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Silicon Multimode Waveguide Crossing Based on
Anisotropic Subwavelength Gratings

Weike Zhao, Xiaolin Yi, Yingying Peng, Long Zhang, Haitao Chen, and Daoxin Dai*

Multimode waveguide crossings (MWCs) are becoming more and more
important as one of the key elements for on-chip optical routing and
cross-connection. However, it is still very challenging to achieve scalable
MWCs with compact footprints, low excess losses (ELs), and low intermode
cross-talks (CTs). This work demonstrates an unprecedented silicon MWC
with high performances by using the anisotropy of one-/two-dimensional
(1D/2D) subwavelength grating (SWG) structures. For the proposed silicon
MWC, the 2D-SWG crossing region at the center has a higher refractive index
than the 1D-SWG regions at both sides for the guided-modes of TE
polarization, due to the anisotropy of the 1D/2D SWGs. As a result, the
crossing region can be equivalent to a straight waveguide, and the launched

mode (de)multiplexers,” multimode
power splitters,[1®!1] multimode waveg-
uide bends,!'>] and multimode waveg-
uide crossings (MWCs).[16-21]

Among them, low-loss and low cross-
talk MWCs are becoming more and
more important as one of the key ele-
ments for on-chip optical routing and
cross-connection particularly for multi-
mode PICs developed with increasing
complexity. Currently, a few MWCs
have been proposed by following the
concepts of singlemode waveguide
crossings.l??2°] For example, an MWC

TE modes can transmit through the crossing region with negligible ELs and
low intermode CTs. Such an MWC can be scaled very flexibly and easily
according to the new principle. The fabricated three-mode MWC with a
footprint of 14.8 x 14.8 um? shows ELs of <0.26 dB and intermode CTs of

<—20 dB in the wavelength range of 1525-1605 nm.

1. Introduction

Photonic integrated circuits (PICs) based on silicon-on-insulator
(SOI) is deemed as one of the most promising platforms for
the realization of on-chip optical interconnects because of the
unique advantages of CMOS-compatibility and ultrahigh integra-
tion density.'*l On-chip mode-division-multiplexing has drawn
tremendous attention as it is promising to further enhance the
link capacity for a single wavelength carrier.>¢/ On the other
hand, the realization of multimode photonic devices is usually
very challenging because not only the fundamental mode but
also the higher-order modes are involved. Great efforts have
been made in recent years and fortunately some key multimode
photonic devices have been successfully developed, including

W. Zhao, X.Yi, Y. Peng, L. Zhang, H. Chen, D. Dai

State Key Laboratory for Modern Optical Instrumentation

College of Optical Science and Engineering, International Research
Center for Advanced Photonics, Zhejiang University

Zijingang Campus, Hangzhou 310058, China

E-mail: dxdai@zju.edu.cn

W. Zhao, D. Dai

Ningbo Research Institute

Zhejiang University

Ningbo 315100, China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/lpor.202100623

DOI: 10.1002/Ipor.202100623

Laser Photonics Rev. 2022, 2100623

2100623 (1 of 9)

has been demonstrated by using a
multimode interference (MMI) section
whose length is chosen optimally as
the common self-imaging length for
all the mode channels.'®! The design
is proposed by combining a pair of
mode (de)multiplexers and multiple
singlemode waveguide crossings.!'’-1#l
However, these devices suffer a large footprint beyond 34 x 34
pm? and relatively high ELs of ~0.9 dB."8 By using the in-
verse design method to shorten the length of the MMI cou-
pler, a compact two-mode MWC with a footprint of only 4.8
X 4.8 um?, ELs of 0.6 dB, and CTs of #—24 dB has also been
demonstrated,!*®) which however is hard to accommodate more
mode channels. Recently, a star MWC has also been proposed
with a novel Maxwell’s fisheye lens structure which has a gra-
dient index profile at the crossing center.?*?!l This two-channel
MWC works well with ELs of 0.5 dB and CTs of ~—20 dB
in experiments.[?”) However, partial truncation or gray-scale
electron-beam lithography is needed for the fabrication of the
structure with a gradient index profile. In short, it is still chal-
lenging to realize high-performance MWCs enabling more mode
channels.

Metamaterials have attracted a lot of attention because it
provides a flexible approach to control the flow of light/2627]
including one-dimensional (1D) and two-dimensional (2D)
subwavelength structures. In particular, subwavelength gratings
(SWGs) have been widely used in silicon photonics for some
special on-chip mode and polarization manipulation.[?®] The
refractive-index contrast for optical waveguides can be modified
by simply changing the duty cycle of the SWG, and thus various
functional elements have been developed, including high-
efficiency chip-fiber edge-couplers with a large fabrication tol-
erance, and low-phase-error multimode interferometers.[11:29-31]
Furthermore, ultracompact mode converters and multimode
waveguide bends have also been demonstrated by locally
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Figure 1. Schematic diagram of the proposed multimode waveguide crossing (MWC). a) 3D view; b) enlarged view for regions B and C; c) equivalent
indices n, ny, and n | calculated by the effective medium theory (EMT) as the duty-cycle fvaries. d) Effective index profile of the MWC for TE-polarization

modes.

engineering the index profile of a single optical waveguide.[32]

The anisotropy of SWGs is also advisable to develop high-
performance polarization-handing devices, such as polarizers
and polarization beam splitters.’%¥] In addition, ultrabroad-
band photonic devices with large fabrication tolerances have
also been demonstrated by engineering the mode dispersion in
SWGs.[3839]

In this paper, we propose and demonstrate a novel MWC with
unprecedented performances by using the anisotropy of 1D/2D
SWG structures. The proposed silicon MWC has a 2D-SWG
structure in the central crossing region and four 1D-SWG struc-
tures connected at the four ports. In this way, the MWC still
behaves like a straight waveguide since the 2D-SWG crossing
region at the center has a higher refractive index than the 1D-
SWG regions at both sides due to the anisotropy of the 1D/2D
SWGs. Therefore, the launched TE-polarization modes can trans-
mit through the crossing region with negligible ELs and low in-
termode CTs. This is totally different from those waveguide cross-
ings reported previously. The present three-mode MWC designed
with a footprint of 14.8 x 14.8 um? has ELs less than 0.15 dB
and intermode CTs lower than —42 dB for all three guided-
modes in an ultrabroad wavelength band of 1400-1700 nm the-
oretically. To the best of our knowledge, the proposed MWC
shows the largest bandwidth with ultralow ELs and low in-
termode CTs. The fabricated three-mode MWC shows ELs of
<0.26 dB and intermode CTs of <—20 dB in the wavelength range
0f 1525-1605 nm, which is limited by the bandwidth of the mode
(de)multiplexers and the grating couplers. Furthermore, the pro-
posed MWC can be scaled easily for working with more mode
channels.
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2. Structure, Principle, and Design

The present MWC is designed based on the SOI platform with
a 220-nm-thick top-silicon layer (ng; = 3.45), a 2-um-thick silica
buffer layer (ngo, = 1.444), as well as 2-um-thick silica upper
cladding. As shown in Figure 1a, the proposed MWC structure
consists of two identical 1D-SWG waveguides crossed perpendic-
ularly. As a result, a 2D-SWG structure is formed in the central
crossing region (i.e., region D). For such an MWC, there are four
1D-SWG regions (region C), four adiabatic mode conversion sec-
tions (region B), and four regular input/output strip waveguide
sections (region A). The 1D-SWG in region C and the 2D-SWG
in region D are designed with a fixed period of A, in the longitu-
dinal direction. In order to achieve the adiabatic transition from
regions A to C, an adiabatic 2D-SWG with a lateral period of A, is
introduced in region B [see Figure 1b], and the longitudinal duty
cycle of the SWGs in regions B and C varies linearly from the
maximum f¢, .. to the minimum f_. .

According to the effective medium theory (EMT), an SWG
structure can be treated approximately as a homogeneous waveg-
uide made of equivalent birefringent materials and the refractive
indices are given by!?740-42]

nlzl = éi + (1 _f) ”éioz 1)
— = fr+(1-f) = @
ny N Nsion

”iu = §i+ (1 _f) ”i 3)
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Figure 2. a) The cross-sections for the equivalent waveguide for the one-dimensional (1D) subwavelength grating (SWG) in region C as well as the equiv-
alent waveguide for the two-dimensional (2D) SWG in region D; calculated mode coupling efficiencies for all three modes between the two equivalent
waveguides as the duty cycle fy varies from 0.3 to 0.65 for the cases with different core widths of W = 2.0 um (b), 2.8 um (c), and 3.6 um (d).

where fis the longitudinal duty cycle of the SWGs, n (n,) is the
equivalent index of the 1D-SWG waveguide for the polarization
mode with a dominant electric field parallel (perpendicular) to
the grating, and n, | is the equivalent index of the 2D-SWG struc-
ture in region D. Figure 1c shows the equivalent indices n, n,,
and n, ; calculated with Equation (1) and one has n, <n <n, .
Note that there are some other formula to estimate the equivalent
index of the 2D-SWG structure in region DI?03-%1 and the results
are slightly different and still very similar. For the launched TE-
polarization modes propagating along the z direction, the present
MWC is then equivalent to a waveguide structure with a gra-
dient index profile shown in Figure 1d. It can be seen that re-
gion D has a much higher equivalent index than region C at
the lateral sides, indicating that light can propagate forward as
guided modes and there is no much disturbation even though
there is a waveguide crossing. This is totally different from those
MWCs!16-21l reported previously. Here, we design a three-mode
MWC as an example. The period is chosen as A; = 200 nm to
guarantee the subwavelength-regime operation. Note that the EL
for the proposed MWC mainly results from the transition loss at
the junctions connecting different regions, as analyzed below.

Figure 2a shows the equivalent refractive indices n(x, y) at the
cross-section of the 1D-SWG waveguide in region C and the 2D
SWG in region D. For region C (i.e., 1D-SWG waveguide), the
core and the cladding have refractive indices of n and ngq,,
respectively. For region D (i.e., 2D SWG), the core and lateral
cladding have refractive indices of n, and n, respectively.

In order to achieve excellent mode confinement in both
regions C and D, which is helpful to reduce the mode mismatch
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loss at the junction, we choose the duty cycle to be around 0.5
to maximize the refractive index contrast (n,—n,). Meanwhile,
the fabrication for SWG structures with a duty cycle around 0.5
is also relatively easy. Figure 2b-d shows the calculated mode
coupling efficiencies between regions C and D as the duty cycle
fp in region D varies from 0.30 to 0.65. Here, the duty cycle fc..,
in region C is fixed to be 0.5, while the waveguide width W is
chosen as 2.0, 2.8, and 3.6 pym, respectively. When choosing a
wider waveguide, the mode confinement becomes stronger and
thus the coupling efficiency is expected to be higher, as shown
in Figure 2b-d. For example, the waveguide core width is chosen
as W = 3.6 um to achieve high coupling efficiency. As shown
in Figure 2d, when choosing f, = 0.45, the mode coupling
efficiencies are >99.7%, indicating that the mode mismatch loss
is negligible. Furthermore, the mode coupling efficiencies for
all three modes are higher than 99.2% when the duty cycle f;
varies from 0.4 to 0.5. It means that the coupling efficiency is not
sensitive to the duty cycle. The large fabrication tolerance makes
the present MWC very attractive.

In order to achieve adiabatic transition between regions A and
D, the duty cycle f. of the longitudinal 1D SWG in Regions B
and C varies from the maximum f;_,, to the minimum f._ ;.
= 0.5 gradually with a length of L,. Here, we choose f., .. =
0.75 because the minimal feature size allowed in the fabrication
should be larger than 50 nm. For region B, the longitudinal pe-
riod is chosen as A; = 200 nm, while the lateral period is given
as A, = W/N, where W is the waveguide core width and N is the
period number. The minimum gap w, and the tip width w, of
the lateral SWG structure are chosen to 50 nm to minimize the
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Figure 3. Simulated transmissions of the TE (a), TE; (b), and TE, (c) modes in the present multimode waveguide crossing (MWC) with different lateral

period numbers N. Here the parameters are W = 3.6 um and f = 0.45.
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Figure 4. The simulated transmissions of the TE; (a), TE; (b), and TE, (c) modes in the present multimode waveguide crossing (MWC) with different

waveguide widths W. Here the parameters are f, = 0.45 and N = 9.

structure abruption. For Regions B and C, their lengths L, and
L, are chosen to 5 and 2 um, respectively, which are long enough
to achieve adiabatic transition. Figure 3a-c shows the calculated
transmissions of the proposed MWC for the TE,, TE,, and TE,
modes, respectively, as the lateral period number N in region B
varies. Here, a three-dimensional finite-difference time-domain
(3D-FDTD) method is used for simulating the light propagation
in the waveguide structures. From Figure 3a-c, it can be seen
that the transmissions are strongly dependent on the lateral pe-
riod number N. When N = 0, regions A and C are connected di-
rectly, and there is notable F-P resonance observed and the aver-
age transmissions are about 90%. When N =1, region B becomes
an SWG structure with a single longitudinal taper at the middle
and there is huge mode mismatch at the junction between re-
gions B and C, and consequently the average transmissions are
less than 30%. Fortunately, when further increasing the period
number, the transmissions increase and the F-P resonance be-
comes weak. According to the calculation results, the transmis-
sions for all the TE,, TE,, and TE, modes are higher than 96.5%
when choosing N = 9. One should note that the fabrication be-
comes more difficult with more periods due to the smaller feature
size.

Moreover, we further check the transmissions of the TE,,
TE,, and TE, modes in the present MWC when choosing dif-
ferent waveguide widths W, as shown in Figure 4a-c. For the
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Table 1. The key parameters of the designed multimode waveguide cross-
ing (MWC).

Parameters W [um] L, [um] L, [um] A;[nm] A,[nm] N fp

meax mein
9 045 075 0.5

Value 3.6 5 2 200 400

TE, and TE, modes, transmission efficiencies higher than 96%
are achieved even when the waveguide width W is smaller than
2.4 um. However, for the TE, mode, the width W should be cho-
sen to be larger than 3.2 um so that the transmission is larger than
96.5%. Therefore, finally we choose W = 3.6 um for the present
design, and all key parameters of the designed MWC are sum-
marized in Table 1.

For the designed MWC, light propagation of the launched TE,,
TE,, and TE, modes (@1550 nm) are simulated by using the
commercial software (3D FDTD, Lumerical), as shown in Fig-
ure 6a-c. It can be seen that all the TE,, TE,, and TE, modes go
through the MWC with negligible ELs, and the present MWC
performs just like a straight waveguide with slightly modulated
refractive-index profiles. The output field profiles at the output
end are also shown in Figure 5d-f, showing “perfect” field pro-
files for the TE,, TE,, and TE, modes.

Figure 6a-c shows the simulated transmission for the TE,, TE,,
and TE, modes, respectively. It shows that the TE,, TE,, and TE,

© 2022 Wiley-VCH GmbH
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Figure 6. Simulated transmissions for the designed three-mode multimode waveguide crossing (MWC) with W = 3.6 um when the TE, (a), TE; (b), and
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modes have low ELs of <0.08, <0.10, and <0.15 dB in the ultra-
broad wavelength band of 1400-1700 nm. The intermode CTs are
as low as <—42 dB while the cross-talks to the crossing ports are
less than —60 dB. As a comparison, an MWC consisting of two
crossed strip waveguides with the same core width of W= 3.6 um

is also investigated, as shown in Figure 7a-c. It can be seen that
the TE,, TE,, and TE, modes have high ELs of 0.15, 0.58, and
1.54 dB while the CTs are about —25 dB, which is much worse
than the MWC presented in this paper. Predictably, the proposed
MWC is very extensible and tolerant regardless of the mode
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Figure 7. Simulated transmissions for the multimode waveguide crossing (MWC) consisting of two strip waveguides with W = 3.6 um when the TE,
(a), TE; (b), and TE, (c) mode is launched, respectively.
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Figure 8. The microscopic images for the fabricated sample. a) The photonic integrated circuit (PIC) with an multimode waveguide crossing (MWC)
and four mode (de) multiplexers; b) the enlarged view for the MWGC; c) the scanning electron microscopy (SEM) image of the MWC.
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Figure9. Normalized measurement transmissions Tj; for the photonic integrated circuit (PIC) with a pair of mode (de)multiplexers as well as the present
multimode waveguide crossing (MWC) when the light is launched into Iy (a), I; (b), and I, (c), respectively. Normalized measurement transmissions
T;j for the photonic integrated circuit (PIC) with a pair of mode (de)multiplexers when light is launched into Iy (d), I; (e), and I, (f), respectively.

order and number because it performs as a straight waveguide
due to the SWG hetero-anisotropy. As an example, a 10-mode
MWC is further designed by simply increasing W from 3.8 to
12 um to support the TE,—TE, modes. The numerical simulation
results show that all 10 modes have ELs less than x0.37 dB and
CTs less than —19 dB in the wavelength range of 1450-1700 nm.
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3. Experimental Section

The designed three-mode MWC was then fabricated with the fabri-
cation process with E-beam lithography. The top-silicon layer and the
buried-oxide layer are 220-nm thick and 2-um thick, respectively. Figure 8a
shows the microscopic image of the fabricated photonic integrated cir-
cuit (PIC), where there are four three-mode (de)multiplexers connected
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Figure 10. a) The microscopic image of the cascaded multimode waveguide crossings (MWCs) with M =0, 3, 5, and 7. Normalized measurement
transmissions T; for the photonic integrated circuit (PIC) with a pair of mode (de)multiplexers as well as seven MWCs when light is launched into port

Iy (b), 17 (c), and I, (d), respectively.

to the four ports of the MWC. The mode (de)multiplexers based on dual-
core adiabatic taper waveguides are used for mode (de)multiplexing in
the characterization.[®] Grating couplers were used here for the fiber-chip
coupling. Figure 8b shows the enlarged microscopic image for the part of
MWC and Figure 8c shows the scanning electron microscopy (SEM) im-
age of the fabricated MWC, showing the fabrication quality is pretty good.

For the characterization of the fabricated devices, an amplified spon-
taneous emission (ASE) light source was used and coupled to ports |4,
I,, and I3 through the grating couplers. In this way, the TEy, TE;, and
TE, modes can be excited selectively. Meanwhile, light from the output
ports (04, O,, O3) and the crossing ports (C;, C,, and C3) are received
through the corresponding grating couplers and characterized by an op-
tical spectrum analyzer. The measurement results show that the cross-
talks to the crossing ports (Cy, C,, and C3) are negligible (<—45 dB).
Here, we show the measured transmission responses Tj at output port
Oj when light is launched from input port I;. The measured results are
shown in Figure 9a-c when the TEj, TE;, and TE, modes are excited, re-
spectively. All these results are normalized with the transmission of the
straight waveguide on the same chip. As a comparison, the transmission
responses Tj; for the PIC with a pair of mode (de)multiplexers are shown
in Figure 9d-f when the TEy, TE;, and TE, modes are excited, respectively.
It can be seen that the fabricated mode (de)multiplexers work well with
low ELs of ~1.0 dB and low CTs of <—20 dB. For the PICs consisting of
a pair of mode (de)multiplexers as well as the present MWC, the ELs for
the three mode-channels are about 1.0 dB and the intermode CTs are less
than —20 dB, which is similar to the results for the PIC with a pair of mode
(de)multiplexers only. It indicates that the present MWC does not intro-
duce notable ELs and intermode CTs.

In order to characterize the ELs of the MWC accurately, the testing
structures with different numbers of MWCs in cascade were also fabri-
cated on the same chip, as shown in Figure 10a. Here, the MWC number
is chosen as M =0, 3, 5, and 7. As an example, the measurement results
for the case of M =7 are given in Figure 10b-d, which shows the measured
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Figure 11. Measured average excess losses of the TE,, TE;, and TE,
modes in the wavelength range of 1525-1605 nm for the cases with differ-
ent multimode waveguide crossing (MWC) numbers, respectively.

transmission responses T;; of the PIC with a pair of mode (de)multiplexers
and seven MW(Cs for the launched TEy, TE;, and TE, modes, respectively.
It can be seen that the intermode CTs are less than —20 dB, which is similar
to the results for the PIC with a pair of mode (de)multiplexers only, also in-
dicating that the present MWC does not introduce notable intermode CTs.
Note that there are some resonant dips on the transmission spectra T;; (i=
0, 1,2), which is from the Fabry—Perot resonance due to some slight reflec-
tions in the MWCs. Figure 11 shows the measured average excess losses
in the wavelength range of 1525-1605 nm as the MWC number increases.
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Table 2. Performance comparisons of silicon multimode waveguide crossings (MWCs).
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Type Mode EL [dB] CT [dB] Bandwidth [nm] Footprint
channels [um?]
Simul. Exp Simul. Exp Simul. Exp.

MMI couplers!6] 2 1.7 1.5 -32 -18 100 8BL > 1.5 dB, CT<18 dB) 29 % 29
(EL< 1.7 dB, CT<32 dB)

Asymmetric Y-Junction! 8] 3 1.5 2 -22 -20 60 6L < 2 dB, CT<20 dB) 34 x 34
(EL < 1.5 dB, CT<22 dB)

Inverse designl' 2 0.5 0.6 -30 24 80 6L < 0.6 dB, CT«24 dB) 4.8x4.8
(EL< 0.5 dB, CT<30 dB)

Fisheye Lens!20] 2 0.3 0.5 -20 -20 100 65L < 0.5 dB, CT«20 dB) 18 x 18
(EL< 0.3 dB, CT<20 dB)

Fisheye Lens!2!] 3 1.14 ~2.68 =21 -19.5 40BL < 1.2 dB, CT«17 dB) 4bL =5 dB, CT = —15 dB) 42 x 42

@1550 @1550
nm nm

This work 3 0.15 0.26 —42 -20 300 >8BL < 0.26 dB, 14.8 X 14.8

(EL < 0.15 dB, CT42 dB) CT+20 dB)
10 <0.37 / -19 / 250 / 24 x 24

(EL<0.37 dB, CT<19 dB)

Here, the testing structure with five MWCs was broken and the data were
unavailable. It can be seen that the average excess losses increases linearly
as the MWC number increases. And the ELs for the TE,, TE,, and TE,
modes are estimated to be ~0.06, ~0.16, and ~0.26 dB per MWC. Table 2
briefly summarizes the representative silicon MWCs reported until now.
It can be seen that the present MWC shows the best performances with
ultralow ELs, ultralow CTs, ultrabroad bandwidths, as well as compact
footprints, which makes it attractive for developing multimode silicon
photonics.

4, Conclusion

In summary, we have proposed and demonstrated an ultrabroad-
band MWC with ultralow losses, low cross-talks as well as com-
pact footprints by using the anisotropy of 1D/2D SWG struc-
tures. In particular, there is a 2D-SWG structure in the central
crossing region, and the SWG anisotropy enables a higher equiv-
alent refractive index than the 1D-SWG structures locating at the
lateral sides for the launched guided-modes of TE polarization.
As a result, the crossing region still works as a straight waveg-
uide supporting the ultralow-loss propagation of all the guided
modes, which provides an unprecedented principle for realizing
MWCs. A three-mode MWC has been designed and fabricated
with a footprint of 14.8 x 14.8 um?. The ELs are <0.15 dB and
the intermode CTs are <—42 dB for all three guided modes in
an ultrabroad wavelength band of 1400-1700 nm in theory. The
fabricated MWC has also shown very decent performances with
low ELs of <0.26 dB and low intermode CTs of <—20 dB in the
wavelength range of 1525-1605 nm (limited by the experimental
setup). In addition, the proposed principle makes it very easy to
Dbe scaled to more mode channels. For example, a 10-mode MWC
can be realized with ELs less than 0.36 dB and intermode CTs
less than —19 dB for all the 10 modes in the wavelength range
of 1450-1700 nm theoretically. Such a high-performance MWC
is attractive and useful for developing multimode PICs in the
future.
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