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mode- and wavelength-multiplexing.[10] 
Unfortunately, waveguide (de)multi-
plexing technology remains limited in 
terms of the manner of coupling, which is 
generally manifest as horizontal coupling 
based on fibers and microcavities.[3,7] How-
ever, coupling of vertical free-space light to 
a waveguide is desirable in many appli-
cations such as novel types of solar cell, 
photo detectors, and advanced lasers.[11,12]

One way to couple free-space light into 
a waveguide is to integrate nanoantennas 
with the waveguides.[13–16] A nanoantenna 
provides the means to downscale photonic 
integrated circuits, and it can act as an 
ideal bridge linking free-space waves and 
guided waves for their unique resonance 
and scattering properties. It has been 

demonstrated that waveguide-hybridized Yagi–Uda antennas 
could realize directional in-coupling of free-space waves and 
directional out-coupling of guided waves.[13] By tailoring the 
radiation phases of a gold nanodisk and a nanoslit integrated 
onto a dielectric waveguide, a linearly polarized beam can be 
routed in opposite directions at two different wavelengths.[14] 
Recently, Guo et al. demonstrated that waveguide-integrated 
nanoantennas can realize mode-selective polarization 
(de)multi plexing.[16] However, these earlier studies were mainly 
based on the scattering of several plasmonic nanostructures 
and thus the coupling efficiencies were very low.[13–16] One way 
to address this problem is to use phase-gradient metasurfaces, 
which are 2D nanostructure arrays that can control the wave-
front of light at will.[17] Recently, it was reported that phase-
gradient metasurfaces could be integrated into waveguides to 
realize asymmetric optical power transmission, polarization 
rotation, and mode conversion.[18] The effective wavevector 
introduced by nanoantenna arrays can also be used to relax 
the phase-matching requirement in on-chip nonlinear wave-
length conversion.[19] Based on the phase-gradient metasurface, 
a hybrid unidirectional meta-coupler for vertical incidence to a 
waveguide at telecoms wavelength has been demonstrated.[20] 
The simulated coupling efficiencies can reach about 70%; how-
ever, this coupler only works for linearly polarized beams and it 
cannot realize wavelength demultiplexing.

Spin angular momentum (SAM) is regarded as one of the 
most significant properties of electromagnetic fields and it is 
vital in chiral optics. In free space, the SAM of light is associ-
ated with its circular polarization and is parallel to the propa-
gation direction. However, because of the strong transverse 
confinement of the guided photons, their polarization states 
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Wavelength Demultiplexing

Nanophotonic waveguides play a vital role in photonic inte-
grated circuits and they represent an attractive platform for 
novel on-chip optical applications such as integrated quantum 
optics,[1,2] optical information processing,[3] and photon 
switching.[4] The ability to detect and control multiple degrees 
of freedom simultaneously is central to efficient use of pho-
tons in a waveguide. For example, to satisfy the increasing 
demands for high capacity in optical interconnects, multi-
plexing and demultiplexing technologies that use different 
properties of light have been proposed, e.g., wavelength 
(de)multiplexing,[5] polarization (de)multiplexing,[6] and mode 
(de)multiplexing.[3,7] Over the past decade, research interest 
in (de)multiplexing technologies has extended from a single 
degree of freedom to multiple degrees of freedom, e.g., simulta-
neous mode- and polarization-multiplexing[8,9] or simultaneous 
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are associated with the distribution of mode fields and the 
propagation direction of light in the waveguide.[21,22] It was 
reported that another type of SAM called transverse SAM exists 
in a waveguide, which is orthogonal to the propagation direc-
tion.[23,24] More interestingly, the transverse SAM of evanescent 
and guided waves leads to the phenomenon of spin-momentum 
locking via spin–orbit coupling, which is a phenomenon 
whereby the direction of momentum fundamentally locks 
the spin of the wave.[25–27] When a circularly polarized dipole 
emitter or a scattering antenna is placed in an evanescent-wave 
region showing local circular polarization, the guided mode can 
be excited unidirectionally.[22,24,27,28] This phenomenon inspires 
us to integrate phase-gradient metasurfaces with waveguides 
to realize high-efficiency spin-selective directional coupling of 
free-space waves. More importantly, the multimode behavior 
of a waveguide results in different spin–orbit coupling proper-
ties for different guided modes, making it possible to realize 
spin-selective wavelength demultiplexing. Although several 
works have demonstrated spin-dependent directional coupling 
for slab and rectangular waveguides based on geometric meta-
surfaces,[29,30] they did not exploit the spin–momentum locking 
effect and thus could not realize wavelength demultiplexing.

In this article, we propose and demonstrate a novel approach 
for the design of a spin-selective directional coupler and spin-
selective wavelength demultiplexing device by integrating all-
dielectric metasurfaces into silicon nitride waveguides. First, we 
demonstrate a spin-selective directional coupler that can couple 
free-space light into a waveguide at one wavelength, where 
the propagation direction of the guided wave can be controlled 
by the spin of the incident light. The coupling efficiency of the 
spin-selective directional coupler toward one side can reach about 
51.6% at 1836 nm. Then, we study the basic physical mechanisms 
and properties of the spin-selective directional coupler. We dem-
onstrate that the properties of the proposed devices can be tailored 
easily by adjusting different geometric parameters. Finally, we 
demonstrate a spin-selective wavelength demultiplexing device 
that can convert incident light to different waveguide modes prop-
agating to different directions at different wavelengths. Our work 
represents the first attempt to realize spin-selective wavelength 
demultiplexing using waveguide-integrated metasurfaces. This 
study could provide a further step in the development of photonic 
integrated circuits, integrated quantum optics, chiral optics, and 
high-bit-rate telecommunication applications.

The designed spin-selective wavelength demultiplexing 
device is shown in Figure 1. It comprises a SiO2 substrate, 
Si3N4 waveguide, and three rows of silicon nanopillar arrays. 
The waveguide has width W and thickness t. The major axis, 
minor axis, and height of each elliptical silicon nanopillar are 
a, b, and h, respectively. The distance between two adjacent 
nanopillars along the x-axis is P. The nanopillars are arranged 
alternately with orientation angle θ = 0°/90°. The y-coordinates 
of the nanopillar arrays are s1, s2, and s3. The proposed struc-
ture can be fabricated by using low-pressure chemical vapor 
deposition and e-beam lithography, as reported in ref. [18]. The 
finite element method–based commercial software COMSOL 
Multiphysics[31] was used to optimize the geometric parameters 
of the unit cell, and other numerical simulations were con-
ducted using a finite difference time-domain approach based 
on the Lumerical Solutions commercial software package. Two 

total-field-scattered-field sources of the same width as the wave-
guide were used to simulate the incident circular-polarized 
plane wave on the antennas. Two power monitors were located 
at x = ±29 µm to record the power through the waveguide. The 
transmission efficiencies (coupling efficiencies) of the spin-
selective devices are defined as the ratio of the power recorded 
by the power monitors to the incident power[14]: η = Pmonitor/Pin. 
The optical constants of amorphous silicon and Si3N4 were 
taken from refs. [32] and [33], respectively. The refractive index 
of the SiO2 substrate is 1.44.

To construct the waveguide-integrated metasurface, we first 
designed an elliptical silicon nanopillar arrays that can act as 
an imperfect half-wave plate with reasonably high efficiency. 
The optimized geometric parameters of the periodic nanopil-
lars are Px = Py = P = 630 nm, t = 1000 nm, a = 560 nm, and 
b = 250 nm. The transmission spectra of the unit cell are shown 
in Figure 2a. It can be seen that most of the left-handed circular 
polarized (LCP) incident light can be converted to right-handed 
circular polarized (RCP) light over a broad range of wavelength. 
According to the Pancharatnam–Berry phase (P–B phase) 
theory, the phase of the converted RCP light can be changed 
by spatially rotating the unit cell.[17] The phase change can be 
written as Φ = 2σθ, where σ = ±1 represents either the LCP 
or RCP light. As shown in Figure 2b, the phase of the trans-
mitted RCP light increases linearly with orientation angle θ at 
1836 nm. In addition, the transmission of the RCP light can 
reach about 80% and it is almost independent of orientation 
angle. To couple the free-space light into the waveguide, the 
phase-matching condition between the coupler and the wave-
guide mode must be satisfied. This condition can be written 
as λ

π
= ∆Φ

2

| |
effn

P
• , where neff is the effective refractive index of 

the waveguide mode, λ is the wavelength in free space, and 
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Figure 1. a) Schematic of the spin-selective wavelength demultiplexing 
device. The device couples circular-polarized light of different wave-
lengths into different directions in the underlying waveguide. At a fixed 
wavelength, the direction of light flow in the waveguide can be flipped 
when the chirality of the incident light is reversed. The inset shows a unit 
cell of the dielectric resonator. b) Plan view and geometric parameters of 
the silicon nanostructures.
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ΔΦ is the phase difference between two adjacent nanopillars 
along the x-axis. In our design, we arranged the nanopillars 
alternately with orientation angle θ = 0°/90°. Consequently, 
ΔΦ = ±π can be achieved and the phase-matching condition 

becomes n
P2

eff
λ= . It should be noted that, unlike the unidirec-

tional coupler based on the P–B phase demonstrated in ref. [30],  
which relied on a unidirectional phase gradient, our coupler can 
couple the LCP (RCP) light into two directions if the nanopillar 
arrays lie in the central axis of the waveguide.

To demonstrate the principle of our spin-selective directional 
coupler, we designed a spin-selective directional coupler con-
taining only two rows of antenna arrays. Both rows of antenna 
arrays contained 35 elliptical silicon nanopillars. The y-coordi-
nates of the nanopillar arrays are s1 = 700 nm and s2 = −300 nm. 
The geometric parameters of the waveguide are W = 2300 nm 
and t = 800 nm. Figure 2c shows the coupling efficiency spectra 
toward different sides of the waveguide for RCP incidence. For 
RCP incident light around 1836 nm, it can be seen that most 
of the power scattered from the antenna arrays is coupled to 
the right side (+x direction) of the waveguide. The coupling effi-
ciency toward the right side can reach about 51.6% at 1836 nm, 
which is much larger than previously reported.[30] In addition, 
we calculated the coupling efficiency difference Δη = ηk+ −ηk− 
between the two directions, which could reach about 45.6% 
at 1836 nm. To get insight into the nature of the directional 
excited waveguide mode, we calculated the effective indices of 

the optical modes in the waveguide as a function of wavelength. 
The dashed line in Figure 2d shows the value of λ/(2P) at each 
wavelength. Results show that only the TE20 and TM20 modes 
(we adopt the nomenclature of modes in the dielectric wave-
guides demonstrated in ref. [18]) satisfy the phase-matching 
condition in the range 1750–1900 nm, which agrees well with 
the position of peak coupling efficiency. This indicates that the 
excited modes are composed primarily of the TE20 and TM20 
modes.

To further study the directional excited waveguide mode, we 
plot the electric field amplitude distribution E| |



 in the x–y plane  
bisecting the waveguide for RCP and LCP incidence at 1836 nm 
in Figure 3a and 3c, respectively. For RCP incidence, a wave-
guide mode that has three antinodes along the y-axis is excited 
and routed to the +x direction, which is in accord with the field 
amplitude distribution of the TE20 and TM20 modes. However, 
when the chirality of the incident light is reversed, the light 
flowing in the waveguide is flipped to the opposite direction. 
This directionality originates from the internal intrinsic chi-
rality of the electromagnetic field inside the waveguide.[22] A 
waveguide can support both longitudinal and transverse field 
components (Ex and Ey) and it can permit the transfer of in-
plane circular polarization (Ex ± iEy). Some chiral points exist 
along the y-axis where the local electromagnetic field vectors 
are circular polarization. The rotational direction of the electric 
field at chiral points is dependent on the position, mode field 
distribution, and propagation direction of the guided waves.  

Adv. Optical Mater. 2019, 1801273

Figure 2. a) Transmission spectra of the metasurface composed of periodic elliptical silicon nanopillars for LCP incidence. The geometric parameters 
of the nanopillars are P = 630 nm, t = 1000 nm, a = 560 nm, b = 250 nm. b) Transmission and phase of the silicon nanopillar arrays as a function 
of orientation angle θ at wavelength 1836 nm. c) Coupling efficiency spectra toward different sides of the waveguide and their difference Δη for the 
spin-selective directional coupler for RCP incidence. k+/k− correspond to light propagating along the +x/−x direction. Inset shows the top view of the 
silicon nanoarrays. d) Effective indices of the optical modes in the waveguide as a function of wavelength. The waveguide width is 2300 nm and its 
thickness is 800 nm.
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If an emitter or an antenna emitting circularly polarized light 
is placed at the chiral points, the light will be coupled into the 
waveguide unidirectionally. This condition, which realizes the 
spin–momentum locking effect in the waveguide, can be called 
the mode field-matching condition. To further demonstrate 
the origin of the spin-selective directional coupling, we plot the 
Stokes parameters S3/S0 for the mode fields in the x–y plane 
bisecting the waveguide for RCP and LCP incidence at 1836 nm 
in Figure 3b and 3d, respectively. The Stokes parameters are 
defined as S0 = |Ex|2 + |Ey|2 and S E Ex y2Im{ }3

*= . A value of S3/S0 
close to +1 or −1 represents nearly perfect in-plane RCP or LCP 
light, respectively. For RCP and LCP incidence, the positions of 
the chiral points (where S3/S0 = ±1) are almost the same. The dif-
ferences between them are mainly due to the difference in inten-
sity of the electromagnetic field and the scattering of the nano-
antennas. In addition, the rotational directions (chirality) of the 
electric field are opposite for light propagating in different direc-
tions. Moreover, the nanopillar arrays are located approximately at 
the chiral points. For RCP or LCP incidence, the cross-polarized 
light scattered by the nanoantenna arrays is mainly coupled to 
the mode whose local polarization is LCP or RCP, respectively. 
This phenomenon can be explained by Fermi’s golden rule.[27,28] 
According to this rule, the coupling efficiency between a dipole 
source and a waveguide mode is proportional to the similarity 
between the dipole moments and the mode fields in the wave-
guide. Consequently, for a specified waveguide mode, the cou-
pling efficiency and propagation direction of the guided waves 
are dependent on the position of the nanoantenna arrays and the  

polarization of the incident light. It should be noted, because 
only the cross-polarized lights have the needed P–B phase, 
the coupling efficiencies of the spin-selective devices are also 
dependent on the polarization conversion efficiencies of the 
silicon nanopillar arrays. To obtain a relatively high efficiency, the 
geometric parameters of the silicon nanopillars and the positions 
of the nanoantenna arrays must be optimized simultaneously.

To study the dependence of the directional coupling on the 
position of the nanoantenna arrays, we simulated the cou-
pling efficiency spectra toward different sides of the waveguide 
as a function of array position s for RCP incidence. Only one 
antenna array row comprising 35 antennas was used in the 
simulation and the other geometric parameters were the same 
as those used in producing Figure 2c. As shown in Figure 4a, 
when the antenna array is located at the center of the wave-
guide (s = 0), incident light is coupled into the waveguide with 
the same coupling efficiency for both directions and there is no 
spin-selective directional coupling. However, when the antenna 
array is displaced from the center of the waveguide, the cou-
pling efficiency toward either side of the waveguide becomes 
different. At some points, light in the waveguide is routed 
mainly to the +x direction, while at other points, light is routed 
mainly to the −x direction. The positions of the coupling effi-
ciency peaks correspond to the chiral points of the waveguide. 
To show the directional coupling more clearly, we plot the cou-
pling efficiency difference Δη as a function of array position s in 
Figure 4b. It can be seen that the coupling efficiency difference 
can reach the maximum value when s = −240 nm or s = 690 nm.  

Adv. Optical Mater. 2019, 1801273

Figure 3. a) Electric field amplitude distribution E| |


 and b) Stokes parameter S3/S0 in the x–y plane bisecting the waveguide for RCP incidence  
at 1836 nm. c) Electric field amplitude distribution E| |



 and d) Stokes parameter S3/S0 in the x–y plane bisecting the waveguide for LCP incidence at 
1836 nm. Black dashed lines in the four panels indicate locations of antenna arrays.
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When s = 240 nm or s = −690 nm, the coupling efficiency dif-
ference will reverse the sign, which indicates directional propa-
gation toward the −x direction. Therefore, we can control the 
propagation direction of the guided waves by adjusting the 
array position. To study the dependence of the coupling effi-
ciency spectra on the distance between nanopillars along the 
x-axis, we varied parameter P of the spin-selective directional 
coupler and kept the other parameters unchanged (Figure 4c). 
It can be seen that there is a redshift of the working wavelength 
with increasing P. This phenomenon can be explained by the 
phase-matching condition. With increasing P, the wavelength 
that satisfies the phase-matching condition will be redshifted. 
In addition, the peak value of the coupling efficiency difference 
Δη reaches the maximum when P is about 630 nm. We also 
studied the impact of the number of antennas N on the cou-
pling efficiency difference Δη in Figure 4d. When the number 
of antennas increases, the peak position of the coupling effi-
ciency difference Δη remains unchanged, while the value 
of the peak increases. In addition, the peak width decreases 
with increasing N. For the designed directional coupler struc-
ture, two rows of antenna arrays, each of which comprised 35 
antennas, were used to obtain a moderate peak width. There-
fore, the properties of the spin-selective directional coupler can 
be tailored easily by adjusting different geometric parameters.

Given that different waveguide modes have different mode 
field distributions and thus have different chiral points, it is 

possible to design a spin-selective wavelength demultiplexing 
device that can couple incident light to different waveguide 
modes and different propagation directions at different 
wavelengths. To design this device, the waveguide and the 
nanoantenna arrays should be adjusted to satisfy both the 
phase-matching condition and the mode field-matching condi-
tion simultaneously at two different wavelengths. In addition, 
the chirality for one specified direction around the nanoantenna 
arrays should be opposite for the two wavelengths. Our spin-
selective wavelength demultiplexing device contains three rows 
of antenna arrays (as shown in Figure 1). Each row of antenna 
arrays contains 35 elliptical silicon nanopillars. The y-coordi-
nates of the nanopillar arrays are s1 = 700 nm, s2 = −250 nm, 
and s3 = −1200 nm. The geometric parameters of the wave-
guide are W = 3000 nm and t = 800 nm. Figure 5a shows the 
coupling efficiency spectra toward different sides of the wave-
guide for RCP incidence. It can be seen that incident light at 
about 1810 nm is routed to the −x direction, while incident 
light at about 1926 and 1970 nm is routed to the +x direction. 
The coupling efficiencies toward the left and right sides can 
reach 45.2% at 1810 nm and 37.3% at 1970 nm, respectively.  
The coupling efficiency difference Δη between the two sides 
of the waveguide at 1810 and 1970 nm are −38.8% and 30.9%, 
respectively. To identify the modes in the waveguide at each 
wavelength, we decomposed the coupling efficiency spectra 
into different waveguide modes, as shown in Figure 5c,d.  

Adv. Optical Mater. 2019, 1801273

Figure 4. a) Coupling efficiency spectra toward different sides of the waveguide as a function of array position s for RCP incidence at 1836 nm.  
b) Coupling efficiency difference Δη as a function of array position s. Only one antenna array row comprising 35 antennas was used in (a) and (b).  
c) Coupling efficiency difference Δη for different antenna period P. d) Coupling efficiency difference Δη for different numbers of antennas N. The 
structure used in (c) and (d) contained two rows of antenna arrays.
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The light that propagates toward the −x direction at about 
1810 nm is composed mainly of the TE30 and TM30 modes. 
However, for the light that propagates toward the +x direction 
at about 1926 and 1970 nm, the waveguide modes are mainly 
composed of the TM20 and TE20 modes, respectively. With 
increasing waveguide width, the effective refractive indices of 
the waveguide modes at each wavelength will increase. Conse-
quently, the phase-matching condition will be satisfied at longer 
wavelengths. Therefore, the phase-matching condition for the 
spin-selective directional coupler cannot be applied directly to 
the wavelength demultiplexing device. Compared with the spin-
selective directional coupler, the TE20 and TM20 modes will be 
redshifted into the range 1900–2000 nm, as shown in Figure 5d.

To further study the directional excited waveguide modes, 
we plot the electric field amplitude distribution E| |



 in the 
x–y plane bisecting the waveguide for RCP incidence at 1810 
and 1970 nm in Figure 6a and 6c, respectively. It can be seen 
that a waveguide mode with four antinodes along y-axis is 
excited and routed to the −x direction at 1810 nm, which is a 
mixed mode comprising mainly the TE30 and TM30 modes. At 
1970 nm, a waveguide mode that has three antinodes along 
the y-axis is excited and routed to the +x direction, which is a 
mixed mode that consists mainly of the TE20 and TM20 modes. 
To demonstrate the origin of the spin-selective wavelength 
demultiplexing, we plot the Stokes parameters S3/S0 for the 
mode fields in the x–y plane bisecting the waveguide for RCP 

incidence at 1810 and 1970 nm in Figure 6b and d, respectively. 
It can be seen that the distributions of the chiral points at the 
two wavelengths are different. At 1810 nm, the Stokes param-
eters S3/S0 have four maximum values and four minimum 
values along the y-axis. The three rows of antenna arrays were 
located approximately in the blue region (left-handed rotation 
region) of the mode that propagates toward the −x direction 
and the red region (right-handed rotation region) of the mode 
that propagates toward the +x direction. Given that the cross-
polarized light converted by the nanoantenna arrays is LCP 
light, the excited waveguide mode will propagate toward the −x 
direction (Figure 6a). At 1970 nm, the Stokes parameters S3/S0 
have three maximum values and three minimum values along 
the y-axis. Similar to the case discussed above, incident light 
will be converted to the mode whose local in-plane polarization 
around the antenna arrays is opposite to the incident polariza-
tion. That is to say, the incident light will be routed to the +x 
direction (Figure 6c). It should be noted that if the chirality of 
the incident light was reversed, the light flow in the waveguide 
would be flipped to the opposite direction. Thus, this device can 
also be considered a wavelength-selective spin demultiplexing 
device.

In conclusion, we propose and demonstrate a novel approach 
for the design of a spin-selective directional coupler and spin-
selective wavelength demultiplexing device by integrating an 
all-dielectric metasurface into a silicon nitride waveguide.  

Figure 5. a) Coupling efficiency spectra toward different sides of the waveguide for the spin-selective wavelength demultiplexing device for RCP inci-
dence. The waveguide width is 3000 nm and its thickness is 800 nm. b) Coupling efficiency difference Δη between the two sides of the waveguide.  
c) Mode decomposition of the coupling efficiency spectra toward the −x direction. d) Mode decomposition of the coupling efficiency spectra toward 
the +x direction.
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The phase gradients provided by the metasurface are used to 
satisfy the phase-matching condition. When nanoantennas 
are placed at the chiral points of the waveguide, the coupling of 
the electromagnetic field scattered by the nanoantennas and the 
mode field inside the waveguide lead to spin-selective directional 
propagation. The propagation direction of the excited wave-
guide mode can be controlled easily by the spin and wavelength 
of the incident light. In addition, the coupling efficiency, peak 
width, and mode type can also be tailored easily by adjusting 
the geometric parameters of the waveguide and antenna arrays,  
making it more adaptable to potential applications. According 

to the phase-matching condition n
P2

eff
λ=



  between the cou-

pler and the waveguide mode, the working wavelengths can  
be tuned easily across a wide range of the near-infrared by 
tailoring parameter P and the effective refractive index neff of 
the waveguide mode. Specifically, we can decrease the size of the 
waveguide or the distance between the nanopillars along the 
x-axis to tune the spin-selective directional coupler to telecom 
wavelength bands. It should be noted that the dimensions of 
the Si pillars should also be adjusted to ensure reasonably high 
polarization conversion efficiency in this wavelength band.

The proposed spin-selective and wavelength-selective demul-
tiplexing technique provides a novel approach to encode 
information with polarization and wavelength simultane-
ously. Recently, it has been demonstrated that waveguides and 
metasurfaces can both generate and manipulate optical vortex 
states.[34–37] Thus, using waveguide-integrated metasurfaces 

and the spin–momentum locking effect, the SAM and orbital 
angular momentum of photons are expected to be manipulated 
simultaneously in future photonic integrated circuits. Further-
more, these devices could be integrated with quantum dots to 
explore chiral quantum optics or be applied as components in 
integrated quantum optic applications.[1,2,4,22,38]
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Figure 6. a) Electric field amplitude distribution E| |


 and b) Stokes parameter S3/S0 in the x–y plane bisecting the waveguide for RCP incidence at 
1810 nm. c) Electric field amplitude distribution E| |



 and d) Stokes parameter S3/S0 in the x–y plane bisecting the waveguide for RCP incidence at 
1970 nm.
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