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An arrow-shaped gallium phosphide nanoantenna exhibits both near-field electric field enhancement and far-field
unidirectional scattering, and the interference conditions involve electric and magnetic quadrupoles as well as
toroidal dipoles. By using long-wavelength approximation and exact multipole decomposition, the interference
conditions required for far-field unidirectional transverse light scattering and backward near-zero scattering at
multiple wavelengths are determined. The near-field properties are excellent, as exemplified by large Purcell factors
of 4.5 x 10° for electric dipole source excitation, 464.68 for magnetic dipole source excitation, and 700 V/m for the
field enhancement factor. The degree of enhancement of unidirectional scattering is affected by structural param-
eters such as the angle and thickness of the nanoantenna. The arrow-shaped nanoantenna is an efficient platform
to enhance the electric field and achieve high directionality of light scattering. Moreover, the nanostructure enables
flexible manipulation of light waves and materials, giving rise to superior near-field and far-field performances,
which are of great importance pertaining to the practicability and application potential of optical antennas in

applications such as spectroscopy, sensing, displays, and optoelectronic devices.
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1. INTRODUCTION

Nanoantennas have garnered significant interest because they
can support highly localized surface plasmon resonance and
control the directionality of light scattering [1]. In particular,
the plasmonic nanoantenna composed of noble metals has
the ability to confine light to deep-subwavelength volumes
and produce a substantial gain in directivity in the visible light
range because of localized surface plasmon resonance (LSPR)
[2]. However, metal nanoparticles have low efficiency due to
their intrinsic ohmic loss [3]. Nanostructures composed of
high-refractive-index materials can manipulate light at opti-
cal frequencies and are attractive to optical communication
[4], optical sensing [5,6], biophysics [7], astrophysics [8], and
materials science [9].

With the development of nanoscale manufacturing, the
size, shape, and materials of subwavelength-sized dielectric
nanostructures, such as GaP nanoantennas [10], gallium phos-
phide nanodisks [11], and GaP NPs [12], can be tailored in
accordance with the need and utility. Therefore, controlling
light scattering at the subwavelength scale has gained increasing
interest. The directionality of light scattering is determined by
different electromagnetic multipole moments of the scattering
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medium, and interference between the electric dipole (ED)
and higher-order multipoles can be utilized to engineer the
radiation pattern, where the scattered light is highly directional.
Unidirectional nanoantennas possess the capability of providing
directionality to non-directional light emitters such as micro-
lasers, nanolasers, plasma lasers, or even quantum dots. Recent
developments in plasmonics and metamaterials have spurred
the development of new nanoantennas for unidirectional light
scattering, for instance, nanodisks [13], nanospheres [14],
nanoblocks [15], antenna array plasma nanoantennas [16], and
some complex structures like bimetallic plasmonic nanoan-
tennas [17], plasmonic trimers [14], and large-area plasmonic
nanoparticles [18].

The U-shaped split-ring resonator can also support the elec-
tric dipole, quadrupole, and magnetic dipole (MD) moments
fora compact directional optical antenna [19]. Zhang ez a/. have
demonstrated that a touching dielectric (T-shaped) nanoan-
tenna can support a broad ED mode that spectrally overlaps the
MD mode with high directionality [20]. According to Yu ez al.,
unidirectional transverse light scattering in a V-shaped silicon
nanoantenna involves the balance of the magnetic quadrupole
moment [21]. Terekhov ez al. have proposed directional light


mailto:msm-liu@126.com
https://doi.org/10.1364/JOSAA.496501
https://crossmark.crossref.org/dialog/?doi=10.1364/JOSAA.496501&amp;domain=pdf&amp;date_stamp=2023-10-19

Research Article

scattering with the toroidal moment in silicon nanocylinders
[22] and in silicon nanopyramids [23]. Even though highly
unidirectional light scattering can be accomplished for dielectric
nanoantennas by rational design, obtaining multiple unidirec-
tional responses still remains a challenge. The near-field strength
in dielectric nanoantennas can be adjusted by changing the
length, width, and height, and better properties can be obtained
compared to plasmonic nanoantennas. Therefore, new nanoan-
tennas composed of all-dielectric nanoantennas are important
for achieving multiple unidirectional responses and enhancing
the electric field enhancement simultaneously.

Herein, an arrow-shaped gallium phosphide nanoantenna
that can suppress background scattering and enhance forward
directional scattering is investigated using the finite element
method (FEM). GaP is suitable for low-loss nanophotonic
antennas in the optical regime because its bandgap wave-
length is as small as 550 nm, and the refractive index is 3.3
[10]. The multipole contributions of the scattering cross
section and the directional scattering upon the plane wave
illumination are studied. The directional far-field emission
of the electric and magnetic dipole emitters placed close to
the arrow-shaped nanoantenna is investigated. The nanoan-
tenna exhibits unidirectional forward scattering with high
efficiency not limited to one specific wavelength, and it can
be adapted to multiple wavelengths. Enhanced unidirectional
scattering can be accomplished by adjusting the geometric
parameters of the nanoantenna. The enhanced photon and
electron coupling in the nanostructure make the near-field
intensity approximately 700 V/m. The Purcell factor (PF) is
evaluated when a point dipole emitter is used for forward scat-
tering. The arrow-shaped gallium phosphide nanoantenna,
which combines one-way scattering enhancement and remark-
able spontaneous radiation performance, has the potential
to become a high-performance nanoantenna with promising
applications in nano-electronics [24,25], photovoltaic devices
[26], and light-emitting devices [27], as well as in biosens-
ing [28], surface-enhanced spectroscopy [29], and quantum
emission [30].

2. MULTIPOLE COMPOSITION METHOD

Different models are usually adopted to investigate the near-
field and far-field characteristics of nanoantennas. The incident
light can activate different electromagnetic resonance modes,
and when two or more modes cooperate, the scattering char-
acteristics of the far field are triggered in the long wavelength
approximation. In order to elucidate the physical mechanism
of coupling between various modes, the multipole expansions
in Cartesian coordinates, including the electric dipole moment
P, (ED), the magnetic dipole moment M, (MD), the toroidal
dipole moment 7, (TD), the electric quadrupole moment Q¢4
(EQ), and the magnetic quadrupole moment Qs (MQ) are
employed to analyze the properties of the scattering cross section
and their definitions are shown as follows [20,31]:
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where 7 is the distance vector, j stands for the excited polariza-
tion current density in the antenna, and the subscripts represent
the EQ and MQ component parts. The radiation power 7 of the
various multipole moments can be calculated as follows [32]:
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In addition, the total radiated power and total scattering cross
section (SCS) can be mathematically represented by the follow-
ing equation:

7
Coeor =7 (7)
where [, is the radiation power of the incident light wave.

Figure 1(a) shows the schematic of the arrow-shaped dielec-
tric nanoantenna with a top angle a of 15° and a height #
of 420 nm. The width A and length B of the tail are 40 nm
and 100 nm, respectively. The scattering properties of the
arrow-shaped nanoantenna are derived by COMSOL 6.0
Multiphysics based on the FEM. A circular perfectly matched
layer (PML) is established as the absorbing boundary condi-
tion in the three-dimensional modeling engaged to decrease
unnecessary electromagnetic reflection [33]. In the simulation,
convergence tests are carried out by optimizing the mesh size
and PML thickness to produce more accurate results [34]. The
structure is assumed to be freestanding in air (dielectric constant
€ =1) and illuminated with a normal-incident plane wave (£
along the z-direction) that is linearly polarized along the x-axis.
Gallium phosphide (GaP), which has low-loss characteristics in
the visible region, is selected for the nanoantenna [35,36], and
the refractive index of GaP is taken from Palik’s handbook [37].
Oh et al. demonstrated the guided domino lithography (GDL)
process to fabricate uniform ultra-sharp nanoantenna arrays by
controlling both geometries of the photoresist patterns and the
exposing doses [38]. The fabrication of arrow-shaped nanoan-
tennas can be achieved by utilizing the mechanical collapse of
nanostructures.

3. RESULTS AND DISCUSSION

In order to conduct a detailed analysis of the scattering features
of the nanoantenna, the 3D far-field distributions of the GaP
arrowhead antenna is presented at different forward/backward
scattering (FS/BS) wave peak positions along with the cor-
responding wavelengths. Specifically, the radiation in the
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(a) Schematic illustration of the arrow-shaped gallium phosphide nanoantenna for COMSOL Multiphysics simulation at A = 507 nm,

A =523 nm, and A = 589 nm and (b) 3D far-field radiation patterns of the GaP arrowhead antenna.

—z-direction almost completely cancels out, whereas that in
the +z-direction is enhanced. The forward scattering can be
explained by the interferences between the electromagnetic
fields produced by the multipoles.

In order to analyze the origin of the electromagnetic reso-
nance mode, the multipole decomposition of the nanoantenna
at wavelengths ranging from 480 to 850 nm is presented
in Fig. 2, which shows four distinct resonance peaks at A =
485nm, A =515nm, A =532nm, and A =559 nm in the
total scattering cross section. It is found to be in excellent agree-
ment with the wavelength range of the total SCS obtained
from the experimental verifications [10,12]. The peaks can be
attributed to the different multipole moments which enable
the interpretation of the optical properties of the arrow-shaped
nanoantenna. The resonance peaks at 485 nm and 559 nm stem
from the coupling effects of the TD and the MD and those at
515 nm and 532 nm arise from the coupling effects of the TD,
the MD, and the MQ. In comparison with the other modes, the
ED moment is relatively weak and negligible. The total scat-
tering cross section is dominated by the TD moment, and the
high-order resonant modes (including the TD) play crucial roles
in the modulation of the far-field energy of high-refractive-index
dielectric nanoantennas.

To investigate the far-field scattering characteristics of the
nanoantenna, the forward (FS), backward (BS), and for-
ward/backward scattering (FS/BS) cross section are calculated
for the wavelength range between 470 and 650 nm [Fig. 3(a)].
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Fig.2. Multipole contributions to the scattering cross sections.

The FS and BS cross sections can be determined by the integral
of the Poynting vector in the semi-space with the z coordinate
<0and thez coordinate >0. As shown in Fig. 3(a), the energy of
the BS is significantly lower than that of the FS in the spectrum.
In addition, three different plasmon resonance peaks appear
from the FS/BS curve with peaks at 507 nm, 523 nm, and
589 nm and corresponding intensity ratios of 13.7, 15.5, and
11.9, respectively, thus revealing good directionality.

In order to analyze the fundamentals of directional forward
scattering, different phases of multipole moments are given
in Fig. 3(b). At the frequency of FS/BS 4, the magnitudes of
the scattered electric fields contributed by the TD and the MD
exhibit much greater amplitudes than those from the MQ, the
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Spatial profile. (a)—(c) The electric fields and (d)—(f) the magnetic fields at the wavelengths of FS/BS ..

EQ, and the ED. Therefore, it is appropriate to consider the
TD and the MD at three different plasmon resonance peaks.
The phase differences of scattered electric fields generated by the
TD and the MD are very small [39]. Hence, they will construc-
tively interfere in the forward direction, yielding strong forward
scatteringat 507 nm, 523 nm, and 589 nm.

In order to gain more information, Fig. 4 shows the spatial
distributions of the electric and magnetic fields at 507 nm,
523 nm, and 589 nm. The electric field distributions in
Figs. 4(a)—4(c) exhibits dispersed electric fields at the tip edge,
and the current distributions are shown by the red arrows. The
displacement currents in the dielectrics, in contrast to the con-
duction current in the liberated-electron metal, is generated
by oscillations of bound electrons caused by field penetration
and phase-delay effects of the particles [40]. Figures 4(d)—4(f)
present the magnetic field intensity distributions of the three
resonance peaks in the YOZ plane. The magnetic hot spots at
the different wavelengths are dissimilar. At A =507 nm, two
comparatively small magnetic hot spots are observed from the
edges of the structure. However, the magnetic hotspots are
mainly distributed in the center and the intensity increases
significantlyatA =523 nmand A = 589 nm.

To further examine the properties of unidirectional scattering
of the arrow-shaped nanoantenna, Fig. 5(a) shows the angu-
lar distributions of the 2D far-field scattering intensity at the

wavelength of the FS/BS maximum. Significant suppression of
BS and the strong enhancement of the FS are observed at the
wavelength of the FS/BS peaks, and the unidirectional forward
interference produces strong forward scattering at these wave-
lengths. Furthermore, the polar decay of the backscattering is
closely linked to the multipole decomposition of the nanopar-
ticle scattering. The interference between multiple induction
modes of the multipole and the unfolded electromagnetic
field can be used to explain the directionality, and, as shown
in Fig. 5(b), the 3D far-field patterns exhibit unidirectional
scattering when the wavelengths are 507 nm, 523 nm, and
589 nm.

Directionality plays an important role in the application
of antennas, as it shows the ratio of the power density of the
antenna in the most concentrated direction to the power density
of a theoretically isotropic transmitter with the same total power
transmission level. A larger value indicates that the beam is
more concentrated. In the study of the effects of the structural
parameters B, ® and A for unidirectional scattering and the
positive backward ratio (FB) are used to characterize the spec-
tral dependence of the three parameters. Here, the FB ratio
is defined as Ggg = 10log,,(SF/SB), where SF denotes the
90° positive direction and SB represents the power amplitude
radiated at 270° in the opposite direction [41].



2038

Vol. 40, No. 11 / November 2023 / Journal of the Optical Society of America A

Research Article

120 o L o 120 o 0
Lrs L
0.6
" 04 ul ) 0 " 150 = 0
02 02 02
180 150 o 180 o
20 200 " 0 210 h
240 A% 240 30 240 300
me m 70
507nm 523nm. 589nm.
(b)
1 1 1
§ 4
=
T
=
- - -
3 o -
: £ £
z g g
: | i | 3
l-?-. - -
B
<
2]
g
0 o 0
207Tam 523nm S89nm

Fig. 5.

arrow-shaped gallium phosphide nanoantenna.

(a) Scattering patterns of the arrow-shaped gallium phosphide nanoantenna (2D) and (b) 3D far-field radiation patterns of the

Figures 6(a)-6(i) show the specific enhancement process
for the three structural components B, ®, and H. The three
graphical representations, namely, the structure maps [6(a),
6(d), 6(g)], isopach maps [6(b), 9(e), 6(h)], and histograms
[6(c), 6(f), 6(1)], collectively demonstrate the spectral depend-
ence of the far-field forward-backward (FB) directionality as
functions of B, ®, and H. Figures 6(a) and 6(b) indicate that
the trend of Ggp is consistent when B is changed from 20 to
100 nm and increases gradually with increasing B. Figure 6(c)
shows that the values of Gpp max at resonant wavelengths of
507 nm, 532 nm, and 589 nm occur at B =100 nm corre-
sponding to 11.3 [dB], 11.9 [dB], and 10.7 [dB], respectively.
Figure 6(e) presents the highest and lowest energy, specifically
Ggs, in the representative right-hand color card, denoted by
dark red and blue colors, respectively. The color turns from light
to dark red when © is varied from 60° to 15°, explaining the
maximum energy of the light field at 15°. As shown in Fig. 6(f),
the maximum values of Ggp at the resonant peaks of 507 and
523 nm are significantly higher when the arrow angle of 15°
compared to other angles, whereas Ggp max at 589 nm shows no
obvious numerical pattern and the difference is not statistically
significant. The reliance of Ggp on the resonance wavelength
for different thicknesses (140—420 nm) is shown in Figs. 6(g)—
6(i). As H becomes larger, the resonance wavelength shifts to
longer wavelengths because of the phase overshot. Moreover,
the intensities of the Gpp peaks at 507 nm, 532 nm, and 589 nm
increase as H goes up from 140 to 420 nm. The enhancement
of unidirectional scattering is facilitated by an increase in the
thickness. In summary, the optimal structural parameters of

the arrow-type nanoantenna are B =100nm, ® = 15°, and
H =420 nm, which can be adopted for surface-enhanced
fluorescence emission (SEF). Moreover, the arrow-shaped
nanoantenna with the tip cut off can still exhibit unidirectional
scattering (see Figure S1in Supplement 1).

Figure 7(a) shows the scattering cross section of the arrow-
shaped nanoantenna suspended in media with the indexes
ranging from n =1 to n=1.5. The forward/backward scat-
tering (FS/BS) cross section is calculated shown in Fig. 7(b).
There is subtle red shift or blue shift as the surrounding medium
increases. In addition, the intensity of SCS increases with the
increasing refractive index. As the refractive index changes
from 1.0 to 1.5, broadband forward scattering can be achieved.
The broadband forward scattering effect is affected by the
surrounding medium [42].

To further boost the directionality of the unidirectional
scattering, an array of dielectric nano-antennas along the z-axis
is employed, as shown in Fig. 8 [43]. As shown in Fig. 8(a), the
number of nanoparticles is added along the z-axis and the par-
ticle distance L = 200 nm is arranged in the same direction in a
sequential manner. The operating wavelengths at the peak of the
Gpp spectra are taken from Figs. 8(b)-8(e) for the 2D and 3D
far-field investigation, corresponding to resonances at 523 nm
and 589 nm, respectively. Figures 8(b) and 8(d) show that the
main flap beam at 523 nm undergoes a narrowing process when
the number of particles is varied from 1 to 3, indicating that the
directionality is greatly enhanced by the array. The 3D far-field
diagrams in Figs. 8(c) and 8(e) confirm our analysis. The 3D far-
field diagram shows that the main lobe beam width decreases as
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the number of particles increases, and it also triggers the appear-
ance of some tiny side scattering lobes. Further investigation
reveals that the side flaps are generated by the interference effects
ofhigher order modes.

Although the directionality is crucial to nanoantennas, the
Purcell factor (PF) also makes an irreplaceable contribution, as

shown below [44—46],

P
PF=—,

Py

| Py
Py=——,

127 ege3

where P is the power lost by an MD without a resonator in vac-
uum, and P is the power lost by an electric or magnetic dipolar
emitter in the presence of the disk inside the resonator.
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The magnitude of the Purcell factor is a valuable parameter to
measure the electric dipole emission of the nanoantenna. Here,
six points, A, B, C, D, E, and E are chosen in the direction of
the positive half-axis of the y-axis and the xz-plane as marked
in Fig. 9(a). By keeping the polarization of the incident light
along the x-axis and the propagation direction along the +z-axis
constant, the electric dipole source is placed at the six points, and

the properties of the ED emitter are determined by calculating
the Purcell factor (PF), as shown in Fig. 9(b).The electric dipole
source at point A has the largest Purcell coefficient of about
4.5 x 107, followed by points C and E The PFs of the other
three points are nearly zero. Similarly, a magnetic dipole source
is placed at these six points to study the MD emitter. As shown
in Fig. 9(c), the magnetic dipole source shows the maximum
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Table 1. Comparison of the Characteristics of Our Nanoantenna with Those of Recently Reported Nanoantennas
(Purcell Factor)

References Characteristics Purcell Factor Structure

[47] Hexagonal InP nanowire 4.72
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value at point A with a value 0of 464.68. The PFs of the magnetic
dipole sources at points B, D, E, and F show significant numeri-
cal fluctuations in the 460—-650 nm wavelength range. There
are four clear peaks at point B, the two most pronounced ones
with PFs of 14.02 at 471 nm and 7.99 at 550 nm. In summary,
the emissions of both the electric and magnetic dipole sources in
the arrow-type nanostructures increase significantly, confirming
that the nanoantenna has large potential in applications such as
quantum transmitters and fluorescence enhancement.

In recent years, various nanoantennas with unidirectional
scattering functions have been proposed, but how to simul-
taneously improve the performance of spontaneous radiation
remains a difficult challenge. In this regard, our nanostructure
has superior radiation properties, as shown in Table 1.

In addition to the investigation of the far-field characteristics,
the electric field enhancement in the near field is analyzed.
Here, six points are selected to verify whether the electric field
enhancement can be achieved by calculating the electric fields.
The color lines in Fig. 10 display the electric fields at these six
points. The curves show that the electric field at point F is the
largest when the wavelength is 485 nm reaching 470.46, while
the electric field of 696.33 at point D is the largest at 559 nm.
The data show that the enhanced coupling of photons and elec-
trons increases the near-field potential and near-field intensity,

(a)

Fig. 11.
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boding well for surface enhancement and surface-enhanced
Raman scattering (SERS).

Finally, since the influence of the surface plays a prominent
role in the performance of nanoantennas, we investigated a
novel metasurface composed of arrow-shaped nanoantennas
[52] and metasurfaces [53]. Figure 11(a) schematically illus-
trates the metasurface of the same arrow-shaped nanoantenna
illuminated by a perpendicular incident wave. In order to gain a
deeper understanding of its characteristics, the scattering power
of different multipoles in the Cartesian coordinate system was
calculated, including the electric dipole (ED), the magnetic
dipole (MD), the toroidal dipole (TD), the electric quadrupole
(EQ), and the magnetic quadrupole (MQ), and plotted in
Fig. 11(b). It can be clearly observed that the contribution of the
TD is dominant, followed by the EQ playing a certain role. In
addition, the transmittance was computed in accordance with
the left y-axis and reached a maximum value of 0.85 at 374 nm,
indicating its periodic dependence on ultra-high transmission
performance.

4. CONCLUSION

A nanoantenna (arrow-type nanoantenna) composed of the
high-refractive-index dielectric gap materials exhibits highly
unidirectional forward scattering in the visible range. The
antenna shows not only far-field unidirectional scattering,
but also high forwardness at multiple operating wavelengths.
Parameters such as the thickness and arrow angle are very sen-
sitive to the intensity of unidirectional scattering. Therefore,
unidirectional scattering can be tuned by changing the struc-
tural parameters. Increasing the number of nanoparticles in
the array can further enhance forward scattering. The electric
field intensity and Purcell factors under excitation by electric
and magnetic dipole sources are calculated. The electric field
enhancement is 700, which is much higher than that of the sili-
con nanodisk. The remarkable field enhancement and multiple
unidirectional responses are crucial factors for nanoresonators.
Our study on unidirectional scattering provides a feasible
solution for designing and modulating the optical properties
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(a) Schematic of a novel metasurface consisting of an arrow-shaped nanoantenna, where the substrate is SiO, with » = 1.44 and the inci-

dent light is irradiated vertically and (b) scattered powers from multipoles and the total transmittance.
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of nanoantennas, thus providing novel nanoantennas for
applications such as biosensors and photovoltaic devices.
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During fabrication, the arrow-shaped antenna is likely to be diluted/eroded due to
the sharp angle, so we chipped off a piece of the arrow-shaped nanoantenna tip
structure and calculated its unidirectional scattering properties. Based on the original
structure of the arrow-shaped nanoantenna, the tip part is chipped off in Fig. S1(a).
Fig. S1(b) shows the angular distribution of the two-dimensional (2D) far-field
scattering intensities at the wavelengths of 507 nm, 523 nm, and 589 nm. The
significant suppression of BS and a strong enhancement of FS can still be observed,
and unidirectional scattering is still achievable. Further, the corresponding
three-dimensional (3D) far-field patterns are presented in Fig. S1(c). In summary, it

can be seen that the arrow-shaped nanoantenna with the tip cut off can still exhibit

unidirectional scattering.
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Fig.S1.(a) Structural diagram and(b)scattering patterns of the nanoantenna (2D) and (c) 3D far-field

radiation patterns of the nanoantenna.




