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ABSTRACT: The efficiency of plasmonic nanostructures as optical antennas
to concentrate optical fields to the nanoscale has been limited by intrinsically
short dephasing times and small absorption cross sections. We discuss a new
optical antenna concept based on surface plasmon polariton (SPP) nano-
focusing on conical noble metal tips to achieve efficient far- to near-field
transformation of light from the micro- to the nanoscale. The spatial separation
of the launching of propagating SPPs from their subsequent apex confinement
with high energy concentration enables background-free near-field imaging, tip-
enhanced Raman scattering, and nonlinear nanospectroscopy. The broad
bandwidth and spectral tunability of the nanofocusing mechanism in
combination with frequency domain pulse shaping uniquely allow for the
spatial confinement of ultrashort laser pulses and few-femtosecond spatio-
temporal optical control on the nanoscale. This technique not only extends

Gold tip

powerful nonlinear and ultrafast spectroscopies to the nanoscale but can also generate fields of sufficient intensity for electron

emission and higher harmonic generation.

he efficient, reproducible, scalable, and tunable focusing of

light into the nanoscale for enhanced spectroscopy and
imaging has remained challenging. While in principle the
diffraction-limited size of a far-field focus is well matched to the
absorption cross section of an ideal resonant dipolar quantum
absorber of 34?/27, molecular cross sections are typically
limited by nonradiative decoherence via intra- and intermo-
lecular coupling to approximately the geometric size of the
molecule.' Overcoming this mode mismatch is the goal of using
optical antennas, which have evolved from the uncontrolled yet
high electromagnetic field enhancement in rough surface-
enhanced Raman scattering (SERS) substrates” to controllable
yet often still inefficient antenna devices to mediate and drive
the interaction between free-space light and molecular or
nanoscale excitations.’

Optical antennas are conceptually analogous to RF antennas.
First, a propagating far-field wave is absorbed by the antenna
and transduced into a wire-bound and guided electrical current.
That antenna current at RF frequencies is then transferred to
and converted by the load.* However, extension of this concept
to optical frequencies is complicated by low electrical con-
ductivities leading to large ohmic losses and the lack of
analogous discrete circuit elements preventing optimal
impedance matched conditions.

The nascent paradigm for optical antennas has focused on
the use of noble metal nanoparticles exhibiting strong polariz-
abilities at optical frequencies arising from localized SPP
resonances. As illustrated in Figure 1a, this in principle enables
the transformation of far-field modes with a single free-space
wave vector ky = 2m/ly = @,/c into spatially localized
evanescent modes with correspondingly large wave vector
distributions (red). Through the mode overlap of the large
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wavevector distribution with that of the induced molecular
point dipole as the load, electromagnetic energy transfer occurs
via evanescent dipole—dipole coupling, as illustrated in Figure
1b. The efficiency of this process then depends on the antenna-
to-load separation R analogous to, for example, Forster
resonant energy transfer (FRET) between two chromophores,
with the transfer efficiency proportional to (1 + (R/R,)®) ™" and
typical values of the Forster distance R, of a few nanometers,
depending on the spectral overlap and relative orientation.” Via
reciprocity, the reverse process is also facilitated, that is,
enhanced radiative antenna-coupled molecular emission.

Due to the high field localization and enhancement generally
enabled by localized SPP resonances, optical antennas have
found widespread applications for sensing and spectroscopy,
most notably in surface-enhanced spectroscopies such as
Raman scattering (SERS),” infrared absorption (SEIRA),” and
coherent nonlinear optics such as second-harmonic generation
(SHG).®” All-optical imaging with nanometer spatial resolution
is enabled by scattering-type scanning near-field optical
microscopy (s-SNOM),® and its plasmon-enhanced variant
tip-enhanced Raman scattering (TERS) can yield single-
molecule sensitivity.” '" However, despite much progress,
significant difficulties persist for lack of a generalizable nano-
focusing concept.

While the absorption cross section (effective area) of
plasmonic nanoparticles can approach the theoretical limit of
RF dipole antennas* of ORE,dip = 0.13/%, increasing ¢ beyond the
dipole limit by, for example, increasing the volume of the
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Figure 1. (a) Dispersion relationship of a localized plasmon resonance
(optical antenna) and an ideal point dipole (quantum load) at resonance.
Using the antenna facilitates the transformation (blue arrow) of a mode
consisting of a single free-space wave vector k, = 27/4, into a broad k
vector distribution associated with a nanoscopic excitation. (b)
Tllustration of the near-field dipole—dipole coupling between the antenna
and molecular or nanoscale quantum system as the load (top) as well as
the specific case of a plasmonic nanoparticle functioning as an antenna
(bottom). (c) Different optical antenna concepts for enhanced mode
transformation and field localization (see text).

All-optical imaging with nanometer
spatial resolution is enabled by
scattering-type scanning near-field
optical microscopy. However,
despite much progress, significant
difficulties persist for lack of a
generalizable nanofocusing
concept.

plasmonic structure, results in reduced spatial field localization
due to smaller associated wave vectors. The intrinsically low Q
factors (on the order of 10) arising from short plasmon
dephasing times T,, while providing a broad bandwidth, limit
the local field enhancement F o T,.”

In order to overcome the limited cross sections of single or
simple coupled plasmonic nanostructures, gradual mode
transformations based on cascaded structures and focusing
propagating SPP modes into structural singularities'> on
wedges and grooves'®> have been proposed, as well as the
extension of classical antenna concepts such as coplanar strip
lines and phased array antennas,'*'* as illustrated in Figure Ic.
While improved performance can be achieved with gradual or
multistep mode transformations, the use of resonant structures
and nanoparticles remains limited in efficiency due to scattering
and radiation losses at the structural discontinuities.
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It has long been thought that a 3D regularly tapered conical
waveguide could overcome the limitations described above. Its
unique topology possesses no structural discontinuities except
at the apex, thus minimizing all scattering losses. This allows for
a continuous SPP mode transformation, taking advantage of
the radius-dependent effective index of refraction (n.g(r)  1/r
for r < 4y) experienced by SPPs propagating on the outside
surface of the structure, as predicted by Babadjanyan et al. in
2000'° and Stockman in 2004.'” The increasing index of
refraction leads to a decreasing SPP wavelength, thus avoiding
scattering loss as the taper narrows, allowing efficient generation
of a spatially localized excitation at the waveguide terminus.

In general, the dispersion relationship of an SPP is kgpp =
kon. with n.g for the case of a planar or large cylindrical
material interface given by

Meff = e
¢ e+ &) (1)

with the dielectric function of the metal and the surrounding di-
electric, £, and &, respectively.'® For Re(g;) < 0 and IRe(e;)l >
1, as is the case for noble metals over a broad frequency range
up to the visible spectrum,"” kepp > ko; that is, momentum
conservation prevents the coupling of SPPs to free-space light
and the SPP wave remains surface-confined. However, Im(g;) > 0,
thus Im(kgpp) > O results in appreciable ohmic loss and SPP
propagation attenuation.

For a radially symmetric (m = 0) mode propagating on a
cylindrical waveguide of radius r, ng(r) can be calculated by
solving the transcendental equation'”*%*'

& Li(koxyr)
Ky To(koxyr)

)
with the modified Bessel functions I, and K; (j = 0, 1) and
K = (n2(r) — &)"> While higher-order (m = 1, 2, 3, ..)
asymmetric mode solutions also exist, they do not experience
the diverging n.(r) with decreasing r necessary for nano-
focusing.2 Instead, these modes have a mode-number-
dependent cutoff radius beyond which they cannot propagate.”

Shown in Figure 2a are the SPP dispersion relationships
calculated from eq 2 using Drude parameters for Au'’ and air as
the surrounding dielectric for different cone radii. It can be seen
that for all radii, the SPP wave vector kgpp is larger than that of
light in free space, with k vectors increasing with decreasing
radius. Figure 2b shows the increase in n.(r) (green) for the
m = 0 mode calculated from eq 2 for the case of 4, = 633 nm and
a cone half-angle of 6 = 3.5° as an example. Associated with the
divergence of n(r) is a decrease in the group velocity v, = dw/dk
(light blue). This gives rise to a decrease in Agpp, as seen in
the spatial evolution of the surface electric field down the cone,
calculated from ref 17 and taking into account propagation
damping (red). Concomitantly, the index of refraction increase
leads to a decrease of the spatial extent of the evanescent SPP
field into the dielectric medium, given by 1/Im(2kgpp,) (dark
blue). This increases the spatial confinement of the mode on
the waveguide. Together, these effects lead to the concentration
of the electric field into the cone apex, as seen in the rising
electric field amplitude.

For a conical waveguide, the adiabatic parameter & =
Id(kgpp)~"/dritan(@) provides a measure of the rate of change
of the plasmon wave vector during propagation. For the
adiabatic condition § < 1, the cone angle @ is small, and the
gradual change in kgpp minimizes non-ohmic losses. Under this

2 Kl(kOKZ”) _
1 Ko(kokar)
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Figure 2. (a) Dispersion relationship for SPPs propagating on a cylindrical waveguide with the radius indicated. The resulting continuous
transformation of SPPs propagating on a tapered waveguide presents a highly efficient antenna concept. Upon concentration of the optical field into
the tip apex, the propagating mode is converted into a localized mode. (b) Normalized radial electric field at the waveguide surface (red), n.g(r)
(green), v, (light blue), and spatial extent of the electric field outside of the tip normalized to the free-space wavelength (dark blue) as a function of
waveguide radius and distance to the apex for a tip with a cone half-angle of € = 3.5° and a wavelength of 4, = 633 nm.

condition, the decrease in Agpp with the change in radius is such
that local translational invariance is nearly preserved and
scattering losses of the SPP are avoided. However, the greater
portion of the SPP field penetrating into the waveguide at smaller
radii and the decrease in group velocity during propagation lead
to an unavoidable increase in the ohmic loss in the metal. Because
small cone angles experience stronger mode confinement over
longer propagation distances, the optimal value for € requires a
compromise between reducing ohmic and non-ohmic losses. The
competition between these two effects leads to a wavelength-
dependent taper angle for optimum energy delivery to the
wave%uide apex.”**> However, the increase in & near the tip
apex'’ may lead to a breakdown of the adiabatic condition.

The continuous SPP mode
transformation taking advantage
of a radius-dependent
index of refraction experienced
by SPPs propagating on the
outside of a conical tip leads to
nanofocusing at the apex.

In the experimental implementation of 3D SPP nano-
focusing, considerations arise in terms of the choice of wave-
guide fabrication method and the SPP launching mechanism
used. Conical tips with smooth surfaces and uniform taper angles,
such as those used in scanning probe applications, can be
obtained by electrochemical etching from bulk wire.”® This
approach requires attention to surface roughness, which can be
minimized through the use of thermal annealing to improve wire
crystallinity. Alternatively, tips grown with electron-beam-induced
chemical vapor deposition are also suitable but are more time-
and equipment-intensive to fabricate.”® Other approaches, for
example, utilizing template-stripping procedures, have also been
demonstrated to result in very low surface roughness.”” The
surface roughness is of particular concern as losses can emerge
even for nanometer roughness due to scattering and
modifications of n,¢ leading to increased ohmic damping.'®

Au is the most commonly used material, primarily due to the
ambient stability of the metal and the ease of tip fabrication.
However, in Au, SPP propagation is associated with high losses
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near the resonant interband transition, which become especially
pronounced for photon energies above ~2 eV.'? Using Ag as
a waveguide material allows for low propagation losses and
therefore higher nanofocusing efficiencies,”’ but electro-
chemical etching methods are not well-established, and
structures degrade rapidly under ambient conditions.

In order to overcome the momentum mismatch discussed
above and launch SPPs onto tips, the traditional methods of
grating couplin§ or attenuated total internal reflection (ATR)
can be used,'® as well as photonic crystal elements®’ or
coupling from dielectric waveguides. The use of prism-based ATR
coupling elements has thus far remained impractical due to the
geometric constraints of micrometer-scale SPP waveguides.”®
While end-on coupling between dielectric and plasmonic
waveguides can in principle be highly efficient,” this remains
difficult in 3D structures due to the high positioning accuracy
required at visible frequencies, and alternative methods such as
coupling to SPP modes of a metallic cladding on a tapered
waveguide suffer from poor mode overlap.*® The use of a photonic
crystal cavity to localize and couple SPPs onto the base of a tip
allows for a transmission-type geometry with facile alignment, but
this suffers from residual hole array transmission and far-field
radiation superimposed with the apex field*"?! In contrast, grating
coupling elements can readily be fabricated via focused ion beam
milling (FIB) onto the shaft of nanofocusing waveguides,32 and
large theoretical coupling efficiencies are possible.*®

For ease of fabrication, initial experimental verification of the
nanofocusing process was performed on etched Au tips using
side-illumination grating coupling.®> A SEM image of an
electrochemically etched Au tip with plasmonic grating is
shown in Figure 3a. Superimposed is an optical image showing
the illumination of the grating with a far-field focus for
launching SPPs which then propagate nonradiatively along the
shaft of the tip. The subsequent SPP focusing is seen from the
localized emission with the point spread function centered at
the apex. With the broken symmetry in the axial direction, the
purely evanescent propagating SPPs are converted into a
localized radiative SPP at the apex. While the minimization of
propagation-induced losses favors short grating—apex separa-
tion distances, optimization of the optical alignment and grating
coupling conditions benefits from a minimum distance in the
10—20 pm range, depending on application.

The apex-emitted light follows a cos*(6) polarization
dependence, as expected for a nanoscopic dipolar emitter
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Figure 3. (a) SEM image of an electrochemically etched Au tip with
plasmonic grating fabricated via FIB superimposed with an optical image of
grating coupling and subsequent reradiation of nanofocused SPPs. (b)
Polarization anisotropy of an apex emitter, showing cos*(¢) dependence
expected for a subwavelength dipole emitter. (c) Linearly scattered light
from the tip as it is scanned over an ultrasharp step edge to determine the
emitter size. The shear force topography (black), optical signal (red circles),
and fit used to extract fwhm = 22 + S nm (blue) are shown. The red solid
line is the elastic scattering measurement acquired with direct apex
illumination under otherwise identical conditions. From refs 34 and 35.

located at the tip apex (Figure 3b).** These results confirm the
expected mode filtering of the nanofocusing process, as only
the radially symmetric m = 0 SPP mode will produce purely
axial dipole emission, due to destructive interference of the
radial polarization components.

The degree of spatial confinement at the apex was
established in a scanning probe geometry, as shown in Figure
3¢, by using an ultrasharp step edge with a 3 nm radius as an
effective point scatterer and local probe of the apex field.**
From the scattering signal, a size of the nanofocus of ~22 + §
nm was determined, limited only by the apex size in this case.

Measurements of emitted intensity indicate that 2—4% of the
light initially incident on the grating within the coupling
bandwidth™ is re-emitted at the apex of the tip. Despite the high
loss during grating coupling and propagation, the confinement of
the optical field to a (20 nm)® volume at the apex nevertheless
represents a power density 2 orders of magnitude higher than a
diffraction-limited focus with the same initial intensity.

The ability to generate a
nanoconfined optical excitation
at the end of a scanning probe tip
with high nanofocusing efficiency
holds significant promise for
background-free near-field
spectroscopy.

The ability to generate a nanoconfined optical excitation at the
end of a scanning probe tip with high nanofocusing efficiency holds
significant promise for background-free near-field spectroscopy. In
conventional s-SNOM implementations, the far-field focus pointed
at the tip apex region of the scanning probe tip will often generate a
large background, so that demodulation techniques are necessary
in order to extract the nearfield signal, especially in linear
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Figure 4. (a) Illustration of the effective far-field background
suppression of plasmonic nanofocusing near-field spectroscopy com-
pared to direct far-field illumination of the apex region. (b) Approach
curve taken with a grating coupling tip of a monolayer of the dye
malachite green on a Au substrate with the resulting TERS spectrum
superimposed (gray).>® The observation of the Raman signal at
distances of ~10 nm is a result of the highly confined near-field
produced in plasmonic nanofocusing and the effective suppression of
the far-field background. (c) TERS of Si with the spectrally resolved
line scan taken across a Si edge using photonic crystal tips. Reprinted
by permission from Macmillan Publishers Ltd.: Nature Nano-
technology,” 2009. (d) Plasmonic nanofocusing linear s-SNOM image
acquired from a Au nanoparticle with no background demodulation.®

s-SNOM.***” As illustrated in Figure 4a, the spatial separation of
SPP launching and apex excitation enabled by plasmonic
nanofocusing leads to inherent background suppression.

Initial experiments have demonstrated the application of
nanofocusing to TERS*"*® and elastic light scattering measure-
ments.> Figure 4b shows TERS measurements of a monolayer
of malachite green deposited onto a Au substrate with 633 nm
excitation. While comparable signal levels are observed for
plasmonic nanofocusing versus direct illumination, correspond-
ing to a local field enhancement of 20, a complete elimination
of the far-field background is achieved using the grating-
coupled tips.>® This demonstrates that the nanofocusing
process enables efficient antenna-to-load coupling of the
nanofocused point dipole of the source field to the molecular
dipole excitation, as discussed above. The extension of TERS to
longer wavelengths has long been desirable yet difficult due to
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the 1/4* dependence of the Raman scattering intensity. Due
to the broad bandwidth of the nanofocusing process and
decreased damping at longer wavelengths, however, it is also
possible to perform grating-coupled TERS at 785 nm, where
the energy concentration and consequently signal levels are
found to be 20 times higher than those obtained under identical
direct illumination TERS conditions.*®

Background-free TERS could prove to be particularly useful
for the study of crystalline systems, where the far-field Raman
background is strong due to the extended material volume
probed compared to a molecular monolayer. Shown in
Figure 4c is the demonstration of TERS acquired from a Si
step using photonic crystal tips.”' Nanofocusing TERS may
thus allow for the full realization of the capabilities of nano-
Raman spectroscopy for the study of, for example, strain and
domain formation in crystalline or molecular nanocomposite
materials on nanometer length scales.

Similarly, spatially resolved background-free imaging using
elastic light scattering has been demonstrated recently.” As
shown in Figure 4d, optical imaging of plasmonic nanoparticles
through the interaction between the highly polarizable tip and
the particle was performed, thus demonstrating the potential of
plasmonic nanofocusing to extend to conventional s-SNOM in
cases where low signal levels or low signal-to-noise ratios arise
from far-field background contributions. As such, plasmonic
nanofocusing s-SNOM is expected to reduce acquisition times
through the improved signal-to-noise ratios, as well as increased
signal levels from high excitation intensities enabled by increased
nanofocusing efficiencies. In general, provided that the excitation
intensity remains below the tip and sample damage thresholds, the
elimination of the farfield illumination incident on the sample is
expected to improve scanning stability and reduces sample bleach-
ing of susceptible resonant systems. In particular, nanofocusing
s-SNOM can improve the capabilities of elastic light scattering
and vibrational IR nanospectroscopy to image, for example,
nanoscale phase separation in correlated electron materials®
and other spatial inhomogeneities in polymer nanostructures.*!

A unique feature of plasmonic

nanofocusing on a conical tip is

its capability for extension into
the time domain.

A unique feature of plasmonic nanofocusing on a conical tip
is its capability for extension into the time domain. Previously
proposed techniques for spatiotemporal optical control on the
nanoscale have relied on the interference of plasmon modes in
specially arranged nanoparticle geometries via control of the
spectral phase in order to generate localization.*” This
constrained the achievable nanoconfined optical waveforms.
In contrast, the nanofocusing mechanism on the tip supports
a broad bandwidth with only a weak wavelength dependence
and is independent of the spectral phase; it is thus ideal for the
nanofocusing and control of ultrafast pulses.

SPP coupling and propagation are expected to give rise to
some waveform distortions. These together with the dispersion
introduced from the coupling process are predominantly
linear,®® with only small higher-order contributions, and can
thus readily be compensated for. The same holds for the SPP
propagation- and nanofocusing-induced group delay dispersion
(GDD), which can be estimated from ng(r,w) for a tip with
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0 = 7° and a propagation length of 20 um, yielding a only
minimal distortion of the temporal pulse profile with a GDD of
< 12 fs* before compensation.

It was recently shown that plasmonic nanofocusing in
combination with frequency domain pulse shaping allows for
the generation of ultrashort pulses in the nanoconfined region of
the tip apex, as illustrated in Figure Sa.** The high nanofocusing
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Figure 5. (a) The combination of ultrafast pulse shaping and broad-
band grating coupling allows for nanofocusing of femtosecond pulses
and optical control on the nanoscale. (b) Spectrum showing re-
emission of the fundamental nanofocused light and second-harmonic
light generated at the apex. (c) Reconstructed femtosecond optical
waveform with 16 fs duration and an optical phase as determined by
FROG measurement. From ref 3.

efficiency gives rise to local SHG via the broken tip apex
symmetry (Figure 5b).** As a coherent nonlinear process, this
allows for the measurement of the spectral phase of the waveform
and serves as a feedback mechanism for pulse optimization
and control. Figure Sc shows a nanofocused femtosecond pulse
measured at the tip apex with the complete waveform
characterized in terms of intensity (red) and phase (blue) by
interferometric frequency-resolved optical gating (FROG). After
optimization using a multiphoton intrapulse interference phase
scan (MIIPS) algorithm, the temporal duration of the pulse with
a spectral width of ~60 nm is transform limited at ~16 £s.*

With the nanofocusing mechanism being to first order
independent of the wavelength and spectral phase, it not only
allows for achieving the shortest possible pulse duration but
also for generation of arbitrary optical waveforms at the apex
through deterministic pulse shaping, with duration only limited
by the spectral bandwidth at the apex. For tips exhibiting
localized SPP resonances at the apex near the excitation
frequencies,* plasmon dephasing times of T, ~ 20 fs are
expected to provide a lower limit for the achievable apex pulse
duration.” For nonresonant tips, few-femtosecond nanofocus-
ing is possible, as shown recently.*®

Ultrafast spectroscopy with femtosecond pulses has enabled the
study of matter on the characteristic time scales of the elementary
electronic and vibrational excitations. Shaping the amplitude and
phase of ultrafast pulses allows for coherent control of quantum
systems.”*’ Extension of these techniques to the nanoscale
through plasmonic nanofocusing will allow for the all-optical study
of the elementary excitations of matter not only on their
characteristic time but also on length scales given by electronic
and lattice correlations, as shown in Figure 6. Here, the gradual
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Figure 6. Spatiotemporal regime of the elementary electronic and
vibrational excitations in matter as accessible by femtosecond
scattering near-field imaging and spectroscopy. Electron and scanning
probe microscopies provide access to the quantum regime, but with
typically low temporal resolution. Conversely, conventional ultrafast
optical spectroscopies are constrained by the diffraction limit and far-
field coupling sensitivity.

mode transformation and subsequent antenna transduction into
the nanoscale quantum object will overcome sensitivity limits of
conventional far-field ultrafast spectroscopy. The approach would
complement the related emerging capabilities of ultrafast electron
and X-ray imaging. As an all-optical technique, by coupling
directly to the electronic and nuclear degrees of freedom, it allows
for the study and quantum coherent control of dynamic inter-
actions in molecular and solid matter on the nanoscale and at time
scales down to the single-cycle limit.

The use of nanofocusing of SPPs into the nanometer apex of
noble metal tips is compatible with implementations of a wide
range of spectroscopic techniques. In addition to the improve-
ments gained in TERS and elastic scattering measurements from
efficient background suppression, the high nanofocusing
efficiency and broad wavelength range allow for the extension
of the technique in principle to any wave-mixing process
including multidimensional s.pectroscopies.6 Furthermore, the
high local optical fields that can be generated at the tip apex are
sufficient for electron emission via either multiphoton or optical
tunneling processes.*® Strong associated field gradients and
optical forces can be used for nanomanipulation and trapping.*’
The control and localization of pulses could also be utilized for
higher harmonic generation (HHG) using only high repetition
rate Ti:Sa oscillator pulses.’”>" Although the tip apex is not a
true singularity, the diverging index of refraction experienced by
surface plasmons is conceptually similar to an event horizon for
electromagnetic waves, so that plasmons propagating on a tip
may provide a system for modeling related physics.>

Extension of ultrafast spectroscopy
to the nanoscale through
plasmonic nanofocusing will allow
for the all-optical study of the
elementary excitations of matter
on their characteristic time and
length scales simultaneously.
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In summary, three-dimensional noble metal tips therefore
present a unique waveguide geometry that can be used to trans-
form a grating-coupled quasi-planar SPP mode into a spatially
confined excitation for efficient coupling to molecular or
nanoscale systems. This antenna concept provides highly
efficient generation of nanoconfined excitations with an inher-
ently broad operational bandwidth and only a weak wavelength
dependence. In a scanning probe geometry, this allows for
nearly background-free s-SNOM imaging with any spectro-
scopic technique and associated chemical specificity. The
combination with ultrafast pulses and frequency domain pulse
shaping will allow true nanometer—femtosecond spatiotempo-
ral optical and quantum coherent control.
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