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Manipulating directional chiral optical emissions on a nanometer scale is significant for material science
research. The electron-beam-excited nanoantenna provides a favorable platform to tune optical emissions at the
deep subwavelength scale. Here we present an L-shaped electron-beam-excited nanoantenna (LENA) with two
identical orthogonal arms. By selecting different electron-beam impacting sites on the LENA, either the left-
handed circularly polarized (LCP) or the right-handed circularly polarized (RCP) emission can be excited. The
LCP and RCP emissions possess different emission directionality, and the emission wavelength depends on the
arm length of the LENA. Further, we show a combined nanoantenna with two LENAs of different arm lengths.
Induced by the electron beam, LCP and RCP lights emit simultaneously from the nanoantenna with different
wavelengths to different directions. This approach is suggested to be informative for investigating electron-photon
interaction and electron-beam spectroscopy in nanophotonics.
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Utilization of circularly polarized (CP) light is one of
the most traditional topics in optical research.!!! Various
technologies based on CP light have played essential roles
in chemical identification, ! nanoparticle manipulation, !
quantum communication, M and so on. In many optical
devices, CP light is generated by passing linearly polar-
ized (LP) light through a quarter waveplate. Bl A conven-
tional waveplate is made of a birefringence crystalline plate
cutting along a specific crystallography orientation. The
optical functionality of the waveplate depends on both the
material birefringence and the crystal plate thickness. The
waveplate must be thick enough for conventional materials
to accumulate the required optical path difference between
the o-ray and e-ray. 6] However, with the development of
integrated optics and modern on-chip photonics, conven-
tional waveplates cannot meet the demanding integration
requirements.

Recently developed metasurfaces provide ultra-thin
and lightweight solutions to replace conventional crys-
talline Waveplates.[7] Depending on the specific design,
left-handed circularly polarized (LCP) or/and right-
handed circularly polarized (RCP) lights can be gener-
ated from LP,51% CP,[1%12 and even-unpolarized % in-
cidence. By exciting an individual subwavelength nanoan-
tenna with an electron beam,

be effectively generated on subwavelength scales. |
[16-18]

optical emissions can
14,15]

angular
21,22

polarization-resolved radiation,
[19:20] and breathing plasmon modes!
been realized with nanoantennas. Among these previous
studies, chiral emissions excited by electron beams from
nanoantennas are particularly attractive.[!671%:23-291 Cp
lights of different handedness can be obtained by designing
the nanoantenna structure and the excitation site. How-
ever, generating and switching CP lights with an individ-

So far,

emission, I have

ual nanoantenna remains challenging. On the other hand,
generating CP light on a nanoscale would be beneficial
for subwavelength polarization optics. [26] T this Letter,
we demonstrate the design of an L-shaped electron-beam-
excited nanoantenna (LENA). By selecting different im-
pacting positions on the LENA, LCP and RCP radiations
can be alternatively or simultaneously generated. We fur-
ther build a combined nanoantenna with two LENAs of
different arm lengths.
generate CP lights with opposite chiralities and emission
directions at two different wavelengths. Since it is critical
to realize polarization state switching in a highly compact
space, 27?8 our design provides an effective scheme of CP
state switching on the nanometer scale.

The schematic diagram of the LENA is shown in
Fig.1(a). The LENA is a gold structure on the silicon
substrate with a 100 nm SiOz layer. Two orthogonal arms
of the gold structure form an L-pattern. A Cartesian co-
ordinate is established with one arm pointing to the z-
direction (z-arm) and the other pointing to the y-direction
(y-arm). An electron beam shines along the —z-direction
to the LENA, and the incident site can be selected. As
shown in Fig. 1(b), we establish a spherical coordinate (¢,
0) to characterize the angular profiles of the emission direc-
tionality. The LENA locates at the origin of the spherical
coordinate. The direction of the azimuthal angle ¢ = 0°
is set along the bisector of the z- and y-arms, whereas the
direction of the zenithal angle § = 0° is along the z-axis.

The finite-difference time-domain (FDTD) simulation
is applied, and the optical parameters of Au, Si, and SiO2
are all from Palik. >’
represented by a series of closely placed electric dipoles
along the electron trajectory.®”) To calculate the opti-
cal emissions, in our simulation, the electron beam mov-

The combined nanoantenna can

The simulated electron beam is
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ing in —z-direction is treated as a linear current density
J(w,r) = evexp(=2)§(x — 20)d(y — yo)n=, where e is
the electron charge, v is the velocity of electrons, (xo,yo)
is the excitation position of the electron beam, and n, is
the unit vector in the z-direction. ) The electron veloc-
ity v is adjusted by the temporal phase delay (—z/v). In
the simulation, v is set as 0.34c¢ (c is the velocity of light
in the vacuum), corresponding to 30keV of the beam cur-
rent energy. B This arrangement is due to the fact that
30keV (v = 0.34c) is the typical electron energy used in
cathodoluminescence spectroscopy in a scanning electron

microscope.[m] We calculate the total emission intensity

Iiotar for different impacting positions by integrating the
Poynting vector in the upper hemisphere of the sphere co-
ordinate as

_ 1 o 2 2
Liotal = 5 /MMO (\E9| + |Ey )ds, (1)

where E4 and Ey are the electric fields along ¢- and 6-
directions in the sphere coordinates, respectively. (161 1n our
simulation, a reference simulation (without the LENA and
substrate) was carried out to subtract the background sig-
nal created by the electron beam that could obscure the
signal from the nanoantenna.
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Fig. 1. (a) Schematic diagram of the LENA with [ = 200nm, h = 40nm, w = 50nm, and ¢t = 100nm. (b) The
spherical coordinate characterizes the angular directionality of the optical emission. The inset at the up-right corner
shows the relative position of the Cartesian coordinate and the sphere coordinate. (c) The total emission intensities
for different impacting positions versus the wavelength. The spatially resolved mappings of (d) the total, (e) the
LCP, and (f) the RCP emission intensities at the wavelength of 850 nm.

As shown in Fig. 1(c), the two arm ends and the con-
necting corner of the L-pattern are selected as the inci-
dent sites. Intensity peaks occur at the same wavelength
of 850 nm, and the emission intensity for the electron beam
impacting the corner is about twice that on the arm ends.
Due to the structural symmetry of the L-pattern, emission
intensities are identical when the incidence site locates at
either z- or y-arm ends.

To investigate the chiral property of the optical radi-
ation, we derive the LCP and RCP emission intensities
(I.ce and Ircp) by integrating the corresponding electric
fields in the upper hemisphere as

_ 1 [ €0 o 2
[ch = Z/ %(|E9 'LE¢| )CZS7 (2)
1 .
Inow = 1/ /%(\Ea +iBy[*)ds. 3)

We plot the spatially resolved mappings of the emission
intensities at the wavelength of 850 nm in Figs. 1(d)-1(f).
The brightness distributions reveal the normalized intensi-
ties of the total, the LCP, and the RCP emissions at differ-

ent electron beam incidence sites. Figure 1(d) shows that
total emissions are efficiently generated when the electron
beam shines on the two arm ends and the connecting cor-
ner of the LENA. Figure 1(e) shows that when the electron
beam shines on the y-arm end and the connecting corner
of the LENA, the LCP emission can be efficiently excited.
The electron beam does not induce obvious LCP emis-
sion at the z-arm end. The situation for the RCP optical
emission is just the opposite. When the electron beam
focuses on the z-arm end and the corner of the LENA,
the RCP emission can be efficiently excited. Similarly,
the electron beam does not induce obvious RCP emission
when focused at the y-arm end. Comparing Figs. 1(e) and
1(f), we can find that the strong LCP and RCP emissions
are alternatively induced when the electron beam selec-
tively shines on the y-arm end or the z-arm end. The
effective LCP and RCP emissions are simultaneously gen-
erated when the electron beam focuses on the corner of
the L-shaped nanoantenna.

We further explore the angular directionality of the
chiral emissions for different electron-beam incidence sites.

017801-2
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As shown in Fig. 2(a), the election beam focuses on the y-
arm end, and only the LCP emission is effectively excited.
Figure 2(b) shows the electric field distributions of |F,| at
850 nm. When the electron beam focuses on the y-arm end
of the LENA, field enhancement can be observed in both
- and y-arm areas. The field enhancement in the y-arm
area is stronger than that in the z-arm. The angular radia-
tion directions are calculated for LCP and RCP emissions,
respectively. Figure 2(c) shows that the LCP emission
locates in the right half of the upper angular hemisphere,
specifically, ¢ ranges from 225° to 315°. The RCP emission
intensity is much weaker in all angular directions. To char-
acterize the difference in polarization states, we define the
parameter chirality as (Ince — Irce)/(Iuce + Ircp ). [16] The
chirality as a function of solid angles is shown in Fig. 2(d).
For most of the angular range in the hemisphere, the chi-
rality is close to 1. A directional LCP optical emission is
obtained when the electron beam focuses on the y-arm end
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of the LENA. In Figs. 2(e)-2(h) the incident site is located
on the z-arm end, and the result is the opposite. The elec-
tric field enhancement in the z-arm area is stronger than
that in the y-arm. Directional RCP emission is obtained,
and the RCP emission occurs in the angular range of ¢
from 45° to 135°. In Figs. 2(i)—2(1), we move the incident
site to the corner of the LENA. Equal-intensity LCP and
RCP lights are generated, and the electric field enhance-
ment in the 2- and y-arm areas are the same. In Figs. 2(k),
a distinct splitting of LCP and RCP emissions can be ob-
served. The LCP optical emission locates in the right half
of the angular hemisphere, with ¢ ranging from 225° to
315°. In contrast, the RCP emission occurs when ¢ varies
from 45° to 135°, which is in the left half of the angu-
lar hemisphere. In Fig.2(1), the chirality is negative and
positive in the left and right halves of the angular hemi-
sphere, respectively, confirming the spatial separation of
the oppositely handed radiations.

$=0° Chirality

180°
¢ =0° Chirality

Fig. 2. The LCP and RCP emission intensities versus the wavelength, the electric field distributions of |E;|, the
LCP and RCP emission intensities, and the chirality as a function of solid angles. The incident site for (a)—(d) is
at the y-arm end, for (e)—(h) is at the z-arm end, and for (i)—(1) is at the connecting corner of the LENA. The
cross-section of |E;| distributions is 5 nm above the nanoantenna.

Interestingly, with an individual nanoantenna, radia-
tions of opposite chiralities can be excited and spatially
separated into different directions. We further study the
relationship between the radiation peak wavelength and
the arm length of the LENA. We select the incident site
at the LENA corner and different arm lengths while the
rest of the structural parameters remain unchanged. As
illustrated in Fig. 3(a), the LCP and RCP emissions have
equal intensity, and the peaks appear at the wavelength
of 745nm when the arm length is 160nm. As shown in
Figs. 3(b)-3(d), by changing the arm length to 180 nm,
220nm, and 240nm, respectively, the peak wavelength
shifts to 785 nm, 900nm, and 940 nm accordingly. The
electric field distributions of |E;| show that changing the
arm length of the antenna does not affect the symmetry of
the electromagnetic mode. The angular patterns of the op-
positely handed radiations and the chirality as a function
of solid angles are also calculated for different arm lengths.
The calculated results show that by changing the LENA
arm length, we can modulate the peak wavelength of the

directional chiral emissions. The equal-intensity LCP and
RCP emissions can keep the spatial separation during the
wavelength modulation. During the changing of the geo-
metric parameters of the LENA, the LCP and RCP emis-
sions remain efficiently excited, and the oppositely handed
radiations keep their spatial separation.

We further build a combined nanoantenna by plac-
ing two LENAs contacting each other with their cor-
ners. As shown in Fig.4(a), the combined nanoantenna
is constructed with a larger LENA with an arm length
l1 = 240nm and a smaller LENA with an arm length
l2 = 160 nm. The arms of the larger LENA point to x and
y directions, while the arms of the smaller LENA point
to —z and —y directions.
the connecting corners of the two LENAs. The intensi-
ties of the total, the LCP, and the RCP emissions show
that two radiation peaks appear at 670nm and 865 nm.
Figures 4(c) and 4(d) show the electric field distributions
of |E.| at these two wavelengths. It can be seen that,
at the wavelength of 670 nm, an obvious electric field en-

The electron beam impacts
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hancement appears in the area of the smaller LENA. In
comparison, at the wavelength of 865 nm, the electric field
enhancement appears in the area of the larger LENA. The
angular patterns of the LCP and RCP emissions at the
two peak wavelengths are illustrated in Figs. 4(e) and 4(f).
Figure 4(e) shows that at 670nm, LCP emission occurs
with ¢ varying from 0° to 90°, while the RCP emission
occurs with ¢ in the range from 270° to 360°. However,
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as shown in Fig. 4(f), at 865 nm LCP emission occurs with
¢ in the range from 180° to 270°, whereas RCP emission
occurs with ¢ in the range from 90° to 180°. By driving
the combined nanoantenna with an electron beam, LCP
and RCP emissions can be excited concurrently at shorter
and longer wavelengths. The four chiral emissions occur
and emit in different angular directions.

- RCP

315°

Max

Fig. 3. The LCP and RCP emission intensities versus the wavelength, and the electric field distributions of |E.]|,
the angular directions of the LCP and RCP emission and the chirality as a function of solid angles, for different arm
lengths: (a) I = 160nm, (b) [ = 180nm, (c¢) ! = 220nm, (d) ! = 240nm. The cross section of |E.| distributions is

5nm above the nanoantenna.

0.5
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Fig. 4. (a) The schematic diagram of the combined nanoantenna. (b) The total, LCP, and RCP emission intensities
versus the wavelength. The electric field distributions of |E.| at (¢) 670nm and (d) 865 nm. The cross-sections (c)
and (d) are 5nm above the nanoantenna. The intensities of the chiral emissions as a function of solid angles for the

LCP and RCP emissions (e) at 670 nm and (f) at 865 nm.

The above results indicate that for the electron-beam-
excited nanoantennas, the optical properties of the emis-
sions are determined by both the antenna structure and

the position of the electron beam incidence. When the

electron beam impacts at the corner of the LENA or the
connecting corners of two LENAs in the combined nanoan-
tenna, the mirror symmetry of the excitation site and the
equal arm length of the L-shaped antenna guarantee the
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symmetric angular distributions and identical intensity of
the LCP and RCP emissions simultaneously. The symme-
try is broken when the electron beam is focused at the end
of the x- or y-arm of the L-shaped antenna. The asymmet-
ric excitation site leads to the asymmetric electromagnetic
resonance mode on the x- and y-arms of the LENA, result-
ing in either LCP or RCP emission. Changing the struc-
tural parameters of the LENA arms can modulate the op-
tical emission wavelength. Compared with the arm length,
tuning the width or the thickness of the LENA arms is less
efficient in modulating the wavelength of the chiral emis-
sions. The simulations in Fig.3 show that a 20% change
in the LENA arm length can achieve about 100 nm shift of
the radiation wavelength. In contrast, to realize the same
wavelength shift, the arm width or arm thickness has to
be changed by more than 50%. It is noteworthy that the
L-shaped structure is often used as the meta-atom in de-
signing metamaterial and metasurface. ) Just as discussed
in previous studies, #1032 by judiciously selecting the ge-
ometrical size and the symmetry of each L-shaped antenna
and by carefully designing the lattice parameters, we can
accurately control the response wavelength, the output po-
larization states, the number of output light beams and the
propagation direction of each light beam.

To summarize, we have studied the emission behav-
ior of an L-shaped electron-beam-excited nanoantenna by
simulation. The LCP and RCP emissions can be alterna-
tively or simultaneously excited by selecting different elec-
tron incident sites on the antenna. A combined nanoan-
tenna is constructed with two different-sized nanoanten-
nas, leading to LCP and RCP emitting in different direc-
tions with different wavelengths. It is expected that these
effects are enlightening to study electron-photon interac-
tion and electron-beam spectroscopy in nanoplasmonics.
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