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Precise manipulation of mode order in silicon waveguides plays a fundamental role in the on-chip all-
optical interconnections and is still a tough task in design when the functional region is confined to
a subwavelength footprint. In this paper, digital metamaterials consisting of silicon and air pixels are
topologically designed by an efficient method combining 2D finite element method for optical
simulations, density method for material description and method of moving asymptotes for optimization.
Only around 150 iterations are required for searching satisfactory solutions. Six high-quality and efficient
conversions between four TE-polarized modes are achieved in a functional region with footprint 0.64522
(center wavelength 2 = 1550 nm). Based on asymmetric mode conversion, a reciprocal optical diode

with high contrast ratio is further obtained with the optimization starting from TEO-to-TE1 mode
Received 16th March 2021 ter. M fully design a 1 x 2 demultiplexer with footprint 1.03? and demonstrat
Accepted 25th June 2021 converter. Moreover, we successfully design a 1 x emultiplexer with footprint 1. and demonstrate
a simple mode division multiplexing system with satisfactory performances. Finally, by changing the

DOI: 10.1039/d1n200198a refractive index to an equivalent value, quasi-3D designs are obtained and the functionalities are
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1. Introduction

Manipulation of mode order in silicon waveguides has attracted
extensive attention in terms of acting as promising building
blocks in novel applications, such as on-chip all-optical diodes
and mode division multiplexing systems.'” Several conven-
tional schemes have been proposed to achieve mode order
conversion in waveguides, which include interferometer,*® two-
dimensional photonic crystal structure,” metasurface,
deformed silicon waveguide," partial etching,'*"® direct wave-
guide coupling®™'® and sub-wavelength grating coupling.>**
However, the footprints of the reported photonic devices based
on the above mentioned schemes are mostly around 5 to 10
microns and even larger. A compact structure as an essential
attribute should be highly emphasized in integrated photonic
devices. In recent years, methods involving topology
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validated in 3D simulations for both free-standing and SOI configurations.

optimization have been put forward in order to reduce the
footprint and avoid design obstacles due to the lack of known
underlying mechanisms.?>** The distribution of materials with
refractive index contrast inside the compact functional region
can be obtained by topology optimization via two distinct
strategies: ordinary optimization and objective-first optimiza-
tion. In ordinary optimization, the problem is to minimize the
objective function accounting for the desired mode conversion
step by step, while the governing equations, i.e. Maxell's equa-
tions, are always satisfied in each iteration.'*”** On the contrary,
satisfying of the objective is kept prior to the governing equa-
tions in the objective-first strategy, and the optimization is used
to find the solution which minimizes the physical residue.”>?>¢
Following these two strategies, the search of optimal material
distribution can be performed using ether gradient-based
algorithms or non-gradient-based algorithms.>”° Moreover,
from the geometric perspective, the targeted material distribu-
tions possess either complex continuous pattern*****® or pixe-
lated pattern (also referred to as metastructure or digital
metamaterial).?**® The description of continuous shape needs
additional efforts like the geometric projection method and
smoothing method. The pixelated ones with nanoscale pixels
are easier to describe in simulation and fabricate in experiment.

Although great efforts have been made toward designing
ultra-compact mode converters, precise conversions between all
supported mode orders in a single waveguide are rarely reported
in the literature.”>** A pioneer work was reported by Lu et al.*®
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using an objective-first algorithm. The footprints of functional
regions were achieved as 1.55 square vacuum wavelengths with
continuous relative permittivity inside. When considering
a limiting size of the functional region, i.e. width of the func-
tional region is the same as that of the waveguide, such further
reduction of footprint would bring huge challenges in design
due to the limited space for light interference.”>** Meanwhile,
the speed of convergence in optimization is another important
issue.”® The gradient/sensitivity in gradient-based algorithms
can accelerate the optimization process compared with non-
gradient-based algorithms (e.g. direct binary search?®** and
particle swarm optimization®?), especially in cases with a large
amount of design freedom. Recently, machine learning has
been adopted to design nanophotonic devices such as a power
splitter.** However, for a large amount of pixels and for such
complicated mode conversion functionality, a huge dataset is
required and only a purely random dataset may not be sufficient
to obtain effective inverse design. Moreover, important appli-
cations based on mode conversion, e.g. optical diodes**** and
mode demultiplexers,**** are still being pursued to be achieved
in a more highly compact functional region, while major
performances like mode purity, insertion loss and contrast ratio
are not compromised.

In this paper, ultra-compact integrated digital metamaterials
for mode order manipulation, reciprocal unidirectional trans-
mission and mode division multiplexing are demonstrated.
Combining finite element method (FEM), density method (DM)
and method of moving asymptotes (MMA), we efficiently obtain
these high-quality inverse designs in around only 150 iterations.
The functional regions of mode converter and optical diode are
0.645)” in terms of footprint, while the value of mode division
multiplexer is 1.04%.

2. Design and method

The functional region, consisting of digital metamaterial, is
directly integrated with a 1 pm-width multimode silicon slab
waveguide surrounded by air. As shown in Fig. 1(a), the func-
tional region is set one center wavelength (1.55 um) in length
and connects two adjacent 3 pm-length waveguides. At the
output end, 3 pm-length perfectly matched layers are set to
avoid backward reflection. As in the slab waveguide, only TE-
polarized (magnetic field perpendicular to the slab) light is
considered. We adopt 2D FEM to simulate the optical fields and
transmission properties of the proposed device, with input
mode profile generated by mode analysis. In 2D simulation, this
1 um-width silicon slab waveguide (refractive index n = 3.464)
can support four modes, i.e. TEO, TE1, TE2 and TE3, with the
last one having transmission efficiency less than 0.9 due to the
worst confinement. The simulated mode spatial magnetic fields
(H,) are shown in Fig. 1(b). The aim of the pixelated functional
region is to precisely manipulate the mode order and further
achieve applications in unidirectional transmission and mode
division multiplexing.

The total footprint of the functional region is set as small as
1 pm x 1.55 um (0.6452%), and divided to 41 x 63 pixels. A non-
boundary pixel is square with edge length of 25 nm, while
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a pixel on the boundary is rectangular with edge lengths of
25 nm and 12.5 nm. In each pixel, the material is either silicon
or air, forming the required dielectric refractive index contrast.
To numerically describe the pattern, the DM*® is adopted, in
which the whole digital metamaterial is treated as a single
domain. A control variable field 0 = 6 = 1 is defined to describe
and control the local refractive index with a simple linear rela-
tion: » = 1 + 6(3.464 — 1). This variable is evaluated on each
mesh node in FEM and, as a consequence, the mesh in the
functional region is accordingly set as square to keep the
pattern nearly pixelated. In this definition, § = 0 (§ = 1) refers to
air (silicon). To reduce the intermediate values of 4, a projection
based on the hyperbolic tangent function®

6 = [tanh(8(0 — 6)) + tanh(86,)]/[tanh(B(1 — 6)) + tanh(86,)] (1)

is also introduced, benefiting the targeted binary material
design. Here (@ and 6@g are slope and projection point,
respectively.

Determining the silicon/air pixel pattern in the digital met-
amaterial is a topology optimization task. In this work, we
follow a traditional strategy with a gradient-based MMA algo-
rithm?*® to fulfil the minimization of the objective function
accounting for the targeted device functionality. The control
variable 6 works as the optimization variable in the MMA
process. From an initial guess, 6 together with the corre-
sponding dielectric distribution is updated in each iteration
based on the sensitivity evaluated by the adjoint method. The
physics is exactly held at every step without residual. Then, the
silicon/air pixel pattern gradually approaches the optimal
design. For mode conversion, we define the objective function
based on the spatial integrals of forward power flux (in x-
direction) near the output port. The power flux distributions of
the perfect expected modes, i.e. TE1, TE2 and TE3 in a silicon
waveguide, are shown in Fig. 1(b) and the integral regions
(denoted as A;) are highlighted by solid boxes. The objective
function to be minimized is simply written as

Fuc(2) = Zw,-JPx(A)ds, (2)

4i

where center wavelength A = 1550 nm and w; is the signed
weight of each integral to ensure the conversion to the expected
mode order. The number of iterations in the MMA process is
below 200 to obtain a reasonable solution for all designs shown
in this paper. Afterwards, a post-binarization process is adopted
to regulate the digital metamaterial with only silicon and air
pixels. In experiments, E-beam lithography and reactive ion
etching are expected to be used to fabricate the topologically
designed digital metamaterials in which the air pixels are only
a few tens of nanometers in size.**?

3. Results and discussion
3.1 Mode order manipulation

First, we start from the lowest mode order conversion in the
silicon slab waveguide, namely from TEO to TE1. The digital
metamaterial obtained by topology optimization is shown in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic of digital metamaterial integrated with silicon waveguide. (b) Magnetic fields and power fluxes of the targeted mode

conversions in the waveguide. The functional region made by silicon and air pixels is zoomed in. The integral regions for building the objective

function are marked as well.

Fig. 2(a). The black and white pixels are silicon and air,
respectively. The simulation is performed by 2D FEM with
refractive index of silicon n = 3.464. This setting corresponds to
infinite thickness of the slab waveguide. The trivial material
absorption of silicon around 1550 nm is not considered. Since
the initial shape determines the final shape in most topology
optimizations, we adopt the simplest initial guess that the
digital metamaterial is just pure silicon without air (§ = 1).
From the convergence diagram shown in Fig. 2(b), the objective
function drops rapidly in the initial stage and converges to
a solution after around 120 MMA iterations, reflecting MMA
together with density model as an efficient algorithm. With TEO
mode imported from the left port, the magnetic field (z-direc-
tion) and power flux (x-direction) simulated at center wave-
length 1550 nm are plotted in Fig. 2(c). A high-quality
conversion from TEO to TE1 can be observed. From the power

Mode converter TEO to TE1
(@)

flux point of view, after the TEO mode arrives at the functional
region in forward direction, the single-peak power flux gradu-
ally divides into two peaks due to the scattering induced by the
air pixels in the functional region. The double-peak power flux
remains stable in the subsequent silicon waveguide. If analog-
ically considering the digital metamaterial as a small splitter
and interferometer, a 7 phase difference between upper and
lower paths is achieved at the right-hand end of the functional
region. Fig. 2(d) plots the parabola-like transmission spectra
from 1520 nm to 1580 nm (60 nm operational bandwidth). The
transmission efficiency is 98.4% at center wavelength and the
minimum value is larger than 87.0% at 1520 nm. Based on the
pattern obtained in FEM, we built this digital metamaterial with
silicon waveguide in 2D finite-difference time domain (FDTD)
as a validation. Consistent results are shown in Fig. 2(d).
Moreover, the output flux is measured on the output ports. At
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center wavelength, the shapes of output fluxes satisfactorily
reproduce the shapes of standard TE1 modes. At 1520 nm and
1580 nm, only small distortions unavoidably occur. The results
indicate that the performance of the digital metamaterial ob-
tained from optimization at only center wavelength is accept-
able and no additional optimization for expanding operational
bandwidth is required.

The adopted 1 pm-width silicon waveguide supports four TE
modes. Compared with TEO to TE1 mode conversion shown
above, the precise conversion between specific modes is a more
complicated task but desirable as well. Since only linear mate-
rials (silicon and air) are considered, the functional region is
a linear device following time-reversal symmetry. In this sense,
we need to explore six digital metamaterials for all possible
conversions between these four modes. The proposed topology
optimization method is easily extended to this task without
modification, but only with a new objective function for the
targeted mode. The obtained digital metamaterials for mode
conversions, including TEO to TE1, TEO to TE2, TEO to TE3, TE1
to TE2, TE1 to TE3 and TE2 to TE3, are plotted in Fig. 3(a). To
demonstrate the functionality, we plot the simulated magnetic
fields at center wavelength in Fig. 3(b) and the corresponding
transmission efficiencies are also listed. For conversions to TE1
and TE2, the transmission efficiencies are higher than 95%,
while for conversions to TE3, the values are in the range
between 85% and 89%. This decrease does not come from the
insertion of digital metamaterials, but the less confinement of
TE3. As shown in Fig. 4, the transmission spectra within
a 60 nm operational bandwidth indicate that these topologically
designed digital metamaterials are broadband high-quality
mode converters. The performances presented are comparable
with those of the designs in ref. 25 while the binary design in
our work consists of only air and silicon pixels. The amounts of
air and silicon pixels inside the proposed functional regions are
listed in Table S1.F Moreover, one should note the influence of
pixel size on the topology design of a photonic device. Larger
pixel size inside the digital metamaterials can reduce the
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Fig. 4 Transmission spectra of six mode converters.

challenges for experimental fabrication, but decrease the design
freedom which may sacrifice the performance and even lead to
failure to find a design for such complicated mode manipula-
tion. Since we aim to achieve high performance in the func-
tional region with footprint (in length) below 1550 nm and keep
the number of pixels to an integer, a 25 nm pixel size is chosen.
This value is comparable with the design units with length 1/40
in ref. 25 and 26. As a comparison, TEO-to-TE1 and TEO-to-TE2
mode converters are redesigned with 50 nm pixel size, as shown
in Fig. S1.1 It can be seen that both transmission efficiency and
mode purity are slightly lower, but still acceptable.

3.2 Reciprocal unidirectional transmission

The unidirectional transmission of light in a silicon waveguide
has attracted huge interest in the last decade, especially the
schemes based on linear and passive integrated devices.>*™%*¢
Due to the linear regime, time-reversal symmetry is held. Such
devices are naturally not optical isolators but optical diodes for
specific modes. The underlying mechanism is simply asym-
metric mode conversion which relies on the precise control of
mode order or polarization. Based on the obtained mode order
conversion results, the digital metamaterial for optical diodes
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(a) Digital metamaterials for six mode conversions. (b) Magnetic fields of six mode converters simulated at center wavelength.
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converter. (c) Forward and backward magnetic fields and power fluxes simulated at center wavelength.

can be further pursued. We only focus on the unidirectional
transmission of the TEO mode as an exemplary case. In this
scheme, the TEO mode is expected to be converted to the TE1
mode in the forward direction, while in the backward direction,
the TEO mode will be forbidden to transmit through the func-
tional region. Therefore, we start with the TEO-to-TE1 design
shown in Fig. 2(a). The forward conversion is already achieved
and needs to be kept. The only modification is an additional
term in the new objective function which can be expressed as

Fdiode(A) = Fforw(z) + Fback (A)

= Zwﬁ ‘ Prory (A)ds + Wy | Poackw(A)ds.
T .

Agi

(3)

The integral of backward power flux is simpler because we only
need to eliminate the light in this direction.

The topologically designed digital metamaterial for unidi-
rectional transmission of TEO is shown in Fig. 5(a). Starting
from the mode converter, the optimization uses about 160
iterations to be converged to an optical diode. Again, the MMA
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Fig. 6 Forward and backward transmission spectra of optical diode.
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algorithm shows high efficiency by the rapid decrease of the
objective function in the initial stage. With the TEO mode
imported from left and right port, the magnetic field (z-direc-
tion) and power flux (x-direction) simulated at center wave-
length of 1550 nm are plotted in Fig. 5(c). As expected, TEO is
converted to TE1 in forward direction with transmission effi-
ciency Ty = 98.2%, while this value for TEO in backward direc-
tion is only T}, = 0.15%. The contrast ratio, defined as r. = (Ty —
Ty)/(Te + Tp), reaches 0.997. When considering the unidir-
ectionality defined as U = 10 log;¢(T¢/T}), the peak value is
approximately 28 dB, which is higher than that of our previous
designs based on photonic crystals*** and surface plasmonics.®
If TE1 is excited at the right-hand port, TE1 is converted back to
TEO in the backward direction. It can be seen that the magnetic
fields are nearly identical between the uppermost and lower-
most plots in Fig. 5(c), confirming the time-reversal symmetry
in this reciprocal optical diode. As shown in Fig. 6, the forward
transmission efficiency keeps higher than 92.6% from 1520 nm
to 1580 nm, while the value keeps lower than 0.37% in the
backward direction. The minimum contrast ratio is 0.992 (24 dB
unidirectionality) within the 60 nm operational bandwidth.

3.3 Mode division multiplexing

Besides reciprocal unidirectional transmission, mode division
multiplexing (MDM) is another promising application of
precise mode order manipulation, which enhances the trans-
mission capacity of on-chip optical interconnection from an
additional dimension to the wavelength.'****>*® Each mode
inside the bus waveguide carries information individually, even
at identical wavelength. Here, we focus on topologically
designing a compact 1 x 2 demultiplexer. As shown in Fig. 7,
the footprint of the demultiplexer is set as small as 1.55 um x
1.55 pm (1.04%) and divided to 63 x 63 pixels. The size of each
pixel is the same as described in previous sections. The multi-
mode bus waveguide is set at 1 pm in width to support at least
two modes, and the two output waveguides, with Port A and Port

Nanoscale Adv., 2021, 3, 4579-4588 | 4583
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B, are set at 0.4 um in width. The demultiplexer routes a certain
mode to a certain output waveguide, based on which the
objective function is built and can be expressed as

Faemui(A) = Freo(A) + Frei(2)

= WTE0-A JPA (A)dé + WTE0-B J.PB(A)d.S

+ WTEL-A JPA(;\)dS‘ + WTEL-B JPB (A)d? (4)

To avoid the impact of an initial guess, the topology optimiza-
tion starts with the simplest configuration, namely a pure
silicon region without air.

The digital metamaterial obtained for the demultiplexer is
plotted in Fig. 7(a). Starting from pure silicon, it takes the
optimization process about 130 iterations to converge to
a demultiplexer. Since the objective function is quite different
and more complicated, the general applicability of the adopted
method combing FEM, DM and MMA is well demonstrated. As
shown by the magnetic field and power flux distributions in
Fig. 7(c), when the TEO mode is transmitted in the bus wave-
guide, the light is routed to the upper waveguide. The trans-
mission efficiencies measured at Port A and Port B are 91.8%
and 0.04%, respectively. On the contrary, when the TE1 mode is
transmitted in the bus waveguide, the light is routed to the
lower waveguide. The transmission efficiencies are 0.10% and
89.1% for Port A and Port B, respectively. These FEM simula-
tions are performed at center wavelength of 1550 nm. The
corresponding contrast ratios are respectively 0.999 and 0.998,
indicating the satisfactory performance of this demultiplexer.

To further demonstrate the functionality and evaluate the
performance, it behooves us to build an MDM system. As shown
in Fig. 8(a), from left to right, the MDM system is composed of

4584 | Nanoscale Adv, 2021, 3, 4579-4588

two input waveguides, a multiplexer, a bus waveguide,
a demultiplexer and two output waveguides. Since the digital
metamaterial consists of only linear silicon and air, the multi-
plexer can be obtained by simply mirroring the design of the
demultiplexer due to the reciprocal feature. In this scheme, the
upper waveguides (Port A and Port C) form a channel, while the
other two (Port B and Port D) form another channel. TEO and
TE1 modes in the bus waveguide are individually utilized as the
carriers for these two channels. The magnetic fields simulated
at the center wavelength of 1550 nm are plotted in Fig. 8(a). If
light is imported from Port A and passes the multiplexer, the
TEO mode is excited and transmits in the bus waveguide, and
then the demultiplexer routes the light to Port C. The trans-
mission efficiencies measured at Port C, Port B and Port D are
85.4%, 0.05% and 0.08%, respectively. When we consider the
other channel carried by the TE1 mode, the transmission effi-
ciencies measured at Port D, Port A and Port C are 84.0%, 0.13%
and 0.10%, respectively. The contrast ratio accounting for
channel crosstalk is 0.998 for the TEO channel and 0.997 for the
TE1 channel, reflecting a good performance of the MDM
system. Within a 60 nm operational bandwidth, the trans-
mission spectra measured at the ports are plotted in Fig. 8(b)
and (c) for TEO and TE1 channels, respectively. No obvious
degradation is observed.

3.4 Quasi-3D designs

The proposed topology optimization method combining DM
and MMA needs to run with 2D FEM simulation at the moment.
In previous sections, the refractive index of silicon is set at n =
3.464, which corresponds to infinite thickness of the slab
waveguide. When the thickness of the waveguide reduces,
a blue shift of the transmission spectrum is expected due to the
reduction of effective refractive index. To maintain the same

© 2021 The Author(s). Published by the Royal Society of Chemistry
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operational wavelength range (1520 nm to 1560 nm) for a real
device integrated with a 340 nm thick silicon slab wave-
guide,"** the refractive index of silicon in 2D FEM simulation
(denoted as quasi-3D) has to be reduced to an equivalent value n
= 3.0, determined by a tedious trial-and-error approach. We re-
perform the topology optimizations for TEO-to-TE1 mode
converter, optical diode and demultiplexer with exactly same
strategies. The newly obtained quasi-3D designs are plotted in
Fig. 9(a). Despite the silicon and air patterns being different
from those of previous sections due to the change of refractive
index of silicon, the major performances remain similar, as
shown in Fig. 9(b) and (c).

In experiments, E-beam lithography and reactive ion etching
are needed to fabricate such inversely designed digital meta-
materials whose length of pixels is at the nanometer scale.
Major error may occur in both material and shape of these
square pixels. Instead of square, a circular shape of air hole is
introduced to avoid the edge distortion in some recent
designs.** Unfortunately, this treatment only suits the inverse
design strategy for predefined pixels and is not compatible with
the adopted DM in which the distribution of dielectric material
is described by a single design variable. In this sense, we
assume the shape of a pixel is perfect and focus on the wrong
material for the pixel as the fabrication error. To account for
this kind of error, pixels with wrong material are randomly
introduced to the quasi-3D designs for optical diode and
demultiplexer. The relation between performances and the
error percentage are demonstrated in Figs. S2 and S3.1 Eight
diode samples and five demultiplexer samples are simulated for

© 2021 The Author(s). Published by the Royal Society of Chemistry

each error percentage from 2% to 5%. As can be seen, 3% error
can be acceptable for both devices, indicating the robustness of
the proposed designs.

Finally, a 3D FDTD simulation is performed to validate the
functionalities and performances of the quasi-3D designs. The
thickness of waveguide and digital metamaterials is set at
340 nm."*° Two cases are considered: free-standing models and
models sitting on top of a SiO, layer without cladding layer
(denoted as SOI). The sizes of monitors used to collect the
output light are set exactly the same as the waveguide cross-
section. Additionally, we give a test for 2D FDTD simulations
with n = 3.0 first. Consistent results with 2D FEM simulations
are obtained if comparing the transmission spectra plotted in
Fig. 9 and 10. For 3D TEO-to-TE1 mode converter, the trans-
mission efficiencies remain higher than 49% for both free-
standing and SOI cases, while the values at center wavelength
are 60.3% and 52.7%, respectively. As shown in the inset of
Fig. 10(a), the output power flux at 1550 nm has two clear and
separated peaks, indicating acceptable quality of the conversion
to the TE1 mode. For the optical diode, the contrast ratios
between forward and backward directions respectively keep
higher than 0.983 (20.6 dB unidirectionality) and 0.972 (18.4 dB
unidirectionality) for free-standing and SOI cases, which are
higher than for previously reported pixelated
designs.>**> As shown by the spectra plotted in Fig. 10(c) and (d),
the demultiplexer clearly routes the power of the TEO mode and
TE1 mode to Port A and Port B, respectively. The contrast ratios
between the two output ports keep higher than 0.9 within the
60 nm operational bandwidth for all cases. Generally, the

inverse
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performances of free-standing models are slightly better than
those of SOI models. Detailed comparisons between the
proposed mode converter, optical diode and demultiplexer with
reported designs are listed in Tables S2-S5.f Moreover, the
magnetic fields measured on the center cross-section of 3D
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models are nearly identical to those from 2D simulations at the
same wavelength, providing a validation of such quasi-3D
design strategy. However, 3D FDTD results are still facing
degradation. The links between 2D optimization and 3D
simulation still need to be further investigated.
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4. Conclusions

In summary, we proposed ultra-compact designs for mode
order manipulation in a silicon waveguide based on digital
metamaterials consisting of silicon and air pixels. All functional
regions obtained by topologically designing are below square of
center wavelength in terms of footprint. Six mode order
conversions between TEO, TE1, TE2 and TE3 in a 1 um-width
waveguide with high efficiency and high mode purity are
firstly demonstrated. Based on the forward TEO-to-TE1 mode
conversion, a reciprocal optical diode is further obtained by
adding an additional objective in optimization to block the TEOQ
mode in backward direction. Moreover, with the same method,
we design a 1 x 2 demultiplexer for TEO and TE1 modes in
a bus waveguide, and demonstrate a simple MDM system with
satisfactory performances. Finally, the functionalities are vali-
dated by 3D FDTD simulations. We expect that the proposed
waveguide-integrated digital metamaterials for mode order
manipulation can play important roles in on-chip all-optical
interconnections.
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