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ABSTRACT: Optical antennas interface an object with optical radiation and boost the
absorption and emission of light by the objects through the antenna modes. It has been
much desired to enhance both excitation and emission processes of the quantum emitters as
well as to interface multiwavelength channels for many nano-optical applications. Here we
report the experimental implementation of an optical antenna operating in the full visible
range via surface plasmon currents induced in a defect-free single-crystalline Ag nanowire
(NW). With its atomically flat surface, the long Ag NW reliably establishes multiple
plasmonic resonances and produces a unique rainbow antenna radiation in the Fresnel
region. Detailed antenna radiation properties, such as radiating near-field patterns and
polarization states, were experimentally examined and precisely analyzed by numerical
simulations and antenna theory. The multiresonant Ag NW nanoantenna will find superb
applications in nano-optical spectroscopy, high-resolution nanoimaging, photovoltaics, and
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nonlinear signal conversion.
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O ptical antennas, as a miniaturization of radio antenna,
which convert freely propagating optical radiation into
localized fields and vice versa, have contributed significantly to
exploring key questions in the fields of nanosciences.'”® In
particular, plasmonic nanoantennas can engineer confinement
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Figure 1. (a) SEM image of single-crystalline Ag NWs synthesized by
vapor transport method. As-grown Ag NWs have atomically smooth
surfaces. (b) Schematic of single Ag NW SPP antenna radiation. Ag
NW that has an ultrasmooth surface can support charge-density waves,
SPP currents, reflected at both ends of the NW. This alternating
current in a Ag NW generates a typical multilobe radiation pattern in
the free space, as illustrated. (c) Schematic of the measurement setup
for Ag NW SPP antenna radiation in the Fresnel region.
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and absorption of light into specific targets of a nanosize and
control emission properties and even transition lifetimes of
fluorescent molecules or ghotoluminescent quantum dots
interfaced with the antenna.””'°

Typical plasmonic nanoantennas, however, employing small
metallic nanostructures such as a bow-tie or nanoparticles have
only a single resonance with a finite spectral width.>"'~'*!¢ For
optimum interface with the radiation field, nanoantennas often
need to play a dual role as a receiver and a transmitter at the
same time, for which the operating frequencies can be
different.>>” Furthermore, multiwavelength channels are
frequently required in broadband nano-optical spectrosco-
py'’/7>° as well as in biochemical sensing employing multiple
emitters operating at different colors.”’™>° In  this regard,
development of plasmonic nanoantennas reliably operating at
multiple resonances in the full visible range is a challenging but
much desired task.>>"®

Because silver has no interband electronic transition at visible
wavelengths26 and a sufficiently long metal nanowire (NW) can
support multiple surface plasmon polariton (SPP) resonances
#7732 3 Ag NW could become a superb
candidate for the plasmonic nanoantenna, which can transmit
and receive optical signals at multiple wavelengths. A critical
problem has yet to be solved to control the Ag NW antenna
operation as desired. Multiple SPP resonances in a Ag NW
require long distance propagation of SPP along the NW surface
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Figure 2. (a) SPP antenna radiating near-field patterns excited by 633
(red), 532 (green), and 440 nm (blue) lasers, respectively. The right
panel shows an optical microscope image of the Ag NW nanoantenna.
The Ag NW has a length of 3.1 gm and a diameter of 150 nm. The
three figures at the top are radiation patterns when we detect only the
light polarized parallel to the NW, and the three figures at the bottom
perpendicular. The antenna radiations are strongly polarized along the
NW axis. The white dashed lines superposed onto the pattern of 633
nm are corresponding to the lines represented in the simulation result
of 630 nm in Figure 4a. (b) Ag NW antenna radiation patterns
observed by 633 nm laser at different incident angles (75, 60, and 45°)
with respect to the NW axis. The positions of the lobes are
independent of the incident angle of the excitation laser, 6.

for many round trips, and thus the antenna surface should have
extreme smoothness to avoid scattering of SPP, not obtainable
by top-down techniques such as focused ion beam or electron-
beam lithography.

Figure 3. (a) Exitation of multiple resonances by white light generates
a rainbow-like colorful radiation pattern. (b) Schematic illustration of
rainbow radiating near-field pattern originated from multiple SPP
antenna resonances at different wavelengths.
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Figure 4. (a) Simulated results for vertical components of the
Poynting vector of antenna radiations at three wavelengths calculated
by the FDTD method at 150 nm above the NW axis. The white
dashed lines in the pattern of 630 nm indicate the positions of the
radiation nodes in Figure 2a. The observed and simulated results
match very well. Experimental profiles in Figure 2a are blurred due to
the numerical aperture of the objective lens. (b) Calculated dispersion
of SPP currents obtained by spatial Fourier transform of near-fields of
the SPP currents. A dashed white line indicates the light line in the
free-space.

Herein, we demonstrate multiple resonant SPP antenna
radiations over a whole visible range by employing a single-
crystalline Ag NW and investigate the radiation properties in
the Fresnel region. The Ag NWs were synthesized by the vapor
transport method at a very high temperature, which provides
defect-free crystallinity and atomically smooth surface. The NW
minimizes random scattering of SPP and thus establishes very
high-quality SPP resonances, thereby clearly displaying unique
antenna radiating near-field patterns. The characteristics of the
SPP antennas were analyzed quantitatively using antenna
theory and full-field electromagnetic simulations. We anticipate
that the multiple resonant NW antennas would contribute to
deeper fundamental understanding of nanoantenna operation
and could find diverse applications in surface-enhanced Raman
scatterin%,w_36 highly enhanced photodetection,””~*° photo-
voltaics, "+ high-resolution nanoimaging,l7_20 and nonlinear
signal conversion. "> *¢

Single-Crystalline Ag NW SPP Nanoantenna. Single-crystalline
Ag NWs were synthesized by simple vapor transport method
using a Ag slug as a precursor (Figure Sla of the Supporting
Information). Figure la shows the scanning electron micro-
scope (SEM) image of as-synthesized Ag NWs. The NWs have
round-shaped tips, diameters of 100—200 nm, and lengths of a
few or tens of micrometers. Transmission electron microscope
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Figure S. Vertical components of the Poynting vectors were calculated from the vector potential by the SPP currents excited along the NW. The
lobes spacing was measured as 295, 410, and 525 nm, where the free-space wavelength and the SPP current wavelength, (4, Agpp), are set to be (440,
300), (530, 420), and (630, 520 nm), respectively. The evenly distributed multilobes in the radiating near-field pattern were well-reproduced, as

observed in the experiments and the numerical simulations.

(TEM) images and selected area electron diffraction (SAED)
patterns of a Ag NW show the single-crystalline nature of NW
with atomically smooth surface (Figure S1b,c of the Supporting
Information).*” SPP propagation at a metal/dielectric interface
is quite sensitive to the roughness and structural change of the
metal surface because surface plasmons exist very close to the
interface.*** Moreover, scattering loss gets higher at the
shorter wavelength. Because the defect-free Ag NWs have
atomically flat and well-defined surfaces whereas nanostructures
fabricated by conventional top-down techniques are accom-
panied by roughness of a few nanometers or more,”*?%*¥~%
they are expected to show ideal performances as SPP
nanoantennas.’>* We also note that Ag has no interband
electronic transition in the 430—700 nm spectral range.”®
Consequently, defect-free single-crystal Ag NWs are an ideal
material for an optical nanoantenna with a wide spectral range
covering all visible and infrared region.

Figure 1b shows a schematic of the antenna radiation from
SPPs excited on a single Ag NW. The incident light excites
charge-density waves, SPP currents, which propagate back and
forth along the NW surface by reflecting at both ends of the
NW. The antenna theory predicts that SPP currents
propagating toward each other form a standing wave in time-
harmonic motion and time-varying currents of charges in a wire
create radiations, even if the wire is straight.l'3'1’51 Therefore, it
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is expected that unique multilobe radiation patterns can be
generated and observed by SPP standing currents on a Ag NW
and in both the Fresnel and Fraunhofer regions.*' Because
the charge-density wave is generated along the NW surface, the
polarization of the SPP antenna radiation should be parallel to
the long axis of NW. The properties of the antenna radiation
patterns dominantly depend on the effective index of SPP
propagation, the ratio between the SPP propagation wavevector
in an NW, and the radiation wavevector in free-space.”*"*"
To measure and examine the SPP antenna radiating near-
field patterns in the Fresnel region, we placed a single Ag NW
onto a glass substrate using a home-built nanomanipulator
consisting of a tungsten tip (~100 nm diameter at the end)
mounted on a three-axes piezoelectric stage.>> Figure lc shows
a schematic of the experimental setup to excite the SPP antenna
modes and measure their radiation properties at the image
plane of the microscope. A laser or white light was injected into
the Ag NW at an angle of 80° with respect to the normal
direction of glass substrate. The SPP antenna radiating near-
field patterns was observed through a dry X100 objective with a
numerical aperture of 0.7 and a charge-coupled device (CCD)
camera. Because the incident angle of light is greater than the
angle of the numerical aperture, this measurement setup makes
up an environment of a dark-field optical microscope, enabling
the detection of only SPP antenna radiation separated from the
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direct reflection by the substrate. A linear polarizer in front of
the CCD camera determined the polarization states of the
antenna radiations.

SPP Nanoantenna Operation of a Ag NW in the Full Visible
Range. To investigate the operation wavelength range of single-
crystalline Ag NW, we employed three different color laser
sources with wavelengths of 440 (blue), 532 (green), and 633
nm (red). The three figures at the top of Figure 2a are radiating
near-field patterns excited by these three lasers when the
polarizer was set to detect only the light polarized parallel to
the NW, and the three figures at the bottom detect only the
light polarized perpendicular to the NW. An optical micrograph
of the investigated Ag NW with a length of 3.1 ym and a
diameter of 150 nm is also shown at the top of Figure 2a. At all
three wavelengths, we clearly observed unique antenna
radiation patterns of multilobes in the Fresnel region. The
parallel polarization of antenna radiations to the NW strongly
indicates that they originated from the SPP currents on the Ag
NW. The incident laser has parallel polarization to the incident
plane, which can reduce light reflection from the substrate more
than perpendicular polarization at an angle moderately greater
than the Brewster angle, improving the visibility of SPP antenna
radiation against a background noise. The angle between the
incident laser beam and the NW axis (0 in Figure 1c) was set to
~60° to make sure that the incident electric fields have both
parallel and perpendicular components with respect to the NW
axis.

We found that the spacing of the lobes increases as the
excitation laser wavelength increases, measured as ~420 (blue),
510 (green), and 600 (red) nm, respectively. The lobe spacings
are shorter than the free-space light wavelengths, reflecting the
sub-wavelength-scale properties of the SPP antenna modes.
Notably, the single-crystalline Ag NW, with its atomically flat
surface, extended reliable SPP antenna operation to the blue
wavelength, demonstrating an optical nanoantenna operating in
the full visible range. In general, the shorter wavelength SPP
supports the smaller mode volume and the higher field
confinement.

The lobe spacing in the radiating near-field pattern provides
valuable clues for the role of SPP currents in generating the
antenna radiations. Figure 2b shows that the lobe spacings are
independent of 6, indicating that the observed pattern results
are from the induced SPP currents, of which wavevector is
independent of 6, and not from the diffracted light. Therefore,
the single Ag NW acts as a transmitting optical nanoantenna
that transduces current signals into outgoing antenna radiations
to the free-space.

Rainbow Antenna Radiation from Multiple Resonances. As a 1-
D SPP cavity, the Ag NW antenna supports its resonance
modes by reflecting SPP currents at both ends of the NW. The
propagation wavelength of SPPs in the cavity, Aspp, are given by
the waveguide modes of the NW, which depends on the NW
diameter. The resonance condition of a NW antenna is
determined by the NW length, which is slightly shifted from the
multiples of Agpp/2 because the ends of NW are not rigid
mirrors.>"*® In a sufficiently long NW antenna, several
resonance modes can exist over the full visible frequency
range. When SPP currents are excited by a white light source,
distinct conditions for each resonance make radiating near-field
lobes appear at different locations of the Ag NW, leading to a
colorful radiation pattern like a rainbow (Figure 3a). In this
rainbow radiation experiment by the white light, we employed a
Ag film prepared by electron beam evaporation instead of a
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glass substrate to boost the vertical radiation of the NW
antenna and enhance the signal-to-noise ratio. The Ag NW
antenna is 41 ym long and has a diameter of 180 nm. The
propagation length of SPPs in the Ag/air interface is typically
from 10 to 100 ym in the visible regime.54 Because the SPP
propagation length of the blue wavelength is shorter than the
NW length, we can observe strong radiations of the
wavelengths from green to red colors, where SPPs can
successfully evolve antenna resonances through the 41 um
long NW. Indeed, the ultrasmooth surface of a very long Ag
NW enabled successful operation of multiple SPP antenna
resonances with a wide spectral range (Figure S2 of the
Supporting Information).

Discussion. To investigate further antenna radiations from the
excited SPP currents in the Fresnel region and examine the
experimental results, we performed full-field electromagnetic
simulations based on the finite-difference time-domain
(FDTD) method.> Figure 4a shows the vertical component
distributions of the Poynting vectors of the antenna radiations
at different free-space light wavelengths. The diameter and
length of a Ag NW were set as the same values of the NW in
Figure 2a, and the SPP currents were excited by injecting a
plane wave at an incident angle of 80°. We surrounded the Ag
NW by air to study the response of the NW antenna. The glass
substrate with a low refractive index of ~1.5 mostly influences
spectral positions of the antenna resonances rather than their
field distributions.”” The calculated Poynting vector distribu-
tions were captured at a plane 150 nm above the NW axis. The
calculations clearly reproduced the unique multilobe radiating
near-field patterns and showed that their polarization states are
parallel to the NW axis.

At incident wavelengths of 440, 530, and 630 nm, the
spacings of the lobes were calculated to be about 300, 420, and
520 nm, respectively. These values exactly correspond to Agpp,
as obtained from the dispersion curve of the SPP currents
propagating along the Ag NW, plotted in Figure 4b, indicating
that the antenna radiation is really originated from SPP currents
on the NW. The discrepancies between these theoretically
predicted spacings and the experimentally measured values
(420, 510, and 600 nm) are due to expansion of the lobes and
their spacings in proportion to the distance from the NW to the
measurement plane, the focal plane in this experiment.
Additionally, the numerical aperture and limited resolution of
the objective lens further blur details in the radiating near-field
pattern. Considering the experimental limits of the optical
measurements in the Fresnel region, such as depth of field, the
theoretical calculations reproduce accurately most of the unique
experimental features, the radiating near-field pattern, strongly
polarized states, and the lobe spacings.

The observed properties of the antenna radiation can be also
successfully understood by employing the antenna theory."?’
We point out that SPPs propagating on the NW determine the
effective surface current by K = % X H,,,, where 7 and H,,, are
the surface normal vector and the tangential magnetic field on
the surface, respectively. Upon injection of incident light, as
shown in Figure 1, the induced current K = K(x)x along the x
axis consists of two parts: a uniform surface current coming
from a direct coupling of light onto the NW surface and a
plasmonic current excited at the NW end in the form of a
standing wave. Here the NW axis is set as the x axis. As current
vanishes at the end of an NW, we have approximately K(x) o
cos(kgppL/2) — cos(ksppx) for the NW located in the region —
L/2 < x < L/2, where kgpp is the wavenumber of the SPPs.
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According to the antenna theory, SPP antenna radiation from a
Ag NW of length L is determined by the magnetic vector
potential as A,(x2) = (u/4x) sin 6 [“2,K(x')(e™/R) dx
Here k is the wavevector in the free space and R = (2% + (x —
«')?)!/2 is the distance of the observation point, (x,z), from the
position of the SPP current component, K(x'). The origin of
the coordinate is the center of the NW, and z is the height of
the observation point above the NW. Figure S displays the
vertical component distribution of the Poynting vector based
on the vector potential of a 3.1 ym long Ag NW. The antenna
theory analysis indicates that the sizable difference between the
Aspp and the free-space wavelength A is responsible for the
evenly spaced radiating near-field pattern, as seen in Figures 2a
and 4a (Figure S3 of the Supporting Information). As Agpp/A
gets smaller than 1, the intensity of major lobe decreases,
whereas those of minor lobes remain nearly unchanged."*'

In conclusion, the rainbow radiating near-field pattern
observed in the defect-free single-crystalline Ag NW has been
fully reproduced and analyzed through antenna theory and
numerical FDTD simulations and interpreted as induced by
multiple SPP resonances in the NW antenna. The multiple
resonant Ag NW antenna would find diverse physical and
biochemical applications including high-resolution microsco-

17720 and sensing.*'~
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Experimental details including synthesis of single-crystalline Ag
NWs, measurement of radiating near-field patterns of SPP
antenna from the longer Ag NW, FDTD simulations, and
antenna theory analysis. This material is available free of charge
via the Internet at http://pubs.acs.org.
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