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ABSTRACT: We perform spectrally resolved cathodolumines-
cence (CL) imaging nanoscopy using a 30 keV electron beam to
identify the resonant modes of an ultrathin (20 nm), laterally
tapered plasmonic Ag nanostrip antenna. We resolve with deep-
subwavelength resolution four antenna resonances (resonance
orders m = 2—S5) that are ascribed to surface plasmon polariton
standing waves that are confined on the strip. We map the local
density of states on the strip surface and show that it has
contributions from symmetric and antisymmetric surface plas-
mon polariton modes, each with a very different mode index.

This work illustrates the power of CL experiments that can visualize hidden modes that for symmetry reasons have been elusive in

optical light scattering experiments.
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lasmonic antennas are extensively used to control the emis-
sion properties of molecules, quantum dots, and other nano-
scale emitters' by modifying the local density of optical states
(LDOS) surrounding the emitter. With nanoscale control of the
antenna’s size, shape, and dielectric environment, the spectrum,
emission rate, polarization, and angular emission profile of optical
emitters can be tailored to a great extent. Maps of the LDOS near
antennas can provide valuable insights into their operation by
linking their geometrical and radiation properties. In this paper,
we demonstrate this point for a metal strip antenna whose reso-
nant behavior is governed by surface plasmon polaritons (SPPs)
that can propagate back and forth between the two edges of the
strip.”* These antennas have previously been shown to reso-
nantly scatter light> and effectively enhance absorption in a Si
photodetector.’®
The most common way to study the resonant behavior of
antennas is with light scattering experiments. Another possibility
is to operate the antenna in a receiving mode, in which case it is
used to convert incident free space photons into intense local
near-fields. In such experiments, the illumination conditions in
terms of the incident beam direction and polarization are very
important. For example, symmetry dictates that only a limited set
of antenna modes can optically be excited using a normally
incident plane wave with its electric field polarized normal to the
length of the strip. One way to reveal the other “hidden” modes is
by changing the angle of illumination. We will follow another
approach, which is to excite the antenna modes with an electron
beam and to collect the emission from the structure in all dir-
ections. It is important to realize these hidden modes are distinct
from dark modes that exhibit a very limited coupling to free
space radiation and are invisible in these measurements.”® Dark
(nonradiative) modes can be indirectly measured using techniques
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such as electron-energy loss spectroscopy (EELS) that measure
the energy loss spectrum of the incident beam.”'?

It is well-known that very thin metal strips such as used here
support two distinct types of plasmonic modes that result from
coupling between SPPs propagating on the top and bottom
surfaces of the strip. One of the coupled modes is a long-range
(LR) SPP mode with a symmetric transverse field distribution
that exhibits a relatively long propagation length because of its
relatively low field overlap with the metal.''~'* Its counterpart is
the antisymmetric, short-range (SR) SPP mode. Both the long-
and short-range SPPs can form resonant standing waves across
the width of the antenna, and the antenna’s radiation properties
are thus determined by a combination of these modes. To control
and optimize the ultrathin strip antenna characteristics, and to
use the antenna in the transmitting mode, detailed knowledge
of the excitation of the two SPP modes and their effect on the
antennas radiation efficiency is essential.

In this work, we use electron beam excitation to investigate the
strip antenna resonances. As we have shown before, electron
beam irradiation leads to the excitation of SPPs over a broad
spectral range.'”"> " The antenna radiation from the electron-
beam excited resonant modes can be readily detected and spec-
trally resolved with the use of a scanning electron microscope
coupled to an external spectrometer. This electron-induced optical
emission is termed cathodoluminescence (CL). We resolve with
deep-subwavelength resolution the plasmon standing waves and
find the odd-order SR-SPP resonances observed earlier in optical
scattering, as well as even-order resonances that are hidden in

Received:  July 3, 2011
Revised: August 28, 2011
Published: August 31, 2011

4265 dx.doi.org/10.1021/nl202256k | Nano Lett. 2011, 11, 4265-4269


http://pubs.acs.org/action/showImage?doi=10.1021/nl202256k&iName=master.img-000.jpg&w=240&h=93

Nano Letters

strip width (nm)

400

b

650 675 700 725 750 775 800

Figure 1. (a) Scanning electron microscopy image of a 20 nm thick Ag
wedge on a silicon-on-insulator (SOI) substrate. The y-axis denotes the
strip width at different locations along the length of the wedge. The scale
bar is 1 um. (b) Spatially resolved cathodoluminescence scans of the Ag
wedge taken with 30 keV electrons and collected at different emission
wavelengths in the range from 650 to 800 nm. Width- and wavelength-
dependent resonant bands with higher CL signal are clearly resolved in
the images.

top-illumination experiments. We also find that in addition to
the short-range SPPs>° the long-range SPPs play a critical role in
the operation of strip antennas.

Figure la shows a tapered Ag wedge that is the focus of the
current study. This wedge can locally be viewed as a nanostrip
antenna of a specific width (indicated on the vertical axis), allow-
ing for study of many antenna sizes within one fabricated struc-
ture. The 20 nm thick Ag wedge antenna was fabricated on a
silicon-on-insulator substrate (20 nm SiO, spacer on top of
40 nm of Si on a 400 nm buried oxide attached to a Si wafer),
using electron-beam lithography, Ag evaporation, and lift-off,
as described in previous work.® Spectrally resolved CL scans of
the antenna were made using a 30 kV electron beam focused to
a diameter of 10 nm at a typical beam current of 1 nA. A two-
dimensional map of CL spectra with a pixel pitch of 10 nm was
measured by collecting radiation as a function of beam position
on the sample and then analyzing the radiation with a spectro-
meter. This CL radiation is collected by a parabolic mirror
(1.467T sr. acceptance angle) placed between the sample and
the pole-piece of the microscope. Measured CL spectra have
contributions from both antenna resonances and background
radiation from the substrate. The CL spectra shown have this
background radiation removed.

Figure 1b shows the CL signal as function of electron-beam
position on the wedge for seven equally spaced emission wave-
lengths in the range from 650 to 800 nm. Each image in Figure 1b
shows regions/widths along the wedge where the CL signal is
clearly enhanced. We will argue that these signal enhancements
can be attributed to the excitation of standing wave SPP reso-
nances. Similar bright bands have been observed and attributed
to standing wave SPP resonances in nanowire antennas'®*° and
plasmonic Fabry—Pérot cavities fashioned into a single-crystal
Au surface.”’ This interpretation is also consistent with the fact
that the brighter regions move up along the wedge (to larger
widths) as the wavelength of the collected emission is increased.
The linear movement of these bright regions with emission
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Figure 2. Cathodoluminescence (CL) signal integrated along the strip
width, plotted as a function of strip width and emission wavelength. Four
resonant bands exhibiting enhanced CL are clearly resolved. The drawn
lines are calculated using eq 1 and indicate the Fabry—Pérot resonances
of short-range surface plasmon polaritons (SR-SPPs) for different mode
orders m = 2—S.

wavelength reflects the approximately linear dependence of the
SPP resonant wavelengths on strip width.

To explore the dependence of the resonant wavelengths on
the strip width, we plot in Figure 2 the integrated CL intensity
across the width of the strip for different strip widths and wave-
lengths. This figure shows four resonant bands. We model the
resonances using a Fabry—Pérot model,”” in which a resonance
condition is met if the antenna width w equals an integer multiple
of half SPP wavelengths including a phase advance ¢ upon
reflection from the sides of the wedge

3.

Wres,m — |M — — |-

’ 7| 2ngpp

Here m indicates the order of the resonance, A, is the free-
space wavelength and g, the mode index. In the following, we
first presuppose that the antenna behavior is dominated by the
antisymmetric short-range SPP mode, with a mode index g, _gpp.-
The drawn lines in Figure 2 labeled by the resonance order
m =2—S5 are calculated using eq 1 using ¢ = 77/2 and a frequency-
dependent ng, g, ranging between 2.2 and 2.7. These values
were previously determined using numerical simulations®*
and experiments.”® The solid lines in Figure 2 are calculated
using eq 1 and correspond well to the measured data. Unlike in
normal incidence receiving mode where only odd SR-SPP
resonances are observed,® this CL resonance map reveals both
even (m=2,4) and odd (m = 3,5) resonances. The electron beam
effectively serves as a broadband localized dipole source as it
passes through the metal surface. This transition dipole is com-
posed of the incident moving electron charge and its image charge
with the metal. As a radiating dipole source it can emit into the
allowed optical modes (including both even and odd antenna modes)
at the location of scanning electron beam. The emission from the
antenna modes could subsequently be collected with a parabolic
mirror that can collect photons over a broad angular range.

Next, we focus on the fine structure in the CL signal across the
width of the antenna. Figure 3a shows a CL emission map taken
at an emission wavelength of 700 nm. The image shows fringes
that become more pronounced near the resonant widths marked

(1)
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Figure 3. (a) Cathodoluminescence image for a free-space emission wavelength of 700 nm. The scan has been stretched 4 times in the horizontal
direction to more clearly show the fine structure across the width of the antenna. Horizontal lines denote widths at which resonances occur. (b) Line cuts
of the CL signal taken at resonant widths from the image in (a), showing SPP standing wave patterns. (c) Calculated intensity of SPP standing waves
according to the Fabry—Pérot model for short-range SPP resonant modes. (d) Calculated intensity of SPP standing Fabry—Pérot model for a

superposition of resonant short-range and long-range SPP modes.

by horizontal yellow lines (derived from eq 1 and Figure 2). The
CL intensity along these lines is shown in Figure 3b. The fringes
in these line cuts are dominated by the standing SPP wave pattern
of the resonant strip, with peaks spaced by approximately A qpp/2.
The standing wave patterns each have a number of nodes and
antinodes commensurate with their resonance order (number
of antinodes within the cavity equals m — 1). The intensity of the
plasmonic standing wave pattern at a position x along the strip
width derived from the Fabry—Pérot model is given by

- 2
I(x) o re”—e¢ (eikx _ refikxeisz) (2)

Here k = ng,k, is the propagation constant of the relevant SPP,
and r is the complex SPP reflection coeflicient that takes into
account the phase advance upon reflection.” Figure 3¢ shows
calculations of eq 2 for the resonant widths in Figure 3b for short-
range asymmetric SPPs. Comparing Figure 3 panels b and c it is
clear that the model correctly predicts both the number and posi-
tion of the minima and maxima in the CL scans. It does not
account for the bright peaks at the ends of the strip. However,
similar peaks commonly occur near truncations of a metallic
structure'®*! and can be ascribed to a locally enhanced coupling
of the electron beam to SPPs. In addition to this expected
discrepancy between Figure 3 panels b and ¢, we note two other
features in the CL data in Figure 3a,b that cannot be explained by
the single-mode SR-SPP resonance model shown in Figure 3c.
First, in the experiment the peak heights of the standing wave are
nonuniform across the width while in the Fabry—Pérot model all
of the peaks have the same height. Second, the model shows a
monotonically decreasing visibility of the standing wave pattern
for increasing width, due to increased SPP propagation losses,
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Figure 4. (a)b) Calculated mode profiles (transverse magnetic field
amplitude) for (a) short-range and (b) long-range SPP modes for a
20 nm thick Ag film on an n = 1.87 substrate. (c,d) Calculated
distribution of the local density of optical states (LDOS) for a point
dipole placed in the substrate below the strip (c) and above the strip (d).

while in experiment the m = 4 (w = 500 nm) resonance is more
intense than the m = 2 and 3 resonance.

To explain these two observations we must invoke the sym-
metric long-range SPP mode as an additional relevant resonant
antenna mode. For symmetry reasons, this mode is also hidden in
optical experiments where the antenna is illuminated from the
top and to our knowledge this mode has in fact remained elusive
in optical scattering experiments. Figure 4a shows the calculated
transverse magnetic field mode amplitude profiles for a free-space
wavelength of 4, = 700 nm for the short-range antisymmetric
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(a) and the long-range symmetric (b) SPP mode.** In the cal-
culations, the layered SOI substrate was modeled by a bulk
substrate with an effective ng,, = 1.87 and optical constants for Ag
were taken from Rakié.”> We note that the LR-SPP is a leaky
mode in this case due to the high index of the substrate. In the CL
experiment, the electron beam couples to both of these SPP
modes. In Figure 3d, we plot the intensity of the sum of short-
range and long-range SPP Fabry—Pérot standing waves calcu-
lated using eq 2 . We assume their relative contributions are equal
and a reflection phase of the LR-SPP of 377/2. The individual
contributions from long-range and short-range SPPs are plotted
in green and blue, respectively. The summed intensity shows
good quantitative agreement with the experimental line plots in
Figure 3b. The simulations accurately predict the deep minimum
at the center of the strip for the largest width (w = 635 nm).
The reduced intensity at the center of the CL scan for the w =
500 nm width region is also reproduced. Finally, the simulations
also show the enhanced intensity in the center of the narrowest
strip (mgg = 2). The strong modulation of the intensity maxima
across the antenna width are the result of the large difference in
wavelength of the short-range and long-range modes, as is also
evident from Figure 3d. For an antenna width w = 500 nm both
SPP modes are resonant (m; = 2 resonance for the long-range
SPP; mgr = 4 resonance for the short-range SPP), leading to a
strongly enhanced integrated intensity, as is also observed experi-
mentally in Figure 3b. In contrast, for w = 350 nm the short-range
SPP is resonant while the long-range SPP is not, leading to the
relatively weak intensity profile for the latter.

To further study the contribution of the two SPP modes to the
antenna radiation, we performed simulations of the local density
of optical states (LDOS) near the top and bottom surface of the
antenna. We use two-dimensional finite-difference frequency-
domain (FDFD)** electromagnetic simulations to model a
vertically oriented dipole placed 15 nm from the metal surface
and use a substrate with an effective index of n,, = 1.87. Figure 4c
shows the two-dimensional LDOS distribution for dipoles placed
in the substrate below the antenna. The intensity distribution
matches quite well with the calculated line scans for the short-
range SPP mode in Figure 3c. This indicates that emitters placed
below the antenna predominantly couple to short-range SPPs.
Interestingly, the LDOS above the antenna (Figure 4d) shows
a very different distribution. We attribute this to the super-
imposed standing wave patterns of both short-range and long-
ranges SPPs. Indeed, the calculated integrated intensity distribu-
tions in Figure 3d are in good agreement with the corresponding
cuts through Figure 4d. This also helps to validate our assump-
tion of equal relative contributions from LR and SR SPP
resonances.

The difference in the two-dimensional LDOS profiles for the
two dipole positions is explained by the difference in coupling to
the SPP mode profiles. A dipole placed in the substrate below the
antenna will couple most strongly to the short-range SPP due to
large mode overlap between the dipole field and the short-range
SPP mode profile (see in Figure 4a). For a dipole placed above
the antenna, we find a comparable mode overlap with both types
of SPP modes and both modes are thus excited. As the electron
beam is a direct probe of the LDOS along its trajectory, and since
it passes through both the top and bottom interfaces, the CL
measurement includes contributions from both top and bottom
LDOS patterns. This is consistent with the observation of both
short-range and long-range SPP resonances in the CL scans.

In conclusion, we have investigated the resonant modes of
plasmonic strip antennas using high-resolution cathodolumines-
cence imaging spectroscopy. From the observed CL distributions,
we directly characterize the relevant resonant modes supported
by the antenna. We find that both short-range and long-range
SPP modes play a critical role in the resonant optical behavior of
the antenna. The superposition of these modes gives rise to a
complex CL intensity profile across the antenna. The importance
of the contributions of short-range and long-range SPPs to the
CL signal is further confirmed using calculations of the local
density of states. We find that a dipole placed in the substrate
below the antenna preferentially couples to the short-range SPP,
while a dipole placed above the antenna excites both types of SPP
modes. This work resolves the full modal distribution of a
plasmonic strip antenna, including modes previously hidden in
optical experiments. It demonstrates some similarities and
fundamental differences between resonant antenna modes ex-
cited by far field plane-wave radiation and those excited in the
near-field. The obtained results can help guide the design of
plasmonic structures as transmitting optical antennas.
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