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Asymmetrical directional couplers aided with subwave-
length sidewall corrugations are used to realize ultra-
compact silicon mode (de)multiplexers at C-band. Three
mode (de)multiplexers with ultra-short coupling lengths of
5.6/6.5/7.7 um are designed to enable low-loss mode conver-
sions between TE, and TE,,,;; modes. They are then cas-
caded to build a four-channel mode-division-multiplexing
(MDM) link. The four mode channels present minimal
on-chip insertion losses of 0.2/0.7/0.7/0.9 dB at their peak
wavelengths. Measured cross talk levels of the four mode
channels are better than —18.0/—19.1/-16.0/-18.2 dB within
the wavelength range from 1530 nm to 1580 nm. © 2022
Optica Publishing Group

https://doi.org/10.1364/0L.449493

Due to the explosive increase in the number of mobile termi-
nals and the rapid development of cloud computing services,
the demand on the transmission bandwidth of optical com-
munication systems has grown exponentially [1-3]. Multiple
multiplexing technologies by exploiting different degrees of
freedom of light have been developed to enhance the transmis-
sion capacity of the fiber [4—7]. Among them, the wavelength
division-multiplexing (WDM) technology is the most successful
and thus has already been widely used in practical systems. It is
known that the total channel number of a WDM system is usually
constrained by the cost and complexity. After the developments
in these next few years, the capacity of the WDM technology is
going to reach a bottleneck [8,9]. Therefore, other multiplexing
technologies such as the mode division multiplexing (MDM)
[10-12] are projected to play important roles in future.

The MDM technology employs orthogonal guiding modes
in a multimode bus waveguide to carry different data streams,
and hence is beneficial to reduce the number of laser diodes
(LD). An essential element in the MDM network is the mode
(de)multiplexer which converts fundamental modes in differ-
ent adding ports to corresponding high-order modes in the
bus waveguide or vice versa. Reported mode (de)multiplexers
are usually based on structures such as multimode interference
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(MMI) couplers [10,12], asymmetric Y-junctions [11,13], asym-
metric directional couplers (DCs) [9,14], and adiabatic DCs
[15]. The MMI-based mode (de)multiplexers are subjected to
a very limited mode channel number, while those based on
asymmetric Y-junctions demand sharp tips which are hard to
pattern. In contrast, the (de)multiplexers based on asymmetric
DCs or adiabatic DCs have relatively larger minimum feature
sizes. Furthermore, their channel count can be increased eas-
ily by cascading more DCs. Despite these advantages, typical
lengths of the DCs on silicon range from several tens to several
hundreds of micrometers. The footprint thus emerges as a limit-
ing factor of the total channel count. To address this issue, inverse
design methods such as the topology optimization [16] and the
nonlinear direct-binary-search optimization algorithms [17] are
used to miniaturize silicon mode (de)multiplexers. Devices with
footprints as small as a few micrometers are successfully demon-
strated. However, to design high-order mode demultiplexers with
the inverse design method is not straightforward. Therefore, cor-
responding devices usually present higher insertion losses and
fewer mode numbers.

In this Letter, we demonstrate an ultra-compact silicon mode
(de)multiplexer by using asymmetric directional couplers with
subwavelength grating (ADCSWG) [18]. The sub-wavelength
structures weaken the mode confinement in the lateral direction.
Ultimately, the interaction between the two coupled modes is
greatly enhanced to shorten the coupling length. Compared with
previous works, this scheme simultaneously possesses merits of
low insertion loss, compact footprint, relaxed requirement on
the fabrication resolution, and moreover, its channel count can
be increased easily.

A schematic diagram of the four-channel mode multiplexer
is shown in Fig. 1. Incident fundamental modes from the three
adding ports are coupled to the first three high-order modes in the
bus waveguide by three serially cascaded ADCSWGs. As shown
in Fig. 1(b), each ADCSWG consists of a single-mode access
waveguide and a multimode bus waveguide. Their widths are
tailored carefully to satisfy the phase matching condition of the
two mutually coupled modes [9]. Inside the coupling gap, both
waveguides incorporate subwavelength sidewall corrugations
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Fig. 1. Schematic diagrams of (a) the 1x4 mode (de)multiplexer
based on the ADCSWGs, (b) the coupling gap, and (c) the subwave-
length sidewall corrugation. Simulated optical field distributions of
mode conversions from TE to high-order modes in (d) conventional
ADC and (e)-(g) ADCSWGs at 1.55 pm.

which interlace with each other. To suppress the backreflec-
tion of light, the corrugation depth varies gradually along the
beam propagation direction. An optimized shape function of the
sinusoidal corrugation is written as [18]

Wio(x) = W,i0(0) — H,,/2 X sin(nx/L.,) sin(2rx/A,), (1)

W,.(x) = W,,(0) + H,,/2 X sin(nx/L.,) sin(2rx/A,),  (2)

where W,(x) and W,,(x) are the widths of the access waveguide
and the bus waveguide at the position x; W,,,(0) and W,,(0) denote
the widths of the access waveguide and the bus waveguide at
the initial part (x = 0) of the ADCSWG; H,, and A,, denote the
maximum depth and the pitch of the corrugation, respectively;
and L., is the coupling length. The subscript m represents the
converted mode order. Definitions of these parameters have been
marked in Fig. 1(c). Compared with saw-teeth and comb-teeth,
the sinusoidal corrugation is less sensitive to quantization errors
caused by the limited lithography grid size [19] and the reactive
ion etching (RIE) lag effect [20], so it is much easier to pattern.

According to the effective medium theory, the coupling gap
with subwavelength sidewall corrugations can be regarded as an
homogeneous medium with a raised effective refractive index of
n, [21]. Owing to the reduced refractive index contrast between
waveguide cores and the gap region, optical field confinements
of the two coupled waveguides are weakened to enhance their
coupling strength. As a result, the coupling length could be
greatly shortened.

The width of single-mode access waveguides is chosen to
be W,0(0) = 0.4 um, and the gap at the initial part of the
ADCSWG is W, = 0.2 um. The bus waveguide uses different
widths at the three ADCSWG sections to meet the corresponding
phase matching conditions. Adiabatic tapers connect different
segments of the bus waveguide. We employ the finite differ-
ence eigenmode (FDE) solver (Lumerical MODE Solutions)
to numerically calculate effective indices of involved modes at
different waveguide widths. On basis of the simulation result,
the widths of the bus waveguide are chosen to be W,,/;(0) =
0.82/1.232/1.66 um for mode conversions from TE, to TE /5.

Coupling lengths, corrugation heights, and pitches of the
three ADCSWGs should be optimized to maximize their mode
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Fig. 2. Simulated contour maps of coupling efficiencies as func-

tions of corrugation heights and coupling lengths at 1.55 pm for (a)
TE, to TE,, (b) TE, to TE,, and (c) TE, to TE; mode conversions.

conversion efficiencies. At first, the three ADCSWGS use a
uniform corrugation pitch of A, = 0.2 um. Under this con-
dition, the effective index of the Bloch—-Floquet mode is below
the Bragg threshold, and the three ADCSWGs operate in the
deep-subwavelength regime [21]. After that, corrugation heights
and coupling lengths are determined through numerical simula-
tion. Simulated coupling efficiencies as functions of corrugation
heights and coupling lengths are plotted in Fig. 2 for the three
ADCSWGs at 1550 nm. These contour maps indicate that if
one wants to shorten the coupling length, the corrugation height
should be raised accordingly so as to avoid the degradation of
coupling efficiency. However, increasing the corrugation height
would reduce the space between two interlaced sidewall corruga-
tions. Therefore, in view of the minimal feature size, corrugation
heights and coupling lengths of the three ADCSWGs are cho-
sentobe H, ;3 =0.29/0.29/0.3 ym and L, /5 = 5.6/6.5/7.7 pm,
respectively. The resultant mode conversion efficiencies between
TE, mode and TE,,;; modes are 98.1%/97.8%/97.2%. More
importantly, it is apparent that coupling efficiencies in Fig. 2 are
robust against the critical dimension (CD) variations.

Simulated beam propagations through the three optimized
ADCSWGs are displayed in Figs. 1(e)-1(g). As a reference, the
simulated TE,—TE, mode conversion in a conventional ADC of
200-nm coupling gap is also shown in Fig. 1(d). All geometrical
parameters of this reference ADC are identical to those of the
ADCSWG in Fig. 1(e) except for the coupling length and the
sidewall corrugations. The comparison between Figs. 1(d) and
1(e) manifests that the evanescent field is dramatically enhanced
in the gap region by introducing the subwavelength corrugations.
Therefore, the coupling length is shortened from 17.0 pm to
5.6 um.

As shown in Fig. 1(b), the minimal feature size of the ADC-
SWG occurs in its center, which is ~50 nm. However, for most
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Fig. 3. Simulated transmission spectra of different modes in the
three ADCSWGs: (a) TE,—-TE,, (b) TE,—TE,, and (c) TE(-TE;.

of the region, the feature size is >100 nm. Compared with a con-
ventional ADC with 50-nm uniform coupling gap, our device is
more robust against fabrication errors [7,22] as will be presented
in the following text.

Simulated transmission spectra of the three ADCSWGs over
a wavelength range from 1.5 um to 1.6 pm are shown in
Figs. 3(a)-3(c). The three ADCSWGs offer low mode conversion
losses and low mode cross talks within the wavelength range of
interest. Specifically, the worst insertion losses and cross talks
of the three devices are 0.5/0.8/0.7 dB and —23.4/-20.5/-25.8
dB, respectively.

The optimized device is fabricated on an SOI substrate with
a 220-nm-thick top silicon layer and a 2-pum-thick buried oxide
(BOX) layer. At first, waveguides are patterned by E-beam
lithography (EBL) and inductively coupled plasma (ICP) dry-
etching. After that, a 2-um-thick SiO, layer is deposited as
the top cladding by plasma-enhanced chemical vapor deposi-
tion (PECVD). A microscopy image of the fabricated device is
shown in Fig. 4(a). It is a 4x1 mode multiplexer (with input
ports Ip—I3) which is connected directly to a 1x4 mode demulti-
plexer (with output ports Oy—0Os3). Light is coupled into and out
of the device through fiber grating couplers. Scanning electron
microscopy (SEM) images of the three ADCSWGs are shown
in Figs. 4(b)-4(d), where the sinusoidal corrugation is clearly
distinguishable.

The device performance is characterized with an optical
spectrum analyzer (Ando Electric/AQ6317C) and an ampli-
fied spontaneous emission light source (OPEAK/ASE171102)

Letter

e e | g =1, Sy oo 1 | e oo

Fig. 4. (a) Microscopy image of the on-chip MDM link con-
taining four mode channels. (b)—(d) SEM images of ADCSWGs to
enable TE(—TE; /3 mode conversions.

whose bandwidth and center wavelength are 50 nm and 1555
nm, respectively. We switch the input port from I, to I3, and
then measure transmitted spectra at the four output ports.
Results are displayed in Fig. 5 after normalizing coupling
losses of the two grating couplers. The minimal and the maxi-
mum insertion losses over the 50-nm-wide wavelength span for
TEy-TEy,1/2/;—-TE, mode channels are 0.2/0.7/0.7/0.9 dB and
2.4/2.9/3.0/4.0 dB, respectively. The worst cross talk between
the objective output port and the other three output ports are
—18.0/-19.1/-16.0/-18.2 dB as the light is input from the Iy >/
ports. The measured transmission spectra in Fig. 5 are slightly
worse than the simulation results in Fig. 3. The performance
degradation can be attributed to fabrication imperfections such
as deformed corrugation tooth, critical dimension variations,
waveguide sidewall roughness, and write field stitching error of
the EBL system [23].

To investigate the fabrication tolerance of the proposed struc-
ture, transmission spectra of the TE,—TE; mode multiplexer
under different CD variations are simulated in Figs. 6(a)-6(d).
The simulation results indicate that the device performance
is more sensitive to the coupling gap and the bus waveguide
width.

Finally, our device is compared favorably with previously
reported mode (de)multiplexers in Table 1 in terms of insertion
loss, cross talk, minimal feature size, design difficulty, channel
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Fig. 5. Measured transmission spectra at the four output ports of
the four-mode MDM link. Light is incident from the (a) Iy port, (b)
I, port, (c) I, port, and (d) I5 port.
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Table 1. Comparison of the Reported MDM?
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Reference Loss@1550nm Cross Talk Feature Bandwidth Channel Coupling Design
(dB) (dB) Size (nm) (nm) Count Length of Difficulty
(TEO-TE1)
(um)
[16] <1.7 >—-12.0 32 80 3 — High
[17] <1.2 -19.0to 90 80 3 — High
-22.0
[11] 3.3-5.7 -9.7to NA 29 3 190 Low
-31.5
[15] <1.3 >-23.0 160 100 4 150 Low
[9] 0.2-2.0 -11.0to 200 100 8 15.5 Low
-20.0
[24] 0.1-2.6 —15.4to 100 50 10 18.5 Low
-26.4
[25] 0.1-1.8 —15to -25 120 90 10 15 Low
This work 0.2-0.9 -16.0 to 50 50 4 5.6 Low
-19.1
“All devices are patterned by EBL.
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Fig. 6. Simulated transmission spectra of the TE(—-TE; mode
multiplexer with fabrication errors in (a) the coupling gap W,, (b)
the maximum corrugation depth H;, (c) the corrugation pitch A,
and (d) the bus waveguide width W,.

count, and footprint. Apparently, our device provides a satisfying
trade-off between these performance metrics. In conclusion, we
use the ADCSWG structure to realize an ultra-compact four-
channel mode (de)multiplexer on silicon. The good synthetic
performance of this device lend itself to a competitive candidate
for MDM on silicon.
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