
then be used in SERS tags to detect the desired species by conjugating with
them. Furhermore, hollow nanoislands have previously shown good perfor-
mance for refractive index sensing, [40, 96| so the combination of stability
and hollow morphology of the nanoislands produced by treatment with 2250
uL of reagent holds the prospect for said utilization.

4. Conclusion

In this work, we have demonstrated a large-area, simple, and inexpen-
sive nanofabrication procedure for hybrid metal Au-Ag islands on glass sub-
strates. Our procedure provides exceptional tunability, as morphology of the
nanostructures can be tailored from fully alloyed to core-shell, and from indi-
vidual hemispherical nanoislands to microchains of nanorings. Consequently,
plasmon resonance can be tuned through the entire visible range, and well
into the near infrared region.

Ageing measurements highlighted the critical importance of stability as-
sessment in determining the practical applicability of plasmonic multimetal
nanostructures, as morphology changes can continue for days, or even months
after fabrication. DFT calculations demonstrated that charge transfer from
Ag to Au helps explain the pronounced increase in chemical stability of Ag-
based nanostructures as Au is added by alloying - an effect that is widely
reported but not yet fully understood. Based on that, we identified fab-
rication conditions that lead to multifaceted stability: chemical resistance,
mechanical stability (adhesion to the substrate), and morphological stability.

In SERS measurements, Au-Ag nanostructures enabled detectability limit
in the nanomolar range even with very low laser power, which is especially
suitable for use with sensitive biomaterials. Combined with tunability of plas-
mon resonance to wavelengths in the tissue transparency window, our sam-
ples show promise for use for SERS and LSPR-based sensing in biomedicine.
Furthermore, glass substrates with thin nanoisland films, as produced with
our method, should be easily integrable with microfluidics elements to form
a lab-on-a-chip device, with potential use in next generation diagnostics.
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Finally, we emphasize that Au-Ag alloyed nanostructures with the best
SERS performance also remained almost unchanged with ageing, with plas-
monic properties rivaling those of pure Ag nanoislands. Such a combination is
universally useful and highly sought of in the field of plasmonics. Fabrication
method for nanostructures with gold-like stability and silver-like plasmonic
properties thus holds importance not only for sensing, but photocatalysis,
solar energy harvesting, and other utilizations of plasmon-based properties.
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