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ABSTRACT: In this work, we investigate the modulation of
the photoluminescence (PL) of a single Au nanobeam (NB)
by the surface plasmons of a Ag nanowire (NW) and the gap
plasmons between the two nanostructures. By changing the
polarization of the laser that excites the nanostructure and
controlling the separation distance d between the two
nanostructures, we found that the transverse surface plasmon
resonance of the Ag NW enhanced the PL (at 520 nm) of the
Au NB with a maximum effect at d = 7 nm. The PL
enhancement (at 520 nm) was quenched and a new PL peak
was observed at a longer wavelength for d < 7 nm. The PL
quenching effect could be understood by the quadrupole-like

Photoluminescence

plasmonic resonance between the Ag NW and the Au NB and be qualitatively explained by the mode dispersion as a function of
d obtained using the transfer matrix transmittance calculation. FDTD simulations show that the new PL peak at a longer
wavelength is caused by the waveguide-mode gap plasmons between the Au NB and the Ag NW.
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photoluminescence enhancement

hotoluminescence (PL) of gold nanostructures has

attracted attention in recent years because of its potential
applications in bioimaging,' " sensing,”® and plasmonic mode
mapping.”~” The origin of the PL of bulk gold has been
understood as the radiative recombination of interband
transitions of d-band electrons or intraband transitions of
electrons within the d-band.'”"" Unlike fluorophores that have
inevitable limitations of photobleaching and photoblinking, PL
of gold nanostructures is thermally robust.' ™ Moreover, gold
nanostructures are biocompatible for biological applications
such as cell imaging and biosensing.l_6 However, the low PL
efficiencies of gold nanostructures (the measured quantum
yield reported to be ~107°-107°) may limit their useful-
ness.">'*™'* Therefore, understanding the mechanisms of
enhancing the PL efficiency of gold nanostructures is
important.

One way to improve the PL efficiency of gold nanostructures
is to utilize surface plasmon resonances. Recent studies have
revealed that the PL of isolated gold nanostructures can be
modulated and enhanced by their own localized surface
plasmon resonances owing to the coupling between excited
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electron—hole pairs and the collective oscillating free
electrons.””™"” PL of gold can also be enhanced by plasmonic
resonators made of different types of nanomaterials such as Ag
nanowires,© Au nanospheres,’”” and Au nanodisk arrays.”’
Since gold itself is a plasmonic material, it is straightforward to
form plasmonic interactions such as gap plasmons between
gold and other plasmonic resonators. To avoid the possible
quenching, however, the plasmonic resonators should not be too
close to the gold nanostructures. It is well known that when
luminophores are too close (e.g, < 10 nm) to plasmonic
resonators, PL of the luminophores may be reduced via
nonradiative energy transfer from the excited luminophores to
the plasmonic resonators.”’ Therefore, to optimize the PL
efficiency, it is important to study the distance dependence of
the plasmon-enhanced PL of a gold nanostructure. Moreover,
the localized surface plasmon resonance of metal nanostruc-
tures may alter the spectral profiles of the luminophores around
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the nanostructures.”” >* In this case, by changing the
separation distance d between a gold nanostructure and the
plasmonic nanostructures, not only the intensity of the PL but
also the peak position and spectral shape of the PL are expected
to be modulated by the localized surface plasmons.

In this work, we investigated the plasmonic effect of a
chemically synthesized Ag nanowire (NW)”* on the PL of a Au
nanobeam (NB)*® fabricated by nanoskiving,”” which involves
sectioning of chemically grown crystalline Au microplates. We
found that by bringing the Ag NW closer to the Au NB through
decreasing the thickness of the dielectric spacer between the
two nanostructures, the PL (peaked at 520 nm) of the Au NB
was enhanced by locally enhanced electric fields resulting from
the plasmonic interaction between the transverse plasmonic
mode of the Ag NW and the Au NB with a maximum
enhancement of 1.92 for d = 7 nm. In contrast, if the Ag NW
was too close (d < 7 nm) to the Au NB, quenching of the PL
enhancement and the appearance of a new emission peak at
longer wavelengths (with the maximum changing from 610 nm
to 685 nm with decreasing d from 7 nm to 3 nm) in the PL
spectra were observed. The quenching of PL enhancement may
be due to the quadrupole-like plasmonic resonance between the
Ag NW and the Au NB, which causes reduced far-field
scattering.”* "> A qualitative understanding of the quenching
effect was obtained by using transfer matrix transmittance
calculation. Our FDTD (finite-difference time-domain) simu-
lations show that the new PL peaks at longer wavelengths result
from the modulation of the PL by the well-defined waveguide-
mode gap plasmons'®’' between the Au NB and the Ag NW.

B RESULTS AND DISCUSSION

To study the enhancement and modulation of the PL of a
single Au nanobeam via plasmonic effects, we prepared cross-
like structures of a Au NB and a Ag nanowire, as shown
schematically in Figure 1. Unlike in experiments involving
continuous metal gold films, the confined gold nanostructures
provide us the possibility to image the location of PL
enhancement on the Au NB and to confirm the enhancement
occurring at the intersection of the two nanostructures. The
single crystalline Au NBs were fabricated using a method called
“nanoskiving”, which involves sectioning chemically synthesized
Au microplates embedded in epoxy (see Methods) using a
ultramicrotome (a standard tool to cut samples into thin slices
for, for example, analysis by transmission electron microscope)
for two reasons.””****** First, the Au NBs are single crystalline,
which reduces the plasmonic damping. Second, the Au NBs are
stabilized by surrounding epoxy, which makes it possible to
handle individual Au NBs, facilitating the fabrication process
and the yield in cross-like structures considerably.

The details of the sample preparation are indicated as
follows. The Ag NWs were synthesized by using the polyol
method,” and the Au microplates were synthesized by
reducing HAuCl, in ethylene glycol in the presence of
polyvinylpyrrolidone (PVP).** We drop-casted the suspensions
of Au microplates on a flat piece of epoxy slab (Figure la).
After drying, we rinsed the microplates on the slab with ethanol
and ultrapure water (18.2 MQ-cm) and then embedded the
slab in additional epoxy (Figure 1b). We sectioned the
microplates surrounded by epoxy using an ultramicrotome
equipped with a diamond knife to form Au NBs (Figure Ic).
We transferred the resulting epoxy thin films (50 nm thick)
containing Au NBs onto a Si wafer, which had 300 nm thick
SiO, on the surface, and removed the epoxy using an air-plasma
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Figure 1. Schematic diagrams and the sample preparation procedure.
(a) Chemically synthesized Au microplates were deposited on a thin (a
few hundred micrometers) slab of epoxy. The inset shows the SEM
image of the microplates. Scale bar: S0 ym. (b) The slab with the
microplates was embedded in epoxy. (c) The microplates with
surrounded by epoxy were sectioned by an ultramicrotome to form the
Au NBs. (d) The epoxy films with Au NBs were transferred onto a
piece of Si/SiO, wafer, followed by treatment with air-plasma to
remove the epoxy. (e) A layer of Al,O; with a thickness of 3—15 nm
was deposited on the Au NBs and the substrate. (f) Chemically
synthesized Ag NWs in ethanol were drop-casted on the substrate and
were blown to dryness in a stream of N,. The combined structure of a
Ag NW aligned (almost) perpendicularly on top of a Au NB with the
dielectric spacer could be found and was used for the PL
measurements. (g and h) Cross-sectional diagrams of the Ag NW
and the Au NB when d is relative large and small, respectively. The
dashed lines indicate the direction of the electric field. The PL of Au is
modulated by the electromagnetic interaction between the two
nanostructures. The dense dashed lines in (h) indicate a stronger
plasmonic interaction for a smaller gap than for the larger gap depicted
in (g). The green arrows in (g) and (h) indicate the enhanced PL by
the locally enhanced field due to the quadrupole-like plasmonic
resonance between the Ag NW and the Au NB. The orange arrow in
(h) indicates the waveguide-mode gap plasmon resonance at longer
wavelengths. The E, field distribution of the quadrupole-like plasmonic
resonance and the gap plasmon resonance are shown in the
Supporting Information Figure SI.

(c)

cleaner (Figure 1d). We deposited 3—15 nm thick AL,O; on the
substrate by using atomic layer deposition (ALD) as the
dielectric spacer (Figure le) and then drop-casted the
suspensions of Ag NWs on the substrate (Figure 1f). After
drying under a stream of N, the Ag NWs were randomly
distributed on the substrate. We selected the Ag NW that was
(nearly) perpendicularly aligned on top of the Au NB using an
optical microscope for the PL measurements (Figure 1f and see
later Figure 3 for experimental data).

We controlled the thickness of Al,O;, changed the
polarization angles of the excitation laser to modulate the
plasmon modes between the Au NB and the Ag NW, and
measured the corresponding PL spectrum of the Au NB to
determine how surface plasmons of the Ag NW affect the PL of
the Au NB. When d between the Ag NW and the Au NB is
within a few tens of nanometers, the PL from Au is expected to
be enhanced because of the locally enhanced field due to the
plasmonic interaction between the Ag NW and the Au NB
(Figure 1g). When d is small enough, the dipole-like surface

plasmon resonance of the Ag NW can strongly couple to its
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Figure 2. Photoluminescence of a single Au nanobeam. (a) SEM and
(b) PL images of a single Au NB (width ~210 nm). (c)
Corresponding PL spectra collected from the Au NB under a 457
nm laser excitation at different polarization angles. The polarization
angles (6) of 0° and 90° indicate that the excitation laser was polarized
parallel and perpendicular to the long axis of the NB, respectively. The
red dot in (b) indicates the region where the PL signals were collected.
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Figure 3. Photoluminescence of the Au NB-Ag NW cross-like
nanostructure. (a) SEM image of a Ag NW aligned nearly
perpendicular on a single Au NB (width ~150 nm) coated with 6
nm of Al,O3 The inset shows the SEM image of the cross-section of a
Ag NW. Scale bar: 100 nm. (b) PL image of the nanostructure shown
in (a). The sample was excited by a 457 nm laser with polarization
angle perpendicular (6 = 0°) to the long axis of the Ag NW. (c) PL
spectra collected at the Au NB and at the intersection of the
nanostructures with different laser polarization angle 6. (d) Enhance-
ment of PL intensities at 520 nm versus the polarization angles of the
excitation laser.

image dipole on the Au surface to form either a quadrupole-like
plasmonic resonance’® ™ or a waveguide-mode-like gap
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18,31
plasmon resonance,

PL of Au (Figure 1h).

Before conducting the PL measurement for the combined
structure of a Ag NW aligned on a Au NB, we first investigated
the PL characteristics of a single Au NB using a confocal
microscope. During the PL measurement, the NB was excited
by a linearly polarized laser (4, = 457 nm) at a normal
incidence angle through an objective above the sample, and PL
spectrum was recorded through the same objective as a
function of the polarization angle (6) of the aser excitation (see
Methods). We acquired SEM images of the same Au NBs after
the PL measurements so we could relate the optical properties
to the structures in detail.

Figure 2a shows a SEM image of a typical Au NB that had a
width of 210 nm, a length of 15.5 um, and a thickness of ~50
nm. Figure 2b and ¢ show the PL image collected under laser
polarization perpendicular to the long axis of the Au NB (0 =
90°) and the PL spectra excited with € ranging from 0° to 135°,
respectively. The PL peak of the Au NB was observed to occur
at ~520 nm (Figure 2c), which corresponds to the radiative
recombination of electrons in the sp band at the Fermi level
(near the L point in the first Brillion zone) of gold with holes in
the d band below the Fermi level.'"”'” The maximum and
minimum intensities of the PL were observed when the laser
polarization was perpendicular (6 = 90°) and parallel (6 = 0°)
to the long axis of the NB, respectively. This indicates that the
PL was enhanced by the transverse surface plasmon resonance
(TSPR) of the Au NB.

Figure 3a presents the PL measurement recorded on a cross-
like structure with a Ag NW aligned (almost) perpendicularly
with respect to a Au NB (width ~150 nm) coated with 6 nm of
Al)O;. The inset of Figure 3a shows the SEM image of the
pentagonal cross-section of the Ag NW. The PL image (Figure
3b) shows the enhancement of the PL at the intersection of the
Ag NW and Au NB when the polarization of the excitation laser
was perpendicular to the Ag NW (6 = 0°) to excite the TSPR
mode of the Ag NW. Importantly, no PL signal from the Ag
NW was observed. Moreover, it is important to mention that
the absolute PL emission rate from the intersection area is
higher than that from bulk gold (Supporting Information S2).

To determine the enhancement factor of the PL, PL spectra
at the intersection of the two nanostructures and on the Au NB
around 2 um away from the intersection were measured
(Figure 3c). We found that the enhancement of the PL
intensity at 520 nm was dependent on the polarization angle of
the excitation laser (Figure 3d) and reached a maximum (by a
factor of 1.7) when the excitation laser was polarized
perpendicularly to the long axis of the Ag NW. This
observation indicates that the PL enhancement of the Au NB
was due to the TSPR of the Ag NW. Figure 3¢ shows a new
emission peak at ~620 nm in the PL spectra when the
polarization of the excitation laser was not parallel to the long
axis of the Ag NW (8 > 0°). Here we labeled the PL peak at
520 nm as peak I, and the new emission peak as peak II. On the
basis of the results of FDTD simulations, we attribute the peak
II to the PL modulation by the gap plasmon mode between the
Ag NW and the Au NB (see below). It should be noted that the
width of the Au NB used in Figure 3 (~150 nm) is smaller than
that in Figure 2 (~210 nm), resulting in a reduction of the PL
signal at peak L

To confirm that peak II originates from the gap plasmon
modes, we recorded the PL spectra as a function of d (Figure
4). The PL enhancement factor R (the ratio between the PL

which is expected to modulate the
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Figure 4. PL spectra of single Ag NWs (width ~70 nm) aligned
perpendicularly on single Au NBs (width ~150 nm) with different
thicknesses of Al,O; between the nanostructures. The red and black
curves are the PL spectra collected at the intersection and on the Au
NB, respectively. The separation distance (d) between the Au NB and
Ag NW and the PL enhancement factor (R) is indicated in the spectra.
The excitation laser (4 = 457 nm) was polarized perpendicular (6 =
0°) to the long axis of the Ag NW during the measurement.

intensity at the Ag NW—Au NB intersection and that at the Au
NB at peak I) and the PL spectral profile at the intersection of
the Au NB and the Ag NW both depend on d. From the PL
spectra shown in Figure 4 we make the following five
observations. (i) R increases from 1.12 to 1.74 when d
decreases from 15 to 7 nm and reaches its maximum value at d
= 7 nm. The value of R decreases to 0.98 when d decreases
from 7 nm to 3 nm (Figure Sa). (ii) A new emission peak (peak
II) appears between 600 and 700 nm in the PL spectra for
structures with d < 7 nm (Figure 4g—;j). (iii) The position of
peak II red shifts with decreasing d (Figure Sb). (iv) The PL
enhancement of peak II increases with decreasing d (Figure
Sb). (v) The PL enhancement factor of peak II (Rg) is larger
than the PL enhancement factor R of peak I with d < 7 nm
(Figure Sab).

The behavior of the PL enhancement at peak I (~520 nm)
can be generally interpreted by the image-charge model,®**~*°
where dipole oscillations of the TSPR of the Ag NW couple to
its image dipoles of opposite charge distributions on the
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Figure S. (a) PL enhancement factor of peak I (R) versus d. The error
bars result from the standard deviation of three independent sample
preparations and measurements. (b) Measured PL peak wavelengths
(peak 11, black dots) and simulated scattering peak wavelengths (blue
dots) versus d. The inset shows the measured PL enhancement factor
of peak II (Rg) with different gap sizes.

underlying Au surface (Figure 1h). When the separation d
between the Ag NW and the ALO; layer decreases, the
plasmonic resonance of the Ag NW enhances the local field
between the Ag NW and the Au NB and thus increases the PL
of the Au NB. On the other hand, as the Ag NW approaches
the Au NB, the interaction between the dipole of the plasmonic
resonance of the Ag NW and its image dipole in the Au NB
becomes stronger and a quadrugole-like resonance forms
between the two nanostructures.” >’ The quadrupole-like
resonance largely diminishes the far-field scattering of the
structure and thus reduces the detected PL of the Au NB in the
far field, which is similar to the case of Au or Ag nanoparticles
on Au films.*”*°

Theoretical calculations using the transfer matrix method
provided a qualitative understanding of PL enhancement at
peak I ~ 520 nm (see Methods). Figure 6a shows how the
mode dispersion changes as a function of wavelength and the
separation d. The calculation results agree well with the
experimental observations in Figure Sa. At 520 nm, the
transmittance increases when d decreases to about 7 nm and
decreases when d decreases from 7 nm to 3 nm. As the
transmittance was calculated with k = kyA/D & 7—10k, (large
spatial confinement), where D is the diameter of the Ag NW,
the transmittance describes the near-field coupling of the fields
in the intersection area and shows the ability of local field
enhancement in the gap and the ability to transfer the local field
enhancement out of the gap. Thus, this transmittance (at high
k) describes both the local field enhancement for PL and the
ability to transfer the PL to the far field and reflects the PL
enhancement changes of peak I at 520 nm.

The FDTD simulations reveal that peak II correlates to the
resonance of the gap plasmon modes. The FDTD-simulated
scattering spectra (Figure 6b) show that a gap plasmon mode
becomes more and more pronounced as d decreases. The
electric field distribution (Figure 6¢c—f) shows that the field
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Figure 6. (a) Mode dispersion of the Ag NW—Au NB combined nanostructure with different gap size d. (b) FDTD-simulated scattering spectra of
the Ag NW—Au NB combined nanostructure with different gap size d. FDTD-simulated electric field distributions of the Ag NW—Au NB cross-like
nanostructures with different gap size for d = 6 at 600 nm (c), d = 5 at 615 nm (d), d = 4 at 646 nm (e), and d = 3 at 688 nm (f).

enhancement between the Au NB and the Ag NW resulted
from this gap plasmon mode (field enhancement simulations at
457 and 520 nm are shown in Figures S3 and S4, respectively).
The resonance wavelength of the gap plasmon mode red shifts
and the local field in the gap becomes more intensive as d
becomes smaller. This trend is also observed in the mode
dispersion calculated with the transfer matrix method (Figure
6a). Meanwhile, the field distribution of the gap plasmon mode
is very similar to the waveguide-mode gap plasmons between a
Ag nanocube and a gold film.”" We found that the measured PL
peak (peak II) closely follows the calculated scattering peaks
due to gap plasmons (Figure Sb). Thus, we attribute the new
emission that appears when d = 3—6 nm to the PL of Au NB
modulated by the gap plasmons. The PL was enhanced by the
gap plasmon mode with Rg ranging from 2.9 to 3.7 when d
decreased from 6 nm to 3 nm (inset of Figure Sb). Compared
to the FDTD-simulated field enhancement, this gap-plasmon-
modulated PL enhancement is much lower. One possible
reason is that the PL is measured in the far field and the FDTD
simulation shows the field enhancement in the near field. Thus,
a far-field scattering factor should also be considered.
Nevertheless, it clearly shows that PL enhancement increases
as the field enhancement in the gap increases. Moreover, similar
to our previous ﬁndings,18 the PL peak II red shifts as the
diameter of Ag NW increases (Supporting Information Section
S3). Thus, to identify the gap effect of the enhanced PL, we
used nearly constant Au NB widths (~150 nm) and Ag NW
diameters (~70 nm).

We also notice that the measured PL enhancement of peak II
(Rg) is larger than that of peak I (R). For example, with d = 3
nm, R is 3.7 (at 683 nm) and R is 0.98 (at 520 nm). This

phenomenon can be understood by the following equation: '’
2
E(0)
RPL(a)em) X ascatt(a)em SN
EO(wem) (1)

where Ry (@,,,) is the emission enhancement of the gold PL.
The term Ry (w,,) is determined by the emission field
enhancement and the far-field scattering coefficient 6, (®.)
of the plasmonic structures. For the case d = 3 nm, Ry (w,,,,) at
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both peak I (520 nm) and peak II (688 nm) can be calculated
by the field enhancement and the far-field scattering coefficient
from FDTD simulations. The field enhancement is about 8 and
40 times for 520 and 688 nm, respectively, while the scattering
coefficient is about 0.25 and 0.035 for 520 and 688 nm,
respectively (Figure 6 and Figure S4). Thus, the ratio of PL
enhancement at peak I and peak II is about 3.5, which is close
to the experimentally deduced ratio 3.78.

On the basis of the results of experimental measurements
and theoretical simulations, we proposed the following
mechanism. The interband transition of Au occurs to generate
an electron—hole pair as the Au NB absorbs 457 nm photons
from the excited laser. With the presence of a Ag NW on top of
the Au NB with the separation distance between 7 and 15 nm,
the localized electric fields generated by the TSPR of the Ag
NW enhance the PL intensity of the Au NB. When the
separation distance between the two nanostructures is smaller
than 7 nm, the gap plasmons between the two nanostructures
become significant. The gap plasmons modulate the PL of the
Au NB and enhance the PL process at the resonance
wavelength (600—700 nm). We cannot, however, exclude the
possibility that peak II may be due to the radiative decay of the
gap plasmons only or the combination of both emission (gap
plasmons and PL) pathways in the last step.

B CONCLUSIONS

This work shows that the PL of the Au NB can be enhanced by
the TSPR of a Ag NW and modulated by the gap plasmons
between the two nanostructures via controlling their separation
distance d. Our experimental and simulation results reveal that
the PL intensity of the Au NB can be increased by the localized
field enhancement from the plasmonic resonance of a Ag NW
when d is reduced from 15 to 7 nm (we did not observe
enhancements of the PL for d > 15 nm). When the separation
distance d is smaller than 7 nm, the gap plasmons due to the
dipole—dipole interaction between the Ag NW and the Au NB
dominate, resulting in a new PL peak around the resonance
wavelength of the gap plasmon modes and quenching of the
PL. Although this work demonstrates only the enhancement
and the modulation of PL of Au NBs by Ag NWs, a similar
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phenomenon can be expected when utilizing other plasmonic
materials to enhance the PL of metallic structures. The tunable
gap plasmon modes may also be used for experiments involving
optical absorbers,”* enhanced fluorescence emissions,” and
others. Moreover, the gap plasmons may modulate the
emission direction of the PL,">'®** and therefore we plan to
investigate the angular distribution of the gap plasmon
modulated PL emission in the near future.

B METHODS

Synthesis of Au Microplates. The Au microplates were
prepared by following a procedure reported in the literature.”®
We first heated 5 mL of ethylene glycol (EG, purchased from
J.T. Baker) in a glass vial for 1 h and then added 0.83 mL of
HAuCl, (Sigma-Aldrich) solution in EG (0.2 M) and 2.5 mL of
PVP (MW = 55000, Aldrich) solution in EG (222 mg/mL).
The solution was continuously stirred for 1 h at 160 °C to form
a mixture of Au microplates and nanoparticles. To separate the
microplates from the nanoparticles, 10 mL of PVP solution in
ethanol (0.25 g/mL) and 30 mL of PVP aqueous solution (0.25
g/mL) were added in the solution containing the microplates
and the nanoparticles. After 6 h, the microplates settled around
the bottom of the glass vial, while the nanoparticles were left in
the top ethanol phase of the solution. We discarded the
supernatant and redispersed the microplates in PVP aqueous
solution (0.25 g/mL).

Fabrication of Au NBs by Nanoskiving. We followed a
procedure reported in the literature to fabricate Au NBs,” as
shown in Figure 1. A flat piece of epoxy (Epo-fix, Electron
Microscopy Sciences) was prepared by puddle-casting the
mixture of epoxy prepolymer and its hardener on a Si wafer.
After curing the polymer at room temperature for 12 h, we
separated the epoxy slab from the wafer and drop-casted the
suspensions of Au microplates on the flat slide of the slab. After
drying, the slab with the microplates was rinsed with ethanol
and ultrapure water (18 MQ-cm) carefully to clean the PVP
and EG residues, without removing the microplates from the
slab. After drying again, we used a razor blade to cut the slab
with the microplates into small strips. We embedded the strips
with the mixture of epoxy prepolymer and its hardener in a
polyethylene mode to form an epoxy block. After curing, we
trimmed the epoxy block to fit the size of the diamond knife
(Diatome Ultra 35) and sectioned the block using the
ultramicrotome to generate 50 nm thick films containing the
Au NBs.

Deposition of Al,O; by ALD. The Al,O; was deposited on
the SiO,/Si substrate with Au NBs by utilizing a Savannah 100
and 200 system (Cambridge Nano Tech Inc.) at 90 °C using
trimethylaluminum [Al(CHj;);] and water as precursors and N,
as the carrier gas with a flow rate of 20 SCCM (cubic
centimeter per minute). During the deposition, the pressure in
the reaction chamber was maintained at 0.35 mbar. Each
deposition cycle contained a pulse of AI(CH,); for 15 ms and a
subsequent purging of N, for 1 min, followed by a pulse of
water for 15 ms and a subsequent purging of N, for 30 s. The
growth rate of each cycle was about 0.11 nm. The thickness of
Al,O; was controlled by the total numbers of the deposition
cycles.

Synthesis of Ag NWs. We synthesized Ag NWs by
following a procedure reported by Xia’s group.” We first
heated S mL of EG under magnetic starring at 150 °C for 1 h
and then added 40 uL of the solution of CuCl, (>99.999%,
Aldrich) dissolved in EG (4 mM). After stirring for 15 min, 1.5
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mL of PVP solution in EG (147 mM) and 1.5 mL of AgNO,
(>99%, Sigma-Aldrich) solution in EG (94 mM) were added
into the solution simultaneously. After 1 h of stirring, the
reaction was quenched by cooling the reaction vial in a water
bath at room temperature. The resulting Ag NWs were washed
with ultrapure water and ethanol to remove PVP and EG
residues and were stored in ethanol after cleaning,

PL Measurements. The PL spectra and images of the
samples were acquired using a CRM200 confocal Raman
microscope (WITec), in which the spectra were dispersed by a
150 lines/mm grating and collected using a TE-cooled CCD
(Andor DV 401-BV-351). The microscope contains a high-
resolution spectrograph (0.55 nm/pixel), which gives an
accuracy of the peak positions in the spectrum of within +1
nm. During the PL measurement, a linearly polarized laser with
a wavelength of 457 nm and power of 50 yW was focused on
the surface of the sample through a Zeiss Epiplan objective
(100%, NA = 0.75). All PL spectra were obtained with an
integration time of 5 s after focusing the laser at the given
region of interest. The PL images were acquired by integrating
the complete PL spectra for an area of 6 X 6 ym” with 150 X
150 pixels per image.

Theoretical Simulations. We used a classic transfer matrix
method (TMM) to calculate the transmission shown in Figure
6a. During the calculation, the Ag NW and Au NB were
simplified as a 70 nm Ag film and a 50 nm Au film, respectively.
The 300 nm oxide layer on the Si substrate was also considered.
Thus, the transmittance is calculated through the air—Ag-
Al,O;—Au-SiO,—Si substrate structure with a variation of the
AL O, film thickness and with k = k,A/D (D = 70 nm). To
simulate the scattering spectra (Figure 6b) and the field
distribution (Figures 6¢c—f), three-dimensional finite-difference
time-domain (3D-FDTD) simulations were performed using
Lumerical FDTD solution v8.5. Perfectly matched layers were
defined as boundary conditions of our simulation volume at a
distance with respect to the structure of at least one wavelength.
In the simulation, a fine mesh size of 0.5 nm X 0.5 nm X 0.25
nm was used for the combined nanostructure. A total-field
scattered-field (TFSF) source with a beam size of 350 nm X
350 nm illuminated the structure, and the scattering spectra
were recorded 200 nm above the source. During the FDTD
simulation, the Ag NW edges were set to be 72 nm and the Ag
NW was rounded at the corners with a radius of 10 nm
(estimated from the SEM images). The Au NB was 50 nm in
height and 150 nm in width. A oxide layer of SiO, on the Si
substrate (300 nm) was also included. For both TMM
calculation and FDTD simulation, the dielectrics of Ag and
Au were from ref 36, and the dielectrics of Al,O;, SiO,, and Si
were from ref 37.
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