NANO
LETTERS

. 2007
Plasmonic Modes of Annular Vol. 7, No. 12

Nanoresonators Imaged by Spectrally 3612-3617
Resolved Cathodoluminescence

Carrie E. Hofmann,* T Ernst Jan R. Vesseur, * Luke A. Sweatlock, T
Henri J. Lezec, T8 F. Javier Garci‘a de Abajo, "' Albert Polman, *' and
Harry A. Atwater ™+

Thomas J. Watson Laboratory of Applied Physics, California Institute of Technology,
Pasadena, California 91125, Center for Nanophotonics, FOM Institute for Atomic and
Molecular Physics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands,

Centre National de la Recherche Scientifique, 3 Rue Michel-Ange, 75794 Paris Cedex
16, France, Instituto de Optica, CSIC, Serrano 121, 28006 Madrid, Spain

Received July 23, 2007; Revised Manuscript Received October 16, 2007

ABSTRACT

We report the observation of plasmonic modes of annular resonators in nanofabricated Ag and Au surfaces that are imaged by spectrally
resolved cathodoluminescence. A highly focused 30 keV electron beam is used to excite localized surface plasmons that couple to collective
resonant modes of the nanoresonators. We demonstrate unprecedented resolution of plasmonic mode excitation and by combining these
observations with full-field simulations find that cathodoluminescence in plasmonic nanostructures is most efficiently excited at positions
corresponding to antinodes in the modal electric field intensity.

Excitation and localization of surface plasmon polariton Alternatively, a focused electron beam can be used to directly
(SPP) modes in metallodielectric structures is currently a and locally excite SPPs with higher spatial resolution, without
topic of intensive research motivated by the ability to achieve the intermediate step of generating and coupling an incident
truly nanophotonic materials and devices with tunable optical photon. Electron energy loss spectroscopy in the transmission
dispersiort. In particular, nanoresonators are essential build- electron microscope (TEM) has been used to visualize
ing blocks of future subwavelength-scale photonic systems plasmonic modes in metal nanoparticté: nanorodg?16
as both activéand passivedevice components. Nanostruc-  and nanotrianglé$ with spatial resolution limited only by
tures consisting of annular grooves and gratings in metal the electron beam diameter, which can be as small as 1 nm.
films exhibit exciting properties such as photon-to-plasmon Sych investigations in the TEM require samples to be
coupling; focusing?~" and intensity enhancement, all of electron transparent, for example, to have thicknesses less
which are exciting for sensifignd surface-enhanced Raman  than 100 nm. However, cathodoluminescence (CL) excitation
scattering application$:'* In this letter, we directly excite  jn the scanning electron microscope (SEM) does not impose
plasmonic modes in engineered annular nanoresonators oiych a constraint on sample thickness. In the SEM, electron
Ag and Au surfaces with a highly localized electron beam peam excitation yields CL emission that has recently been
source and use spectrally resolved cathodoluminescencg,geq to investigate the propagation of SPPs along planar
imagir!gulto probg_the plasmon field intensity as a function atal surfaces and linear gratin® and to image modes
of excitation position. . _ in Au nanowires® We extend this technique to investigate
Surface plasmon polaritons are generally excited optically o ges in nanofabricated plasmonic annular nanoresonators.

at a metal/dielectric interface using a prism or grating to . . . .
o . ) When a metallic nanoresonator is excited with an electron
couple the incident light to the surface waveéRreviously, -
beam, there are several phenomena that can result in light

annular gratings have been investigated with near-field =~ Hiah lect direcil diteand
optical techniques capable of 20 nm optical probe siZes. emission. High-energy electrons can directly ex nd
transitions in the metal film, producing photons with energies

of approximately 4 eV (310 nm) upon relaxation in Ag?
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plasmonic modes. We show that such resonant modes arelement integration (FEI) methodsWe assume that the
most efficiently excited by focusing the localized electron optical constants of Ag are described by the Drude model
beam at positions corresponding to antinodes in the modal
electric field intensity. (es— eh)a)p2

Nanoresonators were fabricated on Ag and Au surfaces. (@) =€~
The Ag structures were prepared by evaporating 400 nm of
Ag on a quartz substrate and using focused ion beam (FIB) . . o o .
nanofabrication with a Glaion source operating at 30 keV. with re Igtllve_permltu_\nty in the Statlc.l'm'ts_ 6.18, relative
Each annular resonator is composed of a center plateau an(gr (;rmugtrl]\éltywln relggh;fri%?ee rr];é/. S“_Tlggn_d SIhAf’ cgllﬁ:i?g
five concentric rings separated by grooves 50 nm deep with q y P ) 3 1 T

) L : . frequencyv. = 8.35 x 103 radts ™. We simulate a structure

varying grating ring period and center diameter. Nanoreso- - . . X :
nators with 15 concentric grooves 100 nm deep were aISOWlth 600 nm center diameter and 300 nm grating period using

patterned in the (111) surface of a polished single-crystal a cyh_nc_jrlcal slab of Ag (400 nm thick, 4m d|ameter)_
Au substrate grown by the Czochralski process. containing annular grooves (50 nm deep, 150 nm wide,

spaced 150 nm apart) all enclosed in a matrix of air. In these

_ Spectrally resolved CL analysis was performed using a fijte gifference time domain (FDTD) simulations, a propa-
field emission SEM operating at 30 keV and equipped With a4inq plane wave incident normal to the Ag surface is used

amirror-based cathodoluminescence detection syStor. 5 the source, polarized along an arbitrary direction in the

this technique, the spatial resolution in excitation is limited plane of the surface. A two-step process is used to identify
only by theselectron beam spot size of 5 nm. Monte Carlo o resonant modes and their corresponding frequefties.
simulations® of electron trajectories in a 400 nm thick Ag  ne strycture s first excited nonresonantly with a low-energy
film on quartz confirm that no significant beam broadening a6 wave. The excitation is then turned off, and the induced

oceurs W'tq'n 20 nm of the Ag surface, one eIec’Fnc f|e_ld electric fields decay, or “ring down,” allowing the resonator
skin deptfr* Furthermore, although the electron trajectories 4 select its natural frequencies in the absence of an external

extend beyond 4m into the substrate, any luminescence qyying field. This method of illumination effectively contains
excited below several skin depths in the Ag film is 5 yide spectral intensity that is peaked around the frequency
significantly attenuated before emission and detection are ;¢ e initial plane wave. A fast Fourier transform (FFT) of
possible. Thus, any detected light arises only from interac- the time domain ringdown data reveals the frequency

tions near the surface of the Ag film. response. Spectrally resolved cathodoluminescence imaging
nght emitted from the sample is collected with a retract- is not a time-resolved technique, and a valid Comparison
able paraboloidal mirror positioned above the sample (col- petween experimental results and simulations must include
lection angle up to+80° from the surface normal). For  observables that are averaged over at least one optical cycle.
spectroscopy and spectrally resolved CL imaging of the Ag The time-averaged electric field intensity was determined
sample, emitted light is sent through a grating monochro- by squaring the magnitude of 25 three-dimensional electric
mator before being focused on the photomultiplier tube field snapshots from a single time period at the end of the
detector. For panchromatic imaging, the light emitted from simulation and averaging the result. Resonator modes with
the sample is focused directly onto the photomultiplier symmetries that are not supported by normal-incidence
detector, detecting photons with wavelengths ranging from excitation were investigated with off-axis plane waves. The
300 to 900 nm. Spectrally resolved CL images are obtainedincident angle was chosen to impose the correct symmetry
by setting the grating monochromator to a specific wave- upon the center region of the nanoresonator.
length and scanning the electron beam over a selected area Boundary element method (BEM) simulati@h@ allow
of the sample with a per pixel dwell time of 10 ms and a ys to calculate the probability of cathodoluminescence
passband of 27 nm. Secondary electron and CL images areemission for various positions in the annular nanoresonators.
obtained simultaneously. The images were postprocessed t€omputations are performed in the frequency domain, where
correct for the drift in the scan direction by shifting each the electromagnetic field within each homogeneous region
row of pixels of the SEM image to recreate the true annular of space is expressed in terms of auxiliary boundary charges
resonator topography and applying this same correction toand currents. The customary boundary conditions are used
the corresponding CL image. Any drift in the vertical to obtain a set of surface-integral equations involving those
direction is not corrected, explaining the elongated center boundary sources, which are solved using |inear-a|gebra
region in several of the images. The single-crystal Au sam- techniques upon discretization of the boundaries via a set of
ple was imaged using spectral detection on a charge-cou-representative surface points. Furthermore, the axial sym-
pled device array detector, sampling wavelengths from 387 metry of the annular resonators is used to decompose the
to 947 nm. Spectrally resolved images are obtained by takingfields in uncoupled azimuthal componentsvith azimuthal-
slices through the compiled image with 20 nm spectral angle dependence a@&%. This results effectively in a one-
resolution. dimensional field calculation problem that is solved with
Two different simulation methods are employed to inves- great accuracy. Converged results for a nanoresonator of 600
tigate the plasmonic modes of annular nanoresonators. Firsthm center diameter and 300 nm period have been achieved
we perform three-dimensional full-field electromagnetic using~21000 discretization points. Calculated CL intensities
simulations which solve Maxwell's equations using finite- are obtained using as an external source the field of a 30

o’ +iwv,
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Figure 1. Panchromatic CL imaging of Ag annular nanoresonators — 1500 nm 41 = 723 nm. and. = 430 nm and off-normalq =

with 315 nm period and center sizes of (a) 620 nm, (b) L0V 30°) plane wave excitation dt= 600 nm. Peaks in the FFT spectra

and (c) 1.70um. (d) SEM image taken concurrently with qentify resonant modes of the structure. (b) Boundary element
panchromatic CL image of structure (0). (e) Line profiles from  athod simulations of plasmonic modes. Probability of cathodolu-
regions indicated by the dashed lind@and(d) illustrating strong  minescence emission is plotted as a function of excitation wave-

emission when the electron beam is positioned at an edge andigngih and position at a distance of 10 nm above the Ag topmost
decreasing intensity as the beam moves outward from the center.q ;rface. Modes Mo M1o and M1 are indicated at wavelengths

L . . of A =720 nm,A = 590 nm, andl. = 450 nm, respectively. The
keV electron, which is separated analytically in frequency g race topography is shown in gray.

components. The integral of the time-averaged Poynting
vector over emission directions in the far field for each is obtained for electron beam excitation in the center of the
frequency component yields the CL intensity at that particular structure, indicating that more efficient excitation and/or more
photon frequency. Tabulated optical data have been used afficient outcoupling occurs in this region.
input for the dielectric functiof? Full-field FEI simulations are used to determine the
Figure 1a-c shows panchromatic CL images of nanoreso- plasmonic modes of an Ag annular nanoresonator with 600
nators in Ag with 315 nm grating period and three different nm center diameter and 300 nm grating ring period. We adopt
center diameters. The CL images represent the radiationa naming convention for the modes;Mwhere the integer
collected from the entire resonator as a function of the srefers to the symmetry of the mode= 0 for modes with
electron beam excitation position on the structure. Bright nodes in electric field intensity in the center, amek 1 for
regions in the images correspond to greater emitted photonmodes with intensity antinodes in the center) and the integer
intensity. For all annular nanoresonators shown here, we seen denotes the number of intensity antinodes in the radial
high intensity for excitation at the edges of the center as direction of the center plateau, extending outward from the
well as the concentric rings. The locally increased emission center of the structure and excluding peaks at the edges. The
inside the grooves is attributed to scattering from roughnessFFT spectra for low-energy normal incidence plane-wave
in the polycrystalline Ag film, formed because of the crystal excitation atA = 1500 nm in Figure 2a show multiple
orientation-dependent focused ion beam milling rate. The features, including a peak at= 330 nm corresponding to
intensity line profiles in Figure 1e correspond to the dashed the Ag surface plasmon resonaffcand two broad peaks:
lines through the panchromatic CL image in Figure 1c and one centered at = 430 nm and one in the 7600 nm
the correlated SEM image in Figure 1d. The CL profile range. Subsequent excitation in each of these two bands at
clearly shows peaks in emission when the electron beaml = 723 nm (mode M) andA1 = 430 nm (mode M,) leads
dwells near an edge. An overall decay in emission intensity to strong resonant response that we therefore attribute to
is observed as the electron beam moves outward from theplasmonic modes of the nanoresonator. Off-axis plane wave
center. Thus, we see that a higher emitted photon intensityexcitation enables investigation of an additional spectral peak
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Figure 3. Spectrally resolved imaging of plasmonic modes in an Ag annular nanoresonator with 620 nm center diameter and 315 nm
grating period. (a) Spectrally resolved CL images at the indicated wavelengths, eagh3®Dpixel$ with a per pixel dwell time of 10

ms and 27 nm spectral passband. (b) SEM image of nanoresonator indicating the scan region for the CL ifaadeklime profiles of

modes M, M1 and M ; from finite element (FDTD) simulated time-averaged electric field intensity, probability of CL emission from
BEM simulations, and spectrally resolved CL images at the indicated wavelengths. The corresponding surface topography is shown in gray.

centered al. = 600 nm (mode M. Symmetry forbids For this mode, bright CL emission is also localized at the
excitation of this mode at normal incidence in our simulation, edges of the center and concentric rings.
but off-normal incidence plane wave excitation breaks this  Spectrally resolved CL imaging was used to experimen-
symmetry constraint, and an antinode in electric field tally reveal the plasmonic modes discussed above. Figure 3
intensity is observed at the center. Characterizing the quality shows SEM and spectrally resolved CL images of an annular
of these plasmonic nanoresonators is essential for develop+esonator with a 620 nm center diameter and 315 nm grating
ment of future devices. We determine the quality fattqr period. AtA = 350 nm, which is very close to the Ag surface
of the nanoresonator for each mode from the exponential plasmon resonance, nearly uniform emission occurs for
decay time of the electric field intensity during ringdown, excitation anywhere in the structure. Near resonance, surface
giving Qo,0 = 36, Q10 = 18, andQo1 = 8. plasmon propagation lengths are very short and thus no
Using BEM simulations, we calculate the probability of resonator modes can build up. Several different modes are
cathodoluminescence emission as a function of electron beanobserved at longer wavelengths, as illustrated in Figure 3c.
position for this same structure. Figure 2b shows CL intensity Line profiles of the simulated time-averaged electric field
as a function of both distance from the annular nanoresonatorintensity from FDTD and the BEM-calculated probability
center and wavelength of emitted light. The CL probability of CL emission are plotted alongside experimental CL
is calculated by integrating the emission for directions from emission profiles. = 500 nm,A = 600 nm, andl = 700
the grating normal up to 30from the normal. Al = 720 nm. At A = 700 nm, CL data show bright emission for
nm, bright CL intensity is concentrated only at the edge of excitation near the edges of the center plateau, but uniform
the center plateau, characteristic ofyM Mode M is emission from the rest of the structure. This is consistent
observed afl = 590 nm, characterized by a small peak in with excitation of My, where high fields are localized at
emitted intensity at the center of the structure.AAt 450 the edges of the center region and not in the surrounding
nm, a node in CL intensity in the center of the structure and rings. Mode M, imaged att = 600 nm, is characterized
one antinode along the radial direction distinguishes.M by an antinode in the resonator center that is captured in
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Figure 4. Imaging modes in a single-crystal Au nanoresonator withv@6diameter center plateau surrounded by 15 grooves with 250

nm grating ring period and 100 nm groove depth. (a) SEM image of nanoresonator and spectrally resolved CL images at the wavelengths
indicated. (b) Line profiles of modes 4, My 3 and M , from spectrally resolved CL images and simulated CL intensity along the center

of the resonator iif@). Experimental line traces at the designated wavelengths are obtained by summation over 4 pixel lines in the horizontal
direction, corresponding to a 193 nm line width. Simulated CL intensity is calculated from BEM simulations. The peaks in CL intensity
along the center region are numbered for both experimental and simulated line profiles. Surface topography is shown in gray.

experimental and simulated line profiles. The onset @giM  experimentally resolving the simulated peaks in emission
is observed af = 500 nm with four peaks in the center intensity at the edges of the grooves, extremely good
region revealed in the CL linescan. These regions of agreement is found between spatial variation of the experi-
enhanced emission in the center plateau correlate well withmental and calculated CL intensity along the center region
the simulated electric field intensity and CL profiles. For for each mode.
modes Mand M1, the best agreement between simulated In conclusion, we have demonstrated high-resolution
and experimentally imaged modes is found for slightly spectrally resolved CL imaging as a powerful tool to reveal
different wavelengths. This can be attributed to uncertainty plasmonic modes in Ag and Au annular nanoresonators.
in parametrization of the effective dielectric function in the Boundary element method calculations of the CL emission
grooves of the fabricated Ag nanoresonators. The FIB milling characteristics for each resonator mode agree very well
of polycrystalline Ag leads to very rough surfaces in the with experimental results. Further, we have used full-
grooves, preventing accurate representation of the groovefield electromagnetic simulations to identify the plasmonic
depth and profile in simulations. The remaining spectrally modes of Ag nanoresonators, and we have proposed a
resolved CL images in Figure 3a can be understood primarily direct correlation between the luminescence emission inten-
as superpositions of M, M1, and M 1. sity and electron beam excitation at antinodes of the elec-
To further explore higher order modes in plasmonic tric field intensity corresponding to particular plasmonic
nanoresonators, larger structures were fabricated in single-modes.
crystal Au. The absence of grain boundaries and hence longer
propagation lengths enable clear observations of modes in
larger resonators. Figure 4a shows spectrally resolved CL
images of a resonator with a 2/6n center plateau sur-
rounded by 15 concentric grooves with 250 nm grating
period. The experimental line profiles in Figure 4b indicate
that the CL emission along the center region varies with
wavelength, showing modes with 5, 6, and 7 antinodes at
wavelengths oft = 798 nm (M), A = 720 nm (M 3), and
A = 661 nm (M. 3), respectively. The probability of CL
emission is calculated from BEM simulations of this Au
resonator with the number of grooves truncated at five.
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