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Near-Field Optical Properties of Fully Alloyed Noble
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Combining metallic elements with different compositions at
the nanoscale to obtain fully alloyed nanostructures can pave
the way for an optical-electronic platform with fine-tunable
response over a very broad range of the electromagnetic spec-
trum, from the UV to the IR. While the optical properties of
pure metallic nanostructures have been extensively investigated
by varying their size, shape and distribution, their intrinsic die-
lectric function still limits its application. Here, we implement
the dewetting of metallic thin films to produce fully alloyed
Ag,Au;_, nanoparticles (NPs), and show how their chemical
composition affects the optical response of the self-assembled
arrays. As an example of how alloying can be used as an addi-
tional knob to tune the localized surface plasmon resonance
(LSPR) of metallic nanostructure systems, we analyze the near-
field optical properties of alloyed Ag,sAuys NPs by combining
spectrally dependent near-field scanning optical microscopy
(NSOM) with full-field simulations of the light-matter interac-
tions. We find a strong variation in the absolute value of the
electric field around and within the alloyed NPs. Our results
demonstrate the potential of realizing alloyed nanostructures
by a scalable method with engineered optical properties for
applications ranging from nanophotonics to sensing.

LSPR is the confinement of the collective oscillation of the
electron charges in metallic nanostructures, causing a pro-
nounced electric field enhancement at their surface and high
optical absorption. This property has been widely explored for
Ag and Au NPs in the fields of nanophotonics,?! energy har-
vesting,>* molecular detection,® biomedical therapeutics,®!
and catalysis.”l The possibility of fabricating pure metallic
NPs with controllable size and shape enables the modulation
of the LSPR from the UV to the IR regions of the electromag-
netic spectrum.B-11 However, the pressing need for providing
on-demand plasmonic properties for nanophotonic applica-
tions still remains due to the fact that the optical response of
pure metals, such as Ag and Au, is dominated by their intrinsic
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dielectric function. Alloying of these noble metals has been
applied to tune the material dielectric function, where the LSPR
can be modulated progressively from the UV (pure Ag) to the
NIR (pure Au).'2"] Thus, metallic nanostructures composed
of Ag-Au can enable the rational design of building blocks for
different applications, such as metamaterials,'®7! hot carrier
devices,I¥! light absorption improvement in photovoltaics,*2!
colored glasses,?!l displays,?22% and catalysis.[**

To date, different fabrication techniques have been suc-
cessfully utilized to realize Ag,Au,_, alloyed NPs. They can be
formed by colloidal synthesis via the reduction of precursors
containing metals in solution,?>2% and by the sequential pulsed
laser deposition of Ag and Au targets,*”?8] which can yield
large amounts of NPs with narrow size distribution. However,
the overall size of the NPs cannot be varied beyond 150 nm.>"]
Alternatively, nanolithographic methods enable full control of
NPs size, shape, and distribution.!'¥ Nevertheless, this tech-
nique is constrained to specific applications due to its high cost
and very limited scalability. The dewetting of metallic thin films
has also been used to fabricate purel?!**-32 and alloyed!'*) metal
NPs. In this simple and effective fabrication route, a very thin
layer of metal (<50 nm) is initially deposited onto a substrate.
Then, when the thin-film sample is annealed under a con-
trolled environment (oxygen free), surface diffusion takes place
and results in the formation of nanostructures to minimize the
energy of the system.[3373¢] This method has been particularly
useful for optoelectronic devices, where these metallic NPs act
as light scattering centers that ultimately increase light absorp-
tion within the semiconductor.*37]

In this work, we fabricate fully alloyed Ag,Au;_, NPs with
controlled chemical composition by dewetting thin films and
characterize their optical response at the macro- and nano-scale.
Surprisingly, we find that the NPs’ distribution heavily depends
on the thin-film chemical composition, irrespective of the
original film thickness. Simultaneously, we measure a shift of
the LSPR due to the NPs’ composition variation, which defines
their optical response. We map the elemental distribution of
Ag and Au and confirm that the NPs are fully alloyed, forming
a solid solution at the nanoscale. To further illustrate how the
chemical composition affects the material optical response, we
perform a detailed analysis of the optical characteristics of fully
alloyed Ag,sAugs nanostructures in the visible range of the
spectrum. For that, we combine spectrally dependent NSOM
measurements and finite-difference time-domain (FDTD)
simulations to locally resolve the optical response of individual
NPs. Our results of the near-field light-matter interactions for
AgjsAu, s nanostructures reveal an electric field enhancement
of 30 times in the visible range of the spectrum under the NPs
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Figure 1. SEM plan-view images of a) Ag, b) Agg 75Aug s, €) AgosAugs, d) AggasAug 75, and e) Au nanoparticles (NPs) showing size and shape distribu-
tion. The corresponding diameter statistics are shown on the second row, where the average diameter for each sample is 53 + 29, 141 + 70, 253 £ 62,
184 £ 70, and 441 £ 176 nm, respectively. Here, the uncertainties refer to the full-width-half-maximum of the Gaussian fits. For Au NPs the major axis

of a hemispheroid is used to describe their size distribution.

and in its vicinity. The NSOM measurements are in excellent
agreement with our full-field simulations.

We fabricate alloyed NPs by the cosputtering deposition of
Ag and Au on indium tin oxide (ITO)/glass substrates, fol-
lowed by a thermal annealing treatment under a controlled
environment, as described in the Experimental Section. Upon
annealing, the thin film suffers substantial surface diffusion,
and the NPs are formed to minimize the nanoparticles + sub-
strate system’s energy (the surface and edge energy terms of
the enthalpy).?¥ A sequence of scanning electron microscopy
(SEM) plan-view images of the NP samples are presented in
Figure 1la—e, with its corresponding diameter statistics. NPs are
obtained across the whole composition range, from pure Ag
to pure Au, using the same annealing condition (see Experi-
mental Section for fabrication details). Hemispherical NPs are
formed in all alloyed samples containing Ag, with average base
diameter equal to 53 £ 29, 141 £ 70, 253 + 62, and 184 + 70 nm
for Ag, AgossAugzs, AgosAugs, and AgyasAugzs, respectively
(see Table S1 and Figure S1 in the Supporting Information
for statistics). The spatial distribution (density) of the particles
corresponds to a coverage area of 7%, 12%, 19%, and 19%,
respectively. The samples with Agj;sAug,s and Agg,sAug s
present NPs with similar average size, but different distribu-
tion (see Figure 1). In particular, we observe a large popula-
tion of extremely small NPs on sample Ag, ;5Auy »5, most likely
resulting from incomplete ripening process, a common phe-
nomenon defined by the coarsening of larger particles at the
expense of smaller ones, resulting from their chemical poten-
tial minimization.[*® Conversely, the pure Au NPs are faceted,
with an average major and minor axis equal to 441 + 176 and
368 = 148 nm, where the substrate area covered by the NPs
is 9%.53% The relatively strong cohesion between Ag and ITO
leads to the formation of small particles, whereas the weak
cohesion between Au and ITO gives rise to larger, faceted parti-
cles.33 Therefore, the combination of such properties resulted
in a narrower size distribution for Ag,sAu, s NPs, compared to
the other samples.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

To assess the potential of our scalable fabrication method
to produce arrays of NPs with tunable LSPR, we analyze the
optical response of the NPs at the macro- and nanoscale.
Figure 2 presents the measured and simulated transmission
spectra for the Ag,Au;_, system. For all samples containing
Ag we observe well-defined resonance peaks, and a redshift of
the LSPR by increasing the Au content. Figure 2b displays the
photographs of the alloyed NPs on ITO/glass, where the cor-
responding colors of the samples are in agreement with the
measured transmission spectra (due to their respective plasmon
resonance). In order to corroborate our measurements, we use
the FDTD method (see the Experimental Section for simula-
tion details); our calculated transmission spectra are in good
agreement with our measurements, as shown in Figure 2c.
We calculate the transmission for NPs with average diameter
and density obtained from Figure 1, mimicking the fabricated
nanostructures. Because the dielectric function of metal alloys
cannot be estimated as the linear combination of their pure
counterparts,'?! we use the experimentally determined index of
refraction of the alloyed thin films (before annealing treatment)
as the input in our calculations by combining transmission and
reflection ellipsometry measurements (see Figures S2-S4 in
the Supporting Information). The small discrepancy observed
on the width of the LSPR peak results from the fact that our
calculations do not take into account the size and the random
spatial distributions of the NPs, which is well known to affect
the broadening of the LSPR.***1 The chemical composition
contributes to the redshift of the transmission (see Figures S5
and S6 in the Supporting Information for NP size and mor-
phology effects). Also, we observe a similar redshift on the
LSPR from pure Ag to pure Au through the scattering and
absorption efficiencies of perfectly spherical NPs using the Mie
scattering theory (see Figure S7 in the Supporting Information
for details). The absence of a transmission peak for the pure Au
sample is due to the very low density of NPs; because the peak
shift of pure Au NPs has been extensively studied®! it is not the
focus of this work.
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Figure 2. Macroscopic optical response of Ag—Au alloyed NPs. a) Measured transmission spectra of the Ag,Au;_, NPs. b) Photographs of alloyed NPs
on ITO/glass substrate on a white background. c) Finite-difference time-domain simulated transmission spectra.

To further evaluate if the fabrication method implemented
here provides fully alloyed nanostructures, we perform energy-
dispersive X-ray spectroscopy (EDS) elemental mapping on the
AgysAug s sample, as shown in Figure 3a. We first mill the front
and back of a representative NP using a Ga* focused ion beam
(FIB) to minimize background signal from other NPs, see
Figure 3b. Secondly, as presented in Figure 3c-h, we sequen-
tially mill and image the NP to determine the elemental dis-
tribution within the structure and to confirm that no material
segregation took place during the annealing treatment. A volu-
metric homogeneous distribution of both Ag and Au is detected
within the NP, verifying that a solid solution is formed at the
nanoscale, in agreement with the phase diagram for Ag,Au,_,
system.3] The amount of Ag and Au per NP is further con-
firmed by the plan-view EDS analysis of different NPs, which
show an average chemical composition of Agyss;Aug4e (see
Figures S8 and S9 and Table S2 in the Supporting Information).

We probe the near-field optical response of the fully alloyed
AgysAug s NPs sample by spectrally dependent NSOM measure-
ments in illumination mode. Here, an Al-coated Si cantilever
with a hollow SiO, pyramid tip with =60 nm aperture is scanned
across the sample surface and the transmission signal is
detected at the far-field with a 60x objective lens located 0.3 mm
underneath the sample. The topography and transmission sig-
nals are acquired simultaneously. As shown in Figure 4a—e, the
NPs are well resolved throughout all measurements, indicating
no significant tip changes during the scans. Figure 4f—j displays
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the spectral dependence of the transmittance for the NPs
within the visible range of the spectrum, from 500 to 700 nm.
We observe high transmittance features irrespective of the illu-
mination wavelength, both underneath and around the edges
of the NPs (see Figure S10 in the Supporting Information for
more details). Nevertheless, there is a remarkable higher local
transmission at 600 nm, compared to the scans acquired at
other wavelengths. This singular characteristic results from
the electric field enhancement caused by the particles’ LSPR at
600 nm. In fact, the shape of the macroscopic transmission (see
Figure 2) follows the same behavior revealed by the wavelength
dependent NSOM scans, caused by the LSPR. As expected, the
bare ITO shows high transmittance between 500 and 700 nm.
Figure 4k—o shows simulated maps of the square modulus of
the electric field (|E|?) underneath a hemispherical Ag,sAugs
NP on ITO/glass substrate, using an unpolarized point dipole
at the top of the NP as the illumination source,**! where the
dashed lines refer to the NP size (see the Experimental Section
for details). Our simulations are in excellent agreement with the
NSOM measurements: at 600 nm the |E|? is extremely high just
below the NPs, at its center and around its edges. The |E|? is
very low on the ITO layer due to the fact that the simulations
are performed using a dipole light source, instead of multiple
ones throughout the simulation space.

To acquire the full picture of the near-field light-NPs interac-
tions taking place, we simulate the cross-section electric field
|E)? decay as a function of wavelength. Figure 5 shows |E|?
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Figure 3. Fully alloyed Ag—Au nanoparticles. SEM images of a representative AgysAug s NP a) before and b) during FIB milling. c—h) EDS composition
maps obtained during serial milling (70 nm slice thickness) of the NP, showing homogeneous distribution of Ag and Au throughout their volume,
confirming the formation of a solid solution at the nanoscale. Insets: Cross-sectional SEM images of the NP after each milling step.

across a 253 nm hemispherical Ag,sAugs NP ontopofa 70 nm NP, in the ITO layer. Conversely, at 500 and 700 nm this effect
ITO and 500 nm glass substrate. Due to the LSPR, the intensity  is almost fully suppressed, and the field intensity in the sub-
of the electric field at 600 nm is enhanced 30 times around the  strate gradually diminishes. The overall decrease of the electric
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Figure 4. Near-field optical response of AgysAugs fully alloyed nanoparticles. a—e) Topography and f—j) NSOM transmittance measurements for rep-
resentative AggsAugs NPs showing strong spectral dependence. k-0) FDTD simulation of the square modulus of the electric field (|E|?) profile as a
function of wavelength, where the dashed circles refer to the NP position. Illumination conditions: unpolarized point dipole located at the top of the NP.
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Figure 5. Full-field simulation of light-nanoparticle interaction at the nanoscale. Cross-section profile of the square modulus of the electric field |E|? for
a 253 nm hemispherical AgysAug s nanoparticle on a 70 nm ITO/500 nm glass substrate as a function of wavelength. lllumination conditions: unpolar-
ized point dipole at the top of the nanoparticle (A=500, 550, 600, 650, and 700 nm).

field intensity at 500 nm is not as strong as at 700 nm due
to the proximity with the quadrupole LSPR, as shown by the
transmission spectra in Figure 2. Moreover, at 700 nm a large
fraction of the incident light is reflected by the NP, the electric
field is screened, resulting in low transmittance. The calculated
field profile agrees very well with the NSOM measurements,
Figure 4f-j, which also shows a maximum transmittance at
600 nm, assisted by the LSPR.

In summary, we have investigated the optical properties
of fully alloyed Ag,Au; , NPs at the macro- and nano-scale.
Making use of a scalable and low-cost process, random and
fully alloyed NPs were produced by the dewetting of alloyed
thin films, with chemical composition ranging from pure Ag
to pure Au. We found that the NPs’ spatial distribution heavily
depends on the original chemical composition of the thin
film, instead of its thickness. As confirmed by EDS measure-
ments, a uniform elemental distribution of Ag and Au was
obtained for the Ag,sAu, s sample demonstrating that a solid
solution is formed at the nanoscale. We revealed the near-
field effect of the LSPR in the alloyed NPs through spectrally
dependent NSOM measurements. High local transmittance
was observed both underneath and around the edges of the
nanostructures. These measurements were in excellent agree-
ment with our FDTD simulations, which showed that the |E|?
in the vicinity of and within the particles strongly varies as
a function of wavelength. Our results open the possibility to
explore an additional knob to tune the LSPR in metallic nano-
structures fabricated by a scalable physical approach: their
chemical composition. By using different substrates, with
distinct wettability, one could implement the method pre-
sented here to realize self-assembled alloyed nanostructures
with a variety of chemical compositions and optical responses
extended to a broader range of the spectrum. For instance,
Al-based alloys could expand the functionality of some
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optoelectronic devices that operate in the visible into the UV
range of the spectrum.

Experimental Section

Fabrication of Alloyed NPs: Alloyed thin films were fabricated via the
cosputtering deposition of pure Ag (99.99%) and Au (99.99%) at room
temperature, with deposition rates calibrated to reach different nominal
chemical compositions, ranging from Ag, AgyssAugas, AgosAugs,
Ago.2sAug 75 to Au. During deposition, the sample stage was rotated at
8 rpm to ensure uniform elemental distribution within each thin-film
sample. The thin films were deposited onto 1 x 1in.2 ITO (70 nm)/glass
substrates that were previously cleaned with acetone and deionized
water, then dried with N,. The as-obtained thin films were annealed at
600 °C for 1 h in N, flow of 1 atm to form the alloyed NPs.

Macroscopic ~ Transmission ~ Measurements: ~ The  transmission
measurements were performed using an ellipsometer (200-1000 nm) at
normal incidence, where the base line was air.

Chemical Composition Analysis: Surface and cross-sectional energy
dispersive X-ray spectroscopy was performed using a dual-beam FIB/
SEM, equipped with an EDS detector. Cross sections of the NPs were
milled with a Ga*-ion beam current of =1 pA. Because the resolution of
the EDS analysis is limited by the electron interaction volume (rather
than by the beam size), probing thin sections of the NPs ensured a
reliable analysis, with high spatial resolution. The relative composition
of the particles was determined using the Au-M and Ag-Lo X-ray lines
(at characteristic energies of 2.120 and 2.984 keV, respectively), excited
using a primary electron beam with a 10 kV accelerating voltage, =2 nA
current, and a 100 us dwell time.

Near-Field Transmission Measurements: A near-field scanning optical
microscope coupled with a supercontinuum laser was used for the
near-field transmission measurements. Unpolarized incident light was
transmitted through the aperture (260 nm in diameter) of a NSOM
probe and the signal was collected by a 60x objective lens with NA=0.8,
located 0.3 mm underneath the sample. Each transmission scan was
conducted with the probe <10 nm from the sample surface at the speed
of 2 s/line, with 512 x 512 points. The maps were then normalized by
the incident photon flux, measured at each wavelength by a silicon
photodetector positioned at the sample location.
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Numerical  Simulations: Numerical simulations were performed
through the FDTD method. For the macroscopic transmission
calculations, a normal incident plane wave source was used while an
unpolarized point dipole source was used for the nanoscopic ones. A
squared array of hemispherical AgysAugs NPs on top of a semi-infinite
substrate with a 70 nm ITO layer and glass was used in the simulation
space to mimic the fabricated samples, replicating the size and density
distributions of the sample. Perfect matched layer boundary conditions
were used in the z-direction while periodic boundary conditions were
used in the x- and y- in-plane directions. The broadband radiation of
the plane wave light source was propagated from air into the substrate
with the NPs on the front. For all simulations presented here, the index
of refraction was modeled through the multi-coefficient material model
using transmission and reflection ellipsometry measurements of the
alloyed thin films before annealing as the input data (see Figures S2-S4
in the Supporting Information). Likewise, the same procedure was used
in order to obtain the ITO index of refraction. For the glass substrate,
SiO, Palik’s data was used. The transmittance and electric field spatial
distribution profile were calculated as a function of the wavelength for
each simulation. Here, the net power flow out of a squared surface
500 nm below the substrate was used to calculate the transmittance
within the simulation. Finally, the electric field spatial distribution was
calculated from a cross-section rectangular surface, 515 nm wide and
570 nm deep in the substrate, centered with respect to the NP.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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