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Compact and high-efficient wavelength demultiplexing coupler
based on high-index dielectric nanoantennas*
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Wavelength demultiplexing waveguide couplers have important applications in integrated nanophotonic devices. Two
of the most important indicators of the quality of a wavelength demultiplexing coupler are coupling efficiency and splitting
ratio. In this study, we utilize two asymmetric high-index dielectric nanoantennas directly positioned on top of a silicon-on
insulator waveguide to realize a compact wavelength demultiplexing coupler in a communication band, which is based on
the interference of the waveguide modes coupled by the two nanoantennas. We add a Au substrate for further increasing
the coupling efficiency. This has constructive and destructive influences on the antenna’s in-coupling efficiency owing to
the Fabry—Perot (FP) resonance in the SiO;, layer. Therefore, we can realize a wavelength demultiplexing coupler with
compact size and high coupling efficiency. This coupler has widespread applications in the areas of wavelength filters,
on-chip signal processing, and integrated nanophotonic circuits.

Keywords: wavelength demultiplexing coupler, high-index dielectric nanoantenna, coupling efficiency,

Fabry—Perot (FP) resonance
PACS: 42.79.Sz, 42.82 Et, 42.82.—m

1. Introduction

Two of the most important functions of integrated
photonic circuits are to couple incident lights efficiently
(coupling) and to separate the incident lights with differ-
ent wavelengths into different directions (demultiplexing).!]
Nanoscale wavelength demultiplexers have several applica-
tion prospects in color routers, wavelength filters, and on-chip
signal processing.[>! Extensive approaches have been re-
ported to realize a wavelength demultiplexer using plasmonic
components; for example, symmetry-breaking structures such
as asymmetric nanoslits, grooves, or nanoantennas,!®!!]
multicomponent nanocavities,!'”) and cascaded plasmonic

13141 To realize wavelength demultiplexing by

nanogratings.|
coupling light into dielectric waveguides through nanoanten-
nas is difficult but of considerable importance. Light propaga-
tion in dielectric waveguides can diminish the effect of ohmic
loss, which is a main problem in plasmonic applications. ']
In recent years, more attention has been given to
the study of the coupling between plasmonics and dielec-
tric photonics,['2%1 which can be utilized to realize di-
rectional waveguide couplers or wavelength demultiplexing
couplers.[>1=2] These devices have the significant advan-
tage of compact size compared to the conventional large-
scale optical wavelength demultiplexers based on prisms and

27,28]

gratings.! For instance, a few plasmonic nanoanten-

nas, such as Yagi-Uda antennas,!”>?}! two metal nanoan-

tennas with different sizes,[!*?*! an asymmetric V-shape

5,26

nanoantenna,?! and a Fano nanoantenna,>26! have been re-
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ported to realize such a unidirectional or wavelength demul-
tiplexing coupler. However, they have drawbacks including
low coupling efficiencies or splitting ratios, which limit their
applications. Recently, a novel method based on inverse de-
sign has also been reported to realize a high-efficient wave-
length demultiplexing grating coupler,!*°! however, its feature
size is 8 um. Therefore, it is still a major challenge to real-
ize a compact wavelength demultiplexing coupler with high
coupling efficiency and splitting ratio.

In this study, we develop a wavelength demultiplex-
ing coupler based on high-index dielectric nanoantennas,
which have recently been proposed as an alternative to plas-
monic nanoantennas in the optical regime because of low
losses and strong optically induced electric and magnetic

30311 We select two asymmetric high-index di-

resonances. [
electric nanoantennas because they can couple light into a
waveguide more efficiently and provide a strong relative phase
difference compared to the plasmonic nanoantennas.''*! When
two asymmetric square Si nanoantennas are placed on top of a
silicon-on insulator (SOI) waveguide, different resonant prop-
erties of the two asymmetric nanoantennas will cause a strong
relative phase difference between the waveguide modes cou-
pled by them. A wavelength demultiplexing coupler in a com-
munication band is realized based on the optical interferences
of the waveguide modes. A Au substrate is introduced at the
bottom of the coupler for further increasing the coupling effi-
ciency. The existence of the Au substrate will have construc-
tive and destructive influences on the in-coupling efficiency of

*Project supported by the National Key Research and Development Program of China (Grant Nos. 2017YFA0205700 and 2015CB932403) and the National
Natural Science Foundation of China (Grant Nos. 11174062, 51472057, and 21790364).
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the antenna owing to the Fabry—Perot (FP) resonance in the
SiO, layer. As a result, a compact and high-efficient wave-
length demultiplexing coupler is obtained, which has impor-
tant applications in integrated photonic devices.

2. Structure and model

The structure of the wavelength demultiplexing waveg-
uide coupler is schematically depicted in Fig. 1(a). Two high-
index square Si nanoantennas are positioned directly on top
of an SOI waveguide with a Au substrate. The side lengths
of the two square Si antennas are L; and L, and the distance
between them is d. The thicknesses of the Si waveguide and
SiO; dielectric layer are & and hy, respectively.

We use the finite-difference time-domain (FDTD) method
to examine the coupling and splitting process quantitatively.
In the simulation, the permittivity of Au is extracted from ex-
perimental data.®?! The refractive index of SiO, is set to be
1.45. The data of Palik!®3! are used for the permittivity of Si.
A Gaussian beam focused to a 3-pm diameter spot with the
magnetic component polarized along the y axis (TM) is inci-
dent perpendicular to the xoy plane. Two transmission mon-
itors, Tr and Ti, are used to evaluate the power transmitted
to the right and left directions in the waveguide, respectively,
the sum of which indicates the coupling efficiency of the light
incident on the SOI waveguide. The perfect matched layer
(PML) boundary condition is used in all directions.

(a)

R

Fig. 1. (color online) (a) 3D schematic diagram of the proposed struc-
ture including two high-index nanoantennas on top of an SOI waveguide
with a Au substrate. (b) 2D schematic of the designed structure for de-
scribing the interference effect of the waveguide modes coupled by the
two different nanoantennas.

3. Results and discussion

For simplicity, we first consider two asymmetric high-
index square Si nanoantennas placed on top of an SOI waveg-
uide to realize a wavelength demultiplexing coupler. Fig-
ure 1(b) shows the schematic of the structure and the mech-

anism of wavelength demultiplexing. When a p-polarized
Gaussian beam illuminates the structure, the two nanoanten-
nas couple the incident light into the waveguide with a phase
difference. The amplitudes of the coupled waveguide modes
are indicated by 71 and 1. The waveguide modes coupled
by the two nanoantennas interfere with each other in each di-
rection. When the waveguide modes coupled by one antenna
propagate to the counterpart antenna, they will partly transmit
through and partly be reflected by the antenna because of the
interaction with it. The small reflection is neglected, and the
corresponding transmission coefficients are denoted by #; and
1. Then the final amplitudes of the coupled waveguide modes
in the right (nr) and left (1) directions are given by

2n
TR = N1 €xp {kneff'dJF(Pl - (PerA(Pz} th+ M2,

2
ML = N2 exp [lncff'd‘f'q)z_ L0} +A(P1} t+n, 1)

where A is the incident wavelength and neg is the effective
¢ and ¢, are
the initial phases of the waveguide modes coupled by the

refractive index of the waveguide modes.

two different-size nanoantennas; A¢; and A¢, are the phase
shifts introduced by the coupled waveguide modes transmit-
ting through antennas L; and L, respectively. At least two
wavelengths must be considered for a wavelength demulti-
plexer. This implies that the destructive interferences to the
right (or left) direction at wavelength A; and to the left (or
right) direction at wavelength A, should be realized simulta-
neously. If 117, equals 12 and 1»¢; equals 7q, the conditions
of the destructive interferences of two wavelengths at opposite
directions are

21
Fﬂ@ffd‘i’(p[ —+Ap=02n+ 1), n=0,1,2...,
1
2n
jneffd—i-(pz—([)l—‘rA(pl = (2m—|—1)7€, m=0,1,2...,(2)

A

where A, (or 4,) denotes that the coupled waveguide modes
at the incident wavelength of A; (or A;) mainly propagate to
the left (or right) direction. Thus, we can realize a wavelength
demultiplexing coupler in our structure.

We first perform the numerical simulations of individ-
ual antennas to better understand the underlying mechanism.
The principle of the parameters selecting of the two square Si
nanoantennas is to make them have different resonant prop-
erties in our research communication band. As a result, the
waveguide modes coupled by the two nanoantennas will have
a large relative phase difference. Here, the side lengths of
the two considered individual square Si nanoantennas are se-
lected as L; = 600 nm and L, = 400 nm, and their reso-
nances are magnetic quadrupole (MQ) resonance and electric
dipole (ED) resonance in the communication band, respec-
tively. Thus, they can couple incident light into the waveguide
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with a large relative phase difference, which is the precon-
dition for realizing a wavelength demultiplexer. Figure 2(a)
shows the normalized scattering efficiency of the two isolated
nanoantennas excited by a TM plane wave. The electric and
magnetic resonances can be clearly observed in the scattering
spectrum. The y component of the scattered magnetic fields
is shown in Fig. 2(b), corresponding to the MQ resonance at
1460 nm and ED resonance 1360 nm shown in Fig. 2(a). We
place the square Si nanoantenna on top of an SOI waveguide
with the thickness of Si selected as 7 = 250 nm. When ex-
cited by a Gaussian beam focused to a 3-pm diameter spot,
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the Si nanoantenna couples the incident light efficiently into
the waveguide. For instance, for L; = 600 nm, we find 8%
transmission into the fundamental TE mode at one end of the
waveguide (16% in both waveguide directions) at the wave-
length of 1540 nm owing to the MQ resonance. In addition,
for Ly = 400 nm, there is 10% transmission at the wavelength
of 1400 nm owing to the ED resonance (Fig. 2(c)). As shown
in Fig. 2(d), the waveguide modes coupled by the two anten-
nas have a large relative phase difference in the communica-
tion band owing to the different resonant properties (MQ and
ED resonances).
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Fig. 2. (color online) (a) Scattering efficiency (defined as ratio of the two-dimensional scattering cross section, which has the dimension of length
and geometric length L) of two isolated square Si antennas with side lengths of L; = 600 nm and L, = 400 nm. The inset shows the schematic of a
Si nanoantenna excited by a TM plane wave. (b) Scattered y component of the magnetic fields of ED resonance at L, at the wavelength of 1360 nm
and MQ resonance at L; at the wavelength of 1460 nm. (c) Transmission to one end of the waveguide for individual L; and L, excited by a Gaussian
beam focused to a 3 um spot. (d) Relative phase difference between the waveguide modes coupled by the two nanoantennas.

Thus, we can realize a wavelength demultiplexing cou-
pler by placing the two square Si nanoantennas with side
lengths of L; = 600 nm and L, = 400 nm on the SOI waveg-
uide and varying the distance between them. Figure 3(b)
shows the splitting ratio, which is defined as 10log10(7R/T1.),
as a function of the wavelength and the distance between the
two nanoantennas. It is clearly observed that the splitting ratio
exhibits an oscillation behavior owing to the interference of
the waveguide modes coupled by the two antennas (Eq. (2)).
As shown in Fig. 3(b), several incident wavelengths can be
split in our structure by selecting large antenna spacing. In ad-
dition, the two splitting wavelengths and their separation can
be easily varied by adjusting distance d. To realize a com-

pact wavelength demultiplexing coupler in the communication
band, we select d = 1290 nm. Thus, the feature size of our
structure is 1.8 um. As shown in Fig. 3(c), at 1320 nm, the
transmission to the right waveguide is 10% with a splitting ra-
tio of 16 dB, whereas at 1510 nm, the transmission to the left
waveguide is 14% with a splitting ratio of 17 dB. Figure 3(c)
shows the magnitudes of the scattered magnetic fields at wave-
lengths 1320 nm and 1510 nm in the xoz plane. At 1320 nm,
light is only coupled into the fundamental mode of the left
waveguide, whereas at 1510 nm, light is only coupled into the

right waveguide.
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Fig. 3. (color online) (a) Simulated splitting ratio (dB), which is de-
fined as 101og 10(7r /T1.), as a function of wavelength and the distance
between two antennas. (b) Transmission to the right (blue) and left (red)
waveguide for the two asymmetric nanoantennas excited by a Gaussian
beam focused to a 3 pm spot with distance d = 1290 nm. (c) Mag-
nitudes of the scattered magnetic fields at wavelengths 1320 nm and
1510 nm in the xoz plane.

A Au substrate is introduced at the bottom of the coupler
for further increasing the coupling efficiency. The reflections
of the incident light on the Au substrate result in FP resonances
in the SiO, layer. This leads to wavelength-dependent varia-
tions in the field intensity at the antenna’s position and pro-
duces constructive or destructive influences on the in-coupling
efficiency of the antenna. To explain this influence intuitively,
we first consider the influence to a single nanoantenna at one
wavelength by varying the thickness of the SiO; layer, /. For
example, we consider the antenna with L, =400 nm at a wave-

length A =1400 nm. Figure 4(b) shows the magnitude of the
electric field at the antenna’s position (center of the antenna) as
a function of thickness /; obtained through a simple 1D sim-
ulation of the Si/SiO»/Au stack (Fig. 4(a)). The in-coupling
efficiency of the antenna at one end of the waveguide as a func-
tion of thickness /i is shown in Fig. 4(c). It is clearly observed
that the constructive and destructive influences of the electric
field intensity at the antenna’s position have the same effects
on the in-coupling efficiency of the antenna (as shown by the
black dashed line).

E
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Fig. 4. (color online) (a) Schematic of the Si/ SiO; /Au stack. (b)
Magnitude of the electric field at the antenna’s position (center of the
antenna) as a function of thickness /1 at A = 1400 nm. (c¢) Transmission
to one end of the waveguide of the antenna as a function of thickness /;
at A = 1400 nm excited by a Gaussian beam focused to a 3-pm spot.

2000

Therefore, we can further increase the coupling efficiency
of the wavelength demultiplexing coupler by adding a Au sub-
strate. The Au substrate is added to the previously designed
wavelength demultiplexing coupler, as depicted in Fig. 1(a)
with parameters L; = 600 nm, L, = 400 nm, d = 1290 nm,
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and 2 = 250 nm. The existence of the Au substrate first in-
creases the coupling efficiencies of the waveguide modes cou-
pled by the two nanoantennas, then the interference of the
waveguide modes results in a wavelength demultiplexing cou-
pler with high coupling efficiency. Figures 5(a) and 5(b) show
the transmissions to the right and left waveguides, respectively,
as functions of thickness #; and wavelength. It can be seen
that with the variation in thickness /;, the transmission to
the left waveguide increases considerably between 1400 nm
and 1500 nm while the transmission to the right waveguide
increases between 1540 nm and 1600 nm. Thus, to real-
ize a wavelength demultiplexing coupler with ultrahigh cou-
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pling efficiency, the thickness of the SiO; layer is selected as
h1 =590 nm. Figure 5(c) shows the transmissions to the differ-
ent directions of the waveguide. The splitting ratio is shown
in Fig. 5(d). At 1465 nm, the simulated transmission to the
left waveguide reaches 41% with a splitting ratio of 30 dB,
whereas at 1580 nm, the transmission to the right waveguide
is 24% with a splitting ratio of 21 dB. Figure 5(e) shows the
magnitudes of the scattered magnetic fields at wavelengths
1465 nm and 1580 nm in the xoz plane. Thus, a compact wave-
length demultiplexing coupler with high coupling efficiency is

realized in our structure.
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Fig. 5. (color online) (a) Leftward and (b) rightward transmissions in the waveguide as functions of the thickness /; and wavelength.
(c) Transmission and (d) splitting ratio as functions of wavelength for thickness #; = 590 nm. The incident Gaussian beam is focused
to a 3-um spot. (e) Magnitudes of scattered magnetic fields at wavelengths 1465 nm and 1580 nm in the xoz plane.
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Finally, we study the feasibility of the wavelength demul-
tiplexing in our structure in a large spectral region by tuning
the geometry parameters. According to the above discussion,
the optically induced electric and magnetic resonances of the
two high-index dielectric nanoantennas couple vertical inci-
dent light into the waveguide with a large relative phase dif-
ference. Then, wavelength demultiplexing is realized based
on the interference of the waveguide modes coupled by the
nanoantennas. As the electric and magnetic resonances of
the nanoantennas can be maintained in a large spectral region,
wavelength demultiplexing can also be realized in this region.
The wavelength demultiplexing coupler in near-infrared and
mid-infrared regions with optimized parameters is shown in
Fig. 6. The feasibility of the coupler in a large spectral region
makes it more attractive for practical applications.
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Fig. 6. (color online) (a) Transmission spectra of a wavelength demultiplex-
ing coupler in near-infrared with parameters: L; = 300 nm, L, = 200 nm,
d =700 nm, 2 = 120 nm, and /#; = 310 nm, Gaussian beam focused to a 2-
pum diameter spot. (b) Transmission spectra in mid-infrared with parameters:
L; = 1200 nm, L, = 820 nm, d = 2610 nm, # = 500 nm, and /#; = 1230 nm,
Gaussian beam focused to a 6-pum diameter spot.

4. Conclusion

We realize a compact wavelength demultiplexing coupler
with a feature size of 1.8 um in a communication band by
utilizing two high-index dielectric nanoantennas directly posi-
tioned on top of an SOI waveguide. At 1320 nm, the simu-
lated transmission to the right waveguide is 10% with a split-
ting ratio of 16 dB, whereas at 1510 nm, the transmission to
the left waveguide is 14% with a splitting ratio of 17 dB. A
Au substrate is introduced at the bottom of the structure for
further increasing the coupling efficiency. Thus, we can re-
alize a high-efficient wavelength demultiplexing coupler, for

which the transmission to the left waveguide is 41% with a
splitting ratio of 29 dB at 1465 nm, and the transmission to
the right waveguide is 24% with a splitting ratio of 21 dB at
1580 nm. The splitting wavelengths and their separation can
be easily adjusted by tuning the structural parameters. More-
over, this wavelength demultiplexing coupler exhibits feasi-
bility in a large spectral region. Owing to its excellent per-
formance, it has important application prospects in integrated
nanoscale photonic devices, such as wavelength filters, color
routers, and on-chip signal processing.
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