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Surface plasmons (SPs), the resonance of free electrons on
the metal-air interface, may strongly interact with light and
generate some extraordinary optical effects. Instead of using
conventional planar light excitation, here we excite SPs with
a focused electron beam on metallic nanostructures with
different geometrical symmetries. With the help of a polar-
izer and filter in the detection system, we obtain cathodo-
luminescence (CL) images with different polarizations at
certain wavelengths. The maxima in the CL images show
that the focused electron beam may efficiently excite lumi-
nescence with different polarizations at different spots.
Comparing the data collected on the structures with specific
geometrical symmetry, we demonstrate that the polariza-
tion of the emitted light depends on both the structural
symmetry and the excitation location. We suggest that this
Letter is enlightening to understand the relationship be-
tween the SP resonance on the structure and the emission
of CL with different polarizations. ~ ©2017 Optical Society of
America

OCIS codes: (240.6680) Surface plasmons; (240.2130) Ellipsometry
and polarimetry; (260.5430) Polarization.
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Control of the polarization of light in a confined space is an
important issue for integrated optics. It has been well estab-
lished that upon illumination of light, surface plasmon (SP)
resonance occurs on the metallic surface [1,2]. The surround-
ing electromagnetic field of the metallic structure is modulated
by the irradiation of the SP resonance. At the resonant fre-
quency, this effect is so strong that a microstructured metallic
surface can effectively tune the state of light [3-9]. In recent
decades, many efforts have been devoted to fully steer light
and accomplish unparalleled control of anomalous reflection
and refraction [10-13]. In this way, different optical devices
can be achieved by engineering phase discontinuity on the in-
terface, such as optical vortex plates [4,10] and wave plates [14].
Traditionally the SP is excited by a planar wave, which illumi-
nates a sample surface homogeneously [15-18]. For the
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polarized planar wave excitation, the modes of surface charge
density are anti-symmetrical along the polarization direction
and symmetrical in the direction perpendicular to the polari-
zation. Thus, the modes that are symmetrical along the polari-
zation direction cannot be excited by the planar wave [19-23].
Moreover, for planar wave excitation, the whole sample surface
is homogeneously excited, and the spectrum is collected over
the whole surface. In other words, there is no spatial-resolved
information in the spectrum.

In comparison, pointwise excitation with a focused electron
beam possesses unique advantages. The electron beam can be
focused point-by-point on the structure surface, so the spatial
distribution of the luminescence capability can be measured
[24,25]. The electron beam excitation occurs on a localized
spot; when the spot is not coincident with the geometrical sym-
metry center, a symmetry-breaking effect will be observed. For
example, in the scenario of planar-wave excitation on the cross-
shaped structure, a symmetry-breaking effect is not expected
[26]. However, with focused electron beam excitation, the sit-
uation is quite different. In addition, the wavelength of the
de Broglie wave of electrons is much smaller than that of electro-
magnetic waves, so a focused electron beam excitation approach
can achieve a much higher spatial resolution [27-29].

In this Letter, with cathodoluminesence (CL) spectroscopy,
we investigate the polarization of light generated by a focused
electron beam on the metallic structures with cross-shapes,
I-shapes, and L-shapes, respectively. With a polarizer and an
optical filter, we obtain CL images with specific polarization
at certain wavelengths. The CL images possess different inten-
sity distributions. Those maxima in the CL images suggest that
by focusing electron beam on these spots, the luminescence
with certain polarization can be most efficiently excited on
the structure.

Before doing experiments, we first apply finite-difference
time-domain simulations on the optical response of cross-
shaped, I-shaped, and L-shaped structures. Figure 1(a) shows
the scenario in which an electron beam is focused on the center
of the cross (green spot); meanwhile, the whole system is
quartic symmetric. When the electron beam shifts to the
end of an arm of the cross (red spot), however, the quartic sym-
metry is broken with respect to the location of electron beam
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Fig. 1. (a)—(c) Simulated CL spectra on the cross-shaped, I-shaped,
and L-shaped metallic nanostructures, respectively. (d)—(f) show the
simulated intensity of the emitted luminescence with an electron beam
focusing at the spots shown in (a)—(c). 0 stands for the polarization
direction with respect to the x-axis in the x—y plane. (g)—(i) show
the z component of the electric field on the cross-shaped structure
at 600 nm, on the /-shaped structure at 550 nm, and on the L-shaped
structure at 530 nm.

incidence. By truncating the arms of the cross pattern, we
can get I-shaped [Fig. 1(b)] and L-shaped [Fig. 1(c)] struc-
tures, where the quartic symmetry disappears accordingly.
Figures 1(d)—1(f) are the simulated intensities of luminescence
collected at different rotation angles of the polarizer, which are
excited on the cross-shaped, I-shaped, and L-shaped structures,
respectively. Figure 1(d) indicates that when the electron beam
is focused at the red point of the cross, the emitted light is po-
larized and has the highest intensity at @ = 0° and 6 = 180°.
When the electron beam moves to the green point (the geomet-
rical center of the structure), the emitted light is no longer po-
larized. Figure 1(e) shows that when the structure is excited at
the red point of the /-shaped structure, the emitted light is po-
larized and has the highest intensity at @ = 0°and @ = 180° as
well. However, when the electron beam shifts to the green
point, the whole system is two-fold symmetric, and the emitted
light is no longer polarized. Figure 1(f) indicates that when the
electron beam focuses at the red and the green points on the
L-shaped structure, the emitted lights are both polarized and
have peak intensities at @ = 105° and 6 = 45°, respectively.

Further, we simulate the distribution of the z-component
electric field (£,), which is expected to be proportional to
the distribution of surface charge density [23]. Figure 1(g)
illustrates £, on the cross-shaped structure at 600 nm.
When the electron beam focuses at the end of an arm, the
quartic symmetry vanishes in £,. However, when the electron
beam is on the structural center, the field distribution is quartic
symmetric. For the /-shaped structure, the field distribution is
illustrated in Fig. 1(h). When the electron beam focuses at one
end of the structure, the field distribution is asymmetric. When
the electron beam focuses at the center, the field distribution
becomes two-fold symmetric. For the L-shaped structure (the
truncated cross pattern), when the electron beam focuses at the
red and the green spots in Fig. 1(i), £, does not preserve any
quartic symmetry at all.

The resonance on each arm of the cross-shaped structure
can be treated as connected dipoles. The radiation theory of
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Fig. 2. (a) Schematics of a CL system. An electron beam incidents
normal to the sample as a local excitation source, and the luminescence
emits due to the SP resonance. The luminescence is collected by the
reflection of a parabolic mirror. A polarizer and an optical filter are
applied. (b) Schematics to show yz-, xz-, and xy-section plan of
the parabolic mirror.

dipoles [30-32] indicates that the polarization of the emitted
light depends on the symmetry of the structure. If the reso-
nance mode is rotationally symmetric, its emission will not
be polarized. However, when two or three arms of the cross
pattern have been truncated, previous symmetry is broken;
then the emission is polarized. This means that the polarization
of the emission is determined not only by structural symmetry,
but also by the location of excitation.

Our CL experiments are set as follows. A 10 KeV electron
beam is focused on the structure as a local excitation source,
and the luminescence emitted from the structure due to the
SP resonance is collected by a parabolic mirror and is directed
to a polarizer and an optical filter before reaching the photo-
multiplier tube detector, as illustrated in Fig. 2(a). By rotating
angle ¢ of the polarizer, one may determine the polarization of
luminescence light at certain wavelengths [Fig. 2(a)].

It should be pointed out that when the emitted light is re-
flected by the parabolic mirror, its polarization state is changed.
According to Yamamoto ez al. [33], the reflected polarized light
by a metallic mirror can be denoted as s- and p-polarized lights.
As an approximation, the reflectivity of s- and p-polarized light
can be taken as 1 in a wide-angle range [34]. It follows that a
y-polarized light (£ ) reflected by the parabolic mirror is
directed in the x-direction, as shown in Fig. 2(b). The reflected
light can be written as y-polarized £, , and z-polarized E,_,
and their intensities can be expressed as surface integrals

as [33,34]
E},_}/ = #Ey sin2 (Zd(ldﬂ,
E,, = #Ey sin a cos adadp. (1)

Similarly, for an x-polarized light () reflected by the parabolic
mirror, the £, and E,_, can be respectively expressed as

E,, = §fE, cos asin fdadp,
E, .= {E, sin a sin fdadp. (2)

The surface integrals in Egs. (1) and (2) lead to £, , > ., and
E, , < E.. This means that the x-polarized light reflected by
the mirror changes to a partially z-polarized light, while the
y-polarized light reflected by the mirror changes to a partially
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y-polarized light. Note that the partially polarized light can be
decomposed to polarized light and natural light. Therefore,
when we measure the CL image, if the maxima are observed
with the polarizer being set in the y-direction and cannot be
observed with the polarizer being set in the z-direction, this
means that the electron beam excites y-polarized light at the
maxima regions more efficiently. If these maxima appear with
the polarizer set in the z-direction and vanish with the polarizer
set in the y-direction, this suggests that the electron beam
excites x-polarized light at the maxima more efficiently.

Based on this understanding, we measure CL images with
the polarizer set as ¢ = 0° and ¢ = 90°. The optical filter en-
sures that we collect a CL image at a certain wavelength, and
the bandwidth is 50 nm. This bandwidth makes it possible to
accommodate the shifted resonant wavelengths when the elec-
tron beam is focused at different spots on the structure [as that
shown in Figs. 1(a) and 1(c), for example]. Experimentally, we
fabricate gold /-shaped, L-shaped, and cross-shaped structures
on the silicon substrate by electron beam lithography, followed
by lift-off processing. The thickness of the gold layer is 50 nm,
and a 2 nm thick adhesion layer of titanium is deposited on a
silicon surface before gold deposition. At each excitation spot,
we collect the spectrum in the range of 300-900 nm, and the
integration time is set as 4.0 s. To get CL spectral images, the
electron beam scans the whole structure surface pixel by pixel
and, for each excitation spot, the luminescence intensity over
the whole structure is collected. Therefore, the intensity distri-
bution on such a CL image reflects the capability of local
luminescence emission induced by the focused electron beam.
The experimental results are shown in Figs. 3-5.

Figure 3 shows the experimental results on the cross-shaped
structure. The spectra are measured with an electron beam
focused at the red and green spots [Fig. 3(a)]. The SEM micro-
graph of the structure is illustrated in Fig. 3(b). The length of
each arm of the cross is 200 nm, and the arm width is 100 nm.
In Fig. 3(c); from the measured spectra, we can find when the
electron beam is focused at the cross center and at the end of an
arm that both of the CL spectra have peaks around 600 nm.
The peak measured at the green spot is slightly blueshifted with
respect to that measured at the red spot. The overall CL inten-
sity by exciting at the end of an arm is higher than that exciting
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Fig. 3. (a) Schematics of the cross-shaped structure with two exci-
tation spots. (b) SEM micrograph of the gold sample; the bar repre-
sents 200 nm. (c) CL spectra collected at the red spot (red curve) and
the green spot (green curve) shown in (a). (d) CL image at 600 nm,
measured without a polarizer. (e)—(f) CL images at 600 nm measured
with a polarizer set as ¢ = 0° and ¢ = 90°, respectively.

CL at 600nm
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at the cross center. The CL image of the structure is collected at
600 nm. One may find that the maxima locate at the end of
each arm. This means that at wavelength 600 nm the electron
beam can excite luminescence much more efficiently at the end
of each arm. With the polarizer, we can obtain CL images at
different polarizations. Figure 3(e) shows the CL image with
the polarizer set as ¢ = 0°, and Fig. 3(f) shows the CL image
at @ = 90°. Comparing Figs. 3(e) and 3(f), we can find that the
maxima distribute at the ends of the horizontal arms for
@ = 0°, and the maxima appear at the ends of the vertical arms
for ¢ = 90°. This suggests that the electron beam can excite
x-polarized light more efficiently at the ends of horizontal arms,
and can excite y-polarized light more efficiently at the ends
of vertical arms. Therefore, we may select the polarization
of the emission by focusing electron beam at different spots
on the cross.

For comparison, we measure CL images of the /-shaped and
the L-shaped structures. For the /-shaped structure, the spectra
are measured by focusing the electron beam at the red and the
green points [Fig. 4(a)]. Figure 4(b) illustrates the SEM micro-
graph of the gold bar, which is 300 nm long and 110 nm wide.
Figure 4(c) shows the CL spectra by exciting at the red and
green spots, which have the peaks around 550 nm, and the
spectrum measured at the green spot has a slightly blueshifted
peak. The CL image of the bar is obtained at 550 nm. Two
maxima appear at the ends of the bar. By adding the polarizer,
we find that the maxima appear for ¢ = 0° and disappear for
@ = 90°. This means that x-polarized light can be efficiently
excited by focusing an electron beam at the ends of the bar.

Figure 5 demonstrates the experimental data measured on
an L-shaped structure, which has been rotated by 45° with re-
spect to x-axis. The CL spectrum is obtained by focusing the
electron beam at red and green spots, respectively [Fig. 5(a)].
The SEM micrograph of the structure is shown in Fig. 5(b).
Each arm of the L-shaped structure is 270 nm long and
90 nm wide. From Fig. 5(c), one can find that the spectrum
measured at the red spot has a peak around 530 nm, whereas
the spectrum measured at the green spot has a slightly
blueshifted peak. The CL image obtained at 530 nm is shown
in Fig. 5(d), indicating that the maxima locate at the corner of
the L-shaped structure and the ends of two arms. The CL
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Fig. 4. (a) Schematics of the I-shaped structure with the excitation
spot marked as red and green dots at the end of the bar. (b) SEM
micrograph of the gold bar. The scale bar represents 200 nm.
(c) CL spectra collected at red and green dots shown in (a). (d) CL
image of the structure at 550 nm, measured without a polarizer.
(e)—(f) CL images at 550 nm with a polarizer set as ¢ = 0° and
@ = 90°, respectively.
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Fig. 5. (a) Schematics of the Z-shaped structure, which is rotated by
45° with respect to the x-axis. (b) SEM micrograph of the sample. The
bar represents 200 nm. (c) CL spectra obtained at the red spot (red
curve) and at the green spot (green curve) shown in (a). (d) CL image
of the L-shaped structure obtained at 530 nm without a polarizer.
(e)—(f) CL images obtained at 530 nm with a polarizer set as
@ = 90° and ¢ = 0°, respectively.

images are shown in Fig. 5(e¢) (polarizer ¢ = 90°) and
Fig. 5(f) (polarizer ¢ = 0°). For the scenario ¢ = 90°, maxima
appear at the two ends of the arms, whereas a maximum
appears at the corner of the L-shape for ¢ = 0° These obser-
vations indicate that the focused electron beam can excite
y-polarized light more efficiently at the ends of the arms,
and can excite x-polarized light more efficiently by exciting
at the corner of the L-shape.

Conventionally, the SP resonance on a metallic structure can
be detected by near-field scanning optical microscopy. With CL
spectroscopy, however, we can sense the resonance on the struc-
ture and get the relationship between the polarization of the
emitted light and the geometrical symmetry of the structures.
When the electron beam is focused at the center of the cross,
the system is quartic symmetric, and the emitted light is non-
polarized. When the electron beam shifts to the end of each
arm of the cross, the symmetry is broken, so the emitted light
is polarized. Instead of exciting SPs at the asymmetric spots on
the symmetric structure, we can also take the approach of
decreasing the symmetry of the structure itself. By removing
three or two arms of the cross, /-shaped or L-shaped structures
are generated, respectively. The luminescence generated on
these less symmetric structures is polarized. If we consider
the resonance on each arm of the structure as a dipole, the emit-
ted light is nonpolarized when the system is #-fold symmetric
(here 7 is a positive integer greater than or equal to 2). Once the
n-fold symmetry is broken, the emission then turns out to be
polarized.

In conclusion, we experimentally demonstrate here that
light with different polarizations can be excited by focusing
an electron beam on structures with different geometrical sym-
metries. The polarization of the emission is determined by both
the structural geometry and the excitation location. We suggest
that our results help to understand microscopic mechanisms of
generating polarized emission, and demonstrate a different ap-
proach to obtain luminescence light with a specific polarization.
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