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ABSTRACT: We report the self-assembly of ultrasmooth
AuxAg1−x nanoparticles with homogeneous composition via
pulsed laser-induced dewetting (PLiD). The nanoparticles are
truncated nanospheres that sustain unique plasmonic features.
For the first time an electron energy loss spectroscopy (EELS)
study elucidating the size and composition effects on the
plasmonic modes of truncated AuxAg1−x nanospheres is carried
out. EELS characterization captures a linear red-shift in both
bright and dark modes as a function of the atomic fraction of
Au and a progressive red-shift of all modes as the size
increases. The results are interpreted in the context of Mie
theory and electron beam simulations. Armed with the full plasmonic spectrum of the AuxAg1−x system, the truncated spheres
and their ordered arrays synthesized via PLiD have promise as elements in advanced photonic devices.
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The localized surface plasmon resonances (LSPRs)
supported by metallic nanoparticles provide significant

enhancement of the electromagnetic field in the vicinity of the
nanoparticle surface. This unique property leads to the use of
LSPRs in a wide range of applications,1 such as surface-
enhanced Raman spectroscopy,2,3 sensing,4,5 imaging,6 photo-
catalysis,7 and photovoltaics.8,9 Furthermore, the engineering,
tuning, and controlling of light below the diffraction limit
enable the miniaturization of photonic circuits and the on-chip
integration of photonic and electronic systems.10,11 These
functionalities are closely related to the tunability of LSPRs,
which have been intensively explored through controlling the
shape, size, and dielectric environment of nanoparticles.12,13

Alloying metallic nanoparticles provides another avenue to
manipulate/tune the frequency and lifetime of LSPRs14−17 and
has demonstrated advantages in various applications.6,17−23

Alloys exhibit not only distinct optical properties when
compared to their individual elemental counterparts14,15,20,23

but also additional functionalities such as enhanced chemical
stability of plasmonic materials prone to oxidation (such as Ag,
Cu)17,24 or improved biocompatibility of Ag nanoparticles.18

The ability to effectively synthesize and engineer alloy
nanostructures is therefore an important complement to the
often-studied influence of size and geometry.

To realize desirable plasmonic functionalities based on
elemental or alloyed plasmonic materials, controlled nanoscale
synthesis of metallic nanostructures has been explored
extensively in the past decade. To this end, there are essentially
two synthesis paradigms: (1) bottom-up self- and directed-
assembly and (2) top-down lithographic methods. Of the
bottom-up methods, gold and silver nanoparticles of variable
composition and geometry such as nanospheres,13,17 nano-
rods,25 core−shell nanoparticles,26,27 cubes,28 octahedra,29

tetrahedra,30 and icosahedra31 are commonly synthesized
using wet-chemical methods. Single crystals and atomically
flat surfaces can be realized via well-controlled chemical
synthesis that can reduce greater losses and damping of surface
plasmons due to surface roughness or grain boundaries.28,32−34

However, organizing wet-chemically synthesized nanoparticles
into precise, complex, and hierarchical ensembles is challeng-
ing.35,36 Conversely, planar metallic structures and ordered
arrays are traditionally constructed via top-down lithography
and deposited by physical vapor deposition. These precisely
defined geometries and highly ordered elemental/alloy arrays
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generate various coupled plasmonic resonances and novel
functionalities compared to randomly distributed nanopar-
ticles.37−39 Despite the well-defined geometries and sizes
produced via traditional lithography, the resulting sharp corners
and planar surfaces are usually unstable at elevated temperature,
and traditional lift-off methods used in lithography patterning
also produce edge roughness.
Recently, pulsed laser-induced dewetting (PLiD) has been

explored as a fast and efficient self-assembly technique for
generating elemental40−42 and bimetallic43−46 nanoparticles.
The PLiD technique involves irradiating a thin (typically <50
nm) metal film supported on a substrate with a 10−20 ns laser
pulse with sufficient intensity to briefly melt the film. During
the liquid lifetime (tens of nanoseconds), liquid phase
instabilities40,41,47 and hydrodynamics dictate the breakup and
transport of the liquid film, resulting in arrays of truncated
nanospheres whose wetting angle with the underlying substrate
is governed by surface energies of the system. Conveniently the
resultant solid nanoparticles are remarkably smooth due to
their rapid solidification from the liquid phase. Recently,48 the
disperse nanoparticle size distribution that results from the
natural 2D film instabilities was exploited to determine the full
plasmonic spectrum of truncated silver nanoparticles ranging
from 20 to 1000 nm. Importantly, using a confluence of top-
down lithography and PLiD-directed assembly, highly ordered
one-40,49 and two-dimensional44,50 nanoparticle arrays with
hierarchical architectures have been realized. Thus, the PLiD
technique is a powerful method for direct assembly of both
elemental and alloyed functional plasmonic nanostructures and
devices.
In the present work we report the experimental and

theoretical electron energy loss spectroscopy (EELS) character-
ization of truncated AuxAg1−x alloy nanospheres synthesized via
the PLiD of Au−Ag thin films. We demonstrate that the
AuxAg1−x alloy nanoparticles formed via PLiD form a solid
solution over the range of compositions studied, which is
consistent with the equilibrium phase diagram. Furthermore,
the nanoparticles that result have not only an ultrasmooth
surface but also a uniform alloy composition over each particle.
The truncated sphere−substrate system exhibits intriguing

optical properties compared to other geometries and is suitable
for multiple applications.51−53 Similar structures were shown to
have a high fraction of light scattered into the substrate54 and
exhibit strong interface localization,48,51 which suggests the
potential of such a geometry in photovoltaics and photo-
catalytic devices.48,51,55 It has also been shown that greater
sensitivity to polarization and incidence angle can arise from
the broken symmetry of a hemispherical nanoparticle on
dielectric substrates.53 Despite the numerous studies of the
plasmonic behavior of Au−Ag alloys of various geo-
metries,17,21,26,56−58 the present work reveals for the first time
a complete mapping of the LSPR modes on identically
synthesized truncated AuxAg(1−x) alloy spheres over a large
size and composition range. The combination of transmission
electron microscopy (TEM) and EELS provides high spatial
and energy resolution imaging of both bright and dark
plasmonic modes as a function of size and composition that
are not fully accessible via optical characterization. The
experiments are interpreted in the context of Mie theory and
full-wave electrodynamics simulations using the well-docu-
mented electron-driven discrete dipole approximation (e-
DDA).59

■ RESULTS AND DISCUSSION

Nanoparticle Morphology and Structures. Figure 1a
schematically illustrates the progression of the PLiD self-
assembly process. The initially thin solid film is irradiated with a
10−20 ns pulsed laser sufficient to rapidly melt the film for
typical durations on the order of tens of nanoseconds.44 For a
thin liquid metallic film, dewetting is dominated by a
confluence of nucleation and spinodal dewetting instabilities.
Film rupture via spinodal instabilities occurs by amplification of
unstable surface thermal waves selected by the interface
potential between the liquid film and substrate.47 Subsequent
to film rupture, the far-from-equilibrium geometry induces
hydrodynamic transport dominated by a balance of capillary
and viscous forces. Simultaneous to the liquid phase transport,
heat is dissipated from the system and the nanoparticles rapidly
resolidify with a size and spacing correlated to the fastest
growing surface perturbation wavelengths.47

Figure 1. (a) Schematic illustrating the progression in a pulsed laser-induced self-assembly process where an initial thin film is (1) deposited and
pulse laser irradiated to form a liquid film in which (2) surface waves grow via liquid/solid interactions and eventually (3 and 4) evolve into
assembled nanoparticles and are (5) finally resolidified. (b) Histogram of the resultant nanoparticle size distribution from a 20 nm Ag film (inset is a
representative scanning electron microscope image of the nanoparticle distribution). (c) Lithographically patterned silver lines (left) and the
resultant ordered 1D silver nanoparticle arrays (right) formed via PLiD. (d) Lithographically patterned Au0.5Ag0.5 film (left) and resultant ordered
Au0.5Ag0.5 2D nanoparticle array (right) formed via PLiD. (d, top panel) Au, Ag, and Si EDS line scans of the Au0.5Ag0.5 nanoparticle array.
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The resultant nanoparticle size histogram generated via PLiD
from a 20 nm Ag film is illustrated in Figure 1b with an inset of
a representative scanning electron microscope image of the
nanoparticle array. The estimated average nanoparticle spacing
is ∼670 nm, which conveniently minimizes interparticle
coupling during the EELS characterization. As described earlier,
highly ordered 1D or 2D arrays of smooth nanospheres can be
realized by lithographic patterning of thin film nanostructures
prior to PLiD (directed assembly). Figure 1c displays scanning
electron micrographs of the patterned one-dimensional silver
lines (left) and the resulting ordered 1D nanoparticle arrays
(right). Figure 1d shows scanning electron micrographs of a
(left) patterned nanostructure array and the resulting 2D
nanoparticle array (right) with ∼Au0.5Ag0.5 atomic composition.
The top panel of Figure 1d is a compilation of Au, Ag, and Si
energy dispersive X-ray spectroscopy (EDX) line scans (see
inset of higher magnification nanoparticle array image)
confirming the ∼50/50 atomic as-deposited composition is
preserved during the PLiD process.
Next we demonstrate the resultant nanoparticle morphology

and crystalline structure of individual Au0.43Ag0.57 alloy
nanoparticles generated via PLiD of a 2D film. The crystalline
structure of the nanoparticles is examined using high-resolution
transmission electron microscopy (HRTEM) (examples shown
in Figure 2a−c). Most of the nanoparticles are polycrystalline

with an average grain size of a few tens of nanometers.
However, single-crystal particles are observed in small nano-
particles (∼20 nm) as demonstrated in Figure 2a, indicating the
potential to produce low-loss single-crystal nanoparticles at
small size scale using this method. As demonstrated in the inset
of Figure 2c, the high angle annular dark field (HAADF) image
of a 46 nm diameter Au0.43Ag0.57 alloy nanoparticle confirms no
distinct Au- or Ag-rich domains. Figure 2d and e are the
corresponding EDS maps of the elemental distributions of Au
and Ag collected on the 46 nm nanoparticle, which further
verify the homogeneity of the alloy. It is well known that Au
and Ag are completely miscible due to their similar lattice
constant (4.08 Å for Au and 4.09 Å for Ag) and crystal
structure (face-centered cubic). In addition to the homogeneity,
Figure 2 illustrates that the resultant truncated spheres are
ultrasmooth due to the rapid solidification from the liquid
phase. The spherical shape results from the liquid phase
minimum energy, which is isotropic and does not have any
crystallographic bias. The homogeneity is further demonstrated
in the EELS characterization.
An important geometric factor of the truncated nanospheres

is the resultant contact angle that the Au, Ag, and alloy particles
make with the silicon nitride substrates. Figure 2b illustrates a
tilted TEM image revealing a contact angle of ∼135° governed
by the well-known Young’s equation γLV cos θ = γSV − γSL,

Figure 2. (a and c) HRTEM images of Au0.43Ag0.57 alloy nanoparticles of 20 and 46 nm diameter, respectively. (c, inset) HAADF image of the 46 nm
diameter Au0.43Ag0.57 alloy nanoparticle. (b) TEM side view (90° tilted) images of two Au0.43Ag0.57 alloy nanoparticles. (d and e) EDX elemental
mapping of Au and Ag in the Au0.43Ag0.57 alloy nanoparticle shown in c (46 nm diameter).

Figure 3. Measured dielectric functions of Au, Ag, and the three alloy films.
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where γLV, γSV, and γSL are the liquid−vapor, solid−vapor, and
solid−liquid interfacial energy, respectively. Although a slight
difference in contact angle between the two metals is expected
due to the slight interfacial energy differences, a consistent
contact angle of ∼135 ± 5° is observed over the entire
composition range. Importantly, the films were synthesized
with no adhesion layer such as Ti or Cr, so the results are not
convoluted with impurities.
Dielectric Constants of AuxAg1−x Alloy Films. Many

studies have shown that the often-used composition-weighted
average of the dielectric functions (ε) of the pure metals fails to
predict those of the alloys,14,16 as it is not able to reproduce
both a quasi-linear shift of the interband transition thresholds in
alloys observed experimentally and also the changes in the free
electron behavior that results in additional plasmonic damping
upon alloying. While several experimental Au−Ag alloy
dielectric function measurements are available in the
literature,15,16,60 it is well known that ε is sensitive to the
synthesis process. Therefore, an accurate measurement of ε is
important for simulations to precisely determine the plasmonic
behavior of alloys. For this purpose, the dielectric functions of
both pure Au and Ag and several alloy compositions are
determined from a fit of measured ellipsometric spectra of the
sputter-deposited films as described in the Supporting
Information (with a table of the values listed).
The measured dielectric functions are shown in Figure 3.

The measured imaginary part of ε shows that the interband
transition threshold progressively shifts from ∼2.4 eV (for Au)
to ∼4 eV (for Ag), which agrees well with the trend pointed out
by Gaudry.57 Meanwhile, the alloys exhibit higher absorption
compared to the pure metals in the low-energy region.57 The
experimentally determined dielectric functions are used in the
presented e-DDA simulations. We point out that, without using
any fitting parameters, excellent agreement between experiment
and theory is obtained for the whole size and composition
range considered in this study. The successful prediction of
alloyed nanoparticle properties using the experimentally
determined bulk dielectric functions is not surprising
considering that the size range studied is not in a regime
where electron-surface scattering or electron spill-out effects
dominate the physics.
Examination of LSPR Modes Using EELS. The LSPR

modes of a substrate-supported truncated sphere are similar to

those of a sphere in free space when the contact angle between
the particle and the substrate is high and/or the particle is large.
However, when the particle or the contact angle with the
substrate is small, the specific structural features of truncated
spheres cannot be ignored. To describe these modes over the
size distribution considered here, we take the well-known Mie
modes of the sphere as a starting point. Truncating the sphere
gives the system edges and faces, which generate a new set of
LSPR modes that concentrate surface charge at these geometric
features. The presence of the substrate enables otherwise
orthonormal LSPR modes to interact. This interaction mediates
substrate-induced LSPR mode-mixing and LSPR localization
toward the substrate or away from it, depending on the mode in
question. Since energy must go into polarizing the substrate, its
presence lowers the overall energy of the system, leading to a
red-shift in the spectrum. Collectively, these effects conspire to
give the substrate-dressed LSPR modes of a truncated
nanosphere some interesting features, such as a far-field
optically accessible interface localization, which could prove
useful in solar energy harvesting applications.48 A thorough
examination of the LSPR modes of truncated Ag nanospheres
synthesized via PLiD was recently reported,48 and we use the
analysis provided there to interpret the EEL spectra of the
AuxAg(1−x) alloy nanoparticles presented here. Additional
simulations that explore the role of contact angle on the
optical properties of truncated spheres are included in
Supporting Information Figure S2.
We first focus on the EELS spectra of Au, Ag, and

Au0.43Ag0.57 alloy nanoparticles with ∼100 nm diameter (solid
lines Figure 4a), as they exhibit the main spectral features found
in particles of other sizes. Notably, EELS captures both the
bright and dark modes that are not accessible in optical
measurements. A complete set of simulated and experimental
EELS spectra for particles of five different material
compositions spanning ∼20−200 nm in diameter is provided
in the Supporting Information. Figure 4a shows the measured
and simulated EEL spectra for an aloof beam position. The
dashed lines are e-DDA simulations carried out at the same
beam position using the measured dielectric functions shown in
Figure 3. The three most prominent LSPR modes in Ag
truncated nanospheres are48 two degenerate dipole modes
oriented parallel to the substrate with an energy of 2.6 eV,

Figure 4. (a) Aloof EEL spectra (experiment, solid; simulation, dashed) for 100 nm diameter particles. The peaks for the Dxy, Qz, and QP for the
EELS measurements are labeled in the graph. (b) Illustration of beam setup. (c) Dependence of LSPR mode energy on alloy composition.
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denoted as Dxy, the z-oriented quadrupole mode Qz, located at
2.8 eV, and the quasiplanar mode QP, located at 3.6 eV.
The spectrum for Au nanoparticles in Figure 4a has the same

qualitative features as the spectrum of Ag nanoparticles, but due
to the differing dielectric properties of Au and Ag, the Dxy and
QP LSPR modes are lower in energy. Moreover, the relatively
large electron scattering rate in Au causes line width
broadening, indicating shorter plasmon lifetimes for systems
containing Au. For pure Au, the Dxy mode is at 2.3 eV and the
QP mode is at 2.4 eV.
The QP mode is a superposition of high-order plasmon

modes that is nearly degenerate with the standing wave surface
plasmon polariton (SPP) of a metal slab. The maximum order
mode supported by the nanoparticle increases with size,
resulting in higher order contributions to the EEL spectrum.
When this effect is combined with the red-shifting and
spreading out of modes with increasing particle size, the
spectra appear to exhibit a single peak that is invariant to
system parameters. This creates the illusion that the QP mode
does not change its energy with particle size or the presence of
a substrate. All LSPR modes that the nanoparticle is capable of
supporting are bounded above by the SPP frequency because
the plane geometry is indistinguishable from an infinite radius
sphere, providing an upper bound on the value of the LSP
mode energy. Physically, this occurs on particles that are several
hundreds of nanometers in size. This is most explicitly seen in
the l → ∞ limit of the LSPR mode energies of a nanosphere
(Mie modes) ℏωM = ℏωp[l/(l(ϵ∞ + 1) + 1)]1/2, showing that
the system is bounded above by the SPP energy ℏωSPP = ℏωp/
(ϵ∞ + 1)1/2. The location of the QP mode is thus determined
by ε∞, the dielectric contribution due to the metal’s core
electrons and the plasma frequency ωp. Figure 5 shows the l =

1, 2, 3, and 10 modes of a metallic nanosphere, with the l = 1
being the dipole mode and l = 2 being the quadrupole mode. At
l = 10, there is an increased concentration of the electric field to
the surface and the LSPR mode is no longer able to resolve the
geometry of the nanoparticle, giving rise to the QP mode.
The spectrum for Au0.43Ag0.57 in Figure 4a has three

distinguishable peaks at 2.4, 2.75, and 3.05 eV. We classify
these as the system’s Dxy, Qz, and QP modes, respectively. The
Au0.43Ag0.57 spectrum reveals that while the QP mode is not
sensitive to particle size or shape, it is sensitive to the
composition of the alloy, indicating that alloys can be used to
tailor the properties of LSPRs. The high energy-density of the

QP mode and its sensitivity to the dielectric properties of the
metal may be suitable for applications such as plasmonic
heating, photocatalysis, and sensing applications.1−9

Analyzing Au0.32Ag0.68 and Au0.2Ag0.8 nanoparticles of the
same size provides the LSPR mode energies as a function of
alloy composition (Figure 4c). We observe a linear red-shift of
the dipole mode (Dxy), in agreement with previous work.14−16

This further confirms that the full alloying of AuxAg1−x
nanoparticles is realized using the PLiD-synthesized nano-
particles. The Qz mode shows a progressive red-shift as the Au
concentration increases; however, it is only weakly excited
when the Au concentration is greater than ∼43%. For the
purposes of simulation, each particle is modeled as a perfectly
smooth truncated sphere with spatially uniform composition
supported from below by a silicon nitride substrate. As
demonstrated in Figure 4 (and Supporting Information Figure
S1), the e-DDA simulation results are in excellent agreement
with experiments.
The spectral evolution the LSPR modes as a function of

inverse particle diameter for particles spanning 20−230 nm in
diameter and five alloy compositions are shown in Figure 6a−e.
These data are presented as a function of inverse particle
diameter to stress the relationship between the LSPR modes of
nanoparticles with the SPP modes of a plane.61 For particles
larger than ∼250 nm, only the QP mode is observable due to
the spatially localized nature of the STEM electron’s evanescent
electric field compared to the relatively large size of the
nanoparticle, which leads to the preferential excitation of high-
order modes.48,62 Simulations are performed for particles 20,
50, 100, 150, and 200 nm in diameter. The results for each
mode are included as solid markers with the same color and
shape as the experimental results. Both the Dxy and Qz modes
show the usual red-shift in mode energy as the particle diameter
increases, with the QP mode appearing to be constant with
varying particle size. Experimentally measured Dxy, Qz, and QP
mode energies are also plotted as a function of particle diameter
in Figure 6g, indicating the stronger size dependence of Dxy in
Ag relative to Au. The size dependence of Dxy and Qz in pure
Au and Ag is comparable to previous observations in Au and Ag
nanospheres.63,64

In general, the overall spectrum red-shifts with increasing Au
concentration, suggesting the potential use of alloying to tune
LSPR modes to a desired frequency range. To highlight the
sensitivity of the LSPR mode energy to alloy composition, we
plot the experimentally measured Dxy and QP mode energies as
a function of the atomic fraction of Ag (Figure 6f) for particle
sizes 50, 100, 150, and 200 nm in diameter. A comparison of
the slopes of the fitted lines indicates that the Dxy mode in small
particles is more sensitive to alloy composition than it is in large
particles. The plots demonstrate that the QP mode has the
highest sensitivity to alloy composition, regardless of particle
size. As discussed above, the QP mode can be approximated by
the standing wave limit of an SPP (ℏωSPP = ℏωp/(ε∞ + 1)1/2)
and is therefore independent of particle size and is fully
determined by the dielectric properties of the alloy. To our
knowledge, this is the first known measurement of this effect on
the QP mode. The ultrasmooth nature of PLiD-synthesized
nanoparticles and the use of measured bulk dielectric data for
the nanoparticle alloys allow for excellent agreement between
simulation and experiment (Figure 4 and Supporting
Information Figure S1). The experimental and simulated
EELS spectra for an additional five compositions and five
nanoparticle sizes are provided in the Supporting Information.

Figure 5. Electric potentials and electric field lines for the LSPR
modes of a 20 nm Ag nanosphere for l = 1, 2, 3, and 10. As the mode
number increases, the LSPR becomes increasingly localized to the
nanoparticle surface. The field of the l = 10 mode has been multiplied
by a factor of 102 to make it easier to visualize. The l = 10 mode has an
energy of EQP = 3.69 eV and is representative of the QP mode.
However, since the maximal allowed mode is determined by particle
size, the QP mode simply refers to the highest order mode supported
by the system.
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By using experimentally determined dielectric functions,
remarkable agreement between experiment and simulations is
obtained across a wide size range in the classical plasmon
regime and across the entire AuxAg1−x composition.

■ CONCLUSION

In this study, we demonstrate the self-assembly of truncated
AuxAg1−x alloy nanospheres on a supporting substrate via PLiD.
The self-assembly process yields ultrasmooth nanoparticle
surfaces and uniform alloy compositions over the entire binary
Au−Ag composition range. For the first time, the size and
composition effects on the substrate-dressed LSPR modes of
identically synthesized truncated nanospheres are examined
using EELS. The spectra reveal a progressive red-shift of all
LSPR modes as a function of size and a linear red-shift of the
modes as the atomic fraction of Au is increased. The
experimentally measured dielectric functions of the AuxAg(1−x)
alloys enable a precise theoretical analysis of the plasmonic
behavior of the alloy nanoparticles. Combined with the ability
to direct the assembly of ordered nanoparticle arrays via PLiD,
alloyed truncated nanospheres supporting unique and tunable
LSPR modes have tremendous promise for advanced optical
and photonic circuit applications.

■ EXPERIMENTAL SECTION
Synthesis of Au, Ag, and AuxAg(1−x) Alloy Nanoparticles. Au

and Ag films and Au−Ag alloy films of ∼20 nm thickness were RF
magnetron sputter deposited directly onto 30 nm thick silicon nitride
membranes. Three alloy compositions (Au0.2Ag0.8, Au0.43Ag0.57, and
Au0.68Ag0.32) were cosputtered using two element targets (Au and Ag).
Alloy compositions were controlled by adjusting sputtering rate (RF
power) of each target. As the Ag−Au system is a solid solution alloy,
we anticipate a homogeneous composition of the cosputtered thin
films.65 The as-deposited films were subsequently irradiated with an 18
ns, 248 nm KrF excimer laser at sufficient fluence (∼40 mJ/cm2) to
melt the films. Upon laser melting, liquid phase instabilities and
hydrodynamics govern the film breakup and liquid transport, which
yields arrays of truncated nanospheres of a size range correlated to the
initial film thickness.

Measurement of Dielectric Function for Au, Au0.68Ag0.32,
Au0.43Ag0.57, Au0.2Ag0.8, and Ag Films. Optically thick (∼250 nm)
Au, Ag, and a continuous combinatorial alloy film ranging from
Au0.75Ag0.25 to Au0.2Ag0.8 were deposited onto silicon nitride coated Si
wafers. The dielectric functions for each pure film and eight
compositions across the combinatorial sample were measured using
a J.A. Woolam M-2000U variable-angle spectroscopic ellipsometer
over a wavelength of 245−999 nm. To fit the raw data, the film was
represented as a slab of uniform thickness having sharp interfaces and
optical properties described by the Cauchy model. The best fit was
achieved using a point-by-point regression analysis to minimize the
mean squared error. The measured dielectric functions are shown in

Figure 6. (a−e) Experimental and simulated energy dependence of LSPR modes of a truncated nanosphere as a function of inverse particle diameter.
(f) Experimentally measured Dxy and QP mode energies as a function of atomic fraction of Ag for five particle sizes. The straight lines are linear fits
to the data points. (g) Experimentally measured Dxy, Qz, and QP mode energies as a function of particle diameter.
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Figure 3, and a table of the values is provided in the Supporting
Information.
EDX Line Scan of Au0.5Ag0.5 Ordered Nanoparticle Arrays.

An EDX line scan of the Au0.5Ag0.5 ordered nanoparticle arrays was
performed using a Phenom ProX SEM, at 10 kV acceleration voltage.
A ∼1.9 μm line consisting of 256 points was scanned through the
center of five nanoparticles. The compositions at each point were
determined using the PhiZAF correction where the Au M (2.12 keV),
Ag La (2.984 keV), and Si Ka (1.739 keV) peaks were analyzed. The
background subtraction was performed by a simple linear
interpolation, and the peaks were fit with Gaussian profiles and
corrected for the absorption of the detector window. The result is
shown in the top panel of Figure 1d.
EELS Characterization. EELS experiments were performed in a

monochromated Carl Zeiss LIBRA 200MC (S) TEM operated at 200
kV. The convergence and collection semiangles used for spectrum
acquisition were 9 and 12 mrad, respectively. The energy resolution
(full width at half-maximum of the zero-loss peak) is approximately
150 meV. The experimental EEL spectra presented in Figure 4 were
obtained by subtracting a normalized background EEL spectrum
(taken far away from any particles) from the normalized aloof EEL
spectra. The subtraction method is valid because (1) the Si3N4 film is
uniform in thickness and (2) the inelastic scattering in the aloof
position is small enough so as to minimally affect the subsequent
substrate signal. No attempt was made to deconvolve the experimental
data from the ZLP. Broadening in the numerical simulation may be
attributed to the offset between experimentally determined dielectric
functions of the thin films and nanoparticles.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsphoto-
nics.5b00548.

(1) Complete set of experimental and simulated EELS
spectra for particles of five different material composi-
tions and five sizes spanning ∼20−200 nm in diameter
and (2) experimentally determined dielectric functions of
Au, Ag, and the three alloy films (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: masiello@chem.washington.edu.
*E-mail: jon.camden@nd.edu.
*E-mail: prack@utk.edu.
Author Contributions
#Y. Wu and G. Li contributed equally to this work.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
P.D.R. acknowledges that the PLiD self- and directed-assembly
portion of this research was funded by NSF Grant CBET-
1235710. P.D.R. further acknowledges that the nanofabrication
was performed at the Center for Nanophase Materials Sciences,
which is sponsored at Oak Ridge National Laboratory by the
Scientific User Facilities Division, Office of Basic Energy
Sciences, U.S. Department of Energy. This work was supported
by the U.S. Department of Energy, Basic Energy Sciences,
under award number DE-SC0010536 (J.P.C., G.L., Y.W.). G.L.
also acknowledges support from a Notre Dame Energy
postdoctoral fellowship. This work was supported by the
National Science Foundation’s CAREER program under award
number CHE-1253775 (D.J.M.), NSF XSEDE resources under

award number PHY-130045 (D.J.M.), and the NSF Graduate
Research Fellowship Program under award number DGE-
1256082 (N.T.).

■ REFERENCES
(1) Schuller, J. A.; Barnard, E. S.; Cai, W. S.; Jun, Y. C.; White, J. S.;
Brongersma, M. L. Plasmonics for extreme light concentration and
manipulation. Nat. Mater. 2010, 9, 193−204.
(2) Sharma, B.; Frontiera, R. R.; Henry, A. I.; Ringe, E.; Van Duyne,
R. P. SERS: Materials, applications, and the future. Mater. Today 2012,
15, 16−25.
(3) Nie, S. M.; Emery, S. R. Probing single molecules and single
nanoparticles by surface-enhanced Raman scattering. Science 1997,
275, 1102−1106.
(4) Willets, K. A.; Van Duyne, R. P. Localized surface plasmon
resonance spectroscopy and sensing. Annu. Rev. Phys. Chem. 2007, 58,
267−297.
(5) Goken, K. L.; Subramaniam, V.; Gill, R. Enhancing spectral shifts
of plasmon-coupled noble metal nanoparticles for sensing applications.
Phys. Chem. Chem. Phys. 2015, 17, 422−427.
(6) Sekhon, J. S.; Malik, H. K.; Verma, S. S. DDA simulations of
noble metal and alloy nanocubes for tunable optical properties in
biological imaging and sensing. RSC Adv. 2013, 3, 15427−15434.
(7) Hou, W. B.; Cronin, S. B. A review of surface plasmon resonance-
enhanced photocatalysis. Adv. Funct. Mater. 2013, 23, 1612−1619.
(8) Reineck, P.; Lee, G. P.; Brick, D.; Karg, M.; Mulvaney, P.; Bach,
U. A solid-state plasmonic solar cell via metal nanoparticle self-
assembly. Adv. Mater. 2012, 24, 4750−4755.
(9) Chen, H. C.; Chou, S. W.; Tseng, W. H.; Chen, I. W. P.; Liu, C.
C.; Liu, C.; Liu, C. L.; Chen, C. H.; Wu, C. I.; Chou, P. T. Large AuAg
alloy nanoparticles synthesized in organic media using a one-pot
reaction: Their applications for high-performance bulk heterojunction
solar cells. Adv. Funct. Mater. 2012, 22, 3975−3984.
(10) Barnes, W. L.; Dereux, A.; Ebbesen, T. W. Surface plasmon
subwavelength optics. Nature 2003, 424, 824−830.
(11) Ozbay, E. Plasmonics: Merging photonics and electronics at
nanoscale dimensions. Science 2006, 311, 189−193.
(12) Kelly, K. L.; Coronado, E.; Zhao, L. L.; Schatz, G. C. The optical
properties of metal nanoparticles: The influence of size, shape, and
dielectric environment. J. Phys. Chem. B 2003, 107, 668−677.
(13) Scholl, J. A.; Koh, A. L.; Dionne, J. A. Quantum plasmon
resonances of individual metallic nanoparticles. Nature 2012, 483,
421−U68.
(14) Link, S.; Wang, Z. L.; El-Sayed, M. A. Alloy formation of gold−
silver nanoparticles and the dependence of the plasmon absorption on
their composition. J. Phys. Chem. B 1999, 103, 3529−3533.
(15) Moskovits, M.; Srnova-Sloufova, I.; Vlckova, B. Bimetallic Ag-Au
nanoparticles: Extracting meaningful optical constants from the
surface-plasmon extinction spectrum. J. Chem. Phys. 2002, 116,
10435−10446.
(16) Rioux, D.; Vallier̀es, S.; Besner, S.; Muñoz, P.; Mazur, E.;
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