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Optical Leaky Wave Antenna with Ellipsoid Holes Array in
Four-layer Plasmons Structure

ZHONG Dong-zhou, LIU Cheng-peng
(School of Information Engineering » Wuyi University , Jiangmen , Guangdong 529020, China)

Abstract: Based on the four-layer plasmons structure (silicon-metal-silicon-silica), two types of optical
leaky-wave-antennas that have different ellipsoid-hole array structures in the metal layer were proposed.
The structures include one-dimensional symmetric tapered array and two-dimensional symmetric tapered
array. Based on antenna theory and finite element method, some physical characteristics for the antennas
were investigated numerically. It is found that when the operating wavelength is fixed at 1550nm, the two
antennas appear ultra wide bandwidth with 80 THz that covers the band of S, -L., . With their ports filled
in the air and the silicon nitride, respectively, they both show low return loss and insertion loss. But for
two types of different filled materials, their characteristics show some differences, for example, in a one-
dimensional symmetric structure, the antenna has less return loss and insertion loss, lower side lobe
level, and better directionality when its ports is filled with silicon nitride. The antenna can be generalized
to apply in the fields of optical integrated interconnection, the control of highly integrated optical beam
and space optical communication.
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0 Introduction

Optical antennas have attracted considerable interest due to their applications ranging from the
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[1-3]

enhancement of absorption cross sections and quantum yields in photovoltaics , the release of energy

efficiently from nanoscale light-emitting devices, the increase of spatial resolution in optical microscopy to

4-

space optical communication "/, With the advent of nanoscience and nanotechnology. the fabrication of

optical antenna structure is an emerging opportunity for novel optoelectronic devices'’. By using surface

plasmon theory and antenna theory, many researchers have been trying to develop new methods to

Ls-10] L3 The plasmon antennas proposed in “*1 have been

[16] [17]

analyze, explore and design optical antennas

applied in spectropy™*, sensing '*', polarization manipulation , thin film lenses , manipulation of

"9 and so on. When the antennas are designed for space optical communication,

phase "'®, photocatalysis
many important parameters, such as return loss, insertion loss, side-lobe level, directivity, half power
beam width, radiation pattern, bandwidth and so on, have to be considered. Motivated by these, several
kinds of Optical Leaky Wave Antennas (OLWAs) applied in space optical communication have been
proposed in some theoretical and experimental works. For example, Qi Song et al studied the optical leaky
wave antenna consisting of a dielectric waveguide with periodic perturbation, and obtained a narrow beam
radiation with a directivity of about 17.5dB ™%, In 2012, L.Yousefi and his coworkers proposed a novel
patch nano optical antenna. Its structure is a mixing plasmon waveguide formed by wave impedance and
working mode, but its gain and bandwidth are of 5.64dB and about 15THz, respectively *''' To obtain
better directionality, they designed a hybrid plasmon leaky wave antenna with the directivity of about 15.2
dBi “* In 2015, based on the cone algorithm, they put forward the hybrid plasmons leaky wave antennas

[23J . The antennas operating

with different waveguide structures, which have an ideal Sidelobe Level (SL)
at a standard optical communication wavelength (1550nm) have good performances. For example, the
directivity is 14.6dBi, the far-field radiation efficiency is 73% and the SL is -19.4dB, the bandwidth is
28 THz that includes S and C bands for optical communications. In this paper, two new types of the
OLWASs are proposed. They have different ellipsoid-hole array structures in the metal layer. Their physical
properties, such as return loss, insertion loss, Radiation Pattern (RP), directivity, Half Power Beam
Width (HPBW), SL and bandwidth, are further discussed in detail. The optical antennas presented in this
paper exhibit better performances in bandwidth, SL level, return loss and insertion loss than those

[24-25]

proposed so far by L. Yousefi and X. X. Liu

1 One-dimensional symmetric tapered ellipsoid holes array

The structure ofthe OLWA is given in Fig.1. As shown in this diagram. Its spatial geometric structure
has four layers such as silicon-gold-silicon-silica. In the gold layer, the ellipsoid holes are formed by the
intersection of the cuboid and the ellipsoid. We taper the parameters of the ellipsoid holes and make their
distribution to be One-Dimensional Symmetric Tapered Array (ODSTA), where the center of the
symmetric is the middle position of the metal layer. The spacing d between each two adjacent ellipsoid
holes is the period of the array, and fixed at 100nm. Using arithmetic progression, the main axes of the
ellipsoid holes distributed in the left or the right side of the center of the metal layer are linearly decreased.
As displayed in Fig.1, the main axis of the ellipsoid hole located at the central location is a5 of 100 nm, but
the main axes of those located in the right or left side of the center are in turn 90 nm, 80 nm, 70 nm and
60nm. The ellipsoid holes of 9 are filled with air. In additional, for any one ellipsoidal hole, the semi-minor
axis =20 nm; the semi-mean axis ¢ =30 nm. In the four layers, the length of each layer material is the
same. The length is defined as L, and set as 900 nm, SiO,-material with low refractive index is placed in
the bottom layer. Its height is 300 nm, defined as H,. And its refractive index is set as 1.45. Si-material
with high refractive index locates in the first-layer and third-layer, and its refractive index ny=23.5. The
height of the first layer and the third layer are defined as H, and H,, respectively, which are fixed at
80 nm. The Au-material is sandwiched between two Si-material layers. Its height is named as H 5 and fixed
at 20 nm. The width of the Air and Si;N,in the OLWA are both 50 nm. The refractive index of the Si; N,
is 1.67. The total length of the antenna is defined as L, and set as 1 000 nm. The width of the antenna
W =200 nm.
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Fig.1 OLWA with one-dimensional symmetric tapered ellipsoid holes array in the metal layer

Moreover, for gold-material, the dielectric constant at high frequency is described by the revised of

Drude model®™ as follows
w?
p
=€ T Ty T 1
€(w)=e (w?+iyw) )
Separating real and imaginary parts yields
2
p
)) =€ T T 2
e (W) Zex (w®+7") 2
and
o rwy
ein'(u)_w(w2+72) Rk

(26 e,is the

where the plasma oscillation frequency W, and the damping coefficient ¥ are given in
instantaneous dielectric response.
1.1 Theory analysis

As shown in Fig. 1, the OLWA with ODSTA is designed based on the hybrid plasmonic structuret?™,
These structures are developed by implementing a material with low refractive index (Au), between the
two same materials with high refractive index (Si). This structure supports a guided plasmonic Transverse
Magnetic (TM) mode, with high confinement inside the material with lower refractive index"*"!. Since that
the spacing d between each two adjacent ellipsoid holes is the same, and the distribution of the ellipsoid is
periodical array, so the Au-layer is considered as a quasi-period structure. When the guided hybrid
plasmatic mode enters to the optical antenna, it transforms to a radiating mode due to the quasi-periodic
ellipsoid holes provided in the design. Since that the structure supports a TM plasmonic mode, the electric

[28]

field has components both in the x, and 2 directions However, the = component is one order of

magnitude bigger than the x component'®’, due to the case that the big difference between the refractive
index of the dielectric (Si) and that of the metal (Au). In this analysis, we can neglect the x component

because that it is much smaller than 2 component, the = component of the electric field inside the optical

antenna can be written in terms of a Fourier series expansion as™"

m=o

E (yox)= 25 E,(z) e ko =k, +

m= —ow

2mm
d

where d is the periodic, k.,,=f.,, Tia is the wave number along the propagation direction, f3,,, is a phase

4

constant without the periodic disturbance, « is the attenuation constant. Before introducing periodic
disturbance, the propagation constant of the initial mode is very close to the value of f,,,» and the original
attenuation constant in the antenna can be less than that of the e-parameter, due to the attenuation
constant including only material loss and some scattering. On the contrary, due to the existence of
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radiation, the value of the a-parameter increases significantly after introducing the periodic perturbation,
k... is the Floquet wave numbers, m is the order of the Floquet space harmonic, E,, (z) is the weight of
the m-th harmonic. We obtain k,,,, =f..,, +ia since that k. ,=p,,, tia, wheref,., =F.., T 2mm/d is the
propagation constant of the m-th Floquet space harmonic. The periodic transverse ellipsoid apertures can
generate radiation by the Floquet space harmonic, which can be controlled by the d-parameter. In these
modes, compared with the number of waves in the vacuum, the modes with the smaller number are leaky
mode and make the radiation beam
—ko<B... <k (5
where,k,is the wave number in vacuum; the OLWA is designed in such a way that above condition is
satisfied with only for one Floquet mode (mm =—1). So, only this mode generates the radiation beam, and
other m-index Floquet modes are evanescent waves. From Eq. (5), it is found that the x-component of the
electric field can be expressed as"!
E(x)=E_ % e = (0<a<<L) (6)
where E _;is the amplitude of the harmonic electric field with the order of m = —1. In addition, for the

OLWA. the main beam angle is related to the propagating mode wave number through"**

koo=RB.tTia 7
Therefore, the OLWA radiates light wave at bréai)dsiﬁe (;f B..-1<<<k,. The direction of the beam radiations
orthogonal to the antenna when ¢ = i%. The far-field radiation pattern of the OLWA is obtained by
integrating Eq. (7) as follows
T |
EF:Eﬂ*i(kocosgofﬂl_ﬂ*ia) 2

It is noted that the periodic disturbance of the OLWA is considered as the array of identical scatters. In
this case, the scattered is derived from the far-field pattern. The pattern can be obtained by the
multiplication of the normalized pattern of a single element and the normalized array factor Az (@), the

total far-field radiation pattern is approximately represented by the Az (®) and expressed as
liefl(kocosg;*ﬂ.z.*l*ia):\"d

Ar(gﬁ): 1=

(9

e*i(k()ctvsgﬁ*}?.( =1 —ie)d

The antenna radiation power concentrated in the main lobeis often measured by the SL Level (SLL).
The SLL is defined as the ratio of the peak of the SL. and that of the Main LLobe (ML). The maximum SLL
in the whole main pattern is defined as Mg, . When it is expressed as a ratio in decibels (dB) ©*

Mg, (dB)=201 TFal
SLL - 0g1o ‘F\/[f\x ‘ (10

where, Fyax is the maximum amplitude of the pattern, Fg is the maximum amplitude of the highest SL.
The directivity of the antenna is computed by using the following express %!
47 (180/m)*

D :a%4TC m (1D
where, 2, is defined as the solid angle which all power would flow through if the antenna radiation
intensity were constant at its maximal value. The beam solid angle can be approximated for antennas with
one narrow main lobe and small sidelobe by simply multiplying HPBW in two vertical planes, #,,is the
HPBW in one plane (in degrees) and 0,4 is the HPBW in one plane at a right angle to the other (in
degrees). According to the antenna theory, the Return Loss (RL) is the loss of power in the signal
reflected by a discontinuity in an antenna. This discontinuity can be a mismatch with the terminating load.
The RL is usually expressed as a ration in dB

P
RL(dB)=10 IOglOI?,Z

where, P;is the incident power and P, is the reflected power. Return loss is a measure of how well devices

S | (dB) 12>

or lines are matched. A match is good if the return loss is high. The Insertion Loss (IL) is the loss of

signal power resulting from the insertion of a device or antenna, which is given in dB by
P
IL(dB) =10 1ong—T: 'S, | (dB) (13)
R
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Where, P is the power transmitted to the antenna before insertion and Py is the power received by the
antenna after insertion.
1.2 Results and discussions

According to finite element method, it is necessary that the boundary conditions are set in the analysis
of the OLWA structure. Here, we consider that the antenna is surrounded by spherical shells filled with
air, which is set as perfectly matched layer boundary condition. The boundary condition is applied to
implement absorbing boundaries. Based on this, we calculate the radiation patterns for TM wave in the
OLWA with the ODSTA, where the ports filled with two types of materials such as air and Si; N, , as
shown in Fig. 2. Here, to easily observe the HPBW at 3dB radiation patterns, the variation range of 4 is
enlarged from 0-2n to 0-4x. The HPBW in the xz plane, the yz plane and the xy plane are in turn defined
as HPBW1, HPBW2 and HPBW3; the refractive index of Au-material is given in ®%; the operating
wavelength of the OLWAS (1) is fixed at 1550 nm. For the convenience of discussion, when air and Si; N,
are filled in the ports of the OLWA with ODSTA, respectively, the antenna is divided into two types. One
is named as the ODSTA-air-OLWA for short, the other is called for short the ODSTA-Si; N,-OLWA.
According to Eq. (11), the MSLL of the two OLWASs are calculated by using the radiation patterns in the
xy plane, due to the fact that their SLs only exist in the xy plane (see Fig. 2). Thus, we obtain the MSLL
of the ODSTA-air-OLWA and the ODSTA-Si; N,-OLWA as — 4.8 dB and — 5.5 dB, respectively. By
carefully observing the radiation patterns in Fig. 2, we obtain the HPBWs in three planes for the two
OLWAs, as displayed in Table 1. From Fig. 2(a), one further sees that 0y, and 0,4 are of 90°(HPBW1)
and 60°(HPBW3), respectively. So, the directivity D in the ODSTA-air-OLWA is obtained as 7.64 dBi
from Eq. (9). Similar, the ODSTA-Si; N,-OLWAhas 9.44 dBi, where 0,4 =84° and 0,,=>52° [ see Fig. 2
(b)]. The above results indicate that the ODSTA-Si; N,-OLWA has better direction and higher SLL than

the ODSTA-air-OLWA.
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Fig.2 Normalized radiation patterns of the ODSTA-Si;N,-OLWA and the ODSTA-air-OLWA
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Fig.3 Plot of the S;; and the S,; versus the operating frequency in the OLWA with the ODSTA

Fig. 3 shows the dependence of S;; and S;, on the operating frequency of the OLWA with ODSTA
when its ports are filled with air and Si;N,, respectively. As seen from Fig. 3, the operating bandwidth of
the ODSTA-air-OLWA and the ODSTA-Si;N,-OLWA are in the whole frequency range (170~250THz) ,
and the S;; of the two OLWAs are less than —32 dB. In the frequency range of 170~216THz, compared
with the ODSTA-Si;N,-OLWA, there have the greater S;; and S,; in the ODSTA-air-OLWA. When A is
fixed at 1550 nm (the corresponding frequency is 193.5THz), for the ODSTA-air-OLWA, S,; and S, are
—22.3 dB and — 34.5 dB, respectively; for the ODSTA-Si; N,- OLWA, S;; and S;; are — 32 dB and
—38 dB, respectively. The above discussions show that the ODSTA-Si; N,-OLWA has better matching
than the ODSTA-air-OLWA.

2 Two-dimensional symmetric tapered ellipsoid holes array

Based on one-dimensional symmetric taperedarray ellipsoid holes, we prune further the metal layer
structure of the OLWA, making it to become Two-Dimensional Symmetric Tapered ellipsoid holes Array
(TDSTA) in the metal layer, as shown in Fig. 4. The parameters for the TDSTA are given as follows: W
=430 nm, d, =230 nm. The other parameters are the same as those given in Fig. 1. For the sake of
discussion, when the port of the OLWA with TDSTA is filled with air and Si; Ny, it is divided into two
types, named as the TDSTA-air-OLWA and the TDSTA-Si; N,-OLWA for short, respectively.

Yo
/ POl’t2 :"41

Air/SiN,

Port

o

< & & &
A A A& & Q& & &

04040000

L

2
(c) Vertical view of the metal layer (d) Frame diagram of the metal layer
Fig.4 OLWA with two-dimensional symmetric tapered ellipsoid holes array in the metal layer
Fig. 5 gives the normalized radiation patterns of the OLWA with TDSTA in the metal layer at A =
1 550 nm. As shown in Fig. 5, since that there appear only Back Lobes (BLs) in three planes of the
TDSTA-air-OLWA or the TDSTA-Si; N,-OLWA, the BL Level (BLL) is used to measure the antenna
0223001-6
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radiation power, and defined as

‘FBLL ‘
where, Fyis the maximum amplitude of the highest BL in three planes. By carefully observing Fig. 5, for
the TDSTA-air-OLWA, BLL is obtained as —1.2 dB in the yz plane; but for the TDSTA-Si;N,-OLWA,
it is —0.86 dB in the xz plane. In the two OLWAs, the HPBWs in the three planes are calculated and
given in Table.1. It is further found from Fig.5 that @,y and 0,4 are 70° (HPBW1) and 105°(HPBW3),
respectively. By calculating Eq. (9), we obtain the directivity D as 5.61dBi in the TDSTA-Si; N,-OLWA.
Similar, D is 4.47 dBi in the TDSTA-air-OLWA, where 0,,=98° and 0,,=94°. These results indicate that
the TDSTA-air-OLWA has less BLLLL and better directivity than the TDSTA-Si; N,-OLWA.

BLL(dB) =20 log, (14)

Eg 0 120_90_ 60 120_20_ 60
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5
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Fig.5 Normalized radiation patterns of the TDSTA-Si; N,-OLWA and the TDSTA-air-OLWA
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Fig.6 Plot of the S;; and the S;; versus the operating frequency in the OLWA with the TDSTA

Fig. 6 further displays the dependence of S;; and S,, on the operating frequency in the OLWA with the
TDSTA, where the ports of the antenna are filled with air and Si;N,, respectively. From this diagram, it
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is found that the TDSTA-air-OLWA has less S;; than the TDSTA-Si; N,-OLWA when the operating
frequency ranges from 170 THz to 250 THz; the S, of the TDSTA-air-OLWA is less than that of the
TDSTA-Si;N,-OLWA if the operating frequency increases from 182 THz to 237 THz. For example, with
A fixed at 1 550 nm, in the TDSTA-air-OLWA, S,; is —26.5dB, but in the TDSTA-Si; N,-OLWA, it is
—17.4 dB. In addition, the S,, of the TDSTA-air-OLWA and the TDSTA-Si;N,-OLWA are —35.5 dB and
—27.2 dB, respectively, at A=1 550 nm.

Table 1 presents the performance properties ofthe OLWAs with different gold layers and different
mediums filled in the ports when A=1 550 nm. From Table 1, it is concluded that the OLWAs with two
different gold layers have wide bandwidth (80 THz) that covers the optical communication bands of S, -
[... There appear less scattering parameters (S;; and S,;), as well as better directivity in the OLWA with
the ODSTA when its ports are filled with Si;N,. But for the OLWA with TDSTA, while its ports are filled
with air, it exhibits less scattering parameters. It is noted that the OLWA with TDSTA has worse
performance when compared with that with ODSTA in term of directivity. According to Eq. (11), the
directivity depends on the HPBWSs in two planes perpendicular to each other. It can be improved when the
HPBWs are reduced by varying the parameters of the ellipsoid holes in the gold layer such as distance,

main axes, semi axis.
Table 1  Performance properties of the OLWAs with different gold layers and different mediums

filled in the portswhen the operating wavelength is fixed at 1 550 nm

Structure of ellipsoid ) Band HPBW1/ HPBW2/ HPBW3/ )
) Fillers . Su/dB S, /dB . . . D/dBi
holes in metal layer width/ THz ) ) )
One-dimensional Air 80 —22.3 —34.5 90 285 60 7.64
symmetric tapered .
. . Si; N, 80 —32 —38 84 186 52 9.44
ellipsoid holes array
Two-dimensional . -
. Air 80 —26.5 —35.5 70 132 105 5.61
symmetric tapered
ellipsoid holes array Siz Ny 80 —17.4 —27.2 110 98 94 4.47

In order to verify the correctness of the calculation results, Fig. 7 gives the comparison of the S;; and
that of the S,; in the ODSTA with the ports filled with air, obtained by COMSOL and FDTD software.
Similar, the comparison of the S;; and that of the S,; in the TDSTA with the ports filled with air are
displayed in Fig. 8. From Figs. 7 and 8, it is found that the dependence of the S, on the operating
frequency obtained by COMSOL is similar to that computed by FDTD. Also, the plot of the S,, versus the
operating frequency by using COMSOL is very close to that by using FDTD. These shows that the

calculation results are verified to be correct.

—22 T T T T —30 T v T T
== COMSOL == COMSOL
= ¢ FDTD =« EDTD
—24
aa] m —36
g =
wi Z)
—26
—42
_28 A A n 4 " 4 A
170 190 210 230 250 170 190 210 230 250
Frequency/THz Frequency/THz
(@ Sll (b) SZI

Fig.7 Comparison of the S;; and that of the S;; in the OLWA with the ODSTA
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Fig.8 Comparison of the S;; and that of the S,; in the OLWA with the TDSTA

3 Conclusion

In this paper, to achieve good matching, super wide bandwidth, good directivity, high SLL or BLL,
we propose the optical leaky wave antenna with four layers waveguide structure such as silicon-gold-silicon-
silica. In the gold layer, two types of ellipsoid-hole arrays., such as one-dimensional symmetric tapered
array, two-dimensional symmetric tapered one, are formed in the gold layer. The OLWAs with different
gold layers exhibit ultra wide bandwidth (80THz) that covers most of the optical communication bands of
S:~ L.. Also, they show great difference in radiation pattern. For one-dimensional symmetric tapered
array of ellipsoid holes, the SL of the antenna only exists in the xy plane of the radiation pattern. But for
two-dimensional symmetric tapered array, there is no SL in the radiation pattern. For each type of ellipsoid
array, the antenna has different performances in SLL or BLL, return loss, insertion loss, HPBW and
directivity when its ports are filled with air and Si; N, . respectively. For example, the OLWA with one-
dimensional symmetric tapered array has less return loss and insertion loss, and lower SLL, as well as
better directivity while its ports are filled with Si;N,. In additional, the less return loss, the less insertion
loss and lower BLL will occur in the OLWA with two-dimensional symmetric tapered array if air is filled in
the ports. The OLWA with good performance properties proposed in this paper can be generalized to apply
in the fields of optical integrated interconnection, the control of highly integrated optical beam, space
optical communication and so on.
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