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Abstract: Shaping the emission pattern of second har-
monic (SH) generation from plasmonic nanoparticles is
important for practical applications in nonlinear nano-
photonics but is rendered challenging by the complex
second-order nonlinear-optical processes. Here, we theo-
retically and experimentally demonstrate that a pair of V-
and Y-shaped gold nanoparticles directs the SH emission
perpendicularly to an incident light direction. Owing to
spatial overlap of two orthogonal plasmonic dipole modes
at the fundamental and SH wavelengths of the individual
particles, surface SH polarizations induced by the funda-
mental field is efficiently near-field coupled to the SH
plasmon mode, resulting in dipolar SH emission from the
individual particles. Moreover, the phase of this emission
can be tuned simply by altering the part of the Y-particle
shape, which changes the SH plasmon resonance while
keeping the fundamental resonance. Our approach is a
promising platform for engineering not only directional
nonlinear nanoantennas but also nonlinear metamaterials.

Keywords: nonlinear plasmonics; phase control; plas-
monic nanostructures; second harmonic generation;
unidirectional emission.

1 Introduction

Controlling the nonlinear optical processes in nanopatrticles
is critical for practical applications in imaging [1-4], label-
free sensing [5], and the selective identification [6, 7] of
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biomaterials. To obtain sufficient signals from nanoscale
nonlinear light sources, which are inherently weak, many
efforts have been devoted to increasing the nonlinear con-
version efficiency. Especially, metal nanoparticles, sup-
porting localized surface plasmon resonances, have been
extensively studied because the plasmon-enhanced elec-
tromagnetic field can increase the conversion efficiency
[8-18]. However, uncontrollable geometric defects, such as
surface roughness and misalignments of the realistic metal
particles, dramatically modify the emission patterns of
second harmonic (SH) generation even without affecting the
linear response [19-22]. Such disruptions to the SH emission
reduce the collection efficiency and reproducibility in the
measurements.

Although second-order nonlinear-optical effects are
forbidden in centrosymmetric materials such as metals
within the electric-dipole approximation [23], a SH polari-
zation that radiates the electromagnetic field with doubled
frequency of the incident light is generated at the metal
surface where this symmetry is locally broken. As SH po-
larizations are primarily induced by the component of the
electric field normal to the surface at the fundamental
wavelength [24, 25], the surface shape and roughness
directly affect the orientation of the SH polarizations. This
wayward orientations of the SH polarizations are a common
cause of uncontrollable SH emission patterns from metal
nanopatrticles.

The localized plasmon resonances of nanoantennas can
be engineered to shape the emission patterns of nanoscale
light emitters. In particular, multi element dipole antennas
with carefully designed phase differences enable unidirec-
tional light emission [26—29]. For instance, omnidirectional
dipole-like emission from emitters such as quantum dots
and organic dye molecules has been collimated into one
direction by near-field coupling of the emitters to dipole
antennas, thereby improving the efficiency of collection.
Some theoretical studies [30, 31] have shown that SH emis-
sion from a metal nanosphere with no plasmon resonance at
the SH wavelength can be directionally controlled by
applying other passive structures, such as dielectric nano-
particles or a large nanocup cavity as the reflector and
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director. However, the experimental realization of these
techniques is difficult because realistic metal particles are
inherently rough-surfaced. Moreover, the precise phase
control of SH emission from individual metal particles has
been rendered challenging by complex second-order
nonlinear-optical processes [14, 22, 32].

Here, we demonstrate unidirectional SH emission of a
plasmonic nanoantenna via phase-controlled coupling of
the surface SH polarizations to the plasmonic dipole modes
of individual antenna elements at the SH wavelength.
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Spatial overlap of two orthogonal plasmonic dipole modes
at the fundamental and SH wavelengths in a single element
allows the efficient near-field coupling of the SH polarization
induced by the fundamental field to the SH plasmon mode.
The emission phase is precisely controlled by changing the
plasmon resonance at the SH wavelength while keeping the
resonance at the fundamental wavelength. After careful
design of the phase difference and distance between the two
elements composing the antenna, directional SH emission is
achieved as illustrated in Figure 1A.
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Figure 1: Characteristics of V- and Y-shaped elements in a directional second-harmonic (SH) gold nanoantenna.

(A) Unidirectional SH emission from a nanoantenna. (B) SEM images of the V- and Y-elements with arm length L = 140 nm, opening angle
6 =110°, and tail length Ly =30 nm (Ly = O for the V-element). The scale bar is 100 nm. (C and D) Calculated and measured extinction spectra,
respectively, of the individual elements in (B) under x-(red) and y-(blue) polarized illuminations. The insets show the phase distributions D,
and D, of the plasmon modes oriented along the x- and y-polarizations, respectively. The D, bands of the both elements are almost identical,
but the D, resonance wavelength is longer in the Y-element than in the V-element. (E and F) Calculated near-field intensity distributions of the
D, and D, modes, respectively, of the V- and Y-elements. (G) Calculated spatial distributions of the surface SH polarization induced by the D,

near-fields in (F).
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2 Results and discussion
2.1 Characteristics of nanoantena elements

From the selection rules for SH generation of isolated single
metal nanoparticles, which are derived from parity conser-
vation laws [33, 34], the general SH-emission patterns are
based on quadrupoles and clearly differ from the dipolar
scattering pattern in linear response [19, 22, 35, 36]. Mean-
while, the near-fields of multiple elements with different
dipole resonances at their fundamental and SH wavelengths
can spatially overlap at the fundamental and SH wave-
lengths, allowing dipolar SH emission [13, 14, 16, 37]. To
obtain a compact and simple configuration, we overlap the
spatial modes within a single element featuring two
orthogonal plasmonic dipole modes. Figure 1B shows scan-
ning electron microscope (SEM) images of the V- and
Y-shaped nanoparticles studied in this work. These particles
were fabricated on a glass coverslip by electron-beam
lithography combined with a lift-off process. They were
composed of evaporated gold with a thickness of 30 nm.
Their geometries are defined by their arm length L, opening
angle of the arms 6, and tail length Ly (Ly = O for the
V-particle). The extinction spectra of both particle shapes
exhibit two main resonance bands at visible and near-
infrared wavelengths under y- and x-polarized illuminations,
respectively (see Figure 1C and D). Their corresponding
phase distributions (insets of Figure 1C and D) show
orthogonal plasmonic dipole modes D, and D, along the
incident x- and y-polarizations, respectively. The D, band of
the V-particle almost coincides with that of the Y-particle
because it is determined by the length and opening angle of
the arms (i.e., L and 6, respectively). Increasing the tail length
Ly shifts the D, resonance wavelength to the red side (see also
Figure S1) [38]. The near-field intensity distribution of the D,
mode overlaps with that of D, at the end of each arm
(Figure 1E and F). Moreover, the SH polarization in Figure 1G,
induced by the D, near field, should allow phase matching
with the D, mode. These results indicate that the SH polari-
zation can be coupled to the D, mode, where D, and D, are
associated with active and passive modes, respectively.

2.2 Dipolar SH emission from a single
element

To demonstrate this near-field coupling, we analyzed the
angular distributions of SH-emission intensity from the
V-shaped nanoparticle (Figure 2). The SH wavelength was
matched to the D, resonance peak at 750 nm in Figure 1C.
Although the excitation (fundamental) wavelength at
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1500 nm was far from the D, resonance peak, the D, mode
was excited as confirmed in the near-field and charge dis-
tributions (see Figure S2). The magnitude of the SH emis-
sion is typically proportional to both of not only the square
of the near-field of the fundamental mode, i.e., the D, field
in this study, but also the mode field at the SH wavelength,
i.e., the D, field [39]. Indeed, a strong enhancement of the
SH emission for the V-shaped nanoparticle under the
similar excitation condition has been demonstrated, even
though the fundamental-mode field is not resonantly
enhanced [40]. The distributions of azimuthal angle ¢ and
polar angle 6 in Figure 2A were measured using back focal
plane (BFP) imaging [41]. When nanoparticles are placed
on the high-refractive-index substrate, the maximum ra-
diation to the substrate is observed at angles equal to or
greater than the critical angle of the substrate interface [42].
Under x-polarized illumination, the V-particle exhibited
y-polarized dipole-like SH emission which were maximized
near the critical angle of ~41.14° for an air-glass interface
(Figure 2B and D). The SH emission pattern and its polar-
ization distribution well agreed with those of light scat-
tering in the linear response to y-polarized light at 750 nm,
which directly excites the D, mode (Figure 2C and E). This
result shows that the induced SH polarization was effi-
ciently coupled to the D, mode orthogonal to the incident
polarization. It should be noted that coupling via the
spatial overlap and phase matching between orthogonal
dipole modes circumvents the selection rule even for an
isolated nanoparticle.

2.3 SHG phase control

Our directional SH nanoantenna requires precise phase
control of the dipolar SH emissions from individual ele-
ments. The surface SH polarization at a certain position r
can be written as Ponn(r, 20) = €ofPnnnEn(t, W)En(r, w),
where y@,,., and E,(r, w) are the components of the surface
susceptibility tensor and electric field, respectively, normal
to the surface of the nanoparticle at the fundamental
(excitation) wavelength (a detailed explanation is provided
in Section S1). These components are known to dominate
the surface SH response of metal nanoparticles [24, 25].
From the above equation, the phase of the SH polarization
can be determined from the phase of E,(r, w). When the
excitation wavelength is much longer than the resonant
wavelength, both the electric near-field and plasmon of the
dipole mode oscillates in-phase with the excitation. As the
excitation wavelength approaches the resonance peak,
their relative phases shift by 7 around the resonance
spectral position (Figure S3). However, in our case, the SH
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Figure 2: (A) Illustration of the coordinate system. The incident light is polarized along the x-direction to excite the D, mode for the SH
generation. (B) Measured angular distributions of the SH-emission intensity from the V-shaped element on the substrate in Figure 1. The

azimuthal angle ¢ and polar angle 6 in (A) were obtained using back focal plane imaging (41). The SH wavelength matches the D, resonance
peak at 750 nm. (C) Measured light scattering pattern in the linear response to y-polarized light illumination at 750 nm, which directly excites
the D, mode. (D and E) Polarization analysis of the SH-emission intensity in (B) and the linear scattering intensity in (C), respectively, obtained
through an analyzer. The results are in good agreement with each other. The color scale indicates the normalized scattered light intensity.

wavelength must remain near the D, resonance peak to
obtain the stable dipolar SH emission (a detailed expla-
nation is provided in Section S2). Because the excitation
wavelength remains far from the D, resonance peak, the
phase control of the SH polarization is restricted. To control
the phase of the dipolar SH emission, we instead focus for
the first time on the phase shift in the coupling of the SH
polarization to the D, mode. The D, resonance wavelength
can be controlled through the tail length Ly of the Y-shaped
nanoparticle (Figure S1) without changing the D, band,
i.e., the phase of the induced SH polarization (see Figure 1).
Under this control method, the effect of the D, resonance
on the phase of the SH emission can be simply analyzed.
The D, resonance effect was revealed by observing the
interference between the dipolar SH emissions from the V-
and Y-shaped nanoparticles (Figure 3A). When two

coherent dipoles with separation distance d oscillate with a
phase difference A®, the retardation phase kd due to
propagation of their radiation with wavenumber k can
compensate A® in one direction along the line connecting
the dipoles, and add in the opposite direction. When two
dipoles have equal magnitude, their radiation power is
proportional to cos((A® + kd)/2) in one direction and
cos((A® - kd)/2) in the other. In the present study, the SH
wavelength Asy and distance d between the nanoparticles
were fixed at 725 and 180 nm (~Agy/4), respectively, giving
ksud ~ 71/2 (Figure 3B and C). Therefore, depending on A®,
the dipolar SH emissions constructively interfere in one
direction along the x-axis and destructively interfere in the
opposite direction. The pairs of V- and Y-nanoparticles
were periodically arranged with a pitch of 650 nm in the
x-direction to increase the signal-to-noise ratio of the SH
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interference signals due to the diffraction grating effect
[43]. In this configuration, the A®-dependent interference
can be seen as light diffraction in the +1st and —1st orders
along the x-axis. The intensity ratio of the +1st order dif-
fracted SH emissions as well as the D, resonance clearly
depended on the tail length Ly of the Y-particle (see
Figure 3C and D). When a pair of V-particles was used,
i.e., Ly = 0, the SH-emission pattern should be symmetric,
with the same SH intensity of the +1st and —1st diffraction
orders. In addition, A® should be 77 because the intensity of
the Oth order diffracted SH emission was attenuated by
destructive interference. As the D, resonance redshifts with
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Figure 3: Phase control of the dipolar SH
emission.

(A) Interference between two coherent
dipoles separated by distance d,
oscillating with phase difference A®. When
the SH wavelength Asy and d are fixed, the
A® between the dipolar SH emissions from
the V- and Y-elements causes constructive
and destructive interferences in opposite
directions along the x-axis. (B, C, and D)
SEM images, extinction spectra of D,
modes and measured diffraction patterns
of SH emissions, respectively, of pairs of V-
and Y-elements (L =120 nm and 6 = 110°)
with different tail lengths Ly. The scale bar
in (B) is 100 nm. Asy and d are 725 nm (blue
stripe in (C)) and 180 nm (~Asy/4), respec-
tively, giving ksyd ~ m/2. In (D), the indi-
vidual pairs are arranged in a two-
dimensional array (A, = 650 nm and

A, =800 nm) to increase the signal-to-
noise ratio of the SH interference signals
along the x-axis due to the diffraction
grating effect. (E) Correlation between the
SH intensity ratio of the +1st diffraction
orders [labeled —1st and +1st in (D)] and the
peak shift of the D, resonance of the
Y-element in (C).

ax

increasing Ly, the SH intensity ratio in the +1st diffraction
orders increased in Figure 3(D and E), meaning that A®
approaches 37/2 of the optimal conditions of radiation
asymmetry. As the D, band that determines the phase of
the SH polarization is independent of Ly (Figure S4), the
asymmetry of the +1st diffraction orders arises from the
redshifted D, resonance of the Y-particle at the SH wave-
length. In other words, the phase of the dipolar SH emis-
sion can be controlled simply by changing Ly (which alters
the D, resonance). By this method, we can precisely design
the SH phase differences between the elements in the
nanoantenna. Moreover, these results strongly support
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that the SH signal was emitted by the induced SH polari-
zation coupled to the D, mode rather than directly from the
SH polarization.

2.4 Directional SH emission from a
nanoantenna

To further understand the behavior of the directional SH
nanoantenna, we measured the wavelength dependence of
the SH-emission patterns from a single pair of V- and
Y-shaped nanoparticles with a tail length of 25 nm for the
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(ASH =675 nm)
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Y-particle (see Figure 3B). The maximum directivity of the
SH emission, i.e., perfect constrictive and destructive
interference in Figure 3A, can be achieved for ksud ~ 1/
2+mrn(m=0,+1,+2..)and AD =m/2+nn(n=0, £1, +2...).
The distance d between the nanoparticles was set to
obtain the maximum directivity for the SH wavelength
Asu = 725 nm, i.e., ksuyd ~ 71/2. The phase difference AD can
be also optimized by controlling the excitation wavelength
because A® depends on the SH wavelength around the D,
resonance. Figure 4A displays the BFP images under
x-polarized illumination at different wavelengths. The an-
tenna exhibited strong lateral directionality at the SH
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Figure 4: (A and B) Measured angular distributions of SH emission and linearly scattered light, respectively, from a pair of V- and Y-elements
with a tail length of 25 nm (see Figure 3B) at different wavelengths of incident light. A¢, and Asy denote the excitation and SH wavelengths,
respectively. In (B), the D, mode of the antenna was directly excited by y-polarized light illumination. The antenna directivities of both

radiations were maximized in the wavelength range between the D, resonances of the V- and Y-elements. The SH emission in (A) and linear
scatteringin (B) occurred in opposite directions. (C and D) Corresponding theoretical angular distributions of the SH emission at Aex = 1450 nm
and the linearly scattered light at Aex = 740 nm, respectively. (E and F) Charge and SH polarization distributions in the processes leading to

unidirectional radiation of (C) and (D), respectively.
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wavelength Agy between the D, resonance peaks of the V-
and Y-elements. The intensity was maximized near the (¢,
0) = (180°, 45°) direction exceeding the critical angle. In
general, nanoparticles emit light into a substrate with
higher refractive index, and index-matching shifts the
emission direction to 8 = 90°. It should be noted that linear
scattering at the fundamental wavelength Ao, is omnidi-
rectional, i.e., dipole radiation (Figure S5). In other words,
the omnidirectional excitation of the antenna permits
directional SH emission. To realize directional SH emis-
sion, we exploited the different plasmon modes of antenna
excitation and SH emission. When the D, modes of the
antenna were directly excited by y-polarized light, the
linear response was also unidirectional side scattering,
similarly to that of SH emission (Figure 4B). Interestingly,
the linear scattering and SH emission appeared in opposite
directions, although the radiation patterns from the indi-
vidual antenna elements were almost identical (Figure 2).
These results are supported by numerical simulations (see
Figure 4C and D). In the SH generation process, the D,
modes were excited by the SH polarization normal to
the surface localized at the arm ends of the V- and
Y-nanoparticles (Figure 1G). Therefore, the phase of the SH
emission was flipped by inverting the Y-element in the
antenna, as shown in Figure 4E. This explains the phase
difference A® = 7 between the SH emissions of a V-particle
pair in Figure 3. Conversely, in the linear process, the
incident y-polarized light excited the D, modes of the
V- and Y-elements in the antenna in-phase (Figure 4F).
Thus, AD of the SH emission from the directional antenna
differed by 7 from that of linear light scattering, resulting in
opposite propagation directions of the two emissions.

3 Conclusions

We experimentally demonstrated that a pair of V- and
Y-shaped gold nanoparticles enables unidirectional SH
emission perpendicularly to the incident light direction.
Dipolar SH emission from the individual particles occurs
through efficient near-field coupling of the surface SH
polarization with the plasmonic dipole mode at the SH
wavelength, which is orthogonal to the incident polari-
zation. Moreover, the phase of the SH emission is pre-
cisely controlled simply by changing the tail length of the
Y-particle, which alters the SH resonance. Similarly to the
linear process, we can precisely design the SH phase
distributions of elements in nonlinear nanoantennas and
metasurfaces. This phase control is easily implemented
in nanoantennas with coupled elements that strongly
resonate at both fundamental and SH wavelengths

.: Unidirectional nanoscale second harmonic light source =—— 4607

[13, 14, 37]. Our approach offers a promising platform for
realizing nonlinear nanophotonic technologies over a
wide application range, from label-free sensing [43] to
optical nanomotor [44], beam shaping [45] and optical
communications [46].

4 Materials and methods
4.1 Nanoantenna fabrication

Nanoantennas were fabricated on a glass substrate using simple
electron-beam lithography (EBL) and lift-off techniques. After
washing a glass substrate, a film of the positive resist (ZEP520a, Zeon
Chemicals Co.) was formed by spin-coating to a thickness of 200 nm.
The film was exposed to a given pattern using an EBL system with a
high accelerating voltage (125 kV) and was then sequentially devel-
oped in developer solution (ZED-N50, Zeon Chemicals Co.) and a
rinsing agent (ZMD-B, Zeon Chemicals Co.). A 30-nm gold layer was
deposited by electron-beam evaporation. The resist pattern was sub-
sequently removed from the substrate using a resist remover (ZDMAC,
Zeon Chemicals Co.), forming nanoantennas on the glass substrate.

4.2 Experimental characterization

To characterize the nonlinear and linear optical responses of the
nanoantennas, we recorded the angular distributions of their
SH-emission and linear-light-scattering intensities, respectively, us-
ing the BFP imaging setup depicted in Figure S6. The antennas were
periodically arranged with a pitch of 2 pm. Their nonlinear and linear
responses were obtained under a femtosecond pulsed laser (generated
by an optical parametric amplifier) and a continuous-wave Ti:sap-
phire laser, respectively, with tunable wavelength ranges of 1300-
1600 and 700-1000 nm, respectively. The linear polarization of the
laser beams was changed to the desired direction by a half-wave plate.
These laser beams were weakly focused on the antennas by a 4x
objective lens with a numerical aperture (NA) of 0.13. The SH emission
and linear scattering in the forward direction were collected through
another 60x oil-immersion objective lens (NA = 1.49). The SHG exci-
tation and stray light were removed by a 1150-nm cutoff short-pass
filter and a 650-nm cutoff long-pass filter. To block the transmitted
light while measuring the linear scattering pattern, an opaque stopper
with a diameter corresponding to NA < 0.3 was installed in a secondary
BFP. The BFP images were projected on a sCMOS camera and pro-
cessed by a previously described method [47]. The polarizations of the
SH signal and scattered light were selected by an absorptive sheet
polarizer. Linear spectroscopic characterizations of the antennas were
carried out using white light in the same illumination system as the
laser beams. The extinction spectra of the antennas were obtained as
(I,(A) - I,(A))/I,(A), where I,;,(A) and I;,(A) are the spectra of the trans-
mitted white light through the substrates with and without antennas,
respectively. The polarization dependences of the extinction spectra
were analyzed by placing an absorptive sheet polarizer in front of the
illumination objective. The spectra were measured in the wavelength
ranges 600-950 and 1050-1600 nm using silicon and InGaAs de-
tectors, respectively.
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4.3 Theoretical characterization

The linear and nonlinear responses of the nanoantennas were numeri-
cally simulated with a full three-dimensional Maxwell calculation based
on a finite element method solver (COMSOL). The nanoantennas were
placed on a substrate with a refractive index n of 1.52. The radius of
curvature at the corners of the nanoparticle was 10 nm. The wavelength
dispersion of the complex permittivity of gold was measured by Johnson
and Christy [48]. The simulation method of the nonlinear response is
detailed in Section S1 of the Supplementary materials. The spatial dis-
tributions of the surface SH polarizations were obtained from the square
of the fundamental electric field normal to the surface. The SH electric
field radiated from the nanoantennas was computed as the excitation
source of the surface polarizations oscillating at the SH frequency. The
angular distributions of the SH emission were calculated from the
pointing vectors on a 2-pm-diameter sphere surrounding the structure.
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