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A twin-free single-crystal Ag nanoplate plasmonic
platform: hybridization of the optical nano-
antenna and surface plasmon active surfacef
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Surface plasmons based on metallic nanostructures enable light manipulation beyond the optical diffraction
limit. We have epitaxially synthesized twin-free single-crystal Ag nanoplates on SrTiOz substrates. Unlike the
nanoplates synthesized in a solution phase, these nanoplates have perfectly clean surfaces as well as a quite
large size of tens of micrometers. As-synthesized defect-free single-crystal Ag nanoplates have an
atomically flat surface and sides with well-defined angles, allowing long distance propagation of surface
plasmons and highly reliable plasmonic integration. By spatially separating receiving and transmitting
antennas and plasmonically interfacing them, the signal quality of transmission/reception can be largely
improved. Furthermore, by combining sub-dimensional nanostructures onto the two-dimensional space
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effective hierarchical plasmonic nano-complexes can be built up. Theoretical simulations well
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1. Introduction

Metallic nano-objects support collective electron oscillations
known as surface plasmons and can thereby strongly concen-
trate electromagnetic fields into a deep sub-wavelength scale
area."” These highly localized fields can extremely enhance
linear and nonlinear light-matter interactions and allow superb
applications in nano-optical sensing,*® high resolution
imaging,>'® and nonlinear signal conversion' beyond conven-
tional optics based on dielectric materials. Particularly, plas-
monic optical nano-antennas efficiently interface propagating
radiation with nanoscale target materials as small as colloidal
quantum dots or fluorescent molecules.®***™** Surface
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nano-gap as well as a nano-structure introduced on the nanoplate. The single-crystal Ag nanoplate will
find superb applications in plasmonic nano-circuitry and lab-on-a-chip for biochemical sensing.

plasmon polaritons (SPPs) existing on the metal/dielectric
interface have been also widely employed in diverse devices
including plasmonic optoelectronic nano-devices'** and
surface plasmon resonance (SPR) based biochemical
sensors.”>** Although various plasmonic elements have been
demonstrated, there still remains the quest for a dressed
metallic nano-structure, which can naturally involve plasmonic
nano-antennas and a SPP-active surface and integrate the best
of both worlds.

Recently, nanoplates of various compositions have been
widely investigated for flexible thin-film transistors,* Li-ion
batteries,*?* transistor sensors,* in vivo imaging,*® and topo-
logical insulators.”” They are well suitable for individual
patterning and characteristic measurement in contrast to
nanoparticles which are quite small and easily aggregated.”®*
Especially, large-scale integrability is one of the key character-
istic of nanoplates that have a large surface with nm level
thickness,* greatly enhancing practical versatility in applica-
tion. Nevertheless, except employing nanoplate synthesized in a
solution phase as a raw material for fabrication of plasmonic
elements by focused ion beam (FIB) milling® or for measure-
ment of plasmonic local density of states by two-photon illu-
mination,* there has been little research to explore and
examine single-crystalline metal nanoplates themselves as a
plasmonic antenna or device. Recently, it was reported that
nanoplates synthesized in a solution phase with a size of a few
hundred nm provide localized surface plasmon resonances,***
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which can be tuned by the nanoplate size. The Ag nanoplates of
a large size of tens of micrometers as reported here can support
and interface optical antenna resonances and propagating SPPs
at the same time to make a more versatile plasmonic platform.

In this study, we have demonstrated a 2-dimensional plas-
monic nano-platform merging surface plasmonic active-surface
and nano-antennas on a built-in system by employing a single-
crystal Ag nanoplate and investigated its plasmonic properties
in the Fresnel region with an optical microscope. Typical metal
layers formed by conventional methods such as thermal or
electron beam evaporation and focused ion beam or electron-
beam lithography generally have inhomogeneous multi-crystal
domains and rough surfaces at the atomic scale.**** Such
imperfections cause considerable scattering and dephasing of
surface plasmons, thereby preventing us from constructing an
ideal plasmonic assembly comprising of thus-fabricated metal
nanoplates. In contrast, the Ag nanoplates synthesized by the
vapor transport method at a very high temperature have single
crystal structures with an atomically flat surface, realizing
highly reliable plasmonic antenna operations that agree well
with predictions by full field electromagnetic simulations.
Furthermore, single crystal Ag nanoplates as large as tens of
micrometers can be grown epitaxially in a well-defined orien-
tation with respect to the substrate by a vapor transport method,
whereas sizes of Ag nanoplates prepared by typical liquid phase
synthesis are limited to a few micrometers.

Since a 2-dimensional plasmonic nano-platform can
spatially separate components having distinct functions and
plasmonically interface them, it can highly improve the effi-
ciency of transmission/reception of the optical signal. Further-
more, by combining sub-dimensional nanostructures onto the
2-dimensional space it can build up effective hierarchical
plasmonic nano-complexes. We anticipate that the Ag nano-
plate, which has no interband transition at visible wavelength
and thus can provide good plasmonic nano-optical perfor-
mances in a wide spectral range,***” would contribute to diverse
nano-optical applications including biochemical sensors
employing surface-enhanced Raman scattering (SERS) and
fluorescent materials.

2. Experimental section
2.1 Synthesis of Ag nanoplates

We placed a Ag slug in an alumina boat at the middle of a 1 in.
diameter horizontal quartz tube furnace (ESI, Fig. S1f). The Ag
slug was heated to 820-840 °C and then the carrier gas transports
Ag vapor to the lower temperature region, where Ag nanoplates
were grown on a SrTiO; (001) substrate. The distance from the
center of a heating zone to the substrate was 5 cm and the Ar gas
flowed at a rate of 100 sccm, maintaining the chamber pressure
in a range of 2-5 torr. The reaction time was ~20 min.

2.2 Optical-microscope setup for measurements of SPPs on
Ag nanoplates

Employing a microscope-based measurement set-up (Fig. 2c),
we examined the performance of a Ag nanoplate as a converged
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plasmonic platform. A dry 100 x objective lens with a numerical
aperture of 0.7 focuses the laser beam on one side of the Ag
nanoplate acting as a receiving antenna, and simultaneously
collects output radiation from the other side acting as a trans-
mitting antenna. The characteristics of SPP generation and
plasmonic antenna radiation were investigated using a charge-
coupled device (CCD) camera. The polarization state of the
output radiation from the Ag nanoplate was resolved by a linear
polarizer placed in front of the CCD camera. Another linear
polarizer and a half-wave plate controlled the polarization
state of incident light from a continuous-wave HeNe laser with
632.8 nm wavelength. We placed a single Ag nanoplate onto a Si
substrate using a homebuilt nano-manipulator consisting of a
tungsten tip (~100 nm diameter at the end) mounted on a
three-axes piezoelectric stage.

2.3 FDTD simulation

The metal was modelled with a Drude model: ¢(w) = eo — W,/
(w® + iyw). By fitting the experimentally determined dielectric
function of Ag in the spectral range of 580-700 nm, the back-
ground dielectric constant ¢, plasma frequency w, and colli-
sion frequency v at room temperature were set as 3.35, 1.38 x
10" s and 5.35 x 10" s7%, respectively. The refractive index
and extinction coefficient of the silicon substrate were set as
3.88 and 0.18, respectively, at 632.8 nm.

2.4 Characterization

Field emission scanning electron microscopy images of a Ag
nanoplate were taken on a Phillips XL30S. TEM and HRTEM
images and SAED patterns were taken on a JEOL JEM-2100F
transmission electron microscope operated at 200 kV. After Ag
nanoplates were dispersed in ethanol, a drop of the solution
was put on a holey carbon coated copper grid for TEM analysis.

3. Results and discussion
3.1 Preparation of single-crystal Ag nanoplates

The single-crystal Ag nanoplates were synthesized by a simple
vapor transport method using a Ag slug as a precursor (ESI,
Fig. S11). On a SrTiO; (STO) (001) substrate, single-crystalline Ag
nanoplates are grown epitaxially with truncated equilateral
triangle geometry. The Ag nanoplates have side facet lengths
from a few micrometers to tens of micrometers and a thickness
of 100-200 nm depending on the reaction time. Fig. 1a and b
are the 45° tilted-view scanning electron microscopy (SEM)
image and top-view SEM image of the Ag nanoplates grown on a
STO (001) substrate, respectively, showing inclined Ag nano-
plate arrays, of which the bottom sides are mostly aligned along
two lines perpendicular to each other. The high-resolution
transmission electron microscopy (HRTEM) image shows
distinct lattice fringes and selected area electron diffraction
(SAED) patterns show a single set of fce reflection, both clearly
indicating the single-crystalline nature of the Ag nanoplates
(Fig. 1c and d). The top crystal plane of the Ag nanoplate is a
(111) plane.

Nanoscale, 2014, 6, 514-520 | 515
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Fig.1 Ag nanoplates epitaxially grown on a STO (001) substrate having
a truncated equilateral triangle geometry. (a) 45° tilted-view SEM
image and (b) top-view SEM image of the Ag nanoplate arrays. (c) Low
resolution TEM image and SAED pattern of the Ag nanoplate. The Ag
nanoplate has a truncated equilateral triangle geometry and its main
planes are {111} planes. (d) High resolution TEM image of a Ag
nanoplate.

3.2 Fabrication of Ag nanoplate optical nano-antenna

Fig. 2a shows a schematic of the single-crystal Ag nanoplate
supporting a novel nano-optical stage which can naturally
merge plasmonic nano-antennas and a SPP-active surface.
Fig. 2b is the SEM image of an as-synthesized Ag nanoplate
transferred onto a Si substrate. The side facet of the Ag nano-
plate can act as a receiving antenna, converting the incident
light to the SPPs propagating on the nanoplate surface. When
the incident light focused on a receiving side is polarized
perpendicular to the side, the in-coupling efficiency of the
propagating SPPs is maximized, inducing strong plasmonic
evanescent fields on the nanoplate surface. Strongly confined
evanescent fields can superbly overlap with the active media
such as target molecules attached on the nanoplate surface, and
boost their optical response including surface enhanced Raman
scattering, fluorescent emission, and second harmonic gener-
ation. The propagating SPPs would eventually re-radiate into
the free-space at the opposite sides of the nanoplate, which can
act as a separated transmitting antenna.

The properties of the transmitted radiation strongly affected
the angle between the SPP propagation direction and the output
side. Fluorescent or nonlinear signals from the target active
materials excited by the SPP evanescent fields can also be out-
coupled through the transmitting antenna and collected by
conventional optics efficiently. Importantly, the spatial separa-
tion of the receiving and transmitting antennas can critically
reduce noise due to undesired mixing of input and output
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Fig. 2 (a) The schematic of the Ag nanoplate providing plasmonic
nano- antennas and SPP-active surface at the same time. (b) SEM
image of a single-crystalline Ag nanoplate on the Si substrate. (c) The
schematic of the optical microscope-based polarization-resolved
measurement set-up.

signals. Such separation also minimizes heating in target
materials caused by the incident laser. These superb properties
of a Ag nanoplate plasmonic platform would help improve the
quality of sensing ability, making them a potentially ideal
plasmonic guiding platform.

It is remarkable that our single crystalline Ag nanoplates
have atomically smooth surfaces (ESI, Fig. S2t), which cannot
be achieved by conventional top-down nanofabrication tech-
niques such as evaporated thin-film or electron-beam lithog-
raphy. By minimizing scattering and dephasing of surface
plasmons, the ultraflat surface allows ideal SPP propagations
and supports a reliable plasmonic near-field playground. The
atomically sharp and well-defined edges can conduct plasmonic
antenna operations without random perturbations to signal
reception and transmission processes due to surface defects.
The interfacial angles of our Ag nanoplates are 60°, crystallo-
graphically fixed. The well-defined angles between all facetted
sides help achieve extremely accurate alignment of the sides,
functioning as the input and output antennas.

The truncated equilateral triangle shaped hexagon structure,
being composed of three pairs of parallel opposite sides and
having an interfacial angle of 60°, provides the neatest config-
uration of the plasmonic surface and antenna sides. Fig. 3a
shows an optical microscope image of the examined Ag nano-
plate with the laser beam focused on the longest side. A typical
laser spot size was smaller than 1 pm. In order to maximize the
coupling to SPPs propagating on the nanoplate surface, the
incident laser is polarized perpendicular to the input side.

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 (a) Optical image of a truncated equilateral triangle shaped
hexagonal Ag nanoplate focused by 632.8 nm laser light on the right
side. (b and c) Polarization-resolved measurements of radiation
distribution from the Ag nanoplate. The green arrows represent the
polarization of the incident laser and yellow arrows represent the
polarization direction of the linear polarizer in front of the CCD
camera. (d) The truncated equilateral triangle shaped Ag nanoplate
used in the calculations has exactly the same shape and size as used in
experiments. (e and f) The calculated vertical component of time-
averaged Poynting vector distributions captured at a plane 150 nm
above the nanoplate surface. (g) Cross-sectional view of the calculated
electrical field intensity distribution of SPPs propagating on the Ag
nanoplate surface.

3.3 Characteristics of the Ag nanoplate optical nano-
antenna

When the incident light is received on the right side, coupled
SPPs propagate on the surface and output antenna radiation is
transmitted from the SPPs at the opposite left side of the Ag
nanoplate, as shown in the polarization-resolved measurement
of the coupling process (Fig. 3b). For the set-up observing
Fig. 3b, the linear polarizer in front of the CCD was set
perpendicular to the left side, detecting sizable transmitted
radiation at the left side. When the polarizer was set parallel to
the left side (Fig. 3c), however, the transmission at the left side
was erased, and transmitted radiation was instead detected at
the top and bottom inclined sides of the Ag nanoplate. This
observation indicates that the transmitted radiation is polarized
perpendicular to the output side and thus they originated from
the SPPs of which evanescent electric fields are normal to the
nanoplate surface. Here, SPPs are propagating from the
receiving antenna side to the transmitting antenna side over a
distance of ~7.4 um, which is long enough to support a multi-
scale plasmonic playground for various nano-optical applica-
tions on the Ag nanoplate surface.**'%*

The modal characteristics of SPPs in a general asymmetric
three-layer slab waveguide, made of Air/Ag/Si, can be completely
described by a single dispersion equation,*® the propagation
length and the evanescent field decay length being given by the
solution of the dispersion equation. In the Air/Ag (100 nm
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thick)/Si waveguide as employed here, the propagation length of
SPPs at 632.8 nm wavelength is calculated to be ~81.7 pm, when
the complex dielectric constants of Ag and Si are set as —18.2166
— 0.38717 and 15.1434 + 0.1398i, respectively. Such a long
propagation length allows our Ag nanoplate to plasmonically
mediate the input and output antenna sides successfully,
separated by a few or even a few tens of micrometers. The SPP
propagation length in this structure is longer than ~79.4 um in
a typical Air/Ag interface because the thin Ag nanoplate absorbs
SPPs less than the semi-infinite Ag layer. The vertical decay
length of the evanescent fields is calculated to be ~209 nm
representing field confinement below the diffraction limit of
half the wavelength.

In order to further understand the plasmonic characteristics
of the Ag nanoplate, we performed full-field simulations using
the finite-difference time-domain (FDTD) method.* Fig. 3e and
f show vertical component distributions of the Poynting vectors
from the Ag nanoplate. A focused Gaussian beam with a spot
size of 500 nm is injected into the right side and coupled to SPPs
propagating toward the left side. The polarization-resolved
distributions of the vertical component of the Poynting vector
were captured at a plane 150 nm above the nanoplate surface.
The simulation result in Fig. 3e provides an excellent repro-
duction of the experimental results in Fig. 3b: the transmitted
radiation is polarized perpendicular to the output side and fully
separated from the scattered incident light. Furthermore, the
cross-sectional view of the electrical field intensity profile clearly
shows that SPPs are strongly bound onto the Ag/Air interface
and propagate for a distance up to 7.4 um between the receiving
and transmitting antenna sides (Fig. 3g). By comparison, small
nanoplates with a size of a few hundred nm support localized
surface plasmon resonances instead of propagating SPPs.*>?
The coupling efficiency of the focused Gaussian incident light
to the propagating SPPs is estimated to be ~5.9% with the spot
size set as 500 nm (ESI, Fig. S37). In addition, the out-coupling
efficiency of the transmitting antenna side is calculated to be
~32% from the ratio of the SPP power incident to the output
antenna side to the radiation power coupled to the air free-
space. Indeed, the simulations show that even without any
additional modification or optimization such as grating struc-
tures*® or angled light injection,*" the bare side of the nanoplate
could be a good enough receiving and transmitting antenna
between SPPs and free-space radiation. Notably, most of the
out-coupled radiation from the nanoplate side propagates at an
angle of ~8° with respect to the nanoplate plane (ESI, Fig. S47).
Considering a very small propagation angle of this out-coupled
radiation pattern, angled light injection could extensively
increase the in-coupling efficiency according to the reciprocity
theorem.*?

Since the polarization of output radiation is always normal to
the output side, we can selectively collect output radiation from
a specific output side or eliminate signal from unwanted output
sides by optimally adjusting the angle of the observation
polarizer (Fig. 3). We note that this unique characteristic allows
output signal detection only from the target materials attached
on a selected output antenna side, and possibly from multiple
targets on different locations of the plasmonic nanoplate.

Nanoscale, 2014, 6, 514-520 | 517
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Precise agreement between the experimental and numerical
radiation distributions (Fig. 3b, ¢, e and f) is found in most
respects including the location of the radiation and the polar-
ization properties. This excellent agreement suggests that the
single-crystalline Ag nanoplate in experiments can be closely
represented by the atomically precise ideal structure assumed
in simulations.

A key feature of this study is that the Ag nanoplate nano-
antenna platform can effectively interface the SPP evanescent
field with target materials attached on the nanoplate. In order to
further investigate this hypothesis, we examined SPP scattering
behaviour by placing a Ag nanobelt on a Ag nanoplate (Fig. 4a).
The width, thickness, and length of the nanobelt are 600 nm,
120 nm, and 5 pm, respectively. Since the SPPs are strongly
bound to the metal surface, coupled to the free-space only at
discontinuities on the nanoplate, the scattered radiation is
constricted to the proximity of a nanobelt ~12.7 pm away from
the incident laser spot (Fig. 4b). The scattered radiation is
polarized perpendicular to the side facet of the nanobelt,
showing that the nanobelt acts as a plasmonic transmitting
antenna and couples SPPs to free-space radiation. The observed
properties can be best utilized to examine intrinsic character-
istics of nanostructures or biochemical materials introduced on
the surface, since background scattering noises can be highly
suppressed in this scheme because of an atomically smooth
surface. We thus expect that the Ag nanoplate will support a
miniaturized SPR platform as an alternative to the conventional
SPR platforms based on a wide metal film coupled to a large
glass prism and also improve the sensitivity of SPR measure-
ments. Numerical simulation employing a simplified structure,
which includes a 120 nm thick Ag nanobelt located 5 pm away
from the input antenna side on a Ag nanoplate, successfully
reproduced the experimental scattering behaviours (Fig. 4c and
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-101

102
2um

Fig. 4 (a) Optical image of a Ag nanoplate involving a Ag nanobelt
(inside the red circle) on the surface. (b) Scattering of SPPs by a
nanobelt located on the Ag nanoplate surface. (c) The truncated
equilateral triangle shaped Ag nanoplate and a Ag nanobelt used in the
calculations. (d) The calculated vertical component of polarization-
resolved time-averaged Poynting vector distributions. The nanobelt
structure is superimposed on the radiation distribution.
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d). In the simulation, the width and length of the nanobelt were
set as 500 nm and 4 pm, respectively.

By attaching sub-dimensional nanostructures such as
nanobelts or nanoparticles onto a nanoplate we can fabricate a
remote SERS sensor.** Since Raman signals are captured at the
laser irradiated region in a conventional SERS experiment, the
utilization of intense laser for distinct Raman signals has been
limited for bio-medical materials such as living cells, fragile
proteins, and unstable bio-chemical molecules. However, a
remote-SERS sensor can significantly reduce direct damage of
target materials due to strong incident laser by spatially sepa-
rating the regions for laser irradiation and Raman signal
emission. Nanoplates would be able to provide more diversified
plasmonic assemblies than nanoparticle-nanowire junctions
mainly employed for remote SERS sensors.**

In addition to placing nano-materials on the nanoplate, we
can introduce FIB milled plasmonic nanostructures such as
nano-scale gaps, grooves, and antennas onto the Ag nanoplate.
Fig. 5a shows a Ag nanoplate involving a FIB milled 90 nm wide
gap parallel to the two major sides of the trapezoid-shaped
nanoplate. SPPs are coupled to the free-space at both the
nano-gap and the output side opposite to the input side
(Fig. 5b). This image clearly demonstrates that part of the SPPs
tunnels through the nano-gap and reaches the opposite side of
the nanoplate. At the nano-gap, SPPs can be reflected, trans-
mitted by tunnelling, or coupled to the free-space. Simulations
estimate the proportions of transmission, reflection, and scat-
tering as 57%, 17%, and 26%, respectively, for the 90 nm wide
gap (ESI, Fig. S51). The transmission efficiency can be easily
controlled by changing the width of the gap. On the other hand,
a large object on the nanoplate such as a big dust (ESI, Fig. S67)
completely blocks SPP propagation.

Tunnelling and scattering of SPP evanescent fields are very
sensitive to the change in the optical properties of materials
inside the gap.*> We note that the nano-gap can contain various

C

Lo-nm gap

Fig. 5 (a) Optical image of a Ag nanoplate involving a 90 nm wide gap
fabricated by FIB milling. (b) The observed radiation distribution with
two bright scattering areas at the nanogap and the output antenna
side. The radiation at the side opposite to the input side clearly
demonstrates that SPPs are efficiently tunneling through the nano-
gap. (c) The calculated electric field intensity distribution of SPPs
propagating on the nanoplate surface and tunnelling through a 90 nm
wide gap (scale bar is 1 um).
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biochemical nano-materials inside, of which response can be
monitored via SPPs tunnelling through the nano-gap. Further-
more, the SPPs can excite fluorescence or Raman scattering of
nano-scale materials inside the nano-gap with very high effi-
ciency, since the evanescent fields of SPPs are readily condensed
down to the sub-wavelength scale. Here, output signals from
the target materials can be well separated from the incident
light by means of SPPs mediating the activation area (such as
the nano-gap) and the input antenna side remotely. This sepa-
ration can significantly improve the signal qualities of spec-
troscopic measurements by excluding the noise from the stray
incident light.

The surface of our Ag nanoplates is ultraclean and has no
surfactant, while that of the solution-grown Ag nanoplates is
covered by the surfactant. Such a clean surface is quite impor-
tant for further surface modification after synthesis. Further-
more, our Ag nanoplates are much larger (~50 pm) than those
typically synthesized by the solution growth method (<5 pm).

4. Conclusions

The nanoplasmonic platform made of a single-crystal Ag
nanoplate demonstrates that it can naturally merge optical
nano-antennas and surface plasmonic evanescent field play-
grounds on a system. The atomically flat surface and crystallo-
graphic side facets of the Ag nanoplate allow superior qualities
for SPP manipulation and plasmonic antenna operation by
minimizing random scattering and dephasing of surface plas-
mons. Furthermore, the well-defined crystal geometry enables
highly precise alignment of the plasmonic elements and
their reliable operations as desired and predicted theoretically.
The unique nano-optical performances are fully reproduced
and analyzed through numerical FDTD simulations. We expect
that the converged nanoplasmonic platform may be employed
for diverse physical and biochemical applications such as
SPR biochemical sensors, fluorescence-based spectroscopic
measurements, near-field optical lab-on-a-chip, and even plas-
monic nano-circuitry.
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