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Abstract: We introduce a cross plasmonic antenna (CPA) for the system of
multiple quantum emitters (QEs) with different emission wavelengths, where
the excitation light scattering and emission fluorescence of different QEs are
spatially separated in four different directions. By considering the CPA as
oscillating dipoles, this phenomenon is attributed to the phase differences
between them. The enhancement for QEs are very strong in correponding
directions. In addition, the fluorescence is strongly polarized. By adding a
silver plate as substrate, the directivity can be further tuned in the whole
upper half space. Our result shows that the CPA is promising for realization
of an efficient, directional and strongly polarized nano-scale light source,
which will have potential application in Nano-Optics.
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Light-matter interaction, for example, the absorption and emission of light as well as the control
of its spectral and directional properties, is a key element for a wide range of applications, from
solar energy conversion [1,2], sensing applications [3,4], single-particle manipulation [5,6],
spectroscopy [7], enhancing nonlinear optical response [8,9], and quantum information
processing [10,11]. Spontaneous emission of quantum emitter (QE), fluorescent molecules or
quantum dots, is radiated along all directions which severely limits the amount of collected
light. It is of great significance and remains a challenge to enhance the emission rate and control
the fluorescence directivity. To achieve this, a lot of efforts have been focused on flat interfaces
[12], and Fabry-Perot resonators [13,14], while other works have considered structured
dielectric structures [15] and nanoparticles [16—18] which are called optical antennas [19]. In
particular, plasmonic nanoantennas can optimize the absorption and emission of light [7,20,21]
as well as the control of its spectral and directional properties [22—-32].

Earlier works have realized unidirectional emission of a single emitter by coupling to a
Yagi-Uda antenna [24,27], in which the resulting quantum dot fluorescence is strongly
polarized and highly directed into a narrow forward angular cone. It has been discovered that
the directivity of emitters is sensitive to the distance between the emitter and the gold
nanoparticle [16], which is due to rapid phase variations of the emitter field at short distances.
And gold nanoapertures surrounded by periodic corrugations can transform standard
fluorescent molecules into bright unidirectional sources [22], which can also been used for
directional sorting of fluorescence emission [25]. It can be seen that plasmonic antennas can
enhance the emission rate of QEs greatly and control the direction conveniently.

Recently, a two-colored plasmonic antenna is designed to control the directivity of the
excitation and emission light independently and simultaneously [23]. By tuning the phase
difference between different unit nanoparticles of the antenna, the excitation and emission
direction of a single fluorescent molecule can be spatially separated and manipulated
independently, which is very important for fluorescence collection. However, this kind of
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antenna cannot be used for system of multiple QEs with different emission wavelengths. To
achieve this, we must have more than two resonances corresponding to the excitation and
emission wavelengths of multiple QEs in the plasmonic antenna. Here, we come up with a cross
plasmonic antenna (CPA) with four resonances at different wavelengths, where the excitation
light scattering and emission fluorescence of three different kinds of QEs can be separated in
four different directions. The enhancement factor for the QEs in corresponding directions are
very large compared with that of an isolated emitter and the fluorescence is strongly polarized.
Moreover, by adding a silver plate as substrate, the directivity of CPA can be further tuned in
any direction in the upper half space, which increases the tunability of the CPA.

We introduce the CPA containing four resonances corresponding respectively to the
excitation and emission wavelengths of the QEs, so that both the pumping field and emission
can be enhanced. The CPA is shown in Fig. 1(a), which consists of four pairs of silver nanorods
sharing one same nanorod in the middle. The excitation field is shown in Fig. 1(b), by which
four evident resonances can be excited. By measuring the magnetic field Hz in the middle of
space between nanorods 0 and 1 and between nanorods 0 and 2, we obtain two resonant
wavelengths A; = 798nm and A, = 656nm. Similarly, by measuring the magnetic field Hx in the
middle of space between nanorods 0 and 3 and between nanorods 0 and 4, we obtain another
two resonant wavelengths A; = 594.5nm and 4, = 563nm. The resonant wavelengths can be seen
in Fig. 1(c). The distribution of magnetic field and electric field at four resonant wavelengths
are shown in Fig. 1(d). The resonance strongly depends on the distance between metallic
nanorods. By increasing the gap between nanoparticles, the interaction between them
decreases, and the resonant frequency increases. If the aspect ratio of the nanorod increases
(with increased L/a), its resonance shifts to longer wavelength. Therefore, the CPA can apply to
system of QEs with other different frequencies by simply varying its size. The QE can be
simulated by a y-direction short current source placed 10nm above the shared nanorod of the
four nanorods. The spatial overlap of four resonances which introduce strong field
enhancement can enhance the fluorescence in both excitation and emission.

(b) Excitation field and axis

z H(1,0,1)

(d) 2,=798nm 7,=656nm
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3801 | ek

74=394.5nm }.~363nm

WA ELMH
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Fig. 1. (a) The structure of the CPA with a = 40nm, L = 100nm, g, = 46nm, g, = 50nm,
g3 = 56nm, g, = 68nm, h = 10nm. The CPA is immersed in air. (b) The excitation field and
coordinate axis. (c) Resonance of the antenna by measuring the magnetic field Hz in the middle
of space between nanorods 0 and 1, 0 and 2, and Hx in the middle of space between nanorods 0
and 3, 0 and 4 of the antenna. (d) The magnetic field and electric field distribution at four
resonances.
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Fig. 2. The far-field pattern plot at excitation and emission wavelengths of the QEs in presence
of CPA (a,c,e,g) and of that in vacuum (b,d,f,h). The size of the CPA is a = 40nm, L = 100nm,
g =46nm, g, = 50nm, g; = 56nm, g, = 68nm, h = 10nm. The scale bar of power is shown in the
figure.

The excitation and emission of the antenna is simulated by CST Microwave Studio and the
permittivity of silver has Drude model £ = ¢, -, / (@’ —iyw) withe, =1.0, w, = 1.37 x

10"%ad/s, y = 1.95 x 10"rad/s. We choose silver nanorod with square cross section as the
building block of CPA because silver nanorod exhibits higher fluorescent enhancement than
gold. As a comparison, the QE in vacuum is also studied. The angular distribution pattern at
excitation wavelength is simulated by radiating the antenna with plane wave then detecting the
scattered power distribution in the far field. The emission pattern is obtained in a similar way by
exciting the antenna with a dipole source near the antenna. Combining both the excitation and
emission enhancement effect, the total enhancement factor for QE with different emission
wavelength 4, in the direction (0,0) is defined as [23]:

P(H, ?, ﬂem ) « |Ey,/1m |2

S(6.9)=
(6.9) Max (B, (6,9.4,,)) |Eo,zu|2,

(1

where P(0, $A.,) is the angular distribution of the emitted power with CPA and Py(6, g 1.,,) is
the angular distribution of the emitted power by an isolated source in vacuum. The ratio
represents the angular radiative emission enhancement of quantum emitter in presence of the
CPA. 1t is not the ratio between the total fluorescence of QE with CPA and that of an isolated
emitter distributed over all directions, which is related to the decay rate enhancement of QE
with CPA. The multiplier term |E), sex|/|Eqex|” incorporates the enhancement at the excitation
wavelength, which is close to the ratio of excitation scattering power with CPA to that in
vacuum. Thus, the total enhancement factor S(6,9) is the product of angular enhancement of
emission and the enhancement of the excitation.

Figure 2 presents the far-field radiation and excitation pattern of QE in presence of CPA and
of that in vacuum. For the excitation and emission of QE with CPA, the emitted power is
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reflected from (—1,0,1) direction resulting directional emissions in -x direction, + x direction, -z
direction (Figs. 2(b-d)). Whereas the direction of the scattered power mainly resides in the + z
direction (Fig. 2(a)) resulting in a highly asymmetric pattern. This is strikingly different from
the emission of an isolated emitter, which is classical doughnut pattern with evenly distributed
power in the xz plane (Figs. 2(f-h)). This is because the nanorods undergo large phase variation
due to plasmonic hybridization [17,26,31], the strong near field interaction of the anti-phase
magnetic resonant mode provide different far-field pattern. What’s more, the far-field power
with CPA is greatly enhanced compared with an isolated emitter. In the scale bar of power in
Figs. 2(e-h), the maximum powers of excitation and emission patterns of an isolated emitter are
all taken to be 1 at corresponding wavelengths. In Figs. 2(a-d), the power with CPA is
normalized to the maximum power of an isolated emitter at corresponding wavelength. In this
way, the value in the scale bar is just the enhancement of excitation or emission of QE with
CPA compared with an isolated emitter in corresponding directions. We can see that the
maximum angular enhancement of the emission for three QE is around 200 and that of the
excitation is about 10. Thus, the maximum S factors in emission directions are about 2000.
The observed directivity in CPA arises from interference between nanorods composing the
antenna. When the quantum emitter is effectively coupled to the antenna, its far field pattern is
dominated by the antenna [32]. Without loss of generality, we take the CPA as two oscillating
dipoles with phase differences [23]. For the excitation process at 1, = 566nm, we discuss the
case nanorods 0 and 4 are at resonance. For the emission process at A; = 815nm (A, = 670nm, A;
= 602nm), the nanorods 0 and 1 (2, 3) are at resonance. The total far field electric field is the

- .
vectorial summation of the individual nanorod with dipole moment p, = | Dy | e,

; 2

I L w 1 A -

Euw = E =) —— ) e,Xp,)Xe., 2
fot d—,'(C) |7Z'€0 ( d) r ( )

with i = 0, j = 4 for the excitation process and i = 0, j = [, 2, 3 for the emission process. Since
we are only interested in the symmetry of the power pattern, we compute the sum of Poynting
vectors in + z and -z direction and that in + x and -x directions which yield to [16]:

e a)3k|pi||pj|

AP, =P_+P_ =————sin(g,;)sin(kd) z, 3)
e, cr
- - - a)3k PP, -
AP, =P _+P = 2'—'||2;|sin((py.)sin(kd) X, 4)
; 8 e, cr

with ¢; being the phase difference between the two nanorods. For small distance d between
nanorods, the change of sin(¢@;) will induce change in the radiation symmetry. Obviously, when
@, is the odd multiples of 7/2, we will obtain directional excitation and emission pattern. At the
excitation frequency A, = 566nm, the phase difference @, = n/2 and the incident light
preferentially scatters into + z direction. At the emission frequency A; = 815nm (A, = 670nm, A;
= 602nm), the phase difference ¢; = -7/2, (¢, = 7/2, @3 = -7/2) and the emission lies mainly in
-Xx (+x, -z) direction. We can see that the excitation and emission wavelengths are around the
four resonant wavelengths, which is due to large phase variations near magnetic resonances.
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Fig. 3. The influence of changing the position and orientation of the dipole. The emission pattern
when the dipole is in the middle of nanorod 0 and nanorod 1 in (a), above the center of nanorod 0
and nanorod 1 in (b), when its orientation is 45 degree to the y-axis in (c), and 60 degree to the
y-axis in (d). The scale bar of power is shown in the figure.

We know that the fluorescence of QE is not polarized. However, in some cases we need
polarized light source. Thus, we consider the polarization of the emission light of CPA here.
We find that the emission and scattering field are strongly polarized. This is because the
magnetic resonant modes are excited in CPA. Therefore, we obtain a directional and strongly
polarized nano-scale light source. It will have a lot of applications in quantum information and
plasmonic devices. Next, we have analyzed the influence of the position and orientation of the
dipole on the emission power pattern. The result is shown in Fig. 3, where the power of
emission pattern has been normalized to the maximum power of an isolated emitter at
corresponding wavelength. First, we change the position of the dipole as shown in Figs. 3(a)
and 3(b). We can see that the emission light still lies mainly in three different directions. In Fig.
3(b), the enhancement is larger and the directivity is better than that in Fig. 3(a). The reason for
a larger enhancement is that the electric field is stronger near the top of the antenna than in the
gap. When the dipole is placed above the antenna, it can excite the four resonances more
efficiently which induces a better directivity. Then we change the orientation of the dipole as
shown in Figs. 3(c) and 3(d). It also can be seen in Fig. 3(c) that the emission are still spatially
separated in three different directions when the angle to the y-axis is 45 degree. The directivity
is weakened in the emission directions while the enhancement does not change much. When the
angle is 60 degree, the directivity of emission in -z direction is lost and the enhancement is very
small. We conclude that CPA has a good performance within + 45 degree to the y-axis. When it
exceeds 45 degree, the directivity at some wavelengths will be lost and the enhancement will be
decreased.
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Fig. 4. The influence of changing the size of the structure on the far-field power pattern at
excitation and emission wavelengths. The width of the nanorods is changed to a = 37nm in (a)
and to 43nm in (b). The gap g, between nanorod 0 and nanorod 4 is changed to g, = 26nm in (c)
and g4 = 30nm in (d). (¢) The nanorods are smoothed at both the lateral and top rectangular
edges, the blending radius is r = 2nm. The scale bar is shown in the figure.

After that, the effect of variability in size and structure of the antenna on the performance of
CPA has been considered in Fig. 4. Firstly, we change the width @ = 40nm of nanorods to 37nm
(Fig. 4(a)) and 43nm (Fig. 4(b)). And we change the gap between nanorods 0 and 4 from g, =
28nm to 26nm (Fig. 4(c)) and 30nm (Fig. 4(d)). The results can be seen in Fig. 4, where the
power of excitation and emission pattern has also been normalized to the maximum power of an
isolated emitter at corresponding wavelength. When a = 37nm (Fig. 4(2)), the directivity and
the enhancement of emission is decreased at 670nm and the directivity at excitation wavelength
is lost. In Fig. 4(b), the enhancement of the emission at three wavelengths is decreased and
directivity is not good at 670nm and 602nm when a = 43nm. In Figs. 4(c-d), the direcitivity at
some wavelengths is weakened and the enhancement for three wavelengths is decreased, while
the function of the antenna can be preserved when g, = 26nm and 30nm. Considering the
fabrication error, we have smoothed all the rectangular edges of the nanorods in Fig. 4(e). The
blending radius is taken to be » = 2nm. In this situation, the performance of the antenna is well
preserved, in which the directivity is very good and the S factor is also very large. In these
situations, the variability in size and structure of CPA has changed the resonance wavelenths,
influencing the directivity and enhancement of the power pattern at excitation and emission
wavelenghs. From these calculations, the CPA can be tolerant to the variability of size and
structure of CPA to some extent.
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Fig. 5. Tuning the directivity of emission and excitation by adding a silver plate as substrate. (a)
The structure of the antenna, with g, = 44nm, g, = 46nm, g; = 52nm, g4 = 59nm, L = 100nm, a =
40nm, the size of the silver plate is 600nm x 40nm x 600nm. (b) The resonance of the structure at
A =1764nm, X, = 1352nm, A; = 1127nm and A4 = 1045nm. (c) The far-field pattern of excitation
and emission. (d) The electric field of the structure in (a) at A = 1389nm and the electric field of
the structure in Fig. 1(a) at A = 670nm.

We see that although the proposed CPA has a directional scattering as well as a directional
emission property, the directivity is mainly limited in xz plane. We can tailor the emission and
excitation directivities by adding a silver plate as substrate in Fig. 5(a). We have changed the
gap between nanorods while the size of them is invariant. By adding a silver plate, the
wavelength of the resonances shifted to longer wavelengths as the electromagnetic circuit
lengthens. This kind of antenna applies to QEs with a longer wavelenth. The resonance
wavelengths are A; = 1764nm, 1, = 1352nm, 3 = 1127nm and A, = 1045nm as shown in Fig.
5(b). In this way, we can make the emission and excitation directivity have more tunability,
where the directivity can be tuned in the upper half space as shown in Fig. 5(c). This is because
the silver plate can be seen as a mirror to reflect the electromagnetic field in + y direction. For
example, we give the electric field distribution of CPA with and without a silver plate in Fig.
5(d) at wavelengths where nanorod 0 and nanorod 2 are at resonance, where we find that the
silver plate introduces asymmetry of electric field in y-direction which is stronger in upper
space. The silver plate pushed the electric field to make the antenna emit in + xy direction. By
changing the size of the antenna, we can tune the emission and excitation directivity
conveniently. In addition, we find that although the proposed CPA has a directional scattering
and directional emission property, the directivity is less than traditional Yagi-Uda antenna
[24,27]. However, the small size and the multiple emissions of CPA make it promising for high
integration applications compared with traditional antennas. To improve the directivity of the
CPA, antenna arrays can be used [23].

In conclusion, we have introduced a novel plasmonic antenna structure, the CPA, which can
spatially separate the excitation and emission pattern in four different directions. And the
emission light is strongly polarized. The directivity can be tuned in the upper half space by
adding a silver plate as substrate. In this paper, the material around the CPA is taken to be air.
The CPA has some tolerance to the position and direction of the dipole as well as to the
variability in the size and structure of the antenna. Thus in real situation, we can immerse the
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antenna in PMMA with QEs dispersed in it. The antenna will behave with large angular
enhancement facotr and the frequency can be tuned by changing the size of it. What’s more, it
can be also used in system with one kind of QEs to obtain directional and very strong emission
enhancement of quantum emitters with broadband excitation light which scattered in three
different directions. We believe our findings can broaden the diversity of plasmonic devices. It
can be used in directional and bright light sources for quantum optical technologies,
biochemical sensors, light-harvesting and emission devices. This finding can also have
potential applications in nanolaser and nonlinear process like second harmonic generation [8,9]
where active control of excitation and emission pattern is necessary.
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