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Abstract

The potential applications of nanoparticles in future technologies are extensive.
Many of those applications require assembly of mono-dispersed nanostructures into
ordered macroscopic building blocks, such as arrays, to enable their integration into
complex devices. Examples of such applications include electrical contacts to nanopar-
ticles in electro-optical devices and nano-gap-enabled chemical sensors.

Herein, we present a versatile approach to fabricate extended and highly ordered
arrays of fully alloyed Ag/Au nanoparticles on solid substrates that can easily be ex-
panded to other binary and even higher alloys. The strategy is demonstrated by fab-
ricating Ag/Au alloys with Ag compositions ranging from 0% to 100%. As expected,
the plasmon resonance of the alloyed nanoparticles could be varied between those of
pristine Au and Ag. The width of the plasmon resonance was significantly smaller
compared to partially low-temperature alloyed mixtures presented previously. Finally,
a Cuo0 semiconductor shell was grown on the alloy core to demonstrate that the re-
sulting nanoparticle surfaces are accessible for functionalization, therefore broadening

the potential applications of the material.
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INTRODUCTION

Ordered nanoparticle structures such as 2D arrays are essential for integrating large numbers
of nanoparticles into complex devices and to address single nanoparticles. Post-synthetic as-
sembly of nanoparticles frequently relies on solution-phase synthesis; however, this process
is known to be limited by size and composition inhomogeneity. Also, it often involves sur-
factants and capping agents for stabilization which are problematic in many applications.!»?

Among the vast variety of nanoparticles, metal nanoparticles play an important role in
many scientific fields such as catalysis, biochemistry & biopharmaceutical science, optics,
and plasmonics. Many recent advancements in the field of plasmonics can be attributed to
the development of nanostructures that possess novel properties and functionalities. No-
ble metals are a major focus of these advancements due to their chemical resistivity and
prominent localized surface plasmon resonances (LSPRs).? LSPRs can be exploited in a
wide range of potential applications including solar energy conversion, photodetection, op-
toelectronics, photovoltaics, photocatalysis, enhanced spectroscopy, plasmonic imaging, and
biotechnology.*™® Au and Ag nanoparticles have been broadly investigated because their
LSPR is located in the visible spectral range which makes them compatible with many
optical technologies.!® Furthermore, the fabrication of Au and Ag nanoparticles is well es-
tablished and widely published. Numerous investigations have explored the control of the
LSPR by varying parameters such as size, shape, and dielectric environment.'*7 Control-
ling the composition of alloyed metal nanoparticles can greatly expand the possibilities for
adjusting their properties and can lead to entirely new functionalities.'® Alloys can combine
properties exclusive to the individual metal nanoparticle components, and novel properties

due to the synergistic effects of the individual components. However, fabricating homoge-



neously alloyed nanoparticles is complicated by their large surface-to-volume ratio leading

to preferential sublimation and reactions at the surface.!®!

Binary alloys comprising Ag and Au are among the most reported in literature, '2:13:18:20-23

because their alloy formation is thermodynamically and kinetically favorable on the nanoscale.

The large extinction cross-section and narrow LSPR line width within the visible range make
Ag nanoparticles advantageous for many applications. 1192829 However, the application of
pure Ag is restricted by its poor stability against chemical, thermal, and oxidative fac-
tors. 3151929 On the other hand, Au has better stability, biocompatibility, and resistance to
oxidation.!” Alloying these two metals in nanoparticles can enable the development of com-
plementary properties.'® For example, alloying enables tuning of the LSPR frequency while
maintaining a constant nanoparticle shape and size.'%3° Plasmonic applications in partic-
ular require complete homogeneous alloying of the constituents to prevent weakening and
broadening of the plasmon resonance.® However, complete alloying can only be achieved at
elevated temperatures that lead to preferential sublimation of silver.

A range of different methods for the synthesis of Ag/Au alloy nanoparticles in suspen-
sion have been reported and they include photochemical co-reduction of Au & Ag salts,?!
laser alloying,3?:3% laser ablation of Au & Ag alloy targets3! and seeded growth synthesis.!”
To enable uniformity and reduce agglomeration of colloidal nanoparticles, wet chemistry
methods often rely on electrostatic or steric stabilization. This process involves utilizing
capping agents which can limit plasmonic response and introduces additional complexity to
the system.?53% In addition, inhomogeneities of nanoparticles in suspension often complicate
accurate characterization.!® Full alloying of Ag@Au core/shell nanoparticles from solution-
based synthesis has been reported, however, the achievable ratio was limited to Ag-rich
particles. 1

Direct fabrication of thermally alloyed Au/Ag nanoparticles on substrates, on the other
hand, has proven to be difficult due to the low stability of Ag and evaporation during the

alloying process. Lithographic techniques such as electron beam lithography and focused ion

3,24-27



beam have been employed for fabricating highly ordered 2D arrays. In particular, nanosphere
lithography (NSL) has shown to be an effective technique for producing large well-ordered
arrays. 3”3 However, most studies on NSL were focused on either fabricating nanostructures
from different materials such as halides or with different morphologies.***? While mixed-
phase metal nanoparticle arrays have been reported,?® to the best of our knowledge, there
has been no report on the fabrication of an ordered array of fully alloyed Ag/Au nanopar-
ticles on a solid substrate using NSL technique. In this work, NSL technique is combined
with physical vapor deposition (PVD) to fabricate an extended regular array of fully alloyed
Ag/Au hemispherical nanoparticles on solid substrates. The mixed metal particles were pro-
tected by a silica shell during high-temperature annealing to achieve complete alloying. !3:19:24
PVD and wet chemistry techniques for capping the particles were compared. The silica cap
maintains the hemispherical shape of the alloy following atomic re-distribution at elevated
temperatures.?? The silica capping layer can be fully removed by etching, allowing further
functionalization of the alloy nanoparticle. This has been demonstrated by adding a cuprous
oxide (Cup0) shell around the alloyed nanoparticles using chemical bath deposition (CBD).

It should be mentioned that the technique presented here can easily be modified to include

different metals and it can be expanded to include higher alloys.

EXPERIMENTAL

Materials

The substrates utilized for the experiments are fused silica and microscope glass cover slides
purchased from Advalue Technology and Fisher Scientific, respectively. Polystyrene micro-
spheres employed as masks were obtained from Polysciences Inc. Toluene, sodium dodecyl
sulfate, and sodium citrate solution were sourced from Fisher scientific. Finally, hydroxy-

lamine hydroxide and copper(II) sulfate pentahydrate solution were acquired from Sigma-

Aldrich.
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Figure 1: Schematic diagram of the step-wise procedure for fabricating fully alloyed Ag/Au
hemispherical nanoparticle arrays.

Pure Au 25% Ag 50% Ag 75% Ag Pure Ag
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Figure 2: Schematic composition of pristine metals and single binary nano-pyramid following
the deposition of Ag and Au films on the substrate (not to scale). Array of 25% Ag, 50%
Ag, and 75% Ag are obtained by depositing 5 nm Ag over 15 nm Au, 10 nm Ag over 10 nm
Au, 15 nm Ag over 5 nm Au, respectively.



Fabrication of Ag/Au nano-pyramid array

The fabrication procedure is based on a method employed by our group previously in Ref.
10. The procedure is illustrated in Figure 1 and explained extensively in the supporting
information. Briefly, a mask was assembled from 500 nm colloidal polystyrene microspheres
(PS) on a clean fused silica substrate using a spin-coating technique (Figure S1). The PS
mask formed a hexagonal close-packed homogeneous monolayer with an area of at least 2
by 2 mm. The substrate was cleaned prior to the assembly using thermal and chemical
treatments. Subsequently, Ag and Au layers were sequentially deposited on the colloidal
mask using a dual electron-beam evaporator. Ag/Au nanoparticles with 25% Ag, 50% Ag,
and 75% Ag were fabricated by sequentially depositing 5 nm Ag film on 15 nm Au film,
10 nm Ag film on 10 nm Au film, 15 nm Ag film on 5 nm Au film, respectively. The effect
of the pyramidal shape on the composition can be neglected since the lateral dimension of
the pyramid is much larger than its height. Afterward, the colloidal microspheres were lifted
off by ultrasonication in toluene, leaving behind a hexagonal pattern of triangular-based
Ag/Au bimetallic nano-pyramids on the substrate (Figure 2). The substrate was rinsed with

de-ionized water and dried under inert gas.

Annealing, silica-capping and decapping

Low-temperature annealing of the Ag/Au nano-pyramid array at 400 °C is applied to convert
the nanopyramids into hemispherical nanoparticles. As discussed below, without this step
the nanoparticles remain in their pyramidal shape (Figure S2). Two silica-coating techniques
were compared to cap the low-temperature annealed Ag/Au nanoparticles for protection
before high-temperature annealing. High-temperature annealing was necessary to achieve
complete alloying of the metals as discussed below. First, silica was synthesized using a
sol-gel reaction of tetraethylorthosilicate with a tertiary amine (the procedure was adapted
from ref 19 and is described in the supporting information). Secondly, silica was deposited

on the low-temperature annealed Ag/Au nanoparticle array at a rate of 0.5 A/sec, at 18° tilt



in a dual electron-beam evaporator. Slowly deposited silica by electron beam evaporation
resulted in a compact silica coverage with little pore spaces. This method leads to better
results as discussed below. The capped Ag/Au@SiO, nanoparticle arrays on the fused silica
substrate were annealed at 1000 °C for 3 hours in an inert environment in a tube furnace.
Following high-temperature annealing, the silica cap was removed in an alkaline solution of
0.1 M NaOH with about 100 pL of diethylamine. Diethylamine was added to the alkaline

solution to prevent the etching of the Ag component.

Synthesis of Cuy,O semi-shell

Cuy0 semi-shell was synthesized on the fully alloyed Ag/Au nanoparticle array after remov-
ing the silica coating using a CBD technique described previously.!? Briefly, a chemical bath
solution was prepared by adding 14 mL deionized (DI) water, 200 uL of 0.1 M copper(II)
sulfate pentahydrate solution (98%), 0.1 mL of 38.8 mM sodium citrate solution (100%) and
87 mg of sodium dodecyl sulfate (99%) into a beaker while stirring. The alloyed nanoparticle
substrate was submerged in the chemical bath solution; subsequently, 250 pL of 1 M sodium
hydroxide solution (99%) and 100 uL of 0.2 M hydroxylamine hydroxide (99%) were added
dropwise. Thicker CusO semi-shells were obtained by increasing the growth time in the
bath solution. Also, the concentration of copper(Il) sulfate pentahydrate solution can be
increased to synthesize thicker semi-shells. !’ Finally, the substrate was rinsed with DI water

and dried under inert gas.

RESULTS AND DISCUSSION

A series of fully alloyed Ag/Au nanoparticle arrays, with varying compositions of Ag and
Au, were fabricated on fused silica and glass substrates for optical characterization and on
silicon nitride grids for high-resolution transmission electron microscopy (HR-TEM) charac-

terization. As illustrated in Figure 2, the composition of Ag and Au in the alloy array was



varied by changing the thickness of Ag and Au films deposited within a total film thickness
of 20 nm. This approach was employed to maintain the size of the nanoparticle upon full
alloying. It is important to note that the order of depositing the individual films, either as
Ag/Au or Au/Ag, does not have an observable influence on the resulting alloys (Figure S3).?
Due to the proximity of the lattice constants of Au and Ag (0.408 nm and 0.409 nm, respec-
tively) it is very difficult to identify the individual components of the alloys. A combination
of results from scanning electron microscopy - energy-dispersive X-ray spectroscopy (SEM-
EDS), HR-TEM, X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) has

been employed to characterize the alloys.

Characterization of Ag/Au nano-pyramid array

Figure 3 displays TEM images of Ag/Au nano-pyramids with different compositions of Ag
and Au fabricated on a lacey carbon grid (Figure 3a-d) and on a silicon nitride grid (e,f)
for HR-TEM. The individual nano-pyramids on lacey carbon were imaged with the PS
mask in place after deposition of the metallic films before removal of the mask. This was
necessary because the PS mask could not be lifted off of lacey carbon without removing
the metals nanoparticles as well. The presence of the overlapping PS spheres can explain
the apparent dark spots on the triangular structures (Figure 3c, top). Two different lattice
fringe spacings were observed in HR-TEM (Figure 3d, magnification of the yellow square
in (a)), 2.37 A and 2.2 A, which agree well with face-centered cubic (fee) Ag (111) as well
as Au (111). Variations of the fringe spacing can be explained by the imaging conditions
due to the pyramidal shape and due to the composition change. Figure 3e and f show the
nano-pyramid after PS sphere lift-off. Further investigation of the elemental composition
of an individual nano-pyramid was conducted using SEM EDS displayed in Figure 4 . The
EDS spectra confirmed the presence of Ag and Au metals in the nano-pyramid’s architecture

after deposition and lift-off procedure, and before annealing.
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Figure 3: TEM images of individual Ag/Au binary alloy with (a) 256% Ag, (b) 50% Ag, (c)
75% Ag on lacey carbon grid before annealing. (d) HR-TEM image of Ag/Au alloy showing
lattice fringes of fec Ag (111) and Au (111) (magnification of the yellow square in (a)); (e-f)
Ag/Au alloy on a silicon nitride grid.
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Figure 4: SEM-EDS results of Ag/Au nano-pyramid array (a) SEM image of Ag/Au nano-
pyramid array with 25% Ag on a glass substrate (b) EDS spectra, taken at the position
indicated in a), showing the presence of Ag and Au noble metals in the nano-pyramid.



Characterization of low-temperature annealed Ag/Au nano-pyramids

Two additional steps were incorporated before high-temperature annealing of the Ag/Au
nano-pyramid array at 1000 °C. These processes include low-temperature annealing followed
by capping with silica. A low-temperature annealing step was introduced to convert the
nano-pyramid into hemispherical nanoparticles. Subsequent capping with silica is necessary
to prevent the evaporation of Ag during high-temperature annealing. Low-temperature an-
nealing at (400 °C) for 10 minutes was sufficient to convert the nano-pyramid into nearly
hemispherical nanoparticles but did not result in fully alloyed particles. This process was
conducted in an inert environment to prevent potential degradation or oxidation of Ag. It
was observed that capping the nano-pyramids with silica without initial low-temperature
annealing resulted in the nano-pyramids retaining their shape after high-temperature an-
nealing (Figure S2). The shape-retention of the nano-pyramids during high-temperature
annealing demonstrates the mechanical stability of the silica cap. TEM and SEM images
of low-temperature annealed nanoparticles displayed in Figures 5 and S5, respectively, show
that the annealing parameters are adequate to convert the nano-pyramids into nearly hemi-
spherical nanoparticles. The dark spots that were observed around the nanoparticle in Figure
ba can be attributed to residue from the PS mask lift-off procedure on the silicon nitride
TEM grid. The lift-off procedure was performed without a subsequent rinsing step to avoid
washing off the alloy nanoparticles. These spots were not observed in SEM on fused sil-
ica or glass substrates after rinsing. Further investigation of elemental composition in the
low-temperature annealed nanoparticles was conducted using TEM-EDS. The qualitative
analysis of a low-temperature annealed nanoparticle with 25% Ag identify the presence of
Au and Ag in the nanoparticles (Figure S6).

Following the low-temperature annealing of the Ag/Au nano-pyramid array, the hemi-
spherical nanoparticles were capped with silica by CBD or by depositing ultrapure silica
on the substrate with e-beam evaporation in an ultrahigh vacuum. E-beam deposition of

silica resulted in a capping layer that could be removed without altering the nanoparticles.
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Figure 5: TEM images of (a) low-temperature annealed Ag/Au nanoparticle on silicon nitride
grid (b) low-temperature annealed Ag/Au nanoparticle capped with silica. The dark spots
surrounding the nanoparticle result from residues of the PS mask that are present because
the silicon nitrite substrate did not allow subsequent rinsing.

Capping the nanoparticles using silica grown by CBD or drop-cast synthesis (the synthesis is
described in the supporting information), on the other hand, resulted in a much denser silica
layer after high-temperature annealing. The formation of this dense layer can be explained
by silicate condensation.®® The resulting rigid silica shell is difficult to etch without destroy-
ing the alloys. Therefore, a layer of silica was deposited on the low-temperature annealed
nanoparticle array by e-beam deposition in ultrahigh vacuum. The silica was deposited at a

low rate of 0.5 A/sec to reduce potential micropores in the silica cap.

Characterization of fully alloyed Ag/Au nanoparticles

The morphological characterization of high-temperature annealed Ag/Au nanoparticle array
was conducted on samples with varying compositions of Ag. The size difference before
and after removal of the silica cap gives an estimate for the thickness of the silica cap of
around 25 nm (size distributions in Figures S7 and S8). A representative SEM image of
Ag/Au particles with 50% Ag composition after de-capping is displayed in Figure 6a. High-

temperature annealing at a temperature of 1000 °C results in Ag/Au nanoparticle arrays that
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differ from the initial low-temperature annealed ones. First, the shape of the nanoparticles
became more spherical (Figure 6b). This can be attributed to some remaining flexibility of
the silica cap at high temperatures and the strong cohesive force of the fully molten alloy.
It should be noted that due to adhesion to the substrate the particles are hemispherical
rather than perfectly spherical. The HR-TEM presented in Figure 6¢ (magnification of the
yellow square in Figure 6b), shows uniform lattice spacing that lies in between the two lattice
constants observed in the bimetallic nano-pyramids.** The uniform spacing and the absence
of lattice mismatch indicate the formation of a highly crystalline homogeneous alloy. 1% In
addition, fast Fourier transform (FFT) was conducted on the array in Figure 6a, to assess
the order that was obtained. The hexagonal shape of the array’s reciprocal lattice further
supports that the alloy particles are well ordered on the substrate over large areas. As
expected, NSL results in very homogeneous arrays of nanoparticles with very narrow size
distributions (Figure S8). In addition, the alloys show very narrow FWHM of the LSPR of
around 87 nm (Figure 7c).

The fact that the size is constant for particles with different Ag concentrations indi-
cates that negligible amounts of silver were evaporated during the annealing steps (Figure
S9). EDS elemental mapping has been employed for alloyed nanoparticles, however, it does
not provide the required spatial resolution to convincingly show full alloying in the small
nanoparticles presented here.

Optical characterization of the fully alloyed nanoparticles was conducted by UV-Vis
spectroscopy. For comparison, pristine Au and Ag nanoparticle arrays of comparable sizes
were fabricated on glass substrates (Figure S10). Figure 7b shows the well known LSPR, for
pure Au and Ag nanoparticles in black and purple.'® Pure Ag nanoparticles with a size of
80 nm show an LSPR at 516 nm while pure Au of about the same size show an LSPR at
590 nm.

Spectra of not fully alloyed, segregated Ag/Au particles have shown the presence of very

broad plasmon bands, resembling the bands in Figure 7a, or bands comprising two peaks
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Figure 6: (a) SEM image of fully alloyed Ag/Au nanoparticle array with 75% Ag on fused

silica substrate, (b)TEM image of a single Ag/Au nanoparticle with 50% Ag, (¢) HR-TEM

showing homogeneous crystalline lattice fringes of fully alloyed Ag/Au nanoparticle, Inset:

profile of frame for the average width of the lattice fringe (d) Corresponding fast Fourier
transformation of the periodic array in Figure 6a.
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that correspond to the characteristic spectra of individual Ag and Au domains. !416:19721:45

The broad plasmon bands can be attributed to a superposition of Ag and Au domains and
to the damping of the surface plasmons induced by the presence of Ag/Au boundaries.
Figure 7b shows that fully alloyed Ag/Au nanoparticles exhibit a single, well-defined nar-
row LSPR that shifts linearly (Figure 7d) with composition between the LSPR of pristine
Au and Ag nanoparticles of similar sizes. The absence of a broad or double-peak spectrum
supports that full annealing of the Ag and Au components in the nanoparticle was achieved.
The FWHM of the LSPR does only weakly dependent on the composition (Figure 7c). This
can be expected, since major factors that govern the FWHM such as size and size distribu-
tion and the environment are identical for the different alloys.® The difference in plasmon
dephasing time of Au and Ag has only a minor effect on the width of the LSPR. The optical
properties of the alloy nanoparticles are in agreement with previous investigations, 1317193045
and they confirm the possibility of tailoring the plasmonic property of Ag/Au alloys by vary-
ing the composition of the individual components. Defects such as stacking faults limit the
size of the ordered arrays that can be achieved via the NSL technique.!” However, Figure
S1 clearly shows that several 10 x 10 um, defect free patches can be observed. The stacking
faults have negligible effect on the plasmonic properties since individual nanoparticles are
spaced far enough to prevent inter-particle interactions. A twist or shift of the hexagonal
lattice at a stacking fault has no influence on the plasmonic properties as long as the particle

size is preserved. This is confirmed by the narrow width and single, well-defined plasmon

peak in UV-Vis.

Ag/Au@Cu,0 alloy/semiconductor nano-heterostructure array

For verification that the surface of the alloy particles is not significantly modified by the
capping/de-capping procedure, CuyO semi-shell was added to the de-capped alloy nanopar-
ticles. The method for the synthesis of the CusO semi-shell utilizes the nanoparticles as

seeds to guide the growth of the CuyO shell while providing control over their morphology
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and thickness.!® The thickness of the nanocrystalline Cu,O semi-shell is varied by controlling
the reaction time and precursor concentration. Figures 8(a~-d) show TEM images of CuyO
coated nanoparticles with varying thicknesses of ~10 nm, ~15 nm, and ~20 nm grown on a
Ag/Au alloy nanoparticle. In addition, Figure S4 shows an Ag/Au@Cu,O nanoparticle that
was scraped off of the substrate and placed on the side on a TEM grid. The image clearly
shows the morphology of the hemispherical core and the Cu,O semi-shell. The lattice fringes
observed in the HR-TEM image show an interplanar spacing of 2.42 A which corresponds
to CuyO with a fee structure in the (111) plane. It should be noted that the homogeneous
coverage of the alloy with CuyO strongly indicates that the silica capping layer was com-
pletely removed during etching since Cu,O does not form on fused silica or silicon nitrite

under these growth conditions.

Cu,0 (111)
d=242A

Figure 8: TEM images of fully alloyed 50:50 Ag/Au with increasing sizes of CuO semi-
conductor shell (a) ~10 nm (b) ~15 nm (¢) ~20 nm (d) HR-TEM image of the interface
between alloy and Cu,0O.
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Figure 9: Expanded XRD pattern of Ag/Au@Cu,0 heterostructure showing Au (PDF 00-
066-0091, red), Ag(PDF 00-001-1167, black) and Cu,O (PDF 00-002-1067, blue).

Characterization of the crystal structure and elemental composition were conducted
using XRD (Figure 9) and XPS (Figure 10). The XRD pattern of Ag/Au@Cu,0O nano-
heterostructure shows peaks corresponding to fec (111) and (200) planes for the alloy and
semiconductor. The prominent peak at 38.25° agrees very well with the references for the
(111) plane of fecc Au (red bar in Fig. 9, PDF 00-066-0091) as well as Ag (black bar in Fig.
9, PDF 00-001-1167) at 38.2° and 38.33°, respectively. This would agree with the expected
value for a fully alloyed solid solution. However, the peaks for Au and Ag are too close
together to distinguish an alloy from a composite by XRD. The same holds true for the peak
at 44.45° that agrees well with the reference for the (200) plane of Au and Ag at 44.39° as
well as 44.5°, respectively. In addition, the smaller peaks at 36.58° and 42.43° correspond
to (111) and (200) planes of fcc CusO (PDE 00-002-1067), respectively. This result suggests
that the preferred orientation planes for Ag/Au alloy are (111) and (200) orientation. This

can be attributed to the two annealing procedures during fabrication.!® However, the diffrac-
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tion intensity of the (111) plane is much stronger compared to the (200) plane for Au, Ag,
and CupO, which indicates that the preferred orientation plane is (111). This shows that the
synthetic method presented here results in homogeneous morphology and crystal orientation
of CuyO with respect to the alloy seeding template. The XPS survey spectrum in Figure
10a show peaks that can be attributed to the presence of Ag/Au alloy, CusO semiconductor,
and the fused silica substrate. The peaks can be assigned to Ag 3d, Au 3d, Au 4f, Cu 2p,
and Cu LMM (Auger). Further analyses of the high-resolution core-level XPS spectrum
presented in Figure 10(b-d) clearly shows the presence of a well-resolved Cu 2pj 5, Au 4f
doublet (7/2 and 5/2 spins) and Ag 3d doublet (5/2 and 3/2 spins). The Cu 2p;, spectrum
displays a prominent peak at 933 eV and a very weak satellite around 945 eV. This feature
confirms the presence of Cu™ in CuyO.!° Secondly, the Au 4f spectrum shows the presence of
a well-resolved metallic (Au") doublet with 7/2 and 5/2 spins, with 3.67¢V splitting. '* How-
ever, the presence of small amounts of Au™ was observed in the spectra. These components
can be attributed to impurities introduced after fabrication. Finally, the Ag 3d spectrum
displays the presence of 3d doublet at 368.2 eV (FWHM = 1.2 V) and 374.2 ev (FWHM =
1.2 eV), with a 6 eV splitting. This result is in good agreement with the presence of metallic
silver Ag®.*® Small amounts of cationic silver were observed in the data, similar to what was
observed in Au. However, the XRD data does not show any peak at 46.17° that would indi-
cate the presence of significant amounts of Ag,O (132).4° Hence, it is assigned to oxidation
accumulated on the sample after fabrication. The presence of predominantly metallic Ag in
the fully alloyed nanoparticles after high-temperature annealing at an elevated temperature
of 1000°C and etching in an alkaline environment proves the effectiveness of this strategy in
protecting the Ag component of the alloy. The growth characteristic and the properties of
the CuyO semi-shell are identical to those of semi-shells grown on pure gold nanoparticles
that did not undergo a capping / de-capping procedure.'® This shows that the silica cap was
completely removed without major alterations to the surface. The alloy’s surface is therefore

accessible to functionalization by molecules, polymers, or semiconductors. Such composites,
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could be instrumental for understanding plasmon /exciton coupling and other fundamental
processes. The possible applications range from solar energy conversion, photocatalysis,

photodetection, and photovoltaics.

Conclusion

We demonstrated a flexible method for the fabrication of regular arrays of fully alloyed
Ag/Au nanoparticles based on NSL and PVD. A low-temperature annealing step resulted
in nearly spherical particles that were protected by a silica cap during high-temperature
annealing. The silica cap that was applied via e-beam evaporation provided enough flexibility
to allow the particles to acquire a near perfect spherical shape. At the same time it could
be removed via etching under mild conditions without affecting the alloy nanoparticles.
Complete removal and accessibility of the alloy surface after etching was demonstrated by
functionalizing the nanoparticles with a CuyO shell. The resulting nano-heterostructure
could serve as hybrid plasmonic materials for converting and harvesting plasmonic excitations
with promising potentials for photocatalysis, energy conversion and storage.

The approach presented here can be applied for different PVD-based methods beyond
NSL including soft lithography involving self-assembly monolayers, block co-polymers, and
aggregated mesoscale objects. Since the protective coating preserves composition during high
temperature annealing, higher alloys and even doping with trace elements can be achieved

by co-deposition, depending on their compatibility with PVD.

Supporting Information

Fabrication and characterization details, SEM and TEM images, UV-vis spectra.
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