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On-chip silicon photonic
controllable 2 x 2 four-mode
waveguide switch

Cao Dung Truong'™, Duy Nguyen Thi Hang', Hengky Chandrahalim? & Minh Tuan Trinh3**

Multimode optical switch is a key component of mode division multiplexing in modern high-speed
optical signal processing. In this paper, we introduce for the first time a novel 2 x2 multimode switch
design and demonstrate in the proof-of-concept. The device composes of four Y-multijunctions and

2 x2 multimode interference coupler using silicon-on-insulator material with four controllable phase
shifters. The shifters operate using thermo-optic effects utilizing Ti heaters enabling simultaneous
switching of the optical signal between the output ports on four quasi-transverse electric modes with
the electric power consumption is in order of 22.5 mW and the switching time is 5.4 ps. The multimode
switch exhibits a low insertion loss and a low crosstalk below -3 dB and -19 dB, respectively, in

50 nm bandwidth in the third telecom window from 1525 to 1575 nm. With a compact footprint

of 10 um x 960 um, this device exhibits a relatively large width tolerance of + 20 nm and a height
tolerance of + 10 nm. Furthermore, the conceptual principle of the proposed multimode switch

can be reconfigurable and scalable in multifunctional on-chip mode-division multiplexing optical
interconnects.

Optical fiber communication systems and optical interconnects are now facing enormous demands on rapid
bandwidth consumption of network traffics, especially in booming datacenters'2. Besides, the growth of highly
efficient computational systems leads to the increasing needs for high-bandwidth for information exchange
centers’. To develop high-speed signal processing systems, some solutions have been proposed to scale the
communication bandwidth aiming to overcome the barriers due to nonlinear limits*>. Among them, the mode
division multiplexing (MDM) technique has been considered as a promising solution for increasing communi-
cation bandwidth. In this method, the data was carried out using spatial orthogonality of guided modes. Since
each mode is an independent channel thus potentially makes a myriad of single channel capacity for optical
communications systems and optical interconnects when it combines with the wavelength division multiplexing
(WDM) technique®”’. Various kinds of MDM systems have been proposed, for example, mode demultiplexer®?,
mode converter'®!!, waveguide crossing'>"?, mode selective switch!*'>, mode add-drop multiplexer'®'’, and
mode router'®.

In a multimode signal processing component, a multimode switch is one of the most important components
to enable advanced processing functions for the MDM systems, especially, when combining MDM with WDM
techniques, allowing an enhancement of data rates up to Tbps in a multi-mode waveguide that has been demon-
strated in recent works'>?. The functionalities of optical mode switches have been achieved in on-chip photonic
devices with both input and output signals in the single-mode mechanism?*"*2. In multimode optical communica-
tion, multimode optically switching is a big challenge in interconnect systems. The difficulty in making switching
for multimode waveguides comes from the contradictory design requirements: that is the confinement of light in
an optical multimode waveguide with different modal distributions causing the highly dimensional complexity
of the waveguide structures for realizing switching functionalities. In a communication optical fiber, the low
contrast of refractive indices between the core and the cladding layers (An ~ 5.1073) and the weakly guided
modes make it difficult to separate the guided modes for processing individually. In contrast, for guided modes
in an optical waveguide with a high refractive index contrast like silicon waveguides, (An = 2), the guided modes
are strong. Moreover, the effective refractive index of silicon waveguides is highly independent on the modes
so the interaction between guided modes is highly effective. Therefore, the modal transformation is also more
flexible and convenient. An integrated multimode silicon waveguide could allow accessing specific modes for
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Figure 1. Device structure and TE mode characterization. Top view (a) and side view (b) of the conceptual
diagram of the proposed four-mode switch. PS stands for phase-shifter. Three different couplers, MMI-A, -B,
and -C, with the lengths denoted as L,, Ly, and L, respectively. (c) Effective indices for different guided modes
of TE polarization as a function of input stem width via numerical simulation.

the reconfigurable switching system*>**, Currently, silicon waveguides widely use in the MDM system because
of their advantages of wideband, high confinement of optical field, compact size, low power consumption, and
especially CMOS-compatible devices®.

Many approaches have been reported to construct silicon few-mode selective switches (silicon MSS) for the
configuration of MDM networks since the fundamental mode and the higher-order modes can convert into single
mode, therefore these fundamental modes can be switched using spatial switching mechanisms. Stern et al.?®
have proposed a structure based on microrings to capable of multimode switching for the first time but that
structure only supports two modes and selected two dedicated wavelengths. Recently, Zhang et al. have succes-
sively demonstrated a silicon 2 x 2 four-mode dual polarization optical switch?” and a silicon 1 x 2 four-mode dual
polarization optical switch?. However, both of those structures need asymmetric adiabatic couplers for realizing
the (de)multiplexing functionalities in a multimode bus waveguide and Mach-Zehnder interferometers (MZI)
for switching operation leading a large footprint and relatively complicated mechanism. Some other proposals
for multimode switches either based on multiplexers/demultiplexers and waveguide crossing structures following
Benes topologies®*° or use lots of relatively complicated microring resonators and waveguide crossing elements.

In this paper, we propose a novel compact 2 x 2 four-mode optical switch enabling the switching operation of
four modes simultaneously, which is based on Y-junction couplers and 2 x 2 multimode interference couplers.
The proposed device could be constructed on silicon-on-insulator material and the switching operation of the
device is performed via controllable phase shifters thanks to thermo-optic effect. The design, optimization, and
characterization of the device are investigated using three-dimensional numerical simulations® based on com-
mercial simulation tools from Rsoft’s photonic device package.

Working principle and optimization

The working principle diagram of the proposed 2 x 2 multimode switch is shown in Fig. 1a,b. The proposed device
consists of 4 identical and symmetric multi-branch 1 x4 Y-junction couplers. The input sections have two 1 x4
multi-branch Y-junctions that are symmetrically designed to guide the input multimode signals. The design uses
three types of multi-mode interface (MMI) couplers composing of MMI-A, MMI-B, and MMI-C couplers. In
this design, four MMI-A type couplers act as X-couplers between the two large symmetrical bridge of the device,
eight MMI-B type couplers play the role of X-couplers between the internal branches, and eight MMI-C type
couplers are 3-dB (50:50) couplers that divide and combine optical paths for the switching operations. Besides,
the proposed device will enable us to simultaneously switch among four guided modes without blocking if we
use four controllable phase shifters denoted PS, to PS, in order to combine suitable output optical signals.

The proposed device is constructed based on the structure of channel waveguides on silicon-on-insulator
(SOI) material. The device is designed to support four transverse electric (TE) modes at the wavelength region
of 1550 nm. The refractive index of the silicon core layer and the corresponding silicon glass cover are n,= 3,465
and n,=1,445 at the wavelength of 1550 nm assume that these values do not change in the range of C-band.

The 1 x4 Y-junction coupler in this design composes of four sub-waveguides (as seen in Fig. 1a), in which, the
main bus waveguide at the input, four S-bent waveguides, and one straight waveguide connecting two sections of
Y-junctions. We use a numerical simulation tool of mode solver to model the effective indices of the four lowest
order quasi TE modes from the input (including TE,, TE,, TE, and TE; modes) as a function of waveguide stem
width W, of 1 x4 Y-junction in the range from 0.3 pm to 1.6 um, as presented in Fig. 1c. The simulated results
show that the stem waveguide only guides enough four quasi-TE modes in the range from 1.1 to 1.45 pm. In
this design, we have initially chosen the width W;=1.4 um and the length of stem section L =20 pum. The two
S-bent waveguides on the two sides have the length in the propagation direction L;=120 pm and the width of
two outer arms W,=0.5 um. In the middle section, we use a straight waveguide whose width is W, =0.7 um for
supporting no more than two guided modes, which was utilized to connect to another Y-junction section with

Scientific Reports |

(2021) 11:897 | https://doi.org/10.1038/s41598-020-80174-8 nature research



www.nature.com/scientificreports/

—_
N
o

120

100

80

Z (um)

60

40

20

| N YR YN ST NI (NN ST (U ST NI S T "

| =

,(]bl)l nn (d) 00

21012 2419012 241012

X (um) X (um) X (um) X (um)

Figure 2. Electric field distribution. Numerical simulation of electric field distribution and mode solving
calculation for the mode sorting in Y-multijunction waveguide for (a) TE,, (b) TE,, (c) TE,, and (d) TE;.

the width of outer arms as W,. These parameters were optimized using a mode-sorting technique, similar to
the phase-matching method suggested by D. Love et al.*~. Using these parameters, the stem of input waveguides
would couple to the first and the second-order modes on two outer wings converting to the fundamental modes
and then couple to the fundamental and the third-order modes in the middle straight branch which then continue
to be divided to the fundamental modes at the outer wings of the second Y-junction substructure (O, in Fig. 1a).
Figure 2 presents the calculated mode field distributions at the input waveguide as well as the simulated elec-
tromagnetic field patterns of four guided modes when propagating through the 1 x4 Y-multijunction that were
optimized by numerical simulation corresponding to the fundamental and three remaining high order modes.
In a 1 x4 Y-junction, the fundamental mode and the third-order mode are distributed to two inner branches
while the first and the second-order modes are distributed to two outer branches at the output.

Note that the even modes will be divided into the pairs of in-phase fundamental modes and the odd modes
will be divided into the pairs of counter-phase fundamental modes. The optical modes then continue to be guided
through the waveguides and recombined at the outputs of the 1 x4 Y-multijunctions with appropriate phase shifts,
which are driven via controllable phase shifters (PSs) for switching to the desired output ports of the switches.

In this design, we used twenty 2 x 2 MMI couplers in three kinds named A, B, and C for switching operation
(Figs. 1a, 3). Three kinds of multimode interference couplers have the widths corresponding to W4, Wg, W¢
and the lengths corresponding to Ly, Lp, L¢, respectively. The working principle of a multimode interference
coupler follows the Talbot effect™. In the general interference (GI) mechanism, the optical field is periodically
reproduced along the propagation direction®*. Self-imaging will be mirrored if the length of the multimode
region Lyvr = 3Ly, in that case the MMI coupler will play the role of an X-coupler. Whereas, self-imaging will
be a mirrored pair of a photograph if the multimode region length Lya; = 3L /2, and the MMI coupler will
work as a 3 dB-coupler. Where L is the half-beat length which is defined as follows:

— 4neffwez (1)
T 3}4 >
Ao 2\ 70?
We = Wyt + ; (Vleﬁ - ﬂc) > (2)

here, W, is the effective width calculated by the osmotic depth of the transverse electric mode; 4 is the operation
wavelength; n,g is the effective index; n, is the refractive index of the cladding layer.

In this design, MMI-A and MMI-B couplers are the X-couplers while the MMI-C is the 3 dB-coupler with
the lengths that were optimized by numerical simulation. The transmission for wavelength responses in a band
from 1525 to 1575 nm of three MMI couplers is presented in Fig. 3. For the X-couplers in Fig. 3a,b, the switch-
ing is very efficient with the output power at the desired ports of about —1 dB and is wavelength independent
while output powers at undesired ports are smaller than —22 dB in the wide band of 50 nm. Figure 3¢ shows
the transmission curves of the MMI-C coupler with the optical field is equally divided into two output ports.
The transmission outputs from two ports are identical with a small variation of 0.01 dB in the range of 50 nm,
therefore, this coupler is a perfect wideband 3-dB coupler.
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Figure 3. Transmission characteristics of three kinds of 2 x 2 MMI couplers on wavelength dependence. (a)
MMI-A and (b) MMI-B are X-couplers with the lengths of Lyipr = 3Ly, (¢) MMI-C is 3 dB-coupler with the
length of Lypyr = 3Ly /2.

In this section, we will discuss the use of controllable phase shifters to combine or separate the optical fields.
In order to achieve desirable simultaneously switching operation, four controllable phase shifters need to place
at four branches as seen in Fig. 1a. For each guided mode at the input port, after traveling through two different
light paths in the circuit, will be recombined at the desired output port. Following the self-imaging principle when
the multimode interference coupler in the role of X-coupler at the length of Ly = 3Ly, the image is a direct
copy of the optical field at the input with the phase change of even or odd multiple of 7z. Hence, the interference
mechanism occurring in this structure is similar to the interference mechanism in a Mach-Zehnder interfer-
ometer. Note that TE; and TE; modes are under influenced by the PS; and the PS,, whereas, TE, and TE, modes
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Figure 4. The transmission output powers for four guided modes at different ports as a function of the phase
shift angle. Here P,, and P,, denoted the transmission powers of the mode orders p (=0 or 3) and q (=1 or 2)
at the port n (=1 or 2). When the phase is of 0°, 180°, or 360° the outputs are switched. The circles indicate the
operating phase range for crosstalked transmission lower than —20 dB.

are under influenced by the PS, and the PS;. The dependence of the output powers on the phase shift angles of
controllable PSs for four modes can be written by explicit functions as follows:

Py = %m,},lofﬂ (sin2 <%) + sin? (%)) (3)
Ppy = %nc,plo_‘ﬂ (c052 <%) + cos? (%)), (4)
Py = %r;cyqlof‘ﬂ“ (sin2 <%) + sin? (%)), (5)
Py = %m,qlo_‘ﬂ (c052 (%) + cos? (%)), (6)

where p = {0, 3} and q = {1, 2} are the orders of guided modes; n = {1, 2} stands for the orders of the output
ports.Piy is the input power of each mode; 5, ¢, 1 are the coupling efficiencies of the p,g-th order modes when cou-
pled with the waveguide. o is the loss coefficient of silicon at the operation wavelength 4, typically « = 1dB/cm
for the wavelength of 1550 nm*. L is the total device length; ®) 5 3 4 are the phase shift angles under the control
of the corresponding phase shifters PS, , ; ,, respectively.

In case all four controllable phase shifters are handled by only one external source such as a voltage-driven
thermal source, the phase shift angles are the same: &1 = ®, = &3 = &4 = $. Consequently, the combined
optical fields at the output will be reformed to the mode shape like the input guided mode. Then, we can shorten
the Egs. (3,4,5,6) as:

[
Ppn(®) = Pinnc,mloial' Sin2 (5) s (7)

Figure 4 shows the output powers P, (®) obtained from a numerical simulation using Eq. (7) for four injected
modes as a function of phase shift angle, corresponding to bar (straight or ON state) and cross (OFF state) output
ports. It is clear to see that the transmission curves are quite the same for all four characteristic modes in the
harmonic shape curves. If the phase ® = r radian, all four modes of TE,, TE,, TE,, TE; will be simultaneously
switched to the bar output port, and if & = 0 radian, all four modes will be simultaneously switched to the cross
output port. In general, at some shifted angle different from an integer number of pi, the optical powers of each
guided mode are divided into each output port, on the same side have the same convolution. The power splitting
ratio between bar and cross output ports is given by r, = tanz(%). In this case, the device plays the role of an
arbitrary four-mode power ratio splitting device. In addition, all cases of switching states at the desired output
ports are highly efficient with the loss is not exceeded 1.25 dB (the output transmission is larger than 75%) while
the transmission at the undesired output ports is lower than —23 dB.
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Figure 5. Structure of thermo-optic phase shifter. (a) The cross-view with the gap is SiO, Here d1;=100 nm,
hg;=220 nm, Wy;=1 um and h,=700 nm. (b) The x-y plane shows distribution of temperature in the Si core
when shifting phase is 7 radian. (c) Index change profile under the thermo-optic effect. (d) The simulated phase
angle of the TO phase shifter as a function of temperature-change, AT, from room temperature.

To control the PSs, we employ the thermo-optic (TO) effect in which the refractive index of the core layer
will be modified by thermal excitation resulting in a change of the phase of the propagating lightwave. The phase
change can be calculated from the difference of index by®:

AD = k.An.Ly, (8)

where Ly, is the heater length to obtain the required phase shift of A® and k=2m/A is the wavenumber. The total
index change, An, is determined by the thermal coefficient, dn/dT, of the material, in this study is silicon, and
can be represented by linear relation as follows*”%:

An=K..aT. " 9

n=~RKc ar’ 9
where K, is the s;)eciﬁc heat capacity; AT = T — Ty is the temperature change in the silicon waveguide core
and T, =300 K; 7 is the thermo-optic coefficient for silicon material (% = 1.84 x 107*K~ ! at the 1550-nm
wavelength).

In a TO switch, the minimum length to reach the phase shift of 7 radian, which is essential for switching
operation, depends on the thermal crosstalk in the gap between the silicon core layer and heaters. A large heat
transfer area or large heater length is necessary to make a large shift phase with a small temperature range. How-
ever, large geospatial factors will need a large power consumption, thus reducing performance and increasing
operating costs. It also causes a large thermal impedance resulting in a high switching time. In addition, a large
spatial size also prevents the device from integrating at subwavelength optics as well as on-chip integration.

To reduce the switching time for ultrafast applications, one can use a p—n junction structure as a controllable
phase shifter by implanting p++ and n+ + ions of group III/V in silicon ridge waveguide structures®. However,
such carrier-depletion waveguides suffer a big loss from optical absorption by the ions. To overcome that draw-
back, in this study, we use driven heaters which are built by coating a metallic thin film of titanium (Ti) and
electrical routing pads by coating a layer of aluminum (Al). The designed heaters have a reasonable length of
about 200 um. The driven heaters are placed at the position above the silicon core at a gap of h,=0.7 pm. The Ti
film layers have a thickness of §1;=100 nm and a width of Wi;=1 um*’. Figure 5 shows the structure and work-
ing principles of the numerically simulated thermo-optic phase shifters. In which, the distance , is determined
by hy = hsi/2 + hsio, + 81i/2, where hg;o, is the gap of the upper silica cladding layer sandwiched between the
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Ti-heater and the silicon core layer, as shown in Fig. 5a. Figure 5b,c shows the distributions of the temperature
rise (AT) and the index change (An) in the silicon core layer at the switching state “ON” by using multi-physics
tools when the electric power is supplied to reach a required phase difference of m radian. As can be seen the heat
distribution mainly focuses on the active region from the micro-heater to the silicon core at access arms and the
maximal change is ~ 70 K on the Ti heater surface. The distribution of the index change results in a nonuniform
treatment that the highest variation is near the central region below the micro-heater. The phase shift angle
increases linearly with the change of the temperature and it equals 7 radian when the maximum temperature
difference increases a quantity of AT ~70 K, as seen in Fig. 5d.

The proposed four-mode switch could be patterned on a silicon-on-insulator (SOI) standard wafer with
220-nm-thick silicon on 3-pm-thick BOX layer of silicon dioxide (SiO,) using electron-beam lithography (EBL)
and an inductively coupled plasma-induced reactive ion etching (ICP-RIE). A 1-um-thick SiO, cladding layer
will be deposited using a plasma-enhanced chemical vapor deposition (PECVD) process. After this SiO, layer,
100-nm-thick Ti heaters and 1-um-thick Al contact pads will be deposited by the lift-off process?. Then, a 1.5 um
silica layer is deposited using the PECVD process to protect and isolate the silicon device layer. On top of this
oxide layer, 100 nm thin film of Ti metal is deposited as a high-resistance heater and 300 nm thin film of alu-
minum is deposited for the electrical routing using electron-beam evaporation. After the metallization process,
a 300 nm SiO, layer is deposited as a protective layer for the heater that is etched away over the aluminum pad
for an electrical probing signal. An electrical pulse may apply to drive the controllable phase shifters. This pulse
generates heat and is transferred to silicon waveguide changing the refractive index of the silicon core making
a phase shift. Currently, TO switches can work with an ultrafast switching time that is shorter than 10 us**4!.

Characteristics evaluation
Figure 6 shows visual images of the electric field distribution that were carried out by numerical simulation for
all switching states of four guided modes at the center wavelength of 1550 nm in the bar and cross directions.
Simulation results agree with the working principle of the proposed simultaneous 2 x 2 multimode switch as
theoretically analyzed. The proposed switch operates at two states: each mode in four input modes entering port
I, switched to equivalent order mode on the BAR side at port O, corresponding to “ON” state as seen in Fig. 6a-d.
These modes switched to the CROSS side corresponding to the “OFF” state as seen in Fig. 6e-h.

To evaluate the optical performances of the proposed four-mode switch, the key parameters such as inser-
tion loss (I.L) and crosstalk (Cr.T) are studied as a function of operation wavelength that can be calculated by
following formulas:

P
I.Lyy = 10logy, (P"—'”> (10)

m

/

P
Cr.Tp, = 101og10( P"”’), (11)

m

where Pj, is the input power; P,y is the output power at the desired output port; P, , is the output power at the
undesired output port; n = {1, 2} stands for the order of output ports O, and O,; m = {0, 1, 2, 3} stands for the
order of the guided modes when propagating through the device.

Because of the chromatic dispersion, the mode coupling and mode confinement efficiencies of the optical
field are dependent on the operation wavelength. We consider wavelength responses of the insertion loss and
crosstalk in the window of 1.525-1.575 pm for the propagation states from the input I, to the output ports O,
(Fig. 7a,b) and O, (Fig. 7c,d). As can be seen from these figures, I.L varies from — 1.5 to —3 dB and Cr.T varies
from —19 to —27 dB for both cases of ON and OFF states. This low crosstalk demonstrates the excellent per-
formance of the proposed multimode switch in a relatively wide bandwidth of 50 nm indicating advantages of
the device in terms of low loss, low crosstalk, and wideband. The MMI couplers constructed for the crossover
couplers and the 3-dB couplers have relatively flat responses as a function of the wavelength-spectral response,
which the highest transmission attains at the central wavelength of 1550 nm, as shown in Fig. 3a,b. Besides, the
suggested multimode switch utilized Y-multijunctions resulting in different wavelength responses for different
guided modes. In addition, the operation of the multimode switch depends on the phase shifters. However,
the phase difference in the phase shifters is a function of dn/dT, and therefore, the required phase difference
(m radians) is temperature-dependent and the wavelength-dependent. For each different guided mode at each
different wavelength, the temperature needed to transit the phase angle of n radian is different. The proposed
device is optimized for working at a central wavelength of 1550 nm. As a result, accumulative transmissions are
vigorously rolled off following the wavelength response around the central wavelength of 1550 nm, thus limiting
the wavelength bandwidth, as shown in Fig. 7. Noted that, controllable phase shifters are only optimized for the
central wavelength 1550 nm, and the 50-nm bandwidth is suitable for an optical switch.

Besides I.L and Cr.T, the figure-of-merit (FOM) criterion is also an important parameter to evaluate device
performances. It is well-known that a single-mode system can achieve a good performance of transmission in a
wideband, however, there is a limit in spectral efficiency. In contrast, a multichannel system like the MDM-WDM
hybridization system has to sacrifice the optical performances for spectral efficiency because of issues on non-
linear effects, high modal crosstalk, and multimode dispersion. Therefore, a photonic integrated circuit (PIC)
applying for the MDM-WDM systems needs to consider the optimized performance in order to get a high FOM
value for two aspects of wavelength range and number of guided modes. There are some different definitions of
FOM used in designing the PICs, such as FOM standards for the TO switches versus material*?, consumption
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Figure 6. Contour plots of the electric field patterns for the working proposed 2 x 2 four-mode switch: (a), (b),
(c) and (d) are for TE,, TE,, TE,, TE; modes for ON state, respectively; (e), (f), (g) and (h) are for TE,, TE,, TE,,
TE; modes for OFF state, respectively.

power®, geometrical size*, etc. However, in this design, our FOM standard is applied for optimizing optical
performances on the number of guided mode and wavelength, which is defined as follows*:

1 13
xn—zl—am§]|yn

where M is the wavelength resolution scanned in the range from 1.525 to 1.575 um. « is the factor with the
value is within the range (0 < @ < 1) as a trade-off between I.L and Cr.T; x, y are corresponding to I.L and Cr.T,
respectively.

Equation (12) satisfies the following inequality: 0 < FOM < 1. It will be ideal if FOM reaches unity. Figure 8
shows that FOM is ideal at the operation wavelength of 1550 nm. In the wavelength range of 1525-1575 nm,
FOM can get the value from 0.92 to 1 for the switching state I, O; (ON state) and from 0.88 to 1 for the switching
state 1,0, (OFF state). This demonstrates the high performance of the device in the wideband of 50 nm of the
third telecom windows, especially at the central wavelength of 1550 nm.

Fabrication tolerances are also important for designing photonic devices, especially for simulation-based
designs. Because errors of material and geometrical parameters strongly affect the working performances. For
example, the quality of SOI wafer depends on suppliers in terms of geospatial tolerances, high wall roughness,
the purity of silicon, crystallinities, etc. Besides, the accuracy of fabricated patterns strongly depends on elec-
tron-beam writing or deep ultraviolet (DUV) photolithography technologies. Also, the simulation tolerances
are depending on the accuracy of the simulation models as well as the simulation algorithms. Therefore, we
investigated the tolerances for the proposed switch in terms of the waveguide width and waveguide height. The
width tolerances AW are shown in Fig. 9a,b for two outputs corresponding to the ON and OFF states when the
guided modes are injected into the input I; with a change of the width within +20 nm. Simulated data shows

3
1
FOM=1—-(1—«).—.
( a)ZMZ

n=0

> (12)
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Figure 7. The wavelength-dependent characteristics curves of the optical performance of the device. (a)
Insertion loss (I.L) and (b) crosstalk (Cr.T) for four modes according to the ON switch mechanism from the

input I, to the output O,. (¢) Insertion loss and (d) crosstalk according to the OFF switch mechanism from the
input I, to the output O,.
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Figure 8. Figure-of-merit. Simulated FOM as a function of the operating wavelength for two states: ON, output
O, (purple) and OFF, output O, (green) in the wavelength window of 50 nm.

that LL fluctuates very little around — 1.4 dB to — 1.7 dB while Cr.T keeps stable with the value is smaller than
—21 dB for four guided modes. Also, the high tolerances, Ah, presented in Fig. 9¢,d show L.L fluctuates around
-2 dBand Cr.T is less than — 19 dB for both switching states ON and OFF. These tolerances are investigated in
the variation of the height tolerances equally as + 10 nm. Such relatively high tolerances on the aspects of geo-
metrical dimensions are acceptable thanks to the current advancement of fabrication technology in the-state-
of-the-art electron-beam writing.

The power consumption of the TO phase shifters is often evaluated by the essential power to achieve a phase
shift of m radians (P). This is a crucial measure parameter in the operation of a thermo-optic optical switch. It is
desirable to obtain the product of P;.t = H.A Ty as an optimal value during the operation process of the optical
switch?®. Here, H stands for the heat capacity, AT, is the temperature change from a cold state to a hot state to
attain the expected phase shift, and 7 is the switching time related to the fall time or the rise time in the phase
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Figure 9. Insertion loss and crosstalk of the proposed device for four operation modes. For the ON state (a),
from the input I, to the output O, and OFF state (b), from the input I, to the output O,, as a function of a width
tolerance AW. For the ON (c) and OFF (d) states as a function of height tolerance Ah.

shifter temporal response. The switching electric consumption power is determined by the following equation
utilizing a modified two-dimensional treatment of the heat flow on the lateral spreading*:

Aksio, (;:/;7252 + 0.88)
P = n > (13)

dr

Si

where ksi0,=1.4 W/(m K) is the thermal conductivity of SiO,, A is the operation wavelength, and W is the
width of the Ti-metal film on the lateral direction. The switching time can be considered as a consequence of the
required transport time of the heat flow propagation from the micro-heater to the silicon core layer along the
active length of the TO phase shifter relating to the consumption power by the relation*”*%;

7 2.0si0, Csioy A

eP, g—;‘.

(14)

Si

where psio, =2.203 g/cm® is density of silica,Csio,=0.703 J/(g K) is specific heat capacity of sil-

ica;A = 2Ly, + Wps) (hsi + hsio, ) is the effectively heated cross-section area relating to geometry parameters of

the TO phase shifter; hg;=220 nm is the height of the silicon core; Ly, is the thermal diffusion length measured by

taking the distance where the maximum temperature laterally decreased at 1/e* away from the silicon waveguide.
From Exps (13), (14) the switching time can be deduced as:

_ 7psio, Csio, (2Ln + Wrs) (hsi + hsio,)
€K Si0, (;%i + 0.88) (15)

Besides, the trade-off between power consumption and switching speed is unavoidable as well as integrated
size and long range propagation. For the TO optical switch, switching time is designed for several microsec-
onds, and therefore the electric power consumption should be kept in a few tens of mW*. Figure 10 exhibits the
simulated electric power consumption and the switching time as a function of the distance h,. As can be seen,
the electric power needed to achieve a phase shift of n radians increase when the distance h, increases. However,
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Figure 10. Electric power consumption and switching time. The simulated power consumption (a) at the
switching level and the switch time (b) of the phase shifter as a function of the distance h, between the Ti heater
and the silicon core layer. The circles indicate the values at h,=0.7 um corresponding to hsio,= 540 nm.

the switching time increases to the maximum value of 6.4 ys at /i, to 0.9 um and decreases when h, increases
further. At the selected physical distance of h,=0.7 pm (or hsj0,= 0.54 um), P, obtained a relatively small value
of 22.5 mW with a switching time of 5.4 ps.

To reduce the power consumption P, as well as the desired temperature difference (AT,) in the switching
operation, the length of the thermo-optic phase shifters must be increased, thus making the PS length larger
and also switching time slower. Furthermore, the power consumption can be reduced when the gap between
the metallic heater and the silicon core decreases but should be properly chosen minimizing the impact of the
plasmonic effect on the propagation of lightwave in term of phase shift and optical loss. In the plasmonic regime,
the p-polarized optical modes (TM modes) is confined along the metal-dielectric interface. Hence, the Ti-heater
strongly affects the TM modes than the TE modes in term of hybrid plasmonic effect when the gap between the
Ti-heater and the silicon core is smaller than a limit. This is depicted in Fig. 11 where mode profiles of both TE
and TM polarization states are simulated by the finite element method (FEM) for several gaps of hs;o, correspond-
ing to 540 nm, 30 nm, and 10 nm at the wavelength A =1550 nm. Simulation results show that the plasmonic
mode is significant when hg;o, <30 nm for TM modes and only becomes significant when hgip, <10 nm for TE
modes. When optical fields are in the plasmonic modes, the imaginary part of the dielectric constant becomes
larger leading to a larger conductive absorption. This effect restricts the propagation length of the optical fields
in the photonic device. In our proposed optical switch, which was designed for the operation of TE modes with
the distance h,=700 nm (hs;0,=540 nm), the impact of plasmonic effect can be neglected because the optical
fields are always preserved in photonic modes.

Discussion

The proposed device is a 2x2 multimode switch enabling the simultaneously four-mode switching operation in
a multimode waveguide for the MDM and hybrid WDM-MDM applications. In order to couple the switch with
the WDM-MDM system, grating couplers**° or edge-couplers®** are required to couple high-order modes from
the few-mode fibers to the silicon waveguides for realizing the functionality of a wavelength division multiplexed
few-mode fiber switch. In another way, subwavelength gratings (SWG) consisting of periodically arranged dielec-
tric particles with dimensions much smaller than the wavelength are utilized for highly efficient coupling from
single-mode fibers to a silicon single-mode waveguide-based chip in a compact footprint over a broad wavelength
bandwidth®*3%, Then, fundamental modes in single-mode silicon waveguides are multiplexed into a multimode
waveguide and vice versa by mean of MMI couplers*"™, ring resonators>*’, or adiabatic couplers®’ before con-
necting to the multimode switch. Finally, single-mode optical fibers are coupled to the WDM system via the
WDM multiplexer following the ITU-T G.694.1 recommendation to complete a hybrid WDM-MDM system.
In another application scenario, single-mode optical fibers carrying each dedicated wavelength are coupled to
each dedicated silicon single-mode waveguide via curved Bragg gratings allowing the propagation of light in the
third telecom windows of 1550-nm at first. Then, a set of individual wavelengths are multiplexed into a single-
mode silicon waveguide carrying the total traffic of a WDM-channels group via an arrayed waveguide grating
(AWG)*8. Next, each group of the single-mode silicon waveguide is multiplexed to a multimode bus waveguide
employing the phase-matched technique as adiabatic couplers™. Finally, four groups into a four-mode waveguide
are connected to an input/output port of the designed 2x2 four-mode switch. The constructed structure can
permit the switching operation of four WDM groups in the 2x2 configuration. Recently, adiabatic couplers are
popularly used for multiplexing low-order modes into a multimode waveguide that such structures can carry
up to dozens of optical modes in a multimode waveguide®°.

Compared to some related recent studies on multimode switches, our proposed switching device either
supports the operation of four guided modes instead of two guided modes?” or has much simpler and more
compact than those reported elsewhere® . To the best of our knowledge, this novel design and demonstration
by numerical simulation in the proof-of-concept of the 2 x 2 four-mode switch has not been proposed before. The
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Figure 11. Mode profile (|Ey|) in Ti heater-based phase shifter. Modes simulated by the FEM method for both
TE and TM polarization states at some gaps, hsio,, of 540 nm, 30 nm, and 10 nm at A=1550 nm.

device enables the switching operation for simultaneous four guided modes of transverse electric polarization
states without the need of high order modes exchange and complicated spatial switching structures. Moreover,
the proposed optical switch can operate as a multifunctional-multimode processing device, such as an arbitrary
ratio multimode power splitter that can be realized with only one control bit for diving the multimode power
simultaneously. In addition, the proposed structure potentially be used as a building block to scale up the higher
number of guided modes.

Conclusions

In conclusion, we have designed and optimized a novel 2 x 2 four-mode optical switch using numerical simula-
tions for the first time. The switch can operate in a 50 nm wide wavelength band from 1525 to 1575 nm with the
low insertion loss and crosstalk that are lower than —3 and — 19 dB, respectively. We also pointed out that the
hybrid plasmonic effect between the metallic heater and the Si waveguide of the phase shifter does not effect to
the device performance in the chosen parameters. In addition, the device has relatively large geometry toler-
ances correspondingly to+20 nm and + 10 nm of width and height tolerances, respectively. Furthermore, the
device is very compact in a small area of 10 pm x 960 um offering a huge potential for applications in very large
scale integrated photonic circuits as well as in mode and wavelength division multiplexing switching systems.

Received: 22 June 2020; Accepted: 14 December 2020
Published online: 13 January 2021

References

1. Gu, M., Li, X. & Cao, Y. Optical storage arrays: a perspective for future big data storage. Light Sci. Appl. 3, e177 (2014).

2. Wu, X,, Zhu, X., Wu, G.-Q. & Ding, W. Data mining with big data. IEEE Trans. Knowl. Data Eng. 26, 97-107 (2014).

3. Wu, X, Huang, C., Xu, K., Shu, C. & Tsang, H. K. Mode-division multiplexing for silicon photonic network-on-chip. IEEE J. Light.
Technol. 35, 3223-3228 (2017).

4. Essiambre, R.]. & Tkach, R. W. Capacity trends and limits of optical communication networks. Proc. IEEE 100, 1035-1055 (2012).

5. Ellis, A. D., Zhao, J. & Cotter, D. Approaching the non-linear Shannon limit. J. Light. Technol. 28, 423-433 (2010).

6. Li, G., Bai, N., Zhao, N. & Xia, C. Space-division multiplexing: the next frontier in optical communication. Adv. Opt. Photonics 6,
413 (2014).

7. Yang, Q., Bergman, K., Hughes, G. D. & Johnson, E. G. WDM packet routing for high-capacity data networks. J. Light. Technol. 19,
1420-1426 (2001).

Scientific Reports |

(2021) 11:897 | https://doi.org/10.1038/s41598-020-80174-8 nature research



www.nature.com/scientificreports/

10.

11.

12.

13.
14.

15.

16.
17.

18.

19.

20.
21.

22.

23.

24.

25.

26.
27.

28.

34,

35.

36.

37.

38.
39.

40.
41.

42,

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

. Tang, R. et al. Reconfigurable all-optical on-chip MIMO three-mode demultiplexing based on multi-plane light conversion. Opt.

Lett. 43,1798-1801 (2018).

. Jiang, W, Miao, J. & Li, T. Compact silicon 10-mode multi/demultiplexer for hybrid mode- and polarisation-division multiplexing

system. Nat. Sci. Rep. 9, 1-15 (2019).

Perez-Galacho, D. et al. Integrated mode converter for mode division multiplexing. In Proc. SPIE 9891, Silicon Photonics and
Photonic Integrated Circuits V 98910B (2016).

Sun, C,, Yu, Y,, Chen, G. & Zhang, X. Integrated switchable mode exchange for reconfigurable mode-multiplexing optical networks.
Opt. Lett. 41, 3257 (2016).

Chang, W. et al. Ultracompact dual-mode waveguide crossing based on subwavelength multimode-interference couplers. Photonics
Res. 6, 660-665 (2018).

Han, H.-L. et al. High performance ultra-compact SOI waveguide crossing. Opt. Express 26, 25602 (2018).

Jia, H. et al. Mode-selective modulation by silicon microring resonators and mode multiplexers for on-chip optical interconnect.
Opt. Express 27,2915 (2019).

Priti, R. B. & Liboiron-Ladouceur, O. Reconfigurable and scalable multimode silicon photonics switch for energy efficient mode-
division-multiplexing systems. J. Light. Technol. 37, 3851-3860 (2019).

Miller, D. A. B. Reconfigurable add-drop multiplexer for spatial modes. Opt. Express 21, 20220 (2013).

Wang, S. et al. On-chip reconfigurable optical add-drop multiplexer for hybrid wavelength/mode-division-multiplexing systems.
Opt. Lett. 42, 2802 (2017).

Sherwood-Droz, N. et al. Optical 4 x 4 hitless Silicon router for optical networks-on-chip (NoC). Opt. Express 16, 15915-15922
(2008).

Mogami, T. et al. 1.2 Tbps/cm? enabling silicon photonics IC technology based on 40-nm generation platform. J. Light. Technol.
36,4701-4712 (2018).

Soma, D. et al. 257-Tbit/s weakly coupled 10-mode C + L-band WDM transmission. J. Light. Technol. 36, 1375-1381 (2018).
Zhang, Y., Zhang, R., Zhu, Q,, Yuan, Y. & Su, Y. Architecture and devices for silicon photonic switching in wavelength, polarization
and mode. J. Light. Technol. PP, 1 (2019).

Qiao, L., Tang, W. & Chu, T. 32 x 32 Silicon electro-optic switch with built-in monitors and balanced-status units. Sci. Rep. 7, 42306
(2017).

Dai, D., Wang, J. & He, S. Silicon multimode photonic integrated devices for on-chip mode-division-multiplexed optical intercon-
nects. Prog. Electromagn. Res. 143, 773-819 (2013).

Xiong, Y., Priti, R. B. & Liboiron-Ladouceur, O. High-speed two-mode switch for mode-division multiplexing optical networks.
Optica 4, 1098 (2017).

Williams, C., Banan, B., Cowan, G. & Liboiron-Ladouceur, O. A source-synchronous architecture using mode-division multiplex-
ing for on-chip silicon photonic interconnects. IEEE J. Sel. Top. Quantum Electron. 22, 473-481 (2016).

Stern, B. et al. On-chip mode-division multiplexing switch. Optica 2, 530 (2015).

Zhang, Y., He, Y., Zhu, Q., Qiu, C. & Su, Y. On-chip silicon photonic 2 x 2 mode- and polarization-selective switch with low inter-
modal crosstalk. Photonics Res. 5, 521-526 (2017).

Zhang, Y. et al. Silicon 1 x 2 mode- and polarization-selective switch. In 2017 Opt. Fiber Commun. Conf. Exhib. OFC 2017—Proc.
1-3 (2017) https://doi.org/10.1364/OFC.2017.W4E.2.

. Benes, V. E. Algebraic and topological properties. Bell Syst. Tech. J. 41, 1249-1274 (1962).
. Jia, H. et al. WDM-compatible multimode optical switching system-on-chip. Nanophotonics 8, 889-898 (2019).
. Le, K. Q,, Godoy-Rubio, R., Bienstman, P. & Hadley, G. R. The complex Jacobi iterative method for three-dimensional wide-angle

beam propagation: erratum. Opt. Express 16, 21942 (2008).

. Riesen, N. & Love, J. D. Design of mode-sorting asymmetric Y-junctions. Appl. Opt. 51, 2778-2783 (2012).
. Soldano, L. B. & Pennings, E. C. M. Optical multi-mode interference devices based on self-imaging: principles and applications.

J. Light. Technol. 13, 615-627 (1995).

Bachmann, M., Besse, P. A. & Melchior, H. Overlapping-image multimode interference couplers with a reduced number of self-
images for uniform and nonuniform power splitting. Appl. Opt. 34, 6998-6910 (1995).

Rickrnan, A. G. & Reed, G. T. Silicon-on-insulator optical rib waveguides: loss, mode characteristics, bends and y-junctions. IEE
Proc. Optoelectron. 141, 391-393 (1994).

Rosa, A., Gutiérrez, A., Brimont, A., Griol, A. & Sanchis, P. High performace silicon 2 x 2 optical switch based on a thermo-optically
tunable multimode interference coupler and efficient electrodes. Opt. Express 24, 191 (2016).

Komma, J., Schwarz, C., Hofmann, G., Heinert, D. & Nawrodt, R. Thermo-optic coefficient of silicon at 1550 nm and cryogenic
temperatures. Appl. Phys. Lett. 101, 4-8 (2012).

Harris, N. C. et al. Efficient, compact and low loss thermo-optic phase shifter in silicon. Opt. Express 22, 10487 (2014).

Mishra, D. & Sonkar, R. K. Design and analysis of a graded-index strained Si,_ Ge, optical PN phase shifter design and analysis
of a graded-index strained Si,_ Ge, optical PN. IEEE Photonics J. 10, 1-14 (2018).

Yang, L. et al. General architectures for on-chip optical space and mode switching. Optica 5, 180 (2018).

Priti, R. B. & Liboiron-ladouceur, O. A reconfigurable multimode demultiplexer/switch for mode-multiplexed silicon photonics
interconnects. IEEE J. Sel. Top. Quantum Electron. 24, 1-10 (2018).

Vo, W. & Bragg, F. Modeling of a vertical hybrid plasmonic switch. IEEE Photonics Technol. Lett. 30, 997-1000 (2018).

. Watts, M. R. et al. Adiabatic thermo-optic Mach-Zehnder switch. Opt. Lett. 38, 733 (2013).

Jacques, M. et al. Optimization of thermo-optic phase-shifter design and mitigation of thermal crosstalk on the SOI platform. Opt.
Express 27, 10456-10471 (2019).

Chang, W. et al. Inverse design and demonstration of an ultracompact broadband dual-mode 3 dB power splitter. Opt. Express 26,
24135 (2018).

Liu, K., Zhang, C., Mu, S., Wang, S. & Sorger, V. J. Two-dimensional design and analysis of trench-coupler based Silicon Mach—
Zehnder thermo-optic switch. Opt. Express 24, 15845 (2016).

Passaro, V. M. N., Magno, F. & Tsarev, A. V. Investigation of thermo-optic effect and multi-reflector tunable filter/multiplexer in
SOI waveguides. Opt. Express 13, 3429 (2005).

Espinola, R. L., Tsai, M. C., Yardley, J. T. & Osgood, R. M. Fast and low-power thermooptic switch on thin silicon-on-insulator.
IEEE Photonics Technol. Lett. 15, 1366-1368 (2003).

Wohlfeil, B., Stamatiadis, C., Zimmermann, L. & Petermann, K. Compact fiber grating coupler on SOI for coupling of higher order
fiber modes. In 2013 Optical Fiber Communication Conference and Exposition and the National Fiber Optic Engineers Conference
(OFC/NFOEC), Anaheim, CA 1-3 (2013). https://doi.org/10.1364/0fc.2013.0th1b.2.

Watanabe, T. et al. Coherent few mode demultiplexer realized as a 2D grating coupler array in silicon. Opt. Express 28, 36009-36019
(2020).

Melati, D., Alippi, A. & Melloni, A. Reconfigurable photonic integrated mode (de)multiplexer for SDM fiber transmission. Opt.
Express 24, 12625 (2016).

He, A., Guo, X., Wang, K., Zhang, Y. & Su, Y. Low loss, large bandwidth fiber-chip edge couplers based on silicon-on-insulator
platform. J. Light. Technol. 38, 4780-4786 (2020).

Cheben, P, Halir, R., Schmid, J. H., Atwater, H. A. & Smith, D. R. Subwavelength integrated photonics. Nature 560, 565-572 (2018).

Scientific Reports |

(2021) 11:897 |

https://doi.org/10.1038/s41598-020-80174-8 nature research


https://doi.org/10.1364/OFC.2017.W4E.2
https://doi.org/10.1364/ofc.2013.oth1b.2

www.nature.com/scientificreports/

54. Halir, R. et al. Subwavelength-grating metamaterial structures for silicon photonic devices. Proc. IEEE 106, 2144-2157 (2018).

55. Uematsu, T., Ishizaka, Y., Kawaguchi, Y., Saitoh, K. & Koshiba, M. Design of a compact two-mode multi/demultiplexer consisting
of multimode interference waveguides and a wavelength-insensitive phase shifter for mode-division multiplexing transmission.
J. Light. Technol. 30, 2421-2426 (2012).

56. Luo, L.-W. et al. WDM-compatible mode-division multiplexing on a silicon chip. Nat. Commun. 5, 1-7 (2014).

57. Chenlei Li, D. D. Low-loss and low-crosstalk multi-channel mode (de)multiplexer with ultrathin silicon waveguides. Opt. Lett.
42,2370-2373 (2017).

58. Proietti, R., Cao, Z., Nitta, C. ], Li, Y. & Yoo, S. J. B. A scalable, low-latency, high-throughput, optical interconnect architecture
based on arrayed waveguide grating routers. J. Light. Technol. 33, 911-920 (2015).

59. Beppu, S. et al. Weakly coupled 10-mode-division multiplexed transmission over 48-km few-mode fibers with real-time coherent
MIMO receivers. Opt. Express 28, 19655-19668 (2020).

60. Dai, D. et al. 10-Channel mode (de)multiplexer with dual polarizations. Laser Photonics Rev. 1700109, 1-9 (2017).

61. Priti, R. B., Bazargani, H. P, Xiong, Y. & Liboiron-Ladouceur, O. Mode selecting switch using multimode interference for on-chip
optical interconnects. Opt. Lett. 42,4131-4134 (2017).

62. Jia, H. et al. Four-port mode-selective silicon optical router for on-chip optical interconnect. Opt. Express 26, 9740-9748 (2018).

Acknowledgements
Research is funded by Vingroup Innovation Foundation (VINIF) annual research grant program under Project
Code VINIF.2019.DA12.

Author contributions

C.D.T. sketched the scientific idea for the project. C.D.T. and M.T.T. conceived the project. C.D.T. and D.N.T.H.
carried out the simulation, characterizations, and analyzed the data. H.C. pointed out significant and relevant
features on the technical aspect. C.D.T., D.N.T.H., H.C., and M. T.T. wrote the manuscript. All authors discussed
the results and commented on the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to C.D.T. or M.T.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:897 | https://doi.org/10.1038/s41598-020-80174-8 nature research


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	On-chip silicon photonic controllable 2 × 2 four-mode waveguide switch
	Working principle and optimization
	Characteristics evaluation
	Discussion
	Conclusions
	References
	Acknowledgements


