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Abstract: Recently, Indium Tin Oxide, a highly transparent, well conductive, and CMOS-compatible
material, has been paying strong attention to the thermo-optic controlled silicon photonics industry
because it allows a miniature of the gap between the core silicon and the heater, thus enabling re-
ducing the electric power consumption and enhancing the switching speed. In this article, we pro-
pose an ultralow loss and small-size ITO microheater for the phase shift tuning. The designated
microheater is manipulated in realizing a numerical co-design of compact and high bandwidth
three-mode converter and three-mode selective router. Simulation results illustrate the 3-dB band-
width for the three-mode converter and three-mode selective router as much as 100-nm and 40-nm
during crosstalk under -25 dB, respectively. Besides, co-designed devices attain relatively large fab-
rication tolerances corresponding to width and height tolerances of +50 nm and +5 nm. In addition,
the proposed devices consumed less than 90 mW total power consumption and took a fast switching
time below 8 ps. Moreover, both two co-designs can be integrated into an estimated compact foot-
print of 8 umX2160 pum. Such excellent performances demonstrate the attractive potential of ITO as
low-loss thermo-optic phase shifters and open an alternative way for enabling ultrafast and high-
speed mode division multiplexing systems and very large-scale photonic integrated circuits.
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1. Introduction

Recently, to respond to rapidly growing demands of transmission capacities in opti-
cal networks, mode division multiplexing (MDM) has emerged as a promising solution to
enhance the information transmission capacity and processing proficiency to overcome
the Shannon limit [1-4]. It is widely considered that, in many technological platforms used
to develop microchips components for the optical signal processing issue in general and
mode division multiplexing technique in particular for optical communication networks,
photonic integrated circuit (PIC) is one of the most preferred technological platforms. PICs
have become prevailed technology because PIC can integrate various signal processing
components in compact and flexible configurations. Nowadays, silicon-on-insulator (SOI)
waveguide-based structures are prevalent for the realization of dense photonic integrated
circuits and firmly established within the optoelectronic industry because they contain
many advantages of low optical losses over the third telecom wavelength range, high con-
finement of light in small cross-section, reasonable manufacturing cost thanks to full com-
patibility with complementary metal-oxide-semiconductor technology [5].
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Among essential components for optical mode processing, except for mode multi-
plexers/demultiplexers [6], [7], most of the mode signal processing components are re-
lated to the switching mechanism, such as mode converters [8], mode switches [9-11],
mode routers . The switching function of optical signals in silicon photonic waveguides
depends on the ability to control the phase of the optical field. The most common way to
induce a dynamic phase shift is by exploiting the thermo-optic (TO) coefficient of the sili-
con core layer because of the sizeable thermo-optic coefficient (~1.8x10-*K-1) [12] or ex-
ploiting the carrier effect by doping the conductor concentrations of group III/V ele-
ments [13], [14]. Although the carrier effect is capable of producing high-speed phase
shifts and small size integration, it suffers some drawbacks from the large optical loss and
a relatively complex multi-layer fabrication process, thus leading to an expensive cost. In
contrast, the phase shift based on the thermo-optic effect can be attained by heating the
waveguide with a metallic microheater. This mechanism could be fabricated using the
uncomplicated CMOS processes, which still respond to the short switching time in several
microseconds. Furthermore, this mechanism can permit ignorable optical losses by locat-
ing the lossy microheater at a reliable distance from the waveguide. Nevertheless, such a
heater is usually placed far from the core waveguide, which could lead to low-perfor-
mance on aspects of high power consumption or low switching speeds. Thermo-optic
phase shifters are applied in a wide range of current and new integrated photonic appli-
cations such as phased arrays [15-17] beam steering [18], reconfigurable photonics [19-
21] integrated quantum photonics [22], [23] and neural networks [24], [25]. Especially,
thermo-optic phase shifters are indispensable elements in silicon photonic devices since
optical phase manipulations are essential to divide or recombine optical patterns. How-
ever, for TO devices based on metallic microheaters [26-29] the influence of the upper-
cladding material showing a trade-off between the power consumption and the switching
speed [30]. Hence, an acceptable way to improve electrical performance is to reduce the
gap between the core waveguide and the microheater. Several 2D materials, for example,
graphene as a transparent heater, have been chosen to reduce the gap [31], [32]. However,
graphene has a relation to complex fabrication processes that have not been yet prepared
for massive manufacture. In such a scenario, transparent conducting oxides (TCOs) have
been considerably interested in active photonic devices due to their high transparency,
good conductivity, and excellent adhesion to substrates. Among the existing TCOs, In-
dium Tin Oxide (ITO) is being expected as a promising potential to achieve a plethora of
efficient electro-optic active devices [33-36]. Because, when electrically tuned, ITO films
can deliver unity-strong index modulation [18], [37], incredibly close to its epsilon-near-
zero (ENZ) regime in the near-infrared spectrum [38], [39], which leads to inter alia to
significant optical nonlinearities [40], [41], and slow-light effects [42]. In the field of silicon
photonics, this uniquely specific feature has been utilized to construct high-performance
devices since optical losses are significantly reduced in the ENZ regime. One of the signif-
icant interests surrounding ITO is to realize its applied potential as controllable and ultra-
low loss phase shifters for wide silicon photonic active devices [43], [44].

In MDM systems, multimode converter (MMC) [45], and multimode selective router
(MSR) [10] are vital elements for realizing a flexible mode processing system. In this pa-
per, we propose and design transparent ITO heaters for high-performance TO tuning of
silicon photonic structures based on numerical simulation processes. The ultra-low loss
ITO heater is utilized to realize compact and high bandwidth mode selective devices with
significant performances of low-loss, ultra-low crosstalk, large fabrication tolerance, low
power consumption, and short switching time. The spacing influence between the core
waveguide and the ITO microheater and the geometrical optimizations of silicon photonic
devices based on ITO phase shifters are investigated and characterized for TE polariza-
tion.
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Fig.1. Spectral behavior of real (blue) and imaginary (red) parts of the refractive index of sputtered films by using different
oxygen flow-rate and the post-deposition heat treatment process.

2. Materials and Methods

Current photonic integrated circuits mainly utilize phase modulation to control the
light signals. One of the most popular phase modulation methods is to change the refrac-
tive index, n, and Kramers-Kronig (K-K) relations through electro-optic, thermo-optic, or
carrier effects. Optical performances of a photonic integrated device strongly depend on
lower physical mechanisms, especially to carrier effect relating to optical loss due to con-
ductive absorption caused by doped particle population. ITO material can be used as an
electro-optic (EO) case in the n—dominant regime or for the electro-absorptive (EA) cases
in the kx—dominant regime depending on the biased carrier condition and relative position
to the epsilon-near-zero (ENZ) point. The optical property of ITO (& = &'+ je") in the tel-
ecom window of the near infrared spectrum can be described by the Lorentz-Drude
model [44]:
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where wis the angular frequency, ¢, is the infinitive permittivity, I'is the damping
factor and o, is so-called as the plasma frequency that is defined by:
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where e=1.6X10" C is the elementary charge of electron, g, = 8.8541878128x10"2F-m™!
is the vacuum permittivity, m" is the electron effective mass, and N is the bulk free carrier

concentration. Drude parameters are determined as: &, =3.9,I' =1.8 x 1014 rad/s and m'

=0.35m,, m, is the free electron mass [44].
The resistivity p caused by ITO-based thin film can be attained as follows [44]:
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At a low-doped concentration (N = 10" cm=?) ITO supplies both characteristics of
high-transparency ( " = 0) and high-resistivity. When the concentration is lower this level,
ITO acts as a Mott insulator and becomes no longer conducting [38]. Otherwise, the light-
matter interaction is considerably enhanced closely to the ENZ regime (N = 6.5 x 102 cm™3),
where ¢'=0, £">0and |¢l achieves its minimum value (| ¢l =0.57). As a result, optical
losses may be drastically increased and thus, the transparency condition may be lost.
However, when the lower-doped ITO, the resistivity becomes quite high leading the re-
sponse time for switching larger. This can limit the promising potential for ultrafast ap-
plications. Therefore, in this paper, a free carrier concentration level of N=3 x 1020 cm™ is
chosen. Fig. 1 exhibits the permittivity parameters of (1, x) of ITO as a function of the
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wavelength when the free carrier concentration of N is 3 x 102 cm3. At this value of the
free carrier concentration, substituting into Exp. (1) we obtain n+ jx =1.27+j0.125. This
value is also suitable to the experimental measurement results obtained from the sput-
tered films using the oxygen flow-rate and the post-deposition heat treatment pro-
cess [37].

In this investigation, multiphysics and FEM numerical simulation tools of the Rsoft
commercial simulation software are manipulated to characterize performance of ITO
phase shifters with mesh sizes of Ax = Ay =Az =5 nm. The designated ITO phase shifters
are applied for designing multimode selective devices. The proposed devices based on
silicon photonic waveguides are implemented and optimized using the three-dimensional
beam propagation method with ideal grid sizes.

3 Structure design and selection of the ITO phase shifter

The structural model of a ITO phase shifter is shown in Fig. 2(a), including a ITO thin
film placed on the top of a silicon core waveguide. It is well-known that thermo-optic
phase shifters are widely implemented in silicon photonics because of CMOS technology
compatibility and the thermo-optic coefficient is sizeable with the bulk silicon crystal.
When propagating the light field through the thermal phase shifter, under the impact of
the heat flow that caused from the ITO heater in metallic state by a voltage source, the
refractive index of waveguide Si can be tuned by changing the temperature of the phase
shifter. This process leads a phase shift that can be determined by following relation [46]:

2z L
_27Lps dn
Ay dT
where Ly is the ITO heater length in the propagation direction, 4, is the operation

AD (4)

wavelength, AT =T-Tjis the temperature change in the silicon waveguide core (To =

300K is the room temperature), s—; is the thermo-optic coefficient for silicon material, and

dn _ 1.84x10* K™ at the 1550-nm wavelength and at room temperature.

It is noted that the performance of the phase shifter does not depend on the heater
length because the ITO heater length, Lrs, can be neglected since we combine both heat
and optical phase shift equations. Hence, the same phase shift is induced for a given
power consumption without considering the heater length [29]. In a thermo-optic
phase shifter, the thermal conductivity reduction can improve the electric power con-
sumption level by order of magnitude, but the switching time is usually worse to the same
degree. Also, reducing the heater cross-section may lead to a rise in the current density
and could melt the heater. Furthermore, the driving voltage will also be higher, and a
more stringent alignment must be required if the heater is narrowed to the same order of
the core waveguide width. Considering the thickness, fabricating the homogeneous and
high-quality ITO thin-film structure becomes harder for thicknesses lower than 100 nm.
As a result, in this study, three geometrical parameters, including the width Wrs, the
length Lrs, and the thickness hrs of the ITO heater, are set as 1 um, 200 pm, and 100 nm,
respectively.

Many TO phase shifters utilizing various materials such as Ti, ITO, Ag have been
investigated in scientific reports. For a given metallic heater, the plasmonic effect can hy-
bridize photonic mode propagating into silicon waveguide due to resonant condition at
the metal-dielectric interface if the gap between metallic and silicon layers is small enough
in several nanometer scales. This effect absorbs the photonic mode, thus limiting the prop-
agation length of the optical field in the total inner reflection mechanism. To avoid the
influence of the plasmonic effect, the gap of the silica layer sandwiched between the ITO
and silicon layers is typically chosen as hg, =1 um [47]. Fig. 2(b) shows the propagation

loss of the light when passing through the thermo-optic phase shifters, made from Ti and
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ITO, depending on the gap h;,, by using the multiphysics simulation tool. Simulated re-

sults show that the phase shifter made from Ti heater is more strongly influenced by the
plasmonic effect than that of the ITO heater. When the gap is higher than 0.6 um, the
conductive losses due to the plasmonic effect are negligible for both Ti and ITO heaters.
The distributions of the temperature rise (AT) and the index change (An) in the core layer
are correspondingly shown to Fig. 2(c) and Fig. 2(d) by using the multiphysics tool when
the ITO phase shifter is supplied by the electric power to achieve the tuned phase of
radian. In this work, the phase difference is changed from — /2 to /2 by the temperature
rise (AT). As seen in Fig 2(e), the temperature rise changes from 0K to 120K to achieve the
phase difference from 90 degrees to 270 degrees.

The power consumption of the phase shifter is estimated by the needed power to
tune the desired phase of m radians (Px). To evaluate the efficient function of a thermo-
optical switch, we should consider the electric power consumption. For a given thermo-
optic phase shifter, we require to obtain the optimal product of Pr.t=H.AT» during the
switching operation process. Here, H stands for the heat capacity, ATx is the changing
temperature from a cold state to a hot state to attain the expected phase shift of 7, and
is the switching time relating to the phase shifter temporal response and the cut-off fre-
quency feurof [48]. The switching power consumption is estimated by using a modified
two-dimensional treatment of heat flow on the lateral spreading;

The switching electric consumption power is determined by the following equation
utilizing a modified two-dimensional treatment of the heat flow on the lateral spread-
ing [49]:

AKsio, (;NPS +O.88J
P - Si0, )
i n
dT|g;
where kg;, =1.4 W/(m.K) is the thermal conductivity of S5iOz, A is the operation wave-

length, and Wrs is the width of the ITO heater on the lateral direction.
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Fig. 2. Thermo-optic phase shifter based on ITO: (a) the structural diagram of a ITO phase shifter, (b) the simulated loss
of Ti and ITO-based phase shifters depending on the silica gap between the silicon core layer and the microheater, (c) the
temperature rise distribution on the ITO phase shifter simulated by using the multiphysics tool, (d) the index change
distribution on the ITO phase shifter simulated by the multiphysics tool, and (e) the phase shift depending on the temper-
ature change.

The switching time can be considered as a consequence of the required response time
of the heat flow propagation from the micro-heater to the silicon core layer along the ac-
tive length of the ITO phase shifter, which relates to the consumption power by the for-
mula [26], [48]:
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where pgio, =2.203 g/cm® is density of silica, Cg;o, =0.703 J/(g.K) is specific heat capac-

(6)
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ity of silica, A=(2Ly, + Wps)(hs; +hsi0,) is the effectively heated cross-section area relating

to geometry parameters of the ITO phase shifter, iig; =220 nm is the thickness of the silicon
core, ¢ = 2.7182818 is the natural logarithm constant. L, is the thermal diffusion length
measured by taking the distance where the maximum temperature laterally decreased at
1/e? away from the silicon waveguide.

The electric power consumption and the switching time are crucial parameters de-
pending on geometrical structures such as the gap h,, and the width Wps of the ITO

heater, plotted in Fig. 3. Figs. 3(a,b) show the power consumption (Pr) and the switching
time (7) of the designated ITO phase shifter as functions of the width Wpg when the silica

gap h;, iskept as 1 um. The electric power consumed to reach the needed phase increases
when the gap hsl'oz increases. Therefore, in order to minimize the consumed power, the

width Wrs is chosen as 1 pm which still attains the short switching time about 7 us for the
shifted phase of m radians. Also, when the width Wrs is fixed by 1 um, the dependence of
the power consumption (Pe) and the switching time () on the gap g, for several val-

ues of the phase shift ® (11/2, m, 31/2) are exhibited corresponding to Fig. 3(c,d), respec-
tively. As a rule, the power consumption is an increasing function versus the gap. How-
ever, after reaching the highest point at the gap of hs:'oz = 0.7um, the switching time de-

creases when the gap increases further. To achieve the phase difference of 7/2, m, 3m/2,
the electric power consumptions are corresponding to 9.85 mW, 17.83 mW, and 25.69 mW,
and the time responses are corresponding to 6.53 us, 7.2 us, and 7.51 us at the selected gap
of hs:'oz =1 pm, respectively. All power consumption and switching time levels for the TO

tuning phase are about some tens of milli-Watts and several microseconds, respectively,
which are acceptable in the integrated photonic devices.
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Fig. 3. ITO phase shifter characterizations: (a, b) the electric power consumption and the switching time as functions of
the ITO microheater width when fixing the silica gap to reach the phase shift of 7 (radians), and (c,d) the electric power
consumption and the switching time within the dependence on the silica gap at the ITO heater width of 1 um for different
shifted phase angles (1/2, 7, 37/2).
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4. Applications of the ITO phase shifter in optical mode selective devices

For a given MDM system, a mode converter undertaking the mode order transform-
ing mission and a multimode selective router exploiting the mode routing function play
an indispensable role for a flexible mode division processing system. In this study, the
schematic of a three-mode converter (TMC) and a three-mode selective router (TSR) are
sketched correspondingly to Fig. 4(a) and Fig. 4(b), respectively. Both devices are con-
structed from fundamental elements composing of 3 X3 multimode interference (MMI)
couplers, symmetric W-junction couplers, and ITO thermo-optic phase shifters. The pro-
posed devices are designed and simulated by using channel structural waveguides based
on the SOI material platform with the 220nm-silicon thickness and a cladding layer cov-
ered by the silica layer (SiO2). On the top structure, an ITO thin-film layer, which structural
parameters have been initially installed as mentioned above, is applied as TO phase shift-
ers for realizing the mode selective functions, as seen in Fig. 4(c). The device is designed
in the transverse electric (TE) polarization regime and the third telecom window with the
central operation wavelength A=1550 nm. The proposed device can be patterned from
Deep Ultraviolet (DUV) photolithography with an illumination wavelength of 193-
nm [50] and inductively coupled plasma (ICP) etching processes [51]. The ITO thin film
can be easily formed with excellent quality via various deposition methods such as atomic
layer deposition [52], pulsed layer deposition [53].

4.1. Symmetric W-junction

A symmetric W-junction, which acts as a mode decomposer (MDC), is specially de-
signed to convert higher order-modes into fundamental mode. Following the mode-sort-
ing principle suggested by D. Love et al. [54], if the effective index of the input is matched
with the effective index of the fundamental mode in the output, the fundamental mode
exists in these outputs. It is well-known that the effective index of the fundamental mode
is the highest compared to all modes. Therefore, the larger waveguide has a higher effec-
tive index than the smaller waveguides. In this design, the outer waveguide width (Ws) of
the MDC structure is narrower than the inner output waveguide width (W:). Hence, the
fundamental mode TEo will connect to the inner waveguide, and two higher-mode are
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converted to two TEo mode components at two outer arms with equal amplitudes. How-
ever, two phases of two outer arms are out of phase when the input mode is TE1. In con-
trast, two phases of two outputs are in phase when the input mode is TE2. We apply the
numerical simulation technique based on the three-dimensional beam propagation
method (3D-BPM) to solve effective indexes of three lowest-order TE modes, plotted in
Fig. 4(d). As a rule, we choose the input width of the MDC structure equally to Wa=1.3
um to support three guided modes, including TEo, TE:, TE2. Two sinusoidal bending
waveguides have the length L= 120 um and the width Wi, = 0.5 um. A straight waveguide
in the middle is chosen W: = 0.6 pm that only supports TEo mode. Fig. 5(a, b, c) show the
results of decomposed mode components for both TEo, TE1, and TE:2 input modes when
coupling to the MDC input. In MDC, the fundamental mode is propagated to the straight
waveguide in the middle output waveguide of the W-junction junction. Meanwhile, the
first and the second-order mode is coupled to the outer arms at the output. Fig. 5 (d, e, )
illustrate wavelength responses of transmission curves corresponding to injected modes
of TEo, TE1, TEz, respectively. The simulated results show that, in all cases, transmission
losses are smaller than 0,5 dB in broadband of 100-nm wavelength, and crosstalk is always
lower than -25 dB for the undesired output ports.

4.2. 3 X3 multimode interference couplers

Three kinds of 3X3 MMI couplers are used in these designs (so-called as MMI1;, MM,
and MMIs couplers). The width of multimode interferences is designed ideally to W,,,,
= 6.8 pm. The length of MMIi;, MML, and MMIs couplers correspond to Ly, , Ly, ,
Ly, » respectively. Three input ports of three kinds of mentioned MMI couplers are

placed at specific positions of -W,,,,, /3,0, W,,, /3 along the x-coordinate, respectively.

Noted that the symmetrical line goes through the central line of multimode structures.
MMIi and MML couplers are ideal structures, which are 3 X3 MMI couplers with their
lengths L,y = Ly, =3L~/8. While MM is a 3 X3 MMI coupler that its length is defined

as LMM,3 =3Ln/2 for exploiting the function of a 3 dB-coupler. Herein, L_is a specific length
of MMI coupler, so-called as the half-beat length, which is determined by the following
equation [55]:

_4nW?

L/Z'
32

7)

where W, =W, +%(nf -n’ )71/2 (for TE polarization mode)
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Fig. 5. The operating principle of the mode decomposer based on a symmetric W-junction: (a, b, c) electric field patterns
of the mode propagation corresponding to TEo, TE1, and TE2 mode, respectively, (d-f) transmission spectral responses at
output ports following the input modes of TEo, TE1, and TE2 mode, respectively.

Tab. 1. Geometrical parameters of the proposed multimode selective devices.

Parameter Value Parameter Value




Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 April 2021

Ly, 44 um Hp, 100 nm
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Lpg 200 pm hsl'o2 1 um
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Fig. 6. Simulated operations of different 3 X3 multimode interference couplers: (a) optical power splitting operation for

MMIi and MMI: couplers when injecting the optical field at the central port, (b) optical power combining operation for

MMI1 and MMI2 couplers at the central ports when injecting two in-phase optical fields at two outer arms, (c) the self-

imaging process when injecting the optical field at the central input waveguide of the MMIs coupler,(d) the operating

principle as a 3-dB coupler for two outer arms of the MMIs coupler, and (e-h) simulated spectral behaviors of different

3X3 MMI couplers corresponding to cases of (a-d), respectively.
In which, . is the effective refractive index, n.is the refractive index of the cladding layer,
and 4 is the operation wavelength of the device. Following the general interference (GI)
principle, the self-imaging is periodically reproduced along the propagation direction of
the z-coordinate. Fig. 6(a, b) present the simulated electric field patterns for MM and
MMLI: couplers, and Fig. 6(c, d) exhibit the simulated fields for the MMIs coupler when
their lengths are optimized to attain the highest transmissions. For MMI1 and MMI: cou-
plers, the input light is injected to input 2 of the MMI1 coupler, the crosstalk is lower than
-50 dB, and fluctuation of propagation loss is lower than 0.3 dB in the 40-nm wavelength
response. When two input lights are coupled to input 1 and input 3 of MMI1 and MMI:
couplers, the power transmission at each desired output port is smaller than -1 dB, and
the crosstalk at port 1 and port 3 are less than -45 dB in the wide band of 40-nm, as seen
in Fig. 6(e, f). Also, for the MMIs coupler, one can see that a low transmission loss level of
-1 dB is numerically measured with -44 dB of crosstalk at the wavelength of 1550 nm when
the light field is injected into its central input port, as shown in Fig. 6(g). Also, the optical
transmission spectrum of the MMIs coupler when guiding the light fields into its input 1,
which plays the role of the 3-dB coupler, is illustrated in Fig. 6(h). It is seen that the desired
powers at 1550 nm are about -4 dB while crosstalk is about -44 dB. In this work, all param-
eters optimized by simulation are listed in Tab. 1.

The transfer matrices of MMI1 and MM couplers when injecting optical fields placed at
specific positions above are deduced from Soldano et al. [55] by:
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Also, the transfer matrix of the MMIs coupler when access waveguides are placed at spe-
cific positions above is:

1 5
— 0 —e
V2
N=| 0 1 0 )
13 0 1

where @, is the accumulative phase angle when passing through the MMI: and MMI: cou-
plers, O is the accumulative phase angle when travelling the MMIs coupler.

y b) JI [l(c) JI\

TE,>TE, TE,>TE; TE,>TE;

Fig. 7. Stimulated electric field patterns of the three-mode converter: (a-c) for the inputs of TEo modes, (d-f) for the inputs
of TE1 modes, and (g-i) for the inputs of TE2 modes.

4.3. Operating principle and structural optimization of three-mode converter
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This section introduces a proposal design for a three-mode converter (TMC) using the SOI
material platform. The proposed TMC is made of two ideal 3X3 MMI couplers with the
length of 3L/8, two MDC elements, and three ITO thermo-optic phase shifters, as illus-
trated in Fig. 4(a). We analyze the operating principle of TMC when injecting three guided
modes. First, the TEo mode is injected into the input port of MDC. This mode is propagated
to the middle input port of MMI1. The optical signal is divided into two outer outputs of
MMI with in-phase and in-amplitude. According to the transfer matrix described in Exp.
(8), the signal is combined to the middle output port of MMI: and straight to the device
output with the TEO mode. If we tune the phase difference of A®2 = w radians, two light-
waves will be straightforwardly directed to two outer arms of MDC. At one of two outer
arms of MDC, we put the phase shifter PSs. If the phase of A®s =0, they will be reformed
to TE1 at the end of the device’s output. If the phase of A®s = 7, two signals are combined
and exchanged TEo to TE2 in the output port.

Next, we assume that the TE: mode is coupled to the input of MDC. This mode will be
divided into two curved waveguides of MDC with ideal magnitude and the opposite
phase. Then, they propagated through the MMI: coupler before reaching the MMIs cou-
pler if AD1=0. The second MDC will combine and exchange to the TE1 mode at this device
output. Considering other cases, when the phase shifter PSz is changed a phase Ad>= 7,
two optical signals are combined to the central output port of the MMI: coupler, and then
this field will pass through to the TMC output with TEo mode. To convert the TE: mode
becoming TE2 mode, we need to tune the phase shift of A®3 =7t while two remaining phase
shifters are not operated because two fundamental modes in two output of MMI2 will be
transformed to TE2 mode at the end of the stage.

Finally, we investigate when TE2 mode is the input mode of MDC. After propagating into
the input of MDC, two fundamental modes will exist in the two outer ports of MDC with
in-amplitude and in-phase. Therefore, they are combined at the central output port of the
MMI1 coupler and separated into two optical signals after propagating through MMI2 to
connect two curved arms of MDC at the final stage. Naturally, the TE2 mode will be orig-
inally reproduced into TMC without affecting phase shifters. To convert the TE2 mode to
the TEo mode, we need to change the phase shifts as A®1 = m and APz = 7t while keeping
the original state of PSs. Also, to exchange the TE2 mode to the TE1 mode, we only imple-
ment the phase change of A®s = 1t without adjusting two remaining phase shifters. Fig.
7(a-i) show the simulated electric field patterns for nine possible cases of mode conversion
states by using the 3D-BPM simulation method. It can be seen that all cases are demon-
strated exactly as theoretically analyzed.

4.4. Operating principle and structural optimization of three-mode selective router

This section proposes a novel design of a three-mode selective router (TSR) based on three
MMI couplers, an MDC, and three ITO thermo-optic phase shifters, expressed in Fig. 4(b).
The W-junction-based MDC is placed at the TSR input port for decomposing the guided
modes to fundamental modes. Two ideal 3 X3 MMI couplers, namely MMI;,, MMI: with
the length of 3L/8, are concatenated later. At the last stage, a 3X3 MMI coupler, namely
MMIs with a length of 3Lr/2, is responsible for the mode routing mission.

Next, we analyze the working mechanism of three guided modes into the proposed
router. First, in the case of input mode is TEo. This mode is coupled to the central output
port of the W-junction coupler. It then is guided into the input port of the MMI1 coupler
and is divided into two of its outer output arms with in-amplitude and in-phase according
to the transfer matrix from Exp. (8) and Exp. (9). These optical paths are led to the MMI2
coupler via the phase shifter of PSz. If the phase difference AD2=0, two optical signals will
be straightforwardly directed to two outer arms of the MMI3 that one arm is traveled the
phase shifter PSs. The MMIs plays the role of a 3-dB coupler for two outer optical paths
because the MMI3 coupler length is 3/2L~. Hence, if the phase shifter A®s is 7t/2, the MMIs
coupler will combine two optical signals at the output port O1. If the phase shifter ADs is
-1/2, MMIs will combine two optical signals at the output port Os. In another scenario, if
the phase shift A®: is 7, the combined optical signals will be focused on a unique signal
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at the central input port of the MMIs coupler. That reason is due to the MMIs length as
3Lr/2=2X3Lx/4, thus following the symmetric interference rule, this optical field is repro-
duced at the central output port O2 of the MMIs coupler.

Assume that the input mode at the stem of the W-junction coupler is the TE: mode. It is
decomposed into a pair of fundamental modes at two outward branches of the W-junction
coupler with the same magnitude and out of phase. If phase shift A®: is 0, these two sig-
nals will continue to be straightforwardly transmitted through the output arms of MMI..
Depending on the phase shift status of the PSz, optical signals are routed to different out-
puts. If A®2 =0, these two routes continue to pass through the MMI2 coupler before reach-
ing the MMIs coupler. At the last stage, if A2 = 1/2, the optical signal is combined at the
output O1, and vice versa, if AD2 = -1/2, the optical signal is switched to the output Os. In
order for TE1 mode to be switched to the output Oz, the phase shift action of PSz2needs to
be controlled so that A2 = i, then the two optical lines will be combined at the central
output port of MMI: and directed to the output Oz because of the symmetrical interference
property of the MMIs coupler.

TE>0; TE;>03

Fig. 8. Stimulated electric field patterns of the three-mode selective router: (a-c) for the inputs of TEo modes, (d-f) for the
inputs of TE1 modes, and (g-i) for the inputs of TE2 modes.
Analogously, we also get the non-blocking activities of TE2 mode. It means TE2 mode can
be optionally switched to the three outputs of the proposed router freely. We note that the
non-invasive action between TE: and TE2 modes is because mode TE2 will be coupled with
two output arms with the same amplitude but out of phase. Nine simulated electric field
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distributions for independent mode selective states of the designated router when inject-
ing three guided modes of TEo, TE1, and TEz are exhibited correspondingly to Fig. 8 (a-i),
respectively. It is visible to see that all cases are exact to the theoretical analysis.

4.5. Characterization of the proposed mode converter and mode selective router and discussion

Optical losses when traveling through the designed ITO phase shifter were negligible in
agreement with the simulation result. Likewise, the sidewall roughness losses could be
trivial if a high-resolution photolithography process is applied to fabricate proposed de-
vices. Therefore, in optical characterizations, insertion loss (I.L) caused by propagation
and radiation losses and crosstalk (Cr.T) caused by undesirable optical sources are con-
sidered critical contributions for device’s optical performances. Fig. 9(a, b, c) show the
simulated spectrum of the TMC structure in a broadband of 100-nm wavelength for the
3-dB bandwidth with the suggested ITO phase shifters corresponding to input signals of
TEo, TE1, TEz, respectively. Whereas, Fig. 9(d-i) illustrate the simulated transmission spec-
trum for the TSR structure. As a result, 3-dB wavelength bandwidths of the I.L transmis-
sion in nine cases, which are measured from simulated data, show a high wavelength
spectrum of 40-nm from 1530-1570 nm while assuring crosstalk always lower than -20 dB.
Herein, we denote A, B, and C cases corresponding to the optical modes switched to the
desired output ports of O1, Oz, and Os, respectively. Furthermore, in this work, the desig-
nated devices can be arranged in a compact footprint of 8 um 2160 um.
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Fig. 9. Numerically stimulated wavelength spectrum responses of the TMC and TSR: (a, b, ¢) mode selective conversion
efficiencies of the TMC structure according to input signals of TEo, TE1, TEz, respectively, (d, e, f) insertion loss transmis-
sions at output ports of the TSR structure according to input signals of TEo, TE1, TEz, and (g, h, i) crosstalk transmission at
output ports of the TSR structure according to input signals of TEo, TE1, TEz, respectively.
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Fig. 10. Numerically stimulated width tolerances of the TMC and TSR: (a, b, c) mode selective conversion efficiencies of
the TMC structure according to input signals of TEo, TEi, TEz, respectively, (d, e, f) insertion loss transmissions at output
ports of the TSR structure according to input signals of TEo, TE1, TEz, and (g, h, i) crosstalk transmission at output ports of
the TSR structure according to input signals of TEo, TE1, TE, respectively.

In integrated silicon photonics, the devices always suffer some errors from the manufac-
turing process that are caused from the resolution limit of the fabrication technology and
the purity of supplied SOI wafer. Hence, the fabrication tolerances are necessary for pho-
tonic integrated circuits, especially for simulation-based designs. In Fig. 10 (a, b, c) are
shown the slight variations of the I.L transmission not exceeded 0.02 dB in a large width
tolerance of the input waveguide AW = +50 nm for the TMC structure. The I.L variation is
also tiny for three guided modes in the TSR device, about 0.02 dB in +50 nm width toler-
ance while keeping the Cr.T level lower than -28 dB for three guided modes, as seen in
Fig. 10(d-i). Fig. 11(a-c) exhibit the I.L dependences on the length tolerance Ah of the sili-
con thickness for the TMC structure. Whereas, Fig. 11(d-i) depict the I.L and Cr.T trans-
missions for the TSR structure. It can be seen that I.L fluctuates slightly from -1.1 dB to -
1.81 dB for TMC in a relatively large tolerance of Ah=+5 nm. Also, I.L fluctuates in a small
gap from -1.4 dB to -2.3 dB, and Cr.T is not higher than -25 dB in a height tolerance of
Ah=+5 nm. The current advanced fabrication technology, such as 193-nm photolithogra-
phy, can obtain such tolerances.

5. Conclusions

In summary, we presented a co-design of compact and high bandwidth mode selective
devices based on silicon-on-insulator waveguides, which can achieve multiple functions
of a three-mode converter and a three-mode selective router by tuning the phase shift in
low-loss ITO thermo-optic phase shifters. Simulation results have demonstrated the 3-dB
bandwidth for the three-mode converter and three-mode selective router as much as 100-
nm and 40-nm while preserving crosstalk under -25 dB, respectively. Besides, two desig-
nated devices also had relatively large fabrication tolerances corresponding to width and
height tolerances of +50 nm and +5 nm, respectively. The proposed devices consumed a
low power consumption not exceeded 90 mW and spent a short time below 8 us in switch-
ing the operating states. Moreover, both two co-designs can be integrated into a compact
footprint of 8 um X2160 um. Such excellent performances of the proposed structures make
designed devices a promising potential for applications in high-speed mode division mul-
tiplexing systems and very large-scale photonic integrated circuits.
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Fig. 11. Numerically stimulated height tolerances of the TMC and TSR: (a, b, c) mode selective conversion efficiencies of
the TMC structure according to input signals of TEo, TEi, TEz, respectively, (d, e, f) insertion loss transmissions at output
ports of the TSR structure according to input signals of TEo, TE1, TEz2, and (g, h, i) crosstalk transmission at output ports of
the TSR structure according to input signals of TEo, TE1, TEz, respectively.
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