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ABSTRACT

We describe and demonstrate a new nanometer-scale broadband light source. It is based on the grating-coupled excitation of surface plasmon
polaritons (SPPs) on the shaft of a sharp conical metal taper with a tip radius of few tens of nanometers. Far-field excitation of linear nanoslit
gratings results in the resonant generation of SPPs traveling over more than 10 pm to the tip apex and converging to an intense radiative
local light spot. Such nanofabricated tips are expected to find various applications in nanospectroscopy, overcoming problems with background
illumination in apertureless microscopy.

The control of light propagation and localization on a cutoff radius®® Very recent experimental work showed an
subwavelength scale is one of the key challenges in nano-SPP-assisted enhancement of upconversion luminescence at
photonics. In this respect, surface plasmon polaritons (3PPs)the end of a two-dimensional triangular structéir&Vhile

in metallic nanostructurésare especially versatile optical the field enhancement in the taper region was clearly
excitations. On the one hand, they promote surface-bounddemonstrated, radiative losses and SPP reflection at the edges
electromagnetic transport on nanométer micrometet° of such planar film&3! limit the efficiency of the vertex
length scales. On the other hand, localized surface plasfnons excitation. Moreover, three-dimensionally tapered cones
and the associated field enhancements can lead to theyromise greater field localization and enhancement than
spatially selective generation of nonlinear optical sighafs. planar structures and can be used in near-field scanning
Because of these superior properties, surface plasmons areptical microscopy applications.

expected to bridge the gap between electronics and photonics For 5 number of apertureless near-field imaging and

in integrated systems. spectroscopy-*2techniques, achieving highly localized light
An efficient transformation of traveling delocalized SPPs 4i the apex of a three-dimensional metal taper is very
into highly localized excitations is therefore of central yegjraple, as this could significantly suppress interferences
importance to achieve bright illumination of confined it a hackground from far-field illumination. Such back-
volumes. This will be crucial in various applications ranging ground interferences currently affect many experiments in
from optical-electronic interconnects to near-field optical apertureless microscopy, and modulation techniques are often
microscopy and nanosensiffgTapered structures such as necessary to extract the near-field sigf¥abther approaches

—20 1-27 i
wedges™ 2% or cone$™?" have been proposed theoretically .0 yse of specifically designed probes combining the low
to allow for the concentration of surface plasmons at the background of a small aperture with the localization of a
apex of these convergent geometA&&or various geom- metallic apex*3

etries, suggestions have been made to launch surface Y introd local liaht b tiall
plasmons onto a sharp metallic tip, e.g., by prism coupling ¢ ere, Véil'an roduce afn*;)ye toc(i:a}[h '9 d;ourcg y ﬁp? 1ally q
or through a thin metallic coating on a fiber tafferear the ocusing SIS on hanofabricated, three-dimensionally tapere
conical tips with apex radii of a few tens of nanometers.
* Corresponding author. E-mail: ropers@mbi-berlin.de. One-dimensional gratings are written onto the tip shaft by
lMax—Born—Institut fir Nichtlineare Optik und Kurzzeitspektroskopie. focused ion beam sputtering, more than‘u'tﬁ away from
Department of Chemistry, University of Washington. the apex. lllumination of the grating with a broadband

8 Institut fir Kristallzuchtung. S )
IHnstitut fir Physik, Carl von Ossietzky Universit®ldenburg. femtosecond laser leads to resonant excitation of SPPs, which
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allowing for a precise positioning of the optical focus on
the tip shatft.

Optical microscope images of the light scattered from the
tip are recorded for various focus positions of the illuminating
light. In Figure 1b, different illumination positions are labeled
by the numbers 1 to 4, referring to illumination on the grating
on the far side from the tip apex (1), on the grating near its
right border (2), between the grating and the tip apex (3),
and on the tip apex (4).

At normal incidence on the grating, the excitation of SPPs
is expected for wavelengths of the incident light that are close
to the grating period37:3° Therefore, a grating period of
750 nm was chosen to allow for efficient SPP generation
far-field with the titanium:sapphire laser. The scattered light images

side view

~ top view
'-_y-'—-—_',..__j___

b) excitation for these four illumination positions and monochromatic
illumination at 765 nm are shown in the image series of

surface Figure 2. For illumination on the far left side of the grating,

plasmon strong scattered light is observed from the grating itself (1).

\ARRARARS '& - Moving the focus to _the right side .of the gratin.g,.one
1 2 3 4 observes an intense signal from the tip end (2). This image

shows clearly that SPPs are very efficiently excited at the
grating, propagate over a distance of more thanuh®
/ without strong scattering losses, and are reradiated into the
far field at the apex of the tip. It represents an experimental
Figure 1. (a) Scanning electron microscope images of a conical verification of the concept illustrated in Figure 1b. From a
metallic tip with a grating coupler on the shaft prepared by focused comparison of the signal levels scattered off of the grating

ion beam sputtering. (b) Principle of the nonlocal excitation of the . . . o
tip apex. Far-field radiation excites surface plasmon polaritons on with those from the tip end, we estimate that, for optimized

the grating, which propagate along the shaft toward the tip apex, COUPling (_:onditions, the total power of th? Iight sc_attered
where they are reradiated into the far field. from the tip apex amounts to 6-1.% of the incident light,

i.e., about +10 W for an incident power of 1 mW.

travel to the tip apex and are reradiated. This long SPP  This intense radiation from the tip apex is only observed
propagation length allows us to realize a new local light for a polarization of the incident light perpendicular to the
source, carrying potential for a significant reduction of grooves, i.e., for the polarization in which SPP excitation is
background illumination in apertureless imaging and spec- Possible' The comparatively weak scattering from the region
troscopy applications. between the grating and the tip end indicates that only minor
A scanning electron microscope image of one of the Scattering losses are present on the smooth part of the tip
nanofabricated metallic tips is shown in Figure 1a. It is based Shaft. We have observed this strong nonlocal tip excitation
on an electrochemically etched gold3with a radius of for several of our nanofabricated tips, and the best results
curvature at the tip apex of about 20 nm and an opening Were obtained for tips with minimal surface roughness
angle of 18. SPPs can be excited in periodic structures on between the grating and the tip apex.
metallic surfaces via grating coupling” We make use of The optimum choice of the distance between the grating
this effect by writing a linear grating with a periodicity of ~and the tip apex poses a trade-off between the propagation
approximately 750 nm onto the tip shaft by focused gallium losses that increase with this distance and the desire for an
ion beam sputtering, several micrometers away from the tip excitation region well separated from the apex to suppress
end. Such gratings have been prepared on a number of tipghe direct far-field illumination of the apex. We have found
with different tip shapes and distances from the tip end.  distances of 7um or larger (15um for the data shown) to
The tip is illuminated with light from a titanium:sapphire  be sufficient in order to clearly separate the grating excitation
laser oscillator, either in continuous-wave operation or mode- from the apex. The results for two further tips are presented
locking and generating broadband 7 fs optical pulses at ain the Supporting Information. One of those examples
center wavelength of 800 nm (Femtolasers Inc., Rain§dw). illustrates that the nonlocal apex excitation can be frustrated
The light is focused onto the tip shaft to a spot size of about by SPP scattering losses resulting from the presence of a
5um at close to normal incidence (Figure 1b). For focusing, surface defect between the grating and the tip apex.
a 20x microscope objective with a numerical aperture of  When the illumination is moved toward the tip apex and
0.35 and a working distance of 20.5 mm is used. The light off the grating (3), the localized light spot at the tip apex
scattered from the tip out of the figure plane is collected disappears due to a lack of efficient SPP excitation on the
with a second objective and imaged onto either a video unstructured shaft. In image 4, the tip apex is directly
camera or the entrance slit of a spectrometer. The illuminat- illuminated, and scattered light is found from a less-confined
ing microscope objective is mounted on a piezoscanner,region close to the tip end. Moving the illumination focus
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Because of the reduction in tip diameter toward the apex,
the intensity scattered from the apex itself becomes small
compared with the somewhat thicker region close to the tip
end. We have made very similar observations in recent far-
field measurements involving the generation of nonlinear
signals (second-harmonic and multiphoton electron emission)
at the apex of such metallic tipsThese experiments showed
that the nonlinear signals were generated at the tip apex in
a region where the linear (elastic) scattering from direct
illumination was, as in this work, substantially reduced. In
that study, light localization to a region of few tens of
nanometers in diameter at the tip apex was unambiguously
identified in subsequent near-field measurements.

The spatial shift between the scattering maxima in images
2 and 4 and its correspondence with previous nonlinear
experiments has two major consequences. First, it clarifies
that the emission in image 2 is indeed stemming from an
area much smaller than the optical focus. Second, it
demonstrates the physical difference in the excitation condi-
tions underlying the images 2 and 4. Whereas image 4 is a
result of far-field excitation and scattering, evanescent surface
waves propagating along the tip shaft are responsible for the
scattered light from the tip apex in image 2.

The SPPs excited in the grating travel over a distance of
more than 1Q:m all the way to the tip end, where they are
reradiated into the far-field. Radiation damping is suppressed
for the regions on the tip shaft, as long as the circular cross
section of the conical tip varies slowly over a distance of
the SPP wavelength. This condition fails at the very end
of the tip, resulting in strong SPP scattering, predominantly
into the far-field, as experimentally shown, but also back
onto the tip shaft. For the same kind of gold tips as those
used in the present experiments, we have measured large
local field enhancements of about ¥¢2 Because of these
large field enhancements, the radiation damping of SPPs
at the tip apex is very effective, the damping rate being
0 - 0 5 proportional to the square of the local field strengftf24

Position (um) As a result of this efficient spatial excitation transfer, the
size of the excitation spot is reduced from a few micrometers
Figure 2. Series of microscope images recorded for illumination jn and near the grating to only few tens of nanometers. This

of the tip at the four positions indicated in Figure 1b. Image 2 “superfocusing” has previously been predicted theoreti-

demonstrates the efficient nonlocal excitation of the tip apex via V212324 and i . tallv d trated in i >
illumination of the grating. The graph below the image series cally ana I1s experimentally demonstrated in image

displays sections through Images 2 and 4 corresponding to thein the regime of linear optics.
dashed line in Image 4. Equally strong light localization at the apex of sharp metal
tips is usually only achieved by making use of the field-

in image 4 further to the right and eventually away from the enhanced optical nonlinearities of these tips, for example,
tip does not shift the scattering pattern, but only results in a by locally generating second-harmonic light!® In using
decrease of the scattered intensity. The Supporting Informa-such frequency-converting nonlinear techniques for near-field
tion contains a movie file with an entire scan of the laser microscopy, substantial limitations arise from the required
focus along the tip. intense direct illumination of the tipsample geometry with

It is important to note that the maximum intensity of the the fundamental laser beam and from the much smaller
scattered light in image 4 is not at the very end of the tip, in conversion efficiency than in the presented linear nonlocal
stark contrast with image 2. The graph below the image seriesaP€ex excitation scheme.
in Figure 2 displays sections of the images 2 (solid red) and In the following, the resonant nature of this nonlocal
4 (dotted blue) along the tip axis, as indicated by the dashedexcitation of the tip apex is discussed. In our experiments,
line in image 4. For illumination with far-field light, the  the optimum condition for the tip excitation was found for
scattering cross section depends on the illuminated metallicslightly defocused illumination of a series of slits in the
area on the tip shaft and on the local field enhancement. grating, thus resonantly enhancing the coupling efficiency

-1
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of wavelength and angle of incidence. The inset in Figure 3
shows the results of these calculations for angles of incidence
of 3.5° (dotted, red), 4.5(dashed, black), and 6.%solid,
blue), leaving the polarizability of the grooves as a free
parameter. The qualitative agreement between these model
calculations and the experimental results supports the
interpretation of the grating resonance effect. The single
groove polarizability in the simulations was chosen such that
up to 10% of the incident radiation is converted to SPPs, a
‘ value comparable to those recently calculated for linear
e J nanoslit apertures in a metallic filfd. Nonetheless, a
750 800 850 900 parameter-free quantitative calculation, taking into account
the correct three-dimensional geometry and the grating, is
certainly desirable. In this context, the recent numerical
Figure 3. Recorded scattering spectra from the tip apex for approach from ref 27, which has successfully quantified
nonlocal excitation at the grating near normal incidertte-(0°, absorption, scattering, and reflection on a conical taper, could
dotted, red) and for two slightly larger angles of incidence, perhaps be adapted to the present geometry.

incrementally increasing by about onag ~ 1°, dashed, black) Interesting questions arise concerning the dynamics of this

and two degrees\¢ ~ 2°, solid, blue). The spectra are normalized | liah h .
to the broadband input laser spectrum (solid, gray). A shifting and N€W local light source. SPP resonances on such gratings are

broadening of the spectra is observed for a variation of the angle radiatively broadenetf, with SPP lifetimes ranging from a
of incidence. A similar behavior is found within a phenomenological few tens to a few hundreds of femtosecofts our case,

discrete dipole model (inset) for angles of incidence of gstted, the resonance width is mainly determined by radiative
red), 4.5 (dashed, black) and 6.§solid, blue). coupling and by the number of grooves present and il-
o _ o ) luminated on the shaft of the tip. Furthermore, the particular
to SPPs? Depending on the angle of incidence, different ghane and depth of the grooves may influence the resonant
SPP frequencies can be excited, as is well-known from gy citation. The experimentally observed line widths suggest
the SPP dispersion relatibrat a pleilr;ar metalvacuum  the possibility of launching SPP wavepackets with a duration
interface w(ksp) = Clksdl((em + 1)/em)™™ Here,em is the g the order of 10 fs onto the tip shaft. Theoretical results
dielectric constant of the meta{gp is the surface plasmon  ngicate that significant chirp may be acquired by an SPP
wave number, and the vacuum speed of light. We have \4yepacket upon propagation on a tapered conical wave-
experimentally verified this behavior by spectrally resolving guide?1:2324 | this case, dispersion compensation of the
the light scattered from the tip apex under illumination of j,cigent pulse will have to be applied to achieve the shortest
the grating with the b_roadband 7 fs optical pulses from the possible pulses at the tip end. Further experimental work
laser oscillator. In Figure 3, three scattering spectra are yj| pe necessary to resolve this issue, e.g., by investigating
displayed for different representative angles of incidence ”earoptical nonlinearities at the tip apExs and/or by using
0° degrees (normal incidence) and with a difference of about 5gaptive control schemééTogether with near-field optical
1° and 2 between them, respectively. The absolute angle gyperiments, this will also help to quantify the absolute local
of incidence could not be exactly determined in the experi- jyensities at the tip apex and the achievable field enhance-
ment due to a lack of a well-defined specular reflection from ,ants in such a three-dimensionally tapered wavegiide.
the tip shaft. The spectra are normalized with respect to the |, conclusion, we have demonstrated an efficient nonlocal
laser spectrum, which is shown as the solid gray line. One yytic| excitation of the apex of a nanostructured metal taper
observes clear resonant featu_res at vyavelengths of 729, 74_00y using grating-coupling of surface plasmon polaritons.
and 760 nm, close to the grating period. Resonances in thisthege syrface plasmon polaritons propagate over more than
wavelength range are expected from the SPP dlspersmnloﬂm along the tip shaft toward the apex of the tip, where

Normalized Intensity (arb. u.)
(=]
w

ot
o

700
Wavelength & (nm)

relation on the planar interface, energy conservaion= they are reradiated into the far field. The tip emission is
w(ksp) and momentum conservatid@e = ki + p-27/@.  gpectrally tunable by varying the angle of incidence of the
Here, w, denotes the frequency of the incident light with jymination. Although we have not yet performed near-field
in-plane vector componer, a the grating period, ang optical experiments to directly characterize the field distribu-

the diffraction order (herep = +1).1°" The strong depen- ion at the tip apex, the presented results indicate that such
dence on the excitation conditions evidences that this tunablen s nofapricated tips will serve as bright nanoscale light
resc_)nqnt behavior is indeed an effect of the coIIectlve_z sources, for example, in apertureless microscopy and spec-
Qxcnzgon of the grooves and not a pure resonance of the tipyoscopy, where they could lead to a significant reduction
itself. . of the direct illumination of a sample in proximity to the tip
We have performed model calculations for a phenomeno- 445 1t will be very interesting to explore and exploit the

logical scalar discrete dipole model including SPP scattéring jjirafast temporal characteristics and the near-field localiza-
in which the grooves of the grating and the tip apex are tjon of these tips.

simulated as point dipoles on a line. The incident fields are
assumed to impinge only on the grating, and the resulting Supporting Information Available: Scattering images
field at the apex is self-consistently calculated as a function recorded from two additional nanofabricated tips (PDF).
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Movie file showing an entire spatial scan of the laser
illumination along the tip (AVI). This material is available
free of charge via the Internet at http://pubs.acs.org.
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