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A
multitude of optical phenomena

at the nanoscale are made possible
by resonant surface plasmons in ar-

tificially structured metal systems. These op-
tical phenomena often give rise to proper-
ties that are difficult to obtain in natural
materials. An entire new generation of arti-
ficial materials in the emerging field of plas-
monics is designed to harness these proper-
ties through nanoscale engineering. These
materials find tremendous applications in
chemical and biological sensing.1,2 By
simple surface patterning of a thin metal
film, it is possible to engineer its surface
modes over a wide range of frequencies.3

Highly localized optical modes associated
with patterned surfaces with nanoscale fea-
tures (��200 nm) and the sensitivity of
these modes to local refractive index find
tremendous potential in realizing compat-
ible and efficient sensors. These optical
modes known as localized surface plasmon
resonance (LSPR) modes are responsible for
producing strong scattering and extinction
spectra in metal nanoparticles such as silver
and gold. Exploiting local electromagnetic
field enhancement associated with these
plasmonic structures has led to several in-
teresting applications such as enhanced
fluorescence,4 enhanced photocarrier gen-
eration,5 and other nonlinear effects such as
second harmonic6 and high-harmonic gen-
eration.7 Often the field is confined spatially
on length scales on the order of 10�50
nm and varies strongly with particle shape,
size, and material composition.8 Unfortu-
nately, diffraction-limited optical imaging
techniques do not have enough spatial
resolution to image these plasmon modes
or precisely locate the “hot-spots” respon-
sible for producing enormous enhance-
ment. Near-field scanning optical micros-
copy (NSOM) has been used to investigate

these plasmon modes.9 State-of-the-art
NSOM experiments have demonstrated
spatial resolution on the order of 15 nm;10

however, it requires fabrication of very
sharp tips. On the other hand, electron
beam based characterization techniques
such as cathodoluminescence (CL) and elec-
tron energy loss spectroscopy (EELS) are
able to excite and image plasmon modes
with very high spatial resolution. EELS, for
example, has been demonstrated to resolve
plasmon modes on length scale below 18
nm.11 EELS technique, however, has to be
performed in a transmission electron micro-
scope (TEM), where it detects the inelasti-
cally scattered electrons and the loss suf-
fered by electron beam in exciting surface
plasmons. Although the technique has
been described as one with the best spa-
tial and energy resolution,11 it requires
samples to be electron transparent (typi-
cally �100 nm). Specialized sample prepa-
ration procedure (used for TEM) and instru-
mentation make it an expensive alternative
and infeasible for samples on a thick sub-
strate. On the other hand, scanning electron
microscopy (SEM)-based CL technique does
not suffer from this limitation. CL (in both
SEM and TEM modes) has been utilized to
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ABSTRACT Cathodoluminescence spectroscopy has been performed on silver nanoparticles in a scanning

electron microscopy setup. Peaks appearing in the visible range for particles fabricated on silicon substrate are

shown to arrive from excitation of out-of-plane eigenmodes by the electron beam. Monochromatic emission maps

have been shown to resolve spatial field variation of resonant plasmon mode on length scale smaller than 25

nm. Finite-difference time-domain numerical simulations are performed for both the cases of light excitation and

electron excitation. The results of radiative emission under electron excitation show an excellent agreement

with experiments. A complete vectorial description of induced field is given, which complements the information

obtained from experiments.

KEYWORDS: cathodoluminescence · plasmonics · nanoparticles · extinction · eigenmodes

A
RTIC

LE

www.acsnano.org VOL. 3 ▪ NO. 10 ▪ 2965–2974 ▪ 2009 2965



image plasmon modes of particles and antennas of vari-

ous shapes.12�15

CL has been used in materials science as an ad-

vanced technique for examination of intrinsic struc-

tures of semiconductors such as quantum wells16,17 or

quantum dots.18,19 Typically, a tightly focused beam of

electrons impinges on a sample and induces it to emit

light from a localized area down to 10�20 nm in size. By

scanning the electron beam in an X�Y pattern and

measuring the wavelength and intensity of light emit-

ted with the focused electron beam at each point, a

high-resolution map of the optical activity of the speci-

men can be obtained. In traditional cathodolumines-

cence of semiconductors, impingement of a high-

energy electron beam will result in the excitation of

valence electrons into the conduction band, leaving be-

hind a hole. The detected photon emission is actually

a result of an electron�hole recombination process. In

the case of metallic nanostructures, the photons, how-

ever, are produced as a result of excited plasmons, that

is, collective motion of the conduction electrons in-

duced by the fast moving electrons, and these induced

charges can act back on the electron beam, causing it

to lose energy as detected in EELS. In CL spectroscopy,

we are able to detect radiation due to the oscillating

plasmon on metallic structures, allowing quantitative

study of the local field (Figure 1). Mechanism of this ra-

diation has recently been presented.14,20 While photon

emission from semiconductor materials on interaction

with an electron beam is well-understood, CL from plas-

monic nanostructures is a relatively new field and de-

serves more attention.

In this study, we investigate the plasmon modes of

silver (Ag) triangular nanoparticles using CL imaging

and spectroscopy. The study is intended to identify the

local modes of these nanoparticles. While it is under-

stood that the excitation of plasmons in these metallic

nanoparticles is responsible for the field enhancement

effect, it is a challenge to identify
the local fields associated with these
plasmons. Several theoretical studies
have identified the plasmon eigen-
modes of triangular
nanoparticles,21�23 but only a few ex-
perimental studies have demon-
strated a resolution capability of
mapping the spatial field variation
associated with these plasmon
modes.11,24,25 In this work, we report
direct excitation and emission of de-
coupled surface plasmon modes with
CL spectroscopy (in SEM chamber)
on triangular nanoparticles. In spec-
troscopic mode with monochromatic
photon maps, we are able to distin-
guish the dramatic spatial variation

of resonant plasmon mode on length

scales smaller than 25 nm. Numerical simulations were

performed to identify the plasmon eigenmodes of trian-

gular particles using a commercial finite-difference

time-domain (FDTD) simulator.26 Both electron beam

excitation and a more conventional plane wave scatter-

ing type calculations are performed to stress the differ-

ences between light excitation and electron excitation.

Electron excitation calculations are performed by mod-

eling the moving electron as a series of closely spaced

dipoles with temporal phase delay governed by the ve-

locity of the electron. We also incorporate substrate ef-

fect into our calculations. Our simulations illustrate that,

while normally incident light predominantly excites in-

plane eigenmodes, electron beam is more capable of

exciting out-of-plane dipole mode of the particles. Un-

der resonance conditions (i.e., at a wavelength of 400

nm), this out-of-plane CL emission mode depicts a

standing-plasmon mode pattern.

RESULTS AND DISCUSSION
CL Spectra and Images: Conventionally, nanoparticles

are characterized by their extinction spectra. The peaks

observed in absorption or scattering spectra of particles

under light excitation reveal resonant wavelengths of

certain plasmon eigenmodes of the particle. While light

excitation can couple to low-frequency plasmon eigen-

modes, it is hard to excite high-frequency plasmon

states due to large momentum mismatch.27 Electron ex-

citation on the other hand can couple to high-

frequency plasmon modes, and recently, it has been de-

scribed to directly reveal the local density of plasmon

states.28 While far-field optical techniques are limited in

their resolution capability to image the plasmon eigen-

modes, electron excitation on the other hand is poten-

tially capable of resolving details below tens of nano-

meters. Resolving surface plasmon modes and

understanding the underlying physics is crucial to de-

Figure 1. Schematic illustration of CL spectroscopy and imaging technique performed in a scan-
ning electron microscope. Inset: Passing electron beam induces current/electromagnetic oscilla-
tions in a metallic particle. These oscillations known as surface plasmon modes are responsible for
radiation detected in CL.
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sign better plasmonic devices tailored to specific

applications.

For the purpose of this study, we fabricated 40 nm

thick Ag equilateral triangular nanoparticles with �200

nm edge length arranged in a hexagonal lattice. These

particles are fabricated on a silicon substrate, and the

shortest distance between two adjacent particles is

�100 nm. Silicon is chosen as the substrate material to

suppress background cathodoluminescence in the

wavelength range of interest (near-UV and visible). For

the purpose of numerical simulations, we model and

analyze single nanoparticle. This is because experimen-

tally the interaction distance between electron beam

and the particle is limited to a few tens of nanometers,

and hence, the excitation of plasmon modes is insensi-

tive to particle coupling over �100 nm spacing. This is

especially true for particles on a nonplasmonic sub-

strate such as silicon. We have performed spectrally re-

solved CL imaging experiments on these triangular

nanoparticles on Si substrate. The emission spectrum

of the particle induced by the electron beam passing

nearby the tip of the particle reveals a resonance peak

at 405 nm and a secondary peak at 376 nm (Figure 2a,

blue). This is in excellent agreement with simulations

that indicate a resonance peak at 430 nm and second-

ary peak at 385 nm under tip excitation (Figure 2a, red).

A vector plot of the electric field on a vertical plane

near the particle shows that the plasmon excited by

an electron beam at 400 nm is an out-of-plane mode

(Figure 2b). It is to be noted that, in this simulation, the

Si substrate has been approximated as nondispersive

loss-less material with an average refractive index of 4.8

(see Methods).

Our experimental setup consists of a paraboloidal

mirror, which is placed between the sample stage and

the electron beam in a SEM chamber. The electron

beam passes through an aperture in the mirror to the

sample surface. The sample is at the focus of the mir-

ror, which lies 1 mm below it. Light emitted by the

sample is collected by the mirror and is directed to the

detectors through a light guide. Spectrally resolved

measurements are performed using a monochromator

(Czerny�Turner-type). Light passing through a mono-

chromator allows taking a spectrum, as well as images,

at a selected wavelength. In panchromatic mode of im-

aging, light skips the monochromator and all of the

light is carried to the detection optics. The measure-

ments are performed using a 15 kV electron beam and

a photomultiplier tube (PMT) detector with sensitivity

encompassing near-ultraviolet (UV) and visible wave-

lengths (250�850 nm).

Figure 3a is the secondary electron image (SEI) of a

triangular nanoparticle, which gives the topographic in-

formation about the specimen. Figure 3b is a panchro-

matic CL image (PanCL). In panchromatic mode, all of

the emitted light is collected by the detector and hence

the intensity at each pixel represents the integrated

photon counts in the sensitivity range of the detector.

The PanCL image clearly depicts plasmon-induced lumi-

nescence in the Ag nanoparticle. This luminescence

arises due to induced electromagnetic field on the

nanoparticle caused by the external field of incoming

electrons. The way this image is acquired is similar to

SEM mapping, that is, by raster scanning the electron

beam and collecting emitted photons rather than sec-

ondary electrons, as done in scanning electron imaging.

The collected light when passed through a grating

monochromator allows resolving spectral features, as

shown in Figure 2a. As an experimental reference, we

have also recorded the emission from flat silver film,

Figure 2. (a) Luminescence spectrum collected from a triangular nanoparticle under tip excitation (blue). The spectrum was
corrected for grating response function. Corresponding simulated radiation spectrum (red). Inset: SEM image of the particle
with blue dot showing the position of the electron beam. The scale bar is 50 nm. (b) Schematic diagram of the setup for nu-
merical simulation and the corresponding simulated vector plot of the electric field showing an out-of-plane mode excita-
tion at 400 nm wavelength.

A
RTIC

LE

www.acsnano.org VOL. 3 ▪ NO. 10 ▪ 2965–2974 ▪ 2009 2967



which reveals a sharp bulk plasmon peak at 325 nm
and a surface plasmon peak at 340 nm (Figure 3c, blue).
The location of these resonant peaks on flat silver
matches with the material permittivity data29 within
�5 nm. The nature of these peaks (bulk vs surface) was
further confirmed by a separate CL experiment, where
we coated the flat silver film with �5.5 nm thick alu-
mina (Al2O3) coating using atomic layer deposition
(ALD). In this case, we observe a sharp peak at 325 nm
and a relatively broad peak at 357 nm (Figure 3c, red).
This confirms that the peak at 325 nm corresponds to
bulk plasmon of silver, whereas the second peak at 340
nm (357 nm) corresponds to surface plasmons at the
silver�air (silver�alumina) interface.

Apart from emission spectra, monochromatic pho-
ton emission maps are acquired. These monochro-
matic CL images were obtained by setting the grating
monochromator to a specific wavelength and scanning
the electron beam over the nanoparticle. These emis-
sion maps acquired by raster scanning the electron
beam reveal the standing-wave patterns of surface
plasmons.11,12 These standing-wave patterns are ob-
served only under resonance conditions, that is, when
the field produced by the electron beam couples

strongly to eigenmodes of the par-
ticle. Monochromatic CL image ob-
tained at 400 nm wavelength (with
a bandwidth of 5.4 nm and 5 ms
dwell time at each pixel) shows
strong luminescent intensity when
the electron beam scans over the
tip region of the particle (Figure
4a). An image obtained at a wave-
length of 355 nm (Figure 4b) de-
picts no discernible features in spa-
tial variation of emission,
suggesting nonresonant
excitation.

Numerical Simulations: While CL
experiments are limited to map-
ping the emitted light intensity by
scanning the electron beam, nu-
merical simulations allow us to
map the field with fixed electron
beam position. It is observed that
under resonance conditions the in-
duced electromagnetic field from
the electron beam extends across
the entire nanoparticle. This is
illustrated in Figure 4c, where the
electron beam is located near the
topmost tip of the particle and the
intensity is plotted at 400 nm
wavelength. Notice the strong in-
tensity near the tips of the particle,
in contrast away from resonance
(� � 355 nm), the induced field is

weak and localized near the probe position (Figure
4d). Hence, the monochromatic emission maps ac-
quired by scanning the electron beam under resonance
condition illustrate strong luminescence near the tip re-
gions of the particle and no spatial variation (above
the noise level) away from resonance.

It should be noted that the emission pattern ob-
tained at 400 nm wavelength is very similar to the in-
plane tip eigenmode of the triangular particle illus-
trated in earlier theoretical21,22 and experimental11,24,25

studies. However, given the dimensions of the particle,
the in-plane tip eigenmode occurs at much longer
wavelengths. Our simulations indicate that the reso-
nance at 400 nm wavelength corresponds to out-of-
plane dipole mode excitation by the electron beam.
This is in contrast to light excitation, where a normally
incident plane wave predominantly excites an electro-
magnetic field that corresponds to in-plane charge os-
cillations. Although, recently, in-plane optical excitation
has also been shown to produce out-of-plane modes,30

an electron beam on the other hand can excite out-of-
plane charge oscillations more effectively. This is illus-
trated in Figure 4e, which plots the simulated vector
distribution of the electric field in a plane parallel to the

Figure 3. (a) Scanning electron micrograph of the triangular nanoparticle. (b) Panchromatic CL im-
age of the same. (c) Luminescence spectrum collected from a flat silver film.
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direction of the electron beam. Under nonresonance

conditions (� � 355 nm), the induced field does not

show charge oscillations (Figure 4f).

Light Excitation: To further illustrate the differences be-

tween light excitation and electron excitation, we have

calculated the scattering properties of a triangular

nanoparticle under plane wave illumination. When

light is resonantly coupled to the plasmon modes of a

nanoparticle, it leads to strong scattering and absorp-

tion of the incident field. Thus, the resonance modes

can be identified based on the extinction spectrum of

the particle. Figure 5a presents the extinction spectra of

isolated equilateral triangular nanoparticles (200 nm

edge length, 40 nm thickness) suspended in air. We ob-

serve a dipolar plasmon peak at 677 nm and a quadru-

pole peak at 400 nm (black curve). The polarity of these

peaks is identified based on vectorial description of

the polarization response of the particle. These reso-

nant peaks represent the well-known in-plane “tip” (di-

pole) and “edge” (quadrupole) eigenmodes of the trian-

Figure 4. (a) Monochromatic photon emission map acquired at 400 nm wavelength and (b) 355 nm wavelength. (c) Simulated
electric field intensity with tip excitation at 400 nm wavelength for the triangular nanoparticle on substrate (n � 4.8). (d) Inten-
sity at 355 nm wavelength. The color scale is in arbitrary units in log scale for (c) and (d). (e) Simulated vector plot of electric
field at 400 nm wavelength showing out-of-plane dipole mode excitation. The location of the plane is indicated by the white
dotted line in (c). Electron beam travels in the z direction, and the particle boundary is shown by black lines. (f) Vector plot at off-
resonance wavelength of 355 nm.
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gular particle (plane here refers to the plane of the
particle).11,21,31 It is to be noted that this result is for ide-
alistic nanoparticle geometry with sharp tips. Devia-
tion from this geometry such as rounding of tips is
known to cause a blue shift of plasmon resonance
peaks.21 This happens because of effective reduction in
volume of the particle that leads to reduction in its po-
larizability. Figure 5a,b illustrates this effect. With a tip
radius (r) of 20 nm on all corners, a blue shift of 68 nm
is observed in dipolar resonance. It is observed that the
shift in quadrupole mode is not significant. Rounding
of tips also reduces the maximum field enhancement
factor, which usually is localized to the corners of the
tips. Hence, the peak extinction efficiency also reduces
with increasing radius of curvature of tips. It is worth
mentioning here that, for a particle with three-fold rota-
tional symmetry, the extinction cross sections under
plane wave excitation with two orthogonal polariza-
tions (parallel and perpendicular to the edge of the tri-
angle) are identical at normal incidence. However, the
charge oscillations are oriented along the direction of
incident polarization.

Next, we consider the effect of substrate. Scattered
field characteristics of a particle vary significantly on in-

teraction with a non-homogeneous dielectric environ-
ment such as in the presence of a substrate. Figure 5c il-
lustrates this effect where the scattering cross section
of triangular particles situated on top of a substrate is
plotted. In accordance with experimental setups suit-
able for light scattering measurements by particles on
a substrate, we incorporate light incidence from the top
(air side) and only the scattered power in the top half
plane is considered in the calculations. Simulated sub-
strate layer extends beyond the perfectly matched layer
(PML) boundaries so that it represents a semi-infinite
substrate. It is observed that the dipolar resonance of
the particle on a substrate red shifts with respect to its
free-space resonance (Figure 5d). Qualitatively, the red
shift of the resonance can be explained by the increase
in the effective permittivity of the surroundings. Par-
ticles appear larger with respect to the effective illumi-
nation wavelength in high-index surroundings, which
causes an increased retardation effect. Thus, for a non-
dispersive substrate, the amount of red shift can be
roughly approximated by taking the average refractive
index of the surroundings. It is worth mentioning that
the shift in higher-order resonances, such as quadru-
pole, is not as significant as the dipolar mode. Hence,

Figure 5. (a) Extinction spectra of triangular nanoparticle and effect of rounding of tips. Inset: Illumination and polarization
direction of plane wave. (b) Shift of dipolar resonance and reduction in extinction efficiency with rounding of tips. (c,d) Ef-
fect of substrate in plasmon resonances of the particle; n refers to the refractive index of the substrate.

A
RT

IC
LE

VOL. 3 ▪ NO. 10 ▪ CHATURVEDI ET AL. www.acsnano.org2970



for a high-index substrate, such as silicon, only in-
plane quadrupolar resonance is observed (with light ex-
citation) in the visible range for the particle size under
consideration.

Electron Excitation: As mentioned before, scattering or
extinction spectrum of a particle under plane wave ex-
citation can be significantly different from its CL or EELS
spectrum. While a plane wave represents a volumetric
excitation source, a highly focused electron beam rep-
resents a localized probe which gives information about
local density of plasmon states.28 Furthermore, the two
electron characterization techniques also probe differ-
ent properties of the particle; while EELS measures the
total energy loss suffered by the electron in inducing
electromagnetic fields on the particle, CL measures only
part of the induced field which is radiated out. The
two spectra EELS and CL would coincide if there were
no losses in the system and the entire induced field is
radiated. To numerically investigate the radiative
modes that can be excited by a fast moving electron
in CL setup, the electron beam can be modeled as a line
current density source. The current density due to a
moving electron can be written as J�(r�,t) � �evẑ�(z �

vt)�(x � x0)�(y � y0), where e represents electronic
charge, v stands for velocity of electron, x0 and y0 repre-
sent the position of the electron beam, and z is the di-
rection of electron travel. In the FDTD simulation ap-
proach, this current density due to a moving charge can
be modeled as a series of dipoles with temporal phase
delay that is governed by electron velocity (see Meth-
ods). The radiative energy component of the induced
electromagnetic field is calculated by integrating the
Poynting vector normal to an arbitrary large surface in
the upper half-plane. Figure 6a presents the radiation
spectra of triangular nanoparticle in free-space on exci-
tation with a moving electron charge. Because of the in-
herent anisotropy of the particle, we model two distin-
guished cases: (1) when the electron beam is close to
the tip of the particle and (2) when it is close to an edge
of the particle. It is found that for both of these two
cases the main resonance occurring at �600 nm range
(613 nm for tip and 622 nm for edge excitation) corre-
sponds to the in-plane dipolar mode of the nanoparti-
cle, as illustrated in Figure 6b. However, the weaker
resonance occurring at �380 nm corresponds to out-
of-plane dipole mode. Since the thickness of the par-
ticle is much smaller than its edge length, out-of-plane
dipole resonance occurs at a much shorter wavelength
compared to in-plane resonance. From the spectra, it is
evident that tip excitation is more efficient in exciting
in-plane dipolar mode compared to edge excitation.
Moreover, when the electron beam is close to the edge
of the particle, it also excites in-plane quadrupole mode
at 400 nm wavelength, which leads to broadening of
the peak observed in the short wavelength range.

We can extend some key observations from plane
wave simulations to understand the effect of substrate

on particle resonance under electron excitation. The in-

plane dipole mode should red shift because of an in-

crease in the index of the surroundings. This is indeed

observed from simulations (Figure 6c). The shift in out-

of-plane dipolar mode is not as significant. This is ex-

Figure 6. (a) Simulated radiation spectra of the triangular
nanoparticle in free-space upon excitation with electron
beam. Inset: Position of the electron beam for tip (blue) and
edge (red) excitation cases. (b) Vector plot of electric field
for the edge excitation case at 622 nm wavelength, 10 nm
away from particle surface showing the excitation of the in-
plane dipole mode. The position of the electron beam is
marked by a black dot. (c) Effect of substrate on particle reso-
nance upon excitation with electron beam (tip excitation).
The substrate is assumed to be of constant refractive index
n � 2.
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pected since the thickness of the particle is small, the
out-of-plane modes experience lower retardation ef-
fects. This suggests that, for these triangular nanoparti-
cles fabricated on high-index substrates such as sili-
con, electron beam can predominantly excite out-of-
plane dipole mode and in-plane quadrupole mode in
the visible wavelength range. This is indeed observed
in our CL experiments and simulations. The experimen-
tally observed spectrum shows some minor differ-
ences compared to simulations (Figure 2a). This may
be attributed to the approximations we have made in
our simulations. In the electron excitation case, we did
not include the dispersive properties of silicon substrate
in our simulations. Second, in simulations, the radia-
tion spectra consist of photons integrated over the en-
tire top half space. In our experiments, the collection
angle of the mirror is limited to a cone angle of 160°.
In light of these differences, the experimental spectrum
is in good agreement with simulations.

Resolution: It is evident that the CL technique allows
high-resolution mapping of plasmon modes. The quan-
tification of the optical resolution of the technique de-
serves special attention. It may seem that the resolution
of the technique would ultimately be limited only by
electron beam diameter, as in the case of secondary
electron images, but this may not be the case. In sec-
ondary electron imaging, the incoming electron beam
knocks off low-energy secondary electrons (�50 eV);
the physical nature of this process allows high-
resolution topographic image acquisition (1�5 nm).
However, in CL imaging, photon emission can occur
even when the electron beam is at a distance away
from the particle. Electron beam can induce lumines-
cence in a structure without physically passing through
it, as indicated by our simulations. As a rough esti-
mate, for 15 keV electron beam, this interaction length
can be as large as 18 nm for light emitted at 400 nm
wavelength.14 To estimate resolution, we fit Gaussian
functions to the emission eigenmode at 400 nm wave-
length. A clear spatial modulation (25% change in nor-
malized intensity) of the eigenmode above the noise

level is detectable on a length scale as short as 25 nm.

This is illustrated in Figure 7, which plots the variation of

radiation intensity along the edge of the particle as

marked in Figure 4a.

CONCLUSIONS
In this work, CL imaging technique was utilized to

image plasmon modes of Ag triangular nanoparticles

with high spatial (�25 nm) and spectral resolution

(�5.4 nm). Spectroscopic analysis when combined with

monochromatic imaging helps us to identify different

channels of plasmon-associated photon emission. The

process of radiative emission from plasmon in the CL

setup was modeled using FDTD approach. Simulations

indicate that, in contrast to light excitation, electron

beam excites not only the in-plane eigenmodes of

nanoparticles but also the out-of-plane modes. Be-

cause of the inherent anisotropy of the triangular par-

ticle, the position of the electron beam also influences

the excitation of eigenmodes. This was presented in the

context of “tip” and “edge” excitation of the particle.

These results provide a better understanding of excita-

tion and imaging of plasmon modes using CL

spectroscopy.

METHODS
Fabrication: For the purpose of this study, Ag nanostructures

were fabricated on silicon substrate. The samples were fabri-
cated using a novel solid-state superionic stamping (S4)
process.32,33 This process utilizes a prepatterned stamp made of
a superionic conductor such as silver sulfide which supports a
mobile cation (silver). The stamp is brought into contact with a
substrate coated with a thin silver film. On the application of an
electrical bias with the substrate as anode and a metallic elec-
trode at the back of the stamp as cathode, a solid-state electro-
chemical reaction takes place only at the actual contact at the in-
terface. This reaction progressively removes a metallic layer of
the substrate at the contact area with the stamp. Assisted by a
nominal pressure to maintain electrical contact, the stamp
gradually progresses into the substrate, generating a pattern in
the silver film complementary to the prepatterned features on
the stamp. Silver sulfide stamps were patterned using focused

ion beam technique. A very thin (�2 nm) chromium (Cr) layer is
used as the adhesion layer for silver film on silicon. The fabri-
cated structures are coated conformally with very thin dielectric
layer (anatase TiO2, 5 monolayer � 2.5 Å) using atomic layer
deposition (ALD) to protect the samples from environmental
and electron beam damage. Excellent pattern transfer fidelity of
the S4 approach down to sub-50 nm resolution and ambient op-
erating conditions make this process suitable for low-cost, high-
throughput patterning of plasmonic nanostructures, such as pre-
sented in this study.

Simulation: Light Excitation: To numerically compute absorption
and scattering by triangular nanoparticles, we utilize the total-
field scattered-field (TFSF) formulation with FDTD approach. In
this approach, the computation region is divided into two
sectionsOone where the total field (incident 	 scattered) is
computed and the second where only scattered field is com-
puted. The particles are excited by a normal incident plane wave.

Figure 7. Variation of cathodoluminescence emission along
the edge of the particle (marked in Figure 4a) at 400 nm
wavelength.
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Absorption and scattering cross sections are computed by moni-
toring the net power inflow in the total-field region near the par-
ticle and net power outflow in the scattered field region, respec-
tively. Extinction cross section is the sum of absorption and
scattering cross section of the particle. Our numerical calcula-
tions suggest that for Ag nanoparticles scattering is approxi-
mately an order of magnitude larger than absorption. The ma-
terial properties used in the calculation are obtained from
generalized multicoefficient model26 that fits the dispersion
data obtained from Palik.34 This approach is more accurate for
broadband simulations than fitting a single material model such
as Drude or Lorentz.

Electron Excitation: The electron beam has been modeled as a se-
ries of closely spaced dipoles each with temporal phase delay ac-
cording to the velocity of the electron beam. In the absence of
any structure, electron beam moving at a constant velocity does
not generate any radiation. In FDTD, however, we simulate only
a finite portion of the electron path, and the sudden appearance
and disappearance of the electron will generate radiation. To
solve this problem, we run a second reference simulation where
all of the structures are removed, and we can calculate the elec-
tromagnetic fields at any wavelength by taking the difference in
fields between the simulations.26 To get an accurate difference,
we force the simulation mesh to be exactly the same with and
without the structure. Currently, the methodology does not per-
mit the electron beam to pass through a lossy or dispersive sub-
strate material. Further work in this direction is currently
underway.
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