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of external perturbation, controllable mode 
conversion with polarization change can be 
implemented. Recently, several methods 
have been proposed to achieve this goal. 
For example, waveguides with asymmetric 
cross-sections,[13–18] including L shape and 
double-stair shape, as well as asymmetric 
metallic cover layers,[19–21] can break the 
orthogonality of TE0 and TM0 mode and 
hence produce direct conversion between 
them. Such devices can function as polari-
zation rotators, since the input and output 
modes always share the same mode order 
but with different polarization directions. 
Another method for polarization manipu-
lation is based on mode evolution, where 
a mode hybridization region is used to 

gradually convert the input mode into the orthogonal polariza-
tion with the same or higher order.[11,22] However, this strategy 
requires a large length of the mode hybridization region up to 
hundreds of micrometers because it should satisfy the adiabatic 
transition condition.

Metasurfaces, which are made up of an array of artificial sub-
wavelength structures to locally manipulate the amplitude, phase, 
and polarization of light, represent one frontier in photonics 
research.[23–32] Based on elaborately designed metasurfaces, novel 
applications such as holographic image display,[33–41] imaging 
with meta-lenses,[42–47] orbital angular momentum (OAM) beam 
generation,[48–53] and polarization manipulation[54–59] have been 
demonstrated. However, most of these metasurfaces operate in 
free space, and the entire systems still consist of bulky optical 
components including light sources, mirrors, polarizers, etc. To 
further reduce the overall size and complexity, researchers have 
recently investigated the hybrid platform by integrating metasur-
faces with photonic waveguides that preserve the merits of each 
system. Applications like mode converters, polarization rota-
tors, second-harmonic generation, on-chip wavefront shaping 
and OAM lasers have been reported.[60–67] With the assistance 
of metasurfaces, the wavevector of the guided mode can be 
modified and the mode coupling coefficient can be optimized, 
ensuring the efficient conversion from the fundamental mode 
to higher-order mode. On the other hand, 2D phase shaping of 
the input planar waveguide mode was realized by deliberately 
controlling the local phase or refractive index with metasur-
faces.[66,68,69] However, to the best of our knowledge, a universal 
and straightforward method for arbitrarily converting TM modes 
to TE modes or wavefront shaping for the cross-polarized waves 
is still lacking.

In this paper, we propose a new design strategy for mode 
converters and polarization rotators utilizing on-chip C-shaped 

In this work, mode conversion and wavefront shaping by integrating a 
metallic metasurface on top of a planar waveguide are proposed and demon-
strated. The metasurface consists of C-shaped nanoantennas. By controlling 
the orientation of each nanoantenna, mode conversion and focusing effect 
for the cross-polarized electric fields inside the waveguide are achieved. 
The design and simulation results of 16 scenarios of wideband transverse-
magnetic to transverse-electric mode converters with the mode purity up 
to 98%, and on-chip lenses at the wavelength of 1550 nm are reported. It is 
worth noting that the dimension of the devices along the propagation direc-
tion is only 9.6 µm. This work manifests the potential application of mode 
division multiplexing systems and on-chip optical interconnections based on 
metasurfaces.
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1. Introduction

Integrated photonics that can transfer and process massive infor-
mation has received extensive attention from both industry and 
academia because of its large information capacity, miniature 
footprint, complementary metal-oxide-semiconductor  (CMOS) 
compatibility, and low power consumption.[1–5] Specifically, the 
orthogonality of distinct eigenmodes coexisting in a photonic 
waveguide makes it possible to implement mode division 
multiplexing (MDM) technology, allowing various modes with 
different polarization states and orders to simultaneously propa-
gate inside the waveguide. In this way, the channel number and 
thus the information capacity can be efficiently increased.[6–10] 
The two basic components in the MDM system include mode 
converters and polarization rotators which can change the 
mode order and the polarization direction of the input guided 
mode,[4,11,12] respectively. Normally, individual transverse electric 
(TE) and transverse magnetic (TM) modes inside a multi-mode 
waveguide can propagate independently without energy exchange 
since they are orthogonal to each other. However, in the presence 
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plasmonic nanostructures, which support pronounced electric 
and magnetic resonances. Compared to the previous methods 
that convert the fundamental TE mode to other modes by 
modifying the wavenumbers of guided modes while consid-
ering the mode profiles of the input/target modes as well as 
the near-field components of the nanoantenna, our design 
can directly generate the required wavefront of the desired TE 
modes from various TM modes. In addition, the phase tuning 
range for the co-polarized field component of the waveguide 
modes using the nano-bar structure is from 0 to π.[63–65] In con-
trast, the phase change of our C-shape nanoantenna can cover 
the entire 2π range, which is beneficial to implement high-
order cross-polarization mode conversion and other practical 
applications. Finally, we demonstrate on-chip lenses that can 
shrink the spot size while rotating the polarization direction 
of the input waveguide mode with a footprint of 9.6 µm along  
the propagation direction. To the best of our knowledge, it is 
the first demonstration of simultaneous polarization rotation 
and wavefront shaping for photonic waveguide mode using  
on-chip metasurfaces.

2. Results and Discussions

Figure 1a shows the schematic of our first device, where the 
gold C-shaped nanostructures with different rotation angles 
are placed on top of a multi-mode Ta2O5 waveguide. Ta2O5, 
Si3N4, and LiNbO3 have been widely used in integrated photo-
nics for their CMOS compatibility, low loss, and high nonlinear 
effect.[70–74] Compared to silicon, these materials have lower 

refractive indexes, so the strong interaction between the wave-
guide modes and the metasurfaces can ensure the efficient 
mode and polarization conversion process. Please note that 
our proposed method could be potentially applied to the silicon 
platform with modified parameters including the size and the 
period of the C-shaped nanoantennas. These nanostructures 
can interact with the evanescent wave components of the wave-
guide modes, allowing us to manipulate the waveguide modes. 
After passing through the metasurface region, the input TM 
modes (i.e., TM0, TM1, TM2, and TM3) can be converted to the 
TE modes (i.e., TE0, TE1, TE2, and TE3), giving rise to the total 
possible conversion combinations of 16. For each scenario, one 
set of metasurfaces with the ability to engineer the local phase 
of the generated Ey component is designed and integrated on 
the waveguide. Instead of providing the additional wave vectors, 
our metasurfaces directly generate the phases required for the 
cross-polarized field component while depleting the input TM 
modes through the interaction between the metasurfaces and 
the evanescent wave components of waveguide modes. This 
property makes our design suitable for complicated situations, 
for instance, when the input and output modes have very close 
wavenumber or large mode numbers. Figure 1b illustrates the 
designed function of our second device, in which a focal point 
with dominant Ey component is generated at the right side of 
the metasurface under TM0 mode incidence. The design fol-
lows the same approach as mode conversion since the phase 
profile of the generated Ey component can be modified for a 
predefined function, which is the focusing function in this case.

A schematic of the gold C-shaped nanoantenna in our meta-
surfaces is shown in the inset at the top left corner of Figure 2a.  
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Figure 1. a) Schematic of mode conversion via on-chip metasurfaces. The insets on the top represent the simulated TM and TE mode profile at the 
input and output ports, respectively. b) Schematic of a 2D lens that can generate a focal point along with polarization conversion for TM0 mode 
incidence.
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For each nanoantenna, the rotation angle is defined as α 
with respect to the horizontal direction (i.e., x-axis), while the 
opening angle, width and radius are denoted as θ, w, and r, 
respectively. COMSOL Multiphysics, a commercial electromag-
netic solver based on the finite element method (FEM), is used 
to evaluate the dependence of the phase on the rotation angle. 
In the simulation of a single unit cell, one C-shaped nanoan-
tenna with opening angle θ = 120°, width w = 90 nm, radius r = 
125 nm, and thickness t = 40 nm is placed on top of a 400 nm-
thick Ta2O5 dielectric waveguide. The refractive index of Ta2O5 
is 2.06 at 1550 nm wavelength. TM modes are input from the 
left port. By rotating the structure from 0° to 360°, the phase 
of the scattered Ey component can cover the whole 2π range 
as shown in Figure 2a. The relation between the phase change 
and the rotation angle is attributed to the diploe modes, as illus-
trated in the inset at the bottom right corner of Figure 2a. The 
C-shaped nanoantenna can support a strong in-plane electric 
dipole mode perpendicular to the symmetric axis and an out-of-
plane magnetic mode along the z-direction.[75,76] The TM input 
mode contains three evanescent wave components, that is, Hy, 
Ex, and Ez, outside the waveguide. The electric component Ex 
can induce the in-plane electric dipole mode. Then the excited 
electric field can be further decomposed to the y-direction, 
given by Ey1∝Exsin(α)cos (α). In addition, the input Ex compo-
nent can excite the magnetic dipole mz, which would in turn 
generate another Ey2 component given by Ey2∝Exsin(α). The 
phase retardations between these Ey1 and Ey2 should also be 
considered in our model. Consequently, the final form of the 
generated electric field Ey can be expressed as follows with four 
fitting parameters:

sin cosy y1 y2
i

1 2
iE E E e E E eα α( )( ) ( )= + = +φ γ  (1)

As shown in Figure 2a, our dipole model matches the simu-
lated phase profile reasonably well, with the fitting parameters 
E1 =  1, E2 =  0.15, φ =  0.7π, and γ =  1.7π. In Figure 2b we plot 
the generated electric field Ey for eight selected rotation angles 
(denoted by the star symbols in Figure  2a). The simulated 
results clearly show the linear phase gradient indicated by the 

black dotted line, along which all of the electric field Ey of the 
eight structures share the same phase.

Since we can generate cross-polarized scattered light with 
the phase covering the entire 2π range, the wavefront of the 
scattered light can be modified in a prescribed manner. For any 
input TM modes and output TE modes, we can always extract 
their phase profiles at the cross-section inside the waveguide. 
The phase difference can be compensated by the C-shaped 
nanoantenna with appropriate rotation angles. As a proof- 
of-principle demonstration, we have considered three different 
scenarios including TM0 to TE0, TM0 to TE3, and TM1 to TE2 
mode conversions, which are shown in Figure 3. Since the 
C-shape nanoantennas are placed periodically on the top of 
the waveguide, the continuous phase profiles of the input and 
target modes can be further simplified as discrete values in the 
grid where the nanoantennas are patterned. Moreover, in order 
to avoid the back-reflection inside the waveguide, the period 

of the unit cell p should meet the requirement of 
TE

p n
λ≠  and 

TM
p n

λ≠ , where λ is 1550  nm, and nTE and nTM stand for the 

effective refractive index of the TE and TM mode, respectively. 
The height and width of the Ta2O5 channel waveguide is fixed 
at 400 nm and is 4.8 µm, respectively. The effective refractive 
indices for the waveguide modes from TE0 to TE3 are 1.71, 1.69, 
1.65, and 1.60, and the effective mode indexes for the waveguide 
modes from TM0 to TM3 are 1.56, 1.54, 1.50, and 1.45, respec-
tively. The period along the propagation direction is chosen 
to be 640  nm, while the period perpendicular to the propaga-
tion direction is chosen to be 400 nm. For the first case shown 
in Figure  3a, both of the input and output modes are funda-
mental modes, and the only difference in their phase profile 
is due to the different wavenumbers. Therefore, the additional 
phase profile to implement the mode conversion, which is cal-
culated by subtracting the input phase profile from the output 
phase profile, should have the same value along the y-direction. 
The phase profile in Figure 3b,c is more complicated because 
higher-order modes are involved. However, it is still straight-
forward to retrieve the additional phase profiles and thus the 
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Figure 2. a) Dependence of the phase of the scattered Ey field on the rotation angle of C-shaped nanoantenna, when the input is a TM mode. The 
black line and red line represent the results obtained from the dipole model and FEM simulation, respectively. The insets show the geometry, as well 
as the electric dipole (p) and magnetic dipole (m) modes of the C-shaped nanoantenna. b) The field distribution of Ey component for the eight rotation 
angles marked as the star symbols in (a).
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orientations of individual C-shaped nanoantennas. The reason 
for setting the period along y-direction as 400  nm is because 
12 unit cells can be equally spaced for the planar waveguide with  
a width of 4.8 µm, and 12 is the least common multiple of 1, 
2, 3, and 4. In order to maximize the ratio of the generated 
TE mode to the residual TM mode, the column number of 
antennas along the propagation direction is set as 15 in all sim-
ulations. Therefore, the overall functional area of our on-chip 
metasurfaces is 9.6 µm × 4.8 µm. In the last step, based on the 

required additional phase profiles and the results in Figure 2a, 
we can determine the rotation angle of the C-shaped nanoan-
tenna in each unit cell as shown in the bottom row in Figure 3.

The simulation of the TM1 to TE2 mode conversion was per-
formed by CST Studio Suite, a commercial electromagnetic 
solver. From top to bottom, the three figures in Figure 4a show 
the electric field Ez of the input TM1 mode, the integrated meta-
surface, and the electric field Ey of the generated TE2 mode, 
respectively. When passing through the metasurface region, 

Adv. Optical Mater. 2022, 2200910

Figure 4. a) Field profile of the input TM1 modes (top) and the generated TE2 mode (bottom), as well as the corresponding on-chip metasurfaces 
(middle). b) Simulated S-parameters of the mode convertor. The vertical dashed line indicates 1550 nm wavelength.

Figure 3. Mode conversion for three cases: a) TM0 to TE0, b) TM0 to TE3, and c) TM1 to TE2. In each column, the panels from top to bottom show 
the discrete phase profile for 1) the input mode, 2) the output mode, 3) the additional phase provided by the metasurfaces to compensate the phase 
mismatch, and 4) the designed metasurfaces for each case.
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the input TM1 mode gradually dissipates while a uniform TE2 
mode emerges at the same time. Besides the energy exchange 
of the two modes, there are other reasons for the dissipation 
of the TM mode: First, compared to TE modes, TM modes 
suffer from higher ohmic losses during the propagation for 
their stronger interaction with the metallic structure.[77,78] In 
addition, the C-shaped nanoantenna is designed to resonate 
with the TM mode at the working wavelength, so that it would 
strongly interact with the evanescent wave of the input mode. 
The calculated S-parameter further confirms the performance 
of the device. As shown in Figure  4b, S2(TE2)1(TM1), which 
represents the normalized field amplitude of the generated TE2 
mode with respect to the incident TM1 mode, reaches 0.195, 
while S2(TM1)1(TM1), which represents the normalized ampli-
tude of the transmitted TM1 mode, drops to a very low value of 
0.045. Owing to the field profile mismatch of the two modes, 

other modes, such as TE0, could be generated while the con-
version efficiency is low (for example, S2(TE0)1(TM1) is around 
0.04). Meanwhile, the backscattering at 1550  nm is weak as 
evidenced by the S11 parameters. We define the working band-
width as the wavelength range in which the target mode purity 
is greater than 90%. Then the working bandwidth is around 
70  nm for the TM1 to TE2 mode conversion case, which can 
benefit the further expansion of the optical communication 
channels by wavelength division multiplexing techniques.

To have an overall picture of the mode converter, we simu-
lated the electric field distribution inside the waveguide for all 
of the 16 TM-TE mode conversions at 1550 nm wavelength. The 
results are plotted in Figure 5a. The first row shows the Ez com-
ponents, which can also indicate any residual TM fields. The 
second to fifth rows depict the Ey components of the generated 
TE modes. The black box represents the waveguide region and 
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Figure 5. a) Electric fields of the input modes and the generated modes inside the waveguide for 16 scenarios. The red dash box and the black box 
denote the regions of the metasurfaces and waveguide, respectively. b) S-parameters for the transmitted input modes, generated target modes, and 
the second strongest generated modes.
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the red box denotes the location of the metasurfaces as shown in 
the top left figure. S-parameters of the 16 scenarios in Figure 5b 
quantify the mode conversion results in detail. As shown in 
the diagram, the S-parameters of the generated target modes 
are always between 0.16 and 0.22 while the S-parameters of the 
input modes are reduced to 0.02–0.08. Although the intensity 
mismatches between the input modes and target modes cause 
the generation of unwanted modes indicated by the S-param-
eter of the second strongest generated modes and the imperfect 
mode profiles of Ey component, they always exhibit much lower 
intensities compared to the designed modes. With a mode 
conversion length of 9.6 µm for all 16 situations, our meta-
surfaces are capable of generating the desired TE modes with 
high purity ranging from 63% to 98%, as shown in Figure S1 
(Supporting Information). The purity of mode is defined as the 
ratio of the target output mode power to the total transmitted 
power.[61] Our C-shaped metasurface shows the advantages of 
simple designs for the high-order mode conversion, high mode 
purity, wideband response, and small footprint. The detailed 
comparison between our work and literature is summarized 
in Table S1 (Supporting Information). Moreover, the max-
imum bandwidth we find in our simulation is around 150 nm 
for the TM0 to TE0 case, which can be found in Figure S2  
(Supporting Information). Please note that the geometric  
parameters of the aforementioned metasurfaces are set as  
θ = 120°, w = 90 nm, and r = 125 nm to make sure they can res-
onate at around 1550 nm, so that the transmitted input mode 
can be dramatically suppressed. By modifying the geometries 
of the C-shaped antenna to tune its resonant wavelength away 
from 1550 nm, for example, changing the radius to 110 nm, the 
amplitude of the residual input modes and the target modes 
could become comparable as shown in Figure S3 (Supporting 
Information). This kind of configuration can potentially benefit 
the MDM technique considering the coexisting and propaga-
tion of two orthogonal waveguide modes.

Different from the mode conversion process, where only 
phase or wavenumber change is involved, wavefront shaping 
needs more complicated and precise control of the local phases. 
There are published works that use metasurfaces and meta-
materials to realize wavefront shaping, including focusing and 
mode size conversion, for the co-polarized electric field.[66,68,69] 
However, wavefront shaping for cross-polarized light, which 
would potentially benefit the MDM system and optical inter-
connection, is much less explored. Considering that our meta-
surfaces can control the phase of the Ey component generated 
by TM mode incidence, in the following we will demonstrate 
an in-plane focusing lens for the cross-polarized light. The 
phase profile of the focusing lens needs to satisfy:

2
, 2eff f i

2
f i

2
in x x y y x y m

π
λ

φ π( )( ) ( )( )− + − + =  (2)

Here xf and yf are the coordinate of the focal point and xi and 
yi are the coordinate of the ith unit cell. neff is the effective refrac-
tive index of the generated Ey component and λ is the working 
wavelength. The additional phase needed for each location is 
φi, and m is an integer. We first consider that the focal point is 
located at (3.2, 0) µm. As shown in Figure 6a, 15 × 15 unit cells  
with a total area of 9.6 × 9.6 µm2 are placed on the top of the 
planar waveguide. Figure 6b present the the electric field ampli-
tude inside the waveguide, from which we can observe a focal 
point exactly at the designed location and the field is Ey domi-
nant. The field amplitude at the focal point is comparable to 
that of the input TM mode. The phase and amplitude profile 
of the generated Ey component in Figure 6c,d further confirms 
that the wavefront shaping is achieved by controlling the local 
phase via the metasurface. Since the input TM0 mode can be 
focused to the TE0 mode with a much narrower width along 
the transverse direction, we can use a ridge waveguide with the 
width of 0.64 µm to pick up this TE mode (see Figure S4, Sup-
porting Information). The average amplitude of the generated 

Adv. Optical Mater. 2022, 2200910

Figure 6. a) Schematic of the proposed on-chip lens and the location of the focal point. b) Amplitude profile of E inside the waveguide. c,d) Phase and 
amplitude profile of the generated Ey component.
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TE0 mode is almost the same as the input amplitude while the 
corresponding S21 parameter is around 0.22. Moreover, since 
the local phase of each unit cell can be readily controlled, we 
can focus the Ey component at specified positions as shown in 
Figure 7a–c, where the focal points are designed at (3.2, 1.92) 
µm, (3.2, −1.92) µm, and (3.2, 0) µm, respectively, using the 
same coordinate as Figure  6. In addition to the normal slab 
waveguide mode, when the TM mode is input from a thin 
waveguide and diverges in the planar waveguide region as 
shown in Figure  7d,e, our design can also allow us to funnel 
light to a thin waveguide port on the right. The metasurface 
(outlined by the red box) can convert the light to Ey polariza-
tion and focus it on the output port as TE mode with the S21 
parameter around 0.19. The 0.64 µm offset of the input port 
and output port along the vertical direction also shows the 
flexibility of our design. The specific metasurface designs 
used in Figure  7a–d can be found in Figure S5 (Supporting 
Information).

3. Conclusion

In conclusion, we propose and demonstrate an innovative 
method for wideband mode conversion and wavefront shaping, 
when the input guided mode is TM polarized. The rotation 
of the polarization and tuning of the local phase are achieved 
through the interaction between the on-chip metasurfaces 
and evanescent wave components of waveguide modes. With 
appropriately designed metasurfaces, our devices can realize 
the generation of the target modes with high purity and accu-
rate control of the focal points. Furthermore, we can apply our 
approach to infrared and THz systems, given the scalability of 
Maxwell’s equations. We envision that our concept may inspire 
novel applications such as MDM, on-chip optical interconnec-
tion and computation, optical router, and light detection and 
ranging devices.
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