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Manipulating the propagation of surface plasmons (SPs) on
a nanoscale is a fundamental issue of nanophotonics. By
using focused electron beam, SPs can be excited with high
spatial accuracy. Here we report on the propagation of SPs
on a chain of gold nanodisks with cathodoluminescence
(CL) spectroscopy. Experimental evidence for the propaga-
tion of SPs excited by the focused electron beam is demon-
strated. The wavelength of the transmitted SPs depends
on the geometrical parameters of the nanodisk chain.
Furthermore, we design and fabricate a beam splitter, which
selectively transmits SPs of certain wavelengths to a specific
direction. By scanning the sample surface point by point
and collecting the CL spectra, we obtain the spectral map-
ping and identify that the chain of the smaller nanodisks
can efficiently transport SPs at shorter wavelengths. This
Letter provides a unique approach to manipulate in-plane
propagation of SPs.  © 2017 Optical Society of America
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Subwavelength structures.
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Surface plasmons (SPs) [1,2] are the collective oscillation of free
electrons at a metal-dielectric interface, which can efficiently
confine electromagnetic fields in a limited space and be applied
in subwavelength photonic devices [3—12]. It has been sug-
gested that a queue of separated metallic nanodisks has the po-
tential to transport information and electromagnetic energy
with the advantage of selective propagation of alternating elec-
tric signals, while keeping the insulation to a direct electric sig-
nal [13,14]. This feature relies on near-field coupling of SP
resonance on adjacent disks [15]. Measuring the optical spectra
is an effective way to analyze radiation of SPs along the chain
and the coupling of neighboring parts in energy transmission
[16-19].

Traditionally, SPs on a metallic nanodisk chain are excited
by a plane wave, and they are normally treated as the resonance
of coupled dipoles [20-24]. However, with incidence of a po-
larized plane wave, the distributions of surface charge density of
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the modes excited by plane waves are anti-symmetrical along
the polarization direction and symmetrical in the direction
perpendicular to the polarization. Hence, some modes that
are symmetrical along the polarization direction cannot be ex-
cited with the planar wave [25-29]. Instead of using planar
electromagnetic waves, people can excite SP by a focused elec-
tron beam, with the unique advantages of richer excitation
modes and much higher spatial resolution. Moreover, by excit-
ing the sample point by point and collecting corresponding lu-
minescence spectra, a spatial distribution of the luminescence
capability over the structure can be identified [30,31]. Those
spots with maximum intensity on the mapping suggest that by
focusing an electron beam on these specific sites, a SP (hence,
luminescence) can be most efficiently excited on the structure.

In this Letter, with cathodoluminescence (CL) spectroscopy,
we investigate the propagation of SPs on a chain of gold nano-
disks. By introducing different substrates at specific parts of the
chain and identifying the distinctive resonant peaks, we provide
direct experimental evidence of the propagation of SPs excited
by the focused electron beam. Further, we design a beam
splitter for SPs, which selectively transmits SPs with certain
wavelengths to the specific direction. By collecting CL emission
mapping of the nanodisk chains with different geometrical
parameters, we find that the chain with smaller nanodisks is
more efficient in transporting high-frequency SPs, which
corresponds to a dipolar resonance on the gold disk; the chains
with larger nanodisks are more efficient to transport lower-
frequency SPs, which corresponds to a quadrupole resonant
mode on the disk. We suggest that this investigation is helpful
in designing SP-related optical devices.

A chain of gold nanodisks is fabricated on the silicon sub-
strate by lift-off technology. The gold layer is 60 nm in thick-
ness. For stronger adhesion, a layer of 2 nm thick titanium is
homogeneously deposited on the silicon surface before gold
deposition.

In order to verify that SPs are excited by the electron beam
and transport along the chain of gold nanodisks, we fabricate a
nanodisk chain on a hybrid substrate surface: part of the sub-
strate is covered with a layer SiO, (20 nm in thickness), and the
rest of the surface remains silicon only. The chain of gold nano-
disks lies across the boundary of SiO, /Si, as shown in Fig. 1(a).
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The lift-off fabricated sample is demonstrated in Fig. 1(b),
where the diameter of the nanodisks is 120 nm, with a gap
of 10 nm in between. Energy-dispersive x-ray spectroscopy
(Inca X-MAX, Oxford Instruments) is applied to analyze the
chemical element distribution on the sample surface [Fig. 1(c)].
Figure 1(c) indicates that the nanodisk chain sits on SiO, on
the left side, and stays on the Si surface on the right side. Then
we focus an electron beam at the very right end, which is the
farthest from the SiO, /Si boundary, and collect a CL spectrum
over the whole sample. If the intrinsic peak of SiO, can be
identified in the spectrum, it suggests that the SP excited by
the electron beam propagates along the chain and eventually
excites the luminescence of SiO, on the other end.

In CL (Gatan Mono CL4) experiments, a 10 keV electron
beam is focused on a gold nanodisk chain as a local excitation
source [Fig. 2(a)], and the luminescence emitted from the chain
due to the SP resonance is collected by a parabolic mirror and
directed to a grating spectrometer associated with a CCD cam-
era. At each excitation site, we collect a spectrum in a wave-
length range of 300-900 nm, and the integration time is set
as 4.0 s. To get the CL spectral mapping images, the electron
beam scans the whole sample site by site and, for each excita-
tion site, a spectrum is collected. It follows that for each wave-
length, each pixel of the mapping area possesses a luminescence
intensity based on the collected spectra. The intensity distribu-
tion on this CL mapping reflects the capability of local
luminescence emission induced by the electron beam.

We focus an electron beam at different excitation sites on
the chain and collect the CL spectra, as illustrated in Fig. 2(b).
First, we focus the electron beam on the SiO, part of substrate
and collect a spectrum (the red curve). We find that SiO, has
an intrinsic peak at 425 nm.

The black curve is collected by focusing the electron beam
on the silicon part of the substrate, which is more than 600 nm
away from the boundary of Si/SiO,. The nearly flat spectrum
indicates that the silicon substrate does not transmit SPs. We
then focus the electron beam on a gold nanodisk on silicon
substrate about 600 nm away from the SiO,/Si boundary
and collect the CL spectrum [blue curve in Fig. 2(b)]. For com-
parison, we collect the spectrum on a control sample, where the
gold nanodisks stay on pure silicon substrate without any SiO,

(C)

Fig.1. (a) Schematics of a chain of Au nanodisk across the boundary
of SiO, /Si. (b) SEM micrograph of the sample. (c) Element mapping
of Si (green), Au (red), and O (blue) across the boundary area.
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Fig. 2. (a) Sketch of a CL system. An electron beam incidents a
normal to gold nanodisk chain as a local excitation source, and the
luminescence emitted due to SP resonance is collected by the parabolic
mirror. (b) CL spectra collected at the SiO, part of the substrate (red),
at the Si part of the substrate (black), at the Au nanodisk chain on pure
Si substrate (green), and at an Au nanodisk on the silicon part of the
substrate about 600 nm away from the SiO, /Si boundary (blue), re-
spectively. (c) SEM micrograph of the gold nanodisk chain. The color
dots show the sites for CL measurements in (d). (d) CL spectra ob-
tained by focusing an electron beam at different sites.

deposition [green curve in Fig. 2(b)]. One may find that the
intrinsic peak of SiO, (425 nm) appears on the blue curve,
which is obtained when the electron beam is not focused
directly on the SiO, part. It is known that for air-gold-
silicon/silicon oxide configuration, once a SP is excited, it prop-
agates on both the top (gold-air) and bottom (gold-silicon/
silicon oxide) interface [25]. Therefore, the straightforward
interpretation of Fig. 2(b) is that the SP excited on the gold
nanodisk chain propagates from the excitation site along the
chain, and induces the luminescence of SiO,. This observation
is a direct evidence of the propagation of a SP along a nanodisk
chain on a solid substrate.

To investigate the propagation feature of SPs on the nano-
disk chain, we measure the CL spectrum at different sites along
the chain [Fig. 2(c)]. The white dashed line marks the boun-
dary of SiO,/Si. The colored dots denote the sites where the
electron beam is focused, and the corresponding CL spectra are
collected over the whole sample [Fig. 2(d)]. One may find that
as the electron beam moves along the chain, the distinct peak of
SiO; can always be observed, indicating that the SPs excited by
the focused electron beam at these sites have indeed propagated
on the chain. Quantitatively, we find that the normalized count
of the distinctive peak of SiO, (425 nm) attenuates as the
excitation site moves away from the SiO,/Si boundary. This
effect is due to the attenuation of the SP when it propagates
on the nanodisk chain.

To explore the propagation modes of SPs on nanodisks, we
fabricate a chain of Au nanodisks (diameter of 120 nm, disk
separation of 10 nm) on silicon substrate, and focus an electron
beam at one end of the chain to excite SPs. The CL spectrum
has been collected [Fig. 3(a)]. The original data (red noisy
curve) can be fitted by a blue dashed curve. Based on the analy-
sis of Gaussian fitting multi-peaks with Origin 8 (OriginLab),
three resonances peaked at 480 (green), 540 (orange), and
650 nm (purple) can be identified, which are marked by the
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dashed vertical black lines in Fig. 3(a). This suggests that three
resonant modes can be simultaneously excited on the chain.
Finite-difference time-domain (FDTD) simulation has been
applied to explore SP resonance and propagation, where the
electron beam is modeled as a series of dipoles, each with tem-
poral phase delay according to the velocity of the electron beam
[32]. The CL spectrum is simulated on the nanodisk chain with
the same geometrical parameters as those in Fig. 3(a), with the
electron beam source fix at the disk rim at the end of the chain.
Three resonant peaks can be identified on the chain at about
480, 540, and 650 nm [Fig. 3(b)]. We can also simulate the
distribution of the z component of an electric field 2 nm above
the nanodisk chain, as schematically illustrated in Fig. 3(c). The
distribution of the z-component of the electric field at the
resonance wavelength of 480, 540, and 650 nm is shown in
Fig. 3(d), which is expected to be proportional to the distribu-
tion of surface charge density [28]. At 480 nm, the field dis-
tribution on the disks designates a sequence of dipoles aligned
in the x-direction [Fig. 3(d)], suggesting that there exists a
sequentially connected dipole resonance on the chain. At
540 nm, the pattern on the chain turns to be a row of alternate
dipoles combined with quadrupoles. The field distribution at
650 nm corresponds to the resonance of a much longer dipole,
with the size of a unit cell about three times larger than that at
480 nm. Therefore, via FDTD simulation, we get a clearer pic-
ture of the resonance at 480, 540, and 650 nm, respectively.
Now we try to utilize the nanodisk chains as a beam splitter
for SPs, and design an assembly of gold disks with different sizes
[Fig. 4(a)]. The diameter of the largest nanodisk is 800 nm; that
of the medium-sized disk is 400 nm; and that of the smallest
one is 200 nm. By focusing the electron beam at the end of the
largest nanodisk chain [Fig. 4(a)], we find that at least two CL
peaks can be generated [Fig. 4(b)]. These two peaks correspond
to two modes resonating at 540 and 730 nm, respectively. Our
simulations indicate that different resonant modes correspond
to different standing wave patterns on the rim of the disk,
which depends on the geometrical parameters of the nanodisk.
Figure 4(c) illustrates the simulated z component of electric
field distribution on the nanodisk with diameters of 800, 400,
and 200 nm. For the largest disks, the resonance at 540 nm
possesses eight maxima (or minima) along the rim of the disk,
indicating that at this wavelength an octopole resonant mode
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Fig. 3. (a) Spectrum measured by fixing an electron beam at one
end of the chain. (b) Simulated spectrum. (c) Schematics to simulate
the z components of the electric field above the chain and (d) the
corresponding electric field distribution.
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Fig. 4. (a) Designing of the beam splitter of SPs. (b) Simulated CL
spectrum with the excitation site shown in (a). (c) z component of the
electric field on the largest nanodisks at wavelengths of 540 and
730 nm (upper row), the medium-sized nanodisks at 730 nm (lower
row, right), and the smallest nanodisks at 540 nm (lower row, left).
(d) Electric field distribution showing that the SP propagates in differ-
ent routes for different wavelengths.

exists on the chain. The other resonance occurs at wavelength
730 nm, where six maxima (or minima) exist on the rim of the
largest disk, suggesting that this is a sextupole resonance.
Similarly, for the chain made of medium-sized nanodisks, the
distribution of the z component of the electric field shows a
series of quadrupoles at 730 nm, in which each quadrupole
has been rotated for 90° with respect to its adjacent ones. For
the chain made of the smallest disks, a resonance occurs at
540 nm, where the distribution of the electric field shows a
sequence of dipoles, suggesting a dipole resonant mode on
the chain. FDTD simulation shows that the nanodisks with
different sizes may indeed couple SPs of different wavelengths
to different channels. The simulated distribution of the electric
field of 2 nm above the disks is shown in Fig. 4(d), where the
SPs with wavelengths of 540 nm propagate along the chain
made of the smallest-sized disks [left in Fig. 4(d)], whereas
SPs with wavelengths of 730 nm propagate on the chain made
of medium-sized disks [right in Fig. 4(d)]. In this way, a beam
splitter for SPs has been designed.

For efficient transmission of SPs of certain wavelength, the
angle of the split light transmission with respect to that of
the original light depends on the geometrical parameters of the
disks. At the junction site (splitting site), only when the anti-
node on the rim of a disk with different sizes coincides, electro-
magnetic energy can be more efficiently propagated. This
reminds us of the principle in designing the propagation circuit
of SPs: the size and the angle of the side branches should be
carefully selected in order to guarantee that at the junction site
the antinode coincides on each branch.

Usually the field distribution simulated in Fig. 4(d) is
detected by near-field scanning optical microscopy. With CL
spectroscopy, however, we can sense the resonance on the
structure and get the relationship between the propagation
wavelength and the nano disk size. Figures 5(a) and 5(b) illus-
trate the CL spectra collected when the electron beam is
focused at difference locations. By focusing the electron beam
at site 1, two peaks at about 540 and 730 nm are observed in
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Fig. 5. (a) SEM micrograph of the splitter. (b) Spectra measured at
sites 1-3 shown in (a). (c) CL spectral mapping with a pattern of maxi-
mum at two resonance wavelengths. (d) Simulation of the spectral

mapping.

the CL spectrum [red curve in Fig. 5(b)]. However, by
focusing the electron beam at site 2, a shorter wavelength res-
onant peak (blue curve) occurs. Excitation at site 3 generates a
peak with a longer wavelength (green curve).

Instead of collecting a luminescence spectrum by focusing
an electron beam at the specific spot, as shown in Figs. 5(a) and
5(b), we scan the structural surface point by point and collect
the luminescence spectrum over the whole sample for each
point excitation. Figure 5(c) shows the obtained luminescence
intensity at wavelengths of 540 and 730 nm. Those sites with
stronger intensity indicate that an electron beam induces
stronger CL emission. At the top micrograph of Fig. 5(c), at
a wavelength of 540 nm, a dark spot exists in the center of
the largest disk, together with a diffused ring between the bright
rim and the dark center; at 730 nm, however, a bright spot
exists in the center of the largest disk, and between the bright
rim and the bright center, there is a diffused dark ring. On the
medium- and small-sized disks, our CL system fails to provide
detailed information due to the limitation of resolution. Yet,
one may still identify that the smallest nanodisk branch can
be more efficiently excited at a shorter wavelength, while
the medium-sized nanodisks can be more efficiently excited
at longer wavelengths. The experimental observations are con-
sistent with the FDTD simulation, as shown in Fig. 5(d).

To summarize, with CL spectroscopy, we provide here the
evidence of propagation of SPs along a chain of gold nanodisks.
Higher-frequency SPs transmit well on a chain with smaller
gold disks, whereas lower-frequency SPs transmit more easily
on a chain with larger gold disks. A beam splitter for SPs has
been realized, which can be applied to selectively transmit SPs
with certain frequencies to the specific directions. We expect
that our observations provide the microscopic information
of SP excitation and propagation on a chain of metallic
nanodisks, and are insightful in designing subwavelength
optical devices.
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