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ABSTRACT

Silver nanowires (AgNWs) hold great promise for applications in wearable electronics, flexible solar cells, chemical and biological
sensors, photonic/plasmonic circuits, and scanning probe microscopy (SPM) due to their unique plasmonic, mechanical, and
electronic properties. However, the lifetime, reliability, and operating conditions of AgNW-based devices are significantly restricted
by their poor chemical stability, limiting their commercial potentials. Therefore, it is crucial to create a reliable oxidation barrier on
AgNWs that provides long-term chemical stability to various optical, electrical, and mechanical devices while maintaining their high
performance. Here we report a room-temperature solution-phase approach to grow an ultra-thin, epitaxial gold coating on AgNWs
to effectively shield the Ag surface from environmental oxidation. The Ag@ Au core-shell nanowires (Ag@Au NWs) remain stable
in air for over six months, under elevated temperature and humidity (80 °C and 100% humidity) for twelve weeks, in physiological
buffer solutions for three weeks, and can survive overnight treatment of an oxidative solution (2% H>0.). The Ag@ Au core-shell NWs
demonstrated comparable performance as pristine AQNWs in various electronic, optical, and mechanical devices, such as transparent
mesh electrodes, surface-enhanced Raman spectroscopy (SERS) substrates, plasmonic waveguides, plasmonic nanofocusing
probes, and high-aspect-ratio, high-resolution atomic force microscopy (AFM) probes. These Au@ Ag core-shell NWs offer a universal
solution towards chemically-stable AgNW-based devices without compromising material property or device performance.
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1 Introduction
surface-enhanced Raman spectroscopy (SERS) sensors,

Silver nanowires (AgNWs) are known to have the highest
electrical and thermal conductivity among metal nanowires,
garnering significant attention for their use in transparent
conductive films, including thin-film solar cells, supercapacitors,
transparent heaters, and touch panels [1-6]. In addition,
penta-twinned AgNWs synthesized through solution-phase
polyol methods also show a low ohmic loss, strong plasmonic
enhancement, high mechanical strength, and flexibility due to
their inherently high crystallinity, low impurity level, and
atomically flat surfaces [7, 8]. These characteristics make them
promising candidates for emerging applications in stretchable

and various high-resolution scanning probe microscopies
(SPM) [9-15].

However, a daunting obstacle for device-level commercialization
of AgNWs is their vulnerability to oxidation, especially under
heat, light, and moisture [16, 17], which causes severe
deterioration to the mechanical, electrical, and optical properties
of AgNWs and leads eventually to device failure. Therefore,
there has been an ongoing drive to develop strategies for the
effective oxidation protection of AgNWs without impairing
their inherent electrical, optical, and mechanical properties,
preferably through low-cost solution-phase processes to be
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compatible with large-scale industrial device fabrication. So
far, approaches reported to address the long-term stability
of AgNWs could be summarized into two major categories:
(1) For devices fabricated with AgNW networks, a polymer
or ceramic overlayer is coated on the AgNW networks pre-
deposited on a substrate as a corrosion barrier, such as
polydimethylsiloxane (PDMS) [18-21], poly (methyl methacrylate)
(PMMA) [22, 23], poly (3,4-ethylenedioxythio-phene):
poly(styrene sulfonate) (PEDOT: PSS) [24-27], reduced graphene
oxide (rGO) [28-30] and atomic-layer-deposited aluminum-
doped zinc oxide (AZO) and aluminum oxide (ALOs) [2, 31, 32];
(2) A relatively stable metal or carbon shell, such as Ni [33-35],
C [36-38], Zn [39, 40], Sn [41, 42], Au [43-46] and Pt [47]
is chemically grown on the AgNW surface through a solution-
phase process before device fabrication. Both methods have
shown effectiveness in prolonging the lifetimes of AgNW
mesh electrodes. However, many other applications, such as
surface plasmon subwavelength optics, SERS sensors, and
SPM probes, have more stringent requirements on the coating
material property, thickness, surface smoothness, interface
quality, and surface chemistry to maintain the high device
performance. For example, a rough coating or a rough interface
between the shell and Ag core would result in a significant
increase in surface/interface electron scattering that adds
detrimental optical loss to surface plasmon waveguides [7].
Since surface plasmons are very sensitive to slight perturbations
within the skin depth, the shell material needs to be as conductive
as possible and the coating as thin and uniform as possible
to minimize additional ohmic loss and maintain the high
performance of AgNWs in subwavelength optics and SERS
sensors. However, up till now, it remains a significant challenge
to accurately control the coating thickness, uniformity, interface,
and surface smoothness to allow reliable oxidation protection
in various working environments (e.g., under light, heat,
humidity, and in solution) while keeping the effects on optical,
electrical, and mechanical properties of AgNWs to a minimum.
Therefore, there is an urgent need to develop a universal,
economic, and scalable approach to expand the success in the
antioxidation treatments of AgNW mesh electrodes to a wide
variety of AgNW-based devices.

To satisfy the stringent requirement on the inherent property,
quality, and morphology of the antioxidation coating, an
ultra-thin, single crystalline, epitaxial Au shell with atomic
smooth surface and Ag-Au interface is an ideal choice. Being
a noble metal, Au is more resistive to oxidation than other
transition metals. Au is among the most conductive metals
and is only second to Ag in terms of the high plasmonic
enhancement and low plasmonic loss in the visible and near
infrared (NIR) spectral range. Au also has a small lattice
mismatch (~ 4%) to Ag, making possible the epitaxial deposition
of Au on the AgNW surface as a single crystalline, conformal
coating with a smooth Ag-Au interface and external surface.
However, achieving such an ideal coating condition is not
trivial due to the galvanic replacement reaction between Au*
or Au’* and metallic Ag, which results in the formation of hollow
alloyed Au-Ag nanostructures instead of the desired core-shell
structure [48, 49]. To solve this problem, strategies have been
developed to suppress the galvanic replacement by complexing
gold ions to lower the reduction potential of the dominant Au
species. Galvanic replacement-free growth of an ultra-thin (2-3
atomic layers) gold shell on AgNWSs was first demonstrated
under the alkaline condition at 60 °C that improves the chemical
stability of AgNWs in O and oxidative solutions [43]. Recently,
epitaxial growth of a thick Au coating (~ 35 nm) on AgNWs
was also realized via a sulfite-assisted protocol [44]. The coating
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was thick enough to offer good protection against ambient and
strong oxidative environments. However, the thick and rough
coating would increase the optical absorption and the haze
factor [50], limiting the performance of the core-shell NW in
transparent electrodes, and would also introduce significant
optical loss. The precise control of the Au coating thickness
and quality is the key to balance performance and stability in
AgNW devices. Herein, we report the scalable, room-temperature
solution-phase strategy to grow a conformal epitaxial Au
shell on the AgNW surface with accurately controlled coating
thickness for the optimization of chemical stability and material
property. The conformal and high-quality coating provides
long-term oxidation protection in various working environments,
such as in air and solution, under heat, light, moisture, and
mechanical stress. The as-synthesized Au@Ag core-shell NWs
have atomically smooth surfaces and Ag-Au interfaces to
minimize additional electron scattering and optical loss from
the coating. It was demonstrated that various devices fabricated
with the Ag@Au core-shell NWs, such as transparent electrode,
plasmonic waveguide, nanofocusing probe, SERS substrate,
and atomic force microscopy (AFM) probe, show strong
performances comparable to those fabricated with pure AgNW's
with significantly extended lifetime and stability. The strategy
developed here is cost-efficient and compatible with large-scale
device fabrication, offers a universal solution to increase the
stability of various high-performance AgNW-based devices for
commercialization.

2 Experimental

2.1 Synthesis of AgNWs

In a typical synthesis, 10 mL of ethylene glycol (EG) was
added to a round-bottom flask (50 mL, equipped with a
magnetic stirring bar); the flask was then suspended in an oil
bath and heated at 170 °C for 15 min. Then, 40 pL of copper
chloride/EG solution (CuCl;, 0.0073 M) was injected into this
10 mL of EG solution. After 15 min, 10 mL of AgNO:s solution
(0.15 M, in EG, freezing for 10 min before use) and 10 mL of
PVP solution (0.45 M as calculated in terms of the repeating
unit, in EG) were added dropwise to the heated EG solution at
a pace of 150 uL/min. The growth of nanowires was monitored
by sampling small portions of the reaction mixture for UV-vis
measurement every 10 min. Mild stirring with 260 rpm was
maintained throughout the whole process. Finally, AgNWs
were collected by centrifugation and washed with ethanol
four times.

2.2 Synthesis of Ag@Au core-shell NWs

Preparation of Au growth solution: 40 pL of HAuCls (0.01 M),
240 uL of NaOH (0.2 M), 3 mL of Na,SOs (0.02 M) were added
to 4.72 mL of H,O sequentially. The solution was left undisturbed
for at least 10 h. Preparation of Ag@Au core-shell NWs: In a
typical synthesis, 1 mL of the above solution of AgNW's were
dispersed into 2.55 mL of H,O, then 2 mL of 2% PVP aqueous
solution, 240 pL of AA (0.5 M) and 50 pL of diethylamine
were added to 20 mL glass vial, respectively. Noting that a
small amount of diethylamine could help eliminate the energy
difference for deposition between each different facet of silver
as diethylamine is known to be unselectively adsorbed on the
surface of AgNWs without causing etching. A homogeneous
Au deposition on the AGNW surface might be achieved [51-53].
Then using a syringe pump, the as-prepared Au growth solution
was slowly injected into the solution of AgNWs at a rate of
0.05 mL/min to deposit a thin layer of Au on the AgNW
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surface. The Au coating thickness could be tuned by controlling
the reaction time. The as-prepared Ag@Au NWs were collected
by centrifugation, washed with H.O twice, and stored in H.O
for further use.

2.3 Fabrication of NW-based transparent electrodes

Nanowires (AgNWs or Ag@Au core-shell nanowires) were
diluted with toluene and sonicated for 10 min to form a
homogeneous solution. The transparency film was prepared
by filtering the nanowire solution onto a nitrocellulose porous
membrane with a 220-nm pore size via vacuum filtration.
The nanowire network was then entirely transferred onto a
transparent substrate (PET, glass, or PDMS) by applying
pressure to the backside of the membrane.

2.4 Synthesis of NW-based AFM probe

Based on our previous method [15], The AgAuNW-AFM
probe was fabricated by attaching a single Ag@Au core-shell
nanowire onto the pyramidical tip’s sidewall of a commercial
AFM cantilever by using a benchtop manipulation procedure.
First, Ag@Au core-shell nanowires were dispersed onto a
clean PDMS substrate and selected with an upright optical
microscope imaging system to pick up an appropriate Ag@Au
core-shell nanowire. A tungsten probe mounted on a motorized
four-axis micromanipulator (MP-285, Sutter Instrument, 40 nm
resolution) was used to get the target nanowire and place it in
the desired position on the pyramidical tip, and finely adjust
the protruding length by gently pushing along the nanowire.
After the Ag@Au core-shell nanowire had been mounted,
another tungsten probe was used to apply a small amount of
epoxy glue on the Ag@Au core-shell nanowires-cantilever
junction to enhance the adhesion and prevent the detachment
of the Ag@Au core-shell nanowire during the tapping-mode
measurement.

2.5 Sheet resistance measurement

The sheet resistance measurement was modified based on
Hu’s work [54]. A glass substrate (25 mm x 25 mm x 0.1 mm,
Fischer Scientific) was rinsed with acetone and methanol at
least three times, then 4 nm/100 nm (Cr/Au) was deposited
via a custom Angstrom Engineering thermal evaporator system.
An AgN'W and Ag@Au core-shell nanowire-based transparent
electrode was fabricated via vacuum filtration. The transparent
electrodes were then transferred onto the prepared mask

Galvanic
replacement 3

——— . E
HAuCl,
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separately. Finally, the sheet resistance of both electrodes was
measured using a Signatone CM200 probe station and Agilent
4155A Semiconductor Parameter Analyzer. For the humidity-
assisted oxidative acceleration test, both AgNW and Ag@Au
core-shell nanowire-based transparent electrodes were put into
a tin container that stayed inside a larger aluminum can, which
was filled with 300 mL of water at the bottom to imitate an
environment with 100% humidity. The can was placed inside a
furnace (Thermo Scientific) at 80 °C.

2.6 Characterization

The transmission electron microscopy (TEM) images were
taken with a Tecnai 12 transmission electron microscopy
operating at 120 kV. UV-Vis-Near IR (NIR) spectra were
measured with Varian Cary 50 UV/Vis spectrophotometers
190-1,100 nm. Atomic force microscopy (AFM) measurements
were carried out on an AIS-NT AFM and were operated in
non-contact mode. Scanning electron microscopy (SEM) was
conducted on a NovaNanoSEM 450. Photoluminescence images
and spectra of Ag@Au core-shell nanowires (or AgNWs) were
obtained using a Horiba LabRam Spectrophotometer.

3 Results and discussion

Figure 1(a) shows a schematic of the synthetic route of the
epitaxial Ag@Au NWs. The AgNWs used in this work were
synthesized via a modified mediated polyol-mediated process
and purified for further use (see Materials and Methods
section). To achieve galvanic replacement-free deposition of
the Au shell on the AgNW surface, the reduction potential of
the gold ion source was reduced through complexing the Au**
ions in the HAuCls precursor solution with sulfite (SOs*) to
form a highly stable complex Au(SOs).*". With a pKs, of -26.8,
the Au(SOs).*" complex has high stability, resulting in a much
lower reduction potential (E° = 0.111 V) than that of Ag* (E° =
0.8 V) [55]. In addition, a strong reducing agent (i.e., ascorbic
acid, AA) was used to further suppress the oxidative etching
of the AgNW surface by the Au* ions [56]. The gold-sulfite
complex solution was slowly injected via a syringe pump into
the reaction solution containing the reducing agent AA and
AgNWs under vigorous stirring to control the Au precursor
concentration and homogeneity. To achieve the high-quality,
etch-free Au deposition on the AgNW surface, we first
investigated the effect of Na,SOs:HAuCls feeding ratios in
synthesizing high-quality Ag@Au core-shell nanowires. As

NaOH
DI water

Epitaxial growth g
.,
HAuUCI/Na,S05; =5

& Ag atom
® Au atom
AscorbicAcid (AA)

Poly(vinyl pyrrolidone) (PVP)

Sodium hydroxide (NaOH) core-shell nanowire Wavelength (nm)

0.0 ‘
Ag@Au 300 350 400 450 500 550 600

Figure 1 Synthesis of the Ag@Au core-shell NWs. (a) Schematic illustration of the reduction of HAuCls in the presence of AgNWs with/without Na;SO:s.
The etch-free growth of a smooth epitaxial Au shell on the AgNW surface relies on complexing Au ions with SOs*~ that lowers the reduction potential of
the Au precursor species. (b) SEM image of Ag@Au core-shell NWs. (c) UV-Vis extinction spectrum of AgNW before (black curve) and after (red curve)
3-nm Au shell deposition. (d) TEM image of a Ag@Au core-shell NW (~ 3 nm Au). (e)-(g) Elemental mapping of Ag and Au from Ag@Au core-shell NW
(~ 3 nm Au). The red color indicates Ag, whereas the green color indicates Au.
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shown in Fig. S1(a) in the Electronic Supplementary Material
(ESM), rough core-shell NW surface and significant etching
were observed with a low sulfite to gold ratio (2:1). As the
ratio was reduced, the NW surface becomes smooth, but still
showing significant etching on the NW tips and along the
ridges of penta-twinned AgNWs until a sulfite to gold molar
ratio of 150:1 (Figs. S1(b)-S1(e) in the ESM). This result shows
a high tendency of local oxidative etching of free Au™ ions to
the AgNW surface even with the complexing agent. And an
extremely low free Au’* concentration must be maintained by
adding SOs*" in large excess. Based on this result, subsequent
synthesis of the Ag@Au core-shell nanowires were optimized
with a Na:SOz:HuCls feeding ratios of > 150:1 to completely
suppress the oxidative etching of the AgNW surface.

The SEM image (Fig. 1(b)) of the Ag@Au core-shell nanowires
obtained from the optimized synthesis approach shows an
overview of NWs (average diameter of 250 nm) with uniform
and smooth surfaces without signs of etching. The TEM image
in Fig. 1(d) shows a uniform 3 nm Au shell with a smooth
surface and Au-Ag interface. The energy-dispersive X-ray
spectroscopy (EDS, Figs. 1(e)-1(g)) mapping from the same
region also demonstrated a well-defined core-shell structure
with a Ag (red color) core and a uniform thin Au (green color)
shell. The shell thickness is consistent with that measured
in the TEM image (Fig. 1(d)). UV-Vis extinction spectrum of
Ag@Au core-shell NWs with a 3 nm shell thickness (Fig. 1(c))
shows a very slight increase in absorption and a slight red
shift of absorption peaks as compared with pristine AgNW,
consistent with what was observed in other Ag@Au core-shell
nanostructures [43, 55], however, due to the thin Au coating
compared to the AgNW diameter, the changes in the absorption
intensity and frequencies are very small.

The Au shell thickness can be accurately controlled by
varying the amount of gold-sulfite complex injected into the
reaction solution, which can be adjusted by changing the reaction
time. The UV-Vis spectroscopy (Fig. 2(a)) shows a progressive
redshift in the extinction peak position and a continuous
increase in intensity as the reaction time increases and more
Au precursor was added, consistent with growing Au shell
thickness [43, 55]. This finding also confirmed the absence of
galvanic replacement or oxidative etching, which is typically
accompanied by an apparent attenuation of the original surface
plasmon resonance peaks of Ag nanostructures [49, 57]. It is
also worth noting that even with the longest reaction time,
there is no sign of nucleation of separate Au nanoparticles,
whose plasmonic peaks are typically observed at ~ 520 nm. The
corresponding high-resolution TEM images (Figs. 2(b), 2(d),
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and 2(e)) of the Ag@Au core-shell nanowires synthesized
with reaction times of 60, 90, and 120 mins, shows a coating
thickness of 6 nm (Fig. 2(b)), 10 nm (Fig. 2(d)), and 15 nm
(Fig. 2(e)), respectively. The TEM image of the tip of the Ag@Au
core-shell NW (Fig. S2 in the ESM) further demonstrated a
smooth and uniform coating on the NW tip with the coating
thickness consistent with the side walls. The measured thickness
is based on the contrast between the Ag core and Au shell in
the TEM images, which is proven consistent with the EDS
elemental mapping (e.g., Figs. 1(d), 1(e), 2(b), and Fig. S3 in
the ESM). For all shell thicknesses, the Au coatings are
uniform and smooth with a clean and etch-free interface
between Au and Ag. Figure 2(c) is the high-resolution TEM
(HRTEM) image of the region marked with the red box in
Fig. 2(b), showing the sub-nm level smoothness of the Au
layer. The continuous lattice fringes from the Ag core to the
Au shell manifested unambiguously the epitaxial growth and
the single crystalline nature of the Au shell, which is critical
for maintaining the electrical/optical properties of AgNWSs and
optimizing chemical stability of the core-shell nanowires due
to the minimized interfacial defects.

The chemical stability of the Ag@Au core-shell nanowires
was evaluated by benchmarking against the pure AgNWSs under
different conditions. The results suggest that a 3 nm Au shell
can effectively serve as an antioxidation barrier of the AgNWs.
When exposed to air at room temperature, the Ag@Au
core-shell NWs remained stable against environmental oxidation
for as long as six months, as evidenced by the smooth surface
in the SEM images taken at day 0 and day 183 (Figs. 3(a) and
3(b)). In contrast, pristine AgNWs deteriorate fast under
ambient conditions. After only ten days, the wire surfaces were
covered with silver oxide nanoparticles (Figs. 3(c) and 3(d)),
typical of severely oxidized Ag nanostructures. The 3-nm
high-quality epitaxial Au shell was even able to protect the
AgNW from strong oxidants such as hydrogen peroxide H,O..
After overnight treatment of H,O: (2 wt.%) aqueous solutions,
the Ag@Au core-shell NWs were still intact as shown in the
before and after SEM images of the sample (Fig. 3(e), insets),
as well as the UV-Vis spectra (Fig. 3(e), top) showing no obvious
sign of attenuation of the plasmonic band due to etching and
oxidation of the AgN'W.

Biosensing applications typically require long-term stability
in physiological solutions. The Ag@Au core-shell NWs remained
stable in phosphate-buffered saline (PBS) solution for over
21 days, showing no noticeable spectral changes in the UV-Vis
spectrum of the sample (Fig. S4(a) in the ESM). The SEM
image of the sample after 21 days of soaking in the PBS solution

(a) 0.6
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~
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Figure 2 Tunable growth of the Au shell on AgNW surfaces. (a) UV-Vis extinction spectrum of Ag@Au core-shell NWs with varied reaction time;
(b) and (c) TEM image of Ag@Au core-shell NW (~ 6 nm Au) and corresponding high-resolution TEM image to show the epitaxial growth of Au on
AgNW; (d) and (e) TEM image of Ag@Au core-shell NW with thicker Au shell (~ 10 nm Au (d); 15 nm Au (e)).
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Figure 3 Chemical stability of Ag@Au core-shell NWs (~ 3 nm Au) upon exposure to air and hydrogen peroxide aqueous solution (2 wt.%). (a) and (b)
SEM images of the Ag@Au core-shell NWs after exposure to air for 0, 183 days, respectively. (c) and (d) SEM images of pristine AgNWs after exposure to
air for 0, 10 days, respectively. (e) The UV-vis extinction spectrum of Ag@Au core-shell NWs before (red curve) and after (green curve) treatment with
H.O:; solution overnight. The inset is the corresponding SEM images of Ag@Au core-shell NWs before (left) and after (right) the H>O; treatment.

also shows smooth surfaces without signs of oxidation (Fig. S4(a)
in the ESM, inset). In contrast, pristine AgNWs underwent
severe degradation in PBS solution in days, as evidenced by
a significant decrease in UV-Vis absorption intensity as early
as day 7 and followed by the complete disappearance of the
signature AgNW plasmonic bands within 21 days (Fig. S4(b)
in the ESM). Therefore, the 3-nm high-quality epitaxial Au shell
can effectively preserve the plasmonic/optical performance of
AgNWs for bio and chemical sensing applications performed
in aqueous solutions, even in the presence of salt and oxidative
chemicals.

We further evaluated the performance and stability of
transparent mesh electrodes fabricated with the Ag@Au
core-shell NWs on a flexible polyethylene terephthalate (PET)
substrate via a simple vacuum filtration method [58]. A dilute
nanowire suspension was vacuum filtered through filter paper.
The resulting NW filtration mesh was then transferred onto a
flexible PET substrate by pressing the filter paper against the
substrate to form the NW mesh electrode. Figure 4(a) shows

the transmittance spectra (400-800 nm) and the corresponding
sheet resistance of Ag@Au core-shell NW mesh electrode with
different wire loading densities in the range of 75% to 95%
transmittance benchmarked at 550 nm. The corresponding
optical (top panels) and SEM (bottom panels) images of the
NW mesh electrodes are shown in Fig. 4(b). The film sheet
resistance is as low as 4.67 Q/squnder 75% optical transmittance.
With increasing optical transmittance and decreasing wire density,
the film sheet resistance gradually increased to 9.88 /sq
at 85%, 17.52 Q/sqat 90%, and eventually 37.41 Q/sq at 95%
transmittance. The performance stands out in comparison
with other published work on different materials candidates
for flexible electrodes (Fig. 4(c)), such as AgNW [59], copper
nanowire [59], carbon nanotube (CNT) [60], graphene [59],
and PEDOT [24, 61], that demonstrate 17.3 Q/sq at 91%,
62.5 Q/sq at 90%, 71.05 Q/sqat 92%, 87.5 Q/sq at 93%, and
100 Q/sq at 91%, respectively. In particular, the Ag@Au core-shell
NW transparent electrodes have demonstrated performance
comparable to commercial indium tin oxide (ITO) performance
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Figure4 Ag@Au core-shell NW transparent electrodes and

their optical and electrical performance. (a) and (b) Wavelength-dependent optical

transmission, electrical conductance, and corresponding SEM images and optical images of transparent conductive films with increasing Ag@Au
core-shell NW loading (from left to right). (c) Plot of optical transmittance vs. sheet resistance of Ag@Au core-shell NW conductive films (solid red dots).
For comparison, published data of the current state-of-the-art transparent conductors, including ITO, CNT, PEDOT, AgNW, and Cu nanowire were also
plotted. (d) Long-term stability of Ag@Au core-shell NW (~ 3 nm Au) and AgNW transparent electrodes in a high temperature (80 °C) and high humidity

(100%) environment.
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(21 Q/sqat 90% [62]) and pristine AgNW [59] (17.3 Q/sq at
91%), which is so far the best candidate for flexible transparent
electrodes. The stability of the Ag@Au core-shell NW mesh
electrode is tested in an accelerated aging condition under
heat (80 °C) and moisture (100% humidity). No significant
change in the sheet resistance was found for as long as 84 days
(Fig. 4(d)). In contrast, the sheet resistance of pristine AgNW
mesh electrode showed a sharp increase of 5,000% after the
first week of exposure to the hot (80 °C) and humid (100%)
environments and a complete failure after 12 days (Fig. 4(d),
inset).

AgNWs are capable of confining light to subwavelength
dimensions in the form of surface plasmon polaritons (SPPs),
which are electron density wave that travels along with the
metal-dielectric interface [7]. Plasmonic waveguides that can
propagate SPPs represent one of the most promising structures
to beat the diffraction limit imposed by conventional dielectric
optics. Chemically synthesized Ag nanowires have demonstrated
great promise for plasmonic-photonic integrated circuits and
other subwavelength optical devices due to their very low SPP
propagation losses resulting from the inherent high conductivity
of Ag and the high crystallinity and smooth surface of the
NWs [7]. However, the growth of silver oxide particles on the
AgNW surface due to oxidization could significantly amplify
plasmonic losses originating from radiative scattering due to
increased surface roughness and nonradiative decay from Joule
heating and eventually leads to device failure [13]. Although
the 3 nm Au shell offers good protection against oxidation
in the air that can prolong the lifetime of AgNW plasmonic
waveguides, a major concern is the additional propagation
loss introduced by the Au shell. The increase in loss can be
detrimental with a rough and/or thick Au coating, but even
with a thin, smooth epitaxial coating, the impact still needs to
be evaluated due to the inherently lower conductivity of Au
compared to Ag. Following the method previous established
in our group [63, 64], we estimated the plasmon propagation
length (L), the characteristic length after which the SPP intensity
decays by a factor of 1/e, and the measure of the propagation
loss at a given frequency, of AgNWs with and without the
3-nm Au coating. Figure 5(a) is a dark-field optical image of
the typical experimental setup, where a tapered single-mode
optical fiber tip was placed in contact with the suspended
portion of the NW placed on the edge of a PDMS substrate.
Lasers of different frequencies are coupled into single-mode
optical fiber and delivered to the junction between the tapered
fiber tip and the NW to excite the SPPs in the NW. Figure 5(b)
is the corresponding waveguiding image with the microscope
illumination turned off and the laser light introduced from the
optical fiber stays on. Without the microscope illumination, the
profiles of the optical fiber and the NW are no longer visible.
The big bright spot at the fiber-NW junction is the scattered
laser that excites the SPP in the AgNW. The faint spot
(Fig. 5(b), inset) at the tip of the NW originates from the SPPs
traveling in the AgN'W that scattered back to the free space at
the tip, indicating the successful excitation of the SPP. The
optical fiber is mounted on a micromanipulator and can be
moved up and down the NW to change the distance between
the junction and the NW tip. Assuming a stable excitation
efficiency along the NW, a shorter propagation distance will lead
to less attenuation and a brighter tip scattering spot. By correlating
the two, the propagation length can be calculated [64].

Figures 5(c) and 5(d) plot the measured tip emission intensity
of a Ag@Au core-shell NW (red curve) and a AgNW (green
curve) as a function of the propagation distance under 671
and 532 nm excitations, respectively. Both wires are around
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Figure 5 Measurement of the SPP propagation length in a free-standing
nanowire (AgNW or Ag@Au core-shell NW (~ 3 nm Au)). (a) Dark-field
optical image (microscope light on, laser on) of the measurement setup. A
target nanowire was placed on the edge of a PDMS substrate. The tapered
tip of a laser-coupled optical fiber was put into physical contact with the
nanowire to excite its SPPs. The SPPs propagated along the nanowire to its
distal end, where it was scattered back into the free space. The far-field
emission at the suspended AgNW tip was collected as the optical fiber tip
was slid along the nanowire. (b) Waveguide images (microscope light off,
laser on) of the nanowire at specific SPP propagation distances. Insets:
enlarged images of the tip emission spot. (c) and (d) Tip emission intensity
measured as a function of propagation distance at 671 and 532 nm
excitation wavelengths. (e) and (f) Numerical simulation of the propagation
length as a function of nanowire diameter at 671 nm (e) and 532 nm (f)
excitation wavelengths. All scale bars are 10 pm.

250 nm in diameter. As expected, the emission intensities of
both wires show a general decaying trend as the propagation
distance increases due to the increased propagation losses,
while the intensity oscillations originate from the beating of
different SPP modes [64]. The Ag@Au core-shell NW shows a
slight reduction in propagation length (Lageas,671nm = 11.11 pum)
as that of the pristine AgQNW (Lag ¢71am = 16.63 pm) under
671 nm excitation. However, the Ag@Au core-shell NW does
show more significant intensity decay than pristine AgNW under
532 nm excitation (Ag@Au core-shell nanowire: Lageau, 5320m =
5.44 um; AgNW: Lag s3am = 18.08 um), due to the stronger
absorption of Au in the green region. This observed trend is
consistent with the numerical simulation result. Figures 5(e)
and 5(f) show calculated propagation lengths of the two
co-existing SPP modes (TMo and HE,) of both Ag@Au core-shell
and pristine Ag nanowire in a diameter range from 100 to
400 nm. At a diameter of 250 nm (marked by the dash lines
in Figs. 5(e) and 5(f)), both SPP modes of Ag@Au core-shell
nanowire shows a more significant decrease under 532 nm
excitation (Fig. 5(f)) than under 671 nm excitation (Fig. 5(e))
compared to pristine AgNW, in good agreement with the trend
observed in the experimental results.

Despite the frequency-dependent increase in loss, the Ag@Au
core-shell NW can still function as high-performance plasmonic
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components, even under 532 nm excitation, especially those
that do not require long propagation distances and more loss
tolerant. Figure 6 compares the optical performance and
stability of nanofocusing probes fabricated from pristine and
Au-coated AgNWs for chemical nanoscopy [13]. As shown in
the darkfield optical images and schematics (Figs. 6(a) and 6(f)),
the probe is constructed by putting a Ag or core-shell nanowire
in physical contact with a laser-coupled tapered optical fiber
tip. The laser is optically coupled from the tapered fiber to the
SPPs in the nanowire through mode-matching [13]. Figures 6(b)
and 6(g) are the optical image of the same view as in Figs. 6(a)
and 6(f), but with the laser turned on and the microscope
illumination off. Both pristine and Au coated AgNWs probes
show high-efficiency optical coupling between the fiber and the
nanowire, characterized by the bright emission at the NW tips
and negligible scattering from the fiber-wire junction [13, 65].
The performance of the Ag@Au core-shell nanowire stays
stable even after 21 days (Figs. 6(h)-6(j)), indicating the robust
protection of the 3-nm epitaxial Au shell against oxidation
under optical stress for optical/plasmonic applications. In
contrast, scattering spots start to show along the pristine AgNWs
due to the growth of oxide nanoparticles (as visualized in Fig. 3(d))
within a week, resulting in a decreased light-delivery efficiency
to the NW tip and eventually device failure (Figs. 6(c)-6(e)).
In addition to the SPP characterization, surface plasmon
resonance (SPR) is another essential characterization technique
for AgNW based plasmonic devices intended for SERS
applications, which enable label-free, nondestructive, high-
sensitivity chemical analysis [66, 67]. One concern of using
Ag@Au core-shell nanowires in SERS sensing applications is
whether the Au shell will introduce extra background due to its
fluorescence under 532 nm excitation, the most popular SERS
excitation wavelength. Here we compared the SERS spectra
of a self-assembled monolayer of 4-aminothiopenol (4-ATP)
from a single Ag@Au core-shell nanowire vs. a single pristine
Ag NW using a confocal Raman microscopy that allows for
sampling from a similar length from both wires (Fig. S5 in the
ESM). Since the diameters of the two nanowires are also similar,
the total metal surface area that offers SERS enhancement under
laser excitation is relatively comparable. Assuming the same
packing density of the 4-ATP molecule in the self-assembled
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monolayer, given the similar surface chemistry and atomic
density of the Au and Ag surface, the measured SERS intensity
can then be directly compared to qualitatively compare the
SERS activity of the two types of wires. From the two spectra
in Fig. S5 in the ESM, it can be concluded that the Ag@Au
core-shell and pristine Ag NW offer a similar level of signal
enhancement, and no significant increase in background
fluorescence was observed from the Ag@Au core-shell nanowire,
thanks to the ultra-thin Au coating (~ 3 nm). Considering the
demonstrated stability of the Ag@Au core-shell nanowires in
air and solution, they would constitute a high-performance,
air- and solution-stable SERS platform for chemical and
biological analysis.

The stability of Ag@Au core-shell nanowires under mechanical
stress was evaluated with AgNW-based AFM probes [15].
AgNW-based SPM probes, including high-aspect-ratio AFM
probe, AFM and STM-based TERS probes, chemical nanoscopy
probes [11, 13-15], bears enormous potential in changing the
landscape of commercial SPM probes due to their outstanding
performance and unique applications. However, a remaining
challenge hindering their commercialization is the limited
shelf-life and device stability due to their vulnerability to
oxidation under storage and working conditions, especially for
tapping-mode AFM probes that work under constant mechanical
stress. To evaluated the performance and stability of Ag@Au
core-shell NW-based high-resolution, high-aspect-ratio AFM
probes (AgAuNW-AFM) under tapping mode operation, AFM
probes with pristine and Au coated AgNWSs were fabricated
following a previously established procedure [15]. As shown
in the SEM image (Fig. 7(a)), the nanowire was mounted onto
a commercial AFM cantilever’s pyramidical tip using a
customized 3D benchtop manipulator (see materials and
methods section). High-quality tapping-mode AFM images
were obtained on a test sample (40-nm Au film on E-beam
evaporated to a clean silicon dioxide substrate) with both pristine
and gold-coated AgNW probes with similar resolutions when
they were freshly prepared (Figs. 7(b) and 7(c), top panel).
While the AgNW-AFM probe experienced a gradual decrease
in imaging resolution (Day 7 and Day 14, Fig. S6 in the ESM)
and a sudden mechanical failure at Day 21 (Fig. 7(c), bottom
panel), the AgAuUNW-AFM probe showed robust imaging

Figure 6 Stability of nanofocusing probes fabricated from AgNW and Ag@Au core-shell NW (~ 3 nm Au). (a) Darkfield optical image of nanofocusing
probe fabricated with pristine AGNW. Inset: schematic illustrating the device structure. The laser is coupled through the tapered tip of the optical fiber to
launch SPPs into the AgNW. (b)-(e) Waveguide image (microscope light off, laser on) of the AgNW nanofocusing probe upon exposure to air for 0, 7, 14,
21 days. (f) Darkfield optical image of nanofocusing probe fabricated with Ag@Au core-shell NW. Inset: schematic illustrating the device structure. The
laser is coupled through the tapered tip of the optical fiber to launch SPPs into the Ag@Au core-shell NW. (g)-(j) Waveguide image (microscope light off,
laser on) of the Ag@Au core-shell nanowire after exposure to air for 0, 7, 14, 21 days, respectively. All scale bars are 40 um.
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Figure 7 Tapping-mode AFM topography images of the 40-nm thick gold film E-beam evaporated on a quartz substrate. (a) SEM image of a
nanowire-AFM probe. (b) AFM image scanned by the AgAuNW-AFM probe. Height, amplitude, phase imaging data were obtained by the
AgAuNW-AFM probe that is freshly prepared (I, II, IIT) and after 21-days of exposure to air (IV, V, VI). (c) AFM image scanned by the pristine
AgNW-AFM probe. Height, amplitude, phase imaging data obtained by the pristine AgNW-AFM probe that is freshly prepared (VII, VIII, IX) and after

21-days of exposure to air (X, XI, XII). All scale bars are 200 nm.

performance after exposure to air for 21 days with a consistent
~ 5 nm throughout the testing period (Fig. 7(b), bottom panel
and Fig. S7 in the ESM), demonstrating the efficacy of the
3-nm epitaxial Au coating in prolonging the lifetime and
enhancing the performance stability of AgNW SPM probes,
even under high mechanical stress.

3 Conclusions

In summary, epitaxial Ag@Au core-shell nanowires with smooth
surfaces and Au-Ag interfaces were synthesized with a simple
room-temperature, solution-phase process that is highly
compatible with large-scale, cost-effective device fabrication.
The introduction of sulfite reduces the reduction potential of
gold precursor and the potent reducing agent to suppress
galvanic replacement and oxidative etching of the AgNW
surface, resulting in a conformal, smooth, and even gold shell.
By varying the reaction, the thickness of the ultrathin gold shell
thickness can be precisely controlled to meet the requirement
of various applications. The high-quality gold coating, even at
only 3-nm shell thickness, proves highly effective in protecting
the AgNW against oxidation under air, heat, humidity, light,
mechanical stress, and in oxidative solutions. The Ag@Au
core-shell nanowires demonstrate comparable performance with
pristine AgNW in various electrical, optical, and mechanical
devices with significant improvement in device stability and
lifetime, offering a versatile and universal solution towards
high-performance and high-durability AgNW devices for a
wide variety of applications.
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